Functional evolution of solute-
binding proteins

Ben E. Clifton

A thesis submitted for the degree of Doctor of
Philosophy of the Australian National University

May 2017

© Copyright by Benjamin Edward Clifton 2017

All Rights Reserved



Statement of authorship

The research described in this thesis was carried out between March 2013 and August
2016 under the supervision of Associate Professor Colin Jackson at the Australian

National University.

Part of Section 1.3.2 is adapted from a publication; the adapted section was written
by me. Chapter 2 is adapted from a publication to which | contributed all experimental
and computational work and which | drafted. Section 3.2.2 is a summary of experimental
work completed by Joe Kaczmarski under my supervision, which is provided primarily
for context. Section 4.2.2 describes experimental work that | initiated at the University of
British Columbia, under the supervision of Assistant Professor Nobuhiko Tokuriki, as
part of a six-week exchange during my PhD program, and completed at the Australian
National University. Section 5.2.3 describes simulations performed by me, Joe
Kaczmarski, and Elaaf Mohamed after the initial submission of this thesis; this work was
included in response to examiners’ comments. The remainder of this thesis describes my
own work except where due acknowledgment is made, and has not been previously

submitted for a degree at any university.

The word count of this thesis is 55,569 words.

Ben Clifton

May 2017



Acknowledgements

First of all, | would like to thank my supervisor, Assoc. Prof. Colin Jackson, for his
support and expertise. | have appreciated his optimism, generosity and savvy over the
past five years, and | am grateful for the many opportunities he has given me to develop

as a scientist.

I would like to thank Assistant Prof. Nobuhiko Tokuriki and the members of his
group for welcoming me into the Tokuriki lab and sharing their knowledge. Visiting the
Tokuriki lab was a thoroughly enjoyable and motivating experience, and invaluable for

getting a fresh perspective on protein evolution.

I would like to thank Dr Paul Carr for his patient assistance with collecting and

analysing X-ray diffraction data.

It has been a real pleasure to work with everyone in the Jackson group (past and
present) — thank you all for your banter and your friendship. | was particularly fortunate
to have the company of Joe Kaczmarski in the lab; his work on the evolution of CDT was

crucial for this thesis.

I would like to thank the Research School of Chemistry and the Rickards family

for financial support.

Finally, special thanks to my family and friends. Needless to say, | would not have

reached this point without them.



Abstract

Solute-binding proteins (SBPs) comprise an abundant and adaptable superfamily of
extracytoplasmic solute receptors involved in nutrient uptake and chemotaxis, and
constitute an important component of the nutrient-scavenging arsenal in bacteria. The
SBP superfamily exemplifies the power of evolution to generate functional diversity by
tinkering with an existing protein fold; SBPs have evolved to recognise a wide variety of
solutes with high affinity and specificity, and have also been co-opted into roles in signal
transduction, transcriptional regulation and catalysis. However, the historical sequence-
structure-function relationships that explain how this functional diversity could have
evolved are not well understood. This thesis describes the use of ancestral protein
reconstruction, a technique that leverages phylogenetic information to enable
experimental characterisation of extinct proteins, to investigate two case studies of
functional evolution in the SBP superfamily: the evolution of new binding specificities in
the amino acid-binding protein (AABP) family, and the emergence of the enzyme
cyclohexadienyl dehydratase (CDT) from a non-catalytic ancestor that belonged to the

SBP superfamily.

The evolution of binding specificity in the AABP family was explored by
reconstruction and functional characterisation of ancestral AABPs that predated the
divergence of modern AABP subfamilies. The binding specificities of these ancestral
proteins were comparable with modern AABPs, contradicting the prevailing view that
ancient proteins had lower specificity than modern proteins. X-ray crystallography and
isothermal titration calorimetry experiments showed that specialised glutamine-binding
proteins originated from ancestral arginine-binding proteins that bound glutamine
promiscuously, and that the promiscuous binding of glutamine was enabled by multi-

scale conformational plasticity, water-mediated hydrogen bonding interactions and



co-option of an alternative low energy conformational sub-state productive for glutamine
binding. This promiscuous binding mode was enthalpically favourable and entropically
unfavourable; evolution of high-affinity glutamine-binding proteins was achieved by

reduction of this entropic penalty to binding.

CDT catalyses the decarboxylative aromatisation of prephenate and arogenate;
these reactions are involved in phenylalanine biosynthesis. Because CDT is closely
related to non-catalytic SBPs, this enzyme provides a useful model system for
understanding the emergence of catalytic activity de novo. The evolution of CDT from a
SBP was investigated by functional characterisation of reconstructed ancestors and extant
homologues of the enzyme, which showed that CDT evolved from cationic amino acid-
binding proteins. Directed evolution, X-ray crystallography and molecular dynamics
simulations were used to determine the genetic, structural and dynamic bases for this
functional transition. These experiments showed how individual substitutions contributed
to activation of the ancestral SBP scaffold for decarboxylative aromatisation of
cyclohexadienols by remodelling, functionalisation and refinement of the active site.
These case studies of functional evolution in the SBP superfamily provide insight into
two important evolutionary processes: the evolution of protein-ligand interactions with
high affinity and specificity by adaptive improvement of promiscuous interactions, and

the de novo evolution of enzymes from non-catalytic ancestors.
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Chapter One

Introduction



1.1 Protein evolution

1.1.1 Gene duplication and the evolution of new proteins
The classic model describing how new proteins arise by gene duplication events is the
mutation during non-functionality model, also known as the neofunctionalisation model,
originally proposed by Ohno (Bergthorsson et al., 2007; Conant and Wolfe, 2008; Innan
and Kondrashov, 2010; Ohno, 1970). According to the mutation during non-functionality
model, gene duplication is neutral, that is, without fitness cost or benefit. Because one
copy of the duplicated gene is redundant, it is freed from selective pressure and can
accumulate mutations. By chance, the gene may acquire a mutation that confers a new
function with a corresponding fitness benefit, and as a result, it will be maintained in a
population by purifying selection and improved by positive selection. Although some
examples of mutation during non-functionality have been uncovered (Conant and Wolfe,
2008), the model is undermined by the observation that gene duplication is not neutral,
but has a fitness cost associated with DNA synthesis, protein expression, and deleterious
gene dosage effects (Bergthorsson et al., 2007; Soskine and Tawfik, 2010). More
importantly, deleterious mutations are far more common than gain-of-function mutations,
and the cumulative fitness costs of deleterious mutations in a gene are exponential or
steeper than exponential (Bergthorsson et al., 2007; Soskine and Tawfik, 2010). Thus,
when a gene is removed from selection for the original function, loss of function is far
more likely than neofunctionalisation. On the other hand, it is assumed that if the gene
duplicate is not removed from selection, functional divergence cannot occur. This

contradiction has been described as Ohno’s dilemma (Bergthorsson et al., 2007).

In recognition of the limitations of the mutation during non-functionality model,
alternative mechanisms for protein functional evolution by gene duplication have been

proposed (Conant and Wolfe, 2008; Innan and Kondrashov, 2010). Examples include the
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duplication-degeneration-complementation or “subfunctionalisation” model, the escape
from adaptive conflict model, and the innovation-amplification-divergence model
(Barkman and Zhang, 2009; Innan and Kondrashov, 2010; Des Marais and Rausher,
2008; Voordeckers et al., 2012). Although there is currently no consensus on which
mechanism is predominant, they can together be distinguished from the mutation during
non-functionality model in two respects: (i) functional divergence is assumed to occur
before gene duplication, such that functional evolution proceeds via multifunctional
genes as intermediates, and (ii) gene duplicates are assumed to be subject to continuous

purifying selection.

For example, the escape from adaptive conflict model posits that a new function
arises in a single-copy gene (Hughes, 1994; Des Marais and Rausher, 2008). The resulting
bifunctional gene is ultimately subject to an adaptive conflict, whereby one function
cannot be improved without a detrimental effect on the other function. A gene duplication
event, which is assumed to be neutral, allows this adaptive conflict to be resolved, as each
gene duplicate can become specialised for a single function under positive selection. On
the other hand, the innovation-amplification-divergence model begins with a protein that
has a secondary function (for example, an enzymatic activity) present at a low level in
addition to its primary function (Bergthorsson et al., 2007; Nasvall et al., 2012). When
this secondary function becomes valuable, gene duplicates can be fixed by positive
selection, since the secondary function can be amplified by increased dosage of the gene.
After mutations that improve the secondary function are fixed by positive selection,
selection for the remaining duplicates of the original gene is relaxed and superfluous
duplicates are eliminated from the population. The particular strength of the innovation-
amplification-divergence model is that each step is governed by positive selection,
providing an impetus for gene duplication and reducing the risk of loss of function during

genetic drift.



1.1.2 Promiscuity and its role in protein evolution
As discussed in the previous section, current models of protein functional evolution by
gene duplication can resolve Ohno’s dilemma but depend on the existence of proteins
with secondary functions. Consistent with this requirement, proteins with secondary
functions are common. Many proteins are multifunctional; for example, a recent survey
of the Escherichia coli proteome found that 37% of metabolic enzymes are
multifunctional and together account for 65% of metabolic reactions (Nam et al., 2012).
Furthermore, proteins are often promiscuous — that is, they have functions that are present
at a low level, but have no physiological significance and are not maintained by selection
(Khersonsky and Tawfik, 2010). In the parlance of evolutionary biochemistry,
promiscuity is usually distinguished from multi-specificity or multi-functionality, which
refer to the presence of multiple functions that are maintained by selection (Copley,

2015).

The most compelling evidence for the prevalence of promiscuity in proteins
comes from genome-wide genetic complementation experiments (Desai and Miller, 2010;
Patrick et al., 2007; Soo et al., 2011) and systematic profiling of promiscuous activities
within enzyme superfamilies (Baier and Tokuriki, 2014; Colin et al., 2015; Huang et al.,
2015). For example, it has been shown that 20% of auxotrophic phenotypes originating
from single-gene knockouts in E. coli can be suppressed by overexpression of a different
E. coli gene, in many cases due to substrate promiscuity or catalytic promiscuity of an
unrelated suppressor gene (Patrick et al., 2007). As another example, substrate profiling
of the haloalkanoate dehalogenase superfamily showed that substrate promiscuity was
very common; of 217 enzymes screened for phosphatase activity against a library of 167
substrates, 70% acted on more than 5 substrates, while 23% acted on more than 40

substrates (Huang et al., 2015).



The prevalence of promiscuity probably results from both biophysical and
evolutionary constraints on protein specificity (Tawfik, 2010). Perfect specificity in
enzymes, for example, may be unachievable because of the inherent reactivity of
nucleophiles, general acids, general bases or cofactors in enzyme active sites and the
impossibility of excluding all molecules except the native substrate from the active site
(Copley, 2015). Obligatory trade-offs between activity and specificity have also been
suggested as an explanation for imperfect specificity in enzymes; the enzyme D-ribulose-
1,5-bisphosphate carboxylase/oxygenase, responsible for carbon fixation, is an important
example (Tcherkez et al.,, 2006). The idea of biophysical constraints on enzyme
specificity is also supported by the existence of proofreading mechanisms in enzymes
such as DNA polymerases, in which high fidelity is essential and is achieved by correction
of incorrectly incorporated nucleotides after the fact, rather than prevention of incorrect
incorporation by exceptional specificity (Copley, 2015). Evolutionary constraints on
protein specificity arise because promiscuous functions are neutral, by definition, so
elimination of a promiscuous function confers no fitness benefit. This principle has been
invoked to explain patterns of promiscuous binding in a family of steroid receptors; it was
shown that steroid receptors evolved the ability to discriminate non-cognate hormones
from their specific regulatory hormone only if the non-cognate hormone was

endogenously present in the cellular environment (Eick et al., 2012).

The promiscuous functions of proteins constitute a latent source of functional
novelty that can be exploited for the evolution of proteins with new specialities given the
appropriate selective pressure (Copley, 2015; Khersonsky and Tawfik, 2010;
Schulenburg and Miller, 2014). Directed evolution experiments, in which the properties
of proteins are improved by mimicking the evolutionary process of iterative random
mutagenesis and selection in a controlled laboratory setting, and other protein engineering

experiments have shown that promiscuous functions can often be increased to native-like
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levels by sequential point mutations (Bloom and Arnold, 2009). Reconstruction and
characterisation of ancestral proteins (discussed in Section 1.3.2), has also provided some
evidence for improvement of promiscuous functions as a mechanism for adaptive
evolution (Boucher et al., 2014; Bridgham et al., 2006). For example, it was shown that
the aldosterone-responsive mineralocorticoid receptor evolved by recruitment of an
ancestral corticoid receptor that bound aldosterone promiscuously as a by-product of its
affinity for structurally related ligands (Bridgham et al., 2006). Notably, because the
ancestral corticoid receptor predated the evolution of aldosterone biosynthesis, it could
be shown conclusively that the interaction between aldosterone and the ancestral receptor
was promiscuous rather than adaptive. Adaptive improvement of a weak secondary
activity in an enzyme has been demonstrated in the experimental evolution of bacterial
populations in vitro (Né&svall et al., 2012). Finally, the evolution of adaptive traits from
initially non-adaptive traits is observed analogously in higher biological systems such as
metabolic networks and organismal morphology (Barve and Wagner, 2013; Gould and

Vrba, 1982).

Differences in the plasticity of promiscuous and native functions of proteins have
important consequences for functional evolution. Promiscuous functions often have high
plasticity and evolvability, in that large improvements in a promiscuous function can be
achieved with few mutations (Aharoni et al., 2005; Khanal et al., 2015). Promiscuous
functions often vary between different members of a protein family and during neutral
drift; neutral drift can therefore expose new promiscuous functions and open up new
opportunities for functional expansion of protein families (Amitai et al., 2007; Bloom et
al., 2007). On the other hand, it is commonly observed that the native functions of proteins
have greater mutational robustness and lower plasticity, which implies that improvements
in a promiscuous function can be achieved without loss of the native function

(Khersonsky and Tawfik, 2010). Weak trade-offs between the promiscuous and native
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function of a protein result in bifunctional evolutionary intermediates (Khersonsky et al.,

2010).

The promiscuous functions of proteins can provide information about their
evolutionary histories, since the native function of one member of a protein superfamily
Is often identified as a promiscuous function in other members of the superfamily
(Khersonsky and Tawfik, 2010). For example, the identification of promiscuous lactonase
activity in a phosphotriesterase, an enzyme that evolved recently in response to
anthropogenic insecticides, led to the discovery of lactonases with promiscuous
phosphotriesterase activity, which likely resemble the ancestor of the phosphotriesterase
family (Afriat et al., 2006). A credible mutational pathway between the two enzymes

could then be deciphered (Afriat-Jurnou et al., 2012).

Multifunctional or promiscuous proteins have long been considered to have an
important historical role in the evolution of specialised proteins in modern organisms.
Jensen argued that primordial proteins were versatile generalists that possessed broad
substrate specificity (Jensen, 1976), an idea that is readily extended to incorporate
catalytic promiscuity (O’Brien and Herschlag, 1999). Although this hypothesis is an
attractive explanation for how diversity in metabolic functions could be achieved in a
primordial cell with relatively few genes, the evidence for this hypothesis is mostly
indirect. For example, the large number of extant multifunctional enzymes has been
interpreted as a vestige of the evolution of specialised modern enzymes from generalist
ancestral enzymes; for the enzymes that remained multifunctional, selection pressure for
higher metabolic flux, which could be achieved by subfunctionalisation of the ancestral
enzymes, may have been insufficient to offset the costs of gene duplication and
maintenance (Nam et al., 2012). On the other hand, some attempts have been made to

assess the promiscuity of ancient proteins directly using ancestral protein reconstruction



(Devamani et al.,, 2016; Risso et al., 2013). Reconstruction and experimental
characterisation of f-lactamases from the Precambrian era provided evidence that the
modern penicillin-hydrolysing p-lactamase TEM-1 evolved from a generalist ancestor
that could also hydrolyse other antibiotics efficiently (Risso et al., 2013). However, given
the lack of evidence for pronounced promiscuity-to-specificity trends in other protein
families (Wheeler et al., 2016), further work is necessary to determine whether these

results can be generalised.

1.1.3 Molecular basis for protein promiscuity
Given the importance of promiscuity as a source of phenotypic novelty, as well the
biomedical significance of promiscuous binding as a source of adverse side effects when
drugs bind to unintended targets, an improved understanding of the biophysical basis for
binding promiscuity is desirable (Babtie et al., 2010; Gatti-Lafranconi and Hollfelder,
2013; Nobeli et al., 2009). Binding promiscuity — the fortuitous ability of a protein to bind
a non-native ligand or substrate — is often a prerequisite for functional promiscuity
(Nobeli et al., 2009). The classical hydrophobic effect — displacement of water molecules
from hydrophobic surfaces for entropic benefit — appears to be particularly important for
mediating interactions between proteins and non-native ligands or substrates. In contrast
to specific electrostatic interactions and directional hydrogen bonds, hydrophobic
interactions do not require precise and complementary orientation of protein and ligand
functional groups, and are therefore intrinsically permissive (Gatti-Lafranconi and
Hollfelder, 2013). In several enzymes, such as the non-ribosomal peptide synthetase
TcyA, a correlation between substrate hydrophobicity and catalytic efficiency is observed
for promiscuous substrates (Khersonsky and Tawfik, 2005; Villiers and Hollfelder,
2009). In other cases, however, adventitious hydrogen bonding interactions are more
important for promiscuous binding than non-specific hydrophobic effects (Eick et al.,

2012; James and Tawfik, 2003a). For example, promiscuous binding of certain steroids
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in ancestral steroid receptors was shown to originate from the excess hydrogen bonding
capacity of unsatisfied polar residues in a permissively spacious binding pocket (Eick et
al., 2012). Although these alternative interaction modes would be expected to differ in
their thermodynamic signature (see Section 1.3.3), there is a paucity of experimental
thermodynamic data for promiscuous protein-ligand interactions, and the thermodynamic

basis for binding promiscuity is therefore poorly understood (Nobeli et al., 2009).

The properties of water molecules, such as their capacity to accept or donate
hydrogen bonds, and their lack of steric constraints, give them particular adaptability for
mediating promiscuous interactions between proteins and ligands (Ladbury, 1996). The
oligopeptide-binding protein OppA, a multi-specific solute-binding protein that binds
KXK peptides with any central residue, provides an illustrative example. Exhaustive
crystallographic investigations showed that the multi-specificity of OppA originates from
a hydrated binding cavity that can accommodate any peptide side-chain; the water
molecules offer electrostatic shielding for charged side chains, satisfy the hydrogen
bonding potential of polar side chains, and can be displaced for entropic benefit by non-

polar side chains (Sleigh et al., 1999; Tame et al., 1996).

The conformational plasticity of proteins is also considered an important factor in
promiscuity (Gatti-Lafranconi and Hollfelder, 2013; James and Tawfik, 2003b; Nobeli et
al., 2009; Tokuriki and Tawfik, 2009a). The role of conformational plasticity in functional
promiscuity is usually framed in terms of the conformational selection model of
molecular recognition (Tokuriki and Tawfik, 2009a), discussed further in Section 5.1.2,
although it should be emphasised that analogous arguments are compatible with the
alternative induced fit model of molecular recognition. Briefly, according to the
conformational selection model, proteins are conformationally hetereogeneous and

sample an ensemble of conformational sub-states that are energetically accessible at a



given temperature (Boehr et al., 2009; Ma et al., 2002). A particular ligand will
preferentially stabilise a specific conformation from this ensemble, resulting in a
population shift towards that conformation in the protein-ligand complex. A protein with
a high degree of conformational plasticity can sample more conformations in the unbound
state and therefore provides a potential promiscuous ligand with more opportunities for
fortuitous interactions (James and Tawfik, 2003b; Tokuriki and Tawfik, 2009a). One
example of promiscuous binding mediated by a conformational selection mechanism
comes from a multi-specific antibody, which was crystallised in different conformations
with different ligands and displayed multiphasic binding kinetics indicative of a
conformational selection mechanism, with a fast phase corresponding to binding of the
ligand to a minor conformational isomer, followed by a slow phase when interconversion
between the major and minor conformational isomers becomes rate-limiting for binding

(James et al., 2003).

However, the connection between conformational plasticity, promiscuity and the
evolution of new protein functions has been established explicitly only in a few cases
(Hudson et al., 2015; Zou et al., 2014). Hudson et al. showed that an ancestral steroid
hormone receptor consisted of a structural ensemble that could bind to different DNA
response elements responsible for activating and repressing transcription. This depended
on the ability of the receptor to sample multiple DNA-bound conformations (Hudson et
al., 2015). Subdivision of the conformational space accessible to the ancestral receptor
via mutations that selectively restricted backbone conformational dynamics was
responsible for functional divergence between different lineages; in the glucocorticoid
receptors, improved allosteric communication between subunits led to an enhancement
of transcriptional repression, whereas in the mineralocorticoid receptors, the ability to

bind the negative response element and the ability to repress transcription were lost.
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1.1.4 Constraints on functional evolution in proteins
The studies discussed in Section 1.1.2 demonstrate that promiscuity is a key determinant
of protein evolvability. However, other structural and biophysical properties of proteins
also determine whether mutational pathways that lead to the adaptive improvement of
promiscuous functions are viable. The fitness landscape is a useful metaphor to explore
these determinants of evolvability (Kaltenbach and Tokuriki, 2014; de Visser and Krug,
2014). Each protein sequence is represented by a node in sequence space, connected by
edges to all sequences that are related by single amino acid substitutions, and each node
iIs mapped to a fitness value. Compression of the resulting high-dimensional landscape
into a representation of fitness as a one- or two-dimensional function of protein sequence
yields the familiar topographical representation of a protein fitness landscape. Ultimately,
the fitness of a protein is interpreted as its contribution to organismal survival and
reproduction, which determines the spread of the corresponding gene through a
population, but fitness landscapes based on surrogate phenotypic properties such as
catalytic activity can also be considered (Kaltenbach and Tokuriki, 2014; Romero and
Arnold, 2009). Mutation and selection drive the evolution of proteins towards peaks in
the fitness landscape, that is, until the protein cannot be improved further by single amino

acid substitutions.

Since non-functional proteins are eliminated rapidly by purifying selection,
evolutionary trajectories between fitness peaks must follow a network of functional
proteins (Maynard Smith, 1970). Therefore, the improvement of a promiscuous function
by adaptive evolution can be visualised as a trajectory along the fitness landscape from
one peak, corresponding to the native function, towards a different, overlapping peak
corresponding to the promiscuous function (Baier and Tokuriki, 2014; Kaltenbach and
Tokuriki, 2014). In the simplest case, this trajectory would be smooth, with each mutation

contributing to an increase in fitness, as seen frequently in directed evolution experiments
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(Romero and Arnold, 2009; Tracewell and Arnold, 2009). In nature, however,
evolutionary trajectories through sequence space are often constrained by epistasis — the
context dependence of mutations. For example, a mutation required for a new function
may be tolerated in one genetic background, in which case the fitness peak would be
accessible, but deleterious in another genetic background, in which case the fitness peak
would be inaccessible. Thus, epistasis makes the topology of a fitness landscape “rugged”

and is a major constraint on protein evolution.

There is extensive evidence for the prevalence of epistatic interactions between
amino acid substitutions in proteins (reviewed in Starr and Thornton, 2016), including
bioinformatic analysis of orthologous proteins showing that substitutions are far less
frequent than expected from site-specific amino acid tolerances and the rate of neutral
evolution (Breen et al., 2012), demonstration of the differential effects of mutations at
different points in natural, experimental and in silico evolutionary trajectories (Gong et
al., 2013; Kaltenbach et al., 2015; Miton and Tokuriki, 2016; Shah et al., 2015), and the
observation that mutations that interconvert residues in orthologous proteins are
frequently deleterious (Lunzer et al., 2010). On the other hand, epistasis is not a universal
phenomenon; the conservation of site-specific amino acid preferences (Doud et al., 2015;
Risso et al., 2014) and the parallel evolution of biochemical traits through identical
substitutions in different lineages (Harms and Thornton, 2013) provide examples of

mutational effects that are independent of genetic background.

The non-linear correlation between protein thermostability and fitness is common
source of epistasis (Starr and Thornton, 2016). Natural selection imposes a threshold
requirement on thermostability; a functional protein typically needs to be stable enough
to fold under physiological conditions, but otherwise there is little selection for

thermostability (Bershtein et al., 2006). Stability-mediated epistasis arises because a
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destabilising mutation in a marginally stable protein results in an unfolded and non-
functional protein, imposing a severe fitness penalty, while an equally destabilising
mutation in a protein with excess stability is neutral. The “permissive” effects of
mutational robustness in proteins have been documented in natural and experimental
evolution (Bloom et al., 2006; Gong et al., 2013; Tokuriki and Tawfik, 2009b; Wang et
al., 2002). For example, reconstruction of intermediates in the evolution of influenza
nucleoprotein showed that the protein acquired three destabilising substitutions that were
neutral at the time they were fixed, but deleterious to viral replication in the ancestral
background (Gong et al., 2013). The fitness effects of the three destabilising substitutions
were counteracted by compensatory stabilising substitutions that were acquired during
evolution. Notably, one of the compensatory mutations could rescue any of the
destabilised variants, supporting the hypothesis that epistasis originated from global

thermostability.

Although stability-mediated epistasis is non-specific, in the sense that the effect
of a destabilising mutation at one site can be countered by a stabilising mutation at any
other site, direct interactions between residues, which cause a mutation at one site to
modulate the effect of a mutation at a neighbouring site, result in specific epistasis (Starr
and Thornton, 2016). Specific epistasis is a source of historical contingency in evolution,
since the tolerance of one mutation might depend on a rare, neutral and permissive
mutation at a neighbouring site (Harms and Thornton, 2014). For example, the evolution
of the cortisol-responsive glucocorticoid receptor from an ancestral mineralocorticoid-
responsive steroid receptor required five mutations that switched the specificity of the
ancestral receptor from mineralocorticoids to cortisol, as well as two permissive
mutations (Ortlund et al., 2007). These permissive mutations were neutral in the ancestral
background, but were necessary for the function-switching mutations to be tolerated,

because they stabilised specific structural elements that were destabilised by the function-
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switching mutations. In subsequent work, no alternative permissive mutations could be
recovered from a library of ~12500 variants, showing that mutations that could stabilise
the specific structural changes associated with the new function, while also being

tolerated in the ancestral background, were extremely rare (Harms and Thornton, 2014).

Other consequences of epistasis for protein evolution, in addition to making
evolution contingent on stochastically fixed neutral mutations, include limitations on the
reversibility of genotypic evolution (Bridgham et al., 2009; Kaltenbach et al., 2015),
constraints on the viability of different evolutionary trajectories to a fitness peak (Noor et
al., 2012; Weinreich et al., 2006), and limitations on the accessibility of the global fitness
optimum, as opposed to local fitness optima (Dickinson et al., 2013; Salverda et al.,

2011).

Finally, the potential for functional evolution in proteins is dependent on protein
fold. Some folds, such as the triosephosphate isomerase barrel fold, support a large
number of enzymatic activities, while others, such as the dihydrofolate reductase fold,
support only a few enzymatic activities; the diversity of enzymatic activities in
superfamilies diminishes according to a power law distribution (Nobeli et al., 2009; Toth-
Petroczy and Tawfik, 2014). Folds with natural functional diversity are also more likely
to be suitable scaffolds for protein design (Réthlisberger et al., 2008) and promising
targets for protein engineering (O’Loughlin et al., 2006). Thermostability, which confers
mutational robustness, and conformational plasticity, which enables sampling of
conformations that may mediate alternative functions, are two determinants of protein
evolvability that are likely to be fold-dependent. Although thermostability and
conformational plasticity may seem to be mutually exclusive, they can be achieved
simultaneously in folds with high “polarity”, that is, folds in which a robust scaffold

containing critical catalytic residues is juxtaposed with flexible loops that can modulate
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new substrate specificities and reactivities (Dellus-Gur et al., 2013; To6th-Petroczy and
Tawfik, 2014). For example, the evolvable triosephosphate isomerase barrel fold consists
of a core a/f barrel structure with mobile and adaptable loops on its periphery.
Unfortunately, systematic explorations of fold evolvability have not yet been extended to

non-catalytic proteins.

1.2 Solute-binding proteins and amino acid-binding

proteins

Solute-binding proteins (SBPs; also known as periplasmic binding proteins or substrate-
binding proteins) are soluble extracytoplasmic receptors for small molecules. SBPs are
predominantly involved in solute transport and signal transduction; transport is achieved
by association of SBPs with the integral membrane components of ATP-binding cassette
(ABC) importers or tripartite ATP-independent periplasmic transporters, whereas signal
transduction across the cell membrane is achieved by association of SBPs with G-protein
coupled receptors, ligand-gated ion channels, chemotactic receptors or two-component
regulatory systems (Berntsson et al.,, 2010). Some proteins related to SBPs have
intracellular functions as transcriptional regulators (for example, the lac repressor) or
enzymes (see Section 3.1.1). SBPs bind a large range of solutes, such as amino acids,
carbohydrates, vitamins, metals, and osmolytes, and bind their physiological ligands with
high affinity (Kq ~10 nM to 10 uM) (Davidson et al., 2008). This section gives a general
overview of the structure, function and evolution of SBPs, particularly those associated
with ABC importers, before focussing on a specific family of ABC importer-associated
SBPs: the polar amino acid-binding protein (AABP) family, which is the subject of this

thesis.
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1.2.1 ABC transporters: structure, mechanism and role of SBPs
ABC transporters are integral membrane proteins that function as primary active
transporters, transporting solutes against a concentration gradient by coupling transport
to the hydrolysis of ATP. Both ABC importers and exporters are found in prokaryotes,
while eukaryotes possess ABC exporters only (Davidson et al., 2008). The basic
architecture of ABC transporters (reviewed in Rees et al., 2009) consists of two
transmembrane domains (TMDs), embedded in the cell membrane, and two cytoplasmic
nucleotide-binding domains (NBDs), located in the cytoplasm (Figure 1.1). Whereas the
TMDs are highly diverse in sequence and structure, reflecting the wide variety of solutes
transported, the NBDs, which form the catalytic site for ATP hydrolysis, are highly
conserved and contain a number of characteristic sequence motifs. NBDs consist of a
RecA-like subdomain, containing the Walker A motif (GXXGXGK(S/T)), the Walker B
motif (peeeD, where ¢ is a hydrophobic residue), the Q-loop and the H-loop (named for
conserved GlIn and His residues), and a helical subdomain containing the ABC signature
motif (LSGGQ). The NBDs form a head-to-tail dimer, in which a single catalytic site is
formed between the Walker A motif of one domain and the ABC signature motif of
another domain. Each of the sequence motifs has a role in coordination of ATP or Mg?*,

or polarisation of the hydrolytic water molecule (Oldham and Chen, 2011a).

In the case of ABC importers, solute transport usually depends on an
extracytoplasmic SBP in addition to the TMDs and NBDs; SBP-independent ABC
importers of the energy coupling factor family are an exception (Zhang, 2013). SBPs
generally diffuse freely in the periplasm in Gram-negative bacteria, whereas in Gram-
positive bacteria and archaea, they are anchored to the cell membrane by lipids or fused
to the TMDs of the transporter (Davidson et al., 2008). Although both SBPs and TMDs
have ligand binding sites, the SBP binds with higher affinity and is the primary

determinant of the specificity of an ABC importer (Davidson et al., 2008).
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Figure 1.1. Architecture of the ABC transporter MalFGKQz. The crystal structure of
the maltose transporter MalFGK> (PDB: 3RLF) shows the three components of an ABC
importer: an extracytoplasmic solute-binding protein (SBP, grey), a dimer of
transmembrane domains (TMDs, red), and a dimer of nucleotide-binding domains
(NBDs, blue).

The mechanism by which ATP importers couple ATP hydrolysis to translocation
of a solute across the cell membrane can be explained by the alternating access model. In
the case of the maltose transporter from E. coli (MalFGK?), the alternating access model
is supported by multiple crystal structures of the transporter at different stages of the
translocation cycle (Chen, 2013; Khare et al., 2009; Oldham and Chen, 2011b; Oldham
et al., 2007), which can be reconciled with a wealth of biochemical data (reviewed in
Bordignon et al., 2010). According to the alternating access model, ABC importers
alternate between an “inward-facing” conformation, in which the solute binding site of
the TMD is accessible from the cytoplasm, and an “outward-facing” conformation, in
which the solute binding site of the TMD is externally accessible; these conformational
changes are triggered by liganded SBP and ATP. MalFGK: rests in an inward-facing
conformation (Oldham et al., 2007). Binding of liganded maltose-binding protein (MBP)
to the TMDs and ATP to the NBDs is coupled to a conformational change to the outward-
facing conformation; concomitantly, ATP is poised for hydrolysis by dimerisation of the

NBDs, and maltose is released from MBP into the maltose binding site of the TMDs.
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Hydrolysis of ATP triggers a conformational change to the inward-facing conformation,
maltose dissociates from the TMDs and diffuses into the cytoplasm, and ADP dissociates
from the NBDs, completing the translocation cycle. Although this alternating access
model is consistent with available crystallographic and biochemical data for the model
ABC importer MalFGKz, it should be noted that this mechanism is not universal among
ABC importers (Bordignon et al., 2010) and alternate models have also been proposed

(Jones and George, 2014).

Binding of a liganded SBP to the TMDs is a necessary step in the translocation
cycle of an ABC importer; in the absence of liganded SBPs, ABC importers have very
low ATPase activity and cannot import solutes (Davidson et al., 2008). SBP-independent
mutants of some ABC importers have been isolated; these mutants appear to destabilise
the resting state of the importer, lowering the energy barrier for interconversion between
the inward-facing and outward-facing conformations in the absence of SBP (Oldham and
Chen, 2011b). This observation suggests that in wild-type ABC importers, SBPs are
essential for lowering the energy barrier for the conformational change associated with
solute translocation. Two plausible explanations have been proposed to rationalise the
evolution of SBP-dependence in ABC importers specialised for high-affinity transport of
scarce nutrients (Bosdriesz et al., 2015). Firstly, SBPs can be expressed at higher levels
than the TMDs due to the limited availability of membrane space, effectively increasing
the number of solute binding sites per transporter; for example, in E. coli there is a >30-
fold molar excess of MBP to MalFGK>. Secondly, SBPs concentrate their ligands close
to the cell membrane, increasing the encounter rate between the transporter and its

substrate, which is the liganded SBP for SBP-dependent systems.
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1.2.2 Structure of SBPs
SBPs contain two o/pf domains connected by a flexible hinge (Figure 1.2). Each domain
typically consists of a core of five B sheets surrounded by a helices, with the ligand
binding site located at the interface of the two domains. In the absence of ligand, SBPs
typically adopt an open conformation with a large cavity between the two domains,
whereas in the presence of ligand, they adopt a closed conformation with the ligand
enclosed at the domain interface. The two conformations are related by a pronounced
rigid body rotation about a hinge region, which has been described as a “Venus flytrap”
motion (Felder et al., 1999). The conformational dynamics of SBPs are discussed further
in Section 5.1.2. SBPs were initially classified into two types based on their B sheet
topology (Fukami-Kobayashi et al., 1999): type I SBPs contain five parallel  sheets with
the strand order B2p13PB4Ps, whereas in type II SBPs, the strand order is B2p133BnP4, Where
Bn is the first B strand after the crossover between the two domains and is antiparallel to
the remaining strands. A more recent structural classification reorganised the SBP
superfamily into six clusters to reflect the diversity of recently acquired structures
(Berntsson et al., 2010). In addition to different B sheet topologies, these classes of SBPs
have key differences in hinge structure, the presence of additional small o/f domains, and
the number of crossovers between the two domains. For example, cluster A SBPs, typified
by the vitamin B12-binding protein BtuF, are characterised by four or five parallel B sheets
in each domain, a single domain crossover, and a rigid helical hinge, which permits only

a small domain rotation (~8°) upon ligand binding (Hvorup et al., 2007).
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Figure 1.2. Representative structures of solute-binding proteins. (a)
Aspartate/glutamate-binding protein from E. coli (PDB: 2VHA). (b) BtuF from E. coli
(PDB: 1N2Z). (c) MBP from E. coli (PDB: 1ANF). According to the classification
scheme of Fukami-Kobayashi et al., these structures belong to types II, 1l and I,
respectively. According to the classification scheme of Berntsson et al., they belong to
clusters F, A, and B, respectively. Ligands are shown as spheres.

1.2.3 Amino acid-binding proteins
The polar amino acid-binding protein (AABP) family is one of several phylogenetically
distinct families in the SBP superfamily that have gained the ability to bind amino acids
through convergent evolution (Berntsson et al., 2010). Functional diversification of the
AABP family has produced proteins specific for most polar and charged proteinogenic
amino acids, as well as some non-proteinogenic amino acids such as D-alanine,
L-ornithine and L-cystine (Tam and Saier, 1993a). AABP-dependent transporters
therefore enable bacteria to scavenge for a variety of physiologically relevant amino acids
in nutrient-poor environments for use as carbon/nitrogen sources and building blocks in
protein synthesis, reducing the need for energetically expensive amino acid biosynthesis.
In eukaryotes, AABP homologues have been co-opted into roles in synaptic signalling
and other signal transduction pathways; for example, the extracellular ligand-binding
domains of ionotropic glutamate receptors are homologous to bacterial AABPs (Felder et

al., 1999).

In bacteria, AABPs and their attendant ABC transporters have a range of

specialised physiological roles beyond scavenging and detection of nutrients. For
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example, in E. coli, the L-cystine-binding protein FliY has a role in the oxidative stress
response; L-cysteine is exported to the periplasm as a reducing agent, and the product, L-
cystine, is re-imported by a FliY-dependent ABC importer (Ohtsu et al., 2010). In
Rhizobium leguminosarum, AABPs have an important role in the Rhizobium-legume
symbiosis through uptake of amino acids produced by the plant in exchange for nitrogen
fixation by the bacterium (Lodwig et al., 2006). AABPs can also have an important role
in pathogenesis (Hartel et al., 2011; Lewis et al., 2012; Osborne et al., 2012), either
indirectly, by satisfying niche in-host nutritional requirements (Mdller et al., 2005) or

directly, for example, by moonlighting as surface adhesins (Leon-Kempis et al., 2006).

In addition to their physiological importance, AABPs are useful from a protein
engineering perspective because they can be used to engineer fluorescent sensors for
amino acids (Dwyer and Hellinga, 2004). These sensors rely on the open-closed
conformational change that AABPs undergo upon ligand binding, which can be coupled
to an observable fluorescence output using an environmentally sensitive dye or a pair of
fluorescent proteins that undergo distance-dependent Forster resonance energy transfer
(FRET). The importance of amino acids such as L-glutamate, L-glutamine and L-arginine
in metabolism and neurological function has driven demand for AABP-based fluorescent
sensors, which can be used to monitor fluxes of these amino acids in vivo with high spatial
and temporal resolution (Gruenwald et al., 2012; Marvin et al., 2013; Okumoto et al.,

2005; Whitfield et al., 2015).

AABPs adopt the type Il SBP fold described in Section 1.2.2, with two o/p
domains connected by two flexible B strands (Figure 1.2a). The binding site can be
conceptually divided into a structural motif that binds the amino acid moiety, which is
highly conserved throughout the family, and a more variable binding pocket for the side

chain of the amino acid ligand. The structural basis for binding specificity and multi-
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specificity in AABPs has been addressed in previous studies (Fulyani et al., 2013; Hu et
al., 2008; Oh et al., 1994; Stamp et al., 2011). However, the structural basis for
promiscuous binding and the evolutionary origin of functional diversity in the AABP
family have not yet been addressed explicitly. Furthermore, detailed studies of binding
thermodynamics across the AABP family have been attempted only recently (Pulido et
al., 2015). These topics are addressed in Chapter 2. Additionally, previous studies of
AABPs have focussed on the structural and mutational basis for relatively minor changes
in binding specificity; it is therefore unclear how AABPs have been co-opted into cellular
processes other than solute transport, including metabolism, signal transduction, and
transcriptional regulation. This topic is addressed in the remainder of this thesis, which
focusses on the evolution of an enzyme, cyclohexadienyl dehydratase, from an ancestral

AABP.
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1.3 Methodology

1.3.1 Foreword
Part of Section 1.3.2 is derived from the following publication:

Clifton, B.E., Whitfield, J.H., Sanchez-Romero, I., Herde, M.K., Henneberger, C.,
Janovjak, H., Jackson, C.J. (2016) Ancestral protein reconstruction and circular
permutation for improving the stability and dynamic range of FRET sensors.
Methods Mol. Biol. 1596, 71-87.

1.3.2 Molecular phylogenetics and ancestral protein reconstruction
The idea that extinct proteins could be studied through statistical reconstruction of their
sequences originated from Pauling and Zuckerkandl (Pauling and Zuckerkandl, 1963).
Following developments in statistical phylogenetic analysis, including the development
of maximum-parsimony, maximum-likelihood and Bayesian phylogenetic analyses,
advances in gene synthesis technology, and the wide availability of sequence data from
genome sequencing, this idea has evolved into a practical methodology called ancestral
protein reconstruction. Ancestral protein reconstruction is used for three main purposes:
(i) elucidation of molecular mechanisms behind protein evolution (see examples
discussed in Section 1.1: Eick et al., 2012; Harms and Thornton, 2014; Hudson et al.,
2015); (i1) “paleobiochemistry”, that is, to investigate the biochemistry, physiology and
evolution of extinct organisms (Gaucher et al., 2008; Kratzer et al., 2014; Perez-Jimenez
et al., 2011; Shi and Yokoyama, 2003); and (iii) protein engineering, since ancestral
proteins or ancestor-like proteins may have useful properties such as improved
thermostability or improved catalytic activity on alternative substrates (Alcolombri et al.,

2011; Chen et al., 2010; Watanabe et al., 2006; Whitfield et al., 2015).

Resurrection of an ancestral protein is achieved by (i) collection and multiple
sequence alignment of a sequence dataset representative of a particular protein family;

(if) inference of a phylogeny describing the evolution of the protein family; (iii)
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probabilistic reconstruction of the sequences of ancestral nodes in the phylogeny; (iv)
synthesis and cloning of genes encoding the ancestral proteins; and (v) expression,
purification and characterisation of the ancestral proteins. The remainder of this section
gives an overview of the methodology and theoretical background of molecular
phylogenetic analysis and ancestral protein reconstruction, with a particular focus on the
maximume-likelihood (ML) method. Broader discussions are given in textbooks (Wiley
and Lieberman, 2011; Yang, 2014) and reviews (Merkl and Sterner, 2016; Thornton,

2004; Yang and Rannala, 2012).

Reconstruction of ancestral protein sequences requires a phylogenetic tree — a
model that describes the evolutionary relationships between the gene products of interest.
In a phylogenetic tree inferred from protein sequences (the focus of the following
discussion), each internal node represents the ancestor of a new lineage, created by gene
duplication, speciation or horizontal gene transfer. Each external node or “tip” represents
an extant protein, and each branch represents the accumulation of amino acid substitutions

over time.

Phylogenetic trees can be inferred from a multiple sequence alignment using the
ML method. The goal of phylogenetic inference using ML is to identify the tree topology
and parameters (for example, branch lengths) that maximise the likelihood function. In
this context, likelihood is defined as the probability of observing the data - that is, the
probability that the present-day sequences would have evolved - given the tree topology
and parameters. This calculation requires an explicit probabilistic model of protein
evolution, usually the general time-reversible model, which assumes that (i) sequence
evolution is a stochastic Markov process; (ii) individual sites in a protein sequence evolve
independently and under identical conditions; and (iii) sequence evolution is time

reversible, that is, the rate of substitution (qgij) from amino acid i to j satisfies the condition
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migij = mQji, where m; is the equilibrium frequency of amino acid i. Parameters in the
general time-reversible model are specified by a symmetric substitution matrix that
encodes the relative rate of each possible amino acid substitution and the equilibrium
frequency of each amino acid. These 208 parameters are empirically determined from

analysis of protein sequences.

The limitations of the general time-reversible model become apparent when
proteins are considered as functional molecules with three-dimensional structures rather
than character strings; however, the general time-reversible model can be modified to
address these limitations in some cases. For example, the basic general time-reversible
model assumes that each site evolves at the same rate. This is an unrealistic assumption,
since the strength of selection and thus the substitution rate at a site varies depending on
the functional and structural role of that site in the protein. Among-site rate heterogeneity
can be modelled using the discrete gamma model (denoted by +I'), in which sites are
divided equally into a small number of categories evolving at different rates; these rates
are drawn from the gamma distribution. This model is specified by a single parameter, o,
which controls the shape of the gamma distribution; heterogeneity in evolutionary rates
between sites decreases as o tends to infinity. Another common modification to the
general time-reversible model is to estimate equilibrium frequencies for each amino acid
from the sequence data (denoted by +F), rather than using the equilibrium frequencies
specified in the model. Even with these modifications, however, the statistical models

used for phylogenetic analysis are simplistic representations of protein evolution.

The likelihood associated with a phylogenetic tree can be calculated given a
multiple sequence alignment, a tree topology, a model of sequence evolution and a set of
parameters including branch lengths. In practice, the parameters (such as branch lengths)

are not known a priori and the likelihood is treated as a function of these parameters,

25



which are optimised to maximise the likelihood associated with a tree topology. The ML
tree can be found, theoretically, by maximising the likelihood for each possible tree
topology, but this computation is impossible due to the astronomical number of possible
topologies. Instead, an initial tree is generated either randomly or using a simple method,
such as the algorithmic distance-based neighbour joining method. Next, the initial tree is
modified using an algorithm such as the nearest neighbour interchange algorithm, which
swaps two pairs of subtrees separated by a branch, or the subtree pruning and regrafting
algorithm, which removes a subtree and reattaches it elsewhere on the tree. The
alternative trees generated by these algorithms are evaluated by calculating their
likelihoods, and the tree with the maximum likelihood is improved through further

iterations until convergence upon the ML tree is achieved.

Phylogenetic trees inferred using ML can be validated in several ways. Firstly, if
the tree describes the evolution of orthologous proteins in different species, it should be
consistent with established species trees, notwithstanding complicating factors such as
horizontal gene transfer or incomplete lineage sorting. Secondly, the tree topology should
be robust to variations in the statistical evolutionary models used in the calculation;
alternative substitution matrices should give the same topology. Thirdly, the level of
support for individual clades in a tree can be assessed using the bootstrap method. In this
method, columns from the original multiple sequence alignment are randomly resampled
to create pseudoreplicate data sets, which are used to repeat the ML analysis; usually, 100
pseudoreplicates are analysed. The bootstrap value associated with a branch in the ML
tree is the percentage of pseudoreplicate trees that contain the same grouping of sequences
demarcated by that branch; a high bootstrap value indicates that a branch is robust to

variations in the sequence dataset and is strongly supported.
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Bayesian statistics provide an alternative model-based method for inference of
phylogenetic trees. The goal of Bayesian phylogenetic analysis is to identify the tree with
the highest posterior probability, which is calculated using Bayes’ theorem (Eq. 1.1):

P(T,8)XP(D|T, 8)
P(D)

P(T,0|D) = (1.1)

where P(T,0|D) is the posterior probability of the tree and associated parameters, P(T,8)
Is the prior probability of the tree and associated parameters, P(D|T,8) is the likelihood of
the data, and P(D) is a normalising constant. The posterior probability cannot be
calculated directly and is instead determined using Markov chain Monte Carlo
simulations, in which the number of times a particular tree topology is sampled is
proportional to its posterior probability. Although ML and Bayesian methods use the
same statistical models of protein evolution, the underlying statistical frameworks are
very different. The two methods have different strengths and weaknesses, and coexist as

state-of-the-art methods for phylogenetic inference (Merkl and Sterner, 2016).

The most common method for reconstruction of ancestral protein sequences is the
empirical Bayes method (Yang 1995). The likelihood of the set of ancestral sequences
associated with a phylogenetic tree is essentially the probability that the observed extant
sequences would have evolved from those ancestral sequences. More formally, the
empirical Bayes method uses Bayes’ theorem to calculate, site-by-site, the conditional
probability of each possible set of character states associated with each ancestral node in
a phylogeny, given the extant sequence data, a fixed phylogenetic tree, and ML estimates
of relevant parameters. The ML reconstruction at a particular site and particular ancestral
node is the amino acid that makes the greatest contribution to this conditional probability,

and the ML ancestral sequence is reconstructed using the ML reconstruction at every site.
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The degree of confidence in an ancestral amino acid reconstruction at a site, given
the sequence data and the assumptions inherent in the phylogenetic tree and evolutionary
model, can be measured by calculating its posterior probability, which is defined as the
fractional contribution of the reconstructed state to the total likelihood over all possible
ancestral states. Analysis of the posterior probability distribution of an ancestral sequence
invariably reveals the existence of ambiguously reconstructed sites, for which the
posterior probability of the ML state is less than 1 and alternative plausible states have
non-zero posterior probabilities. Sequence variations at these ambiguously reconstructed
sites could affect the phenotype of the protein, including its functional properties; it is
therefore essential to determine whether the experimentally observed phenotype of an

ancestral protein is robust to statistical uncertainty in its reconstructed sequence.

Several methods have been employed to assess the phenotypic robustness of
ancestral proteins to statistical uncertainty in their sequences (see Eick et al., 2016 for a
thorough discussion). Firstly, individual variants of the ML ancestral protein with the
plausible alternative state at each ambiguously reconstructed site can be generated and
characterised, where an arbitrary posterior probability cut-off (usually 0.2) is used to
define a “plausible” alternative state. Although this method does not account for the
possibility of epistasis between ambiguously reconstructed sites and is impractical if there
are many ambiguously reconstructed sites, characterisation of individual variants can be
useful if a particular alternative state has obvious structural or functional significance, for

example, for ambiguously reconstructed sites within the active site of an enzyme.

Secondly, a single variant of the ML ancestral protein with the second-most likely
state at every ambiguously reconstructed site (the “AltAll” protein), representing a worst
plausible case scenario, can be generated and characterised. The true ancestral sequence

most likely lies between the ML sequence and the AltAll sequence in sequence space,
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much closer to the ML sequence than the AltAll sequence. If the ML and AltAll variants
have similar phenotypes, it may be assumed that variants in the intervening sequence
space, which likely contains the true ancestral sequence, also have similar phenotypes to
the ML variant. The AIltAll method addresses the limitations associated with
characterising the effects of individual sequence variations at ambiguously reconstructed
sites (the neglect of epistatic effects and difficulty of characterising many variants) and is
a highly conservative indicator of phenotypic robustness, since the most plausible
ancestral sequences are much more similar to the ML sequence than the AltAll sequence.
However, the conservativeness of the AltAll method could also be a weakness, because
a single unlikely and erroneous state in the AItAll sequence could render the

corresponding protein artefactually non-functional.

Finally, Bayesian sampling can be used to assess the phenotypic robustness of
ancestral proteins to sequence uncertainty. In this case, a large set of alternative ancestral
sequences is generated by sampling from the posterior probability distribution at each
site, and several of these sequences are chosen randomly and characterised. However,
recent work has shown that this strategy, although intuitively appealing, has a major
disadvantage: sequences generated by Bayesian sampling generally contain very low-
probability ancestral states (posterior probability <0.1) and are therefore frequently and
artefactually non-functional, particularly when statistical uncertainty in the sequence

reconstruction is high (Eick et al., 2016).

1.3.3 Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) is a method for determination of thermodynamic
parameters associated with protein-ligand interactions that relies on the direct
measurement of heat. From a single ITC experiment it is possible to determine the

enthalpic (AH) and entropic (AS) components of the Gibbs free energy of binding (AG),
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which together constitute the thermodynamic signature of a protein-ligand interaction.
The association constant (Ka) and stoichiometry (n) of the interaction can also be
determined. This section gives a methodological overview of ITC (Chaires, 2008; Freyer
and Lewis, 2008; Velazquez-Campoy et al., 2004) and a brief discussion on the
interpretation of the thermodynamic signature of a protein-ligand interaction in terms of

molecular structure.

Modern ITC instruments operate on the principle of power compensation. Power
compensation calorimeters contain a sample cell and a reference cell, which are
maintained at a constant temperature through application of constant power to each cell.
A protein-ligand titration is performed by incremental injection of the ligand into the
sample cell containing the protein. Heat associated with formation of the protein-ligand
complex is compensated by a change in the power applied to the sample cell, so that the
temperatures of the sample cell and reference cell are equalised. For example, the heat
produced by an exothermic protein-ligand interaction is compensated by a decrease in
power applied to the sample cell. The power applied to the sample cell over the course of
the titration is recorded and integrated to calculate the total heat evolved or absorbed
following each injection. The resulting data, called the binding isotherm, can be fitted to
a model to extract thermodynamic parameters for the interaction. In the simplest case,
where the protein has a single binding site, or multiple identical and non-cooperative
binding sites, the data can be fitted to the independent binding sites model to determine

Ka, n and AH, which can then be used to calculate AG and AS.

The shape of the binding isotherm resulting from a protein-ligand titration is

governed by the value of a parameter c:

€ = [Proe] XKy X1 (1.2)
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c is a critical parameter for experimental design, and its effect on the shape of the binding
isotherm is shown in Figure 1.3. ITC experiments are most informative when c is between
~1 and 1000 (Velazquez-Campoy et al., 2004), producing a sigmoidal curve from which
Ka, n and AH can be determined accurately (Figure 1.3b). As ¢ becomes very large (c
>1000), the binding isotherm becomes insensitive to changes in Ka, and only AH and n
can be determined (Figure 1.3a). This limit on the value of c, together with a limit on the
minimum protein concentration required to produce an adequate heat signal during the
experiment, implies an upper limit on the K. values (~10® — 10° M) that can be

determined by ITC (Freyer and Lewis, 2008).

Understanding the thermodynamic basis for binding promiscuity requires
measurement of thermodynamic parameters for low affinity interactions. A persistent
misconception is that these parameters cannot be obtained by ITC, since titration of a
protein with a small excess of ligand under low ¢ conditions (¢ <1) produces a flat and
featureless binding isotherm (Figure 1.3c) (Tellinghuisen, 2012). In fact, informative
binding isotherms can be obtained provided that the protein is titrated with sufficient
ligand to ensure complete formation of the protein-ligand complex, which results in a
hyperbolic binding isotherm from which Ka can be determined precisely (Figure 1.3d)
(Tellinghuisen, 2008, 2012; Turnbull and Daranas, 2003). The main limitation of this
protocol is that AH and n become correlated at very low c. Although AH can be estimated
by fixing n at the known stoichiometry, deviations in n from the ideal value due to errors
in protein concentration, ligand concentration, effective cell volume, titrant volume, and
impure or inactive protein will produce proportional errors in AH — errors that are
absorbed into n when this parameter can be estimated from the data. Thus, high protein
purity and homogeneity, ideally confirmed through titration of the sample with a high

affinity ligand, proper instrument calibration, and cautious interpretation of the data are
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required for accurate determination of thermodynamic parameters for low affinity

interactions.
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Figure 1.3. Effect of the parameter ¢ on the shape of binding isotherms from ITC.
The binding isotherms (plots of heat, g, as a function of the molar ratio of ligand to
protein, [L]/[P], in the cell) represent simulated ITC experiments in which 25 x 2 uL
injections of 0.75 mM ligand were made into 0.1 mM protein in a 164 pL cell. To show
the effect of ¢ on the shape of the binding isotherm, the values of AH and n for the protein-
ligand interaction were kept constant while K, was varied. (a) Ko =5 x 10’ M (c = 5000).
(b) Ka=1x 108 M (c = 100). (c-d) Ka =5 x 10° M (c = 0.1). In (d), the concentration
of the injected ligand was increased to 10 mM, showing that useful data can be obtained
with low c¢ values provided that complete formation of the protein-ligand complex is

achieved. ITC data were simulated using NanoAnalyze software (TA Instruments).

An alternative method for determination of thermodynamic parameters for low
affinity interactions by ITC is the competitive displacement titration (Velazquez-Campoy

and Freire, 2006; Zhang and Zhang, 1998). In this method, a low affinity protein-ligand
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interaction is coupled to a high affinity protein-ligand interaction by displacement of the
low affinity ligand from the protein by the high affinity ligand. The apparent affinity of
the protein for the strongly binding ligand (Ka,app) is reduced depending on the affinity
for the weakly binding ligand (Ka,w; Eg. 1.3)), and the apparent binding enthalpy of the

strongly binding ligand (AHapp) changes depending on the binding enthalpy of the weakly

binding ligand (AHw; Eq. 1.4)).

K, (1.3)

1 (1.4)

where Ka,s and AHs are the binding affinity and enthalpy for the strongly binding ligand,
respectively, and [L] is the concentration of the weakly binding ligand. The main
limitation of competitive displacement titrations is the requirement for an appropriate
competing ligand, with K sufficiently high that a sigmoidal isotherm is obtained, and AH
sufficiently different from the low affinity ligand that the heat of binding of the high
affinity ligand is not completely compensated by the heat of unbinding of the low affinity
ligand. Additionally, the thermodynamic parameters for the low affinity ligand are
strongly dependent on the thermodynamic parameters measured separately for the high

affinity ligand, which can lead to problematic propagation of errors.

The heat observed in an ITC experiment originates from heat associated with the
protein-ligand interaction itself in addition to background heat associated with heat of
dilution, heat of mixing, and other non-specific physical phenomena such as frictional
effects. Background heat can be minimised through careful matching of the titrant and
titrate buffers and corrected for using a control titration in which the ligand is injected

into buffer. Equilibria linked to the protein-ligand interaction, most importantly
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protonation of the ligand, protein or buffer, also contribute to the observed heat. If proton
transfer occurs upon binding, the observed heat (AHobs) depends on the heat of ionisation

of the buffer (AHion) and the number of protons transferred to (or from) the buffer (np):

AH,ps = AHjp + npAH;op (1.5)

Thus comparisons of the thermodynamic signatures of different protein-ligand complexes
can be confounded by differences in the number of protons transferred between protein,
ligand and buffer. The extrinsic heat associated with buffer protonation can be minimised
by using a buffer with low ionisation enthalpy (such as phosphate or acetate), and
corrections for buffer protonation can be accomplished by repeating the titration in

buffers with different ionisation enthalpies.

One of the main advantages of ITC is that since it relies on the universal
phenomenon of heat, it is applicable to a very wide range of protein-ligand complexes
without the need for labelling. An important exception is that binding will not be observed
if AH is very close to zero. However, this problem can often be circumvented by changing
the experimental conditions; protein-ligand interactions are usually associated with a
large negative change in heat capacity (ACp), such that AH becomes more negative as
temperature increases. If a protein-ligand interaction is linked with buffer protonation,
AH can be changed by changing the buffer, according to Equation 1.5. Finally, protein-
ligand interactions with AH close to zero can be detected through competitive
displacement experiments, since a competing ligand with AH close to zero will still

reduce the apparent affinity for another ligand according to Equation 1.3.

The interpretation of the thermodynamic signature of an interaction in terms of
molecular structure has been reviewed thoroughly elsewhere (Baron and McCammon,

2013; Holdgate, 2001; Martin and Clements, 2013; Mobley and Dill, 2009; Olsson et al.,
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2008). Briefly, the enthalpic term of the thermodynamic signature reflects the strength of
interactions between protein, ligand and solvent; AH is made more favourable by a net
increase in the strength of hydrogen bonds, electrostatic interactions and other
intermolecular interactions in the system in the ligand-bound state compared to the
unbound state. The entropic term of the thermodynamic signature reflects the number of
configurations available to protein, ligand and solvent; AS is made more favourable by
an increase in the number of possible configurations of the system upon binding. This can
be achieved, for example, by the classical hydrophobic effect — displacement of ordered
water molecules from hydrophobic surfaces of the protein or ligand into the disordered
bulk solvent, which results in an increase in solvation entropy. The loss of translational
and rotational entropy of a ligand associated with conformational restriction in a protein
binding pocket is another example of an entropic factor governing protein-ligand

interactions.
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1.3.4 X-ray crystallography
The goal of protein X-ray crystallography is to generate a model of the three-dimensional
structure of a crystalline protein from its X-ray diffraction pattern. Radiation in the X-ray
range of the electromagnetic spectrum has a wavelength on the order of Angstroms (A =
101 m) and can therefore be used to resolve the positions of individual atoms in a protein,
which are bonded at an average distance of 1.5 A. Scattering of X-rays by a protein crystal
produces a characteristic diffraction pattern. The scattering angles at which diffracted X-
rays are observed are indicative of the geometry of the crystal lattice, whereas the
intensities of diffracted X-rays contain information about the spatial distribution of
electron density within the crystal. The intensities and phases of diffracted X-rays (the
latter of which are inferred separately) can be used to calculate the electron density map,
which can be combined with prior knowledge of protein composition, geometry, and
stereochemistry to produce a complete atomic model of the structure of a protein. The
theoretical background associated with protein X-ray crystallography is discussed

thoroughly in recent textbooks (Rhodes, 2006; Rupp, 2010).

A protein crystal is an ordered and periodic three-dimensional array of protein
molecules, which can be produced by carefully controlled precipitation of a protein from
a supersaturated solution using a precipitant such as the polymer polyethylene glycol. The
geometry of a crystal can be conceptualised as a crystal lattice, a grid of three infinite sets
of equidistant and parallel planes that divide three-dimensional space into unit lattices. A
unit lattice and its molecular contents together constitute the unit cell, which is the
smallest unit of the crystal that can be used to generate the entire crystal by translation
operations. The unit cell may also have internal symmetry, in which case the crystal can
be defined by an asymmetric unit and a set of symmetry operators that can be used to
generate the entire unit cell. The two types of crystallographic symmetry operators that

are compatible with periodic assembly of chiral three-dimensional objects like proteins
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are plain rotation axes and screw axes, which are rotation axes along which an object is

also translated.

Crystals are divided into seven crystal systems (triclinic, monoclinic,
orthorhombic, tetragonal, cubic, trigonal and hexagonal) based on the relative lengths of
the edges of the unit cell (a, b, c) and the angles between the edges of the unit cell (o, f,
y). Different crystal systems have different requirements for the minimum internal
symmetry of the unit cell. For example, the unit cell of a tetragonal crystal has two edges
equal in length (a = b), the angle between each edge is 90° (a = # =y = 90°), and the
minimum internal symmetry is a 4-fold rotation axis parallel to the unit cell vector c. Each
crystal system is associated with a primitive lattice, except the trigonal crystal system,
which shares the hexagonal lattice. In addition to these six primitive lattices, there are
eight translationally centred lattices, which have lattice points within the unit cell or on
the faces of the unit cell, as well as on its vertices. The primitive and translationally
centered lattices together comprise the 14 Bravais lattices in three-dimensional space.
Combination of the Bravais lattices with compatible symmetry elements (rotations and
screw axes for crystals of asymmetric, chiral objects) gives a total of 65 chiral space
groups — that is, there are 65 unique ways to construct translationally periodic assemblies

of chiral molecules in three-dimensional space.

X-ray scattering occurs when an X-ray photon (wave packet) induces oscillations
of electrons through its oscillating electric field vector. The X-ray photon simultaneously
excites all electrons within its coherence length. As a result, the electrons emit coherent
partial waves that interfere constructively and destructively to create a resultant scattered
wave; constructive interference is maximised by superposition of waves in phase,

whereas destructive interference is maximised by superposition of waves out-of-phase
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with a phase difference of 180°. The X-ray photon reappears in a certain direction with a

probability proportional to the amplitude of the scattered wave in that direction.

Each reflection in an X-ray diffraction pattern originates from X-ray scattering
from a discrete set of parallel, equidistant planes in the crystal. These planes can be
categorised by their Miller indices hkl, which correspond to the number of intersections
per unit cell between the planes and the a, b and c unit cell vectors, respectively. For
example, the (210) planes intersect the a edge of the unit cell twice, intersect the b edge
of the unit cell once, and are parallel to the c edge of the unit cell. Each set of planes has
a constant interplanar spacing dnw; planes with higher Miller indices subdivide the crystal
more finely and have lower interplanar spacing. As a result of constructive and destructive
interference, diffraction from the (hkl) planes is observed if and only if the angle, &, at

which X-rays strike and are reflected from the planes satisfy Bragg’s law (Eq. 1.6):
niA = Zdhkl sin @ (16)
where A is the X-ray wavelength and n is an integer.

The relationship between Bragg’s law and the positions of reflections in the
diffraction pattern becomes evident in reciprocal space, a space spanned by three vectors
a*, b* and c* with the following mathematical relationship to the real space unit cell
vectors a, b and c:

a:a® b-a* ca* (1.7)
a’b* bb* cb*|=1
ac* bec* coc*
Each set of planes (hkl) corresponds to a single vector in reciprocal space, dnx, with
magnitude 1/dna, between the reciprocal lattice origin and a reciprocal lattice point hkl.

The Bragg condition for diffraction from the (hkl) planes can be interpreted geometrically

as the intersection of reciprocal lattice point hkl with the so-called Ewald sphere, a sphere
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of radius 1/A centred on the crystal such that the reciprocal lattice origin is positioned on
the Ewald sphere and collinear with the incident X-ray beam and the crystal. When this
condition is fulfilled, a diffracted X-ray emerges from the crystal along the vector
between the centre of the Ewald sphere and the reciprocal lattice point, producing a
discrete reflection. Rotation of the crystal also rotates the reciprocal lattice and causes
different reciprocal lattice points to intersect the Ewald sphere, allowing different

reflections to be observed.

Bragg’s law gives the necessary condition for a reflection to be observed, but
provides no information about the relationship between the intensity of the diffracted X-
ray and the electron density along the corresponding set of lattice planes. This relationship
is provided by the structure factor equation:

(1.8)
Fpp = f p(x,y,z)exp[2mi(hx + ky + 1z)] dV
v

The structure factor Fna, a vector that describes the amplitude and phase of the hkl
reflection, can thus be obtained by integrating the electron density, p(X, y, z), found in
infinitesimal volume elements over the volume of the unit cell, V. The structure factor
equation can also be expressed in terms of the scattering contribution of individual atoms

in the unit cell rather than volume elements:
Fyp = Zfi exp[2mi(hx + ky + 1z)] (1.9)
i

where fi represents the partial wave resulting from X-ray diffraction by atom i. Equation
1.8 has the form of a Fourier transform; the sum of Fnq over all reflections is the Fourier
transform of the electron density function. Equivalently, the electron density p(x, y, z) can
be obtained from the structure factors Fna through the following inverse Fourier

transformation:
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p(x,y,2) = Z z Z Fpi exp[—2mi(hx + ky + z)] (1.10)
nok 1

The magnitude of Fn is proportional to the intensity of reflection hkl, which is measured
in the X-ray diffraction experiment. However, the phase angles cannot be measured
directly. Solving this so-called phase problem is one of the major challenges in X-ray

crystallography.

If the structure of a homologous protein with high structural similarity (C, root-
mean-square-deviation (RMSD) < 2 A) is available, phases can be calculated from the
known structure and used as initial estimates for the phases associated with a new crystal
structure; this method is called molecular replacement. The proper position of the phasing
model in the new crystal structure must be identified before its phases can be calculated.
The orientation and translational position of the phasing model are optimised successively
by trial and error, to maximise agreement between the observed structure factor
amplitudes (|Fons|) and the structure factor amplitudes calculated from the phasing model
(JFcarc|). Ideally, the estimated phases from the correctly positioned model can then be
used, together with the observed structure factor amplitudes, to generate an interpretable
electron density map. The electron density map is used to build an atomic model of the
target protein. An improved model can be used to calculate new phases and improve the
electron density map. The goal of this iterative process of structure refinement is to
maximise agreement between the experimental diffraction data (|Fons|) and the data
expected given the protein model (|Fcac|), that is, to minimise the R-factor defined in
Equation 1.11.

_ Z ||Fobs| - |Fcalc|| (1-11)

R
Z |Fobs|
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1.3.5 Molecular dynamics
In molecular dynamics (MD) simulations, the conformational dynamics of proteins are
modelled using classical physics (Adcock and McCammon, 2006; Dror et al., 2012;
Durrant and McCammon, 2011). Starting with an initial protein structure obtained by
crystallography or otherwise, the trajectory of each atom in the protein over time is
calculated using Newton’s laws of motion and simple, classical approximations to the
potential energy of the solvated protein. An MD simulation can be viewed as a crude
approximation to the solution of the time-dependent Schrédinger wave equation, which
provides a complete description of the quantum mechanical motion of atoms but is

computationally unworkable.

The total potential energy, U(r), can be considered a function of the position of
every atom in the system, r. A classical approximation of the potential energy function is
called a force field. The force field contains terms that describe bonded forces, which
control bond lengths, bond angles and dihedral angles, and non-bonded forces, which
describe interactions between atoms, using simple mathematical functions. Bonded atoms
are modelled simply as spheres connected by springs, such that deviations from ideal
bond lengths are penalised according to Hooke’s law. Deviations from ideal bond angles
are penalised similarly, and dihedral angles are controlled by sinusoidal functions that
favour staggered conformations over eclipsed conformations. VVan der Waals interactions
are treated by a Lennard-Jones potential, with an attractive term proportional to r® and a
repulsive term proportional to r*2, while electrostatic interactions are treated using
Coulomb’s law. Each atom is assigned a partial charge, so hydrogen bonds and other
dipole interactions can also be modelled using Coulomb’s law. Force fields are
parameterised to maximise agreement between the force field and experimental data or
high-level quantum mechanical calculations; for example, the GROMOS 53A6 force

field was optimised by re-parameterisation of earlier force fields to reproduce the free
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energies of solvation of amino acid analogues (Oostenbrink et al., 2004). Examples of
force field parameters that need to be optimised include partial atomic charges, van der

Waals radii, and force constants that determine the stiffness of different bonds.

A force field can be used to calculate the force acting on each atom, F(r), which
is given by the negative derivative of the potential energy function (Eq. 1.12):

dU(r) (1.12)

Fir) = - dr

If the force acting on an atom is known, its motion can be calculated by numerical
integration of Newton’s second law (Eq. 1.13):

d2r(t) (1.13)

F(r)=m T

Equation 1.13 is numerically integrated by periodically (once every 1-2 fs of simulation
time) calculating the force acting on each atom and using the calculated force to update

the position and velocity of each atom.

The atomic positions, atomic velocities and single-point energy obtained at each
time point during an MD simulation specify a microstate of the system. In principle,
macroscopic and observable thermodynamic properties of the system, such as enthalpy
or pressure, can be derived from MD simulations using the framework of statistical
mechanics, which connects the probability distribution of microstates in an ensemble with
the thermodynamic properties of the corresponding macrostate. MD simulations must be
designed such that the microstates sampled during the trajectory are consistent with a
physiological macrostate. The NPT or NVT ensembles, corresponding to macrostates
with a fixed number of particles (N), temperature (T) and volume (V) or pressure (P), are

most commonly simulated; this is achieved by modifying atomic positions or velocities
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periodically according to some algorithm to maintain constant temperature and/or

pressure.

The main advantage of MD simulations for studying the conformational dynamics
of proteins is that the position of every atom in a protein can be monitored simultaneously,
femtosecond by femtosecond. However, two major trade-offs are necessary to achieve
this spatial and temporal resolution, unmatched by any experimental method. One
problem is that the accuracy of force fields is limited by their simplicity. For example,
modelling of polar interactions using Coulomb’s law with constant atomic partial charges
requires that the quantum mechanical effect of polarisation is ignored. The second
problem is that limitations on simulation time may prevent observation of conformational
changes on the us—ms scale that are slow or infrequent, or prevent sufficient microscopic
sampling to determine the macroscopic properties of a protein. However, the
computational demands of MD simulations are becoming dramatically less restrictive due

to rapid improvements in software and hardware.

The output of an MD simulation, the position of each protein atom as a function
of time, has high dimensionality (3N, where N is the number of atoms), but many of these
coordinates are correlated; for example, the position of an atom will be correlated with
the position of nearby atoms, or atoms in the same secondary structure element or domain.
Large-scale correlated motions often correspond to functionally important
conformational changes, and can be extracted and visualised using principal component
analysis (PCA), a technique for reducing the dimensionality of datasets (Grant et al.,
2006). The protein structure at each time point is superimposed on a reference structure,
and a 3N x 3N covariance matrix is constructed from the covariance in position for each
pair of atoms in the structural ensemble. The 3N orthogonal eigenvectors of the

diagonalised covariance matrix are called principal component axes, and their
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eigenvalues reflect the amount of variance in the structural dataset described by the
eigenvector. In MD simulations, a principal component axis has a physical interpretation
as a specific correlated motion of atoms, that is, a conformational fluctuation. The
eigenvalue associated with the principal component axis reflects the magnitude of the
conformational fluctuation. Projection of the structural dataset onto several of the largest
principal component axes gives a low-dimensional representation of the trajectory that
shows the largest conformational fluctuations only. In the case of SBPs, the dominant
principal component axes typically represent bending or twisting about the hinge
connecting the two o/f domains, corresponding to the open-closed conformational

transition (Bucher et al., 2011a; Pang et al., 2005; Silva et al., 2011a).
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Chapter Two

Evolution of binding specificity

In solute-binding proteins.

45



2.1 Foreword

Chapter 2 is derived from the following publication:

Clifton, B.E. and Jackson, C.J. Ancestral protein reconstruction yields insights into
adaptive evolution of binding specificity in solute-binding proteins. Cell Chem.
Biol. 23, 236-245.

2.2 Abstract

The promiscuous functions of proteins are an important reservoir of functional novelty in
protein evolution, but the molecular basis for binding promiscuity remains elusive. We
used ancestral protein reconstruction to experimentally characterise evolutionary
intermediates in the functional expansion of the polar amino acid-binding protein family,
which has evolved to bind a variety of amino acids with high affinity and specificity.
High-resolution crystal structures of an ancestral arginine-binding protein in complex
with L-arginine and L-glutamine show that the promiscuous binding of L-glutamine is
enabled by multi-scale conformational plasticity, water-mediated interactions and
selection of an alternate conformational sub-state productive for L-glutamine binding.
Evolution of specialised glutamine-binding proteins from this ancestral protein was
achieved by displacement of water molecules from the protein-ligand interface, reducing
the entropic penalty associated with the promiscuous interaction. These results provide a
structural and thermodynamic basis for the co-option of a promiscuous interaction in the

evolution of binding specificity.
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2.3 Introduction

A central goal in the study of molecular evolution is to identify the genetic and structural
mechanisms behind the diversification of protein families (Dean and Thornton, 2007;
Harms and Thornton, 2013). Proteins often have promiscuous functions that are present
at low levels and are not necessarily physiologically relevant or maintained by purifying
selection (Khersonsky and Tawfik, 2010). Current models of protein evolution suggest
an important role for promiscuity in functional diversification (Conant and Wolfe, 2008;
Khersonsky and Tawfik, 2010; Nasvall et al., 2012), since the promiscuous functions of
proteins represent a latent source of evolutionary novelty that can be improved readily by
adaptive evolution (Aharoni et al., 2005). Recognition of the importance of promiscuity
in protein evolution has led to resurgence of a hypothesis proposed by Jensen that
primordial proteins, in contrast to their specialised modern counterparts, had broad
specificity and were multi-functional (Copley, 2012; Jensen, 1976; O’Brien and
Herschlag, 1999). However, evidence for this hypothesis, for example, the observation
that promiscuity is widespread in proteins (Patrick et al., 2007), is mostly circumstantial.
In addition, there are few examples where the structural basis of a promiscuous activity
that has been co-opted during protein evolution has been precisely determined (Eick et

al., 2012; Ortlund et al., 2007).

The polar amino acid-binding protein (AABP) family is a valuable model system
for investigating the functional diversification of protein families. The AABP family is
one of several lineages in the ubiquitous solute-binding protein (SBP) superfamily that
are involved in amino acid transport and chemotaxis in bacteria (Berntsson et al., 2010;
Tam and Saier, 1993a). AABPs bind extracellular amino acids with high affinity and
effect transport or chemotaxis by interacting with ATP-binding cassette (ABC) importers

or chemotactic receptors in the cell membrane (Tam and Saier, 1993a). AABPs also have

47



important roles in pathogenicity (Leon-Kempis et al., 2006; Osborne et al., 2012) and are
useful from a protein engineering perspective because they can be used to construct
fluorescent sensors for amino acids (Dwyer and Hellinga, 2004). The presence of AABP
homologues in eukaryotes, where they are involved in synaptic signalling and other signal
transduction pathways, indicates an ancient origin for this protein family (Felder et al.,
1999). Gene duplication and divergence over hundreds of millions of years has expanded
the binding repertoire of the AABP family to include most polar and charged
proteinogenic amino acids as well as some non-proteinogenic amino acids (Tam and

Saier, 1993a).

Although extensive structural characterisation of AABPs has improved our
understanding of the mechanisms by which they achieve specific binding of amino acids
(Berntsson et al., 2010; Fulyani et al., 2013), little is known about the evolutionary origin
of their functional diversity. One possibility that is consistent with the current view of
protein evolution is that ancestral AABPs were generalists that bound a wide range of
amino acids, in contrast to modern, specialised AABPs that generally display specificity
towards a small number of amino acids. This would have permitted transport of a variety
of amino acids in a primordial organism with fewer genes. The functional diversity of
modern AABPs could then be explained by partitioning of the binding activities of a
multi-functional ancestor into multiple proteins by subfunctionalisation. An alternate
hypothesis is that ancestral AABPs were also specialised for binding particular amino
acids and new specificities evolved successively. These hypotheses cannot be tested
simply through comparisons of extant AABPs, but can be addressed using ancestral
protein reconstruction, a technique that allows the structures and functions of extinct

proteins to be characterised experimentally (Thornton, 2004).
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We have shown previously that an ancestral AABP resurrected by ancestral protein
reconstruction can be used to produce a robust genetically-encoded fluorescent sensor for
L-arginine (Whitfield et al., 2015). Here, we expand on our previous phylogenetic and
functional analysis to provide evidence that ancestral AABPs were similar in specificity
to extant AABPs, although they did exhibit some promiscuous binding. We show that
promiscuous binding of L-glutamine by an ancestral arginine-binding protein is enabled
by conformational plasticity, selection of an alternate low-energy conformational sub-
state, and water-mediated hydrogen bonding networks. We argue that evolution of
specialised glutamine-binding proteins was enabled by entropic improvements to this
promiscuous binding mode through replacement of water-mediated interactions with

polar protein-ligand interactions.
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2.4 Results

2.4.1 Reconstruction of ancestral AABPs
To reconstruct ancestors of the AABP family that predated the divergence of modern
AABP subfamilies, we collected protein sequences representing a range of AABP
subfamilies with specificity for different amino acids. As in our previous phylogenetic
analysis (Whitfield et al., 2015), these sequences included bacterial homologues of six
widespread AABPs: aspartate-/glutamate-binding protein (DEBP), lysine-/arginine-
/ornithine-binding protein (LAOBP), histidine-binding protein (HisBP), glutamine-
binding protein (GInBP), cysteine-binding protein (CysBP) and cystine-binding protein
(CyiBP). However, to improve the accuracy of the reconstructed ancestral sequences, we
expanded our previous analysis to include a total of 340 sequences from phylogenetically
diverse bacteria. The improvements resulting from more comprehensive taxon sampling
included increased bootstrap values on major branches of the AABP phylogeny and

increased mean posterior probabilities (PPs) of the ancestral sequences.

We used maximum likelihood methods to reconstruct the phylogeny of the AABP
family (Figure 2.1; Figure 2.2). The evolutionary relationships between the different
subfamilies were generally well-resolved. The main uncertainty was the position of the
clade containing homologues of LAOBP; the use of different substitution models and
heuristic search algorithms suggested alternate plausible topologies where the LAOBP
clade is positioned closer to the DEBP and CysBP clades (Figure 2.2), accounting for
several low bootstrap values on the maximum likelihood tree. However, these alternate
tree topologies gave rise to very similar ancestral sequences at the nodes of interest
(sequence id. >90%).

We focussed on four ancestral nodes, which we called AncQR, AncCE, AncQ and

AncE, representing nodes at which various AABP subfamilies diverged (Figure 2.1B),
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and reconstructed their sequences by maximum likelihood. Accurately rooting the
phylogenetic tree was unfeasible because the closest known relatives of the AABP family
— a family of osmolyte-binding proteins (Berntsson et al., 2010) — share very low
sequence identity with AABPs (4-15% based on structure guided alignments), making
their use as an outgroup impracticable. Hence it is not known a priori which of the four
ancestral nodes are the most ancient; nonetheless, the positions of the ancestral nodes
deep within the AABP phylogeny guarantee that they predated functional divergence of

different AABP subfamilies.

The mean PPs for the ancestral proteins characterised in this work ranged from
0.82 to 0.87 (Figure 2.1C). The PPs at positions that are known to be functionally
important from crystal structures of extant AABPs are high (Figure 2.1D); most of these
positions are reconstructed unambiguously (PP >0.9) and the ambiguities generally
represent conservative substitutions. Thus the reconstructed ancestral sequences are likely

to provide plausible approximations of the phenotypes of the extinct ancestral AABPs.
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Figure 2.1. Reconstruction of ancestral amino acid-binding proteins. (A) Maximum
likelihood phylogeny of the AABP family used for ancestral reconstruction. Tips
corresponding to representative AABPs that have been characterised previously are
annotated with the source organism and the amino acids bound by the protein. The scale
bar represents the mean number of substitutions per site. Abbreviations: bm, Bacillus
megaterium; cg, Corynebacterium glutamicum; cj, Campylobacter jejuni; ec, Escherichia
coli; ef, Enterococcus faecalis; sp, Streptococcus pneumoniae; Cyi, L-cystine; Orn, L-
ornithine. (B) Expanded view of (A) showing the four ancestral nodes characterised in
this work and bootstrap values from 100 replicates on major branches. (C) Posterior
probability (PP) distributions of the reconstructed ancestral sequences. (D) Posterior
probability distributions for individual positions near the amino acid binding sites of
ancestral AABPs. Residues are numbered according to the equivalent position in AncQR.
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Figure 2.2. Phylogenies of the AABP family (previous page). Sequences are grouped
by colour into five clades as in Figure 2.1b: CysBP (yellow), DEBP (red), CyiBP (green),
LAOBP (purple), GInBP (blue). Branches are labelled with bootstrap values from 100
replicates. (a) Maximum likelihood tree used for ancestral reconstruction generated using
the LG substitution matrix (In likelihood = -95431.5). (b) Alternate tree generated using
the WAG substitution matrix (In likelihood = -95591.5). (c) Alternate tree generated using
the LG substitution matrix (In likelihood = -95432.2). A high-resolution version of this
figure is available online (http://dx.doi.org/10.1016/j.chembiol.2015.12.010; Figure S1).

2.4.2 Characterisation of ancestral proteins
We cloned synthetic genes encoding the four ancestral AABPs into expression vectors
and expressed the corresponding proteins in Escherichia coli. The binding specificities of
the ancestral proteins were assessed by isothermal titration calorimetry (ITC). Initially,
interactions between the ancestral proteins and amino acids were identified via qualitative
single-injection screening experiments. Binding affinities and thermodynamic parameters
for each protein-ligand interaction were then measured in quantitative ITC experiments
(Figure 2.3; Table 2.1). Finally, we confirmed the specificity of the ancestral proteins
using competitive displacement experiments, in which each ancestral protein was titrated
with a binding amino acid in the presence of a cocktail of non-binding amino acids (Table
2.2). This was necessary to ensure that interactions with AH close to zero, which would

not produce significant heat exchanges in direct ITC experiments, were not overlooked.
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Figure 2.3. Binding specificity of ancestral and extant AABPs. Association constants
(Ka) for AABP-amino acid interactions determined by ITC at 25 °C. Data represent the

mean + s.d. from at least three titrations.
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Table 2.1. Binding affinities and thermodynamic parameters for amino acid binding to ancestral and extant AABPs. Ka and AHobs

values represent mean £ s.d. from at least three titrations. Kq, TAS and AG values were calculated from the average Ka and AHabs values.

Literature values for Kq and AH are given where applicable. Parameters for the AncE-Cys and DEBP-Cys interactions were determined by

competitive displacement experiments as described in Section 2.7.9.

Protein Ligand Ka (M) Kda (UM) AHobs (kJ/mol) TAS (kJ/mol) AG (kJ/mol)

Arg (1.75 £ 0.28) x 10° 5.73+0.91 -46.8+2.3 -16.8+2.4 -299+0.4

Lys (7.00 + 0.88) x 102 1430 + 180 -205+2.3 -42+23 -16.2+0.3

AncQR His (1.39 £ 0.04) x 10° 717 £22 -53.9+1.0 -36.0+1.0 -17.9+0.1
Orn (2.57 £ 0.14) x 10* 38.9+22 -40.3+0.9 -15.1+0.9 -252+0.1

Gln (8.57 +£ 0.43) x 102 1170 + 60 -68.7+0.3 -51.9+0.4 -16.7+0.1

Arg (1.86 + 0.22) x 106 0.537 + 0.062 414+1.4 57+1.4 -35.8+0.3

Lys (1.66 £ 0.13) x 103 604 + 46 -195+1.6 -12+1.7 -18.4+0.2

AncQ His (1.23£0.11) x 10° 814 £ 75 -53.8x4.1 -36.2+4.1 -17.6£0.2
Orn (3.33+£0.71) x 10° 3.01+£0.64 -26.1+0.9 +5.4+1.0 -31.5+05

Gln (1.10 £ 0.03) x 108 910 £ 26 -43.1+£2.6 -258+2.6 -174+0.1

AncCE Asp (5.33+0.25) x 108 188+9 +23.5+0.8 +44.8 £ 0.8 -21.3+0.1
Glu (2.17 £ 0.69) x 10° 4.61+1.46 +9.2+0.8 +39.7+1.1 -30.5+0.8

AncE Asp (1.82 £ 0.69) x 108 0.549 + 0.207 +7.6+0.3 +43.4+1.0 -35.7+0.9
Cys (2.87 + 1.55) x 102 3480 + 1880 +345+49 +48.5+5.0 -14.0+1.3
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Protein Ligand | Ka (M) Ka (UM) AHops (kJ/mol) TAS (kJ/mol) AG (kJ/mol)
Arg (4.31£1.97) x 107 0.0232 + 0.0106 -45.6 £ 0.8 -20+x14 43611
lit. 0.014 1 lit. -47.3 2
lit. 0.00098 2
Lys (1.87 £0.33) x 107 0.0536 + 0.0096 -540+£1.1 -125+1.2 -41.5+04
lit. 0.0151
LAOBP His (3.78 £0.51) x 10° 2.65+0.35 -57.2+15 -254+1.6 -31.8+0.3
lit. 0.51 lit. -34.3 2
lit. 2.7 2
Orn (1.42 £0.19) x 107 0.0705 + 0.0094 -50.7+£04 -99+0.5 -40.8 + 0.3
lit. 0.029 !
GIn (9.44 £5.77) x 108 0.106 £ 0.065 -60.2£3.9 -204 4.1 -39.8x15
GInBP lit. 0.33
Arg (1.19+0.11) x 10* 83974 -26.7 £5.3* -3.2+5.3* -23.3x0.2
Glu (2.91 £ 1.02) x 108 0.344 £0.120 +12.8+0.8 +49.7+1.2 -36.9+0.9
lit. 0.84
DEBP Asp | (5.77+1.62)x 10° 1.73+0.49 +22.1+0.4 +55.0+ 0.8 -32.9+0.7
lit. 1.2 4
Cys (8.69 £ 5.13) x 10? 1150 £ 680 +49.8 £ 6.2 +66.6 £ 6.4 -16.8x 15

INikaido and Ames, 1992

2pulido et al., 2015
SWeiner and Heppel, 1971

“Willis and Furlong, 1976

tcorrected for protonation enthalpy
*estimated assuming n = 0.74 £ 0.13 (mean + s.d. from two GInBP + GlIn titrations using the same batch of protein). The reported errors in AHgs and TAS account for
the uncertainty in n.
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Table 2.2. Verification of the binding specificity of ancestral and extant AABPs.

Apparent association constants (Ka,app) and apparent binding enthalpies (AHapp) for

AABP-ligand interactions measured by ITC in the presence of potential competing

ligands. Each competing ligand was included at a concentration of 1 mM unless otherwise

indicated. Titrations highlighted in grey showed a reduction in Ka,app and/or change in

AHapp indicative of an interaction between the protein and the competing ligand.

Protein Titrant | Competing ligands Kaapp (M) AHapp (kJ/mol)

None (1.75 £ 0.28) x 10° -46.8 £ 2.3

Ala, Gly, Ser 1.49 x 10° -48.0

Asp, Glu, Asn 1.67 x 10° -47.0
ANCQR 1 A A Ta, b-Ser, Thr 1.83 x 10° 467

Phe, Leu 1.05 x 10° -47.3

Cys (5 mM) 1.72 x 10° -45.2

None (1.86 + 0.22) x 108 414+ 1.4

Ala, Gly, Ser 1.76 x 108 -44.1

Asp, Glu, Asn 1.75 x 108 -45.2
ANcQ A9 o ATa, p-Ser, Thr 1.72 x 10° 449

Phe, Leu 1.64 x 108 -43.7

Cys (5 mM) 1.60 x 108 -37.0

None (5.33+0.25) x 108 +23.5+0.8

Ala, Gly, Ser 5.28 x 103 +22.9

D-Ala, D-Ser, Thr 5.31 x 10° +22.1

Asp, Glu, GIn 4,74 x 108 +21.6
ANCCE | AP g o mM) 4.46 x 10° 240

His, Lys, Orn 6.10 x 10° +21.3

Phe, Leu 5.24 x 10° +22.3

Cys (5 mM) 4.23 x 10° +25.6

None (2.17 £0.69) x 10° +9.2+0.8

Ala, Gly, Ser 2.25 x 10° +7.4

D-Ala, D-Ser, Thr 1.94 x 10° +6.1

Asn, Gln 1.19 x 10° +8.6
AncE Clu e, Ceu 2.95 x 10° 9.1

Arg, Lys, Orn 2.13 x10° +9.2

His 2.06 x 10° +8.9

Cys (5 mM) 1.30 x 10° -8.5

None (1.42 £ 0.19) x 107 -50.7 £ 0.4
LAOBP Om GIn 1.53 x 107 -44.1

None (9.44 £5.77) x 10° -60.2 £ 3.9
GInBP Gln Arg 2.16 x 10° -41.6

Lys, His, Orn 5.86 x 108 -53.4

None (2.91 +£1.02) x 108 +12.8+0.8
DEBP Gl s Emw 418 x 10° 293
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These ITC experiments showed that the ancestral proteins are not generalists that
bind a significantly expanded range of amino acids, but have specificity comparable to
extant AABPs, albeit with significant promiscuous activities in most cases. AncQR and
AncQ are primarily arginine-/ornithine-binding proteins that also exhibit promiscuous,
low-affinity binding of L-histidine, L-lysine and L-glutamine (Figure 2.3). These ancestral
proteins exhibit similar binding profiles to homologues of LAOBP, which bind L-lysine,
L-arginine, L-ornithine and L-histidine with K4 in the nanomolar to micromolar range
(Nikaido and Ames, 1992); the main difference between these modern and ancestral
AABPs is that AncQR and AncQ have a stronger preference for L-arginine and L-
ornithine, binding L-histidine, L-lysine and L-glutamine only weakly. AncQ represents the
ancestor of the GInBP subfamily (assuming that this subfamily is monophyletic); thus
AABPs specific for L-glutamine likely evolved through co-option of promiscuous L-
glutamine binding in an arginine-binding protein. Likewise, AABPs with high affinity for
L-lysine and L-histidine appear to have evolved from arginine-binding proteins capable
of promiscuous L-lysine and L-histidine binding, similar to AncQR and AncQ. AncCE is
a low-affinity aspartate-binding protein, and AncE is a high-affinity aspartate/glutamate-
binding protein with low affinity for L-cysteine (Figure 2.3). These proteins are

comparable to extant homologues of DEBP (Willis and Furlong, 1976).

We reassessed the specificity of several extant AABPs descended from the
ancestral AABPs, namely LAOBP from Salmonella enterica (seLAOBP), and DEBP and
GInBP from E. coli (ecDEBP and ecGInBP), to confirm that they did not display the same
promiscuous cross-reactivities as the ancestral AABPs (Figure 2.3; Figure 2.4). se LAOBP
was not inhibited by 1 mM L-glutamine, suggesting that the promiscuous binding of L-
glutamine is unique to the ancestral proteins AncQR and AncQ. In contrast, ecGInBP
displays weak binding of L-arginine (K¢ = 84 puM) that competes with L-glutamine
binding, which has not been reported previously. Directed evolution experiments have
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provided evidence that a protein’s ancestral functions are often retained as vestigial
promiscuous activities following the evolution of a new function (Tokuriki et al., 2012).
Thus the promiscuous binding of L-arginine by ecGInBP could be interpreted as a vestige
of its evolutionary history, retained as the arginine-binding ancestral protein AncQ
evolved specificity towards L-glutamine, providing further evidence that the GInBP
subfamily originates from an arginine-binding protein. ecDEBP also exhibits weak
binding of L-cysteine (K¢ = 1.2 mM) that competes with L-glutamate and L-aspartate
binding, similar to AncE. Altogether, our re-evaluation of the specificity of ecGInBP,
seLAOBP and ecDEBP provides further evidence that promiscuous binding of amino

acids is not limited to ancestral AABPs.
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Figure 2.4. Promiscuous binding of amino acids by extant AABPs. (A-C) ITC data
for titrations of extant AABPs with high-affinity ligands in the presence and absence of
competing ligands. Competing ligands were included in the cell and syringe solutions at
the concentration specified. The heat associated with each injection is plotted as a
function of the molar ratio of ligand to protein, and the data were fitted to the independent
binding sites model as described in Section 2.7.8. (A) seLAOBP titrated with L-ornithine
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(= 1 mM L-glutamine). (B) ecDEBP titrated with L-glutamate (£ 5 mM L-cysteine). (C)
ecGInBP titrated with L-glutamine (£ 1 mM L-arginine). (D) ITC data from direct titration
of ecGInBP with L-arginine.

The affinities of the ancestral AABPs for amino acids are similar to those of extant
AABPs (Davidson et al., 2008), except in the case of AncCE. The low affinity of this
protein for amino acids could reflect errors in the reconstructed ancestral sequence. Two
residues in the binding site of AncCE have plausible alternate reconstructions with PP
>0.2 (Figure 2.1D). Accordingly, we also characterised alternate versions of AncCE with
the second-best reconstruction at these sites. However, amino acid binding to the resulting
variants of AncCE (AncCEX?*E, AncCET!2Q and AncCEX?*ET128Q) was not detected. The
low affinity of AncCE for L-aspartate possibly reflects the fact that this protein is an early
intermediate in the evolution of high-affinity aspartate-/glutamate-binding proteins, but
the possibility of errors in the reconstructed sequence outside the immediate vicinity of

the binding site cannot be excluded.

2.4.3 Structural basis for promiscuous binding in AncQR.

We obtained a high-resolution (1.52 A) crystal structure of AncQR in complex
with L-arginine (Kq 5.7 uM) to identify the structural basis for L-arginine specificity (see
Table 2.3 for data collection and refinement statistics). AncQR has the type Il periplasmic
binding protein fold typical of the AABP family, which consists of two globular o/
domains connected by a flexible two-stranded hinge, with the ligand located at the
interface of the two domains. The key residues that bind the guanidinium group of L-
arginine are Glul7, Ala75 and GInl123, which form hydrogen bonds or ion-dipole
interactions, and Phe20 and Phe58, which form n-stacking interactions (Figure 2.5A).
Similar binding geometries are found in other arginine-binding proteins (e.g. Protein Data
Bank (PDB) codes 1LAF, 2Q2A, 2Y7I; Figure 2.6), supporting the hypothesis that

AncQR is specialised for L-arginine binding.
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We then solved the crystal structure of the promiscuous AncQR-glutamine
complex (Kq 1.2 mM) at high resolution (1.43 A; see Table 2.3 for data collection and
refinement statistics). The orientation of the ligand is dictated by the stereochemistry of
the amino acid binding site and is identical in the AncQR-Arg and AncQR-Gln structures.
However, significant conformational changes are required to accommodate binding of the
two ligands, given their different sizes and chemical functionalities (Figure 2.5B). The
amide nitrogen of the L-glutamine ligand interacts with the carbonyl group of Ala75 and
the carboxyl group of Glul7. This requires movement of a binding site loop, relative to
the AncQR-Arg structure, to bring Glul7 closer to the smaller ligand. The carbonyl group
of the ligand does not interact with the protein directly; instead, two ordered water
molecules satisfy its hydrogen bonding potential. Unexpectedly, Gln123 does not form a
direct hydrogen bond with L-glutamine, instead rotating away from the ligand and,

together with Glul7, participating in a water-mediated hydrogen bonding network.

One unusual feature of the AncQR-Arg structure is the conformational
heterogeneity observed in the vicinity of the binding site in Gln123 and the loop extending
from Lys145 to Glul51 (Figure 2.5C). Residual electron density in the AncQR-Arg
structure matches the alternate conformation of these residues observed in the AncQR-
Gln structure that enables promiscuous L-glutamine binding, showing that this
conformational sub-state is also sampled in the presence of L-arginine. L-Glutamine
preferentially stabilises one of the two conformational sub-states; there is no evidence for
conformational heterogeneity in the AncQR-GlIn structure. This observation provides
direct evidence for selection of an alternate low-energy conformational sub-state as a

mechanism for promiscuous binding.

62



A Lys145-Glu151 B Lys145-Glu151

PheZo":‘:, A

M
S it | WGin123 s Nl
- - &é’" GIn123

Figure 2.5. Crystal structures of AncQR. (A-B) Binding sites of the AncQR-Arg (A)
and AncQR-GIn (B) complexes. Electron density for the ligands and ordered water
molecules is shown by omit Fo-F¢ maps contoured at +3c. Phe58 is positioned on top of
the ligands and is omitted for clarity. The flexible loop Lys145-Glul51 is shown in red.
(C) Existence of multiple low-energy conformational sub-states in the binding site of the
AncQR-Arg complex. Residues 123 and 145-151 were modelled in the conformation
unique to the AncQR-Arg structure (grey) with occupancy of 0.5. The Fo-F¢ electron
density map resulting from refinement of this model is contoured at =3¢ and matches the
alternate conformation observed in the AncQR-GIn structure (orange). (D) Global
conformational differences between the AncQR-Arg (grey) and AncQR-GIn (orange)
structures. Backbone atoms of the large domain of each protein (residues 7-95 and 193-
232) were superimposed, revealing a rigid body displacement of the small domain, which
corresponds to a 5.3° rotation of the small domain about the axis shown by the blue arrow.
The two hinge strands (residues 94-97 and 190-195) connecting the two domains are

shown in cartoon representation. See Section 2.7.11 for further details.
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Table 2.3. Data collection and refinement statistics for AncQR structures.

Structure AncQR/L-arginine ANncQR/L-glutamine
PDB code 4zZV1 4ZN2
Data collection
Wavelength (A) 0.9537 0.9655
Space group P2:1212 P212121
Cell dimensions
a, b, c(A) 41.46, 60.41, 103.99 36.20, 61.30, 104.57
a, B,y (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Resolution range (A) 28.56 —1.52 (1.55-1.52)* 36.20—1.43 (1.45-1.43)
Rmerge (%0) 9.3(61.2) 17.8 (187.1)
CCup (%)T 99.8 (67.4) 99.7 (52.8)
I/o(l) 12.0 (2.4) 9.2 (1.5)
Completeness (%) 99.6 (94.4) 99.7 (96.7)
Multiplicity 6.9 (4.7) 12.7 (9.7)
Refinement
Resolution range (A) 28.56 — 1.52 34.21-1.43
Number of reflections 38763 41372
Rwork/Riree (%0) 17.00/20.05 18.17/20.49
No. of atoms
Protein 1853 1764
Ligand 12 10
Water 308 266
Average B factors (A?)
Protein 13.74 14.69
Ligand 6.31 8.91
Water 25.26 22.85
R.m.s. deviations
Bond lengths (A) 0.0239 0.0248
Bond angles (°) 2.318 2.230

*Values in parentheses refer to highest resolution shell.
fKarplus and Diederichs, 2012
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Figure 2.6. Structural similarity between the AncQR-Arg complex and extant L-
arginine-binding proteins. (A) STM4351, an L-arginine-specific binding protein from
Salmonella enterica (PDB: 2Y7I). (B) ArtJ from Geobacillus stearothermophilus (PDB:
2Q2A). (C) LAOBP from S. enterica (PDB: 1LAF). AncQR is shown in grey and extant
proteins are shown in purple. Significant sequence differences between AncQR and
extant AABPs are indicated.

A subtle difference in tertiary structure is also observed between the AncQR-Arg
and AncQR-GIn complexes (backbone RMSD 0.65 A overall). This structural difference
reflects a 5.3° rigid body rotation of one domain of AncQR about an axis ~45° from the
hinge axis (Figure 2.5D), as shown by the decrease in RMSD when the two structures are
aligned by superimposition of each domain separately (backbone RMSD 0.41 A for the
small domain and 0.49 A for the large domain). Notably, such differences are not observed
for other AABPs crystallised with different ligands (e.g. LAOBP (Silva et al., 2011a)),
but are observed for homologous ligand-binding domains of eukaryotic ionotropic
glutamate receptors (Jin et al., 2003). Studies of these AABP homologues have shown
that the energetic landscape governing the open-closed conformational transition is
strongly ligand-dependent (Lau and Roux, 2007, 2011); flexibility about the hinge
connecting the two domains evidently allows AABPs to close to different degrees to

optimise interactions with different ligands.
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2.4.4 Binding energetics of AABPs.
ITC can provide insight into the mechanisms of molecular recognition because it can be
used to deconvolute the free energy of binding (AG) into enthalpic (AH) and entropic (AS)
components. The ancestral proteins examined here have variable thermodynamic
signatures: binding of cationic and neutral amino acids to AncQR and AncQ is exothermic
and enthalpy-driven, whereas binding of anionic amino acids to AncCE and AncE is
endothermic and entropy-driven (Figure 2.7A). These contrasting thermodynamic
signatures of AABP-amino acid interactions are largely shared by extant AABPs;
ecGInBP and seLAOBP exhibit enthalpy-driven binding to each of their ligands, whereas
ecDEBP exhibits entropy-driven binding to each of its ligands. Since ecDEBP binds L-
glutamate in a comparatively compact, solvent-occluded and highly charged pocket (Hu
et al., 2008), the distinct thermodynamic signatures observed for the anionic AABPs may
reflect favourable entropy changes associated with displacement of rigid water networks
balanced against unfavourable enthalpies of desolvation. Overall, the remarkable range
of AH and TAS for the interactions studied here (>100 kJ/mol, compared with a range of
~30 kJ/mol for AG) reflects that different thermodynamic strategies are available for
interactions between AABPs and amino acids, as noted previously (Pulido et al., 2015),
despite the fact that the key structural motif for binding the amino acid moiety is

conserved throughout the family.

The promiscuous binding of L-glutamine by AncQR is enabled by conformational
flexibility on three scales: alternate side chain conformations, alternate backbone
conformations in loops near the binding site, and rigid body domain movements. One
consequence of the adventitious binding mode of L-glutamine through adaption of these
alternate protein conformations is that the binding site is not pre-organised for L-
glutamine binding. Yet in the AncQR-Gln structure there is no evidence of conformational

heterogeneity, suggesting that just one conformational sub-state of the protein is
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productive for L-glutamine binding. Accordingly, since several rotors (in Gln123 and
Glul7) are restricted in a binding site that is not pre-organised, and since a network of
ordered water molecules is restricted at the binding interface, it might be expected that

the interaction between AncQR and L-glutamine is not entropically favourable.

Indeed, the calorimetric data shows that binding of L-glutamine to AncQR is
associated with a favourable enthalpy term and a highly unfavourable entropy term
(Figure 2.7B). The higher affinity of AncQR for L-arginine compared to L-glutamine can
be attributed to a smaller entropic penalty associated with L-arginine binding. Likewise,
ecGInBP retains an enthalpic mode of binding towards L-glutamine, but the entropic
penalty is far lower than for the interaction between AncQR and L-glutamine, which
results in >10*-fold higher binding affinity. A likely explanation is that evolutionary
optimisation of the interaction between AncQR and L-glutamine has occurred primarily
through optimisation of binding entropy, as ordered water molecules have been displaced
by new protein side chains that interact directly with the ligand, via the mutations
GIn123Lys and Thrl66His (Figure 2.7C). ITC experiments in various buffers with
different ionisation enthalpies confirmed that the apparent differences in thermodynamic
signature for the AncQR-Arg, AncQR-GIn and ecGInBP-GIn interactions were not

obscured by protonation events (Figure 2.8).
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Figure 2.7. Contrasting enthalpic and entropic modes of binding in the AABP
family. Thermodynamic parameters for AABP-amino acid interactions were determined
by ITC at 25 °C. AHobs Values represent the mean + s.d. from at least three titrations. TAS
and AG values were calculated from mean AHobs and Ka values, and errors in these
quantities were propagated. (A) Distribution of AHops and AG values for AABP-amino
acid interactions showing enthalpic binding for ligands of AncQR, AncQ, seLAOBP and
ecGInBP, and entropic binding for ligands of AncCE, AncE and ecDEBP. (B)
Thermodynamic signatures for interactions between AncQR and L-arginine, AncQR and
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L-glutamine, and ecGInBP and L-glutamine. (C) Comparison of AncQR-GIn (orange) and
ecGInBP-GIn (green; PDB: 1WDN) complexes shows that water molecules (blue) in the
AncQR-GIn complex are displaced through mutations to binding site residues.
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Figure 2.8. Binding enthalpies for the AncQR-Arg, AncQR-GIn and GInBP-GIn
interactions are independent of buffer ionisation enthalpy. Binding enthalpies (AHobs)
were determined by ITC experiments in three buffers: KoHPOs (AHion = 5.12 kJ/mol,;
Fukuda and Takahashi, 1998), HEPES (AHion = 21.01 kJ/mol; Fukuda and Takahashi,
1998) and Tris (AHion = 47.45 kJ/mol; Goldberg et al., 2002). Error bars represent 95%

confidence intervals estimated from individual titrations in NanoAnalyze software (TA
Instruments).
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2.5 Discussion

Since the promiscuous functions of proteins are a key source of phenotypic novelty,
understanding the structural and thermodynamic basis for promiscuous protein-ligand
interactions is vital. In this work we have used ancestral protein reconstruction to evaluate
the role of promiscuity in the functional expansion of the AABP family. We identified
two ancestral arginine-binding proteins that exhibit promiscuous binding of L-glutamine
(AncQR and AncQ), which could account for the evolution of glutamine-binding proteins
from arginine-binding proteins. Structural characterisation of AncQR in complex with L-
arginine and L-glutamine revealed that the promiscuous interaction with L-glutamine was
mediated by conformational plasticity, selection of an alternate low-energy
conformational sub-state, and water-mediated hydrogen bonding networks, features that

are enthalpically favourable but incur a severe entropic penalty.

The four ancestral AABPs examined in this work exhibit specificities for amino
acids that are comparable to modern AABPs; we did not find evidence for
subfunctionalisation of a proficient generalist ancestral protein in the functional
expansion of the AABP family. The limited functional diversity of the ancestral proteins
could be a result of obligatory trade-offs between multi-specificity and high affinity, but
this is unlikely since SBPs (including AABPSs) that have high affinity for multiple
chemically diverse amino acids (Walshaw and Poole, 1996) and oligopeptides (Guyer et
al., 1986) are known. Although we cannot rule out the possibility that the ancestor of the
entire AABP family was a generalist, since it is not possible to reconstruct this protein
using currently available sequence data, our results suggest that specialisation of the
AABP family occurred early in its evolutionary history. Specificity in ancestral SBP-
dependent amino acid transport systems may have been favoured by differences in the

metabolic cost or availability of different amino acids. In general, the evidence that the
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ancient progenitors of modern proteins had a larger range of physiologically relevant
functions compared to their descendants remains limited (Perez-Jimenez et al., 2011;

Risso et al., 2013).

The crystal structure of AncQR complexed with L-glutamine provides further
evidence for the importance of multi-scale conformational flexibility and water-mediated
interaction networks in mediating promiscuous protein-ligand interactions. The
importance of conformational flexibility can be understood in light of the conformational
selection model of molecular recognition, whereby proteins exist in ensembles of
energetically accessible conformational states that can be preferentially bound and
stabilised by different ligands (Boehr et al., 2009; Ma et al., 2002). The implication of
conformational plasticity for promiscuity is that a protein with multiple accessible
conformational states has more opportunities for interactions with different ligands
(James and Tawfik, 2003b; Tokuriki and Tawfik, 2009a). This can be seen directly in
AncQR, where L-glutamine preferentially stabilises one of two conformational sub-states
accessible in the presence of L-arginine. The alternate rotameric states of the binding site
residues GIn123 and Glul7, movement of binding site loops, and rigid body domain
motions observed in the arginine- and glutamine-bound structures of AncQR illustrate
how various degrees of freedom in conformational space can be exploited. The flexibility
of water in satisfying the hydrogen bonding requirements of promiscuously bound ligands
is well-known (Ladbury, 1996). Water-mediated interaction networks are also a key
feature of high-affinity multi-specific SBPs such as LAOBP (Oh et al., 1994) and the

oligopeptide-binding protein OppA (Tame et al., 1996).

The thermodynamic factors that distinguish adaptive and promiscuous protein-
ligand interactions are not well understood (Nobeli et al., 2009). Binding of promiscuous

substrates in enzymes is thought to be driven frequently by non-specific hydrophobic
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interactions (Babtie et al., 2010; Khersonsky and Tawfik, 2010), presumably favoured by
solvation entropy, and an example of a promiscuous protein-protein interaction governed
by favourable configurational entropy has also been described (Chang et al., 2008). In
contrast, cross-reactive antibodies have been shown to bind chemically diverse antigens
using different combinations of hydrogen bonds with fortuitously placed protein residues
(James and Tawfik, 2003a) — this type of interaction is presumably enthalpic. In this work,
we have interpreted the thermodynamic signature of the enthalpy-driven promiscuous
interaction between AncQR and L-glutamine as a consequence of the adventitious
satisfaction of hydrogen bonding potential of the ligand by restricted water molecules and
protein side chains. However, even in AncQR itself, alternate modes of promiscuous
binding may be possible, as suggested by the large difference in AH for the interactions
with L-glutamine and L-lysine, which bind with approximately equal affinity (AAH ~40
kJ/mol and AAG <1 kJ/mol; Table 2.1). Calorimetric measurement of AH for low-affinity
interactions is often avoided because errors in protein concentration and deviations from
1:1 stoichiometry result in proportional errors in AH (Tellinghuisen, 2008); however, in
the case of AncQR, we could confirm the accuracy of the active protein concentration via

titrations with L-arginine.

With some exceptions (Thorpe and Brooks, 2007), there are still few examples
where the thermodynamics of protein-ligand interactions have been linked explicitly to
the increases in binding affinity gained through evolution. A future challenge will be to
correlate thermodynamic and structural changes in a protein-ligand complex along an
evolutionary trajectory defined by directed evolution or ancestral protein reconstruction,
which could shed light on how nature overcomes enthalpy-entropy compensation in the
evolution of high-affinity binding proteins. Furthermore, functional evolution of the
AABP family has produced enzymes in addition to new binding specificities (Tam and

Saier, 1993b). Reconstruction of the ancestral AABPs and recapitulation of evolutionary
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trajectories towards catalytic activity could provide insight into how the various
constraints associated with the production of enzymes from non-catalytic scaffolds might

be overcome by natural selection or protein design.
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2.6 Significance

Although the current literature provides many examples for the evolution of new protein
functions from pre-existing promiscuous functions, the structural and biophysical bases
for these promiscuous functions and their improvement by adaptive evolution are often
unclear. In this work, we addressed this issue by characterising intermediates in the
evolution of a family of solute-binding proteins using ancestral protein reconstruction.
High-resolution crystal structures provide evidence for an attractive but unproven
hypothesis regarding the role of conformational diversity in protein evolution — that
promiscuity can arise from selection of pre-existing conformational sub-states by
alternate substrates or ligands — and show how conformational flexibility on multiple
scales can influence promiscuous binding. Our calorimetric data provides insight into the
relationship between the thermodynamic driving forces for promiscuous and adaptive
protein-ligand interactions, showing that an adventitious binding mode enabled by
recruitment of alternate protein conformations, together with the fixation of ordered water
molecules at the binding interface, results in a promiscuous interaction that is
enthalpically favourable but entropically unfavourable. Altogether, our structural and
thermodynamic data provide a detailed view of a promiscuous protein-ligand interaction

that preceded the evolution of a binding protein with high affinity and specificity.
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2.7 Experimental Procedures

2.7.1 Phylogenetic analysis and ancestral reconstruction.
340 phylogenetically diverse bacterial homologues of GInBP (UniProt: POAEQ3), DEBP
(UniProt: P37902), HisBP (UniProt: POAEUQ), LAOBP (UniProt: P09551), and CyiBP
(UniProt: POAEM9) from E. coli, and CysBP from Campylobacter jejuni (UniProt:
QOP9S0) were selected from the NCBI database of reference proteins using the BLAST
server. Alignments were constructed by dividing sequences into subfamilies, aligning
sequences within their subfamilies using MUSCLE (Edgar, 2004), editing the alignments
to remove large insertions and N-terminal signal sequences, and combining the edited
alignments by profile-profile alignment in MUSCLE. Unrooted phylogenetic trees were
computed using the maximum likelihood method implemented in PhyML (Guindon et
al., 2010) and bootstrapped with 100 replicates. Substitution models and other parameters
for phylogenetic analysis were chosen using ProtTest (Abascal et al., 2005; Guindon et
al., 2010); model selection was done on the basis of the Akaike information criterion. The
tree used for ancestral reconstruction was computed using the LG model of sequence
evolution, and rate heterogeneity was modelled using the discrete-gamma model with
four rate categories. The fraction of invariant sites and equilibrium amino acid frequencies
were estimated from the data. Heuristic tree searches conducted by optimizing a BIONJ
distance tree with nearest neighbour interchange and subtree pruning and regrafting
moves became trapped in a local minimum (Figure 2.2C). Randomisation of the starting
tree resulted in convergence upon a tree with a different topology and improved likelihood
(Figure 2.2A). The robustness of this maximum likelihood tree was assessed by
reconstructing trees with alternate substitution models (WAG and JTT), starting from
BIONJ and randomised trees. This resulted in identification of a third plausible tree

topology (Figure 2.2B). Ancestral protein sequences were reconstructed using the
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empirical Bayes method implemented in PAML (Yang, 2007). The posterior probability

distribution at each site for each ancestral node was also calculated using PAML.

2.7.2 Cloning
The ancestral protein sequences were back-translated and codon-optimised for expression
in E. coli. The protein sequences of DEBP from E. coli (UniProt: P37902, residues 28-
302), GInBP from E. coli (UniProt: POAEQ3, residues 23-248), and LAOBP from S.
enterica (UniProt: P02911, residues 23-260), each with signal peptide removed, were
likewise back-translated and codon-optimised. The resulting genes were synthesised
(GeneArt) and cloned into the Ndel/EcoRl site of the pETMCSIII plasmid (Neylon et al.,
2000) for expression of the proteins with N-terminal hexahistidine tags. Cloning was done
using standard restriction-ligation methods. Correct ligation of the genes into the vector
was confirmed by sequencing, which was done at the Biomolecular Resource Facility at

the Australian National University.

2.7.3 Mutagenesis
Site-directed mutagenesis of AncCE was done using Gibson assembly (Gibson et al.,
2009). Briefly, the desired mutations were encoded in complementary primers ~30 bp in
length, with the mutation in the middle of the primer. Using these primers, overlapping
fragments of the AncCE gene containing the desired mutations were amplified by PCR.
These fragments were assembled together with the linearised pETMCSIII vector by
Gibson assembly. Plasmid DNA was isolated from E. coli Top10 cells transformed with

the assembly reaction mixture, and successful mutagenesis was confirmed by sequencing.

2.7.4 Protein expression
ANcQR, AncE and extant AABPs were expressed in E. coli BL21(DE3) cells, grown in
auto-induction media (per L: 20 g tryptone, 5 g yeast extract, 5 g NaCl, 6 g Na2HPOas, 3

g KH2PO4, 6 mL glycerol, 2 g lactose, 0.5 g glucose, 100 mg ampicillin) at 37 °C for 24
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h. AncCE and AncQ were expressed in BL21-Al cells, grown in Terrific Broth (TB)
supplemented with 100 mg/L ampicillin at 37 °C to ODsoo 0.8, then induced with 1 mM
IPTG and 0.2% (w/v) arabinose for 3 h. Cells were harvested and stored at -80 °C prior

to protein purification.

2.7.5 Protein purification
For ITC experiments, proteins were purified by Ni-NTA affinity chromatography with
on-column refolding, followed by size exclusion chromatography (SEC). This ensured
complete removal of endogenously bound ligands and high protein purity. Cells were
thawed, resuspended in binding buffer (20 mM NaH>PO4 500 mM NaCl, 20 mM
imidazole, pH 7.4) and lysed by sonication. The cell lysate was fractionated by
ultracentrifugation (24200g, 1 h, 4 °C), and the soluble fraction was filtered and loaded
onto a 5 mL HisTrap HP column (GE Healthcare) equilibrated with binding buffer. The
column was washed with 25 mL binding buffer followed by 25 mL unfolding buffer (8
M urea, 20 mM NaH2PO4, 500 mM NacCl, pH 7.4). Proteins were refolded on-column by
application of a gradient from unfolding buffer to binding buffer over 75 min at 2.5
mL/min using an AKTA Purifier (GE Healthcare), then eluted in elution buffer (20 mM
NaH2PO4, 500 mM NaCl, 500 mM imidazole, pH 7.4). In order to remove misfolded
aggregates, refolded proteins were purified by SEC on a HiLoad 26/600 Superdex 200
column (GE Healthcare), eluting in phosphate buffer (20 mM Na;HPO4, 100 mM NacCl,
pH 7.40). Protein purity was verified by SDS-PAGE. For crystallisation, AncQR was
purified by Ni-NTA affinity chromatography without refolding, concentrated, saturated
with excess L-arginine or L-glutamine, and purified by SEC, eluting in Tris buffer (20
mM Tris, 100 mM NacCl, pH 8.40) additionally containing 0.1 mM L-arginine or 5 mM

L-glutamine. The purified protein was concentrated to 10 mg/mL prior to crystallisation.
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2.7.6 Isothermal titration calorimetry
ITC experiments were generally performed using a Nano ITC low volume calorimeter
(TA Instruments); some of the initial screening experiments were done using a VP-ITC
microcalorimeter (GE Healthcare). The calorimetric constant of the Nano ITC instrument
was determined by titrating excess Tris with 20 x 2.5 pL injections of 1.00 mM HCI, with
both solutions made up in water thoroughly degassed by boiling (calibration factor = -
0.978 + 0.007, mean + s.d. from three titrations). The syringe volume was calibrated by
mass of water ejected (49.8 mg per 50 pL, calibration factor = 1.00), and the active cell
volume was calibrated by the manufacturer (164 uL). ITC experiments were done at 25
°C with stirring at 150-250 rpm. Samples were generally prepared in phosphate buffer
(20 mM Na2HPO4, 100 mM NaCl, pH 7.4), except where high concentrations (>5 mM)
of acidic or basic ligands were used in the titration, in which case the concentration of
Na>HPO4 was increased to 50 mM. Buffers used to make up amino acid solutions were
matched precisely to the protein buffer by dialysis or desalting. Amino acid stock
solutions were prepared in 50 mL volumetric flasks from commercial samples (Sigma-
Aldrich, Alfa Aesar) with stated purity >98%. Samples were degassed by vacuum before

use.

2.7.7 Screening experiments
ANncQR, AncCE, AncQ and AncE were screened for binding to L-Ala, L-Asp, L-Glu, L-
His, L-Lys, L-Leu, L-Asn, L-GIn, L-Arg, L-Ser, D-Ser, L-Thr, L-ornithine and L-cystine by
ITC. Variants of AncCE were screened for binding to L-Asp, L-Glu, L-His, L-Lys, L-Asn,
L-GIn, L-Arg, and L-ornithine only. Typically 30 pL of 2.5 mM amino acid solution was
injected continuously into 100 uM protein solution over 300 s. The signal was recorded
for a further 300 s after the injection. Control experiments, where each amino acid

solution was injected into phosphate buffer, were also performed.
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2.7.8 Determination of binding affinities and thermodynamic
parameters
The experimental parameters for quantitative ITC experiments were varied according to
the affinity of the interaction being studied. In general, 15-25 injections were made into
100 uM protein solution, with the ligand concentration and injection volume chosen to
ensure complete formation of the protein-ligand complex. Where appropriate, the
background heat was estimated as the average heat of the last few injections. Otherwise,
the background heat was estimated as the average heat associated with an injection in a
titration of ligand into buffer, using an identical protocol to the corresponding protein-
ligand titration. All titrations used for determination of thermodynamic parameters were
performed in triplicate at least. Data analysis was done in NanoAnalyze software (TA
Instruments). The raw power signals were integrated, background heat was subtracted
from each data point, and thermodynamic parameters were determined by fitting the
resulting binding isotherm to the independent binding sites model. For titrations with ¢
>1, where c is the product of the association constant (Ka) for the interaction and the
protein concentration in the cell, the stoichiometry (n), enthalpy (AH) and Ka for the
interaction were determined. For titrations with ¢ <1, n was fixed at 1 while AH and Ka

were determined.

2.7.9 Competitive displacement experiments
Competitive displacement ITC experiments were performed to confirm the binding
specificity of the ancestral and extant proteins. Titrations of AABPs with high-affinity
ligands were repeated with a cocktail of up to three amino acids, each at a concentration
of 1 mM, included in both the cell and syringe solutions. A similar procedure was used
to test for binding of each ancestral protein to L-cysteine, which could not be injected
directly into the cell in ITC experiments, due to heat associated with oxidation of this

amino acid. Instead, titrations of AABPs with high-affinity ligands were repeated with 5
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mM L-cysteine included in the cell and syringe solutions, to test for a reduction in
apparent binding affinity or a change in apparent binding enthalpy indicative of L-cysteine
binding. Thermodynamic parameters for the AncE-cysteine and ecDEBP-cysteine
interactions were estimated as follows: 5 mM L-cysteine, included in the cell and syringe
solutions, was displaced from the protein by titration with L-aspartate (AncE) or L-
glutamate (ecDEBP). Apparent values for Ka and AH (Kapp and AHapp) Were obtained by
fitting the data to the independent binding sites model; these values were used to calculate
Ka and AH for the protein-cysteine interaction (Kacys and AHcys) , using the equations
Kacys = ((Kaciu/ Kapp) - 1) / [Cys] and AHcys = (AHaiu - AHapp) * (1 + (1 / (Kacys X [Cys])))
(Zhang and Zhang, 1998). Errors in Kacys and AHcys were propagated through these

equations.

2.7.10 Structure determination
Crystallisation was done using the vapour diffusion method at 4 °C. AncQR-Arg crystals
used for structure determination grew from a hanging drop containing 2 pL protein and 2
ML 0.2 M Li2SOs4, 0.1 M HEPES pH 7.50, 27.5% (w/v) PEG 3350 as the precipitant.
ANncQR-GIn crystals used for structure determination were obtained by serial
microseeding from crystals grown in a hanging drop containing 2 pL protein and 2 pL
0.2 M MgCl,, 0.1 M HEPES pH 7.50, 24% (w/v) PEG 3350 as the precipitant. Crystals
were cryoprotected in 30% (w/v) PEG 3350 and flash-frozen in a nitrogen stream at 100
K. X-ray diffraction data were collected on the MX1 beamline (AncQR-Arg) or MX2
beamline (AncQR-GIn) at the Australian Synchrotron (Melbourne, Australia). Data were
indexed and integrated in IMOSFLM (Battye et al., 2011), and scaled in Aimless in the
CCP4 suite (Winn et al., 2011). The structure of the AncQR-Arg complex was solved by
molecular replacement in PHASER (McCoy et al., 2007), using the structure of the
ecGInBP-GIn complex (PDB: 1WDN) as a search model. The structure of the AncQR-

GIn complex was solved by molecular replacement in MOLREP (Vagin and Teplyakov,
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1997) using the AncQR-Arg structure as a search model. Models were built manually in
Coot (Emsley et al., 2010) and refined by iterative reciprocal- and real-space refinement
in REFMAC5 (Murshudov et al., 1997) and Coot. Data collection and refinement
statistics are given in Table 2.3. The coordinates and structure factors for the crystal
structures of AncQR complexed with L-arginine and L-glutamine have been deposited in

the PDB under accession codes 4ZV1 and 4ZV2, respectively.

2.7.11 Structure analysis
RMSD values were calculated in Bio3D (Grant et al., 2006). Identification of the rotation
axis and calculation of the degree of rotation for the rigid body domain displacement
between the AncQR-Arg and AncQR-GlIn structures was done using DynDom (Hayward
and Berendsen, 1998). The angle between the rotation axis and the hinge axis (44.8°) was
calculated taking the hinge axis as the vector between the centres of mass of the following
groups of backbone atoms in the AncQR-Arg structure: (1) residues 94 and 195; and (2)

residues 96 and 193.
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Chapter Three

Evolution of an enzyme from a
solute-binding protein. Part |I:

Function.
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3.1 Introduction

3.1.1 The origins of enzymes: design, engineering and evolution

As shown in Section 1.1.2, “molecular tinkering” (Bridgham et al., 2010; Jacob,
1977) accounts for much of the functional diversity found in modern enzyme
superfamilies; specialised enzymes frequently evolve from enzymes with pre-existing
functional diversity via improvement of promiscuous functions, and previous studies of
enzyme evolution have mostly focussed on this kind of evolutionary process. More
dramatic functional changes are also observed in enzyme evolution; for example,
enzymes can evolve from non-catalytic proteins (Todd et al., 2002). However, the genetic,
biophysical or structural basis for the evolution of enzymes from non-catalytic proteins
has not been studied previously, despite the fact that introducing catalytic activity into

protein scaffolds is currently a major goal of protein engineering and design.

This section gives an overview of the strategies that have been developed to
engineer catalytic proteins from non-catalytic scaffolds: de novo computational enzyme
design, selection of combinatorial libraries, co-option of the mammalian immune system
to produce catalytic antibodies, and “minimalist” enzyme design. The current limitations
of these strategies and possible implications for the evolution of enzymes from non-
catalytic proteins are discussed. Finally, I discuss examples of enzymes that have evolved
from non-catalytic SBPs and argue that an improved understanding of these evolutionary

processes could inform new strategies for enzyme design.

De novo computational enzyme design. The potential impact of de novo computational
enzyme design is that the advantages of enzyme catalysis, including regioselectivity,
stereoselectivity, rapid turnover under mild conditions, and non-toxicity, can be extended
to synthetically useful reactions outside the scope of naturally occurring enzymes. Recent

advances in computational enzyme design have resulted in enzyme catalysts for the Kemp
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elimination (Privett et al., 2012; Rothlisberger et al., 2008), the retro-aldol reaction (Jiang
et al., 2008), the Diels-Alder reaction (Siegel et al., 2010), and ester hydrolysis
(Rajagopalan et al., 2014). The reactivity of designed enzymes can be extended using
cofactors such as metal ions (Khare et al., 2012). The so-called inside-out approach to
enzyme design begins with design of an idealised active site called a theozyme (Hilvert,
2013; Kiss et al., 2013). The theozyme specifies an idealised transition state for the
enzyme-catalysed reaction, and includes protein functional groups designed to stabilise
the transition state. For example, theozymes for the Kemp elimination (Scheme 3.1)
typically include a desolvated carboxylate group as a general base, a hydrogen bond donor
to stabilise negative charge developing on the phenolic oxygen, and a = stacking residue
to assist substrate binding and stabilise positive charge delocalised across the aromatic
ring in the transition state (Privett et al., 2012). The precise three-dimensional geometry
of the theozyme is optimised using quantum mechanical calculations. Next, the theozyme
is grafted into an existing protein scaffold, which is chosen such that the geometry of
functional groups of the protein in the theozyme is compatible with the positions of
backbone atoms in the scaffold (Zanghellini et al., 2006). Finally, the catalytic residues
are restrained while the remainder of the active site is redesigned, ideally stabilising the
catalytic residues in the necessary conformation and optimising shape complementarity
with the transition state. The anticipated result is a stable protein that selectively binds
the transition state for the desired chemical transformation, resulting in an efficient

catalyst.

84



B;\' BH

Scheme 3.1. Mechanism of the Kemp elimination, a model reaction for enzyme

design.

The low catalytic efficiencies of enzymes designed to date expose deficiencies in
our understanding of enzyme catalysis (Korendovych and DeGrado, 2014). Many initial
designs are inactive or exhibit modest rate accelerations: Keat/Km ~1-100 Mt s (Lassila
et al., 2010), compared with a median Kea/Km of 1.25 x 10° Mt s for natural enzymes
(Bar-Even et al., 2011). Measures of catalytic proficiency that account for the rate of the
uncatalysed reaction are even less encouraging; the median Ku! for natural enzymes is
5.2 x 10*® M compared with 8.3 x 10 M for computationally designed enzymes (Mak
and Siegel, 2014)*. In the case of the Kemp elimination reaction, even the most proficient
designed enzymes are outpaced by an appropriate small molecule control; the acetate-
catalysed Kemp elimination in acetonitrile, mimicking a desolvated general base in an
enzyme active site, has a pseudo-first order rate constant of ~5600 s, compared with a
ket Of 700 s for the most efficient designed Kemp eliminase following extensive

optimisation by directed evolution (Korendovych and DeGrado, 2014).

Baker argues that computational enzyme design can fail at three stages: firstly,
the idealised active site geometry might be inadequate to stabilise the transition state;
secondly, the idealised active site geometry might not be realised in the designed protein;

and thirdly, the active site geometry might be realised in the designed protein but

L Kiet = (KeatKi)/kuncat (Radzicka and Wolfenden, 1995).
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incompatible with other features of the protein such as long-range electrostatics and
dynamics (Baker, 2010). Directed evolution of designed enzymes has been used to
identify important features that were missing in the original designs (Blomberg et al.,
2013; Giger et al., 2013; Preiswerk et al., 2014). For example, the catalytic efficiency of
a designed Kemp eliminase was increased >500-fold by directed evolution: a new
hydrogen bond donor was introduced to stabilise charge developing in the transition state,
and the shape complementarity of the active site was improved, discouraging the substrate
from binding in non-productive conformations and improving the alignment of the
catalytic base with the substrate (Blomberg et al., 2013). In this case, the design for the
active site was apparently adequate, but directed evolution was required to implement the

design in the protein scaffold with the precision required for efficient catalysis.

However, even after extensive optimisation by directed evolution and other
protein engineering strategies, designed enzymes have not yet reached the catalytic
proficiency of the most efficient natural enzymes, which can achieve rate accelerations
(Keat/Kuncat) UP to ~102® and catalytic efficiency (kca/Km) up to the diffusion limit (108 —
10° M s1) (Mak and Siegel, 2014). In that case, what features of natural enzymes are
not currently reproduced in designed enzymes? Factors such as protein dynamics,
hydrogen tunnelling, substrate binding, product release or long-range electrostatics may
need to be taken into account in the design process (Baker, 2010; Blomberg et al., 2013;
Boehr et al., 2006; Nagel and Klinman, 2009). For example, a recent attempt to transplant
the active site of an enantioselective haloalkane dehalogenase into a homologous non-
selective dehalogenase failed despite precise conservation of the transplanted active site
geometry in the engineered protein; it was suggested that the functional transformation
was unsuccessful because structural dynamics and hydration at the active site entrance of
the target dehalogenase were not reproduced in the engineered protein (Sykora et al.,

2014).
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Selection from combinatorial libraries. Selection of de novo enzymes from
combinatorial libraries is not only useful for producing enzymes with practical
applications, but informative for understanding the emergence of natural enzymes (Smith
and Hecht, 2011; Urvoas et al., 2012). For example, what fraction of sequence space is
populated by proteins that bind small molecules or have catalytic activity? What fraction
of proteins with a well-defined tertiary structure have catalytic activity? Does selection
for catalytic activity alone produce well-structured proteins? By addressing these
questions using enzymes derived from combinatorial libraries, the role of chance in the
emergence of natural enzymes can be better understood. For example, Keefe and Szostak
showed that ATP-binding proteins could be recovered with a frequency of ~10* from a
library of random polypeptide sequences; four specific ATP-binding proteins were
selected by mRNA display from a library of 6 x 102 sequences 80 residues long (Keefe
and Szostak, 2001). Surprisingly, one of the ATP-binding proteins was shown to catalyse
the hydrolysis of ATP in crystallo, showing that selection for binding alone can result in

promiscuous catalytic activity (Simmons et al., 2009).

Enzymes can be recovered at much higher frequencies from combinatorial
libraries specifically designed to encode folded proteins. For example, Hecht and co-
workers designed a superfamily of de novo four-helix bundles using binary patterning, in
which protein sequences are composed of random polar and nonpolar residues in
particular patterns that result in the formation of amphipathic helices (Patel et al., 2009).
A surprisingly high proportion of proteins from these naive binary patterned libraries
exhibit catalytic activity: in one library, 50% of proteins exhibited heme-dependent
peroxidase activity, 30% exhibited esterase activity, and 20% exhibited lipase activity
(Patel et al., 2009). In addition, 18 artificial four-helix bundles selected from a binary
patterned library rescued four different auxotrophic E. coli strains missing conditionally

essential genes, which showed that artificial proteins from a combinatorial library can
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replace metabolic enzymes in vivo, albeit via mechanisms currently unknown (Fisher et

al., 2011).

Combinatorial selection of enzymes can also make use of features in pre-existing
protein scaffolds. For example, enzymes with a unique RNA ligase activity were isolated
from a combinatorial library of 4 x 10'? non-catalytic zinc finger scaffolds with two
completely randomised loops (Seelig and Szostak, 2007). One of these RNA ligases was
structurally characterised and exhibited a new fold; the zinc-binding sites were
remodelled and the two helices in the original scaffold were replaced with an unstructured

loop (Chao et al., 2013).

Catalytic antibodies. The development of catalytic antibodies has clear parallels with the
evolution of enzymes from non-catalytic proteins: the primary role of antibodies is
antigen binding rather than catalysis, and catalytic activity is gained by affinity
maturation, an algorithm of iterative mutagenesis and selection similar to evolution.
Immunisation against hapten molecules that mimic the conformational, stereochemical
and electronic properties of the transition state for a particular reaction produces
antibodies that selectively bind the transition state and are therefore catalytic (Hilvert,
2000; Schultz et al., 2002). Immunisation against mechanism-based inhibitors instead of
transition state analogues can be used to introduce catalytic residues into the antibody
scaffold —a method called reactive immunisation. Although antibody catalysts have been
produced for over 100 different reactions, and some of these catalysts have desirable
properties such as chemo-, regio-, and stereospecificity, their catalytic efficiencies have
never approached those of natural enzymes (Hilvert, 2000). Potential explanations
include (i) insufficient selection pressure in the immune system for hapten binding tight
enough to generate enzyme-like catalytic efficiency (Ka <1071° M); (ii) selection is for

binding rather than catalysis, preventing, for example, the evolution of pathways for
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product dissociation; (iii) haptens cannot perfectly replicate the properties of transition
states; and (iv) limitations of the immunoglobulin fold itself — for example, intrinsic
flexibility in the complementarity determining regions that limit pre-organisation of the

active site (Hilvert, 2000; Hollfelder et al., 2000; Padlan, 1994).

Minimalist enzyme design. As discussed above, designing an enzyme by attempting to
engineer complementarity between a protein scaffold and the transition state for a
particular reaction is a challenging and computationally demanding task. DeGrado and
co-workers have instead advocated a “minimalist” strategy for designing enzymes from
non-catalytic proteins, in which a single reactive residue is inserted into a hydrophobic
cavity where it can interact productively with a given substrate (Korendovych and
DeGrado, 2014). This strategy is reminiscent of the efficient catalysis of model reactions
by serum albumins, which are not normally considered enzymes; for example, a reactive
lysine residue (as a general base) in a hydrophobic pocket is sufficient for catalysis of the
Kemp elimination reaction in serum albumin (Hollfelder et al., 1996, 2000). Using this
minimalist strategy, calmodulin derivatives that catalyse the Kemp elimination, the retro-
aldol reaction and ester hydrolysis have been designed (Korendovych et al., 2011; Moroz
et al., 2015; Raymond et al., 2014). Notably, these enzymes could evolve naturally given
the appropriate selective pressure, since they are produced by a single point mutation in
a functional non-catalytic protein, and could be optimised further by evolution, as shown
by the 220-fold increase in activity in a designed Kemp eliminase achieved by directed
evolution (Moroz et al., 2013). It remains to be seen whether the accessibility of
enzymatic activities via single point mutations is a peculiarity of calmodulin — a protein
with a flexible hydrophobic pocket that has evolved to interact with multiple partners —

or a general feature of non-catalytic proteins (Moroz et al., 2013).
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Evolution of enzymes from non-catalytic proteins. As shown above, rudimentary
enzymes can be designed rationally by insertion of the appropriate catalytic machinery
into non-catalytic scaffolds and arise frequently by chance in folded proteins; therefore,
we should also expect to see examples of enzymes that have evolved from non-catalytic
proteins in nature. Indeed, in the SBP superfamily (for example), six enzymes with the
type 1l SBP fold have been discovered (Table 3.1). Although extensive divergent
evolution has obscured sequence similarity between some of these enzymes (e.g. ATP
phosphoribosyltransferase) and non-catalytic SBPs, the conserved topology consisting of
two o/ domains connected by two flexible B strands is a clear indicator of their

evolutionary history.

Table 3.1. Enzymes with the type Il SBP fold. These enzymes were identified by
searching the PDB for proteins belonging to CATH superfamily 3.40.190.10
(periplasmic binding protein-like 1) (Sillitoe et al., 2015). The PDB code of a
representative structure, the Enzyme Commission (EC) number, and the gene ontology
(GO) annotation are given for each enzyme.

Name PDB EC GO

Histidine

ATP phosphoribosyltransferase 1H3D | 2.4.2.17 ] )
biosynthesis

o Thiamine
Thiaminase | 3THI 25.1.2 )
catabolism
. ) Porphyrin
Porphobilinogen deaminase 1PDA | 25.1.61 ] )
biosynthesis
1,4-dihydroxy-6-naphthoate Menaquinone
Yoy P 3A3U |4.1.-.- ) | )
synthase biosynthesis
Phenylalanine
Prephenate dehydratase 3SMWB | 4.2.1.51

biosynthesis
4.2.1.51 | Phenylalanine
4.2.1.91 | biosynthesis

Cyclohexadienyl dehydratase 3KBR
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The structures of SBP-like enzymes have revealed the various ways in which the
SBP fold has been adapted to highly specialised and chemically complex roles in primary
metabolism, including recruitment of cofactors and additional domains and the evolution
of new oligomeric structures (Figure 3.1). For example, porphobilinogen deaminase
catalyses the condensation of four porphobilinogen molecules to form the porphyrin
precursor 1-hydroxymethylbilane. This is achieved by sequential nucleophilic addition of
deaminated porphobilinogen monomers to a dipyrromethane cofactor, which occupies the
capacious cavity between the two SBP-like domains and is covalently linked via a
cysteine sulfhydryl group to a third o/f domain (Figure 3.1A) (Louie et al., 1992). The
active site is covered by a flexible loop. MD simulations have shown that the flexibility
of the active site loop and flexibility of the SBP-like domains about the adjoining hinge
are both needed to accommodate the growing polypyrrole chain (Bung et al., 2014). As
another example, ATP phosphoribosyltransferase catalyses the transfer of a
phosphoribosyl group from 5’-phosphoribosyl 1'-pyrophosphate onto the N1 atom of the
adenosine ring of ATP — a condensation reaction dependent on a Mg?* cofactor. The
active site of this enzyme is formed between two SBP-like domains in an open
conformation (Figure 3.1B). A third histidine-binding regulatory domain controls
catalytic activity by altering the oligomeric state of the enzyme, which is active only in

the dimeric form (Cho et al., 2003; Lohkamp et al., 2004).
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Figure 3.1. Architectures of two SBP-like enzymes. (A) Porphobilinogen deaminase
bound to dipyrromethane cofactor (PDB: 1PDA). (B) ATP phosphoribosyltransferase
dimer bound to 1-(5-phospho-D-ribosyl)-ATP (PDB: 1Q1K). In both structures, domains
I and Il have the type Il SBP fold.

The precise molecular mechanisms for the evolution of enzymes from non-
catalytic SBPs — or non-catalytic proteins in general — have not been investigated, leaving
important questions unresolved. For example, the SBP superfamily has undergone
functional diversification to interact specifically with an extensive range of solutes; the
SBP scaffold is clearly evolvable. Moreover, these proteins represent a potential reservoir
of substrate-binding proteins that could become catalysts upon introduction of the
appropriate catalytic machinery. Why, then, are only a few examples of highly specialised
SBP-derived enzymes known? How are the properties of SBPs that are necessary for
transport functions — for example, conformational cycling between open and closed
structures — reconciled with the apparently conflicting demand of a pre-organised active
site for efficient catalysis? How were the positioning and reactivity of catalytic groups
optimised, and complementarity between the enzyme and transition state of the reaction
improved? As discussed above, previous attempts at protein design have not yet achieved
catalytic efficiencies similar to natural enzymes; identifying the mechanisms by which

nature has improved de novo enzymes could help protein engineers to do the same. To
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this end, we investigated the evolution of the model enzyme cyclohexadienyl dehydratase

from a non-catalytic SBP precursor.

3.1.2 Cyclohexadienyl dehydratase
Cyclohexadienyl dehydratase (CDT; EC 4.2.1.51, 4.2.1.91) is encoded by the gene pheC
and catalyses the conversion of prephenate to phenylpyruvate and the conversion of
L-arogenate to L-phenylalanine. These reactions are involved in the biosynthesis of
L-phenylalanine. In bacteria, L-phenylalanine and other aromatic amino acids are
synthesised through the shikimate pathway (Scheme 3.2) (Dosselaere and VVanderleyden,
2001). Chorismate, a major branch point metabolite in the shikimate pathway, is
converted to prephenate, the common precursor of L-phenylalanine and L-tyrosine, by a
Claisen rearrangement reaction. L-Phenylalanine is then obtained by transamination and
Grob-like fragmentation of prephenate, via the intermediate phenylpyruvate or
L-arogenate. In many Gram-negative bacteria, including E. coli and Pseudomonas
aeruginosa, the primary biosynthetic pathway from chorismate to L-phenylalanine is
mediated by a bifunctional chorismate mutase-prephenate dehydratase (P-protein), which
converts chorismate to phenylpyruvate via prephenate, and an aromatic aminotransferase
which converts phenylpyruvate to L-phenylalanine. This pathway is localised in the

cytoplasm and is regulated by feedback inhibition of P-protein by L-phenylalanine.
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Scheme 3.2. Multiple pathways of L-phenylalanine biosynthesis in P. aeruginosa. In
the core pathway, chorismate is channelled through to phenylpyruvate by P-protein, a
bifunctional chorismate mutase-prephenate dehydratase (Calhoun et al., 1973). An
aromatic aminotransferase (AAT) converting phenylpyruvate to L-phenylalanine
completes the pathway. This pathway is controlled by feedback inhibition of P-protein by
L-phenylalanine (Calhoun et al., 1973). In the periplasmic overflow pathway, chorismate
is converted to prephenate by a monofunctional chorismate mutase (CM) (Calhoun et al.,
2001). Subsequent reactions catalysed by cyclohexadienyl dehydratase (CDT) and
various aromatic aminotransferases via phenylpyruvate or L-arogenate complete the

pathway to L-phenylalanine (Patel et al., 1977).

CDT is involved in an alternative “overflow” pathway to L-phenylalanine found
in addition to the cytoplasmic pathway in some Gram-negative bacteria such as P.
aeruginosa (Scheme 3.2). In this pathway, chorismate is converted to prephenate by a
monofunctional chorismate mutase, and prephenate is converted to L-phenylalanine by

CDT and various aromatic aminotransferases, via the intermediate L-arogenate or
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phenylpyruvate. The overflow pathway to L-phenylalanine is localised in the periplasm
(Calhoun et al., 2001; Zhao et al., 1993) and is not feedback regulated (Fiske et al., 1983).
Flux through the overflow pathway was first demonstrated in mutants of P. aeruginosa
that lack feedback inhibition of the L-tyrosine-regulated isotype of 3-deoxy-D-
arabinoheptulosonate-7-phosphate synthase; these mutants accumulate L-phenylalanine
through the overflow pathway because they lack early-pathway regulation of the
shikimate pathway (Fiske et al., 1983). However, under normal laboratory growth
conditions, flux through the overflow pathway is disfavoured by the relatively low
affinities of CDT and aromatic aminotransferases for prephenate and L-arogenate and
limited substrate availability, especially due to substrate channelling (Zhao et al., 1992).
The spatial separation of cytoplasmic chorismate biosynthesis from the periplasmic

overflow pathway may also disfavour flux through the latter pathway.

In addition to its potential role in L-phenylalanine biosynthesis, CDT has a role in
L-arogenate catabolism in P. aeruginosa, which can use L-arogenate as a sole carbon or
nitrogen source (Fischer et al., 1997). One pathway for L-arogenate catabolism begins
with conversion of L-arogenate to L-phenyalanine by CDT, followed by hydroxylation of
L-phenylalanine to give L-tyrosine, which is catabolised through the homogentisate
pathway (Ramos, 2004). The involvement of CDT in this pathway accounts for the three-
fold increase in doubling time of pheC knockouts of P. aeruginosa (relative to wild type)
cultured in media containing L-arogenate as the sole nitrogen source (Fischer et al., 1997).
In P. aeruginosa, L-arogenate is a chemoattractant with a receptor distinct from the
chemoreceptors for aromatic amino acids (Fischer et al., 1997), suggesting that

catabolism of L-arogenate by CDT is important under certain environmental conditions.

The overflow pathway to L-phenylalanine has a potential role in interactions

between phytopathogens and their hosts. The pheC gene has a limited phylogenetic
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distribution and it has been noted that several of the species possessing the gene are
opportunistic or obligate pathogens of plants, which primarily use the L-arogenate
pathway rather than the phenylpyruvate pathway for L-phenylalanine biosynthesis (Zhao
et al., 1993). Furthermore, the periplasmic localisation of the pathway is suggestive of
environmental responsiveness (Zhao et al., 1993). Genome-wide studies of pathogenicity
determinants have identified components of the phenylalanine overflow pathway as being
essential for phytopathogenicity; for example, disruption of the pheC gene encoding a
homolog of CDT in Dickeya chrysanthemi markedly reduces maceration of African violet
leaves by this pathogen (Okinaka et al., 2006). Together, these observations suggest an
important role for CDT in plant-pathogen interactions. This view is also supported by
recent work on the role of chorismate mutase (the enzyme immediately upstream of CDT)
in plant infection: a chorismate mutase secreted by the causative agent of maize smut,
Ustilago maydis, enhances virulence by redirecting flux away from the salicylic acid
pathway to the phenylpropanoid pathway in the host plant (Djamei et al., 2011); salicylic
acid is a phytohormone synthesized from chorismate that induces pathogenesis defence
genes (Wildermuth et al., 2001). The mechanism by which CDT enhances pathogenicity
is currently unknown but could similarly involve rerouting metabolic flux through the
shikimate pathway towards the phenylalanine overflow pathway, in order to undermine

biosynthesis of salicylic acid and other defensive compounds by the host.

CDT was recognized as a member of the AABP family on the basis of sequence
homology soon after the nucleotide sequence of the gene was made available (Tam and
Saier, 1993b; Zhao et al., 1992). More recently, the crystal structure of CDT from P.
aeruginosa (PDB: 3KBR; Midwest Center for Structural Genomics, unpublished) shows
that the SBP fold has been conserved in CDT and provides structural evidence for a close

evolutionary relationship between CDT and AABPs (Figure 3.2).
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Figure 3.2. Structural evidence for the evolutionary relationship between CDT and
SBPs. The structure of CDT from P. aeruginosa (blue) superimposed on the structure of
the amino acid-binding protein Ws0279 from Wolinella succinogenes (red).

A major advantage of CDT as a model system for studying the emergence of
catalytic activity is that enzyme activity can be assessed using high-throughput genetic
complementation assays. Since P-protein, encoded by the gene pheA, is the sole source
of prephenate dehydratase activity in E. coli, pheA knockouts of E. coli are phenylalanine
auxotrophs (Joyce et al., 2006). Since the chorismate mutase activity of P-protein is
redundant, expression of CDT rescues pheA knockouts of E. coli grown on minimal media
by restoring prephenate dehydratase activity (Zhao et al., 1992). Prephenate dehydratase
variants with different catalytic efficiencies can be differentiated using this
complementation assay (Kleeb et al., 2007). More sophisticated genetic selection
strategies for prephenate dehydratase activity have also been developed; the intracellular
concentration of prephenate (and thus the strength of selection) can be controlled by
inducible expression of a cyclohexadienyl dehydrogenase, which converts prephenate to
4-hydroxyphenylpyruvate, channelling prephenate into L-tyrosine biosynthesis. This
method enables selection of prephenate dehydratase variants with a broader range of

catalytic efficiencies (Kleeb et al., 2007).

The enzyme mechanism of CDT is currently unknown. Two possibilities can be
envisioned: a general acid-mediated concerted elimination of CO, and H20 from the

cyclohexadiene substrate, or alternatively, a stepwise mechanism whereby elimination of
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H>O produces a stabilised divinyl carbocation, which is then quenched by elimination of

CO2 (Scheme 3.3) (Hermes et al., 1984). 80-labelling experiments showed that the

reaction occurs via the stepwise mechanism in acidic solution (Hermes et al., 1984). On

the other hand, 3C Kkinetic isotope effect experiments implicated the concerted

mechanism in the prephenate dehydratase from Methanocaldococcus jannaschii (which

is not homologous to CDT) (Van Vleet et al., 2010).
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Scheme 3.3. Possible mechanisms for the elimination of CO2 and H20 from

prephenate.
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3.1.3 Objectives
The aim of the work described in this chapter was to characterise the evolutionary
trajectory from a non-catalytic SBP to a catalytically active CDT using ancestral protein
reconstruction. Using phylogenetic analysis and ancestral protein reconstruction, the
sequences of extinct intermediates in the evolution of CDT from AABPs were
reconstructed, allowing these ancestral proteins to be expressed and characterised, and
enabling the genetic and structural mechanisms underpinning the emergence of catalytic
activity to be studied directly. Functional characterisation of the ancestral proteins, in
addition to several extant homologues of CDT, showed that CDT evolved from a cationic
amino acid-binding protein via an intermediate of unknown function. Subsequent
chapters address the role of conformational dynamics in the evolution of CDT and the

mutational and structural bases for the emergence of catalytic activity in the SBP fold.
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3.2 Results

3.2.1 Reconstruction of ancestral sequences
The SBP with the highest sequence identity with CDT that has been structurally or
functionally characterised is Ws0279 from W. succinogenes, which has 26% sequence
identity with CDT from P. aeruginosa (PaCDT), excluding the signal peptides. The
sequence identity between Ws0279 and PaCDT is therefore comparable with pairwise
sequence identities between AABPs with different amino acid specificities (for example,
20% — 35% for the AABPs of E. coli). The structure of Ws0279 has been solved in
complex with L-lysine (PDB: 3K4U; New York SGX Research Center for Structural
Genomics, unpublished), indicating that Ws0279 is a SBP rather than an enzyme,

although the binding specificity of the protein has not been reported.

To reconstruct the evolutionary history of PaCDT, we obtained the sequences of
131 homologues of Ws0279 and PaCDT from phylogenetically diverse organisms and
reconstructed the phylogeny of these sequences using the maximum-likelihood (ML)
method (Figure 3.3). The outgroup for this phylogeny consisted of 271 representative
sequences from the previous AABP phylogenetic analysis (Section 2.4.1). The topology
of the phylogeny was robust to the use of alternative evolutionary models, and
convergence of the heuristic tree search to the ML tree was confirmed by repeating the
phylogenetic analysis using randomised initial trees. Major branches on the ML

phylogeny were supported by high bootstrap values (Figure 3.3).

Five ancestral nodes, designated AncCDT-1 to AncCDT-5, were selected for
experimental characterisation (Figure 3.3). These nodes were chosen because patterns of
seguence conservation in the extant sequences (discussed in Section 4.2.1) suggested that
the evolution of CDT activity occurred between AncCDT-1 and AncCDT-3; the

descendants of AncCDT-3 contain conserved residues that are putatively important for
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CDT activity. AncCDT-1 represents the last common ancestor (LCA) of Ws0279 and
PaCDT, whereas the other ancestral nodes represent intermediates in the evolution of

PaCDT from AncCDT-1.

Alternative versions of the ancestral sequences, designated AncCDT-1W to
AncCDT-5W, were reconstructed using an alternative substitution model (WAG+I+I"+F,
compared with LG+I+I'+F for the ML ancestral sequences) and a phylogeny inferred
using this alternative substitution model. These alternative sequences were reconstructed
to assess the robustness of the phenotypes of the reconstructed ancestral proteins to
variation in the substitution model, and had sequence identities of >90% with the

corresponding ML ancestral sequences.

(271) Amino acid-binding proteins

(25) Ws0279

(9) Pu1068

0.3

Figure 3.3. Evolution of CDT from SBPs. Condensed ML phylogeny of CDT
homologues and AABPs inferred using the LG+I+I"+F evolutionary model. Branches are
labelled with bootstrap values from 100 replicates. The scale bar represents the mean
number of substitutions per site. The five compressed clades are labelled with the
corresponding number of sequences and the representative protein characterised in this
study, if applicable. The five ancestral nodes that were experimentally characterised
(AncCDT-1 to AncCDT-5) are labelled.
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The mean posterior probabilities (PPs) of the ancestral sequences ranged from
0.78 (AncCDT-2) to 0.89 (AncCDT-5; Table 3.2). The PP distributions at positions close
to the binding site, which are putatively important for amino acid binding or CDT activity,
are summarised in Figure 3.4. For AncCDT-3, 4 and 5, the ancestral states at these
positions were reconstructed unambiguously. For AncCDT-1 and 2, some positions have
plausible alternative reconstructions that correspond to conservative substitutions.
However, these uncertainties are unlikely to affect the inferred phenotypes of the ancestral

proteins, as discussed further in the context of the structure of AncCDT-1 in Section 6.2.1.

Table 3.2. Mean posterior probabilities (PPs) of ancestral CDT variants.

Protein Mean PP
AncCDT-1 0.80
AncCDT-2 0.79
AncCDT-3 0.85
AncCDT-4 0.85
AncCDT-5 0.89
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Figure 3.4. Posterior probability distributions of ancestral CDT variants. The
posterior probability (PP) distribution is shown at positions in the binding site putatively
important for amino acid binding or CDT activity. The PP distributions of AncCDT-4
and AncCDT-5 are identical to that of AncCDT-3, with the exception of position 80 in
ANncCDT-5 (P(Ser) = 0.70, P(Thr) = 0.30), and are therefore not shown. The sequences
of Ws0279, Pul068, Eall74 and PaCDT at the same positions are also given for

comparison.
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3.2.2 Functional characterisation of ancestral proteins
This section gives a summary of the functional characterisation of the ancestral proteins
completed by Joe Kaczmarski under my supervision. Each ancestral protein was tested
for CDT activity using the genetic complementation assay described in Section 3.1.2, in
which expression of CDT rescues the growth of E. coli phenylalanine auxotrophs that
lack prephenate dehydratase activity encoded by the gene pheA. Expression of
ANncCDT-3, 4 and 5 rescued the growth of ApheA cells in minimal media, with growth
rates increasing along the evolutionary trajectory, whereas expression of AncCDT-1 and
2 did not rescue growth (Figure 3.5a). Likewise, expression of AncCDT-3W, 4W and
5W, but not 1W or 2W, rescued growth of ApheA cells in minimal media, although there
was some variation in growth rates compared to AncCDT-3, 4 and 5 (Figure 3.5b). In
particular, AncCDT-3W transformants grew considerably faster than AncCDT-3

transformants, reaching maximal ODeoo in ~2 days rather than ~6 days.

AncCDT-1 to AncCDT-5 were also tested for amino acid binding by ITC. Amino
acid binding was detected only for AncCDT-1, which bound cationic amino acids with
high affinity: L-arginine (Kq = 0.32 uM), L-ornithine (1.2 uM), L-histidine (2.3 uM) and

L-lysine (6.7 uM).
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Figure 3.5. Genetic complementation of phenylalanine auxotrophs by ancestral and
extant CDT variants. Growth of E. coli ApheA cells transformed with (a) ancestral
proteins reconstructed using the LG substitution matrix, (b) ancestral proteins
reconstructed using the WAG substitution matrix, and (c) extant homologues of PaCDT
in M9-F media at 37 °C. Data represent mean + s.e.m. (n = 3 — 5). Growth of empty
vector transformants in selective M9—F media and unselective M9+F media are also

shown. The experiments represented in this figure were performed by Joe Kaczmarski.
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These results confirmed the hypothesis that CDT activity evolved on the branch
connecting AncCDT-1 and AncCDT-3. However, the function of the intermediate
AncCDT-2 remained unknown. To test whether this intermediate ancestral protein had a
function distinct from AncCDT-1 (an amino acid-binding protein) and AncCDT-3 (a
CDT), or was inactive because of errors in its reconstructed sequence, extant proteins
descended from AncCDT-2 and AncCDT-3 were also tested for CDT activity by genetic
complementation. The representative extant proteins that were characterised are Pu1068
from “Candidatus Pelagibacter ubique” and Eal 174 from Exiguobacterium antarcticum;
ANncCDT-2 is the LCA of Pu1068 and PaCDT, while AncCDT-3 is the LCA of Eall74
and PaCDT (Figure 3.3). Pu1068 did not exhibit CDT activity in the complementation
assay, whereas Eall74 exhibited CDT activity comparable with PaCDT, providing
further evidence that CDT activity evolved between AncCDT-2 and AncCDT-3 (Figure
3.5¢). Additionally, AncCDT-2 was purified and tested for promiscuous prephenate
dehydratase activity using an in vitro spectrophotometric assay for phenylpyruvate

formation, but no activity was detected.

The functions of the intermediate ancestral protein AncCDT-2 and a clade of
proteins descended from this ancestral protein therefore remained unresolved. In addition,
the function of the putative lysine-binding protein Ws0279 had not been confirmed. To
strengthen the argument that CDT evolved from an amino acid-binding protein via an
intermediate with a different function, functional characterisation of Ws0279 and Pu1068

was attempted.
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3.2.3 Functional characterisation of Ws0279
Ws0279 has been annotated as a putative lysine-binding protein on the basis of electron
density for L-lysine in the crystal structure (PDB: 3K4U). However, the electron density
in the binding site is somewhat ambiguous due to the low resolution of the structure (2.62
A), and because the electron density possibly reflects a mixture of structurally related
ligands retained during the purification and crystallisation processes. The protein was
therefore expressed in E. coli BL21(DE3) cells and purified by nickel affinity
chromatography and SEC. Ws0279 eluted from the size-exclusion column as a trimer (v
~ 194 mL, calculated MW ~ 75 kDa, theoretical MW for dimer/trimer = 56 kDa/84 kDa),
which was surprising because oligomerisation is rare in SBPs (Berntsson et al., 2010;
Ruggiero et al., 2014). However, the asymmetric unit of the crystal structure of Ws0279
contains two trimeric assemblies of the protein, supporting the conclusion that the protein

is a trimer in solution (Figure 3.6).

Figure 3.6. Trimeric structure of Ws0279. The Ws0279 trimer (PDB: 3K4U) is viewed
down the three-fold non-crystallographic symmetry (NCS) axis. The amount of surface
area buried per subunit, calculated using PISA (Krissinel and Henrick, 2007), is 3740 A2.
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The binding specificity of Ws0279 was confirmed by differential scanning
fluorimetry (DSF). This method relies on the fact that binding of a high-affinity ligand,
in most cases, increases the melting temperature (Tm) of a protein due to thermodynamic
coupling of unbinding and unfolding, which increases the free energy of unfolding (AGy)
(Niesen et al., 2007). The thermal denaturation of a protein is monitored using a
hydrophobic fluorescent dye, which binds to the hydrophobic regions of a protein that are
exposed in the unfolded state. As the dye is transferred from an aqueous environment to
a hydrophobic environment, its fluorescence is unquenched. Since fluorescence can be
monitored conveniently in 96-well or 384-well plates, DSF is a useful high-throughput

method to test the effect of ligands on protein thermostability as a proxy for binding.

Using DSF, Ws0279 was tested for binding of all proteinogenic amino acids
except L-cysteine, as well as four non-proteinogenic amino acids that are also bound by
some AABPs (D-alanine, D-serine, L-ornithine and L-cystine). This experiment confirmed
that Ws0279 is a specific L-lysine binding protein; Ws0279 was significantly stabilised
by 10 mM L-lysine (ATm = 7.2 °C) and 10 mM L-arginine, to a lesser extent (2.4 °C)
(Figure 3.7a). The Tm increase observed for Ws0279 in the presence of 1 mM L-lysine
(6.1 °C) is comparable with the Tr, increases reported for other AABPs in the presence of

their physiological ligands under similar conditions (=5 °C) (Giuliani et al., 2008).

We also tested binding of amino acids to AncCDT-1 by DSF to compare the
binding specificities of AncCDT-1 and Ws0279 directly. As expected, AncCDT-1 was
significantly stabilised by L-arginine (ATm = 6.8 °C), L-ornithine (5.8 °C), L-lysine (4.5
°C) and L-histidine (2.7 °C), each at a concentration of 10 mM (Figure 3.7b). Comparison
of the AT profiles of AncCDT-1 and Ws0279 shows that AncCDT-1 has broader ligand

specificity than Ws0279. If our reconstruction of AncCDT-1 faithfully reproduces the
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phenotype of the LCA of Ws0279 and PaCDT, specificity towards L-lysine was not the

ancestral phenotype and must have evolved in the Ws0279 lineage.
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Figure 3.7. Amino acid binding profiles of Ws0279 and AncCDT-1. (a) Ws0279; (b)

ANncCDT-1. Left panel: Examples of thermal denaturation data from DSF: normalised

fluorescence intensity as a function of temperature. L-lysine and L-arginine give the

largest increases in melting temperature (Tm) for Ws0279 and AncCDT-1, respectively.

Three replicates are shown for each sample (protein only and protein + 10 mM ligand).

Right panel: T values for each protein in the presence of 1 mM or 10 mM amino acids,

derived from a Boltzmann fit to the temperature-dependent fluorescence data, compared
to a protein-only control. The T of Ws0279 was 57.6 £ 1.0 °C and the T of AncCDT-1

was 77.2 +£ 0.8 °C (mean * s.d., n = 10). Asterisks indicate a significant increase in Tm

with 10 mM ligand compared to the control by one-way ANOVA with Dunnett’s test for
multiple comparisons (**P < 0.01, ****P < 0.0001).
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3.2.4 Structure and function of Pu1068
Pul068 originates from the oligotrophic oceanic bacterium “Candidatus Pelagibacter
ubique” of the SAR11 clade of a-proteobacteria. “Ca. P. ubique” has the smallest genome
(1.31 x 10° bp) and the fewest genes (1354 open reading frames) of any known free-living
organism, but has retained the majority of core metabolic functions (Giovannoni et al.,
2005). Its streamlined genome also contains a relatively high proportion of transport
proteins, especially high affinity SBP-dependent ABC transporters, which are important
for scavenging in a nutrient-poor marine environment (Giovannoni et al., 2005). Genomic
context suggests that the gene Pul068 encodes a solute-binding protein involved in an
ABC transport system rather than an enzyme; Pul1068 is immediately upstream of a gene
encoding the transmembrane component of an ABC transporter (ginP) (Figure 3.8).
Pul068 also appears to be co-transcribed with four genes encoding an amine demethylase

of the heterotetrameric sarcosine oxidase family (SoxBDAG) (Figure 3.8).

Pu1068
soxB soxD SOXA soxG (pheC) ginP 1071

D IO DOOD

Figure 3.8. Genomic context of Pul1068 in “Ca. P. ubique” strain HTCC1062. The

length of the genomic region shown is 6945 nt.
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Pul068 was expressed in E. coli BL21(DE3) cells and purified by nickel affinity
chromatography and SEC. The protein eluted as a monomer (v ~ 234 mL, calculated MW
~ 19 kDa; theoretical MW for monomer = 28 kDa). DSF experiments confirmed that
Pul068 is not an amino acid-binding protein; no significant increase in Tm (>2 °C)

indicative of a potential interaction was observed in the presence of any amino acid

(Figure 3.9).
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Figure 3.9. Pul068 is not an amino acid-binding protein. (a) Example of thermal
denaturation data for Pu1068 from DSF. Normalised fluorescence intensity as a function
of temperature in the absence (grey) and presence (black) of 10 mM L-arginine. Four
replicates are shown for each condition. (b) Tm of Pu1068 in the presence of amino acids,
derived from a Boltzmann fit to the temperature-dependent fluorescence data, compared
to a protein-only control. T values represent mean + s.d. (n = 2 — 4). Each amino acid
was tested at a concentration of 10 mM, except Ser, Trp, Tyr and Cyi, which were tested
at a concentration of 1 mM. The Tr, of Pu1068 in the absence of amino acids was 41.3 +
0.8 °C (mean £ s.d., n = 14).
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We next attempted to identify the function of Pu1068 by solving its X-ray crystal
structure. Since SBPs bind their cognate ligands with high affinity, they often co-purify
and co-crystallise with their ligands if they are available in the expression system.
Electron density in crystal structures of sufficiently high resolution (>2 A) can guide
proposals for the structure of the ligand, which can be confirmed using mass spectrometry
and functional assays such as DSF or ITC. A major advantage of this approach is that it
requires no prior knowledge of the physiological ligand of the SBP. There are numerous
examples of the use of X-ray crystallography to identify the ligands of AABPs (Deka et
al., 2004; Muller et al., 2005); another notable example of this strategy is a recent
functional genomics project that resulted in identification of ten novel ligands for SBPs
of the tripartite ATP-independent periplasmic transporter class from X-ray crystal

structures (Vetting et al., 2015).

Crystallisation conditions for Pu1068 were identified using sparse-matrix screens.
A crystal grew in a drop containing 18% (w/v) PEG 8000, 10% (v/v) PEG 200, 0.1 M
Bis-Tris propane pH 9.0 as the precipitant. An optimised crystal grew in a drop containing
24% (w/v) PEG 8000, 5% (v/v) PEG 400, 0.1 M Bis-Tris propane pH 9.0 as the
precipitant. Using X-ray diffraction data collected from this crystal, the structure of
Pu1068 was solved by molecular replacement at 1.6 A resolution. Data collection and

refinement statistics are given in Table 3.3.

Pul068 adopted an open conformation in the crystal structure, which was
indicative of an absence of bound ligand (Figure 3.10a). There are several possible
explanations for the absence of bound ligand in the crystal structure: Pu1068 may bind a
metabolite that is not produced by E. coli in sufficient amounts under the given culture
conditions, the ligand may have unbound during the purification process, or Pu1068 may

be an enzyme rather than a binding protein.
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Table 3.3. Data collection and refinement statistics for Pul068.

Structure Pul068 (apo) Pul068/NDSB-221
PDB code S5HMT 5KKW
Data collection
Wavelength (A) 1.0332 0.9537
Space group P212121 P43
Cell dimensions

a, b, c(A) 38.73, 65.87, 90.97 77.69, 77.69, 44.80

a, B,y (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution range (A) 37.43-157(1.59-157) 38.84-1.88(1.92-1.88)
Rmerge (%) 12.9 (167.8) 7.8 (58.1)
CCus2 (%) 99.8 (56.6) 99.8 (67.7)
I/ o(1) 12.7 (1.9) 17.2 (3.0)
Completeness (%) 97.3 (96.6) 95.7 (67.7)
Multiplicity 11.5 (10.8) 7.4 (6.2)
Refinement
Resolution range (A) 37.43-157 38.86 — 1.88
Number of reflections 30761 19884
Rwork/Rfree (%) 18.25/21.30 20.50/23.76
No. of atoms

Protein 1885 1858

Water 207 95

Ligand - 14

Sulfate — 5
Average B factors (A?)

Protein 14.96 28.84

Water 23.50 29.92

Ligand - 43.85

Sulfate - 73.61
R.m.s. deviations

Bond lengths (A) 0.0249 0.0196

Bond angles (°) 2.20 1.92
Ramachandrant (%)

Favoured 97.9 95.8

Allowed 2.1 4.2

Disallowed 0 0

*Values in parentheses refer to highest resolution shell.

TFrom PDB validation report.
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Figure 3.10. Crystal structure of Pul068. (a) Crystal structure of Pu1068. The protein
adopts an open conformation with a large cavity between the two domains. (b)
Comparison of the binding sites of Pu1068 (grey) and Ws0279, bound to L-lysine (green).
The closed conformation of Pu1068 was modelled by superimposition of the two domains
separately onto the structure of Ws0279. Two major structural differences explain the
inability of Pu1068 to bind amino acids: the substitution D170S and the deletion 176A,
which reorients the carbonyl group of Ser78, both remove conserved interactions with the

amino group of the bound amino acid.

Comparison of the binding sites of Ws0279 and Pul068 suggests that there are
two major structural differences that account for the inability of Pu1068 to bind amino
acids (Figure 3.10b): the substitution D170S and the deletion I76A, which repositions the
carbonyl group of Ser78 in a binding site loop, both remove conserved interactions with
the amino group of the bound amino acid?. On the other hand, interactions between
Pul068 and the carboxylic acid group, via Thr80, Arg85, and Serl32, appear to be
conserved, suggesting that Pu1068 has retained the ability to bind carboxylic acids. The
structure of Pul1068 also has a number of implications for the evolution of CDT activity,

which are explored in Section 6.2.3.

2 Throughout this thesis, residues in extant CDT homologues (Ws0279, Pul1068, Ea1174 and PaCDT) are
numbered according to the equivalent position in the ancestral proteins.
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Continuing under the assumption that Pu1068 is an SBP, the protein was screened
for binding against two libraries of small molecules by DSF; these experiments were done
by the CSIRO Collaborative Crystallisation Centre. Firstly, Pu1068 was screened against
the Silver Bullets Bio Screen, a commercial screen containing 260 biologically relevant
molecules, including amino acids, cofactors, nucleotides, sugars, enzyme inhibitors, and
metabolic intermediates in a redundant 96-well plate format (i.e., each molecule appears
in multiple wells). No compounds in the Silver Bullets Bio Screen significantly increased
the thermostability of Pul068 under the given conditions (Figure 3.11a), although no
melting transitions could be observed for 17 conditions, including the six conditions
containing fluorescent compounds; thus, use of an alternative screen or further
optimisation of the protocol for use of the Silver Bullets Bio screen in a DSF format would

be beneficial.

Next, the protein was screened for increased stability against a subset of the
Hampton Solubility & Stability Screen, which contains compounds intended to increase
the stability of proteins, including some non-biological compounds (Figure 3.11b). Large
increases in the Tm of Pul068 were observed in the presence of the sulfobetaines
NDSB-221 (3-(1-methylpiperidinium-1-yl)propane-1-sulfonate) and NDSB-256 (3-
(benzyldimethylammonio)propane-1-sulfonate), which gave ATm values of 7.5 °C and 4.4
°C, respectively, at the highest concentration. Smaller increases in Tm Were also observed
in the presence of dicarboxylates such as sodium succinate (ATm = 4.1 °C at the highest
concentration), sodium malonate (3.6 °C), and bL-malic acid (3.6 °C), supporting the
hypothesis that Pul068 retained the ability to bind carboxylates. However, since the
screen contains very high concentrations of these molecules (10-400 mM), the modest

Tm increases observed with dicarboxylates are not indicative of high-affinity binding.
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Figure 3.11. DSF screening of Pul068 against small molecule libraries. (a) Silver
Bullets Bio Screen. ATm for each condition compared to the median Tr, for all conditions
(41.6 °C) is shown. (b) Hampton Solubility & Stability Screen. AT for each condition
compared to the T of a protein-only control (39.7 + 0.2 °C, mean * s.d.) is shown. The
concentration of each ligand used in the Hampton Solubility & Stability screen is given

in Appendix I.

We suspected that the non-biological sulfobetaines that increased the
thermostability of Pu1068 in the DSF assay might mimic the physiological ligand of the
protein. To first provide evidence that NDSB-221 binds specifically to Pul068, rather

than non-specifically stabilising the protein, the interaction was characterised by intrinsic
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tryptophan fluorescence spectroscopy. NDSB-221 elicited an increase in the fluorescence
of Pu1068 of up to 20%, and titration of the protein with the ligand gave a Kq of 0.53 mM
for the interaction (Figure 3.12). The large increase in the tryptophan fluorescence of
Pul068 upon addition of NDSB-221, indicative of a substantial change in the
microenvironment of tryptophan residues in the protein, supports the hypothesis that
NDSB-221 is a specific ligand of Pul068; the binding site contains two tryptophan
residues (Trp22 and Trp60) that are solvent-exposed in the unliganded state and are the
most likely source of the increase in tryptophan fluorescence upon binding of the

sulfobetaine.
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Figure 3.12. Characterisation of the interaction between Pu1068 and NDSB-221 by
fluorescence spectroscopy. (a) Fluorescence spectrum of Pul068 in the presence and
absence of 10 mM NDSB-221, with an excitation wavelength of 280 nm. (b)
Fluorescence titration of Pu1068 with NDSB-221: peak fluorescence is plotted against
the concentration of ligand. Two separate titrations are shown. Fitting the data to a
Boltzmann function gives a Kq of 0.53 mM and a maximum fluorescence change of 20%.
The structure of NDSB-221 is inset.
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Computational metabolite docking has emerged as a useful strategy for the
functional annotation of enzymes (Jacobson et al., 2014; Zhao et al., 2013). This method
can also be applied to identify the physiological ligand of an SBP, provided that an
accurate model of the closed conformation adopted in the presence of the ligand is
available. Therefore, we next solved the crystal structure of the Pul068/NDSB-221
complex to obtain a model of the ligand-bound conformation of the protein that might be
suitable for metabolite docking. New conditions for the co-crystallisation of Pu1068 and
NDSB-221 were identified using sparse-matrix screens. Crystals were obtained using 0.1
M Tris pH 8.5, 0.2 M lithium sulfate, 30% PEG 4000 as the precipitant. Optimisation of
this condition yielded the crystal used for structure determination, which grew in a
hanging drop containing 0.1 M MES pH 6.5, 0.1 M lithium sulfate, 27% PEG 3350 as the
precipitant and diffracted to ~1.9 A. This crystal belonged to space group P4; and was
not isomorphous with the crystal of unliganded Pul068 (space group P2:12:121). The
structure of the Pul068/NDSB-221 complex was solved by molecular replacement using
the two domains of the unliganded Pul068 structure as separate search models. Data

collection and refinement statistics are given in Table 3.3 (p. 113).

The crystal structure of the Pul068/NDSB-221 complex shows that the protein
remains in an open conformation when bound to NDSB-221 (Figure 3.13a). NDSB-221
binds at the expected binding site of Pu1068, but interacts only with the large domain and
remains solvent-exposed, probably because this low-affinity ligand is unable to induce
closure of the protein (Figure 3.13b). The sulfonate group of the ligand forms interactions
with Thr80 and Arg85; analogous interactions with the carboxylate group of a-amino
acids are seen in AABPs. As expected from the fluorescence spectroscopy data, the ligand
also forms hydrophobic and cation-n interactions with Trp22 and Trp60. Although the

electron density surrounding the piperazine ring of the ligand is ambiguous, possibly
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reflecting partial occupancy or multiple binding modes, the identity of the ligand is

established by strong electron density for the heavy sulfur atom (Figure 3.13b).

Figure 3.13. Crystal structure of the Pul068/NDSB-221 complex. (a) Comparison of
the structures of unliganded Pul068 (red) and the Pul068/NDSB-221 complex (grey).
(b) Binding mode of NDSB-221. Electron density for the ligand is shown by an mF, —

dFc omit map contoured at +3c (green) and +10c (yellow).

Having shown via fluorescence spectroscopy and X-ray crystallography that
NDSB-221 is a specific ligand of Pul068, and considering the possibility that this
sulfobetaine mimics the physiological ligand of Pu1068, we evaluated binding of a small
number of biologically relevant osmolytes with betaine-like and carboxylic acid or
sulfonic acid functionalities (glycine betaine, DL-carnitine, y-butyrobetaine, taurine and
dimethylsulfoniopropionate) using a combination of DSF and fluorescence spectroscopy.
However, no evidence for binding of these molecules to Pu1068, even with low affinity,

was obtained.
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3.3 Discussion

Overall, reconstruction and experimental characterisation of intermediates in the
evolution of CDT, reinforced by functional characterisation of extant homologues of the
enzyme, supported the conclusion that CDT evolved from a cationic amino acid-binding
protein, most likely via an intermediate SBP of unknown function. AncCDT-1 and
Ws0279 are both cationic amino-acid binding proteins, albeit with different binding
specificities: Ws0279 exhibits specificity towards L-lysine, whereas AncCDT-1
additionally has high affinity for L -arginine, L -histidine and L -ornithine. Loss of affinity
towards amino acids appears to have occurred on the branch of the CDT phylogeny
joining AncCDT-1 and AncCDT-2; AncCDT-2 and its extant descendant Pu1068 do not
display affinity towards amino acids. The observation that AncCDT-3, Eall74 and
PaCDT, but not AncCDT-2 and Pul068, have CDT activity is consistent with the
evolution of CDT activity having occurred on the branch of the CDT phylogeny joining
AncCDT-2 and AncCDT-3. The functions of the intermediate proteins, AncCDT-2 and

Pu1068, remain unresolved.

Although the physiological ligand of Pul068 has not yet been identified, some
general conclusions are supported by the experimental data. Firstly, the structural motif
that interacts with the carboxylate group of amino acid ligands in AABPs is also
conserved in Pu1068, and the protein is stabilised by high concentrations of carboxylates
and sulfonates (which are analogous), together suggesting that the physiological ligand
of the protein is a carboxylate. Thus, focussed metabolite libraries containing high
proportions of carboxylates, which have been developed for the functional annotation of
SBPs of the tripartite ATP-independent periplasmic transporter family (Vetting et al.,
2015), may also be useful for the functional annotation of Pu1068. Secondly, Pul068

binds NDSB-221 with low affinity, and this molecule could have some structural
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similarity with the physiological ligand of the protein. Although the sulfobetaine
functionality of NDSB-221 was strongly suggestive of osmolytes that are abundant in the
marine environment, such as glycine betaine and dimethylsulfoniopropionate (Reisch et
al., 2011; Sleator and Hill, 2002), binding of these molecules to Pu1068 was not detected;
therefore, other classes of compounds should be considered in future experiments.
Thirdly, the fact that Pu1068 could not be co-purified with its ligand suggests that the
ligand is not likely to be present in the E. coli metabolome, although dissociation of the
Pul068-ligand complex during purification is an alternative possibility. Given that the
secondary metabolic capabilities of “Ca. P. ubique” are extremely limited due to its
streamlined genome (Giovannoni et al., 2005), absence of the ligand of Pu1068 from the

E. coli metabolome would place a significant constraint on the identity of this ligand.

Consideration of the biological context of Pul068 could also assist with the
functional characterisation of this protein. Metaproteomic analysis showed that Pu1068
has relatively low abundance compared with other transport-associated proteins in
SAR11 bacteria (Sowell et al., 2009). However, Pul068 transcripts were significantly
enriched in the SAR11 metatranscriptome following addition of high-molecular weight
dissolved organic matter, whereas transporters in general were underrepresented under
the same conditions (Sharma et al., 2014). Other changes in gene expression, particularly
the enrichment of the formate-tetrahydrofolate ligase gene, suggested that nitrogen
acquisition and energy production stimulated by the addition of high-molecular weight
dissolved organic matter resulted from flux of methylated nitrogen compounds through
one-carbon oxidation pathways. Given the differential expression of Pu1068 under these
conditions, and the co-transcription of Pul068 with a homologue of sarcosine oxidase,
soxBDAG, which would also be involved in one-carbon oxidation of N-methylamines
(Sun et al., 2011), it was suggested that Pu1068 might be involved in the uptake of

methylated nitrogen compounds (Sharma et al., 2014). N-methyl-L-glutamate, which
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contains both N-methylamine and carboxylate functionalities and has been proposed as a
potential substrate of SOxBDAG (Sun et al., 2011), is one conspicuous possibility for the
physiological ligand of Pu1068. Continuing research into the metabolism, physiology and
nutritional requirements of SAR11 bacteria (Carini et al., 2013, 2014; Sun et al., 2011;

Tripp, 2013) will provide further information relevant to the biological role of Pu1068.

Although the function of AncCDT-2 has not been confirmed, this ancestral
protein, corresponding to the LCA of Pul068 and PaCDT, most likely had a similar
function to Pul068, given that the reconstructed ancestral protein did not exhibit CDT
activity or affinity towards amino acids. Although this phenotype could have resulted
from errors in the reconstruction of the sequence of AncCDT-2, the hypothesis that
AncCDT-2 had the same function as Pul068 is nevertheless more plausible given the
phylogeny of CDT. The proposition that AncCDT-2 had CDT activity implies the
evolution of an SBP (Pul068) from a CDT, which is unlikely because the association
between CDT and the transmembrane component of the ancestral SBP-dependent ABC
transporter would have degenerated after the change in function from solute transport to
catalysis. Furthermore, directed evolution experiments (Section 4.2.2) showed that a
considerable number of substitutions are required to recapitulate CDT activity in
AncCDT-2, including substitutions that are not represented in the posterior probability
distribution of AncCDT-2 (i.e. not including substitutions towards alternative plausible
reconstructions of AncCDT-2). On the other hand, the proposition that AncCDT-2 was
an amino acid-binding protein, similar to AncCDT-1, would imply convergent evolution
of a number of structural features shared by Pul068 and PaCDT (discussed in Section
6.2.3), and is therefore unparsimonious. Therefore, the most likely evolutionary scenario
given the existing experimental data is that CDT evolved from a cationic amino acid-
binding protein via an intermediate with the same function as Pul068, making this

ancestral protein a functional intermediate between AABPs and CDT.
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3.4 Materials and methods

3.4.1 Materials
pDOTS7 is a derivative of pQE-82L (QIAGEN) modified to enable Golden Gate cloning
(Engler et al., 2008), and was created by removal of the Sapl site from pQE-82L and
introduction of two reciprocal Sapl sites following the Hisg tag, with the Sapl sites
separated by a 28 bp stuffer fragment. This vector was obtained from Prof. Harald
Janovjak (IST Austria). Codon-optimised synthetic genes encoding Ws0279 (UniProt:
Q7MAGO; residues 24-258) and Pul068 (UniProt: Q4FLR5; residues 19-255), cloned
into the Sapl site of the pDOTS7 vector using the Golden Gate method, were obtained

from Joe Kaczmarski.

3.4.2 Phylogenetics and ancestral protein reconstruction
The protein sequences of 113 homologues of Ws0279 and PaCDT were collected from
the NCBI reference sequence database using the BLAST server. The sequences were
aligned in MUSCLE (Edgar, 2004), and the alignment was edited to remove N-terminal
signal peptides and large insertions. The resulting alignment was combined with a subset
of a previous alignment of representative AABP sequences (Section 2.4.1) by profile-
profile alignment in MUSCLE. The final alignment contained sequences of 113 CDT
homologues and 271 outgroup AABPs. Phylogenetic analysis was done using the ML
method implemented in PhyML (Guindon et al., 2010). Evaluation of BIONJ trees
reconstructed using different amino acid substitution models, using the Akaike
information criterion as implemented in ProtTest (Abascal et al., 2005), supported the use
of the WAG substitution matrix with gamma-distributed rate heterogeneity, a fixed
proportion of invariant sites, and equilibrium amino acid frequencies estimated from the
data (WAG+I+I'+F model). Phylogenies were reconstructed in PhyML by optimisation
of an initial BIONJ tree by the nearest-neighbour interchange and subtree pruning and
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regrafting algorithms. Robustness of the resulting tree topology to the substitution model
was assessed by repeating the analysis using the LG and JTT substitution matrices
(LGITT+I+I'+F models), and convergence to the ML tree was checked by repeating the
analyses with ten randomised initial trees. Although the resulting trees had essentially
identical topologies, the tree inferred using the LG+I+I'+F model had the highest
likelihood and was therefore taken as the ML tree. Reconstruction of ancestral protein
sequences was performed using the empirical Bayes method implemented in PAML

(Yang, 2007).

3.4.3 Protein expression and purification
Ws0279 and AncCDT-1 were expressed in E. coli BL21(DE3) cells grown in Luria-
Bertani (LB) medium (Ws0279) or Terrific Broth (TB) medium (AncCDT-1)
supplemented with 100 mg/L ampicillin to ODegoo ~0.7 at 37 °C, induced with 1 mM
IPTG, and incubated for a further 20 h at 37 °C. Pul068 was expressed in E. coli
BL21(DE3) cells grown in auto-induction media (Section 2.7.4) at 37 °C for 24 h. The
proteins were purified by Ni-NTA affinity chromatography under native conditions,

followed by SEC, as described in Section 2.7.5.

3.4.4 Differential scanning fluorimetry
Differential scanning fluorimetry (DSF) experiments to test Ws0279, AncCDT-1 and
Pul068 for amino acid binding were done using a ViiA 7 real-time PCR instrument
(Thermo Scientific). 100 mM aqueous amino acid solutions were stored at —20 °C.
Reaction mixtures contained 5 uM protein in DSF buffer, 5x SYPRO orange dye (Sigma-
Aldrich) and 1 mM or 10 mM ligand in a total volume of 20 pL, and were dispensed onto
a 384-well PCR plate, at least in triplicate. At least ten replicates of ligand-free control
were also included on each plate. Fluorescence intensities were monitored continuously

as the samples were heated from 20 °C to 99 °C at a rate of 0.05 °C/s, with excitation at
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580 nm and emission at 623 nm. Melting temperatures were determined by fitting the
data to a Boltzmann function (Eq. 3.1), with the parameters A and C (accounting for the

slopes of the pre- and post-transition baselines) fixed at zero if possible.

Cx+D .
y=Ax+B + (3.1)

1+ exp(TmE x)

Pul068 was screened for thermostability against the Silver Bullets Bio Screen
(Hampton Research) and a subset of the Solubility and Stability Screen (Hampton
Research) by the CSIRO Collaborative Crystallisation Centre (www.csiro.au/C3),
Melbourne, Australia. For the Silver Bullets Bio Screen, reaction mixtures containing 0.1
ug Pul068, 1.875x SYPRO orange, and 2 pL ligand mixture in a total volume of 10 pL
were dispensed onto a 384-well PCR plate in quadruplicate. For the Solubility and
Stability Screen, the reaction mixtures contained 0.3 pg Pul068, 3.75x SYPRO orange
and 5 pL ligand in a total volume of 20 uL, in a 96-well plate format; each ligand was
tested at three concentrations and three replicates of a ligand-free control were also
included. Fluorescence intensities were measured on a BioRad CFX384 real-time PCR
instrument with excitation at 490 nm and emission at 570 nm. The temperature was
ramped from 20 °C to 100 °C at a rate of 0.05 °C/s, and the fluorescence intensity was
measured at 0.5 °C intervals. Melting temperatures were taken as the temperature at the
minimum of the first derivative of the melt curve, which was determined by fitting the
data to a quadratic function in the vicinity of the melting temperature using GraphPad

Prism 7 or Meltdown software (Rosa et al., 2015).

3.4.5 Crystallisation and structure determination of Pul1068.
Initial crystallisation conditions for apo Pu1068 were identified from the Crystal Screen,
Index, PEGRx and PEG/lon high-throughput crystal screens (Hampton Research); sitting

drops containing 0.2 pL protein (18 mg/mL in 10 mM Tris pH 8.0, 100 mM NacCl) and
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0.2 uL precipitant were prepared in 96 well plates using a Cartesian Honeybee instrument.
One crystal grew in a drop containing 18% (w/v) PEG 8000, 10% (v/v) PEG 200, 0.1 M
Bis-Tris propane pH 9.0 as the precipitant. The crystal used for data collection grew from
a hanging drop at 18 °C containing 1.5 pL protein (18 mg/mL Pu1068 in 10 mM Tris pH
8.0, 100 mM NacCl, 10% glycerol) and 1.5 puL 24% (w/v) PEG 8000, 5% (v/v) PEG 400,
0.1 M Bis-Tris propane pH 9.0 as the precipitant. The crystal was flash frozen in a
nitrogen stream at 100 K without cryoprotectant. Diffraction data were collected at 100
K on the MX2 beamline at the Australian Synchrotron at a wavelength of 1.0332 A. The
diffraction data were indexed and integrated in iIMOSFLM (Battye et al., 2011), and
scaled in Aimless in the CCP4 package (Winn et al., 2011). The structure was solved by
molecular replacement in Phaser (McCoy et al., 2007), using the two domains of PaCDT
(PDB: 3KBR) as separate search models. Residues 27-122 and 221-258 of PaCDT were
taken as the large domain, and residues 123-220 were taken as the small domain. The
model of Pu1068 was built manually in Coot (Emsley et al., 2010) and refined by iterative
reciprocal space-real space refinement in REFMACS5 (Murshudov et al., 1997) and Coot.

Crystallisation conditions for the Pul1068/NDSB-221 complex were identified
using the SG1 sparse-matrix screen (Molecular Dimensions) by preparing sitting drops
containing 1 pL protein (24 mg/mL Pu1068 in 10 mM Tris pH 8.0, 50 mM NacCl, 10 mM
NDSB-221) and 1 uL precipitant. Crystals were obtained using 0.1 M Tris pH 8.5,0.2 M
Li>SO4, 30% PEG 4000 as the precipitant. Optimisation of this crystal condition yielded
the crystal used for structure determination, which grew from a hanging drop at 18 °C
containing 1 pL protein and 1 pL 0.1 M MES pH 6.5, 0.1 M Li2SOs, 27% (w/v) PEG
3350 as the precipitant. The crystal was flash frozen without cryoprotection in a nitrogen
stream at 100 K. X-ray diffraction data was collected at 100 K on the MX1 beamline of
the Australian Synchrotron at a wavelength of 0.9537 A. The data were indexed and
integrated in XDS (Kabsch, 2010), and scaled in Aimless (Winn et al., 2011). The
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structure of the Pul068/NDSB-221 complex was solved by molecular replacement in
Phaser (McCoy et al., 2007), using the two domains of the apo Pul068 structure as
separate search models. The structure was refined by iterative reciprocal space-real space
refinement in REFMACS5 (Murshudov et al., 1997) and Coot (Emsley et al., 2010).
Geometric restraints for NDSB-221 were generated using eLBOW in the Phenix package
(Adams et al., 2010). Translation-libration-screw parameters for one group of atoms were
included in the final round of reciprocal space refinement in REFMACS. The coordinates
and structure factors for the crystal structures of Pu1068 have been deposited in the PDB

under accession codes SHMT (apo) and 5KKW (NDSB-221 complex).

3.4.6 Intrinsic tryptophan fluorescence spectroscopy
Intrinsic tryptophan fluorescence spectra were recorded using a Cary Eclipse fluorescence
spectrophotometer. Protein samples were prepared at a concentration of 5 uM in DSF
buffer. The excitation wavelength was 280 nm, and emission was measured between 300
nm and 400 nm. Following addition of each ligand aliquot, the sample was incubated at

ambient temperature for 1 min before the fluorescence spectrum was recorded.
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Chapter Four

Evolution of an enzyme from a
solute-binding protein. Part Il

Genetics.
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4.1 Summary

The aim of the work described in this chapter was to identify the amino acid substitutions
required for the gain of CDT activity in ancestral SBPs. Initial attempts to identify the
substitutions required to introduce catalytic activity into AncCDT-2 by site-directed
mutagenesis, based on molecular docking and MD simulations of the PaCDT-arogenate
complex and analysis of sequence conservation in CDT homologues, were unsuccessful.
However, directed evolution of the mutagenised AncCDT-2 gene using incorporation of
synthetic oligonucleotides via gene reassembly (ISOR) did yield variants with CDT
activity. Two further rounds of ISOR were used to remove unnecessary substitutions from
these AncCDT-2 variants, culminating in the identification of a CDT variant with only
six substitutions relative to AncCDT-2. Furthermore, recombination of AncCDT-2D2
and AncCDT-3 using the staggered extension process (StEP) vyielded variants of

AncCDT-3 with higher catalytic activity.
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4.2 Results

4.2.1 Mutational basis for CDT evolution: site-directed mutagenesis
Having shown the plausibility of an evolutionary transition from a cationic amino acid-
binding protein to a CDT, our next goal was to identify the specific amino acid
substitutions that were necessary for this functional transition. We considered this
problem in two parts, attempting to identify the substitutions necessary to introduce
catalytic activity into AncCDT-2 before identifying the remaining substitutions necessary
to introduce catalytic activity into AncCDT-1. AncCDT-1 and AncCDT-3 are separated
by 77 substitutions, while AncCDT-2 and AncCDT-3 are separated by 36 substitutions.
To assess the potential role of each of these substitutions for catalytic activity, and to
choose substitutions to introduce by site-directed mutagenesis, the structure of PaCDT

and the sequences of CDT homologues were analysed.

The structure of the PaCDT-arogenate complex was modelled by molecular
docking in AutoDock Vina (Trott and Olson, 2010), using the crystal structure of PaCDT
bound to 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), which shares
some fortuitous similarities with the cyclohexadiene substrates of the enzyme and binds
at the interface of the two o/f3 domains (Figure 4.1). The amino acid binding site, which
is strictly conserved in all amino acid-binding proteins, is also conserved in PaCDT,;
therefore, only poses that placed the amino acid moiety of L-arogenate near this site were
considered plausible. Two poses with energies of —31.4 kJ/mol and —25.9 kJ/mol fulfilled

this criterion (Figure 4.2).
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HEPES Prephenate

Figure 4.1. Crystal structure of the PaCDT-HEPES complex. HEPES binds at the
interface of the two domains of PaCDT (PDB: 3KBR). The structures of HEPES and

prephenate are shown for comparison.

Figure 4.2. Docking of L-arogenate into the active site of PaCDT. Two poses are
shown: (a) Pose 1: E = —-31.4 kJ/mol. (b) Pose 2: E = —25.9 kJ/mol. Residues forming

direct polar interactions with the substrate are labelled.
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In the lowest energy pose of the PaCDT-arogenate complex (pose 1), Gly78,
Arg85, Thr132 and Aspl170 form canonical interactions with the amino acid moiety of
L-arogenate, and Lys100 forms an additional electrostatic interaction with the carboxylate
group. The backbone amide groups of Thr132 and Asn133 interact with the departing
carboxyl group. Glul73 is positioned near the departing hydroxyl group; this residue is
therefore a candidate for the general acid necessary for catalysis of the elimination
reaction. Indeed, the pKa of Glul73 estimated using PROPKA (Olsson et al., 2011) is

6.57, consistent with this residue being protonated close to physiological pH.

In the other pose of the PaCDT-arogenate complex (pose 2), Gly78, Ser80, Arg85
and Asp170 form canonical interactions with the amino acid group of the substrate, while
Lys100 binds the departing carboxyl group and Asnl128 binds the hydroxyl group.
Overall, pose 2 reproduces the expected interactions between PaCDT and the amino acid
moiety of L-arogenate more closely, whereas pose 1 appears to enable stronger
interactions between PaCDT and the departing carboxylate group of the substrate, and

suggests a plausible catalytic residue.

To test the robustness of the docking results, MD simulations of the PaCDT-
arogenate complex were performed. L-arogenate was used for the simulations rather than
prephenate because the amino group is already parameterised in the GROMOS 53a6 force
field, whereas the ketone group is not. The main advantage of MD simulations over
molecular docking in this context is that the assumption that the enzyme is rigid or
partially rigid, with flexibility limited to sampling of different side chain rotamers, can be
relaxed; in an MD simulation, conformational space around the docked pose can be
sampled to optimise interactions with the substrate. This was considered particularly
important in the case of CDT, since its active site is located at the interface of two domains

connected by a flexible hinge. Indeed, as shown in Sections 5.2.1 and 5.2.2, the
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conformation of PaCDT observed in the HEPES-bound structure is substantially different
from the conformation of the apo-enzyme. In addition, the quality of the force field
parameters for the substrate, L-arogenate, could be assured as most of the functional
groups in L-arogenate (all except the alkene group) are found in proteinogenic amino

acids and could be extracted from existing, validated force fields.

Two 50 ns simulations were initialised from each of the docking poses shown in
Figure 4.2. Although PaCDT is trimeric, the enzyme-substrate complex was simulated as
an isolated monomer to reduce computational cost. Because no evidence of cooperativity
between subunits has been found (Zhao et al., 1992) and the ancestral CDT variants are
monomeric (Joe Kaczmarski, unpublished results), indicating that oligomerisation is not
required for catalytic activity, simulation of the monomer was considered sufficient for
the purposes of identifying interactions between the substrate and enzyme. The
quaternary structure of PaCDT and its possible consequences for catalysis are discussed

in further detail in Chapter 5.

The substrate remained bound to the enzyme for the duration of the four
simulations. The poses of the enzyme-substrate complex that are most frequently
observed are similar to pose 1, even for the simulations initialised from pose 2 (Figure
4.3). The amino acid moiety of L-arogenate interacts frequently with Tyr22, Gly78, Ser80
and Arg85, whereas direct interactions between the amino group and Aspl170 (a highly
conserved residue that binds the amino group in AABPS) are rare. The departing
carboxylate group of L-arogenate is persistently bound by a set of backbone amide groups
in an active site loop (Gly131, Thr132, Asn133) and the side-chain of Asn133. Asn128
and Lys100 also interact occasionally with the departing carboxylate group. Fewer
interactions between PaCDT and the departing hydroxyl group of L-arogenate are

observed; Asnl128 and Asnl52 appear to interact with the departing hydroxyl group
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primarily via hydrogen bonding between the amide side-chain and the oxygen atom of
the hydroxyl group. Direct interactions between Glu173 and L-arogenate were infrequent,
which likely reflects the inability of basic MD simulations to capture protonation
dynamics of residues with pK, close to the pH of solution® and sample geometries close

to the transition state of a reaction.

Modelling of the PaCDT-arogenate complex using molecular docking and MD
simulations suggested a number of residues in PaCDT that are likely to interact directly
with the substrate, enabling substrate binding. In addition, comparison of the models of
the PaCDT-arogenate complex with the crystal structure of Ws0279 suggested a second
group of residues that indirectly affect the active site of the enzyme by stabilising an
alternative conformation of Trp60 (Figure 4.4). In Ws0279, Trp60 forms hydrophobic
interactions with the aliphatic chain of the ligand, L-lysine. Although Trp60 is also
conserved in PaCDT, this residue adopts a different conformation in which packing
against the cyclohexadiene ring of the substrate is possible. Thus, the conformational
change of Trp60 reshapes the active site of PaCDT and enables binding of the larger
cyclohexadiene substrates. Surrounding residues, including Thrl9 and Asp21, generate a

hydrogen bonding network that appears to stabilise the new conformation of Trp60.

3 Simulations of the PaCDT-arogenate complex with Glu173 in the protonated state were also attempted,
but these simulations showed immediate dissociation of the substrate from the enzyme.
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Figure 4.3. Persistence of interactions between PaCDT and L-arogenate during MD
simulations. (Previous page) Left: typical interactions between PaCDT and the (a)
departing carboxylate group, (b) departing hydroxyl group, and (c) amino acid moiety of
L-arogenate during MD simulations. The same snapshot of the PaCDT-arogenate
complex is shown in each panel. Right: heat maps illustrating the distance between the
indicated protein atoms and the (a) departing carboxylate group, (b) departing hydroxyl
group, and (c) amino group and carboxylate group of the amino acid moiety of L-
arogenate over a total 200 ns of simulation time. Distances less than 3 A are shown in

red.

Asp21

Arogenate

Thr58 Q Trp60
(4

o

Lys (ligand
ﬂspGG ys (1gangg

Figure 4.4. Trp60 and surrounding residues reshape the active site of PaCDT. Grey:
Model of the PaCDT-arogenate complex (as in Figure 4.3). Orange: Crystal structure of
WSs0279 bound to L-lysine (PDB: 3K4U). Residues in PaCDT are labelled.
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The sequence conservation of CDT homologues was analysed to identify residues
that became highly conserved after the divergence of AncCDT-3 (Figure 4.5).
Unsurprisingly, residues in the active site of CDT, such as Lys100, Asn128, Asn133 and
Glul73, which make frequent interactions with the substrate via their side-chains, are
highly conserved. Other highly conserved residues include Gly20, Asp66 and Gly131.
Gly131 interacts with the departing carboxylate group of L-arogenate via its backbone
amide group. Alternative residues at this position would likely clash with the substrate,
and the conformational flexibility of glycine may also be necessary for the flexibility of
this active site loop. Gly20 and Asp66 have possible structural roles in supporting the
new conformation of Trp60 (Figure 4.4). Gly20 adopts a conformation less favoured for
non-glycine residues (¢ = 67.7°, y = 17.2°), which is necessary to accommodate Thr19
in a conformation that enables a hydrogen-bonding network between Thr19 and Trp60.
Asp66, which interacts with Thr58 in the crystal structure of PaCDT via its side chain,

may stabilise the active site loop between these two residues.
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Figure 4.5. Sequence conservation in CDT homologues. The logos show sequence
conservation in proteins that evolved from AncCDT-3, based on the sequence alignment
used for phylogenetic analysis. (a) Sequence conservation (measured as information
content in bits) at positions substituted between AncCDT-1 and AncCDT-2. (b) Sequence

conservation at positions substituted between AncCDT-2 and AncCDT-3.
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Most of the substitutions that appeared to have reshaped and functionalised the
active site of PaCDT occurred between AncCDT-1 and 2; few substitutions between
AncCDT-2 and 3 are located in the first or second shells of the active site (Figure 4.6).
Nonetheless, seven substitutions between AncCDT-2 and 3 were hypothesised to affect

CDT activity:

T131G and L129P: Gly131 and Pro129 are located in the active site loop that
makes backbone interactions with the departing carboxylate group of the
substrate. Gly131 is completely conserved in CDT homologues, and Thr at this
position is likely to clash with the departing carboxylate group of the substrate.
G66D: Asp66 appears to have a structural role, as described above. This residue
is highly conserved in CDT homologues.

A1551 and A166V: lle155 and Val166 are moderately conserved. These residues
are in the second shell of the active site and have a possible structural role; in
particular, 1le155 is adjacent to Asn128 and Asnl152, and may have a role
positioning these residues that are putatively important for catalysis.

P197E and L198K: Glul97 and Lys198 are located in the hinge region of CDT
and may affect conformational sampling of the enzyme. In particular, Lys198
projects towards the active site and makes an additional interdomain contact with
Aspl70, which may increase catalytic activity by stabilising the closed,
catalytically competent conformation (see Chapter 5). Additionally, Lys198 may
contribute to electrostatic stabilisation of the dianionic substrate prephenate in the

active site.
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Figure 4.6. Positions of amino acid substitutions between AncCDT-1 and
AncCDT-3. Residues that were substituted between AncCDT-1 and AncCDT-3 are
shown by sticks at the equivalent position in the PaCDT structure docked with
L-arogenate. (a) Substitutions between AncCDT-1 and AncCDT-2. (b) Substitutions
between AncCDT-2 and AncCDT-3. The seven substitutions whose effect was tested by
site-directed mutagenesis are shown in orange, while the remaining substitutions are

shown in blue.
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Using site-directed mutagenesis, these seven substitutions were combined in

various permutations in the AncCDT-2 background (Table 4.1). The final variant,

AncCDT-2D2, contained all seven substitutions. The CDT activity of each of the variants

was assessed by genetic complementation; however, none of the variants possessed

detectable CDT activity (visible growth within 8-10 days of incubation in liquid M9—F

minimal media at 37 °C). As such, we began to use directed evolution strategies to

identify the remaining substitutions necessary to recapitulate CDT activity in AncCDT-2.

Table 4.1. Variants of AncCDT-2 tested for CDT activity by genetic

complementation.

Variant Substitutions
2A1 T131G
2A2 T131G G66D
2B1 T131G L129P
2B2 T131G G66D L129P
2C1 T131G G66D L129P P197E
2C2 T131G G66D L129P L198K
2C3 T131G G66D L129P P197E  L198K
2C4 T131G G66D L129P A155]
2C5 T131G G66D L129P Al66V
2C6 T131G G66D L129P A1551 Al66V
2D1 T131G G66D L129P A155I P197E  L198K
2D2 T131G G66D L129P A1551 Al66V  P197E L198K
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4.2.2 Mutational basis for CDT evolution: directed evolution
Two directed evolution strategies, the staggered extension process (StEP) (Zhao et al.,
1998) and incorporation of synthetic oligonucleotides via gene reassembly (ISOR)
(Herman and Tawfik, 2007), were used to identify mutations required for the gain of
catalytic activity in AncCDT-2. StEP is a PCR-based method for the recombination of
homologous genes. Recombination of two or more template genes is accomplished using
a PCR reaction with very short (<5 s) extension time so that only a fragment of the gene
is synthesised in each cycle. Between extension steps, the gene fragment can anneal to a
different template, which results in recombination. ISOR is achieved by fragmenting a
gene using DNAse I, then reassembling the fragments together with mutagenic
oligonucleotides, in order to generate a library containing different combinations of
targeted, oligonucleotide-encoded mutations. StEP has the advantage of experimental
simplicity, whereas ISOR offers the possibility of greater control over library creation.
As discussed in Section 3.1.2, both of these strategies are amenable to the directed
evolution of CDT variants because the ability of CDT to rescue E. coli phenylalanine
auxotrophs lacking the pheA gene provides a convenient genetic selection method for

assessing catalytic activity.

Concurrently with our attempts to identify gain-of-function mutations in
AncCDT-2, we used StEP to identify the mutations responsible for the difference in
catalytic activity between the two versions of AncCDT-3 (based on the LG and WAG
substitution models). As discussed previously (Section 3.2.2), AncCDT-3 and
AncCDT-3W differ at 10 residues, and AncCDT-3W enables substantially faster growth
of E. coli ApheA cells. A library was created by recombination of AncCDT-3 and
AncCDT-3W using StEP, and E. coli ApheA cells transformed with the StEP library were
plated on M9 minimal media to identify fast-growing clones. Colonies appeared after

incubation for 2 days at 37 °C, as expected based on the growth of AncCDT-3W, and
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eight of these clones were sequenced (Table 4.2). Of the ten substitutions between
AncCDT-3 and AncCDT-3W, only two were recovered in every sequenced clone: H181D
and P188L. Because the P188L substitution was also recovered in fast-growing clones
from the AncCDT-2D2/3 StEP library (see below), we presumed that the P188L
substitution was responsible for the difference in growth rate between AncCDT-3 and
AncCDT-3W, whereas the H181D substitution had hitchhiked due to its proximity to the
P188L substitution. Indeed, AncCDT-3(P188L) exhibited a growth rate in the
complementation assay similar to AncCDT-3W, with comparable protein expression
(Figure 4.7). Subsequently, AncCDT-3(P188L) was shown to possess prephenate
dehydratase activity in vitro, with a kear of 4.53 x 102 s and Km of 280 pM, compared
with kear of 1.84 x 10! s and Km of 19 pM for PaCDT (Joe Kaczmarski, unpublished

results).
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Table 4.2. Composition of StEP libraries. The sequences of clones from the
AncCDT-3/3W and AncCDT-2D2/3 StEP libraries, isolated from unselective (LBA) and

selective (M9-F) media, are summarised. For each property, the mean value is given,

followed by the range in parentheses. n.d. not determined.

Library AncCDT-3/3W | AncCDT-2D2/3
Before selection

Unique sequences obtained 0 8
Template-switching frequency n.d. 2.3(0-5)
Random mutations n.d. 04(0-2)
Percentage of ancestral states? n.d. 44% (0 — 100%)
After selection

Library size 103 5x10°

Unique sequences obtained? 8 5
Template-switching frequency 1.9(0-3) 1.6 (0-4)
Random mutations 0.3(0-1) 1.4(1-3)

Percentage of ancestral states?

38% (0 — 70%)

5% (0 — 10%)

! Percentage of positions at which the ancestral and derived states differed
between the two template genes and the ancestral state was observed.
AncCDT-3 was taken as the ancestral sequence in the AncCDT-3/3W

library.

2 In the case of the AncCDT-2D2/3 library, only clones with confirmed
growth in liquid M9—F media were considered.
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Figure 4.7. AncCDT-3(P188L) supports rapid growth of phenylalanine auxotrophs
in minimal media. Five replicate growth curves are shown for E. coli ApheA
transformants of AncCDT-3, AncCDT-3W and AncCDT-3(P188L), grown in M9-F
media at 37 °C. The P188L substitution in AncCDT-3 is sufficient to recapitulate the
faster growth of AncCDT-3W transformants. The SDS PAGE gel fragment shows
expression of each protein in the soluble fractions of crude cell lysates of M9+F cultures
incubated at 37 °C overnight.

To identify substitutions in AncCDT-2 required for the gain of CDT activity,
AncCDT-2D2 (Table 4.1, p. 140) and AncCDT-3 were recombined using StEP. The
composition of the resulting library is summarised in Table 4.2 (p. 143). Transformation
of E. coli ApheA cells with the StEP library and incubation on selective agar plates yielded
colonies within two days. Thus, recombination of AncCDT-2D2 and AncCDT-3 by StEP
yielded variants with higher catalytic activity than AncCDT-3 itself, which yields
colonies of similar size after four days under the same conditions*. Sequencing of
individual colonies gave five unique sequences that closely resembled the sequence of
AncCDT-3 and were therefore uninformative for identifying the substitutions required
for the gain of catalytic activity in AncCDT-2D2 (Table 4.2 and Table 4.3). This bias
towards the sequence of AncCDT-3 was not present in the library itself, as shown by
sequencing of clones isolated from unselective media (Table 4.2). The clones isolated

from the AncCDT-2D2/3 StEP library contained several point mutations (P188L, P188S,

4 ApheA cells transformed with the pDOTS7 vector form colonies on M9—F plates after incubation at 37 °C
for six days, possibly due to non-enzymatic conversion of prephenate to phenylpyruvate. However, these
transformants exhibit no visible growth in M9-F liquid media after incubation at 37 °C for ten days.
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V187D, V187A and F98S) that were apparently responsible for the increase in CDT
activity relative to AncCDT-3. In particular, the importance of the P188S and V187A
substitutions is evident, because these substitutions were isolated in single point mutants

of AncCDT-3, and the importance of the P188L substitution was established above.

Table 4.3. Sequences of CDT variants isolated from the AncCDT-2D2/3 StEP

library.
Clone ID | Reversions? Point mutations Growth time Distance  from
(days) 2 AncCDT-23
S1 - P188S 2 37
S3 S44A, S48D S3G, P188L, K232R | 2 37
S21 - V187A 3 37
S23 S44A, S48D, K191E | F98S 3 34
S27 M64l, D70G V187D 3-4 35

1 Sequences are given as variants of AncCDT-3 with reversions to the ancestral state
(AncCDT-2).

2 Time required for the clone to reach ODgoo of 0.2 in M9-F liquid media at 37 °C,
given as a range for two biological replicates.

3 Number of amino acid substitutions separating the sequence from AncCDT-2.

Because the sequences of CDT variants obtained from the AncCDT-2D2/3 StEP
library did not differ substantially from the sequence of AncCDT-3, ISOR was used as
an alternative strategy to identify the minimal set of mutations required for the gain of
catalytic activity in AncCDT-2. In the first round of ISOR (ISOR-R1), AncCDT-2D2 was
used as the template gene, and the remaining 29 substitutions between AncCDT-2 and
AncCDT-3 were encoded in mutagenic oligonucleotides. The composition of the library
is summarised in Table 4.4, and the sequences of the seven unique clones isolated from

selective media are given in Table 4.5.
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Surprisingly, none of the oligonucleotide-encoded mutations included in ISOR-
R1 were observed in every clone isolated from selective media, indicating that none of
the remaining mutations on the AncCDT-2/3 branch were indispensable for catalytic
activity in AncCDT-2D2 (Table 4.5). The most common encoded substitutions were
164M (5/7 clones) and N108D (6/7 clones). As in the StEP experiments, ISOR yielded
CDT variants with higher catalytic activity than AncCDT-3 itself, apparently due to a
number of random point mutations. A substitution at Pro102 (P102L or P102S) was
observed in each clone, together with nearby substitutions in some cases (G99S or
T101A). Notably, these substitutions are clustered near the substitutions observed in the
AncCDT-2D2/3 StEP library (P188L, P188S, V187D, V187A and F98S), at the boundary
between the hinge region and small domain of the protein. The clone exhibiting fastest
growth in minimal media, CDT-J3, which contained a fortuitous reversion of a mutation
introduced by site-directed mutagenesis (A166V), had the fewest substitutions (11)

relative to AncCDT-2.
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Table 4.4. Composition of ISOR libraries. The sequences of clones from the three ISOR

libraries, isolated from unselective (LBA) and selective (M9-F) media, are summarised.

For each property, the mean value is given, followed by the range in parentheses. Out of

the clones isolated from selective media, only those with confirmed growth in liquid M9—

F media were considered. n.d. not determined.

Round R1 R2 R3
Before selection

Unique sequences 7 8 0
Encoded mutations 29 (0-5) 3.4(1-6) n.d.
Random mutations 20(0-3) 31(1-7) n.d.

Total mutations 4.9 (3-10) 6.5(2-12) n.d.

After selection

Library size 10° 103 103
Unique sequences 7 6 2
Encoded mutations 4.0(3-6) 9.8(8-11) 6 (6 —6)
Random mutations 2.7(2-4) 1.3(0-2) 1.5(0-3)
Total mutations 6.7 (6-9) 11.2 (8-12) 75(6-9)
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Table 4.5. Sequences of CDT variants isolated from ISOR libraries.

Clone ID | Encoded mutations * Random mutations Growth time | Distance from
(days) ? AncCDT-23
Round1  Background: AncCDT-2D2
J3 i64M, p142K, f149Y G99S, P102L, V166a 2 11
J4 27V, i64M, n108D, p142K, s171T, i202M K23R, P102S, F209S 3 16
J5 i64M, n108D, i202M F25L, P102L 3 12
J8 f27Y, a44S, i64M, n108D, V186A, e191K T101A, P102L 3 15
J15 g70D, n108D, d227E G12S, F25V, P102L, Q221R | 34 14
J23 g70D, n108D, d227E F25V, P102L, Q221R 4 13
J27 27V, a44S, i64M, n108D, S161A P102L 7-9 13
Round 2  Background: AncCDT-2
L1 F25L, i64M, g66D, T101A, P102L, I129P, t131G, a155l, al66V, p197E, D110V 3 12
1198K
L4 F25L, i64M, g66D, T101A, P102L, 1129P, t131G, a155l, p197E, 1198K G12D, T97A 3 12
L5 F25L, i64M, g66D, P102L, 1129P, t131G, al55l, al66V, p197E, 1198K D6G, n215S 4 12
L6 F25L, i64M, g66D, G99S, P102L, t131G, al55l, al66V, p197E, 1198K A69S, E116G 3 12
L9 F25L, i64M, g66D, P102L, t131G, a155I, p197E, 1198K - 4-5 8
L13 F25L, GO9S, T101A, P102L, 1129P, t131G, a155l, P188L, p197E, 1198K M76V 3-4 11
Round 3  Background: AncCDT-2
M1 F25L, G99S, P102L, t131G, al55l, 1198K n31D, f149L, R163H 7-8 9
M5 F25L, G99S, P102L, t131G, a155l, 1198K - 7-8 6

! Ancestral states (from AncCDT-2) are denoted by lower-case letters, derived states (from AncCDT-3) by upper-case letters, and

alternative states by italicised letters.

2 Time required for the clone to reach ODgoo 0of 0.2 in M9—F media at 37 °C, given as a range for at least three biological replicates.
3 Number of amino acid substitutions separating the sequence from AncCDT-2.
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To determine the importance of individual point mutations observed in ISOR-R1
for catalytic activity, several of these mutations were incorporated into AncCDT-2D2 by
site-directed mutagenesis (Table 4.6). Although the P102L mutant of AncCDT-2D2 did
not exhibit detectable CDT activity, addition of further mutations (F25L, 164M, G99S or
T101A) to this mutant yielded active CDT variants. ApheA cells transformed with the
AncCDT-2D2(F25L/P102L) construct grew in M9—F media within 4-6 days, whereas
ApheA cells transformed with the other double mutants grew less rapidly (> 6 days) and
less consistently. Thus, the F25L substitution appears to have a greater effect on catalytic
activity than the 164M, G99S or T101A substitutions. Given the proximity of Pro102 and
Pro188 and the positive effect of the P188L substitution on CDT activity in AncCDT-3,
we also tested the effect of the P188L substitution on AncCDT-2D2 and the effect of the
P102L substitution on AncCDT-3 (Table 4.6). The P188L substitution did not elicit
detectable CDT activity in AncCDT-2D2, but the P102L substitution substantially
increased the activity of AncCDT-3, decreasing the growth time of ApheA transformants

from four days to two days.
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Table 4.6. Site-directed mutagenesis of AncCDT-2D2 and AncCDT-3.

Mutations Growth time (days) * Distance from AncCDT-2
2
Background: AncCDT-2D2
P102L >9 (n.d.)? 8
P188L >8 (n.d.) 8
F25L, P102L 4-6 9
164M, P102L >6 4 9
G99S, P102L >6 9
T101A, P102L >6 * 9
Background: AncCDT-3
P102L 2 37
P188L 1 37

! Time required for the clone to reach ODgoo Of 0.2 in M9-F liquid media at 37 °C, given
as a range for at least three biological replicates.

2 Number of amino acid substitutions separating the sequence from AncCDT-2.

3 n.d. growth not detected.

4 Growth within 8-9 days was not observed for all replicates.

Finally, two further rounds of directed evolution using ISOR were performed to
purge any of the seven rational substitutions that were unessential for CDT activity in
AncCDT-2. The composition of these two libraries is summarised in Table 4.4, and the
sequences of clones isolated from selective media are given in Table 4.5. In ISOR-R2,
the fragmented AncCDT-2 gene was reassembled with oligonucleotides encoding the
seven rational substitutions and five substitutions from previous experiments (F25L,
G99S, T101A, P102L and P188L). Six substitutions were conserved in every sequenced
clone: four rational substitutions (T131G, A155l, P197E and L198K), and two
substitutions from ISOR-R1 (F25L and P102L). In most cases, the growth rates of these
clones were greater than AncCDT-3, and the clone with the fewest substitutions relative
to AncCDT-2 contained eight substitutions. In ISOR-R3, the number of mutagenic
oligonucleotides was reduced further: the six substitutions conserved in ISOR-R2, in
addition to the G99S substitution, were included. The two clones with unique sequences

that were isolated in this round both contained three rational substitutions (T131G, A155I

150



and L198K) and three substitutions from ISOR-R1 (F25L, P102L and G99S). In addition,
one clone (CDT-MDb) that contained only these six substitutions was isolated, although
growth of this clone was slow compared with AncCDT-3. Major differences in protein
expression between the original ancestral proteins and the CDT variants obtained from
directed evolution were not observed, and cannot account for the observed differences in

growth rates (Figure 4.8).

sue 288 Qe s 525399833225 s
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Figure 4.8. Expression of CDT variants obtained by directed evolution. SDS PAGE
gels showing protein expression in the soluble crude lysates of ApheA cells transformed
with CDT variants and incubated in M9+F media at 37 °C overnight. The removal of
irrelevant lanes from the gel images is indicated by the vertical black lines. The boxes
show the bands corresponding to CDT (~28 kDa). Abbreviations: 2D2, AncCDT-2D2;
Pa, PaCDT; V, vector; M, marker (with the molecular weight of each band listed in kDa);
A3, AncCDT-3; A2, AncCDT-2.
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Preservation of the T131G, A1551 and L198K substitutions throughout two
rounds of ISOR suggests that these substitutions were historically important for the
emergence of CDT activity in AncCDT-2. However, AncCDT-2 represents only the most
probabilistic ancestral sequence out of an ensemble of plausible ancestral sequences, and
the substitutions observed in the directed evolution experiments could simply represent
sampling of alternative ancestral states. Thus, to evaluate whether these substitutions
actually occurred during the evolution of CDT, the PP distributions of the ancestral CDT
variants at these positions were analysed (Figure 4.9). Given the assumptions underlying
the phylogenetic analysis, the substitutions T131G and A155I (or, less probably, A155V)
are virtually certain to have occurred between AncCDT-1 and AncCDT-3. However, the
historical importance of the L198K substitution is less certain; Leu198 is reconstructed
with low confidence in AncCDT-1 and AncCDT-2, and is a plausible alternative to the
most likely state (Lys) in AncCDT-3. Indeed, Leul98 is found in several extant
homologues of Eall74; thus, the L198K substitution must be dispensable if other
compensatory substitutions have occurred. The PP distributions of the ancestral proteins
were also analysed at positions where other noteworthy substitutions (F25L/V, 164M,
G99S, T101A, P102S/L, P188S/L) occurred in the directed evolution experiments (Figure
4.9). The residues that accrued random substitutions (Phe25, Gly99, Thr101, Pro102,
Pro188), with the notable exception of Prol88, were reconstructed unambiguously,
indicating that the substitutions do not represent sampling of alternative ancestral states.
Furthermore, the historical substitution 164M, which was observed in ISOR-R1 and
ISOR-R2, was predicted with high statistical confidence to have occurred between

AncCDT-1 and AncCDT-3.
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Figure 4.9. Posterior probability distributions of ancestral CDT variants at mutated

positions. For each substitution, the posterior probabilities (PPs) of the ancestral state
(black) and the derived state(s) (grey) are shown for AncCDT-1, AncCDT-2 and

AncCDT-3.
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4.3 Discussion

Using a combination of site-directed mutagenesis and directed evolution, we have shown
that no more than six substitutions are required to recapitulate the evolution of CDT
activity in AncCDT-2. Three of these substitutions (T131G, A1551, L198K) occurred on
the branch of the CDT phylogeny joining AncCDT-2 and AncCDT-3 and therefore had
plausible historical importance in the evolution of CDT, whereas the three remaining
substitutions (F25L, G99S, P102L) constitute an alternative evolutionary trajectory
towards higher CDT activity, which is different from the historical trajectory.
Incorporation of additional mutations in the AncCDT-2 background was associated with
further increases in apparent catalytic activity. A number of substitutions that improve
the apparent catalytic activity of AncCDT-3 were also identified, including the
substitution P188L, which is responsible for the phenotypic difference between
AncCDT-3 and AncCDT-3W. The structural effects of the substitutions observed in these
experiments, and the possible implications for catalysis in CDT, are considered in Section

6.2.3.

Altogether, three substitutions (T131G, A1551, L198K) that occurred on the
ANncCDT-2/3 branch of the CDT phylogeny were conserved in all derivatives of
AncCDT-2 confirmed to have sufficient CDT activity to support the growth of E. coli
phenylalanine auxotrophs in minimal media. The historical importance of the T131G and
A1551 substitutions is evident from the phylogenetic analysis; the reconstruction of these
ancestral states in AncCDT-1 and AncCDT-3 was unambiguous, with the exception that
A155V was a plausible alternative to A155I. The historical importance of the L198K
substitution, however, was not unequivocal; the reconstruction of the corresponding
ancestral states was ambiguous. These predictions from the phylogenetic analysis can be

reconciled with patterns of sequence conservation in extant CDT homologues (Figure 4.5,
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p. 137); Gly131 is conserved without exception and Alal55 is very rare, usually replaced
by lle, Val, or Asn, whereas at position 198, Leu and other hydrophobic residues are
frequently observed in place of Lys. Notably, none of the three substitutions are accessible
via single nucleotide mutations, implying that alternative residues must have been
sampled at these positions between AncCDT-1 and AncCDT-3. Site-saturation
mutagenesis could be used to determine whether any of these intermediate states,
accessible from the ancestral state via single nucleotide mutations, were compatible with

CDT activity.

Directed evolution and mutagenesis of AncCDT-2 and AncCDT-3 uncovered an
unexpected mutational hotspot, at which a disproportionate number of substitutions that
increased the apparent catalytic activity of the ancestral proteins occurred (F98S, G99S,
T101A, P102S, P102L, V187A, V187D, P188S and P188L). These substitutions are
located on the two hinge strands of the enzyme, close to the small domain. Given the
considerable distance between this region of the enzyme and its active site, as well as the
structural flexibility of the outer hinge strand, the mechanism by which these substitutions
increase CDT activity is not obvious. Interestingly, several of these substitutions
represent reversions to residues similar to the original ancestral state in AncCDT-1: F98S
(Alain AncCDT-1), P102L (lle in AncCDT-1) and P188L (lle in AncCDT-1). Thus, the
substitutions that occurred at these positions were probably not required for the evolution

of CDT activity.

The availability of multiple mutational pathways to higher catalytic activity in the
ancestral CDT variants suggests that these proteins are highly evolvable. The availability
of multiple mutational pathways is evidenced by the number of substitutions that
increased the catalytic activity of AncCDT-2 variants and AncCDT-3 (Tables 4.3, 4.5,

4.6), as well as the fact that the substitutions acquired by AncCDT-2 during directed
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evolution were not historical substitutions, that is, the historical evolutionary trajectory
between AncCDT-2 and AncCDT-3 was different from the trajectory observed in the
directed evolution experiments. Additionally, many of the substitutions encountered in
the directed evolution of AncCDT-2 appeared to have an additive effect on CDT activity.
For example, whereas six substitutions in AncCDT-2 provide sufficient CDT activity to
enable slow growth of phenylalanine auxotrophs, earlier variants from ISOR-R1 and R2
with additional substitutions exhibited faster growth (Table 4.5). Likewise, site-directed
mutagenesis showed that various substitutions in the AncCDT-2D2 background, in
combination with P102L, yielded slow growth of phenylalanine auxotrophs, but the
variants from ISOR-R1 with different combinations of these substitutions exhibited faster
growth (Table 4.5, Table 4.6). Altogether, these observations give the impression that the
fitness landscape of CDT is relatively smooth, with multiple mutational pathways to
higher catalytic activity and different mutations contributing additively to catalytic
efficiency. Thus, although specific substitutions would have been needed to introduce the
catalytic machinery required for CDT activity (e.g., Lys100, Asn128, Asn133, Asn152
and Glul73) in the ancestral SBP, once these catalytic residues are present, as in
AncCDT-2 and AncCDT-3, there appears to be multiple solutions to the refinement of

catalytic activity by remote substitutions.

The main limitation of the genetic selection for CDT activity used in these directed
evolution experiments is its dynamic range; the power to distinguish CDT variants with
different catalytic efficiencies is quite limited. Variants with promiscuous CDT activity
cannot be distinguished by genetic selection because of the leakiness of phenylalanine
auxotrophy in the ApheA strain, a result of slow non-enzymatic conversion of prephenate
to phenylpyruvate, which leads to slow growth in the absence of CDT activity (Kleeb et
al., 2007). Thus, without recourse to in vitro assays, we cannot exclude the possibility

that some of the variants constructed by site-directed mutagenesis, which appeared to be
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inactive, possess promiscuous CDT activity. On the other hand, highly efficient CDT
variants cannot be differentiated from moderately efficient CDT variants because
phenylalanine production is not rate-limiting for growth given sufficient CDT activity.
Thus, the kcat/Km of PaCDT is 6000-fold greater than that of AncCDT-3(P188L), but the
two enzymes support similar growth rates in ApheA cells. Previous work has shown that
the range of kea/Kwm that could be differentiated by genetic selection for prephenate
dehydratase activity was approximately 24 to 3000 M s (Kleeb et al., 2007). Although
our results are not directly comparable due to differences in the bacterial strain, plasmid
and growth temperature, it is reasonable to assume that the conditions for genetic
selection used in this work yield a similar dynamic range (~100-fold difference in
keat/Km). The stringency of selection could be increased by introducing an inducible
cyclohexadienyl dehydrogenase into the system to reduce the intracellular substrate
concentration, as described previously (Kleeb et al., 2007), or by using a different plasmid
offering tighter control over expression of the CDT variants. A second limitation of the
genetic selection strategy is the prephenate dehydratase and arogenate dehydratase
activities of CDT cannot be distinguished; presumably, prephenate dehydratase activity
is responsible for growth, although conversion of prephenate to L-arogenate by
promiscuous aminotransferases upon accumulation of prephenate at a non-physiological
concentration may also enable L-phenylalanine production from arogenate dehydratase
activity. Thus, although genetic selection is a useful high-throughput method for initial
assessment of CDT activity, in vitro enzyme assays will be needed for a complete and

guantitative investigation of the evolution of CDT.

Site-directed mutagenesis and recombination of AncCDT-3 and AncCDT-3W
using StEP revealed that the P188L substitution is responsible for the phenotypic
difference between the two alternative reconstructions of this ancestral protein. In the

maximume-likelihood reconstruction that yielded AncCDT-3, Pro188 and Leul88 are
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roughly equal in posterior probability (P(Pro) = 0.293, P(Leu) = 0.280; Figure 4.9); use
of the alternative WAG substitution matrix, yielding AncCDT-3W, slightly perturbed
these posterior probabilities to favour Leu at this position (P(Pro) = 0.328, P(Leu) =
0.410). Errors in the multiple sequence alignment likely contributed to the low posterior
probabilities at this position; Pro188 is located in the second hinge strand of the protein,
which is flexible and variable in length among CDT homologues, and corresponds to the
only portion of the alignment with significant uncertainty. Thus, in statistical terms,
AncCDT-3(P188L) is effectively an equally probable reconstruction of the LCA of
CDTs, compared with AncCDT-3. For this reason, and because of the higher catalytic
activity of AncCDT-3(P188L), the AncCDT-3(P188L) variant was characterised in

subsequent work (Chapter 6) rather than AncCDT-3 itself.

The directed evolution experiments described in this chapter provide a basis for
further experiments needed to propose an evolutionary trajectory between non-catalytic
SBPs and catalytic CDTs that is both complete (starting from a high-affinity SBP and
concluding with a highly active CDT) and biologically plausible (accessible via single
point mutations and excluding non-functional intermediates). Completion of the
evolutionary trajectory would require the function of AncCDT-2 to be identified, most
likely following functional characterisation of Pul068, or identification of the
substitutions required for the gain of CDT activity in the high-affinity AABP AncCDT-1.
To exclude non-functional intermediates from the evolutionary trajectory, substitutions
that are necessary for the gain of CDT activity but neutral with respect to the ancestral

solute-binding function would need to be identified.

Evolutionary optimisation of AncCDT-3(P188L) could also be productive for
understanding the catalytic proficiency of PaCDT, which has a kcat/Km ~6000-fold higher

than the ancestral protein. Further improvements to AncCDT-3(P188L) could be
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achieved using random mutagenesis together with a more stringent genetic selection, as
outlined above. These experiments would also have implications for the reproducibility
of protein evolution; it would be instructive to determine whether alternative mutational
pathways to higher catalytic activity are possible in AncCDT-3(P188L), as in AncCDT-2
and AncCDT-3, or whether certain historical substitutions towards extant CDT

homologues must be recapitulated for further gains in catalytic activity.
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4.4 Materials and methods

4.4.1 Materials
Codon-optimised synthetic genes encoding the ancestral proteins, cloned into the Sapl
site of the pDOTS7 vector using the Golden Gate method, were obtained from Joe
Kaczmarski. E. coli strain JW2580-1 was obtained from the Coli Genetic Stock Center at
Yale University, New Haven, CT. This strain is from the Keio collection of E. coli
knockouts (Baba et al., 2006) and exhibits phenylalanine auxotrophy as a result of a

knockout in pheA.

4.4.2 Molecular dynamics simulations
The structure of PaCDT (PDB: 3KBR) was prepared by modelling a missing residue
(GIn190) and missing side chains in MODELLER (Sali and Blundell, 1993). An acetyl
cap was added to the N-terminal residue and an amide cap was added to the C-terminal
residue using MODELLER and Coot (Emsley et al., 2010). Initial poses for the PaCDT/L-
arogenate complex were obtained by docking L-arogenate into the rigid PaCDT structure
using AutoDock Vina (Trott and Olson, 2010). The topology file for L-arogenate was
generated using Automated Topology Builder (Koziara et al., 2014), and charge groups
and partial atomic charges were edited (Lemkul et al., 2010) to ensure consistency with

equivalent functional groups parameterised in the GROMOS 53a6 force field.

MD simulations of the PaCDT-arogenate complex were performed using
GROMACS version 4.5.5 (Pronk et al., 2013) with the GROMOS 53a6 force field
(Oostenbrink et al., 2004). The enzyme-substrate complex was solvated in a rhombic
dodecahedron with SPC water molecules, such that the minimal distance of the protein to
the periodic boundary was 15 A, and six Na* ions were added to neutralize the system.
Energy minimisation was done using the steepest descent algorithm. A 100 ps isothermal

(NVT) MD simulation with position restraints on the protein and substrate was used to
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equilibrate the system at 300 K. For production MD simulations of the NPT ensemble,
the temperature was maintained at 300 K using Berendsen’s thermostat (tr = 0.1 ps), and
the pressure was maintained at 1 bar using Berendsen’s barostat (tp = 0.5 ps,
compressibility = 4.5 x 10 bar?). All protein bonds were constrained with the LINCS
algorithm; water molecules were constrained using the SETTLE algorithm; the time step
for numerical integration was 2 fs; the cut-offs for short-range electrostatics and van der
Waals forces were 9 A and 14 A, respectively; the Particle-Mesh Ewald method was used
to evaluate long-range electrostatics; neighbour lists were updated every 10 steps.
Following a 1 ns equilibration phase, which was not considered in the analysis, the four

production runs were continued for 50 ns.

4.4.3 Mutagenesis
Mutagenesis was achieved using Gibson assembly as described in Section 2.7.3, except
that the mutagenised gene fragments were assembled together with the pDOTS7 vector

rather than the pETMCSIII vector.

4.4.4 Genetic complementation assays
E. coli strain JW2580-1 (ApheA) cells were transformed with the appropriate plasmid by
electroporation, plated on LB agar supplemented with 100 mg/L ampicillin (LBA), and
incubated at 37 °C overnight. Single colonies were used to inoculate 20 mL M9 minimal
media supplemented with L-tyrosine, ampicillin and IPTG (M9-F; per L: 6 g Na2HPOs,
3 g KH2PO4, 0.5 g NaCl, 1 g NH4ClI, 20 mL 20% (w/v) glucose, 2 mL 1 M MgCl;, 0.1
mL 1 M CaCl, 2 mL 2.5 mg/mL L-tyrosine, 1 mL 100 mg/mL ampicillin, 0.2 mL 1 M
IPTG). The cultures were incubated at 37 °C with shaking at 180 rpm for 8 — 10 days and
ODsoo Was measured periodically. For assessment of protein expression, single colonies
were used to inoculate 20 mL M9-F media supplemented with 20 pg/mL L-phenylalanine

(M9+F), which was incubated at 37 °C overnight. 1 mL of the resulting culture was

161



pelleted and resuspended in Ni-equilibration buffer. The cells were lysed using BugBuster
Protein Extraction Reagent (Merck-Millipore) and fractionated by centrifugation at
14000 rpm for 10 min, and the soluble fraction of the cell lysate was analysed by SDS-
PAGE using an ExpressPlus 4-20% polyacrylamide gel (GenScript) stained with

Coomassie Blue.

445 Staggered extension process (StEP)
Recombination using the staggered extension process (StEP) was performed following a
literature protocol (Zhao and Zha, 2006). The StEP reaction mixture contained 5 pL 10x
Tagq buffer, 1.5 mM MgClz, 0.2 mM each dNTP, 75 fmol each template plasmid, 30 pmol
each primer, and 2.5 U Taq polymerase (New England Biolabs) in a total volume of 50
uL. The primers used in the reaction were the 5’ flanking primer P7XF and the 3’ flanking
primer P7XR (Table 4.7), which amplify ~100 bp on either side of the Sapl site of the
pDOTS7 vector. The thermocycling program consisted of 80 cycles of (i) a denaturation
step for 30 s at 95 °C; and (ii) an annealing/extension step for 5 s at 52 °C. 2 uL of the
resulting PCR product was incubated with 10 U Dpnl (Thermo Scientific) in a reaction
volume of 10 uL at 37 °C for 1 hr to digest the parental plasmid DNA. 5 uL of the Dpnl-
digested StEP product was then amplified in a nested PCR reaction using Taqg polymerase,
in a total volume of 100 pL. The primers used for the nested PCR reaction, P7NF and
P7NR (Table 4.7), target the EcoRlI site on the 5’ strand and the Hindlll site on the 3’
strand of the pDOTS7 vector, respectively. The nested PCR product was run on a 1%
agarose gel. The target band was excised from the gel and purified using the QiaQUICK

Gel Extraction Kit.
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Table 4.7. Sequences of primers used for directed evolution.

P7XF CGTCTTCACCTCGAGAAATC

P7XR CAACCGAGCGTTCTGAAC

P7NF CAATTTCACACAGAATTCATTAAAG

P7NR GCTCAGCTAATTAAGCTTTTATTAG

P7SF GGCCCTTTCGTCTTCAC

P7SR AGCTTGGATTCTCACCAAT

4.4.6 Incorporation of synthetic oligonucleotides via gene
reassembly
Incorporation of synthetic oligonucleotides via gene reassembly (ISOR) was done
following literature protocols (Herman and Tawfik, 2007; Rockah-Shmuel et al., 2014).
The template gene was amplified by PCR using Phusion Hot Start 11 Polymerase (Thermo
Scientific) using the primers P7XF and P7XR (Table 4.7). The purified PCR product was
digested with DNAse | (New England Biolabs) in a reaction mixture containing 100 mM
Tris pH 7.5, 10 mM MnCl2, 4 ug PCR product and 0.3 U DNAse | in a total volume of
40 pL. The reaction mixture was incubated at 37 °C for 1 — 2 min and quenched by the
addition of 20 uL 0.1 M EDTA pH 8.0 pre-incubated at 80 °C, followed by heat
inactivation at 80 °C for 15 min. The digested PCR product was run on a 2% agarose gel,
and fragments 50 — 250 bp in size were excised from the gel and purified using the Wizard
SV Gel and PCR Clean-Up System (Promega). The fragments were reassembled using
Taq polymerase: each reaction contained 40 ng gene fragments, 2 uL 10x buffer, 0.2 mM
dNTPs, 1.25 U Taq polymerase and varied concentrations of equimolar mutagenic
oligonucleotides (5 — 800 nM total concentration) in a volume of 20 uL (see Table 2.1
for a list of oligonucleotides included in each round). The thermocycling protocol
consisted of (i) an initial denaturation step at 95 °C for 2 min; (ii) 40 cycles of a
denaturation step at 95 °C for 30 s, then 13 hybridization steps from 65 °C to 41 °C in 2

°C steps, each for 90 s (total 13.5 min), then an extension step at 72 °C for 1 min; and
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(iii) a final extension step at 72 °C for 7 min. 0.5 uL of the unpurified assembly reaction
mixture was amplified in a 50 pL nested PCR reaction using Taq polymerase and the
primers P7NF and P7NR (Table 4.7). The nested PCR product was run on a 1% agarose

gel and purified by gel extraction.

Table 4.8. Mutagenic oligonucleotides used for ISOR.

ISOR-R1

Substitution  Oligonucleotide

F27Y aaaccgtttagctataaagatccgaacggtca

K28R accgtttagctttcgtgatccgaacggtce

N31D gctttaaagatccggatggtcagtatacc

A44S gatgttgcaaaaagcctggcaaaagatctggg

D48S agcactggcaaaaagcctgggtgttaaag

164M tggccgaccctgatgagcgatctgcag

G70D gatctgcaggcagataaatttgatatcgcaatgg
181V ggtggtgttaccgtgacaccggaacgt

N108D gctggttcgtaaagaagatgccgataaattcaa

L118I aagcctggaagatattaataaaccggatgt

K120R cctggaagatctgaatcgtccggatgttaaag

K124R aaaccggatgttcgtgtggcagttaatccg

K138R accaatgaaaaatttgcccgtgaacatctgceccg
P142K gccaaagaacatctgaagaaagccaaaattc

R147T gccgaaagccaaaattaccgtgtttgaaaataatgcec
F149Y agccaaaattcgtgtgtatgaaaataatgccyg

A153V cgtgtgtttgaaaataatgtggaaatttttcaagaggttyg
V160A tttcaagaggttgcgagcggtcecgtgceccgatgt

S161A caagaggttgttgcgggtcgtgccgatgt

S171T gatgtgatgattaccgataccgttgaagcagcat
Al175L ccgatagcgttgaagcactgtattacgcaaaa

V186A ccgggtctggcagcggttccggttgat

E191K gttccggttgataaaccgtttacccatagt

F200Y acccatagtgaaaaaggttatatgattccgaaagg
1202M aaaggtttcatgatgccgaaaggtgatccg

P207Q tccgaaaggtgatcaggaatttctgaactatgtyg
N215Q cggaatttctgaactatgtgaaccagtggctgaaacaa
K218D aacaattggctggatcaaatgaaacagcaggg

Q223N ggctgaaacaaatgaaacagaacggcacctatgataaa
D227E acagcagggcacctatgaaaaactgtatgaaa

F234L gataaactgtatgaaaaatggctgaaataataaaagc
ISOR-R2

Substitution  Oligonucleotide

F25L ccggtgattataaaccgcttagectttaaagatcce
164M/G66D gccgaccctgatgagcgatctgceag

G66D ccctgattagcgatctgcaggcagg

G99S/P102L ccgtatatgacctttagtaaaacactgctg
T101A/P102L gacctttggtaaagcactgctggttc

P102L ctttggtaaaacactgctggttcgtaaag
L129P/T131G gatgttaaagtggcagttaatccgggcggcaccaatgaaaaatttyg
T131G ggcagttaatctgggcggcaccaatgaaaaatttyg
A155] gtttgaaaataatgccgaaatttttcaagaggttgttagegg
Al66V gcggtcgtgccgatgtgatgattaccgatageg
P188L ctggcagcagttctggttgataaacc
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P197E

gaaccgtttacccatagtgaactgggtttcatgattccg

L198K ccgtttacccatagtccgaaaggtttcatgattccgaaag

P197E/L198K ggttgatgaaccgtttacccatagtgaaaaaggtttcatgattccgaaaggtgatc
ISOR-R3

Substitution  Oligonucleotide

F25L ccggtgattataaaccgcttagectttaaagatcce

G99S/P102L ccgtatatgacctttagtaaaacactgctg

P102L ctttggtaaaacactgctggttcgtaaag

T131G ggcagttaatctgggcggcaccaatgaaaaatttyg

A155] gtttgaaaataatgccgaaatttttcaagaggttgttagcgg

P197E gaaccgtttacccatagtgaactgggtttcatgattccg

L198K ccgtttacccatagtccgaaaggtttcatgattceccgaaag

P197E/L198K ggttgatgaaccgtttacccatagtgaaaaaggtttcatgattccgaaaggtgatc

4.4.7 Library creation and selection
Purified PCR products (0.5 ug) from StEP or ISOR reactions were digested with 2.5 puL
each of Hindlll FD and EcoRI FD (Thermo Scientific) in a 50 pL reaction at 37 °C for
30 min. The reaction mixture was purified immediately using a PCR purification kit. The
pDOTS7 vector containing the AncCDT-2 insert (2.5 ng) was digested using 2.5 uL each
of Hindlll FD, EcoRI FD, and Pstl FD (which cuts within the AncCDT-2 insert) in a 50
ulL reaction at 37 °C for 30 min. The digested vector was purified immediately using a
PCR purification Kkit, then run on a 1% agarose gel and purified by gel extraction. Ligation
reaction mixtures contained 100 ng pDOTS7 vector, a 3-fold molar excess of insert, 2 puL
10x T4 DNA ligase buffer, and 5 U T4 DNA ligase (Thermo Scientific) in a volume of
20 pL, and were incubated at room temperature for 1 hr. Following purification of the
ligation reaction mixture using a PCR purification kit, electrocompetent E. coli strain
JW2580-1 (ApheA) cells were transformed with 1 uL ligation product by electroporation
and plated on LBA. Following overnight incubation of the plates at 37 °C, colonies were
scraped into LB media, then resuspended in 20 mL fresh LBA media. 100 uL of the
resulting cell suspension was used to inoculate 20 mL fresh LBA media, which was then
incubated at 37 °C until the ODsoo reached ~0.5. A 1 mL aliquot of the culture was washed

twice with 1 mL M9 salts (6 g/L Na2HPOg4, 3 g/L KH2POs, 1 g/L NH4Cl, 0.5 g/L NaCl),
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and resuspended in 1 mL M9 salts. Serial dilutions of the cell suspension were made in
M9 salts, plated on M9-F agar, and incubated at 37 °C. The resulting colonies were
streaked onto LBA agar, and their plasmid DNA was amplified by PCR using the
sequencing primers P7SF and P7SR (Table 4.7). The resulting PCR products were
sequenced by GENEWIZ (South Plainfield, N.J., U.S.A.) or the Biomolecular Resource
Facility at ANU. Single colonies from the streaked LBA plates were used to confirm
growth of the clone in liquid M9—F media, as described in Section 4.4.4, and to inoculate
LBA cultures, from which plasmid DNA was extracted using a FavorPrep Plasmid DNA

Extraction Mini Kit (Favorgen).
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Chapter Five

Evolution of an enzyme from a
solute-binding protein. Part Ill:

Dynamics.
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5.1 Introduction

5.1.1 Enzyme dynamics and evolution
Enzymes are intrinsically dynamic molecules and a complete description of enzyme
catalysis requires consideration of their conformational landscapes (Henzler-Wildman
and Kern, 2007; Ma and Nussinov, 2010). This is because rate enhancements by enzymes
depend not only on their ability to reduce the free energy barrier for a reaction through,
for example, pre-organisation of the active site for transition state stabilisation, but on
their ability to cycle through the conformational states that are required for catalysis. For
example, conformational changes are often required to facilitate substrate binding or
product release, and these steps can be rate-limiting (Jackson et al., 2009). Alternatively,
conformational changes may be required for an enzyme to access a high-energy

catalytically competent state (Henzler-Wildman et al., 2007).

Given the importance of enzyme dynamics for catalysis, the dynamic properties
of enzymes might be expected to be under evolutionary selection. However, since the
dynamics of a protein are ultimately a product of its structure, it has been challenging to
distinguish whether conservation of protein dynamics reflects selection for dynamic
properties or is simply a by-product of structural conservation (Marsh and Teichmann,
2014). Nonetheless, there are some compelling examples of the adaptation of enzyme
dynamics to different functions or cellular environments. For example, E. coli
dihydrofolate reductase (DHFR) undergoes conformational motions that enable the
enzyme to release and replenish its cofactor rapidly, whereas human DHFR, which is
adapted to lower intracellular concentrations of cofactor, has evolved altered
conformational sampling that enables the enzyme to release its cofactor more slowly
(Bhabha et al., 2013). Enzyme dynamics are also important from an evolutionary

perspective because unproductive conformational sampling can limit the catalytic
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efficiency of recently evolved enzymes, prior to the stabilisation of the catalytically
competent conformations of newly introduced active site residues by more remote

substitutions (Bar-Even et al., 2015; Mabbitt et al., 2016).

5.1.2 Conformational dynamics of amino acid-binding proteins
As mentioned in Section 1.2.2, SBPs undergo conformational cycling between an open
conformation in the unliganded state and a closed conformation in the liganded state
(Figure 5.1). This characteristic hinge-bending motion appears to be an intrinsic
consequence of the SBP architecture (Keskin et al., 2000), although the magnitude of the
conformational change appears to vary between SBP classes (Berntsson et al., 2010). The
open conformation of SBPs is generally more flexible than the closed conformation, as
illustrated by free energy calculations of the conformational landscape, showing broad
free energy minima for the open conformation (Lau and Roux, 2007; Yao et al., 2013),
and by the observation of different open conformations in different crystal structures of

the same SBP (Bjorkman and Mowbray, 1998).

Figure 5.1. Open and closed conformations of an amino acid-binding protein. Crystal
structures of lysine-/arginine-/ornithine-binding protein in the open conformation (left;
PDB: 2LAO) and closed conformation in complex with L-arginine (right; PDB: 1LAF).

The two domains of the protein are shown in different colours.

Although the open conformation is the ground state for unliganded SBPs and the

closed conformation is the ground state for liganded SBPs (Davidson et al., 2008),
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multiple lines of evidence have established that SBPs can sample closed or partially
closed conformations even in the absence of ligands. Several SBPs have been crystallised
in the unliganded closed state (Flocco and Mowbray, 1994; Oswald et al., 2008).
Conformation-specific antibodies for liganded HisBP also react with unliganded HisBP
(Wolf et al., 1994). Paramagnetic relaxation enhancement NMR experiments (Tang et al.,
2007) and accelerated MD simulations (Bucher et al., 2011a) have shown that unliganded
MBP samples a minor partially closed conformation with an occupancy of ~5%. Finally,
single-molecule FRET has been used to observe open-closed transitions in unliganded
SBPs of the AABP-dependent glutamine/asparagine transport system GInPQ from
Lactococcus lactis (Gouridis et al., 2014) and variants of MBP (Kim et al., 2013a).
However, the closed conformation may not be energetically accessible for all unliganded
SBPs; paramagnetic relaxation enhancement measurements on unliganded GInBP, unlike
MBP, could be explained without accounting for minor populations of closed conformers

(Bermejo et al., 2010).

The ability of SBPs to sample closed or partially closed conformations in the
absence of ligand raises the possibility that ligand binding occurs by a conformational
selection mechanism (Bucher et al., 2011b). Conformational selection is one mechanism
that has been proposed to account for the formation of protein-ligand complexes where
ligand binding and protein conformational changes are coupled, the other principal
mechanism being induced fit (Figure 5.2). According to the induced fit model, a ligand
binds to an SBP in the open conformation and triggers a transition to the closed
conformation. In contrast, the conformational selection model posits that a small
population of the SBP exists in the closed conformation prior to ligand binding, and that
preferential binding of the ligand to the closed conformation results in a population shift
towards the closed liganded SBP. Pre-equilibrium between the open and closed

conformations in the unliganded state is a necessary but insufficient condition for
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conformational selection; an additional requirement is that the ligand must bind
preferentially to the closed conformation. Many SBPs engulf their ligands completely,
such that the binding site is not accessible in the closed conformation and a
conformational selection mechanism is impossible. Thus, induced fit has been regarded

historically as the predominant mechanism of ligand-induced conformational change in

Conformational selection “
Closed
Unliganded

SBPs.

/

“

Open Closed
Unliganded 9 / Liganded
Open
Induced fit Liganded

Figure 5.2. Ligand-induced conformational change by the induced fit and
conformational selection mechanisms. According to the conformational selection
model (upper pathway), the conformational change of the protein precedes ligand
binding, whereas according to the induced fit model (lower pathway), ligand binding
precedes the conformational change. This simplified scheme can be extended to include
additional conformational states and hybrid induced fit-conformational selection models.
The total free energy of ligand binding (AG) can be expressed as the sum of the intrinsic
free energy difference between the open and closed states of the protein (AGeonf) and the
free energy change associated with ligand binding to the closed state of the protein
(AGbind).

Recent experimental and theoretical work has confirmed that ligand binding to
SBPs occurs either by the induced fit mechanism or by hybrid induced fit-conformational
selection mechanisms involving intermediate semi-closed states (Bucher et al., 2011b;

Gouridis et al., 2014; Kim et al., 2013a; Silva et al., 2011b). Unlike bulk measurements
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of equilibrium relaxation kinetics (Vogt and Di Cera, 2012, 2013), single-molecule FRET
(SmFRET) experiments allow conformational changes to be monitored independently of
ligand binding, and can thus distinguish the induced fit and conformational selection
mechanisms. SMFRET studies of MBP and GInPQ have shown the open-closed transition
follows first-order kinetics, as predicted by the induced fit model (Gouridis et al., 2014;
Kim et al., 2013a). Moreover, three-colour SmFRET experiments, in which binding
events and conformational changes can be detected independently but simultaneously,
have shown that fluorescently labelled maltose binds more frequently to the open
conformation of MBP than the semi-closed conformation (Kim et al., 2013a). Theoretical
work has supported these conclusions; Bucher et al. showed using free energy
calculations based on the thermodynamic integration method that the semi-closed state of
MBP has a higher affinity for maltotriose than the open state, but concluded that the low
occupancy of the semi-closed state and the slow rate of the open to semi-closed transition
disfavours the conformational selection pathway; in contrast, calculation of the
conformational free energy landscape of maltose-bound MBP using the adaptive biasing
force method showed that the open-closed transition in maltotriose-bound MBP is

barrierless, favouring the induced fit pathway (Bucher et al., 2011b).

The open-closed conformational equilibrium of an SBP is inextricably linked to
its binding affinity. The total free energy of ligand binding can be decomposed using
thermodynamic linkage relationships into the intrinsic free energy change associated with
the conformational change and the free energy change associated with ligand binding to
the closed state (Figure 5.2). It follows that the affinity of SBPs can be altered by allosteric
mutations that manipulate the intrinsic equilibrium between the open and closed states,
without affecting the protein-ligand interface. Many such allosteric mutations that
increase or decrease affinity have been identified in MBP (Marvin and Hellinga, 2001,

Seo et al., 2014; Telmer and Shilton, 2003). Likewise, antibodies that target the closed
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conformation of MBP increase ligand affinity through similar allosteric effects (Rizk et
al., 2011). Evolutionary selection for increased affinity in SBPs could manifest in
stabilisation of the closed conformation (Telmer and Shilton, 2003). The periplasmic
domains of the sensor-kinase BvgS, which are homologous to SBPs, provide an extreme
example of selection for the position of the open-closed equilibrium; these proteins are
constitutively closed and therefore active except in the presence of negative modulators

(Dupre et al., 2015; Herrou et al., 2010).

Solute translocation by SBP-dependent ATP transporters requires ligand release
into the transmembrane domains, enabled by the SBP transitioning from the closed
conformation to the open conformation; thus, the conformational landscapes of SBPs,
specifically, the relative free energies of the open and closed conformations and the rate
of exchange between the two conformations, are relevant to the process of solute
translocation. Recent work on GInPQ showed that solute transport can be inhibited by
closed unliganded SBPs, suggesting that sampling of the closed conformation in the
absence of ligand can regulate the rate of solute transport, and showed that the intrinsic
lifetime of the closed conformation of the SBP affects the rate of transport, with longer
lifetimes giving slower transport (Gouridis et al., 2014). Hinge mutants of MBP with
higher maltose affinity due to stabilisation of the closed conformation also have longer
lifetimes in the closed conformation (Seo et al., 2014), suggesting that there is an
association between the position of the open-closed equilibrium and the transport rate,
and that there is a possible trade-off between binding affinity and transport rate. Finally,
it has been proposed that interactions between closed unliganded SBPs and the TMDs of
ABC transporters could be responsible for futile ATP hydrolysis observed in the absence
of ligand, although in MalFGK: at least, futile ATP hydrolysis can be stimulated by open

MBP (Gould et al., 2009).
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In summary, the conformational dynamics of SBPs have important consequences
for the mechanism of binding (induced fit versus conformational selection), binding
affinity, and the rate of solute transport, which suggests that the conformational landscape
of SBPs is under evolutionary selection. Given that the conformational dynamics of SBPs
appear to have been optimised for their function in solute transport, it is likely that the
evolution of catalytic activity in the SBP fold required adaptation of conformational

dynamics for catalysis.

We therefore hypothesised that different functional constraints on the
conformational landscape for binding proteins and enzymes would have necessitated
adaptation of protein dynamics during the evolution of CDT from an SBP. We expected
that CDT would retain the ligand-dependent (substrate-dependent) conformational
change of SBPs, since large-scale motions of proteins are largely intrinsic to protein
architecture and are therefore conserved during evolution (Hollup et al., 2011; Keskin et
al., 2000; Marsh and Teichmann, 2014). We reasoned that the closed conformation of
CDT is likely the catalytically competent conformation (Section 4.2.1), and that the open-
closed conformational change, having been decoupled from its role in solute
translocation, would be necessary for catalytic activity only insofar as necessary to allow
substrate access to the active site. Therefore, the catalytic activity of CDT could have
been improved during evolution by restricting the magnitude of the open-closed
conformational change, to restrict unproductive sampling of the open conformation, or
by increasing the rate of exchange between the two conformations to enable rapid

substrate capture and product release.

174



5.1.3 Objectives
In this chapter, the dynamics of CDT were characterised in the context of their potential
role in the evolutionary adaptation of the SBP scaffold for catalysis. MD simulations of
PaCDT were performed to characterise the conformational landscape of the protein and
to determine whether the conformational dynamics of SBPs are conserved in PaCDT.
New crystal structures of PaCDT in the absence of substrate analogues were also solved

in order to experimentally validate the results of the MD simulations.
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5.2 Results

5.2.1 Molecular dynamics simulations of PaCDT (Part 1)
In the deposited crystal structure of PaCDT (PDB: 3KBR), the protein adopts a closed
conformation in complex with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES). To confirm that the open-closed conformational transition observed in SBPs
was conserved during the evolution of CDT activity and to characterise the
conformational landscape sampled by PaCDT, including any open conformations, we

performed MD simulations of the apo-protein.

The ambiguity of the oligomeric state of PaCDT posed an initial problem for the
MD simulations. The protein has been reported to be dimeric, based on SEC data (Zhao
et al.,, 1992), although SEC data recently obtained in the Jackson lab showed better
agreement with a trimeric structure (observed MW ~ 85 kDa, theoretical MW for
dimer/trimer = 59 kDa/88 kDa) (Joe Kaczmarski, unpublished results). In the crystal
structure, PaCDT adopts a hexameric structure that would be compatible with either a
dimeric or trimeric structure in solution, although the trimer interface has the larger
surface area (721 A? vs 506 A? per interface, Figure 5.3). The trimer interface in PaCDT
is formed by interactions between the large domains only, which would enable
unrestricted motion of the small domain with respect to the large domain. On the other
hand, the dimer interface in PaCDT is formed by interactions between the large domain
of one subunit and the small domain of the other subunit, which would restrict large-scale
motion of the two domains. Thus, the two oligomeric structures were expected to differ
substantially in their dynamic properties, and simulation of the oligomeric structure
dominant in solution was considered important. Given the SEC data, PaCDT was
simulated as a trimer; further crystallographic evidence that PaCDT is trimeric was

obtained subsequently, as shown in Section 5.2.2.
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Figure 5.3. Oligomeric structure of PaCDT. (a-b) Hexameric assembly of PaCDT
(PDB: 3KBR), viewed (a) down the 3-fold symmetry axis and (b) down the 2-fold
symmetry axis. (c) Trimeric assembly of PaCDT. (d) Dimeric assembly of PaCDT.

Four replicate simulations of 100 ns duration were initialised from the
crystallographic trimer assembly of PaCDT with the bound HEPES molecules removed,
effectively yielding 12 trajectories of PACDT monomers with a total simulation time of
1.2 ps. Visual inspection of the trajectories showed that the open conformation of PaCDT
was sampled frequently during the MD simulations. This observation was corroborated
by analysis of the radius of gyration and interdomain angle (the angle between the centres
of mass of the large domain, the hinge region, and the small domain) (Figure 5.4). The
radius of gyration of individual PaCDT subunits had a broad distribution from 1.84 nm
to 2.08 nm, indicative of substantial conformational changes (Figure 5.4a). The peak in
the radius of gyration distribution at 1.89 nm corresponds to the closed conformation (c.f.
1.87 nm for the initial, energy-minimized structure), whereas the peak at 2.03 nm
corresponds to the open conformation. Likewise, the interdomain angle had a broad
distribution, with a peak at ~110° corresponding to the closed conformation and a broad
peak at ~150° corresponding to the open conformation (Figure 5.4b). For comparison, the
differences in interdomain angles between the crystallographic open and closed

conformations of LAOBP and GInBP are 33° and 24° respectively.
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Figure 5.4. PaCDT samples an open conformation during MD simulations. The
frequency histograms show (a) the radius of gyration (Rg), (b) the interdomain angle
(Bdom; see Section O for definition), and (c) the projection onto the first principal
component (PC1), for individual PaCDT subunits across the four 100 ns simulations. (d)
Representative open and closed PaCDT structures. The active site residues Arg85 and
Asn133, which are located in different domains, are shown in green.

Principal component analysis (PCA) was used to provide further insight into the
large-scale domain motions observed in the MD simulations (Figure 5.5). More than 90%
of the variance in atomic positions observed during the simulations could be described
using three principal components (PCs) that describe three rigid-body domain motions
(Figure 5.5a). PC1 and PC2, accounting for 74% and 12% of conformational variance
respectively, correspond to two orthogonal hinge-bending motions (Figure 5.6). PC3,
accounting for 5% of conformational variance, corresponds to a hinge-twisting motion,
that is, a relative rotation of one domain about the axis between the centres of mass of the

two domains (Figure 5.6).

178



@ 1.0 —rsTeeeeeees 300
& °®
— L] -
@ 0.8- 200
> .
S 100+
5 097
g 04 R A P
& 0.4 —
) -1004
=
T g o-
5 0.2 -200-
g
O 0.04— e -300 T 1 T
0 5 10 15 20 -400 -200 0 200 400
Eigenvector PC1
PCA1
-400 0 400
300 ! ; : .
N : s : : |
8 o ' ..... ‘ ....... ‘ ......... ’ ....... Chain A
-300 : : :
......... .‘ ~ ' ‘ Chain B
..... .‘ ‘ . ‘ Chain C
Trajectory 1 Trajectory 2 Trajectory 3 Trajectory 4

Figure 5.5. Principal component analysis of PaCDT simulations. (a) Cumulative

fraction of variance in atomic positions during the MD simulations accounted for by the

first 20 eigenvectors. One eigenvector alone captures 74% of the variance; three

eigenvectors capture >90% of variance. (b) Projection of the PaCDT trajectories onto the

first two principal components. Projections of the two crystal structures (HEPES-bound

and acetate-bound, see Section 5.2.2) onto the first two principal components are also

shown. (c) Conformational space sampled during individual trajectories. Projections of

individual subunits from individual trajectories onto the first two principal components

(black), compared with projection of the full simulation dataset onto the first two principal

components (grey).
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Figure 5.6. Structural interpretation of the major principal components of PaCDT
trajectories. The structures illustrating the physical interpretation of the first three
principal components were generated by interpolating between structures at the
extremities of each principal component axis. PC1 and PC2 reflect orthogonal hinge-
flexing motions responsible for the open-closed conformational transition, whereas PC3
reflects a hinge-twisting motion. These three principal components account for >90% of
variance in atomic positions during the MD simulations. Note that only one domain
makes a significant contribution to each principal component, as expected for a rigid-

body domain motion.

PC1 is a useful descriptor of the open-closed conformational change of PaCDT
and is negatively correlated with the interdomain angle (Pearson correlation: r = -0.937,
P < 10%) and the radius of gyration (Pearson correlation: r = —-0.915, P < 10™). The
distribution of PC1 values mirrors the distributions of the interdomain angle and the
radius of gyration (Figure 5.4c). The conformational space sampled by PaCDT during the
simulations can be visualised by projection of the trajectories onto the PC1 and PC2 axes,

as shown in Figure 5.5b.

The time dependence of PC1 for each PaCDT subunit in each trajectory, shown
in Figure 5.7, illustrates several points. Firstly, transitions between the open and closed
conformations are infrequent in these simulations. In five of the twelve subunit
trajectories, a transition from the closed conformation to the open conformation occurred
before a stable closed conformation was adopted, suggesting that the conformational
change was dependent on forces acting on the protein prior to equilibration. In the

remaining seven subunit trajectories, the closed conformation was stable. Secondly,
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several abortive transitions between the open and closed conformation are observed,
where a closed subunit transitions briefly to a semi-open conformation before reverting
to the closed conformation, or vice versa for an open subunit. These partial transitions are
indicative of a significant energy barrier for both the open-closed and closed-open
transitions, and the transient opening motions may also be important for access of the
substrate to the PaCDT active site. Thirdly, the open conformation of PaCDT is more
dynamic (in terms of large-amplitude domain motion) than the closed conformation, as
shown by the larger fluctuations in PC1 for open subunits compared to closed subunits.
A similar phenomenon is observed in SBPs, leading to the proposal that SBPs have a
natural tendency to oscillate in a way that leads to a productive open-closed transition
(Bucher et al., 2011a; Loeffler and Kitao, 2009). Finally, there is no obvious positive or
negative cooperativity between subunits of the PaCDT trimer, which is stable throughout
the simulations; multiple subunits can exist in the open conformation at the same time.
Notably, the quaternary structure of PaCDT appears to have evolved such that it is

compatible with the conserved conformational dynamics of the SBP family.

The open-closed conformational change of PaCDT is dependent on structural
changes in the two antiparallel B-sheets (hinge strands) connecting the two domains
(Figure 5.8). In the crystal structure, the two hinge strands interact via four hydrogen
bonds between the following atoms: Y95N" and K198°; L96° and K198"": D98N" and
A196°; D98° and A196N". Similar hydrogen bonding networks are observed for the
closed conformation throughout the simulations. However, in the open conformation, the
hydrogen bonding network between the two strands is extended, with an additional
interaction between K100NH and D194°. The extended p-sheets are responsible for

holding the two domains further apart, resulting in an open conformation.
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Figure 5.7. Projections of PaCDT trajectories onto the PC1 axis. The three colours
represent the three subunits of PaCDT. The dotted line (PC1 = 74.6) represents the crystal
structure (PDB: 3KBR).
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Figure 5.8. Differences in hinge structure between open and closed conformations of
PaCDT. (a-b) The crystallographic closed conformation (a) and a representative open
conformation (b) of PaCDT, with the hinge region shown in stick representation. (c-d)
Interactions between the two hinge strands in the closed conformation (c) and open
conformation (d) of PaCDT. The additional backbone interaction between Lys100 and
Aspl94 extends the B-sheet structure of the hinge, reorienting the two domains to yield

the open conformation, as shown in (a-b).

183



The four trajectories of the PaCDT/arogenate complex (Section 4.2.1) were
projected onto the PC1 and PC2 axes from the apo-PaCDT simulations to compare the
large-scale dynamics of each species (Figure 5.9). As expected, PaCDT remained in the
closed conformation while bound to substrate. However, the crystallographic closed
conformation of the HEPES-bound protein used for docking was rarely sampled, with the
enzyme-substrate complex exhibiting a substantial difference in the PC2 coordinate
compared to the crystal structure. This result suggests that HEPES stabilises a
conformation of PaCDT that is sampled by the apo-enzyme but is substantially different
from the substrate-bound conformation, and justifies the use of MD simulations to

optimise the model of the enzyme-substrate complex obtained by molecular docking.
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Figure 5.9. Principal component analysis of PaCDT-arogenate simulations. (a)
Projection of trajectories of the PaCDT-arogenate complex onto the principal components
obtained from the apo-PaCDT simulations. The red dot represents the crystal structure
(PDB: 3KBR). (b) Frequency histograms showing conformational sampling along the
PC1 and PC2 axes across the complete set of PaCDT-arogenate simulations. The grey
lines represent the crystal structure (PDB: 3KBR). The PC2 value associated with the

crystal structure is rarely observed during the simulations.
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The dynamical behaviour of PaCDT in MD simulations is similar to that
previously reported for AABPSs, in terms of the large-amplitude hinge-bending and hinge-
twisting motions, the magnitude of the open-closed conformational change, and the
metastability of the apo-closed state (Chu et al., 2014; Loeffler and Kitao, 2009; Pang et
al., 2005; Silva et al., 2011a). For example, in the case of HisBP, the apo-closed structure
was stable over three 70 ns simulations, showing only transient sampling of a semi-open
conformation with an interdomain angle ~15° greater than the closed conformation (Chu
et al.,, 2014). The two motions with the largest amplitude, obtained from principal
component analysis of simulations of the apo-open structure, were hinge-bending and
hinge-twisting, and the difference in interdomain angle between the open and closed
conformations was ~30°. LAOBP exhibited somewhat different behaviour in MD
simulations, with the apo-closed state transitioning to the open conformation in all 23
replicates of a 20 ns simulation (Silva et al., 2011a); however, this difference can be
accounted for by the higher temperature (318 K) used for the LAOBP simulations
compared to the HisBP and PaCDT simulations (300 K). For LAOBP, the principal
components accounting for the most conformational variance corresponded to hinge-

twisting and hinge-bending motions, respectively.

In summary, PaCDT exhibits similar dynamical properties to SBPs in MD
simulations. The open conformation of the enzyme was sampled during the simulations,
as shown by radius of gyration and interdomain angle distributions and principal
component analysis. However, the closed state of the apo-enzyme was stable on the
timescale of tens of nanoseconds, and transitions to the open state were observed only in
the equilibration phase of each simulation. The motions with the largest amplitude were
rigid-body hinge-bending and hinge-twisting motions. To experimentally validate the

results of the MD simulations, and to obtain an experimental benchmark for future
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computational work (such as adaptive biasing force calculations), we next attempted to

solve the crystal structure of PaCDT in the open conformation.

5.2.2 Crystal structures of apo PaCDT
Crystallisation of PaCDT in an open conformation required the identification of new
crystallisation conditions without HEPES or other substrate mimics using sparse matrix
screens. Crystals were obtained from a drop containing 0.2 M ammonium acetate, 0.1 M
Tris pH 8.5, 25% (w/v) PEG 3350 as the precipitant. Preliminary diffraction data was
collected on optimised crystals grown using 0.2 M ammonium acetate, 0.1 M Tris pH 8.0,
18% (wi/v) PEG 3350 as the precipitant; these crystals belonged to the tetragonal space
group P4322 and diffracted to 3.1-3.5 A. An almost identical crystallisation condition
(0.2 M ammonium acetate, 0.1 M Tris pH 8.2, 18% (w/v) PEG 3350) produced a crystal
belonging to the hexagonal space group H3, which diffracted to 2.1 A. Crystal structures
in both space groups were solved by molecular replacement. For the high-resolution
structure, the two domains of the previous PaCDT structure (PDB: 3KBR) were used as
separate search models to account for the expected rigid body displacement of the two
domains corresponding to the open-closed conformational change. The low-resolution
structure was then solved by molecular replacement using the refined high-resolution
structure as a search model. Data collection and refinement statistics are given in Table

5.1.
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Table 5.1. Data collection and refinement statistics for PaCDT.

Structure PaCDT (P4322) PaCDT (H3)
PDB code 5J0T 5HPQ
Data collection
Wavelength (A) 0.9537 0.9537
Space group P4322 H3
Cell dimensions
a, b, c(A) 95.36, 95.36, 187.87 124.89, 124.89, 40.63
a, B,y (°) 90.00, 90.00, 90.00 90.00, 90.00, 120.00
Resolution range (A) 47.68 —-3.11(3.32-3.11) 38.03-2.05(2.11-2.05)
Rmerge (%) 64.5 (165.3) 11.0 (57.9)
Rpim (%) 18.1 (48.2) 5.5 (46.2)
CCu2 (%) 95.7 (63.1) 99.5 (71.4)
I/ o(l) 5.9 (1.8) 8.3 (1.6)
Completeness (%) 100.0 (100.0) 97.9 (82.3)
Multiplicity 13.3 (12.3) 4.8 (2.5)
Refinement
Resolution range (A) 46.72 -3.11 36.05 - 2.05
Number of reflections 15344 13739
Rwork/Riree (%0) 24.25/29.52 17.59/24.10
No. of atoms (chain A/ B/ C)
Protein 1899/ 1895/ 1883 1870
Acetate 41414 4
Water 12 55
Average B factors (A2) (chain A/ B/ C)
Protein 32.02/31.29/39.19 30.88
Acetate 17.70/17.21/26.17 24.62
Water 10.77 26.86
R.m.s. deviations
Bond lengths (A) 0.011 0.016
Bond angles (°) 1.40 1.78
Ramachandrant (%)
Favoured 94.1 94.9
Allowed 55 4.2
Disallowed 0.4 0.8

*Values in parentheses refer to highest resolution shell.

tFrom PDB validation report.
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PaCDT adopted a closed conformation in the absence of HEPES, rather than an
open conformation (Figure 5.10), which was unexpected because crystallisation of
unliganded SBPs in the closed conformation is rare (but not unprecedented; Flocco and
Mowbray, 1994; Oswald et al., 2008). The overall backbone RMSD between the apo and
HEPES-bound structures is 1.45 A. The RMSD between the two structures is lower when
the two domains are considered separately (1.18 A for the small domain, 0.62 A for the
large domain), indicating that the structural difference between the two structures is
partially explained by a rigid-body displacement of the two domains. PaCDT is more
closed in the apo structure than in the HEPES-bound structure; specifically, analysis in
DynDom (Hayward and Berendsen, 1998) showed that the conformational difference
corresponds to an 11° rotation of one domain about an axis perpendicular to the vector
between the centres of mass of the two domains (Figure 5.10a). The difference between
the two PaCDT structures can also be visualised by projecting the structures onto the
principal component axes obtained from the MD simulations (Figure 5.5b); the higher

PC1 value for the apo structure indicates that the structure is more closed.

The structural changes in PaCDT responsible for the difference in conformation
between the apo and HEPES-bound structures are minor; interactions between the hinge
strands are identical in both structures. A small 25° change in the ¢ angle of Gly99 in the
first hinge strand appears to be responsible for the difference in conformation. Compared
with the HEPES-bound structure, an additional interdomain interaction between Asn152
and Asp21 is observed in the apo structure, which may contribute to the stability of the

closed conformation in the absence of substrate (Figure 5.10b).
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Figure 5.10. Crystal structure of apo CDT. (a) Comparison of the apo (grey) and
HEPES-bound (orange) structures of PaCDT. The structures were superimposed using
the large domain of each structure. An 11° rotation of the small domain about the axis
indicated by the blue arrow is required to superimpose the small domains of the two
structures. (b) Polar interdomain interactions in apo-PaCDT (grey). The HEPES-bound
structure (orange) has similar interdomain contacts, except for the interaction between

Asn152 and Asp21, which is only possible in the more closed apo structure.

Since the active site of PaCDT is located at the interface of the two domains, the
rigid-body displacement of the two domains between the apo and HEPES-bound
structures alters the shape of the active site. Compared to the large and solvent-accessible
cavity in the HEPES-bound structure, the active site cavity of the apo-PaCDT structure
is small and occluded (Figure 5.11). Clearly, a more open conformation is necessary for
HEPES, which is bulkier than the cyclohexadiene substrates of the enzyme, to be
accommodated in the active site. In the apo structure, the highly polar active site cavity
contains an acetate molecule from the crystallisation buffer, which binds at the canonical
amino acid binding site, and four ordered water molecules (Figure 5.11). The
adventitiously bound acetate molecule makes several interactions with the large domain
of PaCDT, but just one interaction with the small domain, and is therefore unlikely to

make a significant contribution to stabilisation of the closed conformation of the enzyme.
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Figure 5.11. Active site cavity of apo PaCDT. The surface of the occluded active site
cavity is shown in grey. Electron density for the acetate and water molecules is shown by

an mF,— DF¢ omit map contoured at +36.S

The apo structures of PaCDT provide further evidence that the protein has a
trimeric structure rather than a dimeric structure. In the HEPES-bound structure and the
apo structure in space group P4322, PaCDT is assembled into hexamers, which would be
compatible with either a dimeric structure or trimeric structure in solution. On the other
hand, in the crystal structure in space group H3, only the trimeric structure is observed;
the trimers are packed head-to-head, rather than packing head-to-tail to form hexamers as

in the other crystal structures (Figure 5.12).

Figure 5.12. Packing of PaCDT crystals in space groups H3 and P4322. (a) H3; (b)
P4322. For each structure, two PaCDT trimers are shown in two orientations; the first

view is down the three-fold symmetry axis and the second view is obtained by a 90°

rotation about the axis shown.
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5.2.3 Molecular dynamics simulations of PaCDT (Part II)
The crystal structure of apo-PaCDT enables an important limitation of the MD
simulations reported in Section 5.2.1 to be addressed. The five transitions from the closed
conformation to the open conformation that were observed in these simulations each
occurred at the beginning of the simulation, before a stable closed conformation had been
adopted. These transitions could have been caused by artefactual forces acting on the
enzyme prior to equilibration, resulting from the assignment of initial velocities, the
perturbative removal of the buffer molecule from the active site, or structural distortions
in the initial energy-minimised structure, for example. The crystal structure of apo-
PaCDT provides a more realistic initial conformation of the enzyme, mitigating some of
these problems, and allows the robustness of the observed conformational dynamics to
the choice of initial structure to be assessed; the MD simulations were therefore repeated

using the apo-PaCDT structure.

Another possible critique of the previously reported MD simulations is that only
one force field (GROMOS 53A6) was tested; it is therefore unknown whether the
observed conformational dynamics are robust to the choice of force field. The GROMOS
53A6 force field uses a united-atom approach, in which a single “united” atom is used to
represent an aliphatic carbon atom and any hydrogen atoms bonded to it. This
approximation reduces the number of atoms in the system and accordingly reduces
computational demand, allowing longer simulations for a given amount of computational
time. Use of this approximation is justified by the ability of the GROMOS 53A6 force
field to reproduce experimental free energies of solvation (Oostenbrink et al., 2004);
nonetheless, to ensure that the simulated conformational dynamics of PaCDT could be
reproduced using an all-atom force field, one simulation was performed using the OPLS3

force field.
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Four 170 ns simulations were initialised from the crystal structure of the
unliganded PaCDT homotrimer, using the GROMOS 53A6 force field (5SHPQ-GROMOS
simulations). An additional 150 ns simulation was performed using the same structure
and the OPLS3 force field (SHPQ-OPLS simulation). Combined with the previous
simulations initialised from the HEPES-bound structure (3KBR simulations), these
simulations yielded a data set of 27 trajectories of PaCDT monomers with a total

simulation time of 4.69 ps.

To compare the conformational space sampled in each set of trajectories, each set
of trajectories was analysed separately using principal component analysis, and the
resulting principal components were compared quantitatively by computing their
pairwise squared inner products and root-mean-square inner products (Table 5.2). These
indicators showed that there was considerable overlap in the conformational space
sampled in each set of trajectories (root-mean-square inner products for first 10 principal
components >0.7). Most importantly, the first and second principal components,
corresponding to the open-closed conformational change, described similar motions in
each set of trajectories (pairwise squared inner products >0.7). These results demonstrate

convergence of the conformational space described by each set of simulations.

Table 5.2. Overlap in conformational space sampled during different simulations of
PaCDT. The principal components from the SHPQ-GROMOS simulations and the

5HPQ-OPLS simulations are compared with the original 3KBR simulations.

Simulation set 5HPQ-GROMOS 5HPQ-OPLS
Pairwise squared inner products

PC1 0.956 0.893

PC2 0.753 0.888

PC3 0.698 0.533
Root-mean-square inner product 0.731 0.726

(first 10 eigenvectors)
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The open-closed conformational dynamics of the 3KBR and 5HPQ-GROMOS
trajectories were analysed by principal component analysis and interdomain angle and
radius of gyration calculations to determine whether the conclusions based on the 3KBR
simulations were robust to the choice of initial structure (Figure 5.13). In the SHPQ-
GROMOS simulations, nine subunits remained closed throughout the 170 ns simulation
and three subunits arrived at an open conformation, confirming that the closed
conformation of PaCDT is stable on the timescale of hundreds of ns, although the open
conformation is also energetically accessible (Figure 5.13d). Likewise, projection of the
5HPQ-OPLS trajectories onto the principal components of the 3KBR and 5HPQ-
GROMOS trajectories showed one subunit remaining closed for 150 ns and two subunits
adopting an open conformation (Figure 5.13d). In contrast to the 3KBR simulations, the
five transitions to the open conformation in the 5SHPQ-GROMOS and 5HPQ-OPLS
simulations occurred after equilibration of the closed structure and are therefore unlikely
to be artefacts caused by forces acting on the protein prior to equilibration. The 5HPQ-
GROMOS and 5HPQ-OPLS simulations therefore corroborate the main conclusions from
the 3KBR simulations, that the closed conformation of PaCDT is stable on the 100 ns

timescale, and that sampling of the open conformation is also possible.
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Figure 5.13. Extended molecular dynamics simulations of PaCDT. (a-c) Frequency
histograms of the interdomain angle (a), the radius of gyration (b), and the projection
onto the first principal component (PC1) (c) for individual PaCDT subunits during the
3KBR and 5HPQ-GROMOS simulations. The corresponding values for the crystal
structures of PaCDT (PDB: 5HPQ, 3KBR) and AncCDT-3(P188L) (PDB: 5JOS) are also
shown. (d) Physical interpretation of the first three principal components derived from
the 3KBR and 5HPQ-GROMOS trajectories. The structures were generated by
interpolating between structures at the extremities of each principal component axis. The
variance in atomic position associated with each principal component is listed in brackets.
(e) Projection of individual PaCDT trajectories onto the PC1 axis derived from the 3KBR
and 5HPQ-GROMOS simulations (4 x 100 ns for 3KBR, 4 x 170 ns for 5HPQ-
GROMOS, 1 x 150 ns for 5SHPQ-OPLS). Each color represents a subunit of the PaCDT

homotrimer. The dotted line represents the crystallographic conformation (5HPQ).
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5.3 Discussion

Efficiency in enzyme catalysis depends on pre-organisation of active site residues in a
rigid, catalytically competent conformation, and the low efficiency of rationally designed,
recently evolved, and promiscuous enzymes is partially attributable to conformational
disorganisation or “floppiness” (Bar-Even et al., 2015; Khersonsky et al., 2012; Mabbitt
etal., 2016). The binding site of an SBP is not pre-organised; formation of the SBP-ligand
complex depends on a significant conformational change from an open conformation to
a closed conformation, and the equilibrium between these two conformations controls
binding affinity and the rate of solute transport. We therefore questioned how the apparent
conflict between the conserved and functionally important conformational dynamics of
the SBP fold and the requirement of a pre-organised active site for efficient catalysis
could have been resolved in the evolution of CDT from an SBP. To this end, we
investigated the conformational dynamics of PaCDT using MD simulations and X-ray
crystallography. The MD simulations showed that apo-PaCDT undergoes large-scale
conformational fluctuations similar to SBPs and can adopt an open conformation,
although the closed conformation was also stable on the timescale of tens of nanoseconds.
The crystal structure of PaCDT showed that the enzyme can adopt a closed conformation
even in the absence of substrate or substrate analogues. Thus, although PaCDT has
retained the open-closed conformational equilibrium characteristic of the SBP fold, this
equilibrium may have been shifted towards the closed conformation. These results
support the view that stabilisation of the closed, catalytically competent conformation of
PaCDT may have been an adaptation towards higher catalytic activity in the evolution of

this enzyme from a non-catalytic precursor.

Systematic comparison of structural dynamics across protein superfamilies has

shown that low-frequency motions are generally a consequence of the global architecture

195



of a protein rather than specific structural elements and interactions, and that these low-
frequency motions are the motions most conserved within protein superfamilies (Keskin
etal., 2000; Maguid et al., 2008; Marsh and Teichmann, 2014). Consistent with this view,
principal component analysis of the MD simulations showed that the low-frequency
motions associated with the SBP fold, hinge-bending and hinge-twisting, are conserved
in PaCDT. This result was foreshadowed by an early comparison of the dynamics of three
distantly related proteins with the SBP fold using coarse-grained Gaussian network
models; the binding protein LAOBP, the transcriptional regulator CysB, and the enzyme
porphobilinogen deaminase displayed similar normal modes, based on these simplified
models of protein flexibility, despite their significant functional divergence (Keskin et al.,
2000). Nonetheless, these conserved collective motions have different consequences in
the context of different cellular functions; for example, in porphobilinogen deaminase,
which catalyses the oligomerisation of porphobilinogen, SBP-like hinge bending is
essential for accommodation of the growing polypyrrole chain in the active site of the

enzyme (Bung et al., 2014).

Although PaCDT retained the characteristic conformational dynamics of the SBP
fold, the unusual stability of the closed, catalytically competent conformation, evidenced
by the crystal structure of the apo-enzyme, suggests that the conformational equilibrium
was modified as an adaptation towards higher catalytic efficiency. Precedent for
evolutionary selection for the position of the open-closed equilibrium of an SBP is evident
in the homologous periplasmic domains of the sensor-kinase BvgS, which are
constitutively closed (Herrou et al., 2010). In the early stages of the evolution of CDT,
prior to optimisation of the conformational equilibrium for catalysis, slow binding of the
substrate in a productive conformation may have limited the efficiency of the enzyme.
Indeed, the intrinsic lack of a pre-organised binding site in SBPs may have been a major

barrier to the evolution of SBP-derived enzymes that catalyse more challenging reactions.
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The MD simulations reported in this chapter provide a useful description of the
conformational space sampled by PaCDT. The dynamical properties observed in these
MD simulations could be reproduced using different initial structures and force fields,
and comparison of the principal components obtained from different sets of simulations
demonstrated convergence of the conformational space sampled in each set of
simulations, that is, sampling of both the open conformation and the closed conformation
was sufficient to achieve an adequate description of the conformational space spanned by
PaCDT. However, a significant limitation of these MD simulations is that transitions
between the open and closed conformations were infrequent, implying that the
occupancies of the two conformations are not indicative of their relative energies, that is,
the free energy difference between the two conformations did not converge during the
simulations. Since experimentally determined rates of the open-closed conformational
transition in SBPs range can extend to the millisecond-second range (Gouridis et al.,
2014), it is unsurprising that convergence was not achieved within 100-170 ns
simulations. Determination of thermodynamic and kinetic parameters for motions on the
millisecond-second timescale is well beyond the scope of conventional atomistic MD
simulations; alternative computational methods, such as accelerated MD (Hamelberg et
al., 2004) or the adaptive biasing force method (Darve et al., 2008), or experimental
methods would be required to determine the relative free energies of the open and closed
conformations, or kinetic information about the rate of exchange between the open and

closed conformations.

The possibility that the closed conformation of PaCDT observed in the crystal
structure is a crystal artefact should also be considered, since it is possible that the closed
conformation could be stabilised by favourable crystal contacts. However, the
observation of the same conformation in multiple, differently packed crystals provides

evidence that the stability of the closed conformation cannot be explained solely by
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crystal packing. Conversely, given the present lack of experimental evidence that PaCDT
samples an open conformation, the validity of the open conformation observed in the MD
simulations might be questioned; however, the crystal structure of AncCDT-3(P188L) in
an open conformation (Section 6.2.1) provides experimental evidence that the open

conformation is accessible in some CDT variants.

Alongside the SEC data, the crystal structure of apo-PaCDT establishes that the
enzyme is trimeric, contrary to previous reports (Zhao et al., 1992). Since the two trimer
interfaces of PaCDT are located on the large domain of the protein, the trimeric assembly
was not anticipated to impose additional restrictions on the motion of the small domain
with respect to the large domain. Indeed, the MD simulations confirmed that the open-
closed transition is fully compatible with the oligomeric assembly of the protein. Thus,
the quaternary structure of PaCDT has evolved in such a way that the conserved hinge-
bending and hinge-twisting motions of the SBP superfamily can be retained, as seen in
the few examples of oligomeric AABPs (Ruggiero et al., 2014). Similar observations of
the conservation of large-scale dynamics despite differences in function and quaternary
structure have been reported for other protein superfamilies (Luebbering et al., 2012).
Consistent with the absence of allosteric regulation in PaCDT, the hinge-bending and
hinge-twisting motions of PaCDT subunits are not cooperative; the conformational state
of one subunit is independent of the conformational states of the other subunits. Given
that CDT is not allosterically regulated, the role of quaternary structure in PaCDT is
unclear. The ancestral CDT variants are monomeric, indicating that oligomerisation is not
required for catalysis; thus, the quaternary structure of PaCDT may have evolved
neutrally. However, it is suggestive that directed evolution of AncCDT-2 for higher
prephenate dehydratase activity in vivo yielded oligomeric CDT variants; CDT-J3 (Table

4.5, p. 148) exists as a mixture of monomer, dimer and trimer in solution, with the dimer
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being the major species (Joe Kaczmarski, unpublished results). Further work is therefore

needed to assess the role of quaternary structure in the evolution of CDT.

Experimental characterisation of the solution-state dynamics of PaCDT would be
invaluable for confirming the importance of the conformational landscape in the
evolution of CDT activity. Fusion of fluorescent or paramagnetic tags to the enzyme
would enable “spectroscopic ruler” measurements based on FRET, electron paramagnetic
resonance or paramagnetic relaxation enhancement NMR, which could be used to
determine whether the open conformation or closed conformation of PaCDT is favoured
in solution, identify any minor semi-open or semi-closed conformations with potential
functional significance, and determine whether the enzyme adopts a different
conformation during substrate turnover. The intrinsic opening and closing rates of the
enzyme could be determined by single molecule FRET spectroscopy. Although the
quaternary structure of PaCDT would pose problems for these experimental methods,
these problems could be dispelled by disruption of the trimer interface by targeted
mutagenesis. These experimental techniques could be complemented by theoretical
investigation of the conformational landscape of the enzyme, using umbrella sampling
simulations to calculate the free energy surface along the coordinate associated with the
open-closed conformational change, or using alternative MD methods such as accelerated

MD to increase sampling of the conformational landscape.

Additionally, the impact of the open-closed conformational equilibrium on the
catalytic activity of CDT has not yet been proven. This could be addressed, for example,
by designing allosteric mutations to stabilise and destabilise different conformations of
PaCDT and testing the effects of these mutations on catalytic activity. The viscosity
dependence of the kinetic parameters of PaCDT could be measured to determine whether

the substrate binding or product release steps are rate-limiting, as might be expected if
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these steps are dependent on significant conformational changes. Finally, comparison of
the conformational dynamics of the less active ancestral CDT variants with the highly
active PaCDT could be used to determine whether changes in conformational dynamics
are associated with changes in catalytic efficiency and to identify individual mutations

responsible for these differences.
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5.4 Methods

5.4.1 Materials
A codon-optimised gene encoding PaCDT (UniProt: Q01269; residues 26-268), cloned

into the pDOTS7 vector (see Section 4.4.1), was obtained from Joe Kaczmarski.

5.4.2 Molecular dynamics simulations
MD simulations using the GROMOS 53a6 force field (Oostenbrink et al., 2004) were
initialised from the HEPES-bound and unliganded PaCDT structures (PDB: 3KBR,
5HPQ). The structure of PaCDT trimer was generated from the monomer structure by
application of the crystallographic three-fold rotation operation. The HEPES molecules
were removed, and missing residues, missing side-chains, N-terminal acetyl caps, and C-
terminal amide caps were modelled as described in Section 4.4.2. MD simulations were
performed using GROMACS version 4.5.5 (Pronk et al., 2013) for the HEPES-bound
structure and GROMACS version 4.6.5 for the unliganded structure, as described in
Section 4.4.2. Following a 1 ns equilibration phase, which was not considered in the
analysis, the four simulations of the HEPES-bound structure were continued for 100 ns,
and the four simulations of the unliganded structure were continued for 170 ns. The
5HPQ-OPLS simulations were performed using the OPLS3 force field (Harder et al.,
2016) in Desmond software (Bowers et al., 2006) by Joe Kaczmarski and Elaaf

Mohamed.

5.4.3 Structure analysis
The amount of surface area buried in the hexameric PaCDT assembly was calculated
using the PISA server (Krissinel and Henrick, 2007). Principal component analysis,
interdomain angle calculations, and radius of gyration calculations were done in Bio3D
(Skeevern et al., 2014). Analysis was restricted to protein backbone atoms (N, C, Ca) at

0.1 ns intervals for the 3KBR and 5SHPQ-GROMOS simulations, and 0.15 ns intervals for
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the 5SHPQ-OPLS simulations. Similarity between the conformational space sampled in
each set of simulations was assessed by performing principal component analysis
separately for each set of simulations and computing the root-mean-square inner product
of the first 10 eigenvectors. The interdomain angle, 64om, Was calculated as the angle
between the centres of mass of three groups of backbone atoms: the large domain
(residues 3-97 and 196-233), the hinge region (residues 96-98 and 196-198) and the

small domain (residues 98-195).

5.4.4 Crystallisation and structure determination of PaCDT
PaCDT was expressed in E. coli BL21(DE3) cells grown in LB media containing 100
mg/L ampicillin to ODeoo 0.6 at 37 °C, induced with 0.8 mM IPTG, and incubated for a
further 20 h at 37 °C. The protein was purified by nickel affinity chromatography under
native conditions and size-exclusion chromatography, eluting in Tris buffer (20 mM Tris
pH 8.0, 100 mM NaCl, 0.5 mM DTT, 10% glycerol). The crystal belonging to space
group P4322 grew in a hanging drop containing 2 uL. 10 mg/mL PaCDT and 2 pL 18%
(w/v) PEG 3350, 0.2 M ammonium acetate, 0.1 M Tris pH 8.0 at 18 °C. This crystal was
cryoprotected in 30% (w/v) PEG 3350, 0.2 M ammonium acetate, 0.1 M Tris pH 8.0. The
crystal belonging to space group H3 grew in a hanging drop containing 1 uL 10 mg/mL
PaCDT and 1 uL 18% (w/v) PEG 3350, 0.2 M ammonium acetate, 0.1 M Tris pH 8.2 at
18 °C. This crystal was cryoprotected in a mixture of 30% (v/v) PEG 400 and 70% (v/v)
mother liquor. Both crystals were flash frozen in a nitrogen stream at 100 K and stored in
liquid nitrogen. Diffraction data were collected at 100 K on the MX1 beamline at the
Australian Synchrotron. The data were indexed and integrated in iIMOSFLM (H3
structure) (Battye et al., 2011) or XDS (P4322 structure) (Kabsch, 2010), and scaled in
Aimless in the CCP4 suite (Winn et al., 2011). The structures were solved by molecular
replacement in Phaser (McCoy et al., 2007). For the H3 structure, the two domains of the

published PaCDT structure (PDB: 3KBR) were used as separate search models. For the
202



P4322 structure, the refined H3 structure was used as a search model; three protein
molecules were located in the asymmetric unit. The H3 structure was rebuilt manually
from a polyalanine model and refined by real space-reciprocal space refinement in Coot
(Emsley et al., 2010) and REFMACS (Murshudov et al., 1997). Minor adjustments to the
P4322 structure were made in Coot, and reciprocal space refinement with NCS restraints
was done in REFMACS. Data collection and refinement statistics are given in Table 5.1.
Structure factors and coordinates for the crystal structures of PaCDT have been deposited
in the PDB under accession codes 5HPQ (space group H3) and 5JOT (space group

P4322).
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Chapter Six

Evolution of an enzyme from a
solute-binding protein. Part 1V:

Structure.
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6.1 Summary

The aim of the work described in this chapter was to determine the structural basis for the
emergence of CDT activity in ancestral SBPs. Firstly, the crystal structures of AncCDT-1
and AncCDT-3(P188L) were solved. These ancestral proteins represent two key
intermediates in the evolution of CDT: AncCDT-1 represents the last common ancestor
of AABPs and CDTs, and AncCDT-3(P188L) represents the last common ancestor of
modern CDTs. We anticipated that comparison of these structures would highlight the
historical structural changes that resulted in the evolution of CDT activity, unobscured by
the divergent structural changes that altered binding specificity in the Ws0279 lineage
and the (largely) functionally neutral changes between AncCDT-3 and PaCDT. Secondly,
the crystal structure of apo-PaCDT was used to model the CDT-substrate complex and
propose a catalytic mechanism for the enzyme. Finally, based on the structural and
mutational data acquired in this project, the roles of individual mutations in effecting the

gain of CDT activity in AncCDT-1 are discussed.
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6.2 Results

6.2.1 Crystal structures of AncCDT-1 and AncCDT-3(P188L)
Crystals of the AncCDT-1/arginine complex grew readily in a wide range of PEG-based
conditions, which were identified using sparse matrix crystallisation screens, but these
crystals were typically irregular, intergrown and unsuitable for X-ray diffraction.
However, single crystals could be obtained by serial microseeding from crystals grown
in a hanging drop using 0.2 M lithium sulfate, 0.1 M Tris pH 8.2, 22% (w/v) PEG 3350
as the precipitant, and X-ray diffraction data was collected to a resolution of ~2.6 A using
synchrotron radiation. The crystal structure of the AncCDT-1/arginine complex was
solved in space group P2:2:2: by molecular replacement, using the AncQR/glutamine
complex (60% sequence identity) as a search model, with four protein molecules in the
asymmetric unit. The crystal used for structure determination possessed an orthorhombic
unit cell with one especially long axis (a =47.0 A, b =68.9 A, c = 318.6 A), causing the
reflections to partially overlap and limiting the accuracy of the integrated data;
nonetheless, the structure of the AncCDT-1/arginine complex could be refined to an Riree
value of 28.7%, and the resulting model was mostly complete, except for a surface loop
in the small domain (residues 191-194) and a flexible part of the outer hinge strand
(residues 201-204) in some NCS-related subunits. Although the data exhibited an
atypical intensity distribution suggestive of twinning (twin fraction estimated from
cumulative distribution function for |L| = 17.8%), no merohedral or pseudo-merohedral
twin laws are possible in space group P212121; therefore, the atypical intensity distribution
was likely a product of the quality of the data. Complete data collection and refinement

statistics are given in Table 6.1.
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Table 6.1. Data collection and refinement statistics for AncCDT-1 and
AncCDT-3(P188L).

Structure AncCDT-1 AncCDT-3(P188L)
PDB code 5TOW 5JOS
Data collection
Wavelength (A) 0.9501 0.9537
Space group P21212; P432:2
Cell dimensions

a, b, c(A) 47.0, 68.9, 318.6 90.4, 90.4, 101.8

a, B,y (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution range (A) 33.66-2.59 (2.71-2.59) 45.19-2.10 (2.16-2.10)
Rmerge (%0) 15.8 (77.5) 7.3 (76.0)
CCu2 (%) 99.3 (75.5) 99.9 (61.9)
I/ o(l) 8.2 (2.4) 19.7 (2.0)
Completeness (%) 99.4 (99.3) 99.8 (98.2)
Multiplicity 6.8 (6.9) 11.8 (5.0)
Refinement
Resolution range (A) 33.19-2.59 44.35-2.10
Number of reflections 31387 23894
Rwork/Rfree (%0) 25.35/28.73 17.56 / 20.68
No. of atoms (chain A/B/C /D)

Protein 1769 /1734 /1718 /1721 1932

Arginine 12/12/12/12 -

Citrate - 13

Benzoate - 9

Na* - 1

Water 21 70
Average B factors (A?) (chain A/ B/ C /D)

Protein 32.99/45.93/58.04/43.58 48.82

Arginine 8.33/24.29/44.08/17.99 -

Water 18.10 44.64

Other - 38.70
R.m.s. deviations

Bond lengths (A) 0.0108 0.0213

Bond angles (°) 1.37 2.05
Ramachandrant (%)

Favoured 94.9 95.4

Allowed 4.6 3.3

Disallowed 0.4 1.3

*Values in parentheses refer to highest resolution shell.
tFrom PDB validation report.
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In the AncCDT-1/arginine complex, the key residues that interact with the side
chain of the amino acid ligand, and thereby determine the binding specificity of the
ancestral protein, are Aspl19, Ser77 and GIn128, which form hydrogen bonds with the
guanidinum group of L-arginine, and Tyr22 and Trp60, which form cation-z interactions
(Figure 6.1a). The geometry of the binding site is typical of extant arginine-binding
proteins, particularly homologues of LAOBP (PDB: 2Q2A, 1LAF), as expected given the
high affinity of AncCDT-1 for multiple cationic amino acids. Several differences between
the binding sites of AncCDT-1 and Ws0279 could account for the reduction in affinity
for L-arginine from the ancestral protein to the extant protein: the substitution Q128K
removes a hydrogen bond with L-arginine, while the substitutions T169F and T131V alter
the positions of Tyr22 and Trp60, disrupting the cation-z interactions with the ligand

(Figure 6.1b).

Although some residues in the binding site of AncCDT-1 were reconstructed
ambiguously (Figure 3.4, p. 103), comparison of the structure of AncCDT-1 with the
structures of homologous AABPs suggests that replacement of these residues with
alternative predictions of the ancestral state is unlikely to abolish binding of L-arginine.
The conservative substitution D19E is found in a number of other cationic AABPs, such
as AncQR (PDB: 4zV1), and maintains an interaction with the guanidinium group of
L-arginine. The substitution S77G would likely have the effect of increasing specificity
towards L-arginine; in LAOBPs (PDB: 1LAF, 2Q2A), Ser77 is important for maintaining
a water-mediated hydrogen bonding network required for binding of L-lysine and
L-histidine (Oh et al., 1994). In contrast, in AABPs with higher specificity for L-arginine
(PDB: 42V1, 2Y71, 4YMX), this residue is replaced with Ala; the loss of an interaction
between Ser and L-arginine can be compensated by recruitment of a water molecule.
Finally, the substitution Q128K would abolish a hydrogen bond with L-arginine and likely

reduce the affinity of AncCDT-1 for this ligand; nonetheless, this interaction is not
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essential for binding of cationic amino acids, as shown by replacement of GIn128 by Leu
(PDB: 1LAF) and Lys (PDB: 3K4U) in other AABPs with similar specificity. Thus, the
conclusion that AncCDT-1 is an AABP specific for cationic amino acids is apparently
robust to uncertainty in the reconstruction of the ancestral sequence, although variations

in the precise specificity of the ancestral protein cannot be excluded.

Tyr22

5553 \> GIn128
L\. ‘ (

Tyr22

Asp170
T169F

Q128K

3

Tpeo  T131V

Figure 6.1. Crystal structure of AncCDT-1. (a) Binding site of AncCDT-1 (chain D).
Electron density for the ligand, L-arginine, is shown by an mF, — DF. omit map contoured
at +3c. Trp60 is situated on top of the ligand and is omitted for clarity. Minor NCS
differences are not shown. (b) Comparison of the AncCDT-1/arginine (grey) and
Ws0279/lysine (purple) complexes. Substitutions between AncCDT-1 and Ws0279 with
potential relevance for the difference in binding specificity are shown.
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Next, the crystal structure of AncCDT-3(P188L) was solved. Crystals of
AncCDT-3(P188L) were obtained from crystallisation conditions containing high
concentrations (>1 M) of sodium citrate or ammonium citrate. The crystal used for
structure determination grew from a sitting drop containing 0.1 M Tris pH 8.0, 1.2 M
sodium citrate as the precipitant, and diffracted to ~2.1 A using synchrotron radiation.
The structure of AncCDT-3(P188L) was solved by molecular replacement, using the two
domains of PaCDT as separate search models, and refined to an Rree value of 20.7%. Data

collection and refinement statistics are given in Table 6.1 (p. 207).

The crystal structure of AncCDT-3(P188L) shows the protein in an open
conformation (Figure 6.2a), providing experimental confirmation that the open-closed
conformational change associated with SBPs is compatible with CDT activity. The
protein forms a crystallographic dimer, with the small domain of one subunit situated in
the cavity between the two domains of a second subunit in a neighbouring asymmetric
unit. This oligomeric structure is most likely a crystal packing artefact; size-exclusion
chromatography indicated that the AncCDT-3(P188L) monomer predominates in
solution (Figure 6.3). Residual electron density in the crystal structure indicated that the
crystallographic dimer is bridged by small molecules (Figure 6.2). One molecule,
tentatively modelled as the benzoate anion based on the electron density, chemical
environment and its plausibility as an impurity in the sodium citrate solution used for
crystallisation, binds in a hydrophobic pocket between the two domains of one subunit.
The two small domains of the crystallographic dimer are bridged by a second molecule
located on the two-fold symmetry axis, which was modelled as the citrate anion in two
possible orientations. The putative binding site for the departing carboxylate group of the
substrate of CDT is occupied by this citrate molecule, whose terminal carboxylate groups

interact with Asn128, Thr132 and Asn133 in AncCDT-3(P188L) (Figure 6.2d).
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Figure 6.2. Crystal structure of AncCDT-3(P188L). (a) Crystallographic dimer of
AncCDT-3(P188L) in an open conformation. (b—c) Electron density for citrate (b) and
benzoate (c) in the AncCDT-3(P188L) structure, illustrated by mF, — DFc omit maps
contoured at +3c. The citrate molecule is situated on the crystallographic two-fold
symmetry axis in two possible orientations, as shown. (d) Binding mode of citrate to
AncCDT-3(P188L). (e) Alignment of the AncCDT-3(P188L) (grey) and apo-PaCDT
(blue) structures. The two domains of AncCDT-3(P188L) were superimposed separately

onto the PaCDT structure. The surface of the active site cavity of PaCDT is shown.
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Figure 6.3. Size-exclusion chromatogram of AncCDT-3(P188L). The peak at 235 mL
corresponds to the monomer (calculated MW ~ 18 kDa, theoretical MW = 28 kDa) and
the peak at 211 mL corresponds to the dimer (calculated MW ~ 42 kDa, theoretical MW
= 56 kDa). Although the SEC data is not quantitative, the monomer peak at 235 mL can
be assigned confidently by analogy with other monomeric AABPs that eluted at a similar

volume. Calibration data for the SEC column was provided by Nicholas Fraser.
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The structures of AncCDT-3(P188L) and PaCDT can be compared using the
metrics introduced in Section 5.2.1. The interdomain angle of the ancestral protein is
141°, compared with an interdomain angle of 106° for the crystal structure of apo-
PaCDT. Projection of the AncCDT-3(P188L) structure onto the principal component axes
obtained from MD simulations of PaCDT gives a PC1 value of —236 and a PC2 value of
—62. Thus, the interdomain angle and PC values for the AncCDT-3(P188L) structure fall
within the ranges expected from MD simulations of the open conformation of PaCDT
(Figure 5.4), which provides evidence that the global conformation of AncCDT-3(P188L)
is not grossly distorted by the unusual crystal packing arrangement. Separate
superimposition of the two domains of AncCDT-3(P188L) onto the structure of apo-
PaCDT gives a backbone RMSD of 1.07 A for the large domain and 1.81 A for the small
domain. Most of the residues surrounding the active site adopt a similar conformation in
AncCDT-3(P188L) and PaCDT. A notable exception is seen in the loop containing
Asn152, which is oriented away from the active site in AncCDT-3(P188L) (Figure 6.2¢).
However, since this loop is located at the dimer interface of the protein and interacts with
the bridging benzoate molecule, this alternative conformation is most likely stabilised by

crystal contacts and irrelevant for function.
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6.2.2 Structural basis for catalytic activity in PaCDT
The crystal structure of apo-PaCDT showed some important differences with the HEPES-
bound structure initially used for docking (Section 4.2.1): in the apo structure, PaCDT
adopted a more closed conformation and exhibited an occluded active site cavity, whereas
in the more open HEPES-bound structure, the active site cavity was larger and solvent-
accessible (Section 5.2.2). We therefore hypothesised that the apo structure of PaCDT
would provide a conformation of the enzyme more relevant for substrate binding and
catalysis, and modelled the structure of the L-arogenate and prephenate complexes using
molecular docking based on the apo structure. In their respective lowest energy poses,
L-arogenate and prephenate adopted the expected orientation (Figure 6.4); the a-amino
acid or a-keto acid moieties bind at the conserved structural motif that recognises the
same functional groups in AABPs, and the departing carboxylate group binds at the
N-terminus of a helix around Asn128-Asnl133, as expected based on previous MD
simulations of the PaCDT/arogenate complex and binding of a carboxylate at this site in
the AncCDT-3(P188L) structure. The shape complementarity between the active site of
apo-PaCDT and its substrates was high, suggesting pre-organisation of the active site for
catalysis. In this respect, CDT can be distinguished from SBPs, which adopt an open
conformation in the unliganded state, such that only partial pre-organisation of the
binding site is possible (by separate pre-organisation of the binding interfaces of each

domain).
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Figure 6.4. Predicted substrate binding modes in apo-PaCDT and implications for

catalysis. (a-b) Lowest energy poses of (a) prephenate (E = —25.9 kJ/mol) and (b)
L-arogenate (E =—19.7 kJ/mol) in the apo-PaCDT structure. The surface of the active site
cavity is shown in grey. (c) Glu173 is poised for proton donation to the departing hydroxyl
group of prephenate by hydrogen bonding interactions with neighbouring residues. An
ordered water molecule in the crystal structure is shown in red. (d) = stacking interactions
with Tyr22 and Trp60 could stabilise the developing = system in the transition state. (e)
Lys100, Asn128, Thr132 and Asn133 could stabilise the departing carboxylate group of

prephenate.
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In the lowest energy pose for each of the PaCDT-substrate complexes, the
hydroxyl group of the substrate is in close proximity with Glul73. This residue is
proposed to be the general acid required for protonation and elimination of the hydroxyl
group of the substrate (Scheme 6.1). Prediction of the pKa of Glu173 in PROPKA (Olsson
et al., 2011) using the apo-PaCDT structure gives a pKa of 7.75, compared with a pKa of
6.57 using the HEPES-bound structure; thus, Glul73 is expected to be protonated at
neutral pH, consistent with its proposed role as a general acid. Desolvation is the primary
cause of the elevated pKa of Glul73 in PaCDT; this residue protrudes from a hydrophobic
pocket and is surrounded by Tyr22, Phel56 and Metl67. The deprotonated state of
Glul73 is also destabilised by electrostatic interactions with Asp21 and Asp170, which

make a minor contribution to the elevated pKa of this residue.
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Scheme 6.1. Proposed basis for transition state stabilisation in PaCDT. The transition
state for the concerted mechanism is shown, but similar interactions could also contribute

to transition state stabilisation in the stepwise mechanism.
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The structure of apo-PaCDT reveals an intricate hydrogen bonding network that
appears to stabilise Glu173 and poise the enzyme for protonation and elimination of the
hydroxyl group of prephenate or L-arogenate (Figure 6.4c). Glu173 interacts directly with
Asn153 and Thr169, which is connected via this hydrogen bonding network to Asn133
and Asn128. In the HEPES-bound structure, the hydrogen bonding network is disrupted
by a clash between Asn152 and the hydroxyethyl group of HEPES, which forces Asn152
from the active site of the enzyme. Given the configuration of active site residues in the
apo-PaCDT structure, the hydroxyl group of the substrate could plausibly interact with
Asn133, Asnl152 and Glul73 via hydrogen bonding interactions. The feasibility of this
binding mode of the hydroxyl group of the substrate is demonstrated by the fact that this
position is occupied by a water molecule in the apo-PaCDT structure (Figure 6.4c). The
position of this water molecule possibly reflects the optimal position of the departing
hydroxyl group in the transition state; compared with the position of this group in the
model of the enzyme-substrate complex, the water molecule is displaced by ~1 A away

from the approximate plane of the cyclohexadiene ring.

In addition to protonation and elimination of the hydroxyl group of prephenate
and L-arogenate, PaCDT must also promote decarboxylation and aromatisation of these
substrates. As discussed in Section 3.1.2, it is not known whether these steps occur by a
concerted mechanism, in which CO2 and H>O are eliminated from the substrate
simultaneously, or by a stepwise mechanism, in which elimination of H>0O, yielding the
stabilised divinyl carbocation as an intermediate, precedes decarboxylation (Scheme 3.3,
p. 98). Given the low basicity of the alcohol group (pKa ~ —2), the concerted mechanism
is probably more likely a priori. In either case, however, Trp60 and Tyr22 have a potential
role in transition state stabilisation; these residues are positioned such that they could
stabilise the developing @ system of the aromatic ring in the transition state via n-stacking

interactions (in the concerted mechanism), or could stabilise the carbocation intermediate
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via cation-w interactions (in the stepwise mechanism) (Figure 6.4d). The predicted poses
of L-arogenate and prephenate in apo-PaCDT also show that Lys100, Asn128, Thr132
and Asn133 could form electrostatic interactions and hydrogen bonds that stabilise the

departing carboxylate group of the substrate and promote decarboxylation (Figure 6.4e).

6.2.3 Structural basis for evolution of CDT activity
Given the substrate binding mode and catalytic mechanism for CDT proposed in the
previous section, the emergence of CDT activity in the SBP fold can be rationalised by
comparing the structures of CDT variants (PaCDT and AncCDT-3(P188L)) with the
structures of the ancestral AABP (AncCDT-1) and extant SBPs that diverged from this

ancestral protein (Ws0279 and Pul1068).

The structural motif that binds the a-amino acid functionality of L-arogenate in
CDT was inherited from its ancestral AABP (Figure 6.5). Comparison of the model of
the PaCDT/arogenate complex with the structure of AncCDT-1 suggests that the binding
mode of the a-amino acid functionality is identical in each protein; the carboxylate group
is bound by Ser/Thr80, Arg85 and Thr132, and the amino group is bound by Gly78 and
Asp170. Unlike AABPs, however, CDT has dual specificity for a-amino acids and a-keto
acids (L-arogenate and prephenate, respectively). The substitutions Q100K and L198K
appear to contribute to the change in specificity; electrostatic shielding of Asp170 by
these Lys residues would promote binding of the ketone group. Thr80 could also act as a

hydrogen bond donor to the ketone group of prephenate.
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Figure 6.5. CDT inherited the amino acid-binding structural motif from AABPs.

Comparison between AncCDT-1 and apo-PaCDT, docked with (a) L-arogenate and (b)
prephenate. Positions are labelled with the corresponding residue in AncCDT-1 and
AncCDT-3, if conserved in both proteins, or with the corresponding substitution between
AncCDT-1 and AncCDT-3.

The evolution of CDT from AABPs required a significant conformational change
in Trp60, which reshaped the binding site of the ancestral SBP and obstructed the binding
site for the amino acid side chain (Figure 6.6a). Two substitutions appear to be responsible
for this conformational change in AncCDT-1: D19T and A20G. In CDT variants, Trp60
is stabilised by a hydrogen bond from Asp21. However, Asp21 is solvent-exposed in
AncCDT-1; the substitution D19T is needed to reorient this residue towards the binding
site by creating a hydrogen bond between Thr1l9 and Asp2l. The substitution A20G
enables rotation of Gly20 into a backbone conformation disfavoured for non-glycine
residues (¢ = 72.3°, y = 19.0° in apo-PaCDT), which is needed to accommodate Thr19
in the conformation required for the hydrogen bonding network with Asp21 and Trp60.
The effect of this substitution can be seen by comparing PaCDT with ArgBPs from
Caldanaerobacter subterraneus (CsArgBP; PDB: 4YMX) and Streptococcus
pneumoniae (SpArgBP; PDB: 4H5F), which have a similar constellation of residues in

this loop (Ser19, Ala/Pro20, Asp21); in these ArgBPs, the side chain of Ser19 is prevented
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from adopting the conformation observed in PaCDT due to steric exclusion by the

carbonyl group of Ser19, which is repositioned by the A20G substitution (Figure 6.6b).
A20G Ala/Pro20
Asp21 Asp21 Gly20 Asp21

Thr19

D19T Ser19 ¢

Trp60 Phe60 Trpeog

Figure 6.6. Role of Trp60 and surrounding residues in the evolution of CDT. Apo-
PaCDT (grey, with docked prephenate shown in green), AncCDT-1 (purple), SpArgBP
(pink; PDB: 4H5F), CsArgBP (blue; PDB: 4YMX), Pul068 (orange, bound to NDSB-
221) are shown for comparison. (a) Comparison of PaCDT with AncCDT-1 shows that
the conformational change of Trp60 reshapes the ancestral binding site. (b) Comparison
of PaCDT with SpArgBP and CsArgBP shows that the A20G substitution enabled
rotation of the carbonyl group of Thrl9, permitting an alternative side-chain
conformation. Residue labels refer to SpArgBP and CsArgBP. (c) Trp60 adopts the same
conformation in PaCDT and Pul068.
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Comparison of CsArgBP and SpArgBP with AncCDT-1 suggests a plausible
sequence for the D19T and A20G substitutions in AncCDT-1 to effect the conformational
change of Trp60. With Asp2l1 and Trp60 already present in AncCDT-1, the D19T
substitution could have occurred first, removing the interaction between L-arginine and
Aspl9, but enabling rotation of Asp2l towards the binding site and producing a
compensatory interaction between L-arginine and Asp2l, as seen in CsArgBP and
SpArgBP. Thus, the substitution D19T would likely allow retention of the ancestral
arginine-binding function. The substitution A20G would finally enable the
conformational change of Trp60, supported by Thrl9 and Asp2l in the appropriate

geometry.

In addition to CDT, the Thr19-Gly20-Asp21-Trp60 tetrad is also found in Pu1068,
and reconstructed with high statistical confidence in AncCDT-2 (Figure 3.4). As expected
on the basis of conservation of this sequence motif, Trp60 adopts the same conformation
in Pu1068 and PaCDT (Figure 6.6¢). This result suggests that the conformational change
of Trp60 occurred as an evolutionary adaptation towards a different function prior to the

evolution of CDT activity.

As discussed in the previous section, catalysis of the decarboxylative
aromatisation of cyclohexadienols by CDT is seemingly dependent on a conserved
general acid, Glul73, as well as a network of hydrogen bonding interactions that poise
Glul73 for proton donation and stabilise the departing hydroxyl and carboxylate groups
of the substrate. The substitutions required to recapitulate these critical interactions and
functionalise the active site of AncCDT-1 are V173E, Q100K, Q128N and S133N;
Asn152 and Thrl69 are already present in the ancestral protein (Figure 6.7a). An
additional substitution, T131G, resolves a steric clash between Thr131 and the departing
carboxylate group of the substrate; the importance of this substitution was evidenced by

the directed evolution experiments described in Chapter 4. The reconstruction of GIn128,
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Ser133, Asnl52 and Vall73 was ambiguous in AncCDT-1 (Figure 3.4); thus, the
possibility that alternative substitutions were responsible for the historical gain of CDT
activity cannot be excluded. Of these residues, only GIn128 is involved in protein-ligand
interactions in AncCDT-1. The ambiguous reconstruction of Serl33 and Vall73, in
particular, was a consequence of the fact that these residues are located at the periphery
of the binding site in AABPs and are not important for ligand binding; these positions are
therefore quite variable in extant homologues of Ws0279. In AncCDT-1, Asn133 is a
plausible alternative reconstruction to Ser133 (P(Ser) = 0.383, P(Asn) = 0.175), raising
the possibility that the emergence of this catalytic residue, like Asn152 and Thr169, could

have preceded any functional divergence.

a S133N T131G b

Arg154/Asn152

Thr169

.- ' Glu173

V173E

Figure 6.7. Functionalisation of the AncCDT-1 binding site for CDT activity. (a)
Comparison between AncCDT-1 (purple) and apo-PaCDT (grey, with docked prephenate
in green), showing substitutions in AncCDT-1 required for binding and stabilisation of
the departing carboxyl group of prephenate and for recapitulation of the hydrogen
bonding network around Glul73. (b) The configuration of the Thr169-Glul73 dyad in
apo-PaCDT (grey) shows similarity with apo-Pul068 (dark green) but not the
Pul068/NDSB-221 complex (orange).
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Comparison of Pul068 and PaCDT reveals another important commonality in
their active (or binding) sites: in apo-Pul068, Glul73 is located in a partially desolvated
environment and interacts with Thr169 (Figure 6.7b). However, the interaction between
Glul73 and Asn152 in CDT is replaced by interactions with Arg154 in Pul068. Arg154
would be expected to decrease the pKa of Glu173, due to stabilisation of the Glu173 anion
via hydrogen bonding and electrostatic effects. Indeed, Glu173 is predicted by PROPKA
(Olsson et al., 2011) to have a pKa of 3.24 in apo-Pul068, compared with a pKa of 5.26
in AncCDT-3(P188L), which is an appropriate comparison because both proteins adopt
an open conformation in which Glul73 is more solvent-accessible. The difference in the
pKa of Glul73 between apo-Pu1068 and AncCDT-3(P188L) suggests that Glu173 is less
likely to have a catalytic role as a general acid in Pu1068, consistent with the hypothesis
that this protein is an SBP. However, it should be noted that Glu173 and Arg154 do not
interact in the Pul068/NDSB-221 structure, which increases the predicted pKa of Glu173
(5.29); it is not clear which, if either, geometry of Glu173 and Arg154 is functionally
relevant. In any case, the presence of Glul73 in Pul068, with a similar interaction
geometry and non-polar environment in the apo-Pul068 structure as in the PaCDT
structure, suggests that this structural motif, apparently vital for catalytic activity in CDT,
was initially an adaptation for a different function in Pul068. Thus, in several respects,

the structure of Pul068 is intermediate between the structures of AABPs and CDTs.

Substitutions in the second shell of the active site of CDT appear to have
contributed to catalytic efficiency by refining the positions of active site residues (Figure
6.8). For example, the functionally important A1551 substitution (Section 4.2.2), which
occurred between AncCDT-2 and AncCDT-3, could have improved the positioning of
Asn128 and Asnl152; 1le155 packs closely against these residues and disrupts the helical
secondary structure near Asn152 (Figure 6.8b). Conservation of Phel36 (or Tyr136) in

CDT homologues (Figure 4.5) suggests an important role for the substitution A136F;
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Phe136 interacts with the hydrophobic portion of Lys100, orientating Lys100 towards the
active site (Figure 6.8c). Finally, the substitutions F25L and F25V, which were observed
to increase CDT activity in some AncCDT-2 derivatives (Section 4.2.2), occur adjacent
to the active site residue Tyr22. The possible consequences of these substitutions include
adjustment of the position of Tyr22 to optimise n-stacking interactions in the transition
state, or modify the hydrophobic surface around Glul73 to optimise the chemical

environment of this general acid (Figure 6.8d).

Finally, substitutions extending further from the active site have also been
observed to affect CDT activity, with a prominent mutational hotspot at the boundary
between the small domain and hinge region (Figure 6.8a). The P102L substitution,
although apparently not involved in the historical evolution of CDT, was particularly
important for the gain of CDT activity in AncCDT-2. Pro102 is located in a 3 sheet near
the inner hinge strand of CDT; the P102L substitution enables an additional backbone
hydrogen bond with Val187, which extends the adjacent p sheet near the outer hinge
strand, as shown by the structure of AncCDT-1, which has lle at position 102 (Figure
6.8e). Given the remoteness of this substitution from the active site of CDT and the role
of the hinge region in mediating the open-closed conformational change of the enzyme,
it is tempting to speculate that modification of hydrogen bonding networks in the hinge
region affects catalysis by altering the relative stabilities of the open and closed
conformations. L198K, which also occurs in the hinge region of the enzyme, possibly has
a similar effect: in the apo-PaCDT structure, Lys198 bridges the two domains of the
protein via interactions with Gly78, Ser/Thr80 and Asp170, which could contribute to the

stability of the apo-closed state of the enzyme (Figure 6.8f).
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Figure 6.8. Indirect mutational effects in the evolution of CDT. (a) The positions of
substitutions with putative indirect effects on catalysis in apo-PaCDT. The substitutions
detailed in the other panels are shown in blue; the positions of the other substitutions that
occurred in the mutational hotspot near the hinge domain are shown in red. The effects
of the (b) A155I, (c) A136F, (d) F25L/F25V, (e) P102L and (f) L198K substitutions are
shown by comparison of the AncCDT-1 (purple) and apo-PaCDT (grey) structures.
Positions are labelled with the corresponding residue in AncCDT-1 and AncCDT-3, if
conserved in both proteins, or with the corresponding substitution between AncCDT-1
and AncCDT-3.
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6.3 Discussion

Altogether, based on the structures of extant and ancestral SBPs and CDTs, we propose
that the following structural features and adaptations enabled the emergence of CDT

activity in amino acid-binding proteins:

e The ancestral a-amino acid binding motif was retained in CDT with minor
modifications: electrostatic shielding of Aspl70 by Lys100 and Lys198
contributed to the dual specificity for a-amino acid and a-keto acid substrates.

e The ancestral binding site was remodelled by a conformational change in Trp60,
driven by mutations in a neighbouring loop, which facilitated complementarity
between the active site of CDT and its substrates.

e Insertion of Glul73 into an appropriate non-polar environment yielded a reactive
general acid with an elevated pKa, and a hydrogen bonding network extending
from this residue enabled pre-organisation of the active site.

e Trp60 and Tyr22 could contribute to transition state stabilisation via -stacking or
cation-r interactions with the cyclohexadiene ring, while Lys100, Asn128 and
Asn133 could contribute to transition state stabilisation via electrostatic and
hydrogen bonding interactions with the departing carboxyl group.

e A number of substitutions radiating from the active site refined the positions and
chemical environment of active site residues. Some remote substitutions
potentially affected the conformational equilibrium of the enzyme, favouring the

closed conformation over the open conformation.
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Two separate issues must be considered to resolve the catalytic mechanism of
CDT: the identity of the proton donor to the departing hydroxyl group must be
established, and the possibilities of stepwise and concerted mechanisms for elimination
of CO2 and H2O must be differentiated. We propose that CDT utilises Glu173 as a general
acid to protonate the departing hydroxyl group of its substrates, based on the proximity
of this residue to the substrates in their predicted binding modes, its conservation in CDT
homologues, and its chemical environment: desolvation and repulsive electrostatic
interactions increase the pKa of Glul73 substantially, making this residue a potentially
effective general acid at neutral pH. The use of Glu as a proton donor in CDT would
contrast with the use of much weaker acids in other enzymes that catalyse the
aromatisation of prephenate with elimination of water, including prephenate dehydratase
(PDT) and carboxy-S-adenosyl-L-methionine (carboxy-SAM) synthase. In PDT, the
putative general acid is Thr172 (pKa ~16), as indicated by extensive mutagenesis studies
showing that Thrl72 is required for catalysis, whereas mutation of conserved acidic
residues in the active site has no significant effect (Hsu et al., 2004; Kleeb et al., 2007;
Van Vleet et al., 2010; Zhang et al., 2000). Carboxy-SAM synthase, which transfers a
carboxyl group from prephenate to the S-methyl group of SAM, exhibits a substrate-
assisted mechanism in which the hydroxyl group of prephenate abstracts a proton from
the S-methyl group of SAM (pKa ~19), giving a nucleophilic ylide intermediate; strong
evidence for this mechanism was obtained from hydrogen-deuterium exchange

experiments (Kim et al., 2013b).

The weak acidity of the proposed catalytic acids in PDT and carboxy-SAM
synthase suggests an alternative driving force for the decarboxylative aromatisation of
prephenate in these enzymes. It has been speculated previously that geometric distortion
of the substrate, for example, forcing the keto-acid side chain towards the plane of the

cyclohexadiene ring and the departing carboxylate group away from it, could promote
227



decarboxylation; the favourable energetics associated with aromatisation could also
weaken the C—O bond to the hydroxyl group, increasing its pKa towards that of hydroxide
(Kim et al., 2013b; Van Vleet et al., 2010). Similar considerations could also apply to
CDT, although deprotonation of the stronger general acid would make a much greater

energetic contribution to catalysis in CDT than in PDT and carboxy-SAM synthase.

In PDT and carboxy-SAM synthase, the large discrepancy between the pKa of the
hydroxyl group of prephenate and the pKa of the general acid implies that protonation of
the hydroxyl group is energetically unfavourable and unlikely to occur prior to
decarboxylation; thus, their reaction mechanisms are thought to be concerted (Kim et al.,
2013Db; Van Vleet et al., 2010). In the case of PDT, 13C kinetic isotope effect experiments
also supported the concerted mechanism (Van Vleet et al., 2010). Consideration of
Hammond’s postulate together with the favourable kinetics and thermodynamics of the
reaction suggests that the transition state geometry for the concerted mechanism would
resemble the substrate geometry, but with elongation of the C—C bond to the departing
carboxylate group and the C—O bond to the hydroxyl group, and with the keto-acid side
chain approaching the plane of the developing aromatic ring. Although a similar
concerted mechanism is likely in CDT, two important differences with PDT also motivate
consideration of the stepwise mechanism: the stronger general acid and the presence of
aromatic residues (Tyr22, Trp60) that could stabilise a carbocation intermediate through
cation-z interactions in the active site. In contrast, in PDT, the substrate is stabilised by a
conserved Phe residue, which is less preferred in cation-n interactions, and the remaining
aromatic residues in the active site have been shown to be highly mutable (Kleeb et al.,
2007). Given the convergent evolution of CDT and PDT, which is another rare enzyme
with the type Il SBP fold (Table 3.1, p. 90), these possible mechanistic differences

between the two enzymes deserve further investigation; the independent emergence of
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two enzymes with the same activity in the same fold (generally associated with non-

catalytic proteins), but with different mechanisms, would be quite remarkable.

A variety of experiments could be used to critically evaluate the proposed catalytic
mechanism of CDT. The pH dependence of CDT activity could be measured to determine
the pKa of the general acid and test the hypothesis that Glul73, with a predicted pKa of
~7, is the general acid. Isotope labelling and kinetic isotope effect experiments previously
used to determine the mechanisms of PDT and the non-enzymatic conversion of
prephenate to phenylpyruvate could also be applied to CDT; for example, incorporation
of 180 water into partially reacted substrate would provide strong evidence for a long-
lived carbocation intermediate (Hermes et al., 1984). Site-directed mutagenesis of key
residues in PaCDT, particularly Glul73, and continuation of the directed evolution
experiments described in this thesis could be used to assess the essentiality of key active
site residues for CDT activity. Structures of CDT variants complexed with transition state
analogues and non-reactive substrate analogues could be used to validate the predicted
substrate binding mode and provide further information relevant to the catalytic
mechanism. Inhibitors of prephenate dehydratase have been reported and could be
suitable for this purpose (Bushweller and Bartlett, 1989); these inhibitors are prephenate
analogues in which the cyclohexadiene ring is saturated or partially saturated and the
hydroxyl group (HC—OH) is replaced with a trigonal pyramidal sulfoxide group (S*-O).
Co-crystallisation of CDT variants with substrate or transition-state analogues would also
be useful for stabilising the closed, catalytically competent conformation of the enzyme,
enabling direct comparison between (closed) PaCDT and (open) AncCDT-3(P188L), as

well as any other variants that would crystallise in the open conformation in the apo state.

The complexity of the active site of CDT — manifested in the reticulated hydrogen

bonding networks extending from the catalytic residues, extensive opportunities for
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enzyme-substrate interactions, and dependence of the active site structure on second shell
residues — presents a challenge in explaining how the functional evolution of CDT could
have occurred by a gradual process of mutation and selection. The structural data
presented in this work, particularly for AncCDT-1 and Pu1068, shows how various pre-
existing structural features were co-opted during the evolution of CDT and partly explains
how CDT activity could have emerged via evolutionary tinkering with an ancestral amino
acid binding site. Most obviously, the specificity of the ancestral amino acid binding motif
in AncCDT-1 was exploited for substrate binding in CDT. Additionally, some residues
that are ostensibly important for CDT activity, but not the ancestral amino acid binding
activity, are observed in AncCDT-1 (Asp21, Asnl152, Thrl69). The presence of these
residues in AncCDT-1 (whether or not they accurately represent the ancestral state) shows
that they were compatible with the ancestral function and could have evolved neutrally.
Consideration of the sequence reconstruction of AncCDT-2 together with the structure of
Pul068 suggests that other major structural adaptations important for CDT activity,
including the conformational change of Trp60 and the insertion of Glul73 into a
hydrophobic pocket, were actually adaptations for binding a different, as-yet unidentified
solute (the ligand of Pu1068). This finding reinforces the importance of AncCDT-2 as a
functional intermediate between AABPs and CDTs. Altogether, these results suggest that
the significant change in function between AABPs and CDT depended on the co-option
of various pre-existing structural features, both adaptive and neutral with respect to the

ancestral functions.

Although PaCDT is a specialised and rapid enzyme (keat/Km ~ 10 M2 ), it
catalyses a mechanistically simple and energetically unchallenging transformation of an
intrinsically reactive substrate. Thus, rate acceleration may have been achieved by very
simple means in early intermediates in the evolution of CDT (preceding AncCDT-3). The

introduction of a reactive, desolvated general acid into the binding site of an ancestral
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SBP could have been sufficient for initial, promiscuous CDT activity. Fortuitous enzyme-
substrate interactions, direct or water-mediated, may also have contributed to stabilisation
of the departing carboxylate group of the substrate. The catalytic efficiency of this
promiscuous enzyme could then have been improved by subsequent optimisation of
complementarity between the enzyme and the transition state, including the introduction
of hydrogen bonding networks to position the catalytic residue precisely and stabilise the
departing carboxylate group. This hypothetical scenario for the emergence of CDT
activity is reminiscent of recent attempts to engineer enzymes from non-catalytic proteins
via point mutations that introduce a nucleophilic or basic residue into a hydrophobic
pocket; proteins that catalyse Kemp elimination, the retro-aldol reaction and ester
hydrolysis have been designed in this way (Moroz et al., 2015). Our results suggest that
the evolution of catalytic activity in non-catalytic proteins could occur by a similar
mechanism, by introduction of a single reactive functional group in an appropriate
environment. In particular, similar processes may have been important in the evolution
of secondary metabolic pathways, in which enzymes have evolved to catalyse reactions
with relatively low energy barriers, and in which product flux is less tightly coupled with

organismal fitness (Bar-Even and Tawfik, 2013; Bar-Even et al., 2011).

The open conformation of AncCDT-3(P188L) observed in the crystal structure
suggests that the conformational dynamics of AncCDT-3(P188L) are typical of SBPs,
with the enzyme adopting an open conformation in the apo state and (presumably) a
closed conformation in the enzyme-substrate complex, in contrast to PaCDT, which
adopted a closed conformation in the apo state. Differences in the conformational
dynamics of AncCDT-3(P188L) and PaCDT may partially account for the ~6000-fold
difference in catalytic efficiency (Kea/Km 1.62 x 10> M st and 9.68 x 10° M? s,
respectively). Given that conformational cycling in AncCDT-3(P188L) is apparently

similar to conformational cycling in SBPs, optimisation of conformational dynamics for
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enzymatic activity, if required for the high catalytic efficiency observed in PaCDT, must
have occurred later in the evolutionary trajectory. This is a heartening conclusion from
the perspective of enzyme engineering and de novo design: even when the collective
dynamics associated with a protein fold are not optimised for catalysis, they are probably
not the limiting factor in the early stages of the de novo evolution of catalytic activity,

and it may be possible to overcome unproductive dynamics by directed evolution.
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6.4 Methods

6.4.1 Crystallisation and structure determination of AncCDT-1
AncCDT-1 was expressed in E. coli BL21(DE3) cells grown in TB medium containing
100 mg/L ampicillin to ODeoo 0.6 at 37 °C, induced with 0.5 mM IPTG, and incubated
for a further 20 h at 37 °C. The protein was purified by nickel affinity chromatography
under native conditions and size-exclusion chromatography, eluting in 3x crystallisation
buffer (60 mM HEPES pH 7.5, 150 mM NacCl). The protein was diluted in water, and
L-arginine was added to give a final buffer of 20 mM HEPES pH 7.5, 50 mM NaCl, 1 mM
L-arginine. Crystallisation was achieved using the vapour diffusion method at 18 °C. The
crystal used for structure determination was obtained by serial microseeding: irregularly
shaped crystals obtained from a hanging drop containing 2 pL AncCDT-1 (18 mg/mL in
20 mM HEPES pH 7.5, 50 mM NaCl, 1 mM L-arginine) and 2 pL 0.2 M Li2SO4, 0.1 M
Tris pH 8.2, 22% (w/v) PEG 3350 as the precipitant were crushed and serially diluted in
the precipitant, and a hanging drop was prepared by mixing 2 pL of the resulting
microseed suspensions with 2 pL protein. Three iterations of microseeding using the
resulting crystals yielded the final crystal used for structure determination. This crystal
was cryoprotected in 0.2 M Li2SOg4, 0.1 M Tris pH 8.0, 30% (w/v) PEG 3350 and flash
frozen in a nitrogen stream at 100 K. Diffraction data were collected on the MX1
beamline of the Australian Synchrotron. The data were indexed and integrated in
IMOSFLM (Battye et al., 2011) and scaled in Aimless (Winn et al., 2011). The structure
was solved by molecular replacement in Phaser (McCoy et al., 2007) using the AncQR-
GlIn structure (PDB: 42V 2), processed using CHAINSAW (Winn et al., 2011) to remove
non-conserved side-chains, as a search model. Four protein molecules were located in the
asymmetric unit (Vm = 2.34 A%/Da, 47% solvent content). The AncCDT-1 model was

built manually in Coot (Emsley et al., 2010) and refined with NCS restraints by simulated
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annealing and restrained refinement in PHENIX (Adams et al., 2010) and REFMAC5
(Murshudov et al., 1997). In the final round of refinement in REFMACS, translation-
libration-screw parameters were refined for four groups of atoms per subunit, chosen
using TLSMD (Painter and Merritt, 2006). Data collection and refinement statistics are
given in Table 6.1, and coordinates and structure factors have been deposited in the PDB

under accession code 5TOW.

6.4.2 Crystallisation and structure determination of
AncCDT-3(P188L)
AncCDT-3(P188L) was expressed and purified in the same way as AncCDT-1 (Section
6.4.1) except that L-arginine was not added to the crystallisation buffer; the final buffer
was 20 mM HEPES pH 7.5, 50 mM NacCl. Crystallisation was achieved using the vapour
diffusion method at 18 °C. The crystal used for structure determination grew from a sitting
drop containing 1 uL 18 mg/mL AncCDT-3(P188L) and 1 uL 1.2 M sodium citrate, 0.1
M Tris pH 8.0. The crystal was cryoprotected in 1.8 M sodium citrate, 0.05 M Tris pH
8.0 and flash frozen in a nitrogen stream at 100 K. Diffraction data were collected at 100
K on the MX1 beamline of the Australian Synchrotron. The data were indexed and
integrated in iIMOSFLM (Battye et al., 2011) and scaled in Aimless in the CCP4 suite
(Winnetal., 2011). The structure was solved by molecular replacement in Phaser (McCoy
et al., 2007), using the two domains of PaCDT (PDB: 3KBR) as separate search models.
The AncCDT-3(P188L) model was built manually in Coot (Emsley et al., 2010) and
refined by real space and reciprocal space refinement in Coot and REFMACS5
(Murshudov et al., 1997). In the final round of refinement in REFMACS, translation-
libration-screw parameters were refined for three groups of residues (7-109, 110-205,
and 206-247), chosen using TLSMD (Painter and Merritt, 2006). Data collection and
refinement statistics are given in Table 6.1, and coordinates and structure factors have

been deposited in the PDB under accession code 5JOS.
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Chapter Seven

Conclusions
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Functional evolution of the SBP superfamily over hundreds of millions of years
has contributed to the metabolic and environmental adaptability of bacteria by enabling
transport of a wide variety of solutes with high affinity and specificity. The utility of SBPs
has been extended further by their recruitment into other cellular processes, including
chemotaxis, signal transduction, transcriptional regulation and metabolism. This work
presented two case studies of functional evolution of SBPs — the evolution of binding
specificity and the emergence of catalytic activity in amino acid-binding proteins — that

advance our understanding of the evolutionary origin of this functional diversity.

Evolution of binding specificity in amino acid-binding proteins. Reconstruction and
functional characterisation of ancestral AABPs showed that ancestral AABPs were
similar in specificity compared with modern AABPs, suggesting that the evolution of new
binding specificities in the AABP family occurred successively, not by
subfunctionalisation of a generalist ancestor. However, the ancestral AABPs also
displayed promiscuous binding activities with potential evolutionary significance.
Specifically, we showed that the promiscuous binding of glutamine in an ancestral
arginine-binding protein was co-opted in the evolution of specialised glutamine-binding
proteins; promiscuous binding of glutamine depended on water-mediated interactions,
conformational plasticity, and stabilisation of an alternative low energy conformational
sub-state by the promiscuous ligand. The favourable binding enthalpy for this
promiscuous interaction was offset by an unfavourable binding entropy, and the evolution
of high-affinity glutamine-binding proteins occurred by reduction of this entropic penalty
to binding. Altogether, structural and thermodynamic characterisation of this
promiscuous binding mode provided a detailed view of the starting point for the evolution

of a protein-ligand interaction with high affinity and specificity.
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Evolution of an enzyme from an amino acid-binding protein. Phylogenetic analysis and
functional characterisation of AncCDT-1 and Ws0279 showed that CDT ultimately
evolved from a cationic amino acid-binding protein, most likely with broad specificity
for L-arginine, L-lysine, L-histidine and L-ornithine. We also identified a functional
intermediate between AABPs and CDT, typified by the extant protein Pu1068, which did
not exhibit CDT activity or affinity towards amino acids. Although the physiological
function of Pu1068 has not yet been resolved, determination of the crystal structure and
identification of a weak non-physiological ligand of the protein represent tangible

progress towards this goal.

We solved the crystal structure of PaCDT in the apo state, which displayed an
occluded and pre-organised active site, complementary to the substrates of the enzyme.
Based on modelling of the PaCDT-substrate complex, we propose that the
decarboxylative aromatisation of cyclohexadienols by CDT depends on general acid
catalysis by a desolvated glutamate residue. Electrostatic interactions and hydrogen
bonding networks extending from the general acid appear to contribute to the stabilisation

of the departing carboxylate and hydroxyl groups in the transition state.

Comparison of the crystal structures of PaCDT, AncCDT-1 and
AncCDT-3(P188L) revealed the contribution of individual substitutions to the evolution
of CDT by reshaping, functionalising and refining the active site of enzyme. The
observation that the structure of Pul068 is intermediate between AncCDT-1 and
AncCDT-3(P188L) shows that several structural elements important for catalysis in CDT
were likely adaptations towards a different function, and contributes to an understanding
of how the major functional transition between AABPs and CDT, requiring extensive

structural changes, could have occurred gradually.
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Site-directed mutagenesis and directed evolution experiments were used to
identify the substitutions required to introduce CDT activity into the intermediate
ancestral protein AncCDT-2; altogether, no more than six substitutions were necessary
for sufficient CDT activity to facilitate complementation of phenylalanine auxotrophs. A
range of other substitutions that increased the catalytic efficiency of AncCDT-2 and
AncCDT-3 were also discovered, suggesting the existence of many evolutionary
trajectories towards higher catalytic activity via remote substitutions. These experiments
also demonstrated the importance of the historical substitutions T131G, A155I and

L198K for the evolution of CDT activity.

Finally, MD simulations of PaCDT showed that the open-closed conformational
dynamics associated with the SBP superfamily were conserved during the evolution of
CDT. The crystal structure of AncCDT-3(P188L) provided experimental confirmation
that sampling of the open conformation is possible in CDT variants. However, the crystal
structure of PaCDT in the apo-closed state and MD simulations, showing stability of the
closed conformation of the enzyme on the 100 ns timescale, suggest that stabilisation of
the closed, catalytically competent conformation may have been an important adaptation

for higher catalytic efficiency in CDT.

Altogether, these results provide insight into the historical sequence-structure-
function relationships underlying the evolution of CDT, showing how evolutionary
tinkering with the non-catalytic SBP scaffold yielded a specialised and efficient enzyme.
Because the mechanisms underlying the evolution of enzymes from non-catalytic proteins
have not been described previously, it is not clear whether the evolutionary trajectory of
CDT is generally representative of the evolutionary trajectories of de novo enzymes.
However, based on this work, we speculate that several conclusions about the evolution

of enzymes from non-catalytic proteins are valid.
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Firstly, the emergence of enzyme activity in non-catalytic proteins can occur
gradually and in distinct stages, similar to the evolution of new activities in existing
enzymes. The most important adaptation for the evolution of CDT activity appears to
have been the incorporation of a desolvated general acid into the binding pocket of an
ancestral SBP, although this was initially an adaptation towards a different function.
Following introduction of the reactive general acid, optimisation of enzyme-substrate
complementarity and the introduction of hydrogen-bonding networks to position the
catalytic residue precisely and stabilise the departing carboxylate group of the substrate
appear to have occurred. Further improvements in catalytic efficiency were likely gained
by second- and third-shell substitutions that refined the structure of the active site and
optimised conformational sampling to favour catalytically relevant conformations. This
type of evolutionary process, in which major changes in enzyme chemistry, mediated by
active site substitutions, are gradually refined by substitutions radiating from the active
site, which subtly optimise active site structure and dynamics, has been documented in
laboratory evolution experiments (Campbell et al., 2016; Tokuriki et al., 2012). Thus,
similar evolutionary processes may be common in the evolution of enzymes from both

catalytic and non-catalytic proteins.

Secondly, the evolution of enzymes from non-catalytic proteins might be
constrained by chemistry. CDT has a simple one-step or two-step reaction mechanism
that depends on a single catalytic residue, and the substrate of CDT is a high-energy
metabolic intermediate that is predisposed to the reaction catalysed by the enzyme.
Simple reaction mechanisms and high-energy intermediates are also features of other
enzymes that have evolved from non-catalytic proteins (Ngaki et al., 2012), suggesting
that the emergence of enzymes in non-catalytic proteins may be constrained by the
feasibility of simple reaction mechanisms and availability of intrinsically reactive

substrates. The simplicity of the enzyme mechanisms in these cases could be an important
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factor in the availability of multiple mutational pathways to higher catalytic activity, as

observed in the case of CDT.

Thirdly, our results suggest that protein dynamics might not be the most important
factor restricting the emergence of enzyme activity in non-catalytic proteins. In the case
of CDT, even though the conformational dynamics of the SBP fold are not optimised for
enzyme activity, the large-scale open-closed conformational change intrinsic to this fold
IS not incompatible with enzyme activity, as shown by the substantial catalytic activity of
ANncCDT-3(P188L) (keat = 1.04 x 1072 st). However, our results provide evidence that
adaptation of protein dynamics may have been required later in the evolutionary
trajectory, between AncCDT-3(P188L) and PaCDT, for the optimisation of catalytic
efficiency. More generally, our results suggest that enzyme-like conformational dynamics
may be required for enzyme-like catalytic efficiency, but may not be required for the

emergence of catalytic activity.

Finally, the evolutionary trajectory of CDT has striking similarities with the
optimisation of rationally designed enzymes by directed evolution; catalytic activity can
be initialised by computationally guided grafting of a reactive catalytic motif (e.g. a
desolvated carboxylate) into a protein scaffold that can accommodate the transition state
for a given reaction, and directed evolution can be used to introduce additional stabilising
interactions, optimise positioning of catalytic groups, improve enzyme-transition state
complementarity, and optimise conformational sampling, frequently via remote
substitutions (Blomberg et al., 2013; Khersonsky et al., 2012). Thus, the strategies that
have been used to improve catalytic activity in computational design and directed
evolution experiments appear to mirror those that drove the emergence of an enzyme from

a non-catalytic protein by natural selection, suggesting that through continued iteration
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of these processes, engineered enzymes should be able to match the complexity and

catalytic efficiency of natural enzymes.

Proposals for future work have been discussed throughout this thesis. Briefly,
further progress in understanding the genetic and structural mechanisms underpinning the
evolution of CDT could be achieved by: (1) characterisation of AncCDT-2 and Pul068,
which would elucidate the functional transition between AABPs and CDT more
completely; (2) continuation of directed evolution experiments to characterise the fitness
landscape of CDT in further detail and determine how connectivity between the fitness
landscapes of CDT and SBPs enabled the evolution of CDT without non-functional
intermediates; (3) experimental characterisation of the conformational landscape of CDT
to determine the importance of the open/closed conformational equilibrium for rapid
catalysis; and (4) confirmation of the catalytic mechanism of CDT using techniques such
as site-directed mutagenesis, kinetic assays, and co-crystallisation of the enzyme with
substrate or transition state analogues. More broadly, studying different examples of
functional innovation in the SBP superfamily, such as the recruitment of SBPs into
signalling complexes, would provide insight into the evolution of complex cellular
processes and demonstrate how the utility of SBPs, which from a practical perspective
represent a large family of tractable and readily available modules for ligand recognition,
might be extended in protein engineering and synthetic biology applications. Further
examples of functionally novel SBPs, including enzymes, also await discovery by

bioinformatic analysis and functional annotation of genomic data.
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Appendix |

Composition of the Hampton Solubility & Stability Screen subset used for DSF analysis

of Pu1068. Each compound was tested at 1x, 0.5x and 0.25x the maximum concentration.

Compound Maximum concentration
pL-malic acid, pH 7.0 250 mM
Ethylenediaminetetracetic acid 50 mM
NDSB-221 250 mM
Ethylammonium nitrate 12.5% (v/v)
Sodium acetate 125 mM
Sodium sulfate 300 mM
Trehalose 250 mM
Glycerol 12.5% (v/v)
Trimethylamine-N-oxide 250 mM
Urea 125 mM
Glycine 125 mM
Sodium thiocyanate 500 mM
Potassium chloride 500 mM
Sorbitol 500 mM
Glucose 250 mM
L-Arginine 75 mM
Sodium succinate, pH 7.0 375 mM
Ethylene glycol 5% (v/v)
Sodium nitrate 500 mM
L-Histidine 50 mM
Sodium malonate, pH 7.0 375 mM
Magnesium chloride 500 mM
L-Arginine + L-glutamic acid 75 mM each
Sodium chloride 500 mM
NDSB-256 250 mM
Lithium chloride 500 mM
Triethylene glycol 5% (v/v)

Potassium sodium phosphate 500 mM
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