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Abstract

This thesis describes engering studies with theescherichia coli-glucuronidase enzymee=(

colii -GUS) that catalyzes the hydrolysis eflDcuronic acids (glycone) that are conjugated
through ai -O-glycosidic linkage to an aglycone. The enzyme is specific for the glucurdnic aci
component and will tolerate a variety of aglycones. A point mutation was known to convert
GUS into a glucuronylsynthase, that is an enzyme capable of the synthesis of glucuronide
conjugates. The loagrm aim of the present research was to change thenor sugar
specificity of the glucuronylsynthase from a glucuronyl donor to a glucosyl donor allowing the
synthesis of glucosides. The approach taken to achieve thetdomgaim was to first alter the
specificity ofi -GUS and to then convert the vartanto a synthase. There were two
approaches taken to altering the substrate specificity €6US. The first approached was to
use site saturation mutagenesis to alter key residues that are located at the active site. A
more effective approach involvedsing directed evolution to generate variants with altered
specificity. A selection of these variants were converted to (putative) synthetic enzymes and

tested for activity.

The structureguided site saturation mutagenesis of 9 sites was carried outnin a
attempt to alter the substrate specificity 6-GUS. The choice of the residues to be altered
was made with the aid of the structure 6fGUS with a bound substrate analogue. Nine
codons inthe | -GUSgene were randomised to create libraries that contained all possible
amino acid of residues in anf near the active site. Mutants were assayed using substrates
presenting 5 different glycones. Of the positions randomised, most glycosyl binding residues
GSNE F2dzyR y284 G2 G2t SNIGS FYAy2 | OARBUSR dzo 4
function while majority of norglycosyl binding residues were found to tolerate amino acid

substitutionsg but not with good activity

One of the common dogmas of directed evolution is the idea that evolvability is
related to stability. We set out to test ith idea while evolving substrate specificity. Other
g2N] SNE KFER 3ISYSNI SR | -QUSNIB pafallelSweNeRobvdd 11)aHe S O |
native enzyme (GU®T) and 2) the thermostable (GUSvo oo T 0 GGUSR Mytant 2 F |
libraries of both GUSVT and GUS'R3337 were created under identical conditions and had
the same distributions of mutations. After five rounds of evolution, the catalytic efficiency
(keaf Kn) Of the best mutant of the wild type parent f@NRglucoside was increased6/-fold
while the best mutant of the thermophilic parent demonstrates afel#l increasedk ./ Ky

over the best mutant of wild type parent. Selected mutants from both libraries were
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characterised with regard to conformational properties and stability and these tige¢isns,
combined with kinetic data, provided valuable information about how thermostability

promotes the ease of protein evolvability.

CKS AYAGALI T OfGUSIVataits Wds ddndi with grude [Fsatds. It was
observed that the GUW/T and GUSR3337 variants lost their newly evolved activity after
purification. It was eventually determined that the BugBuSfeeagent used toyise cells prior
to screening, had affected the directed evolution campaign. The O & i
thioglucopyranoside (OTG) presents in the BugBU$teragent, was very similar in structure
to pNRglucoside and was identified as a competitive inhibitor thapmesses glucosidase
activity of wilddi & LIGUSI indicating that it can be bound in the active site. In response to
the addition of OTG in the screening assay, OTG enhanced the glucosidase activity of selected
mutants. This observation highlights thetential pitfall in the use of commercial reagents to
lyse cells for enzymes with glycosidase activities. However, the evolution in the presence of
OTG gives some insight into how an enzyme might evolve to be regulated by an effector

molecule¢ OTG, in ttd case.

Finally, improved cell lysis variants were converted to glucuronylsynthase variants by
introducing the site specific mutation. Their glycosynthase ability was tested using a similar
protocol developed by McLeod Group for assaying glucuronylagetactivity. Unfortunately,
3t e02aeyiakKlFrasS | O0A QA (-bgludutoryl flyoedé doBod anfl NEEGR G A G K

accepters. Time constraints did not allow other substrate to be tested.

Vi
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Chapter 1

Introduction

This thesis describes engineering studies pertaininggcherichia cob-glucuronidase & b-
GUS) (EC 3.2.1.31) enzyiizoyle et al. 1955) This enzymecatalyses the hydrolysis of

glycosidic bonds in glucuronides as showiotvin Figure 1.1

O® ) OG>
o) 1 -GUS 1)
HO O o.  +tHO HO 0 + R-OH
HO R HO
OH OH "oH

Figure 1.1 General-GUS hydrolysis reaction for glucuronide
A glucuronide consists a glucuronyl group (blue) and an aglycone component (red).

A brief description of the naming conventions for the glycone and aglycone groups in
glycosides is provided in the Appendix A. Hppendix gives a description of the relevant
nomenclature and is not intended to be a detailed description of carbohydrate chemistry. It
should be noted that glucuronides figure prominently in Phase Il metabolism of xenobiotics
that include drugs. Gluconic acid is used to tag xenobiotics that are then excreted via the
urinary and digestive tractsk. colis found in the digestive tract of humans and encounters a
variety glucuronides being excreted as part of detoxificationrGUS primarily acts to de
conjugate glucuronides to obtain glucuronic acid, that are then used as a carbon source
(Wilsonet al. 1992) The enzyme is highly specific for the glucuronic acid, but not for the

aglycone.

This project was part of a research program aimeddcanverting b-GUS into a
synthetic enzyme capable of forming glycosides. An explanation as to how the catalytic
reaction is altered is given later in this chapter. Given thatli@US is highly specific for
glucuronic acid and not for the aglycone, the synthasentat from it has the potential of
producing a variety of glucuronides. The aim of the present thesis was firstly to cor@&Is
into a glucosidase that is, to change its substrate specificity. It was intended that these

evolved glucosidases would thée converted to synthetic enzymes.

This introductory chapter has a brief descriptionteGUS that includes its structure
and mechanism. Also described are the changes used to bring about the synthetic activity

along within the principal target for symésis ¢ the glycosylation of steroids. A brief
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introduction to the methods used to alter the substrate specificity is given. The emphasis of
this latter section is on directed evolution that was the main tool used to alter substrate

specificity.

1.1. Background

Exogenous (xenobiotics) and endogenous (products of metabolism) compounds are eliminated
from the body principally through excretion in urine. Hydrophilic drug molecules can be
excreted in urine. However, hydrophobic compounds, such as steroidiesarékely to enter
AyiG2 GKS I jdzS2dza YSRAdzY yR gAft NBYFAY daaid2z2NBRé
metabolic transformation in the liver to convert them into more hydrophilic derivatives. An
effective means of increasing their hydrophilicity s@ts in their conjugation with hydrophilic
molecular species, like glucuronic acid. For example, in phase Il detoxification, isomers of
glucuronosyltransferase in the lumen of the endoplasmic reticulum (ER) catalyse conjugation
with uridine diphosphatelYDP) glucuronic acid to form hydrophilic glucuronide conjugates as
shown schematically in Figure 1(Burchell & Coughtrie 1989) Once synthesized, those
glucuronides are then usually excreted from the body via the bile ducts into the intestine,

through apocrine secretions, and through the bladder into the urinary tract.

Excreted glucuronides in the intestinal lumen may undergecalgugation by
commensal microorganisms, for examplg, coli Most E. colistrains living in natural
environments possesis-GUS and are able to utilize glucuronides as nutri¢Btsanget al.
1989) The diversity of glucuronide compounds that reach the intestine has resultedcioli
i-DI{ S@2ft @Ay3a G2 Of SI @ Sinkdgé t¥ glucironit ati@Vilsorgtfat 02y S | & A
1995) The released glycone can then be used as a carbon source and the apolar aglycone can
frequently be reabsorbed by the ho@tazenberget al. 1988) Due to its capacity to act on a
0 NB I R NdglycaréhidecBnjubatess. coli -GUS has widespread application in the field

of analytical chemistry for the deonjugation of glucuronide metabolites.
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Figure 1.2 Detoxification pathway

Xenobiotic madcules may undergo phase | functionalization reactions alone or phase Il
biosynthetic conjugation reactions alone while some undergo phase | reactions followed by
phase Il reactions. A phase | reaction introduces polar functional groups, i.e. hydroxyl or
amino, onto lipophilic toxicant molecules. Phase Il metabolism involves the introduction of
hydrophilic endogenous species, i.e. glucuronic acid or sulfate, to the drug molecule. In the
Phase Il glucuronylation reaction, glucuronides are synthesized bpR U
glucuronosyltransferase (UGT) in the lumen of the liver ER and eliminated via the kidney or
bile. The glucuronides excreted in the bile mayhldrolysedin the intestines by -GUS and

the unbound toxin can then be reabsorbed via the enterophepaticcelation.

p 8 ¢-@ucyronidase enzyme

As mentioned abové,-GUS is an exoglycosidase and is a member of the glylcosidase enzyme
family that catalyses the hydrolysis ©fglycosidic bonds. They exist in a range of animals, i.e.
humans(Islamet al. 1999) dogs(Rayet al. 1998) rats(Nishimuraet al. 1986) plants, i.e. rye
(Schulz & Weissenbock I98rhubarb(Hodalet al. 1992) skullcap(Levvy 1954)and micre
organisms, .e. Escherichia col{Jeffersonet al. 1986) Clostridium(Fujisawaet al. 2001)
Staphylococcu@rul et al. 2008) The -GUS of interest in this study is frden coli.

E. coli -GUS is a member of éhretainingi -glycosidase family gHenrissat 1991) It
exists as a homtetramer with subunits related by three perpendianltwofold axes. The
subunits consist of 603 amino acids that have a molecular weight of 68AiDset al. 1996)

The bacterial enzyme folds into three domains: i) théeininal resembling a sugdninding
domain that consists of 180 residues, ii) an immunogloblikes -sandwich domain that
consists of 96 residues and i) thdiGSE NX Ay | £  R2 Y I Ay -barkl(TiMbarral R a
that consists of 327 residues (residues 276 to 603). Domain | and |l poetdmt structural
elements of the enzyme while the domain Il is the catalytic domain that contains the -active
site residues E413 and E504 (Figure 1I8)s worthwhile mentioning that a small section of

the loop from domain | (residues 161 to 164) dizons part of the active site.
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Figure 1.3 Structure dE. coli -GUS (PDB ID: 3K4D)

Domain | is coloured red, domain Il coloured blue and domain Il coloured green. Catalytic
residues E413 and E504 are represented as stitke left side of the monomer in the top
view and the right side of the monomer in the side view.

1.2.1. The mechanism of [ -GUS

The mechanism of action forGUS has been well characterigg@dchel & Withers 200@nd

is depicted in Figure 1.4] -GUScatalyses the hydrolysis of glycosidic linkages by a double
displacement mechanism with retention of the stereochemical configuration of the anomeric
carbon(Collinset al.2005) lIts active site consists of two strategically positioned glutamic acid
residues: E413 and E504 that provide a general acid/base and nucleophile, respectively
(Sinnott 1990)as shown in the figurel.4 below. The first step in catalysis inves a
nucleophilic attack by carboxylate anion of E504 on the anomeric carbon of the glucuronide to
form a covalent that is broken down by the action of E413 that functions as a general acid
(Figure 1.4jLianget al.2005)

E413 E413 E413

1\

E504 E504
Figure 1.4 -GUS mechanism of action

If an alcohol is the attacking species instead of water thentens-glycosylated

product results. Thiwas known to occur and can be exploited to synthesize oligosaccharides.
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However, the tranglycosylated product remains a substrate for hydrolysis, especially under
aqueous conditions, so that poor vyields occur unless careful substrate selection or
perturbation of the enzymatic equilibrium occurs (i.e. with organiesotvents)(Johanssoret

al. 1986)

1.3. Glucuronylsynthase

Glucuronyation activity can be acquired by mutating the nucleophilic residue-GlUS to a
non-nucleophilic residue as shown below in Figure 1.5. The three glucuronylsynthase enzymes
utilized in this project, were prepared by mutating the glutamate at position @&804) to

either an alanine (E504A), a glycine (E504G), or a serine (E504S) residue. This renders the
residue incapable of nucleophilic attack at the C1 position, thereby preventing degradation of
the glucuronide product (Figure 1.5). However, the @ sthe active site remains intact and
formation of glucuronide product can be catalysed in the presence of a synthetiesilyed
h-D-glucuronyl fluoride and an acceptor alcohol substrate. Miieglucuronyl fluoride donor

with anomeric configuration opposite to that of the original substrateglucuronide),
mimicking the enzymdinked intermediate in the -GUS. The fluoride sulitstent at the
anomeric carbon acts as a good leaving group for generatbacid catalysis by the E413
residue. The leaving group is displaced by an alcohol leading to the formation of a new
glycosidic bond. The reverse mechanism (fluorination) is eisdigrdbsent since the fluoride

ion is not bound strongly to the enzyme and will be dispersed into the medium following
glucuronide synthesis. Additionally, the newly formed glucuronide has a poor anomeric

f SF@AyYy3I IANRdzLI F YR ¢ 2 yecphilessskh 48 & flubdildicdDS R o0& LJ2 2 N

E413 E413 E413

ROH

G504 G504
Figure 1.5 General mechanism for tike coli -glucuronylsynthase

Most glycosynthases are specific for the acceptor s@i@arugincet al. 2004, Peugino
et al. 2003, Trinconeet al. 2000) Interestingly, after screening which aglycons would be
susceptible to glucuronylation by the glucuronylsynthase enzyme, it was found that non

carbohydrate acceptors such as primary, secondary and aryl alcoboéshetter candidates
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for glucuronylation than carbohydrateased acceptorgWilkinsonet al. 2008) While a few
steroid substrates were successfully used to synthesise steroid glucuronides, a screen of a
suitably diverse steroid library was performed g et al. (2014) Out of eighteen different
steroidal alcohols, fifteen substrates providing glucuronide conjugate in high purity and on a

scale suitable folH NVR analysis.

1.4. The glycosylation of steroids

Among the vast array of glyeobnjugates, steroidal glycosides have drawn much attention in
the last few decades as economically important raw materials for the pharmaceutical industry
in the production ofvarious steroidal hormoneGorég 2011, Fernandes al. 2003, Hwangpt

al. 1999) The compounds are often biologically actf{ireanciset al. 2002, Bediret al. 2002,
Yokasuka 2015and as such are also used as ingredients for cosm@ashibuchet al. 1996)

It should come as no surprise that there has been extensive work on the chemical syntheses of
oligosaccharides and steroi@idla et al. 2001, Tanget al. 2013, FernandeHerreraet al. 2012)

as well as conjugates of the two compound classes. The key to synthesising steroidal
glycosides is the construction of the glycosidic bond between a sterbltindt sugar anomeric

carbon (Figure 1.6).

O e
HO —A -0

Glycosytonor

4 Acceptor i i
X = leaving grou p Steroidal glycoside

Figure 1.6 Glycosylation of steroids

Despite the significant advances observed in carbohydrate chemistry, the
stereoselective formation oD-glycosidic bonds between carbohydrates and steroids remains
time-consuming due to the requirement of multiple protection and deprotection steps that
have relatively low yields due to the low reactivity glycosyl donor and glycosyl acceptor (such
as the secondary alcohol functions in the steroid moiety). The need for mdiceet
approaches has stimulated the development of enzymediated glycosylation. Such an
approach avoids the need for stringent reaction conditions which allow synthesizing unstable

glycosides and any protecting groups that allow step glycosylatioCrout & Vic 1998)

6
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Both glycosyltransferases and glycosidases have been vigorsuslyed for synthetic
purposes (Shaikh & Withers 2008, Hancockt al. 2006, Bennett & Wong 2007)
Glycosyltransferases are the natural enzymes for catalysing the formation of glycosidic bonds
in high yields withexcellent selectivity, i.e. UGTs, were employedMsrschkunet al. (1998)

to synthesizé -D-glucuronides from urindine UBRD-glucuronic acid and a wide variety of
endo- as well as xenobiotic aglycons. While the inherent nature of glycosidases is to break
glycosidic linkages in carbohydrate metabolism, there have been increasing interest in
exploring their transglycosylation activity for making complex carbohydrates. i-A
galactosidase fromspergillus oryzaeshowed a high transglycosylation activity and as such it
has been involved in the enzymatic synthesis of various chemically unstabiac glycosides
(Ooiet al. 1984) Although glycosyltransferasmatalyzed reaction provides a method for mild

and stereospecific singlgtep synthesis without the need for protected glycosyl donors, its
application has been limited by two major reasons. Firgllycosyltransferases require a
sugar nucleotide as glycosylation donor and this is an unstable and expensive substrate.
Secondly, they are substratpecific to the acceptors, which limits the range of substrates that
can be used as starting materigWilliamset al. 2007) Glycosidases, on the other hand, have
the advantage of being readily available commercial enzymes and they also use simple glycosyl
donors and have a relaxed sthate specificity for acceptorgTrincone et al. 2003)
Nevertheless, glycosidases are still hydrolytically active, the product of this transglycosylation
reaction can bénydrolysed thus reducing yields of the product obtain@dcCarter & Withers
1994)

The drawlacks mentioned above, were circumvented by the invention of
glycosynthasegMackenzieet al. 1998) As demonstrated for a range of other retaining
glycesidase enzymes, single point mutation of the nucleophilic residue to annoleophilic
residue disables the hydrolytic pathwdMackenzieet al. 1998) This concept had been
pioneered by the McLeod group to design a feasible glucuronylsynthase fgloturonidase
( -GUS) that could be used in chemoenzymatic glucuronylation of steroid subdivédes al.

2014) This thesis sougho textend these early investigations.

1.5. Specific aims of the project

¢2 GKS Fdzik2aNDRa (1y26fSR3IST 3If dzOdaNRyef agyiaKl
catalysed glycosidic bond formation with a wide range of alcohol and steroidal acceptors while
most of the engineered glycosynthase catalysed the formation of oligosaccharides. The main

aim of this project was to convert the sugar donor specificiti.ofoliglucuronylsynthase from

7
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glucuronic acid to glucose. If successful, this will open up apatiwto flavonoidglycoside
synthesis (Figure 1.7) where the new enzyme biocatalysts will grant synthetic access to
advanced organic materials that are in high demand in the fields of pharmaceutical
development and chemical analysis. Moreover, a great deaut enzymes can be learnt from

the process. For example, what type of mutation is required for changing substrate specificity?
How do proteins evolve are stabilizing mutations required before active site mutations are
observed? Are mutations that &kt the dynamics of the enzyme important? These are the
type of questions we wanted to address when mutant proteins produced in this study were

characterised.

(@) (b) (c)

OH
HO o)
HO H
OH
OH Q o}
=( H
0
HO O OH
O/ﬁ/ O

N on HaCO

Figure 1.7lavonoid glycosides
(a) Salicin (b) geniposide (c) gossypin

To attain the stated goals of changing substrate specificity, tdideevolution was
thought to be the method of choice. An essential requirement for the success of these
experiments is the ability to screen large libraries for the desired property. In the case of
glycosynthases, the development of a screening assa&ypdlenging, because the reaction
products do not produce a distinct, screenable signal, such as absorbance or fluorescence.
Directed evolution is not uncommon amongst glycosynthases. To date, there have been two
elegant approaches of high throughput sening applied to glycosynthases. These include
chemical complementation and enzyrteupled spectrophotometry that are described briefly

in the following paragraphs.

Chemical complementation was developed by the Cornish group and involves
transcriptioral modification brought about by glycosynthase actiyitinet al. 2004) Using a
yeast threehybrid system, dihydrofolate reductase (DHFR) binds to the methotrexate (MTX)
moiety and the glucocorticoid receptdGR) binds to the dexamethasone moiety (DEX) (Figure
1.8). The DHFR is fused to a DNA binding domain (DBD), which binds to a specific DNA binding
site upstream from the. EU2ZQyene. The GR is fused to a transcription activation domain which

up-regulates bhe transcription of thdEUZgene. The formation of oligosaccharide linkage via

8
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a glycosynthase reaction results in the reconstitution of a transcriptional activator that can
promote the transcription of theLEU2gene. TheLEU2gene is an essential gerig the
biosynthesis of leucine and its wpgulation allows cells to grow in leuchdeficient media. A
novel selection criterion is achieved by relating glycosynthase activity to cell survival. This
makes this assay a high throughput selection as opghdsea screen as only mutants with
appreciable glycosynthase activity will survive. Chemical complementation is an ingenious and
complex model as a high throughput selection for glycosynthase activity. Unfortunately, the
system relies on oligosaccharifl@mation through the use of a small molecule disaccharide
acceptor substrate and a small molecule disacchatidieoro donor substrate, the synthesis

of which is a multistep endeavo(faoet al.2006) As a result, the glucuronylsynthase needs
the small molecule steroid acceptor substrate to drive the glycosidic bond formation. This
requires the degin and synthesis of the new acceptor substrate. In addition, the small
molecules attached both to the donor and the acceptor might be too bulky to enter the active
sites due to the fact that -GUS having an active site that possesses pocket topology. This
makes chemical complementation unsuitable for the glucuronylsynthase high throughput

screen.

H jOH
HO—/ ] [
o ©F  OH
MTX HO— -0 DEX Transcription
HO——<2-0 =1 activation
DHFR OH ) domain
| GR

l\\\'l/\\w\\w\\\"ﬂ\\\’/)\’/}\\\’#\\\’/)\\\@\\\’/l\\\’ﬂ\\\%\\\’/)\\\’ll\\\%\\\’ﬂ\\\’//\\\’ﬂ\\\ﬂ)\\\%\\\%\\\’/l\\\’b\\’
| )

Y Y
DNA binding domain site LEUZ2 reporter gene

Glycosynthase
HFe)l yeosy

OH
HO OH —~

uoljealoe

| ||
DNA binding domain site LEUZ reporter gene

CAIdzZNBE mMody [/ 2NYyAEAKQa OKSYAOIE O2YLX SYSydl GA?2
Formation of the glycosidic bond via glygothase reaction upegulatesL EUZranscription.
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The second approach, enzyrmeupled spectrophotometric assay, was developed in
the Withers group and is based on the hydrolysis of a fluorescent or colourimetric tag from the
glycosynthase produdKimet al. 2004) It involves the reaction of a glycosyl fluoride donor
with a glycoside acceptor bearing a chromophore. eddoglycosidase, that recognises the
newly formed oligosaccharide, hydrolyses the glycosidizdblinking the chromophore which
can be measured spectrophotometrically (Figure 1.9). The hydrolysis step is usually of many
magnitudes faster than the glycosynthase step, so the glycosynthesis is thdetatenining
step. The rate of fluorescence oblour formation is therefore directly related to the
glycosynthase activity. This assay, however, is unsuitable for the glucuronylsynthase high
throughput screen because a new specific chromopkametaining steroid acceptor has to be
synthesized, and arendoglycosidase that cleaves the linkage between steroids and

chromophores, if it exists at all, should be found.

oH OH
HO N HO&&VO
s R \©\
F

lGchosynthase
OH OH
o}
OH | HO on
n

lendo-CeIIulase

NO,

J&

NO,

°
OH OH
o)
OH | HO SR
n NO,

Figure 1.9 An example of a glycosynthase reaction coupled witldo-cellulase to hydrolyse
the 4-nitrophenolate chromophore in an enzymeoupled high throughput screen
n =1 or AMayeret al.2001)

It should be clear from the previous two paragraphs that the two major high through
put screening assays designed for glycosynthases are not applicable for glucuronylsynthase.
For this reason, a twetep strategy was employed in the present research. This approach
involves i) evolving the wiltypei -GUS to have higher glucosidase activity and ii) converting
improvedi -GUS enzymes to glucuronylsynthases by incorporating a mutation at position 504.

The screening assay applgara-nitrophenyb -D-glucuronide pNRglucuronide) that liberates

10
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para-nitrophenolate on hydrolysis which absorbs strongly in the visible light spectrum (405
nm) and can be monitored over time by spectrophotometry (Figure 1.10). The major
advantage of this approach is that the substrate required for the agdd¥glucuronide is
commercially available and the assay is rapid and sensitive. Thistéywastrategy that had
been proposed is a unique approach and has never been reported before. More importantly,
it offers an alternative that circumvents the need for the developmehtadiighthroughput

assay for glucuronylsynthase.

o@ o°
o) i o)
o) 1 -GUS 0 ©
HS&/O HSO OH + +H
OH
NO,

NO,

Figure 1.10 The hydrolysis pNP-glucuronide by -GUS

1.6. A brief review on protein engineering

To achieve the aims, protein engineering technologies will be applidthny of these
techniques have been described in the literature. This section below gives a review of the
technologies that are available and details how they will be adopted to design suitable

engineering approaches.

Enzymes evolution takes place owemes scales of millions years. It is a very slow
process for which natural selection as the sole driving force. It has been suggested that during
the course of this enormous length of time that the resultant enzymes should be near perfect.
However, beause enzyme evolution is driven by selection, enzymes only evolve to the point
where they satisfy requirements of the host organism, and no more. This state of affairs
usually meanghat enzymesmay not ideally suitfor industrial applications. For exaep
enzymes may often be unsuitable because of stability issues. In many cases, there may be no
enzyme to catalyse the target reaction and even if an enzyme is available, a great deal of work
is often required to optimize its activity for practical apptions. Hence the need for protein

engineering.

There are a number of ways to engineer or modify proteins; it can be achieved by
chemical techniques, but the process is not specific and usually results in a considerable loss of
protein (Means & Feeney 1990) Direct synthesis can also be usedpimduce proteins,
including proteins with modified residues, but the process is expensive and is not simple to
execute. Neither of the above approaches is a suitable method to produce proteins or

modified proteins for industrial applications. The ideattiproteins could be modified in a
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specific wayR A Rbgd@rire a realistic proposition until the development of molecular biotpgy
the ability to manipulate DNA. Initially this tool led to studies that were aimed at
understanding protein structure functio Residues were mutated site specifically and
changes in activity were monitored. The process of engineering proteins for practical
applications was accelerated by the discovery of the polymerase chain reaction (PCR). This
technology allowed large mutd libraries with a specified average error rate to be generated

in the laboratory(Cadwell & Joyce 1994)This technical development meant that natural
evolution could be mimicked on a laboratory tirseale and with the intent of selecting for
traits desired for practical applications; this became known as directetligon. It should be
noted that the technology and knowledge in the field of genetic engineering has advanced
significantly in the last few years. In addition to the evolutionary apprd&dnmnscheuer &

Pohl 2001) one can use rational desigfsteiner & Schwab 2012Zp enhance protein
properties. One often views different techniques as competitors, but this is not the case with
the different approaches to engineering proteins as predictions made by rational methods can

be incorporated into libraries to be screeneddinected evolution.

1.6.1. Rational design

Rational design uses prior knowledge of the candidate protein and molecular modelling to
predict amino acid substitutions that may yield the desired properties. It requires a thorough
knowledge of protein struare and function to enable computational predictions of molecular
dynamics and behavioyPikkemaatet al. 2002) Specific amino acids substitutions will then
be introduced by sitalirected mutagenesisechniques. This was the approach used to
convert an improved -GUS into a glucuronylsynthase, where glutamate is replaced by

alanine/glycine/serine specifically at position 504.

Although rational approaches to protein engineering have yielded someebsjwe
results, it does have its limitations as only a small number of modifications can usually be
made and there are many aspects of protein function that cannot be predigtiedset al.

2000)

1.6.2. Directed evolution

As noted above, directed evolution @m vitro evolution is a strategy that mimics natural
evolution on a laboratory timescale. As with natural evolution, the process usually involves
iteration of two stes ¢ the generation of a genetically diverse, yet homologous population,

and then application of an asstyscreen or select for improdeclones (Figure 1.11).

12
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Figure 1.11 General strategies for the directed evolution of enzymes

Population diversity aabe generatedn vitro either by random mutagenesis or gene
recombination. However, by far the most popuiarvitro mutagenesis strategy is errg@rone
PCR (ePCR), that relies on the misincorporation of nucleotides by DNA polymerase to generate
point muations in a gene sequend€adwdl & Joyce 1992Figure 1.12a). The accuracy of
DNA polymeraseT@aq polymerase) can be adjusted vitro by addition of manganese ion
(Mn*) into the PCR reaction mixtuthaoet al. 1999)and the mutations can be restricted to
a specific gene or even a section of the genmoth important points for the construction of
mutant libraries.  Gene recombination involves the fragmentation and subsequent
recombination of multiple DNA sequences with the aim of combining beneficial mutations
(Stemmer 1994b) Recombination alsmakes it possible to remove neutral or deleterious
mutations, which accumulate during random mutagenesis, by backcrossing progeny with
excess parental or wittype DNA(Stemmer 1994b) The first gene recombination method
that mimic genetic recombination, DNA shuffling, was introduced Sbgmmer (1994a)
Shuffling is performed on a set of naturally occurring homologous sequences using
Deoxyribonuclease | to fragment the genedich are then reassemblad a selfpriming PCR
reaction accordingo their sequence homologfFigure 1.12h) However, this method requires
relatively high homology between the parental genes yet crossovers tend to aggregate in
regions of high sequence identity due to the annealiaged reassembly. Fortunately, a
group of homologous gene recombination methods that do not involve DNA fragmentation
but require addition of primers were developed, and staggered extension process (StEP) was
among them(Zhao & Zha 2006)This technique consists of many cycles of denaturation and
extremely short extension. This effectiyelgenerates polynucleotide fragments that
repeatedly switch template at every denaturation step and grow very slowly at each extension

stage until the fulength is reached (Figure 142 To further increase the efficiency of
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introducing homologous divsity, an elegant onstep approach that integrates ePCR and
StEP, was developed in our group. SPER consists of a modification of the normal ePCR
protocol to allow for the recombination of generated mutants during the process of mutation

introductionas shown in the figure below (Figure 1.12c).
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Figure 1.12 Common methods of library generation for directed evolution
(a) ePCR (b) DNA shuffling by fragmentatioth iassembly (c) DNA shufflihg StEP

The second step in directed evolution is the identification of the improved variants by
either screening or selection. Selection and screening are very enzyme dependent and are
frequently the limiting steps in diréed evolution. Selection techniques are agar plate based
and rely on a direct correlation between cell survival and the desired enzyme function. Cells
are transformed with an enzyme library and plated on selective media where only cells
containing a viale variant will survive. Selections are typically limited to antibiotic resistant
enzymes (i.e. -lactamases) or enzymes involved in the synthesis of nutrients essential for cell
growth (Watsonet al. 2007) Selection methods are generally less laborious and allow larger
libraries of the order of 1Tto be evaluated. However, it is not always possible to employ
selection as the evaluation medld, as not all enzymes can be linked to cell survival. Also,

selection methods may not give a good quantitative response, in which case a secondary
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screen will be required. A screen is more versatile than selection, involving a direct
measurement of enzyatic activity by a higithroughput assay and can be carried out using
bacteria growing in the wells of microtiter plates or on agar plates. In both cases, the enzyme
assays are carried out inside the cell and can be followed by visual inspection éatitm
involves the formation (or degradation) of a coloured or fluorescent substrate. In the agar
plate screening method, the desired biochemical activity is often tied to a phenotype. Thus, it
can be applied to large mutant libraries of the order &' t 10°. Similarly to selection
methods, agar plate screening methods are not suitable for quantifying catalytic activities of
individual variants in the library, making them ideal as-greeening methods. In contrast,
microtiter plate screening enalde quantitative activity measurements of each screened
variant thus providing a more complete dataset for hit evaluation. A large diversity of
enzymatic assays can be ported to the microtiter plate format. Correspondingly microtiter
plate screening is sigficantly more labour intensive and is therefore generally limited in scope
to the order of 10 individuals for screeningArnold & Georgiou 2003) Both agar and
microtiter plate screenings were used during theurse of the research described herein and

will be described in greater detail in Chapter 2.

For over two decades, directed evolution has proven to be an effective strategy for
tailoring enzyme properties to the needs of industrial, research and therapapptications
(Farinaset al. 2001, Reetz 2006, Toscaed al. 2007) It allows the analysis of very large
numbers of mutants, each containing many different sets of concerted changes all of which
contribute to amarked enhancement in the propertyoften several orders of magnitude. In
addition, valuable insights can be obtained into the structfinection relationships of recently
isolated and less studied enzymgRee &Schwaneberg 2007, Worgg al. 2006) The main
advantage of directed evolution, compared with rational approaches to engineering, is that it
does not require prior knowledge of enzyme structure and mechanism. However, several
rounds of evolution have tbe applied and a large number of variants have to be screened in
directed evolution. This is especially true while evolving large enzyme$;GES. For a
LINEGSAY 2F c nnGUS)ith/fénhdom Gharigés inguit @ & dr 3 amino acids in the
whole protein, the numbers of variants screened (the ligraize) required to achieved @b
expected coverage are 1.08 x“10.94 x 16and 2.32 x 1Y, respectively (the working for

these calculations are given in Appendix A.2.).

1.6.3. Semtrational a pproaches
To avoid some of the tedium of directed evolution, seational approaches are f@n

considered as they combiribe advantages of rational and evolutionary methg@hicaet al.
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2005). An example for a semational approach is siteaturation mutagenesis, that uses the
information derived from structural data to identify amino acids in interesting regions (i.e.
active site), which are then mutated randomly, in either an indigldr combinatorial fashion.

This method utilizes degenerate oligonucleotides as primers to create a library with all 20
possible amino acids introduced at the residue positions of interest. The mutagenic primers
used for site saturation mutagenesis exipgents in this thesis utilized the NNK codon (where

N=A,C,GorTandK =G orT) representing 32 possible codons code for all 20 amino acids.

1.7. Overview of the thesis

The aim of the thesis is to alter the substrate specificity-&fUS so that it can act on glucoside
substrates. Mutants with altered specificity will be further mutated to produce potential
synthetic enzymes that can be tested for activity. The remaining chapters have information as

follows:

Chapter 2. Descriptio of routine experimental procedures used in this work. These
procedures crop up in a number of chapters and are referred to in these chapters. The
procedures are routine and range from molecular biology to protein purification and
enzymology. These areutine procedures that reader may want to initially skip and come

back to later when referenced in subsequent chapters.

Chapter 3. The substrate profile bfGUS on various glycosides was investigated and site

saturation experiments aimed at altering the substrate specificity were conducted.

Chapter 4. Directed evolution was applied t&US and laboratorgvolved thermostable -
GUS (GUBR3337) to producenzyme with altered substrate specificity and test the idea that

stability further enhances evolution of new function.

Chapter 5. Although directed evolution has been successfully used to improve the glycosidase
activity ofi -GUS and GUBR3337, the glusidase activities obtained for purified mutants
were significantly lower than activities measured in crude extracts. This chapter sought to

understand the possible reason for loss of activity in purified mutants.

Chapter 6. Mutations E504A/G/S werdgraduced intoi -GUS, GU$R3337 and 3 improved
variants obtained in Chapter 4, to produce the glucuronylsynthase variants. These variants

were tested for glycosynthase activity.

Chapter 7. Brief summary and concluding remarks
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Chapter 2

Experimental Methods

This chapter is intended to provide details on the roatiexperimental procedures used
throughout the course of this research. Information on specific protocols developed during

this study is given in the relevant chapters.

There are a few general points covering basic chemicals: All chemicals were pdrchase
from SigmaAldrich unless otherwise specified and water was purified using a-Qilli
purification system (Millipore). The composition of solutions, buffers and growth media are

given in Appendix B.

2.1. Cell strains and expression vectors

Throughout thecourse of this work, enzymes were synthesised using the cellular machinery of
bacteria. The requirements for cell based protein expression are a vector incorporating the
DNA sequence for the protein of interest and a host &gkherichia cgli The baterial strains

and plasmids are listed below.

2.1.1. E. colistrain BW25141

BW25141 is a strain &. colil KI & R2 Sa y 24 {Q20M02 SArgiRdui@kESaskiy R |
genes and was used to generate ssuration libraries(Wanner 1983) It is usually
designated BW25141lacf rrnBri4 NlacZy;is NphoBR580 hsdR51daraBAR3: nrhaBADRp7s

galu95 endArsssuidAd Miul)dpir' recAl)

2.1.2. E. colistrain GMS407
TheE. colstrain of choice for directed evolution was the GMS4@éY1ltssa ¢p Ity - nn It YH <
manA4 uidA1l mil arge3. ¢ K A-glucuronidasedeficient E. colilysogenic cell line was used

to ensure protein expression that was free of wijyghe activity(Novel & Novel 1973)

2.13.E.coiOOOAET $( vy
TheE.colstrainDH5 gl & dzaSR F2NJ 402N 3S 2F LI AYARAD La .
strain. It has a high transformation efficiency, simple preparation and is easily stored.

5SGIFAf SR 3ISy2(edibdzlaof n5 Ikpfhl O@ic div payy Ka Rwmt NBO!' m Sy

gyrA96 thil relAl. It lacks recA a protein responsible for recombination between
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homologous DNA sequences, so there was minimum chance of recombination between
homologous sequences of plasmid gene and bacteria genomeen#é implies the deletion

of the normally present nopecific endonucleases that could possibly digests the foreign
DNA, thus avoids difficulties when preparing plasmid. The desigradiiR17ndicates that a
native restriction enzyme that is normally pesg in E. colihas been eliminated, preventing

degradation of target plasmid transformed into the cell.

2.1.4. Expression vector pJWL1030

Vector pJWL103(ér", bla’, lacZpro TAZ10™) was derived from a higbopy number vector
pCY76 fgar'bla’lacZproT7@16*) and pJJKm{Liu et al. 2006) The constitutive expression
cassette was isolated from pCY76 and ligated to the backbone of pKiKsohman & Cramer
1988) A leakylac promoter allows constitutive expression of target gene cloned into

pJWL1030. pJWL1030 confers kanamycin resistance to the host.

2.1.5. Expression vector pET -28a(+)

Theguswt andgustr33373 Sy Sa Syd@20ROdNR2 PA RO A S yRI (I KBB) 24 G |
respectively, were cloned into a NovagemET28a(+) vector at thNdd/Xhd cloning sites
(Wilkinsonet al. 2008) The pER8a(+) vector also carries the kanamycin resistance gene,

T7acpromoter, and arN-terminal Hig-tag extension.

2.1.6. Expression vector pJexpress 401

The pJexpress 401 expression vector wittefsinal Hig-tag was obtained from DNA 2.0
(Menlo Park, CA, USA). The pJExpress 401 is an inducible protein expression system under the
O2y UNRE 27 -DKktBogdlagt@yam@sidéd (tPTG) inducible T5 promoter. It also
contains a kanamycin resistance marker. ghewt and gustr3337 genes were cloned into

the multi-cloning site of pJExpress 401 usifizd andEcdr| unique restriction sites.

2.2. Computer software programs

Protein sequences were analysed with the program CONSURF (http://consurf.tau.ac.il/), that
gave the conserved and naonserved region of a proteifAshkenazyet al. 2010) Structural
diagrams pesented in this thesis were generated using the PYMOL pro@tetano 2002)
Molecular docking opara-nitrophenyk -D-glucuronide pNRPglucuronide) and glucuronic acid
was performed using the pafit command in Pymol 1.3. The Kolmogofmirnov test,
(http://www.physics.csbsju.edu/) was used to analyse the potential difference in two libraries.

The nul hypothesis was §1both samples come from a population with the same distribution.
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The H was rejected at the 0.05 significance level. Protein extinction coefficient was estimated

by PROTPARAM tool (http://web.expasy.org/protparam/). It allowed the petation of

various physical and chemical properties of a protein given its sequ@basteigeret al.

2005) Analysis of scanned photos was possible with IMAGEJ, a program available from the
National Institutes of Health (USA) website (http://rsb.imib.gov/ij/). SWISSMIODEL
(http://www.swissmodel.expasy.org/(Schwedeet al. 2003) was used to generate model
structures of GUSVT and GUFR3337 mutants by using GMF as templa. The solvent

F 0O0SaaArotsS &adz2NFIF OS | NBI -GUS 'was calcul@ed NdithSASAK N
(http://cib.cf.ocha.ac.jp/bitool/ASA/), using a 1.4 A radius probe for water. The SASA
calculations were based on the method%lirake & Rupley (197.3)

2.3. Molecular biology

2.3.1. Directed evolution

There were twagorimary steps in directed evolutionlibrary generation followed by screening
and/ or selection. The polymerase chain reaction (PCR) was used in the first stage to introduce
genetic diversity. The methods used have been published and will not beldbani detail

here. The introduction of random errons & gene (erroprone PCRwas described bgadwell

& Joyce (1992While the staggered extension process (StEP) was described by members of the
Arnold laboratory(Zhaoet al. 1998) The combination ePCR and StEP, that is staggered
extension proceserror prone polymerase chain reaction was describedvenson (2006)

who also detailed protocols for targeted [sitaturation mutagenesis or shdirected
mutagenesis (SDM)]. The second stage is screening and/ or selémtithe desired traits.
Much of this methodology is standard molecular biology and is described briefly below.

Detailed information is provided in the relevant chapters that follow.

2.3.1.1. Introducing genetic diversity

Theguswt gene (GUSVT) was ranipulated using the construct created by cloning it into the
pET28a(+) vector using the restriction siddd andXbd. Five methods were used to create
variants ofguswt and gustr3337 (designatedguswt* and gustr3337*, respectively) and are

outlined below.

2.3.1.1.1. Sitesaturation mutagenesis (SSM)
I -GUS residues E413, N412, D163, R562, Y472, N566, T509, Y469, S557 and M447 were
subjected to randomisation with SSdhenget al. 2004) Degenerate primers containing the

complete combination of 32 codons at the mtitan points are designed to generate the SSM
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libraries. Sets of offset NNK mutagenic primers (Table 2.1) were used to PCR amplify the
entire gene and plasmid sequence. The product was digestedDyith then purified and

transformed into5 | pEr coli

Teble 2.1Mutagenic NNK primers for SSM mutagenesis

Primer { S1j dzSycOR V6 p Q

GUS E413 NNK F tat tgc caa cnn kcc gga tac ccg tc
GUS N412 NNK F gag tat tgc cnn k ga acc gga tac cc
GUS D163 NNK F agt taa aga ann kat gga agt aag ac
GUS R562 NNK F aag gcadt tgn nkg ttg gcg gta ac
GUS Y472 NNK F tta cgg atg gnn kgt cca aag cgg cg
GUS N566 NNK F ctc gca agg cnn ktt gcg cgt tg

GUS T509 NNK F gcg tgg atn nkt tag ccg ggc tgc a
GUS Y469 NNK F gaa ccg tta tnn kgg atg gta tgt cca aac
GUS S557 NNK F ttt tgc gac cnn kca agg cat att gcg c
GUS M447 NNK F gcg tca atg tan nkt tct gcg acg ct
pJWL1030GUSHindlll I aag ctt ttg cca ttc tca ccg gat tc

SSMPCR reactions were set up with 10 ng template pJWL0300.2 mM dNTP,
25UPfJus b! LJ12f @ YSNI aSR mMBEYS NE S NBEINNIRIGGAN bufigrR p >
FYR YIRS dzLJ G2 pn >[ & APCKR redetHn ixtuked BeRe subjedie8 NIb
to single 2stagewholeLJt F YA R t / wY m OeO0ftS |G op s/ F2NI
on &3 ppYAEYITFTEMNI o/ TFRINAMSNA{EYAUGEE VRl vn O
cy 6/ F2NI M YAyk|o 2F (dSYLXFdS fSyaadkx 1 adf

2.3.1.1.2. Sitedirected mutagenesis (SDM)

gustr3337, wt3p24el11E504A wt3p24el11E504G wt3p24el11E504$ wtSp26a-ES504A
wt5p26a+E504G wt5p26a7~E504S, thermo4plliZ504A thermodpllf2E504G and
thermo4pl1f2E504Gwere constructed using SDM that was performed by the overlap
extension PCR method witiuswt as the DNA template and the primers listedTiable 2.2
(Xionget al. 2004) The mutation site was introduced into the first PCR fragments, and the
second fragment was amplified by annealing the overlapping ends of the first fragments. Final
products were ligated into the pET28a(+) vector and sequenced. The stfategg SDM was

shown in Figure 2.1.
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Table 2.2Primers used for point mutations in sitdirected mutagenesis

Primer { S1j dzSycOR V6 p Q

GUS Q493R F tgg cct ggc ggg aga aac tgc atc ag
GUS Q493R R atg cag ttt ctc ccg cca ggc cag aag ttc
GUS T509A F cceggc taa cgc atc cac gec gta tt
GUS T509A R ggc gtg gat gcg tta gcc ggg ctg

GUS M532T F tgg ctg gat acg tat cac cgc gtc ttt g
GUS M532T R gac gcg gtg ata cgt atc cag cca tgc ac
GUS N550S F cag gta tgg agt ttc gcc gat ttt gc

GUS N550S R aaa atc ggc gaact cca tac ctg ttc ac
GUS G559S F gac ctc gca aag cat att gcg cgt tgg
GUS G559S R aac gcg caa tat gct ttg cga ggt cgc aa
GUS N566S F gtt ggc ggt agc aag aaa ggg atc ttc
GUS N566S R gat ccc ttt ctt gct acc gec aac gecg
pET28aGUS F aag aag gag ata taatoggg cag ¢
pPET28aGUS R tgg tgg tgc tcg agt cat tgt ttg cc

(] o )] ey ) & o
o o < o o C o = o o < m
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Figure 2.1 SDM fromguswt and gustr3337 primers employed in this study
Red: forward; blue: reverse

2.3.1.1.3. Error-prone polymerase chain reaction (ePCR)

ePCR was based on the protocol eleped bylLeunget al.(1989) with reactions consisting of:

Mc y3 2F GKS LI NByd 3ISySs mn >a 2F F2NBEFENR FyR N

MgC}, different concentrations of Mii ranging from 0.0505p YaX p >[ 2F wmMnE LRf &

buffer without Mg*, 25 UTag5 b! LRt @ YSNI} &S YR YIRS dzLlJ G2 pn >[
¢CKSNY20e0fAy3a o6l a LISNF2NNYSR sAGK on 0edfsSa 27

Fd TH s/ ® ¢KS St/ w PSR pidication kiteaSdNdesteddiNand A SR 4 A G K

reaction with Ndd, Xbd andDpn. The latter was required to selectively digest the parent

genes since they were synthesis@d vivo and have methylatedDpn restriction sites

(Sambrook & Russell 2001Finally, DNA with the correct size was isolated by gel purification

with Promeg® PCR purifigtion kit and ligated intpET28a(+ith T4 ligase. The constructs
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used in verifying the errerate by DNA sequencing were purified from randomly selected

GMS407 transformants.

2.3.1.1.4. Staggered extension process (StEP)

The StEP reaction consistedot y3 2F GSYLX I GSE mn >a 2F St C
0.2 MM dNTP, 5 mM Mg@Gind 1 U of Phusion high fidelity polymerase. The cycling conditions
were 100 cycles of 94 °C for 10 s, 50 °C for 10 s and 72 ° for 2 s.

2.3.1.1.5. StEPePCR

Recombinatiorof gene variants was simplified by the use of the IEER. StE#PCR was set

dzLJ AY pn >[ GAGKY wmc y3a 2F LI NByid 3ISySa Ay
primers, 0.2 mM of dNTPs, 5mM MgQl5mMMnGE p > 2F wmnE thatt & Y S NJ
Mg®* and 2.5 U offagpolymerase. SteBt / w G KSN)X20&ef OAy 3 NBIj dzaA NB |
Mmn az pn e/ F2NIwmn & FYR TH e/ F2NI mn ao

2.3.1.2. Preparing libraries of variants for screening

A population ofguswt, prepared by SSM, was ligated into pJ¥80 viaNdd and Xbd
restriction sites. The variants @uswt were created and resulting in pJWL16@0swt*
constructs. In contrast, the random mutagenesis librariegudwt and gustr3337 were
digested atXbd and Xhd restriction sites and ligatethto the pET28a(+) expression vector,

resulting in pET28guswt* and pET28austr3337* respectively The ligation reaction

products were isolated with a Prome®at / w LJIzZNA FAOF GA 2y 1Ad0 FYyR S
>[ 2F GKS LIzZNAFASR A3l GA2Y ELINBIRIAZONSHO7 drida N,
recovered with 1 mL yeast extractitnient broth (YENB) (AppendB0 | &G oT 6/ @ p N
culture was pléed out on LuriaBertaniKanamycin (LBK) agar (AppenB8)xand incubated
2OSNYAIKG +Fd ot e/ G2 SaldAYLIGS GKS OSftft RS
OGN YATF2NXIYyda 6SNB RAfdziSR adzOK GKFG pn >

[ AONI NB Odzf GdzNB | f A lj dz2 ( aKarrfycirpagar anfl spieas! B with LILI
sterile ball bearings (5 mm diameter, steel) to provide an even distribution of colonies. 10
colonies were sequenced to examine the randomness of the point rioust that is the

average number of mutations.

2.3.1.2.1. In vitro screening of site-directed libraries with b-glycoside substrates

In each SSM library, 96 single colonies were picked manually from the LBK agar plates and
grown individually in 96vell rodzy R 602G (2Y Odz GdzNBE LI F §Sa sAGK
LX F6Sa 6SNBE AyOdzok dSR Fd o1 e/ 2@SNYAIKIGOP \
anewsteriie9 St f YAONRLX I 84 yR wn >[ 2F TE . dA.
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cels. ¢KS LINRPGSAYyA ¢SNB pa@aittophénigh -Déigludurénided gINR- > a
glucuronide), 3 mMpNRglucopyranoside, 3 mMpNRgalactopyranoside, 3 mMpNP
mannopyranoside and 3 miNRxylopyranoside in 50 mM phosphate buffer, pH 7.4. The
release ofpNP wa monitored at 405 nm (fs) on a Labsystems Multiskan Ascentv@éll
microplate ultraviolet/visible spectrometer. The activities were compared to those of wild
type. Clones with enhanced, moderate and decreased activities toward five substrates were

sekcted. Plasmids were isolated with miniprep kit and sequenced.

2.3.1.2.2. Colony screening

E. coliS E LINB 5648 sa@moderately cleave externally supplidxdino-4-chloro-3-indolyk
b-D-glucoside (»¢lucoside) to produce glucose and an intense blue precipitate of chloro
bromoindigo. Another artificial chromogenic substrgilP-glucoside, can alscebmoderately

K& RNER f &GEUS Resultidg iniglucose and the yellow staipie.

This formed the primary screening and secondary phases. The primary screening can
be done on solid medium that containsgiicoside whereas the liquid medium base for
secandary screening containedNPglucoside. The primary screening narrows hundreds of

i K 2 dza I YGRS verdidnsadvn to less than three thousand

2.3.1.2.2.1. Primary screening of colonies
The first two generation examined colonies via agar plate scngemhile generations 3, 4 and
5 examined colonies via top agar screening. An overview of this scheme is presented in the

Figure2.2.

Primary screening Secondary screening

) : Spectrophotometer,

Figure 2.2 Screening strategies

The two screening strategies used in directed evolution of -BJSand GUSR3337 are
presented in a schematic form with agar plates, top agars plates anrgefiéplates are
illustrated at the top, bottom and right, respectively. Agar plate screening is described in
Section 2.3.1.2.2.1.1., top agar screening is described in Section 23.22and culture
screening is described in Section 2.3.1.2.2.2.
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2.3.1.2.2.1.1. Agalate screening

pn >[ 2F fAONINEB Odzf GdzNB FfAljd2da 6SNB | LILI
prepared with 10 mL of LBK agar supplemented with 0.15 mM IRd®.4 mM Xglucoside.

' TGSNI 2@3SNYAIKG AyOdzmtdAzy Fd ot e/ 3 GKANI®@
inoculated inA Y RA @A RdzZ £ wnan >[ toad6wdl daBuiedlate T a G SNAE S |

Each screening batch, typically a 100 agar plaesyjlted in about 3000 inoculants
with additional inoculants as controls. The negative control BasoliGMS407 transformed
with empty pET28a(+) and the positive control was the same strain expressing/GUSUS

TR3337 or the best variant from each geation.

2.3.1.2.2.1.2. Top agar screening

15 mL of molten glucosidase activity indicator agar (Appendix A) was carefully poured onto
each agar plate, covering all ti@®2 f 2 y A S& ® / 2 f 2 y:GQUS &voulsl BtardNdSutni A y 3
darker blue after 10 min with the top agar. The two most blue and distinct colonies on each
plate were identified within 30 min. Each of the identified colonies was used to inoculate
indiviodzl € wnn >[ FfAljd2dGa 2F aGSNAES [.Y o! LISy

2.3.1.2.2.2. Secondary screening pfGUS activity
After the 966 St t Odzf GdzNB LI F 1S& 6SNB AyOdzol G§SR 2¢

transferred to a 96well plate. The cells of each sample were lysed I RRAYy 3 Hna >
.dz3. dzZAGSN) FyR AyOdzol GdAy3 F2Nlon YAY |G Ne2Y
LINE RdzOSR | HHn > NBIFIOGUAZ2Y HAGKY pnpNRa LIK?2
glucoside. The reactions were performed at room tempefdturo vp e/ 0 YR GKS

pNPRglucoside was measured by monitoring the rate of the releageNgf at Aqs over 20 min.

2.3.2. Protein expression

pET28aguswt*, pET28ayustr3337*, pJexpress4@uswt* and pJexpress46dustr3337*

plasmid DNA (pDNA) satep were purified with the Qiagen Minipr@p] A G | & F2ff 26 a
the pDNA was used to transform BW25141 or GMS407 cells, that were recovered with 1 mL
,9b. YSRAdzY FFGSNI St SOGNRLENI(GAZ2Y D pn >[ 2°
agarplateil KI G 61 a GKSYy AyOdzol G§SR 4 ot e/ 2@SNYA
inoculated into 20 ML 2x YT Y Y@ OAY ONRBOGK FyR AyOdzml SR I {
gl a GKSY GNIYAFSNNBR G2 m [ 2F &l Wee indB&IA dzY |
with a final concentration of 0.5 mM IPTG when. The culture was further incubated

aerobically by orbital shaking for 3 hours until angg@f 0.8 was reached. Cells were
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harvesed by centrifugation aB700 gin a Sorvall SLA 3000 for 20 oties. The supernatant

was removed and the cells were used immediately for lysis or storgdat ¢/ F2 NJ f | G SNJ dza Sd

2.3.3. Protein purification
Prior to purification, the theoretical values of molecular weight (monomer), isoelectric point
and extinctionc8 T ¥ A O A S y-GUSpteis v Ndiculated WIBROTPARAM

ff LIZNAFAOFGAZ2Y adSLlaA 6SNB OF NNASR 2dzi Fd n
Two protocols were used to purify GUS* in this study. All buffers and milliQ water,(MQH
usedinpuF A OF GA2Y B6SNBE FTAE{GSNBR gAGK @I Odzdzy RNAGSY no

AKTAMFPLC system was used to automatically control the elution in chromatography steps.

2.3.3.1. Immobilised metal affinity chromatography (IMAC)

The harvested cells weresuspended in 25 mL of buffer A (Appendix B). The cells were lysed

with a French Press and thgsate was centrifuged at37@ F2NJ nn YAY |4 n e/ (G2 a
cell debris. The supernatant was loaded onto 5 mL HisTrap FF (GE Healthcare) column that

eluted with 30.5 M imidazole gradient at a flow rate of 3 mL/min. Fractivat displayed the

highest activity were analysed spdium dodecyl sulfate polyacrylamide gel electrophoresis

(SD&E ! D9V @ CNI OliA2ya ¢ AGUS pibtEirSwekcangektdtadito 08Y 2 dzy ia 2 F |

mL for the next purification step.

2.3.3.2. Size-exclusion chromatography (SEC)

SEC or gdlltration chromatography was used to separate proteins according to their
molecular weight. The concentrated protein solution was therdémhonto a Superdex 200

gel filtration column. The sizing column had a column volume of 120 mL and had been
calibrated with protein standards. The protein was eluted at 0.3 mL/min to ensure good
resolution. Fractions with the highest activity were confid via SD®AGE and pooled.
Examples of the elution profiles and SBSGE of column fractions are given below for the
IMAC and SEC (Figure 2.3). Fractions judged to be at least 95% pure were dialysed against
buffer 50 mM phosphate, pH 7.4 overnightdZRJA F-GUSProteins were stored at 4 °C. A
description of the procedure used to calibrate the SEC columns and the determination of

protein molecular weights with SEC are given below.
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1 -GUS

3
v
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Figure 2.3 Purification of GU&T

(a) Elution profileusing IMAC (b) SEFAGE gel of selected fractions from IMAC. Fraction
numbers are indicated above each lane (c) Elution profile using SEC. Peak 1, tetramer (279
kDa); peak 2, dimer (139 kDa) and peak 3, monomer (69 kDa). (d/ASE¥Sgel of selected
fractions from SEC. Fraction numbers are indicated above each lane.

The size exclusion column used in this study wasglibrated with protein standards
whose molecular weights ranged between ¢3%69 kileDaltons (kDa) (Figure 2.4). A linear

graph of logathm of protein sizes in Daersus their elution volumes was plotted and its
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Fdzy OlA2y A& RSNAGSR T NE YGUS profeh sines vieke Juideguantly? y ¢
calculated based on the equation.
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Figure 2.4Elution profiles of molecular weight markers from Superdex 200 size exclusion
column

(a)Peak 1: Ferritin, 440 kDa; 2Conalbumin, 75 kDa; 3: Ovalbumin, 43 kDa (b)Peak 4:
Thyroglobulin, 669 kDa; 5: Aldolase, 150 kDa

r *
o
(7] |
g 25
[1°]
2 2] ¢
o =-0.0466x + 4.8871
S 15 y=-=" ¢
£ R? = 0.9408
N
o
1 T T T 1
o
=2 40 50 60 70 80

Elution volume (mL)

Figure 2.5Calibmtion curve obtained with molecular weight markers eluted from Superdex
200 size exclusion column
The linear equation derived from the curve fit is given.

2.3.4. Analysis of GUSWT and GUSTR3337 variants
The GUSVT and GUSR3337 variants were characterisin several ways. The pure GWS
and GUS'R3337 variants were subject to kinetic investigations with respect to glucuronide,

glucoside concentrations and temperature. Finally, an attempt was made to rationalize these
NEadz Ga Ay-GusSwdpae. 2F (GKS |

Each of the variants selected as progeny throughout the directed evolution 6#FUS
and GUS'R3337 were named according to the generation numbés) (@nd an identification
number. The first digit refers to the batch numbef)l the second digrefers to the 96well
plate number and is followed by the well position. For example, the variant WT1P17G2, from

the guswt library, is derived from generation 1 and isolated fromv@@l plate number 17 at

well position G2.
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2.3.4.1. Kinetic analysis

Purified and dialyzed GUW'T or GUG'R3337 variants proteins were assayed for glucuronide
and glucosidase activity witlpNPglucuronide andpNPglucoside, respectively, as the
substrate. The rate of hydrolysis was monitored through the releaspN$f at 4@ nm
(extinction coefficient 14730.38 Mm™ and path length 0.52 cm) with Cary IE -Ui¥
spectrophotometer (Figure 2.6). The standard curvgMP were constructed to determine
the extinction coefficients gbNP by using the Bedrambert equation thats given in Equation
2.1(Grimsley & Pace 2001)

A= lic (Equation 2.1)

where A is the absorbancékis the molar absorption coefficient (dm™), | is the cell path

length (cn) and c is the molar concentration (M).

35
y = 7659.8x + 0.0657
31 R? = 0.9999
25
g 2|
<15
1 ]
05
0 T T 1
0 00002  0.0004  0.0006

p-nitrophenol (M)

Figure 2.6 The standard curve used to calculate the extinction coefficient value

The standard reaction mixture contained (in a total volume of 200 pL): 50 mM
phosphatebuffer pH 7.4, various concentratigphRglucuonide orpNPglucoside and 20 L
of diluted enzyme sample. The two assay conditions were the standard reaction mixture and
the standard reaction mixture with 5 mM octylD-thioglucopyranoside (OTG). The
production rate of pNP was monitored spectrophotometricallat Ayps by various
concentratiors of pNRglucuronide andpNRglucoside. pNPglucuronide concentrations
ranged from 2.5 uM to 20 mM whilgNPglucoside concentrations ranged from 2.5 pM to 90
mM.

2.3.4.1.1. Noncooperative [ -GUSenzymes

C 2 NJUS enzymethat showed no cooperativity, the kinetic parameters were determined by
fitting the data to the MichaeliMenten Equation 2.2 using the curfiting software
Kaleidagraph Version 3.5 (Synergy Software, USA).
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V= Vinax[S]/ (Kn+ [S]) (Equation 22)

where v is the initial velocityVnaxiS the maximum velocity, is the Michaelis constant, and
[S] is the substrate concentration. K., was calculated by dividin/ma.x by the enzyme

concentration Ymax= KealE]).

2.3.4.1.2. Negatively cooperative [ -GUSenzymes
C 2 N3US enzymes that showed negative cooperativity, the Bddistee is a linear form of

the MichaelisMenten equation that can be rearranged as follows:
=-Kn(V/[S]) + Whax (Equation 2.3)

In an EadigHofstee plot, the velcity v is plotted against v divided by [S]. These plots were
used to obtain the apparent values of,¥and K,as described in Chapter 5. Microsoft Excel

was used for Eadiklofstee curve fitting.

2.3.4.2. Thermal optima

The catalytic rate of GWET* and GUSTR3337* was analysed in reactions at various
temperatures, ranging from 25 to 85 °C. The phosphate buffer, contgiRglucuronide or
pNPRglucopyranoside, was piley Odzo I G SR F2NJ Hn YAYy Ay GKS

Y ]

Syl eyvyS gFra FRRSR (2 3IAGS | FelytictoplaeS I+ OG A2y @2

The activity was determined from the slope during 10 s to 60 s after the reaction was

started; the first 10 s of reaction were required for thorough mixing.

2.3.4.3. Thermal denaturation

CKAA GNIXYAG 61 & YSIad2NBER oWT* aryGOSIRBB3i*Asghiple at p
one of several temperatures fob min. Before and after incubatip the enzyme samples were
d02NBR 2y AOS® -WTH or GUFR3B# sample was usdd linfa final reaction
@2t dzyS 2F wnn >[ ® WK and IGOIRBIBH samples Tvas (ads&y/édS
dza A y 3 y pNRglueasidezaff25 °C and pH 7.4 samples were assayed simultaneously
using 96well plate format to monitor the release @NP in Agsover 1 min. The results were

analysed by notinear regression (Kaleidagraph) with the following equation:
a=apGao- T/ (T'+Ty,") (Equation 2.4)

where the activity ) after exposure to temperatureT) is described in terms of original
activity @), the temperature at which half the GW8T or GUIR3337 mutants will be

irreversibly inactivated afteb min (T,) with a cooperativitjterm h. Equation was based on
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the assumptions that residual activity is proportional to the amount of -®JSor GUS
TR3337 mutants that was not irreversibly denatured, and that irreversible denaturation is a
cooperative process. Cooperativity is involveelcause the overall integrity of a protein
depends upon the stability of individual secondary structures, each of which depends upon the

integrity of neighbouring structures.

2.3.4.4. Thermal shift assay

Overall protein unfolding was monitored using theaage in fluorescence caused by binding

of the fluorophore SYPRO Orange to hydrophobic residues exposed upon protein

denaturation. Fluorescence was measured at 6830 nm with a 7900HT Fast R&ahe PCR

system with the temperature increased linearlyrin 10¢ 90 °C at the rate of IC min'.

{FYLX S& 6SNB NUzy Ay N LAEBDXSYBROoOBEgY dyda a3 y 3 2F p o
viv DMSO(dimethylsulfoxide)l00 mM NaCl in 50 mM phosphate buffer at pH 7.4. Melting

temperatures were determined by fitting the data to the Boltzmann equatidiesenet al.

2007)using SciDAVis version 0.2.4 where errors are the standard deviation.

2.3.4.5. Comparison of protein solubility

Cell growth was standardized by growing them aerobically to an optical denditatdd00 nm

(ODyo). 5 mL were sedimented 8700 g2 NJ p YAy ® ¢KS LIStftSi ¢l a NBadza
pn Ya LK2aLKIGS 0dzZFFSNI 6L Tdnod Hn >[ TE . dz3
F2NJ on YAY |G FYdoASYyd GSYLISNI G dzNB @ Tn >[ 2F
was aspiratedand KS Ay az2f dzof S LINRPGSAY 61 4 NBadzaLISYRSR Ay
of the lysate, soluble fraction and resuspended insoluble protein were analysed Hy/SEES

These SDBAGE gels are shown in Chapter 4 (Section 4.4.1.).

2.3.4.6. Discontinuous nat ive protein gel electrophoresis analysis

The discontinuous native gel electrophoresis analysis was carried out as described by
Niepmann & Zheng (2006 Briefly, purified proteins were mixed with sample buffe@@ mM

TrisCl pH 8 40% glycerol, 0.05 Serva Blue -@50) and incubated for 10 min at room
temperature. Preein samples were loaded ont@8native PAGE gels and separated at 4 °C in

a cathode buffer containing 100 mM histidine (adjusted to pH 8 usigybase) and 0.002

Serva Blue @50.

2.3.4.7. Bis(sulfosuccinimidyl)suberate (BS 3) crosslinking
To covalently crosknk GUSNT and WT3P24E11, a water solublé®8 & dza SR ® | NEdzy R mn
of purified protein was mixed with 0.15 mM of freshly prepared, Bi$en incubated at room

temperature for varying time points (0 min, 1 min, 5 min, 20 min). The reactions were
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j dzZSYOKSR 6@ I RRAY3 p > plesavdre then boiled NB5XCfor 5 mik,S  LIN
and separated in the P2 SD®AGE. Proteins including the crosslinked proteins were

detected by Coomassie Blue staining.

2.3.4.8. Effects of additives

The effects of additives were evaluated by measuring glucssidativity in the presence of 10

x BugBustél” protein extraction reagent, octyl-D-glucoside, sodium dodecyl sulphate, oetyl

i -Dthioglucoside, Tween 20 and TritoR100. The reaction mix with respective additives, but
without enzyme, served as blankThe reaction mix without any additives was taken as a
control (100%).

2.3.4.9. Determination of the modes of enzyme inhibition and the inhibitory
constant ( Ki) values

The mode of enzyme inhibition was graphically determined from the Linewdawdr double
reciprocal plots of the reciprocal of velocity versus the reciprocal of substrate concentration.
The inhibitory constantK) value was calculated with the secondary plot representing the

slope rate of the LineweavdBurk plot versus the OTG concentratifRamasamt al.2014)

2.3.4.10. Enzyme unfolding

The process of enzyme unfolding was monitored by assaying the initial rate of the residual
enzyme activity and the fluorescence spectrum. In the enzymeitgctissays, GU®T and
GUSTR3337 mutants were incubated with various concentrations of urea and GdnHCI in
phosphate buffer (50 mM, pH 7.4) at 25°C. After 10 min, the substrate hydrolysis was
measured by following the absorbance at 405 nm for 10 min atiBtervals. The rate of
hydrolysis in the almhce of urea was taken as 180 In the intrinsic fluorescence
spectroscopic experiments, the spectra were recorded in the range 380 nm after exciting

the sample at 295 nm, at a protein concentratior0c6 uM.

2.3.5. Enzyme crystallisation screens
High throughput screening for appropriate protein crystallisation conditions were performed

using the Hampton Resear®ferystal screens including Ind&x Crystal Screél, PEGRY,

PEG/Ion" and SaltRY¥. Cystal screens were performed as microbatches im@dl crystal

plates. WT5P26A7 was concentrated to 20 mg/mL in 20 mM HEPES, pH 7.4. Hanging drop
method was used for crystallisation and 1 pL of protein sample was mixed with 1 pL of each
screen buffer.Plates were stored at 4 °C and examined under microscope for the presence of

crystallisation.
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2.3.6. Steroid glycosynthase reactions

0.4 mg/mL GUSWIES04A, GUSWHS504G, GUSWHS04S, WT3P24EEBO4A, WT3P24E11
E504G, WT3P24EEB04S, WT5P26/A&K04A, WTS5P2GAES04G, WTS5P26A7504S,
GUSTR333E504A, GUSTR33BB04G, GUSTR33B304S, THERMO4P1HED4A,
THERMO4P11E504Gor THERMO4P11HE2504Gwas added to a solution containing 2 mM
DHEAO-(carboxymethyl)oxime (CMOHEA)pr 5 mM testosterone, 1% v/vtert-butanol and

n Y-R-glutosyl fluoride in 100 mM sodium phosphate buffer (pH 7.5). The reaction was
incubated at 37 °C for 2 days. The reaction was then subjected tegpbalg extraction (SPE).
The Oasi® WAX SPE cartridge (3 mL, Waters Co.) wasgndtioned with 1 mL methanol,

then 3 mL mQED. The crude reaction was loaded into the ddge and washed with 3 mL of

2% formic acid, 3 mL mQ@#, 3 mL methanol, then amonium hydroxide in methanol €6 v/v,

9 mL). The solvent from the appropriate fractisras evaporated to dryness by rotary
evaporation. The dried residue was resuspended in an appropriate deuterated solvent or
mQHO and subjected tdH nuclear magnetic resonance or electrgpray ionisation mass
spectrum analysis, respectively. This workl ahot constitute a large portion of the
experimental work of this thesis and was done with the assistance of Mr. Andy Pranata of the

McLeod lab. The experimental details of this work have been publi®hadt al.2014)
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Chapter 3

|dentification of Residues Critical to
Subsi NI 0S . \GURAY3I Ay |

3.1. Introduction
As noted in Chapter 1, the initial objective of this research was to alter the substrate
& LIS OA TX60S dThe pasdible itarget substrates were conjugates of monosaccharide sugars
that were likei -glucuronic aa (Figure 3.1).It was thought that a reasonablglace to start
gl & G2 SEI YAYS G(GGUS tolad dnfpdtential tafydt supstratels. Orfie objective
glra G2 ARSYGAFTe G(GK2aS &dzoad N} GSa -GUsladithe@ S NA &S
w2dzf R 0SS adaAdlofS GFNBS(Ga ¥F20UB Wadzindeito bRvepB OG SR S @2
specific for the glycone, but not the aglycone. This meant that it was reasonable to choose an
aglycone that was easy to detect in an enzyme asspgra-nitrophenol (pNP). The term
MNB I a2 ywadYiSIeysii G2 AYLE & ( KGUS thaf deid opk@ dedvatidy &8 2 F
were also likely to act on substrate with a variety of aglycones, as does the native enzyme. The
compounds to be tested wergNPRglucuronide, a cotrol and native substrate, angNP

glucoside pNRgalactosidepNP-mannoside pNPxyloside, the possible target substrates.

(b) (©) (d) (e) (f)

hd  oH hd o
Figure 3.1 Chemical structures of the inhibitand sugars
610 DHE[f deOdENRiy A3Q deORAEY DOKRG-P B §y 8 8-8/lose F O |

Of the possible alternative substrates, glucuronic acid was most similar glucose. These

two compounds were different in that carbon six of glucose isipa@ito a carboxylic acid in
3f dzZOdzNBYyA O | OAR OCA3IdzNBE odmMo 9 -GUSHith abdu@ & G NHzO G dzNE
inhibitor that mimics of the transition state of the native substrate during cata(y§illae et
al. 2010) This meant that residues that interacted with the C6 carboxylate could be identified
and mutated. The question arose: could simply altering active site residues, known to interact
with the C6 carboxylate, alter the substrate specificily €3US from that of a glucuronide

degrading enzyme to that of a glucoside degrading enzyme? Testing this idea was relatively
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straightforward. As outline in Chapter 2, protocols for si&éturation mutagenesis were
available and the substrate could bested in a higkthroughput assay. Although it was felt
that the probability of success was low, the resulting mutant genes could be used (along with
that of the native enzyme) to generate libraries for directed evolution. Active site changes
often destablize an enzyme, but this destabilization can be compensated for by second site

changes, as would occur in the library generation step of directed evolution.

Similar arguments to those presented in the previous paragraph, can be made
regarding a few activeite residues. For example, does changing the residues that interact
gAGK GKS /n KERNBEARS SyKI{y OS5y 1 RKS sdalaiifsed ANTR
derivative? The choice of residues that were changed is described below. For now, it is
sufficient to note that the worstcase outcome for the proposed experiments was thought to
be improved libraries for directed evolution and a better understanding of the importance of
FOGAGS aArdsS NBaARdzZSa TF2N) OF I f se@usafactions,®S o |

specifically the importance of specific residues in binding substrate.

3.2. Measurement of activities in crude cell lysates

¢ K SGUS activities towards the native and related substrates are shown below in Figure 3.2
with the assay conditions gim in Table 3.1. The assay conditions required to get a reasonable
estimate of the activity towards nephysiological substrates were quite different to that used

to measure the activity with the physiological substrate. As expected, the activity towards
non-physiological substrates was significantly weaker than that observed for the native
adzo a0 NI 0So l'a aKz2gy AY -dusubbdueBvasorapidiiydralykef y I G A
0 € -GUS with an observed activity of 73 mAU/min, pdMtPglucoside pNP-galactoside pNP
mannoside,pNRxyloside substrates were hydralyd relatively poorly. Notably, theNR
glucoside substrate was down from the native substrate by more than a factor of ten, but it
was at least sevefold better substrate than the otherlgcosides. As evident from Figure 3.2,

the concentrations used to detect activity with the nphysiological substrates were much

hig SNJ GKFY GKIG dzaSR (2 RSGSOG FOUAQAEBRUSEAGK
towards pNRglucoside was detectable in high throughput assays, provided high substrate
concentration was used, so that altering the substrate specificity tosgtdcoside derivatives

was a realistic proposition. Both enhanced (due to desirable changes) and diminished (due to

detrimental changes) activities could be detected in high throughput screens.
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80 A
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2.08

Crude activity (mAU/min)
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I | | | 0.09

0 1 1 1 1 1 I

R-glucuronide R-glucoside R-galactoside R-mannoside R-xyloside negative control

Substrate

CA3IdzNBE o du ! OicuEdibhstgpNRglcositle subsiees are presented in
the colorimetric assay units (mAU/min)
Error bars represent standard deviation from the mean of triplicate measurements.

Table 3.1 Assay conditions with different substrate concentrations and assay time

Substrate Assaytime Substrate concentration (mM)
pNRglucuronide 10 min 0.2
pNPRglucoside 1 day 3
pNPRgalactoside 1 day 3
pNPmannoside 1 day 3

pNPxyloside 1 day 3

3.3. Choice of sites for site-saturation mutagenesis

The choice of residues to be altered was infiahade by examining the structure Bf
colii -GUS with a lovaffinity inhibitor glucaret -lactam (GDL) (PDB ID: 3K4pllaceet al.
2010) The structure of this inhibitor is very similar to the glucuronic é€igure 3.1a & b),
and serves as a suitable enzyglgcosyl complex model to deduce important glycosyl binding
sites. pNRglucuronide was docked into the active site by gaimg pNRglucuronide with the
inhibitor GDL. The pafit root mean square dviation (RMSD) value was 0.1&glre 3.3).
Sincei -GUS is glycosgpecific but not specific for the aglycone component, key binding
residues were taken to be those that interacted with the glycosyl rings. It was thought that by

targeting these sites or nearby sites that changethe bindingbehaviourwould occur and
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that changes in the specificity might occur. The ten residues that were chosen for SSM are
listed in Table 3.2.

Table 3.2 The sites chosen for randomisation and their roles

Sites Comments

D163 Glycosyl C4 interaction

R562 Glycosyl Céiteraction

N412 Basic residue adjacent to catalytic glutamate E413 participating in general acic
hydrolysis

E413 General acid/base catalyst

M447 Leaving group interaction

Y469 Flipped residue creating room within the active site

Y472 Glycosyl Céiteraction upon flipping into the active site

T509 Important site based on literature not involved in binding

S557 Important site based on literature not involved in binding

,w

o

SR

&5
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e el ‘ ) ; \\/ - (
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CAIdzZNBE odo [20F0GA2y 2FGUESSaARdzSa aSt SOGSR F2N
Key resdues that are colored yellow interact with the compound. MNgycosyl binding
residues are colared green.

This structural study indicated that the primary contacts between the enzyme and the
inhibitor involved D163, Y472, R562, N412 and E413. Aleeétresidues were found in the

TIM-barrel domain, except D163 that was located on the loop of Domain 1 that protruded into

the active site (see Chapter 1). Residue D163 also formirgdde interaction with R562, that

was also implicated in glycosyhting. Y472 and R562 were observed to interact withghe
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COOH group of the inhibitor and were within R%f the Céglycosyl. Residue N412 was a
polar residue next to the catalytic residue E413 and was capable of forming hydrogen bond
with it. As notedin the introduction E413 was known to be a catalytic residue that was a
general base responsible the second step of the double displacement mechanismiof the
GUS. Consequentially, changing N412 was likely to alter the interaction and disturb the

configuration in the active site.

Four other residues (M447, Y469, T509 and S557), that were not implicated directly in
glycosyl binding, were also investigatesl they were in locations that it was thought might
allow them to modulate catalysis. Residue M447 forms hydrophobic interaction withatee
nitrophenolate pNP) leaving group (aglycone) in the model structure shown in Figure 3.3. It
was positioned at th mouth of the active site formed where it could facilitate departure of
the leaving group product. In addition, a comparison of the native and theb@id crystal
structures of -GUS suggested that side chain of Y469 flipped away from the active site making
room for the carboxylic functional group of the inhibitor. This conformational change was
thought to have consequences for substrate binding. In addition to residues cloostre
basis of the -GUSstructure, two residues were selected based on literature reports. Mutants
of these two residues, T509A and S557P were reported to have altered substrate specificity
02 YL} NBR g-SlismatsumuiraA&ESingion 2001)

3.4. Sequence comparisons using the ConSurf program

Apart from an inspection of relevant crystal structures, there were other methods of
identifying residues of functional or structural significance. Sequence compgrisene
frequently used to identify highly conserved residues that were taken to be important for
either structure or function. This type of approach can be combined with known structural
data has been incorporated into the ConSurf program. ITH®UJS amino acid sequence was
submitted for ConSurf analysis to quantify the degree of conservation for each residue based

on the evolutionary relatedness between theGUS and its homologu@slayroseet al.2004)

A total of 360 homologs were collected from the SWPR®T dataase using CBLAST
and 123 unique amino acid sequences were selected for anélysislauet al. 2005) Out of
these unique homologous sequences, 89 of themiaf@US found in differg species and 34
other unique sequences are unknown proteins that have significaguesece identity
between 3%6- 95% withE. coli -GUS. The ConSurf analysis revealed that the catalytic residue
(E413) and 4 key glycosyl binding residues (N412, D16& B&d Y472) have a high
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evolutionary conservation score of 9, which indicated a high level of conservation (Table 3.3 &
Figure 3.4). A high conservation score indicated the significance of the sites either for function
or structure (Draghiet al. 2010, Soskine & Tawfik 2010, Tokuriki & Tawfik 200d)ese may
appear through direct interaction with the substrate (i.e. N412, D163, R562 and Y472) or they
may be spatially oriented such that they are involved in tiieaiics that will affect important
binding sites (e.g. Y469 and T509). Therefore, one expects that highly conserved residues to
appear less tolerant towards substitutions. However, highly conserved sites that are involved
in substrate binding may also hibthe potential for the acquisition of a novel function.
Despite the fact that some of the chosen sites were invariant, they were selected for
saturation mutagenesis in hope of altering the specificity €6US. In among the chosen
residues, M447 had a relatively low evolutionary conservation score of 5 that indicated a high

variability of this residue.

Table 3.3 Conservation score and residues variety of targeted residues provided by Consurf

Amino acid reidue Conservation score Residues variety
9-conserved, ivariable

E413 9 E

N412 9 N

D163 9 D

R562 9 R, L

Y472 9 F,Y

T509 8 S,A, T,N

Y469 7 S,F,W,N,P,E,Y,R, L

S557 6 A'SW, T,NK,V,H, Q,D,

M447 5 AS FT,KEVQMR,

GDL

:b \} E413

S557 D163

N412
M2 3 2 5 6 719 EH

Variable Average Conserved

Figure 3.4 A ConSurf analysis for th&sUS

The amino acids are colored by their conservation grades using the-aomlorg bar, with
turquoisethrough-maroon indicating variabkhrough-conserved. The run was carried out
using PDB code 3K4D and the figure was generated using the Pydjddé & MilneiVhite
1995)script output by ConSurf.
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3.5. Codon randomisation and screening

SSM libraries for each position were made using degenerate oligonucleotides so that each
would randonty introduce one of the twenty amino acids. SSM has been performed with a
variety of different protocols developed during the past two decat¢sgrefeet al. 2002) At

the time of writing,the most widely used protocol was the traditional protocol of whole
plasmid amplification as implemented by Stratagene QuikChHahg&or the present study,

the individual codons of interest in tHegusgene were randomised using a single tstage
whole-plasmid PCR as described ®gnchiset al. (2008)and shown in Figure 3.5. In the first
stage of the PCR, a mutagenic primer contained a single degeneradted Y ¢ O2 R2Yy O60KIF G KI
32 triplets, encoding 20 amino acids) and an -nitner (a hommutagenic primer used to
complete the complementary extension and help in uncoiling the DNA) were used for only 5
cycles to generate a small amount of mggamer as exess megarimer promotes sel
annealing. Once the megaimer was generated, the second stage began in which the
annealing temperature was increased to avoid the priming of oligonucleotide primers, and a

further 20 cycles were carried out to amplify theutated plasmid.

Stage | Stagell
—_— > _—

Figure 3.5 Reaction scheme illustrates a single site randomisation experiment
The gene is represented in red, the vector backbone in blue, the position randomised in green
and the formed mgaprimer in black.

To avoid contamination with the wiltype enzyme, it was necessary to identify Bn
colistrain that was free of endogenous glucuronidase activity, GMS407 (see Chapter 2, Section
2.1.2)). Each of the 9 random libraries was introducgd E. colistrain GMS407Datsenko &
Wanner 2000)

An ideal PCR protocol for performing SSM should yield i) a uniform mutational
spectrum in terms of quality and ii) a sufficient number of colonies to achie%e @iary
coverage, so that there was a @bprobability of observing a given variant within the pool. To
ensure that libraries were not biased toward a certain sequence, an average of ten random
mutants from each library were sequenced to verify that #tedon of interest had been
randomly mutagenized. The amino acid residues of the random mutants from each library are

shown in Table.4. In terms of achieving 9% library coveage, a library comprised of 199
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variants would require screening 96 variaffdNK = 32 codons, 32 x 3 = 9Batricket al.

2003) To cover the theoretical library size of SSM libraries, twawé&l6plates were used for

each library to screen for one suibNJ G S éiycpgide subspates). Each of these plates
contained 84 library transformants and 12 positive control wells. Triplicate sets of screens
were performed for each library in the presence of 20d@ pNRglucuronide, 3 mMpNP
glucoside, 3 mMpNPRgalactoside, 3 mMpNPmannoside and 3 mMNPxyloside, using the

assay method described in Section 3.2.

¢FrofS odn {dzYYFNE 27F -B39jrazboyn@okayies NB adz Ga F2NJ

Stop codons are represented by an asterisk, the number of occurrencls aifutant among
sequenced clones is presented by the numbers in superscript.

Amino acid D163 N412 E413 M447 Y469 Y472 T509 R562 S557
position
Amino acids founc G G E G G G T R G
among the E % G S R R G G
random mutants C F Vs L2 C Q Q T A

Q D Y A A N S D Cc

R * W2 P Y, K A |

V R D * L E L

* D P

The activity exhibited by the mutants in a SSM library was classified into four types of

phenotype:

() Inactivemutants (relative activity < 2@ of the positive control)
(i) Partially active mutants (refi@e activity between 10 and 80)
(i) Neutral mutants (ref@ve activity between 80 to 120)

(iv) Improved ratants (relative activity > 120).

Since only 10 mutants from each category were sequenced, it was not expéetedllt 19
canonical amino acids would be found but the screen did enable different type of mutations to
be identified. For the purposes of describing the results of the activity characterisation, the
variants were divided into two categoriesthose that contacted the substrate and other

residues in or near the active site.

3.6. Glycosyl binding residues
The glycosyl binding residues investigated were E413, Y472, D163, R562 and N412. The results

of these experiments are given in Table 3.5 below. As exgected the E413 variants
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exhibited no activity because of the key role it played in catalysis. The residues Y472 and R562
both interacted with the acid group at the C6 position. No viable variants were identified for
Y472, but active variants were fodiior R562. In the presence of four nroative substrates,
mutations at position R562 appeared to retain partiajlycosidase activity even though they
were not active in the presence of native substratglucuronide (Table 3.5). The residue
D163 inteacted with both R562 and the OH attached the C4 carbon. Again no viable variants
were identified for any substrate. There were observations of N412 variants with low levels of
activity towards the physiological substrate as well as some other substrates.

Table 3.5 Mutants isolated from the SSM libraries targeting E413, Y472, D163, R562 and
N412 residues

The numbers indicate the relative activity of the mutantita€GUS orb substrates: blue if
below 10%, red if between 10 and %0 green if between 88and 120% and purple if above
120%. The relative activity of each clone was determined in quantitative whole cell
glycosidase assays.The tested substrates includegNRglucuronide PNRglucu), pNP

glucoside NRgluco), pNPgalactoside gNPgal), pNPmannoside YNPman) and pNP
xyloside pNPxyl). A stop codon is coded with an asterisk (*).

Relative activity (%)

Position  Amino acid substitution
pNPglucu pNPgluco pNRgal pNPman  pNPxyl

E413 Y,R,G,W,A V,SD,T n.d. n.d. n.d. n.d. n.d.
Y472 Q. D, NKLRFGM,"? n.d. n.d. n.d. n.d. n.d.
D163 V,E,G, Q,C,A WS R, n.d. n.d. n.d. n.d. n.d.
R562 C,GT, LK,V n.d. ~30-71 ~22-58 ~31-79 ~22-30
T, M nd ~30,~10 ~40,~-23 ~60,~31 -~8,~3
D, W n.d. n.d. n.d. n.d. n.d.
N412 D ~15 ~14 ~13 n.d. n.d.
F,Y, A n.d. ~10-17 ~12-17 ~1 ~11-16
C,E,GH, LK LR, ST, n.d. n.d. n.d. n.d. n.d.

n.d.: not deected.

To explain the results observed in Table 3.5, at least some mutants should be
subjected to much more detailed kinetic studies to determiggand K, values. In addition,
structural studies of at least some mutants should be carried out to detex the possible
effects of structural change. However, a few points can be made with the available data. The
retention of partial activity exhibited by some variants implies that in these variants the
substrate binding site must be reasonably similathat of the native protein. Furthermore,
these variants must form a sufficiently strong affinity for the substrates to allow catalysis to
occurg that is theK,, cannot be elevated to the point where the activity could not be observed
with the substrateconcentration used in the assay. Residues R562 and N412 fall into this
category. The results observed with R562 are not surprising as this residue does not appear to
be essential for binding nephysiological substrates. N412, on the other hand app#ars

make a contact that would be common to all the substrates tested, except mannose. A
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significant drop in activity could be best explained by a small drop in affinity for the substrates,

but with retention of the active structure.

Variants that show naobserved activity cannot be explained as easily with the
available data. The Both D163 and Y472 make interactions with the native substrate and
would be expected to make similar interactions with the other substrates. If this were indeed
the case, thenone would expect diminished activity as was observed for N412. Thus it
appears that the most likely cause for the lack of activity of the D163 and Y472 variants would
be an altered active site. A superimposition of #Becolii -GUS crystal structure (PDB ID:
3K46) and the inhibitor bound crystal structure (PDB ID: 3K4D) is given below in Figure 3.6.
From this Figure it is apparent that Y472 flips into the active site so that it can interact with the
inhibitor/substrate. Y469%n the other hand, would flips away from the active site. As noted
0St26z Ittt GINAFLydGa 2F _ncop INBE AylFOUGAGBS dA
important; the ability to undergo an appropriate conformational change is critical fer th

maintenance of activity.

Figure 3.6 Adapted fronWallaceet al. (2010)E. colii -GUS crystal structure (PDB ID: 3K46;
shown in blue) superimposed on the inhibitor bound crystal structure (PDB ID: 3K4D; shown
in green)

Y472 flipped into the active site and formed interaction with the carboxylate group at C6, and
Y469 flipped out.

3.7. Non-glycosyl binding residues

The results for the experiments with naytycosyl binding residues are given below in Table
3.6. Although these residues did not participate in binding the glycosyl moiety, they did have
other interesting features. As primusly noted, M447 appeared to interact with the aglycone
moiety (Figure 3.3). Like Y472, Y469 was part of a section of peptide that appeared to undergo
a conformational change on binding substrate. Both T509A/S and S557P variants were found
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in multiple directed evolution experiments. While the T509 and S557 sites did not participate
in substrate binding, the various experiments reported in the literature showed that they can
alter the function of -GUSRoweet al. 2003, Geddie & Matsumura 2004, Srrethal. 2011)

M447 was observed to have a low conservation score residue (conservation score of 5)
and showed moderate activity with mostglycoside substrates (Table 3.6). Nevertheless, it
did not produce any mtants that could improve the glycosidase activity. An explanation for
this is that its interaction withpNP leaving group was not a crucial interaction; this was
consistent with the fact that -GUS was not aglycorspecific. Therefore, mutagenesis atsth
site would have been unlikely to alter its preference in accommodating the different glycosyl
ring ini -glucoside.

Table 3.6 Mutants isolated from the SSM libraries targeting M447, Y469, T5095 and S557
residues

The numbers indicate the relative activibf the mutant toi -GUS orb substrates: blue if
below 10%, red if between 28and 8®%, green if between 8 and 120% and purple if above
120%. The relative activity of each clone was determined in quantitative whole cell
glycosidase assays.The tested substrates includedpNRglucuronide PNRglucu), pNP

glucoside NRgluco), pNPgalactoside gNPgal), pNPmannoside YNPman) and pNP
xyloside pNPxyl). A stop codon is coded with an asterisk (*).

Position Amino acid Relative activity (%)
substitution pNPglucu  pNPgluco pNPgal pNP-man pNP-xyl
M4a47 Q. H n.d. ~ 96, ~ 83 ~68,~15 ~58,~58 ~42,~10
G, S ~33,~27 =6 =1 ~12,~17 ~81,~80 n.d.
D,ACL PR, VW, n.d. n.d. n.d. n.d. n.d.
Y469 ARCVG,* n.d. n.d. n.d. n.d. n.d.
T509 A'S ~91,~115 ~306,~204 ~186,~173 ~96,~94 ~ 106, ~81
E, Q ~74,~15 ~ 87, ~80 ~45,~59 ~32,~41 ~57,~69
G ~15 ~ 107 ~10 ~ 34 ~ 23
L ~19 ~6.6 ~76 ~ 16 ~85
P n.d. ~9.4 ~ 88 ~70 ~ 68
C,V,W ~22-69 ~27-74 ~23-34 ~25-49 ~22-52
S557 P ~75 ~119 ~ 131 ~ 63 ~30
V, Al ~ 27- 68 ~83-115 ~81-103 ~35-77 ~11-79
C,L ~41,~44 ~70,~79 ~10,~11 ~51,~55 ~30,~33
G, W n.d. n.d. n.d. n.d. n.d.

n.d.: not detected.

The residueY469 showed moderate conservation score of 7 but its variants were
completely inactivated. As noted above, this observation suggests that the flip of Y469 was
important for catalytic activity and that altering Y469 may have significant impact on the

dynamnics of Y472 and the subsequent interactions of Y472.

Even thouglresidueT509 exhibited a high conservation score of 8 (Table 3.3), it was

moderately tolerant and yielded several clones with increasedlucosidase and -
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galactosidase activities. The sequences of the improved clones were determined to be T509A
and T509S. The T509A variant had 3 and 2 times highgrcosidase and-galactosidase
activities compared to wildype while thei -glucosidas andi -galactosidase activities of
T509S variant are 2 and 1.7 times greater. Even though this residue does not interact with the
substrate or with substrate binding residues, it may modulate the flexibility of the loop that
contains the catalytic nuclgdile E504, thereby enabling the accommodation of the -non

nativei -glucoside substrate.

Mutation at S557 also gave variants with moderate glycosidase activity. The S557P
variant identified byMatsumuraet al. (2001), showed 1.3 times higher than the wiigpe with
i -galactoside as substrate. It was proposed that the S557P mutations might destabilize the

activesite loop, thereby decreasing the specificity of the binding pocket.

3.8. Concluding remarks

The expements described in this chapter have the potential of providing information relating
to the structure and function of -GUS. The inability to find viable mutants of Y469 was
unexpected as it was not a highly conserved residue. The low levels ofyaekhibited by
variants of N412 were surprising as it was adjacent to a key catalytic residue that figures
prominently in catalysis. Although the activities of these variants were very low, it would be
interesting and informative to examine the structurekthese variants and to determine their
kinetic properties; was there a small structural change that caused weaker binding (as
manifested by a highel;) or did the structural change make the location of the nucleophile

suboptimal so that a decreasg, resulted. These questions are left for future investigators.

The principal aim of this work was to alter the substrate specificity. The approach
taken in this chapter was to observe the effects of changes to active site regjdiiese that
appear tointeract with the substrate and those that sit of the periphery of the active site.
Based on the results of sigaturation mutagenesis experiments, the chosen sites can be

classified into four groups:

(i) Critical, only the wildype amino acid had aifity towards substrates

(i) Restrictive, substitutions had 10% to &Dactivity towards substrates

(i) Partially tolerant, * 3 substitutions had at least 80% activity towards substrates

(iv) Tolerant, 3 6 substitutions had at least 80% activity tawa substrates.
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The critical set of residues included the catalytic residue (E413), 2 glycosyl binding residues
(Y472 and D163) and a ngiycosyl binding residue (Y469). Another 2 main glycosyl binding
residues (R562 and N412) were restrictive sit@gsly 2 amino acid types were consistent with
wild-type levels of hydrolysis at position M447. Finally, variants with changes at positions 509
and 557 showed consistent activity with a broad range of substrates; some with significantly
more activity than he wildtype enzyme. Notably, variants with the following chamge
T509A/S, showed aboutand 2F 2 f R Kglucd${dasectivity than that of the wild& LIS |
GUS, respectively. T509A and T509S were also exhibiting an average of 0.6-fatdl 0.4
improvement, respectively, in galactosidase activity. Hence, thifidchphat position T509

may affect the substrate specificity of the enzyme. It is also important to highlight that even
GK2dZAK Faaléa ¢SNBE LISNF2NN¥SR ¢ AFIKE FIONIREIHANRD 1a0SS. O dzt
YI yy 2 aA RI|-%l8sidakey dtivities in credlysates were too low to be measured
accurately. Therefore, unless a mutant exhibits a significant higher glycosidase activity than of

wild-( & LISUS it is thought to be unworthy of further investigation.

In total, 6 of the 9 mutated residue positiorsse highly conserved positions and
important for glycosidase activities (E413, Y472, Y469, D163, R562 and N412). Five of this set
of essential residue were thought to be important for the binding and positioning of substrate.
The highly variable posits are S557 and T50@hich are slightly further away from the
inhibitor. T509 obtained a high conservation score of 8 but 2 different mutants were found to
have increased activity against substrates witA f dzO 2 & AdRl&ctosidg Rhildé most of the
Aaz2tl GSR Ydzil yia kgNdside. Sidgle @it mutahis AS0FA(I T5GDK &nd |
S557P were found to have enhanced glucosidase and galactosidase activities. The effect of
T509A and S557P mutation the glucosidase activity will also be discussed in Chapter 4 along

with a description of experiments to more effectively alter substrate specificity.
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Chapter 4

Stability and the Evolution of New
Substrate Specificity

4.1. Introduction

One of the key aims of this thesis was to alter the substrate specificity of GUS. In the previous
chapter, sitesaturation mutagenesis was used to probe the role and importance of active site
residues. At the time this seemed likeesmsondle place to start a study to alter the substrate
specificity, but it soon became apparent that simply changing one residue did not provide
sufficiently useful insights into how the enzyme could be rationally engineered to achieve the
project aims. Furthenore, it was suspected that directed evolution was a far more useful
approach. However, the choice of a starting point for such a study was not clear. One could
use the gene for the native protein or one could use the gene for a mutated form of the

protein that had been evolved with selection for enhanced stakiipnget al.2007)

It shouldbe noted that the choice of whether to choose the native or the more stable
form ofi -GUS was not straightforward. The native protein was more active, but there were
precedents in the literature that suggested the stable form of the protein was the better
OK2A0So 9 ¥ K-gluca3iBa¥eS gcilvity 2n-GUS could be achieved through
introduction of changes at key positions. However, changes that modulate enzyme function
frequently hamper interactions that ensure the stability of the protein. For exanTalkuriki
et al. (2008) observed that changes that confer new functions give rise to a large stability
burden and were found to be more destabilizing than neutral mutations. Hence, as changes
accumulate, protein fithess decis. To compensate for the destabilizing effect of the crucial
function-altering changes, proteins often accommodate changes that exert stabilizing effects
so that the protein stability can be restored. In other word, there appears to be a relationship
between stability and evolvability as noted Bloom et al. (2006) that enhanced stability
allows a protein to withstand the destabilizing effect of functionally beneficial changes and
thereby ircreasing its ability to adopt new functions. This makes the more stable protein an

attractive starting point for the proposed study.

After some consideration, it was decided to evolve both the native and stabilized

forms of GUS in parallel. This wotddt the idea that stability promotes evolvability and allow
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the effects of evolution to be monitored for both the native and the stable forms of GUS. For
example, would the stable form of the protein remain stable or would its stability drop in
responseto selection for altered substrate specificity? Similarly, would the native form of the

protein gain or lose stability to accommodate altered substrate specificity?

In the remainder of this chapter, there is a description of the thermostable enzyme, as
well as a general description of the methods used in directed evolution. This section places
emphasis on the special needs of the present work; that is the need to evolve the native and
stable enzymes in an essentially identical manner. Following this iher@escription of the
course of the evolution that includes a comparison of the results of the two sets of
experiments. These evolution experiments must, by necessity, be carried out by monitoring
the activities of proteins as found in crude lysatétowever, crude lysates can conceal a great
deal of useful information, and a more thorough investigation of multiple factors was required
to gain an understanding of the evolutionary process. The chapter concludes with a
description of the experiments toharacterise the possible effects of evolution; these include
changes in the expression and solubility as well as changes in the stability and kinetic

properties.

4.2. Thermostable GUS

The thermostable mutant, GUBR3337, was chosen as the stable fornGafS. This variant

was evolved in the laboratory byionget al. (2007)and fourd to have six changes that gave

rise to increased thermostability. As shown towards the end of this chapter, theTRBE37

protein was significantly more stable that the wilighe protein, but displays less activity
towards glucuronide substrates whenmpared with the native protein. Both the native and
GUSTR3337 proteins have extremely high levels of activity towards glucuronide substrates,
and low (but detectable) levels of activity towards glucoside substrates. Theragnwgoned
factsmakethett G 2F aGaldl oAt Ade SyKIyOSa Sg2t dloAfAl

The effects of the mutations that give rise to the enhanced stability of the GRB337
are not concentrated in one area of the protein. One of the residues that was changed was
S559 that ks at the tetramer interface. Other residues that were changed were R493 and
T532 that lie in the TINbarrel domain near the tetramer surface. Finally, the residue of T509,
N566 and S550 were found near the active site of GUS as shown in Figure 4gus{réa37
gene was obtained using sitbrected mutagenesis of thguswt via an overlap extension

polymerase chain reaction (PCR) method as described in Chapter 2 (Section 2.3.1.1.2.).
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Figure 4.1 The positions of the six amino acisidues Q493, T509, M532, BiB, G559 and
N566 in theWT-GUS
The labelled residues are shown as colour balls.

4.3. Directed evolution for glucosidase activity

A schematic depiction of the steps involved in directed experiments is given in Figure 4.2. To
reasonably compare the evolvability of GWS and GU$R3337, it was important to ensure

that both sets of mutant libraries were generated under identical conditions with two

checkpoints:

1. An error rate that was sufficiently high for changes to be made Jdwtenough to retain
functionality in most of the variant population. In effect, this required library sizes that
had a reasonable number of active mutants yet manageable with respect to the screening

effort.

2. A distribution of mutations that was randonsjnce all residues in GWST and GUS

twoooT KI@S LRISYGALFf G2 AyFfdzsSyOS GKS LINRGSAYQ:
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Figure 4.2Screening strategies
The screening strategy used in directed evolution of ®JSand GUS$R3337 is presented in
a schematic form with agar plateand 96well plates illustrated.

4.3.1. Error rate

The errorrate used to create libraries for directed evolution must maintain a balance between
diversity and function. Other workers have investigated this balance and it usually involves a
low mutationrate of between 1 to 2 mutations per geri®loore & Arnold 1996) Part of the
rationale for this strategy is that a high mutation rate usually results in the incorporation of
detrimental changes, so that very large libraries are required to findathevariants that only

have positive or neutral mutations.

To measure the mutation rate, GW®T libraries were prepared with different MnCl
concentrations. For each MnCtoncentration, 20 clones were randomly selected for
sequencing. Varying concentia of MnCj} from 0.05 to 0.3 mM yielded mutation
frequencies between 0.4 to 4.5 amino acid substitutions within a region of the gene that
consisted of 165 residues (Figure 4.3). To reduce screening efforts, in the first two rounds,
only 165 residues thatoded for the domain that had the active site were subjected to random
mutagenesis. Justification for this strategy has been provided by workers who demonstrated

that active site substitutions can rapidly alter substrate specifiégddie & Matsumura 2004,
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Chicaet al. 2005, Parikh & Matsumura 2005A MnGlconcentration of 0.1 mM was chosen to
create both libraries as it generated a library containing approximately 2 amino acid

substitutions per gene.

= N w - w
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(amino acid substitution)
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Number of mutations
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MnCl, concentration (mM)

Figue 4.3Landscape for four mutant libraries using different Mp€bncentration

As noted previously, the GUBT and GUSR3337 libraries were generated under
identical conditions. The-palues from the Kolmogore8mirnov test(Sachs 19823uggest
that these two libraries had the similar mutation rates. Figure 4.4a, b and c show that the
mutational distributions obtained from each library were statistically indistinguishable (
0.98), the mutational ditribution of combined libraries is Poisson distributéd=(0.98) and

the mutations are uniformly distributed along the gere=0.98), respectively.
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Figure 4.4 Distributiorof mutations in the two GUS libraries

(a) The distribution of mutations among 20 randomly chosen -BGJSmutants and 20
randomly chosen GUBR3337 mutants (b) The distribution of mutations (histogram) among all
the 40 distribution of sequenced mutants alomgth a theoretical Poisson distribution (solid
line) (c) The cumulative fraction of mutations that occur at that of position in the gehes
demonstrates that the mutations are uniformly distributed along genes.
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4.3.2. Generations of GUSWT and GUSTR3337 in directed evolution

The directed evolution of GUWST and GUSR3337 occurred over six generations. Each
generation began with the preparation of a variant library followed primary and secondary
screens. From the results of the secondary scretnesten best variants were identified and
used to generate the progeny for the next round of evolution. Table 4.1 gives a summary of
the experimental details. In all, six rounds of evolution were carried out with\80&nd

GUSTR3337; the objective bagrto isolate variants with improved glucosidase activity.

In generations 1 and 2, the yield of supercoiled plasmid DNA (pDNA) was the limiting
factor in determining the library sizes. The diversity available in the library was estimated by
the number ofGMS407 transformants created during library preparation. However, from the
third generation onwards, the lowopynumber pET28a(+) was substituted by a Figpy
number pJexpress 401 that produced sufficient supercoiled pDNA to give about 100,000
GMS40ransformants. Estimates of the number of genotypes examined in each generation
are presented in Table 4.1.

Table 4.1Summary of generation in GU&T and GUSR3337 directed evolution
The genetic diversity for each generation was provided by ePCReB{EPor DNA shuffling.

Each generation was obtained through primary screening (colony) and secondary screening
(culture) methods. 10 unique genes were used as parents in each generation.

Generation Diversity Selection Randomised  Genotypes exantied
region

GUSWT GUSTR3337
1 ePCR Colony T438Q603 10000 10000
Culture 3000 3000
2 StEPePCR Colony T438Q603 32000 32000
Culture 3000 3000
3 StEPePCR Colony F293Q603 65000 63000
Culture 3000 3000
4 StEPePCR Colony M1-Q603 78000 80000
Culture 3000 3000
5 StEPePCR Colony M1-Q603 90000 90000
Culture 3000 3000
6 DNA shuffling Culture M1-Q603 3000 3000

In generation 1, about 10,000 cultures were analysed for the primary selection and
3,000 progenies for the secondary selection in tb@dUSNT and GUIR3337 libraries.
Generation 2 began with StEPCR to recombine the changes present in the 10 parents and
introduce more random mutations into the libraries. Almost ten times as many colonies were

examined in the primary selection be®r3,000 cultures were assessed in the secondary
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screen. All the selected variants from the second round (i.e. the parents for the next round)

were unique.

A major change in the primary screen was necessary for round three of the evolution.
The agar platgrimary screen (Chapter 2 Section 2.3.1.2.2.1.1.), used in round one and two,
could no longer identify improved variants. Evolution had progressed and as a result, as most
of the colonies now turned uniformly blue after overnight incubation. In respottge agar
screening was used in generations 3, 4 and 5 (Chapter 2 Section 2.3.1.2.2.1.2.).- The X
glucoside was applied as a top agar layer after the colonies had grown. The colonies

responsible for colour production could then be identified within 3@.mi

To increase the probability of finding a beneficial mutation, the length of the
mutagenized region of the gene was increased so that in generations 4 and 5 the entire gene
was mutated. Along with increasing the length of gene that was mutated, ttailsize was

also increased from generations 3 through 5.

4.3.2.1. GUSWT and GUSTR3337 sequence pedigree

For convenience, all variants guswt and gustr3337 produced by mutagenesis will be
designatedguswt* and gustr3337*, respectively During thedirected evolution process,
selected guswt* and gustr3337* were sequenced to ensure that they were uniqued
summary of theobserved changes in th&0 variantsfrom each generation ipresented in

Table 4.2vhile a full list of all changgwesent in the 50 variants from each library is presented

in Table 4.3 The sequences are grouped according their generation so that it is easy to
observe the evolutionary process. The variants 1P17G2 implies that it is a first generation (1P)
and was found in tray ZLand well G2. In any generation, some new changes appadew
maybe functional, but most are likely not to be beneficial, but simply occur in the gene in
addition to a beneficial mutation (Table 4.3). Changes that enhance activity to a significant
(i.e. detectable) degree are retailed while the DNA shuffling tends to result in the elimination
of neutral mutation. DNA shuffling also accelerated the accumulation of positive mutations.
Thus, in generation 5, a number of positive changes were foundl irm@ants¢ that is, the
evolutionary process has converged for these mutations. This extensive analysis of the

sequences has provided an interesting example of the progression of directed evolution.

In GUSNT library, only one of the eight changes thabse in the first generation was
maintained in the variant population through to generation 5. This mutation, T509A, reached
saturation by generation 3. Another mutation that reached saturation in the finalist

population is from generation 2, K568Q568Q must be highly beneficial for activity in the
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selection conditions since it became saturating within one generation whereas T509A required

two generations to achieve saturation.

Similarly, in the GUBR3337 library, only one of the eight mutationsb@$, appeared
in the first generation and was maintained through to generation 5. Another three mutations
that reached saturation in a final population were Q498, S566N and K568E that all appeared in
generation 2. Among these four mutations, position® d 566 were reversions to wild
type residues. The reason S550N took three generations to achieve saturation was probably
due to the competition between this change and the combination of F551L, S566N and K568E
changes. The S550N and F551L arose flanges that were relatively close in the nucleotide

sequence so that a recombination event to bring them together would be rare.

Table4.2 Comparison of GUR/T and GUS R3337 variants over 5 generations

The 10 selected parents from each generation am@asarized with the mutations in primary
sequence indicatedThe asterisks (*) indicate residues that were mutated back to their native
residues. The hash (#) symbol is associated to mutated residues that were found in both
libraries. Residues that confeenhanced thermostability are bordered in blackhading has
been used to highlight the significant differences. The number of occurrences of the mutation

is presented by the numbers in superscript.

* *
# # # # # #

! <t ()] o (2] < o ™ 0 (e} © (9 o N~ a - O [o0) N~
Generation © § & € § € ¢2 B8 5 B 3 B B88 8 B3
GUSWT A E D Y Q T QQ T M M N S GL N K P
WT1 A E D Y Q T QOQ A M M N P GL N K Q
WT2 A E D Y Q T QL A M KV N S GL N oL
WT3 A E D Y Q T Q0 A® V K N P GL N Q°
WT4 A E D N Q T QQ A® V M N P GL N Q°
WT5 E DD @& N Q0 T QQ A M WM™ N P GL N Q°
GUSTR3337 A E D Y Q T [RlQ [A M [T s s [s]L[s |k P
THERMOL A E D Y K M RQ A R T G/IN PP S LN K P
THERMO2 A E D H K A RK A M M N? P S SN F P
THERMO3 A E D H H M RK A M M N P ssN FE P
THERMO4 A E D Y Q M RK° A M T N s s L N E° p
THERMO5 A E D Y Q M RK° A M T N s s L N° E° p

A AN
Reversion Reversion

61



4 | Stability and the Evolution of New Substrate Specificity

Table 43 Changes in GU®/T and GUSR3337 sequencesrer 5 generations

Residues that are different to the native amino acid are shaded grey and bordered in black at

the point where they first appeared. Only the unique variants selected to be parents for
future generation are presented. The asterisksifft)icate residues that were mutated back

to their native residues. The hash (#) symbol is associated to mutated residues that were

A schematic representation of the protein domains-6US is

illustrated below the table. Domain I, Il, lll comprising amino acid residi#®,1181274, 275

603 correspond to sugdiinding domain,

found in both libraries.

immunoglobulin domain and TIM barrel,

respectively. A schematic representation of the actual domain sppes$ented at the bottom.
The scale bar corresponds to the length in amino acids®US. (a) GUST library (b) GUS

TR3337 library
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4.3.2.2. Improvement in GUS-WT and GUSTR3337 over five generations

Activity of GUSNVT and GUSR337improved in each generation under the selection
conditions with the greatest improvements occurring in the first and third generation where
new screening method was applied (Table 4.4). The improvement in the activity of GUS
TR3337 was much better thanahof the wildtype protein (Table 4.4b). Further improvement
was not observed in the final generation, suggesting that -GR&337 variants had reached
optimal activity under the selection conditions. GUS3337 library also had fewer changes

and mutatianal saturation occurred in generation 4 compared to GAUB where mutational

saturation occurred in generation 5.

There were two distinct phases in the evolution project: the first phase was completed
with the agar plate screening method. This method weslaced by the top agar screening
method in the second phase, from generation 3 onwards, however, the selection conditions
remained identical to those in generations 1 & 2. That is selection essentially involved
observation of increased activity. Howeyérappeared that the screen used in the second
phase was much more sensitive than that used in the first phase. This was supported by the
observation that variants from generation 3 in both libraries had the greatest increment in
glucosidase activity copared to variants from other generations, as shown in Table 4.4.

Table 4.40ptimal GUSNT and GUS R3337 versions for each generation

The data have been abbreviated to show only the best variant for each of the five generations.
The first number in thezariant name refers to the generation. The relative activity refers to
the activity of a variant divided by the activity of best variant from the previous generation.

Activity was determined with the crude cell lysates and 1 piNRglucoside buffered apH
7.4. (a) GURVT (b) GUSR3337

(@)

Relative Compared

Variant s R B B @& & & 9 & b 3 & o
© N ™ < < < D T} Te} [Te] o o activity  to:

GUSWT A E D A Y Q T M M S K P 1.0
WT1P17G2 A E D A Y Q A M M S K P 5.5 Native
WT2P14E7 A E D P Y L T M K S Q Q 26 WT1P17G2
WT3P24E11 A E D A Y Q A M M S Q Q 6.4 WT2P14E7
WT4P26F8 A E D A Y Q A V M S Q Q 1.7 WT3P24E11
WT5P26A7 E D G A N Q A M M P Q Q 1.6 WT4P26F8
(b)

. 4 o ®w o ©~ <« © oo Relatve Compared

Variant ~ © o) e} 7o) © © © .
< < < T} [T] T} s} o activity  to:

GUSTR3337 Q T Q S S L S K 10 -
THERMO1P6B9 Q T Q S P L S K 5.8 Native
THERMO2P23C K T Q S P S S K 3.5 THERMO2P23C
THERMOS3P24F Q T Q N S L N E 6.8 THERMO3P24F
THERMO4P11F. Q M K N S L N E 5.7 THERMOA4P11F
THERMOSP16H Q M K N S L N E 1.0 THERMOS5P16H
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4.3.2.3. Shuffling of best mutants from each generation

¢t2 ARSYy(GATe || GaoSaité O2YoAylLaAazy 2F OKIFy3S:
Three shuffled libraries were generated by using S0 & Zha 2006) Unigue mtants

from GUSWT library, GU$R3337 library and both libraries, were used as parents in shuffled
GUSWT, GUSTR3337 and combination libraries, respectively (Table 4.5). Including the wild
type variant in the shuffling procedure would allow us to use it as a control for the screening
processg the confidence in the screen was higher if none of the selegtathnts returns as
wild-type even though it is included in the parent mix. This objective of the shuffling process
was to find the best combination of mutations. 20 clones from each of the three libraries, that
were examined for crossver events. Thehuffled GUSNVT, GUSR3337 and combination
libraries gave an average of 2.5, 2.1 and 2.4 eovsss per gene. The shuffled mutants were
screened like the method used previously for library screeifgy further enhancement in
glucosidase activity. kaver, after screening 3,000 mutants from each library, no variant was
identified with better activity than WT5P26A7 and THERMO4P11F2, suggesting that, for the
screening conditions, the evolution had converged.

Table 4.5 Parental sequences used for shedf GUSNT, GUSR3337 and combination
libraries

Library Parental genes

Shuffled GUSVT guswt, wi2pl4e7 wt4p26f8andwtbp26a7

Shuffled GUSR3337 gustr3337, thermo2p23c4thermo3p24f7andthermo4pl1f2

Shuffled combination guswt, wt2pl4e7 wt4p26f8, wibp26a7, gustr3337, thermo2p23c4
thermo3p24f7andthermo4pl11f2

4.3.2.4. Analysis of mutation type

For generation 1, ePCR was used to produce libraries with an average of 4.3 and 4.2 nucleotide
base substitutions peguswt and gustr3337 gene, respectiely. In GUSVT and GUFR3337
libraries, transitions (purine to purine or pyrimidine to pyrimidine mutations) accounted for
62% and 6% of all mutations whereas transversions (purine mutated to pyrimidineiaa

versg accounted for the remaining 38% &r33%, respectively (Figure 4.5). In both libraries,

up until generation 4, the mutation density of progeny was increased gradually due to the use
of StERePCR where this method generates new mutations and propagates existing mutations
in new combinations The escalation of mutation density in generation 3 and 4 was also due

to more changes present in the parent genes while the mutagenized region was expanded.
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Figure 4.5Mutation density in progeny from each generation in GW$TI and GUSR3337
libraries

The average number of mutations pguswt and gustr3337 is presented for the unique
progeny of each generation. The chart columns are divided into regions indicating particular
types of base substitutions. Blue: GWS library; red: GUBR3337 librgy.

4.3.2.5. Distribution of mutations in the gene and the protein

This project was based on the assumption that beneficial changes could occur at any point in
GUSWT and GUSR3337. For this reason, it was necessary for mutations to occur randomly
througout the guswt and gustr3337 gene. Although the number of mutations was reduced
by the selection for active GUET and GUSR3337, the location of silent mutations was not
affected by selection. Silent mutations, therefore, represent the distributiomofations in

the libraries used for directed evolution. Since the silent mutations observed over the last 2
generations (generation 4 and 5) were evenly distributed alonggirewt and gustr3337

gene (Figure 4.6), it was concluded that the mutagenesthods did not influenece where
mutations would occur. The random mutagenesis targeted the egtirewt and gustr3337
genes in generations 4 and 5, therefore, only the silent mutations in the progeny from these 2

generations were analysed for this poge.
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Figure 4.@istribution of all mutations points oveguswt and gustr3337

The positions of silent mutations are plotted as squares and the missense mutatons a
triangles with respect to the cumulative number of mutations from the start codon. The
horizontal axis is divided into regions to indicate each of the three domains in GUfiis\(#)

(the Pvalue is 0.969 for silent mutations and 0.9778 for missanséations) (b)gustr3337

(the P value is 0.9931 for silent mutations and 0.9923 for missense mutations)

In contrast to silent mutations, missense mutations (resulting in a change in an amino
acid) were not randmly distributed in the GUW/T or GUSTR333 progeny: missense
mutations were more likely to occur within the domains rather than at the linker regions. As
the mutagenesis process was not responsible for biasing mutation location, it was concluded
that the selection for active GUWST and GUSR333 was biasing mutations towards regions
that can accommodate change and give rise to enhanced acti®ggional bias of missense
mutations was observed in one of the first examples of enzyme directed evol{Nioare et
al. 1996) There were two regions in both GME and GU$R3337 that were susceptible to
change. One region corresponded to the end of the sibgading domain and the beginning
of the immunoglobulin domain (residues 1390) while the other coesponded to the
beginning of the TIM barrel domain (residues Z&8). The location of these two regions
within the structure ofi -GUS (Figure 4.7) influenced the interaction of the TIM domain with
the sugar binding and immunoglobulin domains. In additimost parts of both regions were
buried, and buried residues were known to be less commonly mutated than surface residues

(Espinoaet al.2014)
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|

- Sugarbinding
, domain

Figure 4. 7GUSWT regions 159 to 190 and 288 to 331

The dimer of GU®/T solved byVallaceet al. (2010)is illustrated with the established low
affinity inhibitor, glucaret -lactam (GDL{Niwaet al. 1972)molecule in red. The majority of

the protein is illustrated as ribbon, whereas the two regions that are vulnerable to missense
changes are presged as cartoons. The right monomer is coloured in blue and the left
monomer has the three domains labelled and the two vulnerable regions are coloured in
purple and orange with the end residues labelled.

The sugabinding and TIM barrel domains nonly tolerated mutations but also
allowed changes to improve the performance of G¥% and GUFR3337 under the selection
conditions. Of the eight missense mutations present in the best variant of the WT5P26A7 and
five missense mutations present in the bestiaat of the THERMO5P16H6, one occurred in
the sugarbinding domain and the rest occurred in the TIM barrel domain. Both the number
and location of beneficial changes in the TIM barrel domain suggested that this domain was

robust and that it was a suitabltarget to alter the substrate specificity.

Overall, GUSVT was less tolerant of mutations than GUS3337, particularly in the
immunoglobulin domain. Mutational analysis of both libraries revealed that GRE337 had

a higher compromised resistance dagarried a higher fietion of missense mutations (%0
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than GUSNT library (4%0) (Table 4.6). This suggested that the stabilized variantT&B337,
showed increased tolerance to missense mutations. The property of resilience to mutations
was known tobe important to protein engineers as it allowed a larger number of beneficial

mutations to be introduced and screenéllena & Sanjuan 2008)

Table 4.6Mutational analyses of nukeotide changes

DNA library GUSWT GUSTR3337
Average number of mutations per clone in generation<«  7.28 7.12
Average number of mutations per clone in generationt  7.29 7.12
Silent mutations (%) 54.79 45
Missense mutations (%) 45.21 55

* Mutations identified in clones sequenced from each library (20 clones per library)

4.4. Characterisation of GUS-WT and GUSTR3337 variants
Directed evolution resulted in GUST and GUF$R3337 variants that could be expresseéin

coli with improved activity toward InM pNRglucoside at pH 7.4. The analysis of bacterial
lysate during the directed evolution process indicated that the best varianpN#tglucoside
hydrolysis from GU®/T library was WT5P26A7 and GIFR8337 library was THERMO4P11F2.

Both variants wereselected for a more thorough characterisation alongside parents-\8US

and GUS'R3337. Another six variants from GVE and GUSR3337 libraries were selected

on the basis that they could help elucidate the effect of mutations at residues 480, 498, 509,
516, 550, 557, 566, 568 and 597. These mutants were: WT1P17G2, WT3P24E11, WT4P26F8,
THERMO1P6B9, THERMO2P23C4 and THERMO3P24F7. The final preparatiohd cir@dusS
GUSTR3337 variants were dialysed into 50 mM phosphate buffer at pH 7.4 with 1 mM DTT.

4.4.1. Expression and solubility of GUS-WT and GUSTR3337 variants

The primary goal of this directed evolution was to improve the glucosidase activitGofS.
However, that activity was determined with the protein in crude lysates. The level of activity
in crude lysates depends upon more than the kinetic properties of the enzyme; it will also be
increased by enhanced expression, solubility and stability of the protein. Each of these factors

was investigated to determine the observed increase in activity.

To determine changes in the level of expression and solubility due to evolution, GUS
WT and GUS$R3337 along with a selection of variants were grown under identical conditions
in 5 mL ést tubes and the results anad with SDEAGE. The overall produati, soluble and
insoluble forms of GUB/T and GUSR3337 variants, were calculated as the proportion of
density attributed to them out of the entire protein density in both the supernatant and pellet

analyses (Chapter 2 Section 2.2.). This software diemthe production and expression level
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for each of the GU®/T and GUSR3337 along with their variants. As indicated in Table 4.7,
there were no significant improvement in solubility from the GIY8 and GU3$R3337
variants, egept for WT4P26F8 displayed %6 increase in protein solubility. These results
suggest that some of the changes, such as M516V, improved the solubilitcOfS during
expression irE. coli However, the improvement was smalkince the error associated with
estimating the expresion level was difficult to estimate, it is very likely that they were the
same as the differences observed for expression. An inspection of the gels shown in Figure

4.8, gave little indication of changes due to increased expression of the variant grotein

Overall, the changes in the expression and solubility of - ®USand GU$R3337
variants were minimal and certainly not enough to account for the differences observed
changes in the levels of activity. Analysis of the kinetic properties and statfilitiyese
purified variants revealed the more significant effects from this collection of mutations.

Table 4.7Expression of GU®B/T and GUS R3337 variants

Each variant is presented with the residues that vary between them: mutated residues are
shaded. The solubility refers to the proportion of GW&ET and GU$R3337 variants that
remains in the soluble fraction of cell lysate and was determined by densitometry of the

images in Figure 4.11. (a) GWS variants (b) GUBR3337 variants

(a)
. < o o o o © ~ o] ~ .
Variant © N 0 Q Q s 0 9 2 Solubility (%)
GUSWT A E D Y T M S K P 62
WT1P17G2 A E D Y A M S K P 65
WT3P24E11 A E D Y A M S Q Q 67
WT4P26F8 A E D Y A V S Q Q 69
WT5P26A7 E D G N A M P Q Q 67
(b)
Variant =T 8 & B8 K v 8 8 Solubility (%)
< < < Lo Lo n n n
GUSTR3337 Q T Q S S L S K 69
THERMO1P6B9 Q T Q S P L S K 68
THERMO2P23C4 K T Q S P S S K 66
THERMO3P24F7 Q T Q N S L N E 66
THERMO4P11F2 Q M K N S L N E 66
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Figure 4.8 SBBAGE analysis of GW8T and GU3R3337 variants expression

During the preparation of GUW&T and GU$R3337 variants, samples were taken of the cell

lysate, sipernatant and pellet and anadgd by SD®AGE. The sgples were analed on

three 126 gels run simultaneously. The prominent band in supernatant and pellet proteins is
GUS (labeled on the right side of gel images). Lane IMEAYZ: WT1P17G2; 3: WT3P24E11;

4: WT4P26F8; 5. WT5P26A7; M: Protein marker; 6:-TRB337; 7. THERMP6B9; 8:
THERMO2P23C4; 9: THERMO3P24F7; 10: THERMO4P11F2 (a) Results for supernatant samples
(b) Results for pellet samples

4.4.2. Kinetics characterisation of GUS -WT and GUSTR3337 variants

GUSWT and GUSR3337 variants were characterised agaipstPglucuronide andpNR
glucoside and the kinetic parameters can be found in Table 4.8. A casual inspection of Table
4.8 reveals a few trends. The glucuronidase activity of both sets of mutants decreases during
the evolution. The change is principally caadi®y a drop in thé, of the enzymes while there

is little change in thd<,. All the variants had higher activities towanoldP-glucoside when
compared with their parent enzymes. The increases in activities were evident i.tke

values that rangd from 7 to 1299%old, and were primarily due to reductions & values It

was expected that improved variants would show low&r values as the screening was
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performed at a significantly lower substrate concentration, 1 mM, than the obseleof
GUSWT (44 mM) and GUBR3337 (40 mM). As observed in nature, Kyeof the variant
enzymes evolved to the point where th&, was close to the substrate concentration in their
environment. In addition to decreaseskp value, the variants showed modest emftement

in keatbut GUSTR3337 variants had greatky, values than GU®B/T mutants when compared

to their respective parent enzymes

Table 4.8Kinetic parameters for the hydrolysis gbNP-glucuronide andpNRglucoside by

selected mutants

Substrate Variant Keat(S7) Ko, (MM) Keal K (M7ST)  Relativekqa/Knm
pNPRglucuronide GUSWT 93.09 +4.0900 0.17 +0.0018 540256.69 1.0000
WT1P17G2 70.14 +1.1824 0.15+0.0134 465439.85 0.9000
WT3P24E11 1.29+£0.0256 0.19 +0.0166 7203.20 0.0130
WT4P26F8 0.53 +0.0071 0.59 + 0.0405 897.94 0.0017
WT5P26A7 0.39+£0.0060 0.14 £0.0101 2852.49 0.0053
GUSTR3337 14.25+0.1798 0.81 +0.0402 17608.21 1.0000
THERMO2P23C 17.63+0.3465 1.77 +0.1131 9968.59 0.5661
THERMO3P24F 1.06 +0.0402 0.90+0.1293 117091 0.0665
THERMOA4P11F, 0.22 +0.0062 0.30+0.0734 373.78 0.0212
pNRglucoside GUSWT 0.136 £ 0.0040 43.52 + 2.3900 3.14 1.0000
WT1P17G2 0.177 £ 0.0030 40.69 +2.5100 4.35 1.3853
WT3P24E11 0.183 +0.0020 0.33 +£0.0230 547.90 174.8000
WT4P26F8 0453 £0.0140 0.96 +0.0210 470.96 150.2000
WT5P26A7 0.751 +£0.0070 0.78 +£0.0430 962.61 307.1000
GUSTR3337 0.049 + 0.0008 40.38 +£1.2700 1.22 1.0000
THERMO1P6B9 0.39 +£0.0090 48.53 + 1.9600 8.04 6.6000
THERMO2P23C 0.724 +0.0100 24.74 +0.7600 29.27 24.1000
THERMO3P24F 0.314 £0.0060 0.43 +£0.0620 723.88 595.3000
THERMOA4P11F, 0.89+0.0100 0.56 +0.0430 1579.38 1298.8000

It should be noted that the kinetic constants for glucosidase activity were assayed in
the present of 5 mM octyl -D-thioglucoside (this will be discussed in further detail in Chapter
5). The K568Q and P597P mutations in WT3P24E11 further increasety &ffitie pNP
glucoside substrate, judging from the low&, value; but accounted for the significantly
reducedk., of pNRglucuronide substrate. THe, value of S557P in THERMO1P6B9 increased
6.6fold, suggesting the significant influence of this atidn on the enzyme activity in
substrate binding and product release. The M516V mutation in WT4P26F8 caused a slight
decrease in glucosidase activity. This reflects the increased catalytic activity in the isolated
clone during the screening process igainty due to increased protein solubility and that the

enzymatic properties of WT4P26F8 were not significantly altered.

Overall, the best variant, THERMO4P11F2, was obtained frorTRB8E37 library and
exhibited 1.6fold greaterk../ K., than WT5P26A7, whicwas the best variant from the GUS
WT library (Figure 4.9).
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Figure 4.9 Glucosidase specificity constant of QWS and GUS R3337 variants through the
progress of directed evolution

4.4.3. Optimal catalytic temperature

The temperature optima extractedor GUSWT and GUSR3337 variants are displayed
graphically in Figure 4.10c. This figure showed the optimal activities for the starting enzymes
and those of the variants with the greatest change from each generation. The trend in the
changes in the opthal temperatures is easily seen in Figure 4.10. A more complete display of
Ftf GKS @FNAFyda Aa 3IAGSy Ay | LILIFgRisokide atd M O
LI T1tdn FNRBY Hpe/ G2 yp e/ NBOGSIf SR iviykwerda GKS
RATFSNBY (S 06SAyYy 3 -WrmndGGUFSR338R respectively. In BANIbrdry, {

the variants from generation-t KIF @S +y 2LIGAYlFt GSYLISNI (dz2NB
variant from generation 5, WT5P26A7, has increased optima at 550  -TR$337Mibrdry,
compared to the thermophilic parent, a shift of the optimal temperature for the variant from
ASYSNI GA2Y nX FNBY c¢cn e/ G2 nn e/ % gka 206aSN
e/ YR GKSNBT2NE tilstidening pracess terdftd perdi battbiPatya

lower temperature. Furthermore, the optimal temperature range gradually becomes wider
with later generation of directed evolution (Figure 4.10a & b). The variant from generation 4
(THERMOP11F4) displdys 6 A RS 2LJGAYI f GSYLISNI Gdz2NB NI y3IS
mutations T480M and Q498K seem to be important residues that enhance glucosidase activity

at lower temperatures and thus sustain a wider operating temperate range.
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determined for each GUS variant at a esrdf temperatures. (a) GWBT and WT5P26A7 (b)
GUSTR3337 and THERMO4P11F2 (c}@Uand GUFR3337 variants

It was widely accepted that thermostable enzymes tend to display greater
conformational rigidity(Vieille & Zeikus 2001) However, protein function depends on both
structure and dynamics; making a protein more stable by rigidifying it does not necessarily
lead to entanced functionality as proteins require optimized flexibility to perform their
biological roles(Teilumet al. 2011) This explains why thermostable enzymes generally
function optimally at a higher temperature. At that temperature, the enzymes have increased
thermal motion so that they are flexible enough to show full activity. Even thdgas been
proposed that both proteins exhibit the same flexibility when compared at their respective

optimal working temperaturéWolf-Watzet al. 2004) the glucuronidase activity of GW®T at

74



Stability and the Evolution of New Substrate Specifi| 4

its optimum temperature (45 °C) was #dd higher than the activity of GUER3337 at 60 °C
(Figure 4.11a). In contrast, GIOR3337 has a higher glucuronidassivity at its optimal
temperature compare to GUS/T which might be mainly due to the presence of T509A
mutations that conferred the glucosidase activity (Figure 4.11b). At the screening temperature
(25°C), GUSN'T displayed & higher glucosidase activirelative to GUSR3337. Even so, the
fourth generation variant derived from thermophilic parent, THERMO4P11F2, showed higher
glucosidase activity compared to that of fifth generation variant, WT5P26A7, that was derived
from the wildtype library. Futbermore, it was evident from figure 4.11b that
THERMO4P11F2 was active at the broad temperature range af &% °C compared to
WT5P26A7 that was active at 455 °C. Kinetic parameters in Table 4.8 were carried out at
25 °C. Therefore, higher improvemerates can be expected when the kinetic analysis was

carried out at their respective optimum temperature.

(a) (b)

——GUSWT

120 ——GUS-TR33374
= ——GUS-WT =200 - WT5P26A7 - 300
= 100 - X THERMO4P11F2 <
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Figre 4.11 Temperature dependence of enzymaticivty

(a) Glucuronidase activities were expressed as relative to that of the highest activity in GUS
WT (b) Glucosidase activities of GIE3337 and THERMO4P11F2 were expressed as relative
to that of the highest activity in GUST (right yaxis) and WT5BA7 (left yaxis), respectively.

4.4.4. Thermal and chemical stability

The measurement of protein stability involves disrupting the protein stucture by either

physical or chemical means. Temperature is one of the most widely used physical
denaturation tamls while urea and guanidine hydrochloride (GdnHCI) are the two most

common chemical denaturan{®rivalov & Khechinashvili 1974)

4.4.4.1. Thermal denaturation

Thermal stability was determined in two ways. The first involved monitoring the deterioration
of the actvity by measuring residual activity after heat treatment while the second involved
the use of the fluorophore SYPRO orange to monitor the overall unfolding of the enzymes. In

the first set of experiments, the loss of residual activity reflects a detatimm of the active
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site whereas the second set of experiments gives a picture of overall changes in the protein
structures. The experimental details for these experiments can be found in Chapter 2 (Section
2.3.4.3. and 2.3.4.4.) and the results are gibetow in Figure 4.12. The inflection points in

the curves for the residues activity as a function of temperature were 45.2 + 0.02 °C and 74.7
1.2 °C for the GU®/T and GUFR3337 enzymes, respectively. In the GUS directed
evolution, variants with tB mutations at 509 had an increase®2 ¥ Mn ¢/ @ | 26 SOSNE

GUSTR3337 library the variant from generation 2 had a decreas& 42 ¥ n 6/ X 6KSNBI a

variants from generation 3 and 4 had an additional decline efi L. ¢ / @ ¢KS G201t RSON

Tef2NJ GKS @GFNARFYyG FNBY 3ASYSNrdAz2y nxX O2YLI NBR (2

0K2dz2K GKAa QGFNRARFYd KFER F f26SNJ 2LIAYFE GSYLISNI G

ASYSNI GA2Y o oOpn e/ 03X GKS LINBaSyOS@ecpaseitd KS (62 Ydz

Tl/2-

When measured using the increase in fluorescence caused by binding of SYPRO orange
to expose hydrophobic upon protein denaturation, similar trends were observed in both
libraries. The melting temperatures of the same sample differedesthe two methods used
to determine stability measured slightly different unfolding events. The SPYRO orange method
gave slightly higher melting temperatureas it monitors the overall structural stabilities
during 1 minute of unfoldingwhile the resdual activities gave lower melting temperatures
it monitors the conformational stabiy of the active site duringg minute of elevated

temperatures.

The melting temperature of GUBR3337* decreases from the first generation to the
fifth generation however, the melting temperature of THERMO4P11F2 as determined by the
individual residual activity plot was 2.4°C higher than WT5P26A7 while the value obtained with

fluorescence monitored thermal denaturation was 5.4 °C higher than WT5P26A7.
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Figure 4.12Thermal denaturation

(a) Residual activity plot of GW&T variants (b) Residual activity plot of GIF8337 variants

(c) Change in SYPRO orange fluorescence inVi@U@riants (d) Change in SYPRO orange
fluorescence in GUBR3337 (e) @responding melting temperatures of GME and GUS
TR4447 variants, extracted from the residual activity 8¥&PRO orange fluorescence data
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4.4.4.2. Chemical induced denaturation

The effects of chemical denaturants on GWE, GUS R3337 and their variamtwere also
measured. The chemical denaturants were those typically used to study denaturation; they
were urea and guanidinium hydrochloride (GdnHCI). The residual activity in the presence of
denaturants was used to determine if the active site was intadn addition, intrinsic
fluorescence emission spectra were used; this technique gave information about the
environment of the tryptophan (Trp) residues that gave rise to the intrinsic fluorescence.
Spectra were recorded from 300 to 380 nm; the red tsbff the intrinsic Trp fluorescence
emissey YIFEAYdzZY 6<YFEO 61L& Y2YAGU2NBR & | FdzyOlAzy
The experimental details for these experiments can be found in Chapter 2 (Section 2.3.4.10.).
A sample of the results a given in the Figure 4.13 and 4.14 below. It wasldiffidiscern a

trend when the data of GUB/T and its variants were superimposed, so only -®8JSand the
relevant variant are shown in the figures below; similar plots are given with all the sets in

Appendix C.2. and C.3. Similar comments apply to th@sorements with GUBR3337 and its

variants.
@ (b)
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Figure 4.13 ChemicaltidzOS R dzy ¥F2f RAy3 A& aKz2gy o0& OKIy3aSa Ay -
(a) Urea induced unfolding in GW&T* (b) Urea induced unfolding in GIR3337* (¢) GAnHCI
induced in GUSVT* (d) GdnHCI induced in GIR3337
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Figure 4.14 Impact of the presence of different concentrations of urea and GdnHCI on the
glucosidase activity of -GUS variants

With4 MdzZNB+ YR ™M a DRY FWTtwas shifefto 348 tmEand23%1 D! {
nm, respectively, indicating the complete unfolding of the protein (Figure 4.13a & c). In
contrast, the fluorescence emission spectra of GB3337 showed no significant change in
< Y lugto 4.5 M urea and 1.75 M GdnHClI, implying that urea concentrations as high as 4.5 M
and GdnHCI concentrations as high as 1.75 M do not significantly unfold I&23837 (Figure
4.13b & d). These observations are well supported by the effect of urea tingonatalytic
activity of GUSWT and GUSR3337. As presented in Figure 4.14, glucosidase activity ef GUS
WT was completely lost in 3.5 M urea and 1.25 M Gzinihile GUSR3337 was only 50

inactivated under the same conditions.

With increasing urea an@ Ry | / £ 02y OSy (i NI { A yatiant8 Enfl < Y I
GUSTR3337 variants were reghifted and their glucosidase activities were observed to be
decreased gradually. GWS®T variants had a similar intrinsic fluorescence emission spectrum
and behaviour inhe presence of chemical denaturants, compared to ®JS Notably, the
variant WT1P17G2 showed the highest tolerance to GdnHCI and urea, suggesting the T509A
increased stability toward chemical denaturation (Figure 4.14a & c). The stability of the

enzyme was first increased, creating the capacity to accept the functionally necessary
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destabilizing mutations in later generations. In GUR8337 library, the gradual increase in
glucosidase activity with each generation was accompanied by decreases inystalilis was

expected as stability was not included as a fitness parameter in the screening assay. Another
explanation for this tradeff was hat during evolution, enzynge adjust the strength and

number of stabilizing interactions to optimize the &ate between rigidity for stability and

flexibility for activity at the selection temperatu@ontanaet al. 1998) The K474Q and S561L
mutations in THERMO2P23C4 reduce the stability. This observation was consistent with the
20a4SNBI A2y G(KI G (KS -shifted tB 352 im a¢ thd@weatcentratiom/ 1 NB R
was increased to 5.5 M, indiing exposure of Trp residues upon complete unfolding
(Subbarao & MacDonald 19%4) ¢ KAf S | i GKS &l YS dzNBTR3®B2Z2Yy OSy (i NI G Az
and THERMO1P6B9 only appeared at 334 nm suggesting only a slight relaxation of enzyme
structure. In addition, the HERMO2P23C4 mutant lost only?8%f its initial activity in the

presence of & M urea (Figure 4.14b) while the GUS3337 retained approximately %3

activity in the same concentration of urea.

Overall, GUFR3337 variants were more stable than GU6 @ NA I y (i & @ ¢tKS <YI
WT5P26A7 was reshifted to 350 nm at 2 M GdnHCl and 5 MBI+ 6KSNBla <YIE 27
THERMO4P11F2 rstlifted to 350 nm at 2.5 M GdnHCI and 5.5 M urea (Figure 4.15a). In
addition, THERMOA4P11F2 had a relative activity that was 10% higher than WT5P26A7 at 0.5 M
GdnHCI and urea concentration ranging from 1.0 to 2.5 Mi(&i4.15b).
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Figure 4.15 Intrinsic fluorescence spectra (line, lefaxis) and relative glucosidase activities
(histogram, right yaxis) of GUSNT, WT5P26A7, GURR3337 and THERMO4P11F2 in the
presence of different concentrations of chemicdénaturants

(a) GAnHCI (b) Urea.

4.4.5. Summary of observations

The variants obtained with directed evolution were studied to monitor the changes
responsible for increased activity and to determine the changes in kinetic parameters that
gave rise to incrased activity. The results of these experiments are summarized in the Table
4.9 below. The level of expression and the solubility of variant proteins was found to be close
to that of the starting proteins; these factors did not have an effect on actiagyobserved in
crude lysates. This investigation also looked at the kinetic parameters and stability; two
factors that are often linked for proteins. The kinetic properties were as expected; drops in

the K, values were observed. There were clear trend the experiments in which stability
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was measured as a function of temperature. The variants that evolved fromAGUshowed

small increases in stabilities as the evolution proceeded. The opposite trend was observed
with variants that were evolved frorthe GUSTR3337 protein. However, the magnitudes of
the changes in the melting temperatures were far greater for the variants that evolved from
GUSTR3337 compared with those that evolved from GME The result obtained with the
chemical denaturants ftdwed a similar trend to those obtained with variations in
temperature.

Table 4.9Comparison of GUBVT and GUSR3337 variants over all traits

The eight versions of GWBT and GUSR3337 are presented with the mutations in primary

sequence indicated. EhGUSNT and GUSR3337 versions have been ranked for each trait,
with the best denoted as 1. Shading has been used to highlight the significant differences.

g
2> 2 g .5
3 = 2¢ £s
g0 8w BE S
. qcs:cc<rOcv~c:ccrccwor\ouﬁuaocl\%2 3= 7382;
vaiant  FRESTESSE R REEELERET 87 zf BE
c 5 8 F £5 232
% €3 55 5%
3 S c22°
=) G FS Oa
0 © T 3
= B
o)
[a g
GUSWT AEDYQTQQTMMNS GL N K Py 3 45 15
WT1P17G2 AEDYQTQQAMMNS GL N K PRz 4 | 59 47
WT3P24E11 AEDYQTQQAMMNSG GLNOOAOQ 7203 548 58
WT4P26F8 AEDYQTQQQAVMNSGLNQOQQQOQ 898 471 58 27
WT5P26A7 EDGNQTQQAMMNPGLNOQQAOQ 2852
GUSTR3337 AEDYQTRQAMTSSSL S KP
THERMO1P6B9 A E D Y Q T RQAMT SPSLNKP
THERMO2P23C A E D Y K TRQAMTSPSSSKP
THERMO3P24FF A E D Y Q T RQAMTNSSLNEFP
THERMO4P11IF. A E D Y Q MR K AMTNSSLNEFP

ND¢ Not determined

4.5. Mutation location and effect

At the time of writing the structure of GW&T had been reportedWallaceet al. 2010)
Attempts to reproduce the GU®T crystals were made without etess. In addition, crystal
screens were employed to identify new crystal forguagain without success. The inability to
reproduce published crystallisation procedures has been encountered in the Ollis laboratory
on previous occasions and has been htited to a lack of detail in the published experimental
conditions. A few mutant forms of both the GMWH and GU3R3337 were tested with
commercial crystallisation screegsagain without success. Details of these experiments will

be given in Chapter Section 5.4.
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The effects of mutations have been interpreted in terms of the ndtn&US structure.
The effects of changes in sequence on the structure were not known. In other studies, the
effects of changes produce by directed evolution have beemdoto be relatively modest
(Porteret al. 2015, Hawweet al. 2009) However, the possibility that structural change may
occur must be considered when interpreting the effects of sequence changes. The initial
location of a mutated residue can be found in the native structure and in many cases this can
reveal useful information and provide a basis for speculation of possible structural changes.
However, given the scattered distribution of mutations throughout firetein, the specific
role of every mutation cannot be assessed absolute confidence. Only the location of
important mutations within the best mutants isolated from GWS (WT5P26A7) and GUS
TR3337 (THERMO4P11F2) libraries, will be discussed in therfgledtion. This preliminary
analysis has led to several hypotheses relating to residues responsible for the activity and
stability.

4.5.1. WT5P26A7 variant

An attempt was made to understand the effects of changes on the activity of the variant
proteins. Apart from the location of the changes in the native structure, it was thought that
some insight could be obtained from the calculated values of the solvent accessible surface
area (SASA). Figure 4.16 shows the SASA calculated for the residues in-thd@ Gifture.

The residues that were changed in the five rounds of directed evolution are shown on this
figure. The SASA values for the changed residues are also given in Table 4.10 as in the % of the
SASA found for that type of residue in a-&i@gly ripeptide (Miller et al. 1987, Lee & Richards

1971)

Domain | Domain Il Domaii

iIIIIIIIIIIiIIIIIIIIIiIIIIIIJII]II Illlif-lllllll-mllllllll

B Buried residue (< 10 % relative SASA)
Partially solvent exposed residue (10 - 40 % relative SASA)
Solvent exposed residue (40 - 70 % relative SASA)
Highly solvent exposed residue (= 70 % relative SASA)

Figure 4.16 Predicted relative SASA of mutatsites in WT5P26A7

Out of 8 mutations in WT5P26A7, 4 residues (E279, Y469, S557 and @597 the
native sequence) are partially exposed to solvent and 4 residues (A64, D350, T509 and K568)
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are buried (Table 4.10). Of these, T509A, S557P and K56@Qtlaeeactive site (Figure 4.17)
and were found in the early round of evolution while A64E, E279D, D350G and Y469N changes
were found in the fourth or fifth generation variants. The change at position 597 did not occur

in isolation (it only occurs with ber changes) so that its effects are difficult to predict.

Table 4.10 Predicted SASA and their relative values of mutation sites in WT5P26A7

Residue SASAA®) Relative (%)

A64 11.44 9.5
E279 43.93 23.3
D350 0.00 0.0
Y469 67.93 28.1
T509 0.46 0.3
S557 27.17 21.2
K568 1.29 0.6
Q597 20.31 13.1

(@)
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(b)

Figure 4.1'Mutation locations of WT5P26A7

The crystal structure of the GUS tetram@vallaceet al. 2010)is illustrated at the top. One
monomer isdrawn (@) with each mutation site labelled: 1; A64, 2; E279, 3; D350, 4; Y469, 5;
T509, 6; S557, 7; K568, 8; P597. The GDL molecule is shown in red. This diagram is also shown
viewed from the right side (b)

Y469 is one of three tyrosine residues (Y4i@d a468) that occluded the entrance of
the active site pockefWallaceet al. 2010) The change brought about by the Y469N mutation

could widen the substrate entrance and facilitate easier access to the acti&igjtee 4.18).

(a) (b)

Figure 4.18urface model of the active sites of GWT and WT5P26A7

The surface of WT5P26A7 was calculated using Swiss PDB viewer. ThewebDaid in both
structures to show the entrance of the active site. The residue Y469 and N469 are labelled. (a)
GUSWT (b) WT5P26A7.
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In the GDL (an established leiffinity inhibitor}bound wildtype crystal structure, the
negatively charged -6 carboylate group of GDL was shown to interact with the positively
charged residue K568, suggesting that K568 was involved in substrate recognition and binding
(Matsumura & Ellington 2001) This is consistent with theesults obtained in the present
study since K568Q change gavk.& K., for pNRglucoside that was increased 2&3d while
activity with pNPglucuronide was reduced &bld. The replacement of lysine 568 with an
uncharged with a polar amino acid glutamjradlowing glucose to be better accommodated in
the active site (Figure 4.19b). In addition, this lysine was also thought to be important for the
guaternary structure of the proteiffMatsumuraet al. 1999) Mutations to the residue 568
have already been shown in experiments Mwatsumuraet al. (2001)to be deleterious to
enzyme function in isolation. As a result, this change was only foundriants with the
T509A mutation, whereby T509A introduced stability into the protein to compensate for loss
of stability brought about by changes at position 568. Theof WT1P17G2 was 14 °C higher
compared with the parent. In addition, WT1P17GZair¢d 2®%6 of its activity in 3 M urea
while all selected variants from the GWE&TI library lost virtually all of their activities when
measured under the same conditions. These observations can explain why the change of
residue 568 was found in GTR3337. It was suggested that alanine residues are the best
helixforming residueqArgoset al. 1979) Facchiancet al. (1999)observed that helices of
thermophilic proteins were generally more stable than those of mesophilic proteins. In our
studies, the T509A mutatipoccurred in the first round of directed evolution while K568Q
mutation was only identified later in the third round. Apart from providing higher stability,
T509A was also the key residue involved in enhanced glucosidase activity. The two mobile
loops @reen and blue in Figure 4.19) above the active site, are connected through hydrogen
bonds between T509, Q526, K567, K568 and K578. However, the hydhagyding
interactions between the hydroxyl group of T509 and residues K567, K578 and Q526 were lost
upon T509A mutation, thus adding to the mobility of the actbite loops.
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(a) (b)

Figure 4.19Connectivity between the loop (blue) bearing residues 557, 567, 568 578;

and loop bearing residues 509 and 526 in WT5P26A7 and-type | -GUS

GDL is presented in red. The two loops (green and blue) are interconnected via T509. Atoms
capable of hydrogen bonding are connected by yellow dash lines and intermolecular bonding
distances are all less than 3 A. (a) The environment around aitévioops is displayed from

the crystal structure byVallaceet al. (2010)(b) The mutations were modelled with SWASS
MODEL using GWYST (PDB ID: 3K4D) as template.

The S557P change of a serine to a proline issual. Proline is unique amongst the
amino acids in being cyclic. As a result, this amino acid can change the direction of the
backbone. The introduction of the cyclic structure of proline forces a directional change to the
loop. This change affectsdHocal shape of the binding pocket and changes the hydrogen

bonding ability. This change is most likely to affect the binding of the new substrate.

4.5.2. THERMO4P11F2 variant

This variant had five amino acid substitutions. S550, S566 and K568 wesstapartially
solvent accessible and two sitesT480 and Q49& had less than 1% relative SASA (Figure
4.20) (Table 4.11). These were plotted onto the crystal structure of GUS to determine their

position relative to the active site and other mutatioites (Figure 4.21).
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Domain | Domain Il Domait
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B Buried residue (< 10 % relative SASA)

I Partially solvent exposed residue (10 - 40 % relative SASA)
Solvent exposed residue (40 - 70 % relative SASA)

B Highly solvent exposed residue (= 70 % relative SASA)

Figure 4.20 Relative SASA of mutation sites in THERMO4P11F2

Table 4.11 Predicted SASA and theshative values of mutation sites in THERMO4P11F2

Residue SASAA?) Relative (%)
T480 48.38 34.9
Q498 21.23 11.4

N550 1.69 0.01
N566 2.44 0.02
K568 1.29 0.01

Figure 4.2IMutation locations of THERMO4P11F2
The mutated residues have been coloredieblto highlight their position relative to other
mutations. Each mutation site labelled: 1; T480, 2; Q498, 3; N550, 4; N566, 5; K568. GDL is

presented in red.

The two mutations on the THERMO4P11F2 surface (Q498K and T480M), displayed
about a 2fold higher k../K, as compared to THERMO3P24F7, which does not include these
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two mutations. T480 was at the interface with another monomewrell removed from the
active site. However, substituting it with methionine could involve in stabilizing the
quaternary structure of the enzyme by independently increasing the affinity between the

subunits.

Two key amino acids (S550 and S566) that conferred thermostability inT R8ES7
had reverted to wild type amino acids (N550 and N566). These two reversions accoanpany
significant decrease ifl;, of ~10 °C. N566 was known to be essential for the substrate
binding due to the hydrogen bond with the C4 OH of GDL (Figure 4.22). In the predicted GUS
TR3337 structure, the hydroxyl side chain of S550 is hydrbgaded tothe backbone of
F551 and the hydrogen of G294, the backbone of S550 is hydtmgated to the backbones
of 1570 and K568 (Figure 4.23a). The hydrogen bonds of G294, F551 and K567 with S550 are
eradicated upon mutation of S550 to asparagine, resulting @ignificant increase in mobility
of the residues adjacent to 568 (Figure 4.23b). As discuss earlier, K568 was thought to be
important for the substrate specificity as its positive charge resulted in an interaction with the
negatively charged C6 carboatd of pNP-glucuronide when bound to the enzyme. As a result,
point mutations of K568 either by a change to glutamine as in WT5P26A7 or to a glutamic acid

as in THERMO4P11F2 leads to an enzyme with higher glucosidase activity.

P

=~ | F554

S56

Figure 4.2Residues66 and GDL

S566 in GUSR3337, N566 in THERMO4P11F2 and the environment around these residues are
shown in green, blue and magenta, respectively. They were modelled with -SARISEL

using GUSVT as template. The GDL is presented in red. Atoms capaiyemgen bonding

are connected by yellow dashes.
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(b)

Figure 4.23ydrogen bonding network of residue 550

(a)The hydroxyl functionality of K568 in the predicted GUR8337 structre is hydrogen
bonded to the side chain of G294 and the backbone of F551, the backbone of S550 is hydrogen
bonded to the backbone of 1570 and K568 (b) Upon S550N mutation, the hydrogen bonding
network illustrated in (a), except the hydrogen bond betwe®Bb0 and 1570, is eradicated.

This results in increasing the flexibility of the loop where residue E568 resides.

4.6. Summary

Directed evolution was used to explore in some detail the relationship between evolvability
and stability. This technique wasied to a native as well as a previously stabilized variant of
GUS. It was found that evolution of the native protein towards a-ploysiological substrate

(i.e. increased glucosidase activity) resulted in changes that increase stability as well as
activity. That is, increased stability was most easily achieved by mutations stabilized the
overall protein structure so that destabilizing active site mutations could be made to increase
activity. Conversely, the same experimental conditions resulted inoa dr the overall
stability of the variant that initially had been evolved to increase stability. These results are
consistent with those obtained by other workers who worked with different proteins. To the
Fdzi K2 NR& (1y26f SR3IS { k$hat itIdhdiofey the esiolutitzi & siriilar  dzy A |j dzS

proteins with different stabilities.

It should be noted that the activity of GW®T and GU$R3337 towards the
glucosides had a very elevatéq valuesg that is, substrate binding was poor in both cases.

Evdution was carried out by monitoring changes in activity at concentrations well below these
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K. values. As expected, most of the shift in the activity of the variant enzymes was achieved
by decreases in th&, values of the enzymes. These brought aboghigicant increases in
activity as reflected in greatly increased valuek. g K, i.e. WT3P24E11 and THERMO3P24F7.
Had more cycles of evolution been carried out, an increask.invould be expected. As
expected and as has been noted by oth@mithet al. 2011, Roweet al. 2003, Geddieet al.

2004) the activity of GUS towards its physiological substrate decreased as activity towards the

non-physiological substrate increased.

The best variant derived from ¢hGUSNT library was the WT5P26A7 variant that
encompassed eight mutationg A64E, D279E, D350G, Y469N, T509A, S557P, K568Q and
P597Q whereas the best variant derived from the GRBS337 library was the THERMO4P11F2
variant that encompassed five mutations T480M, Q498K, S550N, S566N and K568E.
WT5P26A7 and THERMO4P11F2 hadf@d7and 1306fold catalytic efficiency k{./Kn)

A YLINE @S Y Sy igluciskie tedpdctively. The fourtfeneration mutant from the GUS
TR3337 library, THERMO4P11F2, displayed aboufoldl.6greater k /K, than the fifth
generation mutant from the GU®/T library, WTP26A7. Furthermore, GIFRR3337 ko0
showed greater tolerance for amino acid substitution than GWJBas mutants from th&US
TR3337 library exhibited ¥® more missense mutations. A higher level of mutational
tolerance could afford a higher erroate in libraries. It could also increashe chance of

finding synergistic beneficial mutations that would not be identified individually.

Apart from significant changes to glucosidase activity, -BRE337 variants were
found to exhibit higher stabilities both thermally and chemically coragan WT5P26A7: a 2
°C increase in melting temperature was observed while the difference in denaturing urea
concentration was 0.5 M in favour of THERMO4P11F2. In addition, the range of temperatures
at which THERMOA4P11F2 was active was broader than tHos&85P26A7THERMOA4P11F2
retained over 806 of relative activity in the range from 3555 °C as opposed to the range
from 45¢ 55 °C for WT5P26A7.

Although the directed evolution approach was successfully used to enhance the
glucosidase activity of GUBe activity levels of purified proteins were significantly lower than
those of cell lysate. The following chapter presents a series of experiments to investigate the
factor behind their loss of enzyme activity. The kinetic parameters of glucosidasgiesct

presented in this chapter, are described in more detail in Chapter 5.
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Chapter 5

Kinetic Analysis of GUET and GUS
TR3337 Variants in Directed Evolution

5.1. Introduction

The previous chapter described directed evolution experiments that resulted3bS variants

0KFd KIR SyKIFIyOSR 3Jfdz023aARIADINGALPEGiE®PA PRASHFRE
crude lysates of cells expressingsUS and was not observed with purified enzymes. In fact,

the activity of later generation variants was like thatthe native protein. It appeared that

the changes brought about by evolution did not increase the catalytic properties of the

purified enzymes.

Initially, it was thought that that the disparity between results obtained with crude
lysates and purifieghrotein was due to incorrect variants being selected. That is the variants
assayed in crude lysate were not those used to produce purified protein. The variants genes
were sequenced (again) to verify that the correct mutants had been selegtity weie

correct.

Another possibility for the differences between the results obtained with crude lysate
and purified protein was due to differences in protein concentration. In other words, the
protein evolved so that variants were expressed at higher coma#ahs. That is, the
enhanced activity of the variants was simply due to a more of the variant proteins being
expressed. As noted in the previous chapter, the expression of native and variant proteins was
very similar and it could not account for theffdrent levels of catalytic activity. The results of

these experiments can be found in Section 4.4.1.

The effects of temperature were considered as a possible explanation for the above
anomalies. This was not thought likely, but it was also thought prutbecheck. It was found
that the optimal activities of the eight selected variants and parent strains were above 40 °C
(Chapter 4, Section 4.4.3.) while the activities were measured at 25 °C. Thus, the assays were
repeated at 45 °C (Figure 5.1b). Aist temperature, all the purified variants exhibited
increased activities, but the increases were small compared with the increased activities

obtained with crude lysates.
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Some insight into the puzzling observations that are described above, was gained
when it was realized that -GUS had been evolved in the presence of a factor in the crude
lysates: BugBust&¥, the reagent used to break open the cells to give the crude lysates. This
reagent was not used in the purification protocol. It should be noted that the manufacturer of
BugBustel reagent would not disclose the ingredients of the product and attempts to
identify the chemical composition by mass spectrometry were not initially successful. The
reagent had an unknown composition. It was a proprietary mixture ofianit detergents
GKFG GKS YIFydzFlF OGdzZNBNJ aF AR ¢Fa aOFLIo6tS 27
LINE S A yidni® detergeeBts/ contain uncharged, hydrophilic head groups that consist of
either polyoxyethylene moieties as in Tween, Triton, and thHgsRries or glycosidic groups,

i.e. octyl glucoside and dodecyl maltoside.

This chapter describes early experiments in which purified forms of evolved GUS were
compared with the similarly purified native enzyme. The experiments showed that the

eT M

BugBust reagent was the cause of the anomalies in the directed evolution. The
identification of the probable component of BugBustéreagent, octyl -D-thioglucoside
(OTG), that interacts with-GUS is also described along with the characterisation of the native
and mutant enzymes, in the presence and absence of this factor. The chapter concludes with
the implications of the directe@volution in the presence of OT¢xhat is the evolution of an

activating factor.

5.2. Loss of enzyme activity on purification

A selection of mutants of GUST and GUSR3337 were chosen for purification. Mutants
were chosen from the earlier rounds as lWwvas the final round. By choosing variants from
each round some idea of the progress made with evolution could be obtained. In most cases
these variants had the highest activity for their generation. These variants along witiMBUS
and GUSR3337 wereexpressed and crude lysates used to measure their activities (Figure
5.1a). The results were as expected in that the activities increased as evolution proceeded.
These native and variant proteins were then purified, as described in Chapter 2 (section
2.3.3.1.) and their activities measured again (Figure 5.1b). However, most of thev&ldsd
GUSTR3337 variants displayed a dramatic loss of activities after purification, especially those
in the later rounds of directed evolution (Figure 5.1b). The tremthe loss of activity was
particularly disturbingg later generations appeared to have less activity than earlier
generations. However, the expected trend in activity with the progress of evolution was

obtained by the addition of BugBust&reagent tothe purified protein (Figure 5.1c).
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Figure 5.1Activity data of variants with 0.8 mMpNP-glucoside substrate under the default
assay conditions of 50 mM phosphate buffer pH 7.4 at different temperatures

OF0 ! OGA @A G-WT* Al GWIRAB337 frud®lysétes at 25 °C (b) Activity of 60 nM
purified GUSNT* and GUSR3337* at 25 °C and 45 °C (c) Activity of 60 nM purifiedVBTS
and GUSTR3337* in the presence of 0.05 X BugBu¥teragent at 25C.

5.3. Effects of 10 X BugBuster™ protein extraction reagent

It appeared that anomalous behaviour of variant enzymes was due to the presence of

BugBuste!” reagent. In the screening procedure, the lysatas prepared with 1 X
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BugBustel" reagent and assaye for hydrolysis ofpNRglucoside; a noiphysiological
substrate. The question arose as to whether the enhanced activity stimulated by BugBuster

reagent would also be observed with a glucuronide substrate, a physiological substrate?

The influence of BgBustef" reagent upon glucuronidase and glucosidase activities
was monitored by assaying GMWS and WT3P24E11 in the presence of 1 X BugBlster
reagent. The results of these experiments are shown in Figure As2can be seen in this
figure, glucosidse activity of GUSVT was inhibited by BugBust¥reagent while that of
WT3P24E11 was stimulated by a factor of about 10. However, the glucuronide activities of
GUSWT and WT3P24E11 were inhibited. At this point it seemed that directed evolution for
increased glucosidase activity had resulted in variants with increased activity in the presence
of BugBuste™ reagent. It was clear that the presence of this reagent greatly affected the

course of the evolution.

1200 -
B Without BugBuster ™ reagent
3 1000 With BugBuster ™ reagent I
£ 800 -
=
T 600 -
@
=
£ 400
T
&€ 200 -
o . . .
WT-GUS |‘.-".-'T3P24E11 WT-GUS |WT3P24E11
pMP-glucuronide pNP-glucoside

Figure 5.2 Effect of BugBust&rreagent o glucuronidase and glucosidase activity of GUS
WT and WT3P24E11

Activity was calculated as relatiy&) considering control as 190 All assays were performed
in triplicate. The data points and error bars indicate the average values and standard errors.

Bugbustef" is not the only reagent on the market that is used to break open cells. It
was thought that other commercial reagents probably contain similar ingredients. A test was

made of the BPER reagent with the results presented below in Figure Si3should be clear

from this Figure that B ER reagent has a very similar effect to BugBuS{eeagent.
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Figure 5.3 Effect of 0.5 X-lBBER and 0.5 X BugBust&freagentson glucosidase activity of
GUSWT and GUSR3337 variants

The BugBustél' reagentprobably exerted its effect in the evolution experiments by
binding to GUSVT and GUSR3337. If this were the case, then the activities of all the
proteins would depend upon the concentration of BugBuSteeagent. To confirm that this
was the case he glucosidase activity of GWET, evolved variants along with GDR3337 and
its evolved variants were measured with increasing concentrations of BugBlistagent. In
these experiments the rate of hydrolysispP-glucoside was used as the substrafeor GUS
WT variants, WT1P17G2, WT3P24E11, WT4P26F8 and WT5P26A7 werendfilestor GUS
TR3337 variants, THERMO1P6B9, THERMO2P23C4 THERMO3P24F7 and THERMO4P11F2 were
chosen, these being either the best or close to the best within their generatione Th
BugBustel" reagent was titrated into the assay solution over the concentration range 0.005

to 0.5 X. The results of these experiments are shown below in Figures 5.4 & 5.5.

An inspection of Figure 5.4 reveals that QU and the first generation variaire
inhibited by the BugBustéY reagent. At the end of the titratigractivity is only slightly above
the error level of the assay. The later generations (3, 4 and 5) o\M&USI show enhanced
activity that saturates at quite low concentrations oktBugBustél reagent. A similar trend
is observed with GUBR3337 and its variants, except that this series of reactions includes a
member of generation 2, this enzyme appears to show very little effect due to BugBUléter
reagent (Figure 5.5). Overdhge evolution firstly abolishes inhibition and then evolves so that
the BugBustél reagent appears to enhance activity. This way of describing these
experiments is a little misleading. The BugBUSt&B | 3Sy i Aa y20 aSyKIFIyOAy3é

variants rather evolution results in the enhancementi 6fGUSBugBuster complex activity.
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Figure 5.4 Effect of BugBusté&reagent on glucosidase activity of GWST mutants

Control activity refers to the activity of the individual enzyme in the absence of added
BugBustel'reagent (a) GUS/T (b) WT1P17G2 (c) WT3P24E11 (d) WT4P26F8 (e) WT5P26A7
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Figure 5.5 Effect of BugBust&rreagent on glucosidase activity of GITR3337 mutants

Control acivity refers to the activity of the individual enzyme in the absence of added
BugBuste!" reagent (a) GUS$R3337 (b) THERMO1P6B9 (c) THERMO2P23C4 (d)
THERMO3P24F7 () THERMO4P11F2.

To determine which components affect the glucosidase activity-6US vaants, it
was decided that the effect of octytD-glucoside (OG), octykD-thioglucoside (OTG), Triten
X-100 (TX100) and Tween 20 would be investigated. Since the glucosidase activities of GUS
WT and its variants as well those of GIRS3337 and its variés wae completely inhibited by
0.05% Tween 20 and 0%bTX100 (data not shown), the effects of these two surfactants were

not investigated further. In addition to OG and OTG, it was also thought useful to examine the
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effects of sodium dodecyl sulphat8S) on the enzymes as it has some structure similarity to

non-ionic detergents (Figure 5.6).

(@) (b) (c)

As - - i A
HO" ™y~ "OH HO™ 77 "OH
OH

OH

Figure 5.6 Chemical structures
(@) OG (b) OTG (c) SDS

5.3.1. Effect of SDS

The results of the experiment with SDS are shown below in Figure 5.7. Like BUyB&&
reagent inhibits the starting enzymes and early generation variants, but stimulates the activity
of later generation variants. These later gestion variants showed approximately ® 4-

fold increased activity with 17.34 mM (0.5%) SDS but lost activity as the concamtvedis
increased to 34.68 mM &) SDS. However, the enhanced glucosidase activity of mutants in

the presence of SDS, whilgsificant, was much smaller than observed with BugBU¥ter

37
g 4
=
g 3
[*]
g 2
£ 1 W B 0% 505
o W W 0.05% 505
0.5% 505
o
5
1% 505

Variants

Figure 5.7 Effect of SDS concentrations on the glucosidase activity of theWslUand GUS
TR3337 variants

5.3.2. Effect of OG

OG is one of the common examples of fionic detergents thats used for cell lysis. The
influence of OG upon the glucosidase activity was monitored by assaying the enzyme in the
presence of increasing concentrations of OG as shown in Figure 5.8. This Figure showed that
1.2 mM OG inhibited the activity of WAQUS, WT1P17G2, GUER3337 aswell as
THERMO1P6B9 by about?s0 In a similar manner to BugBustbreagent, the addition of OG

up to a concentration of 5 mM resulted in increased glucosidase activity for WT3P24E11,
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WT4P26F8, WT5P26A7, THERMO3P24F7 and THERMR4POf these, the glucosidase
activities of GUSVT variants were greater than those of GUS3337 variants. Furthermore,
these improvements in activities of variant enzymes due to OG were relatively modest

compared with those observed with BugBustér

12
> 10
& B8
S 6
o 4 4 mEOmM 0G
e 24
0 4= EEO1mMOG
ﬁg‘: B 035 mM 0G
"
$$ 1.2 mM DG
5 mi 0G

Figure 5.8 Glucosidase activity of GME and GUSR3337 mutants as a function of OG
concentrations

The activity was assayed in the presence of various OG concentrations. The whole procedure
was carried out at 25 °C.

It should be noted that it is pilmable that OG is a potential substrate of GUS and that

the inhibition of starting and early generation mutants may just be due to competitive
inhibition.

5.3.3. Effect of OTG

The effects of OTG on glucosidase activity was tested and the results shawnibdrigure

5.9. A dmilar activity pattern was observed with OG, 0.5 mM OTG inhibited glycosidase
activity of GUSWT, WT1R7G2 and GUBR3337 by about 8. However, maximum activity

of WT3P24E11, WT4P26F8, WT5P26A7 and THERMO4P11F2 was achieveauditiah of

at least 5 mM OTG. These improvements in the glucosidase activities are very similar to the
increases observed by the addition of BugBuStéo later generation variants. Therefore, it

was concluded that OTG was a reasonable candidateth®rcomponent of BugBust&f
reagent that caused the major increase in glucosidase activity of later generation variants of
GUSWT and GUSR3337. The presence of OTG in the BugBlstemgent was later

confirmed by nuclear magnetic resonance spectrogcapd mass spectrometry (Appendix
D.1.).
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Figure 5.%ffects of different OTG concentrations on GMS and GUSR3337 mutants

5.3.3.1. Inhibitory and activating effects of OTG

At this stage it was clear that OTG bound to &UE and GUSR3337 and inhited the
activity of these enzymes. However, the nature of the inhibition was uncertain. Given the
structural similarity of OTG anpNRglucoside, it was possible that OTG was a competitive
inhibitor. Consequently, OTG was tested for its mode of intbit The inhibition constank{

is the concentration of inhibitor required to reduce the rate to half of the uninhibited value.
The higher thek value the weaker the inhibitor binds to the enzyme aride versa Thek
variable is similar in concepib K, and gives an indication of the binding constant for the

substrate binding to the enzyme.

The Ki value was evaluated by using Microsoft Excel® (Chapter 2.3.4.10.). The
graphical analysis with the Lineweas@ulk and the consequent secondary plote ajiven
below in Figures 5.10. The figures 5.10b & f indicated that OTG binds #WVGWad GUS
TR3337 and gives rise to competitive inhibition wit§ @alue that could be described as weak
(1 mM). Competitive inhibition of OTG implies that OTG coewmpetith a substratepNP
glucoside used in this study) to bind to the active sité 8US. The observed higl values
given in Chapter 4 (Section 4.4.2, Table 4.7) for - @USWT1P17G2, GOR3337 and
THERMO1P6B9 were determined in the presence of 50i@ while their trudk,, values (i.e.
with no OTG) are given in Table 5.1. In the case of the WT1P17G2 variant; it was also inhibited
by OTG, but it was with & of 1.5 mM (Figure 5.1). It appears that the evolution has
decreased the affinity betweerhe enzyme and OTGat least, as determined by completion
studies with a simple substrate. It was possible that OTG still bound to the variant enzymes via
the long aliphatic chain and that this could give rise to the enhanced activity in later

generationvariants.
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Figure 5.10 OTG inhibition of GW8T, WT1P17G2 and GUR3337

(@) Double reciprocal LineweavBurk plots of the GU®/T kinetic assays for hydrolysis
reaction of pNRjlucoside in the presence of different fixed concentrations of inhibitor
compounds (b) the secondary plots with an abscisgardept of -K (c) LineweaveBurk plots
for WT1P17G2 (d) Secondary plots for WT1P17G2 (e) Linew®askeplots for GUFR3337

(f) Secondary plots for GUR3337
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By way of contrast with the plots shown above, the Michaklenten plots for
WT3P24E11, WP26A7 and THERMO4P11F2, shown below in Figure 5.11, indicate that there
was no inhibition with OTG, but rather OTG acts as an activator. While WT3P24E11 was
maximally activated at above 10 mM OTG, lower concentrations of WT5P26A7 and
THERMO4P11F2 achiewadiximum activation of glucosidase activity at OT&centrations
of 6mM (Figure 5.1 The kinetics data obtained for glucoside activity given in Chapter 4
(Section 4.4.2., Table 4.7), were measured in the presence of 5 mM OTG. A description is
given inthe next section of a more detailed investigation of the reaction kinetics of @US

and its variants as well as of GUOB3337 and it variants.

(a) (b)
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a0Ee : *0mMOTG ases oLl - +0mMOTG
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Figure 5.11 Michaelidlenten plots for the activation of glucosidase activity by OTG as the
variable substrate
(a) 2.33 uM of WT3P24E11 (b) 1.47 uM WT5P26A7 (c) 0.7 uM THERMO4P11F2

5.3.3.2. Kinetic analysis of GUSWT and GUSTR3337 variants

To better show the differences betwa the purified native enzymes (GMWS and GUS
TR3337) and later generation variants (WT5P26A7 and THERMO4P11F2), the enzymes were
subjected to kinetic analysis with bogNPglucuronide andoNRglucoside substrates at pH

TOn YR Hp &/ ® ¢KS LRAyGa G2 68 YIRS Oy o
enzymes, but a more complete collection of variant data sets can be found in Appendix D.2.,

D.3.,, D.4., D.5, D.6. & D.7. Figure25showed Michaeli#lenten plots for GUSVT and
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WTS5P26A7 with the corresponding EaHiefstee plots given in Figure 5.13. The
corresponding plots for GUER3337 and THERMO4P11F2 are given in Figure 5.14 & 5.15.
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Figure 5.12MichaelisMenten plots of GUSNT and WT5P26A7
The points show the measured values with their standard deviation. (a) HydrolygidPof
glucuronide by GU®/T (b) Hydrolysi of pNRglucoside by GU®/T (c) Hydrolysis giNP
glucoside by WT5P26A7 (d) HydrolysigpNPRglucoside by WT5P26A7 in the presence of 5
mM OTG.
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Figure 5.1FadieHofstee plots of GUSVT and WT5P26A7

Each plot is the mean of triplicates. (a) HydrolysisphiRglucuronide by GU®/T (b)
Hydrolysis ofpNPglucoside by GU®/T (c) Hydrolysis gbNPglucoside by WT5P26A7 (d)
Hydrolysis opNPglucoside by WT5P26A7 in the presence of 5 mM OTG.
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Figure 5.14MlichaelisMenten plots of GUSTR3337 and THERMO4P11F2
The points show the measured values with their standard deviation. (a) HydrolygidPof
glucuronide by GUSR3337 (b) Hydrolysis pNRglucoside by GUBR3337 (c) Hydrolysis of
pNRglucoside by THERMO4P11F2 (d) HydrolyspNBiglucoside by THERMO4P11F2 in the
presence of 5 mM OTG.
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Figure 5.15EadieHofstee plots of GUSR3337 and THERMO4P11F2

Each plot is the mean of triplicates. (a) HydrolysigpNRglucuronide by GUER3337 (b)
Hydrolysis of pNRglucoside by GUBR3337 (c) Hydrolysis opNPRglucoside by
THERMO4P11F2 (d) HydrolydigNRglucoside by THERMO4P11F2 in the presence of 5 mM
OTG.

In Figures 5.12 and 5.14, the (a) and (b) Michaéésten plots show the native
enzymes with glucuronide and glucoside substrates, respectively. The hyperbolic natures of
MichaelisMenten plots are confirmed by the linear Eaditofstee plots given in the (b) and (d)
of Figures 5.13 for wiltype enzyme and its variants; and along with the (b) and (d) of Figures
5.15 for the thermostable enzyme and its variants. These are quite different thlitieaelis
Menten plots for the later generation mutants given in part (c) of Figure 5.12 and 5.14. These
plots appear to be biphasic and this is confirmed by the Eddistee plots given in Figures
5.13c & 5.15c. These plots can be used to calculattikiparameters for the low and high
affinity substrate rangeg(Martin-Nieto et al. 1992) Table 5.1 contained the kinetic
parameters obtained with Eadidofstee plots for native enzymes (GWS and GUSR3337)
and representaie variant enzymes from each round of evolution. The validity of values
found for variants exhibiting biphasic kinetics can be questioned since in neither the low or
high substrate ranges is it possible to see a saturation of the binding event. Hodewer,

these calculations it was evident that the kinetic parameters obtained at high substrate differ
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dramatically from those obtained at low substrate concentrations suggesting that substrate
binding brings about a change in the enzyme in the later geioeraariants. The addition of
saturating concentrations of OTG to later generation variants gives rise to a Mieliaeglisn
curves (Figure 5.12d & 5.14d) that appear to be hyperbolic and HEhalstee plots that are
straight lines (Figure 5.13d & 5.15dhn the presence of OTG, substrate concentration has little
effect on the nature of catalysis of the variant enzynteas is the case for a typical non

cooperative enzyme.

In the previous section (5.4.2.1.) it was found that OTG was a competitivetamHidoi
the native enzymes; that is the hyperbolic shape of the Mich&ééiaten curves did not
change with increasing concentrations of OTG. This is in sharp contrast to the variant enzymes
that show a change in their response to substrate as the sulgstahcentration increases.
Furthermore, OTG decreases the velocity of the native enzymes, it effectively increases the

catalytic rate of variants at the same substrate concentration.

Table 5.1Apparent values ofk., Ky and keodKn, of GUSWT* and GUS R3337* with pNP-

glucoside at different temperatures
(@) 25°C(b)45°C

(a)
Enzyme Activity App.* Keat App.* K, App.* Kead Ky
(s) (mM) (M's%)
WT-GUS 0.200 £ 0.0260  7.600 = 0.492 26.28
WT1P17G2 0.590 + 0.0610  4.486 + 0.084 109.75
WT3P24E11 Highactivity, low affinity 0.409 96.6 4.23
(At high substrate concentrations
Low activity, high affinity 0.018 0.007 2503.34
(At low substrate concentrations)
WT4P26F8 High activity, low affinity 0.072 78.2 0.92
(At high substrate concentrations
Low activity, high finity 0.0036 0.03 120.34
(At low substrate concentrations)
WT5P26A7 High activity, low affinity 0.33 42.1 7.95
(At high substrate concentrations
Low activity, high affinity 0.017 0.01 1673.64
(At low substrate concentrations)
GUSTR3337 0.083 £0.0079 4.400 = 0.016 18.71
THERMO1P6B9 0.400 £ 0.031 8.300 + 0.200 47.59
THERMO2P23C4 High activity, low affinity 0.62 105 58.90
(At high substrate concentrations
Low activity, high affinity 0.0062 0.05 123.69
(At low substrate concentrations)
THERMOS3P24F7 High activity, low affinity 0.16 47.7 3.36
(At high substrate concentrations
Low activity, high affinity 0.0092 0.01 917.01
(At low substrate concentrations)
THERMOA4P11F2 High activity, low affinity 0.88 48.7 18.00
(At high slstrate concentrations)
Low activity, high affinity 0.075 0.01 7517.20

(At low substrate concentrations)

App.¢ apparent
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(b)
Enzyme Activity APP.* Keat App.* Ky ApPP-* Kead Km
(s) (mM) (M’s)
WT-GUS 0.33+0.0041 9.79+0.38 33.56
WT1P17G2 1.74 £0.0480 11.80 +0.00098 147.10
WT3P24E11 High activity, low affinity 0.44 37.3 11.89
(At high substrate concentrations)
Low activity, high affinity 0.02 0.005 3992.90
(At low substrate concentrations)
WT4P26F8 High activity low affinity 0.14 131 10.53
(At high substrate concentrations)
Low activity, high affinity 0.01 0.02 517.42
(At low substrate concentrations)
WT5P26A7 High activity, low affinity 1 54 18.62
(At high substrate concentrations)
Low activity, high affinity 0.025 0.005 5027.65
(At low substrate concentrations)
GUSTR3337 0.51+0.0054 8.00 +0.28 64.38
THERMO2P23C4 High activity, low affinity 2.33 8.5 274.28
(At high substrate concentrations)
Low activity, high affinity 0.0058 0.01 582.85
(At low substrate concentrations)
THERMO3P24F7 High activity, low affinity 1.6 93.2 17.17
(At high substrate concentrations)
Low activity, high affinity 0.048 0.04 1200.00
(At low substrate concentrations)
THERMOA4P11F2 High activity, low affinity 4.79 58.5 81.92
(At high substrate concentrations)
Low activity, high affinity 0.32 0.04 7987.22

(At low substrate concentrations)

App.¢ apparent

5.3.3.2.1. Assessing negative cooperativity in evolved variants using the Hill equation

The biphasic iketics obtained with the variant enzymes were clearly not indicative of
MichaelisMenten enzymes. However, not all enzymes obey Michaddisten kineticsc the
most common deviation is due to cooperativity that can usually be described with Hill

equation a modification of the Michaelslenten equation, as shown below:
V= Nmax[SI])/(K).Sn + [ST) (Equation 52)

Where v is initial velocity; Vina, maximum elocity; n, Hill coefficient; [S], substrate
concentration andkysis the substrate concentration at halfiaximal velocity. Whem = 1,

Equation 5.2 is exactly the same as the Michadksiten equation and$, s = K.

The Hill equation can be used to debe cooperative binding of ligands to
macromolecules was proposed bifll (1910) based on his observation of the oxygen binding
nature to hamoglobin. Cooperativity in proteins and enzymes is often due to interactions
between subunits or subsites so that binding of the first ligand molecule increases (positive

cooperativity) or decreases (negative cooperativity) the binding affinity of ther¢s)(Atkins
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2005) In the aforementioned case, cooperativity involves multiple subunits so that each
molecule has multiple substrate binding sites. Cooperativity also gives rise tcMiobaelis
Menten kinetic response in certain enzymes that consist of a single subunit with a single
substratebinding site(Roseet al. 1993, Ferdinand 1966, Rabin 1967)

For the Hill equation, i = 1, there is no cooperativityy < 1 indicates negative
cooperativity whilen > 1 indicates positive cooperativifCornisaBowden 2004) A cursory
glace at the plots in Figures 5.11C & 5.13C are clearly not indicative of positive cooperativity,
but are siggestive of negative cooperativity. Proving negative cooperativity using the Hill
equation can be a rather ambiguous procé&oodrich & Kugel 2007)The Hill equation is
more easily applied to ligand binding studies in receptors and cytochrome P450, where the
binding capacity, which is eqaient to Vinax is known(Sakai 1994) The Hill coefficients were
determined by using KaleidaGraph softwareptrform a nonlinear leastsquares fit of all the
data points to the Hill equation (Equation 5.2). The Hill plots for all the data sets are given in
Appendix D.3. & D.4. while the Hill constamsvélues) for the data sets are given below in
Table 5.2. The calculated values aof demonstrate the norcooperativity 6 = 1) of both
parents and first generation mutants; and suggest negative cooperativityl() of mutants in
later generations in the absence of OTG. Hill coefficients of 1 indicate that weseno
cooperativity inpNRglucoside hydrolysis after treating the mutants with 0.5 mM OTG. Even
though fitting the data to the a Hill equation yields valuesrf@nd parameters corresponding
to Vimax and K, the errors associated with the parameters reéhigh for the mutants, making
the computation of the Hill coefficient meaningless (Appendix D.3.). The latter generation

enzymes cannot be said to exhibit negative cooperativity in the absence of OTG.

Table 5.2Values of the Hill constantn) of wild-type and evolved variants as derived from
the plots in Appendix D.3. & D.4. and their corresponding correlation coefficieri) (Rlues

In the absence of 5 mM OTC In the presence of 5 mM OTC

Enzyme n = n =

GUSWT 1.00 1.00 1.01 1.00
WT1P17G2 1.03 1.00 1.00 1.00
WT3P24E11 0.65 0.99 1.00 1.00
WT4P26F8 0.51 1.00 1.01 1.00
WT5P26A7 0.90 1.00 1.00 1.00
GUSTR3337 1.01 1.00 1.00 1.00
THERMO1P6B9 1.01 1.00 1.00 1.00
THERMOZ2P23C< 0.74 1.00 1.00 1.00
THERMO3P24F7 0.52 1.00 1.00 1.00
THERMO4P11F2 0.59 0.99 1.00 1.00
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The kinetics curves of WT5P26A7 and THERMO4P11F2 were dissected into 2 regions

(one operating at low and another at higiNRglucoside concentrations). Data were fitted to

the Hill equation, one for concentrations up to 0.8 mM and anothee amsing only

concentrations above 3.2 mM. Dissection of the kinetic data reveals that at substrate

concentrations below 0.8 mM, glucosidase activity conforms to MichMsdisten kinetics

with the Hill coefficient equatib 1 (Figure 5.16a & c); at elevatedbstrate concentration (<0.8

mM) both mutants exhibited greater activity but a decrease in cooperativity (Figure 5.16b &

d).

evidenced by the hyperbolic curve (Figbré7).
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Figure 5.16 Velocitpubstrate curves of improved variants at low (micromolar range) and
high (millimolar range) substrate concentrations
(5) Plots of WT5P26A7 at the substrate concentration range of 8380 uM (b) Plots of
WT5P26A7 at the substrate concentration range of .80 mM (c) Plots of
THERMO4P11F2 at the substrate concentration range of 280uM (d) Plots of
THERMO4P11F2 at the substrate concentration range af 24nM.
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Figure 5.17 Comparison of subate saturation curves for 0.6um WT6P26A7 and
THERMO4P11F2 in the presence and absence of 0.5 mM OTG

The initial turnover at 25C in pH 7.4 solutions with several concentrationpMRglucoside
up to 30 mM. Data collection and curve fitting are ddsediin Chapter 2 (Section 2.3.4.1. &
2.3.4.1.1)

Since the kinetics of variants starts with a hyperbtikie pattern followed by a near
linear portion at later stage, the biphasic curves represent data also fitted to a double

MichaelisMenten curve:
V =Vinax1[S]/ (Kn1+ [S]) WVmax2[S]/ (Kn2+ [S]) (Equation 5.3)

in whichv is the initial velocityVnaxis the maximum velocity,, is the MichaelidMenten
constant and [S] is the substratercentration. This model assum¥€ga,o> Vinaxi and Ky, >
Kni. Although this equation provides good fit to the experimental data, the values of the
constants estimated from the equations can vary dramatically when [S] approEghen
this study, the pparentV,..owas unable to be accurately predicted and thus appakgnin
which saturation is unobtainable up to 0.1pWlP-glucoside (Appendix D.8.). The value of
apparentK,, and V.« returned from the fit were different from the values calculated from
EadieHofstee transformatiorfHofstee 1959Table 5.3). It is apparent that the double
MichealisMenten equation gives a much more precise estimatioipnd V.« as indicated

by a higher Rascompared to Eadi#¢lofstee transformation.
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Table 5.3K,values obtained from the linear fittings of Eadidofstee transformation and
double MichealisMenten equation
Goodness of fit was evaluated from R

Enzyme EadieHofstee Double MichealisMenten

Km(MM) R Knz (MM) R K1 (MM) Kz (MM) R
WT3P24E11 0.007 0.99 96.6 0.98 0.0045+0.0012 150.26+ 8.35 1
WT4P26F8 0.030 091 78.2 0.90 0.1249+0.0442 128.48+23.52 1
WT5P26A7 0.010 097 421 0.97 0.0038+£0.0033 66.12+ 4.08 1
THERMO2P23C: 0.050 092 105 0.91 2.4276+1.5005 60.43+2055 1
THERMO3P24F7 0.010 099 477 0.93 0.0186+0.0072 70.99+ 7.83 1
THERMO4P11Fz 0.010 0.95 487 0.94 0.0057+£0.0019 114.08+ 9.61 1

5.4. Structure z Implications of mutations

Structures often pruide a basis for understanding complex biological phenomena and for this
reason some effort was made to obtain some structural information. Cooperativity is often
associated with intesubunit interactions where the binding of a ligand to one subunit may
affect ligand binding to other subunifoshlandet al. 1966) The enhanced activity in the
presence of OTG was first observed for WT3P24E11 (T509A, K568Q, P597Q) and
THERMO3P24F7 (S550N, S566N and K568E). Given T509A has no significant effect on the
activation of WT1P17G2 and P597Q is located far away from the active site, it was likely that
K568Q was responsible for the activation. This agrees well with the similtations
observed in THERMO3P24F7 where the serine at position 550 and 566, were both converted
back to asparagine, the original residues in @B and the fact that K568E affects activation
directly. Furthermore, it has been noted in other studies tlea&blution has resulted in
changes at the interface of subunit boundaries and that this could account for enhanced
stability of the variant enzymes. For these reasons, it was thought useful to obtain some
indication of the oligomeric structure of the ne# and variant enzymes. Size exclusion
chromatography and discontinuous native protein gel electrophoresis analysis were
performed to monitor the different oligomeric forms of the native and variant enzymes. The
data are presented in the Appendix D.9&8.D.9.2., respectively. These are not approaches
that could lead to the identification of minor changes in the oligomeric state of the proteins.

In fact, the elution and native gel profiles of the selected variants and parents look very similar
leading b the conclusion that there are no significant differences between the natives and
their variant forms. However, neither physical technique could detect small differences in the
equilibrium between the different oligomeric forms and that there were srdéferences in

this equilibrium. Our results also ruled out the possibilities that it might be caused by: i)

differences in the ratio of dimer/tetramer that gave rise to different performance; ii) protein
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concentrations and iii) engroduct inhibition andactivation. The results and discussions of

these experiments are found in Appendix D.9.3.

A more definitive approach to structure involves the use eB¥X crystallography.
Although this is a very powerful tool, it requires the production of crystatsditiraction
experiments. The crystal structures Bf colii -GUS alone and in combination with a low
affinity inhibitor have been solve@Wallaceet al. 2010) An attempt to grow a crystal of
WT5P26A7 was penfimed using the published oditions (2 mg/mL protein in 23
polyethylene glycol 3350, 250M magnesium acetate, and 0.@2sodium azide at 16°C) with
varying polyethylene glycoPEG) 3350 concentration from 14% tad%dYersus magnesium
acetate concentratiorfrom 150 mM to 300 mM. Unfortunately, no crystals were observed.
Second attempt was performed with a library of known crystallising conditions. A series of
microbatch crystallisations in 96ell plates were performed using Hampton Research
Crystallisaibn kits including Inde¥, Crystal Screél, PEGRY, PEG/Iof" and SaltR¥!. Out
of 480 crystallising conditions trialled, only six conditions displayed possible crystal formation
(Figure 5.18).

The growth of crystals large enough foray diffractionwas attempted using the
hangingdrop method in 24well plates. The crystallisation conditions were optimized by
varying the pH values and PEG concentrations. No crystals were observed from any of the
scaled up crystallisations. Repeating the conditiosing batch crystallisation (as used in the
screens) might be more successful. However, the appropriate crystallisation conditions to

grow sizable crystals formay crystal analysis are still under investigation.
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(b)

Figure 5.18 WT5P26A7 crystals grown under differemnditions

(a) 0.2M ammonium tartrate dibasic, 26 w/v PEG 3350, pH 6.6 (b) 0.2 M amiaontartrate
dibasic (pH 7), 26 w/v PEG 3350 (¢)20M ammonium sulfate (pH 6), 20w/v PEG 3350 (d)
0.1 M sodium citrate tribasic dehydrateH 5.5), 22% w/v PEG 335D1% w/v OG (e) 0.1 M
sodium citrate tibasic dehydrate (pH 5.5), ¥8w/v PEG 3350 (f) 1.8 M ammoniuntfate, 0.1
M BISTRIS (pH6.5P2 v/v PEG monomethyl ether 550.
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5.5. Conclusions

The contents of this chapter were, for the most part, not anticipdtethe initial stages of the
project. The work came about as a result of the use of the BugBlistsrgent. As noted at

the start of this chapter, the manufacturer advertises that the reagent disrupts membranes
but does not interfere with the cellularrpteins. In addition, the manufacturer did not specify
what was in the BugBustEtreagent so that it was difficult for the investigator to determine if
the reagent was likely to affect a protein of interest without resorting to experimental tests.
BugBuster™ did not completely obliterate the activity -GUS and the treatment devised for

the assays gave rise to low levels of activity so that it appeared that this was an ideal protocol
to detect the increased activity of variants. It now apparent thagst of alternative methods

of lysis, such as lysozyme (and not some other surfactant), should have been carried out.

Despite the problems introduced by the BugBuSfaeagent, this work serves as an
example of how enzyme evolves to increase new dgtiin response to a competitive
inhibitor. This study also reveals the presence of OTG in most of the commerci@nimon
detergents making them not an ideal choice for cell lysis in directed evolution where the aim is
to enhance glucosidase activity.oriSequently, the directed evolution of GW&T and GUS
twoooT KlFa O2yFTANNXYSR GKIG ae2dz OFyQi Fftglea 3ASi
4 St SO @agger2&Richards 1969, Giver & Arnold 1998hat is, vaiants that have

enhanced activity in the presence of a component of BugBU&ter

The early experiments (Section 5.3) of this chapter identify the BugBlsesrgent as
the cause of the anomalies in the directed evolution. The evidence presented veasute
However, the process by which OTG effdct8US, was not so cleant. The BugBust&f
reagent is a mixture of compounds and analysis by chemical means was not straightforward.
Given the time constraints of an Australian PhD, it seemed thainggdikely components of
the BugBustel” reagent was a more realistic option. OTG mimics the effects of BugBlister
reagent on purified proteins, but it was possible that the BugBU%teragent contains more
than one compound that affects-GUS. If ther was more than one compound or if there
were different compounds in the Bugbust¥reagent that was (or were) responsible for the

effects on -GUS, then it was very likely that it was (or they were) very similar to OTG.

Structurally, OG was a glycosiderived from glucose and octanol (Figure 5.6a).
Because it was less stable and carhperolysedd € -glicosidaseSaito & Tsuchiya (1984ad
first synthesized OTG to offer an alternative to OG. The presence of the thioether linkage
YIRS h¢D NBAAA&NI yglucodidase RFREy@eNT.6B) Giver tife sbuéturés of OG
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and OTG it was not a surprise they inhibited the glucosidaseitagivof wildtype and the
variants generated in the first 2 rounds of directed evolution. Similar behaviour was observed
with SDS suggests that the aliphatic chain of OTG was in large part responsible for the affects

observed in the experiments describadthis chapter.

The fact that OTG was a competitive inhibitor of GMB and GUS$r3337 was
consistent with the idea that it binds in the active site. This is also consistent with the
observation that OTG has a sugar component that is similar to theiglbgical substrate and
the substrate being selected for in the directed evolution experiments. One would expect that
the glycosyl group of OTG caused it to bind in the active site and this gave rise to the observed
competitive inhibition. Thd obtained in these experiments indicates that it binds with very
low affinity. Variants have evolved such that OTG activates glucosidase activity, in a

concentration dependent manner, is surprising and has important implications.

Activation by OTG of later geragion variants was surprisingat( least to the
candidatur§ because evolution could simply have produced variants that did not bind OTG.
Clearly, the glycosyl group of OTG did not interfere with the activity of the later generation
variants suggesting #t mutations prevented the glycosyl group of OTG from binding in the
sugar binding site, but how did this happen? Perhaps, mutations were introduced that
prevented the glycosyl group from binding in the active site, but which allowed retention of
binding via the aliphatic group. This suggestion was speculative and further proof is heeded if
it is to be regarded as factual. However, the facts were that 1) OTG enhances the activity and
2) it did so in a concentration dependent manner. This second fast@ireuggests that OTG
acts on the later generation variants by binding to them. Experiments to verify and quantitate
OTG binding to GUS are best done with an isothermal titration calorimetric study, however, a
suitable instrument could not be accessedfie time needed to complete the experiment. It

is intended that this experiment be done in the future.

Further evidence that OTG binds to and causes significant changesGtdS is
provided by a comparison of the kinetics of th&US and -GUS in the msence of OTG. OTG
causes -GUS to take on MichaelMenten kinetics while the activity profile of the enzyme in
the absence of OTG is clearly not Micha®lenten. The saturation curves of OTG free
enzyme variants are best fit with a double Michedlienten model but obey Michaelis
Menten kinetics upon addition of OTG. This suggests that a structural change is involved and
that the structural change is brought about by OTG. This change may be due to OTG having a

direct effect on the active site or it ay cause an alteration in the subunit interactions that
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then causes a change in the active site. This later case was explored by trying to use negative
cooperativity to explain the reaction profile. However, the error associated with the
calculatedK, is significant indicated a poor fitting model. A more definitive technique was
required to settle this issue; ideallyray crystallography could have been used to clarify this

issue if suitable crystals had been obtained.

The use of BugbustBf costthe PID candidature a great deal of time and effort, but
its use also gave some insight into how enzymes might evolve in nature. At this stage some
speculation is in order. A component of BugbuS{¢©TGpinds toi -GUS and it seems likely
that it induces a structural change in the protein. Variants were selected based on the activity
of the enzyme / OTG complex. In the absence of OTG, these same variants displayed much
less activity suggesting that OTG also bitedthe variants, but not in the same manner as the
occurs in native -GUS (and thermostable GIO83337).In the absence of OTG, the structure
of the variant enzymes is not optimal for activity; hence the appearance of OTG activates the
variant forms of -GUS. In the experiments described in this chapter, OTG is an experimental
artefact. However, in the cell, it is possible that there is selective advantage in turning on (or
activating) an enzyme response to the presence of asulstrate reagent (calt factor X).
Under these circumstances, there will be some tendency for the enzyme to evolve in such a
way that later generation variants bind X and require it for activity. This seems to be what has

occurred in the evolution of-GUS with OTG.
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Chapter 6

Synthesis of steroidal glucosides using
glucuronylsyntiase

6.1. Introduction

One of the aims of the present study was to convert the evolve@US variants with
glucosidase activity into enzymes that could catalyse the synthesis of steroid glucosides,
enzymes that were denoted glucosynthases. Similar expetsrigad been carried out with-

GUS mutants; denoted as glucuronylsynthases. Background for this work was given in Chapter
1. The main impediment to the experiments described in this chapter was time. The
experiments to evolve GUS variants with alteredbstrate specificity had taken most of the

time allowed for an Australian PhD and there was only a short interval of time available to
make the necessary changes that might bring about synthetic activity. Very little time was left

to optimize experimentatonditions for the synthesis reaction.

6.2. Glycosylation reaction of glucuronylsynthase

In late 2005, three glucuronylsynthases (E504A, E504G, and E504S mutants\WiT & e
successfully expressed and isolated at the University of Sy@ikinsonet al. 2008) From

aO[ S2 R 3 NZadkIgdcurcayatioh feactions, it was found that the glycine variant
(E504G) was more active. This observation was thought to be due to the absence of a side
chain on G504. Similar experimental trials were carried out with some of the best variants
desaibed in Chapter 4. That is, the nucleophilic glutamate residue (E504) was also replaced by
either an alanine (E504A), glycine (E504G), or serine (E504S) residue, substitutions known to
be effective in other glycosynthasdgVilliams & Withers 2002) Both GUSVT and GUS
TR3337 alog with evolved mutants WT3P24E11, WT5P26A&Nnd THERMO4P11F2vere

subjected to mutagenesis at position 504. The mutants are shown in Table 6.1 below.
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Table 6.1 The glucuronylsynthase enzymes prepared through thediriected mutagenesis
of the nativeE coli gus

Glucuronylsynthase

Hydrolase

ES504A E504G E504S
GUSWT GUSWIES04A GUSWAES04G GUSWIES04S
WT3P24E11 WT3P24E1ES504A WT3P24E1E504G WT3P24E1ES504S
WTS5P26A7 WTS5P26A-E504A WTS5P26AE504G WTS5P26AE504S
GUSTR3337 GUSTR333E504A GUSTR333E504G GUSTR333E504S

THERMOA4P11Fz THERMO4P11HE504A THERMOA4P112504G THERMO4P11H504S

The present work follows protocols developed in the study of glucuronylsynthases so
that a brief description of that work will be given here. The first stertudigonide isolated
from the glucuronylsynthase reaction was derived from dehydroepiandrosterone (DHEA)
(Figure 6.1ajWilkinsonet al. 2008) DHEA was glumnylated in a low yield of 26, largely
caused by the very hydrophobic nature of the DHBAkinsonet al. 2008) The low aqueous
solubility of the DHEA was overcome by the hegsis of DHEAD¢(carboxymethyl)oxime
(CMODHEA) (Figure 6.10)Vilkinsonet al. 2008) The carboxylic acid attached to the end of
this oxime has a pKof ~23 meaning the carboxylate anion would and provide prevail
enhanced water solubility in the glucuronylsynthase reactions performed at pH Tle
higher aqueous solulity afforded an impressive %6 yield of CM& | 9 tgluduronide from
the glucuronylsynthase reactiorfWilkinon et al. 2008) Of particular interest, the
glucuronylation of testosterone afforded thdesired glucuronide in 48 50% yield(Ma et al.
2014) Since CM@HEA and testosterone were two examples used to demonstrate the
successful glucuronylsynthasis of steroidal glucuronides, these two steroids were used as

steroidal acceptors to test the glycosylation capability of the glucuronylsyethas

(@) (b) (c)

HO HO o

Figure 6.1 Chemical structures of steroids
(a) DHEA (b) CMDHEA (c) Testosterone.

The glucuronylation protocol developed had three main componentise
3t dzOdzNRyef a2y Kl asS Syl & YSgicuroriSluodde goids Snil a0l £ ¢
suitable acceptor alcohol (Figure 6.ZWilkinson et al. 2011) In this study, the
glucuronylsynthase enzymes are given in Table 6.1. The donor and acceptor substrates were

h-D-glucosyl fluoride and steroids (CMOIHEA and testosterone), respectivelylhey were
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prepared by Mr. Andy Pranata from the McLeod research group (ANU). Similarly, the
glycosylation reactionsvere carried out in a mixed %0 v/vtert-butanolsodium phosphate
buffer at pH 7.5 and 37 °C for 2 days. The additiotedfbutanol dads the solubility of
hydrophobic steroids and enhances the reaction ratedioicuronylsynthesigwilkinsonet al.

2011)

E. colglucuronylsynthase,
10%tert-butanol,
50 mM sodium phosphate buffer, pH 7.!

+ OHSteroid 37°C, 2 days

Figure 6.2 The glucuronylsynthase protocol

6.3. Extraction for glucuronides from the reaction mix

The solidphase extraction (SPE) cartridges were used to separate the components of the
glycosylation reactions. ThePE cartridges elute one or more components from a small
amount of sorbent using different types of mobile phases. The sorbent can be rpinase,
reversephase, iorexchange or a combination of each media. The protocol developed by the

McLeod group foSPE purification employed O&MWAX (weak anion exchange) branded SPE

cartridges containing polar and weak anion exchange residues (Figure 6.3). The carboxylic acid

function of the glucuronide conjugates, allow02 isolation of these conjugates using mixed

phase anionic SPE cartridges. Figure 6.4 gives an example of howrkg Ht Wiostrates the

SEGNI Ol A2y 2-Bgludubiide 2litecthd fiam W Saction mixture by the use of an

Oasi€2! - OF NINAR3ISO® ¢KS NBIFIOGA2Y YAEGIES O2y il Aya

glucuronyl fluoride, the glucuronide product S(& G 2 & O SDNRiohrSnide) and the

glucuronylsynthase enzyme.

Fraction Reaction mixture

\Z

1 % formic acid —> Hydrophilic comg dzy’ RB-gfucosyl fluoride
\/

2 mQHO —> Salts: phosphate
\/
3 methanc —> Neultral lipophilic compounds: steroid

\%

4 5% NJOH in MeOH —> Lipophilic acidic compounds: steroid glucuronid
Figure 6.3 Schematic diagram of the procedure used for WAX SPE cartridges
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