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Abstract

Proteins can be powerful tools for a myriad of applications; however, their uses are limited
unless they can be engineered to purpose. Evolutionary methods of engineering proteins
include ancestral sequence reconstruction (ASR) and directed evolution. ASR can be an
effective method to study the sequence-function relationship over time. Additionally, ASR can
predict thermostable ancestors that may have improved expression as well as improved
temperature and solvent stability for future applications. Directed evolution can be useful for
engineering a protein with a desired property as it samples a large sequence-function space.
Whilst both ASR and directed evolution have been commonly used to engineer proteins for
applications in the pharmaceutical, bioremediation and green chemistry fields, amongst
others, their potential in understanding transcription factors and for enzyme-mediated radical
polymerisation (EMRP) has been relatively underexplored. In this thesis, the utility of
evolutionary methods in these fields was investigated using various biochemical techniques

and material characterisation methods.

In Chapter 2, ligand binding of ancestrally reconstructed proteins of the lac repressor (Lacl)
family was characterised in detail to reveal an enthalpic-entropic trade-off in ligand binding
along the Lacl trajectory and increasing specialisation towards B-substituted D-galactosides as
ligands. It was found that functional changes in ligand binding between two ancestors result
from complex and likely epistatic interactions between residues. Hence, this research could
inform future engineering efforts of Lacl family transcription factors. Also, as the genotype-
phenotype landscape of the Lacl family of transcription factors has proved difficult to
characterise in the past, this study of the Lacl family highlights the ability of ASR to
characterise the sequence-function landscape in a ‘smart’ way, thereby enabling deeper

insights for future protein design.

ASR was further utilised in Chapter 3 to identify an ancestral horseradish peroxidase (HRP)
with improved recombinant expression. HRP is a commonly used enzyme, however, its use is
restricted because it is difficult to express recombinantly and plant-derived HRP has batch-to-
batch variation. Due to these limitations, ASR was utilised to engineer HRP for improved
recombinant expression. It was found that ASR successfully identified ancestral peroxidases
that could be expressed recombinantly in E. coli in a soluble, active form. Selected ancestral

peroxidases were demonstrated to have relatively high thermostability whilst still possessing



the desired peroxidase activity. It was also shown that one of the ancestral peroxidases could

replace HRP in the EMRP of poly(N-isopropylacrylamide) (PNIPAm).

Chapter 4 further explores the use of evolutionary engineering methods in EMRP. Previously,
HRP has commonly been used in EMRP of materials like alginate/PNIPAm. However, due to
the limitations of HRP, it was investigated whether a peroxygenase engineered for high
recombinant yields using directed evolution could be utilised instead. It was found that this
peroxygenase, unspecific peroxygenase PaDa-I (UPO), could replace HRP in the formation of
alg/PNIPAm to form a hydrogel with similar printability, thermosensitive properties and
relatively similar mechanical properties to the HRP-formed alg/PNIPAm. Thus, the potential
of UPO for use in EMRP reactions was established for the first time. It was then demonstrated
that UPO-formed alg/PNIPAm containing K. phaffii or S. cerevisiae could act as a producer
of eukaryotic proteins, thereby forming a 3D-printable, thermosensitive, engineered living

material bioreactor.

Overall, this thesis highlights the utility of evolutionary methods in gaining further insights
into protein genotype-phenotype landscapes and in engineering proteins for enzyme-mediated

polymerisation applications.
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Chapter 1: Introduction

1.1 Protein engineering using evolutionary methods

Proteins are molecules that have been shaped by evolution to act in a wide variety of
functions such as in catalysing a plethora of reactions, acting as sensors, forming various
structures with different properties, and as transport vesicles for other molecules. As such,
proteins form an attractive target for engineering so that we can utilise these versatile
molecules for our own desired functions. Furthermore, in the current climate crisis, proteins
are especially attractive tools as they are generally less environmentally harmful than many
commonly used catalysts and materials®~. This stems from their biodegradability and that
they function at ambient temperatures and in mild conditions to carry out their functions.
However, while it has been long known that proteins are comprised of amino acid building
blocks encoded by a genetic sequence, fully de novo rational design of protein function from

sequence still proves challenging®’.

One class of methods that can be utilised for protein engineering with relatively limited prior
knowledge are evolution and sequence-based techniques, such as directed evolution and
ancestral sequence reconstruction® (ASR). These strategies use either evolutionary
information present in modern-day sequences (ASR) or attempt to mimic natural evolution
processes, driven by a desired selection criterion (directed evolution). Thus, evolutionary
methods can explore the protein sequence-function landscape in different ways for
engineering novel protein functions or capabilities (Fig. 1.1). Perhaps the main advantage of
both evolutionary techniques is that relatively little information is needed for engineering,
compared to other engineering strategies®’. This is because many methods, like de novo
design, site saturation mutagenesis and computational-guided design, often require detailed
structural and/or functional information or large, labelled training datasets in the case of
machine learning-based strategies. Furthermore, as well as using evolutionary methods
directly for engineering novel proteins, the relatively distinct ways in which ASR and
directed evolution ‘explore’ the protein sequence-function landscape can provide unique
insights into how changes in sequence can affect changes in function. This can greatly aid
both in the fundamental understanding of proteins as well as in providing information useful
for other engineering strategies, like rational design'®, semi-rational design'!, machine

learning-guided design'? and bioinformatics-guided design'>.



>

Function/stability
Function

Figure 1.1: Protein fitness landscape exploration using A) ancestral sequence
reconstruction and B) directed evolution. A study may begin with a certain protein,
represented by the white circle, and aims to reach the ‘peak’ protein(s), represented by a red
circle. Ancestral reconstruction predicts ancestral proteins, which are likely relatively stable
and functional, thus, are likely ‘peaks’ in the fitness landscape. Directed evolution generally
attempts to improve a certain function of the protein; thus, can be approximated to ‘hill
climbing’ the fitness landscape. Figure made using MATLAB.

The evolution-guided protein engineering techniques of ancestral sequence reconstruction
and directed evolution, which were used to engineer the proteins described in this thesis, will
be reviewed in more detail below. Then, the emerging field of use for proteins, and thus of
engineered proteins, in the creation of materials through enzyme-mediated polymerisation

will be explored. This will be followed by the main aims of this thesis.

1.2 Ancestral sequence reconstruction

Ancestral sequence reconstruction (ASR) aims to reconstruct ancestral protein sequences to
gain further insight into protein evolution, better understand modern day proteins, and to
identify ancestral proteins that might have novel properties, be relatively promiscuous and/or
have increased stability!*!”. Essentially, the ancestral sequences for each node in a
phylogenetic tree (Fig. 1.2A) are predicted using the information from the extant sequences,
the predicted evolutionary relationship between these sequences, and an evolutionary amino
acid substitution model. The concept of ASR was formalised by Pauling and Zuckerlandl in
1963'3; however, its implementation was limited until the 2000s, with the increase in genome
sequencing, gene synthesis and computational power'*?°. Since then, ASR has been utilised

in numerous ways, such as to demonstrate how catalytic activity can arise from a non-



enzymatic ancestor?!, to reveal how ligand specificity changed in steroid receptors?? and even

to engineer non-natural Kemp eliminases when combined with rational design'®.

A branch B
node l A
b tip/
leaf Y% neutral
function
node’of switching
MRCA ) Y& permissive
@©
© * restrictive

>
»

molecular clock

Figure 1.2: A) A sequence phylogeny represents the evolutionary relationship between
extant protein sequences. Extant sequences are represented at the tips and are related
through nodes representing common ancestors. The common ancestor of the phylogeny is
the most recent common ancestor (MRCA). Branches connect the tips and nodes, and their
relative length can indicate time, commonly through average number of substitutions per
site. B) The ‘vertical’ approach of ancestral sequence reconstruction facilitates identification
of functional changes by tracking the order of mutations with time. ‘Horizontal’ approaches
may be obfuscated by the build-up of neutral mutations and epistatic interactions, like
permissive and restrictive mutations. Figure was made using Microsoft PowerPoint.

Perhaps the largest advantage of ASR, compared to other techniques that only utilise extant
protein sequences, is that with ASR the additional dimension of time is considered, which
allows for a relatively limited number of mutational changes to be tracked in chronological
order. This is beneficial because studying mutations in the order they occur can allow for
much easier identification of epistatic interactions, such as permissive and restrictive
mutations to a given function, as well as reducing the ‘noise’ of neutral mutations, which
accumulate over time in modern day sequences'®!??*?* (Fig. 1.2B). Thus, ASR is more easily
able to characterise function switching mutations, thereby ‘exploring’ the protein genotype-
phenotype landscape in an efficient manner. This ability of ASR to predict ancestral
sequences, which are likely ‘peaks’ on the sequence-function landscape, also allows for
identification of novel proteins that are likely stable and functional. In this manner, ASR can
further be utilised as an engineering tool as well as for gaining insights into how protein

sequence can affect changes in protein function.

The process of ancestral sequence reconstruction typically consists of five main steps: 1)

sequence collection, i1) multiple sequence alignment, iii) phylogeny reconstruction, iv)



ancestral sequence reconstruction, and v) characterisation of ancestral protein(s) (Fig. 1.3).
The first four steps of this process will be reviewed below to provide background for the ASR
conducted in Chapter 3. Following this, relevant studies utilising ASR will be briefly

discussed.

Sequence collection Multiple sequence
alignment

potA EENEE

Po s
potc —_

pot D
PotE

Ancestral sequence reconstruction Phylogeny reconstruction
meE § — Prot E
~

< (O Prot C
,(l —( Prot_B

e om
_ —O Prot D

. ¥ —O Prot_A
rErE N

Figure 1.3: Overview of the computational process during an ancestral sequence
reconstruction study, which consists of sequence collection, multiple sequence alignment,
phylogeny reconstruction, and prediction of the ancestral sequences. Following this, typically
ancestral sequences(s) will be selected for experimental characterisation. Figure was made
using Microsoft PowerPoint.

1.2.1 Sequence collection and curation

Once a research question has been posed that can be investigated using ASR, the first step is
to find sequences of interest and then possibly to curate this sequence set before the
downstream processes. In order to reconstruct a phylogeny and ancestral sequences, extant
(modern-day) sequences need to be identified that have a common ancestor, and thus are part
of the same ‘family’. Such sequences, which are evolutionarily related, are said to be

homologous. Homologous sequences can most commonly be related by orthology, paralogy



or xenology (Fig. 1.4). Orthologous sequences have descended from the same common
ancestral gene but have diverged over time, paralogous sequences have diverged following
duplication of an ancestral gene and xenologous sequences result from horizontal gene
transfer between species!”?>®. As xenologous sequences are challenging for many
evolutionary models used during phylogeny and ancestor reconstruction, typically a sequence
set for ASR should ideally contain orthologous and perhaps paralogous sequences in order to
build a more accurate phylogenetic relationship between the sequences using current
models?’?. This can be done by searching for sequences in databases of relatively similar
identity to the sequence(s) of interest, by searching curated databases of orthologous
sequences for sequences of the family of interest. Following identification of a potential
sequence set, software can then be used to attempt to determine the nature of the evolutionary
relationships in your sequence set for further filtering of xenologous or non-homologous
sequences’**2. It can also be informative to compare a protein sequence set with the
organismal phylogeny to ensure there are no sequences from unexpected organisms.
Following the identification of potentially homologous sequences, it can be beneficial to
remove any sequences from the set that are fragmented, potentially frameshifted, or which do

not contain highly conserved residues'®-*34,
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Figure 1.4: Homologous sequences, which are evolutionary related, can be related through
different mechanisms such as A) orthology, B) paralogy and C) xenology. Figure was made
using Microsoft PowerPoint.

Other than attempting to identify evolutionarily related sequences and filtering out clearly
unsuitable sequences, like gene fragments, other aspects of sequence collection are typically
more dependent on the research question. For example, if one is interested in more recent
ancestors of closely related protein sequences, then relatively few extant sequences will be

needed. However, if one is interested in studying older ancestors of early diverging sequences



a much larger, more diverse sequence set likely will be needed to reconstruct the phylogeny
and older ancestral sequences more accurately®>¢. Typically, the sequence set should be
relatively diverse because sequences with very high identity may bias downstream processes
and may not contain enough information to accurately reconstruct the phylogeny and
ancestral sequences®’. Also, accurate phylogenetic reconstruction may be aided by ensuring
there are protein sequences from several organismal lineages?=%*°. On the other hand,
sequences that have very low identity with other sequences in the set may also negatively
affect downstream processes®"#***!, This is believed to be because current evolutionary
models may struggle to identify the relationship between the different sequence and the rest

of the set, resulting in the different sequence adding ‘noise’ to the reconstruction process.

A final consideration for sequence collection is that the larger the sequence set, both in terms
of number of sequences and length of the individual sequences, the greater the computational
power will be needed. If there is only access to a typical desktop with 4 CPU cores,
conducting ASR using a sequence set of more than a few hundred sequences of medium
length (~300 residues) may be impractical in terms of time requirement. Reducing the
number of sequences can be conducted by removing sequences of high sequence identity,
such as by using CD-HIT, or by attempting to identify sequences which are potentially the
most informative, such as by using T-COFFEE*. However, it should also be considered that
the greater the number of sequences, typically the more evolutionary ‘information’ will be
available in the set and the greater the accuracy**. Also, it has been found that excessive
sequence curation can lead to biases as well as loss of information®*#S. Thus, it is
recommended for typical ASR studies to have at least 100 sequences in the final sequence

set’®,

1.2.2 Multiple sequence alignment

Before phylogenetic and ancestral sequence reconstruction analysis can be carried out, the
homologous (evolutionarily related) positions of the sequences need to be identified. This is
because insertions and deletions (indels) in protein genes, which are particularly common in

eukaryotes*’#

, result in homologous residues not being in the same position for each protein
sequence. For the purposes of phylogeny construction, multiple sequence alignment (MSA)
algorithms attempt to ‘align’ protein sequences such that each column of the alignment
contains homologous residues, and any indels in a particular protein sequence are represented
as ‘gaps’. Common alignment algorithms attempt to identify homologous residues between

different protein sequences by using a scoring matrix, which can be based on empirical



and/or statistical knowledge, combined with an affine gap penalty**-!. For example,
empirical knowledge could include that the last codon is a ‘wobble’ codon, which can lead to
some substitutions occurring relatively frequently. Statistical knowledge can be gained from
protein sequences that are known to be homologous, which can be used to determine the
likelihood of a given substitution or indel and thus weight the scoring matrix. Typical amino
acid scoring matrices include percent accepted mutations (PAM)*? and BLOcks SUbstitution
Matrix (BLOSUM)>?. While alignments can be conducted using either amino acid or DNA
sequences, it is typically better to use amino acids for protein sequences because they have a
slower rate of change than nucleotides, allowing deeper timescales to be studies, and the
greater number of amino acids (~20) compared to nucleotide bases (4) leads to less ambiguity

and thus higher accuracy?>*%37,

Main algorithm types for protein MSA include progressive, consistency-based, structure-
based and phylogeny aware algorithms. Progressive algorithms, such as ClustalQ>* and
Muscle®, rely on a ‘guide-tree’, which shows roughly how similar the sequences within the
set are. Similar sequence pairs at the tips of the tree are aligned first using pairwise
alignment, then progressively more distal sequences are aligned to these ‘profiles’ until the
full MSA is built up>®*’. Progressive algorithms are typically relatively fast, which can make
them useful for large datasets of >1000 sequences, particularly if certain heuristics are used>®
60 However, the accuracy of purely progressive alignments can be relatively low for complex
datasets with relatively high substitution rates and number of indels**~!6162, This is possibly
due to these algorithms getting stuck in local optima, which is particularly problematic for

indel handling.

To overcome this issue, consistency-based progressive methods were developed, where in
conjunction with the tree-based progressive algorithm, each pairwise comparison is also
scored against a ‘library’ of all possible pairwise alignments to maximise compatibility of the
alignment with the rest of the library**>*°. Thus, global consistency is optimised, thereby
potentially reducing the number of times the greedy pairwise algorithm is trapped in local
optima. Examples of consistency-based MSA software include T-COFFEE*?, ProbCons®,
MAFFT INS-I variations® and MSAProbs®. For complex datasets, consistency-based
algorithms tend to be more accurate than progressive, however, with the cost of
computational time*>>’. Hence, for many datasets, consistency-based algorithms may only be

practical for less than a few hundred sequences™’.



With the increase in the number of protein structures available, alignment methods that
combine the consistency-based approach with structural information have been developed.
These include Expresso*!, ProMals3D% and MAFFT DASH®’. While the exact algorithms
between structure-based software vary, typically where possible structures of each sequence,
or of a protein relatively similar in sequence, are identified from databases and used to aid the
alignment. For datasets containing sequences of relatively low identity, it is possible that
structure-based approaches may be superior to other approaches because protein structures
are more conserved than sequences*!*®. However, for large datasets structure-based
algorithms will likely be slower than many consistency and progressive based algorithms.
Structure-based approaches are also limited for protein families which lack determined

tertiary structures.

To potentially combine the benefits and ‘cancel-out’ the disadvantages of several alignment
algorithms, an integrated approach can be used where the consistency of several MSAs is
maximised to generate a ‘combined’ MSA. An example of a software capable of doing this is
M-coffee, which uses a similar consistency-based approach to T-COFFEE to combine
alignments®. It has been found that the integrated approach can be highly accurate for certain
datasets, possibly due to the ‘majority rules’ leading to better indel handling®®. Thus, for
protein families with few determined structures, the integrated approach could be especially
useful. However, it has been found that the integrated approach can become quite inaccurate
if it is biased with similar alignments that are correlated with each other, or with very

inaccurate alignments that possibly lead to too much noise®®%’,

However, progressive algorithms and their more recent modifications do not explicitly model
evolution when aligning sequences for the purposes of phylogeny construction. As such, they
may struggle to correctly identify homologous positions, particularly when insertions or
deletions have occurred’®’!. Thus, phylogeny-aware software was developed that models
substitutions, insertions and deletions in an evolution-aware manner by considering
information from the guide phylogeny for software like PRANK’?, or by co-estimating the
alignment and phylogeny at the same time for software including BAli-Phy*’ and Saté”.
Based on simulated datasets using evolutionary models, the accuracy of phylogeny-aware
software has been found to be very high, possibly making these algorithms a good choice for
phylogeny and ancestral state reconstruction. However, it should be noted that the accuracy

of PRANK is greatly reduced without providing a relatively accurate guide phylogeny®>#,



and that software which co-estimate the alignment and phylogeny tend to be extremely

computationally expensive, hence, can be impractical with sets of >100 sequences**2,

Overall, the selection of an MSA algorithm to use for ancestral sequence reconstruction is
ultimately dependent on the dataset of protein sequences of interest. For relatively simple sets
consisting of a small number of sequences with low rates of substitution and low numbers of
indels, it has been found that most alignment algorithms will be equally accurate for
phylogeny and ancestral reconstruction. For sets with a small number of sequences but with
greater evolutionary complexity, possibly phylogeny-aware algorithms could perform best.
However, most recent ASR studies contain hundreds to thousands of sequences of varying
evolutionary complexity in their dataset; thus, the selection of MSA algorithm will depend on
the computational power accessible, the relative complexity of the sequences and the
availability of structural information. Generally, sequence sets containing a high number of
indels have been found to be the most challenging because gap penalty scoring is a consistent

issue for non-evolutionary-based methods>”-%.

For non-simple sequence sets it may be best to compare several MSAs. This can be done
visually by inspecting MSAs for qualities like ‘gappiness’ and how well conserved residues
are aligned; however, such an approach is subjective and irreproducible. Thus, reproducible
metrics of assessing alignment quality have been developed, including the transitive
consistency score (TCS)?, GUIDANCE2", and MetAl®'. Furthermore, less informative or
potentially erroneous parts of the alignment can be filtered out using software such as
TrimAl™ or Gblocks’®, although it should be noted that a few studies have found that the
trimming process may actually lead to decreased phylogeny and reconstruction

accuracy>’"8,

While the relative accuracy of the multiple sequence alignment has been shown to have
potentially very large impacts on downstream phylogeny and ancestral reconstruction

accuracy>>%

, a few recent ASR studies have still used alignment tools that could potentially
be somewhat inaccurate for their dataset’’*®. Therefore, during the ASR conducted in
Chapter 3 several alignment tools representing different algorithm types were investigated
and compared, and the potential accuracy of each of the ‘best’ two MSAs was further

characterised by separately reconstructing a phylogeny using each.



1.2.3 Phylogeny Reconstruction

The next stage in ancestral sequence reconstruction is to predict how all the extant sequences
of interest are related to each other through phylogenetic reconstruction. Phylogenetic
reconstruction allows for the identification of how ancestral ‘nodes’ will be related to extant
sequences through their relative position on the predicted phylogeny, as well as giving an
indication of how long ago each ancestral node was predicted to exist, relative to the extant
sequences or more recent ancestors, through the relative branch lengths. It has been found
that the accuracy of the phylogeny can be important to the accuracy of the subsequent

87,88

ancestral sequence reconstruction®”*°, although it has also been shown that the ancestral

reconstruction may be robust to some degree of uncertainty in the phylogeny®®%,

However, before a phylogeny is reconstructed, a sequence evolution model to use during the
reconstruction is selected based on the sequence set. Most models are ‘general time
reversible’, such that a substitution has the same probability of occurring in either direction,
e.g. alanine -> valine is considered the same as valine -> alanine®!. Such models consist of an
amino acid substitution matrix representing the likelihood of substitutions and a vector of the
equilibrium frequencies of each amino acid. In several commonly used amino acid models,
these values are derived largely empirically from databases®?. In order of their creation,
amino acid models include JTT??, Dayhoff°?, VT4, WAG?®, DCMut*®, JTTDCMut*® and the
Q matrix family®’. However, the use of these models alone assumes that all sites in a
sequence evolve at a uniform rate, which can be violated for some sequence sets. Thus, to
account for different parts of the sequence evolving at different rates, amino acid substitution
models are combined with methods that account for rate heterogeneity amongst sites
according to a gamma distribution (I')**° or more complex mixture model (R)'?, with a
given number of categories and with parameters typically being estimated from the dataset.
Additionally, amino acid substitution models can also be modified by models which account
for a proportion of sites being invariable (I)!°!:!%2) which can be beneficial for sequences with
highly conserved regions. For certain sequence sets it may also be desirable to determine

custom amino acid frequencies empirically from the given sequence set (F)!%1%4,

Given that many sequence evolution models exist, especially when considering the number of
rate categories to use for site heterogeneity, a selection process is typically used to identify
the best model for a given dataset. There are conflicting views on the importance of model
selection, with some studies claiming that model selection has a limited effect on phylogeny

accuracy'%1% while other, perhaps more compelling, studies have shown that model
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selection can be relatively impactful on accuracy of both phylogenetic and ancestral
reconstruction*>3%19%-113 Indeed, some studies have shown that model misspecification can
lead to incongruences in phylogeny reconstruction such as topology bias and long branch
attraction!'*!!®, Therefore, it is generally recommended to attempt to select the ‘best’
sequence evolution model for a given sequence set and MSA. This is typically conducted

)19-121 or Bayesian information

using the corrected Akaike information criterion (AICc
criterion (BIC)!'?2. The AICc calculates and compares log likelihoods of models with
maximised parameters while the BIC calculates and compares approximate likelihoods for
each model given the optimal parameters''>!!8. Both the AICc and BIC attempt to penalise
models that might underfit or overfit the sequence dataset; however, the extent to which they
do so differs between them (Equations 1.1&1.2). This can lead to a slight bias of the AICc
towards more complex models and a slight bias of the BIC towards simpler models'!®,
Nonetheless, it has been found that using either the BIC or AICc will generally yield similar
results for phylogenetic model selection for many datasets*. Software which can be used for

model selection include Modelfinder'®®, ProtTest!** and jModelTest!'?>.

2ki(k; + 1)

AICCiz—Z lnLi+2ki+ n—F —1
l

(1)

BIC; = =2 InL; + k;Inn (2)

Equations 1.1 and 1.2: The corrected Akaike criterion (AlCc) (1) and the Bayesian
information criterion (BIC) (2), where k is the number of parameters in the model, n is the
number of sites and L is either the maximum log likelihood for the AlCc, or the maximum
likelihood score for the BIC.

Once a model has been selected, phylogenetic reconstruction can begin. There are three main
classes of phylogeny reconstruction using character-based methods: maximum parsimony,
maximum likelihood (ML) or Bayesian inference. It should be noted that a fourth class, using
machine learning, has recently begun to be developed'?*!?’. However, testing of some current
machine learning-based approaches (with non-biased datasets) indicated that they are not yet
competitive with the classical methods*1?8, Rather, the most promising machine learning-
based software currently developed is designed to be used as an aid for aspects of the
phylogeny reconstruction process'2>133. Nonetheless, the focus in this work will be directed

towards the most used methods of phylogenetic reconstruction at the time of writing.
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Of these principal phylogenetic reconstruction methods, maximum parsimony was the
earliest to be developed'** and is essentially an ‘Occam’s razor’ approach?’. The aim of
maximum parsimony is to identify the phylogeny that would result in the least number of
possible mutations to explain the data (Fig. 1.5). However, it has been found that this model
is an overly simplistic model of evolution that does not account for different branch lengths
and substitution rate heterogeneity, and thus is relatively inaccurate'*>'*. Consequently,
maximum parsimony has been largely superseded by the probabilistic methods of ML and
Bayesian, once computational power increased in the early 2000s'%2%34 Nonetheless,
maximum parsimony is still utilised today by some ML software to generate an initial

candidate set of phylogenies in a relatively quick manner!4%-142,

Figure 1.5: Maximum parsimony inference of a phylogeny attempts to minimise the number
of state changes, here represented by green, red and blue circles. Figure was made using
Microsoft PowerPoint.

Currently, the most commonly utilised methods for phylogeny building due to their relatively
high accuracy are the statistical methods of maximum likelihood (ML) and Bayesian
inference®>?®. Both of these methods utilise more complex models of evolution, such as
incorporating branch length and the sequence evolution models with rate parameters
described earlier. ML attempts to identify the phylogeny with the ‘maximum likelihood’ of
fitting the data given the optimal parameters, such as topology and branch length (Equation
1.3). ML programs include IQ-TREE'*, RAXML'"! and PhyML'#?. It should be noted that as
ML programs rely on a ‘hill-climbing’ principle, they can at times get ‘stuck’ in local
optima®’. Therefore, it is generally advisable to reconstruct multiple ‘maximum likelihood’
phylogenies to attempt to have more confidence that the ‘best’ phylogeny has been found.
Phylogeny construction using Bayesian inference utilises Bayesian logic to calculate the
posterior probability distribution of a given phylogeny using its likelihood multiplied by

factors describing a prior distribution of parameters, such as topology, branch length and
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substitution model*”-!*+145 (Equation 1.4). Thus, in contrast to ML, Bayesian inference is able
to incorporate uncertainty in parameter estimation throughout the phylogeny reconstruction
process, which results in the calculation of posterior probability confidence supports for each
node. Typically, these supports will be calculated for the maximum a posteriori phylogeny
(MAP), which is often selected for further study'*>!*®. Software developed for Bayesian
phylogenetic reconstruction include BEAST!¥’, MrBayes'*® and PhyloBayes'#.

L(data|tree) 3)

P(data|tree) X P(tree)
P(data)

P(tree|data) =

(4)

Equations 1.3 & 1.4: Maximum likelihood phylogeny reconstruction compares the
likelihoods of each phylogeny during construction (3), whereas Bayesian inference instead
considers the posterior probability of a given phylogeny during construction (4).

The accuracy of ML compared to Bayesian is debated>*%”°%15%151 ‘Nonetheless, Bayesian
inference is typically slower than ML, especially for relatively large sequence sets, which
somewhat constrains the utility of Bayesian-based phylogeny reconstruction in ASR

investigation for researchers lacking access to computational power.

1.2.4 Phylogenetic supports for maximum likelihood phylogenies

Once a phylogeny has been reconstructed, typically some calculations known as supports will
be made. Due to the complexity of evolution, current evolutionary models for phylogenetic
inference are not completely accurate and, due to the extremely large search space when
reconstructing a given phylogeny, the reconstruction algorithms rely on assumptions known
to be untrue and use stochastic elements to speed up the search process®’*>*%132 A such,
phylogenetic supports are typically calculated following phylogenetic reconstruction to
estimate how probable or likely a given phylogeny might be, given the information in the
dataset used to create it. It is particularly important to note that low phylogenetic supports can
indicate incongruence in the phylogeny*®!>2. Supports tend to be interpreted as either node
(branch) supports, when examining individual nodes in the phylogeny, or topology supports,
when examining the overall phylogeny, although topology support is ultimately derived from
node and/or branch support calculations. Either way, the supports are generally designed to
give an indication for how likely a given tree topology might be, given the dataset. While
supports are commonly interpreted as ‘confidence’ in each node position or overall tree

topology, in reality, due to assumptions used in calculating supports as well as their reliance
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on the evolutionary model used being correct amongst other factors, the interpretation of a
given support should depend on the specific support used and is never exactly equivalent to
confidence. It should also be emphasised that no phylogenetic support is an explicit measure
of accuracy. For most support measurements, a better interpretation of their values would be

that they show how robust a given phylogenetic topology is to small changes in the dataset!.

As with the broader field of statistics, phylogenetic supports fall into using either frequentist
or Bayesian statistics. Common supports using frequentist logic include the bootstrap, the
approximate likelihood ratio test (aLRT), approximately unbiased (AU) test and quartet
puzzling. The bootstrap is the oldest phylogenetic support developed and is still commonly
used today, albeit with more modern algorithms for its calculations!>*!>*. During the
bootstrapping process, pseudosamples are first generated from the data set through random
selection of characters and simulation using the parameter values, then a ML phylogeny is
reconstructed for each pseudosample. The bootstrap is then calculated as the percentage of
samples where the original node position is supported. Historically, bootstrap calculations
have been found to be conservative, with a standard nonparametric bootstrap of 80

approximately representing 95% confidence!*>'>’. However, the ultrafast bootstrap (UFBoot)

] 155 / 158

developed by Minh ef a and optimised by Hoang et al.”>® was found to be much less
conservative and the bootstrap value was found to be approximately equivalent to the
confidence level for bootstraps greater than 70. Nevertheless, when interpreting bootstraps, it
should be taken into consideration that the generation of pseudosamples relies on the
assumption that all sites in a given sequence alignment are independent, which has been
found to be categorically violated'>?. Hence especially for datasets containing large amounts
of interdependence amongst sites during evolution, the bootstrap test may not be ideal.
Furthermore, it should be noted that bootstrapping only becomes useful when the dataset is
large enough to generate informative pseudosamples and at least 1000 bootstrap replicates

should be calculated'>>.

Another well used phylogenetic support is the approximate likelihood ratio test (aLRT),
specifically typically the Shimodaira Hasegawa-like approximate likelihood ratio test (SH-
aLRT)!4?. The SH-aLRT test was adapted from the Kishino-Hasegawa (KH) test by
improving the calculation of the null hypothesis such that the SH test could be used with a
posteriori selected candidate set of phylogenies that included the ML phylogeny!4*15%16° The
SH-aLLRT compares the likelihood of a candidate set of phylogenies, including the ML

phylogeny, to the null hypothesis'®!. As in bootstrapping, the SH-aLRT test utilises a
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resampling of the data and then re-estimates phylogeny parameters for these samples.
Following this, the SH-aLRT test then estimates log likelihood differences between the
distribution calculated from the samples to the distribution calculated from the original
candidate set. For a given node in a given phylogeny, the SH-aL.RT value represents the
proportion of replicates for which the node position has a significant log likelihood difference
from the log likelihood of the define null hypothesis'*’. However, due to the assumptions
made by evolutionary models and notably the assumption made during the SH-aLLRT test that
all trees in the candidate set are equally likely, the test tends to be quite conservative'**. It has
been found that an SH-aLRT value of 80 for a given node is approximately equivalent to a
confidence of 95%!%. Also, as with bootstrapping, the larger the number of replicates

generated, the greater the statistical power of the test'®!.

Due to the conservative nature of the SH-aLRT test, Shimodaira then later developed the
approximately unbiased (AU) test'®2. This test attempts to correct for selection bias by
changing procedure during the selection of bootstrap replicates. In the AU test, bootstraps of
many different lengths are sampled, which allows for the estimation of the curvature of the
selection bias and the calculation of the null distribution is then modified by this estimated
parameter. While the AU test has found to be less conservative than the SH-aLRT, it has been

found to lead to overconfidence in certain situations'%>.

Finally, perhaps the least commonly used frequentist support algorithm is that of quartet
puzzling'®*. In quartet puzzling, for each set of four taxa in the dataset (‘quartet’), the
likelihood of each of the three possible unrooted topologies is evaluated and the best or
multiple best topologies are stored. Then, many intermediate phylogenies are constructed by
adding taxa in random order for each set of supported quartet topologies. Finally, a consensus
phylogeny is generated from the intermediate phylogenies, and each node in this consensus
phylogeny is given a ‘puzzle support value’ based on the percentage of times its positions
occurred in the intermediate phylogenies. An advantage of quartet puzzling is that it uses
relatively little computational time for relatively small datasets, particularly when compared
to standard nonparametric bootstrapping or Bayesian analysis'®*!%, However, quartet
puzzling has a number of issues such as being strongly influenced by how taxa are sampled
and being particularly prone to incongruences such as long branch attraction'®®. As such,

quartet puzzling is not commonly used for phylogenetic support.
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Changing to a different school of thought, phylogenetic supports can instead be estimated
using Bayesian inference. If the phylogeny itself is reconstructed using Bayesian inference,
then naturally the posterior probabilities for each node position will have already been
calculated for a given dataset and evolutionary model. However, as with bootstrapping and
aLLRT, Bayesian inference can also be used to compare the observed dataset to resampled and
simulated datasets. Supports derived in this manner can be used on any phylogeny selected a
posteriori. This method of generating supports differs from frequentist methods by generating
pseudosamples using parameter values derived from the posterior distribution, rather than just
the maximum likelihood parameter values'®’. Ideally, supports generated using parametric
Bayesian inference should be unbiased!>>. However, it has been generally found that
Bayesian supports can often be inaccurate due to their large sensitivity to model

violations'> 7160168 A5 evolution is complex and differs between datasets, current
evolutionary models are unable to perfectly capture the process, e.g. polytomies, heterotachy,
horizontal gene transfer, hybridisation, etc. Thus, Bayesian supports should be interpreted
carefully given their sensitivity to inadequate evolutionary models. Furthermore, calculating
posterior probabilities using full MCMC Bayesian algorithms can become very

157 Hence, approximations like

computationally expensive, especially for large datasets
aBayes may be used, which takes advantage of the relative speed of the aLRT but applies the
Bayes theorem to it'>’. Nevertheless, like other Bayesian implementations, aBayes has also
been found to generally overestimate posterior probabilities, especially when there are large

model violations'>>!'%7,

The utility of all phylogenetic supports has nevertheless improved greatly during the last two
decades; partly due to increased computational power, and partly due to the use of improved
time-saving algorithms, including resampling estimated log likelihoods (RELL) and nearest
neighbour interchange (NNI), amongst others?”!>>!% Furthermore, improvements in defining
the hypotheses tested by these supports, such as the null hypothesis, and improvements in
evolutionary models have also increased the utility of supports'>>!%®. Notwithstanding, while
more recent support algorithms, such as the UFBoot, AU test and aBayes, tend to have
improved performance that better represents the confidence or posterior probability one can
have in the topology of a given phylogeny given the dataset, they should still be interpreted in
the context of the hypotheses and assumptions that they make; e.g. the evolutionary model
used should be ‘true’ for the dataset, which is highly unlikely to be the case. Therefore,

phylogenetic supports should never be interpreted as absolute measures of confidence or
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accuracy. It should also be considered that the statistical power of the support values is
dependent on the amount of informative data in the dataset, as well as the number of
replicates sampled, hence, supports for datasets with small numbers of taxa or supports

derived from <1000 samples are generally not as meaningful.

1.2.5 Phylogeny curation

Although not direct measures of accuracy, low phylogenetic supports can indicate conflicting
topologies in the phylogeny, which is known as incongruence. Incongruence can result from
certain assumptions made during the phylogenetic reconstruction process, including that all
sequences identified are homologous, that the taxa have been sufficiently sampled, that the
evolutionary model selected is accurate for the data, that substitutions are equally likely in
both directions, that sites in each sequence evolve independently, and that the substitution

rate is homogenous over time!¢’

. While xenologous sequences resulting from horizontal gene
transfer are technically homologous, because their evolution can be quite different from the
evolution of orthologs or paralogs, these sequences can also lead to incongruence and/or
inaccuracies' 172, Other sources of incongruence for protein gene phylogenies include
convergent evolution, where similar protein sequences are distally related but have evolved
independently to be similar, recombination events, events leading to combination of domains
from separate evolutionary origins, and the occurrence of a high number of indel
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Figure 1.6: Potential indications of inaccuracy in a reconstructed phylogeny can include long
branch attraction, low phylogenetic supports, and large mismatches between the
reconstructed gene phylogeny and the corresponding species phylogeny. Figure was made
using Microsoft PowerPoint.

Such incongruence and/or inaccuracy in the reconstructed phylogeny can be indicated

through low phylogenetic supports, large mismatches between the protein phylogeny and the
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organismal phylogeny, or grouping of long branches together, known as long branch
attraction (LBA)*!117:152174 (Fig 1.6). At this stage, it can be informative to remove (‘trim’)
potential sequences that have been identified as perhaps leading to incongruence, before
building the phylogeny again and comparing the old and new phylogenies. Trimming can be
conducted manually; however, as it is subjective, this can lead to irreproducibility of results.
Alternatively, programs have been developed for trimming like TreeShrink!'”> and
TreSpEx'"®. Nevertheless, any trimming process should be conducted with care because it has

4478 and low

been found that trimming can lead to further losses in accuracy in some cases
branch supports or long branches do not always signify inaccuracy. Rather than removing
taxa from the phylogeny, instead, sometimes incongruences can be ameliorated by adding

taxa to improve sampling of clades with low support or to resolve LBA-?,

1.2.6 Ancestral sequence reconstruction

Once the multiple sequence alignment and phylogeny have been inferred with an
evolutionary model, this information can then be used to predict the sequences of the
ancestral proteins. As for phylogenetic reconstruction, there are three main classes of
ancestral sequence reconstruction: i) maximum parsimony (MP), ii) maximum likelihood and

iii) Bayesian inference.

As for phylogenetic reconstruction, maximum parsimony sequence reconstruction is largely
historical. MP attempts to reconstruct ancestral sites based on the character that would lead to
the smallest number of changes'**. However, as for phylogenetic reconstruction using MP,
this approach to ASR is limited by being an ‘oversimplification’ because it does not
incorporate an explicit model of evolution, does not account for branch lengths, and tends to
arbitrarily assign sites with ambiguous character potentials’®**37. Likely due to these factors,
it has been found that MP reconstruction is typically much less accurate than probabilistic

methods of reconstruction!3¢-138:13%.177,

Because of the limitations of MP sequence reconstruction, the most commonly used methods
of ASR are maximum likelihood and Bayesian inference. Maximum likelithood (ML) aims to
identify the characters of the ancestral nodes that maximise the probability of the data (extant
sequences) given a phylogeny and evolutionary model, which are assumed to be correct.
Using the ML method, ancestral character reconstruction can either be conducted for a given
site per each ancestral node at a time, starting from the most recent ancestors of extant

sequences, known as marginal reconstruction, or for a given site at all ancestral nodes at the

18



same time, known as joint reconstruction (Fig 1.7). Marginal reconstruction is
computationally cheaper than joint reconstruction; however, marginal methods are more
prone to optimising local solutions so may not capture the global optimum like joint

reconstruction'®!78,

A B Tree = 0.1 Tree =0.4

R=04,B=0.6 —0 —0
~

—0

Tree = 0.3 Tree =0.2

Figure 1.7: Sequences of ancestral nodes can be predicted using either A) marginal or B)
joint reconstruction. Potential character states for a site at a given node are represented by
either red (R) or blue (B). Marginal reconstruction considers only one given ancestral node at
a time; however, joint reconstruction takes into account all ancestral nodes at the same time.
Figure was made using Microsoft PowerPoint.

ML sequence reconstruction relies on the evolutionary model and phylogeny being correct
and does not calculate the relative uncertainty associated with the predicted ancestral
sequences. Thus, Bayesian inference methods of reconstruction can be utilised to incorporate
such uncertainties. The most commonly used Bayesian inference methods are empirical
Bayes (EB) and hierarchical Bayes (HB). Empirical Bayes, which is also referred to as the
maximum marginal likelihood, determines the posterior probability (PP) distribution of
characters for a given site in an internal node given the data. However, like ML, EB does not
incorporate uncertainties in the phylogeny or evolutionary model, but rather fixes these
parameters when defining the prior distribution?*?’. Thus, for each site the maximum a
posteriori (MAP) residue can be determined, as well as the posterior probability distribution,
which provides an idea of confidence in the prediction. Programs that implement EB include
PAML'”, PhyML!'*?, RAXML'#!, FastML'%°, GRASP'®! and ProtASR'®2, which additionally
incorporates structural information. However, it should be considered when using EB that

both the MAP and PP are calculated under the assumption that the phylogeny and
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evolutionary model are correct. Nonetheless, the reporting of the PP can be advantageous
over purely ML methods because it provides some idea of the uncertainty in the prediction.
While the PP distribution is useful, it has been found by Sennett et al.** that use of
evolutionary models with data violations will lead to large overestimations of PP.
Nonetheless, if a reasonable evolutionary model is utilised, it has generally been found that
EB tends to predict ancestral sequences that are relatively close to the ‘true’ sequence in
identity and function*>!>-183184 On the other hand, it has been demonstrated that EB, as well
as ML, tends to overpredict ancestral stability, possibly due to the ‘consensus rules’ effect'®”.
As for ML, EB can be conducted using either marginal or joint reconstruction methods.
Marginal may be preferred for studies investigating a small number of ancestors along a
subclade because the posterior probability distribution for each ancestor will be calculated,
whereas joint may be preferred for applications involving characterising character changes
across the whole tree as the joint posterior probability for changes across the entire tree will

be calculated?®34,

To fully account for uncertainties in the phylogeny and evolutionary model when predicting
ancestral sequences, hierarchical Bayes can be utilised. This utilises a joint reconstruction
method to calculate the posterior probabilities of ancestral characters at equivalent sites
across the tree given the data using prior distributions of the evolutionary model and
phylogeny. HB ancestral sequence reconstruction is implemented in PhyloBayes'*’,
MrBayes'*® and BEAST'*’. However, while HB can incorporate uncertainty in all the
parameters, this results in it being computationally expensive. Therefore, use of HB is
typically restricted to relatively small sequence sets. It has also been found that the
conservative nature of HB when predicting ancestral sequences can lead to it being less
accurate at predicting the ‘true’ ancestral sequence and function than EB or ML methods'!.
However, HB may yield ancestral proteins that are arguably closer in stability to the ‘true’

ancestor than EB or ML87-186,

A final consideration when reconstructing ancestral sequences is how to treat and/or predict
insertions and deletions (indels). Many EB reconstruction methods, such as those
implemented in PAML!”, RAXML'*! and PhyML'*, treat ‘gaps’ representing indels as
unknown characters, which results in ancestral sequences that are longer than expected
because each ancestral sequence will contain a residue for each column in the multiple
sequence alignment. Thus, following ASR using these methods, an additional step needs to be

conducted to infer the position of gaps, which is typically conducted using maximum
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parsimony?®?°. As an alternative, ASR can instead be conducted using programs such as
FastML!"8%137 or GRASP!8! which explicitly model gaps and use ML-based methods to infer

indels in ancestral sequences.

Regardless of the method used for reconstruction, due to the inherent uncertainty in the ML
or MAP sequence of the ancestral proteins, it can be beneficial to experimentally characterise
other alternative ancestral sequences if time and resources permit. This gives a measure of the
robustness of the ancestral function and/or stability to uncertainties in the ancestral sequence.
These alternative sequences can be sampled from the posterior probability distribution, or
from using alternative method during the ancestral sequence reconstruction process, such as
joint vs. marginal reconstruction, using a different ancestral reconstruction method, using ML
vs. Bayesian phylogeny reconstruction, or using a different MSA method. Traditionally, for a
given ancestor the sequence with the second highest posterior probability for each site was
tested, known as the ‘AItAI’!3-10 However, some studies have suggested that the AltAll
version is usually quite far from the ‘true’ ancestral sequence, and that other methods of
sampling the possible sequence space are more useful*!?!, If time and resources restrict the
ability to characterise alternative ancestral sequences, several studies have suggested that the
ML protein (often referring to the MAP protein determined through EB) will be close in
function to the ‘true’ ancestral protein if a decent evolutionary model is used, particularly for

more recent ancestors*>37,8%90.151

1.2.7 ASR to understand molecular evolution

ASR studies of how proteins can change function over time have greatly expanded our
knowledge of potential mechanisms of protein evolution!>2119%195 Ag well as increasing the
fundamental knowledge of proteins, such insights have also proven valuable for engineering
novel proteins!!-?6:19¢-198 "Of specific interest to Chapter 2 is how substrate specificity and

dynamics can change through evolution.

Protein functional preference has been found to possibly result from either gradual changes or
large changes, which has been described as either ‘creeping’ or ‘leaping’!®. ‘Creeping’
describes when the ancestral protein contains some level of a given activity that under natural
selection becomes progressively stronger and/or relatively more specialised in its descendent
modern-day protein. Mechanistically, gradual changes towards the modern-day function can
be enabled by processes including neutral drift and gene duplication?’%2%, After gene

duplication this process is often called subfunctionalization®**. For example, a detailed study
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by Harris et al.>*> demonstrated that the metabolism of several xenobiotics and steroids by
members of the cytochrome P450 family 1 had gradually increased from activity present in
the oldest ancestor studied along the mammalian lineage, likely reflecting increasing needs to
metabolise these relatively novel xenobiotics and steroids. On the other hand, ‘leaping’
describes a process whereby the descendent protein acquires a capability that is largely not
present in its ancestor. One hypothesis for retention of the novel function is through active
natural selection if the novel function confers a fitness advantage, but other mechanisms may
also be possible??®. As an example of rapid functional change, Tran et al.?°’ found that loss of
antibacterial activity in a human RNase (HsR2) from an ancestor occurred relatively quickly
through only four mutational changes. This study further identified that the cytotoxic activity
of HsR2 also appeared to arise relatively rapidly from almost no activity present in an
ancestor. It is thought that one likely method of such ‘leaping’ is gene duplication, because
this allows for one copy of the gene to conduct the original function whilst the other can
undergo larger functional changes through mutation due to not being under as strong
selection pressures!*>2%:20% Following gene duplication, such rapid functional changes are

often termed neofunctionalizations>**.

As well as tracking overall functional changes through ASR, it is also possible to characterise
how those functional changes may have been driven through effects of mutations on protein
dynamics. While the protein structure-function paradigm is important, increasingly it has
been found that the dynamics and conformational landscapes of proteins also plays a major
role their function'®¢*1%2!4 How functional changes can largely result from changes in

1215, where it was found that functional shift

dynamics was shown by research of Kim ef a
from a green fluorescent ancestor to a red fluorescent extant protein of GFP-like proteins
from corals was almost entirely by a shift in the dynamics of the protein. Hence, Kim et al.
termed the change in function as an example of ‘dynamics-driven evolution’. Several other
studies utilising ASR to examine evolutionary mechanisms have also demonstrated that
functional shifts can be mostly driven by changes to conformational dynamics or loop
dynamics, such as that of the chalcone isomerases'®?, diterpene cyclases?'®, solute binding
proteins'®, steroid hormone receptors®!” and tyrosine kinases?'®. Furthermore, studied by
Damborsky and coworkers not only demonstrated the importance of dynamics in the
bifunctional nature of an ancestral luciferase/dehalogenase compared to an extant

luciferase?'?, but also that the ancestral luciferase/dehalogenase could be engineered to form a

luciferase with very high catalytic efficiency through altering its dynamics using an indel
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library??°. Thus, these studies highlight the power of ASR to gain insights into protein

functional change, which can then be utilised to engineer proteins for desired purposes.

1.2.8 ASR for engineering thermostable proteins

Another application of ASR, particularly using maximum likelihood-based methods, is to
predict potentially thermostable ancestral proteins that still maintain a relatively high level of
a given activity'¥?21223 It should be noted that not every predicted ancestral protein will
necessarily have increased thermostability over its extant descendants. However, it has been
commonly found that using ML-based methods many predicted ancestors, especially older
ancestors, are relatively thermostable!®%-?24226, Proteins with increased stability can be
desirable as scaffolds for other protein engineering techniques, like directed evolution,
rational design and/or computational-guided design®?!**2, This is because the majority of
mutations to a given protein, including function-switching mutations, tend to be
destabilising??’?%°, Thermostability is also useful for applications requiring proteins with
increased heat tolerance, solvent tolerance and/or product tolerance, like in industrial
enzymatic chemical production???. Furthermore, pertinent to Chapter 3, thermostable proteins
can have increased recombinant expression yield”?*??!, which can aid with recombinant

protein production.

Several studies highlighting the ability of ASR to identify thermostable proteins that still
maintain similar catalytic activity to selected descendants have been conducted by Yamagishi,
Akanuma and coworkers. They have been able to show that ASR can be used to increase

thermostability of a range of protein families, including the B-subunit of DNA gyrase**°, 3-

231,232 234

isopropyl dehydrogenase , glycyl t-RNA synthetase?*, and B-amylase>**. Recently, these
findings were consolidated by a relatively large-scale study by Livada et al.?*® comparing 56
ancestral ene reductases with 57 extant homologs, which showed that there is a likely a
general trend of increased ancestral thermostability whilst maintaining a range of functional
abilities. Indeed it has been found by both Risso et al.>** and Gumulya et al.>* for ancestral
B-lactamases and ancestral cytochrome P450s or ketol-acid reductoisomerases respectively
that their thermal unfolding transition temperature was up to 35 °C greater than extant
sequences. Increases in thermostability of ancestral proteins has even been observed for
enzyme families with relatively complex catalysis, such as for carboxylic acid reductases®*°

and class I diterpene cylases?’

. While relatively few ASR studies have investigated plant
protein families®**?!, those by Hendrikse et al.**” and Kaltenbach et al.'®* looking at the class

I diterpene cyclases and chalcone isomerases respectively have also demonstrated that plant
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protein ancestors typically display increased thermostability compared to their modern

counterparts.

Commonly, increased thermostability of ancestral proteins is identified as a benefit for
industrial processes??>??3. However, other applications have included for use of the ancestral
protein in medical applications®*® and for the ability to more easily crystallise the ancestral
protein for structural studies?*°. Another important benefit of thermostability is that it can lead
to increased recombinant expression, which has been shown by many ASR studies'+??!,

including that by Wilding et al.?* for ancestral transaminases and that by Babkova et al.>*!

for ancestral haloalkane dehalogenases.

1.2.9 Conclusion

Ancestral sequence reconstruction (ASR) is a powerful tool for gaining insights into protein
functional changes. ASR has revealed that such changes can occur either relatively
progressively and gradually, or sometimes quite rapidly. Furthermore, ASR has often
highlighted the importance of protein dynamics in the functional change of many protein
families. As well as increasing our fundamental knowledge, such insights can also be
valuable aid for further protein engineering efforts. In many cases, ASR can also be used to
directly ‘engineer’ proteins by identifying more stable ancestors. Nonetheless, when
analysing the results from an ASR study it should be considered that the ancestral sequence is
a prediction, and not the ‘true’ ancestor. Also, it may be difficult to engineer a protein with a

given desired function using ASR alone.

1.3 Directed evolution

To engineer a protein with a specific function, the technique of directed evolution can be
used. This is also known as laboratory evolution, because directed evolution attempts to
mimic the evolutionary processes of variation and selection in a laboratory environment. As
such, directed evolution has the potential to be able to ‘engineer’ a protein with almost any
reasonable property or function. Additionally, relatively limited prior knowledge can be
necessary for a directed evolution experiment compared to other engineering techniques®?**
24 Furthermore, directed evolution experiments can provide important insights into how

227245248 Thjs is because it is

proteins are able to evolve and change function or property
possible to track all the protein ‘steps’ along the evolutionary trajectory, or even to

characterise alternative trajectories'®>>*-2>!_ Such characterisation not only increases our
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fundamental understanding of proteins, but can also inform other protein engineering

252-254 255,256

techniques like rational design and machine-leaning guided design

Directed evolution consists of generating genetic diversity, followed by screening or selection
to identify variants with the desired function, which are then amplified such that the iterative
process can be repeated until the desired target is reached (Fig. 1.8). Early ‘directed
evolution’ experiments were conduct by Spiegelman and coworkers in the late 1960s to
investigate evolution of RNA molecules?’. However, the practice of using directed evolution
to engineer proteins was formalised by Arnold and others in the early 1990s?°%. Progressive
advances in techniques for directed evolution, which are still occurring, have continued to

widen its range of applications®*.

' Screening/selection
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Figure 1.8: Main stages of a directed evolution experiment. Figure was made using
Microsoft PowerPoint.

Before beginning a directed evolution experiment to engineer a protein with a desired
function or property, a ‘starting point’ needs to be identified. While theoretically any
reasonable trait could be acquired from any starting point by random mutagenesis and
insertions/deletions, the enormity of the protein sequence-function space results in the
probability of this occurring being vanishingly small. Thus, typically many directed evolution
experiments attempt to identify a protein which has a similar function or property to the
target one, or perhaps which already has some level of the target trait’. Another strategy can
be to use structural, chemical, dynamic and/or machine-learning guided information to

identify a suitable ‘scaffold’ protein as a starting point, where likely relatively few mutational
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changes will be needed to confer the desired trait. Evolution-guided approaches can also be
used to guide selection of a starting point, since promiscuous and thermostable proteins tend
to be the most evolvable®*>3%2° Thermostable proteins are theorized to be advantageous
because most mutations have been found to result in a destabilising effect, including those
conferring functional or property changes??’-*%!. Promiscuous or generalist proteins are
thought to be more evolvable because they already have the capability to conduct several
functions; hence, generally fewer mutational changes will likely be needed to ‘specialise’ one
of these pre-existing functions?$22%*, One method of identifying a suitable promiscuous and
thermostable protein that has shown success is through ancestral sequence

reconstruction?3234237,

Following the selection of a starting protein(s), the two main processes to consider when
designing a directed evolution experiment are how to generate genetic diversity and how to
screen or select for the desired function or property. Variation in a given population of genes
is needed as the source upon which selection can act, yet genetic variation occurs on a much

244 Tt should also be considered that

slower timescale than is practical for a laboratory setting
it is impractical to sample the full sequence space of a given gene, for example, there would
be 4!°% permutations for a gene of 1000 nucleotides. Hence, directed evolution experiments
require processes that both accelerate genetic diversification and sample the sequence space
in a reasonable manner. Different ways to generate genetic diversity include through random
mutagenesis, recombination and through insertions and deletions (indels) (Fig. 1.9). Such
genetic variation can either be conducted using in vitro techniques, like error prone PCR?%,
Mu transposon-based techniques?¢>2¢ and DNA shuffling®®’, or in vivo techniques, such as
268,269

error prone plasmid/polymerase systems

(MAGE)?"® and CRISPR/Cas9-based systems?""?’2, In vitro techniques tend to be more

, multiplex automated genome engineering

commonly used, perhaps because they are typically more controllable®****73, However, in
vitro techniques are more laborious because they necessitate more steps like transformation,
and consequently the library size can be limited for practical reasons. On the other hand, in
vivo techniques can be comparatively more efficient and thus allow larger library sizes.
However, when attempting to evolve a single protein gene the in vivo methods can result in
high background mutations to the plasmid or host organism, or the mutation window can be

relatively short?4244.273,
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Figure 1.9: Overview of methods for generating variant libraries during directed evolution. A)
Random mutagenesis. B) Recombination. C) Creating insertions and delections (indels).
Figure was made using Microsoft PowerPoint.

Overall, using random mutagenesis, random indel incorporation and recombination enables
for random diversification across a target gene, which can be beneficial if little is known
about that gene or if sequence-function relationship for the desired trait is not well
understood. However, due to the large sequence-function space of a given gene and limited
practical library size, important areas of the sequence-function ‘landscape’ may be missed.
Therefore, one can limit the sequence ‘search’ space to regions that are believed to be
important for the target property or function through site saturation mutagenesis (SSM)?’*. In
SSM, prior knowledge of the sequence-function relationship is utilised to identify sites that
are most likely to lead to the desired trait, and these sites are then mutated randomly to
generate a library of variants. Prior knowledge can include protein structure, molecular
dynamics simulations of the function or property of interest, and machine-learning guided
predictions®**?7>, Mutation of the selected site(s) is conducted using a library of primers,
which can be randomised over all four nucleotides for each site per codon or constrained
using prior knowledge to be smaller and more efficient. For example, an NNK (N=A,G,C,T
and K = T,QG) library for a given codon may be employed due to the redundancy of the
genetic code?’®. Additionally, an even smaller, potentially more beneficial, library can be

created using additional knowledge of a given codon site, such as chemical, structural or
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dynamic information. In order to potentially combine beneficial effects of multiple sites,
SSM of one site may be followed by SSM of other sites of interest, in a process known as

iterative saturation mutagenesis?’>.

Following generation of a library of variants, the next important step is then to either screen
or select for variants with the desired function or property. Selection tends to be faster and is
closer to natural evolutionary processes, yet this relies on the ability to link the desired trait
with organismal fitness>*?>24*2’7_This can include by directly linking the desired protein
function or property to the survival or growth of the organism. Alternatively, it can be
possible to artificially link the target trait with selection, such as by physical separation of

cells displaying proteins which can bind to a desired substrate?’>”

or through fluorescent
activated cell sorting of cells that display fluorescence?®’. By combining selection with in
vivo genetic diversity creation, continuous directed evolution can be conducted, which is very

efficient and relatively much less laborious?!2%2,

However, as it is not always possible to link a desired phenotype to fitness, a screening
process can be utilised instead**?2?**273_ During screening, cells with a given variant are
isolated, such as by plating or microfluidics, then an assay or other technique is used either
directly on the cells, or on the cell lysate. For certain properties, the protein variants may
have to be buffer exchanged before screening, although this is less desirable due to the extra
time and input required. Screening techniques aim to detect a desired substrate affinity,
product production, or other trait through methods including imaging, colorimetric assays,
fluorometric assays, high performance liquid chromatography (HPLC) and mass
spectrometry (MS). Screening can be greatly aided by using high-throughput techniques such
as colony picking and liquid handling robots, microfluidics and fluorescence activated cell

283

sorting=*”. Recently, relatively high throughput MS methods have also been developed to

screen for substrates or products that would not be detected by other techniques like

242

fluorimetry or colorimetry“*~. Nonetheless, certain properties, like enantioselectivity, still

remain difficult to screen for in a high throughput way?%.

Directed evolution has been widely utilised to engineer proteins with a large variety of
phenotypes?*?24-238 Relevant to Chapter 4 is the use of directed evolution to improve
recombinant protein expression. Early experiments by Arnold and coworkers demonstrated
that directed evolution could be utilised to improve the recombinant expression of proteins in

organisms like E. coli and S. cerevisiae, including Fusarium galactose oxidase and
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horseradish peroxidase®®>2%. Many studies have since shown that directed evolution can be
utilised to improve recombinant expression of many proteins. Indeed studies by Alcalde and
coworkers have shown that directed evolution of several fungal enzymes with interesting
redox catalysis can improve their expression in S. cerevisiae’®’-**?. Many of these studies also
show that this S. cerevisiae directed evolution strategy can be combined ‘in tandem’ with K.

phaffii or other yeasts to further improve expression yields?8%28%:291-293,

Conclusion

Directed evolution can be a powerful technique to engineer proteins with a desired function
and/or property if a suitable protein as a starting point is identified as well as a suitable
selection or screening method. It should also be considered that many directed evolution
experiments require the iterative screening of relatively large numbers of protein variants,
which can be relatively laborious and resource intensive. Furthermore, it may be necessary to
‘allow’ some variants with relatively neutral or even slightly deleterious functions in some
cycles due to the ‘rugged’ fitness landscape of many proteins. Nonetheless, directed evolution
has been successfully used numerous times to engineer a plethora of proteins with various
properties and activities; some of which would be useful for the enzymatic-driven

polymerisation of materials.

1.4 Enzyme-mediated radical polymerisation

An emerging application of proteins, and thus of evolutionary-guided protein engineering, is
in enzyme-mediated radical polymerisation (EMRP). EMRP describes the formation of
materials due to enzyme catalytic action. While technically this process could also
incorporate many in vivo material processes, of interest to this thesis is the use of enzymes to
catalyse backbone polymerisation primarily in vitro. The advantages of utilising enzymes to
catalyse the formation of such materials over traditional chemical approaches include that
enzymes can work under relatively mild conditions, are non-toxic, are biodegradable, and can
be relatively selective®?****>. Enzymes can mediate several different polymerisation
reactions, including condensation and ring opening; here the focus will be directed towards

radical polymerisations.

Radical polymerisation describes processes where polymers are formed through progressive
radical additions of free radical monomeric units. Typically, radical polymerisation reactions

follow three main processes: initiation, propagation and termination (Fig. 1.10). Many vinyl
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monomers can undergo radical polymerisation, for example, vinyl chloride, acrylamide and
styrene. Polyphenols, like catechin, can also form through oxidative coupling of radical
species®?*%?%7_ Typically, enzymes can ‘mediate’ radical polymerisation processes either by
participating in the initiation stage (Fig. 1.10), and/or by oxygen scavenging, because oxygen
can ‘quench’ the radical propagation process>**?**?%°. Hence, enzymes can allow radical
polymerisations to take place in open air, which otherwise can be a limitation of these
reactions due to equipment and time requirements for oxygen purging. Furthermore, using
enzymes to initiate polymerisation rather than chemicals can be advantageous because on top
of being more environmentally friendly and non-toxic, enzymes can catalyse the production
of radicals at a relatively steady rate over time, such that the polymerization rate can be more
easily controlled?%3%,

heme peroxidase/
multicopper oxidase
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Figure 1.10: Basic stages of a chain growth radical polymerisation. Initiation can be
catalysed by enzymes from the heme peroxidase or multicopper oxidase superfamily,
typically through a small molecular mediator. Termination can occur either through
combination or disproportionation. Figure was made using ChemDraw.
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Consequently, since an early experiment by Parravano in 1951°", a rapidly growing number

of studies have been utilizing enzymes for various radical polymerisations in vitro>2°%3% Tt
has been demonstrated that enzymes can be used to form a variety of materials, from
relatively simple polymers like polystyrene*®* and polyacrylamide®***%°, to more complex

306397 and diblock nanoobjects®”’. It has also been shown that

triblock copolymer vesicles
enzymes can be utilised in more complex radical polymerization reactions, such as reversible
addition—fragmentation chain-transfer polymerisation-induced self-assembly (RAFT

PISA)*® and photo-enzymatic RAFT>?,
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Despite the growing use of enzymes in radical polymerisations, a relatively limited range of
enzymes tend to be used for most studies; most commonly horseradish peroxidase (HRP) and
glucose oxidase (GOx). Notwithstanding, most enzymes used for enzyme-mediated radical
polymerisation fall under the oxidoreductase enzyme class. While other enzyme classes have
been ‘utilised’, typically the cofactors of these enzymes are extracted from the enzyme and
used to drive the reaction, which is not strictly ‘enzymatic’ as claimed!%'2. Nonetheless,
oxidoreductases can enzymatically mediate radical polymerisation processes due to their
ability conduct the desired functions of catalysing radical generation and/or reacting with
oxygen for oxygen scavenging. For the role of catalysing polymerisation initiation either
directly or using mediators, most enzymes utilised generally fall under the heme peroxidase

or multicopper oxidase superfamilies®*!? (Fig. 1.11).
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Figure 1.11: Overview of the chemically important moieties in enzymes commonly used for
enzyme-mediated radical polymerisation and schema of relevant reactions they can
catalyse. A) Active site of heme peroxidases contains an Fe-protoporphyrin IX3'4. This allows
for their catalysis of two single electron redox transfer. B) Active site of multicopper oxidases
contains a multicopper centre3'. They are capable of catalysing four single electron redox
transfers. C) FAD cofactor, which is present in the active site of several oxidases. Some
oxidases are able to oxidise a substrate through reducing oxygen to hydrogen peroxide.
Figure was made using ChemDraw.

Heme peroxidases (EC 1.11.1) include enzymes that encompass a range of enzymatic
activities, but commonly many can catalyse the oxidation of a substrate through the reduction
of hydrogen peroxide (Fig. 1.11A). This redox reaction can involve single electron transfer,
which can accordingly generate a free radical product’'3-!6. Of the heme peroxidases,
horseradish peroxidase (HRP) is by far the most commonly utilised>?**3!3, This is possibly
due to its relatively low cost, reasonable thermostability and solvent stability, relatively good

substrate range and high activity. HRP has been utilised in a wide array of polymerisations,
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which broadly cover many vinyl monomer and phenol polymerisations’. To name but a few
examples, HRP has been used to catalyse polymerisation of poly(ethylene glycol)
methacrylate (PEGMA)*%, poly(N-(2-hydroxypropyl) methacrylamide)*, poly(N-

)317

isopropylacrylamide) (PNIPAm)*!7, polyaniline®'® and poly(hydroquinone)*'®. While HRP

has been the most commonly utilised, a few other studies have demonstrated that other heme

320

peroxidases can also initiate radical polymerisations, such as soybean peroxidase”™”, Coprinus

321 322,323

cinereus peroxidase™', Caldariomyces fumago chloroperoxidase and an E. coli

catalase®**.

Some multicopper oxidase superfamily proteins are also able to generate radicals to mediate
polymerisations. The most used enzyme class has been laccases, which are able to oxidise
substrates through single electron transfers by reducing oxygen (Fig. 1.11B). This can be an
advantage, as heme peroxidases typically require H>O; addition. However, the requirement of
oxygen for laccases can be detrimental, because excess oxygen can lead to quenching of the
radical reaction®>!3. This may have led to their relatively lesser popularity, compared to HRP.
Nonetheless, laccases have still been utilised in a wide range of polymerisation reactions,
including many vinyl monomers and phenols, and furthermore their different chemistry can

open up different applications to those which are possible for HRP*?>*26, For example,
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laccases have been used to polymerise polyacrylamide™, N-vinylimidazole’~’ and artificial
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urushi®“®. While less utilised, a few studies have also shown that another multicopper oxidase,

bilirubin oxidase, is also capable of mediating polymerisation®*-3*!,

Another class of enzymes also commonly used in EMRP are oxidases®*?*%31, Except for the
multicopper oxidases, many of the oxidases used contain an flavin adenine dinucleotide
(FAD) cofactor and catalyse the reduction of oxygen to hydrogen peroxide and the oxidation
of a substrate (EC 1.1, 1.2 and 1.5; Fig 1.11C). As most of these redox reactions involve two
electron transfers, a free radical substrate is not generated. Hence, most of these oxidases
used in EMRP indirectly initiate polymerisation through a cascade and/or act as oxygen
scavengers®**+28316 The ability of oxidases to scavenge oxygen is especially beneficial as it
can prevent oxygen quenching and thereby allow the radical polymerisation reaction to occur
in open air. Furthermore, as several oxidases catalyse the production of hydrogen peroxide, a
bienzymatic cascade can be formed using such an oxidase with a heme peroxidase. As well as
scavenging atmospheric oxygen, using an oxidase to generate H2O- in sifu also reduces the
probability of the heme peroxidase being deactivated by excess H>0,**?. The most used

oxidase for EMRP is glucose oxidase (GOx), which has been used for oxygen
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335,336

scavenging>**¥4 by itself as part of chemical cascades , and as part of bienzymatic

cascades like with HRP3%37 The common use of GOx could be due to its relatively low
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cost, high thermostability, high solvent tolerance and high activity’°. Nonetheless, other

309.339 " alcohol oxidase®*? and

oxidases which have been utilised include pyranose oxidase
sarcosine oxidase®*!. Also, Li ef al.*** recently showed that formate oxidase could be used
with HRP, but with the added benefit that its product, CO,, was easily separated from the

solution.

Overall, enzyme-mediated radical polymerizations are becoming increasingly utilised, largely
resulting from the ‘greener’ nature of enzyme-driven chemistry that is of vital importance
given the current climate crisis>***3!>, However, challenges to the field include that the
relatively low stability of enzymes compared to chemical equivalents can result in lower
reusability and lower solvent tolerance, which in turn means that reactions with hydrophobic
monomers are less tenable. Such issues could perhaps be overcome using enzyme
engineering, especially through evolutionary methods. Nevertheless, even using natural
enzymes it has been shown that EMRP can be used to form a wide range of interesting
materials. As many enzyme-mediated polymerisation reactions involve relatively hydrophilic

monomers, often the resultingly hydrophilic polymers can absorb water to form hydrogels.

1.4.1 Hydrogels

A class of materials that can be formed through enzyme-mediated radical polymerisation are
hydrogels. Hydrogels are materials which consist of water and polymer network(s), which are
at least partly hydrophilic. The aqueous content of hydrogels can range from at least 10% of
their weight to over 99%>*-344_ This relatively high water content of hydrogels contributes to
some of their interesting properties, including their viscoelasticity, hysteresis and
biocompatibility. Additionally, many hydrogels display stimuli responsive behaviour like
swelling or deswelling in response to factors like pH**, temperature®*S, light irradiation®¥’
and ionic strength®*®. Accordingly, hydrogels have been used in numerous applications in
fields ranging from medicine to soft robotics and engineered living materials®**. Following

350

early characterisation studies in the 1960s°°", one of the earliest commercial uses of a

hydrogel material was in contact lenses*!. Since then, hydrogels have also been used in

334355 as scaffolds for

numerous applications including wound dressings®>>*3, drug delivery
tissue engi fh 356,357 f ¢ > wind 358 f livi bi 359 d
gineering , to form ‘smart’ window covers®$, as part of living bioreactors®*> an

as soft robotic actuators>%°,
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Often, the polymer network of a hydrogel is crosslinked, which can occur through
noncovalent and/or covalent bonding interactions. These are also referred to as physical and
chemical crosslinks*****’. Noncovalent hydrogels may be crosslinked through ionic
interactions, hydrogen bonding, and hydrophobic interactions (e.g. London dispersion
forces). On the other hand, as the name suggests, covalent crosslinks are created through
covalent bonds. These covalent bonds can be created through a wide variety of chemical
reactions, including through free radical chemistry. Thus, enzyme-mediated radical
polymerisation can be utilised to catalyse the formation of both the polymer backbone and/or
crosslinks of many hydrogels. For example, the enzyme cascade of glucose oxidase and
horseradish peroxidase (HRP) was demonstrated to catalyse the radical polymerisation of
PNIPAm with N,N'-Methylenebisacrylamide (MBA) crosslinks®!. As another example, it has
also been shown that bienzymatic systems of horseradish peroxidase with various oxidases
can also polymerise just the diphenol crosslinks of a modified alginate through a radical

mechanism?%.

While crosslinking can improve the mechanical properties of a hydrogel, further benefits can
often be gained by combining two (or more) polymer ‘networks’ together to form a double
network (DN)*3-36% (Fig. 1.12A). In this way, double network hydrogels have been
synthesised with up MPa tensile and compressive strength, thereby increasing the range of
applications for which hydrogels can be used. Double networks may consist of two
covalently crosslinked networks, such as the first double network synthesised by Gong et
al.3% that comprised of poly(2-acrylamido-2-methylpropanesulfonic acid) and
polyacrylamide. Alternatively, double networks can consist of an ionically crosslinked
network and a covalently crosslinked network, like the polyacrylamide and Ca**-alginate
hydrogel synthesised by Sun ez al.*®’. For both types of double network, the increased
mechanical strength compared to the constitutive single networks may derive from the
increased number of bonding interactions between the two networks, and the ability of one
network to act as a ‘sacrificial’ network and/or ‘hold’ the other broken network together, as in
the Brown-Tanaka model*®*363-38:36 However, it has generally been found that double
networks consisting of both a physically crosslinked network and covalently crosslinked
network show greater elastic recovery than those with two covalently crosslinked networks,
likely because non-covalent bonds are much more easily reformed than covalent bonds®%-7°,
Nonetheless, the formation of both types of double networks can be a complex and somewhat

laborious process, which is important to optimise to maximise the mechanical strength. Also,
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many double networks have been formed through radical mechanisms using relatively toxic

catalysts and with at least one stage requiring oxygen removal, however, these limitations

could possibly be resolved through the use of enzymes??4298:300371.372

~
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Figure 1.12: A) Double network hydrogels consist of two polymeric networks, represented
by the orange and purple colours. B) Overview of pneumatic-driven extrusion 3D printing.
Figure was made using Microsoft PowerPoint.

Another factor that can widen the scope of applications for hydrogels is their 3D printability.
3D printing is an additive manufacturing process using computer-aided design to build
custom 3D constructs*’>=37°, 3D printing allows for precise spatial control, which can be
beneficial for building complex materials for tissue engineering’®, cell co-cultures®”’,
specific actuation responses’’®, etc. 3D printing can be conducted in a variety of different
ways. For hydrogels, extrusion-based printing is commonly used, likely due to its
affordability and simplicity®’*"*37°, For hydrogels that are viscous and shear-thinning,
extrusion printing can be conducted using a pneumatic-driven system (Fig. 1.10B). However,
for bioprinting applications that involve cells it should be considered that printing cell-laden
hydrogels in this manner will lead to cellular stresses through shear forces****”*. Nonetheless,
by incorporating cells in potentially 3D-printed hydrogels, engineered living materials can be

created.

1.4.2 Engineered living materials

The biocompatibility of hydrogels has resulted in their frequent use in engineered living

materials (ELMs)?*%380381 Engineered living materials are a relatively recent class of
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materials that attempt to incorporate the benefits of synthetic biology and living cells with
advantageous material properties. Some aims of ELMs include that they possess properties
shown by living organisms like self-healing, self-assembly, responding to environmental
cues, and dynamically switching between different states®>-33!-82 (Fig. 1.13). These
properties are then combined with the bulk properties of the material, such as mechanical
strength, structure and stimuli responsiveness. It is hoped that such ‘smart’ materials could
prove more adaptable than traditional materials and thus, on top of a wider range of
applications, may have a longer lifespan and be more ecofriendly. Furthermore, this ‘green’
nature of ELMs can be improved by utilising biodegradable materials, which can even be
synthesised by the cells using relatively low energy ‘food’ in some cases*****. Indeed, often
synthetic ELMs are inspired by natural ‘ELMs’ that consist of such ‘smart’ materials made
and maintained by living cells using relatively little energy; for example, wood, coral, nacre,

biofilms, mycelium and diatom glass .

INPUT OUTPUT
Chemicals, light, Enzymes, fluorescent proteins,
heat, metal ions biopolymers, adhesive

biomolecules, antibodies

1 Engir]ggred cell

Material

Figure 1.13: Engineered living materials can take advantage of biological properties by
incorporating engineered living cells into a material. Figure was made using BioRender.

ELMs have a wide range of applications, including in bioremediation, infrastructure,
healthcare and green energy production®>-32383386_Ap early example of an ELM was the
development of a ‘self-healing’ concrete using microbially induced calcium carbonate
precipitation®®’. Since then, various ELMs have been developed, such as various bioreactors
that can produce proteins or catalyse the production of value-added chemicals ‘on demand’,
biosensors like one that could sense and remove from the environment the biotoxin and
pollutant mercury®3®, the light responsive living material biosensor composed of bacterial

cellulose®*, a blood-responsive living glue*®, a living gel to treat fungal skin infections, and
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390 However, while there are

algal hydrogels that can produce hydrogen using solar energy
many novel and exciting applications of ELMs, they also face some challenges. Perhaps the
biggest concern is ensuring the safety of ELMs given that they contain living cells, which are
often genetically modified. Hence, containment of the cells within the material is important,
as well as possibly encoding a ‘kill-switch’ as a failsafe’***!2, Also, ELMs tend to be more
costly than traditional materials, and many could be potentially hard to scale for industrial

use®81¥2_ Nonetheless, if these challenges can be faced then ELMs have much potential for

use in many fields.

To develop an ELM for such varied applications, a system needs to be developed that consists
of both living cells and a material ‘scaffold’. For the strict definition of an ELM, the cells

should be ‘engineered’ in some way to confer a desired behaviour or property>5°

. Many
commonly used material scaffolds in ELMs tend to be hydrogels or to be hydrogel-like
because of the ability of hydrogels to diffuse the water, nutrients and gasses needed by (most)
living cells*>’. This often hydrogel-like scaffold of an ELM can be a biopolymer synthesised
by the cells themselves, hence having the property of being a ‘self-assembling’ ELM, or can
be a separately synthesised material to which the cells are added. These latter ELMs are often
classed as ‘hybrid’ ELMs. Hybrid ELMs can still be composed of natural polymers, like the
commonly used alginate, or they may be composed of synthetic polymers to take advantage
of certain properties these polymers may have®®**>, Formation of hybrid ELMs can be
conducted using a variety of methods, such as through moulding, electrospinning, dip coating
or 3D-printing*®>33, However, 3D-printing can be particularly beneficial in allowing
customisability for various applications, as well as spatial control, which can be beneficial for
hierarchical organisation of the material and positioning the microbes as desired*’*-*3¢, The
ability to spatially control the relative positions of the microbes can be especially
advantageous for co-cultures***. Lastly, addition of cells to the material scaffold for hybrid
ELMs can be conducted either before formation of the material by mixing the cells into the

material precursor solution, or after material formation through absorption or adsorption.

One class of cells that can be utilised in hybrid ELMs for various applications are the single
celled fungi known collectively as yeast. Advantages of utilising yeast in ELMs include that
they are relatively easy and cheap to maintain, are relatively easy to manipulate using
synthetic biology, can produce eukaryotic posttranslational modifications, possess eukaryotic
secretion pathways, can undergo anaerobic fermentation, can potentially be stored for long

time periods and have relatively decent ‘re-usability’>**-**>. Additionally, many yeast strains
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are generally regarded as safe (GRAS)***3%. By far the most commonly utilised yeast species
in ELMs is Saccharomyces cerevisiae®*®, perhaps due to its availability and the wide range of
synthetic biology tools developed for it. Nonetheless, some examples of other yeast species

/ 399

include the study by Yuan et al.”””, where an ELM bioreactor using Komagataella phaffii was

i 400

developed, that by Wang et al.™, who developed a self-assembling biosilica-yeast ELM for

removal of biotoxins using Yarrowia liplytica and the recently the study by Yuan et al.*!
where Kluyveromyces marxianus was used to produce fragrance molecules within calcium-

alginate beads.

Perhaps one of the earliest studies where a yeast hybrid ELM was developed was by Fine et
al.**? in 2006, before the term ‘ELM’ had been adopted®®’. In this study it was shown that S.
cerevisiae within calcium-alginate beads or PVA/PEG could produce luciferase if oestrogen
was detected, thereby acting as a biosensor for potential applications in healthcare. Other
yeast hybrid ELMs include those developed by Johnston et al.>**, where S. cerevisiae-laden
F127- bisurethane methacrylate hydrogels were either hand extruded or extrusion 3D-printed
to form a yeast ELM bioreactor that was capable of producing 2,3-butanediol. It was then
further shown that S. cerevisiae co-cultures could be formed within an ELM to increase
fermentation efficiency or, when combined with E. coli, to produce betaxanthins efficiently.
Other key examples of yeast hybrid ELMs are described in two related studies by Sugianto e?
al.** and Altin-Yavuzarslan et al.***, where S. cerevisiae were embedded in bovine serum
albumin-polyethylene glycol diacrylate and the resulting cell-laden gel ink was 3D-printed
using stereolithography. It was then demonstrated that the resulting ELM could act as a
bioreactor to produce betaxanthins or proteinase A in a controlled, repeatable manner and that
the ELM could even be printed into functional gears. Nonetheless, relatively few yeast hybrid
ELMs have been developed thus far, hence, there are many potential directions for these

materials in the future.

1.4.3 Conclusions

Overall, enzyme-mediated radical polymerisation (EMRP) can be used to form a wide variety
of polymeric materials for many applications in a relatively eco-friendly manner. However, it
is currently somewhat restricted by its use of largely natural enzymes, which may not be
thermostable, solvent stable and/or substrate specific for certain types of polymerisation
reactions. Engineering such proteins could possibly by conducted using evolutionary-guided
techniques, because both ancestral sequence reconstruction and directed evolution can

identify stabler proteins with novel activities. Nonetheless, one recent but rapidly growing
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field where EMRP could be utilised is in generating hydrogel ‘scaffolds’ for engineered
living materials in a relatively ‘green’ manner compared to traditional UV/chemical initiator
approaches. Furthermore, because ELMs often utilise proteins expressed by the contained
cells in various ways, protein engineering through evolutionary approaches could further

expand the range of properties and uses of ELMs

1.5 Research Aims

The overarching goal of this thesis is to push the boundaries of ancestral sequence
reconstruction (ASR) both as a framework for understanding fundamental protein properties,
such as the evolution of ligand binding thermodynamics, and as a technology to engineer
“challenging” enzymes, particularly those with complex post-translational requirements like
plant glycoproteins. By examining how ancient versions of modern proteins might exhibit
altered stability, binding affinity, or catalytic properties, this work aims to reveal new insights
into protein structure—function relationships and open up innovative applications in
biotechnology. These include expressing plant-derived enzymes that are difficult to produce
in standard hosts, integrating engineered proteins into advanced biomaterials, and ultimately

forming engineered living materials capable of novel functions.

Building on this motivation, Chapter 2 investigates whether changes in ligand binding
observed among modern members of the /ac repressor (Lacl) family could be more clearly
understood by resurrecting ancestral Lacl proteins. Specifically, the chapter addresses the
thermodynamic underpinnings of ligand specificity and whether shifts in binding affinity
over evolutionary time are governed by distinct enthalpic or entropic contributions.
Individual mutations are also explored to clarify the sequence—function relationship, aiming

to map how particular substitutions alter the energetic landscape of ligand binding.

A separate application of ASR is taken up in Chapter 3, where it is hypothesized that
recombinant expression of horseradish peroxidase (HRP), a glycosylated plant enzyme, can
be improved using ancestral variants. Since HRP is commonly employed in enzyme-mediated
radical polymerization (EMRP), it is further tested whether the recombinant ancestral
peroxidase can fulfil the same role as modern HRP in forming poly(N-isopropylacrylamide)

(PNIPAm), a thermo-responsive hydrogel with diverse industrial and biomedical uses.
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Finally, Chapter 4 expands upon the use of engineered enzymes in EMRP by examining
whether a peroxidase evolved via directed evolution could also be harnessed to catalyse
PNIPAm formation within an alginate/PNIPAm double network. This chapter then explores
the possibility of establishing a 3D printed engineered living material, in which embedded
microorganisms (S. cerevisiae or K. phaffii) could transform the hydrogel environment into a

bioreactor or biosensor.

In summary, these three chapters illustrate both the fundamental value of ancestral
reconstruction in dissecting how protein functions, such as ligand binding, emerge and
diversify, and the practical potential of leveraging ancestral or engineered enzymes to
advance contemporary biotechnological applications. By demonstrating ASR’s utility with
respect to difficult to express plant enzymes and integrating newly designed proteins into
self-assembling biomaterials, this thesis seeks to further bridge the study of protein evolution

with synthetic biology and materials engineering.
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Chapter 2: Evolution of effector binding in Lacl family

transcription factors

2.1 Abstract

Transcription factors of the lac repressor (Lacl) family are important tools in bacterial
synthetic biology for applications including biosensing, protein production, and genetic
circuits. However, engineering novel transcription factors that respond to desired ‘signal’
ligands has been challenging, largely due to the allosteric networks of these transcription
factors. To overcome this difficulty in traversing the complex fitness landscape of ligand
binding in transcription factors, here the ligand binding of previously reconstructed Lacl
family ancestors was characterised in detail along the Lacl trajectory using ligand binding
screens, isothermal titration calorimetry and tryptophan fluorescence assays of single mutants
of the oldest ancestor. This revealed a gradual specialisation towards binding of -
galactosides from weak binding activity present in the oldest ancestor. The importance of
considering thermodynamics and enthalpic-entropic ‘trade-offs’ for future engineering efforts
was demonstrated through changes in the binding thermodynamics accompanying this
binding strength change. Additionally, it was found that single mutations had a complex
effect on binding changes in Lacl family ancestors, thereby highlighting the capability of

ancestral sequence reconstruction to gain insights into difficult protein fitness landscapes.

2.2 Introduction

Lac repressor (Lacl) family transcription factors (TFs) have many applications in synthetic

405-409 d’410-413
2

biology, for example, in biosensing , controlling gene expression ‘on deman

controlling metabolic flux for complex chemical production®!*4!7

, and for developing novel
biological circuits*'®4?!, Lacl family proteins, like other transcription factors, regulate gene
expression by binding to certain DNA elements, known as operators or promoters. This
binding can result in the repression, activation and/or initiation of genes controlled by that
element*>4?3. One of the earliest transcription factor systems characterised was that of the lac
repressor protein and the /ac operon by Jacob & Monod*** (Fig. 2.1). They found that Lacl

regulated expression of the /ac operon in E. coli by binding to an operator sequence, which
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prevented transcription of the downstream genes. However, if certain metabolites were
present, such as allolactose, it would bind to Lacl and result in Lacl losing its affinity for the
DNA operator sequence, thereby allowing transcription to occur. This regulation of the lac
operon by Lacl enables the E. coli cell to only produce proteins necessary for -galactose
metabolism if they are present in the environment, which reduces unnecessary energy

expenditure??>4?7,

CAP site Promoter

+ inducer - inducer

CAP site Promoter

Figure 2.1: Overview of the regulation of expression of the lac operon in E. coli by the lac
repressor (Lacl). Without its inducer, Lacl represses gene expression by ‘blocking’ RNA
polymerase (RNAP) from transcribing through binding of Lacl to a segment of DNA known
as an operator. When an inducer is present in the E. coli cell, such as allolactose, Lacl loses
its affinity for the operator sequence and the downstream genes are transcribed. Note that
dimeric Lacl is shown here for clarity. Figure made using BioRender and PyMOL.

More generally, it has been found that the Lacl family of transcription factors is a widespread
and diverse protein family, with members possibly present in all extant bacteria*?®*?°, Lacl
family proteins typically regulate aspects of the carbon metabolism in bacteria***+}!. Lacl
TFs can act as repressors or co-repressors, like Lacl or the purine repressor (PurR)*>#3, or as
both repressors and activators, such as the gal repressor (GalR) and carbon catabolite protein
A (CcpA)P+46, Whilst some Lacl family members modulate the expression of only a handful

Y7438 others are

of genes, such as the rbs repressor (RbsR) and gal isorepressor (GalS
‘global’ regulators which control the expression of hundreds of genes, such as the catabolite

repressor/activator (Cra)*%#40,
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Despite the wide diversity of Lacl family proteins and their relatively low sequence
similarity, the tertiary structure has found to be largely conserved*?®**! (Fig. 2.2A). This
structure consists of a DNA binding domain (DBD) and ligand binding domain (LBD) per
monomer unit, with the monomer unit forming part of a homodimer or homotetramer in order
to bind to DNA*#442-445 The DBD of each monomer consists of a highly conserved, likely
evolutionary ancient, helix-turn-helix motif, which is able to bind to half of an operator
sequence, with the other half being bound by the DBD of another monomer unit*46-443,
Tetrameric Lacl family members typically consist of a ‘dimer of dimers’, with each dimer
being capable of binding to an operator sequence at the same time****°(Fig. 2.2B). This
capability of binding to two operators can cause the DNA loop, thereby making it more
difficult for downstream genes to be transcribed and expressed*?**!. The ligand binding
domain of Lacl family members is composed of two subunits, termed the N- and C-terminal

subdomains**2. The two subdomains are quite similar in structure, typically consisting of four

o-helices surrounding a B-sheet*?®.
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Figure 2.2: Structural features of typical Lacl family members as shown by Lacl. A) Structure
of dimeric Lacl (PDB: 1EFA) bound to DNA*%3, The homodimer consists of two monomeric
units, which each have a ligand binding domain (LBD) and DNA binding domain (DBD). The
ligand binding domain contains and N-terminal subdomain and a C-terminal subdomain,
which are somewhat symmetrical. B) Some Lacl family members like Lacl form
homotetramers. Shown here is the ligand binding domain of tetrameric Lacl*>* (PDB: 1LBH),
which consists of a dimer of dimers. The ligand binding pocket for each monomeric unit is
shown to be in between the N- and C-terminal subdomains. C) Structure of Lacl bound to a
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gratuitous inducer, isopropyl B-D-thiogalactopyranoside (IPTG)*? (PDB: 2P9H). A relatively
extensive hydrogen bonding network forms upon binding of IPTG, shown by the dashed
yellow lines. Water molecules involved in this network are shown by the red spheres. Figure
made using PyMOL.

Binding of ‘effectors’ to the LBD is how the ability of the DBD to bind DNA is modulated,
which is key to transcriptional regulation. Effectors of Lacl family members include sugars,
purines and small proteins***43%43%, Many Lacl family members possess a ligand binding
pocket in between the two subdomains of the LBD where small molecule ligands bind (Fig.
2.2C). However, larger effectors like proteins typically bind to the outside of the
LBD*34534% Most Lacl family members will bind to one effector per monomer, however, it
has been found that some Lacl family proteins are able to bind to two distinct effectors per
monomer unit. For example, it was found that one way in which the in vivo function of CcpA
can be modulated is by whether just the phosphorylated small protein HPr binds to each
monomer unit, or if both HPr and glucose-6-phosphate bind to each monomer unit*¥4>7,
Based on studies of LacI**®, the DNA binding ability of Lacl family members may only be

modulated if both monomers of a dimer unit bind to an effector.

The ability of Lacl family members to change their DNA binding strength through binding of
an effector to a relatively distal site results from allosteric communication between the ligand
binding site(s) and the DNA binding domain*°4®!, Such allostery is key to their function as
regulatory proteins. However, identifying residues involved in allosteric networks and how
they are able to convey the ‘signal’ of ligand binding to cause functional change in a
relatively distal part of the protein can be difficult**!462463 For Lacl, inducer binding causes
the DBD to become relatively disordered through networks that cause a shift in the ensemble
of conformations sampled by LacI**24¢4465 While the static structure of the LBD does not

change much with inducer binding*?#>*

, it was found that regions around the ligand binding
site and regions of the N-terminal subdomain become more rigid, resulting in more
interactions between the N-terminal subdomains of each monomeric unit*2*%*, Thus,

1.46* proposed that propagation of the ‘signal’ of inducer binding in Lacl occurs

Glasgow et a
through the ligand binding making regions near the ligand binding pocket becoming more
rigid. This in turn makes the regions of the N-terminal subdomain near the monomer-
monomer interface more rigid, which then makes the hinge helix of each DBD, present in the
monomer-monomer interface, more flexible and disordered. However, allosteric

communication networks likely differ between different Lacl family members because it has

been found that many ‘chimeras’ of various LBDs and DBDs from Lacl family members no
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longer show allosteric responses to their respective effectors*!?#49430:466 Fyrthermore, for
several Lacl family members it has been shown that only certain ligands are able to induce an

allosteric response, with other ligands binding but resulting in a neutral or anti-inducing

effect*07471,

430472 it has proven

Due to this relatively fine-tuned allostery of Lacl family members
difficult to engineer new transcription factors using a Lacl family scaffold. Several studies
have created chimeras of various combinations of Lacl family LBDs and DBDs; however,
many of these were found to be non-functional or to have a relatively weak allosteric
response compared to native family members*'*#%4° Other approaches to engineer novel
ligand binding into Lacl family TFs have included rational-based design such as computer
aided design and site saturation mutagenesis**®#18420473 However, limitations of these studies
included that only binding of ligands very similar to the native ligand could be engineered,
the allosteric response of the engineered proteins was sometimes weaker, the engineered
protein was sometimes found to not be specific to its new function, and all studies required

1,495 ytilised another

high-throughput screening of large libraries of variants. Rondon ef a
protein engineering technique, directed evolution, to engineer novel caffeine binding into a
TF based on PurR. However, this also required screening of large libraries to design binding

of a ligand that is chemically and structurally similar to the native ligand of PurR.

As these previous engineering efforts to design novel ligand binding in Lacl family TFs have
faced difficulties, here it was proposed to use the different technique of ancestral sequence
reconstruction (ASR) to characterise changes in ligand binding in the Lacl family and
provide insights for future engineering efforts. Unlike methods probing only modern-day
proteins, ASR can track mutations and their effects on function over time; thus, providing an
extra dimension of information. As many residues in a given protein will have intragenic
epistatic interactions?!>#7#47>_ the ability of ASR to track the order of mutational changes and
their effect on function makes it easier to characterise how function switches take place
compared to ‘horizontal” studies of extant proteins, where the context of permissive and
restrictive mutations that have led to changes in function is much more difficult to
discern!%?3282934_ Additionally, extant proteins have typically accumulated many neutral
mutations, which makes it harder to identify which mutations between two given extant
proteins have led to functional changes than by comparing related ancestral proteins, because
these ancestors will typically have relatively few mutations between them'*2%248,

Furthermore, using ASR to predict ancestral sequences, which are likely ‘peaks’ in the
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186.476477 'is a relatively low-throughput, ‘smart’ method of exploring

protein fitness landscape
and characterising the most informative parts of the protein fitness landscape. This ability of
ASR to identify ‘peaks’ in the fitness landscape is particularly powerful for proteins with a

relatively complex genotype-phenotype landscape, like the Lacl family TFs*7>478,

1479 and utilised to

Previously, ASR of the Lacl family was conducted by Meger et a
characterise the ability of ancestral DBDs to bind to the /ac operator when combined with the
Lacl LBD. It was found that there was large variation in binding of the lac operator by the
ancestral DBD-Lacl chimeras, thereby providing support to other studies showing that the
DNA-binding fitness landscape of the Lacl family is relatively ‘rugged’4’>*-482 However, as
it has been found to be less difficult to engineer novel DNA binding than ligand binding in

Lacl family TFs, this study instead focused on ligand binding characterisation of the

ancestors previously reconstructed by Meger et al.*”.

In this Chapter, selected full-length ancestors along the Lacl trajectory were characterised to
better understand changes in ligand binding in the Lacl family and how these changes occur
for future engineering efforts. It was found that the relatively weak binding of the last
universal common ancestor to methyl -D-galactopyranoside gradually became stronger over
time along the Lacl trajectory, likely reflecting increasing specialisation towards binding -
substituted D-galactosides. The importance of thermodynamics in this change in ligand
binding was highlighted through a shift from entropically driven binding in the oldest
ancestor to enthalpically driven binding in the extant Lacl. Finally, by characterising the
effect of single mutations on function between two of the oldest selected ancestors, further
evidence was shown for the complex genotype-phenotype landscape of Lacl family proteins

and that this might be driven by epistatic residue interaction networks.

2.3 Results

The ancestral sequence reconstruction of the Lacl family was conducted previously by Meger
et al.*” and utilised here for further investigation of ligand binding changes. Due to the size
of the constructed Lacl phylogeny and corresponding number of ancestral nodes, in-depth
characterisation of the ligand binding of all reconstructed ancestors would be difficult.
Therefore, four ancestral proteins of decreasing age were selected along the Lacl trajectory
and named Ancl to Anc4 accordingly (Fig. 2.3). This clade was selected because Lacl is the

most studied extant protein®%43484 The four selected ancestral sequences were calculated by
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Meger et al.*’® to have posterior probabilities >0.84 (Suppl. Fig. 2.1) and their respective
nodes were supported by an UltraFast Bootstrap >90 (Fig. 2.3), indicating reasonable

confidence in the sequences of the selected ancestors and their respective positions in the

phylogeny.

Lacl

Figure 2.3: Phylogeny of Lacl family proteins*’® with the Lacl clade highlighted in purple and
show in more detail on the right. Four ancestors were selected along the Lacl trajectory,
shown on the right. The presence of a white circle on a node indicates that it was predicted
to have an Ultrafast Bootstrap'™® >90, and thus that the position is fairly likely given the
dataset and evolutionary model selected. Figure made using the ggtree package*® in R.

2.3.1 Basic structural and thermostability characterisation of the selected ancestral

transcription factors

Firstly, given that the selected ancestral sequences are predicted, it was important to verify
that the selected ancestral proteins could be expressed in a soluble, folded form. It was found
that the ancestral proteins could be recombinantly expressed in E. coli with relatively high
yields (Suppl. Fig. 2.2; Suppl. Table 2.1), and that their circular dichroism spectra were
similar to that of the extant Lacl (Fig. 2.4A). As the structure of Lacl family members is
relatively highly conserved*?®#0486487 the similarity in the circular dichroism spectra of Lacl
and the ancestors suggested that the ancestors folded into similar structures to that of Lacl.
However, prediction of the relative proportions of secondary structure elements for both Lacl
and the ancestors (Suppl. Fig. 2.3) likely over-predicted -strand content, possibly due to the

relatively high number of turns present in Lacl and likely present in the ancestors*$45°,
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Despite the similarity in the circular dichroism spectra between Lacl and the selected
ancestors, it was found that they displayed different unfolding behaviour with temperature
(Fig. 2.4B). While Lacl and the most recent ancestor characterised, Anc4, were found to
possess similar thermal unfolding transition temperatures (Tm) ~66 °C and appeared to have
mostly unfolded by 90 °C, the older ancestors, Ancs1-3, had relatively higher predicted Tms
and appeared to have not fully unfolded by 90 °C (Fig. 2.4B&C). This relatively high
thermostability of Ancs1-3, especially Ancl, could indicate that they were present in a hotter
environment. Indeed, the age of Ancl has been estimated to be around three billion years
o0ld*”®, when potentially life was present in a hotter environment*****3, However, the relative
thermostability of the older ancestors could also result from biases in the evolutionary

algorithms used during the ASR process®>*%,

Having established that the selected ancestors possessed secondary structure elements, their
tertiary structure was then predicted using AlphaFold2**4%> As there are several Lacl family

structures present in the protein data bank used for AlphaFold’s training*?3496:497

, it was
expected to be fairly accurate. The dimeric form of each ancestor was predicted because this
is the minimal functional unit for Lacl family transcription factors*?®49%4% Ag for the greater
Lacl family where sequences with relatively low pairwise sequence identity typically fold

428,450486.487 it was found that all of the selected

into the canonical Lacl family structure
ancestral proteins were predicted to have very similar structures (Fig. 2.5A-D). Pairwise root
mean square deviations (RMSDs) less than 2 A were calculated, despite pairwise sequence
identities of less than 50% between Ancl and Anc4 (Suppl. Table 2.2). The predicted
ancestral structures were also very similar to extant Lacl family members like Lacl (Suppl.
Fig. 2.4). For Ancl and Anc4, X-ray structures of the ligand binding domain (LBD) have

been characterised by Georgelin®®

and it was found that the full protein predicted structures
of these respective ancestors were also relatively similar to the experimentally characterised
ligand binding domains (Suppl. Fig. 2.4). This, thus supported the likelihood of the structure

predictions.
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Figure 2.4: Characterisation of selected ancestral Lacl family proteins and Lacl by circular
dichroism (CD). A) Spectra of the selected ancestors and Lacl measured at 20 °C indicate
that they possess relatively similar secondary structure. B) Thermal unfolding of the selected
ancestors and Lacl shown at 208 nm. C) Thermal unfolding transition temperatures of the
selected ancestors and Lacl. Note that the values for Anc1, Anc2 and Anc3 are
extrapolations as they did not fully unfold by 90 °C. Error bars represent S.E.M. of 3
replicates. Figure made using MATLAB.

For an allosteric response to occur in vivo, the ancestral proteins need to form as a

homodimer or greater order oligomeric structure in order to have the ability to bind to a DNA

49



operator sequence. Therefore, preliminary investigation into the oligomeric state of the
selected ancestors was conducted in vitro using analytical size exclusion chromatography
(Fig. 2.5E). Interestingly, it was found that the oligomeric preference of the selected ancestors
fluctuated between dimeric and tetrameric over the course of the Lacl trajectory. For the
transcriptional repression function of Lacl family members, forming a tetrameric complex
typically enhances repressive ability*!*%!, Therefore, the changing oligomeric state
preference of the selected ancestor could reflect changing conditions for how tightly gene
expression needed to be regulated. Nonetheless, although characterising the oligomeric state
of the selected ancestors in vitro was supported by the characterisation of Lacl in its in vivo
state as tetrameric (Fig. 2.5E)*>*% the different conditions in vivo could result in the
ancestral proteins favouring different oligomeric states than those measured in vitro. For
example, the ancestral proteins would likely be present in lower concentrations in vivo and
experience different thermodynamic effects due to molecular crowding**>°%, Thus, to
establish the oligomeric state in vivo, perhaps Forster resonance energy transfer (FRET) tags
could be utilised in future to measure if monomeric units were close enough to form
oligomers, and the relative level of fluorescence from FRET could be used to determine

which oligomeric state had likely formed>%-4,
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Figure 2.5: A-D) Predicted tertiary structures of A) Anc1, B) Anc2, C) Anc3 and D) Anc4
using AlphaFold2. The structure were predicted as dimers, because this is the minimum
functional unit of Lacl family transcription factors in vivo*?42°445498 The predicted structures
all are similar to the canonical Lacl family structure#?8:437:450.454.43%6.487 'E) The oligomeric state
and proportion of the population in that oligomeric state of the selected ancestors and the E.
coli lac repressor (Lacl) was determined through analytical size exclusion chromatography. It
was found that Anc1, Anc3 and Lacl preferred the tetrameric state, whereas Anc2 and Anc4
formed into the dimeric state. Figure made using PyMOL and MATLAB.
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2.3.2 Ligand binding characterisation of the selected ancestral transcription factors

Having established that the selected Lacl family ancestors each likely folded into a canonical
Lacl family structure and could form functional oligomers, the ligand binding of the
ancestors was then investigated. As effectors of extant Lacl family members mostly consist of
small, carbon-based molecules*?®#°%3% to identify potential ligands of the ancestral
transcription factors a screen of 192 biological, small, carbon-based molecules was used with
differential scanning fluorimetry (DSF) to characterise changes to the thermal unfolding
transition temperature (Tm) . This is because increases in Tm can indicate increased protein
stability due to ligand binding in a relatively high-throughput manner®°6-*%, However, it
should be noted that DSF is prone to false positives and negatives because non-ligands can
also lead to increases in Ti, through structure stabilisation and some ligand binding events
may not necessarily increase the Tr>!%!2, Notwithstanding, use of the screen with extant
Lacl as a control identified three sugars that have been shown by previous studies to act as
inducers of LacI*”#7473 (Fig. 2.6E) (Suppl. Fig. 2.5). Thus, having established the efficacy
of the screen, it was used to identify potential ligands for the Lacl family ancestors. It was
found that methyl B-D-galactopyranoside (MBDG) could be capable of binding to Ancl,
Anc3 and Anc4. Additionally, it was found that D-fucose could be a ligand of Anc1 (Fig.
2.6A-D). Ancl was also stabilised by a few other sugars, suggesting they could also be
ligands, though to a lesser degree. On the other hand, no potential ligands were identified for
Anc2, which highlighted the limitations of the DSF screen. In future, it would be beneficial to
screen a larger library of compounds, including purines and possibly some extant small
protein effectors, and possibly to attempt more accurate ligand binding screening techniques
like surface plasmon resonance®'3->!7, Nevertheless, it was interesting that most of the
ancestral proteins were identified as possibly binding to MBDG, as this molecule is
structurally similar to the native effector of Lacl and can also act as an effector of LacI*¢’. On
the other hand, the primary potential ligand of Ancl, D-fucose, is structurally somewhat
different from its possibly weaker ligands like MBDG (Suppl. Fig. 2.5). This possible
capability of Ancl to bind to multiple ligands could suggest that it is relatively promiscuous
or generalist in its effector binding; however, this would need to be better established in

future using more accurate binding characterisation like surface plasmon resonance.
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Figure 2.6: Binding screen of 192 small, biological, carbon-based molecules by thermal
unfolding transition temperature (Tn) stabilisation in differential scanning fluorimetry of A)
Anc1, B) Anc2, C) Anc3 and D) Anc4 to identify potential ligands. D-fucose was identified as
a potential ligand of Anc1, and methyl 3-D-galactopyranoside (MBDG) a potential ligand of
Ancs1-4 respectively. E) The binding screen was conducted with extant Lacl as a control,
which identified known effectors. Figure made using Python.
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As MBDG was identified as a potential ligand for most ancestors and D-fucose a potential
ligand of Ancl1, the binding of MBDG and D-fucose to the selected ancestors and Lacl was
characterised in more detail using isothermal titration calorimetry (ITC). For MBDG binding
(Fig. 2.7A), it was found that the oldest ancestor, Ancl, bound MBDG relatively weakly, with
an equilibrium dissociation constant (Kp) of 4.2 mM. However, progressively the binding of
the selected ancestral proteins to MBDG increased in strength with decreasing ancestor age,
such that the most recent ancestor, Anc4, was found to have a Kp of 550 uM, which is only
slightly higher than that of the extant Lacl. Therefore, the increase in binding strength of
MBDG over the course of the Lacl trajectory suggests a change in functionalisation over time
towards binding -galactosides. As Lacl family members typically regulate carbon
metabolism in bacteria, perhaps the change in binding could reflect increasing specialisation

along the Lacl trajectory towards regulating the metabolism of B-galactosides.

On the other hand, whilst binding of D-fucose was measured to be relatively strong for Ancl,
with a KD of 127 uM, the binding of D-fucose was too weak to be fully characterised for
Anc2 using ITC, was not detected for Anc3, and was very weak for Anc4 and Lacl (Fig.
2.7B; Suppl. Fig. 2.7). This shows that there was a relatively rapid decrease in D-fucose
binding ability between Ancl and Anc2, indicating a relatively quick change in binding
function between Ancl and Anc2. Thus, perhaps Anc2 and the other ancestors along the Lacl
trajectory were no longer involved in the regulation of the metabolism of fucose-like carbon
sources. This would have resulted in a lack of positive selection to maintain D-fucose binding

ability and hence it was mostly lost, perhaps through negative selection or neutral drift.
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Figure 2.7: Characterisation of the equilibrium dissociation constant (Kp) of binding of A)
methyl B-D-galactopyranoside (MBDG) and B) D-fucose to the selected ancestral
transcription factors and the extant E. coli lac repressor (Lacl). Binding strength for MBDG
increases over the Lacl trajectory whereas binding strength of D-fucose decreases. Kps
were measured using isothermal titration calorimetry (ITC) and error bars represent the 68%
confidence interval from fitting at least three replicates of at least two biological replicates. C)
The thermodynamics of MBDG binding for the selected ancestors and Lacl as measured and
calculated from ITC. Anc1 binds MBDG in an entropically driven reaction, but Lacl binds
MBDG in an enthalpically driven reaction. D) Relationship between change in enthalpy and
change in entropy of MBDG binding by the selected ancestors appeared linear (Pearson
correlation coefficient of 0.99). Figure made using MATLAB.

To further characterise how the changes in D-fucose and MBDG binding occurred from the

oldest ancestor to Lacl, the thermodynamics of binding were examined. When characterising
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the entropic and enthalpic contributions to binding for both hexoses, it was revealed that the
binding reactions of the extant Lacl were enthalpically driven with entropic cost (Fig. 2.7C;
Suppl. Fig. 2.6). This has been supported by dynamics simulations by Campitelli et al.>'8,
which found that although isopropyl B-D-thiogalactopyranoside (IPTG) binding to Lacl
resulted in entropic gain in the DNA-binding domain (DBD), the increase in rigidity in the
ligand binding domain (LBD) resulted in net entropic loss. Perhaps for this reason, the
relatively greater entropic cost of D-fucose binding compared to MBDG binding found here
could result from only MBDG and not D-fucose inducing an allosteric response. This is
because the increase in flexibility of the DBD, and thus entropic gain from this, would only
occur if an allosteric response were induced. More generally, the enthalpic gain and entropic
cost of the Lacl binding reactions found here could also be explained by the research of
Glasgow et al.***. By using hydrogen deuterium exchange with mass spectrometry, they were
able to observe upon IPTG binding increased rigidification of residues near the ligand
binding pocket, thereby experimentally determining a potential cause for the observed net
entropic cost of binding. Additionally, they showed that upon IPTG binding there was an
increase in the number of bonding interactions formed, both with the ligand as well as
between subdomains and between the monomer units. This is likely driving the net enthalpic

gain observed for Lacl binding reactions*?>>1%,

However, interestingly it was found that the binding reactions of the selected ancestral
proteins with MBDG and D-fucose progressively had increasing net entropic gains and
decreasing enthalpic contributions (Fig. 2.7C; Suppl. Fig. 2.8A). Therefore, it was found that
the thermodynamics of ligand binding have progressively changed from being entropically
driven in the oldest ancestor, Ancl, to more and more enthalpically driven in Anc4 and
especially in the extant Lacl. These differences in the thermodynamics of the binding
reactions over time for the selected Lacl family ancestors indicate that each ancestor likely
undergoes different changes in its dynamics and/or bonding networks upon ligand binding.
The net entropic gain for the binding reactions of the ancestors could possibly result from
relatively little rigidification of the LBD upon ligand binding while the DBD still increases its
flexibility. The net enthalpic cost of the oldest two ancestors could suggest that binding of the
ligand results in breaking of some of the bonding networks within the protein. It should be
noted that Ancl still forms bonds with its ligand upon binding* and likely Anc2 would as
well, however, the net enthalpic cost observed for these ancestors could result from an overall

greater number of bonds breaking than forming during the binding reaction. Nonetheless, it
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should be noted that the characterisation of the thermodynamics of binding was only
conducted at a single temperature of 25 °C, thus, to more broadly establish trends in the

thermodynamics of the ancestor binding reactions more temperatures should be investigated.

Notwithstanding, it was found that by comparing the changes in entropy and enthalpy for
both MBDG and D-fucose respectively, a linear relationship could be observed (Fig. 2.7D,
Suppl. Fig. 2.8B). This highlights there was an almost linear trade-off between the change in
entropy and change in enthalpy of the ligand-protein binding interactions observed. This
supports wider literature where such a trade-oft has also been relatively commonly observed

in ligand-protein binding reactions®!®-5%,

2.3.3 Effect of single mutations from Anc2 on the thermostability and ligand binding of
Ancl

As a relatively large change was observed between Ancl and Anc2 in the binding of MBDG
and D-fucose respectively, it was subsequently investigated which mutations between Ancl
and Anc2 may have contributed to such a large shift in binding function to better understand
the sequence-function relationship over the evolutionary trajectory. To this end, residues
around the binding pocket that had changed between Ancl and Anc2 were selected (Suppl.
Fig. 2.9), and single mutants of Ancl containing one of these residues from Anc2 were

expressed and characterised.

Despite the Ancl variants only containing a single mutation from Anc2, a relatively high
variation in the recombinant expression yields was observed when using the same expression
conditions (Fig. 2.8A; Suppl. Fig. 2.10). Interestingly, several of the mutants were found to
have lower expression than both Ancl and Anc2, and one mutant was found to have higher
expression than both Ancl and Anc2. As recombinant expression yield can correlate with
relative protein stability, the relative thermostability of the Ancl mutants was investigated
using differential scanning fluorimetry (DSF) (Fig. 2.8B). This showed that the relatively
thermostability of each mutant indeed positively correlated with expression yield (Suppl. Fig.
2.12). However, there were three mutants that had higher thermostability than expected given
their expression yield, supporting that expression yield is not purely determined by relative
thermostability'#!8>190221 ‘Notwithstanding, the relative thermostabilities of the mutants
compared to Ancl suggested that most mutations were destabilising (~52%), many were

neutral (~43%) and one was stabilising (~5%). This relatively high number of destabilising
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and neutral mutations may have contributed to the lower thermostability and expression yield
of Anc2 compared to Ancl (Fig. 2.4C; Suppl. Table 2.1). The pattern of most mutations
resulting in a destabilising or neutral effect, with very few in a stabilising effect, also supports
the findings of the wider literature, where this trend has been commonly found for many

proteins, including Lac]?48:472:478.525.526
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Figure 2.8: A) Recombinant E. coli expression yields of Anc1, Anc2 and the Anc1 single
mutants shows significant variation. B) Thermal unfolding transition temperatures (Trm)
determined by differential scanning fluorimetry (DSF) of Anc1, Anc2 and the Anc1 single
mutants also show significant variation. Note that 300 mM guanidinium hydrochloride was
used in the buffer during the DSF experiments such that the Tis could be characterised
within the 100 °C limit of the machine. Figure made using MATLAB.

As there was found to be relatively large change in D-fucose and MBDG binding between
Ancl and Anc2, the effect of individual mutations from Anc2 on the ligand binding of Ancl
was then investigated. In order to characterise the binding of all of the mutants, the relatively
high throughput method of measuring changes in tryptophan fluorescence with different
ligand concentrations was utilised®*’?%. This was possible because Ancl contains a
tryptophan residue in its binding pocket>®. The use of tryptophan fluorescence was also
validated by comparing calculated equilibrium binding dissociation constants (Kps) of Ancl
to those obtained using ITC (Suppl. Fig. 2.11). As the results were not significantly different,
this supported the use of tryptophan fluorescence to characterise binding. Thus, using these
assays it was shown that single mutations from Anc2 had varied effects on the binding of D-
fucose and MBDG to Ancl (Fig. 2.9). For D-fucose binding (Fig. 2.9A), it was found that

most mutants had significantly worse (52%) or similar (29%) binding strength compared to
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Ancl, with relatively few mutants displaying slightly improved binding strength (19%). As
most of the individual Anc2 mutations lead to lower D-fucose binding strength, this could
explain the net effect of very weak D-fucose binding to Anc2. That most mutations resulted
in a deleterious or neutral effect to the D-fucose binding of Ancl also follows the pattern
found both for Lacl and in wider literature, where it has been found that the vast majority
mutations will be deleterious or neutral to the native function of a given

protein248’472’478’525’526
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Figure 2.9: The equilibrium binding dissociation constant (Kp) of binding of A) D-fucose and
B) methyl 3-D-galactopyranoside (MBDG) to Anc1 and Anc1 mutants containing single
mutations from Anc2. If binding was not detected within the limits of the assay, then an
asterisk (*) is shown after the name of the mutation. Binding assays were conducted by
measuring changes in tryptophan fluorescence at different concentrations of D-fucose and
MBDG respectively. Error bars represent S.E.M. of 3 replicates. Figure made using MATLAB.

For the binding of MBDG to the Ancl mutants (Fig. 2.9B), it was also found that compared to
Ancl many mutants had weaker binding strength (43%). On the other hand, only a few
mutants displayed similar binding strength to Anc1 (14%), and many mutants showed greater
binding strength (43%). The net effect of all the mutations in Anc2 has been found to result in
a Kp of MBDG binding of ~2.2 mM, approximately two-fold lower than that of Ancl (Fig.
2.7A). However, from the binding strength characterisation of the single mutations of Anc2 in
Ancl, how this net effect is achieved is not immediately apparent from the dataset, given that
an approximately equal number of mutations led to worse MBDG binding strength as
improved strength. Furthermore, there is less difference in the Kps for those mutants with

improved MBDG binding, compared to Ancl, than for those mutants with worse MBDG
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binding, compared to Ancl. This suggested that adding the effects of all the individual
mutations likely would not lead to the MBDG binding strength observed in Anc2. Therefore,
either the other mutations not characterised between Ancl and Anc2 positively contributed to
the binding strength of MBDG to ‘outweigh’ the effect of the deleterious mutations, or the
effect of mutations between Ancl and Anc2 on MBDG binding were non-additive when
combined in Anc2. If so, this could indicate intragenic epistatic interactions between the

mutations?!3:473:529

Given that the net effect of binding changes between Ancl and Anc2 resulted in decreased D-
fucose binding strength and increased MBDG binding strength, in the simplest case it would
be expected that any given mutation from Anc2 would likely result in a deleterious or neutral
effect on D-fucose binding and a beneficial or neutral effect on MBDG binding strength.
However, such an effect was only observed for 33% of the Ancl single mutants, with the
other mutants either showing weaker binding of both sugars (33%), stronger binding of both
sugars (19%), similar D-fucose binding strength but worse MBDG binding strength (10%) or
one mutant (5%) even showing better D-fucose binding strength and worse MBDG binding
strength. Overall, this highlighted that the net change in binding between Ancl and Anc2
resulted from relatively complex effects of the mutations between them. Thus, indicating that
the sequence-function landscape between and Ancl and Anc2 is not a gradual, smooth slope

but somewhat ‘rugged’.

2.4 Discussion

Firstly, it was shown that all of the selected ancestral Lacl transcription factors (TFs) likely
folded into canonical Lacl family tertiary structures, formed into potentially functional
oligomers of dimers or tetramers, and were able to bind to potential effector ligands. This
highlights the power of ancestral sequence reconstruction to identify functional ‘peaks’ in the
protein fitness landscape, especially given that a large-scale study by Tack et al.*’
determined that the genotype-phenotype landscape of Lacl was unpredictable and that
screening during engineering efforts have identified many dysfunctional Lacl family
transcription factors*03-406449.473 Thege difficulties faced by previous studies attempting to
engineer Lacl family proteins, and more generally protein engineering, could stem from the
248,525,526 T

deleterious or netural effect of most single mutations to a given protein sequence

turn, this could be caused by the relatively high degree of epistasis between many residues in
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a given protein®!347>329-31 In fact, comprehensive studies of the effect of individual
mutations on Lacl by Miller et al.*’® demonstrated the mostly neutral or deleterious effect of
single mutations on proteins?*®32°, Since then, later studies have shown that there are likely
several epistatic networks in Lacl, which possibly resulted in the effects observed for many
of the single mutations*’>#80-32333 However, to fully validate the utility of ASR for exploring
the Lacl family genotype-phenotype landscape, in future the ability of the ancestral Lacl

family TFs to act as transcriptional regulators in vivo needs to be assessed.

Nonetheless, it was demonstrated that the selected Lacl family ancestors likely folded into the
canonical Lacl family structure. Interestingly, it was found the thermostability of the older
ancestors was significantly greater than that of the extant Lacl, with the predicted common
ancestor of the phylogeny, Ancl, being especially thermostable. This highlighted the ability
of ASR to predict more thermostable yet still functional protein sequences, especially for
ancestors with older predicted ages!**. As Ancl could be around three billion years old*”°, its
relatively high thermostability could perhaps support the theory that early life was present in
relatively hot environments*°*%3, However, the relatively high thermostability of the
ancestral TFs could also be an artefact and not reflective of the ’true’ ancestral proteins
because other studies have suggested that the method of ASR used, maximum likelihood,
tends to overestimate protein stability”?%®185 Nonetheless, although the ‘true’ ancestral
proteins may not have been as thermostable, the relatively high thermostability of the older
Lacl family ancestors could still be useful in future protein engineering applications. This is
because typically it is easier to start with a thermostable protein scaffold for engineering new
functions though directed evolution or even rational design approaches because most

mutations are destabilising?®-227-229:248.534,

Although the ‘true’ Lacl family ancestors may not have been as thermostable as the predicted
ones, it has nevertheless been found that ASR typically predicts sequences close in function
to the ‘true’ ancestor if a suitable evolutionary model is used?®!131:183:1843535 ‘Fyrthermore,
regardless of its accuracy, it still provides a powerful way to explore functional ‘peaks’ in the
genotype-phenotype landscape and thus better characterise and understand it34!86:476:477:479
These abilities of ASR were supported by the finding that all the predicted ancestral Lacl
family TFs were shown to form into dimers or tetramers, because extant Lacl family
members also form dimers or tetramers in order to bind to their respective DNA
operators*#3#1:499:536 Interestingly no particular trend was found between the preference for

the dimeric or tetrameric state with ancestral age. For the extant E. coli proteins Lacl and gal
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repressor (GalR), it has been found that formation of a tetramer likely leads to tighter gene

444,536,537 This

repression than the equivalent dimer is beneficial to the E. coli cell because

there is relatively less ‘leaky’ expression of the operons and genes controlled by these
respective TFs, which reduces expenditure of energy and resources when not necessary*?’->*%
540 If the tetrameric form of the ancestral Lacl family TFs also resulted in tighter gene
regulation compared to the dimeric form, then the changing oligomeric state preference with
ancestral age could indicate fluctuation between tighter and weaker regulation of the genes
they control. Perhaps this could reflect fluctuating needs for metabolic regulation over time
depending on the availability of carbon sources in the environment as well as changes in the
rest of the metabolic network. If the oligomeric state was indicative of the relative number of
promoter sequences for a given operon, then the changing oligomeric state could highlight
the interplay between evolution of cis-acting and trans-acting elements for regulation>*!->%,
Perhaps it is due to this relationship that the trend of oligomeric states found along the Lacl
trajectory is relatively different to other studies investigating oligomeric state evolution,
where more gradual changes over time were observed!?293544345 However, in future the
relative strength of repression or activation of each of the selected ancestral TFs needs to be
characterised to validate whether the oligomeric state correlates with strength of regulation.
Furthermore, the oligomeric state of the ancestral proteins was only characterised in vitro,
which may not reflect the in vivo oligomeric state due to effects including lower
concentrations of the given TF in vivo and molecular crowding. Thus the oligomeric state

should be characterised in vivo in future, such as by using a Forster resonance energy transfer

(FRET) tag system>03-04346,

Nonetheless, having established that the selected ancestral proteins were forming likely
functional oligomeric units in vitro, it was then shown that the selected ancestors were
capable of binding certain sugar ligands, namely methyl B-D-galactopyranoside (MBDG) and
additionally D-fucose for Ancl. As MBDG is structurally and chemically similar to the native
effectors of LacI*¢”>*, this suggests that perhaps the ligand binding activity of most of the
ancestors along the Lacl trajectory has not changed dramatically over time, but rather
gradually strengthened towards binding of B-galactosides. However, the oldest ancestor,
Ancl, was found to bind more strongly to D-fucose, a deoxy galactopyranose. This could
suggest that the function of Ancl was relatively different to the later ancestors. Perhaps Ancl
was involved in the regulation of carbohydrate metabolism of monosaccharides more similar

to D-fucose. Indeed, it has been found that the formation of hexoses from formaldehyde is
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possible prebiotically’*-333 thereby raising the possibility that D-fucose or similar sugars
were available in the environment at the predicted age of Ancl of around three billion

years*””. However, D-fucose has not been found to be metabolizable by modern day E. coli

and possibly other bacteria>>*

, hence raising the question as to whether the ancestral
bacterium of Ancl metabolized D-fucose or not and consequently whether D-fucose was the
native effector of Ancl or not. In any case, the binding of D-fucose to Ancl was found to be
relatively strong through isothermal titration calorimetry (ITC) and D-fucose binding is
exhibited even by modern Lacl family members. For example, it has been found that D-
fucose acts as a gratuitous inducer of extant GalR and GalS>*>%, as well as an anti-inducer
of extant AraC>>"->*8, This ability of D-fucose to bind to extant Lacl family members supports
the findings that the ‘true’ ancestral protein may also have been capable of D-fucose binding.
Furthermore, the ability of the predicted Ancl to bind to D-fucose, and thus potentially act as
a transcription regulator in response to D-fucose, could make Ancl a useful tool for synthetic
biology. This is because D-fucose is not metabolized in vivo, which makes it relatively
biorthogonal*!#>>*5% Indeed, for this reason, development of a D-fucose binding Lacl family
TF was previously attempted in two separate studies, one by Taylor et al.*’® and the other by
Groseclose et al.*’®. However, the process to identify a D-fucose TF was highly laborious in
both cases, requiring screening of large libraries. In contrast, Ancl was identified by
characterising four ancestral proteins. Nonetheless, it would be interesting in future to more
fully characterise the selected ancestral Lacl TFs by testing a larger library of potential
ligands and using a more accurate but still high throughput binding screening method, like

surface plasmon resonance’!*!7,

The differential scanning fluorimetry binding screen indicated that Ancl was potentially
capable of binding to a few different pyranoses. This could suggest that Anc1 was relatively
generalist in nature, or relatively promiscuous beyond its native function. As Ancl was
predicted to be the last common ancestor of the relatively diverse Lacl family, the relatively
generalist or promiscuous nature of Ancl could thus support a model of evolution whereby
the main function observed in certain extant proteins has evolved through positive selection
of an existing activity present in Anc1, which has been described as ‘creeping’!®. If this
change occurred after a gene duplication, then it could also be an example of
subfunctionalization!36-202217.247.560 This may provide support to the studies suggesting that
one of the common mechanisms of transcription evolution is through subfunctionalization

and optimisation of suboptimal ancestral function®*!-**’. However, given the wide diversity of
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ligand binding functionality in extant Lacl family members**%4>°

and the likely much more
limited functionality of Ancl, it is unlikely that this evolutionary method occurred along all
branches of the extensive Lacl phylogeny. For some quite distinct extant ligand binding
functions, such as binding of the small protein HPr to CcpA**>. It is possible that these
functions may have arisen through neutral drift and/or neofunctionalization instead following

gene duplication 9,208,209,526,568,569

Nevertheless, the progressive increase in strength of MBDG binding from Ancl to extant
Lacl indicated that the binding of B-galactosides observed in modern day Lacl evolved
through relatively gradual optimisation of activity present in the ancestor. Therefore, along
the Lacl trajectory it is likely that there was evolving specialisation towards the function of
binding B-galactosides like MPDG. Georgelin®” showed that this increasing preference for
binding of -galactosides between Ancl and Anc4 may have resulted from an opening of the
binding pocket, which allowed the B-substitution group to ‘fit’ more easily, as well as
possibly an increased bonding network between MBDG, binding pocket residues and water
molecules in Anc4 compared to Ancl. In future, it would be interesting to investigate if a
native ligand of Lacl, allolactose, also follows the same binding strength trend as MBDG. If
so, as Lacl regulates metabolism of lactose and other B-galactosides>*-33437%-371 "this could
potentially suggest increasing specialisation along the Lacl trajectory towards acting as
regulators of B-galactoside metabolism. Compared to D-fucose, B-galactosides like lactose
are relatively more complex. Hence, their synthesis and availability as a carbon source may
have arisen later. Certainly lactose synthesis is thought to have only arisen in mammals, a
relatively recent branch on the tree of life>’?>”>. Therefore, perhaps the increasing
specialisation towards [-galactosides along the Lacl trajectory is reflective of an increasing
number and complexity of sugars available in the environment over time, which in turn drove
increasing need to regulate carbohydrate metabolism in prokaryotes in more complex ways

with a greater diversity of transcriptional regulators.

In contrast to this relative progressive and gradual trend of increasing MBDG binding
strength, it was found that D-fucose binding was mostly lost along the Lacl trajectory after
the last common ancestor of the phylogeny. This rather rapid loss of old function but gradual
gain of new function is somewhat distinct from some previously characterised protein
function changes. For example, several studies have observed relatively gradual loss of old

247,474,576

function during gain of new function and others have found that old function was

maintained with the new function®’’>’®, Therefore, the relatively rapid loss of old function
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found here emphasises that there are many evolutionary ‘paths’ and that the protein fitness
landscape can vary greatly between different evolutionary trajectories. Perhaps the relatively
sharp loss of D-fucose binding function from Ancl to Anc2 found here resulted from a
combination of mutations which increased MBDG binding ability but completely restricted
D-fucose binding at the same time. It would be interesting to investigate this further in future
by characterising the structure and dynamics of Ancl and Anc2 and establishing
mechanistically how the changes in ligand binding have occurred. For instance, this could be
conducted using molecular dynamics simulations and hydrogen deuterium exchange mass

spectrometry, amongst other techniques.

Along with the changes in ligand preference observed from Ancl to Lacl, it was found that
the thermodynamics of the ligand binding reactions progressively changed, with Ancl
binding ligands in a strongly entropically driven manner which gradually shifted over the
course of the Lacl trajectory to Lacl binding ligands in enthalpically driven way. For Lacl, its
net entropic cost ligand binding has been found to result primarily from rigidification of parts

464518 "whilst its net enthalpic gain during ligand binding may

of the ligand binding domain
result from the formation of the bonding networks that have been found to occur upon ligand
binding* 24, However, the different net changes observed in the ligand binding reactions of
the selected Lacl family ancestors suggested that different changes occurred upon ligand
binding compared to Lacl, especially for the older ancestors. The entropically favourable
ligand binding reactions of the ancestors could result from less rigidification of the ligand
binding domain compared to Lacl, while still increasing the flexibility of the DNA binding
domain and other regions. For the increasingly less favourable changes in enthalpy observed
between Lacl and Ancl, while all of the ancestors are likely forming bonds with the ligand in

432500 perhaps for the older ancestors more bonding networks

an enthalpically favourable way
are disrupted during ligand binding than bonds formed. In future to validate these theories,
the differences in the bonding networks and dynamics upon ligand binding of the ancestral
transcription factors should be characterised experimentally; for example, by using a
combination of hydrogen deuterium exchange mass spectrometry (HDX MS), molecular
dynamics simulations and structural determination of the ancestors with and without ligand
bound. Furthermore, if the selected ancestors can act as repressors in vivo, then ligand

binding to the ancestor bound to DNA should also be investigated to fully characterise the

ligand binding reaction as it might occur in vivo.
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Interestingly, the net differences in the thermodynamics of ligand binding found over the
course of the Lacl trajectory correlated with the relative thermostability and age of the
protein. When considering the thermodynamics of ligand binding, hotter temperatures would
result in entropically driven reactions being much more favourable than entropically costly
reactions because entropy is directly modified by temperature®'®>”°. Therefore, the
increasingly entropically driven ligand binding shown from Anc4 and Ancl, as well as their
relatively thermostabilities, could reflect increasing environmental and intracellular
temperatures from Anc4 to Ancl. However, this hypothesis is difficult to corroborate because

490,580,581 and it is unknown

it is difficult to determine the climate up to three billion years ago
what the microclimate of the respective host bacterium of each ancestor may have been. Also,
as the changes in entropy and enthalpy of a given reaction are not fixed over different

582

temperatures’®~, the ligand binding capability of the older ancestors compared to the more

recent ancestors and Lacl should be determined over a range of higher temperatures in future.

As well as correlating with relative ancestral age, the net thermodynamic changes during
ligand binding of the selected ancestors and Lacl determined here also reveal an almost linear
relationship between the change in enthalpy and change in entropy terms of binding. This
adds support to the theory that there may be a universal negative ‘trade-off” or compensation
between the enthalpic and entropic components of protein binding interactions®!?-22-324:534.583,
While the exact level of this compensation has been found to vary between different protein-

ligand systems>8+%7

, overall, for the protein binding systems characterised it was found that
any gains in enthalpy come with an entropic cost, and vice versa. Therefore, this study
highlights the importance of considering net entropic and enthalpic gains for engineering new
protein-substrate binding reactions. For example, if it were desired that a Lacl family-like
transcription factor bind a new effector, then it would commonly be assumed that new
bonding interactions between the effector and protein need to be created in order to bind that
effector. However, if these new bonding interactions result in an especially large enthalpic
gain during the binding reaction, then it needs to be considered that there will be a
corresponding large entropic cost, such as by rigidifying more of the protein with the
increased number of bonding interactions. This entropic cost could negatively impact the
function of the engineered transcription factor. Hence, this study emphasises the importance

of the entropy-enthalpy ‘trade-off” in protein binding interactions for future protein

engineering efforts, especially given that currently many engineering studies do not consider
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how changes in thermodynamics may have affected the function and activity of their

engineered protein®2%-214431.383,

Another important consideration for protein engineering, as well as for gaining an increased
understanding of proteins, is the relationship between sequence and function®'%¢%_To this
end, the change in ligand binding function between Ancl and Anc2 was investigated through
characterising the effect of single mutations from Anc2 on Ancl. Despite both Ancl and
Anc2 being relatively thermostable proteins capable of binding to their respective ligands, the
single mutant Ancl variants showed large diversity in both thermostability and binding
function. No mutation was found to result in a relatively neutral impact on binding of both D-
fucose and MBDG, indicating that all the selected positions impacted ligand binding in some
manner. The importance of these positions to ligand binding is supported through the study
by Suckow et al.*’®, which found that the majority of the equivalent positions in Lacl when
mutated led to loss of ligand binding and/or loss of allostery. It would be interesting to
characterise whether these positions are more broadly important in ligand binding in the
greater Lacl family, or if they are specific to the Lacl trajectory. Certainly, five of the
characterised mutations between Ancl and Anc2 could be specific to the Lacl trajectory
because the equivalent residues in Lacl have been found to participate in bonding with
IPTG*?. However, many of the other mutations are not present in the binding pocket, thus,
their effect on ligand binding is likely through changing bonding network interactions or
through changes to the dynamics of the protein. Such long-range effects on ligand binding
have also been characterised in detail in Lac[#64463481:318.533 and found in other Lacl family
proteins too*?3:437:466480.589 ‘Thyg the relatively large effects on ligand binding found between
Ancl and Anc2 by residues not in the binding pocket highlighted the complex process of
ligand binding by Lacl family transcription factors.

This complex, relatively unpredictable, and possibly unproportional, effect of the individual
mutations from Anc2 on the binding ability of Ancl indicated that these positions form

interactions with other residues. As networks of interacting residues have also been found in

1464,480,481,533 TFS419,449,59O

Lac and possibly other Lacl family , this suggests that such networks
are important to the function of Lacl family TFs. These residue networks have likely led to
the possibly non-additive effects on binding of the mutations from Ancl to Anc2°°1>*2, This
supports previous findings where the effects on function of mutating modern day Lacl family
proteins have also been epistatic*0>472478-480.589 Thjg relatively high degree of epistasis

between residues in Lacl family proteins has likely led to the difficulty in engineering new
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Lacl family transcription factors, because the effect of mutations is very difficult to predict,
even using coevolutionary models or deep learning*’>°185%2_ Therefore, this study further
highlighted that Lacl family proteins have complex residue interaction networks and
indicated the power of ASR to explore the ‘peaks’ of such a complex genotype-phenotype in
a rational way. In future, to gain further insights into the fitness landscape along the Lacl
trajectory and its degree of ‘ruggedness’, or epistasis, perhaps more variants between Ancl
and Anc2 could be characterised with different numbers of combinations of the mutations
between the two. This could then be combined with machine learning to predict the full
fitness landscape, which could then possibly be used to engineer novel transcription factors

by predicting functional ‘peaks’ in the landscape.

In conclusion, it was found that the binding of B-substituted D-galactosides to extant Lacl
likely evolved gradually over time from the most recent common ancestor of the phylogeny
(MRCA) and that this binding change was accompanied by a progressive shift from
entropically driven binding in the MRCA to increasingly enthalpically driven binding in Lacl.
It was also shown that the effects of the mutations leading to these binding changes are
complex and likely epistatic in nature. This characterisation of the evolution of binding along
the Lacl trajectory of the Lacl family highlighted the utility of ASR as a relatively low-
throughput method to explore the protein genotype-phenotype landscape, which in turn
informs future transcription factor engineering efforts. In future, to gain deeper insights into
the Lacl family and protein evolution it would be informative to also investigate how the in
vivo function and allosteric communication of the Lacl family has changed over time. While
this chapter demonstrated how ASR could be applied to understanding protein functional
changes, the next chapter shows how ASR can be applied to engineer proteins with improved

recombinant expression.

2.5 Methods

2.5.1 Expression and purification of selected Lacl family ancestral sequences and Lacl
The genes for the selected Lacl family ancestors®” were codon optimised using the GeneArt
tool (Thermofisher) before being synthesised by Twist Bioscience in the pET28a(+) vector.
The gene for E. coli Lacl in the pETMCSIII vector was kindly provided by Dr Matthew
Spence (Australian National University). Genes were transformed into electrocompetent E.

coli BL21(DE3). A single transformed colony was selected for a 10 mL overnight LB culture
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(10 g/L tryptone, 10 g/L sodium chloride, 5 g/L yeast extract), incubated at 37 °C, 200 rpm.
This was then used to inoculate 1 L of LB, which was incubated at 37 °C, 200 rpm until the
0O.D.600 reached ~0.8. At this point, a working concentration of 1 mM isopropyl -D-
thiogalactopyranoside (IPTG) was used to induce recombinant expression. Based on
expression trials (data not shown), for Lacl and Anc3 expression, cultures were incubated at
room temperature for 48 hrs, for Ancl and Anc2 cultures were incubated at 30 °C for 24 hrs,
and for Anc4 expression cultures were incubated at 18 °C for 48 hrs. Cultures were then
centrifuged (4 °C, 4000 rpm, 15 min), the supernatant discarded and the pellet stored at -20

°C until use.

For purification, cell pellets were defrosted on ice before being resuspended in Buffer A (20
mM Tris, 500 mM NaCl, 20 mM imidazole, pH 8.0) and lysed by sonication. Following
centrifugation (4 °C, 12000 rpm, 60 min), the filtered lysate was then loaded onto a 5 mL
HisTrap HP column (Cytiva). Bound protein was eluted using Buffer B (20 mM Tris, 500
mM NaCl, 250 mM imidazole, pH 8.0). Protein fractions were pooled, concentrated and
filtered before being loaded onto a HiLoad 26/600 Superdex 200 pg (Cytiva) column and
eluted using Buffer C (0.2 M NaCl, 40 mM sodium phosphate, pH 7.4 + 3 mM 2-
mercaptoethanol for Anc3, 4 and Lacl + 2% v/v glycerol for Anc4 and Lacl). Protein content
of SEC fractions was determined by SDS-PAGE and fractions with relatively high purity of
the expected molecular weight were pooled and concentrated. Protein concentration was
determined by UV/Vis using a Nanodrop (Thermofisher) at 280/260 nm with extinction
coefficients predicted by Expasy Protparam®”*. Protein sample was then stored at 4 °C for <2

days or snap frozen in liquid nitrogen and stored at -80 °C.

2.5.2 Circular dichroism of Lacl family ancestors and Lacl and 3D-structure prediction

Purified samples of the selected ancestors and Lacl were buffer exchanged into distilled
water. Using a quartz cuvette (0.1 cm pathlength), the blank spectrum was first recorded
followed by the protein spectrum at 20 °C from 180-280 nm with a stepsize of 0.5 nm, and
using 0.5 s per point. The thermal response was then measured from 20 to 90 °C at 208 and
222 nm with a stepsize of 1 °C and speed of 2 °C per minute. A sigmoidal curve was fitted to
the data for each wavelength respectively using the Curve Fitter app in Matlab and the
transition point for each wavelength calculated from the curve fit. The thermal transition
unfolding temperature was calculated by taking the mean of the transition points from each

wavelength.
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The dimeric 3D-structures of the selected ancestral sequences were predicted using

AlphaFold2** via ColabFold*”.

2.5.4 Oligomeric state determination by analytical size exclusion chromatography

Firstly, a calibration curve of a 10/300 GL superdex200 column (GE Healthcare) was created
using a LMW and HM2 calibration kit (Cytiva) at 20 °C with a running speed of 0.25
mL/min in Buffer D (150 mM NaCl, 40 mM sodium phosphate, pH 7.4). Samples of the
selected ancestors and Lacl were prepared at 3 mg/mL in Buffer D, before being loaded onto
the column, which was run at 0.25 mL/min at 20 °C. The approximate mass of each eluted
protein was determined by comparison of the maximum of each peak’s elution volume to a
standard curve. Proportion of protein present in each oligomeric state (if relevant) was

determined by integrating each peak and comparing the relative peak areas.

2.5.5 Small molecule binding screen using differential scanning calorimetry

Carbon-based small molecule screening plates PM1 and PM2A were purchased from Biolog.
Each compound was dissolved in distilled water to make a 10x stock of between 10-20 mM.
Purified protein samples were prepared consisting of 0.5 mg/mL protein with 1 x
ThermalShift dye (Thermofisher). Due to the relatively high thermostability of Ancl, 300
mM guanidinium hydrochloride was also added to the Ancl sample. The protein sample was
then added to the small molecule stock and the changes in fluorescence measured using a
qPCR machine from 20 °C to 100 °C. These melting curves were then analysed using the
ThermalShift software, and relative melting temperatures of each sample were determined.

Four to six replicates of each condition were conducted.

2.5.6 Isothermal titration calorimetry

D-fucose or MBDG stocks were prepared in Buffer C using a volumetric flask for
concentration determination, before being diluted to the desired concentration. Protein
samples and ligand stocks were then degassed for at least 10 min. Experiments were
conducted using a TA instruments NanolTC machine at 25 °C using 1 x 1 uL dummy
injection followed by 22 x 2 pL injections of ligand stock. Stirring speed used was between
250-350 rotations/s, and initial and final baselines were collected for 120 s. At least two
biological replicates and three total replicates were collected for all ligand-protein

C595,596

interactions characterised. Baseline was removed using NITPI and analysed using

SEDPHAT>"’ using a heteroassociation model. As most experiments fell within the ‘low ¢’
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range, the stoichiometry was fixed at 1 to improve the accuracy of the analysis>*®.

Thermograms and titration curves were plotted using Gussi>®’.

2.5.7 Expression, purification and characterisation of single mutants of Ancl

The genes for the Ancl mutants containing selected mutations from Anc2 were synthesised
by Twist Bioscience in the pET28a(+) vector and expressed in E. coli BL21(DE3) as
described previously for Ancl. The Ancl mutants were IMAC purified as described
previously for Ancl before being buffer exchanged into Buffer C using a HiPrep 26/10
Desalting column (Cytiva). Thermostability of the mutants, Ancl and Anc2 was characterised
using differential scanning fluorimetry with samples of 0.5 mg/mL protein with 1 x
ThermalShift dye (Thermofisher) and 300 mM guanidinium hydrochloride. Changes in
fluorescence with temperature were measured as described previously and data analysed as

described previously. At least 6 replicates for each protein were conducted.

Binding of the mutants to D-fucose and MBDG respectively was determined used a
tryptophan fluorescence assay (tryptophan is present in the binding pocket of Ancl). Stocks
of D-fucose and MBDG were prepared in Buffer C. Protein was then added to the stocks at a
working concentration of 10 uM before the assay plate was centrifuged briefly and incubated
for 10 min at room temperature. Tryptophan fluorescence was then measured using a TECAN
infinite M200 plate reader with excitation of 260 nm and emission of 288-400 nm. Optimum
gain and z height were calculated from one of the sample wells. At least three replicates for
each condition were conducted. Binding curves were fitted using a one site binding model,

where Bmax 1s maximum specific binding and Kp is the equilibrium dissociation constant:

Bmax X x

K +x + background.

y:
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2.6 Supplementary

Suppl. figure 2.1: Distribution of the posterior probabilities of the predicted residues for
each of the selected ancestral sequences. Whilst most residues of the selected ancestral
sequences had a relatively high posterior probability, some were relatively low.
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Suppl. figure 2.2: SDS-PAGE of size exclusion chromatography fractions of A) Anc1, B)
Anc2, C) Anc3, D) Anc4 and E) Lacl. First lane in each gel contains the ladder.
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Suppl. table 2.1: Yields of selected Lacl family ancestors and Lacl when overexpressed in

E. coli.
Protein Yield (mg/L culture)
Ancl 135423 mg/L culture
Anc2 71£15 mg/L culture
Anc3 64411 mg/L culture
Anc4 57£13 mg/L culture
Lacl 46+15 mg/L

Suppl. figure 2.3: Prediction of secondary structure elements for the selected ancestors and
Lacl from their respective circular dichroism (CD) spectra using the CDSSTR method. The
relative proportion of secondary structure elements of the X-ray structure of Lacl®*" (PDB:
3EDC) is also shown for comparison. The predictions from the CD spectra seem to have
underpredicted a-helical content and overpredicted 3-strand content.

Anc1
19%
53%
28%
Anc4

17%
52%
31%

Anc2 Anc3

16% 18%
. 53%
56% -
29%
[Jo-helix

Lacl Lacl 3D structure (3EDC) [ B-strand

8% [ Jother
41.7% 42.8%

54%

28%

15.6%

72




Suppl. figure 2.4: A) X-ray structure of Anc1 ligand binding domain determined (LBD) by
Georgelin®®, B) X-ray structure of Anc4 LBD determined by Georgelin®®. C) X-ray structure
of dimeric Lacl*%® (PDB: 1EFA). D) Overlay of predicted Anc1 structure with the X-ray Anc1
LBD structure. E) Overlay of the predicted structure of Anc4 with the X-ray structure of Anc4
LBD.

Suppl. table 2.2: Comparison of the root mean square deviations of atomic positions
(RMSDs) of the predicted ancestral structures with the X-ray structures of Anc1 ligand
binding domain and Anc4 ligand binding domain®%, as well as the X-ray structure of dimeric
Lacl*®® (PDB: 1EFA).

Structure 1 | Structure 2 RMSD (A) | Sequence identity

Anc1 Anc2 1.408 59%
Anc1 Anc3 0.863 54%
Anc1 Anc4 1.973 48%
Anc1 Lacl X-ray 1.064 37%
Anc1 Anc1 LBD X-ray 1.236 N/A
Anc2 Anc3 0.819 87%
Anc2 Anc4 0.903 71%
Anc2 Lacl X-ray 2.154 54%
Anc3 Anc4 1.462 76%
Anc3 Lacl X-ray 1.218 55%
Anc4 Anc4 LBD X-ray 0.611 N/A
Anc4 Lacl X-ray 2.475 69%
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Suppl. figure 2.5: Structures of the sugars identified as potential ligands of the ancestors
and Lacl in the binding screen and the structure of a native ligand of Lacl, allolactose.
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Suppl. figure 2.7: A) Thermogram and titration curve for D-fucose binding to Anc2. A
concentration of 866 uM Anc2 was used in the cell and 153.5 mM D-fucose was used in the
syringe, thus concentrations were nearing precipitation levels for Anc2 and saturation levels
for D-fucose respectively. Reducing the concentration of Anc2 resulted in a signal too small
to be measured (data not shown). The binding reaction did not saturate, such that it could
not be characterised. B) Thermogram of D-fucose binding to Anc3. A concentration of 157
MM Anc3 was used, nearing its precipitation limit, and 150.1 mM D-fucose. The change in
heat over the injections was too small to be characterised. Other experiments with lower D-
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fucose concentrations showed no change in heat rate for each injection, thus were likely
measuring the heat of dilution (data not shown).
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Suppl. figure 2.8: A) The change of enthalpy, change of entropy and change in Gibbs free
energy of the binding of D-fucose to Anc1, Anc4 and Lacl. Lacl binds in an enthalpically-
driven manner whereas the binding reaction of Anc1 is entopically-driven. B) The



relationship between the change in enthalpy and change in entropy of D-fucose binding to
Anc1, Anc4 and Lacl. A Pearson correlation coefficient of 0.99 was calculated.
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Suppl. figure 2.9: The positions of the mutations near the ligand binding pocket between
Anc1 and Anc2 are shown in purple on the background of the predicted monomeric unit
structure of Anc1, shown in maroon.
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Suppl. figure 2.10: SDS-PAGE of Anc1 single mutants with Anc2 mutations. First lane in
each gel is the ladder, and fractions after IMAC purification are labelled according to their
mutation.
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Suppl. figure 2.11: Comparison of the equilibrium binding dissociation constants (KDs)
determined using isothermal titration calorimetry (ITC) and tryptophan (W) fluorescence for
binding of D-fucose and methyl 3-D-galactopyranoside (MBDG). Significance was
determined by unpaired t test.
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Suppl. figure 2.12: Positive correlation between the recombinant expression yield and
thermostability, as measured by the thermal unfolding transition temperature (Tn), of the
Anc1 single mutants. A Pearson correlation coefficient of 0.85 was calculated.
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Chapter 3: Engineering a bacterial expressing peroxidase

using ancestral sequence reconstruction

3.1 Abstract

Horseradish (Armoracia rusticana) peroxidase (HRP) is a widely used enzyme with many
applications, including in the enzyme-mediated polymerisation of materials like poly(/N-
isopropylacrylamide) (PNIPAm). However, HRP is commonly sourced from its native plant
root, which is a laborious, low-yielding process and results in large batch-to-batch variation.
Previously, there have been many attempts to ameliorate this by expressing HRP
recombinantly. However, heterologous expression of soluble and active, homogenous
horseradish peroxidase has proven to be difficult in bacterial systems. Here we utilised
ancestral sequence reconstruction of the class III peroxidase family to predict ancestral
peroxidases of HRP that had improved soluble, active expression in Escherichia coli. It was
found that recombinant ancestors were able to act as peroxidases and possessed high
thermostability. We further demonstrated that one of the ancestral peroxidases, Anc9, was
able to catalyse the polymerisation of PNIPAm in a similar manner to commercial plant-
derived HRP. Overall, this work advanced our understanding of the evolution of the class III
peroxidase family, as well as demonstrating that ancestral sequence reconstruction can be

used as a tool to improve heterologous expression industrially relevant enzymes.

3.2 Introduction

Horseradish peroxidase (HRP), which is produced natively in the Armoracia rusticana plant
root, 1s an important and widely used enzyme due to its ability to catalyse a single electron
redox reaction transfer on its substrate. This enzyme has a long history, with the effects of
HRP having been observed in 1810, before ‘enzymes’ were even known of, by Louis Antoine
Planche®%%!. Planche found that various plant roots, including that of 4. rusticana, were
able to turn the Guaiacum root blue. Since then, it has been found that HRP is indeed a useful
enzyme, with redox chemistry that can be used to drive many reactions, including coupling
reactions, polymerisation, hydroxylation, N- and O-dealkylation and oxygen transfer®®. In
particular, HRP can be used to catalyse the production of a chromogenic, fluorogenic or

1603

electrochemical signal®”. HRP has a relatively wide range of substrates and has good thermal

and oxidative stability compared to other peroxidases®™. Consequently, HRP is utilised in a
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wide range of applications, including in immunoassays®®>%"’, biosensing systems®**-¢1, in

611-613

bioremediation to degrade phenol-containing pollutants and increasingly in material

chemistry to drive polymerisation reactions®'*®!1%(Fig. 3.1).

substrate signal

A

A

Enzyme mediated polymerisation

Immunoassays
signal
OH OH O
f H,0 3
Rk <~ “OH
OH OH
O..OH
p glucose
H,O HO' "OH
OH
Bioremediation Biosensing

Figure 3.1: Horseradish peroxidase (HRP) has a wide range of applications due to its
catalytic activity involving single electron transfers, which can initiate radical polymerisation,
degrade phenol-containing pollutants, and catalyse the formation of products which generate
a chromogenic signal, light signal, difference in charge, difference in pH, etc. The production
of a signal underlies its widespread use in biosensing, e.g. glucose sensing, and in
immunoassays, where HRP is attached to an antibody. Figure made using BioRender,
ChemDraw, PyMOL and Microsoft PowerPoint.

One major use of HRP is to catalyse polymerisation reactions through enzyme-mediated
radical polymerisation (EMRP). In EMRP, polymers are formed through the actions of
oxidoreductase enzymes?**. These enzymes are usually involved in the initiation stage by
catalysing the formation of free radical compounds, which then leads to the polymerisation of
the material. Currently, some of the most utilised enzymes in free-radical EMRP include
horseradish peroxidase (HRP), glucose oxidases (GOx) and laccases®'®. These enzymes have
been used to catalyse the formation of various materials including polyphenols,
polyacrylamides and polyvinyls. Some advantages of using EMRP over traditional chemical
methods are that enzymes are non-toxic, have high regio-, chemo-, and stereo-selectivity, and
perform their catalysis under relatively mild conditions?®®. Furthermore, as the enzymatic

reaction will not start without the substrate(s), the reaction can be performed ‘on demand’.

80



316 which are

These benefits of EMRP have resulted in its common use to form hydrogels
polymeric materials with considerable aqueous content. Hydrogels are frequently used in
biomedical or environmental applications due to their biocompatibility, thus, their in situ
formation using non-toxic enzymes is especially beneficial. For example, Wei et al.®!’
developed a double network hydrogel with controllable drug release properties for wound

healing, where the polymerisation of both networks was initiated by glucose oxidase.

Another example of a hydrogel that can be formed through EMRP is poly(/N-
isopropylacrylamide) (PNIPAm)**°. PNIPAm, often crosslinked by N,N'-
methylenebisacrylamide (MBA) (Fig. 3.2A), is a biocompatible hydrogel®'®®°, with the
relatively special behaviour of ‘contracting’ at temperatures above its lower critical solution
temperature (LCST)®?°. This thermosensitivity thereby adds an extra dimensionality to the
material. The observed ‘contraction’ results from a coil to globule phase transition above the
LCST, originating from the presence of both hydrophobic and hydrophilic moieties in the
polymer. At lower temperatures, where entropy is less weighted, it is more favourable for
water molecules to bond to the hydrophilic groups at the entropic cost of losing some of their
freedom near the hydrophobic groups. However, at higher temperatures, where entropy is
weighted more greatly, the entropic cost outweighs the enthalpic benefit of binding, such that
water is largely excluded from the material (Fig. 3.2B). Typically, the LCST of PNIPAm is
around 32 °C%!, making it ideal for applications in biomedicine and soft robotics®*?. For
example, many PNIPAm-based gels have been developed for drug release®” and increasingly
PNIPAm-based gels have also been used as actuators®**. However, the chemically mediated
formation of PNIPAm is disadvantageous because it is usually conducted using toxic
chemical initiators under nitrogen or vacuum®?. As an alternative, PNIPAm has instead been
formed by EMRP using a paired system of HRP and GOx**®-¢! (Fig. 3.2A), which uses the
non-toxic enzymes as initiators and can be conducted under atmospheric oxygen, due to the
oxygen scavenging ability of GOx. However, the batch-to-batch variation of A. rusticana
HRP (4ruHRP) results in gel formulations needing to be adapted for each 47uHRP batch.
Consequently, a recombinant, homogeneous source of a relatively stable peroxidase would be

beneficial for the formation of PNIPAm, and more generally for the field of EMRP.
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Figure 3.2: A) Schematic of the formation of N,N-methylenebisacrylamide (MBA) crosslinked
poly(N-isopropylacrylamide) (PNIPAm) hydrogel initiated using glucose oxidase (GOx) and
horseradish peroxidase (HRP). B) The thermosensitivity of PNIPAm is shown. At
temperatures below the lower critical solution temperature (LCST) the chains of PNIPAm
bind water, however, at higher temperatures water is excluded from the PNIPAm and the gel
appears to contract. Figure made using ChemDraw and BioRender.

Peroxidases are oxidoreductase enzymes that catalyse the oxidation of substrate(s) by
reducing hydrogen peroxide to water. Peroxidases are split into two classes based on whether
they coordinate iron-protoporphyrin IX (heme): heme peroxidases and non-heme
peroxidases. Heme-containing peroxidases, such as HRP, contain a widely conserved
proximal histidine to coordinate the iron ion due to its importance in the catalysis®?%%?’. There
are two main superfamilies of heme-containing peroxidases: the animal and non-animal
superfamilies®?3. It should be noted that these classifications are primarily structure-based and
should not be taken literally, as while most proteins in the animal superfamily are present in
animals, some can also be found in fungi and bacteria, and conversely, some non-animal
superfamily proteins can be found in animals®?%%**, HRP is found within the non-animal
superfamily, which is further divided into three classes of peroxidases: class I, I and III (Fig.
3.3). The peroxidases of class I tend to be intracellular and can be found in a wide range of
organisms from plants and fungi to prokaryotes®?®. The class I family is the most catalytically
diverse, consisting of catalases, cytochrome ¢ peroxidases and ascorbate peroxidases,
amongst others. It is also the most diverse in subcellular localisation and function, with
members being localised to the cytosol, mitochondrion, chloroplast or secreted, and

exhibiting functions including electron shuffling in the mitochondrial membrane, stress
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response regulation and H>O, degradation®?®

. As such, it has been predicted that the class I
peroxidase family is the oldest of the three classes, possibly originating in an ancestral
bacterium®!, and that the class II and class III peroxidase families both arose from ancestral
class I proteins®?. The class II peroxidase family is found in fungi and consists of secretory

630 Members

peroxidases that have generally been found to have a lignin-degrading function
of this family include lignin peroxidases, versatile peroxidases and manganese peroxidases. It
has been posited by Mathé et al.®*? that the class II family of peroxidases may have evolved
from a class I peroxidase ancestor sometime after the separation of the Ascomycetes and
Basidiomycetes fungal divisions. The final class is the class III peroxidases, of which HRP is
part of. Members of this class are only found in plants and some algae, and as such Mbadinga
et al.®® posited that this class evolved in the ancestor of Streptophyte algae, potentially from
an ancestral cytochrome ¢ peroxidase. Perhaps as a result of extensive gene duplication in
Viridiplantae, there now exists a relatively large number of class III peroxidases®?’-633,
Members of this class are commonly secreted into the cell wall or vacuole and have many
functions including cell wall metabolism, wound healing, auxin metabolism, H>O»
scavenging, defence of the plant, cell growth and in ROS pathways®*. The physiological
functions of HRP alone are believed to be quite diverse, from lignin and suberin formation to
indole-3-acetic acid metabolism and infection resistance®®®. The structure of the class III
peroxidases is generally highly conserved, with several conserved residues for heme binding,

calcium binding, disulfide bonds, substrate binding and for the peroxidase catalysis®?’.

Nevertheless, the glycosylation patterns tend to be much more variable.
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Heme-containing non-animal peroxidase superfamily
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glycosylated. Coordinate
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Figure 3.3: Of the heme-containing peroxidases, the non-animal superfamily is thought to
be phylogenetically split into three main families: class I, class Il and class Ill. A brief
description of each class is provided, detailing their native organism, subcellular localisation,
structural characteristics, functions and some examples of members. Ccp are cytochrome ¢
peroxidases, APx are ascorbate peroxidases, KatG are catalases, LiP are lignin
peroxidases, MnP are manganese peroxidases, VP are versatile peroxidases, HRP is
horseradish peroxidase, SBP is soybean peroxidase, CP is cationic peanut peroxidase.
Figure made using Microsoft PowerPoint.

Of the class III peroxidases, HRP is the most utilised and studied®?’. However, when HRP is
sourced natively from the horseradish root, it is present as a mixture of isoenzymes. Of these,

the isoenzyme C1A is present in the largest amounts®®

, and thus has been the most widely
investigated. Hence, this study will also focus on the C1A isoform due to the availability of
previous knowledge, as well as its desirable catalytic properties. As a peroxidase, the HRP
CI1A isoenzyme catalyses the reduction of hydrogen peroxide to water by oxidising two

635 A simplified explanation of the catalytic cycle’'* (Fig.

equivalents of a reducing substrate
3.4) is that hydrogen peroxide oxidises the iron centre from Fe(III) to Fe(V) (although in
reality there is considerable electron delocalisation over the heme cofactor) to form
compound I. Then, this reduced iron-heme centre returns to its resting state of Fe(III) in two
steps: first by oxidising one substrate molecule to form compound II, then second by

oxidising another substrate molecule to return to the resting state of the enzyme. This
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catalytic cycle of HRP C1A acts upon a relatively wide range of substrates, which, although

typically phenolic®®-%%¢, can also include other molecules with sufficient redox potential

637 638

including acetyl acetate™’ and ferricyanide™°. However, a limitation of the chemistry of HRP
CI1A is that the enzyme may become inactivated if there is too much H>O; present, as this
favours formation of compound I1I**? (Fig. 3.2). Consequently, HRP C1A generally functions
best when H>O» is generated in situ. Such H,O, generation can be conducted enzymatically
through enzymes such as glucose oxidase (GOx), or otherwise can be achieved through use

of a feed3'®.
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Figure 3.4: Simplified catalytic cycle of horseradish peroxidase C1A®%, From the resting
state, H20- reacts with the iron centre to form compound 0 which subsequently becomes
compound I. Compound | has considerable delocalisation over the coordinated heme group
and iron centre. Subsequently, a substrate, such as phenol, is then able to conduct a redox
transfer with compound | to form compound Il. A second substrate molecule, then undergoes
a redox reaction again to return the enzyme to its resting state. Under conditions of excess
H20: the formation of compound Il is favoured, thereby limiting the catalytic ability of the
enzyme, although this inhibition is reversible. Figure made using ChemDraw.

In terms of structure, HRP C1A is typical of a class III peroxidase, with a globular, largely a-
helical monomeric structure that coordinates an iron-protoporphyrin IX (heme) cofactor®*
(Fig. 3.3). The iron ion in the cofactor is coordinated to a conserved ‘proximal’ histidine
(His170) in the protein. HRP C1A also contains other features conserved in the class III
peroxidase family, including two calcium ion binding sites and four disulfide bonds. HRP
C1A is a glycoprotein, with eight sites that are natively N-glycosylated®*’, and a total

carbohydrate content of ~19%%*!. Another important feature of HRP C1A is that it is
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processed by the endoplasmic reticulum and Golgi secretory pathway, before being localised

to either the tonoblast, plasma membrane or cell wall via its N-terminal signal peptide and C-

terminal propeptide®#2643,

Disulfide
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Heme cofactor (Iron-
protoporphyrin 1X)
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Disulfide =

\ /_"; g
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Figure 3.5: Structure of horseradish peroxidase (HRP) isoform C1A. The full structure on
the left (PDB: 1HCH) demonstrates the positions of the calcium ions (green), disulfide bonds
(yellow for sulfur and pink for carbons), heme cofactor (yellow for carbons, blue for nitrogen,
orange for iron, red for oxygen) and other important residues (pink). On the right is a closer
view of the catalytic centre (PDB: 1H5A) with acetate (blue) bound, the heme cofactor
(yellow) and some of the residues important for catalysis (pink). Residue R38 stabilises both
the substrate and compound |, F41 prevents substrate access to the ferryl oxygen of
compound |, H42 accepts a proton from H2O- and stabilises the substrate, N70 increases
basicity of H42, P139 is thought to stabilise some substrates, H170 coordinates the iron
centre and D247 increases the basicity of H1708%. The surface of HRP is also shown in
orange (with high transparency), highlighting that the substrate entrance/product exit pocket
is facing out of the page towards the viewer. Figure made using PyMOL.

Although HRP is a powerful catalyst and consequently so often utilised, for enzyme-mediated
radical polymerisation and other applications, its current sourcing from the 4. rusticana plant
root®** is problematic. The two main issues are firstly, that the extraction process is time-

645

consuming and results in relatively poor yields®*, and secondly, that the final product is a

heterogeneous mixture of isoenzymes®*44_ As of the time of writing, it is still not fully

86



understood which environmental or internal factors might be contributing to the differential
expression of the HRP isoenzymes in the plant root®*’**8 | Furthermore, it has been found that
the over 40 different isoenzymes have different physical and catalytic properties®*®®%. As a
result, the sourcing of HRP from the plant root is inadequate, especially given that for its
applications it would be best if the enzyme displayed the same properties and catalytic
activities every time. The relatively high cost of 4. rusticana sourced HRP also limits its
industrial use®®?. Therefore, to achieve a homogeneous, high-yielding source of HRP,

recombinant expression needs to be used.

Recombinant expression of HRP C1A in heterologous hosts has proven to be difficult. This is
likely due to factors involved in its native expression and processing in the horseradish plant
that are not present or are different in heterologous hosts. These factors include codon usage,
disulfide bond formation, glycosylation and differences in chaperones. The frequency of use
of different codons tends to differ significantly between distantly related organisms, such as
A. rusticana and Escherichia coli ®*°. This is thought to affect protein expression due to
several factors, including by leading to differences in elongation speed and translation

efficiency®!

. While codon optimisation can be used for heterologous expression, it generally
favours the most frequently used codons of a given organism and as such may not capture the
nuances required for optimal protein folding and expression. Another factor to consider is that
HRP C1A and other class III peroxidases contain disulfide bonds, which are important for
their structure. However, for some heterologous hosts, such as E. coli, it is difficult to
overexpress disulfide-bond containing proteins because they typically need be directed to the
periplasm®?, which may result in lower expression yields than cytoplasmic proteins, or
strains such as SHuffle T7 Express®® can be used, which also may result in relatively low
yields depending on the target protein for various reasons. Another fundamental difference
between the expression of HRP C1A in its native host versus heterologous hosts are the
posttranslational modifications like glycosylation®*, which vary considerably between distant
eukaryotes, such as plants and yeast, and may not even be present in some prokaryotes. The
glycosylation pattern of a protein is important to its structure and function, and when HRP is
produced lacking glycosylation or with different glycosylation patterns this was found to

644 and catalytic activity®>. Similarly, chaperones can also vary greatly

affect its solubility
between distantly related organisms?®%°®. Hence, if the folding of HRP C1A is chaperone-
assisted in its native organism, then without the horseradish chaperones in heterologous

organisms, the folding of HRP C1A might tend to get stuck in intermediate folding states®’.
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Consequently, HRP C1A could be more prone to aggregation and/or proteolysis when

expressed heterologously. Previously, Kondo et al.5°8

attempted to improve the expression of
HRP C1A by co-expressing it with various E. coli chaperones. However, only very small
gains in yield were obtained, perhaps due to the differences between the chaperones in E. coli

and A. rusticana.

Due to the aforementioned barriers amongst other factors, recombinant expression of HRP
C1A has often resulted in low yields and/or low enzymatic activity. Previous attempts to
improve expression and other properties have included adding various solubility tags®>,

expressing with various chaperones®*®, optimising expression conditions®**¢6°

, attempting to
express in various organisms or cell-free®®!%%* and directed evolution?*®%>, Of all these
strategies, the greatest soluble yield success was obtained either by using the non-GRAS
organism Cryptococcus sp.®, or by using a very large, uncleaved, solubilising protein tag®®.
However, neither of these strategies achieved catalytic activity close to the native HRP C1A.

1.5%% were able to recombinantly express HRP C1A with high yields and activity,

Humer et a
however, as the expression was in E. coli as inclusion bodies, the refolding and purification
process was relatively laborious and long. Perhaps the most successful recombinant

expression in both yield and activity was developed by Krainer et al.®%*

using Pichia pastoris
(Komagataella sp.) grown in a bioreactor. Recombinant HRP C1A yields of 132 mg/L were
achieved, with activity similar to that of native HRP. However, such a feat is not readily
repeatable without the availability of the HRP expressing strain developed by Krainer et al.,
because P, pastoris transformation is highly variable®®. Furthermore, the HRP C1A produced
by P. pastoris will always be inhomogeneous due to varying amounts of glycosylation®®,
Therefore, to develop a homogeneous recombinant peroxidase, the use of a prokaryotic
expression host would be preferred. We propose to use laboratory strains of E. coli because
they are GRAS organisms that are relatively cheap to work with, are quick to grow and
produce protein, and they have many existing synthetic biology tools designed for them?*®. To
improve the soluble expression and activity of HRP expressed in E. coli, we propose to use

ancestral sequence reconstruction (ASR) as a tool to predict ancestral proteins, which could

have improved expression in E. coli whilst retaining similar catalytic properties.

Ancestral sequence reconstruction is relatively underutilised in the Viridiplantae, with many
studies instead focusing on genome wide association studies (GWAS) to better understand
plant proteins®***$67 However, using techniques that rely only on extant proteins, such as

GWAS, can result in information being obfuscated by factors like the highly epistatic nature
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of residues in proteins and/or neutral mutations accumulating over time'®. Furthermore, some
extant proteins can be relatively specialised and can be thought to be on ‘peaks’ in the
sequence-function landscape®®. This can then make it difficult to engineer new properties or
functionality using extant proteins as a starting point, because the vast majority of mutations
will be deleterious or neutral>*®. In contrast, ASR contains the additional dimension of time,
thereby allowing a considerably clearer and deeper understanding of how a given protein
family has changed and evolved over time along its different lineages. As such, it can be
elucidated which residues are most important for functional change and which are only
ancillary or neutral, as well as the order of the mutations over time, which is critical for
epistatic interactions. By using ASR, the various ‘peaks’ of the sequence-function landscape
can be explored in a much more productive and informative manner. We hypothesise that the
use of ASR for the class III peroxidase family will predict ancestral proteins with the desired
HRP-like peroxidase function due to the highly conserved nature of peroxidase catalysis in
extant class III family members®**. Additionally, as predicted ancestral proteins are often

14,23

more stable ™, some of the predicted class III ancestral peroxidases may also be relatively

stable. As relatively high stability has been found to lead to improved heterologous

668-670 some of the predicted class 111 ancestral peroxidases,

expression in some cases
therefore, may also exhibit increased recombinant expression in E. coli compared to HRP. It
should be noted that protein stability is not necessarily correlated with improved heterologous
folding, but that in some cases they may be linked due to the stabilising mutations also
changing the folding landscape of the protein®®. Regardless, whether directly linked or not,

many ancestral proteins exhibit increased foldability as well as stability®2%1%,

The advantages of using phylogenetic information to better understand and engineer proteins
have already been shown for some of the peroxidase families, including the fungal

ligninolytic peroxidases (class IT)®"!

. ASR of this family was used to better understand how
structure and catalysis of these peroxidases may have changed over time, thereby providing
tools to engineer novel lignin-degrading peroxidases in the future as well as providing

evidence for the coevolution of plants and fungi. Another peroxidase ASR study of the dye-

)72 was able to achieve relatively high yields of E. coli

decolorising peroxidases (DyP
recombinant expression of an ancestral DyP, thereby providing support for the use of ASR to
improve heterologous peroxidase expression. An additional example of using evolutionary

information to engineer a peroxidase with improved heterologous expression was shown by
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Barber-Zucker et al.®’?, where PROSS®™* was used with the versatile peroxidase family to

improve their expression in yeast.

The use of ASR with the class III plant peroxidase family should unveil evolutionary
mechanisms, as well as potentially yielding more stable ancestral peroxidases, which might
have better recombinant expression in E. coli than the extant HRP. It should be noted that
phylogenetic reconstruction of the class III peroxidase family has been previously attempted

by several studies including that of Duroux et al.%”

, upon which ASR was later
performed®’%$7”. However, due to the age of the study by Duroux et al.®’>, the sequence
collection and curation was limited, with sequences from only two organisms making up 42%
of their sequence set. Furthermore, the phylogenetic reconstruction methods were also
suboptimal compared to modern methods. For example, ClustalX®”® was used for sequence
alignment and the quartet puzzling algorithm!®* was used during maximum likelihood tree
inference, both of which have since been superseded?%->"-166:167 Consequently, due to the
relatively inaccurate methods of phylogenetic reconstruction by Duroux et al.%”, the later
ancestral sequence reconstruction was likely inaccurate by modern standards'®*”. Perhaps as
a result, a low recombinant yield of 1.4 mg/mL in E. coli was reported for the ancestral

peroxidase, and its activity was not reported®”’

. Whilst later phylogenetic studies used
improved methods, the sequence sets were still limited both in number of sequences and in
their taxonomic diversity due to the narrower focus of the studies®**%*°. Consequently, here
the phylogenetic inference and ancestral sequence reconstruction of the class III peroxidase
family will be conducted again ab initio using modern sequence databases and modern

software.

Despite evolutionary models improving substantially over time, the complexity of the
evolutionary process results in it being extremely difficult to perfectly capture in a model'®’.
This leads to what are known as incongruences in either the phylogeny topology or in the
ancestral sequence reconstruction. General sources of incongruence are discussed in more
detail in Chapter 1.2.5. Here, only those that should be especially considered with respect to
plant phylogenetics will be mentioned. Plants differ from other kingdoms of life in their
relatively high rate of polyploidy, hybridisation and genome duplication, which can lead to
incongruences®. As such, during plant protein phylogenetics particular care should be taken
when collecting and curating the protein sequences, as well as during the phylogenetic
reconstruction. Please refer to Chapter 1.2 for a more detailed description of best practices.

Nevertheless, when using best practices, ASR is still a powerful technique for building a
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model of plant protein evolution, as well as for predicting ancestral proteins that may have

different and desirable properties, like increased stability and recombinant expression.

In summary, while HRP is a widely used enzyme, it is commonly extracted from the native
plant root, which leads to heterogeneity, low yields, and batch-to-batch variation. These
problems could be resolved by recombinant expression of HRP C1A in E. coli, which is also
relatively easy to use and low cost. However, previous attempts at E. coli expression have
resulted in low yields, low activity, laborious refolding from inclusion bodies or use of large
fusion proteins as solubilising tags. Here, we instead utilised ASR of the class III peroxidase
family to identify ancestral peroxidases that could be expressed solubly in E. coli without the
use of fused solubilising proteins. We found that the recombinantly expressed ancestral
peroxidase ‘Anc9’ displayed higher thermostability than native HRP, as well as possessing
comparable enzymatic activity to native HRP. It was demonstrated that Anc9 was able to
catalyse the polymerisation of PNIPAm to form a material with similar properties to that
catalysed by native HRP. In future, if the yields and heme incorporation of recombinant Anc9
are improved, it could provide a replacement for HRP in many applications. Here we
demonstrated the advantages of using ASR as a tool to improve heterologous expression,
thereby adding to the growing number of studies also showing the benefits of ASR for

ameliorating heterologous protein expression®2°,
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3.3 Results

3.3.1 Sequence collection and curation.

The first stage for the ancestral sequence reconstruction of the class III peroxidases was the
collection and curation of homologous class III peroxidase sequences. Initial sequence
collection and curation was conducted as described in Methods (section 3.5.1). To attempt to
ensure appropriate diversity of sequences for accurate phylogenetic inference and ancestral

sequence reconstruction®>*®

, sequences were then clustered by 80% identity and
representative sequences selected using CD-HIT®!. To curate the sequence set such that it
contained homologous sequences and a good representation of different protein sequences,
the set representation was compared to the Viridiplantae organismal phylogeny®?-%%*. Class
III plant peroxidases are theorised to have evolved in the common ancestor of plants and
Streptophyta®?, hence, the sequence set should ideally contain all major plant clades except
Algae. The sequence set did indeed contain all major plant clades except Algae; however,
when compared to the organismal phylogeny, the peroxidase sequence set lacked sequences
from Polypodiophyta and Bryophyta. This may be because these clades are currently
underrepresented in genotyping efforts®?3%%5 Nevertheless, some additional sequences from
these clades for predicted class III were manually identified from the RedoxiBase database®?®

and added to the sequence set to better represent the organismal phylogeny and ensure good

diversity of sequences.

The resulting final sequence set of class III peroxidases mostly contained proportional
representation of the Viridiplantae clades, except for the possible over-representation of core
rosid sequences and under-representation of asterid sequences (Suppl. Fig. 3.1). As the core
rosid clade is predicted to have undergone many whole genome duplications (WGDs), this
may have increased peroxidase diversity in this clade®®?%%. Furthermore, many plants are
known to contain multiple, distinct class III peroxidases®?®%%°; thus, the relatively large
number of core rosid peroxidase sequences compared to core rosid plants could result from
this. Consequently, it was decided not to remove any core rosid sequences from the set.
Nevertheless, this bias towards core rosid sequences may also have resulted from using 4.
rusticana HRP C1A as a seed sequence, because A. rusticana is from the core rosid clade. On
the other hand, the reason for the underrepresentation of asterid sequences in the curated
peroxidase sequence set is somewhat unclear. The asterid clade is very large, representing

684,687

~33% of extant land plants , and there are a similar number of asterid peroxidase

sequences as core rosid peroxidase sequences in the UniProt and RedoxiBase databases®?36%°,
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Furthermore, the asterid clade is predicted to have undergone a similar number of WGDs to
the core rosid clade®?. Therefore, perhaps the underrepresentation of asterid clade peroxidase
sequences may instead arise from a lack of diversity of peroxidase sequences within this
clade, resulting in their removal earlier during the sequence curation process. As diversity of
peroxidase sequences is important for phylogeny inference and ancestral sequence

25,46

reconstruction~>>*", it was ultimately decided not to add any more asterid clade peroxidase

sequences into the final set.

The relative diversity of the class III peroxidase sequence set was further characterised by
constructing sequence similarity networks (SSNs)**%8 where the edges represent varying
cutoffs of pairwise sequence identity (Fig. 3.6). The SSNs revealed that most sequences
shared somewhat less than 60% identity, suggesting relatively high levels of sequence
conservation amongst the class III peroxidases, but that few sequences shared greater than
75% identity, which is expected given that the set was curated to contain sequences of 80%
identity at most. The clusters of the SSNs with varying sequence identity cutoffs tended to
mostly contain sequences from organisms of relatively closely related clades, however, there
were a few exceptions, which could indicate either paralogs or unexpected rates of
evolution*®. However, this is better validated through the phylogenetic construction
process®®®. The SSNs also showed the diversity present within the peroxidase sequences
originating from the Rosid clade, as even with 65% identity many Rosid originating
sequences had already been separated into different clusters. This further supports the
utilisation of a relatively high number of Rosid peroxidase sequences within the class III
peroxidase set due to their relatively high diversity. The SSNs also demonstrated the relative
divergence of sequences originating from organisms from the Lycophyte, Bryophyte and Fern
clades, as these sequences tended to have low connectivity. This could be due to the relatively
early divergence of these clades in the Viridiplantae®®?, which may have led to relatively
unique evolutionary changes in their class III peroxidases. The final curated set of class II1
peroxidase sequences contained 328 sequences of relatively high sequence diversity and of

relatively diverse organismal origin (Suppl. Table 3.1).
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Figure 3.6: Sequence similarity networks (SSNs) constructed from the curated class IlI
peroxidase sequence set with nodes representing sequences and coloured according to the
clade of the organism of the sequence, and edges representing A) 60% pairwise identity, B)
65% pairwise identity C) 70% pairwise identity and D) 75% pairwise identity. Figure made
using Cytoscape.

3.3.2 Multiple sequence alignment

Before phylogenetic and ancestral sequence reconstruction analysis can be carried out, the
homologous positions of the sequences need to be identified using multiple sequence
alignment (MSA). It has previously been found that for a given a sequence set, the MSA has
a large impact on the accuracy of the subsequent phylogeny inference*®>"%%, As different
alignment software uses different algorithms and scoring matrices, each software will predict

different homologous positions. Therefore, it is important to use multiple alignment
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algorithms and attempt to find the ‘best’ for a certain sequence set, which hopefully will be
the most accurate. To this end, several MSAs were conducted on the curated sequence set
using Clustal Omega>*, Muscle™, DialignTX*°, MAFFT G-INS-1*, T-COFFEE*,
ProbCons®*, MAFFT DASH®’, PROMALS3D®, and BAli-Phy®! respectively. These
software cover each of the main algorithm types of MSA (see Chapter 1.2.2). Furthermore, as
previous studies have found that combining MSA results from different software can
sometimes lead to the most accurate result®®, the MSAs from all aforementioned programs,

except BAli-Phy, were combined into a single MSA using M-COFFEE®,

The MSAs were first visually inspected to validate if they had aligned highly conserved
residues of the class III peroxidase family. It was observed that the BAli-Phy MSA failed to
align conserved peroxidase residues for all sequences and appeared to contain many large
sections of fragmented ‘insertions’ (Suppl. Fig. 3.2). This poor handling of
insertions/deletions (indels) was unexpected given that in contrast to the other MSA software
tested, the evolutionary aware BAli-Phy software jointly infers the MSA and phylogeny, and
explicitly models insertions/deletions (indels). Nevertheless, other programs, namely Clustal
Omega and DialignTX, also failed to align the conserved peroxidase residues for all

sequences (Suppl. Fig. 3.3&3.4).

Following visual inspection, all MSAs, except BAli-Phy, were then tested to validate whether
they might fulfil certain assumptions made during phylogenetic inference known as
stationarity and homogeneity. Currently, most phylogeny building software assumes that
during the protein evolutionary process amino acid frequencies have remained constant over
time (stationarity assumption) and that substitution rates have remained constant over time
(homogeneity assumption), amongst other assumptions':!%, In reality, neither the stationarity
or homogeneity assumption hold true, as amino acid frequencies are species-dependent and
tend to change over time, and substitution rates are known to differ across different parts of
the genome and sometimes even within a single gene®>*¢. Despite this, for some MSAs the
assumptions of homogeneity and stationarity may nevertheless be approximated, which can
be tested for using an initial symmetry test. It should be highlighted that this symmetry test
is only an initial check, because even if the MSA is predicted to fail these assumptions, then a
more complex evolutionary model can be used during phylogeny reconstruction involving
rate parameters, which can implicitly account for violations in these assumptions®>!¢7, It

should be noted that the symmetry test cannot be used with evolution aware software, like
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BAIli-Phy, because in order to model indels it can no longer assume site independence, thus

breaking the assumption of homogeneity®!.

For each aforementioned MSA except BAli-Phy, the symmetry test was used as an initial
investigation for their suitability for phylogeny inference (Table 3.1). Most MSAs passed the
assumption of homogeneity, except for the Clustal Omega and DialignTX MSAs where it
could not be calculated by the test. The fact that most MSAs passed the homogeneity test
may suggest that different sections of the peroxidase genes changed at a relatively similar rate
over time. In contrast to the homogeneity test, the stationarity assumption test was only
passed by the Muscle and ProbCons MSAs respectively. This may suggest that for the class
IIT peroxidase sequence set, amino acid frequencies may have changed over time, or that
many of the models used for the construction of the MSAs are perhaps not well suited to
plant amino acid substitution frequencies. Additionally, the failure of the stationarity test by
many MSAs could also have been caused by the relatively large indels present in the
peroxidase sequences, as these can lead to relatively low symmetry and consequently cause
difficulties both in MSA and phylogenetic inference. This is likely to be because most current
MSA and phylogeny software does not explicitly model indels. However, as previously
mentioned, the failure of the stationarity assumption can instead be implicitly modelled by

using rate parameters during phylogenetic inference.

Finally, to achieve a more unbiased and repeatable selection process of which MSA to
choose, the MSAs were scored using the transitive consistency score (TCS)?. Interestingly,
the MSAs with the lowest TCSs, by a margin of ~300, were the same MSAs that appeared
inaccurate by visual inspection, thereby supporting the use of the TCS (Table 3.1). Generally,
the TCS showed that progressive MSA algorithms performed poorly for this sequence set,
supporting other studies which have also found that progressive algorithms can be relatively
inaccurate®>%®. The progressive algorithm is relatively computationally inexpensive, although
this study supports the growing body of literature that this speed comes at the cost of
alignment accuracy. In contrast, several studies have supported the use of evolution aware

alignment algorithms as being the most accurate®>*®

, whereas in this study BAli-Phy was
unable to align highly conserved residues for all sequences and had the lowest TCS. This may
have been due to the peroxidase sequence set being too complex for BAli-Phy to converge on
an accurate solution*’. Therefore, perhaps other evolution aware software such as SATé-117?

or PRANK"? could be investigated in future.
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Program Basic Marginal symmetry Internal symmetry P Maximum test Transitive
algorithm type P value (stationarity) value of symmetry P consistency

(homogeneity) value score

ClustalQ Progressive Could not calculate Could not calculate 0.30 486

Muscle Progressive 0.21 0.32 0.24 896

DialignTX Consistency- Could not calculate Could not calculate 0.40 617
based

MAFFT Consistency- 0.00004 0.70 0.04 916
G-INS-I based

T-COFFEE Consistency- 0.0003 0.90 0.17 900
based

ProbCons Consistency- 0.70 0.50 0.56 913
based

MAFFT DASH Structure-based 0.00004 0.10 0.05 915

PROMALS3D Structure-based 0.0007 0.90 0.22 905

BAli-Phy Evolution aware NA NA NA 465

All alignments except Mixture, 0.0002 0.90 0.17 321

BAli-Phy combined consistency-
through based
T-COFFEE

Table 3.1: Comparison of multiple sequence alignment algorithms used by their symmetry' and transitive
consistency score?. For the symmetry test, if P <0.05 then the assumption is rejected. For the transitive
consistency score, the higher the score, the more consistent the MSA is calculated to be.

As with evolution-aware algorithms, previous studies have also generally supported the use
of combined algorithm MSAs®. For example, a study by Aadland et al.®® found they were
1.2-fold more accurate than structure-based algorithms for the datasets tested. Theoretically,
combined MSAs should reduce the rate of error when predicting indels and be more accurate
due to using a ‘majority rules’ algorithm. However, for the class III peroxidase sequence set,
the opposite was found, with the combined MSA performing relatively poorly as assessed by
TCS. Visual inspection showed that the combined MSA generally seemed to align standard
sections well, however, did not appear to handle indels well, with unusually some large
sections in the middle and end of the alignment not even containing any residues in any of the
columns (Suppl. Fig. 3.5). The use of the combined MSA for the class III peroxidase
sequence set may have performed poorly due to the observed large differences in indel

treatment by the individual MSAs used to form the combined MSA.

The three MSAs with the best TCSs by relatively close margins were the MAFFT G-INS-I,
MAFFT DASH and ProbCons. These represent software using consistency and structure-

based algorithms respectively. Generally, consistency-based algorithms have usually only
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been found to be more accurate than purely progressive algorithms®®; but for this particular
sequence set, consistency-based algorithms seemed to perform well. However, it should be
noted that the ‘good’ performance of the consistency-based algorithms could be inaccurate, as
the TCS essentially scores based on maximal consistency, which is the same principle used to
construct the consistency-based MSAs in the first place®>’. On the other hand, structure-
based MSA algorithms have consistently been found to be relatively accurate for families

41,66,68

with determined structures , hence, making it less surprising that they perform well for

the class III peroxidase sequence set.

As the ProbCons MSA possibly performed well and had also been predicted to pass both the
stationarity and homogeneity assumptions, it was selected for phylogeny inference.
Additionally, because it has been previously found that structure-based algorithms tend to be
more accurate than consistency-based algorithms, the MAFFT DASH MSA was also selected
for phylogeny construction in parallel to the ProbCons MSA (Suppl. Fig. 3.6&3.7).

3.3.3 Phylogeny reconstruction

Iterative phylogeny reconstruction of the class III peroxidase sequence set was used to predict
the evolutionary relationship between the sequences and the positions of the ancestral nodes.
Phylogenetic reconstruction was conducted as described in Methods (section 3.5.3) for both
the ProbCons and MAFFT DASH MSAs respectively using the maximum likelihood (ML)
method through IQ-TREE 2'%. Briefly, certain sequences were removed from the sequence
set if they were assessed as leading to long branch attraction, a common issue with

25,168’ or

phylogenetic inference, which can result from paralogous or xenologous sequences
from the evolutionary model not capturing some sequences well>>!1%®. Some sequences were
also removed if they had low statistical support and their corresponding species of origin was
not closely related to the origin species of nearby protein sequences, as this again indicates
some sort of incongruence (Suppl. Table 3.3). For both the ProbCons MSA-based and
MAFFT DASH MSA-based phylogeny reconstructions, the majority (59% and 57%
respectively) of sequences removed originated from core rosid organisms, which were
potentially overrepresented in the sequence set in any case (Suppl. Fig. 3.1). Notably, several
sequences were removed in both the ProbCons MSA-based and MAFFT DASH MSA-based
phylogenetic reconstructions, suggesting that these sequences may not have had a typical
evolutionary history. This could be caused by incongruence in their evolutionary history such
as hybridisation events, or due to incongruences in the evolutionary model used which did

not capture e.g. certain aspects of amino acid substitution rates®®2. Of particular interest, Vitis
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vinifera peroxidases were removed in both the ProbCons MSA and MAFFT DASH MSA-
based phylogenetic processes, when previously the One Thousand Plant Transcriptomes
Initiative phylogenomic project classed V. vinifera as a ‘rogue’ taxon during their
phylogenomic analysis®®?. Thus, perhaps the genome of ¥, vinifera may have been especially
affected by human selective breeding to the extent that it is difficult to model its selected

evolution over time.

Following the sequence trimming of both the ProbCons MSA-based and MAFFT DASH-
based phylogenetic sets, a total of 10 phylogenies were constructed for each MSA due to the
heuristic nature of the ML algorithms®®2. Interestingly, the best predicted model for each of
the 10 runs of both the MAFFT DASH-based and ProbCons-based phylogeny reconstructions
always contained between eight to ten FreeRate categories!?%19%%3 (Suppl. Table 3.3). This
high number of rate categories could be due to certain assumptions in the base evolutionary
model used not being accurate for the sequence set, as predicted earlier by the symmetry tests
of the respective MSAs. Instead, a high number of rate categories can be used to model any

heterogeneous aspects of the data violating the assumptions.

Finally, from the sets of ProbCons MSA-based and MAFFT DASH MSA-based phylogenies
respectively, a single phylogeny needed to be selected as the ‘best’ to go forward with. It was
decided to select the ‘best’ phylogeny by validating which phylogeny was the most ‘central’,
or closest to the most other phylogenies by the most distance metrics (Fig. 3.7, Suppl. Table
3.4& 3.5). This method of selection was used because the most ‘central’ phylogeny represents
the solution which the algorithm has converged upon most frequently, hence it was theorised
to be the most accurate. It could also be thought of as the ‘consensus’ phylogeny. This
method was used over the more conventional method of using statistical confidence tests, like
bootstrapping and the approximate likelihood ratio test, as the confidence test results for each
set of 10 phylogenies were very similar and did not clearly indicate which phylogeny best fit
each respective data set (Suppl. Fig. 3.8&3.9). Similarly, comparing the log likelihoods of
each final set of 10 phylogenies did not clearly indicate which phylogeny was the ‘best’,
especially given the rather large standard errors (Suppl. Fig. 3.10&3.11).

Instead, the distance metrics between each respective set of 10 phylogenies were
calculated®®*. It was found that the distances between the MAFFT DASH-based final
phylogenies were relatively close by several distance metrics (Suppl. Fig. 3.12A; Suppl.

Table 3.4), suggesting that reconstructed phylogenies were fairly similar. In contrast, the
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distances between the final ProbCons-based phylogenies tended to be somewhat greater
(Suppl. Fig. 3.12B; Suppl. Table 3.5), suggesting that the phylogenetic reconstruction was
more influenced by the stochastic nature of the Monte Carlo algorithm, and thus perhaps that
the phylogeny ‘landscape’ was less smooth. Given that several studies have found that model
selection has relatively little impact on topology'%>!%, the differences observed in the relative
distances between the final set of phylogenies of the MAFFT DASH MSA-based process
versus the ProbCons MSA-based process highlight the significant impact of the MSA on

phylogeny reconstruction.

Ultimately, the 7™ phylogeny of the MAFFT DASH MSA-based phylogeny process and the
6" phylogeny of the ProbCons MSA-based phylogeny process were selected as the
‘consensus’ phylogenies, and thus potentially the most accurate, to move forward with for
further analysis and ancestral sequence reconstruction (Fig. 3.7A&B). However, before ASR,

the statistical measurements of ultrafast bootstrap (UFBoot)!>®

and SH-approximate
likelihood ratio test (SH-aLRT)'** were examined to determine how robust the respective
MAFFT DASH-based and ProbCons-based phylogenies were in terms of their node positions
(Fig. 3.7C&D, Suppl. Table 3.6). Both the MAFFT DASH-based and ProbCons-based final
selected phylogenies had a similar average UFboot of ~91 and a similar average SH-aLRT
value of ~82 respectively. These represent reasonable confidence in most nodes; for high
confidence in node positions a UFboot value greater than or equal to 95 and an SH-aLRT
value equal to or greater than 80 being recommended'>. This is because the SH-aLRT test
has generally been found to be a more conservative measure of accuracy than the UFBoot
test. For both the MAFFT DASH-based and ProbCons-based final selected phylogenies
respectively, the majority (74%) of nodes had very high confidence based on their SH-aLRT
values. This suggests that most nodes are robust given the dataset. However, for both
respective phylogenies the UFBoot confidence was somewhat lower, with only around two-
thirds of nodes being of very high confidence (>95). Nevertheless, for both cases the majority
(>80%) of nodes were of reasonable confidence (>90%) by UFBoot, mostly aligning with the
SH-aLRT test that most of the topology is likely to be robust. Comparing the confidence of
the MAFFT DASH-based phylogeny to the ProbCons-based phylogeny by UFBoot and SH-
aLRT suggests that perhaps a few more of the node positions in the MAFFT DASH-based
phylogeny are in robust positions. However, as the ProbCons-based phylogeny has more taxa,
and thus nodes, than the MAFFT DASH-based phylogeny, this could have contributed to a
slightly larger number of nodes being of lower confidence. Interestingly, the MAFFT DASH-
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based phylogeny and ProbCons-based phylogeny are relatively different despite mostly
containing common taxa, with a weighted Robinsons-Foulds distance between them of 33
(Suppl. Table 3.7). Therefore, this study further highlights the importance and impact of the
MSA process on the phylogeny reconstruction. As both phylogenies are relatively distinct but
have relatively similar likelihoods, it was decided to conduct ancestral sequence

reconstruction using both phylogenies in parallel respectively.
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Figure 3.7: Phylogenies use Marchantia polymorpha peroxidase (MpPrx179) sequence as an
outgroup and highlighted in gold is the local clade of A. rusticana HRP C1A (AruPrx01 to
ThasPrx69). Scalebar shows number of substitutions per site. A) Final selected phylogeny based on
the MAFFT DASH MSA. B) Final selected phylogeny based on the ProbCons MSA. C) Distribution of
UltraFast Bootstrap values for each node of each phylogeny respectively. Dashed line shows desired
UFBoot of >95. D) Distribution of SH-like approximate likelihood values for each node of each
phylogeny respectively. Dashed line shows desired SH-aLRT of >80. Figure made using ggtree and
MATLAB.
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3.3.4 Ancestral sequence reconstruction

Ancestral sequence reconstruction was conducted on both the final ProbCons and final
MAFFT DASH MSA-based phylogenies respectively using the CodeML package of
PAML!” as described in Methods (section 3.5.4). It should be noted that positions resulting
from indels of extant sequences (‘gaps’) were removed from predicted ancestral sequences
using a parsimony method. In future, perhaps indel modelling of this ASR of the class II1
peroxidases could be improved by using software such as GRASP'8!, which explicitly models

indels in the ancestral sequences in an evolutionary aware manner.

By characterising the average posterior probability of each maximum a posteriori
reconstructed ancestral sequence, it can be evaluated statistically how ‘likely’ the
reconstruction was for each respective sequence. Both the MAFFT DASH-based and
ProbCons-based reconstructions had very high mean average posterior probabilities of ~0.95
(Fig. 3.8), suggesting that the reconstructions have high confidence and thus are robust. The
distribution for both reconstructions also showed that most (95%) sequences had an average
posterior probability >0.9, indicating that most sequences have high confidence. This high
mean average posterior probability and narrow distribution of average posterior probabilities
is better than that of the Lacl family (Chapter 2.6.1) and towards the higher end of posterior
probabilities reported in literature!#7:6°>6% This high confidence in reconstruction by
posterior probability for this reconstruction of class III peroxidase ancestors may have
resulted from the relatively highly conserved nature of sequences in this family!’. This
conservation of key catalytic and heme binding residues was reflected in the reconstruction of
the ancestral sequences, which should make it likely that the ancestral proteins will have the
desired peroxidase function (Suppl. Fig. 3.13). However, it should be emphasised that the
accuracy of a given reconstruction cannot be determined a priori'>, and that the posterior

probabilities take the evolutionary model to be completely accurate, which it never is.
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Figure 3.8: Distribution of the average posterior probabilities for each node of each
ancestral sequence reconstruction. Figure made using MATLAB.

Overall, it was decided that the MAFFT DASH-based phylogeny and reconstruction were
slightly more statistically robust, so these were selected as the final phylogeny and
reconstruction. It is interesting that the structure-based alignment algorithm proved to be the
most statistically robust for both this ASR and the previous ASR of the Lacl family*”. This
further supports previous studies that have found structural-based MSA algorithms to

generally perform well if structures of the given protein family have been determined®®.

3.3.5 Selection of ancestral sequences for experimental characterisation

Following the ancestral sequence reconstruction, certain ancestors were selected for
experimental characterisation to determine whether the process had been able to ‘engineer’
peroxidases which express in E. coli as desired. Due to time constraints, it was not feasible to
express and characterise all 282 predicted ancestral sequences. As HRP is the protein of
interest, it was decided to select ancestors along its lineage. The HRP lineage ancestral
sequences were then assessed based on their average reconstruction posterior probability, as
well as whether their corresponding node in the phylogeny possessed high UF-boot and SH-
aLLRT supports (Suppl. Table 3.8). The predicted most recent common ancestor (MRCA) for
this phylogeny was also selected for further investigation, though its node does not contain
any statistical support values as the phylogeny is unrooted. Ultimately, 14 ancestors along the

HRP lineage were selected for expression trials in E. coli, from the MRCA of all the class 111
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peroxidases to the MRCA of HRP (Fig. 3.9). These were named Ancl to Anc14 according to

their relative age.

Anc3

Anc2

Anct

03

Figure 3.9: Collapsed phylogeny (MAFFT DASH-based) of the class Il peroxidase family
showing the ancestors along the Armoracia rusticana HRP lineage selected for further
characterisation. Scalebar represents the number of substitutions per site. Figure made
using ggtree.

3.3.6 Ancestral peroxidase E. coli expression test

Following the ancestral sequence reconstruction of the class I1I peroxidases, it was then
validated whether the selected ancestral peroxidases could be expressed recombinantly in E.
coli in a soluble, functional form as desired. Gene design, transformation and expression
conditions were conducted as described in Methods (section 3.5.5). Two E. coli strains were
tested: SHuffle T7 Express®>® and BL21(DE3)pLysS*'%#!!. The SHuffle T7 Express strain was
tested as it facilitates the formation of disulfide bonds, which the ancestral proteins are likely
to possess given that their respective sequences all contain cysteines in homologous positions
to disulfide-forming cysteines in many extant proteins (Suppl. Fig. 3.16). The
BL21(DE3)pLysS strain was tested as it can aid with expression of potentially toxic proteins,
which the peroxidase ancestors may be due to the ability of peroxidases to catalyse free

radical formation. Peroxidase ancestor expression was attempted at a temperature of 30 °C
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for 24 hrs or at a lower temperature of 18 °C for 48 hrs because these conditions are common
in literature®>?. First, it was investigated whether there was soluble overexpression of any of
the ancestors under the various expression conditions via SDS-PAGE (Suppl. Fig. 3.17).
Unfortunately, no obvious soluble overexpression was observed and, for some of the
ancestral peroxidases, only insoluble expression was observed (Suppl. Fig. 3.18).
Nevertheless, despite the lack of visible soluble overexpression of any of the selected
ancestral peroxidases, use of a colorimetric peroxidase assay revealed that each of the
selected ancestors had expressed solubly to some amount and were functional to some extent
(Fig. 3.10). In previous studies, 4. rusticana HRP C1A (AruHRP) expressed in E. coli
typically needed to be refolded or activated before activity was detected®***°; hence, the
presence of active peroxidase in the cell lysate suggests the ancestral proteins have improved
soluble expression in E. coli over HRP, as desired. Generally, the peroxidase activity was
greater for each ancestral protein when expressed in SHuffle T7 Express as opposed to
BL21(DE3)pLysS, highlighting the importance of disulfide bond formation for the class III

peroxidase family.
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Figure 3.10: Relative peroxidase activity by ABTS assay representing active expression of
ancestral proteins in the cytoplasm of E. coli. Expression conditions tested were E. coli strain
(SHuffle T7 Express or BL21(DE3)pLysS) and incubation temperature post induction (18 °C
or 30 °C). Cultures incubated at 18 °C were incubated for 48 hrs and cultures incubated at
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30 °C were incubated for 24 hrs. The ancestors with the best four activity levels are shown
by a star marker. Error bars represent S.E.M. of 3 replicates. Figure made using MATLAB.

Based on the ASR of the Lacl family>** (Chapter 2.3.1) and some previous ASR studies®?!, it
was hypothesised for this ASR that the older peroxidase ancestors might be the most
thermostable, and thus most likely to express well in E. coli?%6%6%  Certainly, the MRCA of
HRP, Ancl4, showed very low peroxidase activity and thus likely had low expression (Fig.
3.10). However, unexpectedly the ancestors with the best peroxidase activity, and thus likely
expression of active protein, tended to be ancestors of middling age rather than older age.
This supports previous literature which has found that protein stability is less correlated with
ancestor age than other factors, such as specificity of function??”>°!. For the selected class I1I
peroxidase ancestors, it is difficult to determine why some ancestral proteins had greater
active expression than others from only their sequences. For instance, the ancestors with the
highest activity contained a relatively high number of predicted glycosylation sites even
though glycosylation is important to the activity of HRP®. In future it would be informative
to experimentally determine the structure of the HRP ancestral proteins to better understand
the sequence-structure relationship and its role in the variability of recombinant expression of
active protein. Due to time constraints, the four ancestors with the highest level of peroxidase

activity were selected for further characterisation, which were Anc4, Anc7, Anc9 and Ancl1.

3.3.7 Characterisation of recombinant Anc4, Anc7, Anc9 and Ancll expressed in E. coli

Following confirmation that the ancestral reconstructed proteins could be expressed solubly
in E. coli with some level of peroxidase activity, the four ancestors with the best peroxidase
activity were selected for further characterisation. This consisted of investigation of their
structural and catalytic properties in more depth in comparison to the extant Armoracia

rusticana (horseradish) peroxidase (AruHRP).

As protein structure can reveal key insights regarding function, the 3D structure of the four
selected ancestors were predicted using AlphaFold2*** via Colabfold*?. Given that
AlphaFold2 was trained using the protein data bank and that several structures of class III
peroxidases have been deposited to the data bank**%497:629.634 it was expected that AlphaFold2
would yield fairly accurate predictions.®®%” The predicted structures (Fig. 3.11) showed that

the ancestral proteins folded into the conserved class III peroxidase structure, with RMSDs of

107



less than 0.7 A between each of the ancestral structures and the experimentally determined
structure of 4. rusticana HRP C1A3' respectively (Fig. 3.11F, Suppl. Table 3.9). The
predicted ancestral structures also provided a rationale for their peroxidase activity, because
key residues highly conserved in the class III peroxidase family for catalytic function, heme
binding, calcium binding and disulfide bonds were predicted to be in equivalent positions in
HRP CI1A as in the selected ancestral peroxidases (Fig. 3.11). Furthermore, the predicted
protein surfaces of the selected ancestors revealed conserved active site pockets for the iron-
heme catalytic centre (Suppl. Fig. 3.19). However, the predicted ancestral structures do each
show the presence of an additional N-terminal a-helix compared to HRP C1A. This could
represent a signal peptide, which class III peroxidases typically have to mark them for
secretion, but which are sometimes cleaved during post-processing®’. The presence of a

signal peptide in the selected ancestral sequences was tested by using the software SignalP’%

which predicted that each of the ancestors likely possessed a cleavable N-terminal signal
peptide (Suppl. Table 3.10). Interestingly, the predicted signal peptide regions differed
slightly between each of the selected ancestors, with an overall sequence identity of only 28%
between all four regions (Suppl. Fig. 3.20). This reflects the diversity observed in extant
signal peptides, which may result from relaxed evolutionary constraints on the signal region
compared to the protein region’?!. Nevertheless, all the selected ancestral signal peptide
regions were predicted to contain a core hydrophobic region, as well as an N-terminal region
and C-terminal region, which is standard for signal peptides of type 1’%. Hence, it is probable

that each of the selected ancestors would have been processed through the secretory Golgi

pathway, just as the extant members of this family are.
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Figure 3.11: The predicted 3D structure of A) Anc4, B) Anc7, C) Anc9 and D) Anc11 by
AlphaFold 2, with conserved class Il peroxidase residues shown in pink. E) shows the
structure of A. rusticana horseradish peroxidase (HRP) C1A (PDB: 1HCH)*'* with conserved
peroxidase residues shown in pink and calcium ions in green. F) contains an overlay of the
four predicted ancestral proteins’ structures with the structure of HRP C1A. The overlay
highlights that the predicted structures of the ancestral proteins are very similar to the
structure of HRP C1A, hence, that the selected ancestors may act as peroxidases in a
similar manner to the extant HRP C1A. Figure made using PyMOL.

Following confirmation of their predicted typical peroxidase structure, the four selected
ancestors were recombinantly purified in E. coli (Suppl. Fig. 3.21). It should be noted that it
was unlikely that the signal peptide region of each of the ancestral proteins was cleaved in the
E. coli expression system used here, whereas it likely would have been cleaved in a
eukaryotic expression system. Unfortunately, due to time constraints, the recombinant
expression of the ancestral proteins in E. coli without the signal peptide was not investigated.
However, as the predicted signal peptide regions are relatively hydrophobic, it is possible that
soluble expression of each respective ancestral peroxidase in E. coli could be improved by
not including their respective signal regions. Alternatively, swapping the native signal peptide
for a prokaryotic peptide to direct the protein for periplasmic expression could also be

investigated.
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Perhaps partly due to the signal peptide region, the respective expression yields of purified
Anc4, Anc7, Anc9 and Ancl1 per litre of E. coli culture (Table 3.2) were relatively low, with
Anc9 having the highest yield of 4 mg L'!. However, these represent yields of soluble protein
without a fused solubilising partner, which is still a significant improvement over previous
attempts to express HRP C1A recombinantly in E. coli. Greater yields have only been
achieved by either insoluble inclusion body expression®**, which requires laborious refolding,
or by the use of large, fused solubilising protein tags, which were not cleaved and may have
affected enzymatic activity®%6%72 For example, the PGK-HRP fusion®® only showed 54%
of the specific activity of commercial AruHRP, and the DsBA-HRP fusion’®? was found to
have a turnover number ~180 times worse than commercial 47uHRP. Therefore, although the
yields of the selected ancestral peroxidases achieved here are relatively low, they still
represent an improvement on the previously reported yields for HRP expressed solubly in E.
coli without the use of a fused solubilising protein. Furthermore, the recombinant yields of
the selected ancestral peroxidases could be improved in future by identifying the optimal
culture and expression conditions, using a bioreactor rather than shake flasks and perhaps

even by adding a solubilising fusion protein tag that could later be cleaved.

Although some E. coli soluble expression of each respective selected ancestral protein was
achieved, measurement of their absorption spectra demonstrated that the samples had
relatively low Reinheitszahl’* (Rz) values , suggesting low heme incorporation (Table 3.2,
Suppl. Fig. 3.22). This is because the Rz value is a measurement of the absorbance of the
Soret peak, which is primarily due to the heme cofactor, divided by the absorbance at ~275
nm, which includes contributions from tryptophan residues. Therefore, the higher the Rz
value, the greater the proportion of the sample contains a heme cofactor. As the ancestors
have Soret peaks at 403 nm like HRP C1A, it would therefore be expected that for very high
heme incorporation an Rz of >3.0 would be measured®>. Previous studies where HRP has
been expressed recombinantly have reported Rz values of 1.8 or greater®%6¢27%* Though the
Rz values of the peroxidase ancestors may or may not be directly comparable to those of
HRP C1A due to potential differences in the heme environment, the Rz values for the purified
selected ancestral proteins were nevertheless comparably very low, being 0.26 or lower.
These low Rz values indicated that a relatively large proportion of the respective purified
ancestral protein was lacking the heme cofactor. However, it could also be due to the
relatively lower purity of these samples; with low yield it is difficult to obtain high purity and

proteins will lower the Rz value. Regardless, this suggests that some portion of each of the
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ancestral proteins may have been inactive due to the lack of heme cofactor, as it is essential

for catalysis. Therefore, in future, heme incorporation needs to be improved, perhaps by the

603,697

addition of §-aminolaevulinic acid to the culture medium or by the addition of hemin

(iron-protoporphyrin IX) to the ancestral protein sample following the initial stage of

purification®®-6¢°,

Yield Reinheitszahl
(mg/L value
culture)
Anc4 2.3 0.12
Anc7 1.9 0.02
Anc9 4.0 0.26
Anc11 0.8 0.22

Table 3.2: Yields of E. coli recombinantly expressed purified ancestral peroxidase and their
Reinheitszahl values. Yields are low but do represent soluble peroxidase. However, the
Reinheitszahl values are much lower than desired, indicating low heme content.

Although the selected E. coli peroxidase ancestors had relatively low heme cofactor
incorporation, it was confirmed that they nevertheless possessed secondary structure, and
thus were likely folded, via circular dichroism (Fig. 3.12A). However, prediction of the
respective secondary structure elements from the spectra showed a surprisingly high B-strand
content and low o-helix content for the selected ancestors, given that their predicted tertiary
structures are greater than 50% a-helical and less than 2% B-sheet (Fig. 3.12A). Previously, it
has been found that secondary structure prediction of circular dichroism data can erroneously
overpredict B-strand content when the protein structure contains many turns***#°_ which the
selected ancestors likely do based on their predicted tertiary structures. Given that the class

d®3* and that the selected ancestors were

IIT peroxidase tertiary structure is largely conserve
shown to act as peroxidases, it is probable that their respective secondary structure
predictions of containing relatively large proportions of B-sheet and unordered sections are
not especially accurate. This is further supported by the reported CD spectrum of HRP C1A
being similar to those of the selected ancestral peroxidases’®’%. Furthermore, the secondary
structure prediction of the CD spectrum of HRP C1A also underpredicted a-helical content
and overpredicted B-sheet content in similar proportions to the predictions of the ancestral

peroxidases’®’. Thus, in future, it would be informative to experimentally determine the
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tertiary structures of the selected ancestral peroxidases experimentally and to allow for

comparison to both the AlphaFold predicted models and the CD spectra.
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Figure 3.12: Characterisation of Anc4, Anc7, Anc9 and Anc11 by circular dichroism. A)
Spectra of the selected ancestors at 25 °C (see Materials for concentrations) shows that
they contain secondary structure. Prediction of the secondary structure by CDSSTR may
have overpredicted B-strand content and underpredicted a-helical content. B) Changes in
the fraction of folded protein with temperature of the selected ancestors and a commercial
sample of A. rusticana horseradish peroxidase (AruHRP). C) Thermal unfolding transition
temperatures (Tm) of the selected ancestors and a commercial sample of AruHRP measured
over several wavelengths then averaged. Error bars represent S.E.M. Anc9, which was
expressed recombinantly in E. coli without glycosylation, possesses a higher Tr, than the
glycosylated, plant-expressed AruHRP sample. Figure made using MATLAB.
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After characterising the folded ancestral proteins, the thermal unfolding of the selected
ancestral peroxidases and a commercial sample of A. rusticana HRP (AruHRP) was
characterised by measuring the secondary structure thermal unfolding transitions (Fig.
3.12B). All the selected ancestors were found to have a thermal unfolding transition
temperature (Tm) above 49 °C (Fig. 3.12C), which indicates their potential for use up to this
relatively high temperature. Of particular interest was that the determined T of Anc9 was 88
°C, indicating that it is very thermostable and hence that it may have extensive utility. In fact,
the Tms of both Anc9 and Anc4, which were expressed recombinantly without glycosylation,
were greater than that of the commercial sample of 4ruHRP, which was expressed natively
and thus was glycosylated. As native glycosylation commonly leads to increased

thermostability’%%7%

and the ancestral peroxidases contain glycosylation sites (Suppl. Fig.
3.14), the high Tms of the recombinant Anc9 and Anc4 lacking glycosylation are especially
remarkable and highlight the ability of ASR as a tool to identify thermostable proteins.
Interestingly, the unfolding transition temperatures of the selected ancestral proteins showed a
relatively strong correlation with recombinant expression yield (0.84 Pearson correlation
coefficient) (Suppl. Fig. 3.15) , further providing support to previous studies showing that
protein thermostability is correlated with expression yield for some proteins®®*-"°. However,
unlike with the Lacl family ASR (Chapter 2.3.1) and some other previous ASR
studies'®*71%711 "here it was found that the relative thermostability of the selected peroxidase
ancestors only very weakly correlated with relative ancestral age (0.27 Pearson correlation
coefficient). Although the results are not statistically significant, this perhaps shows that
empirical Bayesian or maximum likelihood ASR does not always result in increasingly
thermostable ancestral proteins with age due to evolutionary model bias, as has been
previously claimed by some**%8, but instead is able to identify potential ancestral proteins
with varying thermostabilities'®>'%, The reason for the pattern of thermostabilities of the
selected class I1I peroxidase ancestors is unclear, as they do not appear to correlate with
global climatic trends either (Suppl. Table 3.11). Nevertheless, it should be noted that the
thermostabilities of the predicted ancestral proteins were measured without their predicted
native glycosylation, and furthermore that as only four selected ancestors were characterised,

any correlations are not statistically significant. Therefore, in future it would be interesting to
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better characterise the thermostability of more ancestors, both glycosylated and

unglycosylated.

Following structural characterisation, the peroxidase activity of the selected ancestors was
characterised to determine if they could act as viable alternative catalysts to AruHRP. To this
extent, the steady state kinetics and activity of the selected ancestral proteins and a
commercial sample of AruHRP were determined using 2,2'-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS); a substrate commonly used in peroxidase
assays. First, the approximate kinetic constants under steady state kinetics were determined
for each of the selected ancestral enzymes and AruHRP with ABTS. It should be noted that
the parameters are approximate as the catalytic cycle of class III peroxidases involves several
reaction steps and H2O as an additional substrate. However, to calculate steady state
Michaelis-Menten kinetics, the reaction was approximated to two steps and excess H>O> was
used. Using such approximations, the steady state reaction velocities were determined for the
Anc4, Anc7, Anc9, Ancl1 and AruHRP with varying concentrations of ABTS (Fig. 3.13A),
from which in turn the kinetic parameters were calculated (Fig. 3.13B). It should be noted
that as A7uHRP is a mixture of isoenzymes, the kinetic constants should be treated as a rough
average of the kinetics of the particular sample of horseradish peroxidase isoenzymes.
Nonetheless, comparison of the turnover numbers (kcat) shows that of the selected ancestors,
Anc9 has the greatest turnover number by a relatively large margin. However, the turnover
number of the AruHRP sample tested was still about four times larger than that of Anc9.
However, the respective concentration of functional ancestral enzyme was likely much lower
than the total enzyme concentration used due to low heme cofactor incorporation. Thus, the
functional concentrations of each respective ancestral peroxidase were estimated based on
their respective Rz values, and an approximate turnover number (kcat™) was calculated for
each selected ancestral protein. The approximate turnover numbers of Anc4, Anc7 and Ancll
were still lower than that of AruHRP, but certainly much more reasonable for future utility.
However, the approximate turnover number of Anc9 is predicted to be even slightly greater
than that of 47uHRP, suggesting that it could be a good replacement for HRP for future
applications. Therefore, turnover numbers of the ancestral enzymes could likely be greatly

improved by increasing their heme incorporation.

Unlike the turnover number, the Michaelis constant (Kw) is independent of enzyme

concentration. The AruHRP sample tested still possessed the lowest Ky, and thus perhaps the
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best binding to ABTS assuming a slow catalytic step constant, although the Km of Ancl1 is
relatively close in value. Interestingly, the Michaelis constant decreased steadily with
ancestral age, perhaps indicating a gradual shift in substrate binding preferences over time.
This gradual change in substrate preferences was also previously observed for the Lacl
family of proteins (Chapter 2.3.2). This progressive change in Kwm for the selected class III
peroxidase ancestors could perhaps result from the changes to the entrance of the active site
pocket observed in the predicted ancestral structures (Suppl. Fig. 3.26). The entrance for the
active site of HRP C1A is dominated by three phenylalanine residues, which may be able to
provide aromatic stabilisation and thus contribute for its preference for relatively small
phenolic substrates like ABTS®?2. However, while the entrances to the active sites of Anc7,
Anc9 and Ancl1 are still relatively hydrophobic, they only contain one phenylalanine residue
that is positioned such that its aromaticity is less prominent on the respective entrance
surfaces. Therefore, this change may contribute to the respective higher Km values for ABTS
catalysis using these ancestral peroxidases compared to AruHRP. Similarly, the highest Km of
Anc4 for ABTS catalysis perhaps could be due to its active site entrance not possessing any
aromatic residues, and thus not being able to form aromatic interactions with substrates like
ABTS. Nevertheless, to better establish binding specificity changes over time along the HRP
lineage, more experimental data needs to be collected involving at least several potential
substrates. Also, docking experiments might further elucidate rationales for different substrate

preferences.

Overall, the catalytic efficiencies (kca/Kwm) of the ancestral enzymes against ABTS were
lower than AruHRP. Anc9 had the best catalytic efficiency of the ancestors, yet it is still about
20 times less than that of the A7uHRP sample. Therefore, the relatively low catalytic activities

of the selected ancestors further emphasise that in future heme incorporation needs to be
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improved, because this will likely increase the turnover number of the ancestral enzymes,

thereby making them a viable alternative to A7uHRP.
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Figure 3.13: Characterisation of the enzymatic catalysis of ABTS by the selected ancestral
peroxidases and A. rusticana HRP (AruHRP). A) Michaelis-Menten curves of the reaction
velocities with increasing ABTS concentrations conducted in 50 mM potassium phosphate
buffer, pH 6.0 at 25 °C. Error bars represent the S.E.M. of 3 replicates. Note that different
concentrations of each enzyme were used as well as different concentration series of ABTS
to make steady state kinetics assumptions. B) Michaelis-Menten kinetic parameters for the
selected ancestral enzyme and AruHRP. kcat* was calculated using the approximate
concentration of functional protein given the percentage of heme incorporation. Error shown
for kinetic constants is the 95% confidence interval. Figure made using MATLAB.

Following kinetic characterisation of the ancestral enzymes, their specific activity of ABTS
oxidation was investigated to determine how much of each respective ancestor should be
utilised to achieve similar activity to commercial 4ruHRP. Perhaps due to poor heme
incorporation, it was found that the specific activities of ancestral peroxidases were much
lower than that of commercial AruHRP (Suppl. Fig. 3.23). The ancestor with the best specific
activity was Anc9, however, its specific activity suggests that about seven times the amount
of Anc9 should be utilised to attain a similar enzymatic activity to AruHRP. Nonetheless, as
Anc9 can be produced relatively quickly and easily in E. coli, whereas HRP is still mostly

produced in the more time-consuming manner from A. rusticana, Anc9 could still provide a
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viable alternative to HRP in many applications, provided that a greater concentration of Anc9

enzyme is used.

3.3.8 Enzyme-mediated radical polymerisation of PNIPAm hydrogel by Anc9

Due to Anc9 displaying the best specific activity of the selected ancestors for ABTS
oxidation, its potential utility as a catalyst for the polymerisation of PNIPAm was
investigated. AruHRP is commonly used in enzyme-mediated radical polymerisation (EMRP)
reactions, such as that of PNIPAm. However, gel formulations need to be adapted for each
AruHRP batch due to inter-batch variation. Thus, it would be beneficial to replace 47uHRP in
EMRP PNIPAm formulations with a recombinantly expressed peroxidase. To this extent, it
was tested whether Anc9 could be employed to catalyse the polymerisation of a PNIPAm
hydrogel in a similar manner to AruHRP. It was observed that Anc9 could indeed catalyse the
polymerisation of PNIPAm (Fig. 3.14A&B) and that those hydrogels formed by Anc9
catalysis possessed similar thermosensitive properties to those formed by AruHRP (Fig.
3.14C; Suppl. Fig. 3.24). Thermosensitivity was demonstrated by the Anc9-catalysed
PNIPAm deswelling by a similar amount to the A7ruHRP-catalysed PNIPAm when incubated
at 60 °C, a temperature well above the lower critical solution temperature of PNIPAm®?!.
While the deswelling of PNIPAm gels depends on their exact composition and solvent
conditions, that of the EMRP PNIPAm gels presented here even falls within the range
reported for similar PNIPAm materials formed using chemical initiated radical

polymerisation’!>713,
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Figure 3.14: Enzyme-mediated formation of PNIPAmM hydrogel by Anc9 compared to A.
rusticana peroxidase (AruHRP). A) PNIPAm gel mixture prior to curing containing AruHRP
on the left or Anc9 on the right. B) PNIPAmM gel post curing containing AruHRP on the left or
Anc9 on the right. C) ‘Contraction’ (deswelling) of Anc9 formed PNIPAm or AruHRP formed
PNIPAm after being incubated for 30 min at room temperature (RT) as a control or 60 °C,
which is greater than the lower critical solution temperature of PNIPAm. Contraction was
measured as the difference between swelling ratio % before and after incubation. Error bars
represent the S.E.M. of four replicates and Anc9 gels were compared to AruHRP gels using
an unpaired t test. Both the Anc9 formed PNIPAm and AruHRP formed PNIPAm displayed
similar lack of contraction when incubated at RT, but relatively high contraction when
incubated at 60 °C. Figure made using MATLAB.

Further validation that Anc9 could be used to polymerise PNIPAm formation in a similar
manner to A7uHRP was conducted by characterising a mechanical property of PNIPAm: its
behaviour under a compressive load. Both the Anc9 formed PNIPAm and AruHRP formed
PNIPAm displayed similar behaviour under compression, with the resulting engineering
stress-strain curves containing two distinct linear regions connected by an inflection region
(Fig. 3.15A). Such curves are typical of hydrogels under compression due to their poroelastic

and viscoelastic properties’!*. However, these properties lead to the engineering stress-strain

715 716,717

model used here, and commonly elsewhere for hydrogels’ ">, fitting relatively poorly

Therefore, in future it would be beneficial to characterise the properties of the PNIPAm

118



hydrogels using different techniques, such as rheology, allowing the viscoelastic properties of
the hydrogels to be better estimated using more complex models such as the Mooney-Rivlin
model”'®7!?. Nevertheless, the compressive test demonstrated that both PNIPAm gels formed
by Anc9 or AruHRP displayed similar compressive behaviour, and furthermore, possessed
compressive strengths in the range of those reported in literature for chemically-initiated
PNIPAm’!372° The elastic nature of both enzyme-formed PNIPAm gels within the
compressive range tested was also observed by their recovery after the test (Suppl. Fig. 3.25).
The thermosensitive and mechanical behaviours of the enzyme-formed PNIPAm highlights
the ability of using enzymes to catalyse its formation over traditional chemical methods.
Furthermore, it demonstrates that the E. coli recombinantly expressed Anc9 peroxidase could
replace A. rusticana sourced HRP when catalysing the polymerisation of PNIPAm. Use of
recombinant Anc9 should alleviate issues with the batch-to-batch variation of 4ruHRP, which

result in its concentration in the formulation needing to be optimised for each batch.
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Figure 3.15: Compressive behaviour of PNIPAm gels formed by Anc9 or AruHRP. A)
Engineering stress-engineering strain curves of Anc9 and AruHRP formed PNIPAm gels
during compression at 1 mm/min using a 10 N load. Curves are typical of hydrogels, which
do not display a single linear elastic region, but rather two linear regions, which are
highlighted. This results in two tangential moduli: E+ and E». B) Compressive strength using
1 mm/min compressive load as represented by the tangent moduli E4, calculated from the
first linear region, and E;, calculated from the second linear region. Error bars represent
S.E.M. from 3 replicates for Anc9 formed gels or 4 replicates from AruHRP formed gels.
Tangent moduli of Anc9 gels were compared to those of AruHRP gels using an unpaired t
test. No significant difference was found in compressive strength between Anc9 formed
PNIPAm versus AruHRP formed PNIPAm. Figure made using MATLAB.
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3.4 Discussion

This study showed that ancestral sequence reconstruction (ASR) can be utilised as a tool to
engineer proteins for increased heterologous recombinant expression. While many other ASR
studies have demonstrated that predicted ancestral proteins may be more thermostable or
have different functionality, here we provided support to the smaller number of studies that
specifically use ASR to improve heterologous expression®®. Despite ASR not having been
widely used for proteins of the plant kingdom?*, this study showed that it can reveal a greater
understanding of the protein evolutionary trajectory, as well as being useful as an engineering
tool to generate more stable, functional ancestral proteins. Given that the vast majority of
mutations to a given protein sequence have a deleterious or neutral effect on function®*3, this
study further highlights the ability of ASR to identify functional ‘peaks’ of the sequence-
function landscape in a rational manner. This can be demonstrated by the fact that the
selected ancestral peroxidase proteins were highly divergent from horseradish peroxidase
(HRP) (sequence identities from 66% to 57% with HRP), yet each was capable of peroxidase

catalysis.

Although plants undergo processes such as whole genome duplication, hybridisation and
polyploidy, which can affect phylogenetics and ASR by making it more difficult to determine
which genes are homologous®>**, here it was shown that careful sequence curation
throughout the process can improve the quality of the sequence set. Important curation steps
include ensuring that there is a medium diversity of sequences, and trimming any sequences
that lead to long branch attraction or which are especially out of place when compared to the
organismal phylogeny. It should be noted that species and proteins evolve in different ways,
thus the organismal phylogeny acts only as a guide for the protein phylogeny. Nevertheless,
in future the sequence collection and curation process may improve even further, as more
genes are added to databases, and their potential function and family perhaps could be
predicted automatically by machine learning. Additionally, this study, like many others!'#!86,
focuses on single isoforms of genes, but in future the ASR of the class III peroxidases could
be repeated using full genes containing multiple enzyme isoforms. As this is how plant
proteins are encoded in nature, such a reconstruction process could be more accurate, and

resultingly provide further insight into the evolution of the class III peroxidases and more

generally eukaryotic protein evolution.
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Another issue faced by this particular ASR study of the class III peroxidase family was that
some of the sequences appeared to contain relatively large insertions. This may have been the
reason why some of the multiple sequence alignment software tested failed to align highly
conserved homologous positions, or generally did not perform the alignment well for the
indel sections. While previous studies have shown that evolution aware algorithms which
explicitly model indels can be the most accurate for some sequence sets>>%, this study shows
that the evolution aware BAli-Phy software is not well suited for the sequence set of this
study. This may be due to its relatively large size*’ and also due to the indels being relatively
large’! for some sequences used in this study. Similarly, the relatively large indels in the class
IIT peroxidase sequence set may have led to the relatively inaccurate MSA by the combined
MSA algorithm, which has been found to be relatively accurate for other sequence sets®®.
Instead, for this particular sequence set, the MSA which led to the most statistically robust
phylogeny and reconstruction used a structure-based algorithm. As structure-based algorithms
do not necessarily penalise long indels as much as other algorithms, this may have resulted in

it performing the best®

. However, it should be noted that there are many peroxidase protein
structures available which would have greatly aided using a structure guided MSA algorithm
in this case, but for protein families with fewer available structures using a structure based
MSA may not be as accurate. Ultimately, this study further emphasises the importance of
testing and comparing multiple MSAs for a given sequence set because their performance
and accuracy can vary depending on the characteristics of the sequence set. Currently in the
ASR field, comparing multiple MSAs has not been widely adopted, with some of the recent
examples of ASR as of the time of writing only testing a single MSA3®81:6% This study
highlights how important it is to test different MSAs, especially given their impact on the
later phylogenetic and reconstruction stages shown here and by others *>°7-%_ One hopes that
in future the importance of the MSA process on phylogenetic and ancestral sequence
reconstruction will be more commonly recognised, especially when undue significance is
often given to phylogenetic model selection, which has repeatedly been found to be relatively

less impactful!9>1%,

This study also highlights the difficulties in the phylogeny selection process. While statistical
supports such as bootstrap and likelihood tests are the most commonly used, they are not
measures of accuracy but rather represent measures of support, with the caveats that their
calculations contain several assumptions and that they are no longer as useful if an inaccurate

phylogenetic model is used!*>!¢7-16% Here for the phylogenetic reconstruction of the class III
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peroxidase family, the UFBoot and SH aLLRT tests were not able to clearly indicate which
phylogeny was the most robust. Consequently, a novel, simpler approach to phylogeny
selection was investigated by selecting the most ‘central’ phylogeny in each phylogeny set for
the MAFFT DASH-based and ProbCons-based approaches respectively. It was theorized that
the most central phylogeny should represent the solution which the MCMC algorithm of the
phylogenetic software has converged upon the most often, and thus hopefully be the most
accurate. Further ancestral sequence reconstruction and ancestral protein characterisation
using the phylogeny selected in this manner suggested that this approach was viable, but
further validation is needed through more complex studies to evaluate how accurate this

approach truly is compared to the more standard approach using topology supports.

Nevertheless, the ancestral sequence reconstruction using the ‘consensus’ selected phylogeny
resulted in predicted ancestral sequences with very high statistical support by posterior
probability for both the MAFFT DASH-based and ProbCons-based processes respectively.
The average posterior probability mean for all ML ancestral sequences was greater than that
of the Lacl family ASR (ch2 section x) and in the higher end of the range reported by other
ASR studies!”¥:%%36% This relatively high statistical support by posterior probability for the
reconstruction of the class III peroxidase family may result from the relatively high number
of conserved residues in the sequences of this family®*. This family of peroxidases catalyses
relatively complex redox chemistry, hence perhaps due to this complex catalysis, certain
residues of this family may be relatively highly conserved because of selection pressure to
maintain their specific peroxidase catalysis function. Nevertheless, the ASR process used
only parsimony to model indels, so the ‘true’ ancestral proteins may have possessed more
variation through indels. In future, it would be informative to repeat the ASR of the class III
peroxidases using a program such as GRASP which can execute explicit indel modelling

throughout and characterise any resulting differences in the reconstructed ancestors'®!.

Notwithstanding the lack of indel modelling in this study, ultimately this ancestral sequence
reconstruction was able to identify functional ancestral peroxidase proteins. Moreover, the
selected ancestral proteins could all be recombinantly expressed in a soluble, active form in
E. coli. This is an advancement on previous attempts to engineer 4. rusticana HRP in E. coli,
such as the directed evolution study by Lin et al.%®, which resulted in very small yields of
soluble HRP, or the more recent study by Chauhan et al.%>?, which although had larger yields,
ultimately expressed HRP in an inactive form with a large solubility tag and required an extra

activation step. Here, it is theorised that the use of ASR predicted ancestral proteins which
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were more stable, such that they could be heterologously expressed in their unglycosylated
state. However, the expression of the selected ancestral proteins in E. coli emphasised the
importance of disulfide bond formation. This was shown in the expression trial of the
selected ancestors, where varying expression temperature and time had less effect on yield of
active protein than using an E. coli strain which facilitated cytoplasmic disulfide bond

formation.

The expression trial of the selected ancestral proteins also revealed considerable variation in
peroxidase activity and/or expression levels among the selected ancestral proteins. This
emphasises the strength in testing multiple ancestral proteins of varying ages, as it is
currently difficult to predict which ancestor will possess the properties best suited to the
desired application. For instance, here ancestors in the middle of the phylogeny were found to
have the best activity and/or expression level when expressed recombinantly in E. coli, but
for the Lacl family the last ancestor of the family had the greatest expression yields and most
interesting ligand binding properties for future applications (Chapter 2.3). Although
characterising multiple ancestors for the desired function is not ideal, currently other protein
engineering methods such as de novo design’ and machine learning-based design’>!-7??
require many, sometimes hundreds, of protein variants to be tested to find the protein with the

desired function. Therefore, ASR remains a useful protein engineering tool that allows

functional proteins to be identified relatively easily for various desired applications.

The ability of ASR to generate highly functional sequences in a ‘one-shot’ approach was
further demonstrated by the more detailed characterisation of recombinant Anc4, Anc7, Anc9
and Ancl1, which revealed that they were predicted to have tertiary structures similar to HRP
C1A, possessed secondary structure similar to HRP C1A, were thermostable, and all were
able to act as peroxidase catalysts. Firstly, the predicted tertiary structures of the selected
ancestral peroxidases showed that each of the selected ancestors likely folded into very
similar tertiary structures to each other as well as to the extant HRP C1A. Given that the
extant members of the class III peroxidase family tend to have a conserved structure®**, that
the predicted structures of the selected ancestral proteins are also similar suggests that the
class III peroxidase family structure has not changed much over time, and thus must be
relatively important to peroxidase function. It is interesting that both the class I1I peroxidase
family and the Lacl family (Chapter 2.2) maintained relatively similar structures and
functions over evolutionary time, while the individual protein sequences were relatively

varied. This provides support to the theory that while nucleotides are the units mediating

123



evolutionary changes, the selection pressure is stronger on the protein structural and
functional level than on the actual DNA and sequence level, where there tends to be greater

neutral drift?!%723:724,

Examination of the predicted tertiary structures of Anc4, Anc7, Anc9 and Ancl1 also revealed
that they likely contained a signal peptide on their N-terminus, which was supported by the
SignalP prediction that the same region was likely a cleavable signal peptide. Extant
members of the class III peroxidase family are known to also contain a similar N-terminal
signal peptide region, mainly directing their localisation to the plant cell wall®>7-6%°,
Therefore, as the ancestors are also predicted to contain a similar signal peptide region, this
then suggests that the localisation of the class III peroxidase family has likely remained
highly conserved over time. In future, it would be interesting to investigate when and how the
three main classes of heme-containing non-animal peroxidases split in their respective
localisations. More specifically for the E. coli recombinant expression of the selected class III
peroxidase ancestors, in future it would be beneficial to test if their expression in E. coli
could be improved by not including the signal peptide region, as this would normally be

cleaved in a plant expression system and is relatively hydrophobic®®,

Perhaps partly due to their respective signal peptides, the respective soluble yields of the E.
coli expressed Anc4, Anc7, Anc9 and Ancl1 are relatively low. However, the yields are
nevertheless an improvement on previous attempts for soluble expression without the use of a
large solubilizing tag, which previously has not been cleaved®®’%?, Notwithstanding, in
future expression tests, the levels of the ancestral peroxidases need to be improved; possibly
by not expressing the signal peptide region as mentioned before, by thoroughly optimising
expression conditions, by supplementing with heme precursors and/or by adding a cleavable
solubilisation tag. Resources permitting, the use of a bioreactor may also greatly improve
ancestral peroxidase yield in E. coli as well as scalability for commercial use, as was
demonstrated for HRP®. Given that the selected ancestral peroxidases express in measurable
yields in E. coli using relatively unoptimized expression protocols unlike HRP C1A, it is
probable that their optimised expression yields will be much greater than that of HRP C1A.
However, despite soluble expression of the selected ancestral peroxidases, currently a
relatively large proportion of each respective recombinant ancestor does not contain heme,
thereby lowering the functional yield of each ancestor. Therefore, in future heme
incorporation needs to be improved, possibly by incubating purified ancestral protein with

hemin as has previously been conducted for recombinant HRP®>%:660.702.706 ',y adding heme
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precursors to the expression medium’?>72

, or by using a bacterial strain engineered for heme
incorporation’?’. It should also be considered, however, that the different selected ancestral
proteins may have different binding preferences for the heme cofactor, so this should be

characterised in future too.

It was interesting to find that the current expression yields of Anc4, Anc7, Anc9 and Ancll
correlate with their respective thermal unfolding transition temperatures, providing support to
previous studies which have also suggested a correlation between protein stability and
recombinant expression®®¢7. Thus, the hypothesis of this study that use of ASR could
predict a more thermostable ancestor, which would express better in E. coli than the extant
HRP, proved relatively sound. More generally, thermostable proteins are very useful as they
tend to be more stable over a wide range of temperatures and provide a good starting point
for directed evolution, as stability often decreases with new functional gains??’**°. Hence, the
ability of ASR to identify potential thermostable ancestors, as demonstrated here for the class
III peroxidase family and in the previous Lacl family ASR (Chapter 2.3.1), is a strength and
one which could be more laborious to achieve in other engineering methods such as de novo
design, directed evolution or machine-learning assisted design®?!. Interestingly, it was found
here that the relatively thermostability of the selected ancestral peroxidases did not correlate
with their relative ages, unlike for the Lacl family ancestors and other ancestors of different
families!®*71%71! (Chapter 2.3.1). They also do not appear to correlate with world climatic
trends’?® based on their roughly estimated ages’*”7**, though it should be noted that the
predicted global temperature average does not capture the nuances of different climatic zones
worldwide or intracellular temperature. However, as only four ancestors were characterised,
any correlations or lack thereof are not statistically significant. Also, the absence of clear
patterns in the respective thermostabilities of the selected ancestral peroxidases could result
from the lack of their native glycosylation; hence perhaps the pattern of their relatively
thermostabilities could differ with glycosylation. As lack of native glycosylation tends to

have a destabilising effect on many proteins®>:708.709

, it 1s particularly impressive that the
thermal transition unfolding temperatures of the selected recombinant ancestors are as high as
they are and especially that that of Anc9 is greater even than that of the glycosylated AruHRP.

This thereby indicates that Anc9 could have promising future utility.

A further benefit of using ASR as a protein engineering tool was demonstrated through the
selected ancestral peroxidases all demonstrating peroxidase catalytic function. More detailed

characterisation of their catalysis of ABTS, however, revealed that while their respective
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Michaelis constants were relatively similar to the commercial A7uHRP, their respective
turnover numbers were significantly lower than that of 47uHRP. It is hypothesised that the
turnover numbers of the selected ancestral enzymes are low partly due to poor heme cofactor
incorporation, which likely resulted in the functional enzyme concentration being much lower
than the total enzyme concentration. By estimating the functional enzyme concentration of
the selected ancestors, the turnover numbers did improve, however, only Anc9 was predicted
to be in the range of the commercial A7uHRP for ABTS catalysis. Therefore, both the
turnover number and Michaelis constant of Anc9 suggests that it might be the most suitable

replacement for AruHRP.

Interestingly, the respective Michaelis constants for ABTS catalysis consecutively increased
with ancestral age. Perhaps this could result from the small changes in the binding pocket size
and polarity over time, as predicted by the AlphaFold structures. This consecutive decrease in
the ABTS catalysis Michaelis constant over time could suggest that binding preferences have
gradually increased towards ABTS-like molecules along the HRP lineage, in a similar manner
to binding preferences gradually increasing towards -D-galactosides along the Lacl lineage
(Chapter 2.3.2). The decrease in Michaelis constants of ABTS catalysis of the class III
peroxidase ancestors provides further support to the growing literature that shows that
substrate binding preference appears to change relatively gradually over time?*2°°%73> This
trend of gradual shift in binding preference over time is important for future protein design
efforts, as it suggests that in some cases if a novel substrate is desired then the best starting
framework could be a protein that already has a somewhat similar substrate. For example,
Rondon & Wilson*?® were able to develop a novel caffeine sensor using the E. coli purine
repressor as a starting point, as its native ligand of hypoxanthine is chemically similar to
caffeine. In future, it would be interesting to further investigate how the binding profiles of
the selected ancestors have changed over time by characterising the equilibrium binding
dissociation constants and kinetics of the selected ancestral proteins with a wide range of
potential substrates. It may be that each ancestor could have different applications for future
use if they each have distinct substrate profiles. It would also be informative to investigate the
catalysis of each ancestor over a range of pHs and temperatures, as they may have different
optimal catalytic conditions, which could inform their future use. Additionally, it would be
beneficial to characterise the activity of the selected ancestral peroxidases under different
solvents and conditions, such as hydrophobic solvents and with surfactants, as some of the

desired chemical catalysis applications of peroxidases, e.g. polystyrene catalysis, occur in
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non-biological conditions’*®. Finally, on a more fundamental level it would be beneficial to
characterise the binding and catalysis of hydrogen peroxide to the respective ancestral

proteins, as this molecule is key to their function.

While the specific activity of recombinant Anc9 is not as high as that of commercial AruHRP,
it was shown that it can nevertheless catalyse the polymerisation of PNIPAm hydrogels in a
similar manner to AruHRP. Previously, the enzyme-mediated formation of PNIPAm has been
catalysed typically by A7uHRP and glucose oxidase (GOx)**®%!, but this required
formulation optimisation for each different batch of 47uHRP used. Instead, it was shown that
the E. coli expressed ancestral peroxidase Anc9, which should not have batch-to-batch
variation, could replace 47uHRP to form PNIPAm gels which had similar thermosensitivity
and mechanical properties to both those formed by 4ruHRP as well as those formed using
chemical mediated synthesis. The use of the Anc9 enzyme, in combination with GOx, to
mediate PNIPAm synthesis is advantageous over chemical mediated synthesis as it does not
need to be conducted under nitrogen using toxic chemicals®®. Another advantage of enzyme
use is that they can be expressed in cells, thus, in future it would be interesting to develop an
engineered living material by programming E. coli for the surface display of Anc9’??, then
using the E. coli in the PNIPAm gel formulation to mediate its formation. Furthermore, post
formation the gels could be used as bioreactors or potentially in soft robotics*®!""3%, As GOx is
paired with HRP to mediate PNIPAm formation, in future it would be beneficial to
investigate if an ancestral GOx might also be able to be expressed recombinantly in E. coli. It
would also be interesting to investigate in future if Anc9 could be used to replace HRP in
other applications such as in reactive oxygen species sensing systems, glucose sensing

systems, immunoassays, bioremediation, et cetera.

Overall, it was demonstrated that ancestral sequence reconstruction could be used to
‘engineer’ ancestral peroxidases that had similar structures and functions to the extant
horseradish peroxidase but could be expressed solubly in E. coli. Use of the recombinantly
expressed ancestral peroxidases over AruHRP could save time and money, as well as greatly
reduce the batch-to-batch variation. However, expression conditions and heme incorporation
of the ancestral peroxidases when expressed in E. coli still need to be optimised.
Nevertheless, as an example of application, it was shown that the ancestral peroxidase Anc9
could be used in place of A7uHRP for enzyme-mediated polymerisation of PNIPAm.
Therefore, ancestral sequence reconstruction proved a useful tool for not only better

understanding the evolution of the plant class III peroxidase protein family, but also for
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predicting ancestral proteins with desired functions and characteristics, such as improved
recombinant expression in E. coli. This study provides further support to the growing number
of studies where it has been demonstrated that ASR can be used to ameliorate recombinant
protein expression and thus, this study highlights another application of ASR for future
protein engineering efforts. Subsequently, the utility of evolutionary methods of protein
engineering was further shown in the next chapter by using an enzyme that was engineered
through directed evolution to catalyse the formation of an alg/PNIPAm engineered living

material.

3.5 Methods

3.5.1 Class III peroxidase sequence collection and curation

The coding sequence for horseradish peroxidase isoenzyme C1A was used as an initial seed
sequence. This sequence was obtained from entry P00433 in UniProt®®. This seed sequence
was then used to run a protein BLAST (blastp) (v1.11.1.1) search on both the UniProt and
RedoxiBase®?® databases using the default settings, except to increase the number of hits to
1000 and 500 respectively. From this sequence set, any redundant sequences (occurred in
both the UniProt and RedoxiBase search) and sequences which were partial or fragmented
were removed. Then, a simple multiple sequence alignment was conducted using MAFFT
DASH, and sequences which did not contain key heme binding or catalytic residues for
peroxidase activity were removed. In HRP C1A without its secretion signal these residues are

R38, F41, H42, D43, G48, D50, S52, E64, N70, H170, T171, D222, and T225%%.

CD-HIT®®! was utilised to cluster sequences by 80% identity and the representative sequences
were taken from each cluster, resulting in 253 sequences. The sequence set was compared to
the Viridiplantae organismal phylogeny. RedoxiBase was manually searched for class I1I
peroxidases from ferns and bryophytes and some additional sequences were added to the set,

resulting in 328 sequences.

33,688

Sequence similarity networks were constructed using the EFI-EST webserver and images

of the networks were made using Cytoscape (v 3.10.3)"%.

3.5.2 Multiple sequence alignment

Multiple sequence alignment was conducted on the curated sequence set using Clustal

Omega>* (webserver accessed 17/6/22), Muscle®® (webserver accessed 17/6/22),
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DialignTX%% (v 2), MAFFT G-INS-I** (v 7.4.9), T-COFFEE* (v 13.46), ProbCons® (v
1.1.2), MAFFT DASH®’ (v 7.4.9), PROMALS3D® (webserver accessed 20/6/22) and BAli-
Phy*’ (3.6.1). T-COFFEE was also used to combine the results of all alignments except BAli-
Phy into a single alignment through a customized M-COFFEE® function. To compare the
resulting MSAs, a method developed by Chang et al.? was used which calculated a ‘transitive
consistency score’ for each alignment. This was conducted for each MSA individually within
T-COFFEE. A symmetry test algorithm within IQ-TREE (2.2.0) was used to predict if the
assumptions of homogeneity and stationarity could be made for each MSA except BAli-Phy.

3.5.3 Phylogeny construction

Iterative phylogeny construction was conducted for the MAFFT DASH and ProbCons MSAs
respectively using IQ-TREE!* (v2.2.0). Each phylogeny was rooted using Marchantia
polymorpha peroxidase sequence (Mp179) as the outgroup, because this organism is
predicted to have split off the earliest in the Viridiplantae out of my sequence set®®?. Also,
each time a phylogeny was constructed, 10000 ultrafast bootstrap replicate tests (Ufboot)!*>
and 10000 SH-like approximate likelihood ratio tests (SH alrt)'** were run and the model for

phylogeny construction was predicted by ModelFinder'®.

After each round of phylogeny construction based on the MAFFT DASH and ProbCons
MSAs respectively, a custom Python script was used to extract the IDs of sequences with UF-
boot or SH-alrt values less than 50. Then, for each of these low support sequences
respectively, it was manually validated in the phylogeny if the clade it was in contained
sequences originating from closely related plants or not. If the clade contained peroxidase
sequences all originating from plants distantly related to the origin plant of the low support
sequence, then the low support sequence was removed from the sequence set. After this
process, the phylogeny was also manually inspected for the presence of long branch
attraction. Any particularly obvious cases were removed from the sequence set. Following
this, the abridged sequence set was aligned through their respective MSA software again,
then the phylogeny construction repeated. This whole cycle was repeated until there appeared
to be minimal long branch attraction in the phylogeny. For the ProbCons-based phylogeny
construction process, this took 5 rounds, and for the MAFFT DASH-based phylogeny

construction process, this took 11 rounds.

Following this, 9 further phylogenies were generated, yielding 10 phylogenies based on the
ProbCons and MAFFT DASH MSAs respectively. The Visual TreeCmp webserver®**
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(accessed 31/1/23) was used to calculate the weighted Robinsin Foulds distance, quartet
distance, path difference distance, matching triplet metric, matching split distance, unrooted
maximum agreement subtree distance and geodesic unrooted distance between the 10 trees
for each set respectively. For each set, the phylogeny which was the closest to the most other
phylogenies by the most distance metrics was selected as the final phylogeny. This was
phylogeny #7 for the MAFFT DASH MSA-based process, and phylogeny #6 for the

ProbCons-based process.

Network diagram was made using the Networkx package in Python, and phylogeny diagrams

were created using the ggtree*®® package in R.

3.5.4 Ancestral sequence reconstruction

Ancestral sequence reconstruction was conducted using the empirical Bayes (aka marginal
maximum likelihood) method through PAML CODEML'”. Before reconstruction, custom
Python scripts were created to format a given MSA and tree file respectively into the format
required by PAML. For the ProbCons-based reconstruction, the VT model®* with 10
categories and empirical model was used because previously ModelFinder had predicted this
model to be the best for this MSA. Similarly, for the MAFFT DASH-based reconstruction,
the WAG model® with 8 categories and empirical + F model was selected based on the

results of ModelFinder.

Following the reconstruction process, custom MatLab and Python scripts were created to
extract the maximum a posteriori sequences for each ancestral node, and to extract and
process the corresponding posterior probability data. Finally, as the reconstruction process
used by PAML cannot handle indels, ancestral sequences are predicted to contain residues for
every column of the MSA of extant sequences. As such, a custom Python script was created
to predict positions corresponding to ‘gaps’ (insertions) according to parsimony by checking
whether the position contained a residue in over 50% of the MSA of extant sequences. If not,
the position was marked as a ‘gap’ position, and the residue in this position removed from all
the ancestral sequences. The posterior probability data was correspondingly updated using a

custom Python script to remove the ‘gap’ position data.

As discussed in Results 3.3.5, 14 ancestral sequences were chosen for further characterisation
from the Armoracia rusticana HRP C1A lineage based on their average posterior probability,

and the likelihood of the position of the ancestral node (UF-Boot and SH-aLRT).
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3.5.5 Expression trial of selected ancestral sequences

The selected ancestral sequences were codon optimized for expression in E. coli using
ThermoFisher’s GeneArt. The genes were then synthesised and cloned into the pET-29b(+)
vector by Twist Bioscience. The resulting plasmids containing the selected ancestral genes
were transformed into SHuffle T7 express chemically competent E. coli and OneShot
BL21(DE3)pLysS chemically competent E. coli respectively according to the supplier’s
protocol. A single colony from each transformant was then used to inoculate a 5 mL
overnight culture. Each overnight culture was used to inoculate two 20 mL TB cultures
respectively using a 200 pL aliquot. When the O.D.s00 of the TB cultures reached 0.4, they
were then induced with IPTG at a working concentration of 1 uM. It should be noted that the
SHuffle cultures took significantly longer to reach the desired optical density than the
BL21(DE3)pLyS cultures, as expected from the supplier’s protocols. After induction, two
expression conditions were tested for each plasmid and bacterial strain: 24 hrs at 30 °C or 48
hrs at 18 °C. Once these conditions had been met, the culture was pelleted through
centrifugation for 15 min at 4000 rpm, 4 °C. Once the supernatant had been discarded, the

wet weight of the pellet was measured, and then the pellet was stored at -20 °C.

To lyse the cells, each pellet was defrosted on ice and then the cells resuspended and lysed
using BugBuster according to the supplier’s protocol. It should be noted that 25 U/mL of
benzonuclease was additionally used during this process. The soluble and insoluble protein
fractions for each sample were separated, and the insoluble fraction further washed according
to the BugBuster protocol. Following this, the resulting insoluble fraction pellets were

solubilized using 100 pL of solubilisation solution (8 M urea, 5 mM TCEP).

Peroxidase expression in both the soluble and insoluble protein fractions for each sample
were characterised through SDS-PAGE. For SDS-PAGE, 16% Tris-glycine gels
(ThermoFisher Novex) were used with PageRuler unstained broad range protein ladder
(ThermoFisher). Electrophoresis was run at 140 V for 60 min. Post this, gels were stained
using InstantBlue (Abcam) overnight. Soluble fractions were also characterised for
peroxidase activity using a colorimetric assay with 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS). The assay conditions for the colorimetric ABTS assay were 0.3 mM
ABTS (Sigma-Aldrich), 0.03% w/w H202 (Sigma-Aldrich), 1:10 dilution of sample and
assay buffer (50/100 mM citrate/phosphate, pH 4.5). Three replicates for each sample were
conducted, as well as three replicates of buffer as a negative control. After setting up the

assay in a clear 96 well plate (Costar Corning), the plate briefly centrifuged to mix and then
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incubated at room temperature for approximately 30 min. After incubation, the absorbance at

418 nm of each well in the plate was measured using a plate reader.

3.5.6 Modelling of 3D protein structures of Anc4, Anc7, Anc9 and Ancll and signal
peptide prediction
Models were created from the sequences of Anc4, Anc7, Anc9 and Ancll using the

webserver ColabFold*?

. Default settings were used, except the top five structures were
relaxed with Amber, and the pdb100 template mode was selected. Protein models were

viewed, and figures made in open source PyMol.

The sequences for Anc4, Anc7, Anc9 and Ancl1 were tested for containing a signal peptide

0700

using SignalP 6.0 with ‘eukaryotic’ prediction selected.

3.5.7 Expression and purification of Anc4, Anc7, Anc9 and Ancll

Plasmids containing the respective ancestral gene were transformed into SHuffle T7 Express
according to the supplier’s protocol. Transformants were used to inoculate an overnight
culture of 100 mL LB medium, which was incubated at 30 °C, 200 rpm shaking. A 10 mL
aliquot of overnight culture was then used to inoculate a 1 L culture of TB medium. This was
incubated at 30 °C, 200 rpm shaking until O.D.s00 reached 0.4, when protein expression was
induced through the addition of IPTG. Cultures were then incubated at 18 °C, 200 rpm for 48
hrs. After incubation, the culture was pelleted through centrifugation (4 °C, 5000 rpm, 15

min), the supernatant discarded, and the pellet collected and frozen at -20 °C.

For purification, cell pellets were defrosted on ice, then resuspended in Buffer A (50 mM
potassium phosphate, 300 mM sodium chloride, 20 mM imidazole, 2 mM calcium chloride,
5% v/v glycerol, pH 7.4) before being lysed by sonication. The lysate containing the soluble
protein fraction was then separated from the cell debris and insoluble protein through
centrifugation (4 °C, 18000 rpm, 60 min). The lysate was filtered through a 0.45 um filter
before being loaded onto a 5 mL HisTrap HP column (Cytiva). Protein bound to the column
was eluted with buffer B (50 mM potassium phosphate, 300 mM sodium chloride, 250 mM
imidazole, 2 mM calcium chloride, 5% v/v glycerol, pH 7.4) before being changed into
Buftfer C (50 mM potassium phosphate, 150 mM sodium chloride, 2 mM calcium chloride,
5% v/v glycerol, pH 7.4) using 5*5 mL HiTrap Desalting columns (Cytiva). The protein was
then further purified by size exclusion chromatography using a HiLoad 16/600 Superdex pg
(Cytiva) column and eluting with Buffer C. Fractions were tested for peroxidase activity

using the ABTS assay (0.3 mM ABTS [Sigma-Aldrich A1888], 0.03% w/w H>O» [Sigma-
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Aldrich H1009], 50 mM potassium phosphate (pH 6.0) buffer) and fraction protein content
was investigated through SDS-PAGE. Fractions with the highest peroxidase activity were
combined, concentrated using 10 kDa cutoft centrifuge filters, and concentration measured

using the BCA assay with bovine hemoglobin standards.

3.5.8 Absorbance spectrum and Reinheitszahl value of Anc4, Anc7, Anc9, Ancll and

commercial horseradish peroxidase

The absorbance spectrum from 200-800 nm of the selected ancestral proteins and commercial
horseradish peroxidase (Alfa Aesar/Thermo Scientific J60026.MC) was measured using a
CARY spectrophotometer at 60 nm/min with a 0.5 nm interval. Buffer signal was also
measured and subtracted from the respective protein signals. The Reinheitszahl value of the
selected ancestral proteins and HRP was calculated by dividing the absorbance at 403 nm by

the absorbance at 275 nm.

3.5.9 Circular dichroism of Anc4, Anc7, Anc9, Ancll and commercial horseradish

peroxidase

The selected ancestors were exchanged into diH>0O using 10 kDa cutoff centrifugal filters.
Concentration of the selected ancestors was then measured through the BCA assay as
previously and molecular weights of the selected ancestors were calculated using
ProtParam>**. The molecular weight of the commercial horseradish peroxidase was assumed
to be 44 kDa%"?. Throughout the CD experiments, a 10 mm pathlength quartz cuvette was
used. First, the spectrum of diH>O at 25 °C was measured from 190 — 280 nm at 5 nm/min
with 1 nm interval and 1 nm bandwidth to determine the baseline. Using the same conditions,
the spectrum of each selected ancestor and commercial HRP was then measured. Mean
residue ellipticity was calculated and secondary structure predicted by the CDSSTR,
SELCON and K2D methods through the DichroWeb server’*° using sets 4 or 7 when
appropriate. The prediction with the lowest NRMSD was selected as the ‘best’.

Thermal denaturation of each selected ancestor was measured from 205 nm to 225 nm from
25°Ct0 90 °C at 1 or 5 °C intervals. A sigmoidal curve was fitted to the data for each
wavelength respectively using the Curve Fitter app in Matlab and the transition point for each
wavelength calculated from the curve fit. The thermal transition unfolding temperature was
calculated by taking the mean of the transition points from each wavelength. Following this,
from the fitted sigmoidal curves the predicted constants for the maximum and minimum CD

signals at each wavelength were obtained and used to calculate the fraction of folded protein
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for each wavelength for each temperature. Subsequently, the mean fraction of folded protein
was calculated across the wavelengths for each temperature, omitting outliers (more than 3

median absolute deviations from the median).

3.5.10 Kinetics and activity assays of Anc4, Anc7, Anc9, Ancll and commercial

horseradish peroxidase using ABTS

Kinetics assays used excess 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
and H>O> such that the Michaelis-Menten model could be used as an estimate for kinetic
calculations. All assays were conducted in 50 mM potassium phosphate, pH 6.0 buffer and
had a working concentration of 0.03% w/w H20>. H2O2 was added immediately prior to
measurement because long incubation of peroxidases with H>O; can lead to their partial
inactivation. ABTS concentrations used were higher for Anc4, Anc7 and Anc9 and lower for
Ancll and HRP (Alfa Aesar/Thermo Scientific J60026.MC) based on their higher and lower
Kwm values respectively (data not shown). Enzyme concentration used was determined based
on experiments which showed if the linear response could be measured for the highest and
lowest ABTS concentration tested (data not shown). For Anc4 this was a working
concentration of 500 nM, for Anc7 2.5 uM, for Anc9 50 nM, for Anc11 500 nM and for the
commercial HRP this was 5 nM. During the kinetics assays, changes in absorbance at 415 nm
with 4 s intervals were monitored using a plate reader. This was converted into the
concentration of ABTS ™ product formed per second through the Beer-Lambert law assuming
a pathlength of 0.56 cm and extinction coefficient of 36000 M cm™ ™!, A custom Matlab
script was made to process the data and the Michaelis-Menten equation was used in the
Curve Fitter app of Matlab to predict the values of Km and vimax. The approximate percentage
of heme incorporation for each of the respective ancestors was calculated from a standard
curve of Rz vs. heme incorporation®®*#?, This was used to estimate the respective

concentrations of functional ancestor, which in turn was used to calculate kcac™.

Activity assay of each of the selected ancestral proteins and commercial HRP was conducted
using a working concentration of 60 mM ABTS, 0.03% w/w H20 and 5 nM of the respective
protein all in 50 mM potassium phosphate buffer, pH 6.0. Change in absorbance at 415 nm
with 4 s intervals was measured using a plate reader. Activity was calculated from the linear

response using the same constants as in the kinetics assays.
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3.5.11 Enzyme-mediated polymerisation of PNIPAm by Anc9 and commercial HRP
Poly(N-isopropylacrylamide) (PNIPAm) was prepared according to the formula in Table 3.3
below, which is adapted from the alginate/PNIPAm double network formulation of

Klemperer et al.>*!. Gels were stored in diH,O after formation.

Component Concentration
N-isopropylacrylamide 15% wt/wt
N,N'-Methylenebisacrylamide 7.5 mg/mL

D-glucose I mg/mL

glucose oxidase (type VII from Aspergillus | 0.5 mg/mL

niger)

HRP or Anc9 50 pg/mL or 110 pg/mL
acetylacetone 1% v/v

Table 3.3: Formulation for enzyme-mediated PNIPAm hydrogel

The thermosensitivity of the PNIPAm hydrogels was tested by measuring their contraction at
60 °C. Gels were dried on filter paper, before being weighed and transferred to 1 mL of
diH>O. Gels were then either incubated at 60 °C in a heat block, or at room temperature as a
control, for 30 min. Gels were then dried on filter paper and their weight measured again.
Finally, gels were dried in a drying oven overnight, and their dried weight measured the next
day. The weight ratio of the gels before and after incubation was calculated according to the

following formula:

Ws — W,
(de)swelling ratio (%) = STd x 100
d

Equation 3.1: where Wy is the weight of the hydrogel sample and Wis the weight of the dried hydrogel

The compressive strength of the PNIPAm hydrogels was characterised using an Starrett
FMS500 universal testing machine fitted with a 10 N compressive load cell. PNIPAm gels
were formed using custom 3D-printed cylindrical moulds with an inner height of 5 mm and
inner diameter of 10 mm. The height and diameter of the gels was measured using electronic
callipers. Compression was conducted with a speed of 1 mm/min. Data was analysed
assuming engineering strength and strain using a custom Python script. Tangential

compressive strength was calculated from the first and second linear parts of the curve.
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3.6 Supplementary information

Suppl. figure 3.1: Relative representation of land plant clades in the final class Il
peroxidase sequence set as compared to the organismal phylogeny. A negative percentage
difference indicates there is a lower proportion of clade sequences in the peroxidase set
compared to the organismal phylogeny and vice versa for a positive percentage difference.
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Suppl. table 3.1: List of sequence IDs post trimming of sequence set using CD-HIT

ID Main clade Sub clade Species

AO0A067FBN7 Eudicot Core rosids Citrus sinensis
AO0A067KDU9 Eudicot Core rosids Jatropha curcas
AO0A067L780 Eudicot Core rosids Jatropha curcas
AOA067LI86 Eudicot Core rosids Jatropha curcas
A0A068UP04 Eudicot Asterids Coffea canephora
AO0A087GQG4 Eudicot Core rosids Arabis alpina
AOAOAOKWW3 | Eudicot Core rosids Cucumis sativus
AOAOCO9RWS7 | Gymnosperm | Araucariales Wollemia nobilis
AOAOD2MVT2 Eudicot Core rosids Gossypium raimondii
AOAOD3E2V6 Eudicot Core rosids Brassica oleracea var. oleracea
AO0A0D6QT46 Gymnosperm | Araucariales Araucaria cunninghamii
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AO0AOD6R4B9
AO0A0J8BPV6
AO0AOKI9RGQ6
AOAOL9VDPO
AO0A0S3S4A2
A0A0S3S4B6
AO0A151RQY9
A0A164ZWV6
A0A199UT12
AO0A199UUS6
AO0A199VKNS
AOA199W3C6
AOATESWIN7
AOA1R3GSG1
AOA1TR3HRT4
AOATR3HRW9
A0A1S2Z154
AOA1S3BNG1
AO0A1S3E245
AOA1S3E376
AO0A1S3TC61
A0A1S3V148
AO0A1S3VGP7
AO0A1S3VKO04
AO0A1S3XRT6
AO0A1S3YJK7
A0A1U7X466
AO0A1U7Z6F6
AOATUBFYA1
A0A200QRH9
A0A251UQX4
A0A287KS33
A0A2G3BHR2
A0A2G9HZ15
A0A2H5PC80
AO0A2H5PC88
A0A2H5PC89
A0A2H5PCB9
AO0A2I0KYRS

Gymnosperm
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Monocot
Monocot
Monocot
Monocot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot

Araucariales
Caryophyllales
Caryophyllales
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Commelinids
Commelinids
Commelinids
Commelinids
Commelinids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Asterids
Asterids
Proteales
Asterids
Ranunculids
Asterids
Commelinids
Asterids
Asterids
Core rosids
Core rosids
Core rosids
Core rosids

Core rosids

Araucaria cunninghamii

Beta vulgaris
Spinacia oleracea
Phaseolus angularis
Phaseolus angularis
Phaseolus angularis
Cajanus cajan
Daucus carota
Ananas comosus
Ananas comosus
Ananas comosus

Ananas comosus

Dichanthelium oligosanthes

Corchorus olitorius
Corchorus capsularis
Corchorus capsularis
Cicer arietinum
Cucumis melo

Cicer arietinum

Cicer arietinum

Vigna radiata

Vigna radiata

Vigna radiata

Vigna radiata
Nicotiana tabacum
Nicotiana tabacum
Nicotiana sylvestris
Nelumbo nucifera
Capsicum annuum
Macleaya cordata
Helianthus annuus
Hordeum vulgare

Capsicum chinense

Handroanthus impetiginosus

Citrus unshiu
Citrus unshiu
Citrus unshiu
Citrus unshiu

Punica granatum



A0A2I0X575
A0A2I4FS82
A0A2I4FS99
A0A2I14H5W6
A0A2I4HS78
A0A2J6K2F9
AO0A2K1KX56
AO0A2K3L1L5
AO0A2PSBAI3
AOA2P5ECE®6
AOA2P5WSA1
AO0A2P5YGO01
AO0A2P6QG18
AO0A2P6QMU1
AOA2P6SLM3
A0A2R6P897
AO0A2T7C983
AOA2T7EZT3
A0A2Z7CUJ2
AO0A3S3P255
AOA3S3PQZ1
A0A443N798
A0A444FNK8
AO0A444FTW3
A0A444X1G0
A0A444ZDM4
A0A444ZDQ5
A0A445BMR3
A0A445DIS9
A0A445DIV1
A0A446QPC3
A0A452ZW37

A0A453BZ35

A0A4531JK6

A0A484K3I1
A0A498IGV2

Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Bryophyte
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Monocot
Monocot
Eudicot
Magnoliids
Magnoliids
Magnoliids
Monocot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Monocot

Monocot

Monocot

Monocot

Eudicot
Eudicot

Asparagales
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Mosses
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Commelinids
Commelinids
Asterids
Laurales
Laurales
Laurales
Commelinids
Commelinids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Commelinids

Commelinids

Commelinids

Commelinids

Asterids

Core rosids

Dendrobium catenatum
Juglans regia

Juglans regia

Juglans regia

Juglans regia

Lactuca sativa
Physcomitrium patens
Trifolium pratense

Trema orientale

Trema orientale
Gossypium barbadense
Gossypium barbadense
Rosa chinensis

Rosa chinensis

Rosa chinensis

Actinidia chinensis var. chinensis
Panicum hallii var. hallii
Panicum hallii var. hallii
Dorcoceras hygrometricum
Cinnamomum micranthum
Cinnamomum micranthum
Cinnamomum micranthum
Ensete ventricosum
Ensete ventricosum
Arachis hypogaea

Arachis hypogaea

Arachis hypogaea

Arachis hypogaea

Arachis hypogaea

Arachis hypogaea

Triticum turgidum subsp. Durum
Aegilops tauschii subsp
strangulata

Aegilops tauschii subsp
strangulata

Aegilops tauschii subsp
strangulata

Cuscuta campestris

Malus domestica
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A0A498K6B9
A0A498K8W0
A0A498K954
A0A4D8Y928
A0A4D8Z9M1
AO0A4P8JNH7
AOA4S4ETGS
AO0A4S8IN62
AO0A4S8IW54
AO0A4S8JBP1
AOA4S8KA43
AO0A4U6T1Y7
AO0A4U6TAS82
AOA4Y7TKWGO
AOA4YT7LG51
AO0A540LHP9
AO0A565CIGY9
AOAS5A7SKP8
AO0A5B6UNN7
AO0A5B6VHL9
AO0A5C7HJB2
AOA5C7HRP9
AO0A5C71G44
AO0A5C7IV37
AO0A5C7IX76
A0A5J4ZJ22
AO0A5J5BWC5
A0A5J5C6V6
A0A5J9V7M5
A0A5J9WHRO
AO0A5NS5P1B1
AOA5N6L6C2
AO0A5P1EUX1
AO0AG60KKX8
AO0AGA3CD50
AO0AGAS5P0D9
AOAGAG6MRF6
AO0AGI9RJ83
AO0AGI9RNO5

Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Bryophyte
Eudicot
Monocot
Monocot
Monocot
Monocot
Monocot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Monocot
Monocot
Eudicot
Eudicot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Monocot

Monocot

Core rosids
Core rosids
Core rosids
Asterids
Asterids
Mosses
Asterids
Commelinids
Commelinids
Commelinids
Commelinids
Commelinids
Commelinids
Ranunculids
Ranunculids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Asterids
Asterids
Commelinids
Commelinids
Core rosids
Core rosids
Asparagales
Core rosids
Core rosids
Core rosids
Core rosids
Commelinids

Commelinids

Malus domestica
Malus domestica
Malus domestica
Salvia splendens
Salvia splendens
Pohlia nutans
Camellia sinensis
Musa balbisiana
Musa balbisiana
Musa balbisiana
Musa balbisiana
Setaria viridis
Setaria viridis
Papaver somniferum
Papaver somniferum
Malus baccata
Arabis nemorensis
Cucumis melo
Gossypium australe
Gossypium australe
Acer yangbiense
Acer yangbiense
Acer yangbiense
Acer yangbiense
Acer yangbiense
Nyssa sinensis
Nyssa sinensis
Nyssa sinensis
Eragrostis curvula
Eragrostis curvula
Salix brachista
Carpinus fangiana
Asparagus officinalis
Carpinus fangiana
Hibiscus syriacus
Lupinus albus
Hevea brasiliensis
Elaeis guineensis

Elaeis guineensis
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A0AGI9S386
A0AGI9S9K4
A0AGI9OSVI8
A0AGJOZTD6
AO0AGJOZVLS
A0AGJ1DIP9
A0AG6J1DJS5
AO0AG6J1DLR6
A0AG6J111V1
A0AG6J1J318
AOAGJSWT12
A0AG6J5XFKO
AOA6P3ZQT77
AOAG6P3ZTV3
AO0AG6P4ATK4
AO0A6P4D4Q3
AO0AGP4E0H2
AOA6P5SX62
A0AG6P6G281
A0AGP6S8Q1
AO0A7J6X8Q5
AOA7J7CNR9
AO0A7J7CTD7
AO0A7J7DR46
AO0A7J7L9C9
AO0A7J7P3NO
A0A7J8XWZ9
AO0A7J9HLZ5
AOA7NOTHG3
AO0A7N2KLKS8
AO0A7N2KLM6
AO0A803L6Y2
AO0A804HN12
A0A804HUG2
A0A804HV05
A0A8041645
A0A804JFNO
A0A804JUK9
A9PD65

Monocot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Monocot
Monocot
Monocot
Monocot
Monocot
Monocot
Eudicot

Commelinids
Commelinids
Asterids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Ranunculids
Core rosids
Core rosids
Core rosids
Ranunculids
Ranunculids
Core rosids
Core rosids
Saxifragales
Core rosids
Core rosids
Caryophyllales
Commelinids
Commelinids
Commelinids
Commelinids
Commelinids
Commelinids

Core rosids

Elaeis guineensis
Elaeis guineensis
Sesamum indicum
Herrania umbratica
Herrania umbratica
Momordica charantia
Momordica charantia
Momordica charantia
Cucurbita maxima
Cucurbita maxima
Prunus armeniaca
Prunus armeniaca
Ziziphus jujuba
Ziziphus jujuba
Ziziphus jujuba
Arachis duranensis
Arachis duranensis
Prunus avium
Ziziphus jujuba
Coffea arabica
Thalictrum thalictroides
Tripterygium wilfordii
Tripterygium wilfordii
Tripterygium wilfordii
Kingdonia uniflora
Kingdonia uniflora
Gossypium aridum
Gossypium harknessii
Kalanchoe fedtschenkoi
Quercus lobata
Quercus lobata
Chenopodium quinoa
Musa acuminata
Musa acuminata
Musa acuminata
Musa acuminata
Musa acuminata
Musa acuminata

Populus trichocarpa
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AcoPrx85
AfiliPrx01
AfiliPrx02
AfiliPrx05
AfiliPrx06
AfpPrx06

AncPrx01
AruPrx01-1
AruPrx22
AtPrx36
AtrPrx08
AtrPrx27
AtrPrx48
B9GYK2
BdiPrx19
BrPrx23-
1Aa_other
BvPrx21
CcampPrx73
CclPrx111
CclPrx30
CmichPrx01

CpapPrx05
CpapPrx06
CroPrx19
CroPrx22
CsaPrx57
CsPrx58
D7LB84
D8RT10
D8S6M6
EcamPrx53
EferPrx127
EferPrx131
EferPrx31
EglPrx137
EgrPrx191

Eudicot
Fern
Fern
Fern
Fern
Eudicot

Monocot
Eudicot
Eudicot
Eudicot
ANA grade
ANA grade
ANA grade
Eudicot
Monocot
Eudicot

Eudicot
Eudicot
Eudicot
Eudicot

Gymnosperm

Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Lycophyte
Lycophyte
Eudicot
ANA grade
ANA grade
ANA grade
Eudicot
Eudicot

Ranunculids
Polypodiidae
Polypodiidae
Polypodiidae
Polypodiidae

Ranunculids

Commelinids
Core rosids
Core rosids
Core rosids
Amborellales
Amborellales
Amborellales
Core rosids
Commelinids

Core rosids

Caryophyllales

Asterids

Core rosids
Core rosids
Cycads and
gingko

Core rosids
Core rosids
Asterids
Asterids

Core rosids
Core rosids
Core rosids
Selaginellales
Selaginellales
Core rosids
Nymphaeles
Nymphaeles
Nymphaeles
Core rosids

Core rosids

Aquilegia coerulea
Azolla filiculoides
Azolla filiculoides
Azolla filiculoides

Azolla filiculoides

Aquilegia 141ormosa x Aquilegia

pubescens

Ananas comosus
Armoricana rustica
Armoricana rustica
Arabidopsis thaliana
Amborella trichopoda
Amborella trichopoda
Amborella trichopoda
Populus trichocarpa
Brachypodium distachyon

Brassica rapa

Beta vulgaris
Cuscuta campestris
Citrus clementina
Citrus clementina

Cycas micholitzii

Carica papaya

Carica papaya
Catharanthus roseus
Catharanthus roseus
Cucumis sativus

Citrus sinensis
Arabidopsis lyrata
Selaginella moellendorffii
Selaginella moellendorffii
Eucalyptus camaldulensis
Euryale ferox

Euryale ferox

Euryale ferox

Eucalyptus globulus
Eucalyptus grandis
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EguPrx55
FcPrx01
GbPrx07

GbPrx10

GbPrx14

GbPrx32

GbPrx42

GbPrx46

GbPrx52

GbPrx54

GbPrx56

GbPrx59

GbPrx63

GmPrx19
GmPrx262
GmPrx273
GmPrx57
HaPrx101
HaPrx31
HbPrx01
HvPrx17
laquPrx06
laquPrx55
laquPrx57
InPrx36
InPrx47
InPrx55
J3LLQ6

Eudicot
Eudicot

Gymnosperm

Gymnosperm

Gymnosperm

Gymnosperm

Gymnosperm

Gymnosperm

Gymnosperm

Gymnosperm

Gymnosperm

Gymnosperm

Gymnosperm

Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot

Monocot

Core rosids
Core rosids
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Cycads and
gingko
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Asterids
Core rosids
Commelinids
Asterids
Asterids
Asterids
Asterids
Asterids
Asterids

Commelinids

Eucalyptus gunnii
Ficus carica

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Ginkgo biloba

Glycine max
Glycine max
Glycine max
Glycine max
Helianthus annuus
Helianthus annuus
Hevea brasiliensis
Hordeum vulgare
Ipomoea aquatica
Ipomoea aquatica
Ipomoea aquatica
Ipomoea nil
Ipomoea nil
Ipomoea nil

Oryza brachyantha
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KfedPrx06
KfedPrx38
KfedPrx58
KfedPrx60
LaPrx01
LaPrx03
LcPrx02
LePrx05
LePrx28
LePrx35
LjPrx26

LjPrx47

LperPrx22
LuPrx148
LuPrx21
LuPrx42
LuPrx43
M1BAK2
M5B2X1
M7ZJD9
M7ZJS0
MePrx07
MePrx135
MePrx16
MePrx57
MguPrx101
MguPrx17
MguPrx86
MpalPrx27
MpalPrx94
MpPrx179
MsPrx03
MtPrx17
MtPrx23
MtPrx30
MtPrx35
MtPrx37

Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot

Eudicot

Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot

Gymnosperm

Monocot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Bryophyte
Bryophyte
Bryophyte
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot

Saxifragales
Saxifragales
Saxifragales
Saxifragales
Core rosids
Core rosids
Core rosids
Asterids
Asterids
Asterids

Core rosids

Core rosids

Asterids
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Cupressales
Commelinids
Commelinids
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Asterids
Asterids
Liverworts
Liverworts
Liverworts
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids

Core rosids

Kalanchoe fedtschenkoi
Kalanchoe fedtschenkoi
Kalanchoe fedtschenkoi
Kalanchoe fedtschenkoi
Lupinus albus

Lupinus albus

Litchi chinensis
Lycopersicon esculentum
Lycopersicon esculentum
Lycopersicon esculentum
Lotus japonicus (corniculatus var
Japonicus)

Lotus japonicus (corniculatus var
Japonicus)

Lactuca perennis

Linum usitatissimum
Linum usitatissimum
Linum usitatissimum
Linum usitatissimum
Solanum tuberosum
Chamaecyparis obtusa
Triticum urartu

Triticum urartu

Manihot esculenta
Manihot esculenta
Manihot esculenta
Manihot esculenta
Mimulus guttatus
Mimulus guttatus
Mimulus guttatus
Marchantia paleacea
Marchantia paleacea
Marchantia polymorpha
Medicago sativa
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula

Medicago truncatula
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MtPrx71
NnPrx41
NnPrx54
NnPrx55
NnPrx84
NtPrx30-1A
OsPrx39

PabPrx05
PabPrx163
PabPrx164
PabPrx188
PabPrx40
PpePrx22
PpePrx79
PsPrx13
PsPrx14
PtaPrx125
PtaPrx137
PtaPrx144
PtaPrx20
PtaPrx33
PtaPrx66
PtaPrx68
PtaPrx83
PtPrx100
PtPrx101
PtPrx102
RcPrx16
RcPrx27
RsPrx01
SaPrx07
SaPrx58
ScucPrx01
ShPrx06-1B
SmPrx07-2_11

SmPrx31-2_131
SmPrx33-1_84
SmPrx34-1_84

Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot

Monocot

Gymnosperm
Gymnosperm
Gymnosperm
Gymnosperm
Gymnosperm
Eudicot
Eudicot
Eudicot
Eudicot
Gymnosperm
Gymnosperm
Gymnosperm
Gymnosperm
Gymnosperm
Gymnosperm
Gymnosperm
Gymnosperm
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot

Fern

Eudicot
Lycophyte
Lycophyte
Lycophyte
Lycophyte

Core rosids
Proteales
Proteales
Proteales
Proteales
Asterids

Commelinids

Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Core rosids
Core rosids
Core rosids
Core rosids
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Asterids
Asterids
Polypodiidae
Core rosids
Selaginellales
Selaginellales
Selaginellales

Selaginellales

Medicago truncatula
Nelumbo nucifera
Nelumbo nucifera
Nelumbo nucifera
Nelumbo nucifera
Nicotiana tabacum
Oryza sativa ssp 144ormosa144
cv Nipponbare

Picea abies

Picea abies

Picea abies

Picea abies

Picea abies

Prunus persica

Prunus persica

Pisum sativum

Pisum sativum

Pinus taeda

Pinus taeda

Pinus taeda

Pinus taeda

Pinus taeda

Pinus taeda

Pinus taeda

Pinus taeda

Populus trichocarpa
Populus trichocarpa
Populus trichocarpa
Ricinus communis
Ricinus communis
Raphanus sativus

Striga asiatica

Striga asiatica

Salvinia cucullata
Stylosanthes humilis
Selaginella moellendorffii
Selaginella moellendorffii
Selaginella moellendorffii

Selaginella moellendorffii
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SmPrx36-2_44
SmPrx37-2_44
SmPrx50-1_126
SmPrx56-2_33
SmPrx75-2_233

SoPrx15
SpolPrx22
ThasPrx11
ThasPrx17
ThasPrx31
ThasPrx36
ThasPrx49
ThasPrx60
ThasPrx69
TsPrx59
VVvPrx17
VvPrx34
VVvPrx36
woQDB2
WIRTT4
W9S432
WOISE23
WmPrx08
ZmaPrx47
ZmPrx31

Lycophyte
Lycophyte
Lycophyte
Lycophyte
Lycophyte
Eudicot
Monocot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot
Eudicot

Gymnosperm

Monocot

Monocot

Selaginellales
Selaginellales
Selaginellales
Selaginellales
Selaginellales
Caryophyllales
Alismatales
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Core rosids
Gnetales
Alismatales

Commelinids

Selaginella moellendorffii
Selaginella moellendorffii
Selaginella moellendorffii
Selaginella moellendorffii

Selaginella moellendorffii

Spinacia oleracea
Spirodela polyrhiza
Tarenaya hassleriana
Tarenaya hassleriana
Tarenaya hassleriana
Tarenaya hassleriana
Tarenaya hassleriana
Tarenaya hassleriana

Tarenaya hassleriana

Thellungiella salsuginea

Vitis vinifera

Vitis vinifera

Vitis vinifera

Morus notabilis
Morus notabilis
Morus notabilis
Morus notabilis
Welwitschia mirabilis
Zostera marina

Zea mays
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Suppl. figure 3.2: BAIi-Phy MSA. Different colours represent different amino acids. Arrows
indicate some sections where MSA failed to align conserved residues for some sequences.
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Suppl. figure 3.3: Clustal Omega MSA. Different colours represent different amino acids.
Arrows indicate some sections where MSA failed to align conserved residues for some

sequences.
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Suppl. figure 3.4: DialignTX MSA. Different colours represent different amino acids. Arrows
indicate some sections where MSA failed to align conserved residues for some sequences.

100 s00 700 1300 2100

Suppl. figure 3.5: Combined MSA. Different colours represent different amino acids. Arrows
indicate some sections where MSA aligned conserved residues. On the bottom right is an
indication of a section where the MSA contained no residues in any of the columns, likely
due to indel handling issues.
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Suppl. figure 3.6: ProbCons MSA. Different colours represent different amino acids. Arrows
indicate some sections where MSA aligned conserved residues.

T

Suppl. figure 3.7: MAFFT DASH MSA. Different colours represent different amino acids.
Arrows indicate some sections where MSA aligned conserved residues.
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Suppl. table 3.2: List of IDs of the sequences removed during phylogeny construction.

MAFFT DASH-based

ProbCons-based

ID

a0a0c9rws7

AOAOD6QT4
6
AOAOD6R4B
9
AO0A164ZW
V6
AO0A214FS82

AO0A214FS99

AOA4Y7TKW
GO

AOAS5B6UN
N7
AOAS5C7HR
P9
AOAS5N6L6C
2
AOAG6A3CD5
0
AOAG6I9RJ83

AOAG6P4ATK
4
AOAG6P4D4Q
3

Clade

gymnosper

m

gymnosper

m

gymnosper

m

asterid

core rosid

core rosid

ranunculid

core rosid

core rosid

core rosid

core rosid

monocot

commelinid

core rosid

core rosid

Species of
origin

Wollemia nobilis

Araucaria
cunninghamii
Araucaria
cunninghamii

Daucus carota

Juglans regia

Juglans regia

Papaver

somniferum
Gossypium
australe

Acer yangbiense
Carpinus
fangiana
Hibiscus syriacus
Elaeis guineensis

Ziziphus jujuba

Arachis

duranensis

ID

AOAODBQT
46

AOA1S3TC
61
AOA1U7Z6F
6
AOA214FS8
2
AOA214HS7
8
AOA5B6UN
N7
AOASCT7HJ
B2

AOA5NG6L6
C2
AOAB60KK
X8
AOAGI9RJ8
3
AOA619S38
6
AOABI9S9K
4

AtPrx36

BvPrx21

Clade

gymnosper
m
(araucaliale
s)

core rosid

proteales

core rosid

core rosid

core rosid

core rosid

core rosid

core rosid

monocot
commelinid
monocot
commelinid
monocot
commelinid

core rosid

caryophyall

es

Species of
origin
Araucaria
cunningha

mii

Vigna
radiata
Nelumbo
nucifera
juglans
regia
juglans
regia
Gossypium
australe
Acer
yangbiens
e

Carpinus
fangiana
Carpinus
fangiana
Elaeis
guineensis
Elaeis
guineensis
Elaeis
guineensis
Arabidopsi
S thaliana
Beta

vulgaris
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AOA7J7CNR
9
AO0A7J7CTD
7
AO0A7J8XW
29

A9PD65

AfpPrx06

AtPrx36

AtrPrx08

AtrPrx48

B9GYK2
BvPrx21

CclPrx30
CpapPrx05
CpapPrx06
EferPrx131
EferPrx31
EglPrx137
EgrPrx191
GbPrx63

HaPrx101
KfedPrx38
KfedPrx58
M5B2X1

core rosid

core rosid

core rosid

core rosid

ranunculid

core rosid

ANA grade

ANA grade

core rosid
caryophyllal
es

core rosid
core rosid
core rosid
ANA grade
ANA grade
core rosid
core rosid
gymnosper
m

asterid
saxifragales
saxifragales
gymnosper

m

Tripterygium CclPrx111 core rosid
wilfordii

Tripterygium GbPrx63 gymnosper
wilfordlii m
Gossypium KfedPrx38 | saxifragale
aridum S

Populus PabPrx164 | gymnosper
trichocarpa m
Aquilegia ThasPrx60 | core rosid
150ormosa x

Aquilegia

pubescens

Arabidopsis VVPrx17 core rosid
thaliana

Amborella VvPrx34 core rosid
trichopoda

Amborella WORTT4 core rosid
trichopoda

Populus trichocarpa

Beta vulgaris

Citrus clementina
Carica papaya
Carica papaya
Euryale ferox
Euryale ferox
Eucalyptus globulus
Eucalyptus grandis
Ginkgo biloba

Helianthus annuus
Kalanchoe fedtschenkoi
Kalanchoe fedtschenkoi

Chamaecyparis obtusa

Citrus
clementina
Gingko
biloba
Kalanchoe
fedtschenk
oi

Picea
abies
Tarenaya
hasslerian

a

Vitis
vinifera
Vitis
vinifera
Morus

notabilis
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PpePrx22
RcPrx16
SmPrx07-
2.1
SmPrx75-
2_233
ThasPrx60
VVvPrx17
VvPrx34
woQDB2

core rosid
core rosid

lycophyte

lycophyte

core rosid
core rosid
core rosid

core rosid

Prunus persica
Ricinus communis

Selaginella moellendorffii

Selaginella moellendorffii

Tarenaya hassleriana
Vinis vitifera
Vitis vinifera

Morus notabilis

Suppl. table 3.3: Models used during the final set of phylogeny construction as predicted by
the corrected Akaike information criterion in ModelFinder'®,

MAFFT DASH-based

ProbCons-based

Phylogeny

number

© 0 N OO O A O N =

-
o

Model

WAG+F+I+[+R8
WAG+F+I+[+R8
WAG+F+|+I+R10
WAG+F+R9
WAG+F+|+I+R10
WAG+F+I+I+R8
WAG+F+I+[+R8
WAG+F+I+I+R10
WAG+F+I+[+R8
WAG+F+I+I+R8

Phylogeny Model
number

VT+R10
VT+R10
VT+I+I1+R9
VT+I+I1+R8
VT+R10
VT+I+1+R10
VT+I+I+R10
VT+I+I+R10
VT+R10
VT+I+1+R10

O © 00 N O O] o W N -

BN
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Suppl. figure 3.8: Mean UFBoot and SH-aLRT values for each of the 10 phylogenies
reconstructed during A) MAFFT DASH MSA-based process and B) ProbCons MSA-based
process respectivelv.
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Suppl. figure 3.9: Percentage of nodes with high support values per UFBoot (>95) or SH-aLRT
(>80) for each of the 10 phylogenies reconstructed during A) MAFFT DASH MSA-based
process and B) ProbCons MSA-based process respectivelv.
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Suppl. figure 3.10: Comparison of the log likelihoods of the ML trees for the MAFFT DASH
MSA-based phylogeny reconstruction. Error bars represent standard error.

0 _><104

Log Likelihood
[e)]

-10

'12 T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10
Tree Number

Suppl. figure 3.11: Comparison of the log likelihoods of the ML trees for the ProbCons
MSA-based phylogeny reconstruction. Error bars represent standard error.
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Suppl. figure 3.12: Network diagrams representing the weighted Robinson-Foulds distance
between the final 10 phylogenies, where distance (d) is shown as different coloured edges.

A) 10 final phylogenies based on the MAFFT DASH MSA. B) 10 final phylogenies based on
the ProbCons MSA.

Suppl. table 3.4: Pairwise tree distance metrics for MAFFT DASH-based phylogenies in
final set of 10.

Tree1l | Tree2 | RFWeighted | Quartet Path RF(0.5) | Matching | Matching | UMAST | GeoUnrooted
(0.5) Difference Triplet Split
1 2 2.2 | 1509187 350 30 167352 310 25 0.55
1 3 2.8 | 1460706 279 35 141780 201 22 0.66
1 4 3.0 | 20456041 739 31 650149 426 39 0.75
1 5 3.1 1267438 229 31 136288 107 21 0.59
1 6 26 | 1412597 213 32 140638 157 24 0.63
1 7 1.8 | 1245664 219 23 117022 172 14 0.50
1 8 1.4 211780 113 15 35930 35 8 0.40
1 9 2.2 | 1302672 326 25 135898 287 15 0.58
1 10 25 | 1288642 273 33 134194 121 27 0.60
2 3 2.0 339983 232 21 58772 159 15 0.52
2 4 2.6 | 19608342 794 28 571129 398 34 0.72
2 5 29 | 1028666 334 25 135797 291 22 0.53
2 6 2.0 | 2246818 431 22 216908 369 26 0.53
2 7 0.8 264085 211 9 51444 144 13 0.26
2 8 1.8 | 1304605 336 20 134193 285 20 0.42
2 9 0.8 208197 182 9 32572 51 12 0.37
2 10 2.0 | 1014561 327 24 137286 289 17 0.50
3 4 3.5 | 19623244 757 36 575916 357 38 0.84
3 5 2.8 931301 234 27 96803 174 15 0.60
3 6 24 | 2279270 332 28 204513 266 22 0.62
3 7 1.7 220799 185 18 25623 55 10 0.50
3 8 21 1256915 259 28 108368 172 16 0.59
3 9 2.2 277807 240 20 45055 168 11 0.59
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3 10 2.8 1201810 299 35 146022 218 23 0.66
4 5 4.0 | 20141279 735 36 637101 447 46 0.80
4 6 3.3 | 21260507 789 34 728488 523 46 0.81
4 7 2.4 | 19567335 753 24 570259 326 35 0.70
4 8 2.9 | 20347463 736 29 636170 419 41 0.74
4 9 2.7 | 19534631 805 25 555375 383 34 0.76
4 10 3.6 | 20375673 743 39 676995 471 46 0.81
5 6 3.0 1560393 249 27 160677 168 24 0.56
5 7 2.7 910598 245 23 103122 191 18 0.50
5 8 24 1065096 212 25 104661 90 19 0.51
5 9 3.1 967606 351 25 122108 304 19 0.59
5 10 1.9 273865 180 13 51182 62 12 0.38
6 7 1.7 | 2066755 288 19 183896 245 20 0.50
6 8 1.9 1203611 184 21 106937 128 18 0.52
6 9 2.1 2123763 402 21 202497 352 21 0.58
6 10 22 1665963 296 27 177207 174 24 0.54
7 8 1.3 1042198 197 14 84439 149 10 0.35
7 9 0.7 57570 147 4 19996 119 3 0.33
7 10 2.0 1109856 295 25 138078 201 24 0.51
8 9 1.7 1099206 313 16 103341 264 1" 0.47
8 10 1.9 1262118 259 24 137557 104 23 0.49
9 10 24 1166864 395 27 157059 312 25 0.59

Suppl. table 3.5: Pairwise tree distance metrics for ProbCons-based phylogenies in final set

of 10.
RefTree | Tree | RFWeighted | Quartet Path RF(0.5) | Matching | Matching | UMAST | GeoUnrooted
(0.5) Difference Triplet Split
1 5 3.8797 738250 358.6419 34 115315 189 33 0.9035
1 6 4.8071 1955768 318.8354 26 101638 197 21 0.9622
1 3 5.1632 763825 357.4717 33 103577 155 23 1.1139
1 2 5.973 6547841 395.0924 42 343351 232 40 1.2869
1 10 7.9277 3206092 448.7783 43 138789 244 26 1.4889
1 9 8.4703 | 42695942 711.1863 61 1393895 742 100 1.549
1 8 9.2068 | 8152269 468.647 61 364650 370 53 1.6727
1 4 9.5004 | 38320674 604.685 48 | 1266274 672 89 1.5753
1 7 10.861 | 14333776 671.8988 70 597332 554 66 1.9245
2 3 5.5124 | 5954856 218.055 25 266571 127 21 1.2088
2 5 5.6947 | 6538385 347.5917 43 330943 203 34 1.3165
2 6 7.7292 7954664 318.4839 50 370500 281 40 1.3778
2 8 8.1484 | 6157514 365.1712 56 329391 274 51 1.5174
2 9 9.332 | 37654424 664.3147 66 | 1206933 650 85 1.7651
2 7 10.6224 8678294 548.9135 70 405147 472 61 1.814
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10.6923
10.7293
4.429
6.3246
6.9578
7.7033
8.9254
9.5233
10.2297
7.0479
7.8033
9.3408
10.4173

0
4
6
5
8
0
4
7
9
6
0
8
7
5 10.5883
9 11.1196
6 5.7356
9 7.4708
8 8.3588
0 9.0635
7 12.2716
0 6.4315
8 8.5299
9 8.6231
7 10.5838
8 9.3264
9 10.9743
0 12.2576
9 9.4922
10 10.6303

© 0| 0 N N N o o o o g o o g o » »p D DB DDA W WO W W W WNDN

10 10.9802

9321564
36965602
2162716
912369
7708647
3611610
38553473
14066804
42864336
37751836
37771720
32554572
38260704
38556148
23196250
2157042
42179311
7769259
3442446
14684279
4498252
9426029
41854238
15715214
7695357
37195460
16099050
37372126
9895841
43121216

488.9581
586.0512
276.2535
348.9842
369.3102
489.6162
595.1353
552.6427
718.3913
478.3472
571.8496
575.8941
790.8856
618.2912
579.8327
329.8333
647.6836
375.6115
463.0421
662.4983
376.9138
404.8975
629.9254
635.8978

568.695
847.2981
754.9874
638.2241
552.9032
602.0166

65
64
37
43
49
53
59
64
69
37
44
59
67
57
59
33
48
52
52
82
37
55
51
71
69
78
77
64
67
61

429604
1315875
130381
126944
325803
184674
1296997
582056
1416265
1216346
1258549
1181033
1302674
1312058
758111
136849
1328166
315011
176029
655452
150075
367726
1368613
615128
427143
1299031
655760
1233437
410969
1401535

352
645
204
176
317
271
682
489
739
510
579
573
769
684
497
208
645
307
273
591
117
364
617
549
487
789
608
638
437
638

48
94
24
27
45
30
93
64
95
74
81
94
110
91
75
29
82
47
35
81
18
53
92
65
62
107
69
89
62
95

1.7837
1.6191
1.1258
1.2695
1.3926
1.5955
1.6059
1.7654

1.778
1.4319
1.7069
1.5763

1.677
1.6877
1.7525
1.1228
1.5119
1.6065
1.6152
2.0221
1.5392
1.6396
1.5646
1.8757
1.6595
1.8826
2.0596
1.7197
1.8541
1.8398

Suppl. table 3.6: Comparison of UltraFast Bootstrap and SH-approximate likelihood ratio

test values for the final selected ProbCons-based phylogeny and MAFFT DASH-based

phylogeny respectively

ProbCons- MAFFT DASH-

based final based final

phylogeny phylogeny
Ufbootstrap mean | 90.68 91.02
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SH-aLRT mean

aBayes mean

81.53

0.9449

% branches with 62%

very good

Ufbootstrap (>95)
% branches with | 84%
good Ufbootstrap

(>80)

% branches with 74%

very good SH-
aLRT (>80)

% branches with 79%

very good
aBayes (>0.95)

82.89

0.9503

69%

82%

74%

80%

Suppl. table 3.7: Comparison of taxa and Robinsin Foulds weighted distance between the
final selected MAFFT DASH-based and ProbCons-based phylogenies.

Mafft dash Tree

Probcons Tree

Taxa

taxa

Common taxa

Robinsin
Foulds
weighted

distance

305

284

263

33.3 (cf. 1-10 for
very similar

trees)

Suppl. table 3.8: Statistical supports for ancestors along the horseradish peroxidase lineage

Node number | Average ML node SH- node
reconstruction  aLRT Ufboot
posterior
probability

285 (Anc1) 0.840 | N/A N/A
(unrooted) | (unrooted)
286 (Anc2) 0.837 96.4 100
287 0.870 59.2 99
288 0.884 72.9 99
289 (Anc3) 0.919 86.4 93
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290
291 (Anc4)
292 (Ancb)
293 (Ancb)
294
295
296
297
298
299
300 (Anc7)
301
302 (Anc8)
303
304 (Anc9)
305
306
307 (Anc10)
308 (Anc11)
309 (Anc12)
310
311 (Anc13)
312
313
314
315 (Anc15)

0.919
0.915
0.948
0.960
0.965
0.972
0.978
0.981
0.974
0.974
0.970
0.965
0.957
0.957
0.975
0.977
0.977
0.978
0.970
0.954
0.947
0.957
0.951
0.944
0.953
0.969

52.9
92.6
99.9
92
72
81.8
88.4
76.7
92.2
90.4
88.8
91.6
87.7
98.4
97.1
71
92.2
88.7
85.2
93.3
100
84.1
96.4
97.7
78.3
99.7

82
98
100
94
90
68
75
64
78
70
98
83
95
99
99
89
98
98
95
99
100
100
100
100
100
100
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Suppl. figure 3.13: Maximum a posteriori ancestral sequences (MAFFT DASH-based
reconstruction). Different colours represent different amino acids. On the right is shown a
section with arrows indicating key functional peroxidase residues which are highly conserved
in extant sequences.
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Suppl. figure 3.14: The number of potential sites of N-linked glycosylation (Asn-X-Ser/Thr
motif’43744) for the selected ancestors. Note that HRP C1A has 9 potential N-linked
glycosylation sites, but only 8 are actually glycosylated in vivo®®, so it is shown as having 8
sites.
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Suppl. figure 3.15: The thermal unfolding transition temperature of the selected ancestral
peroxidases (Anc4, 7, 9, 11) correlates relatively strongly with expression yield (p = 0.84),
but only weakly with relative ancestral age (p = 0.27).
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Suppl. figure 3.16: The ancestral peroxidase sequences contain cysteines at homologous
positions to those known to form disulfide bonds in extant class Ill peroxidase members.
Homologous cysteine positions are shown by the arrows.
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Suppl. figure 3.17: SDS-PAGE of the soluble lysate fraction during expression trial for the
selected ancestral peroxidases in SHuffle T7 Express. Arrow indicates bands of ~35 kDa,
which is the expected molecular weight of the ancestral peroxidases. While many of the
ancestors have a band of this molecular weight, there is no clear overexpression. Ancestors
are number by their position, with 291 being Anc4, 300 being Anc7, 304 being Anc9 and 308
being Anc11.
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Suppl. figure 3.18: SDS-PAGE of the insoluble lysate fraction during expression trial for the
selected ancestral peroxidases in SHuffle T7 Express. Arrow indicates bands of ~35 kDa,
which is the expected molecular weight of the ancestral peroxidases. Some ancestors
appear to have relatively large bands at this molecular weight, indicating relatively high
amounts of insoluble expression. Ancestors are number by their position, with 291 being
Anc4, 300 being Anc7, 304 being Anc9 and 308 being Anc11.
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Suppl. table 3.9: RMSD values between predicted structures for the selected ancestors and

the experimentally-determined structure for horseradish peroxidase (HRP) C1A (PDB:
1HCH). RMSD values were calculated using PyMol

RMSD (A)
Anc4 | HRP (C1A) 0.617
Anc7 | HRP (C1A) 0.55
Anc9 | HRP (C1A) 0.684
Anc11 | HRP (C1A) 0.641
Anc4 | Anc11 0.276
Anc7 | Anci11 0.212
Anc9 | Anci11 0.098
Anc4 | Anc9 0.29
Anc7 | Anc9 0.2
Anc4 | Anc7 0.243

Suppl. figure 3.19: Surfaces of the predicted structures of A) Anc4, B) Anc7, C) Anc9, D)
Anc11 and the experimentally determined structure of E) HRP C1A (PDB: 1HCH). The
middle ‘pocket’ of each structure likely is the substrate access and product egress to the

catalytic iron-heme centre.
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Suppl. table 3.10: Prediction of the probability that the sequences for Anc4, Anc7, Anc9 and
Anc11 contain a signal peptide using SignalP 6.0

signal peptide cleavage probability of cleavage
probability (Sec/SPI) | site position | site position

Anc4 0.999802 | 25-26 0.9796
Anc7 0.999773 | 25-26 9.9768
Anc9 0.999794 | 25-26 0.9834
Anc11 0.999785 | 25-26 0.9825

Suppl. figure 3.20: Sequences of the predicted signal peptide regions of Anc4, Anc7, Anc9
and Anc11.
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Suppl. figure 3.21: SDS-PAGE of purified Anc4, Anc7, Anc9 and Anc11. There is a band
present at the expected molecular weight of ~36 kDa for each ancestor.
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Suppl. figure 3.22: Absorbance spectra of Anc4, Anc7, Anc9 and Anc11 from 200-800 nm.
Measured with a concentration of 2.3 mg/mL for Anc4, 1.9 mg/mL for Anc7, 0.18 mg/mL for
Anc9 and 0.75 mg/mL for Anc11.
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Suppl. figure 3.23: A) A high concentration of ABTS and low enzyme concentrations were
used to determine the initial linear response of ABTS radical product increase over time in 50
mM potassium phosphate buffer, pH 6.0 at 25 °C. Error bars represent S.E.M. of 3
replicates. B) The calculated specific activities of the selected ancestral proteins and
AruHRP with ABTS. Error bars represent S.E.M. of 3 replicates. The specific activities of the
ancestors were much lower than AruHRP, such that a larger quantity of ancestral enzyme
would be needed to replace AruHRP.
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Suppl. figure 3.24: PNIPAm gels formed by A) HRP or B) Anc9 before and after incubation
at 60 °C. Contraction was observed for both gels, indicating that PNIPAm had formed due to
its relatively unique thermosensitivity property.
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Suppl. figure 3.25: PNIPAm gels formed by A) HRP or B) Anc9 before and after the
compressive test. Both the HRP and Anc9 formed gels showed high elastic recovery.
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Suppl. table 3.11: Roughly estimated ages of Anc4, Anc7, Anc9 and Anc11 based on their
respective most recent common ancestor of their respective extant plant taxa. This age is
then used to find the approximate average global temperature. Overall, the rough predictions
suggest that all of the selected ancestral peroxidases may have evolved during a relatively
warm climatic period.

Ancestral peroxidase

Most recent organism

taxa ancestor

Approximate age

(organism ancestor)

Approximate average
global temperature
predication (derived

from Scotese et al.”*®)

Anc4 Gymnosperm ~380 mya’” 17-21°C
ancestor
Anc7 Eudicot ancestor ~125-128 mya’30-73! 20-22 °C
Anc9 Fagales ancestor ~124 mya ™ 20-22 °C
Ancll Ancestor of ~104 mya’* 21-22°C
sapindales and
malvales
HRP N/A >3000 ya and 14 °C
<0.2mya’33734

Suppl. table 3.12: Pairwise sequence identities of selected ancestors and horseradish

peroxidase.
Anc4 Anc7 Anc9 Anc11 HRP
Anc4 -
Anc7 78.1 -
Anc9 76.5 84.3 -
Anc11 75.2 79.7 93.1 -
HRP 56.6 57 62.8 65.7 -
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Suppl. figure 3.26: Differences in the entrances to the active sites of A) Anc4 B) Anc7 C)
Anc9 D) Anc11 and E) HRP C1A (PDB: 1HCH). The entrance site of HRP is dominated by
three phenylalanine residues, which are shown in orange. Equivalent residues in the
ancestral peroxidases are also shown in orange. Other residues forming part of the
entrances are labelled.
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Chapter 4: Development of a 3D-printable yeast ‘on
demand’ bioproducer formed through enzyme-mediated

radical polymerisation

4.1 Abstract

The ability to produce eukaryotic proteins in response to a desired signal or environmental
cue could be useful for applications such as biopharmaceutics, bioremediation and ‘on
demand’ chemical production. As engineered living materials (ELMs) contain living cells,
they are able to act as ‘on demand’ bioproducers. However, despite 3D printing offering
manufacturing flexibility, few 3D-printable ELMs have been developed, thereby limiting
their future utility. Here we showed that polymerisation of the 3D-printable double network
hydrogel alginate/PNIPAm could be mediated in a reproducible and non-toxic manner for
ELM use by the novel bienzymatic system of unspecific peroxygenase PaDa-I and glucose
oxidase. We then demonstrated that chemically induced ‘on demand’ production of both a
reporter protein for biosensing applications and an enzyme for bioreactor applications could
be achieved by living yeast cells within 3D-printed yeast alg/PNIPAm. These results
highlight the ability of yeast ELMs to produce eukaryotic proteins when desired in a material

that can be 3D-printed into custom shapes for diverse applications.

4.2 Introduction

Engineered living materials (ELMs) are a relatively novel class of materials which aim to
incorporate cells into materials such that the materials possess the desirable properties of
living organisms with the mechanical behaviour of traditional materials®*>%!-*%5_ One
property of living organisms which is desirable in a material is the ability for organisms to
respond to environmental stimuli. For example, some animals will change their fur colour to
white in winter in response to the low light to improve their camouflage in snow’*. Similarly,
it would be useful to have a material which would produce desired proteins in response to
certain cues, for example, a drug delivery system which only produced and secreted a desired

47749 or a biosensor system which only produced a

protein pharmaceutical at the site of injury
fluorescent signal protein if a biotoxin was present in the environment’>*7>2, This property,

where a material produces desired proteins ‘on demand’, can be driven by living cells within
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an ELM due to the ability of cells to change gene expression in response to environmental

cues. An example of such an ELM is that developed by Tay et al.%®

, Where mercury-
absorbing curli fibres were only produced by E. coli if a certain concentration of mercury was
present in the environment. Other examples of ‘on demand’ bioreactors include the ELMs
developed by Sugianto et al.**® where it was shown that engineered E. coli in F127 bis-
urethane methacrylate could produce a biosynthetic cascade of enzymes capable of producing
pyruvoyl tetrahydropterin under a regulatory circuit, and additionally that S. cerevisiae in
BSA-PEGDA could be induced to produce either proteinase A enzyme or an enzyme system
for production of betaxanthins. Relatively few ELM bioreactors have been developed which
utilise 3D-printing®**¥*7°3_ Although the S. cerevisiae BSA-PEGDA system***">* was 3D-
printed, it utilised stereolithography which is relatively expensive and limited in the materials
it can print compared to extrusion 3D-printing’*7>%75¢ Notwithstanding, it has been
demonstrated that extrusion printing can be used to form ELMs in a few studies’’7¢°,
Additionally, it was recently demonstrated that an extra dimension of behaviour could be
added to such an ELM bioreactor by using the 3D printed thermoresponsive double network
alginate/poly(N-isopropylacrylamide) (alg/PNIPAm)*¢!. This study by Klemperer et al. was
also one of very few to utilise enzyme-mediated radical polymerisation during the formation
of the ELM, which is advantageous over the more commonly used UV/chemical initiator
process because the enzyme-mediated reaction is non-toxic, can occur under mild conditions,
and the enzymes are biodegradable>***, Therefore, it would be beneficial to develop a
thermoresponsive, 3D-printable alg/PNIPAm ELM that forms through enzyme-mediated

radical polymerisation and only produces proteins when desired in response to an input signal

(Fig. 4.1).
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Figure 4.1: The aim of this project is to develop a 3D-printable engineered living material
biogel which could be formed ‘on demand’ by utilising the ability of cells to secrete proteins
in response to environmental signals. Figure made using BioRender and PyMOL.

Alg/PNIPAm is a double network hydrogel composed of both alginate and PNIPAm polymer
networks, ideally in an entangled state to form an interpenetrating network’®! (Fig. 4.2B). The
advantages of using alg/PNIPAm to develop a hydrogel that can form ‘on demand’ include
that it has been found to be relatively biocompatible’®?, that PNIPAm can form through
enzyme-mediated radical polymerisation (EMRP)*®!, that alg/PNIPAm is thermosensitive,
which increases its usability in several applications like in soft robotics>’%63, that
alg/PNIPAm is 3D-printable®®!, and that alg/PNIPAm has relatively high mechanical
strength®’%7%* While single network PNIPAm can be formed through EMRP and is
thermosensitive and biocompatible, it is not 3D-printable, has a very slow volume transition,
and has relatively weak mechanical strength’®-76®, Therefore, an alg/PNIPAm biomaterial is

more attractive for future applications.

The alginate network of alg/PNIPAm is a natural polysaccharide composed of 1,4-linked [3-
D-mannuronate (M) and a- L -guluronate units (G) in MM, GG or alternating M and G
blocks’®”. Alginate can be crosslinked using positively charged ions because the carboxyl
groups of the M and G units are negatively charged at neutral or basic pHs’®. The PNIPAm
network is an acrylamide-based polymer which undergoes a volume phase transition at
temperatures above its lower critical solution temperature, which is typically ~32 °C.
PNIPAm is composed of N-isopropylacrylamide (NIPAm) chains crosslinked with N,N'-
Methylenebisacrylamide (MBA)®!. Due to the free radical polymerisation mechanism of
PNIPAm, the initiation of its polymerisation is able to be catalysed using horseradish
peroxidase and glucose oxidase*®! (Fig. 4.2C). The alg/PNIPAm double network can be
formed by first polymerising the PNIPAm network in the presence of alginate, then later
incubating the hydrogel in an ion solution to crosslink the alginate’®*’%-77. However, as this
1s time consuming, it has also been shown that alg/PNIPAm can be formed by crosslinking
both the PNIPAm and alginate networks at the same time*®”-""1772, Klemperer et al.**' showed
that enzyme-mediated polymerisation of PNIPAm within alg/PNIPAm could occur using the
method where both networks are formed at the same time, which is the most attractive for an

alg/PNIPAm ELM.

Regardless of the formation method, the relative mechanical strength and elasticity of

alg/PNIPAm double networks has been found to derive from the use of the ionically
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crosslinked alginate with the more rigid, covalently crosslinked PNIPAm?"%7"3, The
mechanical strength has been found to partly derive from the alginate network being able to
‘sacrifice’ its ionic bonds to dissipate energy when under stress, whilst the PNIPAm network
retains its structure and can ‘bridge’ the cracks. However, unlike other double networks
consisting of two covalent networks, because the ionic bonds in the alginate network are
physical, they are able to be re-formed. This thereby makes alg/PNIPAm relatively less brittle

and able to recover elastically.
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Figure 4.2: Polymerisation of materials using enzymes. A) Oxidoreductase enzymes can
catalyse the initiation stage of chain growth radical polymerisation reactions by catalysing
the production of a free radical initiator (l). This radical is then able to form a free radical of
some monomers (M), e.g. vinyl monomers. Polymerisation proceeds through chain
propagation, usually radical addition, before terminating either through combination or
disproportionation processes (polymer-monomer is represented as P-M). B) Alginate and
PNIPAm polymers can be combined under certain conditions to form an interpenetrating
double network. Calcium(ll) ions are represented by green spheres. C) Polymerisation of
PNIPAm can be catalysed using a cascade of horseradish peroxidase (HRP) and glucose
oxidase (GOx). Polymerisation of alginate chains into a network can be conducted using
calcium(ll) ions to form ionic crosslinks. Figure made using ChemDraw and Microsoft
PowerPoint.

One method that can be used to cure alg/PNIPAm in a relatively non-toxic and ‘green’

manner compared to traditional initiators is enzyme-mediated polymerisation using
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oxidoreductases***316361 Many oxidoreductase enzymes can catalyse single electron transfers
from an electron donor substrate to an electron acceptor substrate, thereby resulting in the
production of free radicals, which can initiate the polymerisation of vinyl monomers via
chain growth addition (Fig. 4.2A). Advantages of utilising enzymes to catalyse
polymerisation of an ELM include that they require relatively mild conditions, are non-toxic,
and are biodegradable?**?*%316_ Previously, commonly used enzymes in enzyme-mediated
polymerisation systems have mainly included peroxidases and oxidases, such as horseradish
peroxidase (HRP), chloroperoxidase, glucose oxidase and laccase?***!6. However, dual
enzyme systems have become more attractive recently in order to both deoxygenate the
reaction mixture, thereby allowing for improved radical polymerisation under atmospheric
conditions, and initiate polymerisation®®. These dual enzyme systems typically utilise an
oxidase, which scavenges oxygen and catalyses in situ HoO> production, and a peroxidase,
which utilises the H>O» to catalyse the formation of free radicals. For example, the
bienzymatic cascade of glucose oxidase and horseradish peroxidase has been used under
atmospheric conditions to polymerise materials including polyphenol®*®, poly (3,4-
ethylenedioxythiophene) (PEDOT)’’* and the gelatin-based hydrogel (gelatin-poly(ethylene

glycol)-tyramine’’.

Previously, the peroxidase enzyme used to catalyse the polymerisation of alg/PNIPAm was
commercial plant-derived HRP*®!, which has considerable batch-to-batch variation in its
composition®®®. This variation can cause irreproducibility in the formation of alg/PNIPAm
between each batch of HRP. To reduce this, it would be best to use a single isoform of HRP
purified recombinantly; however, it has proven difficult to recombinantly express HRP in a
soluble, active form®*¢°_ Whilst in Chapter 3 it was shown that predicted ancestral
peroxidases could be expressed in a soluble, active form in E. coli (Chapter 3.3.6), their

1.2%0 were able to utilise

yields were still relatively low. In contrast, Molina-Espeja et a
directed evolution to engineer an enzyme with peroxidase activity to have high levels of
recombinant expression in GRAS yeast strains?*>. This enzyme was termed unspecific
peroxygenase PaDa-I (UPO) and was engineered from an Agrocybe aegerita unspecific
peroxygenase. Although unspecific peroxygenases possess the ability to catalyse both
peroxidase and oxygenation reactions’’®, most research focuses on their oxygenation
abilities”’”7". However, they still possess relatively proficient peroxidase activity**, and

unlike many peroxidases including HRP, UPO is able to be recombinantly expressed in an

active, soluble form with relatively high yields®°*"8°,
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Whilst both HRP (EC 1.11.1.7) and UPO (EC 1.11.2.1) have peroxidase activity, HRP falls
under the peroxidase-catalase superfamily whereas UPO is part of the peroxidase-
peroxygenase superfamily’®!. The latter family, which appears to primarily be present in
fungi, is relatively unique in that its members possess a range of catalytic activity including
‘classical’ peroxidase activity, peroxygenase activity, and haloperoxidase activity (Fig. 4.3A).
UPO itself can catalyse both peroxidative and peroxygenative reactions, and has a fairly
broad substrate range’”’. It has also been shown to catalyse a wide range of peroxygenative
reactions, including aromatic hydroxylation, aliphatic hydroxylation and alkene

epoxidation’®?

. While the native role of unspecific peroxygenases has not been fully
established, it has been linked to lignin and humus transformation’®3. The structure of the
engineered UPO is fairly typical of a heme-thiolate peroxidase, consisting primarily of 10 a-
helices and five short B-strands’®*78¢ (Fig. 4.3B). Like many heme peroxidases, the heme
binding pocket of UPO is fairly central and binds to a protoporphyrin IX heme cofactor’8!:784,
Molina-Espeja et al.’®” found that both the peroxidative and peroxygenative catalysis of UPO
occurs near the heme cofactor, which is accessed through a relatively hydrophobic tunnel’®.
However, unlike ‘classical’ peroxidases, the heme cofactor of UPO and other heme-thiolate
peroxidases is coordinated at the proximal site by a cysteine residue rather than the histidine
present in ‘classical’ peroxidases. Additionally, UPO and other heme-thiolate peroxidases
typically only contain one cation binding site, as opposed to the two sites commonly present
in “classical’ peroxidases®®’

identical to that of HRP (Chapter 3 Fig. 3.4), though UPO is additionally able to catalyse

. Nonetheless, the overall peroxidase catalytic cycle of UPO is

several peroxygenation reactions as well through various other catalytic cycles (the reader is
referred to a review on UPO catalysis by Hofrichter ef al.”’"). Due to its impressive catalytic
capabilities as well as its engineered high yielding expression in yeast, the engineered UPO

1.778 where

has been increasingly utilised. Recent examples include the study by Struwe et a
UPO was utilised to catalyse the oxidation of terpene scaffolds, and that by Stenner et al.”®®
where it was shown that UPO could catalyse selective oxidation of cyclohexane to KA oil.
The increasing use of engineered UPO highlights the power of directed evolution as a protein
engineering technique. However, few studies have utilised the peroxidative ability of UPO,
and, to the best of our knowledge, no unspecific peroxygenase has been used for enzyme-
mediated polymerisation. On the other hand, previously it was shown that other heme-thiolate

322

peroxidases were able to be used in EMP systems, including a chloroperoxidase’~, thereby

indicating the potential of UPO for EMP. Furthermore, a biomaterial formed using UPO
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could later also serve as a bioreactor resulting from the relatively wide catalytic range of

UPO and its ability to be easily secreted by certain cells?**777.

A Peroxidative ~ 2AH + H,0, —> 2A'+ 2H,0

Peroxygenative H,O, + RH —— H,0 + ROH

Haloperoxidative H,O, + X + H+—> H,0 + HOX

Entrance
tunnel

Figure 4.3: A) Enzyme-catalysed reactions conducted by members of the peroxidase-
peroxygenase superfamily of which A. aegerita unspecific peroxygenase (UPO) is part of.
UPO itself can catalyse both peroxidative and peroxygenative reactions B) Structure of UPO
mutant PaDa-l (PDB: 50XU) highlighting the substrate access tunnel, the heme cofactor,
cation binding site and proximal cysteine residue. The Mg?* ion is shown in green, carbons
of the heme cofactor are shown in gold and carbons of conserved residues are shown in
pink. Iron is shown in orange, nitrogen in red, oxygen in blue and sulphur in yellow. Figure
made using ChemDraw and PyMOL.

While enzymes could be key in catalysing the polymerisation of a 3D-printable ELM in a
relatively non-toxic manner, in order for the ELM to act as a bioreactor or biosensor it must
possess the ability to maintain living cells. These cells are critical because they possess the
ability to produce desired proteins in response to an environmental cue of choice. It is also
important for certain applications that the desired proteins be secreted or displayed such that
they can interact with the environment around them, for example, catalysing the degradation
of a biotoxin in the environment of the material’®>”°, It could also be beneficial for some use
cases if proteins with eukaryotic modifications could be produced, such as in the production

of biopharmaceuticals’.

Previously, it has been shown by Klemperer et al.*®! that E. coli cells are viable within

t791

alg/PNIPAm. However, secretory expression in E. coli can be difficult””’, as well as
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eukaryotic post translational modifications’*>"**. On the other hand, secretory expression of
many proteins has been found to be relatively high yielding in the budding yeast species S.
cerevisiae and K. phaffii’®%. As yeast is eukaryotic, these yeast species are also capable of
eukaryotic modifications and certain strains of K. phaffii have been engineered to produce
biopharmaceutics’*"*°. Additionally, both S. cerevisiae and K. phaffii are generally regarded
as safe (GRAS), with S. cerevisiae having commonly been used in baking and brewing for
thousands of years’ and K. phaffii isolated from trees and noted for its ability to use
methanol as a carbon source””%. It should be noted that K. phaffii was previously known as
Pichia pastoris before being renamed due to the phylogenetic assessment that P. pastoris
represented several yeast strains”’#%, Notwithstanding, both S. cerevisiae and K. phaffii are
now used for recombinant protein production in synthetic biology, and as eukaryotic
organisms are able to produce glycosylated proteins through a secretory pathway.
Furthermore, recombinant protein production in both S. cerevisiae and K. phaffii is
comparatively high yielding, cheap, quick and less laborious than other eukaryotic systems
like insect cells or Chinese hamster ovary cells®*®801892 " S corevisiae is considered a model
organism, hence it is relatively well studied and has had many synthetic biology tools
developed for it*. Indeed, it has been utilised in several ELMs previously?8#393393:403.803 (qee
Chapter 1.4.2). However, although K. phaffii has been less studied, it has been shown to yield

greater amounts of UPO?*® and other recombinant proteins®+80°

compared to S. cerevisiae.
This could result from the lack of fermentation in K. phaffii and the relative strength of its
AOXI promoter®%4-806 Additionally, K. phaffii has been found to hyperglycosylate
recombinant proteins to a lesser degree than S. cerevisiae, and to secrete less proteins
natively, leading to relatively higher purity of the secreted recombinant protein. While K.
phaffii has been less utilised than S. cerevisiae in ELMs, recently Yuan et al.’*° demonstrated
that an ELM bioreactor could be made utilising K. phaffii. For both yeast species, their
immobilisation within a hydrogel is advantageous over liquid culture because product
separation is easier, there is increased re-usability, co-cultures are more easily utilised due to
the separation provided by the material, and the material may provide a form of microbial
containment to prevent escape of the modified yeast cells into the environment®*>3,
Furthermore, if the yeast cells are able to be 3D-printed within alg/PNIPAm, then the spatial
distribution of the cells can be controlled and complex biomaterial structures can be

formed>®>.
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Therefore, as a result of the scarcity of 3D-printable living yeast materials that can be formed
through relatively ‘green’ methods and produce protein in response to a desired signal, here
we aim to develop a yeast alg/PNIPAm ELM which can form through enzyme-mediated
polymerisation using UPO, and act as a ‘bioproducer’ of proteins ‘on demand’. To this end, it
was demonstrated that UPO could be recombinantly expressed and secreted in both K. phaffii
and S. cerevisiae, though with better yields in K. phaffii. It was shown for the first time, to the
best of our knowledge, that UPO could be utilised to form alg/PNIPAm with relatively
similar thermosensitive and mechanical properties to that formed by HRP. Furthermore, it
was demonstrated for the first time, to the best of our knowledge, that yeast laden
alg/PNIPAm could be made and that recombinant expression of both EGFP and UPO could
be induced by both S. cerevisiae and K. phaffii respectively within the alg/PNIPAm hydrogel.
However, in future the levels of protein production by yeast and their viability within the
ELM need to be further improved. Additionally, the ELM’s storability, reusability,

mechanical properties and biocontainment should be established in future too.

4.3 Results

The development of an enzyme-formed alg/PNIPAm ELM which produced protein ‘on
demand’ required 1) the ability to recombinantly express Agrocybe aegerita unspecific
peroxygenase PaDa-I1 (UPO) and the capability of UPO to catalyse the formation of
alg/PNIPAm in place of HRP and ii) that alg/PNIPAm is biocompatible with yeast and protein
production can be induced by yeast within alg/PNIPAm. Thus, towards the first aim, UPO
was recombinantly expressed, its basic biochemical properties assessed and then its ability to

catalyse the formation of alg/PNIPAm investigated in detail.

4.3.1 Comparison of UPO PaDa-I expressed in S. cerevisiae and K. phaffii

Initially, UPO was recombinantly expressed in both S. cerevisiae and K. phaffii to
characterise which yeast species possessed superior recombinant expression of UPO for
future use (Suppl. Fig. 4.1). While previously it was found by Molina-Espeja et al.*** that K.
phatffii yielded greater amounts of UPO, here both species were investigated again because
different strains of S. cerevisiae and K. phaffii were utilised here due to their availability

(Methods 4.5.1&4.5.2).

Despite these differences, it was nevertheless found that the yield of UPO expressed in K.
phaffii was over double that expressed in S. cerevisiae (Table 4.1). Notwithstanding, the
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yields of UPO expressed in both yeast species were both a marked improvement over the
yields of ancestral class III peroxidases expressed in E. coli (Chapter 3.3.7) and HRP
expressed in E. coli®®®7% or in K. phaffii in shake flasks®*®. Moreover, both the S. cerevisiae
and K. phaffii UPO yields generated here are higher than those reported previously by
Molina-Espeja et al.?** for shake flask expression. In particular, the yield obtained here for K.
phaffii grown in shake flasks is almost four times greater than that reported by Molina-Espeja

1.2 and even 1.25 times greater than that reported by Pullman et al.”*°, who further

eta
optimised the signal peptide. The relatively high yield obtained here for K. phaffii shake flask
expression could be due to the use of the Mut® (slow methanol utilisation) strain KM71H
over the Mut" (methanol utilisation plus) strains used by the other studies. Here both the X33
and KM71H strains of K. phaffii were tested for UPO expression (Suppl. Fig. 4.2) because
previously it has been found that certain proteins can express better in strains with Mut®
phenotypes like KM71H30"8% 1t was theorized that this may be due to the capability of Mut®
strains to dedicate more resources to recombinant protein expression than Mut" strains
because Mut® lack the 40X gene possessed by Mut™ strains. Although some recombinant
proteins still express best in Mut™ strains, here the use of a Mut® strain was found to result in
higher yields for UPO. Although bioreactor expression of UPO in K. phaffii X33 was found
to result in significantly improved yields of up to 217 mg/L?°*, much greater than reported

HRP expression yields®®*%°"-7%2 the results here suggest that UPO yields could be further

improved in future by using the KM71H strain within a bioreactor.

However, although relatively high yields were obtained for shake flask expression in both
yeast species here, the Reinheitszahl (Rz) values and heme incorporations were relatively low
(Table 4.1). This was especially true for UPO expressed in S. cerevisiae, with a measured
heme incorporation of only 8%. As the heme cofactor is essential for catalysis, less than
100% heme incorporation results in the functional concentration of enzyme being
correspondingly lower than the total enzyme concentration. Previously, UPO PaDal has been
purified with Rz values of 2.4°%%, indicating much higher heme incorporation. Therefore,
heme incorporation of the UPO expressed here needs to be improved in future. It was found
that addition of hemoglobin to the expression medium of K. phaffii resulted in no change to
the Rz value of the final UPO sample (Suppl. Fig. 4.5). Therefore, perhaps the lower heme

1.2%3 could result

incorporation found here compared to that obtained by Molina-Espeja et a
from the slightly different purification method used here due to limited availability of

purification matrices (Methods 4.5.3). In future, heme incorporation should thus be improved
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by attempting different purification techniques, or by incubating purified UPO with hemin, as

has been conducted for other heme-containing enzymes®**’?°. Nonetheless, the heme

incorporation of the UPO expressed in K. phaffii here is much greater than of any of the

characterised ancestral class III peroxidases expressed in E. coli (Chapter 3.3.7) and of HRP

purified without hemin incubation

644,659,661

rusticana HRP

Yield Soret peak | Reinheitszahl | Heme incorporation | ABTS specific
(mg/L (nm) (Aa18/A2s0) (%) activity (umol
culture) min-' mg')
UPO expressed in 11.5 418 0.2 8 32.6+1.33
S. cerevisiae
UPO expressed in 30 418 1.2 65 130+6.86
K. phaffii
Commercial A. N/A 403 N/A N/A 484+9.45

Table 4.1: Purification of UPO PaDa-l in S. cerevisiae vs. K. phaffii resulted in different
yields of purified protein, Reinheitszahl (Rz) values, heme incorporation and ABTS specific
activities. Yields represent purified protein and Rz values use Soret peak for UPO. Heme
incorporation was measured by pyridine hemochromagen assay. ABTS specific activity was
conducted in 50/100 mM citric acid/phosphate buffer, pH 4.5 at 25 °C and error in ABTS
specific activity represents S.E.M. of 4 replicates.

Perhaps partially resulting from the relatively low heme incorporation, the 2,2'-Azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) specific activities of UPO purified in both

yeast species were significantly lower than that of the commercial A. rusticana HRP (Table

4.1). However, even accounting for the predicted functional concentration of the respective

UPO enzymes, the ABTS specific activities would still be significantly lower than that of

HRP. This could be due to the multifunctional nature of UPO as both a peroxidase and

oxygenase, perhaps resulting in less efficient peroxidase catalysis, and/or the fact that HRP is

relatively optimised for aromatic substrates like ABTS®*>%% whereas UPO is more

generalist®®. Alternatively, the lower ABTS oxidation specific activity of UPO could be due

to the conditions used, such that its activity may be improved using a different temperature

and pH. Previously, the catalysis of ABTS by both HRP and UPO respectively has been

found to be optimal at pH 4.0 and at a temperature of ~30 °C2%810811 "therefore in future it

would be interesting to compare the specific activities of HRP and UPO under these

conditions as well.
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Nonetheless, UPO purified in K. phaffii exhibited better yields, heme incorporation and
ABTS specific activity than that purified in S. cerevisiae. Therefore, it was decided to
characterise K. phaffii UPO in more detail for its potential use in enzyme-mediated
polymerisation. However, in future it would be interesting to also characterise S. cerevisiae
expressed UPO further and investigate its potential in polymerisation of alg/PNIPAm due to
the greater availability of synthetic biology tools available for S. cerevisiae than K. phaffii*®’.
These tools could potentially allow for a greater range of future applications for an S.
cerevisiae alg/PNIPAm engineered living material. It may be possible to improve the
expression of UPO in S. cerevisiae in future by using a genomically integrated expression
system®!2, rather than the current episome plasmid system, and by using a bioreactor®**.

Nonetheless, due to time constraints, only UPO expressed in K. phaffii was characterised in

more depth.

4.3.2 Characterisation of mass, secondary structure, thermostability and kinetics of UPO
expressed in K. phaffii

Before investigating the use of K. phaffii expressed unspecific peroxygenase PaDa-1 (UPO)
in enzyme-mediated polymerisation, further biochemical characterisation was conducted to
explore its properties in more detail. These properties were compared with horseradish

peroxidase (HRP) as a standard for which it would be desirable for UPO to meet.

Firstly, the molecular weight of the recombinantly purified UPO was determined to be
approximately 44.2 kDa by MALDI-TOF mass spectrometry (Suppl. Fig. 4.2), with a
relatively broad range of masses likely due to the variable nature of eukaryotic
glycosylation®!3. This molecular weight was measured to be less than those previously
reported for UPO PaDal purified in K. phaffii X33 of 51.1 kDa reported by Molina-Espeja et
al.?®® and 46.6. kDa reported by Pullman ef al.’® The lower molecular weight determined
here could perhaps result from the use of the KM71H strain, which perhaps may have
resulted in a lower degree of glycosylation and thereby a lower molecular weight.
Nevertheless, the molecular weight of the recombinant UPO purified here is relatively similar
to the wild type A. aegerita UPO, which has a molecular weight of roughly 46 kDa as
predicted by SDS-PAGE*”. Given that any differences in molecular weight of a given protein
are commonly caused by post-translational modifications®'*#!°, the similarity in molecular
weight between the UPO purified here and the wild type UPO could suggest that they have a
similar degree of glycosylation, which would likely be beneficial to the structure and/or

function of recombinant UPO®'¢, Nonetheless, in future the relative glycosylation degree of
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UPO expressed in K. phaffii KM71H should be experimentally characterised to fully validate
that a lower degree of glycosylation has led to the lower molecular weight. This would allow
a more accurate comparison of the glycosylation degree to the wild type UPO and other

recombinant UPO PaDal proteins.
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Figure 4.4: A) Circular dichroism (CD) spectrum of K. phaffii expressed unspecific
peroxygenase (UPQ) at 25 °C showing that it contains significant secondary structure. This
spectrum was used with the CDSSTR method to predict the relative elements of secondary
structure shown as the pie chart. B) Change in the fraction of folded protein with temperature
of UPO and commercial A. rusticana HRP (AruHRP). C) Thermal unfolding transition
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temperatures of UPO and AruHRP. Error bars represent S.E.M. Figure made using
MATLAB.

Subsequently, it was shown that UPO possessed secondary structure and thus was likely
folded via circular dichroism (CD) (Fig. 4.4A). The prediction of the relative proportions of
secondary structure elements from the CD spectrum proved relatively more accurate when
compared to the experimentally determined tertiary structure’®* (Suppl. Table 4.2) than the
predictions for the Lacl family ancestors and the class III ancestral peroxidases (Chapter
2.3.1; Chapter 3.3.7). This is somewhat unexpected given that UPO also contains significant
amounts of turns/disordered regions, which were theorized to reduce the accuracy of the
previous secondary structure predictions*®4%. Perhaps the disparity in accuracy could result
from the standard reference datasets containing proteins more similar to UPO than to the
ancestral peroxidases and transcription factors’. It would be informative in future to further
explore the effect of turn length and reference dataset on the accuracy of secondary structure

prediction from CD spectra to validate whether this trend is more broadly applicable or not.

By monitoring the change in the circular dichroism signal (Fig. 4.4B) of UPO and HRP, their
respective thermal unfolding transition temperatures (Tm) were determined (Fig. 4.4C). While
the T of UPO was found to be ~20 °C lower than that of HRP, it is nevertheless high enough
such that UPO should be relatively stable for most applications. This includes for its desired
use in PNIPAm hydrogels, as the LCST of PNIPAm is ~32 °C. Interestingly, the T, measured
here of 54 °C is similar to the activity half-inactivation temperature (T50) of ~58 °C
measured by Molina-Espeja et al.?*° This could suggest a relatively strong degree of

correlation between the loss of activity and unfolding for UPO.

Having established that the UPO PaDa-I recombinantly expressed in K. phaffii was folded
and relatively thermostable for most purposes, its kinetics were investigated in more detail
using ABTS as a substrate (Fig. 4.5A&B). It should be noted that the calculated kinetic
constants are approximate both due to the multi-step catalysis cycle of UPO and HRP%%*"77
and the range of molecular weights of both UPO and HRP due to variable glycosylation of
both and different isoforms present in the HRP sample (Suppl. Fig. 4.2&4.6). Nonetheless,
with such considerations in mind, it was found that the Michaelis constant (Km) of UPO was
approximately five times larger than that of commercial HRP, suggesting that UPO may be
somewhat worse at binding ABTS than HRP and/or slightly worse at catalysing the oxidation
of ABTS than HRP under the conditions tested. However, previously UPO PaDa-I expressed
in K. phaffii has been reported to have much lower Kms of ABTS catalysis of 0.12 mM to
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even 0.05 mM under similar buffer conditions but potentially different temperatures (not
reported)?®>78*, This thereby suggests that the Km of UPO catalysis may be relatively
sensitive to temperature. Similarly, while the catalytic rate constant of the catalysis of ABTS
by UPO found here was approximately four times less than that of HRP, it has previously

1.78* under similar conditions, but possibly different

been found by Ramirez-Escudero et a
temperatures (not reported), to be up to 965 s™!. Therefore, in future the kinetics of K. phaffii
expressed UPO should be investigated over a range of temperatures and pHs and with various
different substrates to paint a better picture of its kinetic abilities. In particular, it would be
beneficial to characterise the kinetics of UPO using acetylacetone because this is the substrate

of interest for the desired application of catalysing the polymerisation of PNIPAm.
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Figure 4.5: ABTS steady state kinetics with K. phaffii expressed unspecific peroxygenase
PaDa-l (UPO) and commercial A. rusticana horseradish peroxidase (HRP). Kinetics were
conducted in 50/100 mM citric acid/phosphate buffer, pH 4.5 at 25 °C. A) Michaelis-Menten
curves of the steady-state reaction turnover numbers at different concentrations of ABTS.
Error bars represent S.E.M. B) Kinetic constants of catalysis of ABTS by UPO and HRP
respectively. Error represents 95% Cl. ket is calculated from the predicted functional
enzyme concentration of UPO rather than the total enzyme concentration. Figure made
using MATLAB.

Interestingly, the kinetic constants of HRP catalysis of ABTS in the lower pH buffer used
here were significantly improved to those found previously using a higher pH buffer (Chapter
3.3.7), even though the same batch of commercial 4. rusticana HRP was used. This trend has

also been reported by other studies, with optimum catalysis of HRP tending to occur from pH
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4.5 to 6.0 for several substrates®!!:8!7818 ' The improvement of peroxidase catalysis in slightly
acidic pHs could result from these pHs leading to an optimal hydrogen bonding network
within the heme catalytic pocket and/or optimum formation of compounds II and III during
the catalytic cycle®!**?!, Therefore, for the enzyme-mediated polymerisation of PNIPAm, in
future it would be interesting to test how changing the pH of the precursor solution affects the
efficiency of polymerisation to establish an optimal polymerisation reaction. Nonetheless, as
both the ABTS specific activity assay and kinetics assay indicate that the catalysis of UPO
may differ from that of HRP, the kinetics of UPO at different pHs should be further
investigated in future before adapting the alg/PNIPAm formulation.

4.3.3 Formation of alg/PNIPAm with UPO

Characterisation of UPO PaDa-I expressed in K. phaffii indicated that it may exhibit different
catalytic properties to HRP, and therefore that the alg/PNIPAm gel formulation would need to
be adapted for UPO. For alg/PNIPAm formation, the relative speed of formation of each
network is important®*3364822_ A5 formation of the alginate network is primarily diffusion
limited”®®%23 it is important that PNIPAm polymerisation occurs relatively quickly as well.
The impact of insufficiently fast PNIPAm formation during alg/PNIPAm gelation was
demonstrated by the synthesis of hydrogels with properties more similar to alginate when

insufficient enzyme concentrations were used (Suppl. Fig. 4.7).

Consequently, the kinetics of PNIPAm formation with UPO were optimised to have a similar
rate to the polymerisation of PNIPAm by HRP in the alg/PNIPAm formulation developed by
Klemperer et al.*%!. To this end, it was established that the kinetics of PNIPAm formation
could be tracked by measuring the increase in turbidity at 700 nm over time (Suppl. Fig. 4.8).
Subsequently, based on the specific activity of ABTS oxidation by UPO and HRP it was
predicted that approximately 3.7 times the amount of UPO should be used compared to HRP
for a similar PNIPAm gelation rate (Table 4.1). However, at this concentration of UPO, the
gelation rate of PNIPAm did not improve despite increasing the glucose oxidase
concentration, which indicated that the concentration of UPO was rate-limiting (Fig. 4.6A).
Therefore, a higher concentration of UPO was tested, of approximately 4.2 times the amount
of HRP, with increasing concentration of glucose oxidase until a formulation was identified
with a similar PNIPAm gelation rate to the original HRP/GOx formulation (Fig. 4.6B&C). It
was interesting that a higher UPO concentration was needed than predicted from the ABTS
specific activity assay. This may result from the difference in substrate and conditions when

curing PNIPAm compared to the specific activity assay. However, it was not predicted that
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the glucose oxidase concentration would need to be increased at an amount greater than the
peroxidase concentration, with the optimal glucose oxidase concentration for UPO increasing
by a factor of 10 from the original HRP formulation. Perhaps this could be due to the dual
role of glucose oxidase during PNIPAm formation as both catalysing the formation of
hydrogen peroxidase and as an oxygen scavenger, which may have led to the need to greatly
increase its concentration such that both roles could be carried out sufficiently. The large
increase needed in glucose oxidase concentration relative to UPO concentration could also
result from differences in the kinetics of H>O; reduction by UPO compared to the previously
used HRP. While under standard conditions of phosphate buffer of pH 6-7 the kinetics of
H>0; reduction by both enzymes has been found to be fairly similar?**#!1-824 perhaps UPO
and HRP display relatively distinct kinetics in the environment of the gel ink, thereby
necessitating greater production of H>O», and thus GOx concentration, for UPO. Overall, the
effect of both the concentration of UPO and GOx was shown to have a significant impact on
the gelation rate of PNIPAm, however, a combination of UPO and GOx was identified which

resulted in a similar gelation rate to the original formulation of HRP and GOx.
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Figure 4.6: Optimisation of the gelation rate of PNIPAm using unspecific peroxygenase
PaDa-I (UPO) by measuring the change in turbidity at 700 nm. All error bars represent
S.E.M. of 3 replicates. A) Testing 180 ug/mL UPO (based on specific activity assay) with
various concentrations of glucose oxidase (GOx) suggested that UPO was the limiting factor
at this concentration. B) Testing a higher concentration of UPO at 210 yg/mL with various
combinations of GOx identified a formulation with a PNIPAm gelation rate similar to that of
the HRP/GOx formulation. C) Comparison of the PNIPAm gelation rate of the HRP/GOx
formulation (50 pug/mL / 500pg/mL) with the best UPO/GOx formulation (210 ug/mL /5120
pug/mL) showed a non-significant difference as analysed using an unpaired t test. Figure

made using MATLAB.

Using the optimised UPO and GOx formulation, it was then validated whether UPO could be
employed to form the 3D-printed alg/PNIPAm hydrogel with similar properties to that
formed by HRP. Firstly, the printability of the UPO alg/PNIPAm appeared similar to that of
the HRP alg/PNIPAm, with identical printing pressures of ~18 kPa used for both when
printing with a 20 gauge nozzle (0.61 mm diameter). Furthermore, the UPO alg/PNIPAm ink

was observed to be able to print various 3D structures in a similar manner to the HRP
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alg/PNIPAm (Fig. 4.7). Nonetheless, it future it would be beneficial to quantitatively compare
the printability of the UPO alg/PNIPAm ink with the corresponding HRP ink through
rheology characterisation and assays of 3D printability, for example the grid method and

filament collapse test?7>37:825,

Figure 4.7: Comparison of 3D-objects printed using A) UPO alg/PNIPAm and B) HRP
alg/PNIPAm. Both inks were able to be 3D-printed into a variety of objects. Yellow squares
are 1 cm by 1 cm for scale.

4.3.4 Comparison of thermosensitive response between UPO-formed and HRP-formed
alg/PNIPAm

Following confirmation that the UPO-formed alg/PNIPAm could be 3D-printed and cured in
a similar manner to the HRP-formed alg/PNIPAm formulation, it was then investigated
whether the UPO formulation retained similar thermosensitive properties to the HRP
formulation. In contrast to the earlier work by Klemperer et al.3®!, here the thermosensitivity
of the hydrogel was measured using gravimetric methods commonly used by other hydrogel

769.772.826.827 rather than dimension measurements. This is because the relatively ‘soft’

studies
nature of hydrogels makes them difficult to measure using callipers, hence accuracy is

reduced?#436>,

Using such experimental methods, it was first established that the UPO alg/PNIPAm
formulation possessed similar ‘contractability’, or deswelling, at the high temperature of 60
°C to the HRP formulation (Fig. 4.8A). Therefore, this indicates that the PNIPAm network
had formed to a similar extent in the UPO alg/PNIPAm formulation as in the HRP
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alg/PNIPAm. The thermosensitivity of the UPO and HRP alg/PNIPAm formulations was
further explored by examining the relative speed of ‘contraction’ of each respective
formulation at 60 °C (Fig. 4.8B). Interestingly, it was found that the HRP formulation
deswelled slightly faster than the UPO formulation, although both formulations had mostly
‘contracted’ in the relatively rapid time of 15 minutes. It should be noted that it was found
that the alg/PNIPAm hydrogel also deswells slightly at room temperature (Suppl. Fig. 4.9),
likely due to diffusion of calcium ions into water, but that the deswelling is significantly less
and occurs at a much slower rate. Therefore, it is likely that the deswelling kinetics of both
the UPO-formed and HRP-formed alg/PNIPAm hydrogels were largely driven by the
thermosensitive behaviour of the PNIPAm network. The slightly faster deswelling of the HRP
formulation suggests that it may have a slightly less compact structure than the corresponding
UPO formulation’®. This may have resulted from in differences in the extent of the PNIPAm
network, length of the PNIPAm chains and overall pore size, amongst other properties, which

can all influence the ‘contractile’ property of the alg/PNIPAm.

Perhaps also due to these differences between the formulations, it was found that the UPO
alg/PNIPAm hydrogel showed slightly different temperature sensitivity to the corresponding
HRP formulation (Fig. 4.8C). It was found that the deswelling of the UPO formulation had a
somewhat more gradual transition range with temperature than the HRP formulation, and that
the lower critical solution temperature (LCST) of the UPO formulation is ~30 °C whereas
that of the HRP formulation is ~31 °C. Additionally, full ‘contraction’ of the HRP-formed
hydrogel was found to occur by ~37 °C, whereas, due to the more gradual temperature
sensitivity of the UPO-formed hydrogel, full ‘contraction’ occurred at the higher temperature
of ~41 °C. These differences in temperature response could impact future applications such
as biomedical applications, where precise temperature response may be required.
Consequently, the UPO formulation may need to be further optimised in future to ensure a

relatively ‘sharp’ response for some applications, such as temperature-controlled drug
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Figure 4.8: Exploring the thermosensitive properties of the alg/PNIPAm formed by
unspecific peroxygenase PaDa-l (UPO) compared to that formed by horseradish peroxidase
(HRP). A) The alg/PNIPAm hydrogels formed by both UPO and HRP displayed similar high
deswelling when incubated at 60 °C in diH2O. In contrast, at room temperature (RT), both
gel formulations showed similar minimal deswelling. Significance was calculated by unpaired
t test, and error bars represent S.E.M. of 3 replicates. B) The deswelling kinetics of
alg/PNIPAm formed by both HRP and UPO at 60 °C follow a similar trend, with equilibrium
deswelling reached by 50 min for both formulations. Error bars represent S.E.M. of 3
replicates. C) Deswelling of the alg/PNIPAm hydrogels formed by HRP or UPO is
temperature dependent. The midpoint of the transition is ~33.5 °C for the HRP-formed
hydrogel and ~34 °C for the UPO-formed hydrogel. Error bars represent S.E.M. of 3
replicates. Figure made using MATLAB.

Due to the slight differences in thermosensitive behaviour observed between the HRP-formed
alg/PNIPAm and UPO-formed alg/PNIPAm, it would be beneficial in future to investigate
which properties may have led to these differences, such as by studying the chemical
composition of the respective hydrogels and examining their structures using cryo-scanning

electron microscopy. A greater understanding of how the relative amount of UPO impacts the
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properties of the alg/PNIPAm hydrogel could allow for fine-tuning of the formulation for
each desired application. Nonetheless, the overarching thermosensitive behaviour of the UPO
alg/PNIPAm hydrogel is relatively similar to the corresponding HRP hydrogel, indicating that
the K. phaffii recombinantly expressed UPO could be used in place of 4. rusticana HRP. As
previously discussed, use of recombinantly expressed UPO would result in much higher
reproducibility of the material, because plant-derived HRP suffers from batch-to-batch

variation®®,

As reusability is important for many applications, it would be desirable if the ‘contractile’
property of the alg/PNIPAm hydrogel were repeatable. The repeatability of the deswelling of
the UPO-formed alg/PNIPAm was compared to that of the HRP-formed alg/PNIPAm over
several days (Fig. 4.8 A & B), where once per day the respective hydrogel was incubated at 60
°C before being incubated overnight at room temperature to recover. This experiment
demonstrated that the ‘contractability’ of both the HRP and UPO alg/PNIPAm was fairly
repeatable up to the 11 times tested, indicating high reusability potential. However, the
‘contraction’ of the UPO alg/PNIPAm does decrease significantly from the first to second day
before stabilising, whereas that of the HRP alg/PNIPAm is slightly more consistent (Fig.
4.9C). The significant decrease in the amount of deswelling of the UPO alg/PNIPAm between
the first and second repetition appears to be largely due to the failure for the hydrogel to fully
recover to its initial swelling weight after the first ‘contraction’. This is shown firstly by the
significant difference between the initial swelling weight ratio of day one compared to the
swelling weight ratio of day two post recovery (Suppl. Fig. 4.10A). Secondly, this is shown
by the fact that the difference between the control weight ratio and the recovery weight ratio
1s insignificant on day one (Suppl. Fig. 4.10C) but is very significant from day two to eleven
(Fig. 4.10D). The inability to fully recover to the initial swelling weight could suggest that a
small amount of degradation of one or both of the polymeric networks within the hydrogel
occurred after the first incubation. Interestingly, it was also found that the deswelled weight
ratio of UPO alg/PNIPAm, post incubation at 60 °C, gradually decreased with each repetition,
with a significant difference between the first and final repetitions (Suppl. Fig. 4.10B). This
could suggest that there is slight degradation of the alginate network with each incubation, as
the greater ‘contraction’ could indicate a higher ratio of PNIPAm to alginate within the

alg/PNIPAm hydrogel.
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Figure 4.9: Repeatability of the ‘contractability’, or thermosensitive deswelling behaviour, of
the UPO-formed and HRP-formed alg/PNIPAm hydrogels. A) The repeatability of
‘contraction’ for the HRP alg/PNIPAm when incubated at 60 °C (post incubation) then
recovered at room temperature (RT) (pre incubation) for several days. As a control, HRP
alg/PNIPAmM was also continuously incubated at RT for several days. Error bars represent
S.E.M. of 3 replicates. B) A) The repeatability of ‘contraction’ for the UPO alg/PNIPAmM when
incubated at 60 °C then recovered at room temperature (RT) for several days. As a control,
UPO alg/PNIPAm was also continuously incubated at RT for several days. Error bars
represent S.E.M. of 3 replicates. C) The HRP alg/PNIPAmM deswelled by a similar amount
each day, whereas the UPO alg/PNIPAm deswelled more on the first day compared to the
later days. Error bars represent S.E.M. of 3 replicates and significance was calculated by
unpaired t test. D) On the final day of testing (day 11), there was found to be no significant
difference between the HRP alg/PNIPAm which had been repeatedly incubated at 60 °C and
recovered at RT than the control which had only been incubated at RT. However, for the
UPO alg/PNIPAm the repeated incubation at 60 °C and recovery appears to have reduced
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its recovery weight ratio compared to the control only incubated at RT. Error bars represent
S.E.M. of 3 replicates and significance was calculated by unpaired t test. Figure made using
MATLAB.

For HRP alg/PNIPAm, although the ‘contraction’ did appear to gradually decrease with each
repetition, the decrease was non-significant. This may be partly due to the relatively higher
variability of the HRP alg/PNIPAm hydrogel samples tested. Thus, in future it would be
informative to repeat the experiment using a greater number of samples. Nonetheless, the
recovery swelling weight ratio for the HRP alg/PNIPAm was found to significantly decrease
between the second and eleventh repetition in a manner not dissimilar to the UPO
alg/PNIPAm. Additionally, the ‘contracted’ weight ratio of the HRP alg/PNIPAm also
decreased slightly with each repetition similar to UPO alg/PNIPAm, although for the HRP-
formed hydrogel this decrease is not significant likely due to the larger variability of the
samples tested. This decrease in recovery swelling weight and ‘contracted’ weight could also

suggest small degradation of the alginate network with each incubation.

Overall, despite the possible small amount of degradation of the UPO-formed alg/PNIPAm
hydrogel, it was demonstrated that it has relatively high contractile repeatability of up to the
eleven repetitions tested, such that it likely would have good reusability for desired

applications.

4.3.5 Mechanical behaviour of UPO alg/PNIPAm compared to HRP alg/PNIPAm

Having established that the UPO alg/PNIPAm showed relatively similar thermocontractile
behaviour as the HRP alg/PNIPAm, the mechanical behaviour of UPO alg/PNIPAm
compared to HRP alg/PNIPAm under compressive and tensile forces was then characterised.
Firstly, under compressive loads it was found that both HRP and UPO alg/PNIPAm, as well
as HRP PNIPAm single network (SN) and alginate SN all displayed behaviour classical of
hydrogels, with two distinct linear regions connected by a transition region’'%”!7 (Fig. 4.10A).
This behaviour results from viscoelastic properties of hydrogels and their biphasic
nature’!7#2°, However, despite a general similarity, the compressive stress-strain curve of the
alginate SN was slightly different in shape from the other formulations tested. Furthermore,
the alginate hydrogel samples were not observed to make an elastic recovery, unlike the other
formulations (Suppl. Fig. 4.11). It is hypothesised that this lack of recovery was likely due its
reliance on physical ionic bonds compared to the covalent bonds present in the other

networks363-367,
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Analysis of the linear regions of the different hydrogel formulations tested under compression
revealed that HRP alg/PNIPAm showed compressive elastic moduli in between those of the
alginate SN and PNIPAm single network for both the first (E1) and second (E2) linear regions
(Fig. 4.10C). Typically, the compressive strength of fully interpenetrating double networks is
greater than either of the single networks it is composed of*%*-%* and other studies have
indeed found this for alg/PNIPAm hydrogels®’%764773 However, it should be taken into
consideration that the HRP alg/PNIPAm was printed whilst PNIPAm was moulded such that
perhaps a direct comparison cannot be made. Notwithstanding, the relatively low
compressive strength of HRP alg/PNIPAm could suggest that it has not formed a fully
interpenetrating double network. Indeed, the lack of formation of such a fully interpenetrating
double network was supported cryo-scanning electron microscopy (SEM) conducted by
Klemperer®*®, which found that interlacing of the alginate and PNIPAm networks only
appeared to occur near the surface of the hydrogels, whereas, in the core of the hydrogels the
two networks appeared to be separated. Furthermore, the porosity of alg/PNIPAm

interpenetrating networks has been reported to be at least 50 um’%%773-:831.832

, whereas the pore
size of the HRP alg/PNIPAm was found to be only 2 pm by Klemperer et al.*®!, which is
more indicative of phase separated PNIPAm and alginate networks. Formation of a more
homogenous alginate network within the PNIPAm network could be improved in future
through the use of CaSOs to provide Ca** ions at a slower rate than the currently used
CaCl,’", or by initially using Na* ions then later replacing with Ca** ions through

displacement’’°.

In contrast to HRP alg/PNIPAm, UPO alg/PNIPAm displayed a significantly lower E; elastic
modulus, which was also less than those of either single network as well. However, for the
second linear region, although the elastic modulus of UPO alg/PNIPAm was also lower than
HRP alg/PNIPAm, it was in between the values found for alginate and PNIPAm single
networks, making it more similar to HRP alg/PNIPAM. Unfortunately, due to limitations of
the equipment used, the breaking behaviour of each formulation was not established.
Therefore, in future a larger load or higher speed should be tested to investigate the behaviour
of the respective hydrogels upon breaking. Nevertheless, before breaking, the compressive
behaviour of UPO alg/PNIPAm was found to be somewhat different from that of HRP
alg/PNIPAm, especially in the first linear region. This suggests that the UPO alg/PNIPAm
had a somewhat different structure to HRP alg/PNIPAm. Perhaps UPO alg/PNIPAm may
have had a slightly different ratio of alginate to PNIPAm, the respective alginate and PNIPAm
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polymers may have been more ‘fragmented’, or the amount of interweaving of the alginate

and PNIPAm networks was different.
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Figure 4.10: Comparison of the behaviour of various hydrogel formulations under a
compressive or tensile load. Samples of alginate, HRP alg/PNIPAm and UPO alg/PNIPAmM
were 3D printed whilst samples of HRP PNIPAmM were cast in moulds, as PNIPAm cannot be
3D printed. A) Average stress-strain curves under a compressive load at 1 mm/min for
alginate single network, HRP PNIPAm single network, horseradish peroxidase (HRP)
alg/PNIPAm and unspecific peroxygenase (UPO) alg/PNIPAm. The 95% confidence interval
(Cl) is shown with light grey shading. The two linear regions of the curves are shown as E
and E». B) Average stress-strain curves under a tensile load at 1 mm/min for alginate single
network, HRP alg/PNIPAm, and UPO alg//PNIPAm. The 95% CI is shown with light grey
shading. The two linear regions of the curves are shown as E; and E». C) Table showing the
elastic moduli, E4 and E», the stress and strain at fracture and the strain energy density.
Errors are S.E.M of at least 3 replicates. Figure made using MATLAB.

Differences between the UPO alg/PNIPAm and HRP alg/PNIPAm were also found in their
respective behaviour under a tensile load (Fig. 4.10B). While both, as well as the alginate SN,

displayed non-linear responses typical of viscoelastic materials like hydrogels®**834, the

194



relative strength of the HRP alg/PNIPAm, as measured by its elastic moduli, was found to be
significantly greater than UPO alg/PNIPAm. Furthermore, the stress and strain at fracture as
well as the strain energy density were all significantly higher for HRP alg/PNIPAm than UPO
alg/PNIPAm. In fact, UPO alg/PNIPAm was shown to have lower elastic moduli, lower stress
and strain at fraction and lower strain energy density than even the alginate single network.
This could further indicate that the polymeric chains in the UPO alg/PNIPAm are shorter or
more fragmented than in both HRP alg/PNIPAm and alginate, leading to its relatively weak
behaviour under tensile loads. It is posited that more fragmented chains would overall result
in a smaller number of bonds, especially the hydrogen bonds that occur between the PNIPAm
and alginate networks’’”?, thereby reducing the amount of energy that could be absorbed.
While hydrogels in general display tensile-compressive asymmetry due to their
viscoplasticity under compression’!”, the relatively weak behaviour of UPO alg/PNIPAm
under tensile load compared to compressive load was found to be more significant than HRP
alg/PNIPAm or alginate. This could be caused by a more ‘fragmented’, or less ‘entangled’,
network of both polymers in UPO alg/PNIPAm being more susceptible to tensile over
compressive forces, especially because during compression the liquid phase of the hydrogel
is more easily able to dissipate some of the force, which results in more plastic behaviour

compared to the more purely elastic behaviour that occurs during tensile loading’!'?

. However,
in future the structure of UPO alg/PNIPAm should be characterised, e.g. by using cryo-SEM,

to better understand the differences observed in tensile and compressive strength.

Interestingly, under tensile load the HRP alg/PNIPAm possessed a larger stress and strain at
fracture than alginate, as well as a greater strain energy density, indicating that when both the
alginate and PNIPAm networks form well, the tensile strength of the material increases
significantly. Possibly the relatively large tensile strength of HRP alg/PNIPAm may have
resulted from the presence of the more rigid covalent PNIPAm network providing structure
while the softer alginate network could ‘sacrifice’ intranetwork ionic bonds and internetwork
hydrogen bonds to dissipate energy®**¢’. In future it would be informative to also
characterise the behaviour of the PNIPAm SN under a tensile load to investigate whether it
would be stronger or weaker than the HRP alg/PNIPAm. Work by Sasaki & Koga®*® indicates
that the tensile strength of PNIPAm would likely be in the kPa range, however, here a
different formulation of PNIPAm was utilised so it would be beneficial to characterise this
specific formulation. Notwithstanding, all the hydrogels tested still fractured under tensile

load but not compressive load within the weight limit tested. This highlights that the hydrogel
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formulations tested showed relatively strong tensile-compression asymmetry, which is
characteristic of hydrogels in general due to their biphasic nature’'®. Thus, for the
alg/PNIPAm hydrogel, as for most hydrogels, this would suggest that for future applications
environments with compressive forces would be more favourable than those with tensile

forces.

Overall, UPO alg/PNIPAm was found to possess weaker ‘strength’ under compressive and
tensile forces than HRP alg/PNIPAm. This highlights how sensitive the alg/PNIPAm
formulation is to very slight changes and indicates that the concentration of UPO may need to
be further optimised in future to achieve an alg/PNIPAm with similar mechanical properties
to the HRP alg/PNIPAm. However, the sensitivity of the mechanical strength of alg/PNIPAm
could be advantageous for applications requiring differing hydrogel strengths, as the strength
of the alg/PNIPAm could potentially be changed depending on the application by the relative
amount of UPO. Nevertheless, further characterisation of the hydrogels would be beneficial
to inform future applications, such as the behaviour of the materials under shear forces, the
behaviour of the materials under cyclic compressive, tensile and shear forces in order to
investigate their relative durability, and rheological characterisation to better understand their
viscoelastic behaviour. Notwithstanding, it was demonstrated that alg/PNIPAm formed by
UPO still displayed relatively similar thermosensitive behaviour to that formed by HRP and
possessed compressive and tensile strength in the same kPa range as HRP alg/PNIPAm.
Therefore, it was next investigated whether yeast cells would be viable and could be induced

to produce protein in UPO alg/PNIPAm such that it could form an engineered living material.

4.3.6 Towards the development of a yeast alg/PNIPAm engineered living material
Following the establishment that UPO could be utilised to form 3D-printed alg/PNIPAm, to
then develop a 3D-printable UPO-formed yeast alg/PNIPAm ELM which could produce
proteins ‘on demand’ it was next determined whether yeast cells would be viable in
alg/PNIPAm. Subsequently, it was then investigated if the yeast cells could be induced to
produce protein within the alg/PNIPAm hydrogel, because this is critical for its future use as

a bioreactor or biosensor, etc.

Initially the viability of yeast cells within the alg/PNIPAm hydrogel was established because
previously only E. coli cells had been utilised in this formulation and, more generally, there

have been relatively few yeast hydrogels developed, especially for K. phaffii*****¢. Confocal
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microscopy was utilised to assess viability with the SYTOX nuclear stain showing if the
plasma membrane was compromised, the Calcofluor White M2R stain showing the cell wall
and cytosolic EGFP expression showing prevalence of protein within the cytosol. To begin
with, liquid culture controls of EGFP-expressing S. cerevisiae, K. phaffii KM71H, K. phaffii
X33 and nutrient deprived K. phaffii X33 were examined to establish that the selected dyes
could be used and to establish controls to compare against for cells in the alg/PNIPAm

hydrogel (Fig. 4.11A).

The liquid culture controls showed that the selected stains worked as expected with minimal
autofluorescence detected after background removal in post-processing. Notably, Calcofluor
White M2R staining revealed the presence of many bud scars on most of the yeast cells of
both species (Suppl. Fig. 4.13). This indicated relatively high rates of reproduction, which
was expected in liquid cultures. The relative percentage of cells expressing EGFP was almost
100% for both K. phaffii strains, highlighting that a robust, inducible EGFP expression
system was achieved. However, only 71% of S. cerevisiae cells were observed to express
EGFP. This lower number of S. cerevisiae cells expressing EGFP may have resulted from the
use of an episomal plasmid expression system rather than a genomically integrated
expression system, which was used for K. phaffii. An episomal plasmid expression system
can result in lower recombinant protein production as the plasmid has a relatively high loss

rate with each new generation®!?

. While chromosome integration of recombinant genes can be
more laborious and costly if one does not have the necessary plasmid construct, in future it
would be beneficial to attempt a chromosomal recombinant expression system of both EGFP
and UPO PaDal in S. cerevisiae to investigate whether this could improve the expression of
both proteins. Nonetheless, most of the S. cerevisiae cells were shown to express EGFP. More
generally, the cytosolic EGFP expression in both S. cerevisiae and K. phaffii revealed the
presence of round structures lacking EGFP, which were likely nuclei and vacuoles (Suppl.
Fig. 4.13). The ability to observe these structures highlights the relatively high resolution of

837 Both S. cerevisiae

fluorescent confocal microscopy compared to brightfield microscopy
and K. phaffii were also shown to possibly display high levels of flocculation, as has
previously been found to be characteristic of these yeast species®®®®3, The average cell
diameters for both S. cerevisiae and K. phaffii respectively (Fig. 4.11C) were also found to be
within the range of those previously reported’?®#3340  thereby establishing that the images

collected by confocal microscopy could be utilised to characterise changes in cell size.
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The nutrient deprived EGFP-expressing K. phaffii X33 revealed that many of the cells with
compromised plasma membranes still contained significant levels of cytosolic EGFP and still
possessed some degree of cell wall (Fig. 4.11). As EGFP is relatively stable in vivo®*!*%, the
presence of EGFP may not necessarily indicate that the cells are metabolically active and
expressing EGFP, but rather that EGFP previously expressed over 24 hrs ago has not yet
degraded, been digested or leached from the cell due to large ruptures of both the plasma
membrane and cell wall. Nonetheless, the presence of SYTOX fluorescence inside many of
the cells strongly suggests that these cells are likely dead, though ideally in future this should
be corroborated with other experiments including a plating assay®**%%°. Although further
experiments would be needed to validate true cell death, if death had occurred then it is
proposed that apoptotic regulated cell death may have occurred in response to the starvation
conditions due to 1) the diameter of the nutrient deprived K. phaffii was significantly smaller
than that of healthy cells indicating cell shrinkage, which occurs during apoptosis (Fig.
4.11C), i) the cell wall and plasma membrane were not so greatly ruptured as to cause
leakage of EGFP as may occur under necrosis, and iii) a round organelle lacking SYTOX
fluorescence, possibly the nucleus, was visible in many of the cells (Suppl. Fig. 4.13), which
is typical of apoptosis but not necrosis or autophagy®*®34’. This mechanism of regulated cell
death is supported by previous work by Ruckenstuhl et al., who were able to demonstrate
apoptosis following starvation under a similar timeframe, albeit for S. cerevisiae®*.
Interestingly, some (<15%) of the cells in the nutrient-deprived condition were not found to
show significant cell wall fluorescence while still displaying SYTOX and/or EGFP
fluorescence. Assuming that staining and the relevant laser power were sufficient, the
presence of EGFP and/or SYTOX fluorescence without Calcofluor flourescence could
suggest that the intracellular contents have not ‘leaked’ from the cells despite the lack of a

cell wall containing chitin and cellulose, to which Calcofluor binds to. Therefore, perhaps

some yeast cells may have formed into protoplasts, perhaps due to autolysis®®,

Taken as a whole, the liquid culture controls demonstrated that aspects of yeast cell viability
could be assessed with fluorescent microscopy and thus, that this technique could perhaps be

used to observe the state of cells within a hydrogel.

198



>

K. phaffii S. cerevisiae
X33 KM71H

K. phaffii

K. phaffii
X33 nutrient-deprived

W

% cells

Calcofluor white M2R

SYTOX Deep Red

—
10 pm
—
10 pm

[1S. cerevisiae

* K. phaffi KM71H
100 K. phaffii X33
K. phaffii X33
-nutrient deprived
90
80
704
60 4
504
40
304
204
104
0 r
Calcofluor EGFP SYTOX

Cell diameter (um)
w

24
14
0 T T
2% A P @®
IRCLGIV Uy GQ‘\\\G
W
AN et o
S 9‘(\6 “ (\“\‘\e
) )
«\'\‘43’
o

199



Figure 4.11: Fluorescent images of S. cerevisiae, K. phaffii KM71H and K. phaffii X33 yeast
cells expressing EGFP and stained with Calcofluor White M2R (Calcofluor) and SYTOX
Deep Red. A) Representative images showing that Calcofluor could be used to stain the cell
wall, EGFP was expressed and that SYTOX Deep Red could be used to show compromised
plasma membranes. Scale bars represent 10 um. B) The percentage of cells which were
expressing EGFP, or which showed fluorescence from Calcofluor or SYTOX. Only the
nutrient deprived X33 cells showed compromised cell walls and plasma membranes. EGFP
expression was somewhat lower in S. cerevisiae, possibly due to the plasmid expression
system used. Error bars represent S.E.M. of three samples and statistical significance was
calculated by ANOVA or unpaired t test as appropriate. C) The average cell diameter of each
of the yeast cell types as measured using the 405 nm (Calcofluor) channel. Error bars
represent S.E.M. and statistical significance was calculated by ANOVA. Figure made using
Fiji and MATLAB.

Initially, it was assessed whether yeast cells were viable in casted hydrogels of alginate (alg)
single network (SN), PNIPAm SN, alg/PNIPAm and alg/PNIPAm with reduced N,N'-
Methylenedi(prop-2-enamide) (MBA) following four hours of recovery post curing. The

850851 and because

latter formulation was characterised because MBA is relatively toxic
reduction of MBA may increase pore size in the gel, thereby possibly allowing more ‘space’
for yeast colonies to form. Due to time constraints, only EGFP expressing K. phaffii X33 was
investigated, because of the two K. phaffii strains it had higher EGFP expression. However, in
future it would be informative to also investigate K. phaffii KM71H and S. cerevisiae.
Nonetheless, using K. phaffii X33 within the various hydrogel formulations casted using a
rectangular mould, it was found that the cells could be both stained and viewed by relatively

high-resolution confocal microscopy while embedded inside the hydrogel without the need

for sectioning (Fig. 4.12A).

However, it was found that the percentage of cells showing Calcofluor stained cell wall
fluorescence was generally lower than expected given the relatively high percentages of cells
with EGFP fluorescence and generally low percentages of cells with SYTOX fluorescence
(Fig. 4.12B). Therefore, the concentration of Calcofluor used may have been insufficient for
this experiment, and hence its concentration was subsequently increased in following
experiments. Despite the relatively low Calcofluor fluorescence detected, for both the
alginate and PNIPAm single networks almost all cells were observed to likely have an intact
plasma membrane and possibly be viable, as indicated by low levels of intracellular SYTOX
fluorescence and very high levels of cytosolic EGFP fluorescence (Fig. 4.12B). Thus, here it
was shown that K. phaffii retain high viability in alginate, supporting the limited number of
previous studies which have investigated K. phaffii in alginate®>?-*>*, Similarly, only one other
study was found which demonstrated that K. phaffii are typically viable in acrylamide-based

399

hydrogels™” and here it was shown for the first time, to the best of our knowledge, that K.
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phaffii retained high viability in PNIPAm, thereby supporting the biocompatibility of
enzyme-polymerised PNIPAm. This is despite the formation of PNIPAm involving processes
which could be damaging to yeast cells, such as the generation of H>O> and radicals, and

local oxygen deprivation®>,

Despite the likely high viability of K. phaffii cells in the alginate and PNIPAm single
networks, the viability of the cells in both the alg/PNIPAm and alg/PNIPAm with reduced
MBA respectively was relatively lower (Fig. 4.12B). This was demonstrated by the slightly
lower number of cells displaying EGFP fluorescence, possibly indicating serious cell wall
rupture or autophagy in some cells, and the relatively higher number of cells showing
SYTOX fluorescence, indicating that the plasma membrane had been compromised in ~40 %
of cells. The alg/PNIPAm formulation with reduced MBA concentration showed similar
numbers of ‘unhealthy’ cells to the original alg/PNIPAm formulation, suggesting that toxicity
of MBA and its crosslinking role within the hydrogel was not leading to the decreased
viability of cells observed within the alg/PNIPAm. This was also supported by the relatively
high viability of cells within the PNIPAm SN, which also contained the original
concentration of MBA. Rather, the decrease in cell viability in the alg/PNIPAm could be due
to the lengthier process required to make the alg/PNIPAm compared to its constitutive SN,
which would have resulted in the K. phaffii cells being subjected to the relatively ‘harsh’
environment of the gel ink, with likely relatively high osmotic stress, starvation conditions
and possibly pH stress, for a longer time compared to the SNs. Furthermore, formation of the
alg/PNIPAm requires more mixing steps using a dual asymmetric centrifuge than formation
of either of the SNs, which may have resulted in the cells in alg/PNIPAm experiencing shear
forces for a greater length of time, and thus, greater pressure and strain stresses. Nevertheless,
~60% of cells were observed to still have maintained an intact plasma membrane in the
alg/PNIPAm and a reasonable cell density was also observed, therefore, a reasonable number

of cells had likely survived the process to form the alg/PNIPAm.

Interestingly, however, for all the formulations the average cell diameter was approximately
the same (Fig. 4.12C) and significantly smaller than the average diameter measured in liquid
culture by ~1 um. A decrease in yeast cell size can result from many factors, but commonly
occurs under conditions of stress, such as nutrient deprivation®*-8°¢-88 Therefore, the
decrease in cell diameter of K phaffii within the hydrogel formulations tested may suggest
that the cells were experiencing some sort of stress in the hydrogel environment. To the best

of our knowledge, the stresses that may be experienced by yeast cells within hydrogels has
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not been well studied, thus, in future it would be interesting to characterise in more detail
which aspects of the hydrogel environment could possibly be acting as external stress triggers

for the yeast cells.

Despite using the same amount of K. phaffii culture in each of the gel formulations, it was
found that the PNIPAm hydrogel possessed the greatest cell density when observed (Fig.
4.12D). Its higher density than the alginate SN could arise from a difference in pore size, as
Klemperer et al.>®! found that the pore size of the alginate hydrogels was larger than the
PNIPAm hydrogel, which would facilitate relatively rapid diffusion of the yeast cells into the
surrounding medium in alginate. However, this would need to be validated in future through
measurements of the respective pore sizes of the yeast-laden hydrogels and measurement of
the respective numbers of colony forming units in the media of the hydrogels. The relatively
low cell density of the alg/PNIPAm formulations could also have been partially caused by its
slightly larger pore size than PNIPAm, although again this would need to be experimentally
validated. However, given that the alg/PNIPAm networks were shown to result in
significantly higher numbers of SYTOX permeable cells than either of the single networks,
the low cell density observed in the alg/PNIPAm hydrogels may have instead largely been
caused by complete lysis and/or denaturation of many cells such that they could not be
viewed by the selected stains using fluorescent confocal microscopy. Nonetheless, in future
this would also need to be confirmed; perhaps by attempting to detect the presence of EGFP

in the medium, which could suggest relatively high levels of cell lysis.

While the viability of K. phaffii in the alg/PNIPAm hydrogel was not as high as in the
alginate or PNIPAm single networks, nonetheless, ~60% of cells were observed to maintain
their plasma membrane integrity and due to the interesting and desirable properties of the
alg/PNIPAm, further experiments continued to investigate the feasibility of utilising yeast

cells within this material.
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Figure 4.12: Fluorescent images of K. phaffii X33 yeast cells expressing EGFP in alginate,
PNIPAm, alg/PNIPAmM and alg/PNIPAmM reduced MBA hydrogels formed using moulds. Cells
are stained with Calcofluor White M2R (Calcofluor) and SYTOX Deep Red. A)
Representative images showing the yeast cells within the various gel formulations. Images
were taken of the cells within the hydrogels without sectioning and following 4 hrs of
recovery since curing of the gels. Scale bars represent 10 um. B) The percentage of cells
which were expressing EGFP, or which showed fluorescence from Calcofluor or SYTOX.
The percentages of cells which had retained EGFP and which were impermeable to SYTOX
were relatively high for the alginate and PNIPAm single networks, indicating high viability.
However, the percentages of cells which were permeable to SYTOX for both alg/PNIPAmM
formulations indicated less than 62% of the cells in each hydrogel formulation remained
viable. Error bars represent S.E.M. of three samples and statistical significance was
calculated by ANOVA. C) The average cell diameter of each of the yeast cell types as
measured using the 405 nm (Calcofluor) channel. Error bars represent S.E.M. and statistical
significance was calculated by ANOVA. D) The density of cells in each respective
formulation. The density of cells in PNIPAmM was the highest, possibly due to smaller pore
size than alginate and higher viability than alg/PNIPAm. Error bars represent S.E.M. of three
samples and statistical significance was calculated by ANOVA. Figure made using Fiji and
MATLAB.

Subsequently, it was investigated whether alg/PNIPAm gel ink containing K. phaffii X33
could be 3D-printed, and the effect of printing, number of cells in the gel ink, and incubation
medium on yeast cell viability. To this end, two concentrations of K. phaffii, 10° cells/mL gel
ink and 107 cells/mL gel ink, were added to the alg/PNIPAm ink during the first stage of the
gel making process. Cells which had not been induced to express EGFP were utilised in case
the overproduction of EGFP could be contributing to a high cell load, which potentially could
reduce cell health. Following printing and curing, the hydrogels were then incubated for 24
hrs in either a minimal (BMG) or complex (BMGY) medium. Typically, complex yeast media
contain yeast extract and peptone, which are prone to batch-to-batch variation®. Thus, the
use of minimal medium, which does not contain these components, could be more

reproducible if it does not detrimentally affect cell viability.

Firstly, the K. phaffii laden alg/PNIPAm was observed to be 3D printable (Suppl. Fig. 4.14),
although a higher printing pressure was needed (~20 kPa) compared to the acellular gel ink
(~18 kPa). The higher pressure could indicate that the addition of cells has increased the
viscosity of the ink, however, this should be validated using rheology in future. Following
curing and incubation in media for 24 hrs, the printed yeast-laden hydrogel structures were
observed to have mostly maintained their printed structure of either rectangles or boxes (Fig.
4.12A; Suppl. Fig. 4.14) and the boxes could be easily handled with tweezers (Suppl. Fig.
4.14), suggesting some degree of mechanical strength under compressive forces. Thus, the
addition of K. phaffii to alg/PNIPAm appears to have had relatively minimal impact on

printability and medium incubation does not appear to majorly impact the shape of the
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printed alg/PNIPAm structure. Nonetheless, in future it will be important to characterise the
impact that the cells may have had on the alg/PNIPAm material, such as the effect of the cells

on the thermosensitive and mechanical properties.

However, it was found that the impact of the printing process on the cells was likely quite
detrimental, with almost all cells showing plasma membrane permeabilization in all the
conditions tested (Fig. 4.13B). There was a significant increase in the percentage of K. phaffii
cells which displayed compromised plasma membranes in the printed alg/PNIPAm compared
to the previously characterised moulded alg/PNIPAm, suggesting that the printing process
was primarily the cause. During printing, the cells would have been subjected to both
relatively large pressure stresses and shear forces*°. Additionally, the printing process added
time to the gel formation process, which would have lengthened the time the cells are
exposed to stresses caused by the environment of the gel ink, which might have included

osmotic stress, pH stress and starvation.

Despite the fact that almost all cells were shown to possess a compromised plasma
membrane, and the cells were subject to shear forces and pressure during printing, many cells
were observed to have still maintained some degree of cell wall. Interestingly, the K. phaffii
alg/PNIPAm incubated in complex BMGY medium had a significantly higher percentage of
cells with a cell wall than those incubated in minimal BMG medium, which perhaps could
have resulted from either an increased level of reproduction or perhaps even cell wall
repair®®. Furthermore, the cell density was found to be higher in the alg/PNIPAm gels
incubated in BMGY medium compared to BMG medium, even for samples with the same
initial cell concentration (Fig. 4.13D). This could suggest that more cells were able to
reproduce using BMGY medium, or that more cells died and denatured in BMG medium,

such that they could not be viewed with the selected stains.

Nevertheless, for both incubation media tested the average cell diameter was found to be very
similar (Fig. 4.13C), and also similar to that measured in all previous experiments for the K.
phaffii cells embedded within a hydrogel. This is despite the fact that most of the cells in the
printed alg/PNIPAm were shown to have a compromised plasma membrane, whereas
previously most of the cells still had an intact plasma membrane. It is hypothesised that the
lack of difference could possibly result from the fact that yeast cell size is controlled by many
factors, such that perhaps cell shrinkage due to stress would be indistinguishable from cell

shrinkage caused by regulated cell death, as previously discussed for ‘viable’ K. phaffii
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within the hydrogels®**%%. Perhaps such stress could result from mechanical forces exerted

by the hydrogels onto the cells®*.
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Figure 4.13: Investigating the printability of K. phaffii X33 laden alg/PNIPAm and viability of
the cells within the hydrogel. Two different concentrations of cells were used in the gel
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formulation (10° cell/mL gel ink and 107 cells/mL gel ink) and two different incubation media
(BMG and BMGY) were examined. A) Leftmost column shows photos of the yeast-laden
hydrogels following 24 hrs of incubation in BMG or BMGY medium. Other columns show
representative images from fluorescent microscopy showing the yeast cells within
alg/PNIPAm. Images were taken of the cells within the hydrogels without sectioning and after
staining with Calcofluor White M2R (Calcofluor) and SYTOX Deep Red. Scale bars
represent 10 um. B) The percentage of cells which showed fluorescence from Calcofluor or
SYTOX. Error bars represent S.E.M. of three samples and statistical significance was
calculated by ANOVA. C) The average cell diameter of each of the yeast cell types as
measured using the 405 nm (Calcofluor) channel. Cell diameter was not significantly
different between the conditions tested. Error bars represent S.E.M. and statistical
significance was calculated by ANOVA. D) The density of cells in each respective
formulation and medium incubation. Incubation in BMGY and forming the hydrogel with 107
cells/mL gel ink led to the highest cell density. Error bars represent S.E.M. of three samples
and statistical significance was calculated by ANOVA.

As both the cell density and the percentage of cells with some degree of cell wall was higher
with BMGY medium, it was decided to only use this medium for subsequent experiments.
However, it would be beneficial in future to also test rich YPD medium to investigate
whether this could improve the recovery of yeast cells within alg/PNIPAm following the
hydrogel formation process. Subsequent experiments used a concentration of 107 cells/mL in
the alg/PNIPAm gel ink to maximise the number of cells in the gel given the potentially very
high death rate during the gel formation process. To attempt to improve yeast cell viability
when forming alg/PNIPAm, the effects of changing aspects of the gel formation process and

curing process were next investigated.

Due to the low viability of K. phaffii within the printed alg/PNIPAm, it was attempted to
improve the viability by changing aspects of the hydrogel making process. To this end, rather
than adding the cells in the initial stages of the process, the cells were instead only added
immediately before the printing step and mixed into the gel using a lower speed. It was
hypothesised that this would reduce the length of time that the cells are exposed to various
stresses, and thereby perhaps improve their survival rate. Also, because the curing solution
contains a high concentration of CaCl, (300 mM), which likely would lead to osmotic stress
on the cells, this concentration was halved. Finally, it was investigated whether eliminating
CaCl; from the gel ink could improve viability, as this perhaps might reduce the osmotic
stress on the cells. K. phaffii X33 cells which had been induced to express EGFP were
utilised, because while EGFP expression may increase cell load as previously mentioned, the
fluorescent signal of EGFP provides additional information as to the state of the cell.
Nonetheless, in future it would possibly be more beneficial to instead utilise a dye which

indicates whether the yeast cell is metabolically active, such as FUN-1%!. Two timepoints
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were used to observe the state of the cells after a shorter and longer recovery incubation time:

4 hrs and 24 hrs.

Firstly, while both the gel inks containing CaCl, and not containing CaCl, could be printed,
the printing pressure needed for the ink lacking CaCl, was relatively low (~10 kPa) and its
printability was observed to be somewhat worse, due to its lower viscosity (Suppl. Fig. 4.15).
Therefore, eliminating CaCl, from the alg/PNIPAm ink would not be practical for future
applications of the biogel which need to utilise the adaptability and customisability of 3D-

printing.

Nonetheless, the K. phaffii cells within the alg/PNIPAm hydrogels formed from both
respective formulations were characterised by confocal microscopy at 4 hrs and 24 hrs of
incubation post hydrogel formation (Fig. 4.14A). As found previously, the average cell
diameter did not significantly differ between the formulations and timepoints tested (Fig.

4.14B) and was similar to those measured in the preceding experiments.

In contrast to previous experiments, in this experiment two timepoints were examined,
thereby allowing characterisation of any changes in cell density over time. Interestingly, for
both formulations the cell density was not found to significantly differ over the period tested,
which suggests both that the cells were not reproducing, and thus were either in some form of
cell arrest or even dead, but also that the cells were not being lysed or degraded to the extent
that their structure could not be viewed by the selected dyes and EGFP. It should be noted
that this model assumes a closed system where the cells are contained within the hydrogel
and not able to diffuse into the surrounding medium, which needs to be validated in future
using, for example, a plating assay of the medium. However, if the cells had diffused into the
surrounding medium, the observation of constant cell density would imply reproduction.
However, reproduction could be less likely due to most of the cells being observed to be
isolated, because K. phaffii reproduces through budding®®®, and the relatively high number of
cells with compromised plasma membranes, indicating that many of the cells were
‘unhealthy’ and thus perhaps unable to have reproduced (Fig. 4.14C&D). Furthermore,
daughter cells would not possess EGFP fluorescence due to the inducible protein production
system used, however, the relative number of cells with EGFP fluorescence was observed to

remain constant for both formulations (Fig. 4.14C&D).

Nevertheless, the percentage of cells with a compromised plasma membrane, shown by

SYTOX fluorescence, was found to decrease within alg/PNIPAm from 4 hrs to 24 hrs. As the
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cell density was found to have remained constant over this time, then this could either

844862 or that daughter

indicate that some cells were able to repair their plasma membrane
cells with intact plasma membranes were produced and some of the ‘unhealthy’ cells diffused
into the medium. While the first scenario is posited here as more likely; however, without
having characterised the presence of K. phaffii cells in the surrounding incubation medium,
either scenario or even both could have occurred. Interestingly, for the formulation which
lacked CaCl: in the alg/PNIPAm ink the percentage of cells with compromised plasma
membranes remained close to 100% after 24 hrs. As the cell density had also remained
constant and as any daughter cells would be unlikely to possess compromised plasma

membranes, this would suggest that the cell population within the hydrogel remained either

‘unhealthy’ or even dead over the time period.

On the other hand, the percentage of cells which had maintained EGFP was observed to stay
constant for both respective formulations. This suggests that the cell walls of the observed
cells did not significantly deteriorate over time, which would have resulted in leakage of
intracellular content. However, the alg/PNIPAm formulation lacking CaCl: in the ink was
found to have a lower percentage of cells with EGFP fluorescence compared to the formula
containing CaCl; in the ink. As the relative percentage of cells displaying some degree of cell
wall remained similar between both formulations, the lower EGFP fluorescence in the
formulation lacking CaCl: in the ink could perhaps indicate increased autophagy or other
protein degradation processes, or could indicate that while the cell walls could be stained
with Calcofluor, they were more seriously compromised or ruptured leading to EGFP
leakage. In either case, this would indicate that the cells in the formulation lacking CaCl: in
the ink were perhaps less viable than those in the ink containing CaCl,. This perhaps could
provide a rationale for the possible recovery of plasma membrane observed for the K. phaffii
in the alg/PNIPAm containing CaClz and lack of recovery for the cells in the formulation
lacking CaCly. The lower viability of the cells in the formulation lacking CaCl2 in the ink
could result from the greater osmotic shock when incubated in the curing solution compare to
cells that had already been exposed to some level of CaCl» and thus could adapt®®. However,

this theory would need to be validated in future work.

Despite the differences in the relative percentages of cells which contained EGFP and
SYTOX between the formulations, both were found to have a similar percentage of cells with
cell walls, and this percentage increased over time by a similar amount. Assuming

measurement of the number of cell walls was correct and cells were not reproducing, the
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increase in the percentage of cells with cell walls over time suggests that some of the cells
which were initially in a spheroblast state were possibly able to repair their cell wall. While
this would need to be more definitively characterised in future, several studies have shown
that cell wall recovery is possible in yeast and identified proteins important for cell wall
repair®6-862864 Therefore, here preliminary evidence was shown that some K. phaffii cells
may be able to ‘recover’ from any stresses experienced during hydrogel formation and
printing after incubation of the biogel in medium. Thus, it is possible that a 3D printed K.
phaffii ELM can be formed if sufficient recovery time is allowed.

Overall, it was found that removing CaCl: from the alg/PNIPAm ink worsened printability
and did not improve K. phaffii viability, hence, in future the alg/PNIPAm ink containing
CaCl; should be utilised. Additionally, for the alg/PNIPAm ink containing CaCl,, a lower
percentage of cells with a compromised plasma membrane after 24 hrs was observed
compared to the previous experiment of printing K. phaffii in alg/PNIPAm. This indicated
that the addition of cells immediately before printing and/or halving the concentration of
CaCl; in the curing solution may have improved cell viability. Nonetheless, cell viability
following printing was still found to likely be quite low. Therefore, in future perhaps a lower
pressure nozzle gauge could be used to reduce the pressure stress on the cells, thereby
perhaps increasing survival rates. Nonetheless, as there was some indication that the cells
could recover after printing, it was instead next investigated if protein production could be

induced in the yeast cells within the alg/PNIPAm hydrogel.
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Figure 4.14: Attempting to improve the viability of K. phaffii X33 within alg/PNIPAm. The
hydrogel making process was adapted such that K. phaffii was only added directly before
printing and the concentration of CaCls in the curing solution was halved to 150 mM. Two
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different formulations were examined: one with CaCl, in the gel ink and one without CaCl; in
the gel ink. Observations of the cells were made at 4 hrs of incubation (post curing) and 24
hrs of incubation. A) Representative images from fluorescent microscopy showing the EGFP
expressing K. phaffii cells within alg/PNIPAm with and without CaClz (-CaCl,) in the gel ink
(note that both formulations were cured with CaClz). Images were taken of the cells within
the hydrogels without sectioning and after staining with Calcofluor White M2R (Calcofluor)
and SYTOX Deep Red. Scale bars represent 10 ym. B) The average cell diameter of each of
the conditions tested as measured using the 405 nm (Calcofluor) channel. Cell diameter was
not significantly different between the conditions tested. Error bars represent S.E.M. and
statistical significance was calculated by ANOVA. C) The density of cells in each respective
condition. No significant difference in cell density was found for any of the conditions. Error
bars represent S.E.M. of three samples and statistical significance was calculated by
ANOVA. D) The percentage of cells which showed fluorescence from Calcofluor, EGFP or
SYTOX for the normal alg/PNIPAm formulation. Cells possibly show some recovery of
viability after 24 hrs. Error bars represent S.E.M. of three samples and statistical significance
was calculated by unpaired t test. E) The percentage of cells which showed fluorescence
from Calcofluor, EGFP or SYTOX for the alg/PNIPAm formulation where CaCl; was not used
in the gel ink. Cells possibly show similar viability after 24 hrs. Error bars represent S.E.M. of
three samples and statistical significance was calculated by unpaired t test. Figure made
using FIJI and MATLAB.

After adaptations to the alg/PNIPAm making and curing process were found to somewhat
improve K. phaffii viability within the hydrogel, next it was investigated whether protein
production could be induced in yeast cells within alg/PNIPAm. This is critical for the
alg/PNIPAm ELM to be able to act as an ‘on demand’ bioproducer. Induction of the
production of enhanced green fluorescent protein (EGFP) in the cytosol and UPO for
secretion were each characterised. EGFP was chosen because it could act as a reporter signal

608,750,751

for biosensor applications and UPO because its relatively broad chemical

functionality would enable it to be used in bioreactor systems to e.g. catalyse the formation of

771,778,865

value-added chemical compounds or catalyse the removal of biotoxins from the

environment®!!.

While it was found that K. phaffii yielded a higher titre of UPO in liquid culture expression
and the yeast viability experiments focused also on K. phaffii, it was decided to also
characterise protein induction by S. cerevisiae because it could have advantages over K.
phatffii in the production of certain proteins and because it has been more commonly been
utilised in hydrogels than K. phaffii*>°>°*%._ For protein induction in K. phaffii, it was
decided to use the strain which had resulted in the highest yield of each respective protein
during expression trials, which was X33 for EGFP and KM71H for UPO. The relative
viability of the yeast cells within printed alg/PNIPAm rectangles and presence of any EGFP
fluorescence was characterised before protein induction (24 hrs post curing) and after protein

induction (86 hours post curing). To test for the production of UPO, a peroxidase activity
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assay with ABTS as a substrate was utilised on the incubation medium of the UPO-

expressing K. phaffii and S. cerevisiae hydrogels after protein induction.

Firstly, measurement of the cell diameter of both K. phaffii and S. cerevisiae cells within
alg/PNIPAm both before and after induction (Suppl. Fig. 4.16B) revealed that surprisingly the
diameter of both yeast species was found to be much more similar in alg/PNIPAm than was
previously found in liquid culture, where ~1 um difference in diameter between the yeast
species was observed. The reduction of both K. phaffii and S. cerevisiae cells within
alg/PNIPAm to a similar, smaller size could suggest that both yeast species possibly
experienced relatively high levels of cell size reduction, possibly from the hydrogel

11844.856

environment leading to stresses on the cell or even regulated cell deat

discussed for K. phaffii.

, as previously

Similarly, no significant difference was also observed in the percentage of cells with cells
walls at both time points between K. phaffii and S. cerevisiae (Suppl. Fig. 4.16C). This
indicated that an equivalent amount of K. phaffii and S. cerevisiae maintained their cell wall
following the alg/PNIPAm printing and curing process. The lack of significant difference
between the timepoints measured for both yeast species respectively could suggest that cells
with a compromised cell wall were unable to repair it, but also that cells with compromised
cell walls were not further degrading or denaturing, perhaps due to being ‘trapped’ within the

hydrogel.

Unlike the similarity in cell diameter and the percentage of cells with largely intact cell walls
between K. phaffii and S. cerevisiae within alg/PNIPAm, the cell density of each respective
yeast species showed different trends (Fig. 4.15B). While the difference in initial density
between K. phaffii and S. cerevisiae could be due to the imprecise nature of using O.D.¢00
measurements to estimate cell number, the cell density of K. phaffii remained similar after a
further 72 hrs of incubation, whereas that of S. cerevisiae was observed to significantly
increase. As previously discussed, the constant cell density of K. phaffii over time could
suggest that the cells were not reproducing, and thus, may be relatively ‘unhealthy’. This is
supported by the relatively high percentage of K. phaffii with SYTOX fluorescence at both
time points (Fig. 4.15C), which suggests that most of the cells have compromised plasma
membranes and thus are not in a ‘healthy’ state. In contrast, the increase in cell density
observed for S. cerevisiae could suggest that the cells were able to reproduce, and thus were

‘healthier’. However, this somewhat conflicts with the relatively high levels of SYTOX
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fluorescence observed for most S. cerevisiae cells at both time points, which indicates that
many of the cells have compromised plasma membranes even at 86 hrs post curing. Thus, to
confirm whether the S. cerevisiae cells were able to reproduce, or if the apparent difference in
cell density results from the small number of samples, further experiments need to be

conducted in future.

Despite the relatively high percentages of cells with compromised plasma membranes
observed for both yeast species after protein induction, somewhat unexpectedly it was found
that ~30% of EGFP-expressing K. phaffii cells and ~40% of EGFP-expressing S. cerevisiae
cells showed EGFP fluorescence (Fig. 4.15A&D). While yeast cells do display some

P3%7 after image processing only the aforementioned

autofluorescence in the range of EGF
numbers of cells within the EGFP-expressing population were found to possess fluorescence
in the range of wavelengths for EGFP, indicating that EGFP had likely been expressed by
certain cells. Furthermore, the media of the UPO-expressing variants of both yeast species
also demonstrated some level of UPO peroxidase activity, albeit very low for K. phaffii (Fig.
4.15E). As a negative control of media from the EGFP-expressing hydrogel was used in the
ABTS assay, it is most likely that the peroxidase activity detected in the assays results from
UPO production by cells within the respective alg/PNIPAm biogels. Therefore, for both
species of yeast it was demonstrated that recombinant protein production could be induced
within the alg/PNIPAm hydrogel. This result adds support to previous experiments showing
that yeast protein induction is possible within hydrogels, such as the study by Yuan et al.>*,
where it was demonstrated that protein production by K. phaffii could be induced by
methanol in the acrylamide based hydrogel F127-BUM and the study by Sugianto et al.*®,
where it was shown that S. cerevisiae protein production could be induced by galactose
within a BSA-PEGDA hydrogel. Therefore, here the capability of alg/PNIPAm yeast-laden
hydrogels to act as ELMs, for example bioreactors, was demonstrated. Nonetheless, as for
both yeast species tested less than half of the cells were found to have been recombinantly
expressing EGFP, and also that levels of recombinant UPO expression for both yeast species,
but especially for K. phaffii, were lower than desired, the viability and metabolic activity of
the yeast within alg/PNIPAm still needs to be improved in future.
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Figure 4.15: Characterising if recombinant protein production could be induced in K. phaffii
and S. cerevisiae within an alg/PNIPAm hydrogel. The inducible expression of EGFP was
investigated using K. phaffii X33 (K EGFP) and S. cerevisiae (S EGFP). The inducible
expression of UPO was investigated using K. phaffii KM71H (K UPO) and S. cerevisiae (S
UPO). A) Representative images from fluorescent microscopy taken after protein production
had been induced (86 hrs after hydrogel curing). Images were taken of the cells within the
hydrogels without sectioning and after staining with Calcofluor White M2R (Calcofluor) and
SYTOX Deep Red. Scale bars represent 10 um. B) The density of cells for each expression
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system before induction (24 hrs after hydrogel curing) and after induction. No significant
difference in cell density was found for K. phaffii, however, cell density appeared to increase
for S. cerevisiae. Error bars represent S.E.M. of three samples and statistical significance
was calculated by unpaired t test. C) The percentage of cells which were found to possess
SYTOX fluorescence for each expression system before and after protein induction. No
significant difference was found between any of the expression systems or time points. Error
bars represent S.E.M. of three samples and statistical significance was calculated by
unpaired t test to compare time points or ANOVA to compare expression systems. D) The
percentage of cells observed to contain EGFP fluorescence for the EGFP expression
systems before and after induction. EGFP expression was induced in some of the cells of
both K. phaffiiand S. cerevisiae. Error bars represent S.E.M. of three samples and statistical
significance was calculated by unpaired t test. E) For the UPO expression systems, the
presence of any UPO was characterised by measuring peroxidase activity in the surrounding
medium of the alg/PNIPAm biogels using ABTS. A negative control (neg control) of the
medium of S. cerevisiae EGFP biogel was used. K. phaffii expressed a small amount of
UPO, and S. cerevisiae expressed a larger amount of UPO. Figure made using FIJI and
MATLAB.

4.4 Discussion

The aim of this study was to develop a 3D-printable alg/PNIPAm ELM ‘on demand’
bioreactor, which could be formed through enzyme-mediated polymerisation in a
reproducible manner. To this end, it was first characterised if recombinant unspecific
peroxygenase PaDa-I (UPO), a protein engineered through directed evolution, could replace
plant-derived HRP in the formation of alg/PNIPAm. It was then determined whether UPO-
formed alg/PNIPAm could be utilised to form a yeast ELM, which could produce proteins in

an inducible manner.

Towards the first aim, it was characterised whether HRP could potentially be replaced in
EMP applications due to its lack of reproducibility. Previously, plant-derived horseradish
peroxidase (HRP) has been commonly used in enzyme-mediated polymerisations?%+316:614,
including in the polymerisation of alg/PNIPAm by Klemperer et al.>¢!. However, HRP is

difficult to express recombinantly in a soluble and active form®33-66°

, which is necessary for
developing a reproducible alg/PNIPAm material. Therefore, here it was investigated whether
HRP could be replaced by A. aegerita unspecific peroxygenase PaDa-I (UPO) because this

enzyme was engineered through directed evolution for secreted, active and soluble

290 293,780
2

recombinant expression in the GRAS yeast S. cerevisiae”". Here, as in previous studies
it was demonstrated that 4. aegerita unspecific peroxygenase PaDa-I (UPO) could be
recombinantly expressed and secreted in a soluble, active form by the GRAS yeast species S.
cerevisiae and K. phalffii, thereby adding support to the utility of directed evolution as an

engineering technique. Indeed, the number of studies published using the engineered UPO
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has been increasing relatively rapidly , showing how powerful directed evolution can

be to engineer desired properties into proteins, like improved recombinant expression.

1.2%3 it was also found here that

Similar to previous research conducted by Molina-Espeja ef a
yields of recombinantly expressed UPO were greater in K. phaffii than S. cerevisiae, as well
as the K. phaffii expressed UPO having better heme incorporation and peroxidase activity.
The higher yield of recombinant UPO in K. phaffii could result from its higher cell density
than S. cereivisae as well as the strength of the AOX promoter utilised in K. phaffii compared

to the GAL promoter system used in S. cerevisiae®!-804895,

However, to the best of our knowledge all previous studies have used Mut" strains of K.
phaffii to express UPO, but here it was demonstrated that use of the Mut® strain KM71H
resulted in higher UPO yields. This highlights the importance of testing both a Mut"™ and
Mut® strain for the expression of a given recombinant protein in K. phaffii*®"-3%.
Notwithstanding, the K. phaffii KM71H expressed UPO was found to have somewhat lower
heme cofactor incorporation than that previously reported by Molina-Espeja et al.>**, hence
the higher yield may have come at the cost of reduced heme cofactor incorporation. As the
heme cofactor is vital for the catalysis of UPO, to improve the yield of functional protein in
future perhaps either the expression medium could be supplemented with hemin or d-
aminolevuline acid, or purified UPO could be incubated with hemin’?®. Additionally, the
yields of UPO could be improved in future using a bioreactor, as has previously been shown
by Molina-Espeja et al.*>*. Nonetheless, the current recombinant expression of UPO in a
soluble, mostly active form achieved in both yeast species is still an improvement over

655,659

recombinant HRP expression , as well as the recombinant expression of the ancestral

peroxidases in E. coli (Chapter 3.3.7).

Subsequently, basic biochemical characterisation of the K. phaffii recombinantly expressed
UPO was conducted to compare its properties to plant-derived HRP. Initially, the molecular
weight of UPO was determined for concentration measurements and to indicate its relative
degree of glycosylation. The average molecular weight was found to be similar to that of
wild-type (WT) UPO**. This may suggest that the UPO expressed here possessed similar
glycosylation levels to native UPO, which could be beneficial for the structure and activity of

the recombinant UPO expressed here®!®

. Notwithstanding, in future the relative degree of
glycosylation of UPO expression in K. phaffii KM71H should be verified using an

endoglycosidase assay®®®.
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Characterisation of the K. phaffii KM71H expressed UPO by circular dichroism revealed that
it had likely folded into the correct structure, with secondary structure elements in similar
proportions to that found in the experimentally determined 3D structure’®*. Furthermore, the
thermal unfolding of UPO was characterised for the first time, to the best of our knowledge,
and interestingly it was shown that it possessed a thermal unfolding transition temperature
(Tw) similar to the 50% activity inactivation temperature (Tso) measured by Molina-Espeja et
al.**. This suggests that for UPO there is a relatively strong correlation between the T and
Tso, thereby perhaps supporting that there is a broader positive trend between T and Tso for
many proteins®®®3. As it is desired that UPO replace plant-derived HRP, the finding that the
Tm of UPO is somewhat lower than that of HRP could suggest that HRP would still be more
suitable than UPO for applications requiring relatively high temperatures (>50 °C).
Nevertheless, as the enzyme-mediated polymerisation of PNIPAm within the alg/PNIPAm
formulation is conducted at room temperature, the measured Tr, of UPO of 54 °C indicates
that the protein should be thermostable during polymerisation. Furthermore, if in future a
yeast alg/PNIPAm ELM were to be used as a UPO-expressing bioreactor, it would be
desirable for UPO to be stable above the lower critical solution temperature (LCST) of the
material. As the LCST of alg/PNIPAm was shown to be ~31 °C, UPO would still be relatively
stable at temperatures somewhat greater than the LCST. Therefore, UPO was demonstrated to
be sufficiently thermostable for the applications of interest of enzyme-mediated

polymerisation and catalysis within an alg/PNIPAm bioreactor or its surroundings.

Although UPO was shown to be thermostable, it was found that its kinetics of peroxidase
activity, as measured by ABTS oxidation, were somewhat worse than the commercial plant-
derived HRP. While the kinetic constants of UPO were of the same order of magnitude as
HRP, the Michaelis constant (Km) was approximately 5 times larger and the turnover number
(kcat) was approximately 2.5 times smaller. The relatively poor kinetic constants for UPO
found in this study contrast with the better values reported in several studies by researchers of

293784 \where Kwm and keat values of ABTS catalysis were reported to be

the Alcalde group
lower and higher, respectively, than those found here. As the kinetics assay here was
conducted in the same buffer and pH as those reported in the publications by the Alcalde
group, either the UPO expressed and purified here has worse kinetics of peroxidase catalysis
than that purified by researchers of the Alcalde group, or perhaps the previous assays were
conducted at a different temperature to the temperature used here. It should also be noted that

the kinetic constants of ABTS oxidation by UPO purified in K. phaffii under the same assay
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conditions were reported to be different in different studies by researchers in the Alcalde

29378 perhaps suggesting a lack of precision or repeatability in their characterisation.

group
Notwithstanding, possibly the differences in kinetics observed between the UPO purified here
and that purified previously could suggest that the UPO purified here is somewhat less
optimal catalytically. If this is the case, then perhaps in future UPO should be expressed using
the X-33 strain of K. phaffii and purified in an identical manner to previous studies to explore
whether this would result in UPO with catalytic activity more competitive with HRP. As the
application of interest here for UPO is to replace HRP in the formation of alg/PNIPAm, it
would also be beneficial in future to characterise the kinetics of UPO and HRP using

acetylacetone as the substrate in assay conditions with a similar pH and range of temperatures

at which alg/PNIPAm is typically formed.

Given that the peroxidase catalysis kinetics of UPO were different to those of HRP, in order
to ‘replace” HRP with UPO, the concentration of UPO should be adjusted for the desired
application. Here, the application of interest is in the enzyme-mediated polymerisation of
PNIPAm within alg/PNIPAm. As the relative speed formation of each network is important to
form alg/PNIPAm with high mechanical strength and thermosensitivity, the concentration of
UPO, and accordingly glucose oxidase (GOx), were optimised such that PNIPAm formation
occurred at a similar speed to that catalysed using HRP. In order to characterise the speed of
PNIPAm formation the increase in turbidity at 700 nm was tracked, which was relatively
quick and required more readily available laboratory equipment than some previously used
methods, such as using a piezoelectric-excited millimetre cantilever (PEMC) sensor®*! or
rheology®’’. However, tracking formation by the increase in turbidity is less informative and
precise than, for example, using a PEMC sensor, thus it would be beneficial in future to use
more precise methods. Nevertheless, by tracking the relative rate that turbidity increased, it
was found that approximately four times the amount of UPO to HRP needed to be utilised to
achieve a comparable rate of PNIPAm formation. This was similar to the results from the
specific activity assay of ABTS catalysis of UPO and HRP, which showed that the specific
activity of UPO was also approximately four times less than that of HRP. Therefore, about
four times the amount of UPO would likely be needed to replace HRP in various future
applications. While using a relatively larger amount of UPO is not ideal, this amount could
possibly be lessened by improving the heme incorporation of UPO as this would raise the
functional concentration of protein. Furthermore, UPO is still advantageous in that it can be

recombinantly expressed solubly in relatively high yields, unlike HRP.

219



As in the enzyme-mediated polymerisation of PNIPAm, GOx cannot be used in excess
because this would inactivate peroxidase catalysis’’®’®’, the concentration of GOx was
optimised concurrently with the concentration of UPO. While the increase in the amount of
UPO was expected from its kinetics and activity assays, it was not hypothesised that the
amount of GOx would have to be increased by a relatively larger amount than UPO, with
approximately ten times more GOx needed for an optimal PNIPAm polymerisation rate. This
relatively larger increase in GOx concentration required could result from the relatively
slower kinetics of UPO catalysis, because perhaps the rate of oxygen scavenging needed to
be much higher for UPO such that less radicals are ‘quenched’ by oxygen, which slows the
polymerisation process*!®*3, Another potential reason for the relatively large GOx
concentration could be that UPO is worse at binding H>O» than HRP or has slower kinetics of
H>0: reduction, as either of these would then lead to a relatively higher amount of H>O»
generation being needed for UPO to achieve a comparable catalytic speed of acetylacetone
oxidation to HRP. Thus, in future it would be informative to characterise the binding strength
of hydrogen peroxide to UPO and HRP as well as the kinetics of hydrogen peroxide reduction
by UPO and HRP. It would also be beneficial to characterise the speed of PNIPAm formation
with a much larger range of UPO and GOx concentrations to better characterise and
understand the relationship between the concentration of these two proteins and the speed of

PNIPAm formation.

Notwithstanding, the properties of alg/PNIPAm formed using UPO were characterised and
compared to those formed using HRP to verify that UPO could ‘replace’ HRP in the enzyme-
mediated polymerisation of PNIPAm in alg/PNIPAm. To this end, it was first demonstrated
that the UPO alg/PNIPAm hydrogel displayed similar printability to the HRP alg/PNIPAm.
However, in future more detailed printability assays should be carried out, such as the
filament collapse test and grid test, as well as rheology>’>"*%%3, Nonetheless, characterisation
of several aspects of the thermosensitive ‘contractile’ behaviour of UPO alg/PNIPAm
revealed that it possessed relatively similar thermosensitive behaviour to HRP alg/PNIPAm,
with near identical ‘contraction’ at high temperatures shown by both formulations and
repeatability of contraction and recovery up to the 11 times tested over 11 days. However,
characterisation of the thermosensitivity of UPO alg/PNIPAm in more detail did reveal slight
differences in behaviour to HRP alg/PNIPAm. It was found that the UPO alg/PNIPAm
deswelled at a slightly lower rate than HRP alg/PNIPAm and that UPO alg/PNIPAm had
slightly lower LCST of 30 °C vs. the 31 °C measured for HRP alg/PNIPAm. These
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differences highlight that even relatively small changes to the alg/PNIPAm formulation can
result in different material properties. Perhaps the new UPO formulation resulted in a slightly
different PNIPAm polymerisation rate, which in turn affected how PNIPAm polymerised
within the alginate network. Therefore, it is possible that the UPO-catalysed alg/PNIPAm
could have a different ratio of alginate to PNIPAm, a different amount of entanglement vs
separation of the alginate and PNIPAm networks and/or different pore sizes. In future, it
would be important to attempt to better characterise the differences between the UPO-formed
and HRP-formed alg/PNIPAm hydrogels using techniques including cryo-scanning electron

microscopy (cryo-SEM) and Fourier transform infrared microscopy (FTIR).

Indeed, characterisation of the bulk mechanical properties of the respective UPO and HRP
alg/PNIPAm hydrogels also revealed differences in behaviour. While the relationship
between the stress and strain response of both respective hydrogels was similar under both
compressive and tensile loads, overall, HRP alg/PNIPAm showed better compressive and
tensile ‘strength’ compared to UPO alg/PNIPAm. Like for the differences in thermosensitive
behaviour, the differences in mechanical properties suggest that the structure of the UPO-
formed hydrogel differs from that of the HRP-formed hydrogel in some way, thereby,
emphasising the importance in future of characterising the structure of the respective
hydrogels. Nevertheless, the mechanical ‘strength’ of UPO alg/PNIPAm was still found to be
in the same kPa range as HRP alg/PNIPAm. Furthermore, the mechanical behaviour of UPO
alg/PNIPAm should be sufficient for many ELM applications, which most likely only
experience relatively weak loads from handling and shaking during incubation. Nevertheless,
to extend the utility of the alg/PNIPAm, both as an acellular hydrogel and ELM, it would be
interesting in future to investigate if its strength could be further improved. For example,
perhaps CaSOs4 could be utilised rather than CaCl,, as CaSOj4 tends to lead to more
homogenous formation of the alginate network’’?, and perhaps the PNIPAm network could be
polymerised before excess Ca®" ions are added to the hydrogel constructs to better form an
interpenetrating network’®*”’%. Nonetheless, in future to better understand the properties of
alg/PNIPAm for future applications, as well as structural characterisation, it would also be
informative to characterise the shear response of UPO alg/PNIPAm, conduct cyclic testing
under compressive and shear loads to characterise relative durability, and use the data from
the compression, tensile and shear tests to fit the Mooney-Rivlin model”'®"" for a more

accurate and complete understanding of the UPO alg/PNIPAm hydrogel.
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Overall, this study provided support to the relatively high yielding recombinant expression of
UPO, and demonstrated for the first time, to the best of our knowledge, the utility of UPO in
enzyme-mediated polymerisation by catalysing the formation of alg/PNIPAm with UPO.
While HRP had been previously used to catalyse this polymerisation®®!, and many

Others294,3 16,614

, it suffers from being a plant-derived mixture of isoenzymes, which has high
batch-to-batch variation and is relatively laborious and lengthy to produce. In contrast, UPO
can be relatively easily and quickly expressed recombinantly in yeast with high yields, and
here it was demonstrated that it can provide a viable alternative to HRP in enzyme-mediated
polymerisation systems. However, the thermosensitive and mechanical behaviour of the
UPO-formed alg/PNIPAm was somewhat different from the HRP-formed alg/PNIPAm,
highlighting that concentrations of UPO in the formulation may need to be further optimised
in future. Nonetheless, the differences in properties between the hydrogels highlighted that in
future the properties of alg/PNIPAm could potentially be changed ‘on demand’ by adapting
the UPO concentration in the formulation, though a better understanding of the relationship
between enzyme concentration and material properties would need to be first established. It
would also be informative for future applications to study the storability of UPO
alg/PNIPAm, as it can be easier to store materials than make them in situ each time**>*4,
Notwithstanding, UPO alg/PNIPAm is a reproducible, biocompatible and 3D-printable
material with beneficial mechanical properties and high thermosensitivity, such that it could
have potential uses as a soft actuator or in temperature inducible systems like a temperature-

induced drug delivery system?63-385.763.871

To further extend the utility of UPO alg/PNIPAm for future applications, it was then
investigated whether it could be used as the basis for a yeast ELM that produced proteins ‘on
demand’. To characterise the relative viability of cells within alg/PNIPAm, fluorescent laser
scanning confocal microscopy was utilised with cells expressing EGFP and stains to detect
cell membrane permeability and the cell wall. This technique was found to be fairly powerful,
being able to detect live yeast cells at fairly high resolution within relatively thick and opaque
hydrogel samples. While higher-throughput methods like flow cytometry and plating assays

844846 these methods are not

provide greater statistical power when measuring cell viability
possible for hydrogels. Previously, several ELM studies characterised only the bulk protein
production property of the cells within the material, such as bulk GFP fluorescence or the
presence of a given protein in the surrounding medium?%43%>4%_ However, such

measurements are not as informative as directly observing several desired aspects of the cells
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within the material using fluorescent confocal microscopy, as found here and by other ELM
studies*-¥94739872 However, here it was found that the cells within the hydrogel could still
be observed without the use of sectioning and by adding the fluorescent stains to the medium
surrounding the hydrogel, thereby minimally interfering with the cell material system before
imaging. Notwithstanding, as cell death and viability are complex®**34>847 here it was found
that using only EGFP and SYTOX fluorescence was insufficient to fully determine whether
the yeast cell was dead or alive. Thus, in future to determine the viability of the cell it would
be best to use a marker for metabolic activity in place of EGFP, such as FUN-1%!, Also, to
better determine cell death it would be beneficial to use additional markers to SYTOX, such
as Annexin V which detects the presence of externalised phosphatidylserine during

844.873.874 "and also to view cell samples using higher resolution scanning and

apoptosis
transmission electron microscopy to determine the state of their cellular structures, like the

cell wall and organelles.

Using fluorescent microscopy, it was demonstrated for the first time, to the best our
knowledge, that K. phaffii are relatively viable within moulded PNIPAm and alg/PNIPAm.
While the viability of yeast within alginate has been well established*°*7>, fewer studies have

359385876 and most studies also utilise S. cerevisiae rather

used acrylamide-based hydrogels
than K. phaffii*>°3***%*, Therefore, here the biocompatibility of both PNIPAm and
alg/PNIPAm and their respective corresponding suitability for yeast ELM development were
supported by demonstrating that these hydrogels were not toxic to yeast like K. phaffii.
Nonetheless, in future it would be beneficial to also characterise the viability of S. cerevisiae
within PNIPAm and alg/PNIPAm due to its more common use and potential in forming the
‘on demand’ alg/PNIPAm. Furthermore, for future applications of a yeast ELM it would
ideally be able to be used over relatively long time periods and be able to be stored.
Therefore, it would be important to characterise the viability of both species of yeast over a
longer time period, for example up to two weeks, and after implementing various storage

methods>*?.

Despite the relatively high viability of K. phaffii observed within the moulded alginate,
PNIPAm and alg/PNIPAm hydrogels, it was found that the average cell diameter within all
three of these hydrogels was significantly smaller than that measured for K. phaffii cells in
liquid culture. Additionally, it was also found that both S. cerevisiae and K. phaffii within
printed alg/PNIPAm possessed an average cell diameter smaller than in liquid culture. While

the control of cell size is a complex process and changes throughout the normal cell
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cycle®¥836877 the smaller average size of cells within the hydrogels could indicate that many
cells had activated some sort of stress response®*>*78. This reduction in yeast cell size has also
been observed in other studies using several different hydrogel matrices**>*”. Sugianto et

al *3 suggested that the hydrogel environment could lead to yeast exhibiting lower growth
and lower flux through their metabolic cycles. They posited that this was likely due to the
mechanical forces the hydrogel exerts on the microbes, as well as variations in oxygen
transport in the hydrogel. Therefore, possibly the stress response by K. phaffii and S.
cerevisiae cells within hydrogels observed here may also have resulted from the mechanical
force stress of the materials on the cells and the metabolic stress of not having enough access
to oxygen. Interestingly, the average cell diameter of cells both with and without permeable
cell membranes was not found to be significantly different, though this could result from the
fact that the regulated cell death processes and cell stress processes in budding yeast can both
lead to cell shrinkage®*>%7¥. Hence, as previously discussed, it would be informative in future

to use additional fluorophores and higher resolution microscopy to better establish cell death

and viability.

Nonetheless, using the current markers for presence of cell wall, plasma membrane integrity
and cytosolic EGFP, the relative viability of cells within 3D-printed alg/PNIPAm was
characterised to investigate the usability of 3D-printed alg/PNIPAm as an ELM.
Unfortunately, it was found that the viability of K. phaffii in 3D-printed alg/PNIPAm was
relatively low, though it was improved somewhat by adapting the alg/PNIPAm fabrication
process. Preliminary evidence was also found that some cells were able to recover their cell
wall and plasma membrane after the yeast laden hydrogel was incubated in medium for 24
hrs. This is supported by a growing number of studies which have shown that viable yeast
cells may appear ‘dead’ using a membrane permeability dye when placed under conditions of
stress, possibly resulting from a transient, recoverable membrane potential 10ss3%-553,
However, the ability of yeast cells within a hydrogel to repair their cell membranes after
external stress would need to verified in future by tracking individual yeast cells over time

with markers for cell membrane repair®®2,

As a whole, it was found that potential adaptations to the alg/PNIPAm formulation to reduce
cell toxicity, like reducing the concentration of toxic MBA or potential osmotic stress inducer
CaCly, had little effect on K phaffii viability within the final hydrogel. Instead, it was found
that the printing process itself likely had resulted in the relatively low cell viability. However,

previously, Alper et al.’***° showed that both S. cerevisiae and K. phaffii respectively in
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F127 bis-urethane methacrylate (F127-BUM) could be extrusion printed using a smaller
nozzle diameter and higher pressure to yield ELMs with relatively high levels of protein
production, and thus likely cell viability. Additionally, Saha et al.”*° demonstrated that S.
cerevisiae in F127-dimethacrylate could be pneumatically 3D printed using higher pressures
than were used in this study but with relatively low cell death following printing. However, as
the curing methods for these respective hydrogels were very quick (<120 s), possibly the
relatively low levels of protein production and cell viability observed in the yeast
alg/PNIPAm ELMs results from the combination of both printing and the relatively long
curing time of one hour. Therefore, in future it would be beneficial to investigate if shorter
curing times could increase yeast cell viability whilst still resulting in hydrogel formation.
Furthermore, it could be investigated in future if the viability of the yeast could be improved
following capsulation because a study by Li er al.”®® found very high viability of encapsulated
S. cerevisiae cells post printing using a similar pneumatic-driven extrusion 3D printing
method. Additionally, as it was found here that the cells potentially showed better recovery
after the stresses of the printing process in more complex medium than minimal medium,
perhaps the even richer medium of yeast extract peptone dextrose (YPD) could be utilised in
future for initial recovery after printing. It would also be informative in future to characterise
the viability of S. cerevisiae in printed alg/PNIPAm because of its wider range of synthetic

biology tools, which could widen the scope of future applications.

Despite the relatively low viability observed of K. phaffii cells within printed alg/PNIPAm, it
was nevertheless investigated whether protein production could be induced by cells within
printed alg/PNIPAm to further characterise its ability to act as an ELM bioreactor or
biosensor. To this end, both K. phaffii and S. cerevisiae-laden alg/PNIPAm hydrogels were
examined, as while K. phaffii tends to produce greater yields of recombinant protein, S.
cerevisiae is more commonly used, hence might be more accessible for some, and has had
more synthetic biology tools developed for it. It was found that production of both cytosolic
EGFP and secreted UPO could be induced by both K. phaffii and S. cerevisiae within
alg/PNIPAm. This demonstrated that printed yeast-laden alg/PNIPAm has potential for use as
an ELM both as a biosensor, as demonstrated by the expression of the reporter protein EGFP,
and as an ‘on demand’ bioreactor, as demonstrated by the expression and secretion of UPO
with relatively broad catalytic abilities. However, it was found that S. cerevisiae expressed
more EGFP and UPO respectively within the printed alg/PNIPAm than K. phaffii. As

recombinant protein production of UPO was previously shown to be greater in K. phaffii, it is
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possible that the increased protein production by S. cerevisiae within the hydrogel results
from it having a greater number of metabolically active cells. This perhaps suggests that S.
cerevisiae was better able to withstand and/or recover from the stress of printing and curing
than K. phaffii. Thus, S. cerevisiae cells may be more suitable for use within 3D-printed
alg/PNIPAm in future. However, the viability of K. phaffii, as well as S. cerevisiae, could
likely be improved by reducing the printing pressure, which may improve protein production

by K. phaffii within the hydrogel.

Interestingly, it was observed that many cells of both yeast species within alg/PNIPAm in
both the EGFP-expressing and UPO-expressing populations had compromised plasma
membranes, and indeed even that cells which had been induced to express EGFP still showed
a compromised plasma membrane. Commonly, if a yeast cell possesses a compromised
plasma membrane, as shown using hydrophobic marker fluorophores, it is considered
‘dead’®**% However, the presence of EGFP fluorescence observed here would suggest that
the cell was metabolically active such that it could be induced to express EGFP. While it is
possible that the cells may have produced EGFP and then later ‘died’ before observation, the
relatively high number of cells with SYTOX fluorescence both before and after protein
induction could suggest that some cells with compromised plasma membranes were
nevertheless metabolically active enough to recombinantly produce EGFP, and thus were not
‘dead’. A similar finding was observed by Rocchi et al.®3¢, where yeast cells which had
stained positive with propidium iodide nevertheless had produced their chemical of interest,
thiamine, and had retained this chemical intracellularly. Therefore, the preliminary findings
here provide support to the growing number of studies which show that for budding yeast
cells, unless the cells are characterised using multiple markers and experiments to confirm
death, they may only be confirmed to be truly dead when completely lysed or
denatured®**847873884 Thys, the use of plasma membrane permeability stains alone to

determine yeast cell death should be strongly cautioned against in future.

In summary, it was demonstrated that 3D-printed alg/PNIPAm could be formed containing K.
phaffii and S. cerevisiae respectively, and that protein production could be induced using
chemical mediators in both yeast species respectively within alg/PNIPAm. Therefore, the
potential of yeast-laden alg/PNIPAm to act as an ELM bioreactor or biosensor was
demonstrated. However, the amount of protein produced by the 3D-printed alg/PNIPAm
needs to be further improved in future. Furthermore, the effect of the yeast cells on the

material properties of alg/PNIPAm needs to be characterised to inform future applications, as
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it is likely that the cells may have affected the structure and thus the properties of the
hydrogel*8>738887  Additionally, it would be informative to characterise the relative viability
of the yeast cells at a temperature slightly above the LCST of the hydrogel to verify whether
the thermocontractive property of the material could be utilised without the cells experiencing
too much heat stress. Also, an important factor to consider when developing an ELM is that
the cells within are contained and cannot ‘escape’ into the environment>3!-475888 Therefore, in
future it would also be important to test whether the surrounding incubation medium of the
yeast alg/PNIPAm hydrogels contains living yeast cells, for example, by using a plating

aSSay844,847,855.

Altogether, it was demonstrated that alg/PNIPAm could be polymerised using an unspecific
peroxygenase expressed recombinantly as a single isoform by K. phaffii to form a material
with very similar thermosensitive properties and somewhat similar mechanical properties to
alg/PNIPAm polymerised by commercial plant-derived HRP. It was then shown that
alg/PNIPAm could be printed and polymerised with S. cerevisiae and K. phaffii and that these
respective yeasts were able to produce both EGFP and UPO respectively ‘on demand’.
Hence, demonstrating that yeast laden alg/PNIPAm could form an ELM bioreactor or
biosensor. However, the viability and protein production yield of the cells within 3D-printed
alg/PNIPAm was lower than desired, thus, in future perhaps this could be improved by
decreasing the printing resolution. Furthermore, future development of the alg/PNIPAm ELM
system would require further characterisation of its storability, reusability, microbial

containment and material properties.

4.5 Methods

4.5.1 Transformation and expression of UPO PaDa-I in Saccharomyces cerevisiae

Agrocybe aegerita unspecific peroxygenase (UPO) variant PaDa-1 was designed by Molina-
Espeja et al.>°. The sequence for UPO PaDa-I (hereafter UPO) with its signal peptide was
codon optimised for S. cerevisiae expression using GeneArt (ThermoFisher), avoiding
HindIII and Xbal cleavage sequences. The HindlIII site was added prior to the N-terminus and
the Xbal site was added posterior to the C-terminus. This construct was synthesised by
Eurofins Genomics in the pEX-A258 vector. Restriction enzyme cloning was utilised to
change the UPO construct into the pYES2/CT vector, which was kindly provided by Prof.
Paul Curnow (University of Bristol). The sequence for UPO was inserted behind the GAL
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promoter for inducible expression. The HindIII, Xbal and ligase enzymes were sourced from
NEB and restriction digest and ligation was conducted according to the supplier’s protocols.
Ligation product was transformed into OneShot TOP10 chemically competent E. coli
(ThermoFisher). Plasmid was extracted from transformants, and cloning was confirmed by

sequencing (Eurofins Genomics).

UPO-pYES2/CT was transformed into S. cerevisiae YPH499 using a protocol adapted from
Gietz & Schiestl®®. S. cerevisiae YPH499 and transformation protocol was kindly provided
by Dr Ian Prosser (University of Bristol). Eight transformants were checked for presence of
the UPO gene using colony PCR. Three of the transformants, which were confirmed by
colony PCR to contain the UPO gene, were selected for expression trials. A colony of each
transformant was each used to inoculate 10 mL of SC -ura (6.7 g/L yeast nitrogen base, 1.92
g/L Kaiser synthetic complete dropout -uracil, 2% w/v D-glucose). Incubated for 48 hrs, 28
°C, 210 rpm. Added aliquot of each respective culture to 50 mL SC -ura 0.1% glucose such
that had O.D.e00 of 0.25. Incubated for ~6 hrs, 28 °C, 210 rpm. Then each of the 50 mL
cultures was added to 450 mL of expression medium®° (1% w/v yeast extract, 2% w/v
peptone, 2% w/v D-galactose, 71 mM potassium phosphate (pH 6.0), 6.5 mM MgSOq, 0.1
mg/mL bovine hemoglobin, 3.33% v/v ethanol). The cultures were incubated at 28 °C, 210
rpm for 72 hrs, with samples taken every 24 hrs and frozen at -20 °C. Samples were defrosted
on ice, before being centrifuged and the supernatant extracted. Relative peroxidase activity
and thus expression was determined by ABTS assay of the respective supernatants (0.3 mM
ABTS, 0.3% w/w H202, 1:10 dilution of sample, 50/100 mM citrate/phosphate buffer, pH
4.5). Absorbance was measured at 418 nm using a plate reader. The transformant with the
highest absorbance was selected, and used to make a freezer stock by combining saturated
culture with glycerol (30% v/v final), aliquoting, snap freezing in liquid nitrogen, and storing

at -70 °C.

Large-scale expression was conducted as described for the expression trials, with 72 hrs used
for the expression time post induction. Cultures were centrifuged at 5000 rpm, 15 min to

pellet, then the supernatant collected.

4.5.2 Transformation and expression of UPO PaDa-I in K. phaffii

The gene construct for UPO was transferred from the pYESCT?2 vector into the pPICZ A

vector (ThermoFisher) behind the inducible 40X promoter using Gibson assembly®”,
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Primer design was aided by the Amplifx software®! and primers were synthesised by
Eurofins Genomics. Primers are listed in Suppl. Fig. 4.1. Gibson assembly mix was sourced

from NEB. Cloning success was confirmed by sequencing (Eurofins Genomics).

Linearised UPO-pPICZ A plasmid was generated at the Pmel restriction site using restriction
digest with Pmel (NEB) according to the supplier’s protocol. Complete digestion was
confirmed by gel electrophoresis, then the linearized plasmid was extracted from the reaction
mixture using a Wizard PCR cleanup kit (ProMega). Competent cells of K. phaffii X33 and
KM71H (Invitrogen/ThermoFisher) were made and linearized UPO-pPICZ A was
transformed into them according to the supplier’s protocol. Following transformation, 10
colonies of each strain were ascertained to contain the UPO gene by colony PCR. For those
shown to possess the gene, two were selected for UPO expression trials. A single colony of
each of the two transformants was used to inoculate 5 mL BMGY (1% w/v yeast extract, 2%
w/v peptone, 100 mM potassium phosphate, pH 6.0, 1.34% w/v yeast nitrogen base, 4x10°%
v/v biotin, 1% v/v glycerol) medium. Cultures were incubated overnight at 30 °C, 210 rpm.
Then, the cultures were pelleted by centrifugation before being resuspended in 5 mL BMMY
(same as BMGY except 0.8% v/v methanol rather than glycerol) and incubated for 72 hrs, 30
°C, 210 rpm. Methanol (0.8% v/v) was added every 24 hrs during this period. Cultures were
then pelleted by centrifugation, and the supernatant collected. Peroxidase activity, and thus
relative UPO expression, was measured by ABTS assay as previously described. The X33
and KM71H transformants with the highest respective UPO expression were selected for

future experiments, and glycerol stocks made as previously described for S. cerevisiae.

A large-scale expression trial was conducted to find the best expression time and strain for
UPO in X33 and KM71H respectively using the respective strain expression protocols
recommended for each strain from the supplier’s protocol. For both the strains, it was found
that 72 hrs led to the greatest UPO expression per mL of lysate, as measured by ABTS assay.
Comparing the strains, KM71H was found to have much greater UPO expression, as

measured by peroxidase activity, than X33.

Large-scale UPO expression was conducted by inoculating 50 mL BMGY with a single UPO
KMT71H colony and incubating overnight, 30 °C, 210 rpm. Then 5 mL aliquots of the
overnight culture were each used to inoculate eight 500 mL BMGY cultures. These were
incubated overnight, 30 °C, 210 rpm. The overnight cultures were then pelleted (4000 rpm,
15 min), before four pellets were all resuspended in 400 mL BMMY medium with 10 mg/mL
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bovine hemoglobin (Hb). This resulted in two 400 mL BMMY + Hb cultures, which were
incubated for 72 hrs, 210 rpm, 30 °C. Methanol was added every 24 hrs to 0.8% v/v. Cultures
were then centrifuges at 4000 rpm, 15 min, 4 °C to pellet, and the supernatant collected.

4.5.3 Purification of UPO PaDa-1

The supernatant was concentrated using ammonium sulfate precipitation (90% saturation was
determined best by experiment) before being resuspended in cation exchange
chromatography (CEX) buffer A (20 mM citric acid, pH 3.3) and further buffer-exchanged
into CEX buffer A through dialysis. It should be noted that the following CEX purification

protocol was adapted from Martin-Diaz et al.””

. After buffer exchange, the supernatant was
loaded onto a pre-equilibrated 5 mL HiTrap CaptoS (Cytiva) and protein eluted using 50%
buffer B (20 mM citric acid, 1 M NaCl, pH 3.3). Fractions with absorbance at 418 nm were
collected and concentrated, then loaded onto a HiLoad 26/600 Superdex pg column pre-
equilibrated with buffer C (10 mM potassium phosphate, 0.15 M NaCl, pH 7.0). SDS-PAGE
was run of the SEC fractions according to standard protocol; however, protein samples were
not heated due to the glycosylation of UPO. Fractions with relatively high purity and ABTS
activity were combined, then buffer exchanged into buffer D through dialysis (10 mM
potassium phosphate, pH 7.0). Yield of purified protein was determined using the BCA assay

according to the supplier’s (ThermoFisher) protocol with bovine hemoglobin as standards.

Molecular weight of S. cerevisiae UPO was estimated from both the SDS-PAGE gel (Suppl.
Fig. 4.2) and the weight of wildtype 4. aegerita UPO**° to be ~46 kDa. Molecular weight of
K. phaffii UPO was measured to be ~44.2 kDa by MALDI-TOF MS (Suppl. Fig. 4.3), which
was conducted on a UltrafleXtreme (Bruker Daltonics) calibrated using bovine serine
albumin and using Super-DHB as a matrix. Dr Chris Arthur (University of Bristol) kindly
provided assistance for the MALDI-TOF experiment.

4.5.4 Absorbance and heme content of UPO PaDa-1

The absorbance from 200-800 nm of the respective UPO samples was measured using a
CARY UV/Vis spectrometer at 60 nm/min in a 1 cm pathlength quartz cuvette. The S.
cerevisiae UPO was measured at 2.3 mg/mL and the K. phaffii UPO was measured at 0.14
mg/mL. Blanks (buffer D) were recorded for both spectra respectively and subtracted from
each of the protein spectra. The Reinheitszahl value for both UPOs was calculated by
dividing the Soret peak at 418 nm by the peak at 280 nm.
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Heme concentration in the protein was determined by pyridine assay. Measurements were
made using a CARY UV/Vis spectrometer at 100 nm/min from 500 to 600 nm. First, the
blank spectrum was recorded (buffer D, 100 mM NaOH, and 10% v/v pyridine). Then, the
oxidised spectrum was measured of the UPO sample was measured, before a small amount of
dithionite was added and the reduced spectrum measured. Dithionite was added twice more,
and the spectrum measured until no further gain in absorbance was observed. The

concentration of type B heme was determined by the following equation:

absorbance of reduced heme at 556 nm — absorbance of oxidised heme at 540 nm

[heme](mM) = 2398

Approximate percentage of heme incorporation in the protein sample was then determined by
calculating the concentration of protein in the assay, then dividing the heme concentration by

the protein concentration and multiplying by 100.

4.5.5 Specific ABTS activity of UPO PaDa-I and A. rusticana HRP

The specific activity against ABTS of UPO expressed in S. cerevisiae and K. phaffii

respectively and a commercial sample of 4. rusticana HRP was measured using 5 nM of the
respective protein in 50/100 mM citric acid/phosphate buffer, pH 4.5 with 15 mM ABTS and
0.03% w/w H20,. Absorbance was measured at 25 °C using a plate reader at 418 nm with 3 s
time intervals for 15 min. Pathlength of 0.56 cm and extinction coefficient of 36000 M'cm!

for the ABTS radical®®®™*! were used to calculate the specific activity.

4.5.6 Circular dichroism of UPO PaDa-I expressed in K. phaffii and A. rusticana HRP

Circular dichroism was conducted on UPO and a commercial sample of HRP (source x) in
diH20 using a 10 mm pathlength quartz cuvette. First, the spectrum of diH2O at 25 °C was
measured from 190 — 280 nm at 5 nm/min with 1 nm interval and 1 nm bandwidth to
determine the baseline. Using the same conditions, the spectrum of UPO and commercial
HRP was then measured. Mean residue ellipticity was calculated and secondary structure
predicted by the CDSSTR, SELCON and K2D methods through the DichroWeb server’*’
using all relevant sets when appropriate. The prediction with the lowest NRMSD was

selected as the ‘best’.

Change in the CD signal with temperature was measured from 25 °C to 95 °C with 0.5 °C
intervals for UPO and 1 °C intervals for HRP. The spectrum of UPO was monitored from

190-260 nm, and that of HRP monitored at 208 and 222 nm. Thermal unfolding transition
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temperature was determined by fitting a sigmoidal curve at each wavelength with a change in

signal, then calculating the average.

4.5.7 Enzyme kinetics of UPO PaDa-I expressed in K. phaffii and A. rusticana HRP with
ABTS

Kinetics assays were conducted as described in Chapter 3.5.10, however, the buffer was
changed to 50/100 mM citric acid/phosphate, pH 4.5 for comparison to other kinetic studies
of UPO?**2%2, Working concentrations of 1 nM HRP (assumed M.W. of 44 kDa®"?) and 4.4
nM of UPO were used. Results were analysed as described in Chapter 3.5.10.

4.5.8 Kinetics of PNIPAm formation

First it was established that PNIPAm formation could be tracked by changes in
absorbance/scattering. To this extent, the spectrum of PNIPAm (see Chapter 3.5.11 Table 2.3
for formulation) was measured prior to gelation without acetylacetone added from 200 to 800
nm at 60 nm/s, 0.5 nm intervals in a 10 mm plastic cuvette. Acetylacetone was then added,
the liquid mixed and 30 min were allowed for gelation. Post gelation, the spectrum was then
measured again under the same conditions. This showed that ~600-800 nm would show the
greatest change in absorbance/scattering during gelation. Resultingly, the change in
absorbance/scattering was measured at 700 nm over time at 25 °C using a plate reader by

adding acetylacetone immediately prior to measurement.

4.5.9 Characterisation of thermosensitive properties of UPO alg/PNIPAm compared to
HRP alg/PNIPAm

The HRP alg/PNIPAm gel ink was prepared as described in Klemperer et al.**! and the
optimised UPO alg/PNIPAm formulation is shown in Table 4.2. Boxes of 4x15x3 mm were
printed using a Cellink INKREDIBLE+ bioprinter using custom gcode, which was prepared
from a CAD made in Autodesk Fusion 360 and sliced in Cellink Heartware using custom
settings before being post-processed using a custom Python script. A 20 gauge nozzle was
used during printing with pressure of ~18 kPa for both UPO and HRP alg/PNIPAm
formulations. Hydrogels were cured in 300 mM calcium chloride with 10 mg/mL D-glucose
for at least 3 hours, before being stored in 10 mM calcium chloride at room temperature until

use.
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Component Concentration

N-isopropylacrylamide 15% wt/wt
N,N'-Methylenebisacrylamide 7.5 mg/mL
sodium alginate 3.5% wt/wt
xanthan gum 0.75% wt/wt
D-glucose I mg/mL
glucose oxidase (type VII from Aspergillus | 5.12 mg/mL
niger)

UPO PaDa-I (expressed in K. phaffii) 210 pg/mL
acetylacetone 1% v/v
calcium chloride 25 mM

Table 4.2: Optimised hydrogel formulation for UPO alg/PNIPAmM

Note that all the thermosensitivity experiments were conducted by placing the ~4x15x3 mm
hydrogel in 1 mL of diH>O within a small Eppendorf tube. This tube was then incubated at
the desired temperature in a heat block or at room temperature. Weights of hydrogels were
measured after briefly drying the gel on filter paper using sensitive weighing scales. After the
experiment, hydrogel samples were dried in a drying oven overnight, before their dried

weight was measured and recorded.

The deswelling (‘contraction’) experiment of the hydrogels at 60 °C was conducted as
described in Chapter 3.5.11. The swelling ratio formula is also shown in Chapter 3.5.11.
Controls were also measured by incubating samples at room temperature (RT). The kinetics
of deswelling experiment was conducted in a similar manner to the deswelling at 60 °C,
except that the weight of the samples was measured at given time intervals during incubation
at 60 °C. For HRP alg/PNIPAm, further control experiments were conducted where firstly the
weight was measured for room temperature incubation, and secondly where dried gel samples
were incubated in diH2O at room temperature and the weight measured at given time
intervals. The change in the amount of deswelling of the HRP and UPO alg/PNIPAm
hydrogels with temperature was measured by incubating samples at the given temperature in
a heat block for 2 hrs (to reach equilibrium at all the measured temperatures) before

measuring their weight. The repeatability of the ‘contraction’ of the HRP and UPO
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alg/PNIPAm hydrogels was measured by incubating samples at 60 °C for 30 min, or room
temperature for controls, then measuring their weight before and after the incubation. Post
incubation, samples were incubated at room temperature overnight to ‘recover’. This was

repeated once a day for 11 days.

4.5.10 Compression and tensile testing of UPO and HRP alg/PNIPAm hydrogels.
HRP alg/PNIPAm, UPO alg/PNIPAm and alginate single network gels were prepared and

printed as described in the previous section, except that 10 mm diameter by 5 mm height
cylinders were made for compression testing and ‘dog bone’ shapes were prepared for tensile
testing. Geode for the cylinders was made as described in the previous section and gcode for
the ‘dog bone’ shape was kindly provided by Dr Charles de Kergariou (University of Bristol).
HRP PNIPAm single network compression testing samples were cured in PLA plastic moulds

with 10 mm inner diameter and 5 mm inner height.

Compression testing was conducted and results were analysed as described in Chapter 3.5.11.
Tensile testing was conducted using a Starrett FMS500 with a 10 N load. Tensile testing for
HRP alg/PNIPAm was conducted by Dr Charles de Kergariou and that for UPO alg/PNIPAm
and alginate single network were conducted by the author in the same manner. Photographs
of samples were taken for digital measurement, which was conducted by Dr Charles de
Kergariou. Samples were then very carefully placed in the ‘grips’ so as not to stretch or
compress them in any way. A tensile load was then applied at 1 mm/min. Data were analysed
for HRP alg/PNIPAm by Dr Charles de Kergariou and data for UPO alg/PNIPAm and
alginate single network were analysed by the author using custom Python and MatLab

scripts.

4.5.11 Transformation and expression of EGFP in K. phaffii and S. cerevisiae

The gene for enhanced green fluorescent protein (EGFP)*? was codon optimised for S.
cerevisiae expression using the GeneArt webserver (ThermoFisher) and synthesised in the
pEX-A128 vector by Eurofins Genomics. Restriction digest cloning was used to transfer the
EGFP gene into the pYESCT?2 vector for S. cerevisiae inducible expression (GALI promoter)
as described in section 4.5.1. Gibson assembly was used to transfer the EGFP construct from
the pYESCT?2 vector into pPICZ A for K. phaffii inducible expression (A0OX1 promoter).
Primer design was aided by the Amplifx software®! and primers were synthesised by
Eurofins Genomics. Gibson assembly mix and the HindlIII, Xbal and ligase enzymes were

sourced from NEB. Cloning success was confirmed by sequencing (Eurofins Genomics).
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Transformation for the respective EGFP plasmids into S. cerevisiae and Komagtaella sp. X33

and KM71H was conducted as described previously (see sections 4.5.1 & 4.5.2).

Following transformation, 10 colonies were randomly selected for each yeast species and
strain, and tested to have been successfully transformed using colony PCR. Colonies which
were confirmed to likely contain EGFP were then compared for relative levels of EGFP using
an expression trial protocol similar to those in sections 4.5.1 & 4.5.2. Fluorescence of 1 mL
aliquots of each culture at various time points (24, 48 and 72 hrs) was measured in a black
96-well plate in a plate reader with excitation of 468 nm and emission of 513 nm (these
values used to avoid overlap in signal between excitation and emission due to generally poor
bandwidth of many plate readers). The colony which contained the highest level of EGFP
expression from the expression trial was used for future experiments. Cultures of the best
EGFP-expressing colony of S. cerevisiae, K. phaffii X33 and K. phaffii KM71H were made

into glycerol stocks for storage as described in sections 4.5.1 & 4.5.2.

4.5.12 Confocal microscopy of liquid culture K. phaffii and S. cerevisiae

Expression of EGFP in both K. phaffii strains and S. cerevisiae was conducted as described
previously in sections 4.5.1 & 4.5.2. It should be noted that cultures were also incubated for
72 hrs post induction for EGFP expression as for UPO expression. After this time, a 1 mL
aliquot of each culture was taken and concentrated by centrifugation. SYTOX Deep Red
(Invitrogen) was then added to each culture at a working concentration of 1 uM, and the
cultures were incubated for 30 min as recommended by the manufacturer’s protocol.
Meanwhile, under sterile conditions a thin layer of 50% agar was added to 9 microscope glass
slides and dried. Following the 30 min incubation, under sterile conditions 20 uL aliquots of
each culture was pipetted onto 3 glass slides respectively. Then, 0.5 pL of Calcofluor White
M2R (Sigma-Aldrich) was pipetted onto each slide following the manufacturer’s protocol.
The slides were then sealed with a type I glass coverslip using clear nail varnish. Slides were
viewed using a Leica SPE single channel confocal laser scanning microscope. Initial training
and access to this microscope was kindly provided by the University of Bristol Wolfson
Bioimaging Facility. The 63x lens was used on the microscope, and the 635 nm, 488 nm and
405 nm lasers were used to excite the Sytox Deep Red, EGFP and Calcofluor White M2R dye
respectively. Emission was collected from 646-800 nm, 498-584 nm and 410-485 nm
respectively. A laser power of 10% was used for the 405 and 488 nm lasers, and 15% for the

635 nm laser. Gain used was typically ~700. Zoom between 1 to 2x was used, with the

235



sampling for each zoom selected based on the Nyquist resolution. Typically, z stacks between

10-40 pm were imaged.

4.5.13 Confocal microscopy image post-processing and analysis

The Fiji distribution v2.16.0%% of ImageJ2%%* was used to view and process the images
collected using confocal microscopy. A typical image post processing of an image proceeded
as such: a maximum and minimum z projection was calculated, and the minimum was
subtracted from the maximum. The subtract background filter was used and the despeckle
noise filter was used. The channels were split, and additional filters (Gaussian blur or unsharp

mask) were used if they were observed to improve image quality.

For quantifying the number of cells and measuring cell diameter, the binary threshold of the
image was adjusted until most cells were visible and then a watershed operation was used to
attempt to split any joined cells. The measurement function in Fiji was then utilised, and any
cells which failed the threshold or watershed were manually selected using the ellipse tool

and measured.

For generation of images, the look up table of each channel was changed to blue for 405 nm
excitation channel, green for 488 nm excitation channel and red for 635 nm excitation
channel. Contrast was adjusted if judged necessary. For the merged image, the merge
function was used to merge the three channels. For all images, scale bars were added using

the scale bar tool.

4.5.14 Formation of moulded alginate, PNIPAm and alg/PNIPAm hydrogels with K.
phaffii

The formulation used for alginate is shown below in Table 4.3, the formulation used for
PNIPAm is shown below in Table 4.4, and the formulation used for alg/PNIPAm was listed in
Table 4.2 in section 4.5.9. However, unlike previously the components of each respective
formulation were either UV-sterilised (powders, dual asymmetric centrifuge (DAC) pots and
moulds) or filter-sterilised through a 0.2 pm filter (liquids). Furthermore, K. phaffii X33,
which had been induced to express EGFP as previously described, was added to each
formulation at a concentration of ~107 cells/mL. The relative number of cells was estimated
using O.D.g00 of 1.0 = 5x107 cells for K. phaffii®®®> and O.D.¢00 of 1.0 = 3x107 cells for S.

cerevisiae®®.
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The components and cells of each formulation were mixed by dual asymmetric centrifuge
(DAC) before each ink was transferred into rectangular PVA plastic moulds, with inner
diameters of 4x15 mm, under sterile conditions. The moulds were on top of sterile Petri
dishes. Then the appropriate curing solution, sterilized by filtration or autoclaving as
appropriate, was added to the alginate and alg/PNIPAm formulations: 300 mM CacCl, for
alginate and 300 mM CaCl, with 5 mg/mL D-glucose for alg/PNIPAm. Hydrogels were cured
for 1 hr before being carefully removed from their moulds and transferred to BMGY medium
under sterile conditions. A single hydrogel per well in a 12 well plate was used. Biogels were
then incubated at 28 °C, 220 rpm for 3.5 hrs, before a working concentration of 2 pm
SYTOX Deep Red and a volume of 0.5 pL of Calcofluor White M2R was added to each well.
Hydrogels were incubated for a further 30 min at 28 °C, 220 rpm before being transferred to
glass microscopy slides under sterile conditions. The slides were sealed with a type I glass
coverslip using clear nail varnish. Three hydrogel samples per formulation were used.
Confocal microscopy was conducted as described in section 4.5.12, except that laser powers
of 12% were used for the 405 nm and 488 nm lasers, and 20% for the 635 nm laser.

Microscopy data were viewed and analysed as described in section 4.5.13.

Component Concentration
sodium alginate 3.5% wt/wt
xanthan gum 0.75% wt/wt
calcium chloride 25 mM

K. phaffii ~107 cells/mL

Table 4.3: Formulation used for creating an alginate hydrogel

Component Concentration
N-isopropylacrylamide 15% wt/wt
N,N'-Methylenebisacrylamide 7.5 mg/mL
glucose oxidase (type VII from Aspergillus | 5.12 mg/mL
niger)

UPO PaDa-I (expressed in K. phaffii) 210 pg/mL
D-glucose 1 mg/mL
acetylacetone 1% v/v
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K. phaffii ~107 cells/mL
Table 4.4: Formulation used for creating a PNIPAm hydrogel

4.5.15 Formation of 3D-printed alg/PNIPAm with K. phaffii
Firstly, an overnight culture of K. phaffii X33 was used to form alg/PNIPAm as described in

section 4.5.14, however, two concentrations of cells were tested: 10° cells/mL and 107
cells/mL. The ink was passed through syringes to break up any large particles, before being
printed into 4x15x3 boxes and 4x15 rectangles using the Cellink INKREDIBLE+ bioprinter
with custom gcode. The bioprinter was sterilized before use with 70% ethanol, however, in
future it would be much better to use a bioprinter in a biosafety cabinet. Printing syringes,
stoppers and 20 gauge printing nozzles were sterilized before use by UV irradiation.
Following printing, hydrogels were cured for ~1 hr in 300 mM CaCl, with 5 mg/mL glucose,
before being transferred into either BMG (100 mM potassium phosphate, pH 6.0, 1.34% w/v
yeast nitrogen base, 4x107% v/v biotin, 1% v/v glycerol) or BMGY medium within 12 well
plates as described in section 4.5.14. Biogels were incubated for 23.5 hrs at 28 °C, 220 rpm.
For the rectangular biogels, SYTOX Deep Red was added to a working concentration of 2
pm and 5 pL of Calcofluor White M2R was added. Rectangles were incubated for a further
30 min, before three rectangles per cell seeding concentration and medium were transferred
to microscopy slides and viewed using confocal microscopy as described in section 4.5.14.
Microscopy data were viewed and analysed as described in section 4.5.13. The box-shaped

biogels were photographed using a phone camera and handled using tweezers.

For the second attempt at printing K. phaffii laden alg/PNIPAm, EGFP-expressing K. phaffii
X33 was added to the alg/PNIPAm ink at a concentration of ~10 cells/mL after all other
components had been mixed and passed through syringes to break up large particles. Two
formulations were attempted, that used previously containing 25 mM CaCl, and one without
CaCly. The inks were then mixed by dual asymmetric centrifuge at 1700 rpm (3500 rpm was
used in previous attempts), before being loaded into a sterile printing syringe and printed into
rectangles as described previously. The printed constructs were cured using 150 mM CaCl,
with 5 mg/mL D-glucose for 1 hr, before being transferred to BMGY as before. Biogels were
either incubated for 3.5 or 23.5 hrs at 28 °C, 220 rpm before SYTOX Deep Red dye and
Calcofluor White M2R were added as described previously. Following a further 30 min
incubation, three biogels for each respective formulation and timepoint were viewed using
confocal microscopy as described in section 4.5.14. Microscopy data were viewed and

analysed as described in section 4.5.13.
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4.5.16 Protein induction of S. cerevisiae and K. phalffii within alg/PNIPAm

Overnight cultures were grown of S. cerevisiae containing the expression system for EGFP
and secretory expression system for UPO respectively in SC -Ura. Overnight cultures were
grown of K. phaffii X33 containing the expression system for EGFP and of K. phaffii KM71H
containing the secretory expression system for UPO respectively in BMGY. Alg/PNIPAm of
each yeast and expression system were prepared, printed and cured as described previously
(section 4.5.15 paragraph 2). Hydrogels were transferred to BMGY medium and incubated
for ~24 hrs at 28 °C, 220 rpm. Three hydrogels of each yeast type and expression system
were selected and stained with SYTOX Deep Red and Calcofluor White M2R as previously
described (section 4.5.15) before being observed using confocal microscopy (section 4.5.14).
Meanwhile, the remaining hydrogels were washed with diH2O before their media were
changed to BMMY for K. phaffii or expression medium for S. cerevisiae (section 4.5.1). The
cell-laden hydrogels were incubated for a further 72 hrs, with 0.8 % v/v methanol added to
the media of the hydrogels containing K. phaffii every 24 hrs. Three samples of each yeast
species and expression system were then selected and stained as described previously, before
being observed using confocal microscopy. For the UPO expression systems, three further
samples were selected for each yeast species and 4*20 pL aliquots from each sample were
characterised by ABTS assay for peroxidase activity (0.3 mM ABTS, 0.03 w/w% H202, 1/10
dilution of sample, 50/100 mM citrate/phosphate buffer). Aliquots were also taken from the
medium surrounding one the S. cerevisiae EGFP-expressing hydrogels and also characterised
at the same time by ABTS assay as a negative control. The assay plate was incubated at room

temperature for 1 hr, before the absorbance at 403 nm was measured using a plate reader.
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4.6 Supplementary

Suppl. table 4.1: List of primers used for cloning by Gibson Assembly of the UPO and EGFP
genes respectively into the pPICZ A vector.

Name Sequence (5°-37)

ppicza_A_F GTTTGTAGCCTTAGACATGACTGTTCCTCAGTT

ppicza_A R CGTTTCGAATAATTAGTTGTTTTTTGATCTTCTCAAGTTGTCG

UPO_Gib_ppi | GAAGATCAAAAAACAACTAATTATTCGAAACGATGAAGTACTTTCCTTTGTTCC
cz F CAACC

UPO_Gib_ppi | CTGAGGAACAGTCATGTCTAAGGCTACAAACTTAGTCTCTACCGTATGGAAAA
cz R ACTTGAGTAC

EGFP_Gib_pp | GAAGATCAAAAAACAACTAATTATTCGAAACGATGGTGTCTAAAGGTGAAGAG
icz_F TTGTTCACTGG

EGFP_Gib_pp | CTGAGGAACAGTCATGTCTAAGGCTACAAACTTACTTGTATAATTCGTCCATAC
icz_ R CTAAGGTAATACCAGCAGC

Suppl. figure 4.1: SDS-PAGE gels of size exclusion chromatography fractions from A) S.
cerevisiae UPO purification and B) K. phaffii UPO purification. Protein ladder is on the
leftmost lane of both gels.
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Suppl. figure 4.2: MALDI-TOF mass spectrometry of K. phaffii UPO. The base peak
indicates that the molecular weight of UPO is approximately 44.2 kDa. The relative
broadness of the peak is likely due to the variable glycosylation of UPO.
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Suppl. figure 4.3: Comparison of UPO production by best KM71H (K) transformant versus
best X33 (X) transformant as measured by ABTS assay. Samples of lysate were tested at
different timepoints since induction (5 hrs, 24 hrs, 48 hrs, 72 hrs, 96 hrs). Error bars
represent S.E.M. of 3 replicates. The negative control was a sample of the lysate of EGFP-
expressing K. phaffii KM71H.
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Suppl. figure 4.4: Absorbance spectra of UPO PaDa-I purified in K. phaffiiand S.
cerevisiae. Both spectra are blank subtracted. Soret peak was measured at 418 nm for both.
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Suppl. figure 4.5: Normalized absorbance spectra of UPO PaDa-I purified from K. phaffii
when the expression medium was supplemented with 0.2 mg/mL bovine hemoglobin or not.

Addition of hemoglobin did not appear to improve heme incorporation, with an Rz value of
1.2 measured for both.
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Suppl. table 4.2: Relative proportion of secondary structure elements of UPO PaDa-| as
determined by the experimental tertiary structure (PDB:50XU)"#*

Secondary structure element

Proportion (%)

a-helix 497
B-strand 3
other 47.3

Suppl. figure 4.6: SDS-PAGE gel of a commercial sample of A. rusticana horseradish
peroxidase (HRP) showing that it contains a mixture of peroxidase proteins of various
molecular weights, likely due to different isoforms and variable glycosylation.

HRP
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Suppl. figure 4.7: When insufficient concentrations of peroxidase or oxidase enzymes are

used in the alg/PNIPAm formulation the resulting hydrogel has thermosensitive behaviour

similar to alginate, indicating that PNIPAm likely has not formed to a significant degree. The
apparent ‘contraction’ of alginate and the hydrogels with insufficient enzyme concentrations

is likely caused by some leaching of Ca?* ions into the distilled water used to incubate the

hydrogels during the experiment.
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Suppl. figure 4.8: Gelation kinetics of PNIPAm. A) Absorbance/scattering spectra of
PNIPAm pre-gelation and post-gelation indicated that wavelengths from ~600-800 nm may
be most suitable for tracking differences in absorbance upon gelation. B) Change in
absorbance/scattering at 700 nm over time during the gelation of PNIPAmM showed that this
method could be used to track the kinetics of PNIPAm formation. Error bars represent SEM
of 3 replicates.
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Suppl. figure 4.9: A) Reswelling (hydration) kinetics of dried HRP-formed alg/PNIPAm in
diH20 at room temperature. Reswelling is relatively slow, and the dried hydrogel does not
reach its initial wet weight ratio (dashed grey line), perhaps due to lack of calcium chloride to
crosslink the alginate component and/or leaching of alginate chains into the solution. Error
bars represent S.E.M. of 3 replicates. B) Deswelling kinetics of HRP-formed alg/PNIPAm in
diH20 at room temperature (RT) and 60 °C. While the hydrogel does deswell slightly at RT,
perhaps due to diffusion of calcium chloride linking the alginate into the water, it deswells at
a much slower rate than the deswelling at 60 °C, which is likely mostly driven by the
thermosensitivity of the PNIPAm component.
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Suppl. figure 4.10: Repeated ‘contraction’ and recovery cycles were conducted on both the
UPO and HRP alg/PNIPAm hydrogels respectively once a day for eleven days. Samples
were incubated at 60 °C during ‘contraction’ and recovered at room temperature (RT) and
controls were consistently incubated at RT. All error bars represent S.E.M. of 3 replicates
and significance was determined by unpaired t test. A) Difference in recovery swelling weight
ratios between early and final repetitions. That of HRP alg/PNIPAm gradually decreased with
each repetition, whereas for UPO alg/PNIPAm the biggest change was between the first and
second cycle. B) Difference in ‘contracted’ swelling weight ratios between early and final
repetitions. That of HRP alg/PNIPAm appeared to decrease with each repetition, though this
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decrease was not significant. For UPO alg/PNIPAm, the ‘contracted’ weight ratio had
significantly decreased by the 11" repetition. C) The initial swelling weight ratios for both
HRP and UPO alg/PNIPAm samples and controls respectively were confirmed to be part of
the same population, thereby establishing that differences over the time course are likely
due to the differing incubation temperature between the samples and the controls. D) The
swelling weight ratio of the controls of HRP alg/PNIPAmM and UPO alg/PNIPAm respectively
on the initial day and final day of measurement. The swelling ratio of HRP alg/PNIPAm
controls appeared to have decreased slightly over time, however, this difference was not
significant. The swelling ratio of UPO alg/PNIPAm controls did not significantly change from
the first to the final day.
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Suppl. figure 4.13: Representative photos of UPO alg/PNIPAm, HRP alg/PNIPAm, alginate
and HRP PNIPAm hydrogels before and after high temperature incubation, tensile testing
and compression testing. Following high temperature incubation, both the UPO and HRP
alg/PNIPAmM hydrogels became opaquer and were observed to shrink in size. During tensile
testing all of the formulations tested broke. Under the compression testing conditions used, it
was observed that the UPO alg/PNIPAm, HRP alg/PNIPAmM and HRP PNIPAm formulations
showed fairly elastic recovery, however, that the alginate hydrogel became relatively ‘flat’.
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Suppl. figure 4.12: Comparison of key values obtained from compression (A) and tensile
(B-D) testing of HRP alg/PNIPAm and UPO alg/PNIPAm as well as the single network
equivalents. Error bars represent S.E.M. of at least 3 replicates and statistical analysis was
conducted using one-way ANOVA with Tukey-Kramer.
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Suppl. figure 4.13: Bud scars (Calcofluor channel) and organelles (EGFP and SYTOX
channels) were observed in the confocal fluorescent microscopy of K. phaffii and S.
cerevisiae cells of liquid culture. Examples of these features are indicated with white arrows,
and the scale bar represents 10 uym.
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Calcofluor White M2R EGFP (nutrient deprived)
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Suppl. figure 4.14: Box shaped 3D-printed alg/PNIPAm with different concentrations of K.
phaffii X33 cells photographed after 24 hrs of incubation in either BMG or BMGY medium. Al
prints were observed to maintain their box-like shape following incubation and could be
handled with tweezers without breaking.
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Suppl. figure 4.15: Photos of K. phaffii alg/PNIPAm hydrogels after printing both with CaCl.
in the ink and without CaCl; in the ink (- CaCly). It was observed that the hydrogels printed
from the ink not containing CaCl, were less viscous and retained their printed shape less
well. Note that both formulations were cured in a solution containing CaCl..
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9 m CaCl,

251



Suppl. figure 4.16: Characterising if recombinant protein production could be induced in K.
phaffii and S. cerevisiae within an alg/PNIPAm hydrogel. The inducible expression of EGFP
was investigated using K. phaffii X33 (K EGFP) and S. cerevisiae (S EGFP). The inducible
expression of UPO was investigated using K. phaffii KM71H (K UPO) and S. cerevisiae (S
UPO). A) Representative images from fluorescent microscopy taken before protein
production had been induced (24 hrs after hydrogel curing). Images were taken of the cells
within the hydrogels without sectioning and after staining with Calcofluor White M2R
(Calcofluor) and SYTOX Deep Red. Scale bars represent 10 um. B) Average cell diameter of
each expression system before and after induction (86 hrs after curing). No significant
difference was found in diameter for any of the expression systems or timepoints. Error bars
represent S.E.M. of three samples and statistical significance was calculated by unpaired t
test to compare time points or ANOVA to compare expression systems. C) The percentage
of cells which displayed Calcofluor fluorescence for the different expression systems before
and after induction... No significant difference was found in diameter for any of the
expression systems or timepoints. Error bars represent S.E.M. of three samples and
statistical significance was calculated by unpaired t test to compare time points or ANOVA to
compare expression systems.
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Chapter S: General Discussion

The overarching goal of this thesis was to harness evolution-guided methods as a
methodological and conceptual framework for understanding protein evolution and
engineering proteins with new or improved functions. While Chapter 1 outlined how
evolutionary approaches can be applied in protein design for applications like material
polymerisation, the subsequent chapters each tackled a different facet of this idea.
Specifically, Chapter 2 focused on ancestrally reconstructed transcription factors of the lac
repressor (Lacl) family to explore how ligand specificity, binding affinity, and
thermodynamics can evolve. Chapter 3 attempted to expand beyond the more commonly
studied bacterial systems to reconstruct ancestors of the plant enzyme, horseradish peroxidase
(HRP)*. HRP is widely used in applications like enzyme-mediated radical polymerization
(EMRP), however, it is difficult to express recombinantly as a single isoform®633_ Thus,
ancestral sequence reconstruction (ASR) of the class III peroxidase family was conducted
with the hope of identifying an ancestral peroxidase with improved recombinant expression.
Finally, Chapter 4 explores the use of a synthetically evolved enzyme, unspecific
peroxygenase PaDa-I1 (UPO), for use in the EMRP of a hydrogel, alginate/PNIPAm, which is
temperature-responsive and can be 3D printed. Additionally, Chapter 4 investigates the ability
of this material to support yeast cells to form an engineered living material that can produce

proteins ‘on demand’.

In terms of the specific protein of interest, the shift from studying a bacterial transcription
factor (LacI) in Chapter 2 to engineering a plant peroxidase (HRP) in Chapter 3 and then to
utilising a synthetically evolved fungal peroxygenase (UPO) in Chapter 4 is considerable.
However, all studies revolve around ancestral sequence reconstruction or evolution of long-
diverged protein families, reflecting a unifying theme: using evolution engineering
approaches to introduce beneficial properties or insight. In all cases, protein evolution
provided routes to variants that exhibit altered or improved properties over native, extant

proteins.

Below, I describe how these findings relate in a holistic sense, highlight the conceptual
contributions to protein engineering, evolution and biomaterials, and propose future

directions.
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5.1 ASR as a dual tool: fundamental understanding and applied utility

5.1.1 Evolution of ligand binding in proteins can be gradual or rapid

Tracking evolutionary changes increases general knowledge of how proteins can change,
which can in turn inform future protein engineering efforts. Many protein families can bind to
a relatively wide diversity of small molecule ligands or substrates and yet it can be difficult to
discern how such diversity arose by comparing only the extant family members'>?3. One such
protein family is the /ac repressor (Lacl) family of bacterial transcription factors. Despite

418,419,449

many studies of the modern-day proteins, including domain swapping , sequence

472,478

comparison>*’, and deep mutational scanning studies , it still remained unclear how there

was such a diversity of small molecule effectors and how binding of new effectors could be

designed. However, as for many other protein families!*!3-222

, in Chapter 2 it was shown that
ancestral sequence reconstruction could provide a new perspective on how functional

changes could occur in the Lacl family.

Functional changes in proteins can be classed as occurring gradually over many mutations or
relatively suddenly via a small number of mutations!*>2%¢22°_ This has been referred to as
‘creeping’ or ‘leaping’ in a study by Tyzack et al.'”’. For example, Harris et al.?*®
demonstrated that the metabolism of several xenobiotics and steroids by members of the
cytochrome P450 family 1 had gradually increased from activity present in the oldest
ancestor studied along the mammalian lineage, likely reflecting increasing needs to
metabolise these relatively novel xenobiotics and steroids. As an example of rapid functional
change, Tran et al.>"” found that the cytotoxic activity of a human RNase also appeared to
arise relatively rapidly from almost no activity present in an ancestor. Interestingly, in
Chapter 2 it was shown that both types of functional change could take place, with
specialisation towards a ‘new’ binding function occurring relatively gradually with many
mutations, whereas the weakening of an ‘old’ binding function occurred relatively rapidly and
was driven by comparatively fewer mutations. This highlights that the overall ‘function’ of a
protein describes multiple different processes, such as binding to multiple ligands, and that
evolutionary change can affect these different processes in different ways. This is highlighted

in a study of ancestral carboxylic acid transporters by Savory et al.?’

, where it was shown
that each ancestral transporter had a preferred range of substrates that changed differently

along different trajectories of the phylogeny. Hence, while it can be of interest to examine

only how a single function or property of a protein can change, several studies have now

demonstrated that greater insights can be gleaned from examining multiple functions or
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properties can change at the same time, and potential relationships between these
changes??3297:226897 Nonetheless, the overall ‘fitness’ of a protein can be difficult to
completely characterise given the vast possibilities of behaviours and properties that any
given protein could display. To fully characterise any protein and its functional and property
changes in the future, perhaps high-throughput experimental techniques could be combined

with computational-guided techniques.

5.1.2 The protein sequence-function landscape

Whilst it is informative to characterise phenotypical level changes in protein function,
perhaps one of the biggest goals in protein science is to determine how the sequence of any
given protein can lead to its function, or vice versa. The DNA sequence encoding a protein is
the medium by which the variation in protein function is generated, and the sequence should
encode all of the functional information of a protein*?2. With the rise of computational power
that has led to the explosion of machine learning and other similar statistical techniques, large
advances have been made towards predicting the structure of a protein. From this structure,
molecular dynamics, machine learning-guided or other statistical-guided techniques can then
be utilised to attempt to predict function. However, all these techniques remain predictive
rather than completely exhaustive and accurate; even machine-learning guided techniques
still need to screen thousands of candidates using molecular dynamics and then tens
experimentally®*3“%_ Hence, the relationship between protein sequence and function has not
yet been ‘solved’, and it is thus still informative to tease apart this relationship through
studying protein evolution. Unlike other techniques, ancestral sequence reconstruction is
relatively low throughput, as typically ancestral proteins fold, are stable, and are functional.
Furthermore, by including the dimension of time, ancestral sequence reconstruction allows
for functional changes to be tracked over relatively few mutations. Notwithstanding, all
protein engineering techniques can be used synergistically to both improve our fundamental
knowledge and engineer new proteins. For example, the structure and function of ancestral
proteins can be predicted using machine-learning guided techniques to reduce experimental

labour and cost'%%!,

Changes in protein function derive from changes to the sequence at the genetic level, such as
by random mutagenesis, insertions or deletions (indels) and/or recombination®*?-2**, However,
due to the evolutionary models commonly used during the ancestral sequence reconstruction
process, ancestral protein sequences and their corresponding functional changes are primarily

generated through mutations. By examining how a relatively limited number of mutations
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lead to various changes in function over times, it has been found that often functional changes
can be driven by mutations relatively distal to the ligand or substrate binding site’*?. For

1."2 found that chalcone isomerase activity arose from a non-

instance, Kaltenbach ef a
catalytic ancestor partly due to distal mutations that changed the dynamics of the protein. The
relatively large effect of distal mutations on ligand binding was also observed by examining
the effects of individual mutations between the oldest two selected ancestors of the Lacl
family in Chapter 2, where it was found that mutations relatively distal from the active site
had large effects on ligand binding function. In future, it would be interesting to further
explore the mechanistic causes behind these distal effects. Perhaps as well as changing the

dynamics of the Lacl ancestor, the distal sites may also have been part of networks of

interacting residues, as has been found in modern-day LacI**.

Possibly also resulting from interacting residue networks and/or changes to the overall
conformational ensembles of a protein, it has increasingly been found by many studies,
including that in Chapter 2, that mutations can have non-additive effects on function?!347>-531,
This has shifted the field away from the more classical model of evolutionary function
changes, which assumed that most mutations that were fixed during an evolutionary
trajectory conferred a neutral or positive benefit to the new function in a largely additive
fashion, analogous to climbing up a hill?®. Instead, studies such as that by Yang et al.>’® and
Anderson et al.’® have shown that epistatic interactions are highly prevalent in proteins.
Furthermore, Starr et al.'®* and others?*>°%%% have found that historical contingencies like
‘permissive’ and ‘restrictive’ mutations determine which evolutionary trajectories are
available, such that a protein will not necessarily always be able to reach every part of the
sequence-function landscape. Hence, the complex nature of the functional changes in the

ligand binding along the Lacl trajectory further highlights the complex, multidimensional

nature of the sequence-function landscape.

5.1.3 Importance of thermodynamics in protein function

Any given chemical reaction or binding interaction, conducted by a protein or otherwise, is
governed by thermodynamics®*>***. To conduct useful reactions and interactions for life,
proteins must utilise thermodynamics to their advantage. For example, binding of a given
substrate to a protein can be driven by forming chemical bonds with that substrate, by
increasing flexibility of a distal part of the protein to compensate for the increase in entropy
of the binding site and substrate upon binding, and by increasing the entropy of ‘trapped’

water molecules in the binding site upon binding**2. As the given function of a protein is
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dependent upon thermodynamics, understanding of how proteins can have different functions
and thus how to engineer proteins can be aided by gaining insights into how different
functions can be driven by different thermodynamic mechanisms. One way to study
functional changes over time, and thus their corresponding reaction thermodynamics, is by
using ancestral sequence reconstruction!®¢. For example, Wheeler et al.”*® characterised the
thermodynamics of the binding reactions of peptides to two ancestral S100 proteins and
found that the binding reactions for one ancestor were exothermic but for the other were
endothermic. In Chapter 2 it was also found that functional ligand binding changes were
accompanied by changes to the thermodynamics of the ligand binding reaction. It was shown
that there was a general enthalpic-entropic trade-off for the characterised binding reactions,
thereby providing further support that this could be a universal trend?!-322534386.587 [t hag
been posited that this trend could result from proteins conducting their reactions in largely
aqueous environments®'*>2%, Hence, this highlights the importance of considering

thermodynamics in protein reactions.

Interestingly, it was found that the changes in the thermodynamics of the binding reactions
along the Lacl trajectory could not be fully explained through structural mechanisms>®,
hence, may have largely resulted from changes to the protein dynamics. Many other studies
have also shown that functional changes can be largely driven by dynamics for some
proteins!?>194216219 Eor example, Kim et al.?!® found that fluorescence changes of GFP-like
proteins largely resulted from changes to the protein dynamics along different evolutionary
trajectories. Thus, it would be informative to further study the dynamics of the Lacl trajectory
ancestors to further characterise the relationship between these changes and the

thermodynamic changes found, such as by using molecular dynamics and hydrogen

deuterium exchange mass spectrometry.

5.1.4 ASR as a tool to improve recombinant expression

One factor that can limit the utility of many proteins is their relatively low expression levels
in hosts that are relatively easy to use and cheap, like E. coli and S. cerevisiae. Many
eukaryotic proteins from multicellular eukaryotes suffer this fate, often because they possess
posttranslational modifications not available in microbial expression systems, are processed
in different ways to microbial systems and/or require cofactors and cellular environments not
present in microbial systems**®7°%7%3 However, because protein expression is a complex
process that is not entirely understood, it can be difficult to increase the recombinant

expression levels of a given protein in a given host in a rational manner. On the other hand,
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many studies have found that ancestral proteins predicted through ancestral sequence
reconstruction have had improved recombinant expression compared to their extant family
members?6:192-236.237.240 Tt js hypothesised that this improved recombinant expression may
result from the increased thermostability of many ancestral proteins, because stability often
correlates with recombinant expression levels for microbial hosts®®3670, Such a correlation
was also found in Chapter 2 with the single mutants of the oldest ancestor. Furthermore, the
utility of using ancestral sequence reconstruction to improve recombinant expression was
shown in Chapter 3, where ancestral plant peroxidases were able to be expressed solubly in
E. coli. However, this also highlighted some of the challenges of overexpressing eukaryotic
proteins, such as cofactor incorporation and lack of signal peptide processing. Nonetheless, in
future these issues could be resolved, such as through cofactor incubation and removing the
signal peptide, to potentially develop ancestral proteins with peroxidase catalysis similar to

horseradish peroxidase but with much greater recombinant expression yields.

Overall, it is hoped that ability of ASR to improve recombinant expression, often whilst
maintaining protein activity, will be more commonly used in future for a variety of proteins
and their corresponding applications. While other protein engineering techniques can also
improve recombinant expression levels, including directed evolution®®-%7, consensus
design®’* and other computational-guided techniques’®®°%, these typically require screening

of many more variants than ASR, where sometimes only a single ancestral protein is

screened?3%232,

5.2 Evolution-guided protein engineering in materials science: an

underexplored aspect of biotechnology

5.2.1 Potential of protein engineering in enzyme-mediated radical polymerisation

Many useful materials for diverse applications can be synthesised through free radical
polymerisation, including hydrogels and value-added compounds’®. However, many of the
radical initiator catalysts are relatively toxic and non-biodegradable, such as

10 and benzoyl peroxide’!!. Furthermore, typically free radical

azobisisobutyronitrile
polymerisation needs to occur in an oxygen-free environment, which can be laborious to set
up’?372912 Both of these issues can be resolved by instead using enzymes as both catalysts
and for oxygen scavenging. Indeed, over the past decade there has been increasing interest in

using enzyme-mediated radical polymerisation (EMRP) for a plethora of polymers of various
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complexities®??313:316:371 Many reviews of the fields state that the primary reason is likely the
‘green’ nature of enzyme chemistry compared to more traditional methods™2%4-300-316.372,

However, despite the large number of reactions that have been polymerised using EMRP, the
number of enzymes investigated has been relatively limited>*!'3. Typically, either a laccase is

used, most commonly Trametes versicolor laccase’!3 1

, or often horseradish peroxidase is
used with a glucose oxidase or pyranose oxidase***°1¢°!7. While these enzymes have been
able to mediate a wide range of polymerisations™>*®, this range could be further increased
through the use of different enzymes. For example, unspecific peroxygenases are capable of
catalysing the production of free radicals, but have potentially different substrate ranges to
laccases and class 111 peroxidases®>>"82°18 As another example, Li ef al.*** demonstrated that
formate oxidase in EMRP could be advantageous over glucose or pyranose oxidase because
the product of formate oxidase easily separates from the reaction mixture. Nonetheless, many
commonly used enzymes, including the laccases and horseradish peroxidase, are commonly
sourced natively from their host organism as multiple isoforms, which causes batch-to-batch
variation®**6>3919 ' Such variation can lead to irreproducibility, especially for more complex
materials like double networks®*’. Furthermore, the conditions of some radical
polymerisations are not well suited to native enzymes, such as reactions that use hydrophobic
monomers, organic solvents and/or occur at relatively hot or cold temperatures®*>3%, Finally,

enzymes are commonly not as re-usable as traditional chemical catalysts*-316,

Many, if not all, of these challenges facing enzyme use in radical polymerisations could be
met by using protein engineering techniques, such as evolutionary-guided techniques. For

instance, directed evolution can ‘engineer’ proteins with greater solvent stability®?%-?,

923-925 926-928

different substrates , greater temperature stability and improved recombinant

expression?®”-2°1995 Furthermore, ancestral sequence reconstruction has been shown to
predict ancestral enzymes that maintain similar activity whilst being more thermostable?**2%¢,
solvent stable?*®?%%30 and/or having increased recombinant expression yields>*’%?, The
utility of ASR for EMRP was demonstrated in Chapter 3 through the use of an ancestral class
IIT peroxidase, which had been recombinantly expressed in E. coli, to catalyse the
polymerisation of Poly(N-isopropylacrylamide) (PNIPAm) under open air when combined
with glucose oxidase. To the best of our knowledge, this is one of few studies that a
recombinantly expressed peroxidase or laccase has been utilised for EMRP?*!, despite the

batch-to-batch variation of these enzymes when sourced natively. Interestingly, the

recombinant ascorbate peroxidase used by Frey et al.”*! had been engineered through directed
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evolution by Ting and coworkers’*>?*? for both increased recombinant expression and

increased activity, thereby further highlighting the power of evolutionary techniques.

This ability of directed evolution to engineer proteins with improved recombinant expression
was also found to be useful for recombinantly producing Agrocybe aegerita unspecific
peroxygenase (UPO) in yeast?°. In Chapter 4 it was shown that the EMRP of PNIPAm within
an alginate/PNIPAm double network could be driven by recombinant UPO, thereby providing
another demonstration that it is possible to ‘replace’ commonly used in enzymes like HRP
with single isoforms optimised for recombinant expression through evolutionary-guided
engineering techniques. Furthermore, the use of UPO in EMRP for perhaps the first time
demonstrated many enzymes beyond HRP and laccase could be utilised in EMRP in the
future. Indeed, an engineered laccase for EMRP has already been developed by Gomez-
Fernando et al.”**, who reconstructed ancestral laccases and further used directed evolution to
improve the activity of an ancestral laccase for generating B-diketone radicals. Despite the
potential of this engineered ancestral laccase, surprisingly no further study has yet used it for
EMREP to the best of our knowledge. Indeed, generally it seems that the field of EMRP has

largely failed to capitalise on the advantages of using engineered enzymes.

Given the ability of evolutionary techniques to potentially engineer greater thermostability”>>,

920,929

organic solvent tolerance and new substrates, which could be radical mediators or

monomers®**, it is hoped that more research will be invested in exploring these possibilities in

future to further expand the potential of enzyme-mediated radical polymerisation.

5.2.2 Some possible future directions for engineered living materials

Interesting materials with a plethora of applications can be formed by combining the
advantages of living cells, which have been engineered to purpose, and materials*>*-3%-
382,385,386 Such materials have been termed engineered living materials (ELMs), and are part

d380

of a relatively new, but rapidly growing field’®". Many ELMs have been formed using

hydrogel scaffolds because of their biocompatibility®>

. However, although the backbones
and/or crosslinks of these hydrogels are often formed through radical mechanisms, commonly
the hydrogels are cured using chemical initiators and UV light that are not
biodegradable*****7%° Hence, it could be beneficial to adopt the use of alternative curing
mechanisms in future. For instance, it was shown by Klemperer et al.>®! for an E. coli ELM
and in Chapter 4 for casted yeast ELMs that enzyme-mediated polymerisation can be utilised

to yield alg/PNIPAm ELMs with relatively high cell viability. Another advantage of using
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enzymes to mediate radical polymerisation was recently highlighted by Belluati and
coworkers”’, who demonstrated ‘cell’-mediated polymerisation of poly(ethylene glycol)
methyl ether methacrylate (PEGMA) and NIPAm driven by S. cerevisiae cells expressing and
displaying horseradish peroxidase. Such a system could have great potential in forming a
‘self-assembling’ ELM through cell controlled EMRP. While several systems have been
developed that utilise natural redox processes of cells to initiate polymerisation®’*®, relying on
natural redox processes is not controllable or inducible. By instead engineering recombinant
enzyme expression, the relative level of enzyme can be controlled, e.g. through promoter
strength, and synthetic biology can be used to induce expression in response to various
inputs, such as chemicals, light and heat**”**®. However, as Belluati et al.”*” did note
relatively low levels of recombinant active HRP surface display, perhaps in future such a
system could be improved by using proteins engineered through evolutionary techniques, like

UPO variant PaDa-I1*°,

Another consideration for hydrogel engineered living materials is the diversity of materials
and their properties such that varied applications could be met. For instance, 3D-printable
hydrogels have greater customisability, ‘smart” hydrogels can respond to various stimuli and
use of different polymers and double networks can form materials of varying mechanical
strengths and elasticities*!-*6>374382_Utilising the material developed by Klemperer et al.>¢!,
in Chapter 4 it was shown that UPO-mediated alg/PNIPAm could form a yeast ELM that was
3D printable and potentially thermosensitive. However, future work needs to fully investigate
the effects of the yeast on the mechanical properties of the alg/PNIPAm hydrogel.
Nonetheless, as the diversity of materials used in ELM grows, the complexity of the materials
can increase. For instance, recently Manjula-Basavanna et al.>** developed a compostable
engineered living material with tuneable mechanical strength using biofilm-based

‘AquaPlastic*®*.

As well as using different materials, it is also beneficial to develop ELMs with different cells
for different applications®***. Yeast ELMs can be advantageous for being relatively easy to
engineer compared to other eukaryotic cells, being able to produce eukaryotic proteins,
capable of anaerobic fermentation, and with many species being generally regarded as safe®®-
3% While several yeast ELMs have been developed, the diversity of yeast species has been
limited, with mostly S. cerevisiae being utilised***#?4% However, in Chapter 4 it was shown

that it was possible to form both S. cerevisiae and K. phaffii ELMs in 3D-printed

alg/PNIPAm. However, it was found that the viability and correspondingly recombinant

261



protein production by both yeast species was relatively low, possibly driven by a combination
of 3D printing and curing stresses. Nonetheless, if these processes could be optimised in
future, then perhaps it could be further explored if more complex systems could be conducted
by the yeast within the hydrogel, such as production of value-added chemicals in a controlled
manner or detection and clean-up of a biotoxin. For example, Sugianto ef al.**> showed
inducible betaxanthin production was possible in a yeast ELM by using yeast engineered with
a catalytic cascade of enzymes. Also, Tay et al.*®® developed an E. coli ELM that could sense

and absorb mercury for bioremediation.

In future, more research should also be conducted into the effects of hydrogel encapsulation
on the yeast cells. Interestingly, in Chapter 4 it was observed that the size of the cells is on
average smaller than in liquid culture even for cells that appeared viable. Other
studies®>-7>747° have also observed an average smaller yeast cell size, even for yeast with
sufficient diffusion of nutrients. This is despite other studies having established that S.
cerevisiae in hydrogels can be viable, have metabolic activity similar to liquid culture and be
capable of reproducing. Hence, to the best of our knowledge, it is still unknown why yeast
cells typically grow to a smaller size in hydrogels. Sugianto et al.*>* and Liu et al.**° have
posited that the material could be exerting a mechanical force on the yeast cells, which
perhaps could lead to a stress response and correspondingly smaller cell size. Perhaps such a
stress response could also have led to the slower glucose consumption and different oxygen
metabolism observed by Butelmann et al.”’ for S. cerevisiae in F127-BUM compared to
liquid culture. Nonetheless, for future yeast ELM development it would be important to better
characterise the effect of hydrogel encapsulation on yeast cells, such as by establishing if a
stress response 1s occurring and whether this is being driven by mechanical pressure or other
factors. By better understanding the relationship between materials and cells, undoubtedly the

complexity of ELMs and their potential will be further increased.

5.3 Conclusion

In this thesis it was shown that the use of evolution-guided protein engineering techniques
like ancestral sequence reconstruction and directed evolution can not only increase our
understanding of how protein functional changes can occur, but can also be utilised to
engineer proteins with industrially relevant properties like improved recombinant expression.

It was demonstrated that evolution-guided techniques can be combined with materials science
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to enzymatically-mediate the formation of hydrogels, including a complex engineered living

material.

“One never notices what has been done; one can only see what remains to be done.”

— Marie Curie
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