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Abstract

The carborcarbon bond forming ability of transketolase (TK), along with its broad
substrate specificity, makes it very attractive as a biocatalyst in industrial organic
synthesis. Through the production of saturation mutagenesis libraries focused on
individual active site residues, several variants of TK have Hemoveredwith
enharced activities on nomatural substrates. We have used computational and
bioinformatics tools to increase our understanding of TK and to guide engineering

of the enzymdor further improvements in activity

Computational automated docking is a powerful hague with the potential to
identify transient structures along an enzyme reaction pathway that are difficult to
obtain by experimental structure determination. We have used the AutoDock
algorithm to dock a series of known ketol donor and aldehyde accepibstrates

into the active site oE. coliTK, both in the presence and the absence of reactive
intermediates. Comparison of docked conformations with available crystal structure
complexes allows us to propose a more complete mechanism at a level af igta

currently possible by experimental structure determination alone.

Statistical coupling analysis (SCA) utilises evolutionary sequencprdatntwithin
multiple sequence alignments to identifgnergetically couplednetworks of
residueswithin protein structures Using this technique we have identified several
coupled networkswithin the TK enzymehich we have targeted for mutagenesis in
multiple mutantvariantlibraries Screening ofheselibrariesfor increased activity
on the nonnatural substrée propionaldehyde (PA)as identified combinations of

mutations that act synergistically on enzyme activity. Notably, a double variant has
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been discovered with a 2fdld improvement ink 4 relative to wild type on the PA

reaction, this is higher than amther TK variant discovered to date
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1 - Introduction

1 Introduction

Transketolase (TK) is a key constitutive enzyme in metabolic regulation, providing a
link between the pentose phosphate pathway and glycolysis through the
production of 3 and 6 carbon sugafglyceraldehyde3-phosphate and fructosé-
phosphate respectivelyfF(gurel.2 a and b)[1]. Found in the nofoxidative branch

of the pentose phosphate pathway, TK catalyses the reversible transfer of two
carbon ketol groups between several donor and acceptor substrates. In addition to
supplying substrates for glycolysis, TK controls the supply of Hhpd®sphate
(R5P), essential fordsynthesis of nucleotides and nucleic acids, and catalyses the
production of erythrulosed-phosphate (E4P) which is utilised by microorganisms in

the shikimate pathway for the biosynthesis of aromatic amino acids.

Transketolase was first purified froBacbaromyces €revisiae[2] and requires
divalent cations and thiamine diphosphate (ThDP) for its agfi8]t There is a high
level of sequence identity between the TK proteins dfedent organisms with
many residues displaying complete invariafde A second TK encoding gene was
identified inEscherichia Cal 1993[5], this gene was named tktB to distinguish it
from tktA. tktA and tktB share high sequence identity (74%) but tktA encodes the
major TK activity ife. coli All future references t&. cal TK refer to tktA encoded
transketolase. In all structures solved to date, TK exists as a homodimer with two

identical active sites positioned at the interface between the subunits.

The reaction catalysed by TK proceeds via a Ping Pong Bi Bi mechanism: two
substrates are converted into two products as the ThDP cofactor within the enzyme

active site shuttles between a free and a substrate modified intermediate §&hte

14



1 - Introduction

The Ping Pong Bi Bi model describes a specific type of Bi Bi mechanism in which
substrates and products are bound and released sequentially and the enzyme

shuttles between a free and a subsieanodified intermediate stat€Figurel.l).

S. Pl SZ PZ
A

2 \ 4
En EnS EnX EnX$S En

Figurel.1 Kinetic Scheme of a Bi Bi Ping Pong Mechanisnthe Bi BiPing Pong model the enzyme shuttles
between a free and a substrate modified intermediate state. In contrast to the standard Bi Bi model,
substrates and products are bound and released sequentially in the Ping Pong model

Enzymatic thiamine catalysis is rgoised as proceeding through two intermediate
states: the ylide of ThDP in which the C2 proton of the thiazolium ring is abstracted,
and the 2h carbanion which is formed following nucleophilic attack by the ylide C2
on the donor substratgd6]. Theh-carbanion is stabilised by the thiazolium ring
which acts as an electron sink. Further stabilisation is provided by interconversion
of the h-carbanion into a neutral enamine, creating a resonance hybrid. Following
formation of the intermediate, the two carbon unit is transferred from the
carbanion to the acceptor substrate forming a ketose with an extended carbon
skeleton through nucleophiliattack. The ThDP in TK is bound in a V conformation
which brings the amino group of the pyrimidine ring into close proximity witie

C2 carbon atom of the thiazolium ring, this conformation is essential for catalysis

[7].
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1 - Introduction

Broad substrate specificity, stereospecificity and stereoselectivity have made TK an
attractive target for applications in organic synthef8$. The reversible reaction
catalysed by Thh vivohas been utilised in a synthetic manner, but if the natural
ketol donor is replaced with hydroxypyruvic acid (HPA)h@a dioxice is released

as a byproduct rendering the reaction irreversible and far more industrially useful
(Figure 1.2 c¢). The industrial applicability of TK has been furtlaeiapted by
engineering the protein sequence of the enzyme to improve attributes such as
substrate specificity and enantioselectiv[§11]. This thesis explores the potential

of computational applickons to direct and optimise the engineering of this enzyme

towards even greater improvements.

a) OH OH OH O TK OH OH O OH
(P)OM + <P>0vk‘/‘b0H <P>0v'\/K‘/‘bOH (P)OVH
Lo +
OH O OH Mg*, TPP OH OH Io
pfibose-5-P p-Xylulose5-P p-sedoheptulose7-P  -glyceraldehyde3-P
b)
OH OH O TK OH O OH
+ (PO OH =—= OH (PO
o7 Mg, PP 0 + |
OH O OH 9% OH OH o)
p-erythrose-4-P p-Xylulose5-P o-fructose-6-P o-glyceraldehyde3-P
C)
OH o] TK OH ©
e Mg?*, TPP OH
Aldehydeacceptor b-HPA

Figurel.2 In vivoand In vitro reactions catalysed by transketolase. Reactions (a) and (b) ogtwivoin the
non-oxidative branch of the pentose phosphate pathway and are reversible.I(cyitro the ketol donor is
generally replaced withb-HPA, rendering the reaction irreversiblehitough elimination of CQ Various
aldehyde acceptors are accepted by TK but TK preferentially accagigdroxylated aldehydes with the (R)
configuration.

16



1 - Introduction

1.1 Transketolase structure and mechanism

1.1.1 Transketolase structure

The first transketolase structure was solved for yeast TK in 1992this was
refined to 2A in 199413] (1TRK). Since then, several other transketolase structures
have been solved for TK. TEe coliTK structure was solved in 199#4] (1QGD),
Maize TK in 2003815] (11TZ) and_eishmania MexicandK in 2004[16] (1R9J).
Several further yeast TK structures have also been solved in the quest to refine our
functional understanding of this catalyst. These include Apfl TK D-ethrythrose
mutants of TK19] (LAYO) and several complexes of TK with ThDP analf2]es
(1TKA, 1TKB, 1TKC). More recenfly,coliTK structures were determinech i
covalent complexes with DX5P (2R80) and DF6P (2R8P), and -covatent

complex with DR5P (2R5[21].

The majority of detailed structural analysis and functional studies have been carried
out on the yeast TK protein. Yeast aBdcoliTK share a very high level of sequence
identity and all homologous TK structures defined show near identical
conformations of functional residue side chains. The vast majority of functional
residues identified iryeast TK are 100% conserved in all TK proteins sequenced so
far. We can therefore utilise the data and information gathered for yeast TK and
apply it in our study oE. coliTK. Throughout this thesis, except where scientific
evidence is based solely orast TK, numbering refers . coliTK and is based on

the PDB structure 1QGD. Where yeast TK numbering is used, residues are
underlined and numbering is based on the PDB structure 1TRK (in these situations
E. colinumbering is also reported in bracket&ey functional residues are listed in

17



1 - Introduction

Table 1.1 together with the correspondinge. coliand yeast numbering for

reference.

In all TK structures solved to date, TKaiBomodimer consisting of two subunits
each of 7674 kDa figurel.3 a). ThDP binds along with the metal ion cofactor at
the interface between these two subunits. Each subunit of TK is made up of three
domains, the Nerminal domain or the PP domain, the middle domain or Pyr
domain, and the @rminal domain Figurel.3 b). Each of the domains is bfi

type and the PP and Pyr domains are structurally similar when superimposed upon
each other. The following structural analysis of treetskase is based on the
structure forE. coliTK[14], but could egally be applied to the structure of yeast TK

due to the high degree of structural equivalence.

The PP domain d&. coliincludes residues-317 and comprises of a five stranded
paralleli sheet with several helices on either side and some on top of tleetsh
Theh/i connection after the third strand contains a hairpin loop 491, this loop

is involved in binding the cofactor and has been shown to be mobile in the apo
transketolase of yeadtl7]. In the holeenzyme of yeast THsp 192(190) andlle

191 (189) are in contact with the mat ion and the cofactor. These interactions
keep the hairpin in a closed conformation, enclosing the cofactor and shielding it

from solvent[14].

The Pyr domain includes residues 8&. This domain is made up of a parallel
sheet of six strands. As mentioned above, the Pyr domain is structurally similar to
the PP domai. The similarity between these two structural motifs is most

pronounced in the last fout/i units of the two domains. Like the PP domain, the

18



1 - Introduction

Pyr domain forms interactions with the THDP cofactor through the loops at the

carboxy ends of the-sheet[14].

The Gterminal domain of TK consists of a mixeesheet with one antiparallel
strand followed by four parallel strands. This domain is not involved in binding the
ThDP cofactor and contributes less to the dimer interface interactions than do the
other domains. Recent resulf22] have demonstrated that the €@rminal domain
is not esential for catalysis. The function of this domain remains unknown but it

has been suggested that it may have a regulatory or a cellular localisation role.

The interface between the subunits of TK consists of a buried region representing
approximately 18% of the accessible surface area of one free mondb3pr
Interactions between the two equivalent PP domsiconsist of tight packing
interactions between the equivalent helices that linkstrands two and three and

the equivalent helices that link strands three and four. The main interactions
between the Pyr domains of each subunit are limited to the equintahelices that

link strands four and five of the Piyrsheet. This dimeric configuration positions the
loops at the carboxy ends of the PRheet facing the loops at the carboxy ends of
the Pyri -sheet of the other subunit. The region where these loopse together

constructs the ThDP binding site and the active site of TK.

19



1 - Introduction

Gterminal domain

Figurel1.3 (a) E. colitransketolase homodimeric structure (1QGD) coloured by chain. (b) Chain E.afoli
transketolasecoloured by domain.

20



1 - Introduction

TK Nimbering
Residue E. coli S.cerevisiae  Proposed function

His 26 30 Interacts with substrates

His 66 69 Interacts with cofactor and substrates
His 100 103 Interacts with substrates

Gly 114 116  Interacts withLJ®8 N&A Y A R A-NHH
Leu 116 118 LY GSNI Ola sAlGK LR
Asp 155 157 Metal ion ligand
Asn 185 187 Metal ion ligand

lle 187 189 Metal ion ligand (main chain oxygen)

lle 189 191 Contact with metal ion and cofactor
Asp 190 192 Contact with metal ion and cofactor
His 261 263 Interacts with cofactor and substrates
Arg 358 359 Interacts with phosphate of substrates
Leu 382 383 Interacts with cofactor thiazolium ring
Ser 385 386 Interacts with phosphate of substrates
Val 409 lle 416  Interacts with cofactor thiazolium ring
Glu 411 418 t NRG2Yy Il 0Sa bmQ YA
Phe 434 442 Interacts with pyrimidine ring
Phe 437 445 Interacts with pyrimidine ring

Tyr 440 448 Interacts with pyrimidine ring

His 461 469 Interacts with phosphate of substrates
Asp 469 477 Interacts with substrates

His 473 481 Interacts with substrates
Arg 520 528 Interacts with phosphate of substrates

Tablel.1 Key functional residues identified in yeast arl colitransketolase with corresponding numbering.
All residues are conserved apart from Val 109EncoliTK, the equivalent of which is lle 416 in yeast TK.

1.1.2 Cofactor binding

ThDP binds in a deep cleft tite interface of the two TK subunits. Bound ThDP is
totally isolated from the surrounding solvent apart from the reactive C2 carbon
atom of the thiazolium ring. Unlike the structure of free ThDP, the bound cofactor is
strained into a Weonformation. Thi® NA y 34 G KS LIBHRAgUpRkoy S
close proximity with the reactive C2 carbon and contributes to the catalytic

mechanism of all ThDP dependent enzyntagyrel.4).

ConservecE. coliTK residues His 66 and His 261 form hydrogen bonds with the

diphosphate group of ThDP. Two oxygen atoms of diphosphate together with Asp

21
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1 - Introduction

155, Asn 185 and the main chain oxygen of lle 187 are ligands*o&i@hacreate

further indirect interactiong14].

Whilst the diphosphate of ThDP forms irsetions with one subunit of TK, the
thiazolium and pyrimidine rings of the cofactor are bound in a cleft between the
subunits. The thiazolium ring forms hydrophobic interactions with conserved
residues Leu 116 and lle 189. The C4 methyl group of the thuazong interacts

with the side chains of Leu 382 and Val 409.

The pyrimidine rings stacked with the ring system of Phe 437 dodns further

interactions with conserved residues Phe 434 and Tyr 440. Main chain atoms of Gly

114 and Leu 116 form-Bl2 Y Ra 6 A 0 K ( KS-b LJ® N NR 88y § y RA i F
YAGNRISY |G2Y NBALISOGAGSted ¢KS bmQ yAdN
bond with Gu 411 [14]. This interaction is very important in the molecular

mechanism of enzymatic thiamine catalyg2§].
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1 - Introduction

_lle 187

7

Asn185

Figure 1.4 ThDP bound in one active site d&. coliTK with the C& metal ion. The active site is formed
between the PP domain of chain A (blue) and the PYR domain of chain B (he@yacting residues are
labelled.

1.1.3 Substrate binding and recognition

The active site binding cleft of TK is a deep funnel leading towards the exposed
reactive C2 of ThDP. Conserved loops make up the walls of this binding funnel. Two
conserved arginine resiies are positioned at the entrance to the binding funnel.
The middle of the binding channel contains several conserved residues including
Asp 469, Ser 385 and His 461. Towards the base of the binding cleft, near the
thiazolium ring of ThDP, there is a stier of histidine residues on one side and

there are also several conserved hydrophobic residaids
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1 - Introduction

The crystal structure of the acceptor substrate, DEM®uUNd in yeast TK gives
insight into the residues involved in substrate binding and recognitid. The
phosphate group of the acceptor substrate forms interactions with several
conserved residues near the entrance of the binding funAed.359 (358),Arg528
(520), Ser 386 (385) andHis 469 (461) form interactions with the substrate
phosphate groupThese interactions position the substrate in the binding channel
in the correct orientation, the long side chains of the arginine residues may also
provide some flexibility to allow the substrate to move towards the reactive C2 of
ThDH18]. Asp477(469) forms polar interactions with the @¥droxyl group of the
substrate and the aldehyde oxygen atom is withHbéhding distance ofis30 (26)

andHis263(261) Figurel.5) [18].

In order to further elucidate the role played by the arginine and histidine residues
at the entrance to the binding funnel, these residues have been subjected to site
directed mutagenesis in yeast TK8]. Substitution of resiues Arg359 (358),
Arg528(520) andHis469(461) for alanine did not have a great effect on catalytic
activity (residual catalytic activities were 31%, 17% and 77% respectively) but did
increase K, values for donor substrateand in particular acceptor substrates
significantly. Consistent with the crystal structure of DE4P bound in the TK active
site, these results support a role for these residues in binding the phosphate group

of substrates.

The pattern of Fbonds formed ly Asp477(469),His30 (26) andHis263(261) with

the acceptor substrate is consistent with tlkaantiosensitivityTK displays towards

D-threo configured donor substrates. Inversion of the stereocentres in the favoured
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configuration would disrupt this 4ond network and reduce enzyme affinity for
substrate. The potential of forming atbdnd with Asp477 (469) also explains the
preference fora-hydroxylated acceptor substrates. ReplacemeniAsp477 (469)

with alanine in yeast TK resulted in an enzymehvwgeverely impaired catalytic
activity [24]. Kcat/Km for this variant is reduced relative to wild type TK fér-D
hydroxyaldehydes (DE4P, DR5P) and this reduction is equivalent to the reduction in
Kcat/Km for he wild type enzyme with -Beoxyaldoses or-i-hydroxyaldehydes

[24].

Yeast TK residuddis 30 (26) andHis263 (261) have also been mutated to alanine
[19]. These residues are within-lbbnding distance to the carbonyl oxygen of the

aceptor substrate and their mutation to alanine has a large effeckgi{19].
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Figure1.5 DE4P bound by yeast TK. The active site is formed at the interface of the PP domain of chain A
(blue) and the PYR domain of chain B (red). Residues from both chains make key interactions with DE4P.
Interacting residues are labelled with yeast TK numberirdydrogen bonds are displayed by yellow dashed
lines.

A cluster of histidine residues is located towards the base of the binding funnel
close to the reactive C2 of ThDP. Based on the structures of TK and acceptor
substrate (DE4P) bound TK, histidine resgHis 69 (66) andHis 103 (100) were
predicted to form Hbonds with the Cdhydroxyl group of the donor sugar
phosphate[18]. In support of this role, replacement bfis69 (66) orHis 103 (100)

with alanine had little effect on theK, values for aceptor substrates but
significantly increased those of donor substrafd®, 25. These mutants also
displayed a significant decrease in catalytic activity. Although hydroxypyruvate is a
donor substrate for TK, pyruvate is not. The recognition of théyeitoxyl group of

the donor by these two histidine residues might explain this molecular selectivity. In
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a crystal structure of the covalent enamine intermediate bound in yeag7]TKlis
103(100) formed a Hbond with theb-hydroxyl oxygen of the intermediate. The
hydroxyl oxygen also interacted withlis 69 (66), indrectly through a water
molecule. These interactions further support a role fbg69 (66) andHis103(100)

in discrimination between hydroxypyruvate and pyruvate.

Recent structures determined of covalent intermediatesEincoliTK support the
structurd studies above and the conserved function of residues between yeast and
E. coliTK [21]. DX5P and DF6P covalent intermediates adopted very similar
extended conformations in the active site Bf coli TK, forming at least 11 well
defined hydrogen bonds with the side chains of active site residues. The C1
hydroxyl and Chydroxyl groups of both substrates formed interactions with His
nto |y Ramidokg®upmoithe ThDP pyrimidine ring. Thet@droxyl group

also formed a hydrogen bond with His 100. Theh@&roxyl groups interact with

the two histidine residues His 261 and His 26 and thdye4oxyl group interacts
with Asp 469 and His 26-ifure 1.6). Phosphate interactions were mediated by
residues His 461, Ser 385 and Arg 358 with the phosphate group of DF6P slightly
closer to these residues due to the longer carbon chain. The additi@shydroxyl

group of DF6P interacts with Ser 385.
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ThDRX5P covalen
complex

His 461 ‘

S

His 100

\

Figure 1.6 Structure of the covalent complex formed between X5P and ThDP in the active site abliTK.
The PP domain of chain A is coloured blue ahd PYR domain of chain B is coloured red. Residues forming
interactions with the complex are labelled. Hydrogen bonds are displayed by yellow dashed lines.

1.1.4 Molecular mechanism of Transketolase

Transketolase catalyses the transfer of a two carbon unit facketose donor to an
aldose acceptor, the reaction proceeds through two major steps. In the first step,
the donor substrate is cleaved to produce an aldose and a covalent intermediate,
ThDPh -carbanion. The second step is initiated by nucleophilic attackhe h-
carbanion on the acceptor substrate, resulting in a ketose product with an
extended carbon skeleton. This reaction mechanism, described in further detail

bellow, was proposed by Schneider and Lindqvist (1p83Figurel.1Figurel.?).
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Figurel.7 Reaction mechanism of transketolase, reproduced from Biochemica et Biophysica Acta (1385 387
398) with permission from author and publisher.,B\B LINB & S viniirio grdui§ 8f the gyrimidine ring; B
NBLINBaSyda SAid kiinegroup & ThiPT Byrepgedkhtsieir@r His Q6 or His 261.

Prior to the first step in catalysis, the C2 carbon of the thiazolium ring must be
deprotonated in order to create an ylide that can attack the donor substrate.
Evidence suggests that the deprotonation of C2 tslgaed ly the cofactor itself

[23]. The transketolase molecule contributes to cofactor deprotonation by
maintainingthe VO2 Y T2 NI G A2y 2 F ¢ KNH2 Broup iiith cloke 06 N y -

LINPEAYAGE S6AGK GKS /nH OFNbB2y:= |yR KNP dz3
pyrimidine Ay 3® ¢KS bmMQ yAlNER DS with &lu 4INRhis2 y | (S
interaction alters thepY I 2 F-b 1 KSANRdzZL) ' yR f SIFIR&a- G2 (K

imino group which is sufficiently basic to deprotonate the C2 carbon of the

thiazolium ring6].

Once the C2 carbon has been deprotonated, the carbanion formed attacks the
carbonyl oxygen of the donor substrate to create a high energy intermediate.

During covalent bond formation bewen ThDP and the donor substrate, a proton
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donor is required to stabilise the negative charge forming at the carbonyl oxygen.

|l A4 nTto | yR-imink §oupdt ThEE SdRpogsilile proton donors at this

step in the reaction. While site directed mutagesis of theHis 481 (His473) in

yeast TK suggested a role in transition state stabilisation, the lack of conservation of
0KAd KAAGARAYS NBaARdzS | ONER andno grauirBapd ¢ Y S

be responsible for the majority of transition $¢éastabilisation.

The final steps in TK catalysis require an acid/base catalyst that can deprotonate the
hydroxyl group of the substrate at C3, catalysing the cleavage that producés the
carbanion intermediate, and act as a proton donor to the carbonyger of the
acceptor substrate as it is attacked by thearbanion. Both His 26 and His 261 are
within Hbonding distance from the G3ydroxyl group of the reaction intermediate

and the carbonyl oxygen of the acceptor substrate. Replacement in yeaghef ei

of these residues by alanine severely impairs catalytic activity and they may act

together as the acid/base catalyst in the react[d].

Crystal structures of the covalent high energy intermediates formed with DX5P and
DF6P irE. coliTK reveal a conformation in which thewly formed CZ> bond is
out-of-plane with the thiazolium ring by 230° (Figure 1.8) [21]. This strained
conformation will be relieved upon product elimination conceivably providing the
driving force for the reaatin. Density functional theory (DFT) calculations
supported the above oubf-plane conformation, demonstrating that this
conformation is energetically favourable relative to a model with lemar C23

bond [21]. No structural rearrangements were seen in the active site following

intermediate formation, suggesting that the active site is poised for catalysis such
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that the substrate binding energy and the enthalpic energy gain followavglent
bond formation between ThDP and the donor substrate can be channelled directly

into the formation of the high energy, strained intermediate.

Figurel.8 Covalent complex of X5P and ThDP isolated in the active sité.@oliTK. The strained angle of the
out-of-plane C2Q bond is displayed relative to the thiazolium ring of ThDP.

1.2 Transketolase as a biocatalyst

In vivg trasketolase catalyses the transfafra 2carbon ketol unit from Exylulose
5-phosphate to Bribose5-phosphate, generating Bedulose7-phosphate and b
glyceraldehyde8-phosphate. The carbeoarbon bond formation catalysed by TK is
both stereospecific and stereoselective, making this ey \atractive enzyme for

the industrial production of complex organic structures. Unlike traditional chemical
methods for organic synthesis, enzymatic catalysis does not require complex
protection and deprotection steps, additional advantages include deeachiral

control and milder reaction conditions.
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The reversible reaction catalysed by FKvivo has been utilised for industrial
applications but the usefulness of the biocatalyst can be enhanced by replacing the
D-xylulose5-phosphate (X5P) ketol donawith i -hydroxypyruvate (HPA). Use of
HPA results in the elimination of g@ereby rendering the reaction irreversible

[26].

In addition to varying the ketol donor, much work hasen carried out exploring

the substrate specificity of TK for aldehyde acceptors. Although TK favours
aldehydes containing an'-hydroxylated group in an (Rpnfiguration [27],
specificity with respect to the aldehyde is relatively broad with both -non
phosphorylated and phosphorylated aldehydes of varying sizes being acdégied
Steric hindrance appeart® impact on relative activity with cyclic aldehydes and

aldehydes containing bulky groups displaying lower activities.

The broad nature of aldehyde substrate specificity is advantageous for the
application of TK in organic synthesis as it provideshiléyi in the nature of
structures that can be produced. The broad specificity also provides a good starting

point for engineering TK to improve activity on noatural substrates.

Early work in the development of TK as a biocatalyst utilised commeavalikable

S. cerevisiadK, and spinach TK extracted from spinach leaves. These sources are
readily available but do not offer the scale required for an industrial process. In
1993, Hobbset al developed an efficient and reliable source of TK by introdyicin
the previously clonedt. coliTK gene fragment into a high copy number plasmid and
transforming this intoE. coli[29]. The resulting transformants overexpressed TK

with superior specific activity to that obtained previously fréncoliTK. Evaluation
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of the substrate specificity dE. coliTK demonstrated a similar profile feastTK
and the same preference fdr-hydroxylated aldehydes with an (Bdnfiguration
[29]. An additional benefit OE. coliTK was its increaseattivity withHPA (60 U/mg

protein) relative to yeas{8.6 U/mgprotein) or spinach (2 U/mgrotein) [1, 28, 30].

1.2.1 Use of Transketolase in enzymatic synt heses

Transketolase has been used successfully in various organic syntheses of both
natural and unnatural complex, chiral compounds. The compounds produced using
transketolase are expensive and would require complex rstdfd synthesis if
produced usingraditional chemical methods. Some of the compounds synthesised

by transketolase cannot be produced chemically.

In an early example, 1,2°G]-xylulose was produced from [23G)]-
hydroxypyruvate and iglyceraldehyde using spinach transketolagl]. The
isotopic labelling of sugars is useful for the study of metabolism and structure.
Introduction of two adiicent™*C labels is particularly useful due’f&*C coupling.
Transketolase has also been utilised to produce glycosidase inhibitors fag@gine
and 1,4dideoxy1,4imino-D-arabinitol [33], which have applications as

agrochemicals and therapeutic agents.

Commercially available TK was used together with chemical steps to prbeexe
brevicamycin, a beetle pheromone with applications in pest control. In this example
TK was used to convert a racemic mixture bfyAroxy butyraldehyde and HPA into

the key ti-hydroxy ketone intermediate in the procef3].
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Production of expensive food addiéis has also utilised TK. Spinach TK was used to
produce 6deoxyL-sorbose, a precursor for synthetic furaneol, an aromatic product
with a caramel like flavour. In the above synthesis, serine glyoxylate amino
transferase was used to prepare HPA andedéxylL-threose was obtained by

microbial isomerisation of-dleoxyL-erythrulose[35].

Multi-enzyme approaches have been successfully applied to the production of
sugars 4deoxyD-fructose 6phosphate and Exylulose Sphosphate. In the first
example, 4deoxyD-fructose 6phosphate was syn#sised in a process including
four steps and two enzymatic reactions. Epoxide hydrolase was first used to obtain
(3S)1,1-Diethoxy3,4-epoxybutane which was subsequently opened by inorganic
phosphate to produce -2leoxyD-erythrose 4phosphate. This aldehgdwas then
reacted with kerythrulose in the presence ofeast TK to introduce the second

chiral centre[36].

In the second example,-Kylulose5-phosphate, a valuable substrate required for
enzymatic assays, was prepared in gram quantifieeugh a onepot procedure
incorporating fructose 1,6 bisphosphate aldolase followedebycoliTK[37]. The
aldolase was initially used to produc®-glyceraldehyde3-phosphate and
dihydroxyacetone phosphate (DHAP) through redtdolization of Bfructosel,6-
bisphosphate. The -Dlyceraldehyde3-phosphate produced was then coupled with
HPA byE. coli TK to produce X5P. Zimmermaret al also incorporated
triosephospha¢ isomerase (TPI) to equilibrate the two products of the retro

aldolization thereby increasing the overall yield. Thanks to recent advances in
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synthesiq38], DHAP is now available as a starting point, opening up a new route to

the synthesis of X5P using just TPI ani3BK

Finally, trarsketolase was utilised to cataly the key asymmetric step in a process
to produce Nhydroxypyrrolidine, a glucosidase inhibitor. In this synthesis TK was
used to couple (4-3-O-benzylglyceraldehyde with HPA tgeld 50O-benzyiD-

xylulose in multigram quantitigfglQ).

1.2.2 Optimisation of process for industrial application

To utilise TK in large scale industrial enzymatith®ses, limitations in the process
must be identified and overcome to ensure product purity and maximise yield and
efficiency. Limitations in TK biocatalysis include stability of the enzyme (reaetive
hydroxy aldehydes inactivate T4&1]), and product inhibition. More general process
options also need to be optimised during process development to ensure maximum

yield, minimum costad scalability.

One strategy to overcome the problem of substrate deactivation of TK is to
minimise substrate concentration by carrying out the reaction in an enzyme
membrane reactor. Applied to the production ofekythrulose from GA and HPA
this strategywas able to increase the hdife of TK from 5.6 hours (repetitive batch
reactor) to 106 hours (enzyme membrane reactor). This improvement in stability

resulted in an increase in space time yield from 28 g/L/d to 45 dA1H

An alternative approach to increasing enzyme stability is to immobilise the enzyme
on a support. GA is believed to deactivate TK by forming Schiff baseamirio

acid side chains on the surface of the enzyme. Formation of Schiff bases can alter
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the three dimensional structure of proteins. Stabilisation of TK by immobilisation
can be explained by the prevention of the formation of Schiff bases, or by rigglify
the three dimensional structure of TK. Applied to the production -efyithrulose

from GA and HPA, immobilisation of TK on commercially available supports
(Amberlite XAE¥ and Eupergit C) increased the stability of TK bya8@ 106fold
respectively.Immobilisation was unable to prevent inactivation by oxidation but
this could be reduced by thenclusion of a stabilising solute such as
mercaptoethanol [42]. Immobilisation confers additional benefits on process
productivity: allowing the enzyme to be retead in the bioreactor, extracted from

the product stream, and/or reused.

In situ product removal(ISPR)has been explored as a means to overcome
limitations introduced by product inhibition. -érythrulose was successfully
removed using an immobilised phdhgronate resin, however there were also
considerable levels of nonspecific substrate binding to the resin which reduced the
actual yield. To overcome the problem of nonspecific binding, a fed batch system
was utilised. The fed batch mode gave the addechdfie of reducing the
deactivation of TK by GA. The rate of deactivation of TK by substrate is much higher
than by the synthesised produd#l], therefore in practice the reduction in
aldehyde toxicity overcame the benefits of product removal and negated the need

for ISPR43].

Work has also been carried out to explore more general process development
strategies to optimise yield, cost and scalability. The synthesis of X5P using TK and

TPl has been utilised as a model reaction to investigate the potential of
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semiquantitative proess screeningto speed up process development for
multienzyme biocatalytic processes. This approach has the potential to reduce the
number of process options that need to be screened, applied to the synthesis of
X5P the strategy successfully identifiedanbiocatalytic routes and processes for

further investigation44].

As an alternative to reducing the number of process options to screen,-high
through microwell based based methods can be used to screen multiple process
options in parallel. For TK process characterisation a more efficient alternative to
microwells has receft been developed in the form of an immobilised enzyme
microreactor (IEMR). The microreactor developed is composed of enRfong
fused silica capillary with a 2Q@n internal diameter. Hiséagged TK is reversibly
immobilised inside the capillary via-NTA linkagesHistagged TK is expected to be
kinetically identical to ustagged protein based on the location of the His tag and on
previous kinetic characterisationThe reactor can be operated in stop flow or
continuous flow mode and product is analyseg HPLC. For high throughput
screening of different process options or different enzyme variants the IEMR has
several advantages over traditional microwell approaches, these include reduction
in reactant volume, enhanced productivity, reduced reaction tiam&l increased

reusability[45].

1.2.3 Transketolase enzyme engineering

Although TK displays broad substrate specificity,-natural aldehyde substrates
are converted at far lower rates than the phosphorylateehydroxylated natural

substrates. The production of ngrhosphorylated chiral products is one of the
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major advantages of TK over other enzymes such as aldolases, it would therefore be

advantageous to increase the activity of TK on thesemanral substrates.

In addition to process engineering, enzyme engineering can be applied to TK to
further optimise the biocatalyst for industrial applications. The good structural and
mechanistic understanding of TK and its broad substrate specificity make the wild
type enzyne a good candidate for enzyme engineeringowever, the twe
substrate mechanism of TK complicates engineering as any change can result in
positive or detrimental effects to the binding of either substraterecent years TK

has been engineered to improvigs activity on nomphosphorylated and non
hydroxylated substrates. The enzyme has also been engineered to improve or

reverse its stereoselectivityith these nonnatural substrates.

Early work on TK engineering focussed on improving activity in the mealetion

of GA and HPA to produceekythrulose. Variants with up to-told improvements

in activity against GA were identified by screening a library of single point mutants
generated by saturation mutagenesis of nineteen positions. Residues were sklecte
for mutagenesis based on structural and phylogenetic criteria. Two sets were
included: residues within 4 of bound substrates, and phylogenetically varied
residues within 108 of TPP. Following the screen, twelve variants were identified
with enhanced pecific activity on GA relative to wild type TK. Six of the nineteen

residue libraries yielded variants with improved activity.

The greatest improvements in activity against GA were associated with variations at
residues His 461, Arg 520 and Ala 29. Hi% 4nd Arg 520 interact with the

phosphate group of natural substrates, mutation of these residues could improve
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GA accessibility to the active site by removing a charged group or by reducing the
steric bulk around the entrance to the active site. Thedtposition identified, Ala

29, is harder to rationalise as it is in the active site second shell and is in direct
contact with the terminal phosphate group of TPP. Overall, residues with high
sequence entropy were more likely to confer enhanced activityG# following
mutagenesis. The important exceptions to this rule were the three residues known
to interact with the phosphate group of natural substrates. Saturation libraries of
His 461, Arg 358 and Arg 520 all yielded at least one mutant with increpeetic
activity on GA despite the low sequence entropy at these positions. Interestingly

the most successful mutations were noatural variant§9].

In addition to increasing activity on ngphosphorylated substrates it would be
advantageous to extend the applicability of TK by enhanattgyity on aliphatic,
non-hydroxylated aldehydes. Typically, activity of wild type TK on these substrates
is only 5%85% of that forh -hydroxylated aldehydes such as GA. The active site
variant libraries described above were screened for TK catalysedigtiod of 1,3

dihydroxypentar2-one (DHP) using the aldehyde substrate propioanidehyde (PA).

Twentysix distinct mutants were identified with increased specific activity on PA
relative to wild type. These variants represented eight of the nineteen residue
libraries. Five of the eight libraries yielding enhanced activity on PA had been
previously identified through screening for enhanced activity on GA. These included
the group of residues which interacts with the phosphate group of natural
substrates, Ar@58, His 461, and Arg 520. The phylogenetically variant residues in

the active site second shell, Ala 29 and Asp 259, were also identified. A third group
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of residues not previously identified yielded variants with the greatest increase in
activity on PA. fAis group was made up of conserved residues His 26, Asp 469 and
His 100. These residues form a pocket in the active site and directly interact with
the hydroxyl group at C2 of erythrogephosphate. The greatest increase in activity
on PA was observed witB469T which demonstrated af6ld improvement in

specific activity over wild typgL0].

Variation of phylogenetically variant residues or those interacting with the
phosphate group of natural substrates leal ¢nhanced activity on both GA and PA
[10, 46]. In contrast, mutation of hydroxyl interacting residues produced variants
with enhanced substrate specificity for PA over GA. The D469Y mutant displayed
the greatest substrate specificity, \wita 64fold higher activity on PA relative to GA

[10].

Wild type TK catalyses the production eédythrulose from GA and HPA with 95%
ee, but 38DHP is only produced in 58% ee using PA and HPA. To identfytva

with increased stereoselectivity for the production of-BSP, Smittet al screened

the three variant libraries of residues that interact with the hydroxyl group of
natural substrates, His 26, Asp 469 and His 100. Significant increases in
stereoseletivity were obtained with the D469E variant which produceel3® in
90%ee. Interestingly the majority of His 26 variants lead to the formation of 3R

DHP and H26Y produced-BRIP in 88% €d.1].

This work was extended to establish the enantioselectivity of wild type TK and
selected variants on linear aliphatic aldehydes inéreasing length and cyclic

aldehydes. Compared to wild type TK, D469E TK produced products in greater yields
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for the longer chain and cyclic aliphatic aldehydes although yield did decrease as
chain length increased. Although yields were lower, D469Elayis@ enhanced
stereoselectivity with longer chain aldehydes and over 99% ee for cyclic aldehydes
cyclopropanecarbaldehyde and cyclopentanecarbaldehyde. H26Y gave product with
lower yields but the reversal of ee was maintained across all the aldehydesltest

with the highest ee noted for butanal at 97%].

Although work to date has been limited to single point variants and residues in
close proximity to the active site, considerable 8t has been achieved in the
engineering of TK. Activity on both nphosphorylated and noiydroxylated
aldehydes has been improved byfdd relative to wild type, and enantioselectivity
has also been improved for the navatural substrates. Surprisinglg single point
mutation was also able to reverse the enantioselectivity of the enzyme. The
variants identified further expand the potential applications of TK for industrial
synthesis applications. However, there is significant potential to further ergifiK

to the point wherenon-natural substrates converdt the same rate and with the

same exquisite stereoselectivity as the natural substrates.
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1.3 Current methods in enzyme engineering

Directed evolution can be used to engineer the catalytic propertiesnaf/mes and
has been used successfully to modifpperties such aspecificity, selectivity and
enantioselectivity. The general process of directed evolution can be broken down
into three steps; generation of a variant library, screening for a desiregquty

and selection of positive variants for the next cycle. Although most directed
evolution experiments follow this overall process, there are many different ways to
carry out each step. The main limitation in directed evolution is the size of the
library that can be screened. Typicalljbraries of 18 to 10° variants can be
screened using higthroughput techniques and robotic equipment. In some cases a
desired attribute can be linked to a growth advantage in bacteria, allowing
significantlylarger Ibraries (up to 18 to be screenedUnfortunately for most
directed evolution experiments this cannot bemied and we are limited to
libraries containing thousands rather than millions of variamtssome situations

we are limited to even smaller liries, for example where a suitable colorimetric

or fluorogenic assay is not available.

The limitationin the size of libraries means we can only sample a tiny fraction of the
possible sequence space. A protein with 300 amino acids FaSd2gtinct posible
sequences so even with a large screening effort §fviiants we can only sample

a minute fractionof the potential sequence spacéhe strategy chosen to produce
the variant library musttherefore be selected very carefully in order to target the

best section of sequence space for the desired property.
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1.3.1 Error -prone polymerase chain reaction

The most commonly used metdo produce a library is errgurone polymerase
chain reaction €pPCIRR Errorprone PCR involveshe introduction of random
copying errors through imperfect reaction conditions (e.g. by adding’nMg**

to the PCR reaction mixturejsually with the aim of introducingpproximatelyone
mutation each time the gene is copigd8]. Such a technique applied to a 300
amino acid protein will produce a library of 5,700 potential variants, easily
screenable even accounting for the oversampling required. In such examples it is
usually possible to find a variant with improvedperties although several cycles
may be required as multiple variations are usually needed to generate the required
level of improvement in a particular property. Previous experiments have
demonstrated that on average 30%60% of random mutations ardeleterious,
50%- 70% are neutraland just 0.01% 0.5% are beneficig#9]. In our example of a
300 amino acid protein we could expect to find; BO beneficial mutations in the

5,700 variant library.

UsingepPCRhe full lengthof the proten sequencecan be probedbut the cycling
nature of directed evolutionand the introduction of one change at a tipr@eans
that an evolutionary trajectory is entereohcethe first varianthas beenselected
This trajectory theoretically limitshe potental optimal sequence that can be
achieved If all the individual variations that constitute an improved activity are
independently beneficial and additive in nature then this is not a proldtecause

all trajectories should arrive at the same optimal s@uat Unfortunately, variation
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at one site in a protein sequence often requires the simultaneous variation at

another site to be beneficial.

Following several rounds of selection directed evolution experiments often plateau
with further rounds failing to geerate improvements. This has been suggested to
represent protein sequences becoming stuck on fitness peaks in sequence space.
Usually this can be overcome by one or two rounds of selection for stabilising
mutations, it is hypothesised that the accumulatioof beneficial mutations
gradually reduces stability until no further mutations can be tolerafgd];
introduction of stabilising mutations allows the protein to tolerate further
mutations. W\ can envisage a situation where an increditdndficial variant is so
destabilising that it cannot be introduced without the simultaneous introduction of
a specific stabilising variation, whibly itself may haveno impact onthe stability of

the wild type sequence. In such a situatignyould be inpossible to identify the

beneficial variant even following prgtabilisation of the protein fold.

1.3.2 Saturation mutagenesis

Another common method of library gendran is saturationmutagenesis. This
approach requires the selection of one, or a small numbesites in the protein
sequence;randomisedcodons are then used in PCR primers to generate all the
possible variants at the individual sites. Single site libraries createdsimtanner

are small enough to allow the use of conventional GC or HPLC methods for
screening and therefore allow selection for properties that are intractable with high
throughput techniques. However, as more sites are added to the library, the size

quickly becomesntractable to screeningComplete aturation at three sites would
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create 7,999 potential variant sequencegincluding 57 single point mutants and
1,083 double mutants), fousites results inapproximately 1.6 x TOpossible
sequences, represemy the approximate upper limit even for high throughput
screening techniques. Such a mutagenesis strategy generally requires structural
information and a good understanding of the functionally important resid&tes

are normally selected based on theiproximity to the active site and on their

hypothesised role in specific elements of the reaction being catalysed.

Saturation mutagensis overcomes some of the issues which liepPCRallowing
multiple amino acids to be varied simultaneously means we c¢dentify
combinations of variations thanay bedeleterious or neutraln isolation Reetzet

al identified multiple beneficial variants byaturated mutagenesis ofthree
positionsin the epoxide hydrolase enzyme fromspergillus nige(ANEH), variants
were screened fo activity on a new substrate5000 variants were screened
resulting in 26 unique hits. Twenty two (85%) of the resulting hits were triple
mutants and four (15%) were double mutants; none were single mut&tis The
authors did not create double and triple mutant @glto investigate whether the
multiple beneficial variants were synergistic or additive in nature but it is

interesting that no single variants were identified by the screen.

1.3.3 Limitations in enzyme engineering

Many variations and combinations of the aboveettods have been used in
directed evolution experiments. A further method, DNA shuffling, represents
another technique used for library generation but this is not covered in detail here.

For each enzyme engineering experiment a choice of technique is mauaheeffort
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to maximise the proportion of beneficial variants in the limited library size.
However, o one method has proved universally superior to the othansl each

hasits own benefits and limitations.

In examples where mutagenesis is focused ondress likely to confer beneficial
properties, positiongsre usuallyselected based on their proximity to the active site
Where an attempt is made to introduce multiple mutations, such sites are often
selected based ortheir proximity to each other[51]. Such a simple selection
strategy illustrates the limitations ofcurrent enzyme engineering approaches
Enzyme properties such as substrate specificity are sometimes determined by sites
distant from the active site. Hedstroet al successfully engineerebrypsin serine
protease to accept Chymotrypsin substrates, but to do so required mutation of
020K GKS O0AYRAYy3 LIRO1TSH FYR RA&GNAOGIzG SR
with the substrate. A particular residue (172) was identified as a determiofint
substrate specificity through interaction with both the binding pocket residues and
surface loopg52, 53]. Using proximity to the active site to select residues for
mutagenesis, tiwould not be possible to engineer a Trypsin enzyme to accept

Chymotrypsin substrates.

Modern computational techniques such as structural modelling and statistical
coupling analysis provide a new resource to refine our choice of enzyme residues to
targetin enzyme engineering experiments. In addition to supporting library design,
structural modelling can be used to rationalise positive hits identified in a successful
enzyme engineering campaign. This new information can be cycled around for

further potential benefit in later rounds of design. Statistical coupling analysis has
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the potential to identify relationships between residues that are not apparent from
examination of the structure. Such information could lead to the production of
multiple variant libaries that are not limited to a proximal shell around the active

site. In the following sections these techniques are discussed in further detail.
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1.4 Computational methods for enhanced of enzyme

engineering

1.4.1 Computational structural modelling

Crystal structees provide a great deal of information that can be utilised in the
generation of hypotheses on enzyme mechanism and to guide the design of variant
libraries for enzyme engineering. Protein crystallisation does however have various
limitations- the time required to produce crystals is often limiting; the nature of the
crystallisation process renders it impossible to derive reactive structures that only
exist transiently; this process also limits crystal structures to static structure
solutions, crystal stretures often fail to indicate the dynamic nature of a particular
protein structure. Computational docking of ligands in protein active sites allows us
to address some of the issues that limit crystal structures of proteins and extends
the use of structuredata. With a protein structure as a starting point,
computational docking allows us to generate multiple structures representing the
likely conformations of different ligands bound in the active site of the protein in a
fraction of the time required to adhve this experimentally. We can also model the
structures of intermediate, transient, structures within the protein active site. This
would not be possible experimentally. Computational modelling has even been
extended to designde novo functional enzymes Baker et al have utilised
computational enzyme design to produce bdtbmp elimination catalystgb4] and

a DielsAlderasg55].

Computational automated docking involves searching for a conformation of a ligand

in an active site that has minimal energy. The energy of the ligand in the context of
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the active site is calculated using a molecular mechanics forcefield with parameters
for all the different types of interaction that contribute to the bound energy of the
ligand. There are two main categories of automated docking methods: matching
methods and docking simulation methods. In matching methods, a model of the
active site is cread and rigid ligands are docked into this model. Dock is a good
example of an automated docking algorithm using a matching method. In contrast
to matching methods, docking simulation methods involve exploration of flexible
ligand translations and orientains until an ideal conformation is found within the
protein active site. Docking simulation methods are more computationally intensive
than matching methods but this is not a problem unless a large chemical database
of lead compounds needs to be screenagghimst an active site. Docking simulation
methods allow the docking of a flexible ligand and the use of a more detailed
molecular mechanics forcefield which can more accurately calculate the binding

energy of the ligand.

Although other programs such as DO@re available for ligaRorotein docking,
Autodock is the best known example of a docking simulation method. This program
couples a well optimised empirical molecular mechanics forcefield with an efficient
search algorithm. These attributeogether with the fact that Autodock is freely
available have led to a good support network for this program and many
publications utilising it. Docking simulation aims to identify the minimum energy
binding conformation in a huge energy landscape, resulting in ay ver
computationally intensive problem requiring sophisticated search algorithms to

reduce the search space to a tractable size. Autodock (Version 3.0.5) uses a
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Lamarckian genetic algorithm and an empirical free energy function to find the

minimal energy binohg conformation

A genetic algorithm is a search technique that utilises the principles of biological
evolution to find a solution which exhibits maximum fithess. In the genetic
algorithm used by Autodock, the state of the ligand in the context of thegimats
defined by a set of state variables which describe the translation, orientation and
conformation of the ligand. Each state variable corresponds to a gene in the genetic
algorithm. The state of the whole ligand corresponds to the genotype, and the
atomic coordinates of the ligand correspond to the phenotype. Finally, the fithess
of the ligand state is defined by the total interaction energy of the ligand with the

protein.

The genetic algorithm initiates with a random set of genotypes which makeseup th
population. Individuals with better fitness in the initial population are allowed to
reproduce whereas others die. Reproduction involves the mating of random pairs
of individuals, during this process crossover takes place with new individuals
inheriting genes from either parent. Some of the offspring also undergo random

mutation where one gene changes by a random amount.

Autodock 3.0.5 combines a genetic algorithm with a local search method which
performs energy minimisation. The genetic algorithm stage global search of the
energy landscape and allows transitions over energy barriers which may separate
energy valleys. The local search method uses the same forcefield as the genetic
algorithm to make fine adjustments and find the energetic minimum witthie

energy trough. The step size of the local search method is adaptive, becoming
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smaller in response to a series of consecutive successes. Following a local search

the individual can be replaced by the result of the local search. As the local search is
carried out at the phenotypic level, this is an example of an inverse mapping

Fdzy QUAz2y> | 3ASy23elIS Oy 6S RSNAGSR FTNRY
ISYSGAO IftA2NAGKYE NBFSNE G2 WSIFy . FLIA
characteristics dgdzA NB R RdzNAYy 3 |y AYRAGARdzZ £ Qa f AT

[56].

The scoring function used by Autodock to represent fitness is based on an empirical
free energy function that can reproduce experimentally dedi\binding constants

of ligands. The energy function consists of five entré@ims which represent Van

der Waals forces, Hbonding, electrostatic forces, entropy of the ligand and
solvation. Coefficients for each of these terms have been determined linieay
regression from a set of protein ligand complexes with known binding constants.
Autodock utilises a fast grid based method for energy evaluation in which ligand
protein pairwise interaction energies are precalculated and used as a look up table
during the simulation. Summations are performed for all ligand (i) and protein (j)

atom pairs as well as all ligand atom pairs three or more bonds apquationl.1).

DG =DG,gw + DGrbond + DGelec + DGior + DGsol

. aA B @
DGvdw:a%_gg
LI cli i =
. ac. D, Q
DGHbond = a E(t)%_ljoEHbondg
i Cli rij +
. 44,
DG,.. =8 ——
elee i e(rij)rij
DG, =N

tor tor

Equationl.1 Energy function utilised by Autodock 3.0.5 calculations of binding energy.
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The three terms that describe the interaction energies of atom pairs include a
Lennard Jones 1@ van der waals term, a directional -1®» Hbonding term in
which E(t) is a directimal weight based on the angle between thebbnd donator

and the Hbond acceptor atom, and a coulombic electrostatic potential with a
distance cut off. Ligand binding is accompanied by unfavourable entropy as the
ligands conformational degrees of freedomeaeduced. This contribution to the
total binding energy is proportional to the number of SP3 bonds in the ligand and is
represented by Ntor. The grid based method for energy evaluation used by
Autodock limits the choice of solvation terms to use as nodgshese methods are
based on surface area calculations. Autodock uses the pairwise volume based
method of Stouteret al, in which the percentage of volume around a ligand atom
that is occupied by protein atoms is weighted against the atomic solvation
parameter of the ligand aton{57]. This gives the desolvation energy contribution

from the ligand atom upon binding.

1.4.2 Statistical coupling analysis

There are many examples of epistatic coupling within prote8ignalling proteins
such as GPCRs rely on information transfer between distant res[88e59], the
exquisite specificity foantibodies generated through-&ll maturation is often
determined by residues distant from the antigen binding §#€], cooperative
binding of oxygen in haengtobin is mediated by networks of interacting residues
[61-64]. In all of these examples, energy transduction mechanisms have evolved

which make possible the highly adapted functions of these variedeprs.

52



1 - Introduction

Identification of these interacting networks of residues could enable enhanced

engineering of new properties into protein scaffolds.

A new method termedStatisticalCoupling Analysis(SCA) has been developed to
identify epistatically coupled netwoskof residueqd65]. SCA utilises evolutionary
RFGF O2y il AYySR 6AGKAY Ydzt GALX S -ewv@vpdizSy OS
positions within a protein sequence. The method is based on two hypotheses, firstly
that without evolutionary constraint, the amino acids at a sifie position in an

MSA will approach their mean distribution in all proteins. Secondly, that functional
coupling of two positions in a protein should mutually constrain their evolution. If
two positions are functionally coupled, alteration of the distiilon of amino acids

at one site (by the removal of sequences from the MSA) should results in a change
in the distribution of amino acids at the other site. Importantly, this does not
require that the level of conservation change at the second site, jnat the

distribution of amino acids be alterd@5].

In the first application of the SCA technique, Lockktsal applied the method to

the identification of coupled sites within the PDZ domain, a small protein binding
motif [65]. PDZ domains can be divided into two classes based on their target
sequence specificity. The identity of the residue at position 76 in the PDZ domain is
known to be an important determinant of this property. Locklesal congructed a
multiple sequence alignment consisting of 274 eukaryotic PDZ domains, including 4
PDZ domains with known structures. This MSA was then perturbed by removing all
the sequences apart from those with a histidine at position 76. In response to this

perturbation, the distributions of amino acids at several other positions in the MSA
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were found to be altered. These sites are statistically coupled to position 76.
Positions identified included both sites in close proximity to position 76 and other
surfaceresidues which are involved in sequence recognition. Coupling to proximal
cooperative surface sites can be explained by energy propagation through the
bound substrate. A third, unexpected, class of residues were also identified by SCA;
these sites were &ng distance from position 76 and were found in the core or on
the opposite surface of the PDZ domain. Although the mechanism and function of
this coupling is unknown, pathways of sterically connected, coupled residues were
identified that connect positin 76 to these distant residues. These pathways may
represent routes of signal transduction through the tertiary structure of the
protein. Locklesst alwent on to verify the coupling interactions identified through
thermodynamic mutant cycle analysis. Fhierification demonstrated good
correlation between the statistically coupled sites and the thermodynamically

coupled sites including those both proximal and distant from position 76.

Since this early demonstration of statistical coupling analysis, tohnigque has
been applied to several different protein folds includingp®tein coupled
receptors, haemoglobin and serine protead€$]. In these examples, Suet al
hypothesised that if networks of coupled residues exist and are conserved,
perturbations at positions within the network should redundantly identify each
other. In each of the examples above, Satlal carried out global perturbation
analysis and displayed the resulting statistical coupling energies on a matrix with

perturbations represented by columns and positions represented by rows. Using
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two-dimensional cluster analysis, global patterns of statticoupling could be

identified in the protein folds.

Of particular interest is the analysis of statistical coupling in serine proteases. A
multiple sequence alignment was constructed consisting of 616 chymotrypsin
serine proteases. Global SCA was carriedt involving 69 site specific
perturbations. Iterative twedimensional clustering of the resulting matrix
identified two distinct clusters, each containing positions that demonstrate similar
patterns of coupling. One of the clusters was found to encompmh the S1
binding pocket and the surface loops known to determine substrate specificity.
Residue 172 was also present in this cluster. Although distant from the active site
and the binding pocket, SCA was able to identify positions known to determine

substrate specificity.

Substrate specificity of the transketolase enzyme has previously been modified
using sturation mutagenesis Improved specific activitfowards nonrnatural
substrates such as glycoaldehyd8] and propionaldehyde[10] has been
engineered into transketolase by targeting residues in close proximity to the TPP
cofactor. Phylogenetic information was also used to select residues but in both
cases no residues more than A@rom the ThDPcofactor were modified. In the
examples abve, single point variant libraries were constructed and screened using
a colorimetric assay or conventional HPLC. Although hits were identified for
different nonnatural substrates within these libraries, the screening process
limited the number of resides that could be probed and multiple simultaneous

mutations could not be assessed. Statistical coupling analysis was able to identify
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sites in chymotrypsin that appear to have-eweolved to determine substrate
specificity. Identification of such networks the transketolase enzyme may allow
screening to be directed towards areas of sequence space unidentifiable by

traditional structure and phylogeny directed selection methods.
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1.5 Conclusions

The natural activity of transketolase can be applied to many egidins where
regio- and stereespecific carborcarbon bonds need to be created. This activity is
hugely sort after in the synthesis of fine chemicals and pharmaceuticals. In addition
to the added specificity afforded by transketolase over more traditiarredmical
processes, the use of a biocatalyst reduces the need for harsh reaction conditions,
organic solvents, and multistep processes. To date, all biotransformations using
transketolase have used the wild type molecule, an enzyme which has evolved over
millions of years to catalyse two specific reactioims viva Through protein
engineering, the tools exist to tailanake transketolase variants with improved

properties desirable to the fine chemical and pharmaceutical industries.

Arguably the most powedl method in enzyme engineering is directed evolution.
However, limitations in library size impose limits on the sequence space that can be
searched using this technique. Effort is being made to reduce these size limitations
through advancements in high thughput screening and improved ligation steps.
But, as long as there is any limit at all in library size, it will be necessary to target the
sequence space to be searched to areas most likely to lead to functional
improvements. Various strategies can k#opted to select residues to target; from
simple spatial constraints to more complex phylogenetic strategies, such as
common ancestor rebuilding. We can also take a rational approach to choose
changes that are likely to improve characteristics. Most okéhselection methods
utilise one branch of knowledge and data. Here we attempt to utilise sophisticated

computational techniqgues to merge information sources, creating a more
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sophisticated knowledge base that can be used to direct the creation of more

intelligent variant libraries.

Crystal structures of proteins represent one of the richest data sources available to
us as enzyme engineers. But, these structures are limited to-lieed, static
targets through the nature of crystallisation. Our understamgdof the nature of
non-covalent interatomic interactions and data from ligand binding experiments
allow us to computationally model the energy landscape of subs{pabéein
interactions, and predict conformations in which substrates are likely to bing. Th
extends our understanding of function and structure beyond what is possible with
Xray crystallography alone. Computational docking of substrates can identify
residues directly involved in substrate interactions as well as rationalising the

results fromprevious library screens.

The second great data source available to protein engineers is the vast, ever
growing, collection of sequence data. Using statistical coupling analysis we can
delve into this data and discover energetic coupling between sitdsiwjiroteins.

The true power of this technique becomes apparent when the networks of
energetic coupling are superimposed onto the thdienensional structure of the
protein. Using the results from computational docking of substrates together with
the knowkdge of coupled networks of sites in the protein structure we can start to

target our variant library very efficiently.

Structural and sequence data represents the culmination of a 3.5 billion year
experiment in evolution. It is evolution which ties each these data sets

inextricably together. Random mutation of sequence affects the structure of
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proteins, altering the chemical properties of active sites, leading to changes in the
function of enzymes. These changes in enzyme function drive evolutionwbaty
each class of data is viewed in the context of the others does its true potential
become apparent. Using the most modern computational methods, we hope to
develop rich, combinatorial, information which can help direct the production of
variant librares to those regions which hold the most potential for improved

activities.
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2 Mechanistic analysis of Escherichia coli transketolase

by in silico docking of substrates in the active site

2.1 Introduction

The carborcarbon bond forming ability of TK, along with its broad substrate
specificity, makes it very attractive as a biocatalyst in industrial organic synfBesis
39, 67]. If the ketol donor in the reaction is replaced by hydroxypyruvic acid (HPA)
the reaction is renderg irreversible by the release of carbon dioxide . The use of
a-hydroxyaldehydes as acceptors together with HPA as the ketol donor allows the
creation of enantiomerically pure chiral triols. The potential for producing-non
phosphorylated products simpl#s their isolation and avoids the requirement to
remove phosphate from the produdi8, 67]. The TK enzyme frork. coliis a
preferable biocatalyst to that from yeast due to the higher specific activity. afoli

TK towards HPA68]. Therefore,it is useful to establish that the structural and
mechanistic information gained for yeast TK is equally applicable to TKErowi

for which there is also a crystal structure availajdld]. Considerable mechanistic
detail has been obtained fd8.cerevisiaeand E. coliTK from crystal structures and
NMR experiment$7, 18, 21]. Crystal stuctures have been obtained for the DE4P
acceptor substrate bound to the yea$K activesite [18], and also for the enamine
intermediate formed upon reaction of the yeast enzyme with the DX5P donor
substrate [7]. More recently,E. coliTK structures were obtained in covalent
complexes with DF6P (2R8P.pdb) and DX5P (2R80.pdb) prior to enamine formation,

as well as a nowovalent complex with the cyclic form of DR5P (2H2M)
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Despite these impressive structural studies, there is still little information regarding
the mode of binding for the donor substrate before it reacts to form the covalent
complex and subsequent emane intermediate, or for the aldehyde acceptor
binding in the presence of the enamine intermediate. While crystal structures offer
valuable insights into how ligands interact with protein bindpaxkets, the binding

of enzyme substrates is more challémgy as the substrate will usually only bind
transiently in the correct conformation before reaction occurs. Notably, for the
crystal structure of DE4P bound to the TK acsite [18], the original aim was to
solve the structure with DF6P, but tledectron density of the resulting structure
revealed that the donor substrate had been cleaved into DE4P by TK during the
crystal formation process. This exemplifies the difficulties in obtaining structures of

substrates bound in active sites.

There is cosiderable interest in the further development of TK as an efficient
biocatalyst, with rational mutagenesis and directed evolution approaches
previously having resulted in mutants with altered or improved actiiy,
substrate specificity10, 69] and enantioselectivity11]. However, further protein
engineering to accept an even broader range of substrates would benefit from
methods to rationalise the éhaviour of existing mutants in structural terms, and to
understand how nomatural substrates bind to the active site of this enzyme.
Unlike DE4P, many of the noatural aldehyde acceptor substrates so far
examined for biocatalysis with TK, do not canta phosphate group or ah-
hydroxyl group, which are both known to have an important role in substrate

recognition [18]. Furthermore, the engineering of TK variants that are less
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susceptible to substrate or product inhibition will require a betteiderstanding of

the roles played by various residues within the enzyme adite

Automated computational docking presents an alternative and complementary
means to xay crystallography for probing the binding of reactive substrates in
short-lived onformations, and also for studying the many Reatural substrates
and products, for which crystallography would be the@nsuming. Computational
automated docking involves searching for the conformation of a ligand bound
within in an enzyme activsite that has minimal energy. AutoDock is the best
known example of a docking simulation method in which the active site is created
and ligands are docked into an enzyme acBie model with an accurate
calculation of the binding energy. Flexible ligand #lations and orientations are
explored until an ideal conformation is found within the protein active §it€].

The observation that very little structural change occurs in the TK active site upon
formation of covalent complexes with substratgXl], suggests that it would be an
excellent system for docking different substrate complexes without requiring the

modelling of amineacid sidechais for induced fit.

Here we show that automated docking can produce accurate models of substrates
bound in the active site of TK. The accuracy of our results is demonstrated by
comparison of a computationally derived structure with the crystal structure of

DEA4P in yeast TK. Further validation is provided by a correlation of experimentally
derived Km values for yeast TK, with those calculated from computationally derived
docking energies in AutoDock. Having demonstrated the accuracy of the approach

we expbred the differences and similarities between the binding of DE4P in the
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activesites ofE. coliTK and yeast TK, and the impact this may have on function.
We then examined the binding of natural and roatural substrates itfi. coliTK in
non-covalently associated complexes that are too reactive to be obtained by
crystallography. We also discuss the implications on the potential nucleophilic
attack of the deprotonated ThDP cofactor upon the ketol substrate at an unusual
BergiDunitz angle, and also theeohanism for ring opening of the cyclic form of D
ribose5-phosphate. These results will have a significant bearing on attempts to
further engineer TK as a biocatalyst for organic synthesis, as well as generating
useful hypotheses for future experimentatudies to understand the enzyme

mechanism of TK.
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2.2 Materials and methods

2.2.1 AutoDock 3.0.5

The open source AutoDock software version 3.0.5 was used for all the automated
docking reported. AutoDock combines a Lamarckian Genetic algorithm with an
empirical free energy function to obtain ligand docked conformatiofig0].
Substrate docking modelsere obtained using thé=. coliTK structure 1qgd.pdb
with a cubic grid in the active site of sidesA0Defaults were used for docking each
substrate except for the following: the maximum number of energy evaluations was
increased to 1 million, the nundp of genetic algorithm runs was increased from 10
to 200, and the grid spacing used was 0.875 AutoDock performed a cluster
analysis to each final conformation obtained from the 200 GA runs such that two
conformations with an RMSD less than A5are sored in the same cluster.
Clusters are output in ranked order of increasing energy following completion of
analysis. Manual visual analysis of docked conformations and further analysis of

the docked conformations was carried out with Pymol and Ligplot.

2.2.2 Docking of D-erythrose 4 -phosphate in yeast TK

D-erythrose 4phosphate (DE4P) was removed from the yeast TK PDB file 1INGS.
AutoDock was used to feock the substrate back into the binding site. Grid centre

and size used for AutoDock rurl?.645, 56.0219.419) 80Ax80Ax80A.

2.2.3 Docking of D-erythrose 4 -phosphate in E. coliTK

DE4P was docked into the binding siteEofcoliTK (1QGD). Grid centre and size

used for AutoDock run=10.6, 27.6, 36.4) 88x80Ax80A.
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2.2.4 Creation of a model of the ThDP -enamine intermediate in E.

coli TK

The ThDRenamine intermediate was docked int. coliTK (1QGD). Grid centre

and size for AutoDock run:10.0, 28.1, 36.0) 88x80Ax80A.

2.2.5 Docking DE4P and glycolaldehyde in ThDP -enamine

complexed forms of yeast and E. coliTK

DE4P was docked into the yeast Th@RmineTK complex (1GPU) and in the
modelledE. coliThDRPenamineTK complex. Glycolaldehyde (GA) was docked into
the modelledE. coliThDRenamineTK complex. Grid centres and sizes weBeb(
56.7, 18.4) 60Ax60Ax@ A for DE4P in yeast Thi2RamineTK, and-11.4, 26.3,

36.4) 60Ax60Ax60A for DE4P and GABn coliThDRenamineTK.

2.2.6 Docking of natural and non -natural aldehyde substrates into

E. coliTK

PDB files for the ten TK substrates for which there are publighe@lues, and also
fluoropyruvate, found to be a potential inhibitor (unpublished data), were
generated using the Dundee PRODRG sdi#@r Each substrate was docked into

the active site ofE. coliTK. Preliminary docking identified two docking regions

within the binding funnel oE. coliTK for some of these substrates. Grid sizes and
positions were altered to obtain docked conformations for each substrate in the
bindingregion closest to the ThDP cofactor. For some substrates the grid centres
GSNBE IRFLIISR G2 F@2AR Ayl O0OSaairotsS LIR2O1S

and sizes were as follows (grid centres in brackets):
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Hydroxypyruvate: (-15.991 21.945 37.096 60Ax60Ax60A
Acetaldehyde: (-18.344 24.016 40.547) 60Ax60Ax60A
D-erythrose 4phosphate: (-18.344 24.016 40.547)  40Ax40Ax40A
D-erythrose: (-18.344 24.016 40.547)  40Ax40Ax40A
D-glyceraldehyde $hosphate: (-10.58627.153 35.586) 80Ax80Ax80A
D-glyceraldehyde: (-18.344 24.016 40.547)  40Ax40Ax40A
D-ribose 5phosphate: (-10.586 27.153 35.586) 80Ax80Ax80A
D-ribose: (-10.586 27.153 35.586) 80Ax80Ax80A
Glycolaldehyde: (-15.99121.945 37.096) 60Ax60Ax60A
Xylulose Ephosphate: (-10.586 27.153 35.586) 80Ax80Ax80A
Fluoropyruvate: (-15.991 21.945 37.096) 60Ax60Ax60A

Docking energieDG) were converted to &y values usinddG =-RT.InK,), where R

Is thegas constant and T is the temperature in Kelvin.

2.2.7 PyMol Molecular Graphics System

All visualisations of docked conformations were produced using PyMol, available

from http://www.pymol.org [72].
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2.3 Results and discussion

2.3.1 Automated docking of D -erythrose -4-phosphate in the active

site of yeast TK

Nilssonet al (1997) previously solved the crystal structure for a substrate protein
complex of DE4P bound in the active site of yeagtI8K The original aim of their
crystallisation was to solve the structure with DF6P but the electron density of the
resulting structure would not fit a sigarbon chain and the conclusion was drawn
that the donor substrate had been cleaved into DE4P by TK during the long period
necessary for crystal formation. This cleavage would also vyield atfe
dihydroxyethyl thiamine diposphate intermediate but this would degrade in a few
hours into ThDP and glycolaldehyde explaining the lack of an intermediate in the

electron density map.

To assess the agacy and potential of automatedomputational docking on the
substrates of TK wamitially docked DE4P into the empty active site of yeast -holo
TK, to recreate the substraf@oloenzyme complex. AutoDock accurately predicts
the binding conformation of DE4P producing a docked structure within A.65
RMSD of the crystal structur&igure2.1). The hydrogen bonding network of the
docked substrate is accurately predicted by AutoDock, supporting the role and
evolution of this network in determining thstereospecificity of TK. In the crystal
structure the C1 aldo carbon atom of the acceptor substrate is positioned?4.16
away from the reactive C2 carbon of the thiazolium ring of ThDP. This distance is
sufficient to allow the presence of an enamine enhediate in a reactive

conformation with the acceptor substrate.  The computationally docked

67



2 ¢ Computational substrate docking

conformation positioned the C1 aldo carbon 4&8%way from the thiazolium ring
of ThDP. Although AutoDock docked DE4P slightly further away from the ThDP
reactive centre, it was still within an acceptable distance to react in the presence of

the intermediate.

The main discrepancy between the experimentally determined structure and that
created by computational docking was the position of the phosphate grougheln
computational docking the phosphate group of DE4P was pulled closer to the side
chains of theArg 358, Arg520, Ser385 and hk 461 residuesE. colinumbering) at

the entrance to the binding funnel (by just ove”A)L. This has the effect of pulling
DE4P slightly out of the funnel away from the ThDP cofaffagure2.1). The
interaction between the phosphate group and the positively charged arginine
residues ofyeast TK is strongly affected by the electrostatic interactions between
these groups. The force field of AutoDock includes a term to model electrostatic
interactions but the discrepancy between the modelled and the crystal structures
may be explained byreors in the electrostatic term of the forcefield. While all of
the thirty ligandprotein complexes used to calibrate the AutoDock forcefield
included Hbond interactions, only a small proportion involved electrostatic
interactions of explicitly chargedraqups[70]. Electrostatic interactions between
these groups would also be stronghfluenced by pH which may further explain the
slight discrepancy. However, the TK structure itself was resolved th#hd so a

1 A shift is acceptable within error. Despite the possible error in the modelling of
phosphate binding, the results show ah AutoDock is capable of reproducing

accurate docked conformations of substrates in the active site of TK.
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8385

Figure2.1 Comparison of Berythrose-4-phosphate (DE4P) binding in yeast a&d colitransketolases. E. coli

TK residues are shown as blue sticks and the aligned yeast TK residues are shown as lines. Three DE4P
structures are compared: (magenta) crystal structure in yeast (INGS); (yellow) docked into the uncomplexed

E. coliTK structure (1QGD); (gregre-docked into the yeast TK structure (INGS).

2.3.2 Automated docking of D -erythrose -4-phosphate in the active

site of E. coliTK

The active sites of yeast arfel coliTK, including the orientation of conserved
residues, are nearly identical. FBr coliTK,structures are available in covalent
complexes with DF6P (2R8P.pdb) and DX5P (2R80.pdb), as well asoxaient
complex with the cyclic form of DR5P (2R52l). However, no crystal structer
exists for the norcovalent complex oE. coliTK with DE4P. H. coliTK binds DE4P

in the same conformation as for yeast TK then mechanistic insights derived from
studies of yeast TK could be used with confidence to infer equivalent mechanistic
details in theE. coliprotein. This would be of great value as much of the work on

the function of TK to date has been carried out on the yeast enzyme.
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2 ¢ Computational substrate docking

DE4P was docked into the active siteEofcoliTK (1QGD) using AutoDock. Many of
the docked conformations predicted by AutoDock involved an inversion of the
DEA4P, with the phosphate group oriented towards the ThDP and the carbonyl active
centre of DE4P pointing out of the active site in anreactive conformation. This
could be explained by the error in the handling of phosphate interactions. Like the
arginine residues at the entrance to the active site normally involved in phosphate
binding, the ThDP molecule carries an explicit positive chakggothetically, the
DE4P may actually be able to bind in this orientation and form aneactive
inhibitory complex. If this is not an artefact of computational docking it may

therefore have implications for substrate inhibition of TK at high concewinati

AutoDock also docked DEA4P in the reactive orientatiok.ircoliTK (Figure2.1).

This conformation is very similar to that of DE4P bound in yeast TK (comipared
Figure2.1). The phosphate group is positioned close to the entrance of the active
site and interacts with residueArg 358, Arg 520, ®r 385 and bt 461. These
interactions are equivalent to those maintaining the position of the DE4P
phosphate group in yeast TK. The carbon chain of DE4P extends down the active
site of E. coliTK forming a hydrogebonding network with the side chains of
several conserved residuesThe C3 hydroxyl group forms an interaction with the
backbone oxygen of (6262 that is not seen in the yeast TK bound structutée
yeast TK, the conserved A469 residue of thde. colienzyme interacts with the C2
hydroxyl group of DE4P but an atiginal interaction is formed through H&6. The

C1 aldo oxygen atom interacts with residues B61 and kb 26 in E. colias
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2 ¢ Computational substrate docking

observed in yeast TK, to position the C1 aldo carbon at/A.8@ay from the C2

atom of the ThDP thiazolium ring.

The general biding conformation for DE4P B coliTK is the same as that for yeast
TK. The minor differences in the hydrogen bonding network do not change the
favoured stereospecificity of the recognition and these interactions could be
transiently present in the yes structure with only a small degree of dynamic
movement. The conformation of DE4P dockeé& ircoliTK supports the hypothesis
that the conserved residues of the TK active site& otoliand yeast TK have the

same roles in substrate binding.

2.3.3 Modelling the enamine intermediate in E. coli TK and docking
of D-erythrose -4-phosphate into the yeast and E. coliTK-ThDP-

enamine complexes

We have demonstrated the ability of AutoDock to accurately model the binding
conformation of DE4P in yeast TK and shown thatsame binding conformation is
formed in E. coliTK. However, in the TK catalysed reaction, DE4P cannot bind
productively until an enamine intermediate has first been formed between the
ThDP cofactor and the ketol donor substrate. It is possible that binding
conformation of DE4P in the TK active site is different in the presence of this
intermediate. Due to the reactive nature of the intermediate, DE4P would not bind
and exist in the presence of the enamine intermediate for long enough to obtain
crystals for structural analysis. Currently, the only way to solve the structure for
DE4P bound in the presence of Th&fRamine intermediate is to model this
structure computationally. In the yea3K crystal structure of the ThE¥aamine
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2 ¢ Computational substrate docking

intermediate thee were no significant variations in the orientations or positions of
active site residue side chains relative to the ThDP bound structure. The ThDP
enamine intermediate could therefore be confidently docked into the knd&woli
holo-TK structure usingutoDock to obtain a model of the. coliTkThDRenamine

complex.

As seen irFigure2.2, the complex obtained foE. coliTkThDRenamine was nearly
identical to the solved structure of the yeast-TKDPenamine complex (1GPUj).

All the major functional interactions were present in theodelled complex
including the Glu 411 (Glumy Ay &SI a0 ¢YO AYGSNYOlAzyYy
ring [73]. The ketol donor derived enamine intermediate is-azdinated by
hydrogen bonds to the conservésfl coliistidine residues 14100 and k473. The
only difference between the F&nhamine interactions of yeast and TK is that in the
yeastTK complexis481 (His 473 inE. colj interacts with both hydroxyl groups of
the enamine whereas in thde. colicomplex hs 473 only interacts with the
a-hydroxyl group. Some other minor differences are present in the hydrogen
bonding network of the dphosphate groupbut none of these differences
significantly alter the position of ThB#hamine relative to the TK moleculEigure

2.2).
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2 ¢ Computational substrate docking

Figure 2.2 Comparison of the ThDBnamine intermediate in yeast andE. colitransketolases. The ThDP
enamine intermediate in yeast TK (blue sticks) is from an available structure (1GPU), whereas that ¢odi
TK was obtained by dockg (green sticks) in 1QGD. The bound calcium ion is shown as a green sphere.

Following the creation of thé&. coliTkThDPenamine complex model, AutoDock
was used to obtain docked conformations of DE4P in both the yeast (crystal
structure) and theE. cal(modelled) TKThDRenamine complexes. In each case the
DE4P molecule docked in the same conformations as previously obserkaglie

2.1, in the absence of the @mine intermediate. The hydrogen bonding
interactions between the TK and DE4P observed in the absence of the enamine are
also preserved along with the few differences between yeast &nadcoli TK
described above. The DE4P carbonyb®in is placed withi 3.44A and 4.28 of

the enaminea-carbon in the yeast TK arftl coliTK models respectively. As well as
positioning the carbonyl group of DE4P in close proximity toakearbon of the

enamine, the hydrogetonding network described orientates the cariyl group
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