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Abstract

LY Dbl dGdz2NE GKSNB INB (dgSyde LINRPGS23aSYAO | YAY:?
enzymes are constructed. These proteogenic amino acids confer activity to enzymes; however
there are many instances where thehemistries proviB R 6& (GKS&aS WodzAt RA
expanded upon. Nature recruits an array of cofactors, f@stslational modifications and
posttranslationally generated cofactarall which help to provide function or activity. Until
recently the proein engineer was restricted to the use of the twenty proteogenic amino acids,

and so access to this increasgltemicaldiversitywas highly challenging.

In this thess, chemical modification has been used to insert a variety of-camonicalamino
acids (wAAs)throughout the active site of the enzynid-acetylneuraminic acid lyase (NAL).
This modification method incorporatesicAAs site-specifically into a protein, via a
dehydroalanine intermediate and conjugate addition with a thiol compounitial work tsing

this method replaced the catalytic lysine at position 165 with the -nanonical analogue
i-thialysine. It was possible to obtain homogenously modified protein in high yields for
detailed kinetic and Xay crystallographic studies, and therefore pb#sito elucidate the

catalytic and structural consequences of this modification.

The work b replace Lys165 with a nesanonical analogue provideadstarting point to expand
the incorporation of ncAAs into NAL. A total of thirteen different fwamonicalside chains
were incorporated, individually, ahirteen different positions within the active site of NAL.
These modified enzymes were then screened for activity weth different substrates to
determine the effects of ncAA incorporation. It was seert the ncAAs were well tolerated by
the enzyme, as active modified enzymes were produdgy incorporating ncAAsit was
possibleto alter the substrate specificity of the enzyme. The modified enzyme F190Dpc,
containing a dihydroxypropyl cysteine side chairas found to have an increased activity with
an altered substrateerythrose This activity was higher than the wilghe enzyme with both
the altered substrate and the wiltype substrate and the norcanonical Dpc side chain
outperformed any of the pragogenic amino acids when inserted at the same position in the

protein, for thesubstrateerythrose

This research begins to explore the possibilities of what may be achieved by use of ncAAs.
Facile incorporation of ncAAs will allow protein engineers te timspiration from Nature and
expand the chemistries provided by the proteogenic amino acids, hopefully to engineer novel

activities or catalysis.
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Chapter lintroduction

Enzymes have evolved as highly powkHiological catalysts which allow biological reactions
to occur within cells. These biological catalysts can significantly increase reaction rates up to
10°°fold, whilst operating under ambient conditior(éad et al, 2003 Stockbridgeet al,

2010. This catalytic power has been exploited for use in many industrial processes.

Enzymes are polypeptides and are produced by the sequential addition of amino acids. This
process is directed by information stored as DNA in the genetic code. The genetic code is a
degenerate threebase code which allows biological information to be stored as DNA. It
consists of 8 three base codons, made up from the four nucleoside bases guanine (G),
cytosine (C), adenine (A) and thymine (Fig@rel.1). This genetic code programmes the
production of proteins through the processes of transcription arahs$tation, as each codon
directs the insertion of one of the proteogenic amino acids. Degeneracy within the genetic
code, whereby multiple codons will encode the same amino acid, accounts for thed64s

coding for only twenty amino acids and three staons.
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Figure 1.1 The four nucleoside bases found in DNA and the twenty naturally occurring
proteogenic amino acids.The proteogenic amino acids have been grouped by the
functionality of their side clains.

It is generally accepted that proteins are constructed from the twenty proteogenic amino
acids. However, there are many instances where proteins are further processed after
translation; posttranslational modifications (PTMs) like acetylation, gsydation and

methylation further diversify the translated proteins and are all used to help regulate protein

function within the cell(Seo and Lee, 2004Enzymesre catalytically active proteins and so
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are also constructed from the twenty proteogenic amino acids. The interplay of these amino
acidside chains allow functionality by providing an environment primed for catalysis. Although
the proteogenic amino acidprovide a diverse range of side chains including aliphatic,
aromatic, polar, positive and negatively charged side chains, they also lack certain
functionalities. Therefore Nature has developed ways to circumvent these limitations. Many
proteins require norprotein components for catalytic activity; metal ions, cofactors and
prosthetic groups are all routinely recruited to enzymes and are essential for some catalysis
(Broderick, 2001 In recent years it has also been seen that enzymes can utilise amino acids
outside of the twenty proteogeis amino acids, and the 2land 229 amino acids
selenocysteine and pyrrolysin€hamberset al, 1986 Haoet d., 20029 were discovered in
1986 and 2002. The side chains of the proteogenic amino acids can also #epsisttionally
modified, and these modifications can form novel cofactors which provide functionality. These
examples show the need to diversifye side chains of the proteogenic amino acids, and that

by including more varied chemistries novel functionalities may be achieved.

(0]
° HNJ\ HN™
(0] (o} I OH
“O-pP-O°
o H o
RSN o),
AN AN AR A AP ISP
o o H 6 H o H Hoo
topaquinone formylglycine phosphoserine acetyllysine methyllysine  O-linked glycosylation

Figurel.2 Examples oBome posttranslationally generated cofactors and pogtanslational
modifications (PTMs).Topaquinone and formylglycine are pos$tanslationally generated
cofactors and produced from modification of tyrosine and cysteine or serine. Phosphoserine
is a common PTM formedybthe phosphorylation of serine. Acetyllysine and methyllysine
are common PTMs generated by the acetylation or methylation of lysine residueinkad
glycosylation is another common PTM and is shown here as a serine modified by an
O-N-acetylglucosamine.



This thesis will focus on the incorporation of rcemonical amino acids (nCAAs) in enzyme
active sites, and the subsequent effects of these ncAAs on catalytic activity. ncAAs will be
defined as any amino acid which has been incorporated into theepran an artificial manner,

for example by chemical modification of a proteogenic amino @8asleet al, 2010 or by
engineering and repurposing of the natural translation machinery for ncAA insébiamaset

al., 2015 Liu and Schultz, 2010

1.1 Amino acid library extension

In Nature the protein backbone of an enzyme is madge from a lbrary of 20 amino acids.
These 20 armo acids allow a diversityf structures and activities to be achievddowever by

the use of cofactors and postanslational modifications the number and diversity of activities
achieved by the proteome odbe increased and these extensions of the amino acid library can

be essential for aumber of biological processes.
1.1.1 21stand 229 amino acids

Although it is generally accepted that there are twenty proteogenic amino acids, encoded by
the genetic code, thee are instances when Nature has expanded upon these. Two examples of
this are selenocysteine and pyrrolysine which are commonly referred to as tharil 22¢

amino acids.

Selenium is an important micronutrient, for both prokaryotes and eukaryotes,hvtem be
incorporated into proteins in the form of selenocysteiffechwarz and Foltz, 195Rinsent,

1954 Lin et al, 2015. Selenocysteine is a structural analogue of the amino acid cysteine
where the sulphur has been replaced with selenium. The discovery of selenocysteine in
proteins began with the findinghait selenium was essential for the production of an active
formic dehydrogenase in some coliform organigfmsent, 1953 Later, selenium was found

to play an essential role in glutathione peroxidase where it was also found to be present in
stoichiometric amounts (Flohe et al, 1973. In 1986 the gene sequences of two
selenoproteins; glutathione peroxidag€hamberset al., 1986 and formate dehydrogenase
(Zinoniet al, 1986 were ddgermined. These sequences revealed that the selenocysteine was
SYyO2RSR oG6®NINEQ WRYI € ai02 L) tasRiBnAl ingeRibndof ¢ KA &
selenocysteine has been found in all major domains of (Hatfield and Gladyshev, 2002
Varlamoveet al, 2013. Clearly the TGA don has two different functiondjowever this is not

the first instance of a codoadopting dual functionality, the ATG codon functions to initiate
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protein synthesis and to incorporate methionine at internal positions within a protein. To
allow the dual function of the TGA codon there are auxiliary components which direct the
insertion of selenocysteine, theseomponents differ between organisms and are reviewed
here by (Varlamovaet al, 2013 Hatfield and Gladyshev, 200€aban and Copeland, 2006
Driscoll and Copeland, 2003

Pyrrolysine is another amino acid that is-tcanslaionally inserted in a similar way to
selenocysteine, and is dubbed the"®2amino acid. Pyrrolysine was first discovered in proteins
in 2002, from Xay crystallographic studies where it was found in the active site of the
methanogenic methylamine methyansferase fromMethanosarcina barkeriHao et al.,
2002. Pyrolysine has been shown to be required for pathways which convert methylamines
to methane(Mahapatraet al,, 2006 Gastonet al., 2011, and is incorporated ctranslationally

into proteins at an amber stop codon, TAG.

/ESeH
H,oN COO H,oN COO
selenocysteine pyrrolysine

Figurel.3 Structures of the 21 and 22 amino acids se&nocysteine and pyrrolysine.

Incorporation of selenocysteine and pyrrolysine allow the proteins to access distinctive
properties that would otherwise not be provided by the first twenty proteogenic amino acids.
The inclusion Dthe selenium atom in theside chain of selenocysteine prowed unique
chemistry to the sidehain compared to cysteine. For example selenocysteine has a lowered
pKs, 5.4, compared to that of cysteine, Bhanssoret al., 2005. Due to the lower pK the
selenol will be ionised aphysiological pH whereas the thiol would be predominantly
protonated (Kim and Gladyshev, 200%\Iso the selenium produces a much more nucleophilic
side chain than the cysteine which significantly enhances the chemicaitiom rate with

electrophiles (Arnér, 2010. Incorporation of selenocyshe and pyrrolysine and their
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essential roles within proteins, highlights the need to expand on the chemistries provided by
the twenty proteogenic amino acids in natural enzymes and suggests intriguing possitoli

the protein engineer.
1.1.2 Cofactors ad posttranslational modifications

The genetic code provides the information necessary for biological functions and for the
production of proteins. However when comparing the amount of information that could be
stored by the genetic code to the proteome @fingle organism, there is a discrepancy. There
are far more proteins produced than could be encoded by the identified protein coding genes
(Walshet al,, 2009. This discrepancy is due, in part, tetlarge amount of postranslational
processing that occurs for many proteins. There are a wide variety of different
posttranslational modifications (PTMs) ranging from protein splicing to acetylation and
glycosylation, which help to fine tune cellulareews. These covalent pesanslational
modifications allow the chemistries of the twenty proteogenic amino acids to be altered and

expanded.

Posttranslational modifications (PTM) occur on nascent proteingnd are oftenenzyme
catalysedevents. Mdifications can take place on the backbone of thietpin or on an amino
acid sidechain(Walshet al, 2005. PTMscan occur in two formsfirstly the cleavage of the
protein backbone and secondlythe covalent addition of a chemical grougually to a
nucleophilic sidechain of an amino aciMann and Jensen, 2008Valshet al, 2005. These
modifications produce a wide range of effectsegulation of protein localisationenzyme

activity and proteinprotein interactiongSeo and Lee, 2004

Cofactors are also recruited by proteins to achieve biological functions. Cofactors are
non-protein molecules and range from metal ions and #sudphur clusters to heme and
flavins. One excellent exgte of an enzyme that recruits multiple different cofactors to
achieve its biological function is the pyruvate dehydrogenase complex (PDH), one of the
central enzymes in aerobic metabolism. The PDH links glycolysis and the tricaboxylic acid (TCA)
cycle byconverting pyruvate to acetyCoA(Patel and Korotchkina, 200Blandeet al., 19986.

The PDH is a mukinzymecomplex comprised of multiple copies of three catalytic enzymes;
pyruvate dehydrogenase (E1), dihydrolipoamide acetyltransferase (E2) and dihydrolipoamide
dehydrogenase (E3) which work sequentially to catalyse the oxidative decarboxylation of
pyruvate (Patelet al, 2019 (Figure 1.4)To achieve this function the three catalytic enzymes

are required along with five organic cofactors; thiamine pyrophosphate (TPBanlige,



coenzyme A(CoA), flavin adenine dinucleotide (FAD), nicotinamide adenine dinucleotide
(NAD) and one inorganic cofactor; Mg TPP forms a covalent link to E1 and provides a highly
nucleophilic group that can attack the carbonyl carbon of pyruvatel cleave C{rom the
pyruvate. Lipoamide is covalently linked to E2 and the disulphide bond can be reduced to
accept the acetyl group from TPP. The acetyl group is passed onto CoA, producing acetylCoA.
E3 then uses FAD to oxidise the dihydrolipoamieferming the disulphide bond producing
FADH, which is in turn oxidised to FAD by NARatelet al., 2014
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Figure 1.4 Cofactors and mechanism of the pyruvate dehydrogenase complex (PDH).
Structures of the cofactors used by the PDH are shown in panel A; thiamine pyrophosphate
(TPP) coenzyme A (CoA). Flavin adenine dinucleotide (FAIXptinamide adenine
dinucleotide (NAD) and lipoamide. Panel B shown the roles of the cofactors in the PDH, TPP
provides a nucleophile to attack the carbonyl of pyruvate cleaving off,@@d producing
hydroxyethyFTPP, lipoamide becomes reduced and trams the acetyl group to CoA
producing acetylCoA. The lipoamide is subsequently reoxidised by FAD and.NAD



1.1.3 Posttranslationally generated cofactors

As discussed above, many enzymes require cofactors for their function. These cofactors are
usually biognthesised separately to the protein and subsequently recruited to the protein.
However more recently, there havieeen a large number of studies which have revealed
enzymes which have alternative routes to producing cofactors via -tpasslational
modification events(Okeley and Van Der Donk, 20@&vidson, 2011Yukl and Wilmot, 2012

These novel catalytic centres are generally produced by modification oboaenumber of

amino acid sidechains and can be generated in a number of ways; some occur from

auto-catalytic events and others require accessory enz/me
1.1.3.1 Pyruvoyl group

Histidine decarboxylase was one of the first enzymes that was identified to undergo one of
these modification events. Many amino acid decarboxylases require the cofactor
pyridoxat5-phosphate, derived from vitamiB6, for their function(Figure 1.5 B)Howeverit

was found thathistidine decarboxylase afactobacillu8Oadid not require PLRor its function

(Riley and Snell, 1968/anpoelje and Snell, 1990nstead it was found that the enzyme
contained an amindoound pyruvoyl group which acts in a manner analogous to PLP; forming a
Schiff base with the histidine substrate and facilitatahecarboxylation(Okeley and Van Der
Donk, 2000.

Histidine decarboxylase [soduced asan inactive hexameric proenzymehich undergoes an
autocatalytic cleavage eventto gjRodzOS G KS h FyR i OKFigugas®T (K¢
This cleavage event occurs between two serine residues, Ser81 and($aab2et al., 1982

Vanpoelje and Snell, 1990The inactive proenzyme contains no pyruvate and it has been
shown that the pyruvoyl group is generated, pastnslationally, during theautocatalytic

cleavage evenfRecseet al., 1983. Ser82 becomes the pyruvoyl group on the amino terminus

2F GKS " OKIAYS Iy BNYSMYzm @F0FKSa i G KRzo/dzy A (0 d
have been identified which require the generation of a similar pyruvoyl graugmnine,

aspartate andSadenosymethionine decarboxylasg®ale and Ealick, 201@nd b-proline and

L-glycine reductasefOkeley and Van Der DonR00Q, all of which use similar pathways to
posttranslaionally generate the cofactor. Seifoduction of the pyruvoyl group means that

these enzyme functions arao longer dependet on recruiting an exterriy synthesised

cofactor.
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Figurel.5 Panel A shows the mechanism of backbone cleavage between Ser81 and Ser81 to
form the pyruvoyl cofactor in histidine decarboxylas@he hydroxyl of Ser82 attacks the
carboxyl of Ser81 producing tetrahedral intemdiate that then forms an ester intermediate

which undergoes elimination to release the-CS NXY A Yy | £ | adzodzy Al | YR
RSKERNRFfFYAYS h a dmermiyal pyruvayN@dvplz®énal B (shods ab
comparison of the structures of the podtanslationally generated Nerminal pyruvoyl

cofactor and pyridoxal phosphate which is commonly used instead.
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1.1.3.2 Formylglycine

Type | sulfatases are a group of enzymes that catalyse the hydrolysis of sulphate esters. These
enzymes contain a catalyticallgssential formylglycine (FGly) residue in their active site
(Figurel.6A) which is generated by pestanslational modification(Bojarova and Williams,

2008 Appel and Bertozzi, 201.3-Gly contains an aldehydenctionalgroupwhich can form a
geminatdiol by hydration, one of these hydroxyls can then act as the nucleophile for attack of
the sulphur atom of thesubstrate(Lukatelaet al,, 1998 (Figure 1.6B)Thiscauses removal of

the sulphate groupand cleavage of the sulphate estgproducing a siphated enzyme, he
sulphate group can then be eliminated when the aldehyde is regenei@iznkset al., 1998

Appel and BertozzR015.

The cofactor FGly is produced by oxidatimf a cysteine, in prokaryoteend eukaryotes, or a

serine, in prokaryotes, which is directed by a common peptide motif (C/S)XPXRXXXLTGR. This
generation of FGly is performed by dedicated enzymes; flylygine generating enzymes
(FGEs) and anaerobic sulfatase maturing enzymes (anSMEs). FGEs are aerobic and operate
through a redox mechanism that uses molecular oxy@darkset al., 2005, whereas anSMEs

work in an anaerobic manner and require the cofactead&nosylmethioningBojarova and
Williams, 2008 FGly sulfataes produce very impressive rate enhancements, for example

Kead Kuncat Of Up to 13° for certain substrate§Edwardset al., 2012 Appel and Bertozzi, 2015

This significant rate enhancement may be attributed to the unique ci@tgbyoperties of the

FGly sidehain.
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Figure 1.6 Formyblycine (FGIly) structure and mechanism of actiohanel A shows the
structures of cysteine, which is podtanslationally converted into FGly, FGly and Fé@ligl
which is the hydrated diol form of FGly. Panel B shows the mechanism by which FGly sleave
the sulphate ester, one of the hydroxyls from the F&lipl acts as a nucleophile to attack the
sulphuratom, cleaving the sulphate ester bond and producing a sulphated FGly.

1.1.3.3 Posttranslationally generated quinone cofactors

Redox active enzymes play vitales in both prokaryotic and eukaryotic organisms. However
due to the limited functionality provided by the proteogenic amino acids, these enzymes tend
to require additional cofactors or metal ions to achieve their function. In recent years enzymes
with catalytic redoxactive centres derived &m amino acid sidehains have been discovered.
Many of these enzymes produce quinone cofactors, which are highly versatile cofactors due to
their strong electrophilic nature and their ability to undergo two revelesi oneelectron
reductions(Lang and Klinman, 200Davidson, 2011 There are four quinone cofactors which

are derived from modification of amino i side chains; topaquinone (TPQJ}ysine
tyrosylquinone(LTQ).cysteinetryptophanquinone(CTQ)and tryptophan tryptophylquinone

(TTQ (Figure 1.7). TPQand LTQare both produced auto-caalytically and derive from a

tyrosineside chain,with LTQbeingformed from the crosslinkingof a lysineand tyrosine and
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TPQbeing formed by modification of a singletyrosine (Davidson,2011). The side chain of a
tyrosine residue can normally be involved in radical processes, by widgrgxidation to the
phenoxyl radical, as in ribonucleotide reductase. But, to be involved in a redox process, the
tyrosine side chain is required to undergo modification to a quin{debois and Klinman,
2005. CTQand TTQare both derived from tryptophan by oxidation of the aromatic ring.
Productionof TTQrequiresaccessonproteinsandit is hypothesisedhat CTQmayalsorequire
accessoryproteins (Davidson,2011). These posttranslationally derived cofactors provide
electrophilicfunctionalitiesto enzymeswhich are otherwiseabsentfrom the side chainsof the

standardproteogenicaminoacids.

H HNOY H HNT
o NM N
AP s
0 o —
o (o) o} o
TTQ C

TPQ LTQ TQ

Figure 1.7 Strudures of the posttranslationally generatedquinone cofactorstopaquinone
(TPQ), lysine tyrosylquinone (LTQ), tryptophan tryptophylquinone (TTQ and cysteine
tryptophanquinone (CTQ).

1.1.3.4 5-methylene-3,5-dihydroimidazotl4-one (MIO)

Ammonia lyasesaand amino nutases share sequence and structural similarities. Aromatic
amino acids undergo degradation by a different mechanism than other amino acids.
Non-oxidative deamination of the aromatic amino acids is carried out by histidine,
phenylalanine andtyrosine ammoia lyases (Ravikian and Mahalakshmi, 2014 Amino
Ydzi 4S&a OFdlFfeasS-l ¥Kg2 Or d@BdEciasyidianmonia lyases
catalyse the asymmetric addition of ammonia to a double bffatner,2011). The aromatic
amino acid lyases and amino mutases have been found to produce the electrophilic cofactor
5-methylene3,5-dihydroimidazo4-one (MIO) (Figure 1.8)which allows them to carry out
their processeqChristiansonet al, 2007 Turner, 201} Production of MIO occurs in an
autocatalytic manner, where a conserved motif of -S8kexGly underges a selcatalysed

condensation reaction to produce the electrophilic MIO cofagthristiansoret al., 2007%).
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The heterocyclic moiety found in MIO hashenced electrophilic properties, over that of a

standard dehydroalanine, which aids the mechanism of amino mutases and ammonia lyases.

N

N
I&O
NH

g

Figure 1.8 Structure of the postranslationally generated cofactor5-methylene3,5
dihydroimidazol4-one (MIO).

1.2 Incorporation of norrcanonical amino acids

The previous sections have highlighted the many ways in which Nature expands on the
chemistries provided by the twenty proteogen amino acids. Within a laboratory
environment, advances in molecular biology and recombinant protein expression has made
studies involving replacing or altering the proteogenic amino acidighin a protein
commonplace. However, access to the varioudifications that Nature uses so frequently

can be much more difficult.

Developing methods to adahore diverse building blocks into proteins should give an excellent
platform to study their effects on protein function. Also, by providing more varied ctligesis

this may expand the range of functions that can be achieved by proteins and enzymes.
Methods for the modification of proteins and incorporation of rReanonical amino acids have
advanced rapidly in recent years. These methods can be separatedaiatgeneral groups,
firstly the methods that incorporate neoanonical residues using the genetic machinery of the
cell and secondly methods that use the distinctive properties of some amino acid side chains

to target them for chemical modification.
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1.2.1 Auxotrophic incorporation

In the 1950s it was discovered that selenomethionine could be used to replace methionine
within bacterial proteindCowie and Cohen, 19h7This replacement of a proteogenic amino
acid for a norcanonical amino acid (ncAA) can be achieved by the use of auxotrophic strains
of bacteria. Amino acid auxotrophs are deficient in the machinery required to produe®b

the proteogenic amino acids, and therefore the amino acid must be supplemented for growth.
By supplementing the media with a n@anonical analogue of the proteogenic amino acid it is
sometimes possible to insert the namanonical analogue at evennstance that the

proteogenic amino acid should have been incorporated.

This global replacement method can cause significant changes in the chemical and physical
properties of proteins, and since all cellular proteins will be modified it provides a ueeful

for proteomic studiegJohnsoret al, 201Q Linket al, 2003. The global replacement of the
hydrophobicamino acid leucine with fluorinated analogues has been shown to cause thermal
stabilisation and stabilisation against chemical denaturation in an engineered leucine zipper
(Tang and Tirrell, 2001 Replacement of proline with fluoroproline in collagen strands
(ProProGly) to produce a protein containing two thirds naanonical residues, has been
shown to incBF a8 GKS GKSNXIf  &Shbuidrdetial, 201G Multipled S NJ
different ncAAs, up to 13, have been individually, globally incorporated infmaaglienzyme.
Incorporation of each nowanonical analogue of methionine, proline, phenylalanine, and
tyrosine 6hown inFigurel.9) was carried out to determine the physical and chemical effects
(Hoesl et al, 201]). These global replacements produced a variety of different effects
includng; increased enzyme activity, increased optimum temperature and increased tolerance
to a variety of organic solvents, surfactants and denaturing agéhtsvedo-Rochaet al.,

2013 Hoeslet al., 2011).
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Figure1.9 Noncanonical amino acids used in global replacement studiesadfpase.Each
ncAA was inserted using auxotrophic methods. Tryptophan was replaced with using a
tryptophan auxotroph. Methionine was replaced with 4 and 5 using a methionine
auxotroph. Tyrosine was replaced with 6 and 7 using a tyrosine auxotrogier®lalanine
was replaced with 8 and 9 using a phenylalanine auxotroph. Proline was replaced wih410
using a proline auxotroph.

Using auxotrophic bacterial strains provides a method to insert ncAAs without the need to
manipulate the genetic machineryf ¢he cell. However this approach relies on the ability of
the aminoacytRNA synthetase to accept different substrates, and subsequently load them
onto the appropriate tRNA. In some cases the loading of the ncAA bgntieoacyitRNA
synthetase can be vgrslow, and so to produce the modified proteins the amino#RNA
synthetase must be overexpressed within the {eiicket al., 200Q. Another drawback of this
method is that the amino acid analogues cawoye to be toxic to the cell, which can lead to
reduced expression of the modified protein and sometimes less than 100% incorporation of
the ncAA(Budisaet al, 2004, SinghBlomet al,, 2014. To circumvent these cytotoxic effects,
celHree protein synthesis has been developed to globally incorporate analogues of the amino

acid tryptophan(SinghBlom et al, 2014. Using this cefiree system, whichis depleted in
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tryptophan it was possible to achieve 100% incorporation of the tryptophan analogue into

targetproteins.

These residue specific incorporation methods are very usefudttmying the effects of global
ncAA incorporation, or for producing proteins with amino acids that can be chemically
modified at multiple positions. However to study more localie@gcts of nCAA incorporation
at one position, for example inserting an ncAA into the active site of an enzyme and

investigating the effects on catalysis, a sfgecific metiod of incorporation is needed.
1.2.2 tRNA suppressor technology

To insert a norcanorical residue sitespecificallyin vivg alterations to the translational
machinery of the cell must be made. Amino acid residues are inserted into a growing
polypeptide chain, via tRNA, in response to the triplet code of mMRNA. tRNAs are aminoacylated
with their corresponding amino acid by a tRNA synthetase. The tRNA/tRNA synthetase pairs
that are encoded in the cell have already evolved to load a specifinocaacid onto its
complementarytRNA; therefore to insert an ncAA a new orthogonal tRNA/tRNA syrgbeta
pair must be evolved. The evolved tRNA must not cross react with the host system and must
efficiently incorporate the ncAA iresponse to a codon. The evolviRINA synthetase must
efficiently load the ncAA onto the new tRNA and must not recognise attyedfiost tRNAs.

The most commonly used codon, at which the ncAA is incorporated, in this methodology is the
amber stop codon UAG, due to this codon being a nonsense codon the method is commonly

referred to as nonsense suppressi@tigure 1.1Q)

The first instance of nonsense suppression was used to in§emethyk-tyrosine into
dihydrofolate reductase, in response to an amber stop codon UABE. icoli(Wanget al.,

2001). To insert the ncAA an orthogonal tRNA/tRNA sgtatbe pair was evolved from the
Methanococcus jannaséHiM. jannaschii tyrosyl tRNA/tRNA synthetase pair. The machinery
from M. jannaschiiwas a good target as an orthogonal pair as it already had a number of
different elements from the tyrosyl tRN#IRNAsynthetase pair found ifE.coli With further
protein engineering, using rounds of positive and negative selection, it was possible to develop
a tRNA/tRNA synthetase pair that was fully orthogonaltthe E. colisystem, and which was
used to insert the 0AA in response to the amber stop codon with a 99% fid@litgnget al,

2001).
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Figure 1.10 Schematic of nonsense suppressiorThe orthogonal tRNA synthetase
aminoacyates the orthogonal tRNA with the notcanonical amino acid (ncAA) ready for use
in translation. The anticodon loop of the orthogonal tRNA recognises the amber stop codon
UAG and therefore inserts the ncAA into the growing peptide chain, rather than temtion

of translation occurring.
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Over recent years this method has been extensively used and improved, allowing
incorporation of over 150 different ncAAs into a variety of prokaryotic and eukaryotic systems
(Dumaset al, 2015 Lang and Chin, 2014 uley et al, 2014 Young and Schultz, 20110
Approximately a third of the ncAAs to date are inserted using an orthogonal pair based on the
original M. jannaschiityrosyl tRNA/tRNA synthetase pair. However tle jannaschiityrosyl
tRNA/tRNA synthetase pair is narthogonal in higher organisms like yeast, therefore to
insert ncAAs thé&. colityrosyl tRNA/tRNA synthetase pair was ug€tlinet al,, 2003. Other
commonly usd orthogonal pairs are the leucit®NA/tRNA synthetase pair froi. colifor

use in higher organisms like yeast and the pyrrolysyl tRNA/tRNA synthetase pairs from
Methanosarcina barkerand Methanosarcina maz The discovery of pyrrolysine in 2005 (
discussed inSection 1.1.1), found that pyrrolysine was inserted into the proteins of some
organisms in response to a UAG codon, which would normally encode translation termination.
It was found that pyrrolysine v&loaded onto a corresponding tRNA, which recognises the
UAG codon, as an intact amino acid by a pyrrolysyl tRNA synth@kghet et al, 2004. This

gave an excellent starting point for an orthogonal pair; due to its origins in archaebacteria it
has been found to be orthogonal in both prokaryotes and eukary(ia®et al, 2011). Also

since the pyrolysyl tRNA synthetase does not recognise one of the twenty proteogenic amino
acids there is no need to remove its natural synthetase activity before egadwiractivity for a

new ncAA. The substrate scope of the wilde pyrrolysyl tRNA synthetase was quite broad
allowing the insertion of multiple different pyrrolysine analogues. However, with further
engineering mutant pyrrolysyl tRNA synthetases have kamreloped to further expand the
substrate scope, and over 80 different ncAAs can be inserted using the orthogonal pairs of
wild-type and mutant pyrrolysyl tRNA/tRNA synthetases péiyemaset al, 2019. Using
these orthogonal pairs it has been possible to insert ncAAs wdriehmimics of naturally
occurring PTMs, for example the lysine modificatid#-acetyllysing a common histone
modification was incorporated into myoglobin using an evolved pyrrolysyl tRNA/tRNA

synthetases paifNeumannet al., 2008.

Expanding on this technology, tRNA/tRNA synthetase peive been developed that will
decode a quadruplet codon and insert an ncAA in response. Using this method it was possible
to incorporate two different ncAAs into the same protein by using the quadruplet codon to
encode homoglutamine and insert it using Igsyl tRNA/synthetase pair derived from
Pyrococcus horikoshand the also using the amber stop codon to ingemnethykL-tyrosine

using the tyrosyl tRNA/synthetase pair fravh jannaschiiHowever efficiency of incorporation
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was low(Andersonet al, 2009. Low incorporation efficiency in response to the quadruplet

codon is due to the larger quadruplet agtbdon of the tRNA being poorly accepted by the
natural ribosome. Therefordo increase efficiency the ribosome needs to be evolved to accept

the quadruplet tRNA. To prevent this engineering affecting translation within the cell, a

j dzF RNHzLJX S RSO2RAYy3I NRo2az2YS KFLa 0SSy RS@St
natural maclnery. This engineered ribosome has been shown to efficiently recognise and
decode orthogonal mRNA designated by an alternative Shalgarno sequence, the
orthogonal mMRNA has also been shown not to cross interact with thetyyitd ribosome

(Neumannet al,, 201Q Wanget al., 2007%.

This research shows the significant advances that have been made towardpesiificin vivo
introduction of ncAAs. This method has provided an excellent way in which tepstafically
incorporate tags for modification, ways to study PTMs and incorporate biophysical and
fluorescent probegDavis and Chin, 20L2Due to the use of the pyrolysyl tRNA synthetase,
and its relaxedsubstrate specificity, it has been possible to considerably expand the range of
NcAAs that can be incorporated in this manner. However the core structural motifs that can be
incorporated are mainly phenylalanine, tyrosine or lysine analogiWan et al, 2014
England, 20040'donoghueet al, 2013 Davis and Chin, 201Dumaset al, 2019. These
methods are also reliant on the ability of a tRNA/tRNA synthetase pair to accept the desired
ncAA. To incorporate aide variety of different side chains into one protein, it would be
necessary to evolve a specific tRNA/tRNA synthetase pair for each ncAA to be incorporated.
Therefore more work towards discovery and engineering of new orthogonal pairs is needed to
keep panding the side chain chemistries that can be inserted. The majority of the ncAAs are
inserted in this manner are in response to an amber stop codon, and so the natural function of
the amber stop codon is in competition with the evolved function to ihgke ncAA. This
competition can reduce the efficiency of incorporation, resulting in low yields of modified
protein, and can sometimes prevent incorporation entir@ddonoghueet al,, 2013 Zhanget

al., 2013.

1.2.3 Chemical modification of proteins

Chemical modification of proteins provides a way to attempt to synthetically mimic the many
varied modificationsperformed by Nature. Modifying proteins chemically can prove to be
quite a challenge as proteins contain a variety of reactive groups; carboxylic acids, amines,
amides, alcohols and thiols. Therefore the chemistry employed must befispeually to

target the sidechain of a specific amino acid, and the chemistry must be carried out under
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conditions that will not irrevocably impair the protein structure or function, for example
aqueous conditions, near neutral pH and ambient temperat(&scer and Davis, 201Basle
et al, 2010.

Pivotal experiments carried out in the 1960s used chemical methods to converaummo

acid into another. Firstly an-ptoluenesulfonyll-serine residue, on a short peptide, was
converted into a thiol containing cysteine residue by reaction with thioacdfteudrouet al.,

1965. This methodology was extended for use in proteins; the serine in the active site of
subtilisin was treated firstly with phenylmethanefaryl fluoride (PMSF) and then with either
thioacetate of thiobenzoate to produce a cysteine residBelgar and Bender, 19h6These
experiments, carried out in the era before the development of-ditected mutagenesis, were

the first examples of amino acid replacements. Although genetic manipulation has now made
exchanging amino acids simple and commonplace, the power of this cilemadification

method must not be underestimated.
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Figure 1.11 Conversion of active site serine to cysteine in subtilisiReaction with
phenylmethanesulfonyl fluoride (MSF) with the active site serine followed by displacement
of the phenylmethanesulfonyl group by thioacetate followed by spontaneous hydrolysis to
form cysteine.

The most common approaches for chemical modification of proteins takes advantage of
unique chamistries found in the sidehains of amino acids. Another powerful approach to
selective chemical modificath can now be achieved by usiagRNA/tRNA synthetase pair to
genetically incorporate an ncAA with a selectively reactive group, which can then be
subsequently modifiedSpicer and Davis, 201#ao et al, 2011). Modification using the

proteogenic amino acil utilises the chemistries of the side chains, for example; the primary
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amine group of lysine which caasct as a nucleophile, the sidehain of arginine can be
modified to a pyrimidine derivativéOyaet al,, 1999, and histidine can be selectively modified
with epoxides(Chenet al, 2003. However he most common proteogenic sidehain to be
modified is cysteine. Cysteine has a number of advantages as the targesodification; firstly

it is one of the most uncommon of the proteogenic amino acids, which may allow more
selective modication, and secondly its sidehain is a free thiol group which is highly
nucleophilc and not found within the sidehains of theother proteogenic amino acids

(Chalkeret al., 2009.
1.2.3.1 Chemical modification at cysteine

Cysteine provides a unique chemical handle which can be modified iipraudifferent ways.

The sulphur in the cysteine can interconvert between multiple oxidation states, which is how
posttranslational modification of cysteine plays a role cellular redox reguldiidani et al,,

2014). Oxidation of cysteine also allows formation of disulphides and by modification via
disulphide formation it has been possible to study glycosylatiimics(Gamblinet al., 2004.

The free thiol group of cysteine is the maost highly nucleophilithe proteogenic amino acid

side chains and with control of pH, selective modification of cystedver other nucleophilic

side chains lysine and histidine, can be achiey€talkeret al., 2009 Bischoff and Schluter,
2012. Cysteine is one of the least commonly occurring proteogenic amino acids, and with the
use of sitedirected mutagenesis to remove otheysteine residues and to place a cysteine at a
desired position for modification, it can provide a highly selective handle for modification. Due
to the nucleophilic nature of cysteine it can be targeted by electrophiles for alkylation, which
can be achieM®@ dza Ay 3 St SOG NP LalodabddylsYAlkylSidn BiAcyiBide cany R
also be used to produce mimics of the ptstnslational modifications of lysine, methyl lysine
and acetyl lysine within proteingluanget al, 201Q Simonet al,, 2007(Figure 1.12)Methyl

lysine and acetyl lysine play important roles in the epigenetic control of the cell, andsaoces
these structural mimics has provided important insight into these {p@stislational

modifications.
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Figure1.12 Methyl lysine and acetyl lysine analogues produced fratkylating a cysteine
residue. A-C show methyl lysine analogues A) monomethythialysine formed by reaction
of cysteine and (Zholorethyl}methylammonium chloride, Bdimethyl- -thialysine formed
by reaction of cysteine and (2holorethyl}dimethylammonium chloride, C)
trimethyl - -thialysine formed by reaction of cysteine and
(2-bromoethyl)-trimethylammonium bromide (Simonet al., 2007). D is the acetyl lysine
analogue, methylthiocarbonyt -thialysine formed from reaction of cysteine with
methylthiocarbonyl-aziridine (Huanget al., 2010).

Cysteine can also act as a precursor for the production of the reaetdarophilic handle
dehydroalanine (dha). Dha is a more selective target for modification, than any of the
proteogenic amino acid side chains, itis highly electrophilic, a feature which is lacking within
the proteogenic amino acids. Synthetically dha can provide access to many different PTM
analogues and ncAAs by a conjugate addition with a thiol; dha is electrophilic and therefore

acts as a thael acceptor for reactions with nucleophilic thiols.

Dehydroalanine is found in nature in compounds known as lantibiotics, short peptides which
undergo posttranslational modification, where it is produced from the enzymatic dehydration
of serine (Willey and Van Der Donk, 2007These modifications to produce unsaturated
compounds are common within lantibiotic synthesis, and dehydration of threocamealso
occur to produce dehydrobutyrin@Villey and Van Der Donk, 200Xie and Van Der Donk,
2004). Thereare multiple reported methods for the synthetic production of dha in proteins,

including, e@mination of activesite serines, the use of bromomaleimdes and the use of
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nonsense suppression to insert a phenylselenocysteine residue followed by a subsequent
reaction with hydrogen peroxide to form di{&halkeret al, 2011 Tedaldiet al, 2009 Guoet

al., 2008 Neet and Koshland, 19%56Another method to produce dha, uses the compound
2,5-dibromohexanl,6-diamide to target a cysteine residue which undergoes doulid@ation

to produce a sulfonium salt which is them eliminated to produce (Plaalkeret al., 2017
(Figure 1.13)This method to produce dha has then been combined with the Michael addition
of thiol compouns to produce analogues of lysine PTMs on synthetic hist(@iealkeret al.,,

2012, extended phosphorylated residues to investigate kinase activaftowanet al.,, 2013,

and modify enzyme active site residug@émmset al., 2013.
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Cysteine Bis-alkylation elimination mechanism Dehydroalanine

Figure 1.13 Bisalkylation-elimination mechanism for the conversion of a cysteine residue
into a dehydroalanine reside carried out by the compound 2libromohexanl,6-diamide
(Chalkeret al., 2011).

1.3 Catalysis with norcanonical amino acids

There are many different examples of ncAAs being used to mimic PTMs, ascpbsgbinkers,

as biochemial and biophysical probes and labels, some of which have been mentioned
previously and have been reviewed (yumaset al., 2015 Davis and Chin, 201Basleet al,

2010 Haoet al, 2011). However, another interesting use of ncAAs is determining their effects

on the ativity of enzymes.

Global replacement of amino acids with a Acemonical analogue has been shown to cause
increases in activity. For example replacement of methionine with the-camonical
norleucine, increased peroxygenase activity in a cytochromé Pddnooxygenas€Ciino et
al., 2003. Replacement of tryptophan with-ffuorotryptophan in glutathiondransferase
produced a 4old increase irkca: by enhancing the product releagBarsonset al, 1999. It has

also been reportd that sitespecific introduction of ncAAs can be used to alter catalysis.
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Studies into the nitroreductase enzyme froB coli which has found use as a prodrug
activator for cancer therapeutics, revealed that Phel24 was a critical residue for substrate
binding (Jacksoret al, 20069. Therefore mutagenesis to proteogenic amino acids was carried
out with limited success in improving the activity, with lysine being identified as the best
proteogenic amino acid. Therefore ncAAs were investigated to see if further improvements
could be nade. Eight different phenylalanine analogues were inserted at position 124 using
nonsense suppression, with varying effects on catalysis, by insgrmigophenylalanine a
30-fold improvement over the wildype enzyme was seen and a 2dd improvementover

the proteogenic F124K variant was sgdacksoret al., 2006. A bacterial phosphotriesterase
(PTE) activity has also been improved by the-gitecific incorporation of ncAAs by nonsense
suppression This bacterial PTE was shown to hydrolyse toxic organophosphate pestigdes lik
paraoxon, at rates thought to be at their evolutionary limits. From structural studies aromatic
ring interactions between Tyr309, Phel32 and Trpl131 were seen to stabilise the ring of the
paraoxon substrate. The TyI8 was replaced with the ncAA&hydroxycoumarinyl and
7-methylcoumarinyl, and the-Rydroxycoumarinyl residue increased the turnover rdégX by

8-fold and 1%fold at higher pH, however it did not affect tkew/ Kn (Ugwumbaet al.,, 2011).
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Tyrosine 7-hydroxycoumarinyl side chain 7-methylcourmarinyl side chain

Figure 1.14 Tyrosine analogues -fiydroxycoumarinyl and #methylcourmarinyl inserted at
Tyr309 in a bacterial phosphotriesterasReplacement of tyrosine with -hydroxycoumariny!l
increase turnover rate of the toxic pesticide paraoxon byf@d.
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Chemical modification has been used to alter enzyme active sites for decades, for example in
the 1960s PMSF was found to modify thetive site serine of serine proteas@=ahrney and

Gold, 1963 In more recent years allation of cysteine residues has been carried out on a
number of enzymes to investigate the effects on active site residues. The active site lysine
(K107) of fructosd.,6-bisphosphate aldolase (FBPA) is critical for activity, conversion of this to
a cystene (K107C) and then subsequent reaction with bromoethylamine yielded the sulphur
O2y il Ay Ay dhialysiné. The2 Muta8enesis of the catalytic lysine into a cysteine residue
reduced kead Kn 700F 2 f RZ | YR & dzo & S |j dBiglyisine Ye2deedf 80D lofi A 2 y
wild-type activity (Hopkinset al., 2002. This reduction in activity, of the modified enzyme
compared to the wildype enzyme was attributed to only 80% conversion of the cysteine
NEaARMISKANTG2aAYSd ¢ K SiNalysigeNBe cllak @as dr2eRckI€m Siic

of the wildtype lysine, simulating both the structure and function.
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aspartate a-KG glutamate OAA

Figurel.15 Reaction of aspartate aminotransferasé\spartate amino transferase catalyses
the transfer of the amino group from the amino acid aspartate onto the ketoacid
hg S 23t dzk®)mlpriddsice dhe amino acid glutamate and doacetate (OAA).

wSLX I OSYSy (i -#hislysinehasiajsESbean kairikd out in other enzymes. Aspartate
aminotransferase, which catalysdbhe transfer of an amino group from aspartate onto

hq S{2 3t dzakG)NroduSing glbitamate and oxaloacetd®AA) Figure1.15), has a
OFGFrteGAO te&aAyS 0YH ptyialysing(GlosO BEnd Kilsch, 19gbagait O S R
mutagenesis to the cysteine mutant resulted in a decrease in activity but modification to

1 -thialysine only reconstituted 10% of witdpe activity. In this case, conversion of >95% to the
i-thialysine side chain was observed and so incomplete ficatibpn was not the cause of
decreased activity. It was hypothesised that the change y2pK  dtHfafysine, which is 1.3

units lower than that of lysine, produces a less basic residue which is less effective at
FoAGNY OGAY 3 I LINE subsfratefGlMRs Yand(KKs8h, 1995a hids Tworki HasS
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been further extended to inge a variety of lysine and glutamate analogues at position 258
and their effects on activity were determinedrigure 1.16) (Gloss and Kirs¢ 1995)).
Interestingly it was seen that carboxylate containing ncAAs, increased the binding affinity for

the amino acid substrate up toféld.

NH
NHa HNHz H/ 2 H/

NH,

L L i
H-N" "COOH HoN" "COOH H,N" "COOH H,N" COOH
lysine y-thialysine y-homo-thialysine y-homo-dithiolysine
S-(aminoethyl)-cysteine S-(aminopropyl)-cysteine S-(aminoethylthio)-cysteine
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(0] OH HJ\OH

L L
H.,N~ 'COOH H.-N~ 'COCOH HoN COOH
glutamate S-(carboxylmethyl)-cysteine S-(carboxyethyl)-cysteine

Figure 1.16 Lysine and glutamate nowganonical analogug inserted by alkylation ofa
cysteinein aspartate amino transferase (Gloss and Kirsch, 1995b).

The enzyme glutathione transferase is a dimeric protein which requires an aromatic
phenylalanine or tyrosine from one subunit, to be wedged into a hydrojghphatch of the
other subunit for activity. The aromatic Tyr50 was seen to be essential for activity in human
glutathione transferase with mutation to alanine or cysteine inactivating the enzyiegazy

et al, 2004. The Y50C variant was alkylated with twenty different habvadls to generate
ncAAs at this position. For the majority of the modifications between 60 andd 66nversion

of the cysteine was achieved, and for all sipgecific modification was achieved as assessed by
mass spectrometry. Modification of Y50C with abdtane to produce arSbutyl cysteine
residue resulted in a Hbld increase irkeaf Km than the wildtype (Y50) enzyméHegazyet al,
2006). These modificatiosras well as being used to increase the activity of the enzyme have
been used to investigate the allostery of the enzyme mecharidegazyet al, 2013. From

these examples, clearly one of the advantages of using chemical modification to insert ncAAs is
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the ease \ith which multiple different norcanonical side chains can be accessed from one

cysteine variant.

With some of these alkylation modification experiments, to allow-sfecific modification of

one cysteine, it has been necessary to remove cysteine restlaesvere not to be targeted
(Planas and Kirsch, 1991 In other cases if the cysteine residues were buried within the
protein they could not be modified and so did not need to be mutgtddpkinset al., 2002).

These alkylatiomxperiments can be hindered by incomplete conversion to the desired ncAA,
as can the nonsense suppression method since efficiency of incorporation is often incomplete,
resulting in a heterogeneous sample of modified and unmodified protein. However, ribw wi
the facile conversion of cysteine into dha and an addition of a thiol it is possible to routinely
produce homogenous ncAA containing proté@halkeret al., 2011, Timmset al, 2013. To
alkylate a cysteine residue, it is necessary to have an electrophile with which tibyibds

can restrict the sidechains that can be produced through this method withoutdibated
organic synthesis of a range of alkylation reagents. Whereas by incorporating an electrophilic
dha, nucleophilic thiol compounds are used to generate the ncAA side chain which allows

commerdal access to more diverse sideains, as will be demormsted in this thesis.

1.4 Aldolases

The aldol reaction is one of the foremost reactions in organic chemistry. During the aldol
condensation between two carbonyl compounds a new carbarbon bond is formed, to

LINE R dzO S -hyldroxyl Sasbonyl compounfMachajewski and Wong, 20P0his reaction is

of great interest, as aldol structural units are found throughout nature and during the
condensation up to two newstereocentres may be formed. The aldol reaction can be
catalysed enzymatically by the family of enzymes known as the aldolases. Aldolases are a type
of lyase enzyme which can form and cleave carbarbon bonds, in the condensation reaction

a aldehyde aweptor is added onto a ketone donor. The aldolase mechanism can be split into
two different classes; the Claksldolases form a Schiff bases between a catalytic lysine and
the ketone donor, and Cla#isaldolases which use a zinc ion to stabilise theatieg charge on

the ketone donor intermediatéMarsh and Lebherz, 199¢rigure 1.17)
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Figurel.17 Generalised Class | and Clakaltolase mechanism<lass | and Class Il aldolase
mechanisms for the condensation of the ketone donor dihydroxyacetone phosphate (DHAP)
highlighted in purple, with an aldehyde acceptor. The Class | mechanism shows a Schiff base
formed between a lysineand the DHAP ketone donor, The Class Il mechanism shows
negative charge on the DHAP ketone donor intermediate being stabilised by a zinc ion
coordinated by histidine residues.

Aldolases can also be classified according to their ketone donor; dihydeigrye phosphate
(DHAPXependent, pyruvate or phosphoenolpyruvatglependent, glycinelependent and
acetaldehydedependent (Sukumaran and Hanefeld, 2008-igure 1.18) DHARJependent
aldolases dalyse the addition of DHAP onto an aldehyde acceptor substrate. One well known
example of this type of aldolase is fructes@-bisphosphate aldolase (FBPA) which plays an
important role in glycolysis and gluconeogenesis, catalysing the reversible deafag
fructosel,6-bisphosphate into DHAP and glyceraldeh@dehosphate. Pyruvate or
phosphoenolpyruvate dependent aldolases catalyse the addition of pyruvate (or phosphoenol
pyruvate) onto an aldehyde acceptor. Glycioiependent aldolases catalyse tlaldition of
glycine onto an aldehyde acceptor. There are two types of glycine dependent aldolase;
threonine aldolases which condense glycine with acetaldehyde to form threonine, and serine

hydroxyl methyl transferases which condense glycine WitN'° methylenetetrahydrofolate,
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and both these enzymes require the cofactor Pl(€ontestabile et al, 200J).
Acetaldehydedependent aldolases catalyse the additioh acetaldehyde onto an aldehyde
acceptor. There is only one known example of acetaldehydedependent aldolase:
2-deoxyD-ribose5-phosphate aldolase (DERA). DERA is an unusual aldolase, as both the donor
and acceptor substrates are aldehydes and so catalyse two sequential additions of
acetaldehyde to the acceptor aldehy¢i@eanet al., 2007. Aldolases tend to be highly specific

for their donor substrate; hoever they are far more promiscuous towards aldehyde acceptor

substrates
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Figure1.18 Classification of aldolases by their donor substrai#ll the aldolases require an
aldehyde acceptor substrate and their respective ketone donor; dihydroxyacetone
phosphate (DHAP), pyruvate or phosphoenol pyruvate, glycine or acetaldehyde. Reactions
for DHAR, pyruvate- or phosphoenol pyruvateand glycinedependent aldolases have been
shown with a generalised aldehyde acceptor, the acetaldehydependent aldolase is shown
with glyceradehyde3-phosphate as the aldehyde acceptor as this is the reaction catalysed by
DERA the only known acetaldehyde dependent aldolase.

Aldolase catalysed redaohs are an attractive option for the production of biologically
significant compounds like carbohydrates, since traditional syntheses are difficult due to the
fact these compounds can contain multiple functional groups and tend to be wsatable
(Fesko and Grubefhadjawi, 201B Since there is not always an enzyme available for a desired
aldol reaction, there has been significant work towards the evolution dblates for
synthetically useful reactions has been carried osjewed by(Windleet al, 2014 Boltet al.,

2008, Deanet al,, 2007, Baker and Seah, 201 Dne excellent example of aldolase engineering

for synthetically useful compounds was performed with DERAAREER found to catalyse the
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sequential addition of two equivalents acetaldehyde to chloroacetaldehyde (CAA),which
produced avaluableprecursor for the production of statin drugs, for example Atorvastatin
(Figure 1.19)Unfortunately the enzymatic reactiomas hampered by low affinity for CAA and
low tolerance to CAA. Therefore a directed evolution approach was used to produce a variant
with significantly increased affinity for CAA andfal@ higher catalytic activity in the presence

of 500mM CAA than thevild-type (Greenberget al., 2009.

DERA
DERA j OH
OH © OH O OH OH ? o
Cl ! +) = C|\/k) = Cl\/k/k) = Cl .
7
) ®) OH

(S)-4-Chloro-3- (3R, 5S)-6-Chloro-2,4,6-
hydroxybutanal trideoxyhexapyranoside

Statin drug precursor

Figure 1.19 DERA catalysed reactiorof two equivalents of chloroacetaldehyde to
acetaldehyde to produce the statin drug precursor (SR,  596-Chloro
2,4,6trideoxyhexapyranoside
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1.4.1 N-Acetylneuraminic acid lyase

N-Acetylneuraminic acid lyase (NAL) catalyses the reversible aldolersatibn of
N-acetylb-mannosamine (ManNAc) and pyruvate to foMracetylneuraminic acid (Neu5Ac).
Neu5Ac is the most abundant of the sialic acids; a groupaair®on sugars which modulate a
variety of biological processes and are often found at the teaihposition of glycoconjugates
(Severiet al, 2007 Jiet al, 2019. Neu5Ac also plays a role in h@stthogeninteractions and
infectivity of the influenza virus, which has led to analogues of Neu5Ac, TaaniituRelenz®,

being developed as anitifluenza drugs.

Wild-typeNAL
OH OH (l) O OH OH OH O
- )J\COO_ —_— H\-/\H\)J\COO_
OH OH NHAc OH OH NHAc
ManNAc pyruvate Neu5Ac

Figure 1.20 Wild-type N-acetylneuraminic acid lyase (NAL) catalysed aldol reactioh
N-acetytb-mannosamine (ManNAc) and pyruvate to fordM-acetylneuraminic acid (Neu5Ac).
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Figurel.21 Proposed mechanism dfl-acetylneuraminic acid lyasd.ysine 165 is the catalytic
lysine which forms a Schiff base with the pyruvate donor. The Schiff base enamine then
attacks the aldehyde carbon dN-acetylD-mannosamine (ManNAc). Schiffabe hydrolysis
then releases the produch-acetylneuraminic acid (Neu5Ac).

NAL is a Class | aldolase and has been shown to follow an ordaradddol condensation
kinetic mechanism(Groher and Hoelsch, 201L2Pyruvate binds in the active site forming a
Schif base with the catalytic lysine residue at position 165. The enamine Schiff base complex
can then attack the aldehyde carbon of ManNAc to form the new cadawhon bond of the

I -hydroxy compound. Subsequent hydrolysis of the Schiff base then releasdseti®Ac

product.

35



Figure 1.22 Crystal structure of theE.coli NAL (pdb code 4BWL) (Danielst al.,, 2014). A
aK2ga (GKS K2Y20SGNI YSNI 2 % TIM !bgrrel fold Rf each NAK 2 ¢ &
monomer.

A nunber of studies have been carried out on NAL, with NALs fédestridium perfringens
andE. colibeing cloned and expressédeeset al., 1976 Uchidaet al,, 1984. There have also
been a number of Xay crystallographic studies carried out; crystal structures of the
Haemophilius influenzand E. coliNALs have been solvéBarbosaet al, 200Q Izardet al,
19990 ¢ KSaS aiddzRASa KI @S aK2 &YIM barrdl stricgire. I x&y2 L0
crystallographic stueis of NAL with the substrate pyruvate bound in the active site have
shown the presence of the Lystpgruvate Schiff base in the active s{@ampeottoet al,

2010, Lawrenceet al,, 1997. A variety of substrate analogues have also be solved in the crystal
structures including; ©4xo-Neu5Ac in the active site of thelaemophilius influenzaNAL
(Barbosaet al.,, 2000, and a dipropylamide analogue of ManNAc in the active site oEthmli
E192N variant NA{Campeottoet al, 2010, also recently the -Xay crystal structure of thé&.

coli Y137A variant NAL was solved in complex with NeuRsmnielset al, 2014. These
studies, and recent QM/MM studies have been able to highlight catalytically important
residues within the active site of NADRanielset al., 2014. The hydroxyl of Tyrl37, a residue
which is catalytically essential, has beshown to be the proton donor for the ManNAc
aldehyde oxygen in the wiltype E. coliNAL reaction (3. ifrigurel.21) (Danielset al., 2014,
Barboseet al,, 200Q. The residues Tyrl10 and Ser47 are thought to act as a proton shuttle to

aid Tyrl37 as the proton donor, and Thrl67 is involved in stabilising the transition state by
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forming hydrogen bonds with the aldehyde oxygen of ManNAc, which becomes the C4
hydroxyl of NeuSA{Danielset al,, 2014.

) -Thr167
= ._Lys165
> ,‘; (‘ y ‘A‘;
\ 2‘ \ n\\ Tyr137
Glu192 \ &l 4
o R o S
, ) Tyr1 16
> Neu5Ac So3
B {( /\;\1
) | b @ |

Figurel.23 Active site of the Y1374.coli NAL variant in complex with the product Neu5Ac.
Important active site residues have been highlighted as sticks and tlamiale at position 137
has been modelled back in as a tyrosine. Glul92 is involved in stabilisingjlyeerol end of
Neu5Ac, Lysl6%orms a Schiff base with the pyruvate end of Neu5Ac, Serd7 and Tyrl110
provide a proton shuttle for the proton donor Tyrl37ral Thrl67 hydrogen bonds to the C4
hydroxyl and stabilises the transition state (Danied$ al., 2014).

1.4.2 Protein engineering oN-acetylneuraminic acid lyase

Since there is a significant amount of structural and mechanistic knowledge of NAL, and the
ability to form new carborcarbon bonds is extremely desirable, it is an excellent target for
protein engineering studies. NAL has been shown to be highly specifice ketone donor,
pyruvate,with only a few reports of it utilising-Buoropyruvate as wel(Danielset al., 2014

Watts and Withers, 2004Chokhavala et al, 2007). However NAL has been shown to be far
more promiscuous towards a variety of aldehyde acceptor substrates, accepting various C6, C5
and C4 monosaccharidéGijsenet al, 1994 Fitzet al,, 1995 Kimet al, 1983. NAL has been

the focus of multiple different protein engineering studies, changinghbthte substrate
specificity and the stereochemistry of the enzy(hisuet al,, 2005 Wadaet al.,, 2003 Williams

et al, 2005 Williamset al., 2006 Joergeret al., 2003.
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Rational redesign, using structuraloparison, was used to switch the specificitygofcoliNAL

from ManNAc and pyruvate to-aspartatel -semialdehyde and pyruvate, a reaction usually
catalysed by the enzyme dihydrodipicolinate synthase, another class | aldBla$dinget al,,

1997. The variant L142R showed a -fb@d increase in activity with
L-aspartatel -semialdehyde over the wittype NAL(Joergeret al, 2003. TheE. coliNAL has

been shown to be highly selective fossialic acid, and so directed evolution has been used to
relax the steeochemistry of theE. coliNAL. These experiments produced an enzyme capable

of accepting-sugars as well assugars by the mutation V250Vadaet al., 2003. Insertion of

other proteogenic amino acids at this position produced variants with enhanced activities for a
variety of different substrate§Chouet al,, 2011. This work was further developed to produce

an enzyme with high specificity towardssugars, bothL-sialic acid and an analogue
L-3-deoxymanno-2-octulosonic acidL(KDO)showing a 3€old improvement in specifity to
L-KDQOover that of the wildtype NAL(Hsuet al, 2005. One of the mosnhotable examples of

altering the substrate specificity dE.coli NAL was a sennational redesign experiment to
increase the activity of NAL with a dipropylamide analogue of NeupMRHRERS 1T T TT
ORALINR LT YAY20TnIp3cmiNA RRFSNPNEIBmsetar, B8RS 2 E2 K S
Saturation libraries of resiges along the aldehyde binding end of the active site; D191, E192
and S208 were produced and screened for activity with DPAH. The best variant, E192N,
exhibited a 64@old switch inkead Kn from NeuSACtq[4R8 5t ! | = G KA & K@KNA I y
for(URE M5t ! 1 GKIG g1 a KA IWSIHEbliNALwh NeusAVilliatnFet (G KS ¢
al., 2003. The E192N variant was shownexhibit poor stereocontroat the C4 position in the

aldol condensation of(2R39-2,3-dihydroxy4-oxo-N,N-dipropylbutanamide (DHOB) and
pyruvate to form either [&®-DPAH or [§-DPAH. Therefore directed evolution was used, with
E192N as a starting paj to produce a pair of highly stereoselective variafwélliamset al,

2006).

NAL has been the focus of many different studies, which has provided extensive mechanistic
and structural knowledge of this enzyme. The use of enzymes for the synthetic production of
carboncarbons bonds is also highly desirable due to their high specificity and ability to work
under ambient conditions. Since NAL has already been shown to be a highly malleable enzyme
through traditional protein engineering experiments, it may be an ideal cataliftar the

incorporation of ncAAand subsequenalteration of activity.

38



OH OH NHAc

oH oH © 5 wild-type E. coliNAL ~ HO_ Q" on
—_— HO!
K'\_/\‘) )j\coz- AN 0 coo
HO

N-acetyl-D-mannosamine  pyruvate D-sialic acid
rational redesign .
B . 9 coo
NH3 IO (o) L142R NAL .
Ho PN _ L
COy N
o HO COO
L-aspartate-semialdehyde pyruvate hydroxy-tetrahydro-dipicolinic acid
C OH
. . HO,
OH OH O 0] directed evolution
R |
o N
OH OH OH OH
L-arabinose pyruvate L-KDO
D semi-rational redesign
OH O (0] E192N NAL Pr,N OH
R |
Pr?NW )J\COZ' _ HOWCOO‘
O OH HO

DHOB pyruvate DPAH
T167G/E192N directed evolution T167V/E192N/S208V
ProN OH Pr,N OH
OH
HO. Q/ “coo HO. Q/ “coo
HO
4S-DPAH 4R-DPAH

Figurel.24 Protein engineering studies on thE.coli NAL.A shows the wildtype reaction of
NAL,the reversible aldol condensation oN-acetylb-mannosamine and pyruvate to form
N-acetylneuraminic acid oD-sialic acid (Neu5Ac). B shows the condensation.-afspartate
semialdehyde and pyruvate to form hydroxyetrahydro-dipicolinic acid, this activjg was
developed in NAL by rational redesign to confer dihydrodipicolinate synthase activity onto
NAL by the variant L142R (Joergaral., 2003). C shows the condensationisrabinose and
pyruvate to formL-3-deoxy-manno-2-octulosonic acid -KDO) this activity was developed in
NAL by directed evolution (Hset al., 2005). D shows the condensation ¢2R39-2,3-
dihydroxy-4-oxo-N,N-dipropylbutanamide (DHOB) and pyruvate to form DPAH a
dipropylamide analogue of Neu5Ac. This activity was developed in NAL sbreening
saturation libraries of a variety of positions in the active site (Williaresal., 2005), the best
variant E192N was then subjected to directed evolution to produce a pair of
stereocomplementary enzymes (Willianet al., 2006).
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1.5 Thesis aims ath objectives

This thesis will report these of a chemical method to sispecifically introduce ncAAs into
the active site of the&staphylococcus auredAL §aNAL). Subsequent use of this approach was
used to examine the effects of ncCAA incorporation atgb to alter the substrate specificity of

the enzyme. The objectigeof this work were as follows;

1.5.1 To determine structural and functionagffects of replacing the catalytic lysine

at position 165 withthe ncAA! -thialysine.

Previous work within the groupad identified the cysteine fresaNAL as the ideal system for
the incorporation of ncAAs by a chemical modification method. This work had shown that by
incorporation of a cysteine residue int@NAL by sitalirectedmutagenesisit was possible to
achiewe sitespecific insertion of an ncAA via a dehydroalanine intermediate at a desired
position (Nicole Timms, PhD thesis, University of Leeds). Conversion of the catalytic lysine at
position 165 into! -thialysine had been previously carried out isaNAL. Therefore this
chemical modification will be confirmed, and used to produce high yields of modified protein
for detailed kinetic analysis to be carried out. High yield of chemically modified protiin wi
also allow detailed structural analysis, usinga¥( crystallographic methods, of the modified
protein to be performed. Using this approach it will be possible to determine the structural
and catalytic effects of replacing a catalytic proteogenic aranim with a norcanonical

analogue.

1.5.2 Develop methods for highhroughput incorporation of ncAAs by chemical

modification, and screening of modified variants.

By using a chemical modification method to insert ncAAs, multiple different ncAAs will be
individually incorporated sitespecifically into the active site afaNAL, producing many
different modified variants. These modified enzymes can then be screened for activity with a
variety of different substrates, to investigate the effect of ncAAs on substiatén length,
stereochemistry and functional group substitutions. This approach will allow a significant

number of modified enzymes to be both produced and screened.
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1.5.3 To characterise modified enzymes with altered substrate specificities brought

about by hcorporation of a noncanonical side chain.

Once modified ncA®ontaining enzymes have been screened for altered activitieg @ WK A { &
will be taken forward and their altered activity can be analysed. Kinetic analysis will allow the
extent that the subgtate specificity has been changed to be determined. Structural analysis

may elucidate a potential mechanism by which the ncAA has altered the enzyme activity.
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Chapter 2Materials and Methods

2.1 Materials

2.1.1 Technical equipment

Equipment
Centrifuges

Avanti 326 XP Centrifuge
GenFuge 24D Centrifuge

Micro Centaur

Incubators, mixers & shakers
Gallenkamp &onomy Incubator Size 1
ORBISAFE Orbitaturbator

Stuart Magnetic Stirrer SB161

Stuart Orbital Incubator S150

MS1 Minishaker

Vortex Genie 2

Gel electophoresis equipment

VariGel midi system

Mini-PROTEABEIlectrophoresis system

Manufacturer

Beckman Coulter, Brea, CA, USA
Progen Scientific, London, UK
MSE, London, UK

Sanyo, Watford, UK

Sanyo, Watford, UK

Canlab, Cambridge, UK

Bibby Scientific, Stone, UK

IKA® Staufen, Germany

Scientific Industries, New York, USA

Canlab, Cambridge UK
Bio-Rad laboratories, Hertfordshire,
UK

t26SNI I Oun .| aA0 LI ¢ SN aBuBad daboratories, Hertfordshire,

Protein purificationequipment

AKTAprime plus

Superdek S20026/60 gel filtration column

UK

GE healthcare, Little Chalfont, UK
GE healthcare, Little Chalfont, UK



Spectrophotometer
UVIKON 930

Microplate reader

FLUOstar Galaxy plate reader

Other equipment

Jenway 3020 pH meter

PTCL00 Programmable Thermal Controller

Techne DrBlock Heater DRA
Grant JB1 Unstied Waterbath

2.1.2 Chemicals

Agarose

Ammonium Acetate
Ammonium Bicarbonate
D-Arabinose

Agar

Agarose

Ammonium persulfate
Acetone

Acrylamide, 30%
Ampicillin

N-Acetyl D-Glucosamine
N-Acetyl D-mannosamine
N-Acetylneuraminic acid
Bovine serum albumin
Bromophenol blue

I -mercaptoethanol
Coomassie Brilliant Blue
Benzyl Mercaptan
Bradford reagent
-Cygeine

D-Cysteine hydrochloride
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Kontron Instruments, UK

BMG Labtech, Aylesbury, Bucks, UK

Bibby Scientific, Stone, UK
GMEHinc, Minneapolis, MN, USA
Bibby Scientific, Stone, UK
Grant Instruments, Shepreth, UK

Melford Laboratories, Suffolk, UK
Fisher Scientific, Loughborough, UK
Acros Organics (Fisher Scientific)
SigmaAldrich,Dorset, UK

Melford Laboratories, Suffolk, UK
Melford Laboratories, Suffolk, UK
Acros Organics (Fisher Scientific)
Fisher Scientific, Loughborough, UK
Severn Biotech, Kiddernster, UK
Formedium, Norfolk, UK
SigmaAldrich, Dorset, UK
Carbosynth, Berkshire, UK
Carbosynth, Berkshire, UK
Bio-Rad, HertfordshirelJJK
SigmaAldrich, Dorset, UK
Stratagene , Cambridge, UK
BDH Biochemical, Poole, UK
SigmaAldrich, Dorset, UK
Bio-Rad, Hertfordshire, UK
SigmaAldrich, Dorset, UK

MP Biomedicals, Cambridge, UK



Cyclohexanone
N,N-Dimethylformamide
Dimethyl sulphoxide, DMSO
1,2-Dithicthreitol, DTT

Ethanol

Ethylenediamine tetra acetic acid, EDTA
D-Erythrose
2-Furanmethanethiol

Fomic acid

D-Galactose

Glycerol

Glycine

D-Glucose

L a 2 LINE- Ldhibgaléctopyranoside
Imidazole

Lactate Dehydrogenase
Lysozymdrom chicken egg white
D-Lyxose

Mannose

Mercaptopropionic acid

MES monohydrate
2-Mercaptoethanol
4-Mercapto-1-butanol
1-Mercapto-2-propanol
4-Mercapto-1-butanol
Methylthioglycolate
3-Mercaptopropionic acid

I -Nicotinamide Adenine Dinucleotide reduced
Orthophosphoric acid
2-Propenel-thiol

Polyethylene glycol 3350
Polyethylene glycol 400
Propanz-ol

D-Ribose

Sodium chloride, NaCl
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SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
Formedium, Norfolk, UK

Fisher Scientific, Loughborough, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK

Fluka (Sigmdldrich)

Fisher Scientific, Loughborough, UK
Fisher Scientific, Loughborough, UK
Fisher Scientific, Loughborough, UK
Generon, Berkshire, UK

Acros Organics (Fisher Scientific)
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK

MP Biomedicals, Cambridge, UK
SigmaAldrich, Dorset, UK

Alfa Aesar, Lancashire, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SgmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK
SigmaAldrich, Dorset, UK

Fisher Scientific, Loughborough, UK
Fluka (Sigm&ldrich)

Fisher Scientific, Loughborough, UK



Sodium dodecyl sulphate, SDS SigmaAldrich, Dorset, UK

Sodium hydroxide, NaOH Fisher Scientific, Loughborough, UK
Sodium phosphate dibasic, Na2HPO4 Signa-Aldrich, Dorset, UK

Sodium phosphate dibasic, NaH2PO4 SigmaAldrich, Dorset, UK
Tetramethylethylenediamine (TEMED) SigmaAldrich, Dorset, UK

Tris Base Fisher Scientific, Loughborough, UK
Tryptone Fluka (Sigmldrich)

Trichloroacetic acid SigmaAldrich, Dorset, UK
2-Thiobarbituric acid SigmaAldrich, Dorset, UK

Urea SigmaAldrich, Dorset, UK

D-Xylose SigmaAldrich, Dorset, UK

Yeast extract Fluka (Sigmdldrich)

2,5-dibromohexanl,6-diamide (diBr) was synthesised asupplied by Alun Myden (University
of Leeds, UK) and Roberhith (University of Leeds, UK).
2.1.3 Media

Unless otherwise stated all bacterial cultures were grown iRY2nedia which had been
A0SNAEfAASR o0& I|dzi20ft 1 @Ay A prépaadusing distie @tk 1 Y
and contained 169 tptone, 10 g yeast, 5 g NaCl, if solid phase media was required this was

supplemented with 1.5% (w/v) agar.

2.2 General Methods

2.2.1 Centrifugation

Centrifugation of samples above Irl. and 96vell plates was performeth anAvanti 326 XP
Centrifuge(Beckman Coulter, Brea, CA, Y&#a temperatureof & / dzy f Saad 2 (0 KS N A

Centrifugation of samples <1mBL was performed using either a GenFuge 24D Centrifuge

(Progen Scientific, London, Y&t a SANYO Micro CentaCentrifuge (MSE, London, UK
2.2.2 pH measurements

pH measurements werperformed using a Jenway 3020 pH metibpy Scientific, Stone, YK

calibrated accordingtd KS al ydzFl OG0 dzZNENR& 3JdzA RSt Ay Sao
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2.2.3 Aseptic technique

Aseptic technique waasedthroughout. All heat resistant materials and both solid and liquid
phase media weresterilised by autoclaving at 121/ T @diNJSalufions which were heat
labile were sterilised by filter sterilisation using Milge$yringe Filter unit (EMD Millipore,
Hertfordshire, UK) and equipment which could not be heat sterilised was cleaned witlwn

70% (v/v) ethand
2.2.4 Antibiotic stocks

Ampicillin was the antibiotic used throughout at a final concentration ofigmL? in both
solid and liquid phase media. Ampicillin was made to a stock concentrationnof B! using

distilled water; this stok was sterile filtered before asr before storage a20¢ / @
2.2.5 Culture growth

Sinde colonies were picked from®Y agar plates supplemented with 50 pg*rampicillin and

used to inoculate 5 mL starter cultures oT® supplemented with 50 pg rhampicillin. These
starter cultures wee incubated for 16 hours at 37°C, with shaking at 200rpm in an orbital
incubator. 50 pL of starter culture was used to inoculate a 50 mL day culture (unless stated
otherwise) and incubated for 8 hours at 37°C, with shaking at 200rpm in a 250 mL caslcal fl

10 mL of day culturevas used to inoculate 1 L ofTY supplemented with 50 pg rhampicillin

in a 2.5 L conical flask. Cultures were incubated at 37°C, with shaking at 200rpm until an
optical density (O.D) of 0.6 at 600 nm was reached, and therepretxpression was induced

by addition of IPTG to a final concentration of 0.1 mM.
2.2.6 Glycerol stocks

Glycerol stocks were made from starter cultures that had been incubated for 16 hours at 37°C,
with shaking at 200rpm. A 1:1 v/v solution of culture to seeglycerol was made and stored in

I AGSNAES bdzyO / NE2¢dz0 Syn@/C®SNVRI ERNRIK SA2 dzOR ¢
directly from glycerol stocks onto 2TY agar plates and single colonies picked for inoculation of

starter cultures.
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2.3 DNA Methods

2.3.1 Bacterial strains and plasmids

Bacterial strains used in DNA manipulation were;

E. coliXLXBlue (Agilent Technologies, CheshitéK)

recAlendAlgyrA96thi-1 hsdR17supE44relAllac[F proABlacPyzn a mindO (Tet)]
E.coliXL10Gold(Agilent Technologis, CheshireUR

Tetk mcrA183k mcrCBhsdSMRmMrT)173endAl suE44thi-1 recAl gyrA96relAl lac Hte [F proAB
lacP ¥2 K15 TnLO(Tet) Amy Carfh

Bacterial strains used for protein expression were;
E. coliBL21Gold (DE3)Agilent Technologies, Cheshitgk
(BFompT hsd@: me®) dem Tet 3 I {DE3endA Hte

The pkanA S.aureudHis plasmid was provided by Professor A. Berry (University of Leeds,
UK)

2.3.2 Plasmid purification

5mL starter cultures, of ZY media supplemented with 50 pg frampicillin, wereinoculated

with either single colonies or glycerol stocks of bacteria and grown for 16 hours at 37°C,
200rpm in an orbital incubator. Plasmid DNA was then purified from these starter cultures
using Wizard® Plus SV Minipreps DNA Purification System (Prddoegjiahampton) according

02 YIydzFlI OlGdzZNBENR& 3IdzA RSt AySao

2.3.3 Agarose gel electrophoresis

Agarose gel electrophoresis was performed with %.qw/v) agarose gel for nucleic acids
<1.5kb. Agarose gels were prepared by dissolving agarose in TAE buffer and hruan 14db

ladder for determining the size of DNA fragments.
10x TAE buffer

10mM EDTA
200mM Glacial acetic acid

400mM Tris base
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2.3.4 DNA quantification

DNA quantification was carried out spectrophotometrically at 260nm. An absorbance reading
of 1.0 is equato 50 ng pt of double stranded DNAAgarose gels werperformed with an

appropriate

2.3.5 DNA sequencing

DNA sequencing was carried out by Beckman Coulter Genomics (Essex, UK)
2.3.6 Sitedirected Mutagenesis

Mutagenesis was carried out using QCilange Lightningtse-directed mutagenesis kit (Agilent
Tednologies LDA UK Limited). Siieected mutagenesis primers were designed as per the
YIydzFl OG dzNBENRa 3IdzZA RSt AySao

2.3.7 Transformation

Transformations were carried out using a heat shock method according to the method
provided with the mutagenesis kit. Plasmid DNA was transformed into BotGolXL16Gold
Ultracompetant cells an&. ColBL21Gold (DES3) cells.

2.4 Protein methods

2.4.1 Affinity chromatography purification of Histagged proteins

E. oli cells with the plasmid coaining the target gene for proteiexpression were cultured as

in Sction2.2.5 His-tagged proteins were purified using Chelating Sephdirdsst flow resin,
chelated with nickel ions, in a batch purification method.

Cell pdlet was harvested from 1 L of bacterial culture by centrifugation at 12 Go® 20 min.

The cell pellet was rsuspended in 50 mL of washing buffer per 10 g of cells using a manual
homogeniser. The rsuspended cells were then lysed at 20 KPSI usirgll D{Sruptor from
Constant Cell Disruption Systems (Northamptonshire, UK). Insoluble cell debris was separated
from the soluble protein by centrifugation at 40 000 g for 45 min at 4 °C.

The supernatant containing the soluble protein fraction was therddéolonto 5 mL of
Chelating Sepharo®éfast flow resin in a 50 mL falcdabe, and incubated for 3fhin with
agitation at 4 °C. Centrifugation at 4 000 g for 6 min at 4 °C produced a supernatant containing
any nonrbound proteins, which was discarded. Tiesin was then thoroughly rsuspended
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using 40 mL of washing buffer and centrifuged at 4 000 g for 6 min at 4 after which the
supernatant was discarded, this step was repeated three times. Elution of the¢abied
protein was achieved by addition of AGL elution buffer and incubation for 1 hour at 4 °C with
agitation, after centrifugation at 4 000 g for 6 min at 4 °C the supernatant containing the His
tagged protein was collected. The protein was then dialyé8sittion 2.4.3 either against
20mM Tris/HCI then sterile filtered and stored at 4 °C, or against 20 mM ammordatate

pH 7.0 and lyophilised ¢&tion2.4.6

Washing buffer

50 mM Tris/HCI pH7.4
20 mM Imidazole

500 mM NaCl

Elution buffer

50 mM Tris/HCI pH7.4
500 mM Imidazole
500 mM NacCl

2.4.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) was perfithmed
resolving gel containing 15% acrylamide and stackinggataining 3.75% acrylamide. Gels
were made up containing the components listed below, the two polymerisation initiators, APS
and TEMED, were the final components to be added. Gels were set between two glass plates.
The resolving gel was set first withagrer of isopropanol to prevent drying, once the resolving

gel was set the isopropanol was discarded and the stacking gel added with a comb inserted to

form sample wells.

Protein samples were prepared for SDS PAGE by addition of an equal volume of ixx load
buffer (recipe below) incubating at 100 °C for 5 min and tkentrifugation for 5 min at
13000 g before being loaded onto the gel. Separation by electrophoresis was carried out at
30-60 mA for approximately -2 hour. SD®AGE gels were then stainear fL hour using a
methanol: acetic acid water (5:1:1, v/v/v) solution containing 0.1 % (w/v) coomassie Brilliant
Blue R250 solution and then destained using the same solution without the Coomassie Brilliant
Blue R250. For more rapid development $3&Egels were also stained usinQuick

Coomassie Stain (Generon, Berkshire, UK).
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Resolving gel:

7,500 pL 30% (wjvacrylamide
3,750 puL 1.5 M Tris/HCI pH8.8
3,500 pL kD

150 pL 10% (WSDS

50 pL 25% (WIVAPS

5 uL TEMED

Stacking gel:

625 uL 30% (whvacnjamide
625 uL 1.0 M Tris/HCI pH 6.9
3,650 pL BED

50 pL 10% (w)lSDS

50 pL 25% (wiVAPS

5 uL TEMED

Running buffer:

14.4 g glycine

3 g Tris base

1g SDS

140 pU -mercaptoethanol

HO made up to 1L

2 x loading buffer for SDS PAGE:
2 mL 10% (w/v) SDS

200 pL 0.2% (w/v) bromophenol blue in ethanol
154 mg DTT

1 mL glycerol

170 yL 1 M Tris/HCI pH 6.9

163 pL KO
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2.4.3 Protein dalysis

Dialysis of proteins was carried ousing BioDesign dialysis tubing (Thermo Fisher Scientific,
Loughborough, UK) with a kiDa molecular weight cut off. Proteins were dialysed into an
appropriate buffer for the downstream application of the protein. The volume of dialysis
buffer used was atelast 500 fold larger than the protein sample to be dialysed. Dialysis was
carried out with stirring either at room temperature forhdurs or 46 /  Th@uid) theen the

dialysis buffer was replaced with freshffer and the process repeated.
2.4.4 Protein concatration determination

Protein concentration was determined by reading the protein sample absorbance atn280

The protein concentration was then calculated using the Beer Lambert law.

_ L
= tqm

Equation1. BeerLambert law forcalculation of protein concentration. A is the absorbance
valueat280y Y ¥ Aa GKS Y2fF N SEGAYOGA2Y O2STFTAOAS
is the concentration of the protein.

To determine the protein concentration of a protein with véeyv aromatic groupsor when

imidazole was presenthe Bradford assay was used. Bradford reagent-f&id Laboratories
Hertfordshire, UK 61 & dzZASR &4 LISNJ YI ydzFlF O dzZNBSNRa 3
produced using a range of known concentratioffidovine serum albumin (BSA) and this was

used to determine unknown protein concentrations.
2.4.5 Increasing protein concentration

Protein samples were concentrated using an appropriately sized Vivaspin Protein Concentrator
(10 kDa molecular weight cut off) (Gaon, Berkshire, UK) for the sample volume. Proteins
were concentrated as pef KS Y I ydzF I OG dzZNBENDR& 3IdzZA RSt Ay Sa

2.4.6 Lyophilisation

Proteirs were first dialysed (&ction 2.4.3 into 50 mM ammonium acetate pH 7.0. Once
dialysis was comnipte the protein concentration was determined and aliquots containing
between 2and 20mg of protein were pipetted into either 1L eppendorfs or 15 mL falcon
tubes with pierced lids. The aliquots were then flash frozen in liquid nitrogen before being

lyophilised using a Thermo Electron Corporation Heto PowerDry PL300 freeze dryer
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2.4.7 Sample preparation for ESI mass spectrometry

Protein samples were prepared for mass spectrometry by desaltinglL 76f sample into

50mM ammonium acetate pH.0. Samples were repared using Micro Bid LIA ¥ u
Chromatography Columns (Biad Laboratories, Hertfordshire, UK); columns were
equilibrated with 4 column volumes of $50M ammonium acetate pH.0 before use as per
YIydzFl O dzZNENRAa 3IdzA RSt Ay Sa @ pl€s2wWkith wkrs takeaNfdrbdl NI
chemical modification reactions, {A was desalted through two desalting columns

equilibrated with50 mM ammonium acetate pH.0.
2.4.8 ESI mass spectrometry of proteins

Mass spectrometry of proteins was performed by Dr James Auftguai qguadrupoléon
mobility-orthogonal time of flight mass spectrometer (Synapt&2Vaters, Manchester, UK).
Samples were analysed in acetonittite% aqueous formic acid (50:50 v/v). Nano Flow
electrospray ionisation was used and the mass spectromeperated in positive mode time
of flight (TOF)A capillary voltage of 1.RV andcone voltage of 50V was usedpano
electrospray nitrogen gas pressure of 0.1 bad backing pressure of 1.78 mbar. The source
and desolvatiortemperatures were set at 8aC and 15@C, respectively. Nitrogewas used as
buffer gas at a pressure of &A03 mbar in the trapand transfer regions an8.6x 10* mbar

in the ion mobility cellMass calibration was performed using sodium iodidggLt) and

data was analyskusing Mass Lynx v4.1 software.

2.4.9 Conversion of cysteine to dehydroalanine by 2dbhromohexanl, 6-diamide
(diBr)

2.5mg of yophilised cysteinecontaining saNAL was resuspendedhoroughly in 1.25nL
prewarmed (3% / 0 mM sodium phosphate buffer pBLO containing 6M urea. A stock
soluion was made of 0.13 mgL?! or 0.08mguL?! diBrin DMF, the lower concentration of diBr
was used ifalkylation adducts were seen in the modification as discusseSention4.3.1
100puL of dBr stock wasadded to the protein solution followed by vortexing for 30 s. This
solution was then left to incubate for 1 hr 30 min at 37Eh shaking aR00rpm in an orbital
incubator. After incubation a 70 pL sample was taken and desalted into 2Gmlonium
acetate pH 7.0 @tion 2.4.7) for analysisby positivemode ESI mass spectrometry. Mass
spectrometry was usetb assess whethefull conversion of the cysteine to dehydroalanine
had occurred;f full conversion had rnooccurredreactions were incubated for a further 20
min. This dehydroalanineontaining protein solutionwas used immediately in th#lichael
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addition thiol reaction For the production of larger quantities of dehydroalantentaining
protein all concentations and volumes in this procedure were scaled upoadingly, up to a

50 mg scale.

2.4.10 Conversion of dehydroalanine to nenanonical amino acid side chains using

sulphur nucleophiles

Addition of sulphur nucleophiles was performed on dehydroalasioietainirg protein
(2mgmL?) in 50mM sodium phosphate pB.0 containing 8 urea. All thiol compounds were
prepared in the fume hood-or the production of larger quantities of ncAAntaining protein

all concentrations and volumes in this procedure were scafedccordingly.
2.4.10.1 Aminoethanthiol

A stock solution was made of QxiguL?! of aminoethanethiol in M Tris/HCI pH 8.8 and the
pH checked to ensure a pH 008 40uL of this solution was added to 1.28. of 2mgmL?
dehydroalaninecontaining protein in 56nM sodium phosphate pi.0 containing 8 urea.

The solution was incubated for 2 hours at@7 ¢ A (1 K & Kpm] Aftgr Ihcubaiion a n n
70 uL sample was taken and desalted i@mM ammonium acetate pH 7.0e(@ion 2.4.7) for
analysisby positivemode ESI mass spectrometry. Mass spectrometry was tseabsess
whether full conversion of thedehydroalanine to the sulphur containing side chain had

occurred.
2.4.10.2 Mercaptoacetic acid

A stock solution was made of Qrig uL! of mercatoacetic acid in 2 Tris/HCI pH 8.8 and the

pH checked to ensure a pH 008 40uL of this solution was added to 1.28. of 2mgmL?
dehydroalaninecontaining protein in 56nM sodium phosphate pH.0 containing 8 urea.

The solution was incubated f& hours at 3% / @ A U K & Kpm] AftgrIncubaiion a n n
70 uL sample was taken and desalted ig@mM ammonium acetate pH 7.0e@ion2.4.7) for
analysisby positivemode ESI mass spectrometry. Mass spectrometry was tseabsess
whether full conversion of thedehydroalanine to the sulphur containing side chain had

occurred.
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2.4.10.3 Mercapto-1-butanol

A stock solution was made of 2:1:1 (v/v/iv) mercafitbutanol:DMF:Tris/HCI [, pH8.8),

and the pH checked to ensure a @il 89. 40uL of this solution was added to 1.88 of

2 mgmL?* dehydroalaninecontaining protein in 5M sodium phosphate pB.0 containing

6 M urea. The solution was incubated for 2 hours at &7 gAGK akpm A |
incubation a 7L sample was taken and desalted ir2®@ mM ammonium acetate pH 7.0
(Section 2.4.7) for analysisby positivemode ESI mass spectroine Mass spectrometry was
usedto assess whethefull conversion of thedehydroalanine to the sulphur containing side

chain had occurred.
2.4.10.4 Mercapto-2-propanol

A stock solution was made of 50:50 (v/v) mercaptpropanol:Tris/HCI (1, pH8.8), and the

pH checked to ensure a pH of®B 40uL of this solution was added to 1.28. of 2mgmL?
dehydroalaninecontaining protein in 5@nM sodium phosphate pH.0 containing 8 urea.

The solution wasncubated for 2 hours at 33 / ¢ A (G K & Kpm] AftgrIncubaiion a n n
70 uL sample was taken and desalted i@@mM ammonium acetate pH 7.0e(@ion 2.4.7) for
analysisby positivemode ESI mass spectrometry. Mass spmugtry was usedo assess
whether full conversion of thedehydroalanine to the sulphur cortang side chain had

occurred.
2.4.10.5 Methylthioglycolate

A stock solution was made of 2:1:1 (v/v/v) methylthioglycolate:DMF: Tris/H@) p8.8), and

the pH checked tensure a pH of-8. 40puL of this solution was added to 1.88_ of 2mgmL?
dehydroalaninecontaining protein in 56nM sodium phosphate pH.0 containing 8 urea.

The solution was incubatefbr 2 hours at 3% / ¢ A U K & Kpm] AftgrIncubaiion a n n
70 uL sample was taken and desalted i@@mM ammonium acetate pH 7.0e(&ion 2.4.7) for
analysisby positivemode ESI mass spectrometry. Mass spectrometry usexd to assess
whether full conversion of thedehydroalanine to the sulphur containing side chain had

occurred.
2.4.10.6 Thioglycerol

A stock solution was made of 50:50 (v/v) thioglycerol:Tris/H®M,(»H8.8), and the pH
checked to ensure a pH of®B 40uL of his solution was added to 1.2BL of 2mgmlL?
dehydroalaninecontaining protein in 5@nM sodium phosphate pH.0 ®ntaining 6M urea.

The solution was incubated for 2 hours at@7 ¢ A G K & Kpm] Aftgr Incubaiion a n n
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70 uL sample was taken and desalted i@@mM ammonium acetate pH 7.0e(&ion 2.4.7) for
analysisby positivemode ESI mass spectrometry. Mass spectrometry was tgeassess
whether full conversion of thedehydroalanine to the sulphur containing side chain had

occurred.
2.4.10.7 Sodium mercaptopyruvate

A stock solution was made of GrigpL? of sodium mercaptopyruvate in 2 Tris/HCI pH 8.8

and the pH checked to ensure a pH 69.880uL of this solution was added to 1.88. of

2 mgmL? dehydroalaninecontaining protein in 5M sodium phosphate pB.0 contairing

6M urea. The solution was incubated for 2 hours ate37 @ A G K & Krpni. Afgerd I
incubation a 7QL sample was taken and desalted ifB® mM ammonium acetate pH 7.0
(Section 2.4.7) for analysidhy positivemode ESimass spectrometry. Mass spectrometry was
usedto assess whethefull conversion of thelehydroalanine to the sulphur coritdang side

chain had occurred.
2.4.10.8 Benzylmercaptan

A stock solution was made of 1:2 (v/v) benzylmercaptan:DMF, and the pH checked te ansu
pH of 89. 30uL of this solution was added to 1.88. of 2mgmL* dehydroalaninecontaining
protein in 50mM sodium phosphate pB.0 containing 81 urea. The solution was incubated
for2 hoursat 3% / @ A G K & Kgm] Aftgt Thcubation a 7Qib sample was taken and
desalted into20 mM ammonium acetate pH 7.0e@ion 2.4.7) for analysisy positivemode
ESI mass spectrometry. Mass spectrometry was tsesdsess whethefull conversion of the

dehydroalanine to the sulphur containing side chain had occurred.
2.4.10.9 4-Pyridylethylmercaptan

A stock solution was made of 1:2 (v/v) pyridylethylmercaptan:DMF, and the pH checked to
ensure a pH of ®. 30uL of this elution was added to 1.2L of 2mgmL?
dehydroalaninecontaining protein in 5nM sodium phosphate pB.0 containing M urea.

The solution was incubated for 2 hours at@7 ¢ A G K & Kpm] AftgrIncubaiion a n n
70 uL sample was taken and desalted i@@mM ammonium acetate pH 7.0e@on 2.4.7) for
analysisby positivemode ESI mass spectrometry. Mass spectrometry was tseabsess
whether full conversion of thedehydroalanine to the sulphur containing side chain had

occurred.
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2.4.10.10 2-Furanmethanethiol

A sbck solution was made of 2:1:1 (v/v/v) furanmethanethiol:DMF:Tris/H®I, (@H8.8), and

the pH checked to ensure a pH 69840uL of this solution was added to 1.88_ of 2mgmL?
dehydroalaninecontaining protein in 5nM sodium phosphate pB.0 contaning 6M urea.

The solution was incubated for 2 hours at@7 ¢ A (i K & Kpm] Aftgr Ihcubaiion a n n
70 uL sample was taken and desalted igmM ammonium acetate pH 7.0e@ion2.4.7) for
analysisby positivemode E& mass spectrometry. Mass spectrometry was usedassess
whether full conversion of thedehydroalanine to the sulphur containing side chain had

occurred.
2.4.10.111-Cysteine

A stock solution was made of 0.&®yuL?* of L-cysteine in 2\ Tris/HCI pH 8.8 and theHp
checked to ensure a pH of®B 120uL of this solution was added to 1.28 of 2mgmL?
dehydroalaninecontaining protein in 5@nM sodium phosphate pH.0 containing 8 urea.

The solution was incubated for 2 hours at@7 ¢ A (i K & Kpm] AftgrIncubaiion a n n
70 uL sample was taken and desalted i@@mM ammonium acetate pH 7.0e@on 2.4.7) for
analysisby positivemode ESI mass spectrometry. Mass spectrometry was tseabsess
whether full conversion of thedehydroalanine to the sulphur containing side chain had

occurred.
2.4.10.120-Cysteine

A stock solutia was made of 0.181guL? of b-cysteine in M Tris/HCI pH 8.8 and the pH
checked to ensure a pH of®B 120uL of this solution was added to 1.28 of 2mgmL?
dehydroalaninecontaining protein in 56nM sodium phosphate pH.0 containing 8 urea.
Thesolution was incubated for 2 hours at 87/ ¢ A U K & Kpm] AftgrIncubaiion a n n
70 uL sample was taken and desalted i@@mM ammonium acetate pH 7.0e(&ion 2.4.7) for
analysisby positivemode ESI mass spectrometiylass spectrometry was useld assess
whether full conversion of thedehydroalanine to the sulphur containing side chain had

occurred.
2.4.10.1Fropenel-thiol

A stock solution was made of 2:1:1 (v/viv) propehhiol:DMF:Tris/HCI (81, pH8.8), and the
pH checkd to ensure a pH of-8. 40uL of this solution was added to 1.28. of 2mgmL?
dehydroalaninecontaining protein in 56nM sodium phosphate pB.0 containing 8 urea

The solution was incubated for 2 hours at@7 ¢ A G K & Kpm] Aftgr Incubaiion a n n
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70 uL sample was taken and desalted i@@mM ammonium acetate pH 7.0e(&ion 2.4.7) for
analysisby positivemode ESI mass speanetry. Mass spectrometry was usdd assess
whether full conversion of thedehydroalanine to the sulphur contang side chain had

occurred.
2.4.11 Refolding of norcanonical amino acid containing enzymes

Chemical modification of the proteins is carried out undkenaturing conditions in buffer
containing GV urea. After chemical modification the proteins were subsequently refolded by
dialysis. Dialysis was first performed in buffer containing Grea to allow removal of excess
modifying reagents that would otleise cause aggregation of the protein upon refolding.
Dialysis (Section 2.4.3 was performed twiceagainst 50nM sodium phosphate pH.0
containing 6M urea for between 2 and 4 hours at room temperature. Then dialysis against
appropriate urea free buffer was performed twice for between 2da4 hours at room

temperature.
2.4.12 Size exclusion chromatography

Sizeexclusion chromatography was performed for further purify proteins and carried out using
an AKTA Prime purification systef@E Healthcare Life Sciences) with a Superdex S200 column
Size exclusion chromatography was carried out in an appropriate buffer, usuathM50
Tris/HCI pH .4, depending on the downstream application for the protein. Buffers were sterile
filtered usingNalgene Sterile Mach V Supor Filter Unit, 0.2 um pore size, 500 ml (Thermo
Fisher Scientific, Loughborough, WH€d degassed, using a vacuum tap, before use in size
exclusion chromatography. Protein was injected onto the column at a concentration of

between 5-10mgmL?! and a flow rate of 2nLmin.
2.4.13 Lactate dehydrogenase coupled enzyme kinetic assay

Kinetic parameters for the aldol cleavage of reaction were determined using a lactate
dehydrogenase (LDH) coupled enzyme assay. This assay couples the @nodligyruvate

from the aldol cleavage, to the LDH catalysed conversion of pyruvate to lactate which utilises
NADH which is oxidised to NAD
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Figure 2.1 Schematic of lactatedehydrogenase (LDH) coupled enzyme assahe aldol
substrate is cleaved to form an aldehyde and pyruvate, the pyruvate is then converted to
L-lactate by LDH which oxidises NADH to NADd causes a drop in absorbance at 3.

Reactions were performbat 306 / dzyf Sda 20KSNBAaAS & duhitd §FRO
LDH, 0.2nM NADH, ZB00uL of the substrate (10mM stock in IM Tris/HCI pH .4), a volume

of 50mM Tris/HCI pH .4 to make a total reaction volume ofniL and reactions were initiated

by addition of NAL or variant NAL (in ®®1 Tris/HCI pH.4). For reactions with wiltype
saNAL 5QuL of 0.2ngmL?* enzymewas added to initiate reactions, for reactions with K165C
saNAL 20QuL of 2mgmL?! enzymewas added to initiate reactions and foeactions with
K165 -thialysinesaNAL 5QuL of 2mgmL?! enzymewas added to initiate reactions. Reactions
were assembled and performed in ariL quartz cuvette. Once the desired enzyme had been
added to the reaction it was inverted to mix and the absodmmat 340nm was measured
every 6s for 5 min. The absorbance change of the reaction was measured in a UVIKON 930
spectrophotometer Kontron Instruments, UK). Specific activity in nmol of substrate cleaved
per min per nmol of enzyme was calculated usiing molar extinction coefficient of NADH
(6620Mtcm?) and the Beetambert law Equationl). Kinetic parameters could then be

determined by norlinear regression analysis.
2.4.14 pH profiles

The pH profiles were determined at 30 d€inga 3 component buffering systenThe three
component buffering system allows a pH range between 4 and 9 to be covered whilst
maintaining a constant ionic strengtfEllis and Morrison, 1982 A stock of the three
componern buffer was made containing 0.8 MES, 1.8/ Tris, and 0.758 acetic acid The
substrate was made up in 1 Bl component bufferand the pH adjusted to the desired pH
using HCI or NaOMReactions were performed in andL quartz cuvetteThe reaction cuve#

contained 0.5 units LDH, 0.2 mM NAD#rying volumes odubstratebetween 2 pL and 300 pL
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(stock concentratiorbO mM) and 50 mM of thecorrectpH 3 component buffer systenb0 pL

of the desired enzyme (made up in BM Tris/HCI pH.4) was added last fowed by
inversion and placed in the spectrophotometer. The absorbance change at 340 nm was
measured over 1 mim a UVIKON 930 spectrophotomet&ofitron Instruments, UKJ'he pH

was checkedusing pH papemhefore the enzyme was added and after the ré@c had been
measured over 1 min to ensure no change in pH had occuBpdcific activity in nmol of
substrate cleaved per min per nmol of enzyme was calculated using the molar extinction
coefficient of NADH (662d1cm?) and the Beetambert law Equation 1). The kinetic
parametersfor each protein atach pHvere determined using notinear regression analysis.

Kineticparameters keaf Kn, were plotted against reaction péhd fitted usingequation2.

Ke)
0 aww

) p pT p T

Equation 2 Equation used to fit the data shown in panels A and B, whdgge/ K is the
specificity constant forN-acetylneuaminic acid cleavage,ké/ Kn )max is the theoretical
maximum value forkea/ Kn and pkl and pK2 are the first and second ionisable groups

2.4.15 Far UV circular dichroism spectroscopy

CD spectr were obtained at room tempetare using a Chirascan CD spenteter (Applied
Photorhysics Leatherhead, UK). All spectrargeecorded in a quartz cuvetteith path length

1.0 mm. Potein samples were prepared in Tris/HGD mM, pH 7.4) to a concentration of

6 uM. Modified protein samples were prepared by chemitaldification of the protein as in
Sections2.4.9and 2.4.10followed by refolding via dialysis. Modified protein samples were also
analysed after size exclusion chromatography had been performeadpl®s of normodified
proteins were prepared by dialysis into Tris/HCI 8@, pH7.4). Samples of refolded
non-modified proteins were first dialysed into Tris/HCI (M, pH7.4) containing &1 urea

and then dialysis into Tris/HCI (5@, pH7.4).
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2.4.16 Thiobarbituric acid assay (TBA assay)

To each samplell pL of sodium periodate (0.2 M in 9 M phbspc acid)was added the
samples were then vortexed for 30and centrifuged at 100§ for 2min at room temperature.
Samples weréncubated at room temperatie for 20min. After the incubation time 45L of
sodium arsenite (10% w/v in OMs N&SQ containing 0.05 M b$Q) was added andamples
were agitatedto cause dissipation odny browndiscolourationthat had formed. Once all
samples had turned clear 13& of thiobarbituric acid (TBA, 0.6%0bM N&SQ) was added
to each and then incubated at 20/ T rAilNJAfersincubation samples were centrifuged at
40009 for 5min to separate any precipitate, 88 of each sample was then transferred to a
shallowv, flat bottomed 96well plate and the absorbance of each well read at 660in a

FLUOstar Galaxy plate reader (BMG labtech, Germany).
2.4.16.1 Sreening of modified proteinsusing TBA assay

Aldehydes used to screen for activity waanNAc, GIcNAc, mannose, glaep galactose,
lyxose, xylose, ribose, arabinose, erythrose. All aldehydes and pyruvate were made up in
50 mM sodium phosphate pH.4. Reactions were set up containing 1Q0of each aldehyde
(stock concentration 20nM, final concentration 81M) and 10QuL of sodium pyruvate (stock
concentration 200mM, final concentration 8nM). Reactions were set up in a, 96 deep well
plate and incubated for 16ours at room temperature with 5QL of modified enzyme (stock
concentration ImgmL?’, final concentration @mgmL?'). Each screen also contained
reactions of each aldehyde and pyruvate incubated with Hyifte saNAL as a comparison and
blanks containing each aldehyde and pyruvate and enzyme was replaced with an equal volume

of buffer (50mM sodium phosphatelg 7.4).

After the 16hour incubation, theTBA assay was performed as éti®n 2.4.16 Absorbance
data was then analysed to determine whether activity had been increased or decreased over

that of the wid-type with each aldeyde.
2.4.16.2 Standard curve of sialic acid by TBA assay

To obtain a standard curve of sialic acid twelve filDOsamples were prepared containing
between 0 and 0.0@imoles of sialic acid. The TBA assay was perfoased 8ction2.4.16on
each sample and then §8_of each sample was then transferred to a shallow, flat bottomed
96well plate and the absorbance of each well read at B60in a FLUOstar Galaxy plate
reader (BMG labtech, Germany). This data was then plotted and the gtaufi¢he line could
be used to calculate the quantity of aldol product present from an unknown reaction.
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2.4.16.3 Kinetic assagusingthe TBAassay

Kinetic assays were performed in @&l deep well plates. Reactions were set up with varying
concentrations of alehyde (0.4nM-15mM final concentration) and a fixed pyruvate
concentration (8amM final concentration) made up B0 MM sodium phosphate pMA.4. 50pL

of aldehyde and 5QL of pyruvate were added to each well and the reaction initiated by the
addition d 25uL of enzyme. For each aldehyde concentration a blank was also carried out
which contained the aldehyde and pyruvate but the enzyme was replaced with an equal
volume of buffer(50mM sodium phosphate pR.4). For wildtype kinetic assays a stock
coneentration of 0.7mgmL! was used in all assays giving a final concentration offadghL?.

For F190Dpc kinetic assays with ManNAc as the aldehyde substrate a stock concentration of
0.7mgmL?! was to give a final concentration of 0.t@gmL?* and for FBODpc kinetic assays
with erythrose as the aldehyde substrate a stock concentration off@&L* was used to give

a final concentration of 0.06igmL?. After the enzyme had been added to each well the plate
was vortexed for 3@ and then centrifuged atoom temperature for Imin at 1000g. The

reactions were then allowed to incubate foh®urs at room temperature.

Once the incubation time was complete 10D of each reaction was transferred to a new
96 deep well plate and 1L of TCA (1% w/v) was aded to stop the reactions. The TBA&say
was then performed as ineStion2.4.16 To convert the absorbance data into the amount of
product formed a standard curve of sialic acid was used. The data was thésethdy

non-linear regression.
2.4.17 Purification of DOH by anion exchange

Erythrose (500mg, 4/2mol) and sodium pyruvate (2.29g, &inol) were dissolved in sodium
phosphate buffer (56nM pH 7.410mL) and F190TG (250uL, 0.8mg) was added. This reaction
was incubated at room teperature for a minimum of 48 hours before being purified by anion
exchange chromatography. Anion exchange chromatography was carried out on AG1x8 resin
(HC@, 100200 mesh) and product was eluted using-8.8M ammonium bicarbonate linear
gradient(Auge ad GautheroA_e Narvor, 1997 Fractions containingroduct were identified

using the TBA assay on a 20pL sample and d@naiysed byNMR.Four different forms of the
product were identified in the proton NMR spectrum and 2D NMR methods, COSY and TOCSY,

were used to assign the different forms.

Form 1 was assigned #sl 0® MHz D,O) 3.993.90 (1H, m, H), 3.783.74 (1H, m, &),
3.66-3.62 (2H, m, -H), 3.45 (1H, appt, J 9.5H), 2.19 (1H, dd, J 13.1, 5.1H8q), 1.8 (1H, dd,
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J12.9, 116, BlaxFamH ¢+ & | aai 3y SRDO)42 (1K) m, 4 405 (18, Imi
6-H), 3.70 (1H, dd, J 10.3, 3.3H% 2.16 (1H, dd, J 14.8, 3.6H3, 2.05 (1H, dd, J 14.7, 3.1,
3-H). Form 3 was assignesK | 0 p 1 B:0)4.53[(1H, m, 4), 2.38 (1H, dd, J 13.7.0,
3-HY, 2.32 (1H, dd, J 13.5, 53H?). Form 4 was assigned B 0 p 7 B0) 4.53[(1H, m,
4-H), 4.15 (1H, m,-8), 3.83 (1H, m,-Bl), 2.55 (1H, dd, J 14.3, 72HY), 2.08 (1H, dd, J 14.4,
2.8,3-H9).

2.4.18 Proton NMR

Proton NMR spectra were recordexh a Bruker Advance 500 or a DRX500 with an internal
deuterium lock. COSY and TOCSY pulse sequences were also agkdhto assignment of

spectra
2.4.19 ESI Mass spectrometry of small molecules

Accurate mass spectrometry using electrospray ionisation wasedaout on an automated
system for either a Micromass L&A11ll (Waters, Manchester, UK) or Bruker MicroTOF

(Bruker Massachusetts, USA) mass spectrometer.

2.5 Crystallographic methods

2.5.1 Protein crystallisation

Crystallisation conditions fo6. aureusNAL were ptimised from those previously found for
the E. oli NAL(Campeottoet al., 2010. Conditions used were;0D mM Tris/HCI (pH 7:8.5),
200mM NaCl,18-28% (w/v)polyethylene glycol (PEG) 3350hese crystallisation conditions
were also used for all the modifiegroteins as well. Crystals were grown by hanging drop

vapour diffusion and yielded crystals ifl@ days.
2.5.2 Cryoprotection and production of enzympyruvate complexs

Cryoprotection of crystals was carried out $yaking in motheliguor with 15% PEG 400 for

1 min, before being sequentially transferred for 1 min into mother liquor with 5% increments
of PEG 400. The final soak contains 25% PEG 400 then the crystafiaske cooled in liquid
nitrogen To produce the enzymgyruvate complexes cryoprotection was carried out as stated

above but the mother liquor was also supplemented with h@@ sodium pyruvate.
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2.5.3 Data collection

Data collection was carried out at Diantbhight Source macromolecular dattography beam
lines 124, 1041, 103 andl02. Dataets werecollected from single crystals for all structures at
100 K.

2.5.4 Data processing

Integration and scaling of data was carried out using MOSE&Mie, 200pand SCALEvans,
2006). The wildtype NAL structure had been previously solved by molecular replacement in
PHASERMccoy, 2007 Mccoy et al,, 2007 using theH. influenzastructure (PDB code IF74)
(Barboseaet al,, 2000Q. Sructuresthat were found to bein the same space group #se wild-

type saNALstructure were solved usindirect Fourier methodsnd structures found to be in
different space groups than the wittype saNAL were solved using molecular replacement in
either PHASER or MOLREP using thetyylel saNAL structure (PDB code 4afipinmset al.,
2013.

2.5.5 Refinement

Refinement was carried out in REFMAM®&rshudovet al,, 2011 Murshudovet al., 1997with
subsequent rounds of model building carried out in CQENSleyet al, 2010 after each cycle

of refinement. For all structures initially 10 rounds of rigid body refinement was carried out
followed by multiple rounds of restrained refinement and model builditigt was appropriate

TLS regions were applieds$tructures in REFMAC 5 and TLS refinement was carried out during
the cycles of refinement. To generate the-@alinate and restraint files for model building of
ligands and nottanonical amino acids, PRODSGhuttelkopf and Van Aalten, 2004&as used

for earlier structwes and for later structures the -nuilt ligand builder in COOT was used.

Structures were validated using Molprob{i@henet al, 2010 and the PDB validain server.
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Chapter 3Production and Characterisation of K185thialysine

saNAL

The aim of this work was to utilise n@anonical amino acids (ncAAs) to alter enzyme
substrate specificities. There have been many studies into introducing ncAAs into proteins
using both global ash sitespecific incorporation methodé_ink et al, 2003 Davis and Chin,
2012 Dumaset al., 2015. Due to the nature of this work it was necessary to use asgzific
method, so that the effect of introducing a single ncAA could be analysed. The two main
methods of sitespecific incorporation of ncAAs are; flgsthe genetic method of using an
orthogonal tRNA/tRNA synthetase pair to insert an ncAA at an amber stop ¢bdomand
Schultz, 2010Young and Schultz, 200Gnd secondly a variety of chemical methdfsaz
Rodriguez and Davis, 2Q1esantis and Jones, 1999 he further aim of this work was to
investigate the effects of individually incorporating multiple different ncAAs, throughout an
enzyme, on the enzyme activity. It was therefore necessary to have a mefimdcould
incorporate many different ncAAs, quickly and efficiently. Due to the length of time it would
take to evolve each tRNA/tRNA synthase pair for every ncAA to be inserted into the protein,
the chemical modification approach was taken. The methiodlsen was a twstep method,

that involved targeting a cysteine residue and first converting to dehydroalanine (dha) via a
bis-alkylationelimination method using the compound 2-dtbromohexanel,6-diamide (diBr)
(Chalkeret al, 2017 . The dha is then converted into the ncAA side chain by a subsequent
Michael addition of a thioligure3.1). Therefore the first step was to optimise this method for

use on a desired protein.
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Figure 3.1. Schematic of the chemical modification method used to convert a cysteine
residue into a norcanonical amino acidncAA). The first stage of the modification is to
convert the cysteine residue into dehydroalanine using the compound 2,
5-dibromohexanel,6-diamide (diBr). Subsequent incubation with a thiol compound should
yield the side chain of the ncAA.

Previous work, carried out by Dr Nicole Timms, had identified $heaureusvariant of
N-acetylneuraminic acid lyasesgNAL) as an ideal candidate for incorporation of ncAAs by
chemical madification (Nicole Timms, PhD thesis, University of L@ads)set al, 2013. Due

to saNAL being a naturally cysteifiee variant ofN-acetylneuraminic acid lyase it allows for
site-specific incorporation of ncAAs. Using siieected mutagenesis, a cysteine residue can be
inserted at the deised position withinsaNAL, and subsequent modification of the cysteine
residue will incorporate the ncAA sigpecifically. Surfacexposed cysteines, on folded
proteins, have been shown to readily convert to ncAAs using this mé@ioalkeret al, 2012
Rowanet al, 2013. However, previous work had identified that residues located within the
active site ofsaNAL and were not accessible to the modification reagents (Nicole Timms, PhD
thesis, University of Leeds). Therefore it was necessary to carry out the modification process
under denaturing conditionssaNAL was shown to be a highly robust protein that could
undergo unfolding in &1 urea with subsequent refolding without significant loss in activity,
this allowed modifications to be carried out whilst the protein was in a denatured §fatans

et al, 2013. The combination of being able to s#pecifically introduce ncAAs insaNAL and
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being able to access any residue for modification, by denaturing the protein, meargddAL
was an excellent system to evaluatbet effects of ncAA incorporation. This chapter will
describe the use of this chemical method to replace the catalytic lysingaNAL, with the

y O! thialysine, and the kinetic and structural characterisation of this modified protein.

3.1 Ly O2 N1J2 Ndhigiysigeyhto 8aAL !

The first residue targeted for conversion to an ncAA was the catalytic lysine at position 165 and
thswas2 0SS O2y@SNISR Ayid2 I (KA 2t8alysin® Ngute32). f 2 3 dzS
¢tKAada Y2RAFTAOFIGAZ2Y o6+ a aStSOGSR Fa | WLINR2TF 2
aldolase activity in fructosé,6-bisphosplate aldobse (FBPA) could be knocked out by
replacing the active site lysine with cysteine, and that subsequent direct alkylation with
ONRBY2SiGKeft I YA yifaysing, 2estdradBcRvibdpkinset al., 2009 (Figure3.2).

Direct alkylation with haties has been used extensively to modify cysteine residues and
introduce ncAAs into proteinfHegazyet al, 2006 Gloss and Kirsch, 1995dopkinset al,

2002 Bocharet al, 1999; however not only cysteine residues may edified using this

method. Nwleophlic side chains of lysine and histidine residues may also undergo alkylation
(Heinrikson, 196pand careful control of pH is needed to ensure preferential alkylation at
cysteine residues (Hopkins et al, 2005 Chalker et al, 2009. Therefore the
bis-alkylationelimination method to produce a dehydroalanine is a more selective
modification method as it produces and elexphilic centre that is not present in the twenty

proteogenic amino acids, and can selectively targeted with a nucleophile.
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Figure3.2. Comparison of the direct alkylatip method and the bisalkylation-elimination
followed by a Michael addition method G2 Ay O2 Nhiadydide Gekiduy intd a -
protein. A) Schematic of the conversion of the catalytic lysine at position 107 in fructose
1,6-bisphosphate aldaise (FBPA) into thene® y 2 YA OF f | Y Atiidlysite(OTReR 0y O
first stage of the cowmersion is to produce a cysteine nmant at position 165 using
site-directed mutagenesis and then direct alkylation with bromoethylamine produces the
1 -thialysine. B) Schematic of the conversion of the catalytic lysine at position 165aMAL
into the ncAA! -thialysine. The first stage of the conversion is to produce a cysteingant

at position 165 using sitelirected mutagenesis. The cysteine variant can then be converted
to dehydroalanine (dha) using the compound 2;dtbromohexan(1,6)diamide (diBr). Qe

the cysteine residue is fully converted to dha, aminoethanethiol can then be used to convert
0KS RKI NXBhaldtdzS Ayiaz2

3.1.1 Characterisation of wiletype and K165GaNAL

To target K165 for modification, a cysteine mutant at position 165 was neéidesl K165C
mutant had previously been produced by sitiegected mutagenesis, and both K165C and wild
type saNAL DNA were kindly provided by Prof. Alan Berry (University of Leeds, Ukjyp#/ild
and K165GaNAL were expressed and purified using previouslscdbed methodgWilliams
et al, 2005 Timmset al, 2013. SDS PAGE was used to assess protein puritye ialution
fraction a clear band of protein could be seen at approximatelk3& indicating successfully

purified protein Figure3.3). To further assess whether the proteins had been successfully
67



produced, positive mode ESI nsaspectrometry was used. This identified the molecular mass
of wild-type saNAL to be 33992.Pa and the molecular mass of the K165C variant to be
33969Da, both in agreement with the masses predicted from the amino acid sequences,
33995Da and 3397WMa repectively Figure3.3).

hyOS LINRPGSAYad KIFEIR 0SSy LH2NAFASR (KSé& sSNB SA

to three months, or they were lyophilised and stored-80°C. Proteins were prepared for
lyophilisation by fist dialysing into a volatile buffer, ually 50mM ammonium acetate pH.0,

and then flash freezing in liquid nitrogen. Lyophilised proteins were stable for up to 9 months.

Kinetic parameterskca, Km and keaf Kn, were determined for wildype saNAL and dr K165C
saNAL (shown imable3.1) usingthe LDH coupled assay describedSiction2.4.13 Kinetic
characterisation of the wildype saNAL and K165C variant revealed that the/Kn for
N-acetylneuaminic acid(Neu5Ac) cleavage was reduced 1001@ in the K165C variant and
the kear was also reduced 62fold. This significant reduction in activity caused by replacement
of the catalytic lysine with a cysteine has also been found in previous aldsilaties(Hopkins

et al, 2002
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Figure3.3. Purification and ESI mass spectra of wiljghe and K165GaNAL.Panel A shows
and example SDBAGE gel of the batch nickel affinity purification of witgpe saNAL. A
broad range (7175kDa) molecular weight marker is shown in lane M. Whole cell lysate can
be seen in lane 1 with a clear band of overexpressed protein at approximatehk[34.
Insoluble and soluble fractions can be seen in lane 2 and 3 respectively, in the soluble
fraction the overexpressed protein band is clearly visible. Samples from the load and 3 wash
steps carried out are shown in lanes 4 to 7 and purified eluted protein is shown in lane 8.
Panels B and C show ESI mass spectra of-tyjjld and K165GaNAL, raw data is lsgown
above in each panel and deconvoluted spectra are shown below. The mass spectra show the
molecular mass of the wildype and K165C proteins to be 339€& and 3396®a
respectively which are in agreement with their predicted molecular masses of 3388%nd
33970Da, respectively.

69



Enzyme Keat (Min') Kn (MM) Kead K (Mint.mM?)

Wild-type 250 + 4.6 2.2+0.12 114

K165C 0.4+0.014 3.8+0.45 0.11

Table 3.1. Steadystate kinetic parameters for the cleaye of N-acetylneuraminic acid
(Neu5Ac) by both the wildype and K165GaNAL. Kinetic parameters were determined
using the LDH coupled asségection2.4.13.

3.1.2 Conversion of K1656€aNAL into K165dhaaNAL

The firststep of t& Y2 RA FA O (i A 2hjalysing at positioiNIBRwEOS convert the
cysteine variant, K165C, into K165dha. This conversion was carried out using the compound
diBr, the diBr used in all experiments was synthesised by Robert Smith and Alun Myden
(University of Leeds. UK). DiBr causes aalkglationelimination mechanism, with the

cysteine residue, producing a dehydroalanine resideigure3.1). Small scale modifications

(2.5 mg) were initially carried out: 2rbg of lyophised K165C protein was taken and
resuspended in 1.2B1L of prewarmed (376 / 0 a2 RA dzY LIK 2 @NJpH 6. 0 dzF -
containing 6 M urea. To this protein solution, 100 of diBr (0.131guL* in DMF) was added

(581 equivalents of diBr relative to protdj and then incubated for ir 30min at 376 / ¢ A (i K
shaking at 200pm. After the incubation period, a 4L sample was taken anduffer
exchangednto 50mM ammonium acetate pH.0, using a Micro By LA Yy u  / KNR Yl G 2 3
Column, for analysis by ESI maspectrometry, which was performed by Dr James Ault
(University of Leeds). Using ESI mass spectrometry it was possible to assess whether
conversion from K165C into K165dha had occurred. The expected mass for K165dha was
33934Da and the observed mass was938.6Da fFigure 3.4) indicating conversion had

occurred.
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Figure 3.4. ESI mass spectra of K165dBaNAL. The raw data is shown above and the
deconvoluted spectrum below. Masspectrum of K165dha was obtained afterit 30min
incubation (37¢ / = rpm)n of K165CsaNAL (1.25nL, 2mgmL?Y) with diBr (100uL,
0.13mguL?t). ESIMS showed the molecular mass of K165dha to be 3393Babwhich is in
agreement with the expected massf 33934Da, the mass spectrum shows no evidence for
any remaining K165C protein which has the molecular mass 33980

3.1.3 Modification of K165dhasaNAL into K168 -thialysine saNAL

Once K165C had been successfully converted to K165dha, the next steprmbdifecation

gl a OFNNASR 2dzi® ! YAYy2SOKI yS itfaygne viasa Michagkzd S R
addition onto the dehydroalanine residue at position 165. p0of aminoethanethiol
(0.1mgmL?* in 2M Tris/HCI pH.4) was added to the 1.28L of demtured K165dha
(2mgmL* in 50mM sodium phosphate buffer, p8l0, containing &1 urea) and incubated for
2hoursat3/ BAGK &KF{AYy3 +FG HAnANLIY® housa7Q2 y A G 2
sample was taken from the reaction mixture for analysis€By mass spectrometry, which was
performed by Dr James Ault. The sample was fgffer exchangednto 50mM sodium
phosphate buffer, pH8.0, containing 81 urea to remove excess aminoethanethiol, as this had
previously been shown to cause the proteindiick to the spin column matrix (Nicole Timms,
PhD thesis, University of Leeds), and then desalted intm0ammonium acetate pH.0. The
observed massf K165 -thialysine was 3401Da- in agreement with the expected mass of
34012Da.

71



100 1

%

UL e

800 1000 1200 1400 1600 1800 2000 2200 2400
100, 34012 Da

|

Nt T e TP ey e e e W Yoo Mass
33000 33200 33400 33600 33800 34000 34200 34400 34600 34800

Figure3.5 ESI mass spectrum of KI658hialysine saNAL.The raw data is shown above and
the deconvoluted spectrum belw. Mass spectrum of K165-thialysine saNAL was obtained
after 2hour incubation (37 / £ rpm)naf Kl65dhasaNAL (1.25nL, 2mgmL?') with
aminoethanethiol (40uL, 0.1mgpL?Y). ESI mass spectrometry showed the molecular mass of
K165/ -thialysine to be34012Da in agreement with the expected mass of 3400&.

After the conversion to K165thialysine had been achieved, the protein was refolded by
removing the urea by dialysis. As before, when preparing the protein for mass@apedty, it
was observedhat excess aminoethanethiol caused the protein to precipitate on removal of
the urea Therefore the protein was first dialysed against sodium phosphate buffem{@0

pH8.0) containing 1 urea and then against the same buffer containing no urea.
3.1.4 Largescale conversion of K165aNAL into K168 -thialysine saNAL

For further studies of the modified protein, Kt65hialysine, larger quantities of the protein
were required. To produce these larger quantities scale up of the maodification procedure was
carried out; modifications wereagried out on a 20ng scale and up to a 50g scale if needed.

The modification was carried out in the same manner as with the small scale modification,
20mg of lyophilised K165C protein was resuspended imlLOof sodium phosphate buffer
(50mM pHB8.0) ®ntaining 6M urea which had been prearmed to 376 / ® ¢ KS LINE |
solution was vortexed for 38 to ensure the lyophilised protein was thoroughly redissolved,
then 800uL of diBr (0.13nguL! in DMF; 581 equivalents), was added and the solution
incubatedfor 1hr 30min at 376 / = & A (i K rpnK Oricé goriersiom to K165dha was
confirmed using E®fass spectrometry, then 326 of aminoethanethiol (0.lguL?!in 2M
Tris/HCI pH8.8) was added and incubated at87 > ¢ A (1 K &feifdrahguds. | G H N
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3.2 Characterisation of K165-thialysine saNAL

ESI mass spectrometry indicated that full conversion of the variant K165C into
K165/ -thialysine had been successfully achieved. Now that correctly modified protein had
been produced, characterisation of thecAvAcontaining protein was carried out. Far UV
circular dichroism (CD) was used to access the fold of the modified protein and LDH coupled

kinetics were useé to obtain kinetic parameters.
3.2.1 Far UV circular dichroisrand initial kinetic assaysf K165 -thialysine

The modification of K165€aNAL into K165-thialysine had been performed under denaturing
conditions and then the urea was removed by dialysis. Removal of urea in this manner had
been shown to refold wildype saNAL successfully (Nicole Timms, PhBsis, University of
Leeds|Timmset al,, 2013; to determine whether the modified protein had refolded correctly,

far UV CD was usé8ection2.4.15.

Far UV CD was carried out on samples of refolded, meddK16%' -thialysine enzyme and
both wildtype saNAL and wildype saNAL that had undergone refolding in the same manner
as the modified protein. CD spectra indicated that the refolded modified protein did not have
an identical CD spectrum to witgpe saNAL(Figure3.8). Therefore further investigation was
carried out to determine whether refolding had been successfulkib65- -thialysine saNAL

and whether this modified protein was active.

If the modified protein had refoldedorrectly it is likely that it would be more e compared

to the K165C varid. Therefore, kinetic assays were carried out with the modified
K165 -thialysine protein to determine if there was a regain of activity. LDH coupled kinetics
were carried outas in Section 2.4.13 Kinetic assays showed that incorporation of the
1-thialysine residue had restored significant activity compared to the K165C variant, showing a
90-fold increase irkead Km (Table3.2). However, kinetic assays also showed that the activity of
the K16%' -thialysine enzyme was considerably lower compared to that of the-tyd

saNAL,showing an 1%old decrease itkcad Kn.

This restoration of activity indicated that, although th® Gpectrum of the modified protein
appeared not to be identical to the wilype protein, it was a protein containing a
non-canonical side chain that regained some vijlde enzyme activity. Therefore further
investigation was carried out tassesswhether the difference in CD spectra was a

consequence of the modification procedure.
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Enzyme Keat (Min') Kn (MM) Kead K (Mint.mM?)

Wild-type 250 + 4.6 2.2+0.12 114
K165C 0.40 +0.014 3.8 £0.45 0.11
K165 -thialysine 11+0.23 1.1+0.11 10

Table 3.2. Steadystate kinetic parameters for the cleavage d-acetylneuraminic acid by
both the wild-type, K165C and the ncAA containing protein K¥6&ialysine saNAL.Kinetic
parameters were determined using the LDH coupled assay.

During the modification procedure the dehydroalanine intermediate produced from reaction
of the cysteine residue with diBr is planar. Therefore the Michael addition of the thiol, to
produce the norcanonical side chain, could occur on either face of the double bond. This
means that it is possible to generate eitherbaor L non-canonical amino acid from the
dehydroalanine intermediat§Zhu and Van Der Donk, 2Q0Chalkeret al, 20123. It was
therefore hypothesised that any protein that had been modified could have produced a mixed
population d both D and L non-canonical side chains, and potentially the protein that had
modified to the D form of the noncanonical amino acid may not have refolded correctly

(Figure3.6).
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Figure3.6. Schematic representation of chemical modification producing batland L forms

2 T { K S-thighySihe! Michael addition of aminoethanethiol is shown occurring on either
faces of the dehydroalanine (dha) leading to both and L ¥ 2 NJY & -thi@lyBine.' It is
hypothesised that protein containing- -thialysine will refold whereas protein containing
D- -thialysine will aggregate.

To see whether a mixed species of Kl@hialysine had been produced during the
modification procedure, size excloa chromatography was used. Correctly modified
K165 -thialysine protein underwent size exclusion chromatography using a Superdex S200
preparative grade column (GE Healthcare Life Sciences). During gel filtration of the modified
protein, the elution profie was significantly different to that of either witgipe or K165C
saNAL. These unmodified proteins eluted in one peak at approximatelynl8@hereas the
modified protein was seen to elute in two peaks. In the elution profile of Kialysine the

first protein eluted in the void volume at approximately 1hQ and the second protein peak
eluted at approximately 18ML Eigure3.7) -the elution volume expected for a tetramer
made up of 34 kDa monomers, as in wijge saNAL. This indicated that the modification

procedure produced a mixed species of neZofstaining protein. From the EBIS analysis all
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Figure3.7. Size exclusion chromatography of Kt68hialysine. Panel A shows the A280m
trace of the modified protein with the peak of the void volume at 111?5mL andthe peak
for the modified protein at 186210mL. Panel B shows the SIPAGE gel of samples from the
gelkfiltration peak at 186210mL showing protein bands at approximately 34Da, broad
range (#175kDa) molecular weight markers are shown in lane M.

FarUV CD was then used to analyse samples from both the void volume peak and the peak at
180mL, which will be referred to as giltered K165 -thialysine. The far UV CD spectrum for

the void volume peak showed that it did not have the same CD spectrurheawitdtype
protein. Whereas the sample for giiltered K165 -thialysine has a spectrum identical to that

of the wildtype protein Figure3.8). This data shows that incorrectly folded protein is formed
during the modificationprocess, potentially due to production of m amino acid at the
modification position. However by using size exclusion chromatography this material can be

removed to leave the correctly modified and correctly folded protein.
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Figure 3.8. Far UV circular dichroism of wiltype and K165 -thialysine. CD spectra of
wild-type saNAL (black), wiletype saNAL that has undergone unfolding in N urea and
subsequent refolding (red), K165thialysine saNAL produced using the chemical
modification procedure and therefore unfolded in Bl urea and then refolded (blue) and
K165’ -thialysine saNAL that has undergone géiltration: both the protein that eluted at
the correct elution volume gefiltered K165 -thialysine (purple) and the void volume
(green).

3.2.2 Kinetic comparison of wildype saNAL and K165-thialysine saNAL

Kinetic analysis was carried out with the fjkered K165 -thialysine protein, using LDH
couple kinetics in 56M Tris/HCpH7.4. This showed an approximate doubling in actifoty

both keat and kead K Over that of the modified protein before géiltration (Table3.3). This

data indicates that during the modification process although the protein is correctly modified
G2 O2 yhialysing(as is sbwn from the mass spectrometry data), some of the protein
may not refold correctly. Using size exclusion chromatography this incorrectly folded material
can be separated from correctly folded protein, and upon removal of the incorrectly folded
material themodified protein regains more activity, indicating the incorrectly folded protein is
either inactive or far less active that the correctly folded modified protein. Therefore the

gekfiltered K165 -thialysinesaNAL was used in all further experiments.
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Enzyme Keat (Min') Kn (MM) Kead Kn(Mint.mM?)

Wild-type 250 + 4.6 2.2 +0.12 114
K165C 0.40 £ 0.014 3.8 £0.45 0.11
K165 -thialysine 11+£0.23 1.1+0.11 10

pre geffiltration

GelHiltered 26+£0.9 14+0.2 19
K165 -thialysine

Table3.3. Steadystate kinetic parameters for the cleavage dFacetylneuraminic acid by the
wild-type saNAL, K165GaNAL and the ncA&ontaining protein K168 -thialysine saNAL
before and after undergoing size exclusion chromatographinetic parameters were
determined using the LDH coupled assay.

This decrease iactivity compared to the wildype enzyme, but increase in activity compared

G2 GKS OeadSAyS GFNARAIFyld Ywmcp/ I -thibgsidehisialsd 6 2 dzi
0SSy &aSSy -hidlysiha\sBidies, 2vtigdie direct alkylation of a cysteineswised to

insert the ncAAGloss and Kirsch, 19934dopkinset al., 2002. The decrease in activity in the
previous studies was attributed to incomplete conversion of the cysteine to thecaaonical

side chain. However in this current study there is no evidence in tht1E3hat there is any
remaining dha or cysteine residue, at position 165. Therefore theedse in activity may be

RdzS (2 &aiGNHzOUGdz2N} £ RA T T $hMEsii©BlachanS.i 6 SSy GKS @&

3.3 Cirystallographic studies of K185thialysine saNAL

To determine the structural effects of inserting the RO y 2 Y A O f -thidysigeantol OA RX
the active site osaNAL, the crystal structures of the Kt6%hialysine, wildtype and K165C
enzymes were solved. To investigate whether the incorporation of a sulphur atom into the
lysine chain affected the structural binding of pyruvate in the active gihich could have led

to the decrease in activity when compared to the wijgpe enzyme, the structures of both

modified and wildtype proteins were also solved in complex with pyruvate.
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3.3.1 Crystallisation

Qrystallisation conditions had been previoustietermined for the E .coli NAL enzyme
(Campeottoet al, 2009 Campeottoet al,, 2010, andsothese condions were optimised for
wild-type saNAL. Optimisation of crystallisation conditions of the vi§ide saNAL was carried

out by Dr Chi Trinh (University of Leeds, UK) and Anna Polyakova (University of Leeds, UK).
Crystallisation conditions used were 200 NaCl, 100nM Tris/HCI (pH.0-8.5), and18-28%

(w/v) PEG350. These conditions were also used for crystallisation of Kikalysine and
K165CsaNAL enzymes. Wiltype and K165GaNAL were prepared for crystallisation by
purification using nickel affinity chromatographpection2.4.1) and then size exclusion
chromatography $ection2.4.12. K16% -thialysinesaNAL was prepared for crystallisation by
first purifying K165C protein by nickel affinity chromatography. The K165C protein was
modified to K165 -thialysine which then underwent size exclusion chromatography, and
correctly folded K165-thialysine which eluted at approximately 18fL was used for
structural studies. Proteins were concentrated tel@mgmL?! prior to crystallisation.
Crystallisation tys were set up using hanging drop vapour diffusieith drops containing

1:2, 2:2 and 2:1 of protein to mother liquor. Hanging drop vapour diffusion yielded crystals in

7-10 days and crystals usually formed in either hexagonal or rectangular bfogiseG.9).

To produce cry@ooled crystals for data collection, the cryoprotectant used was 4G
Crystals were soaked in mother liquor supplemented with increasing amounts gf(®EGhe
first soak contained 15% PHGO (w/v) and increased in 5% increments to 25% RBBG(w/v).

Crystals were soaked in each concentration of PEG400 for approximaigtyand then flash

cooled in liquid nitrogen ready for data collection.

Figure 3.9. K165 -thialysine saNAL crystal formed from hanging drop vapour diffusion
200mM NacCl, D0mM Tris/HCI (pH’.0-8.5), PEG350 (1828%w/v).
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The structures of the apo wiltype and K168 -thialysine saNAL were solved, and the
structures of their pyruate bound complexes were also solve@io produce the complexes of
K165/ -thialysine and wildype saNAL with pyruvate, the crystals were soaked with sodium
pyruvate. Soaking was carried as with the apo structures with mother liquor supplemented
with 1525% PEG40Qw/v) but soaks also contained 100M pyruvate (Campeottoet al,
2009. Attempts were also made to solve the structure of the K16&8TAL in complex with
pyruvate; however despite soaking the crystals with 18M pyruvate the subsequent

structures showed no evidena# pyruvate in the active site.
3.3.2 Data collection and processing

Data collection for all crystals was carried out at Diamond Light Source (Oxfordshire, UK), and
data sets were produced from single crystals. Data satsvild-type and K168 -thialysine
saNAL structures, both the apo and pyruvate soaked, were collected on beamline 102 and data
for the K165GaNAL structure wereollected on beamline 104. Data processing for the wild

type saNAL structures, both the apand in complex with pyruvate, was carried out by Dr Chi
Trinh and Anna Polyakova. Integration and scaling of all datasets was performed using the
CCP4 programs MOSFLM and S@lkégle, 2006Evans, 2006and full structural statistics can

be seen inTable 3.4. The wildtype saNAL apo structure wasetermined by molecular
replacement methds using the program PHAS@Rcoy, 2007Mccoyet al., 2007, using he

H. influenzaNAL structure (pdb code T#) (Barbosaet al, 2000 as the searcimodel. Since

the other strudures have avery similar unit cell parameters to the witgpe saNAL structure

(see Table 3.4), and the same space groufi2:2:2:;, it was possible to determine these
structures using the refined structure of witgpe saNAL apo structuras a starting model for
refinement and réuilding into both Fps-Fa and Foos-Fear maps usinREFMAQ@Viurshudovet

al., 1997 Murshudovet al,, 2017 and COOTEmsleyet al, 2010. All crystal structures had an

upper resolution between 1.8 and 2.35.
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Wild-type Wild-type K165GaNAL K165€ -thialysine K165€ -thialysine
saNAL saNAL saNAL saNAL pyruvate
pyruvate
Diamond beamline 102 102 104-1 102 102
PBD accession code 4ahp 4ah7 4ahq 4aho 4ama
Resolution &) 2.10 2.30 1.95 2.00 2.35
Space group P2:1212; P2,2:2; P21212, P212:2; P2:212,
a(d) 82.5 82.3 82.2 82.3 82.9
b(A) 109.6 109.9 110.0 109.7 110.3
c(A) 131.3 131.7 133.7 131.4 132.2
Rierge 8* 0.075(0.350) 0.117(0.361)  0.067(0.47) 0.064(0.435) 0.11(0.498)
Roim+* 0.044(0.20)  0.065(0.201)  0.03(0.25)  0.036(0.248) 0.065(0.289)
Observed reflections 258,615 212,634 499,678 320,723 193,152
Unique reflections 68,405 53,415 86,766 80,641 50,421
Completeness (%)* 97.7(92.8) 99.4(100) 97.8(93.4) 99.6(100) 98.5(99.0)
Multiplicity* 3.8(3.7) 4.0(4.0) 5.8(51) 4.0(4.1) 3.8(3.9)
fFLK B Lk f |108(3.4) 9.7(3.7) 14.9(3.2) 14.6 (3.5) 11.4(3.2)
Refinement
Reactor (%0) 0.19 0.20 0.19 0.19 0.18
Riee 0322 0 1 0.24 0.25 0.23 0.23 0.24
No. of protein atoms 9015 9189 9222 8922 9261
No. of solvent molecules | 381 130 368 362 356
No of ligand atoms - 20 - - 20
Average overall factor | 25.8 17.9 31.4 33.1 27.7
G3)
Average ligand 4Bactor | - 13.5 - - 26.6
(5
Average solvent {actor | 26.8 14.3 35.8 31.9 22.8
G3)
wa{ 02yR f Sy|0.013 0.013 0.015 0.013 0.013
wa{ 02YyR I y3H1441 1.617 1.78 1.441 1.586
wkYFOKIYRNIYY |yltftearas G(KS LISNOSydalr3aIsS 2F NBaaRdsSSa
Most favoured 98.8 98.1 99.1 98.7 98.3
Outliers 0 0 1 0 0

8 Rmerge= BnkiFE| li(hkI}-<I(hkl)>|/ Bk li(hkI)

+ Rpm - precisionrindicating (multiplicityweighted) Rmerge, relative to all I+ er |

* Values given in parentheses correspond to those in the outermost shell of the resolution range.

URreewas calculated with 5% of the reflections set aside randomly.
v sed-on the ideal geometry values of Engh & H{Begh and Huber, 1991
5 Ramachandran analysis using the program MolPrdhiyellet al., 2003)

'The sidechain of Tyrl11 is in close proximity to Leul42, Thr143 and Phel10 from an adjacent chain causing the phi and |

of Tyr111 to lie in an unfavoured region of the Ramachandran plot

Table3.4. Structural data statistics for the -Xay crystallographic structures of wiltlype and
K165 -thialysinesaNAL both apo and in complex with pyruvate and K1650BIAL.
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The CCP4 program REFMMTirshudovet al, 2011 Murshudovet al, 1997 was used for
refinement of all structures. Initially ten rounds of rigid body refinement were carried out,
followed by multiple rounds of restrained refinement, andlILS (translation, libration,
screwmotion) refinement was also used. After each round of refinement, model building was
performed in COO{Emsleyet al, 201Q. For the refinement of the structures witgipe saNAL,
wild-type saNAL in complex with pyruvate, K16%2aNAL, K165-thialysine saNAL and
K165 -thialysine saNAL in complex with pyruvate, a wilgbe model with the lysine at
position 165 modelled as an alanine was used as a starting structure to produeaiaseal
electron density around this position. Thestture for K165GaNAL, when initially refined
GAGK Ly FEFYyAYyS G Ll2airidrAzy mcp akK2gSR SEGS
cysteine residue. The structure for wilghbe saNAL, when initially refined with an alanine at
position 165 showedle i Sy RAy 3 St SOGNRY RSyaAaidé FNRY (KS
structure of the wildtype saNAL in complex with pyruvate had positive electron density
around position 165 that appeared to be a lysine residue; however there was continuous
positive electron density extending from where the amine group of the lysine residue would
be. This extended electron density indicated the lysine was covalently linked to another
molecule, most likely the pyruvate group. Therefore the lysine residue in compléx wit
pyruvate was modelled and refined. To build in this standard residue restraint and
coordinate files for the pyruvate bound lysine had to be generated using the online PRODRG
server (Schuttelkopf and Van Aalten, 2004The files generated were compared to the
standad restraint and coordinate files for a lysine residue, manually edited and given the
HETATM code KPI. Once the residue was built, rounds of restrained refinement were carried
out and the positive electron density around the 165 side chaas no longer mrsent

indicating that the lysine in complex witlyqjuvate was correctly modelled.
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Figure3.10a 2 RSt 0 dzA f -RialysiBe s@leFchain ki chain C of the K165hialysine

apo crystal structure.The 2RpsFar map is shown in grey and th&psFa map is shown in

green. Panel A shows the initial model with an alanine at position 165, electron density can

0SS &aS8SSy SEG Sy Rany positiveRcyfon denstty ig shd&vn in green. Panel B

shows tte electron density at position 165 modelled as a lysine residue, positive electron
RSyaales aKz2g¢gy Ay 3INBSys OFLy o6S aSSy +iad GK:
electron dense than a carbon. Panel C shows electron density at position 165 modaded

1 -thialysine residue and no positive electron density can be seen, indicating the side chain is
correctly modelled.

A starting structure with an alanine modelled at position 165 was used for the refinement of

the ncAAcontaining protein K165-thialysinesaNAL both apo and in complex with pyruvate.

For the K168 -thialysinesaNAL apo structure, clear positive electron density could be seen
SEGSYRAY3I FNRY GKS /i 2F GKS LfFyAyS NBAaARC
however when a lyse residue was built in and refined into the model there was still excess
L2aAGAGS St SOGUNRY RSyaAde I NgudBIR). ThiKiScreasedLJ2 & A
5t SOGNRY RSyarde i GKS & catinzatord at thig positibrRand | G & F
was in fact a more electron dense atasuch asa sulphur Figure3.10). When refining the

K165 -thialysinesaNAL structure in complex with pyruvate a similar process was carried out
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asforthe 4J2 A G NHzOGdzZNB® LG 6l a aSSy GKFG GKS Fd2yY
than a carbon atom, indicating a sulphur atom at this position, and there was extending
electron density from the terminal amine indicating the residue was covalently linked

LIE NHzO| 6 S® ¢ KSNBETFT2NBE NB & HNIAA YV B athighEine®racarmpldx v I (1 S
with pyruvate were generated using the online server PRODRG and given the HETATM codes
SLZ and KPY respectivédghuttelkopf and Van Aalten, 2004 hese files were comped to

GKS adl yRFNR O22NRAYIGS FA{Sa F20) OdayBRAYFII
and bond lengths,and then manually edited before being used in model building and

NB T A y S Y Sy thalykine GeSidué Hadbbeen built into K165Bhialysine apo structure a
NREdzyR 2F NBFAYSYSYyld 41 & LISNF2NXYSRX FyR GKS
position of the side chairwas no longer presenh Y RA O { -thidlginelirésiBue was

correctly modelled. The same process was used for th&Kikialysine structure in complex

with pyruvate Figure3.11).
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Figure3.11. Electron density2Fs-Fat maps for the side chains at position 16Banel A shows
electron densiy for the lysine at position 165 in the wiltlype saNAL apo crystal structure.

t ySt : AaK2ga St SOChiaiRng (HEBATM SLZ@at pogtibid 165KirS the
K165’ -thialysine saNAL apo crystal structure. Panel C shows electron density for the
cydeine at position 165 in the K165€aNAL crystal structure. Panel D shows electron density
for the lysine in complex with pyruvate (HETATM KPI) at position 165 in the-tyibed saNAL,

in complex with pyruvate, crystal structure. Panel E shows electron digndor the

1 -thialysine in complex with pyruvate (HETATM KPY) at position 165 in the KiB&alysine
saNAL, in complex with pyruvate, crystal structure.

All solved structures contained homotetramers in the unit cell with each monomer having an
0 h g TIM barrel fold Figure3.12). Excitingly in all four subunits for the ncAA containing
protein K165 -thialysinesaNAL, in both the apo and pyruvate bound structures, the density
clearly showed the noganonical si8 OK | Atlyfalysing Btiowing efficient and complete

Ay 02 N1J2 Ndthialgshe/ intd2 the protein. Interestingly in all subunits there was no
evidence for thedoS y' I y i A 2 Y StiNdlysin€. ThisKrBlicates that if thie: -thialysine does
form in the modification process, it is highly likely that this is the aggregated fraction that is

removed during the gel filtration step.
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3.3.3 Crystal structures

The crystals structures of witgipe saNAL, K165GaNAL and K165-thialysine saNAL were

solved to determie the structural effects of incorporating the naanonical side chain
IGKAFE@aAySed b2 YIF22N) adNHzO0 dzNI £ -BidlyFieibd 6 SN
saNAL as all structures were seashomotetramers(panel AFigure3.12) in the unit cell. Each
monomer within the tetramer has the same fold of @nk d TIM barrel(panel BFigure3.12),

which is also seen in the. coliand H. influenzaNAL structureglzardet al,, 1994 Barbosaet

al., 2000. In each TIM barrel monometK S h KSf A 0Sa F2N) amkr&nd2 dzi SN
SyOft 2aS GKS |Theindore kithdr theé cysteikeShduiart dor thencorporation of

1 thialysinealtered the overall fidl of the protein. Alignment at'C | i 2thedwild2ype and

K165 -thialysinesaNAL apo structuregjives an overaRMSD of only 0.1& and alignment of

K165C and wiktlype saNALgives an verall RMSD of 0.49. Ahe overall fold of the protein was

also not affected when both wiltype and the modified enzynsewere in complex with

pyruvate,aswhen these structures weralignedby @ | G2Ya GKS 2@0SNIff wa

The main structural differences could be seen when comparing the apo and pyruvate bound
structures of both the wildype andK165- -thialysinesaNAL. In both the apo structures there

is a region of disomted electron densit which corresponds to a loofsesidues 138L46),
however once pyruvate is bound in both the wilghe and K168 -thialysine structures this

loop becomes ordered and can clearly be seen in the structure. Thigresigues 138L46) in

both of the pyruvate bound structures lies over the entrance to the active site as can be seen
in panel C ofFigure3.12. In both the wildtype and K168 -thialysine saNAL structures in
complex with pyruvate, thisearrangement of the loop region causes a significant change in
the positioning of Tyrl37, which can be seen in panel Elgeire3.12. Tyrl37 is a residue that

has been shown to be essential for catalyBianielset al., 2014 and so this repositioning of
Tyrl37, where it is shifted towardke terminal amine end of both the lysine andhialysine,

may help to stabilise the pyruvate binding in the active site. Surprisingly, in the K165C
structure the loop region between residues 1386 has clear ordered electron density even

though there $ no evidence for pyruvate in the active site.
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Figure3.12. Structural comparison of wildype and K169 -thialysine saNALPanel A shows
the homotetramers for wildtype (cyan) and K165-thialysine (purple) saNAL structures in
complex with pyruvate Both structures are shown separately and overlaiBanel B shows
i KS g HmM\kbartel fold of the monomer for both wildype (cyan) and K165-thialysine
(purple) saNAL structures in complexitiv pyruvate, both structures are shown separately
and overlaid Panel C shows overlays of the apo and pyruvate complex structures for
wild-type and K169 -thialysine saNAL structures; wiltype saNAL apo is shown in green
and wildtype saNAL in complex Wi pyruvate is shown in cyan. The rearrangement of
Tyrl37 and the appearance of the loop region of residues -138 can be seen in the
structure in complex with pyruvate. K165-thialysine saNAL apo is shown in orange and
K165’ -thialysine saNAL in complexwith pyruvate is shown in purple, again the
rearrangement of Tyrl37 and the appearance of the loop region of residues88can be
seen in the structure in complex with pyruvate.

y
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From the structural comparisan (G KS A y O 2-MikiiNg afl pogioi 165 Hoes not
affect the overall fold of the protein. Also the structural changes that occur in thetypls
saNAL structure when pyruvate binds also occur in the KZ@balysine structure when
pyruvate binds; the repositioning of Tyrl37 and resglie88146 forming an ordered loop
over the entrance to the active site. This identical structural behaviour during the first stage of
the catalytic mechanism, pyruvate binding, therefore provides no rationale for the reduction in

activity of the ncAA containg enzyme.

The presence2 T (G KS & dzf LIKdzNJ | { 2 ¥hialisifie nai Sausd lodalsed OK | A
structural differences that affect the binding of pyruvate, and reduce activity in the modified
enzyme compared to the wiltype enzyme. The sulphur at the gamma position in the sid

chain would affect both the bond lengths and angles around this position compared to those in

the wildtype lysine side chai(Ammonet al, 199)). In their respective structures, both the

lysine and{i K Sthialysine residues at position 165 are seen in the fully extendet
configuration, both when they have formed a Schiff base with pyruvate and when they have

not. In the Lys165 residue, within the wilgpbe saNAL structures, thé G and C-/ ‘bond

lengths, and the +C -/ ibond angle are very similar to the values for the bond lengths and

angle for free lysine (shown imable 350 ® L y -thidly&ir® residue, within the

K165/ -thialysine structures, thé +S and $-/ 1bond lengths, and thé +S-/ ibond angle

I NBE Ffaz2 @SNE aAiYAathiaysihe(r@dmoindt 8, 1991). Carpatisod & tNé T NS S
1-thialysine residue to the lysine residue shows that théS and $-/ ibond lengths are

0.3A longer than the respective -G and G-/ tin the lysine. This increase in bond length

YI & Ol dzihfalysiteKr&sidue to extend further into the active site of the enzyme.
However the/ FS-/ 1is a tighter bond angle than the respectiye-C -/ 1found in the

wild-i 8 LJS fe2aAyS NBaAARAZSZI ¢ KA O aBdz/io®iNehgthd. & § K €
Comparisor2 ¥ (146% RRall yOSa A-ialysie 365 [rediduedeigure3ll3f R
aK2¢ O Kthialysine KeSidue is approximately 083longer than the lysine residue, when
comparing the apo structures and 0&3longer when comaring the structures in complex with

L2 NHz@ 6 S ¢ KS 2 gthialkine&dd lysire residues 2w thak tBe increased

bond lengths af + S and $-/ idoes appear to be compensated by the decreakéees -/ 1

bond angle. In the overlay of the 2p f & & A yhalysing/tRe terminal amine in the

i -thialysine is positioned 0.A (averaged value from all 4 subunits) away from the terminal
FYAYS 2F GKS ftearySo Ly GKS LI NHzOI -thilysioe2 dzy R
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residue is positined 0.3A (averaged value from all 4 subunits) away from the terminal amine

of the lysine Figure3.13).

In the catalysis of NAL, Schiff base formation is critical for activity. The difference in bond angle
and lengths in the -thialysine side chain may place tterminal amine into a position that is

not optimal for Schiff base formation. Therefore this repositioning of the terminal amine may

contribute to the decrease in activity seen in the modified enzyme.

Wild-type Free lysine K165 ! -thia- | Free !-thia-
(Lys165) lysinesaNAL | lysine
saNAL
/ + G bond| 1.52A 1.53A / 'S bond| 1.84A 1.824
length length
G-/ + bond| 1.52A 1.54A S-G bond| 1.804 1.81A
length length
| FG- 1 110.14° 110 | FS- 1 97.2 102.9
bond angle bond angle
Table3.50 / 2YLI NR&A2Y 2F 02yYyR fSy3adKa | yRnthey3f Sa

wild-type and K165 -thialysine saNAL crystal structures to the bond lengths and angles at
0KS + LJ2aAdA2y-thialysineF NES f@aAyS | yR
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A

Wild-type K165-y-thialysine Wild-type + K165-y-thialysine
pyruvate + pyruvate
Ca — NZ distance | 6.1 6.37 6.26 6.56

(A)

B

Figure3.13® / 2 Y LI NJo&2 yRAZAT I /yhO S a-thialysinefatpaskigh3 65linyfHe -
wild-type and K165 -thialysine saNAL structuresThe table in panel A showthe averaged

| BNZ distancedrom all four subunits for the wildtype saNAL structures both apo and in

complex with pyruvate and for the K165-thialysine saNAL structures both apo and in
O2YLX SE 6AGK LERBNHzI GSd t I ySt . &kKthiadyaine®8® S NI | ¢
(orangS0 F YR 2@SNIlea Fd /h 2F [ &awmadhmlyshelesd2 YLI S
complex with pyruvate (purple).

To further investigate the effects of the 088repositioning of the terminal amine found in the
1-thialysine residue, the pyruvate biridg pocket was examined. In the structure of the
wild-type saNAL in complex with pyruvate the lysine forms a Schiff base with pyruvate and the
carboxylate end of the pyruvate hydrogen bonds to both the back bone and side chain of
Ser48 and Ser4%igure3.14). The K165-thialysine structure in complex with pyruvate is seen

to make the same interactions, within the pyruvate binding pocket, as the-twile.
Therefore, the introduction of the nenanonical side chain does not appear to structurally

affect thepyruvate binding.
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Tyr137

Lys165 Tlys165

Figure3.14. Comparison of the pyruvate binding site in the witsipe and K165 -thialysine
crystal structures.A shows thepyruvate binding site in the wildype saNAL structure in
complex with pyruvate (cyan). B shows theyruvate binding site in theK165- -thialysine
saNAL structure in complex with pyruvate (purple). In both structures, the carboxylate end
of the pyruvate is seen to form hydrogen bonds with the side chain and backboh&er48
and Ser49.

Through analysis of the wigpe and K168 -thialysinesaNAL crystal structures, it appears
there is very little structural difference. Upon pyruvate binding, both jloe and
K165/ -thialysine undergo the same structural changesd athe interactions within the
pyruvate binding site are very similar in both proteins. The main structural difference between
the wildtype and K168 -thialysine is the 0.2 repositioning of the terminal amine of the
1-thialysine residue caused by theteakd / S and $-/ {bond lengths and the +S-/ 1

bond angle. This repositioning of the amine group may contribute to the decrease in activity
seen in the modified enzyme, as the repositioning could affect Schiff base formation. However,
since the moditd enzyme does not appear to have any other significant structural
differences, it was investigated whether another property of the modified enzyme was also

contributing to the decrease in activity.

3.4 Further kinetic studies of K165-thialysinesaNAL

From nitial kinetic studies of the modified protein it was seen that once the K1#alysine
protein had been gel filtered and any incorrectly folded material removed, the activity of the
modified protein was still reduced compared to the wijghe enzyme. fie kead Kn Of the
modified protein is &old lower and thekc.: is approximately 1@old lower than that of the
wild-type enzyme, however th&., of the two proteins differs very little. This decrease in

activity could not be attributed to incomplete modiéition of the protein as the mass

91



spectrometry data shows no peak for any remaining unmodified K165C or K165dha protein.
¢KS ONEBAGIEt &adNHzOG dzNB &thidlysing & anseKcallgnt sirdcturél himic & S E
of lysine. Structurally, the K165thialysine protein is extremely similar to the wilgpe

protein and there are no significant structural differences betwethe pyruvate binding
AYGSNFY OlA2yad ¢KS AyOfdzaizy 2falydine causslsligazNI |
a0 NHzOG dzNI £ RA T T S NB-thiahSise which @alerS te/poditiensofithe sermingl R
amine by 0.3}, however this does not appr to affect the pyruvate binding site. Therefore

the decrease in activity may be caused by the intrinsic chemical properties of having a sulphur
Fd2Y Ay GKS athdRSneOKFAYy 2F GKS

The catalytic lysine at position 165 is critical for the Cladddl mechanism of NAL. A Schiff
base is formed between Lys165 and pyruvate; the amine of group of the lysine residue is
deprotonated and acts as a nucleophile to attack the carbonyl of pyruvate, forming the Schiff
base. The pKof free lysine is 10.5 antherefore would not be easily deprotonated at
physiological pH, therefore the pkf Lys165 must be perturbed to achieve this activity.
Perturbations in amino acid g&are commonly seen in enzyme catalysis and can be achieved
by the microenvironment of th enzyme active sit¢Harris and Turner, 2002som et al,

2011). To determine how much the pkf the lysine & position 165 is perturbed from free
lysine the progamme PROPKA was us€Baset al, 2009. PROPKA allows the p&f side
chains within a crystal structu® be calculated. The pkf Lys165 was calculated to be 7.3;
therefore the pKis 3.2 units lower than thpk,of free lysine. The pi ¥  FthidySine is 9.5
(Hermann and Lemke, 19B8ssuming that the same perturbation in jo#ccurs within the
active site of the K165-thialysine enzyme, the pkof ! -thialysine would be reduced to 6.3.
Therefore, the lysine residue has Ko KA OK A & ™  dafiidly$ineKThid dfSrdidcel K |y
in pks seen in the catalytic residue of the two enzymes, which is responsible for Schiff base
formation, may cause the proteins to have different pH optimums. This may be the reason for
reduced &tivity in the K168 -thialysine enzyme, as all assays to date have been carried out at
pH7.4.

To investigate whether the pH optimum of the modified enzyme has been altered compared to
that of the wildtype pH curves for both wiltype and K168 -thialysine were measured. pH
profiles were measured using LDH coupled kinetics in a tboegponent buffer system, to
ensure constant ionic strength over the full pH rar(@dis and Morrison, 1982The kinetic
parameters were deirmined and the data were then fit ug) the equation shown in panel C

of Figure3.15 (Gloss and Kirsch, 1995a

92



140

120 -

40 -

S 100 { 40 1

S

by 80 -

g 20 1

£ 60 - 3

¥E 40 10

X 201

E L3
0 : . : 0 ; ; ‘
4 5 7 8 9 10 4 5 6 7 8 9 10
pH
(kca:/K )max
m
kfﬂf =
K T 1 + 10(pKal-pH) 4 10(PH-PKa2)

D Enzyme (Keat/ Kim)max (Min2.mM™)  pK,1 pK.2 pH optima
Wild-type 116 5.84 8.68 7.3
K165-y-thialysine | 71 6.84 7.12 7.0
(gel filtered)

Enzyme Keot (min™) Km (MM) (keat/Krm) (min™.mM™)
Wild-type pH 7.4 250+ 4.6 2.2+0.12 114
K165-y-thialysine (gel | 26+0.9 14402 19

filtered) pH 7.4

K165-y-thialysine (gel 29+0.8 0.92 +£0.087 32

filtered) pH 6.8

Figure3.15. pH curves for wildype and K165 -thialysine saNAL.A shows thepH curve for
wild-type saNAL. B shows the@H curve for K168 -thialysine saNAL.C shows theequation
used to fit the data shown in panels A and B, whetg/ Knis the specificity constant folN-
acetylneuraminic acid cleavagekd/ Km )max IS the theoretical maximum value fokca/ Kn
and pkl and pK2 are the firstand second ionisable groups. $howsthe theoretical values
for (kead Km)maxw PKel and pk2 determined from the data fits for both the wildype and
K165 -thialysine pH curveskE showscomparison of kinetics parameterkea;, Knand Kead Km

at the pH opima of wild-type saNAL, 7.4 from the experimental data, and the pH optima of
K165 -thialysine saNAL, 6.8 from the experimental data. Kinetic parameters for all pH
curves were determined from LDH coupled kinetics carried out in a three component buffer
sydem to ensure constant ionic strength over the full pH range
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The pH profiles for the wiltype and K168 -thialysine enzymes show that both the shape of
the pH curve and the pH optimum of the modified enzyme are altered from that of the wild
type. The tleoretical pH optimum, determined from the fit of the pH profiles, of the viyipe
enzyme is 7.3 whereas the pH optimum for the modified enzyme is lowered to 7.0 (panels A, B
and DFigure3.15). Comparison of kinetic parametersr fthe wildtype and K168 -thialysine
enzymes at their respective experimental pH optima shows thakthé&, of the wildtype is
3.5fold greater than theke./Kn of the modified enzyme, therefore the modified enzyme

regains approximately 3% of the wid-type activity.

The difference in pH optima is not the only difference between the two pH curves, the shape
of the K165 -thialysine saNAL is also narrower than that of the wilgbe. The wiletype
enzyme shows a bell shaped pH profile where thespKthe two ionisable groups are 5.84
and 8.68, approximately 3 pH units apart, which should allow the theoretealKf)max to
essentially be achieved (panel Bigure 3.16). From the fit of the data the theoretical
(Kea Kn)maxis 116min*mM-2 which compares well with the observed.4 Kn) of the wildtype

at pH7.4, which is 114nin"mM™. The pH profile ioK165' -thialysinesaNAL is significantly
narrowed, compared to the wiltype. This narrowing of the pH curve brings theg#f the

two ionisable groups into much closer proximity than in the wyide (panel DFigure3.15).

The pKss of the two ionisable groups are 6.84 and 7.12, approximately 0.3 pH units apart.
Therefore, in the case of the K168hialysine, the theoreticalkfal Kn)max0f 71 mintmM-can
never be achieved since the gskare much closer than 3@ units aparand so the enzyme

will never, fully, be in the correct ionisation state for catalysis. From the theoretical titration

curve only 30% of the enzyme could be in the active fdfigute3.16).
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Theoretical V.
100

Figure 3.16. pH titration curves.Individual titration curves for two residues, with pi§
determined in Figure 3.15D, are calculated and plotted using the Hendeildarsselbach
equation. In both curves the blue line represents the titration dfie first ionisable group and
the purple line represents the titration & a second ionisable group. A)eRBresents the
wild-type saNAL where the pKof the first ionisable group is 5.84 and second is 8.68
therefore the pks are approximately 3 pH units apaand almost all of the enzyme would be
in the active form at the pHoptima of 7.4.B) RepresentsK165 -thialysine saNAL where the
pKs of the first ionisable group is 6.84 and second is 7.12 therefore thespdte 0.28 pH units
apart and so only 30% of the enzyme would be in the active form.

From the theoretical fit of theK165/ -thialysinesaNAL i curve, this enzyme should be an
excellent catalyst with a theoreticake/Kn)max 0f 71min'mM™. However due to the
imbalance of the pis in the active site K165thialysinesaNAL can only achieve 3animM=.
The wildtype saNAL has evolved to hawerfectly synergistic active site and replacing the
catalytically essential residue with a structuraimic, whichhas a much lowered pKhas

altered the catalysis.

3.5 Summary

The main aim of this chapter was to develop and optimise a method to incorpoctas into
theenzymesab ! [ @ / 2Y LI SGS Ay O2 Niagdhe, ivds achievd &t pasifiod y O!
McpX & FaaSaaSR o6& Ylaa aLSOdNRYS-tibgsime ¢ KS
has been well tolerated by the enzyme saNAL, producing correctly folded and actieapro
Excitingly the ncAfontaining protein can be produced on a scale of up tangOwhich has

allowed extensive structural and kinetic studies.

Initial kinetic studies showed the modified enzyme activity to befdld lower than that of

wild-type saNAL However by using size exclusion chromatography it was possible to remove
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incorrectly folded material, and by investigating the pH dependency of the enzyme it was
possible to find that the pH optima had been shifted, from the wyioe at pH7.4, to pH6.8.
These further studies showed that the modified K&hialysine activity is 3-%old lower than

the wildtype, as judged b¥a/ Kn. From further structural and kinetic studies it was possible
to attribute this decrease in activity to the perturbatiom pkss in the active site caused by the
ddzft LIKdzNJ | G2Y A y-thidlykirk, aadiaR&the@® khiftyin the Position of the
terminal amine group seen in the crystal structure. The perturbation ingbKhe 165 side
chain brings the pi§ of the two ionisable groups within 8H units meaning that the

theoretical \haxof the enzyme cannot be achieved.

Although the modified enzyme does not achieve the full wjlge activity, a robust method to
incorporate ncAAs has been developed that can bei@drout routinely. This work sets the
scene to extend the incorporation of novel ncAAs throughout the active site of NAL and

investigate the effects on activity.
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Chapter 4Production and Screening of Modified Enzymes for

Altered Activities

In the previous chapteit KS A y 02 N1J2 NI dhiaBsihe, 2i& chdmic& moditichtibn, -
at position 165 insaNAL was described. By carrying out this modification, as a proof of
principle, it was possible to develop a robust incorporation method for ncAAssaitié\L.
Excitngly, using this method, full conversion to the ncAA was observed via mass spectrometry
and ncAAcontaining protein was obtained in high yield for both kinetic and crystallographic
studies. This chemical method could now be used to introduce a varigtg/AAs individually
throughout the active site ofaNAL to investigate whether they could be used to alter the

activity of the enzyme.

This chapter will describe the use of the chemical ncAA incorporation method to introduce up
to 13 different nonrcanonicd side chains at a variety of different positions throughout the
active site ofsaNAL. It will also describe screening these ncditaining enzymes for altered

substrate specificity with a variety of different aldehydes.

4.1 Selection of residues for modifid¢eon

The aim of this work was to use ncAAs to alter substrate specificity, and so the first stage was
to select the sites at which the nezanonical side chains were to be incorporated. There are
many directed evolution studies that have shown residuesyaiwom the active site can have

a significant effect on substrate specificilyeferinket al, 2014 Romepo and Arnold, 2009
Shimotohnoet al., 200]). However, in this instance, to reduce the sequence space to be
screened and since anry crystal structure of wiltlype saNAL had been solved, we dged

to look at replacing residues within the active site of the protein, and within close proximity
(~5A) to the substrate. Unfortunately there is no crystal structurs@AL with the full length
N-acetylneuraminic acid (Neu5Ac) product bound; howetherre is a structure of thé. coli
NAL with Neu5Ac in the active si(Banielset al., 2014. Therefore using thd=. coliNAL
structure, residues within approximately % (Table 4.1) of the product were selected for
conversion to cysteine, and subsequently modifiedFlgure4.1 the residues selected for
mutagenesis to cysteine can be seen, and their proximity to the, endppued, full length
Neu5Ac product is shown ifiable4.1. In total thirteen sites were selected to be converted

into cysteine mutantdy sitedirected mutagenesis.
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1243

Figured.1. Image of the wildtype S. aureusNAL active sitdPDB4ah7 shown in cyan) (Timms
et al., 2013) with the full length Nacetylneuraminic acid (Neu5Ac) taken frothe E. coliNAL

in camplex with Neu5Ac, overlai (PDB4bwl shown in magenta) (Danielst al., 2014). The
residues that were targeted for sitelirected mutagenesis into cysteine and subsequent
modification into non-canonical amino acids are highlighted ascks.
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Residue Distance to Neu5Ac (A) Residue Distance to Neu5Ac (A)
1139 3.0 S208 3.2

L142 4.2 T209 4.8

K165 - 1243 4.1

F172 57 L247 4.3

F190 5.3 1251 4.6

E192 2.9 Y252 3.5

G207 3.3

Table4.1 Residues in thes. aureusNAL selected for conversion to cysteine, and their relative
distances from the product Neu5Ac in the active sit®istances were calculated by
overlaying thesaNAL Xray crystal structure, in complex with pyruvate, ith the E. coliNAL

in complex with Neu5Ac and the distances between the closest residue atom and product
atom were measured. A distance is not shown for K165 as it forms a covalent link to the
product.

Previous studies on NAL have shown that it is higpBcific for the ketone donor, pyruvate,
however NAL is far more promiscuous regarding the aldehyde accéftpet al, 1995 Kim

et al, 1988. Therefore the majority of sites selected for mutagenesis were towards the
aldehyde end of the active site, as this end may be more easily manipulated. As can be seen
from Figure4.1 a wide varietyof residues were selected to be exchanged for ncAAs, from very
small residues like glycine to much bulkier side chains like tyrosine and phenylalanine. All the
residues selected would be converted to nRoanonical side chains using the chemical

modification method described in the previous chapter.

4.2 Production of cysteine mutants

To allow incorporation of nowanonical side chains ahé selected sites in the actigte of
saNAL (shown ifrigure4.l1.), it was necessary to producgsteine mutants at these positions.
Sitedirected mutagenesis was used to produce the cysteine mutants, and the mutant genes

were provided by Sam Hickm@dniversity of Leeds)

Once the cysteine mutants were successfully generated they were expressquuafied in

the same way as wilthpe saNAL using batch nickel affinity chromatograpg®ection2.4.1).
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All cysteine variants expressed at reduced yields compared to thetypd Wildtype saNAL
expresses at approximately Qéng per litre growth medium, whereas the cysteine variants
expressed at between 380mg per litre growth medium depending on the variant. All
cysteine variants expressed in high enough yields for modifications to be carried out. Once the
cysteine variats were expressed and purified, they were lyophilig&edction2.4.6 before

being modified to incorporate ncAAs. Before modifications were carried out, ESI mass
spectrometry was performed by Dr James Ault to ensure that tlstedye variants were the

correct mass.
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Figure4.2 ESI mass spectra of cysteine varianis.all spectra the raw data is shown to the
left and the deconvoluted data shown to the right. Panel A shows masscsrum for Y252C,
the expected mass was 3393%a and the observed mass was 33938. Panel B shows mass
spectrum for L247C, the expected mass was 33B&4and the observed mass was 33983.
Panel C shows mass spectrum for 1139C, the expected mass wakl B&zDand the observed
mass was 3398Da a peak at 3408Ra can also been seen in the spectrum which is £28
and most likely corresponds to a phosphate adduBtanel D shows mass spectrum for 1251C,
the expected mass was 339&8%a and the observed mass wa&83986Da a peak at 3408Ba
can also been seen in the spectrum which is 438 and most likely corresponds to a
phosphate adduct.Panel E shows mass spectrum for F190C, the expected mass was
33950Da and the observed mass was 33928.
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4.3 Modifications to generate a variety of ncCAAs

Once cysteine variant proteins had been expressed and purifiedditd be established that
the modification protocols, developed to convert K165C into KZ1@%alysine, would also
work on these variants. Modifications to convert the cysteine variants intcodiméaining
proteins were carried out first to ensure thedi stage of the modification worked. Once it was
possible to produced dheontaining proteins then the conditions to produce a variety of

ncAAs were developed.
4.3.1 Conversion of cysteine variants to dha

To determinewhether the same conditions to conveftl6%Cinto K165dhawere applicable for

the other cysteine variants, the same procedure to convert the cysteine to dehydroalanine was
used. 2.5mg of lyophilised protein was taken up in 1/ of preg I N¥YSR doT16/ 0 2
phosphate buffer (5@nM, pH8.0) containing &1 urea. The protein solution was vortexed to

ensure that the protein had fully redissolved, and then uQ0of the diBr (0.1&guLtin DMF)
a2fdziAz2y o6& | RRSR® ¢KS a2t dziAzy gapmidorihKkSy Ay
30min.
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Figure 4.3. ESI mass spectra, showing various modifications of cysteine variants into
dehydroalanine(dha) raw data is shown on the left and deconvoluted data on the right. All
panels show mass spectra of dehydroalaninentaining proteins which have been modified
using the conditions; 2.5ng of cysteine variant dissolved in 1.26L of preg | NY¥ SR 60T ¢/
sodium phosphate buffer (5nM, pH8.0) containing @M urea, then 10QuL of diBr
(0.23mgpL?t or 0.08mgpL!in DMF) addedand incubated for 1hr 30min. Panel A shows
mass spectrum of F190dha, the expected mass was 333 and the observed mass was
33916Da. Panel B shows mass spectrum of G207dha, the expected mass was Bt0and

the observed mass was 340I%a. Panel C shes mass spectrum of S208dha, the expected
mass was 3397Da and the observed mass was 33988. Panel D shows mass spectrum of
L247dha, the expected mass was 33934 and the observed mass was 3395@. Panel E
shows mass spectrum of Y252dha, the expectadss was 3390Da and the observed mass
was 3390Da.
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Once the reaction had been incubated a0 sample was taken and analysed by ESI mass
spectrometry. If a peak of correct molecular mass for the -dbiataining protein was
observed, the modification wa considered successful. If no peak was observed for any
remaining cysteineontaining protein, the modification was considered to have gone to
completion. Due to samples for mass spectrometry being taken from the reaction mixture,
containing GV urea, thesample preparation was sometimes not as efficient, reducing the
intensity of the protein in the mass spectra, as can be seen from the noise in the deconvoluted
spectra. However if there was a single main peak, of the correct molecular mass, the

modification was considered successful.

In some of the modifications, two peaks were observed in thenie8k spectra, the first had

the correct molecular mass for the dehydroalanine intermediate and a second wabB&al74
larger in massKigure4.4). It was determined that this extra mass was caused by an uncyclized
sulfonium intermediate, that comes from the dehydroalanine not eliminating from the protein
after it has reactedNathaniet al, 2012 Chalkeret al, 201). Incubation at 3 / A a NI LJ]2 N
to remove this uncyclized intermediat€halkeret al,, 201]). However, since the modifications

had already been carried out at 87/ = A (G ¢ a Keé L2 D& &lduktd&R bel K I {
caused by the excess of diBr in the reaction mixture. Modifications were therefore carried out
under the same conditions as beéobut using 0.08ng uL* of diBr. Conversion of the cysteine
residue into dehydroalanine still went to completion aftehr130min but no evidence for the

174Da adduct was seen, therefore the lower concentration of Gn@guLdiBr was used in all

subseaient modifications.
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Figure4.4. ESI mass spectra of 1251C modifications to 1251dhdoth spectra the raw data

is shown above and the deconvoluted data shown below. Panel A shows mass spectra of
I251dha which has been modified using the conditions; 2rig of 1251C protein dissolved in

1.25mL of preg I NY¥SR o6o0Te/ 0 &2RA dzYnM,LpKRQ) Loktaining évo dzF ¥ S |
urea, then 100uL of diBr (0.13ng puLlin DMF) added and incubated for Hr 30min. Two

peaks are clearly visible in the spectrum the first at 33958 corresponding to correctly

modified 1251dha which has an expected molecular mass of 33B&0and the second peak

174Da larger than the first peak which corresponds to the uncyclized suliomion. Panel B

shows mass spectra of 1251dha which has been modified using the conditionsng.of

1251C protein dissolved in 1.28Lof preg I N¥SR 0016/ 0 &2RAdz2vM,LIK 2 & L.
pH8.0) containing 6M urea, then 10QuL of diBr (0.08ngpLlin DMF) added and incubated

for 1 hr 30min. Only one distinct peak can be seen in this spectrum with a molecular mass of
33951Da correspouding to the correctly modified 1251dha which has an expected molecular

mass of 3395Ma.
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4.3.2 Selection of ncAA side chains

Having demonstrated it was possible to routinely produce-dbataining proteins from the
cysteine variants, the dheontaining protens could now be modified with thiols to produce
non-canonical side chains. All thiols chosen for use in the modification procedure were
commercially available, to allow easy and scalable modifications, as the process would not be
dependent on the amount ahiol that could be synthesised. The thiols selected were chosen
to produce a wide variety of necanonical side chainsTéde 4.2). Some thiols produced
elongated versions of canonical amino acids and some produced side chgirchamistries

not present, or uncommon, within the twenty proteogenic amino acids.

Cysteine variants Thiols
K165C S208C " 2) 3) TR
HS OH HS
L247C  1251C Y HS™ > N, \© HSJJ\ong
(0] SH SH
L142C F190C 5 o 6) oH N9
H H,N OH
Y252C  G207C HSJJ\WONa SJ\CHs 2 /\[o( el
(0]
0]
E192C 1139C 9 s 10)HS 11@1 12) o4
N TT"on HS HS OH
F172C  N170C /\@ o A
13) o 14
T209C  1243C HS\E/) s NF

Talbe 4.2. Cysteine variants and thiols used in the chemical modification proceditee first
column shows the positions converted to cysteine for subsequent conversion to ncAAs
second columnshows the thols used to produce the ncAA side chains. Thiold4l are
3-mercaptopropionic acid, aminoethanethiol, benzylmercaptan, methylthioglycolate,
sodiummercaptopyruvate, mercapte?-propanol, D-cysteine, L-cysteine,
4-pyridylethylmercaptan, mercaptel-butanol, mercaptoacetic acid, thioglycerol, -2
furanmethanethiol, 2propene-1-thiol.
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4.3.3 Optimisation of Michael addition of thiols

The next step was to convert the dha residue into a range of different ncAAs. The thiols had
been chosen to produce a variety of fdifent noncanonical side chainsTéde 4.2). For
production of the various ncAgontaining proteins, we investigated whether a single set of
modification conditions could be found. However, due ttee variation in the physical
propertiesof the thiol compounds, for example some were provided as liquids, other solids,
each had to have conditions optimised for use in the modification procedure. Optimised
conditions for the conversion of dehydroalanine into the reamonical side chas are shown

in Table 4.4. The protein F190dha was chosen for use in the optimisation experiments.
Optimisations were carried out on a 2vig scale, 1.2&L (2mgmL?') of F190dha was taken

and a Michael additiomvith a thiol compound was then carried out, this was performed with

each thiol shown iTale 4.2.

For initial test modifications the conditions used to convert K165dha to Kib&lysine were
used as a starting point as thendhbeen previously successful. In the K1@Bialysine study

the aminoethanethiol was dissolved in Tris/THCM2pH8.8) to a concentration of 0.hgulL?
before being added to the dheontaining protein; therefore this was used for the solid thiol
compaunds (aminoethanethiolX Tale 4.2), mercaptopyruvates), mercaptoacetic acidl(),
L-cysteine(8) and D-cysteine(7)), which were all soluble in aqueous solvent. In the selection of
thiol compounds a number of them were provitl@s liquids; from the literature undiluted

i -mercaptoethanol was added to dehydroalanicentaining protein which produced
conversion to the nosftanonical side chairiChalkeret al, 2011. However, to ensie a
constant pH in the reactions with the liquid thiols, TrisfHOW(2H8.0) was added to the thiol
compounds, in a 1:1 ratio, before addition to the reaction. For the thiols that were soluble in
agueous solvent (mercapi®-propanol 6) and thioglyceol (12)), addition of Tris/HCI and then
incubation with the dehydroalanine containing protein worked well, but it was found that
some of the thiol compounds were not soluble in agueous solMdet.capto-1-butanol (10),
methylthioglycolate(4), benzylmercapan (3), 4-pyridylethyl mercaptan(9), 2furanmethane

thiol (13) and 2propene1-thiol (14) would not solubilise in the aqueous reaction mixture and
would cause precipitate to form if they were added directly to the reaction. Therefore these
compounds werdirst solubilised in DMF and then TrissfHCM2pH8.0) added to ensure the

pH was approximately 8.0 before being added to the reaction mixture. This approach worked
well  for mercaptol-butanol, methylthioglycolate, 2-furanmethane thiol and

2-propenel-thiol, but it was seen that benzylmercaptan angytidylethylmercaptan would
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still cause some precipitate in the reaction mixture which was aggravated with the addition of
Tris/HCI. Therefore these were solubilised in DMF, before being added to the dalaydnz
containing protein. Some precipitate still formed in the reactions with benzylmercaptan and
4-pyridylethylmercaptan but it could be easily removed by centrifugation, after the incubation
time was completed, and did not affect the modification tam@uce the norcanonical side

chain. The conditions used for each thiol Michael addition are summariseabie4.3
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Thiol

Conditions

Incubation

Aminoethanethiol

40 L (0.1mg uLL TrigHCI (2M pH8.0)))

2hours, 37 / X~

rpm N

Mercaptoacetic acid

40 L (0.1mguLL TrigHCI (2M pH8.0)))

2hours, 376 |

rpm n

Mercapto-1-butanol

40 L (20uL thiol, 10uL DMF, 1QuL TrigHCI
(2M pH8.0))

2hours, 37 / X~

rpm N

Mercapto-2-propanol

40 UL (20uL thiol, 20uL TrigHCI (2M pH8.0))

2hours, 376 |

rpm n

Methylthioglycolate 40 L (20uL thiol, 10uL DMF, 1QuL TrisHCI 2hours, 376 / Z rpmn
(2M pH8.0)
Thioglycerol 40 L (20uL thiol, 20uL TrigHCI (2M pH8.0)) 2hours, 376 / Z rpmn

Sodium mercaptopyruvate

40pL (01 mgpL TrigHCI (2M pH8.0)))

2hours, 376 | X

TP

Benzylmercaptan

30 uL (10L thiol, 20uL DMF)

2hours, 376 | Z

rpm N

4-Pyridylethyinercaptan

30pL (10uL thiol, 20uL DMF)

2hours, 37 /| X~

rpA N1

2-Furanmethane thiol

40 L (20uL thiol, 10uL DMF, 1QuL TrigHCl
(2M pH8.0)

2hours, 376 | =

rpm N

L-cysteine

120pL (0.13mgpLE TrigHCI (2M pH8.0)))

2hours, 376 | X

rpm

D-cysteine

120pL (0.13 mguL2 TrigHCI(2 M pH8.0)))

2hours, 37 / X~

rpm N

2-Propenel-thiol

40 L (20uL thiol, 10uL DMF, 1QuL TrigHCI
(2M pH8.0))

2hours, 376 | X

rpm N

Table4.3. Conditions for modification with thiol compounds to produce nezanonical side
chains.The conditions shown are to convert 2mg of dhacontaining protein into 2.5mg of

ncAA containing protein.
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Once the thiol compound had been added to the dfwmtaining protein the reaction was
incubated at 3% / 6 A (0 K & Kgm] To #sSess-wihethersthe Michael additions with the
thiol compounds had been successful, -B8ks spectrometry was used, performed by Dr
James Ault. Samples were taken during the incubation period and it was seen thaiua 2
incubation time was optimal for the modification process to go to completion. These
conditions for ncAA incorporation were optimised using F190dha protein and the ESI
massspectra are shown for the successful modifications at this posikau(e4.5 and Figure

4.6). It was seen that theonditions used for modification, with the various thiols, at position
190 could also be used for modification at the other positions selected. The successful
reactions had produced ncAAs in the proteamd so it was necessary to develop a naming

conventon for them. The names and abbreviations showmaile4.4 were used.
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Figure4.5 ESI mass spectra of modifications of F190dha with various thisisg conditions
stated in Table 4.3. Each panel shows the raw mass spectrometry data with the
deconvoluted data inset with a grey back ground, the ncAA side chain incorporated is also
shown. Panels show mass spectra of F190dha modified with; A) aminoethanettdol
produce F190Aec, expected mass 33¥¥3 observed mass 33993, B) thioglycerol to
produce F190Dpc, expected mass 34@% observed mass 34073a, C)L-cysteine, to
produce F190(RAcc, expected mass 34088 observed mass 3403Ba, D)D-cysteine to
produce F190(3Acc, expected mass 3408% observed mass 3403Ba, E)
pyridylethylmercaptan to produce F190Pec, expected mass 34D&6 observed mass
34056Da, F) mercaptopyruvate to produce F190Coc, expected mass 3dpHDbserved
mass 3405%a, G) benzylmecaptan to produce F190Bc, expected mass 3404lobserved
mass 3403®a, H) methylthioglycolate to produce F190Moc, expected mass 34D23
observed mass 3402Ra.
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Figure4.6 ESI mass spectra of modificatis of F190dha with various thiolgsing conditions
stated in Table 4.3. Each panel shows the raw mass spectrometry data with the
deconvoluted data inset with a grey back ground, the ncAA side chain incorporated is also

shown. Ranels show mass spectra of F190dha modified with; |) propéntaiol to produce
F190Sac, expected mass 33994 observed mass 339&3%a, J)furanmethane thiol to
produce F190Fmc, expected mass 34@Bi observed mass 34023, K) mercaptel-butanol

to produce F190Hbc, expected mass 3428 observed mass 34022a, L) mercaptoacetic

acid to produce F190Cmc, expected mass 34D@9 observed mass 34003, M)

mercapto-2-propanol to produce F190Hpc, expected mass 340@0 observed mass

34007Da.
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Thiolcompouwnd ncAA side chain ncAA name Abbreviation
Aminoethanghiol /is/\/NHZ 2-aminoethyl cysteine Aec
Mercaptaacetic acid o carboxymethyl cysteine Cmc
S Ao
Mercapto-1-butanol \<S\/\/\OH 4-hydroxybutyl cysteine Hbc
Mercapto-2-propanol OH 2-hydroxypropy! cysteine Hpc
S\)\
h'e CH,
Methythioglycolate o] 2-methoxy-2-oxoethyl cysteine Moc
\(S\)]\OCH3
Thioglycerol OH 2, 3dihydroxypropyl cysteine Dpc
\(S\)\/OH
Mercaptgpyruvate o 2-carboxy2-oxoethyl cysteine Coc
YS\)H(ONa
o]
Benzyercaptan }A benzylcysteine Bc
S/\O
4-Pyridylethyl \<S | N 2-(pyridin-4-yl)ethyl cysteine Pec
mercaptan N
Furanmethane thiol f(s N furan-2-ylmethyl cysteine Fmc
A,
L-cysteine HO__O (2R)2-amino-2-carboxyethyl (2R)Acc
\(SjNHz cysteine
D-cysteine HO__O (2S)2-amino-2-carboxyethyl (2S)Acc
YS\\fNHZ cysteine
2-Propenel-thiol Sallyl cysteine Sac

Table 4.4. Table showing ncAA side chains, names and abbreviations produced from

modifications with thiol compounds.




4.4 Screening modified enzymes for activity

Having established methods for producing a variety of ncAAs at different positicadlAdL,

these modified enzymes could be screened to determine the effects of introducing the
non-canonical sidechain on enzyme substrate specificity. It was decided that the enzymes
would be screened for activity in the synthetic, aldol condensation direction as this would
produce variations of sialic acid that may be of use in complex oligosaccharide syntheses. In
the screening process, the donor in the aldol condensation would remain as pyruvate and
modified enzymes would be screened for altered aldehyde acceptor activities. A variety of
different aldehyde acceptors were chosen for screening which would allowffeet of ncAA

on altered substrate length stereochemistry and group substitutions be assessed. Ten

aldehydes in total were chosen (showrFigure4.7).

15) OH NHAc ') OH oOH 7) o4 oH 8 oH oH
HO™ | Hom s B |
OH OH O OH OH O OH O OH(')
19) OH NHAc  20) OH OH 21) o4 oH 22 OH
0NN Ko ) MY
OH OH O OH OH O OH O OH O
23) OH OH 24)  OH OH
HO™ ™ |
OH OH O

Figure4.7. Aldehydes used for screening modified enzymes for activitihe aldehydes from
1524 are; N-acetytpb-mannosamine (15),0-mannose (16),D-ribose (17), D-lyxose (18),
N-acetytD-glucosamine (19)p-galactose (20)p-xylose (21) b-erythrose (22),b-glucose (23),
D-arabinose (24).
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4.4.1 TBA assay for screening

To screen the modified enzymes for aldol condensation activity, it was necessary to have an
assay that would detect the new carba@arbon bond formation. The thimrbituric acid assay
(TBA assay) has been used for the detection and quantification of sialiq(&&d®sn, 199).

The TBA assay is a colorimetric assay that has previously been used to follow the enzyme
catalysed aldol condensation of pyruvate and aldehy@éolterink-Van Looet al, 2009
Buchanaret al, 1999, and so this assay was used to screen the modified enzymes for activity.
In the screening procedure when an aldol condensation reaction has odcuhe TBA assay

can be used to detect the aldol condensation product. The aldol condensation product is first
cleaved using periodic acid to form a3idicarbonyl, which will then react with TBA to form a
highly conjugated pink producFigure4.8). For the TBA assay to be viable the group attached

to the C2 of the aldehyde acceptor (XHFigure4.8) must be either a hydroxyl or adacetyl

group, and so the aldehydes used in the screening were seleeteidg this fact into

consideration.

1. Na|O4, H3PO4
2. NaAsO,, H,S0, 0]
0 0] Enz OH O
R ——R
W)LH + )J\COOH COOH K/U\
COOH
X X
X can be either OH or NHAG Aldol condensation product Detection of 1,3 dlcarbonyl with
TBA

N

+2 H,0

Figure4.8. Schematic of the thiobarbituric acid (TBA) assaged to assay modified variants
activity with various aldehydes. The B:dicarbonyl reacts with TBA to form a highly
conjugated product (shown in pink) which turns pink and can be easily detected by eye or at
550nm.
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To allow screening to be carried out in a plate based format the volumes used in the assay
needed to be sigificantly reduced from the original procedure. Previous work within our
group had used the TBA assay in a plate format (Angela Kinnell, PhD thesis, University of

Leeds) and so this method was used when screening the modified enzymes.
4.4.2 Screening modified ezymes for activities

When screening the modified enzymes for activity, reactions were carried out in deep well
96-well plates. Reactions were set up containing sodpyruvate (10QuL, final concentration
80mM, in 50mM sodium phosphate buffer, pH4), aldehyde (10QL, final concentration

8 mM, in 50mM sodium phosphate buffer, pA4) and modified enzyme (5@, 1.0mgmL?).
Reactions were performed for each modified enzyme with each one of the aldehydes shown in
Figure4.7. All screens contained blanks containing no enzyme, and reactions with each of the
aldehydes was also performed containing wijge saNAL, which would provide a comparison

to identify modified enzymes with increased activity. Once reactions were set ypvilkee
incubated for 1ehours at room temperature. After incubation the TBA assay was performed to
assess activity; 14l of sodium periodate (0l in 9M H:PQ) was added to each reaction,

the plate was vortexed and then centrifuged fom2n at 1000g hefore being incubated at
room temperature for 20min. Periodate oxidation was terminated by addition of |45 of
sodium arsenite 0% w/v in 0.5MNaSQ and 0.05M HSQ), this caused a brown
discolouration to form, which was dissipated by vortexing theepfar 30s. Once the brown
discolouration had dissipated, 13& TBA (0.6 w/v in0.5M NaSQ) was added to each well,

the plate was centrifuged for 2iin at 1000y before being incubated in a heat block at @0

for 30min.

Once the assay had been performed, hits were easily identifiable by eye, but for further
corroboration absorbance data at 5501 was also acquired. Samples (85, of each assayed
reaction, weretransferred into shallow flat bottomed 9@ell plates so that the absorbance
could be read in a plate reader. Unfortunately, initial attempts at measuring accurate
absorbance data were not successful due to turbidity in the samples. It was found that by
centrifuging the deep well plate (L®in 6000g) after the assay had been performed it was
possible to separate a clear layer that could then be analysed by absorbance spectroscopy in
shallow 96well plates.Figure4.9 shows an exapple of a screen carried out at position 190,
where the wildtype phenylalanine residue has been replaced with multiple different
non-canonical amino acids. When analysing the screens, the activity of each modified variant

with a specific aldehyde was conrpd to the wildtype with that same aldehyde. Absorbance
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data at 550nm could also be processed to show whether a modified variant had increased or
decreased the activity with a specific aldehyde compared to the-tyjld level. The processed
data for Figure4.9 is shown inFigure4.10 where the noncanonical side chains have been
groupead according to their chemistry.

Substrate aldehyde
| >

ManNAc GIcNAc Mannose Glucose Galactose Xylose Ribose Lyxose Arabinose Erythrose

F190Aht

F190Cmc
F190Hbc
F190Sac
F190Moc
F190Dpc

£

2 F190Coc

c

o

B

» Blank

3

> F190Bc
F190Pec
F190Fmc
F190(2R)Acc
F190(2S)Acc
F190Hpc
Wild-type

Blank

Figure4.9. Image of screening carriedut at position 190 and analysed by TBA assa@je
phenylalanine at position 190 was replaced with ncAAs listed on the-ledhd side of the
image, and then screened for activity with the aldehydes shown along the top of the image.
Screening reactions &re set up containing sodiunpyruvate (100uL, final concentration
80mM, in 50mM sodium phosphate buffer, pH.4), aldehyde (100pL, final concentration
8mM, in 50mM sodium phosphate buffer, pH.4) and modified enzyme (50uL, 1rgmL?)

and incubated for16 hours at room temperature. Reactions were then assayed using the
TBA assaySection2.4.16.]).
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£ "0 F190Bc
vsw@N F190Pec
ASAD; F190Fmc

A7 F190Sac Increased activity
S (5-fold increase in absorbance)
A~ F190Aec !
[e]
o F190Cmc

ONa Wild-type activity
% F190Coc

o
o
> Hoey  F190Moc

Ysjwz F190(2R)Acc — Decreased activity
HO.__O (50-fold decrease in absorbance)
. 0 F190(2S)Acc

e OHNH2

Ys\/gm F190Hpc

S on F190HbC

OH
A F190Dpe

Wild-type

Figure4.10. Heat map of absorbance datat 550nm, from screening carried @t by TBA
assay at position 190ncAAs inserted at position 190 are shown down the lfand side
(grouped according to their side chain chemistry), and aldehydes screened with are shown
along the top. Samples from reactions were analysed by TBA a¢Sagtion 2.4.16.1) and
absorbance data at 55Gm recorded. Absorbance data for each modified enzyme was then
compared to the wildtype absorbance data for each aldehyde, and colour coded; blue
indicating a decrease in activity @hpink indicating an increase in activity compared to the
wild-type.

From the screening carried out at position 190 it can be seen that the majority of modified
variants either decreased activity with certain aldehydes or retained the same activity as
wild-type saNAL, which was typical in many of the screens carried out, other examples of
screens are shown ifigure4.11. In the screen showed at position 190 there were three
modified variants that appeared to significantly incseathe activity with erythrose over that

of the wildtype saNAL. Therefore any modified variants that showed a distinct increase in
activity over the wildi @ LIS A 0K I ALISOAFAO Ff RSKe&RS gSNB
then produced on a larger siea size exclusion chromatography was performed to remove any

incorrectly folded material and then further characterisation of the hits was carried out.
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Substrate aldehyde

V' N
v

side chain

/‘. I‘.' %
/k‘ ,ﬂ

" Mg l‘l

NN
b P

Wa,
¢

Figure4.11 Images of screening carried out at positis S208 and F172 which have been
analysed by TBA assa¥he image on the left shows screening of modified enzymes that
were produced by replacing the serine at position 208 with various ncAAs. The image on the
right shows screening of modified enzymeshat were produced by replacing the
phenylalanine at position 172 with various ncAAs. The ncAAs which have been inserted at
each position are listed down the left side of the plate images. The modified enzymes were
screened for activity with the aldehydesh®wn along the top of the plate images. Screening
reactions were set up containing sodiurpyruvate (100uL, final concentration 80mMn
50mM sodium phosphate buffer, pH.4), aldehyde (100uL, final concentrationn@, in
50mM sodium phosphate buffer, pH.4) and modified enzyme (50uL, 1r6gmL?) and
incubated for 16hours at room temperature. Reactions were then assayed using the TBA
assay $ection2.4.16.1).

4.5 Investigation of hits from screening

During the screening a numbef hits were found that increased the activity with a specific
aldehyde over that of wikdypeseb ! [ = Ay Of dzZRAY3I (KS WKAGAQ T2dzy

z A

(Figure4.9 and Figure4.10). However some® (1 KSaS WKAGAQ 2yfé& LINEPR

activity and so were not further characterised.
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4.5.1 F172Bc activity with GIcNAc and pyruvate

hyS WKAGQ GKIFG gFa F2dzyR Ay GKS AONBSyAy3a |
the aldehydeN-acetytb-glucosamine (GIcNACc) by replacing the wyide phenylalanine with a
benzylcysteine side chain (F172B€gQre4.12). Although the activity seen with F172Bc¢ and
GIcNAc was modest, this activity was very interesting as it @as keported in the literature
and from the results shown that wittype NAL does not utilise GIcNAc as a substfidsiet

al., 2005 Gijsenet al., 1996.

A B

0.16 4
gt GIcNAc
€ 0.12 - .
S F172Bc
8 0.104
g
S 0.08 -
£
§ 0.06 e
< Wild-type &
0.04 4 N
0.02 4
0.00+
wild-type F172Bc
C el fHis g OH NHAc
N A COOH
HE 7y )J\COOH == HO ;
OH OH O OH OH OH O
GIcNAc pyruvate

Figure 4.12. Modified enzyme F172Bc showing an increased activity with GIcNAc and
pyruvate, over that of the wildtype. Panel A shows the absorbance data &®nm, from the
TBA assay, for F172Bc and wilghe enzymes with GICNAc and pyruvate. Panel B shows an
image of TBA assayed samples from reactions of the F172Bc andtypi&d enzymes, with
GlIcNAc and pyruvate. Panel C shows the reaction between GIcNA@gnovate to form the

full length aldol product.

From the TBA assay there is a clear increase in the pink colour when F172Bc has been
incubated with GIcNAc and pyruvate compared to wyide saNAL, under the same
conditions, indicating an increase in adiv Once this hit had been identified, it was necessary

to further confirm the activity with GIcCNAc using mass spectrometry. ESI mass spectrometry

was carried out on a sample from the reaction of F172BC with GIcNAc and pyriigates
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4.13). The reaction was carried out using the same conditions as were used in the TBA assay
and incubated for 16 hours at room temperature. Then a sample from the reaction was taken
and ESI negative ion mode mass spectrometry was perfo(@ediion2.4.19. From the mass
spectrum there was a clear peak at 3D8 which correlates to the molecular mass of the full

length product, 30PDa, minus hydrogen due to the negative ion mode.

Intens. | -MS, 0.13-0.30min #(11-29), -Peak Bkgrnd

60-

308.0
40+

20+

436.8 576.7
19f'825{” 674.7 saia,e
wlla L

. hk " l““h g IAJLJLLL.L T 940.7

oLl

Figure4.13. ESI negative ion mode mass spectrum of the product formed from reaction of
GIcNAc and pyruvate with F172BA. peak a 30®a can be seen; indicating the full length
product has been formed, which has a molecular mass of B minws a hydrogen due to
the negative ion mode.

It was possible to confirm the F172Bc activity with GIcNAc using both the TBA assay and
ESinegative ion mode mass spectrometry, however when proton NMR was used to
characterise the product there was no eviderioe the full length product in the spectrum.

NMR analysis was carried out on larger scale reactions)g86f GIcNAc and a ¥6ld molar
excess of pyruvatein sodium phosphate buffer (5&M, pH7.4), with 3.0mg of F172Bc
enzyme, the reaction was incubatdor 24hours but there was still no evidence for the full
length product. Therefore it was hypothesised that the reason that the full length product was
not seen in NMR was due to the low yield of the reaction. It was possible to quantify the
amount of poduct produced from the F172Bc reaction, using a sialic acid standard curve.
Quantification revealed only 1.88g of the full length product was produced after atisur

incubation, and so further chartarisation was not carried out.
4.5.2 F190Dpc activity wh erythrose and pyruvate

Screening at position 190 revealed that there were three nrcéwtaining enzyme variants
which had increased the activity with the aldehyde erythrose and pyruvate to produce the full
length product 3deoxy-2-heptulosonic acid (DOHRMnalysis by TBA assay showed by replacing
the phenylalanine at position 190 with-t&/droxypropyl cysteine, -Aydroxybutylcysteine or
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2, 3-dihydroxypropykysteine, the activity with erythrose and pyruvate was increased over
that of the wildtype with erythrose and pyruvateRigure4.14). By comparing the TBA assay
data F190Dpc appeared to produce the greatest increase in activity with erythrose and so this

enzyme was taken forwards to characterise.

A B

16+

1.4 4 Erythrose

-

€ 42 |
g F190Hpc Q
8 1.04 —
8 F190Hbc ﬂ
€ 0.8- y
g -
2 06 F190Dpc
< .

0.4 4 _ ;

Wild-type |
0.2 4 |
0.0
wiki-type F190Hpc F190Hbc F190Dpc
o Y
J\O"“-’ JJ\O S
S
. 5\)\/
X ~ N

C OH o -
COOH

OH O OH OH O
D-erythrose pyruvate 3-deoxy-2-heptulosonic acid

Figure4.14. Modified enzymes F190Hpc, F190Hbc and F190Dpc showing increased activity
with erythrose and pyruvate, over that of the wildype. Panel A shows the absorbance data

at 550nm, from the TBA assay, for the F190Hpc, F19QHHIO0Dpc and wildype enzymes

with erythrose and pyruvate. Panel B shows an image of TBA assayed samples from
reactions of the F190Hpc, F190Hbc, F190Dpc and-tyjpé enzymes, with erythrose and
pyruvate. Panel C shows the reaction between erythrose amyruvate to form
3-deoxy-2-heptulosonic acid (DOH).

The F190Dpc enzyme was produced on a large scale for further characterisation to be carried
out with it. Large scale modification was performed on arpscale in the same manner as

with the small scalenodification. 20mg of lyophilised K165Crqiein was resuspended in
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10mL of sodium phosphate buffer (30M pH8.0) containing &1 urea which had been pre
warmedto 37 / @ ¢ KS LINBGSAY a2 fsdziedsdrg/thedybphilised HpithirS E S R
was thoroughly redissolved, then 8pQ of diBr Q.08mguL*! in diBr), was added and the
solution incubated for hr 30min at 376 / ~ rpm.nOnce conversion to F190dha was
confirmed using E®&tass spectrometry, then 336L of thioglycerol 160 L thiol, BO L2 M

Tris/HCI pH8.0) was added and incubed at 37¢ / X rpm Jion 2hours. Correctly modified

protein (shown inFigure4.15) was then refolded by dialysis and underwent size exclusion

chromatography, to remove any incorrectly folded material.

100

0/ o

ol I

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 m/z

100

34025 Da F190Dpc
T
HN
; STy o
% o HO

" al X
34000 34200 34400 34600 34800 mass

L Ll o L Lol
& 33000 33200 33400 33600 33800

Figure4.15. ESI mass spectrum showing correctly modified F1900pe expected mass of
F190Dpc is 3402Ba and the observed mass was 34024.

To further confirm that the product being produced in the reaction of emysie and pyruvate

with F190Dpc was in fact DOH, -B&jative ion mode mass spectrometry performed. A
reaction was set up containing erythrose, pyruvate and F190Dpc; using the same conditions as
in the TBA assay and then incubated for 16 hours at room teatpes, before being analysed

by mass spectrometry. The mass spectrum shows a clear peak &a2@hich correlates to

the molecular mass of the full length product, 208, minus hydrogen due to the negative

ion mode Figure4.16). Both mass spectrometry and the TBA assay indicated that the reaction
of the modified enzyme, F190Dpc, with erythrose and pyruvate was producing the expected
product DOH. Therefore, using a sialic acid standard curve, the amount of DOH produced was

quantified. A large scale reaction was set up withné@ of erythrose, a 1-fbold molar excess of
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pyruvate, in sodium phosphate buffer (58@M, pH7.4), and incubated with 0.5g of F190Dpc
enzyme for 2ours. 72mg of DOH was produced in Bdurs showing an@proximate 70%

yield.

Intens. -MS, 1.2-1.6min #71-96, -Peak Bkgrnd
x10°

1-
207.0505

05

1-
208.0537 1-
L 209.0558
0 0 . ' A

206 207 208 209 210 miz

Figure4.16. ESI egative ion mode mass spectrum of the product formed from reaction of
erythrose and pyruvate with F190Dp@& peak a 20 Da can be seen; indicating the product
3-deoxy2-heptulosonic acid (DOH) has been formed, which has a molecular mass oba08
minus a hydrogen due to the negative ion mode.

To characterise the product from the F190Dpc reaction with erythrose and pyruvate proton
NMR was used. Comparison of tipeoton NMR spectrum of the reaction mixture, to a
standard of erythrose and pyruvate showed differences in chemical shifts and splitting
patterns of some of the peaks. These differences indicated that a reaction had occurred and
that an aldol condensatioproduct was present. However it was not possible to characterise
the product due to high levels of impurities, in the spectra, that were present from the
erythrose starting material. To allow analysis by NMR the reaction mixture had to be purified.
A largescale reaction was set uprythrose (500mg, 4.2mmol) and sodium pyruvate (2.28

21 mmol) in sodium phosphate buffer (30M, pH7.4) were incubated with F190Dpc (250pL,
3.2mgmL?) for 24 hours before the product was purified by anion exchange chtography.
Anion exchange chromatography was carried out on AG1x8 resins(HO®200 mesh) and
product was eluted using a-@4M ammonium bicarbonate linear gradienDue to the
product, DOH, having no distinctive wavelength absorbance, the fractions arealysed by

TBA assay to find where the product had eluted. The product was seen to elute, by the TBA
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assay, between 5 and 20 of 0.4M ammonium bicarbonate, and so these were analysed by
NMR.

A Fractions A1-D2

A
Y

100 +

80

60

40

20+

1 : T S T v T L T ¥ T L3 T L T L
0 20 Bl44p BSgp 80 100 120 140 160
Volume (mL)

B Fraction A2 A5 A8 A11 A14 B14 B11 B8

* 5905

@85 .CH1 .Ci4 .Di4 4Di1 B8 D5 D2

B2@"C288 C5

Figure4.17. Anion exchange of -8leoxy2-heptulosonic acid (DOHRanel A shows the linear
gradient of (NH)HCQ used to elute DOH on AG1x8 resin (HGO 100200 mesh)column.
Panel B shows fractions collected from the anion exchange and analysed by TBA Bx3kly.
is seen to elute in fractions B1B5 which corresponds to between 5 and 20(NH,)HCQ.

4.5.3 NMR analysis of DOH

Once the DOH product had been purified by anion exchangeMb0H NMR spectroscopy, in
DO, was carried out on the purified fractior{§ecton 2.4.1§. From the proton NMR
diagnostic aldol condensation peaks could be seen in the regior21685ppm. When an aldol
condensation occurs, the protons which are originally from the methyl group of pyruvate will
undergochanges in chemical shift and splitting pattern, as they form a diastereotopic pair of
protons at the new carbowarbon centre, between C3 and C4. This produces the peaks at

1.952.65ppm and indicates that an aldol condensation has occurred.
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Figure4.18. Proton NMR spectrum of DOH purified by anion exchange.

The peaks at 1.98.65ppm in the proton NMR indicate that an aldol condensation between
erythrose and pyruvate has occurred to form DOH. DOHsévan carbon sugar and so it may
cyclise to produce multiple different forms (shownhigure4.19). DOH has the potential to
F2NY 020K LEBNIy2aS FyYyR Fdz2NIy2aS NAy3asx S| OK
the ring structure, also the stereochemistry at the new cargsanbon centre of DOH could be

in either theR or Sconfiguration. Therefar it is unsurprising that the proton NMR spectrum

looks highly complicated={gure4.18), peaks in the region 1.95.65ppm indicated that four
different forms of the product were present in the sample. Since four different fafrthe

product were found in the proton NMR it was necessary to use 2D NMR technigues to assign

the different forms seen.
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Figure4.19 Aldol condensation of pyruvate and-erythrose to fom deoxyheptulosonic acid
(DOH). DOH can then cyclise in multiple different ways, shown in structurés. A shows
0KS h RDOH pyrandse, B K2 6 & (1 KSHDOH @yrbidose @&K@2 g &4 (G KS b
(4RDOH furanose, A K2 ¢ & (i K SDCH fuaddei 6 n

To allow characterisation of the different forms of the product, both COSY (correlation
spectroscopy) and TOCSY (total correlation spectroscopy) 2D NMR techniques were used.
COSY allows the protons that are coupling to each other to be eédaiitifiable, and TOCSY
allows protons, which may not be directly coupled to each other but are in the same spin
system to be identified. In the 2D NMR spectra showRigure4.20 the spin systems (shown

in the TOCSY spectrum)datine coupled protons (in the COSY spectrum) can be seen for the
four distinct forms seen of the product. NMR spectroscopic data is summariskabie4.5
however even using the 2D NMR techniques, it was not possible to assiglingoconstants

and chemical shifts for some of the protons in the different DOH forms due to overlapping

peaks in the spectra.
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Figure4.20. Proton COSY and TOCSY NMR spectra of the product P@tg¢lA shows the
proton NMR spectrum of DOH with easily isolatable peaks corresponding to form 1
highlighted in pink, form 2 highlighted in yellow, form 3 highlighted in blue and form 4
highlighted in green. Panel B shows COSY spectrum on thehbsitl side ad TOCSY
spectrum is shown on the righhand side. The spin systems for each of the different forms of
DOH have been highlighted by black lines.

Previously published data for the compountethyl 3-deoxyL-arakino-2-heptulosonate(Fitzet

al., 1995 could be used as a comparison for the NMR data of DOH as it is the enantiomer of
(4R) DOH, and the methyl ester group wouldt affect the NMR spectrum of the rest of the
sugar. The NMR spectroscopic data for form 1 of the product corresponded to the previously
published data, indicating that the product produced was DOH as expected (shdahlé4.5
andTable4.6).
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