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ABSTRACT

The aldol reaction is regarded as one of the most prominent eealboon bondorming

organic reactions. For many decades enzymes have gained considerable attention as useful
catalyss for this reaction, due to their fascinating properties sucheastifgh selectivity and

mild reactions conditions. Although enzymes are efficient caglyisey still suffer from
limitations such as narrow substrate tolerance, pH specificithighctost; there is therefore

a need for catalysts that mimic enzymenatst but have fewer drawbacks. Synthetic peptides,
because of their structural similarity to enzymes, synthetic accessibility and diverse molecular
structures; have emerged as the ideal candidate to realize an dikeyoatalyst. The design

of a peptide catalyst possessing secondary structural units (such as thédiplzand beta

turn) can produce a novel, enzytilee organocatalyst. The structural units of the peptides in
this study incorporates the beta turn and catalytic amino &dida fom the active site of the
fructosel,6-bisphosphate aldolase (FBPA) enzyme. The peptide sequence also consists of
cysteine residues that can form strong interastiaith the gold surface via the thiol groups.

The immobilzation of catalyst onto gold naparticle (AuNPs) has been proven to restrict
conformational flexibility of catalysts thereby improvitigeir catalytic activity and reusability.

The overall aim of this study is to design and synthesize peptides catalysts based on the

structure and actiwtof the FBPA enzyme.

Twelve mimetic peptides based on the catalytic active site of the [EBRyne [TP_As({1),
TP_ADLys @), TP_ADA ), TP_AspC 4), TP_ADLysC 6), TP_ADAC €), TP_Glu 7),
TP_GDLys 8), TP_GDA 0), TP_GIuC 0), TP_GDLysC (1) andTP_GDAC (12)] were

designed and synthesized usthgsolid phase peptide synthesis strategy.

NMR (nuclear magnetic resonanspectroscopyand CD (circular dichroismyere usedo
determine possible folding patterns and secondary structural feaBotts experiments
provided confirmationthat the peptides are not linear but possesses secondary structural

elements.

The screened selected peptides showed catalytic activity and the aldol products were obtained
in low vyields (up to 44%), excellent enantiostieity (up to 94%) and moderate
diastereoselectivity (65:35)he influence of water, substrate scope, catalyst loading and effect

of solvents on the reactions were investigatdd. increase in catalyst loading did not

significantly improve the yieldsThe addition of water to the reaction medium to enhdnce
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both the yields and selectivitieSubstituting the organic solvent wigh100 mM phosphate
(pH=8.0)bufferafforded improved catalytic activity (38 % yield) and enantioselectivity (up to
80% eepeauseof the structuratonformation that the peptide adopts in the solutisamatic
aldehydes bearing a halogen group were shown to be inappropriate substrates for the peptide
aldol catalyzed reaction while nitro substituted aromatic aldehydes areateepibstrates

for the peptidgoromoted aldol reaction

Different AuNPsparticle sizes (16, 15 and 12 nm) were successfully conjugated to the peptide
and characterized using surface plasmon resonance (SPR) and transmission electron
microscopy (TEM). TheAuNPs did not significantly improve the catalytic activity of the
peptide However, the use of peptidapped AUNPs lead to a significant improvemerthe
enantioselectivity (up t®4%) anda moderateimprovement of thediastereoselectivity of
(62/48 anti/syn¥or the reaction betweeprnitrobenzaldehyde and cyclohexanombis was
attributed to the change in tipeptideconformation caused his interactiors with the gold

metal surface

In conclusion the buffersolution andthe conjugationof the peptideonto AuNPsinduced

peptide structural conformatismwith improved selectivity.
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OUTLINE

Herein, the study is presented in four parts. Tirs part of this thesis provides a formal
description of the design and synthesis of novel peptide catalysts for the asymmetric aldol
reaction. Twelve mimetic peptides based on the catalytic active site of the FBPA enzyme
[TP_Asp (), TP_ADLys @), TP_ADA @), TP_AspC 4), TP_ADLysC 6), TP_ADAC 6),
TP_Glu {7), TP_GDLys 8), TP_GDA 0), TP_GIuC ¢0), TP_GDLysC 11) and TP_GDAC

(12)] were designed and synthesized using the solid phase peptide synthesis strategy.

The second part involves the structural elucidation and characterization of thedgsgtide
analogued and?2 using NMR (nuclear magnetic resonance) and CD (circular dichroism) to
determine possible folding patterns and secondary structural features. The CD experiments
indicated that the peptides exist as random coil structures thattoweards the betaheet and
alphahelix conformations. The long/medium range NOEs (nuclear Overhauser effect)
correlations in the NMR experiments revealed the existence of a bent conformation. Both the
CD and NMR experiments provided a complementaryiooation that the peptides are not

linear but possesses secondary structural elements.

The third part of this dissertation describes the preliminary test and application of the peptide
catalysts for asymmetric aldol reactiombeselected peptides 2, 3,4, 7, 8, 9andl1screened
showed catalytic activity towards the aldol reaction between cyclic, linear aldehydes and
ketones. The influence of water, substrate scope, catalyst loading and effect of solvents on the
reactions were investigated. The additmf water to the reaction mediuemhancd both the

yields and selectivities. The corresponding aldol products between acetone and aromatic
aldehydes were obtained in low yields (up to 16%), excellent enantioselectivity (up to 93%)
and an increase in catalyst loading did not significantly imptbeeyield. Aldol reactions
between cyclohexanone and aromatic aldehydes in organic solvents exhibited poor catalytic
activity (25% vyield), enantioselectivity (up to 31% ee) and diastereoselectivity (64/36).
Substituting the organic solvent with 100 mM pbioate (pH=8.0) afforded improved catalytic
activity (38% vyield), enantioselectivity (80% ee) because of the structural conformation that
the peptide adopts in the solutiofhe aldol reactiorbetweenaromatic aldehydebearing
electronwithdrawing groupsn ketone as a solvent afforded moderate yields (up to 42%), poor
enantioselectivity (up to 20%) and moderate diastereoselectivity (up to 59/41; anti/syn).
Hence, it can be concluded that the aromatic aldehydes bearing a halogen group are
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inappropriate swirates for the peptide aldol catalyzed reaction while nitro substituted aromatic

aldehydes are acceptable substrates for the pgpinieoted aldol reaction

The fourth section involves themmobilization of peptide2 onto gold nanoparticles (AuNPSs)

in order to improve the catalytic activity, stabilayd its reusability of peptide catalyst. AUNPs
were successfully synthesized using the Turkevich method. Different particle sizes (16, 15 and
12 nm) in diameter were successfully conjugated to the peptidepé@&ptide conjugation to
AuNPs was characterized using surface plasmon resonance (SPR) and transmission electron
microscopy (TEM). The aldol reaction betwepmitrobenzaldehyde and cyclohexanone
catalyzed by peptideapped AuNPs indicated that AUNPs dat have much influence on the
catalytic activity of the peptide. However, the use of peptajgped AuNPs lead to a
significant improvement on the enantioselectivity (up ®1%) and moderate
diastereoselectivity of 628 (anti/syn) for the reaction betwe@@-nitrobenzaldehyde and
cyclohexanoneThis was attributed to the change in conformation caused by the peptide

interaction with the gold metal surface.

In conclusion novel aldol addition reactigreptides and AuNPgeptide catalysts were
successfully designed, synthesized and characterized. All the screened peptide exhibited
moderate aldol reaction betweginitrobenzaldehyde and cyclohexanone (Taklg,peptide

capped AuNPs afforded aldol prodsiavith improvedenantioselectivity (up t®4%) and
moderate diastereoselectivity (82). The use oh buffered solutiorprovedto enhance the
catalytic activity and selectivity of the peptide ahdt of thepeptideAuNPs catalyzed aldol
reaction. Theuse of buffeedsolution induced the structural conformatiorpeptidesand also

improved the selectivity gieptide cappeduNPs.
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Chapter 1

Introduction

1.1 Background

The use oforganic compounds as asymmetric catalysts compliments the traditional use of
organometallic and biological approaches in asymmetric catalysis. Organocatalysis is regarded
as the use of small, lemolecular weight organic compounds, predominately compgrisfn
carbon, oxygen, hydrogen, sulphur, and phosphorus, to accelerate chemical reactions. It has
recently gained a lot of attention in the synthesis of chiral molecules and has been designated
the third general approach to the catalytic production of empote compounds? In
comparison to other commonly used catalytic methods in organic chemistry, organocatalysts
have several advantages which include;-toticity to biological systems, they areadily
available, are more stable and easier to synth&sizgenerally organocatalysts catalyze

chemical reactions by the following mechanisms:

a) Activation of the reaction based on the nucleophilic/electrophilic properties of the catalyst,
where the chiral catalyst is naonsumed in the reaction process and no parallel
regeneration is required

b) Activation of the reaction by organic molecules, which form reactive intermediates,
whereby the chiral catalyst is consumed and requires regeneration in a parallel catalytic
cycle,

c) A phase transfer reaction, normally under this mechanism, the chiral catalyst forms a host
guest complex with the substrate and shuttles between the standard organic solvent and a

second phase,

d) The fourth mechanism involves molecutavity-accelerated gsmetric transformations,
where the catalyst selects between the competing substrates, depending on size and
structure criteria. In most cases, the rate of acceleration of a given reaction is similar to the

Lewis acid/base acid activatidi

The use of peptides as organocatalysts has attracted an interest recently due to various reasons,

such as: 1. their building blocks have inherent chirality, functional diversity, and are easily

1



available; 2. they emulate action of natural enzymes; 3.ateeyery easy to synthesize via the

solid phase approach; and lastly, they provide high stabflitywhen compared to enzymes,

and organometallic catalyst, peptides tolerate a broader range of substrates and solvents, are
also lesgoxic and lessensitive towards oxidation and moistéfe!® Although peptides are
promising organocatalysts, they were limited by low yields until the recent work by Akagawa

et al'>'? They reported a series of resin supported catalytic peptides which can efficiently
catalyze various asymmetric reactions, yielding products with enantiomeric excess of up to
99%. Their succes s ttwnandhdiclimgtii. The tum strucpue coasisis s a
of five terminal residues and controls the enantioselectivity, while hydrophobic helical part

enhances the reactions and stabilizes the whole peptide structure under aqueous conditions

In this study were particularly interested in designing and synthesizing aldol reaction peptide

based organocatalysts with the following structural features:

A turn motif toinfluence the conformation of the peptide and to enhance selectivity.
A helical or catalytic motito catalyze and improve the stereochemical control of the
reaction.

1 Gold nanoparticles to decrease conformational flexibility of the peptide and to also
improve the catalytic efficiency and reusability of the peptide catalyst.

1.2 Aldol reaction

The aldd reaction is simply defined as the addition of an enolate donor to a carbonyl acceptor
and it is one of the most important carbzarbon bond forming organic reactitft®4In this
reaction a donor and an acceptor carbonyl component are coupled to generate one or two

stereocenters resulting ab-hydroxy-carbonyl (aldol) productScheme 11).

o o O OH
catalyst R!
+ | carayst.. >
Rl\)j\ H A R2 solvent \)J\a/vﬁ\ R?

Scheme 41: The direct catalytic asymmetric aldelaction'?

One of the main goals in organic chemistry is to understand the reaction mechanism in order
to design and discover new catalysts. However, some difficulties are oftemeedbecause

one must address intermediates that are structurally complex and of high.’@r@vgy the

years, the aldol reaction has presented many challenges, such as the issues-pfatdfiemo

diastereg, and enantioselectivity, which spurred the development of many stoichiometric



processes to address these probfErsThis in turn led to the development of catalytic
methods that avoid therguuction of stoichiometric bproducts and provide an atom

economical alternative for these important transformafiBts

Generally, the control of steochemistry igperformeddiastereomericallyeither by using
chiral aldehydes as starting material or stoichiometric chuailliaries attached to the donor
enolate?®2! In this approach, firstly, a chiral auxiliary is attached to the prochiral substrate
through a covalent bond. This is then followedd®rforming a diastereoselective reaction
before the auxiliary is cleaved to afford an enantioenriched prdadgether with the auxiliary
which is recovered from the crude mixture. Controlling stereochemistry using chiral auxiliaries
as substrates often present some limitations; and this inatitiesi\g one equivalent of the
chiral auxiliary for chemical trangfmation which is very expensive and difficult to
recoverr®?? |t also introduces additioal steps to install and remove the chiral auxilf&ry
Furthermorethese methods also includéiral Lewis acid and chiral Lewis bases, which
requiresthe preactivation of the donor to a more reactive spetié¥This has led chemists

look atthe direct mechanism dhe aldolaseenzymeto enable them to design direct catalysts
without limitations To date, variousatalysts fothealdol reactios have been reported, which
includes enzymes, catalytic antibodesd organocatalyst This studyhowever intends to

mimic the aldolase enzymeising catalytic peptides

Enzymes havegained much recognition as useful catalysts in organic synth@sisir
hydrophobic cavities are inoptant in accelerating reactions through the capture of organic
substrates as well as achievinghiy stereoselectiveeactions* Enzymes are usually highly
cheme, regio, diasteree and enatioselective. The use of enzymes has several advantages
over chemical methodPue to their selectivityprotecting group chemistry can be kept at
minimum. Most enzymes operate best in mild conditions at room temperature in aqueous
solution around pH And because of this, their reactions are often compatible with each other.
This makes it possible to combine enzymes in apmeand achieve a multistep reactf8r®

The application of enzymes in aqueous solution, plus the catalytic activity free of toxic heavy
metals, and their biodegradability makes them an exasgdtienvironmentally acceptable
option, even though in certain instances the reaction is limited to a narrow range of

substrateg®?®

The complex highmolecular structure of enzyme has an important role in the selective binding
of the substrate by generating clefts or pockets wherein a molecule may only fit in a specific



orientation?’ The enzymatic activity of enzymes is not only prompted by their topological
structure. However, certain amino acids are arranged in space swsdntlegtunctional groups
remain in close proximity to act in a concerted manner to perform catatysisime cases the
presence of cofactors such as metal ions, porphyrin, or flavin adenine dinucleotide, amongst
others play a role in their structural anading abilities?®®?"?8 These functional groups are

spatially arranged within the inner sadary structural framework of polypeptides, such as the

alphahelix§) and b e tFigure(1f))!'®$Lheet (

Hydrophil ic
hydroxyl group

Hydrophobic
group

Figure 1. A crystal structure depicting hydrophobic groups packed inside (red), and
hydrophilichydroxyl groups outside the enzyme moleclile.

Most enzyme structures are composed of aboub®0 amino acids residues in length, and
normally a protein of this size has a vast number of potential primary sequences individually
capable of specific folding patterns (thereby producing binding pockets ahdicalig active

sites)?8:31

1.3 Enzymestructures

The catalytic function of enzymes is based on the complicateddimemnsional framework
consisting of secondagyt r uct ur e s-h & luisheet arfd turh maetigs’? (Figure
1-2)



A "/ 3
Substrate 2rep (0 Q )j)

Figure t 2: Ribbon diagram of the crystal structureatdolasee n z y me de palpba i ng t
hel i ces (skeets (purpke)aamgtive sife resides bonded to the substrate (shown as
sphere) [PDB code: 2ALD]

1. 3Helices U

The-hlel i x is the most pr ev atHelioes, wkich are sitaated y pr
within the pplataeialrdesrnthesbhapebfaereenceelective recognition

motifs for proteinprotein and priein-nucleic acid interactions. More than 30% of the protein
structure is helical in natuf’d*®*Hel i x | engths are normally sho
residues) and they consist eb3esidues per turfi>*T h e helital structure is characterized

by the intramolecular hydrogen bond between the C=0 bond ahtresidue and the-N of

thei + 4th amino acid residugf the peptide chain. Helices are considered to have 3 distinct

faces because the side chain from certain residues overlaps e4egsi@ues as shown in

(Figure 1-3) .  Theliees hind along a specific face using residues in one of the following

three notifs; i, i+ 3,i + 4;i,i+ 3,i + 7; or i, i + 4,i + 73334337 Most of the side chains of

amino acids in alphhelices are situated in close proximity since they reside on the same face

of the helix. The main role of thee-helix is this, conformational hindrance of the side chains

and steric hindranc8® The st abi | i-ekisiachievedthrough marovalent
interactions such as ion paijpsstacking or hydrophobic effects in proteins. Stabilization of

peptide helices can also be accomplished by covalently tetheringcb@ies that are close

together on the surface of thelitt.334394°0ne can propose that the interest in the design and
synt hes i-elicab mimetichie motvated by; (i) having an understanding of the role



pl ay ed -elcestinhpeoteitdfolding, (i t he k ey -heliogds emediftingt h e
interactions in enzymes, protelNA and proteirRNA interactions.
Y @
N FQ H
Il
Cr—(N)
- @i A i
a% 9
" T
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QL@ @ 5
‘ - X i+
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If '.. YY) ’,\i
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X ) é 3.6 residues/turn
L ot
Yer— &
¢ 2@ 7
-
9
Figure * 3: An a-helix that isstabilized by internal hydrogen bondiffy.
1.3-T2rb strddbteert skaigpmil b
A turn is a structural motif or site where the peptide chain reversegeitall direction. Turn
motifs in enzymes are responsible for determining the conformations and specificity of the
active site and binding sitén most instances, they also play a role in protein folding and
protein stability**"'C| assi fi cati on of turns is based

backbone chain, the position of the stabilizing hydrogen bond and the length of the chain in
which theturn occur$!*? T h e-s tbe e t -Bairpms arebthe common features in protein

structures responsible for changing the polylepthain direction by nearly 1883 They

U

C

roughly accounft or 28 % of the whole pishetl ¢ icheasarebuct ur

also responsible for protein conformatiostdbility and proteifprotein interactions, and are
also important in secondary structui@turesvhich are essential for biologicactivities*344
b-sheets are classified as either parallel, antiparallel or ntixedirpins can be classified as a
s ubs edgheed b

As sfheet rhairpins far® formbd by antiparallel strands that are joined by a short
connecting | oops.t rTahned sahniani rppaoriskteisbare dofrfected by
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strud¢ ur es k fATormgsb-Tuans coffistitute the most prevalent type of tifrié*>and

they are formed by four consecutive amino acid residues arranged in such a way that the
carbonyl oxygen atoms of the first residue (i) and the amide NH proton of the third residue
(i+3) come closer in spacé* There are two major classes of faure s i ewrnewdichfare
commonly observed, Type | and Type Il. The variation of these classes is mostly on the
orientation of the peptide bond between thel andi + 2 residuequsually called corer
residues), as shown is¢heme 12), which are said to consequently affect the positions of
their side chaind’*448 p-turns play arole in stabilizing the sheet anbe initiation of the

f or mat i ehnaiorfp-shdetso rb b

o N
H
1+1\C, N\\C‘R3 \C/C\N c R’
H /Ot\ a \i+2 i+l / L OL\1+2
\N ﬂ c—o0 H\N\ H /040
R \C—O---H—N/ c=o0---H—N
\ \ R Rl / \ )R
! cy i C()X a\l+3
H/ \ /a\1+3 / \ /
H
B turn: Type I B turn : Type II

Scheme 42: Types of beta turn motif$

Furthermore, the secondary and tertiargi®ensional (3D) stictures of enzymes are
stabilized bynoncovalent interactions such as hydrogen bonding, Van der Waals interactions,
hydrophobic effects and steric interactiSh#in understanding of the 3D fiéd structures
presents an opportunity to design small molecules to mimic the recognition surface involved
in selectivity and efficiency, and also perhaps help in our case to develop systems capable of

catalyzing aldol reactions farwide array of substrates

1.4Enzyme catalysis

The word déenzymed was first used by a Ger man
the ability of yeast to produce alcohol from sugars, and it is derived from the Greekewords

( meani ngandzumet meé ai) n g yeasto). It was in the
twentieth century that significant advances wathieved in extraction, characterization and
commercialization and exploitation of most enzyffé€SEnzy mes ar e natur eods
developed many years agodatalyze chemical reaotis. Due to their ability to perform these

reactions in an exceptional regiand séreoselective manner (as discovebgdNobel prize



winner John Cornforth), most chemists have been inspired to explore their synthetic

equivalencg¥ !

The function of an enzyme is to bind and preorganize the active geomesrgtdbilizing the
transition state electrostatically. Generally, it is known that the rate of acceleration of enzymes
is mostly due to the transitiestate stabilizationinside the active site, the catalytic residues
are accurately oriented in space stoaaccommodatevell-orchestrated, and very often highly
stabilized, transition staté$>2°3 Therefore, the active site preorganization provides a vital
kinetic advantage, which itself is enforced and buttressed by the folded structure of. protein
The exploration of the thregimensional structures of enzymes provides detailed knowledge
about the architecture of enzymes and their interaction with the reactants. However, it is not
adequate to account for the enzymes abilities from static structihesgfore a better
understanding of principles behind enzyme catalysis is necessary for designing novet enzyme
like mimics that can rival natural enzymes in terms of specificity and reaction rate
accelerations. Within the context of this thesis, whiclolves the design and synthesis of
artificial enzyme, it is therefore important to give a discussion on the prinbgiésd enzyme

catalysis.

1.4.2Transition state theory

The mainstream of enzyme catalysssmostly based on the transition state thediye
transition state theory originat®%andmdages | v fr
the relationship between enzyroatalyzed chemical reactions Kkinetics to
thermodynamicé?****The enzymeds catalytic ability re
difference between the ground state and transition state. The characteristic features of an
enzymecatalyzed reaction experimentally follow saturationMichaelisMenten kinetics,

which involves a reaction pathway between an enzyyeid a substrate (S), which can be

represented by the following equation (Equatiof?$§:56-57

E+S —— ES =—= ES* ——EP—=E+P

Equation 1. lllustration of enzymatic reaction pathway

The first step in the mechanism involves fbhemation of an enzymsubstrate (ES) binary
complex, which undergoes a series of chemical conversions to yield the active complex. The
final stages include the conversion of substrate to the final product still bound to the enzyme
(EP), which then is refssed to yield the product (P) and the now unbound en¥§th&he

8



functional groups of an enzyme that are involved in substrate binding and catalysis can be
determined with the aid of site mutagenesis together with kinetic analgsigain a better
understanding of the rate enhancement and specificity of enzymatic reactions, the structure of
the reactive centres of these enzyme molecules, the active site, its relationship to the structures
of the substrate molecules in their ground and transitioesstatforming the ES and ES*

binary complexes, need to considered. This can be achieved by using the energy profile of the

enzymecatalyzed and uncatalyzed reaction of a substraféigyre 1-4).525657

A
S ‘
. \
S '
, \
,,/ \‘
. \
ES* |
R4 \
L’ ) A AN ‘\
4 1 Y \
-I-I // I’ \\ ‘\
. - 7 A \
- . ’ . \
3 DGgj . . EP .
,/ I, N— —
% v vl
EE E+S ,/' \ I:' DGkat ‘\ ‘\
Q AN / N
< M ! ‘\‘
\\\ mES II \“\
. 1
~ \ ’ \
N——— \
E+S Y Y E+P
Y -

Reaction coordinates

Figure % 4: Freeenergy profile diagram for both enzyroatalyzed and uncatalyzed reactions.
The symbols; E represents the enzyme, S is the free substrate, S* the free transition state, ES
represents the enzyrselbstrate complex, ES* is the enzyimansition state, EP the enzyme

product complex and P the free product state.

In the absence of an enzyme, the formation of a produntdtdbstrates occurs by overcoming

a higher energy barrier which is needed to reach the transition state S*. However, in the
presence of an enzyme the reaction proceeds through the formation of the ES complex and the
binding energy associated with the ESngbex formation can to some extent, be utilized to
drive the transition state. When the binding has occurred, the molecular forces in the bound
molecule simultaneously destabilizes the ground state configuration and this energetically
favours the transitiestate and the complex occurs at a lower endfmu(e 1-4) than the free

S* state??56



The next stage in the reaction involves the formation of another intermediate state, the enzyme
product complex, EP, which comes before the final product (P) is reléaskduld be noted

that theinitial and final statehave the samenery for both uncatalyzed and catalyzed
reactions. Nevertheless, the overall activation energy barrier is significantly reduced in the
enzymec at al y z e daischa ansount adpé&hergy needed to reach the transtain,

w h e r e &is thegp@ enefrgy gain assoeidiwith the enzyméee substrate binding energy
The overall a Celsicwoantpir o 15 g8lessiiegsupsbqt& binding energy
Cp@SSZ’SG

1.5Aldolases

Aldolases are members of a specific class of enzymes called lyases (EC 4) that are present in
all living organisms. There are over 30 aldolases which have been identified, and majority of
these catalyze the reversible stereoselective addition of a ketooetd an aldehyde acceptor.

Two distinct classes of aldolases have been identified; the type | aldolases which are mostly
found in animals and higher plants, and the type Il aldolases which are found in bacteria and
fungi. Type | aldolases follow the @mine mechanism, in which an enzyme lysine residue
activates the donor by forming a Schiff base as an intermediate in the active site, which

subsequently add reggpecifically to the acceptdf:2>:49:58:59

Type |l aldolases catalyze the aldol reaction using thé @mfactor, which acts as a Lewis
acid in the active siteScheme 13). Since we want to create an enzyme mimic that does not

require a metal cofactor, we utilized the Type | enaAomesing mechanism

10



Scheme 43: Mechanism of Type | Schiff base forming aldolase represented by the RAMA
(Rabbit musclaldolase and the Type Il zinc enolateechanismiepresented by the fuculese
1-phosphate enzyme aldolase, bottGh=OPQ? .2

The stereoselectivity in both types of aldolases is controlled by the enzyme and does not depend
on the structure or stereochemistry of the substrate, making room for highly predictable

products. Such exceptional features make the aldolase a useful tool in the synthesis of chiral
compounds, such as carbohydrates, amino acids, and their analogues. Aldolases can be

classified according to their donor and substrate specifittinamely;
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Pyruvaté2-oxobutyrate aldolases
Dihydroxyacetone phosphate (DHAP) aldolases
DihydroxyacetonéDHA) aldolases
Acetaldehyde aldolases

o~ wnN e

Glycine/alanine aldolases
This study focusson the DHAP aldolases, specifically Fructdsé-bisphophate aldolase

1.5.1Fructose-1, 6-bisphosphate aldolase enzyme

Fructosel, 6-bisphosphate aldolase (FBPA) is an enzyme of a glycolytic pathway that
catalyzes the reversible reaction of fructdsé-bisphosphate (FBP) and fructesg@hosphate

(FP) to dihydroxyacetonghosphate (DHAP) and either glyceraldehyegeh®sphate (G3P) or
glyceraldehyd&®%9 %> Eukaryotic FBR is a homotetramerith subunitshatadopt the parallel

( b 4(DIW)-barrel folding.62%* The mechanism of FBA follows the Type | and Type II
mechani sms. Theredbs a notable degree of si mi
site amino acids to that of both the rabbit &rdsophila melanogastéf Among the Type |
enzymes that are found in mammals there are three -Bp&w#fic isozymes with the same
molecular masses and catalytic mechani&hiwhich are aldolase A (expressed in the muscle

and red ood cell), aldolase B (expressed in the liver, kidney and small intestine), and aldolase
C (expressed in the brain, smooth muscle, and neuronal tissue). All these isozymes have strictly
conserved residues in the active site, comprising of Asp33, Arg4240Zy Lys146, Glu34,
Glul87, Ser271 and Arg303, as well Lys229 which forms the Soa#é intermediaté{gure

1-5) when bonded to the substrate fructds&bisphosphate (FBP).

GLY=272

Figure 1 5: The active sites residues of FBBAown as stickorm (on the right)
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1.5.2 Mechanism of the Fructosel, 6-bisphosphate aldolase

The catalytic function othe C-terminus, deerminesthe orientation and flexibility of the
substrate binding within the active site of this enzyiiee phosphate group of the substrate,
interacts strongly with both the Schiff base Lys 229 and with ArgFogu¥e 1-6). The aldol
cleavage in this enzyme m®eds through a number of distinct enzysunbstrate intermediates,

including a carbinolamine, imine (Schiff base), and an enamine/cartf&nion

) SER-35

ARG-303 :: " )
‘L) : 013 LYS-107

-
-
GLY-272

o

SER-271

LYS-146

\% C\O{)
, : GLU-187
1 4
SER-300¢
LYS-229

Figure 1 6: 3D Structure depicting tHeEBPA active site residues interaction with the substrate

molecule (2FBP) [some residues chains (side or mairgraitted for picture clarity]

The first step in this aldol cleavage reaciimvolvesnucleophilic attack on the carbonyl carbon
atom of an aldehyde or ketone substiagea reactive lysine residuélhe pks of lysine in
aqueous solution is approximately 30and at a physiological pH it is positively charged.

Nonetheless, an uncharged lysine is observed at around a neutral pEudgdests that the
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pKa of the reactive lysine residue must be excited considerably in the-sitéhemvironment,
so as todepotonate it and make it more baSicThe Lys 229 residue attacks the carbonyl
carbon of the substrate on sidace by th¢-amino group, forming the carbinolamine followed

by the dehydration to form Schiff base (iminalso shown in§cheme 14).

CH,0P0;?
HO I H
CH,0PO0;? OH HO
o = . 2 H WCH0P0,? 34 g
g —= N\
7, ~ine openin : .
Enz +3D- FBPb‘d_HH ‘0 ringopening HO" dffaco :arbmto.lamme
main Y - ormation HO
gno T 11.CH,0PO, '
HO NH,

Schiff base 4
formation
H,0
H,0

(0]

o 0 ASP33—<

ASPsa—{ ASP3J_< 5 0)
— H <0

OH OH  CH,0PO0,? ~— L CH,0PO0;?
Ala ‘) D-G3P 3 2 3 carbon-carbon Hy2 o I—i 3
I~ (Pros) CH,0PO;2__\. 6 HH cleavage H
CHy g S H OH » OH
+ H -0 i H si face\\\\CHZOPO3 HO 1:CH,0P0;”
Lys{46—NH; HO N —7 m— \
3 O G3pP OH 0
A o> N NH -
H Release N -/ _J
Lys,,o Gluygy E\d o 0
229 Glu
[carbanion Lysay 187 Lysy39 Glu,g;
ketamine]
carbonion/
7 | | ketamine
protonation
As
O pmd.“ ct . P3 o CH,0PO0;2
carbinolamine (‘ H S
ASP33——< _ - H $
' HZO ’ © C 2 71 1 DHAP
H,0P0; . H,0P0;? = HO' [
Pro(s)H si face 3 H \\\\ —~— LY - +
‘3 DHAP-carbinol NH, ppgap
Pro(R)H . NZ
20 HO" L UNO=H O amine cleavage release
Ly5146—NH3

{G | ) HO YS229
Lyszzo lu,g7 Lysz29 lu,g7

Scheme 14: Mechanism of Fructosg, 6-bisphosphate aldolase based on the structure of the

DHAP Schiftbase intermediaf®

The hydrolysis or reverse reaction for this imine is &eithlyzed i Glu187 which is in close
proximity to the hydroxyl group on the C2 sugar carbon. Glu187 also plays a role in orientating
the lysine and stabilizing the chargesidgrthe formations of a Schiff base. Once the C2
hydroxyl is protonated, it will leave as water, or it can be deprotonatedéeiaae attack of

the imine in the reverse reactiéf?%*The si-face of the imine is unavailable to solvent and
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sterically hindered by enzymatic residues in the active site, leaving onb-thee exposed to

solvent

Lys146 interacts with substrates using the nitrogen of its main chain. Electron sink C2 makes
a facile proton abstraction at @§droxyl and Asp33 which is in close proximity to Lys146
acts as a base in the reaction. The interaction of lysine with the substrate involves the
deprotonated form. The &34 bond cleavage is followed by the release effttst product

G3P and the carbanion/enamine is formed at the active site. Protonated Asp33 then donates a
si-face proton to the resulting amiffeArg-303 has been proposed to be involved in the binding

of the cyclicform of the substrate and it is important to note that in a naturally occurring
mutation that causes hereditary fructose intolerance388jis substituted with Trp. Arg303
forms part of the phosphabending site of the enzyme, and is also associatddpasitioning

the flexible Gterminus®® In the unbound structure, Arg303 forms a salt bridge with Glu34,
and in the liganded structure it interacts with thepbbsphate as shown 8theme 4. Lys

107 forms part othe Céphosphate binding, as it interacts with the O6 of tph@sphate
molecule. The Ser35 and Ser38 side chain hydroxyl group interacts with {pleo§ghate
residues. The Gphosphate binding site involves protein backbone interactions (nitrogen
atoms)of Ser271, Gly272 and Gly302 (not shown here for picture clarity) interacting with the
nitrogen of Arg303

16L-Prolineas Type | mi cro Al dol aseb

For many years, a number of researchers have focused on juatitgzed aldol reactions
which resemble th&ype | aldolase mechanisth/* "> The natural abundance of proliffe/,*®

its confined phi angle that constrains the secondary structure; its ability to function as a
bifunctional catalyst due to the carboxylic acid and amino group acting aseaand acid
respectively; and finally the cyclic, pyrrolidismsed amino acid, has certainly made it the first

choice for any enamireatalyzed reaction including direct aldol reacti@figure 1-7).
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Figure * 7: Modes of action of proline catalysis

List et al,’*were the first group who reported thaiProline can be applied as an effective
catalyst for an intermolecular aldol reaction between acetone and aliyl-substituted
aldehyde acceptors in year 2000. They demonstrated that the upon addition of 3proimiéo
to p-nitrobenzaldehyde and acetone, the desired aldol products were achievi€al7ivh 3deld
and enantioselectivities ranging fromi80% ee $cheme 15). From their studies they also
discovered that DMSO wathe most appropriate solvent in afforg good yields and

enantioselectivity

o 0. o
N~ YCOOH

H

H O
+ /“\ 30 mol %
—_—
O,N DMSO O,N

Scheme 45: Asymmetric aldol reaction reported hist et al”*

Despite its applications in carrying aanvide array ofasyyme t r i ¢ al d ol reactic
a lot of work to be dontowards the development of other organocatalysts. Some limitations

of proline based catalysis include, long reaction times, poor results with certain substrates and

its low solubility in readbns?!® This opens a door for the design and development of catalysts

with increased lipophilicitghat may lead tamproved yield.

16



1.7 Peptides as organocatalysts

Amino acids, which are the building blocks of peptides, have provided several routes leading
to attractive organic transformations in asymmetric catalysisigdobth as auxiliary scaffolds
and catalysts. Peptides comprising of two to ten amino acids have emerged as simple yet

exceptionally wekldefined chiral catalyst for various enantioselective methdgfs.

Inoue and ceworkers were the first group in early 1980s to report on peptides as
organocatalysts. They demonstrated the catalytic use dikb®piperazine cyclo (PHdis)
dipeptide in the cyanation of benzaldehy8eHleme 16).8* Only few reports followed after,
and hence the application of peptides as asymmetric catalyst remained mostly dormant
almost two decades.

H H
@) N N
0O Q\I I\EN/>
E 0] HO,,/,I CN
H 2 mol% H
=

HCN (2 eq), toulene,-20°C
97% conv, 97% ce

Scheme 16: The asymmetricyanation obenzaldehyde to a cyanohydritfe.

Miller and coeworkers in 1998, reported on meglimidazole containing peptides for
asymmetric kinetic resolution of functionadid racemic alcohols, which yielded excellent
enantioselectivities§cheme 17). Their work also gave important insight regarding the
peptidesubstrate complex which was ofjgeat benefit to the context of biological catalysis.
Subsequently a lot of researchers have reported peptides as organocatalysts, and since this
current project focuses on peptides organic catalyst in asymmetric aldol reaction, a brief

summary of selected reactions will be discussed.
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peptide cat.
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0.05 mol % peptide | \)\ 0 |

pep - + I BocHN \O‘--H—N !

PhCH; 0°C | = WMe !

= . .
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| \ﬁq i

| |

| ]

Scheme 17: Peptide mediated kitie resolution of functionalized racematcohols®®
1.7.1Peptides as catalyst for asymmetric aldol reactions

The main advantage of using chemical peptides synthesis over recombinant protein synthesis,
is the extended set amino acids and other building blocks which can be incorporated, which
include Damino acids as well as a wide range of -pooteinogenic amino acidé Small
peptides, which are simplified enzymes, have gained a lot of application as catalyst in
organocatalytic reactions. Short peptides which consistdoahino acid residues, as well as

a secondaryamine Nterminus, have effectively been applied as successful catalyst in
asymmetric aldol reaction®eptides offer many sites for structural and functional diversity

that can be utilized to produce optimized catalysis. Due to their structural divengity e@an

be easily attained by changing sequences of amino acids and acid monomers, peptides have
attracted attention as promising candidates for organocatilysid-16-17-248Compared to

completeenzymes, peptides are more stable andeassubstrate specific

Resin supportedgptides for asymmetric organocatalysis tgpacally short consisting of few
residue$®89°! peptids with N-terminal ending propy! residue, having a secondary amino
group can be utilized as cyclic amine catalysts to promote the enamine andiiarine
mechanism&? Kofoed and ceworkers were the first group to report on pepiidélyzed
asymmetric aldol reactions in 2003, wherein they demonstrated that the reactionnbetwee
acetone ang@-nitrobenzaldehyde progressed in the presence of a plosed peptide and a
mixture of acetone and DMSQO, yielding moderate enantioselectivies and excellent yield. They
further expanded their work; investigating various classes of pepsjplesfically class IA and

IB containing primary amines and class IIA and class IIB consisting secondary amines
(Scheme 18). Fromthis they postulated that class 1IB peptideish N-terminal prolines as

the secondary amine substituent, gave the bdst il enantioselectivit$?
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Peptide catalyst
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I H o} i

1 1

I i

i |

NO, NMM 96% vield NO,
66% ce

Scheme 1 8 Kof oedos pyzed t enahteoselectiget aldlol reaction qgb-

nitrobenzaldehyde and acetofie.

Most of the work done on peptides as catalystolve relatively simplepeptidesstructures,
usually consisting of fewesiduespnly few studieshave been done on wetlesigned peptide
catalyssincorporaing secondary structuss u ¢ h- haicesfodasymmetric organocatalytic
reactions’’ It is reportedthat a peptidéavingsecondary structural motifsay yield better
catalytic peptide performanééAkagawa and their groyid-?48"*teveloped a peptideatalyst
with a freeN-terminal five amino acidresiduesa turn motif, DPro-Aib, (Aib: 2-amino

isobutyricacid) and a helical motiFgure 1-8)

Pro-D—Pro-Aib—Trp-Trp—(Leu)zs-gg—. “ : NH-CH,-CH2-PEG-PS (PEG-resin)
)

Turn motif Helical motif
(Catalytic active site) (Hydrophobic chain)

Figure * 8: Resinsupported peptide cataly'st

From the developed peptide catalyst, they postulated that, in the peptide sequence, the beta turn
motif and helical unitare required for promotingenhancedenantioselectivity. They also
discussed how the presence of the helical part significantly improves the stereochemical control
of the reaction when the moiety is afiatance fom the terminal propyl group in the catat

centre?® Since peptide structures and the substituents of the peptide side chaiesezesily
modified by altering amino acid monomg&Pone can anticipate that the scope for exploring
peptide catalyst can be extended to polypeptide sequences of many different enzyme

molecules
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1.8 Design consideraibns and previous work

Designinga peptide catalyst by combining secondary structarlfs to form an appropriate
reaction site can produce a novel, enzyme like organocatalyst with high catalytic abilities as
reported by Akagawa and -weorkers®’ In this currentstudy, we endeavour to design and
synthesize FBPA enzyme peptides mimics that can catalyze the aldol addition reaction.
However, arranging these peptide sequences into 3D structures can be energetically
demanding, and the simple excision of short peptides froaneapprotein may lead to loss of
organized secondary structuf&€$3%’ This challenge has been previously addressed by other
researchers by developing variousstgies for nucleation and stabilization of short peptides
sequences into helices, and these includes: helix cappifigonnatural amino acié side

chain constraint®’ and hydrogen bongurrogatesHBS).>>°® The clemical and physical
properties of short peptides are often hampered by the inability of most linear peptides to
sustain an alpha helical conformation in solution due to weak hydrogenB@tdbilisation

of peptides in the helical structure not only reduces their heterogéfimityalso substantially
increass ther resistance to proteolysis.he tr adi ti onal stshdidalegy f o
conformaiton in peptides uses covalent bonds between #meli + 4 ori andi + 7 residues.

More emphasis has been on the incorporation of disulphide bonds hvi@gzglation of Cys
residues and the formation of the amide bond between the side chain of L¢uafsp
residues at selected positiofi$>°Patgiri and cevorkers®®r eport ed short U hel
by the hydrogen bond surrogate approach, whichoimes the introduction of an Yi 4 +
carboncarbon bonds through a riwpsing meathesis (RCM) reactionF{gure 1-9). They
hypothesized that the metatheBased methods afford a stable and irreversible bond in

comparison to the hydrazone strategy anajpplicable to a broader range of peptide sequence
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HBS a-helix Bis-olefin peptide

o-Helix

Figure 2 9: An N-terminal hydrogen bond replace withC bond obtained from a ring closing
metathesis (RCM) reactioh.

There are also serad reports in stabilizing the turn structure of enzyme. One of the simple
ways i s t-torn loyrinecaporatingancbblky achiral amino acid such as glycine.

Bl ancod®¥prgampausped t hat i ncorporating -tlkspart.

structure resulted -hainping water lheasbshairpih and LAsSp@lgt i o n

dipeptide turn promter are shown below ifr{gure 1-10).
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Figure : 10: -hairpin with AspG | yturrbpromoter done bRRamirezAlvaradoet al. 1°°

Ot her repor t s otfirndésigh, Blsinelude thetreplacensent offpaaigine

residue with Bproline'® and theuseof Aib (2-aminoisobutyric acid) combined with-D

ami no aci d-amimacidastepdrteday Baldram and -ovorker9.'t Although a
lot has been ackved in the stabilization of peptides, the above methods are significant in

pharmaceutical studies (i.e. drug delivery, drug development, stabilization again proteolysis);
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and not much work has been done for stabilization of peptides as an organoc&alysiay

that enzymes are often stabilized isitamobilise them on solid substrates. One way that
enzymes are often stabilized is to immobilize them on solid substrates. Among the powerful
approaches utilized to create artificial enzyme, the applicafigold nanoparticles (AuNPs)
conjugated to a monolayer of thiols has proven to be a gredf1d&iThis project involves

the conjugation of peptides to gold nanopatrticles.

1.8.1 Stabilisation of Peptides using goldanoparticles (AuNPS)

Gold particles that are afanometre scale (gold nanoparticles, AuNRasve gained special
attention for the application in various fields like biology, chemistry, engineering and medicine
They aretherefore of a particular interest in this study due to their remarkable proparths,

as biocompatibility and ease of surface functionaliza#arNPs also have an excellent ability

to conjugate to organic compounds and-fmiolecules, making them useful in biochemical
sensing and bigatalysis'® 1% The conjugation of gold nanoparticles to peptides produces

biocompatible and stable multifunctional systeftts®

A peptide sequence with two cysteine thiolates at different positions or a thiolate and a
guanidine group of Arg, has the ability to indymgptidenanoparticle coupling. The coupling

of peptides to gold nanoparticles has been shown to decrease conformational flexibility, and
this difference in flexibility upon conjugation relies on the amino acids sequence of the peptide.
AuNPs also posseshé ability to control the conformational entropy of the peptiddy
introducing more constrains to the structure. It is worthy to note that the high density
surrounding the nanoparticles has a tendency to generate-endironments. The usef

AuNPs has been shown to produce high catalytic efficiencies by several orders of magnitude
greater than those of naonjugated peptide variants, and to also generate new catalytic

activities, where the monomeric peptide shows no catalytic actifity

There are quite a few reports concerning the conjugation of AUNPs to peptide for application
in asymmetric aldol reactions. Mikolajczakal,'!! reported a peptideanoparticleconjugate
whose activity was regulated by a conformational change in-assimbled monolayer. From
their work they demonstrated that the formed peptide monolayer at the gold nanoparticle
surface increases the ester hydrolysis by an order of magnitddeggers cooperative His

Glu interactions resulting in an increased catalytic efficiefroyufe 1-11).
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Figure % 11: Peptide sequence of E3HtbBnjugated to Gold nanoparticl€s.

Another inspiring work was demonatt e d by S f'fwihereaheyrepgrtecbon gatalyst
recycling efficiency of Prolinefunctionalized GNPsfor asymmetric aldol reaction of
benzaldehyde derivative and cyclic donors, resulting in high yield and enantioselectivities

(Scheme 19).

Q 0
GNP
H (10 mol %)
+ DMSO:H,0
n X =94:6
25°C

Scheme 19: AuNPssupported prolineatalyzed asymmetric aldol reactidrh$

Despite the exceptional improvements made by researchers thus far, organocatalysts still
possess some limitations in industrial use due to their poor solubility in organic solvents. Polar
solvents such as DMF, DMSO and NMP have been the solvents of thracest work done,

although theyare considered problematic for large scale synthesis due to not being
environmentally fAgreeno. Hence, there is sti
focuses on the design of soluble pepiidsed catalystshat mimic the Fructosg,6

bisphophate aldolase.
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1.8.2Design of cyclicand AuNPssupported catalytic peptides

OQur design of the aldolase synzymes which i s
turn motif consisting of amino acids (aa) extracted from the turn motif of the aldolase enzyme
sequence (aa: 34347), a helical portion mimicking both the helicabtif amino acids and

active site amino acids. This approach was motivated by the work done by Akagawa and co
workers (Section 1.7.1), who postulated that both the beta turn and helical units are necessary

for the high enantioselectivity. The active sitamsists of proton donating and accepting amino

acids (Arg, Lys, Asp and Glu). The selection of these amino acids was guided by the aldolase
enamine mechanism pathway explained above in Section 1.5.2.

The | i ne aonformatipnal fledileilify llowshe peptide to assume random structures

i n aqgueous sol ut i onhsel iicnessineadarctdresbfTo ovencemedhess i r e ¢
problem, cyclization was introduced by forming a disulphide bridge between the Cysteine
thiolates. Cyclizationcansignifiant | y reduce the peptideds deg
a peptide with a better defined and more fixed shape. Cyclization of epsiohg amide
condensation (lactam or amide bond formation) and thiol oxidation of side chains, can also
promote peptid stability>’1*® To decrease conformation flexibility and improve catalytic
efficiency in uncyclized peptides, the peptides were also conjugated to AUNPs.

1.9 Aims and Objectives of the project

The aim of this current study is to design and s\sitleepeptide based structural and activity
mimics of the aldolase enzyme, namely Fructbsébisphosphate aldolase (FBP aldolase) to
catalyze aldol addition reactions. This leads to the following objectives.

A The design and synthesis of peptide sequenitbsaldol addition reaction catalytic
properties

A The synthesis of stable cyclic peptides using the solid phase peptides synthesis
strategy (SPPS)

A The synthesis of AUNPs and AuNPsptides conjugates

A Determination of 3D structures of the synthesized peptiging Nuclear magnetic
resonance (NMR) spectroscopy and circular dichroism (CD)

A Synthesis and characterizationbshydroxy-carbonyl (aldol) products from the aldol
addition reactions catalyzed bynthesized peptides and AuNBeptide conjugates.

A Determination of optimal reactiaronditions of peptide catalyzed aldol reactions
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Chapter 2

Design and synthesis of novel peptideased catalysts

2.1 Introduction

Chemists and biochemists have long been fascinated by the exceptimedtion between

the secondary structure of enzymes and how they function in living organisms, which is mainly
due to the influence of the arrangement of amino acid sequences. Yoldayesof available
information about chemical and biological data, information about sequences, catalytic
residues, functions, structures, kinetics, binding affinity, metabolic pathways and
bioinformatics detailing the evolution of enzymes is accesdibteugh literature and
databases. The databases that focus on enzymes or proteins in general, were developed from
the information primarily found in literature (UniProtywPDB 2 IntEnz?2 ExplorNZ* pFam?

CSA® BRENDA, PLD2 KEGG/? BioPath!® Promise and MBB). This has created the
possibility of mimicking protein folding patterns or even the active site of an enzyme using a
limited number of selected amino acids which are still able to form the desired structural

conformation.

As alreadydiscussed, in the previous chapter, the catalytic function of enzymes is based on the
tertiary structure of the polypeptide-chain,
t ur n s-helicasd ThdJcombination of these structural frameworks provivesdtalytic

active site for an efficient and selective reaction. There is a lot of effort being devoted to the
modification of enzyme activities in an attempt to meet the needs of organic chemical

synthesig? Generally appraches to enzyme mimics are divided into three categories namely;

1. The design approach, which incorporates the design of macromolecular receptors
having the appropriate functionality of mimicking the binding and microenvironment
of the active site,

2. The catdyytic selection approach which uses combinatorial chemistry to generate a

library of catalysts for screening and lastly the,
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3. Transition state analogue selection approach, where a library of hosts is produced in
the presence of a transition state anald@#A), and the best host that exhibits the
highest binding affinity is then chosen from the libr&ry?

Herein is a brief discussion of some previous work which was based on these approaches to
create enzyme mimics, especially the application in asymmetric aldol reaction. In this study,

the design approach is empéaly

2.2 Previous research on different enzyme mimic approaches

Transitional state analogue approacktost researchers have concentrated on this approach
and synthesized molecules mimicking the enzyme transition $ta@atalytic antibodies,

which are well known to catalyze reactions, are developed from the transition state analogues.
Notably catalytic antibodies are renowned for catalyzing the asymmetric aldol reaction using
the class | aldolase mechanism (Section 1.5IRe mechanism uses the epsiEmino group

of Lys to form an enamine with the ketone substrate, subsequently reacting with the second

substrate (aldehyde) to form a new caroarbon bond.

Lerner and group reported highly enantioselective polyclandodies which were obtained

from the hapten (a small molecule that binds to proteins and stimulates an immune response)
binding sitel* They proposed that these antibodies can catalyze the aldol reacfioming

Schiff bases with appropriate compounds that can undergo both the aldol araldatro
reactions similar to the enamine mechanism followed by the natural Clak®lases.
Furthermore, they reported a total synthesis of (1R, 1'R, 5'R, atd)(1S, 1'R, 5'R, 7'Rl-
hydroxy-exo-brevicomin with high enantioselectivityS¢heme 21) from aldol reaction

catalyzed by the antibody 38C.
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Scheme 21: Total synthesis of hydroxybrevicomins from aldol reaction catalyzed by an antibody
38Cc2

Even though antibodies have proved to be useful tool in modern synthetic chemistry, they are
limited by the mode of preparation and uBee method of production requires the use of mice

and highly specialized techniques. Other draw backs include the isolation which is often
tedious, moreover they are also unstable at high temperature and lack chemical robustness

which is a necessity in emical reactions?

The catalytic selection approachthe second approach that has been widely applied in enzyme
mimics. It offers an opportunity for large numbers of various compounds to be synthesized
within a short perid of time. One of the strategies commonly applied in this approach, is
combinatorial chemistry, which mimics natural evolution where a library of possiblgstatal

is generated and are directly screened for endikaeactivity.!®* Kofoed and ceworkers®®
reported a peptide dendrimreatalyzed aldol reaction, applying a dendrimer that was obtained
using functional selection from a dendrimer combination libraries. Complete reaction
conversion was reached in 3 hours with 1 mol % of catalyst and the obtained aldol products

had an enantiomerixeess (%ee) of 67 ¥%6¢€heme 22).
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Scheme 22: A) Peptide dendrimer catalyzed aldol react®,2D1 Peptide dendrimearsed®

Thedirected evolution of enzymbkas also been reported as a novel screening method for the
catalytic selection approach. It uses screening methods to identify the mutations within the
enzyme which are responsible for catalytic abilities. These mutanthemeekpressed in
suitable host, and then screened for enantioselectivity in the reaction of interest using
fascinating techniques such as infrared thermogrépylhere are other examples of work
done using this technique in other organic reactions, such as the reduction cHibghs
adducts/ kinetic resolution of estetf$and DielsAlder cycloadditions between anthracene
(diene) and maleimide (dienophif€)Even though there is no disputing the potential of directed
evolution, dendrimers and combinatori@karies strategies, these strategies can be extremely

time-consuming.

The design approachas been utilized a lot in recent years. It focuses on the design of
macromolecular receptors which have appropriately placed functional groups to mimic amino
acidsresidues identified to be involved in enzyme catalyzed reacidfighe highlight of this

approach has been on the design and synthesis utilizing functionalized cyclodextrins as an
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aromatic acceptor, although recently cyclophanes also have showmesnar&able results

Yuan and ceworkers have developed a variety of mom@on d u n s y miuretiomal c a |
cyclodextrins and possible aldolase class | enzyme mAhidsey suggested that the designed
catalyst can mimic the amino groups of class | al¢dagith large reaction acceleration rate

and substrate selectivity. However, the use of cyclodextrins has certain drawbacks, they are
disadvantaged by their susceptibility to acid hydrolysis, while their rigidity puts a limit on the

range of aromatisubstates that can be tolerated.

Rational design uses a priori knowledge of enzyme function, often combining structural
information and a basic mechanistic picture of the chemical reaction being catalyzed. The goal
normally, is to create new activity or vatyetstereochemistry and regioselectivity of existing
enzymes with the introduction of a fairly small number of mutatidmBayatet al. reported

the rational design of mimetic peptides based on the-&&toreductase (AKR) enzyme as an
asymmetric organocatalyst in aldol reactiSotfeme 23).2 Their synthesizegdeptides proved

to be excellent multifunctional organocatalysts with high yields of up t& %hd

enantioselectivities of 98%.

, | i i/(o Q /¢o 0 |
ep catalyst ' N i
NMM | = i
(pH=5.0-5.5) i N NH i
L-.E?P_-_c_%t_%l_y_s_t_ __________________ N i

Scheme 23: Bayatds rational design of mfmetic

Even though some impressive results have been obtained using this strategy, the following
limitation needs to be addressed; the approaches that involves latartbtismeconsuming
synthetic steps and in addition, a little defect in the design can sometimes led to the complete

loss of activity!?

2.3 Enzyme mimics based on peptides with secondary structure

Peptide catalysts have a numbead¥antages over single amino acids because of their diverse
structure, functionality and ability to preserve the characteristics of small molecule cdtalyst.
23 peptides are a considerable alternative to thel srigid organocatalysts and enzymes. Thus,
designing peptiddased catalysts having secondary structural moieties can vyield efficient

selective organocatalysts.
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2.4 Peptide catalyst design

2.4.1 General considerations

For the design of our novel peptictatalysts, we are interested in the amino acids (AAs)
residues in the active site of the Fructdsg@bisphophate aldolase (FBPA) enzyme. We
hypothesize that the i n-tar pe-hdicesobtmeddvesiteer t ai
of the FBPA enzme will yield a peptide with a secondary structure that can interact with most
organic substrates in an aqueous media to yield aldol prodidew/e also postulate that the

use of unnatural amino i@ D-amino acids) residues, would enhance the activity of the peptide
catalyst.p-amino acids can alter the conformation of the peptide struttéfand this might

result in a different or closer alignment of the peptide to the substrate.
2.4.2 Synthesis of cat al y-tuinstruguealpdsidleds es based

The AAs used in the design of the catalytic and turn motifs were adopted frod. the
melanogasteraldolase enzyme structure obtained from the UniProt protein database (EC
4.1.3.12; Gene code: AdIFjgure 2-1. Other sources of information about the catalytic and
turn motif residues were accessed from the Protein Data bank (PDB).

10 20 30 40 50
MTTYFNYPSK ELQDELREIA QKIVAPGKGI LAADESGPTM GKRLQDIGVE
60 70 80 90 100
NTEDNRRAYR QLLFSTDPKL AENISGVILF HETLYQKADD GTPFAEILKK
110 120 130 140 150
KGIILGIKVD KGVVPLFGSE DEVTTQGLDD LAARCAQYKK DGCDFAKWRC
160 170 180 190 200
VLKIGKNTPS YQSILENANV LARYASICQS QRIVPIVEPE VLPDGDHDLD
210 220 230 240 250
RAQKVTETVL AANYKALSDH HVYLEGTLLK PNMVTAGQSA KKNTPEEIAL
260 270 280 290 300
ATVQALRRTV PAAVTGVTFL SGGQSEEEAT VNLSAINNVP LIRPWALTFS
310 320 330 340 350
YGRALQASVL RAWAGKKENI AAGOQNELLKR AKANGDAAQGAGSAGAG
360
SGSLFVANHA'Y

Figure 2 1. Amino acids sequence of tilrosophila melanogastdfBPA enzyme obtained

from the UniProt protein database.
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2.4.2.1 Helical motif proposed structures (Helix design

Thedesigned sequences are based on the physical and chemical properties of catalytic amino
acids. This refers to the different functional roles of amino acid residues which are involved in
the catalytic activity of FBPARigure 2-2). These roles include stéibation, steric constraints,
substrate activation, proton abstraction/donation, hydrogen, electron shuttling and covalent
(nucleophilic/electrophilic) catalysis. It is noteworthy that most residues can perform more than

one function, and the roles mentgzhherein does not put any restriction on other roles.

LYS-146

LYS-107

Figure 2 2: The amino acid residues of the FBPA active site

1 Arginine (Arg) was chosen due to its stabilizing effect, and as already emphasized in
the previous chaptetis involved in the cyclic binding of the substrate and electrostatic
stabilization. The side chain of arginine is known to engage in electrostatic interactions
and hence has the ability to accurately position substrates for catéffsis.

1 Cysteine (Cys) which undergoes oxidatiarnis disulphide bridges between two
cysteines and hence provides stabilizafion.

1 Tyrosine (Tyr) which possessa hydroxyl group {OH) and an aromatic group is
involved in proton shuttling and in the increagelectrostatic interactions that results

in a stabilization effect.
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1 Aspartic acid (Asp) and Glutamic acid (Glu) weselected due to their carboxylic
functional group on the side chains which are involved in acid/base roles i.e. proton
donating/abstraatg. An extra CH linker inserted betweentheU and car boxy
group in Glu enable higher efficiency for acting as a base/catalyst than Asp, whilst Glu
is more of an activator when compared to ASp.

1 Glycine (Gly) and Alanine (Ala) have hydrophobic (Aowolar) side chains resulting in
the hydrophobic interactions needed for an enzyme to perform the catalysis in their
folded structure. Both Gland Ala have an ability to form turns and thus stabilize
helices. Ala also has a greater stabilizing affinity when compared to Gly because it can
bury deeper into more nepolar regions upon folding, resulting in lower backbone
entropy3133

1 Serine (Ser) is chosen for its ability to stabilize enzyme structures

2.4.2.2 Turn motif proposed structures

In choosingthe amino acid sequence of the turn motif, the same criteria explained above in

Section 2.4.2.1 were utilized
Amino acds 344347 were selected for the turn motif

Turn
CRYKEGSAGKEYRC
344347

2.4.2.3D-Amino acids

D-Aminoacidsp-AAs ), are regarded as the Aunnatur al ¢
are not utilized for the ribosomal protein synthgsis is well known that they are found as
constituents of natural peptides and are naturally produced by microorganism, using non
ribosomal mechanisms of synthe€isDue to their functional diversity and structural
versatility, they have gained great use in tlesign of peptide and protein structute®
Furthermore, because of their conformational preference they are employed in peptide
synthesis to restrict local conformations of peptide chains and to facilitate the formation of
prime betaturns Studies have also shown that a peptide sequence consistiagdfiamino

acids can be induced to form ambidextrous helical structbiég® Peptides with catalytic

motifs, b turns motifs and Eamino acids that were designed and synthesized in this study are

outlined below inTable 2-1.
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Table 2 1: The peptide sequences with amino acid derived from the catalytic active site of the

FBPA enzyme
Peptide | Sequence Indications

TP_Asp CRYKDGSAGKDYRC | Asp(D) with allL-AAs
TP_ADLys | CRYKDGSAGKDYRC | Asp(D) withL-AAs, butL-Lys is replaced witlp-Lys
TP_ADA CRYKDGSAGKDYRC | Asp (D), butL-AAs are replaced witb-AAs
TP_AspC CRYKDGSAGKDYRC | Asp (D), butL-Lys is replaced witp-Lys, cyclised
TP_ADLysC| CRYKDGSAGKDYRC | Asp(D) with allL-AAs, cyclised
TP_ADAC | CRYKDGSAGKDYRC | Asp (D), replacing alL-AAs with D-AAs, cyclised
TP_Glu CRYKEGSAGKEYRC | Using Glu (E) with.-AAs
TP_GDLys | CRYKEGSAGKEYRC | Using Glu but-Lys is replaced witip-Lys
TP_GDA CRYKEGSAGKEYRC | Using Glu, but.-AAs are replaced witb-AAs
TP_GIuC CRYKEGSAGKEYRC | Glu with L-AAs, cyclised
TP_GDLysC| CRYKEGSAGKEYRC | Glu, butL-Lys is replaced witlp-Lys, cyclised
TP_GDAC | CRYKEGSAGKEYRC | Using Glu, allb-AAs, cyclised

D-AAs =represented by bold and blue colour
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2.5 Results and discussion

2.5.1 Synthesis of TPAsp

As discussed above, our goal was to design peptide catalysts with a turn motif and a catalytic

site, as shown irFjgure 2-3).

Turn motif
H,N HO A
- N
OH o H
o o H
o > H o
N \ N
N N N NH,
H ! o
NH o
HO o
H,N o) HN™ 0
NH HoN ) i
SH
o) o
HN OH
u 0
o

NH Ly oH

é; HNS o
HNZ “NH, \

NH,

Figure 2 3. Structural representation of TRsp peptide, showing a turn and catalytic motif

site

Peptides were synthesized manually and automatically using the -Fmoc
(Fluorenylmethyloxycarbofl) Solid-Phase Peptide Synthesis (SPPS) strat8ghidme 24).

The full synthetic procedures are outlined in Section 7.31.

The first attempt towards the synthesis of the (TP_Asp peptide) was carried out using a PS3
peptide synthesizer on a MBHA-(ethybenzhydrylamine) rink amide resin (0.45 mmol/g,
1-0.6 g) in order to obtain an amide ending at thei@inal. The first step involved the
deprotection of Fmoc of the resin using a 20% piperidine/DMF solution to expose the free
amino group. After the depiection of the resin, the first amino acid cysteine (2.0 M) and
coupling reagents (1.90 M HBTU +2H-benzotriall-yl-1,1,3,3tetramethyluronium
hexafluorophosphate) and 1.0 M DIPEA (N, N Diisopropylethylamine) were added. The
coupling times were varied tveeen 2630 minutes. The synthesis was left to run overnight.
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Scheme 2 4: General procedure for the SPPS peptide synthesis; where a=20%
piperidine/DMF,b=DIPEA/HBTU/FmoeAA, and d=TFA/TIS/EDT/HO, X or Y=different

amino acid side chain, R=amino acids.

The peptide was cleaved from the resin andyaed using liquid chromatographyass
spectrometry (LEMS), but the desired mass was not obtained. The caufiine was then
increased to 40 minutes and the coupling was monitored sequentially usivi& | Rbwever

at the 8" amino acid (Glycine), there was incomplete coupling. Glycine is a small flexible
residue without a side chain therefore it could not haveoentered steric hindrance.
Difficulties are often encountered in peptide synthesis as the peptide chain grows, and they are
often associated with aggregation, which can either be due teomietra molecular

i nt er a c-sheebsecondary strustuiormation®>*°Hence, we attributed the incomplete

coupling of glycine to the aggregation of the peptide.

Another attempt was madeusing a different coupling reagent HATU -(1
[Bis(dimethylamino)methylenelH-1,2,3triazolo[4,5b]pyridinium 3oxide
hexafluorophosphate). HATU has been proven to reduce epimerization during coupling and it
is also very efficient in coupling sterically liered sequences. HATU and HBTU are both
known to react with the carboxylic end of the AA to form active esters, which react with the
amine of the resin bound peptitfé? HATU (1.9 M ) was utilized as a coupling reagent and
the reactions were monitored by IMS. It was observed in this experiment that at tHe 9
amino acid (also Glycine), the coupling was inefficient as the mass of'thmiBo acid was
observed. After the ™ AA, the coupling efficiency was infinitesimal up to the™AA
(Lysine). It is reprted that extreme steric hindrance leads to reduced accessibilitpasea

reduction in reaction rates for both the coupling (acylation) and deprotection steps, thus the

46



observed decrease in coupling efficiency was attributed to the turn“ftiEonsequently,

thedesired peptide products are frequently contaminated by deletion seqtfences.

Another approach involved double coupling and an increase in coupling times to 40 minutes
in order to obtain acceptaldeylation yields. This was also monitored sequentially byM&

It is presumed that HATU yields faster coupling rates because of the presence of a pyridine
nitrogen atom in the cyclic ring, which lowers the energy of the tetrahedral transition state by

hydrogen bonding to the attacking amiféglre 2-4).*4’Despite these exceptional properties

of HATU in peptides synthesis, it is expensive. One of the goals of this study was to create less
expensive catalysts, hence the double coupling experiments were performed using HBTU due
to its availability ad affordability.

N
= \ N\
\ | //N //N
N N* N*
O- -
HATU HBTU

Figure 2 4. lllustration of the difference between HATU and HBTU

Double coupling was carried out for all the amino acids in a peptide sequence for 45 minutes
percoupling. However, whilst monitoring the reactions it was observed thaf'teded" AA

were not completely coupled and were then triple couptestiod 1). Studies have shown

that coupling glycine (a hydrophobic amino acid) into the peptide sequetheeeeptide chain
grows can be problematic, due to its small structural nature which induces agglontéfdtion.
After numerous exertions to find a working approach for the synthesis, to improve the coupling
efficiency and to obtain the complete synthesis of the peptide catalyst, the syathbsis
peptide was successful and was confirmed byM& The sample was dissolved in 60/40
(Water/acetonitrile, (HED/MeCN)) for analysis by L@/AS and the calculated mass for TP_Asp

is 1620,70 g/mol whilst the half mass found was [M+218]L0.8719 m/z at the retention time

(tr) of 7.63 min Figure 2-5). A 20 minutes gradient elution method56% MeCN) was
utilized with the following solvent system: Solvent As®with 0.1% formic acid; solvent B:
MeCN with 0.1% formic acid.
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Figure 2 5: LC-MS spectrum for the fully synthesized crude TP_Asp
2.5.1.1 Purification of TP_Asp

First attempt: A gradient elution method consisting of a buffered (0.1% formic acid),
acetonitrile and buffered water was employed as thbeilmm@hase in the purification of
TP_Asp. After numerous runs with different elution gradient methods and flow rates, it was
observed that-B0% acetonitrilerfiethod 1-1) in 15 minutes at a flow rate of 15 min/ml was
the best method for treeparation of the analyte. Due to the polar nature of the peptide, it was

dissolved in less than 50% of acetonitrile in water.

Four of the fractions collected from the preparatiieL.C had the same masses with different
retention times of 5.49, 6.58, 6.65d 6.68 minutes respectively. Peptides are known to be
very flexible and can exist as ensemble of conformations in solution, especially linear peptides.
This is because of the formation of secondary structures that occur during the initial stages of
protein folding®®®! We therefore postulate that the collected fractions with the analyte of
interest are theesult of peptiddolding in solution.The averageercentage yield of the 4
conformers was determined after drying the peptide using the s@taporator, radting in a

mass of 293 mg and a yield of 55.7%.
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2.5.2 Synthesis of TP_ADLys

In the synthesis TP_ADLys, the same synthetic approach as described above was followed
except that the.-lysine residues in the™and 11" positions were replaced hy-Lysine

(method 2. Lysine is one of the key AA in FBPA catalysis since it is responsible for the
formation of the Schiff base through the enamine mechamsamino acids are known to

react faster than theircounterparts bpne tenth (35 ¢ mol ) mi n/ mg .D-AAsncor p o

into a peptide chain also imposes local conformational restrictichs.

Figure 2 6: Folded structure of TP_Asp usimg novo peptide structure prediction (RPBS

Web Portal), depicting-lysine side chain (yellow) pointing out.

D-Lys changes the orientation of the side chain so it can point inside the pocket of the catalyst.
It can therefore efficiently hold and interact with the substrate more easily when compared to
L-Lys which is pointing outward as shownkigure 2-6 above.

Furthermore, the other purpose of incorporabrgys was also to investigate whether it would
have any effect on the enhancement of stereoselectivity. After the successful synthesis of
TP_ADLYys, the peptide was cleaved from the resin using a TFA co¢8tib TFA, 2.5%

EDT, 2.5%, HO, 1.0% TIS) followed by precipitation with cold diethyl ether. It was dissolved

in 60/40 (water, acetonitrile) for analysis by IMS.
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2.5.2.1 Purification of TP_ADLYys

A slight modification of the method described in sectiogh 21 was made. We employed a
gradient elution method consisting of water and acetonitrile, buffered with 0.1% formic acid
as the mobile phase. Acetonitrile ratio was allowed to increase from 5% to 50% in 10 minutes
and held constant at 50% for a furtl2€® minutes fhethod 21). It was observed that there

were 4 peaks with the same mass of interest, again suggesting the formation conformers.

After the successful purification of TP_ADLYys, the four collected peaks avexigzed i LC-

MS and they eluted at fferent retention timeof 6.50, 6.62, 6.65 and 6.53 minutes
respectively. The calculated or expectddRMS (ESI) m/z mass was 1620.71
Ce6H104N22023S, and found the mass wa8207377[M+H]*. The average percentage purity
of analyte peaks as determined usingM6 was 89.25%. After purification, the solvents were
removed using the rotagvaporator resulting in the mass of 498 mg and a yield of 62.40%

2.5.3 Synthesis of TP_ADA

The peptide seqnee is the same as that the peptides mentioned in Sections 2.6.1.1 and 2.6.2.1,
except that all amino acids apeamino acids rfethod 3. This peptide was designed to
investigate the influence ofamino acids on the structural conformation and catalsis.to

their conformation preferences, they can be incorporated into peptide sequence to restrict the
range of local conformations of the peptide thus nucleating folding and secondary structure
formation Figure 2-7).26°253|t was initially hypothesized that an @tamino acid peptide
sequence will restrict or influence favourable conformations and perhaps improve catalytic

efficiency 2652

b (] | L} | ] |
i/ w‘vw&r#r\ﬁ
v | ] AR

B-sheet B-hairpin

4

7.
VA

Figure 2 7. Common peptide secondary structure conformatfons
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The peptide was synthesized automatically following the same strategy mentioned in Section
2.5.1, using double coupling for all AAs in the sequence while monitoring every coupling step
using the LGMS. The full peptide was cleaved off the resin and diggbla MeCN/HO and
analyzed using the L™S.

2.5.3.1 Purification of TP_ADA

In an attempt to purify TP_ADA, several modifications were introduced to the purification
methods above. However, none yielded a good sepam@itithre analyte as there were still
some impurities c@luting with the desired peptide when monitored byMS. Even after the
mobile phase system was varied, by replacing acetonitrile with methanol (MeOH) and also
changing the prepiPLC column, the purity was still low. The gradient elntinethod5-50%
acetonitrile in 20 minutes at a flow rate of 15 minfmlethod 31) gave somewhat better
separation, and was then applied for the purification. Four peaks with the same mass
(conformers) were obtained, it was further observed that mosiatyfta peaks celuted with

some impurities thereby compromising the percentage purity of the peptide, as shown in
(Figure 2-8).
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Figure 2 8 : LC-MS spectrum for % purification of peak 1 for TP_ADA peptide
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The challenges experienced during the purification were caused by the altered conformation of
the peptidep-amino acid peptide?®® Thus, the peptide was subjected tepreification to
eliminate impurities. The same pref’LC method hethod 3-1) was applied for the second
purification and 4 analyte peaks were collected again. Upon ptioficahe peptide was
analyzed usindg.C-MS and individual peaks had retention times of 5.22, 5.21,5.23 and 7.5
minutes for peak 1, 2, 3 and 4 respectively, whilst the average percentage purity was calculated
to be 56.3%. However, after the second puriftcathe purity did not significantly improve

but the yield decreased. Due to low yields, we did not attempt%parfication. The peptide

was lyophilized following the removal of organic solvents using a rotary evaporator, resulting

in a mass of 69.7 gnand a yield of 9.2%

2.5.4 Importance of peptides cyclization

The structural stability of an artificial enzyme plays an essential role in determining the
catalytic efficiency of artificial enzyme. It is reportdtht poor conformationatability of

peptides may result in poor cooperativity between catalytic centers and suBStrates.
Cyclization is normally applied in order to synthesize more rigid peptide structures, with
enhanced conformational stability. Peptide cyclization provides stability by decreasing the
entropy and facildting a favourable local interaction. Peptides can be cyclized in four different
ways, depending on the functional group: heathil (C-terminus to Nterminus), heado-

side chain, side chaito tail, or side chaito side chainKigure 2-9).561

H,N CO,H

. ) R2 :
Side chain-to-side chain @ C @

Head-to-side chain Head-to-tail

Figure 2 9: Different ways of peptide cyclizatiof.
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There are several cyclization techniques which can be employed to stabilize peptides®hamely:
amide condensatioifamide bond formation or lactam bond)n resin cyclization thiol
oxidation(disulfide bridges) andolution phase cyclizationn this study, cyclization through

thiol oxidation or disulfide bridges will be utilized because the other aboeationed
techniques involve numerous steps, that are timswuimg and therefore costly. A disulfide
bridge is formed between two thiol groups (SH) from the side chain of cysteine or cysteine

analogues.

2.5.5 Cyclization of Aspartic containing peptides

The synthesis of peptides; TRspC, TP_ADLysC and TP_ADAC waserformed using the

same synthetic approach adopted aboven@thods 1to 3 respectively. Upon successful
synthesis of the peptides, as confirmed byME6, the resin bound peptides were cyclized
using iodine for 3 hours. It was observed that the cyadtinattas not efficient as there were

still some fragments of the uncyclized peptide. After several attempts, it was observed that
increasing the cyclization time and reducing the iodine concentration improved cyclization

efficiency of the peptide.

2.5.5.1 Puification of cyclized Aspartic containing peptide catalyst

Upon successful cyclization of the peptides, they were cleaved from the resin and dissolved in
60/40 (HO/MeCN) and injected onto a-T8 prepHPLC column for separation. The
separation method wasodified since the cyclic nature of the peptides altered their interaction
with the mobile phase causing a change in the elution time and separation when compared to
the linear peptides. The purification of the cyclized peptide was performed using engradi
elution adopted iimethod 1-1. The peptides celuted with some impurities, thus a second
purification was done eluting with-80% MeCN in15 minutes at a flow rate of 15 min/ml
(method 41). The mass spectra of the collected analyte peaks showedebenge of
insignificant impurities, although peptides yields were lower after the second purification. A
summary of the spectral data of all the TP_Asp cyclized peptides after successful purification

are tabulated imable 2-2 below.

The cyclization did at reduce the number of isolated conformations and this could possibly
mean that the conformations are formed during the synthesis and not in solution after the

cleavage.
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Table 2 2: Detailed summary of the cyclized peptide oattd containing aspartic acid

Cyclized Sequence Calculated Half mass | R¢/min Av.
peptides Mass found yield/
%
[M+2H] %
P1=5.22
TP_AspC | CRYKDGASGKDYRC | CeeH10MN2202S; | 810. 8829
_ 10.1
P2=7.79
1618.70 P3=7 66
P4=7.80
TP_ADLysC CRYKDGASGKDYRC | CegH102N22023S, 809. 8806 P1=5.25
1618.70 P2=5.42
p3=5.28 | 168
P4=6.69
P1=5.38
TP_ADAC | CRYKDGASGKDYRC CosH10N22023% | g9 9170 p2=779| 65
1618.70 P3=7 66
P4=7.80
P=Peak

2.5.6 Synthesis of TP_Glu

The aim behind the design of TP_GIlu wasnwestigate the nucleophilic effect of glutamic

acid on the catalysid-{gure 2-10). Both glutamic and aspartic acid have similar properties
(hydrophilic character), except that glutamic acid has a higher molecular weight due to an extra
methylene {CH,) on its side chain groufs:*®Studies have shown that even though Glu and
Asp perform nucleophilitunctions, glutamic acid is more likely to act as a general base/acid

than aspartic acitf. We therefore envisaged that utilizing the better activating glutamic acid

would facilitate an efficient proton abstraction cargxl to aspartic acid.
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Figure 2 10: Amino acid sequence for peptide catalyst TP_Glu

TP_Glu peptide was first synthesized using the method outlined in Section 2.&wéveto

whilst monitoring the reaction by L-®1S, it was observed that the"l@mino acid did not
completely couple even after it was double coupled. This was attributed to the bulkiness of the
glutamic acid side chain protecting group which can cause siadrance. Glutamic acid was

then coupled for the"8time (triple coupling) ihethod 4), before the rest of the amino acid
residues were added. The completion of the synthesis was confirmedM$ la@d the peptide

was dissolved in 60/40 g@/MeCN).

2.5.6.1 Purification of TP_Glu

Modifications were made tmethod 1-1 and method 2-2; and a gradient elution method
utilizing 3-60% acetonitrile rhethod 51) in 20 minutes at a flow rate of 15 min/ml was
selected for the separation of the analyte. Simdawhat was observed with TP_Asp, 4
conformers were collected. The analyte peaks were characterized-lAsL&hd the peptide

co-eluted with impurities,Kigure 2-11).
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Figure 2 11: LC-MS spectrum for the®ipurification of TP Glu peak 1

The collected analyte peaks were combined anpuriied using method 51 and an

improvement in the purity was observédi( g u r ¢, althdugh there was a decrease in yield.

The overall purity was 70.0% while the purity calculated for indigidoeaks was 87.3, 74.5,

69.2 and 63.4% for peak 1, 2, 3 and 4 respectively. The calculated mass for TP_Glu
CesH108N22023S, was 1646.74 Daltons and the half mass found was [M#2834.2697. The

solvents were removed using a rotary evaporator and the peptide (198.4 mg) was resuspended

in cold diethyl ether, resulting in a final percentage yield of 32.4%. The retention times of

analyzed peaks were within the range & minutes, Figure 2-12).
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Figure 2 12
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2.5.7 Synthesis of TP_GDLys

In the design of TP_GDLys, the same amino acid sequence used in the synthesis of TP_Glu
was employed except thatlysine in the & and 10" positions were replaced with-lysine

(Figure 2-13). The motivation for the incorporation bflysine follows the similar reasoning
outlined in Section 2.5.2; hence we therefore envisaged that incorpavaisme onto the
sequence, will have an enhancement effect on the catalytic efficiency. The full peptide mass
was confirmed by LEMS following peptide cleavage from resin the using the method

described in Section 7.3.4

@@@
o
“oecen~

Cat Glu 2

Figure 2 13: Amino acid sequence for peptide catalyst TP_Glu, with D Lys highlighted in red

2.5.7.1 Purification of TP_GDLys

The purification of TP_GDLys was performed by pi¢PLC following the separation method
discussed in Section 2.5.6:The solvents were removed after purification using the rotary
evaporator resulting in a mass of 151.3 mg and yield of 28.Q%n completion of the first
purification, it was noticed that there were quite a few impurities whiebluwted with the

analyte of interestHigure 2-14), hence further purification was required.
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Figure 2 14: LC-MS spectrum for TP_GDLys peak 2 aftérgdurification

The second purification was performed employmgthod 41 and, upon completion of
purification, the solvent was dried off and analyte peak$yaedby LC-MS as shown in
(Figure 2-15). The average percentage purity of all collected peaks was found to be 84.83%,
while the percentage purity calculated for thevidlial peaks was 76.8, 86.6, 89.6 and 86. 2%
for 1, 2, 3 and 4 respectivelyhe calculated molecular mass for TP_GDLysHzZoaN22023S,

was 1646.74 Daltons and the half mass found [M£2i#hs 824.1098. The final percentage
yield was 32.4%, which was obt&d after the peptide (198.4 mg) was resuspended in cold
diethyl ether.
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Figure 2 15: LC-MS spectrum for TP_GDLys peak 2 aftéf furification

2.5.8 Synthesis and purification of TP_GDA

This peptide was designed using gzeme amino acid sequence outlined in Section 2.5.6 but

with all D-amino acids. The purpose of this design was to investigate the rolesrafrio

acids in the enhancement of catalytic efficiency. A similar synthetic strategiy¢d 3 was

adopted for theynthesis of the peptide, and upon completion the peptide was cleaved from the
resin and purified using the préfPLC employingmethod 41. The purification was
performed twice, and the calculated molecular massCagh$i0eN22023S 1648.74 m/z, whilst

the half mass found was [M+2H]824.7649 m/z. The overall purity was determined by LC

MS and found to be 69.8%. The retention times of analyzed peaks were within the-Bange 7

minutes Figure 2-16).
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Figure 2 16: LC-MS spectrum for TP_GDA peak 3 afte¥ purification
2.5.9 Cyclization and purification of Glutamic containing peptides

During the SPPS synthesis of linear peptides, the cysteine thiol groups are protected by groups
which can be orthogonally cleaved prior to cyclization. These protecting groups such as Trt (S
triphenylmethyl) and Acm (& cetamidomethyl) can easily be removed with molecular iodine.

For the cyclization of TP_ Glu, TP_GDLys and TP_GDA, the peptides wersymgtesized

on the Rink (MBHA) following the synthetic strategy outlined in Section 2.5.7. The resin bond
peptides were cyclized using the iodine cyclization method explained in detail in Section 7.3.5.
Some difficulties were encountered due incompletdization as confirmed by LS. This

could be attributed to a high degree of secondary structural conformations, causing different
folding patterns within the peptide. Previous studies have demonstrated that difficulties are
often encountered in cyclizingeptide rich in Arg(s) and Lys(s), due to steric hindrance and
bulkiness of these moleculé&Table 2-2, details the summarized LES data of the cyclized

peptides.
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Table 2 3: Detailed summary of the cyclized peptide catalysts containing glutamic acid

Cyclised Sequence Calculated | Half mass| R¢min Av.
_ Molecular found Yield
peptide Mass %
[M+2H]?
TP_GIuC =

CRYKEGASGKEYRC | CegH10eN22023S, | 823.8775 P1=5.42 7

1646.7300 P2=5.58

P3=5.55

P4=5.61
TP_GDLysC | CRYKEGASGKEYRC CegH10aN22023S, | 823.8789 P1=4.62 10.2

1646.7300 P2=4.64

P3=4.72

P4=4.76

TP_GDAC P1=5.29
CRYKEGASGKEYRC | CegH106N22023S, | 824.7964 e 5.7

P2 =542

1646.7300 P3=5.53

P4=5.72

P=peak

2.6 Peptides scale up

In an attempt to improve the synthesis andnisure complete aminoacylations and increased
yield of the peptide catalyst, the peptides were synthesized manually. Peptide synthesis using
an automated peptide synthesizer has certain advantages such as continuous coupling without
stopping, and it alsallaws for multiple and parallel syntheses. Nonetheless, the synthesis of
peptides using an automatic synthesizer has certain disadvantages. These include; mechanical
errors which are often associated with skipping amino acids and stopping synthesis in the
middle of a reaction, inability to fully dissolve all the reagents (AAs, coupling reagents) and
insufficient dispensing of the reaction mixture to the reaction vessel resulting in low coupling
efficiency thus compromising the yield of the peptide. The lehgeés mentioned were
encountered during the synthesis of the peptides using the automatic peptide synthesizer, and

therefore peptides were further synthesized manually.
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2.7 Concluding remarks

In summary we were able to successfully design a suitableetimtoute for the synthesis of
peptide catalysts using both automatic and manual SPPS strategy. The peptides synthesized
comprised of both the natural and unnatural AAs. Some of the linear peptide chains were also
cyclized to restrict the freedom of rtitsn. Peptide sequences with unnatural amino acids (
amino acids) and the cyclized peptides were difficult to synthesize and purify due to the
secondary structure formation and were obtained in low yields. Peptide folding during chain
elongation also créed a peptide structure that sterically hinders the coupling of the incoming

amino acid.

The formation of conformational isomers was confirmed byME& 4 as peaks having the same
molecular weight were obtained during purification. All the peptides syimttem sufficient

yields were screened for aldol reaction catalytic activity. Further studies such as; the catalytic
activity, selectivity and structural analysis studies, were done with peptides with good yields
(TP_Asp and TP_ADLys). The next two chaptéChapter 3 and 4) will focus on these
peptides.
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Chapter 3

Structural Elucidation of peptides

3.1 Introduction

The development of an organocatalyst requires an understanding afither&ional structure

and mechanism of the catalyst. The thd@eensional structure of peptides is usually
characterized usinggveral experimental techniques such nuclear magnetic resolution (NMR),
X-ray crystallography, Fourier transform infrared {IR) spectroscopy and circular dichroism
(CD). Even though techniques like-rdy crystallography provide absolute elucidation of
peptides and proteins, they can be laborious. This is because they requigridligh single
crystals for analysis, which are not easy to attain for peptittesaddtion, x-ray studies
usually do not address the issue of conformational flexibility and dynamieciomeersion of

peptide and protein structurés.

In this section we describe, the structuaablysis of the peptides using NMR and circular
Dichroism (CD) in order to determine the conformations of the synthesized peptides. As
already mentioned in Chapter 2, TP_Asp and TP_ADLys will be selected for the structural

elucidation in this chapter.

3.11 NMR Studies

The peptide secondary structure is stabilized by-rated intramolecular hydrogen bonds

which lead to structural motifs such ash e | i esehse,e t BturnsnSwlutidn NMR
spectroscopyf peptides has been proven to be a powerful tool in providing information
regarding a pepti de d samsld protor dignat ragion is essemtial foma t i ©
the understanding of the peptide organizatibBue to the large numbef hydrogen atoms in

peptides, one dimension#i NMR is mutually crowded with overlapping lines. Therefore,

two dimensional (2D) and threimensional (3D) NMR experiments are uSadlith the use

of chemical shifts alone, one can provide a generalised 3D structural picture of the peptide. The
conformation studies of peptide NMR depends mostly on the nuclear Overhauser effects
(NOE) and coupling constad® The NOE &periments show cross peaks interactions involved

by measuring interproton interaction within a distance of 5 A or less, whereas coupling
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constants provides information about torsion anthteNOE is expressed by a relationship
betweenwt c, wherew is the spectrometer frequency ards rotational correlation time of the
molecule. When the molecular weight of thelewole increases; the rotational correlatity) (

also increases and this further result in a decrease in NOE enhancement. This is generally a
concern for peptide molecules with a molecular mass aroQ@@tb 1200 Da which falls
within the regionwt: °1.2 There is little or no NOE enhancement around that region, and
ROESY( rotationaframe Overhauser effect spectroscopy) is often used to overcome this
challenge’® Correlation spectroscopy (COSY) and total correlation spectroscopy (TOCSY)
are alsoimportant NMR experiments. Their mechanism involves scalar couplings whose
magniudes depend otihe number of the intervening protons (generally 3 or smaller) in the
dihedral angle about the central borfd?

3.1.2 Circular Dichroism studies

Circular dichroism (CD) is another important technique useeéterohine the conformation of
peptides in solution. CD spectroscopy is normally employed in the analysis of optically active
chiral molecules and is based on the excitation of electronic transmissions of proteins, nucleic
acids and peptides chiral groups. this technique, a sample is irradiated with circularly
polarized light and the difference in absorbance of the -rightl lefthanded circularly
polarized components is measutéd® The difference in secondary structural components of
peptides and proteins, such as; the alpha helix, beta sheets, and beta turgzaeianaé far
bandUV region of 260190 nm. Around this band, CD measures the ellipticity of peptide with
polarized lighttt141° Optically adive compounds, chiral entities and amide bonds in a
polypeptide backbone, absorb at different extents depending on the two dihedrak aamgles

y 1118 The amides of the polypeptide backbone have different absorptions depending on the
hydrogen bonding or nehydrogen bonded state of the amiée8D experiments are generally
performed in solution of high dilution of approximately (<1 mM) to avoid peptide aggregation.
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3.2. Results and discussion

3.2.1 Conformational studies of peptides using circular dichroism

The method used for CD experiments is explained in detail in section 7.2 The CD results for
both TP_Asp and TP_ADLys peptides in buffered solution are repgessemFigure 3-1

below. The pH and the net charge of the peptide affect the electrostatic interactions and
therefore influence the degree of ionization and function of the pépfil&urthermore,
buffered solutions are normally employed because they are known to have a strong influence
on the peptide stability and structdfe®?> Water was also chosen as a solvent because the
peptide is assumed to adopt an extermedormation due to extensive solvatfgrt? On this

basis, the CD experiments were performed in both an#@0phosphate buffer and water in
order to compare the difference in structural conformatibthe peptides. It is reported

Il i t er at ur e -sheétatructuee, upually showd @ mifimum absorption around 215 nm
and a relatively strong maximum absorption at 195 arnielical structures exhibit two
pronounced minima bands at 208 and 222 nm and a maximum at 198 nnasithereandom

coil has a minimum at 198 and a small positive band at 21%fiAs seen in th&igure 3-1

below, the CD spectrum fdPP_ADLys shows an absorption mima around 202 and 194 nm,
and a maximum band at 198 nm, whi c-Bhees ugges

conformation.
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Figure 3 1. Circular dichroism studies foFP_ADLys and TP_Asp peptides in 200 mM

phosphate buffer solutioB®) and percentage of peptide structure

The CD data was further anagd using the online program to estimate peptide secondary

structure formation, available http://perry.freeshell.org/raussens.htifhe results revealed

that the most dominant percentage of the peptide structuf@fgkDLys was 41.7% random,
followed by 36.1 % beta sheet conformation and 12.7 and 7.7% turn and helix conformation
respectively. Random coil formation correspond$4p* and np transitions bands and is

referred to as the lack of ordered secondary struttdfe.

A similar trend was observed for tid>_Asp spectrum, which resembles a random coil with
the negative absorption maxima at 198 nm. In addition, the secondary structure estimate shows
that the highest percentages of the structure were 39.4% random, 23.9% helithaalthost

equal amount of turn and beta structures.

The CD experiments were repeated in unbuffered water to investigate the difference in

structural conformation of the peptidésgure 3-2).
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Figure 3 2: Circular dichroism spectra 0FP_ADLys andTP_Asp peptides in wateM{/) and

their secondary structure analysis

The obtained results in water f6P_ADLys, depict a random colil structures going to a helix
conformation. Furthermore, the obtained data exhilstively strong absorption maxima
around 194 and 2sbetts andn-hebxwcgnfprenation respectibely with a
minimum peak at 208 nm. The CD spectroscopy resultsSTRrAsp in water displaya
minimum absorption with two negative peaks around 204 and 197 nm, which is a characteristic
of ana-helix structure. Analysis indicates that the majority of the structural elementawere
helix (63.32%), with nearly equal percentages of random (15.889d) beta structures
(12.09%).

Solvation of the peptide backbone is proposed to be an important factor in determining the
thermodynamic helical propensities and the thermodynamic stability of the sohant
contact?’ Reported modelling and computation studies have demonstrated that CD
experiments ofpolypeptide in that water allow favourable folding conditions that enable

interior chain interactions thus maximizing chain packitig:?"?® Furthermore, it is also
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suggested that helices are preferred in water, since hydrogen bonding promotes favourable
chainsolvent interaction*?¢Notably, when the CD mearements are performed in water

helical structures seem to dominate for bbkh Asp andTP_ADLYys peptides. These results
further demonstrate that the ability of the peptides to assume secondary structure with mixtures
of conformations isnfluenced by the solvent. From this study, it can be concluded that the CD
measurements reveals that TP_Asp possesses arhalpheonformation followed by random

coil; whereas with TP_ADLYs, adopts a beta sheet that deviates to a random coil phisern. T

is an indication that indeed replacindy$ine with unnatural dysine, altered the peptide

conformation.

As already shown earlier in Chapter 2, during purification the peptides were isolated as
conformational isomers. The obtained CD results proeeettistence of possible different
conformations of the TP_Asp and TP_ADLys peptides in solution.

3.2.2 Characterization of peptidedy NMR

To determine the optimal conditions for the NMR experiments for better resolution and
dispersion of peaks; the expeents were recorded at different temperatures and mixing times

for TOCSY, NOESY and ROESY. The detailed conditions used for the aforementioned
experiments are specified in Section 7.1. The varied mixing times recorded for the NOESY
were 150, 200 and 250 mand 100, 150, 200, 250 and 300 ms for the ROESY experiments.

The mixing time duration usually determines the visibility and spectral quality. At short mixing

times, the magnetisation and spin diffusion have less time to travel down the side. This result

i n mo r e -protans peaks than theprotons along the amide shift, which will further be

mor e pr on o unRpoo®E Lohgeranixing timearethus necessamyrder to be able

to obtain a better dispersion of protons at high shifts sudlaasd 9 pr o tnwmneisis Fur t |

reported that peak areas increase with increase in mixing-tie.

There was poor or no dispersion of chemical shifts in the NOESY spectrum in both varied
conditions (temperature and mixing time). Both peptides studied have a molecular mass of
1600 g/mol, which falls in the regiomt: ©1.2. As indicated irBection 3.1.1, there is little or

no NOEenhancement for molecules around this region. Consequently, NOESY experiments
were not successful. The NOE assignments will therefore be based on the ROESY spectra
recorded with 200 mat 300K.
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3.2.2.1 NMR temperatire variations experiments

The amide protons are known to readily exchange with the deuterium of the solvent to form
intermolecular hydrogen bonds with solvent molecules. In such instances the energy of the
hydrogen bond involved is low; and therefore, Bieermal energy provided through sample
heating is sufficient enough to the break them. On the hand, the intramolecular hydrogen bonds
formed by shielded protons are relatively higher and thus higher temperature is required to
break then$:3¥ 33 This is the principle behind temperature variance in NMR studies. The amide
protons involved in an intermolecular bonding of the shielded has a temperature coefficient
value of (<3 ppb/K), whereas intramolecular hydrogen bond has a wvéla® ppb/K.
Temperature variations experiments in NMR usually provide insight into the phenomena of
underlying chemical shifts dispersion. Moreover, variations in temperature influence the
resolution of peaks that atensiderablyverlapping, that is, they may providdtee resolution

upon variance; and may also facilitate the conformation equilibrium of peptides which relies

on the energy involve®!

20K

]
Csok | MR

308K

T T T T T T T T T T T
.0 105 100 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0

T T T T T T T T T T T
55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

Figure 3 3: 1D *H NMR spectra of TP_ADLys peptide effect of temperature variations

To investigate the influence of temperature variations on the spectral quality (line width) and

cross peaksesolution; the experiments were performed at 293K to 3@s¢ure 3-3). The

76



broadening of the resonance peaks at low temperature (293K) could not be effectively induced
as some peaks were not observed or properly resolved around the amide region. This is
indicative of the exchange between the two species, forming intermolecular hydrogen bonds
with the solvent. The amide protons became more pronounce as the temperature was increased
to 300K. The temperature could not be further adjusted beyond 308K, bmapédctral
dispersion of peaks become less pronounced beyond this temperature, especially for the
TOCSY and ROESY spectrum (spectra showAppendix Il , Figure S.3-20 and S.322). It

is reported that at higher temperature there may be disruptiondtuséror loss of secondary
structure of peptides due thermal instability of 3D structure. In addition, when the experiments
were performed at 308K, there was poor resolution of aliphatic protons as shown in figure.
This study indicates the magnetic enviment changes with variation in temperatures, thus
influencing the spectral dispersion. At 300K, the structure of many multiplets in the spectrum
appear to be relatively resolved and was thus this temperature was chosen for all the analysis

of peptide struires in this study.

3.2.2.2 NMR structureelucidation of the TP_Asp peptide

As already stated in Chapter 2, both peptides (TP_Asp and TP_ADLys) consist of 14 amino
acids, except that-lysine was replaced witb-lysine in peptide TP_ADLys. The TP_Asp
peptde (using a threéetter code) follows the sequence; G\g-Tyr- Lys-Asp-Gly-SerAla-
Gly-Lys-Asp-Tyr-Arg-Cys; andrigure 3-4 below depicts the structure.

HO
OH
Lys4 Asp5 o o Ser7 y 0o H
N N
N H
H H 5 HN

H Alag Lys10
o NH (o) a ys

H,N

NH,

HO
H,N o ) HN o
H,N
NH - 72 Cys14 0 N
N\‘H\/SHHS HN Asp11
Cys1
° i y HN 0 o“ >oH
o]
NH
Arg2 (\: HNQC/NH OH
HNZ “NH, | Argl3
NH,

Figure 3 4. Structuralrepresentation of TP_Asp.
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3.2.2.3 Spin system assignment of amino acid residues for TP_Asp

The individual spin systems were assigned based on the COSY and TOCSY spectra. This
technique was developed byiithrich et al* and relies on the differences in the amino acid
side chains (fingerprint region) that results in differgmctra patterns. Each specific residue
possesses a unique pattern conneam@mide to its backboneé @roton and the remaining
sidechain protons. ldentification of each side chains spin system helps in identifying the
specific amino acid residue preséht® The TOCSY spectrum of TP_Asp showing the
fingerprint region of amide protor2 (7.58.67 ppm) and alphaliphatic regioafl (1.0-4.60

ppm) is shown irFigure 3-5..

1 (ppm)

{8.76,4.38
j—

{845,4.50,

dl_: §8.3(,? 3

T T
8.85 8.80 8.75 8.70 8.65 8.60 8.55 8.50 8.45 8.40 8.35 8.30 8.25 8.20 8.15 8.10 8.05 8.00 7.95 7.90 7.85 7.80 7.75 7.70 7.65 7.60 7.55 7.50
f2 (ppm)

Figure 3 5: The partiatHN-Ha fingerprint region of 2D the TOCSY spectrum TP_Asp of the
peptide, showing individual spin system patterns @pkctrum igprovidedin Appendix Il ,
Figure S.3-6)

The |l ong spin system residues sdpotonsasheirAr g an
side chains, were unambiguously identified from TOCSY spectra. More@leresidues,
which have only twa-protons whose chemical shift appears arounét3pm werealsonot

difficult to identify. In contrast, residues corresponding to an AMX spin system (for examples
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Tyr, Cys, Asp, Ser) were quite difficult to assign using either COSY or TOCSY spectra. This
is due to the fact that the backbone of these antitbrasidues contains omeprotons and

t w oprobons with similar spin patterns

Furthermore, some residues could be not unambiguously located on the TOCSY spectrum due
to severe overlaps and some missing cross peaks in the fingerprint region. Thiattéouived

to low intensity due to the small N&iCH coupling constant or large line widtht is suggested

in literature that overlapping components in the TOCSY spectrum may result in cancellation
of sane cross peak intensitié8 Excessive overlaps of most cross peaks were also caused by
the repeating residues in the peptide sequence and this also limited the assignment of most spin
systems from the COSY spectrum. Consequently, since TOCSY is more sensitive than the
COSY and offes a better resolutiohit was chosen for the spin system analy$able 3-1

gives a summary of all identified chemical shifts for the amino acid residues. On the basis of
the difficulties mentioned abovewas not possible to fully complete the exact assignment of
some individual AMX spin systems using the TOCSY spectrum. Therefore, the fingerprint
backbone region of the ROESY spectrum was used to identify neighbouring amino acids. The
2D H-13C HSQC (Hetmonuclear single quantum coherence) spectrum (aliphatic region) was

also used to assigna®f the corresponding spin systems.

Table 3 1: NMR chemical shifts (ppmdf identified spin assignment for TP_Asp using
TOCSY spectrum

Reddue | H-NH Ha Ca Hb Ho Hd He
1 8.75 4.38 55.04 1.51,1.66

8.45 4.5 52.12 2.64,2.36 8.45

3 8.36 4.55 4995 2.69, 2.39

4 8.18 4.48 52.31 2.80,2.70 1.23

5 8.15 4.22 5284 3.23,3.10 1.71 1.52 1.07

6 8.10 4.15 52.89 1.51

7

8

9

8.08 3.74 42.4
8.07 4.4 55.02 3.61
7.91 3.58 62.16

10 7.95 424 5288 151,125

11 7.89 433 55.07 2.85,2.74

12 7.77 437 53.01 346,273 1.49 1.27 1.05
13 7.75 4.37 55.03 2.88

14 7.68 424 4572 3.08 1.71
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3.2.2.4 Sequential spin specific assignment

The NMR sequential walk technique used to assign peptide residues is normally performed
using a NOESY/ROESY spectrum, since each residue will have a unique pattern showing a
connection of its amide proton ts backbone €proton and its side chain protdh¥. To
complete the sequenti al resi due MN§)slHagnment
fingerprint backbone region of the 2Bl ROESY spectrum was performed to confirm the
primary structure of the peptides. However, due to some difficulties already mentioned above
such as severe overlaps and missing peaks, this technique could not be successfully utilized to
perform a complete seential spin assignment of the peptide. A 3D ROESY NMR
spectrum for TP_Asp peptide showing the amide backbone of the fingerprint region, is attached
in Appendix Il, Figure S.3-16. The next strategy was to utilise the NOEs (nuclear Overhauser
effect) ofthe observed neighbouring amino acid residues, (for exaftplelH.; and'H;2 -

HN,,1) in the'H-ROESY spectrum.

As already discussed in Section 3.2.2.3, amino acids with long side chains such as Lys and Arg
could be unambiguously identified from TOCSY spectrum on the basis of their spin systems
h a v i n gdprotona. Hawever, at this point their exact positionthepeptide chain were

not assigned; but were only identified and used as a starting reference point for sequential
analysis. Similar basis was used for the identification of the two Gly residues. A preview of the

identified spin systems used for the iaithssignments are shownTiable 3-2.
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Table 3 22 NMR chemical shifts (ppmpf identified spin systems used fdine initial

assignment

Residue| H-NH  !Ha Ca Hb Hy  1Hd He Kr;g\évn
1

013 | 818 448 5231 280,270 1.23 Arg
3

4/ 8.15 4.22 52.84 3.23,3.10 1.71 1.52 1.07 Lys
5

6/9 7.91 3.58 62.16 Gly
7

8

9/6 8.08 3.74 42.4 Gly
10/4 | 7.77 437 5301 346,273 149 127 105 Lys
11

12

13/2 768 424 4572 3.08 1.71 Arg
14

The assigment procedure was further continued using neighbouring NOEs connecivities in the
ROESY spectrum. As a starting point; the NH resonance at 7.91 ppm was asstapexsent

Gly6. A ROESY correlation between the peak 7.91 ppm and the alpha proton 4.33 ppm suggest
a daN(i,i+1) connectivity between these crosspeaks and the alpha proton was attributed to the
aspartic acid (Asp) residue located at position 5, whidh ¢dose proximity to the Gly amide
proton. On that basis, another sequential connectivity between 7. 89KiA§pBsonance peak

and 4.55 ppm (7.89;4.55) was also observed, and 4.55 ppm was assgined to the alpha proton
of tyrosine (Tyr3), adN(i,i+2) relationship. Identification of Arg2 was based on the sequential
connectivity, @N(i,i+1), between 8.36 ppm (Tys#dN) and 4.24 ppm, which is the alpha
proton of Arg with the HN resonance peak at 7.68 ppm. A correlatadny id+1), between

Ar g 2-3.081dndr.75 ppm was observed in the ROESY spectrum and the resonance, 7.75
ppm was therefore assigned as the amide proton of Cysl. Aspll was assigned using a
correlation between (Aspll1HR95; Gly9Ha-3.74) crosgpeaks, a adN(i,i-2) connectivity.

The resonance &t74 ppm, is identified to belong to one of the Gly amino acids, Gly9, since
Gly6 has already been assigned. Another sequential correlation between the NH resonance of
Lys (HN-7.77) with 4.55 ppm, (7.77; 4.50 ppmaN(i,i+2) was observed and the alphratoen
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4.50 ppm was assigned to Tyr12. The summary of the identified sequential correlation observed

are shown below imable 3-3.

Table 3 3: NMR chemical shifts (ppm) observed through NOEs iniadue connectivity.

Residue| H-NH 'Ha Ca Hb 'Ho 'Hd 'He | ROESY | Assigned
1 7.75 437 55.03 2.88 (3.08;7.75)| Cysl
2 7.68 424 4572 3.08 1.71 Arg2
3 8.36 455 4995 2.69,2.39 (8.36;4.25)| Tyr3
4 8.15 422 5284 3.23,3.10 1.71 152 1.07
5 7.89 433 55.07 2.85,2.74 (7.89;4.55)| Asp5
6 791 3.58 62.16 (7.93:4.33)| Gly6
7
8
9 8.08 374 424
10 7.77 437 53.01 3.46,2.73 149 127 1.05
11 795 424 5288 151,1.25 (7.95;3.74)| Aspll
12 845 45 5212 2.64,2.36 (7.77;,4.50)| Tyrl2
13 8.18 448 5231 280,270 1.23
14

As previously mentioned in Section 2.6.1.1, the residues Gly, Ala and Ser, forms part of the
turn motif in our peptide. The unique backbone of the alanine spin pattern can be identified
unambiguously from the TOCSY spectrum, since it has one shielgeaion. And in addition,

since there is only one alanine residue in the peptide sequence, this would mean it occupies
position 7 with an alpha proton of 4.15 ppm. Identification of serine residue is also based on
the fact that it has a distinct spin pattemonf other AMX spin systems, with two deshielded
b-protons resonance. The remaining amino acid with an alpha proton at 4.38 ppm was assigned
based on its correlation with amide proton of Arg, Argdl8; (8.18; 4.38), a aN(i,i+1)
correlation. This was attrilted to the alpha proton of Cysl4 (4.38 ppm). The complete

sequential assignment of the amino residues is summariZedbia 3-4.
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Table 3 4: NMR chemical shifts (ppm)f individual spin assignmeifbor TP_Asp

Residue| H-NH 'Ha Ca Hb 'Ho 'Hd 'He | ROESY
Cysl | 775 436 5503 2.88 (3.08;7.75)
Arg2 | 768 424 4572 3.08 1.71
Tyr3 | 836 455 49.95  2.69,2.39 (8.36:4.25)
Lys4 8.15 4.22 52.84 3.23,3.10 1.71 1.52 1.07
Asps | 789 433 5507 285,274 (7.89;4.55)
Glys | 791 3.58 62.16 (7.93;4.33)

Ser7 | 807 44 5502 3.61

Alas 8.1 4.15 52.89 1.51

Glyo | 808 374 424

lysio | 7.77 437 5301 346,273 149 127 105

Aspll | 7.95 4.24 5288 151,125 (7.95;3.74)
Tyr12 | 845 45 5212  2.64,2.36 (7.77;4.50)
Argl3 | 818 448 5231 280,270 123 (8.18; 4.38)

Cys14 | 875 438 5504 1.51,1.66

3.2.2.5Determination of the secondary structural elementsof TP_Asp

The secondary structure or backbone interactions that stabilize the peptide, can be characterized
by the presence of loaginge Hi-Ha or NH-Ha interactions:¢ Of particular interest, a long

range correlation NOEs between the amide proton of Ala8, Ala&gHN ppm) and

Ar g 1 31(23).6This observation suggests that the structure is not linear but adopt a certain
conformation. It is worthy to mention, howevdrat due difficulties mentioned above, such as
severe overlaps and missing crpesks, as well as finding virtually identical chemical shifts

on the ROESY spectrum, this suggested structural conformation is not a conclusive structural
elucidation. For exaple, the Ha-shift values of Arg2(ld-4.24) and Aspll(B-4.24) or
Lys4(Ha-4.22) are quite close, and differentiating a correlation between these spins systems

can thus be difficultFigure 3-6 below represents the possible leragge correlation observed.
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Figure 3 6: TP_Asp peptide structure with arrows indicating long correlation using ROESY

3.2.26 NMR structure elucidation and spin systems assignment for TP_ADLys

The structural elucidation for TP_ADLYys was performed using the same approach mentioned
in Sections 3.2.2.3 and 3.2.2.4 and the corresponding supporting documents are available in
Appendix Il . The summary of identified chemical shifts of the amino acidlues from the

amide fingerprint backbone region obtained using atBO’OCSY spectrum are shown in
Table 3-5. The 2D'H-13C HSQC spectrum was also used to assign thefCGhe individual

spin systems. After the identification of the spin systems, theesequspecific resonance

assignment was carried using intesidual couplings.
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Table 3 5: NMR chemical shifts (ppmgf identified spin assignment for TP_ADLYys using
TOCSY spectrum.

Residue | H-NH 'Ha Ca 'Hb Ho Hd 'He
1 8.75 4.37 52.84 1.69, 1.52
2 8.18 4.48 52.85 2.8 1.23
3 8.45 4.5 49.87 2.63, 2.36
4 7.78 4.36 43.84 3.52,2.73 15 1.27 1.06
5 7.91 4.33 53.02 2.83, 2.89
6 7.92 3.58 64.63
7 8.06 4.59 49.87 3.61
8 8.10 4.15 52.83 1.56
9 8.09 3.74 48.58
10 8.15 4.23 52.86 3.11,3.23 1.72 1.53 1.06
11 7.94 4.24 45.63 151,124
12 8.37 4.55 49.67 2.69, 2.40
13 7.69 4.24 48.94 3.08 1.71 15
14 7.75 4.36 55.08 2.89

Following the same approach as above, skquential assignment was initiated by first
identifying spin systems with distinct and recognizable side chains (such as Arg, Lys, Gly).
Since there are only two glycine residues in the peptide sequence; the next step was to assume
that the spin system thi amide protons of resonance 7.91 ppm is glycine. The observed
dNa(i,i+1) connectivity, between 7.91 and 4.33 ppm (7.91, 4.34), was then attributed to the
NH Gly6 and H-Asp 5 correlation and the resonance at 4.33 ppm was assigned to the alpha
proton of Asp5. With the aid of 84 ROESY spectrum, the corresponding sequential residues

were identified and the observed correlations are preseniabla 3-6.
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Table 3 6: NMR chemical shifts (ppm)f individual spin assignmeifor TP_ADLYys

Residue| H-NH Ha Ca Hb Ho Hd He ROESY

Cysl 7.75 4.36 55.08 2.89

Argr2 | 7.69  4.24 4894 3.08 1.71 1.5 (3.08;7.75)
Tyr3 837 455  49.67 2.69,2.40 (8.37:4.24)
Lys4 8.15 4.23 52.86 3.11,3.23 1.72 1.53 1.06

Asp5 7.91 4.33 53.02 2.83, 2.89 (7.91;4.55)
Gly6 | 7.92 358  64.63 (7.92;4,33)
Ser7 8.06 4.41 49.87 3.61

Ala8 8.1 4.15 52.83 1.56

Gly9 8.09 3.74 48.58
Lys10 7.77 4.36 43.84 3.52,2.73 15 1.27 1.06 | (7.77,4.50)

Aspll 7.94 4.24 45.63 1.51,1.24 (7.94;3.74)
Tyrl2 8.45 4.5 49.87 2.63, 2.36
Argl3 8.18 4.48 52.85 2.8 1.23 (8.18: 4.37)

Cysl4 | 8.75 4.37 52.84.02 1.69,1.52

3.2.27 Assessment of secondary structural elements for TP_ADLys

Using ROESY!H NMR spectra, the NOEs interaction observed was between Ala8(HN
t o As pli24)(wHi¢h suggest that the peptide is not linEgyufe 3-7).

Figure 3-7.TP_ADLys peptide structure with arrows indicating long correlations using
ROESY NOEs (black lines)
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For both peptides, not many longnge NHHa and Ha-Ha NOEs correlations were observed.
Furthermore, the intensities of the long/medium range §€iEelations were lower than those

of the sequential cross peaks. Although it is difficult to provide a conclusion structure
conformation of the peptides, one can propose that the structure is not linear from one distinct

medium NOEs range correlationsgved.

3.3 Concluding remarks

CD experiments suggeitat the peptides predominately form a halisucture with a random

coil conformation when measurements were performed in water or a buffered aqueous solution.
The 2D*H NMR (ROESY and TOCSY) experiments proved to be important complementary
tools in the elucidation of the secondary peptide structures. The observed of long/medium
range ROESY correlations together with the CD results provide summative confirmation that
indeed the peptides are not linear but adopted a raitndtical conformation for TP_Asp, and

randombeta sheets conformation for TP_ADLYys peptide.

Despite varying experimental conditions for NMR studies, satisfactory spectra were still not
obtained to help novide conclusive structural conformation. Future NMR experiments will
therefore be conducted usiag advanced NMR instruments with walhielded, high field
magnets such as 600 or 700 MHz.
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Chapter 4

Peptides as organocatalystfor direct aldol addition reactions

4.1 Introduction

Chemistry plays a huge role in improving the quality of life by providing various prqoducts
howeverthis has resulted in the depletion of remewable resources and pollutibencethe
introduction of greemnd sustainablehemistry* The development of catalytic routes leading

to the synthesis of complex organic molecules, led by both industrial and academic discoveries
of efficient selective catalysts for a wide range of liguahd multiphase organic
transformations, has in pastays grown tremendoush? Most of these developments, often
coincide with efforts made by pharmaceutical and chemical industries, who have been in
pursuit of ationalizing the cost of manufactng and waste disposal in aimcreasing
ecologically aware and economically competitive market. The area of organocataysis

also has witnessed an immense growth over the years, has received great htteatio@f

its green chemistry advantages sasits high efficiency, economic feasibiligndecological

sustainabilityand its analogy to egperfected enzyme catalys$is.

Due to the rise in demand for optically pure compauadot of work has been done to improve
and develop efficient stereoselectiveethodologies. For many years, transiioatal
complexes and enzymes have been known to be the only two main classes for proficient
asymmetric catalys.® It was onlyafew yearsagothat a change in this perception occurred as
chemiss realized that simple organic molecules could be considered as highly effective and

remarkably enantioselecitve catafy&ir various importat chemical transformatis¥

The primary aim of this project i® catalyzecarbonrcarbonforming reactiors utilizing
peptides as organocatalysand we are specifically interested in the aldol reaction, since it is
consideredo beone of the most versatile and widely used reastfonthe construction of
carboncarbon bond in organic synthesi§”1912 There has been a huge progress in the
development of enantioselective and efficient catafgsthis reactionasdiscussed in Chapter

1.
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In this chaptethe following isdescribd: (a) Screeningof TP_Asp and TP_ADLYys peptides
for aldoladditionreactioncatalytic, (b)Catalysis iraqueous media and some common organic

solvents

4.2 Preliminary investigation of the Fructose-1,6-bisphosphate aldolas€FBPA) enzyme

aldol reaction catalysis

In this section we explore the usetlé fuctosel,6-bisphosphate enzyme from Rabbit Muscle
Aldolase (RAMA) EC 4.1.2.13jn analdol reaction. As discussegirlierin Chapter 1the
fructosel,6-bisphosphate aldolase enzymatalyzes the reversible cleavage of fructose to
glyceraldehyde and dihydroxyacetone phosphate (DHAP). There are a numipenrtsf tteat

cover the class | aldolase from rabbit skeletal musedpeciallythe mechanismand the
application in organic synthesi&® RAMA is known to accepabroad spectrum of aldehydes

as electrophilic acceptor substrates for the aldol reaction but only accepts DHAP or its close
analogues as a donor substrate for the nucleophilic compGriéht'® RAMA waschoserfor

this studybecause ist commercially availale, selective and the mostly studied aldolase

enzyme.

There are few available reports on the application of RAMA@alyst in organic synthesis.
One suchreport is by Whitesides and emorkers!® who reported on Bructosel,6-
bisphosphate aldolase agseful catalyst for the stereoselective aldol reaction between DHAP
and \ariousaldehydesThey demonstrated from their work that cyclic aldehydes gdlow

aldol productswhen compared to linear aldehydes which produced high yieith a low
catalyst loadingSchemes4-1).

OH O
RAMA 2-
ch OPO; % H3C OPO3 A
11%
P Ph  OH
L OH 0
OPO;* RAMA_ = OPO, >
30%
B

NAc OH
11%

Scheme 41: Aldol reaction between cyclic and linear aldehyde and DHAP using RAMA
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The following observations were made regarding acceptable reactions conditions and substrate
tolerarce; i) The substituted aldehydes with leaving graaipsheb -position to the carbonyl

are appropriate substrates, ii) Aliphatic aldehydes are acceptable substrstesc hindrance

next to the aldehyde may reduce reactivity and finally,Smple ddehydes for example,
isobutyraldehydeare reported to be either poor or unreactive, whereas aldehydes with
unsaturation in conjugation with the carbonyl group are not toletatéd' Even though

DHAP is commercially available it is expensive, therefore efficient and reliable reaction
conditions method are required in undertaking such reactions.

In the first attempt, we utilized DHAP, butyraldehyde as a donor substrate, a 20%
DMSO/triethylamine (TEA) buffer, 1mg (4.5x20nol%) of RAMA and the reaction was left

to stir for over 48 houréScheme 42, reaction 1) while it was consistently monitored by TLC.

A trace amounof the expected product was observed after 48 hours. This may be attributed to
the small amount (4.5xT0nol%) of catalyst (RAMA) used.

A literature review of the succdabapplications of RAMA in aldol reactions revealed that
RAMA tolerates 1620% of DMSO (v: v) especially when used with the TEA buffer which

can also assist its activity. In addition, 20% ethanol was also reported as one of the favourable
solventst® The reactiormedium for this enzyme reaction is very important because of the
sensitivity of DHAP to pH, temperatusand chemicainstability. A large deviation from the

optimal pH could results in epimerization and breakdown of DEfAPE

Further attempts to improve the reaction conditions for the aldol reaction using RAMA were
made by varying substrates (acceptor aldehydes) asdleents, cheme4-2, Reactions B

6). Linear aldehydes were chosen basedhe discussion above that they are favoured over
cyclic or aromatic aldehydes and their reactions are easily reproducible and they are friendly
to use Tris-buffer was choseimsteadof TEA buffer becausét wasreported in literaturé®-?!

to be an acceptable reactimedium for the aldolase enzyme. DMSO was added to reactions

2 and 6 to assists with solubility of the aforementioned aldehydes.
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Reaction 1 % /\)\HJ\
/\)L + % ||
P OLi 39 9, BMSO/TEA buffer

OH O— P OLi

Li

o O OH O
Reaction 2
MH + % IO| M 0
OH O—IT—OLi 10 % BMSOXTRIS buffer OH O_lpl_OLi
OLi 6Li
. O O
Reaction 3 /\)L HJ\ OH O
O
H I —OLi TRAS Duffer I
OLi
(0] O
Reaction 4 OH O
H + ﬂ RAMA
OH O—P—OLi > [l
| TRIS buffer OH O—P—OLi
OLi |
Trace OLi
Reaction 5 OH O
\)J\ + ” RAMA 0
—P—OLi [l
| TRIS buffer OH O—P—OLi
OLi |
. OLi
Reaction 6 0 frace 1

Q OH O
! + % i ;?{ . O
By 10% DMSO/TRIS buffer I
0N OH O—P—OLi OH O—P—OLi
OLi oL

Scheme 42: Aldol reactions catalyzed by RAMA using DHAP as a donor ketBegiction
1, 1 mgRAMA, 20 % DMSOI/TEA buffer (pH 7.0)Reaction 3-6, 3 mg (9.5%x135 mol)
RAMA, DHAP (0.05 mmol, 8.5 mg), TRKuffer pH 7.6, rt for 2472 h.

The reactions performed in thERIS buffer (reactions, 4 and 5) using short chain linear
aldehydes yielded trace amounts of product. Studies have shown that the effectiveness of
DHAP decreases over time in the reaction further hindering the reactiolf retematic
aldehydes substituted with electron withdrawing groups were previoeptyted to be the

most reactive substratdsggwever they wer@active in this study. Moreover, linear aldehydes

with long chain (reaction 2) proved also to be inappropriate substrates for this reaction. It was
observed that changing the solvent or buffie not haveany major influence in facilitating a
speedy conversion of the aldehyde. The effectiveness of DHAP is proposed to have decreased

over time in enzymatic reaction thus impeding the overall aldol reactions due to its instability
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and thus impedig the overall reaction yiefd. Therefore the olesved reactions outcomes

(Scheme 42) could be caused by low concentrations of DHARd and its instability.

Most of the reported work in literature for the DHAP dependent aldoksagmes hee
focused on the synthesis of carbohydra?éd?’ and there are not many studies on its
application in aldol reactions. This limited the comparigbthe results obtained in this vko

with those in literature, to provide more plausible rationale of the ousddue to the fact

that boththe enzyme and DHAP substrate are expensive, the reactions could not be further

optimized.

The challenges experienced with this reaction includeesaf the limiting factors experiead

with most enzymes such as they are expensive; they function at a specific pH, and they are also
substrate specific. Hence, there is a need to design catalytic peptide mimics that can be utilized
in organic reactionghat are not necessarily pH depended or substrate specific. The catalytic
activity of the synthesized peptides will be investigated in aldol reactions in the next section.

4.3 Peptidesscreening and optimization of aldol reactions conditions

The choice of solvent or solvent mixturglays a crucial roléen the optimization of reaction
conditions, as it has a strong impact on the yields and enantioselectivities. Reaction conditions
play a vital role in influencing the reaction kinetics and thdutiam of the transition stat&or
example, previously reportetdmputational and experimentdldies have shown thaduble
hydrogenbond interactions witlithe carbonyl oxygernincrease the rate of activation of the
electrophile activation anthe rigidity of the transition state rather thansingle hydrogen
bond?®33 Moreover such interactions have the ability to cause an increase in strength and
directionality,enhancesnantioselectivity and in addition contribute to the effectiveness of the
catalyst. In noraqueous solventsrganocatalysts use specific hydrogen bonding, charge
charge and dipoteharge interactiont® align the catalyst to the ssipate.However in water,
organocatalysts utilizes hydrophobic interactibasause thhigh dielectric constant of water
screens the charge-charge interaction and water molecules compete for hydrogen
bonding®23436 Water molecules aralso thought to bring the organic reagents dossach

other, leading to hydrophobic hydratigfi+>

The development oénvironmentally friendlyorganic reactions isn important aspect in
synthetic chemistry. The use of watas solverdor cosolvent in chemical reactions has
attracteda lot of attention dueto its potential and advantages such as salety cost
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availability, efficiency, reactivity when compareth common organic solventand lastly its
impact on the environment thavoids issues of pollution which are inherent witmmon
organic solvents.”*337-38owever it is worth noting that the use of excess amount of water in
reactiors often results in low yield andoor selectivity, whilea small additionof water can

accelerate the reacti@amd improves selectivifyy’10-3843

The use of water in aldol reactions is also propose to alters the catalyst activity by interrupting
ionic interactions and hydrogen bonds which influences stabilization of transition state of the
reactionMost ofthework reported involvingheu s e o f asavenear in éxeess as-co
solvent with other organic solvents in organocatalys foausel mostly on proline or
substituted proling®1°2223and short peptide(di-or tri-peptides)y1®4%46 (Scheme 43) and
polypeptides catalysfS.In this current study we anticipate thhe desigred peptide can
employed in different organic solvents impeesence osmall amount of water due to their
solubility. The peptides completely dissolve in 60% water/40% acetonitndgeefore, the

effect of water (addition) on the reaction medium and its influemcthe catalyst will be

investigatel.
OTBDPS 0
o %, 1 mol% OH O
0 N
N“YCO,H
H H
+ water(300 mol%)
RT,2d
<GS 78%
anti:syn=10:1
anti>99%ee
OH O
cat.1(5 mol%), PhCOOH(1 mol%) ©/ké
MeCN/H20(1 1),RT Oor OH O
R1

| X

O N HN OH =

Jo Q o
Pro-5-ASA  COOH major isomers
ee up to 91%.dr 99%
Scheme 43: Water as solvent i n organocatalytic

proline catalyzedldehydé ketone aldol reactioim water?( B) Ra h ma n 0 sbassdna | |

dipeptide in aqueous mediu.
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4 4 Results and discussions

4.4.1 Screening of selected peptiddsr aldol reaction catalytic activity

The synthesized peptide catalystsscribed in Chapter 2, were tested for aldol reaction
catalytic activity. As already mentioned in Chapter 2 some peptides were obtained in low yields
and hence they could not be evaluated for catalytic activity. The list of peptides that were tested
are fiown in Figure 4-1). A table detailing all the amino acid sequences and the variations

the peptides listed has already been provided in Section 2 Aabl2, 2-1.

In our first screening reaction, linear aldehydes were chfugetheir simple structuethat
dissolve in waterand in additionthey were also selected ledon the discussioprovided
Section 2. 9regarding the acceptable reaction conditions and substrate tolefaRB&LA
enzymes Acetone was selected as a solvent since short peptiaepenform significantly
better in the aldol reaction medium when acetone (ketone) is usegalyent, as reported by
Tanget al*! and Wennemerst al*® Furthermorethe solvents systefreaction mediumyvas
selectedased orthe possibility of reavering the catalyst at the end of the reactitence the
first reaction utilized acetone as thelvent of choicewith linear aliphaticaldehyds as the

reactant.

TP_Asp TP_Glu

TP_ADLys TP_AspC TP_ADA TP_GDLys TP_GDLysC TP_GDA

Figure 4 1. A series of selected peptides screened for aldol reaction catalytic activity.
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The test reactions were performed using 3 equivalences of acetone in water and 4 mol% of
peptides(Scheme 44), and in addition we had some control experiments, where the same

reactions conditions were used but without the peptide.

(A)-Linear aldehydes with acetone
OH (0]

(0] 4 mol%. catalyst /\)\/U\
) /\)k )]\ HZO r.t,24h

) OH O
(i) \)]\ 4 mol%. catalyst \)\/H\
—_—
H,0,r.t,24h
(B)-Aromatic aldehydes with acetone H O
4 mol%. catalyst /O)\/U\
OoN
H20, r.t, 24 h 2 OH (o)
(i) 4 mol%. catalyst
H,0, r.t, 24 h
Cl

Scheme 44:. Aldol testreactionsfor selected peptide using (A) linea aldehydes and (B)

aromatic aldehydewith acetone

The reactiod progress was monitordyy LC-MS, in intervals of 30 min3 h, 7h and 24h. It

was observed thatiphaticaldehydes were poor substrates as the formation of the product only
occurredafter 7 tours, whereas with aromatic aldehydes the prodadalready fornedwithin

the first3 hours(Figure 4-2).

Intenss +MS, 10.92min #1297
x10°7
302.3054

0.8

0.6

0.4

0.2

C10H11NNaO4, [M+Na]
79.0217 150.0551 427.2667
2320583 13463206 L
0.0 . . | L | . " Al — L] , o ol

T T
ann nnn ann ann cnn ann -

Figure 4 2. LC-MS chromatograp depicting the formation @&1 product in 3hours.
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It was astonishingo note that aromatic aldehydes reacted faster than aliphatic aldehydes as
this was a different behaviour compared to the natural FBPA enzyme, which favourably
acceptaliphatic aldehydes as substrates over aromatics. The aliphatic sslvetrata@lso not
completely consumed when compared to the aromatics where most of the aldehyde was

converted to the product.

Thepara-nitro-substituted aldehyde showed better coneersthen compared fara-chloro-
substituted aldehydes. There was no formation of product in the control experiments within 24
hours, thus confirming the catalytic activity of the peptides. It is worth mentioning that the
peptide reactions did not go to cpl@tion in 24 hours, but however 24 hours was just chosen
as the end for the initial screening. TLC was also used to monitor the qualitative and semi

gualitative formation of the product.

In the next stage of aldol screening, the activity of cyclic ketomigh both aliphatic and
aromatic aldehydeScheme 45 below, was investigated. The control experiments were also
conducted, where the reactions were performed in the absence of the peptide. The reactions
(both the control experiments and peptide reas)iovere also monitored in time intervals of

30 minutes, 3, 7 and 24 hours respectively while stirring in the orbital shaker. The formation
of the product was only observed after 7 hours for the aliphatic aldehydes. We propose that this
catalytic system mawgot be compatible with linear aliphatic aldehydes as they showed slower
reactivity with both cyclopentanone and cyclohexanone. The obtained results were also in
agreement with what is reported in literattit@here was alsoaremarkable differences
between the two aliphatic aldehydes (propanal and butyraldehyde). This outcome could also
suggest that theeaction conditionseeded to be modified by increasing both the reaction time

and the amount of catalyst to improve thectiedty.
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(A)-Linear aldehydes with cyclopentanone

(i) +

iz%
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—_—
H,0,r.t,24 h
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& 4 mol%. catalyst é/K/\
—>

H,0,r.t,24 h

(B)-Aromatic aldehydes with cyclopentanone
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—_—
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(C)-Linear aldehydes with cyclohexanone

o OH
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—
H,0,rt,24h
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(D)-Aromatic aldehydes with cyclohexanone
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—_——
H,0,r.t,24 h
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.

®
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Scheme 4 5: Aldol test reactionfor selected peptide using (A) linear aldehydewith
cyclopentnone and (B) aromatic aldehydecyclopentanone, (C)inear aldehydeswith

cyclohexanone, (D) aromatic aldehydes with cyclohexanone
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Aromatic aldehydes have been widely used in many refopesitaining to aldol reactions,
especially those containing electron withdrawing grdui8$®®?> An electron withdrawing
substituent on aromatatdehydes accelerates the rate of formation of the enamine intermediate
unlike electron donating groups or unsubstituted aromatic aldehitled.They showed
moderate results with cyclopentanone and cyclohexanone and rapid formation of products
within the first 30 minute$or the reaction between the aromatic aldehyde and cyclic ketone,
Figure 4-3.

Intens. +MS, 12.42min #1478
x104]

130.1593

1.0 232.0970

C15H14NO4, [M+H]

0.5 149.0236

205.0859 2720893
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' 310.2354
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Figure 4 3: LC-MS chromatograph depicting the formationA& product in30 minutes.

Cyclopentanone and cyclohexanone are known as @oodptable donors for the aldol
reactiot*>>3and, cyclohexanone is used in benchmark reactions for the development of new
catalyss in mast asymmetric aldol reactions. There was no outstanding difference between the
two reactions in Scheme3¥B) and(D), although some report$suggest that cyclohexanone
gives better activity than cyclopentanone. It is noteworthy to point out that in all the control
experiments, there was no formation of aldol product within 24 hours.

4.4.2 Concluding remarks

All seleced peptides were successfully screened for aldol reaction catalytic activity and
interestingly, they all showed positive results. The aldol reaction between aliphatic aldehyde
and acyclic ketone proceeded at a slower rate, while that of aromatic aldahgdasetone
proceeded at a moderate rathis observation suggests that aliphatic aldehydes were poor or
unfavourable substrates and therefore needed longer reaction time and more catalyst. The

peptide catalystare more active towards both cyclic aldehyde and ketones. The effect of water
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on the yields and enantioselwity at this point cannot be determined since the product was

not isolated and will be discussed in the next section.

45 Optimization of Aldol reaction conditions

4.5.1 Scope of reaction and substrate

Based on the results obtained from the above, the catalytic activity was further explored by
varying the reaction conditions for reaction between aceton@-aittbbenzaldehydd@able
4-1 (Entries 19).

Table 4 1. Peptide catalyzed aldol reactions between acetone and substituted aromatic
aldehyde’

(0]
OH (0]
(0]
| N H + )J\ Pep. catalyst X
ANF H,0, it ~ |
R 2% / G

R
Entry  Catalyst R Solvent  Time (h) Yield (%) ee (%)}
1 TP_Asp 4-NO> Acetone/HO 48 16 70
2 2-NO2 Acetone/HO 48 13 12
3 TP_ADLys 4-NO. Acetone/HO 48 15 82
4 2-NO, Acetone/HO 48 10 7
5 4-Cls  Acetone/HO 48 14 85
6° TP_Asp 4-NO, DMSO/H0 72 Trace -
7 2-NO; DMSO/H0 72 Trace -
gd TP_ADLys 4-NO; DMSO/HO 72 Trace -
o 2-NO; DMSO/H0 72 Trace i

& The reaction was performed using aldehyde (0.25 mmol), pep.catalyst (4 m
dissolved in 0.75 mL of 3:1 acetone/water (molar ratio 30:42; acetone/water),
for 48 h.P Isolated yield.° ee values determined by chigthase HPLC analysis$.
reaction was performed using acetone (0.628 mmol, 50 pL), 0.75 mL DMSO
(0.5173mL DMSO, 0.237 mlwater).
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From the obtained results it can be seen that veltetone/water was used the conversions
were quite low (entries-%), despite increasing the reaction time to 48 hours. This outcome
demonstrates the negative effect of water which might be in competition with the donor acetone
in hydrogen bonding. Despitew yields when reactions were performed in acetonepand
nitrobenzaldehyde, good selectivity with the ee of 70 and 81% (entries 1 and 3) were obtained.
Similar results were reported in literatdf€? The aldol reactions proceeded slowly with low
yields and good éswhen performed in acetone (up to 20% yield and 65% ee was obtained by

Cordovaet al).3°

Poor enantioselectivities (up 12%)me@bserved wheornitrobenzaldehyde was used (entries

2, 4), however there was a significant improvement in ee of up 85%, when
chlorobenzaldehyde was utilized (entry 5). In another attempt to improve the reaction
conditions while using the sanmatalyst, acetone/water was replaced with DMSQ/H
Unfortunately only traces of the product were detected on the TLC (ent7@®6d increasing

the reaction time did not improve the yield. Although DMSO is commonly used for most of
the studies reporteah aldol reaction$243°35°some studies have shown that acyclic ketones
may bepoor substrates in DMS®:%6 At this moment the reaction mechanism is unclear and

therefore the transitiortage is not fully understood for a plausible hypothesis to be suggested.

In the preliminary investigation (Section 4.4.1) it was observed that aldol reactions with
acetone proceeded at a slower rate when compared to cyclic ketones. Thus the reaction with
cyclic ketones were optimized. Cyclic ketones generialye low solubility in water, and
therefore theirreactions are normally performed in a biphasic water/ketone system or
heterogenous mixtures comprising a water emulsica suspensiof?:>® % The experimental

results inTable 4-2 below, indicate that a large volume of water (entri&3,1s not favourable

for the reaction, as ¢hmixture becomes immiscible and this results in the increase in the

reaction time and decrease in the overall catalytic activity of the peptides.
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Table 4 2: Aldol reaction between cyclohexanone and various aromatic aldehydes catalyzed

by peptide$
o) o)
A H Pep. catalyst _
| + H,0,rt.
R/ G 2
R

Entry Catalyst R Time (h) Yield (%)° ee (%} dr (anti:syny
1° TP_ADLys 4-NOq 48 NR - -

e 2-NO; 48 NR ] ]

3¢ 4-Cl 48 NR ) ]

4 TP_Asp 4-NO 48 17 7 43:57
5 2-NO2 48 11 9 47:53
6 4-Cl 48 Trace - -

7 4-Br 48 Trace - -

8 4-H 48 Trace - -

9 TP_ADLys 4-NO 48 15 5 49:51
10 2-NO2 48 13 14 22:78
11 4-Cl 48 Trace - -
12 4-Br 48 Trace - -
13 4-H 48 Trace - -

@The reaction was performed using aldehyde (0.157 mmol), pep. catalyst (4 mol%), 0.45 n
solvent, ketone/water 20:1 (v/v) for 48 h at™s$olated yield ee valuesietermined by chiral
phase HPLC analysiDetermined byH NMR analysis of the crude produtthe reaction was
performed in ketone/water 10:1 (v/v).

Another attempt was made with reduced amount of water and a positive outcome resulted from
this modification (entries 4 and 5). The beneficial influence of reducing water, allows the
dissolution of cyclohexanone consequently creating monophasic system and a homogenous
aldol reactiorf>°8In addition, this also proved that the partition coefficient has sontedvaisa

an influence in establishing the optimal reaction conditions. Even though this attempt gave
considerably better results, the products were obtained in low yields with poor selectivities for
both aldehydes. Cheng and Luo did similar work whereby the ketas@sed in excess as co
solvent and obtained low selectivities. They further revealed that an acid additive is needed to

attain good stereoselectivity However this hypothesis was not examined in this study, but
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can be condered for future studies. Furthermore, it was also observed that aromatic aldehydes
bearing a halogegroup (entries & and 1112) required longer reaction time or more catalyst
loading as only trace amounts of the product were observed for both pepiticiéer results

were also obtained in literatuf&€® where the halogenatealdehydes yielded no reaction or
required longer redion time Between the two nitrobenzaldehydesré-nitrobenzaldehyde
andortho-nitrobenzaldehyde), there was an insignificant difference in their yields, but it can
be seen thap-nitrobenzaldehyde is slightly higher thamitrobenzaldehyde. This suggests
that due to steric hindrance, the nitgyoup which is located at the ortho position might be
unfavourable for the nucleophilic attatkThere was also no significant difference between
catalytic activity of the two peptides catalyst, due to the fact the yields or selectivity are with

the same range

4 .4.2 Effect of solvents

The effect of various organic solvents was examined wpithitrobenzaldehyde and
cyclohexanone as substrates. It can be seen from the results, that polar aprotic solvents such as
chloroform (CHC$) and acetonitrildMeCN) were not suitable for the peptide catalyzed aldol
reactions Table 4-3, entries 1, 2,10 and 11) as no reaction occurred even after 96 hours.
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Table 4 3: Aldol reaction of cyclohexanone ameanitrobenzaldehyde catalyzed by 4 mol%

peptide catalysts in different solvents

H Pep. catalyst

+ H,O/solvent, rt.

O,N ON
Entry Catalyst  Solvent Time (h) Yield (%)° ee (%)° dr (anti:syny
1 TP_ADLys MeCN/HO 96 NR - -
2 CHCl/H20 96 NR - -
3 IPA/H0 72 <10 _ -
4 DMSO 72 12 5 48:52
5 DMF 96 NR -
6 DMSO/H.0O 72 16 14 57:43
7 DMF/H0 96 <OP - -
8 H.O/DMSO 72 <g° - ]
9 Brine 72 13 39 31:69
10 TP_Asp  MeCN/HO 96 NR - -
11 CHCIs/H20 96 NR - -
12 IPA/H20 72 <OP _ -
13 DMSO 72 11 8 45:55
14 DMF 96 NR -
15 DMSO/H0 72 13 20 63:37
16 DMF/H20 96 Trace - -
17 H>.O/DMSO 72 <7t - -
18 Brine 72 14 12 37:63

2 Thereaction was performed usipenitrobenzaldehyde (0.157 mmol, 24 mg), cyclohexanone (0.
mmol, 70 pL), pep .catalyst (4 mol%) and dissolved in 0.75 mL (0.5173 mL solvent and 0.237 1
water) at r.f Isolated yield® ee values determined by chiggtiase HPLC analysi$. Determined by
H NMR analysis of the crude prodifdstimated by TLC.

Some enzyme catalysts are sensitive towards several organic solvents, in such a way that they
are more unstable in polar water miscibdvents than imvaterimmiscible solvent§%6! For

entries 1, 2, 10 , and 11 the outcome is attributed to low solubility of the peptide in, CHCI
causing a decrease in the reaction rate, whereas with acetonitrile the decrease could be caused
by weak hydrogen bonds that it forms with both the peptide and sub$trateaction in polar

wet protic solvent, particularly isopropanol (IPA), proceede@ &low rate as only trace

amounts of the product was observed after several days (entries 3 and 12). This outcome may
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suggest longer reaction times are required for the formation of the product. The aforementioned
solvents were selected in this studyduese they are readily available in the lab and they have
been reported in literatute? to yield aldol products with high yields and good selectivity.
Although highboliling organic solvents such as DMSO and DMF are commonly used in aldol
reactions studies they are often considered problematic for-daede synthesis due to
inconvenient workup, solvent removal and recovery stép$he influence of these solvents

on a smabscale reaction synthesis were then investigated

As shown inTable 4-3, (entries 5 and 14) when plain DMF was used there was no reaction
even after 96 hours, however when a $raalountof water was added (entries 7 and 16) a
trace amount of the product was observed. When plain DMSO was used (entries 4 and 13),
only a small amount of product was isolated. This presumably due to high viscosity of DMSO
or even DMF, it might hinder free fedient interaction between the peptide and substrates.
Although the use of DMSO in prolireatalyzed reactions often yields better resiIté®3other

reports suggest no reaction or longer reaction time when anhydrous DMSO is jtiest.
authors also repted on the aldol reaction betwepimitrobenzaldehydand cyclohexanone
performed inanhydrousvet DMSO and obtained good yields and high selectivities (up to
>80% yields and e€)2%4"5°Such findings would imply the mode of activity of our peptide in
this system is quite differentMoreover, it can be noted that some promising results were
observed when DMSOA® was used (entries 6 and 15) with the yields of 16 and 15%. It was
also intriguing to observe a considerable improvement in the ee, to 14 and 20% respectively
and moderate idstereoselectivities. These observations also illustrated that the addition of
water to peptide promoted aldol reaction has some effect on influencing both the yields and
stereoselectivities. The presence of small amount of water is proposed to infthence
hydrogen bonding, which then alters the reaction mechanism and stereoch&fi€ertain
enzyme catalysts are reported to be less reactive in antsydolvents than in water due to
constrained conformational stabilfy.For this reason, water is essential in binding to the
surface of the enzyme, to exhibit both conformational flexibility and enzymatic activity. It is
also believed that water affects the hydrogen bonding of the acidic moiktigeabackbone of

the peptide transition state, which facilitate highly ordered transition states in aqueous
conditions*>®° Therefore, we postulate that the role of watethis reaction medium, is of
significant importance in influencing the reaction rate, and therefore improving the hydrogen

bonding for the stabilization of the transition state and ground state of the substrate.
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The reactions were then carried out ugiigher equivalence of water in DMSO (entries 8 and

17). The reaction still proceeded slowly, causing a decrease in both the reaction rate and yields,
as only trace amounts of the product was obtained. Brine is often applied as an alternative to
milliQ water when investigating the aqueous environment for reaction optimizations, and to
also explore tolerance of catalyst towards the complex aqueous environment. It is reported that
brine influences the reaction to proceed faster than in concentrated orgeseadpk to salting
out-effect® % Gryko and ceworkers also demonstrated that the use of NaCl can accelerate
the organocatalyzed aldol reaction in water by accelerating the aggregation ofé&hi org
material in concentrated hydrophobic pockéts. an attempt to examine thesgootheseshe
reactions were performed in brine solution (entries 9 and 18). It was observed that a brine
solution is able to facilitate the aldol reaction, as yields of 13 and 14% were observed after 72
hours as wélas an improvement in both ee% and diastereoselectivity (\wehgsioying
TP_ADLYys peptide, entry 9).

In summary, it was proven that the selected peptide catalysts are able to catalyze aldol reactions
in some of the commonly used organic solvents and ketddeth ketonegacetone and
cyclohexanone) seem to be the most favourable medium for faster reactions than other organic
solvents. The direct aldol reaction between aceton@-aitdtobenzaldehyde yielded no results

in organic solvents. laddition,reactions performed in acetone have longer reaction times with
good enantioselectiviesHalogenated aromatic aldehydes and unsubstituted benzaldehyde
could not be successfully employed as substrates when reacted with cyclohexanone as they
afforded long reaction times with only traces of the product observed. Moreover, these studies
demonstrated that the reactions of aromatic aldehydes bearing elsitihrdrawing
substituent were acceptable as they afforded improved yields with moderate sele&iihr

aprotic solvents (DMF and MeCN) were inappropriate mediunaldol reactionsbetween
cyclohexanone and substituted aromatic aldehytlbe. addition of water to theesaction

medium using either ketone or organic solvents proved to have litlet eh the yields and
selectivities. In the next set of experiments for further optimization of reaction to improve the
yields, focus was given to the reactions with satisfactory resulf@ble 4-4. The catalyst

loading was increased to 8 mol%, whileegéeng the solvent mixture and reaction conditions

the same.
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4.4.3The Effect of atalyst concentration (catalyst loading) on the aldol reaction

The first reaction betweegnnitrobenzaldehyde and acetone was performed with an 8 mol%
peptide catalystTable 44, entries 1 and 2). As mentioned earlier a reaction between by
acetone angb-nitrobenzaldehyde forms aldol adducts with high enantioselectivities but the
reaction times are long while the yields are low. Having establish acetone as the best solvent
medium for this reaction, we then investigated the influence of catalyst loadisgemnprove

the results iMable 4-1. Unfortunately, increasing the catalyst did not improve the yields, even

after the reaction was left stirring for over 48 hours.

Table 4 4: Aldol reaction between acetone and cycloheranasing 8 mol% peptide cataly/st

0
OH O
_|_ )J\ Pep. catalyst
O2N HQO It
O,N
Entry Catalyst Solvent Time (h) Yield (%) ee (%Y
1 TP_ADLys acetone 48 15 93

2 TP_Asp acetone 48 13 91

2The reaction was performed usipgnitrobenzaldehyde (0.157 mmol, 24 mg) and pep. cati
(8 mol %) and dissolved in 0.75 mL of 3:1 acetone/water (molar ratio 30:42; acetone/ watt
the reaction mixture was stirred for 24 hrs af idolated yield®ee values determined by chirz
phase HPLC analysis.

The reaction yielded products with good enantioselectivities (up to 93%) but there was no
improvements on the reaction times. As mentioned in Section 4.5.1, there is a lot of similar
results reportedh literature where acetone is used in excess or as solvent, and the reaction
affords low yields with good or excellent enationatioselecti%€%5®’ Despite much work

done on this reaction, there is not measiplanatioror emphasis provided for this observation,

even when large catalyst loading of up to 30 mol% was used; there was still longer reaction

times with low yields.

Subsequently, in anothettempt to improve the results ifable 4-2 and 4-3, we then
optimized the reaction conditions to investigate the influence of catalyst concentration on the

aldol reaction betwegmnitrobenzaldehyde and cyclohexanone. The reactions were carried out
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in a few selected solvents which afforded better result$able 4-3 and the results are

summarized iMable 4-5.

Table 4 5: Aldol reaction of cyclohexanone amehitrobenzaldehyde catalyzed by 8 mol%

peptide catalyst idifferent solvent’

0] O

Pep. catalyst

+ H,0O/solvent, r.t.
0,N 0,N

Entry Catalyst  Solvent Time (h) Yield (%)° ee (%§ dr(anti:syny

1° TP_Asp Ketone 48 42 20 38:62
2 DMSO 72 21 8 54:44
3 DMSO/H0 72 25 16 65:35
4 Brine 72 24 37 43:57
5° TP_ADLys Ketone 48 40 6 59:41
6 DMSO 72 20 6 58:42
7 DMSO/H0O 72 27 31 64:36
8 Brine 72 23 65 64:36
o Buffer 72 38 80 57:43
10 I(Dblﬁ;?er) Buffer 120 Trace - -

2 The reaction was performed usingnitrobenzaldehyde (0.157 mmol, 24 m
cyclohexanone (0.628 mmol, 70 pL), pep. catalyst (8 mol%), and dissolved in 0.
(0.5173mL solvent and 0.237mL water) at r.t.” Isolated yield.¢ ee values were
determined by chirgbhase HPLC analysfdetermined byH NMR analysis of the crud
product.® The reaction was performed in ket¢ryelohexanonéyvater 20:1 (v/v)! The
reaction was performed in phosphate buffer (pH 8.0)

Compared tdhe results obtained with 4 mol%; some noticeable increase in the yields was
observed when cyclohexanone with small amount of water was used (entries 1 and 5), yields
of 40 and 42% for both peptide catalyst in 48 hours were obtained. The reactions further
afforded much improved enantioselectivity and diastereoselectivity for the TP_Asp catalyst,
whereas with TP_ADLys an ee of 6% was obtained with moddras¢ereoselectivityThere

were some notable results in entries 2, 6, when plain DMSO was usedghltheteaction

still proceeded slowly it gave moderate yields. In addition, when small amount of water was
added to DMSO (entries 3 and 7), there was a significant improvement of thyetds31%

ee and diastereoselectivity (65:4% further increae in the yields was observed when the
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reaction was performed in a brine solution (entries 4 andi),quite reasonable ee (up to
65%) and dr (64:36)alues were diained.

The effect of the pH was also investigated. At neutral pH both pepfidesAsp and
TP_ADLys) have a charge of 2.9 and the calculated isoelectric paintu@lg which is the

pH where the net charge of the peptide is zero found to be 9.6 when determined using a peptide
calculator®

It is also understood that most enzyimattalytic reactions amependentupon the pH of the
reaction medium to function efficiently and for obtaining optimal enantioselectiifyBased

on this, we then attempted the aldol reaction in buffered aqueous media, using 100mM
phosphate buffer at pH of 8.0. Although the buffering capacity of the phosphate buffer is
reported to benaximal near 7 and low around®somereasonableesults were observed, a
38% conversion, a stereoselectivity (ee) of8@nd adiastereoselectivityf 57:43. High
stereoselectivity habeen previously reported for biocatalysts facilitating asymmetric aldol
reactions in buffer solutien(pH=4.08.0)."" A pH of 8 was selected because studies have
shown that for the best results the pH must
In this study the use of lauffer solutions beyond a pH of 9 is restritteecause the aldol
reaction may become basatalyzedaround thispH.”8° Thusa pH of 8 was selected as a

compromise

In order to ascertain the influencetbe buffer,a reaction with the buffer in the absence of the
peptide (entry 10yvas conducted and anly showed trace amount of the product after 120
hours. Thus the activity observed (entry 9) could be attributed to the structural conformation
assumedby the peptide in the buffer. According to the results obtained in Chapter 3 the peptide
assumed a random coil structure in a buffered solution and this may result in an efficient
interaction with the substrate and selectivity. Lower pHs were not inveestidpgcause the
lysine residue will be protonated and less nucleophilic. The low yield and longer reaction time
observed for entry 9 calme accounted for by poor dissolution of the substrates, since the

reaction was only carried out in an aqueous buffer

In summary, these findings prove that catalyst loading plays a vital role in influencing the aldol
reaction yields and selectivities. Thus, the concentration of 8 mol% of the peptide will be

chosen as the optimum for further investigation

" PepCalc.com Peptide property calculator
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4.4.5Catalyst reusability studies

The catalyst was easily recovered at the end of each reaction, through precipitation by adding
diethyl ether (E2O) to the combined water layers. The catalyst recovery studies were
performed for the TP_ADLys peptide selected aldol reactions. The summary of the results,
usingp-nitrobenzaldehyde and cyclohexanone as substrates are summariabtéid-6. The

reactiors were similar to the ones reportedriable 4-5 (entries 15 and 9).

Table 4 6: Recovery and reuse of catalyst TP_ADLYys in aldol reattion

OH O
H Pep. catalyst
+ H,0O/solvent, rt.

O,N O,N
Entry  Catalyst Solvent Time (h) Yield (%) ee (%Y dr (anti:syny
1 TP_DLys DMSO 72 Trace - -
2 DMSO/H0 72 Trace - -
3 Brine 72 Trace - -
4° Ketone 72 Trace - -
5 Buffer 72 13 81 61:39

&The reaction was performed usipgnitrobenzaldehyde (0.157 mmol, 24 mg), cyclohexan
(0.628 mmol, 7QuL), and dissolved in 0.75 mL (0.5173 mL DMSO and 0.237 mL water) &t
Isolated yield ¢ ee values determined by chigthase HPLC analysidetermined by 1H NMFR
analysis of the crude produttThe reaction was performed in ketone/water 20:1 (viM)e
reaction was performed in phosphate buffer(pH 8.0)

The results indicate that the reusability of catalyst was unsatisfactddvBO, brine or
ketone, as only a trace amount of the product was observed after 72 hours (ehties d

4). This suggests the peptide cannot be efficiently reused as there is loss of catalytic activity.
However, when the reaction was performed in a buffered solution, promising results were
observed as yield df3% wasobtained (entry 5), and as already mentioned above, the buffer
at this pH might have an effect in influencing the favourable struatardbrmation Despite

a longer reaction time and low yield when compared to the 38% that was obtained from the
first uee (Table 4-5, entry 9) the reaction was still achieved in high selectivities of 81% ee and
dr of 81:19. There was trace amount of the product for the control experiment (entry 6)

performed in a buffered solution in the absence of the peptide.
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4.5 Concluding remarks

Peptides that mimithe fructosel,6-phosphate aldolase caatalyze tle direct aldol reaction

and afford moderate yields and selectivifldol reactions between acetone and aromatic
aldehydes afforded low yielad the producfup to 16%), rcellent enantioselectivity (up 93%)

and an increase in the catalyst loading did not significantly improve the yield. Aldol reactions
between cyclohexanone and aromatic aldehydes in organic solvents exhibited poor catalytic
activity (25% yield), enantiosettivity (up to 31% ee) and diastereoselectivity (64/36). The
reaction between aromatic aldehydes bearing elegtittdrawing groups in ketone as a
solvent afforded moderate yields (up to 42%), poor enantioselectivity (up to 20%) and

moderate diastereosetivity (up to 59/41).

Hence, it can be concluded that aromatic aldehydes bearing a halogen group are inappropriate
substrates for the peptide aldol catalyzed reaction while nitro substituted aromatic aldehydes

are acceptable substrates for ple@tidepromoted aldol reaction.

The results clearly indicate that the solvent medium has an influence on the catalytic activity.
Theaddition of small amount of water accelerated the reaction rate which improved the yields,
thus suggsting that the wateis compatible with the peptide catalysts. This also shows the
influence of water on the reaction it stabilizes the transition state through the formation of
hydrogen bonds with the catalyst. The aldol reaction promoted by brine solution, proved that
the s#ting out effect can accelerate the reaction rate and improve the yield, enantioselectivity
and diastereoselectivity. The 16tM phosphate buffer (pH of 8.0) solution yielded products
with good enantioselectivity and this was attributed to the structurdbmoation that the

peptide adopts in the solution

There are strategies as discussed in Section 1tBdt canimprove catalytic activity and
enhance the conformation entropy of short and polypeptides. Hence, in an effort to further
improve on the yieldghe peptides were immobilized on gold nanopatrticles and the results are

reported in the next chapter
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Chapter 5

Peptide-capped AuNPs as catalyst for direct aldol reaction

5.1 Introduction

Nanoparticles (NPs) have gained a lot of attention in recent years, with wide appligations
sensing, drug discovery, novel therapy, catalysis iandontrol of protein structure and
activity.'* The term nanoparticles refdp a particle of any material having dimensions of 100

nm or lessandproperties that can distinguighfrom the bulk materiabased on thsize and
surface effect$3° In this study we are interested inld nanoparticlesAuNPS) because of

their sizeand shapelependegropertiesand also they areay to synthesize and moglifIn
addition, AuNPs can be simply functionalised using biomolecules possessing amines or thiols
and phosphine moietiés:®

As mentioned in Chapter 4, a high organocatalyst loading of up to 30 mol % is required for
most of the asymmetric reactions in argasynthesis and this often presents challenges such
as; purification of products and difficulties in separation of catalyst recovery from the reaction
mixture! Hence there is a need to recycle andse catalysts to ensure cost and environment
friendly catalytic processes. Tlmmobilization of catalysts onto sokcharriers have shown

some impressive resuffg?

AuNPs conjugates with a monolayer of cystetnataining peptides are known to have
excellent molecular recognition and catalysis propetti&sPeptide functionalzed onto the
surface of the gold nanoparticle have also been shown to form new functional nanoparticle

with enzymelike structure and propertiéd*

Designedoeptides which are smaller and more robust than natural proteins make it simpler to
facilitate convenient stspecific incorporation of functional groups for further modification

and direct immobiliation. In order to effectively employ NPs for biocatalysis, it is vital to have

an understanding of the interactions of the amino acids with NPs. The conjugation of
polypeptides to NPs has the ability to influence both the function and the structure, and this
effect depenslon the sequenasf the peptide® The coupling of peptides to AUNPs could also

lead to more compact or extended structures depending of the amino acids sequence of the
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peptidet®” Furthermore, common properties influencing the adsorption behaviour of peptides

includes, their size, net charge, stability of folded domain; and conforntétion.

5.2 Affinity of peptides towards gold nanoparticles (AuNPS)

The key factors to consider in the immobilization of peptides onto gold nanoparticlas are
compatible environmenbr surface for conjugein and an understand of the interaction
between peptide and NPs. Amino acids are regarded as suitable agents for conjugation to gold
nanoparticles. This is as a result of the presence of different functional group siNHas,

SH that have strong afiity for the gold surfacé”?! Some of these amino acids are known to
interact withthe gold surface specifically through their side chains. They are also thtmught
attach tothe surfaceof neighbouring AuNPshrough hydrogerbonding leading to the
aggregation of linear structur&€s2°Cysteine is mostly likely to bind to tieuNPs through its

thiol (i SH) group(Figure 5-1), and this bond is formed by theydind exchange reaction

between cysteine and citrate capped gold nanoparticiés.

OH O%c/N o H NHQ/
H)N;Cjé "

OoH
rilH NH, o ﬁ
H (o}
.C NH
&C No )\/S Au S NH ~C
N o n
o HN\C o]
|
o]
NH on
/(I; HN___NH
HNZ NH, ﬁ
NH

Figure 5 1. Proposed structure of TRDLys peptide bounded to AuNP with its two cysteine

residues.

The surface atoms of goltanoparticles are known to be electrophilic, and therefore have a
strong affinity for nucleophiles suchs sulfur?® The cysteine sulphurs have a high affinity
towards gold nanoparticles and its assendffgct can be attributed to the zwitterion type
electrostatic interaction between the charged amine and acid group of cysteine nibl€hale.

125



designed peptide sequence in this study takes into account such special features, with cysteine
residues at the end of each) terminus; COH) and N{NH>)] of the peptides. The studied
peptide sequence possesses amino acids hwiinophobic side chains, [Alanine (A) and
glycine (G)]; which are known to also promote ses6embly and stability of peptide in watér.

These hydrophobic interactions together with hydrogen bonding of the amides backbone, are
thought to provide efficient packing of the molecules on the NPs sulfieaddition, such high
molecule density on the NPs reduces molecules mobility thus promoting stii3flity.

To date, most of the work reported in literature involves immobilization of enzymes onto gold
nanostructures in an athpt to improve enzymatic activity, stability and to change substrate
specificity’® 2° or create enzyme mimidé143°Studies involving conjugimn of peptides to
AuNPs have been focused on the detection of heavy ni&taésd on biomedical applications

for drug delivery and cellular uptaké? * However, little has been reported on pep#diNPs
regarding organic synthetic reactiofi$/ and not much research has been cotatlion

peptidecapped AuNPs as for aldol reactidfs.

In this chapter, we investigate synthesis of gold nanoparticles conjugated to a catalytic
cysteinecontaining polypeptide (TFADLys). The catalytic activity and stability of the
peptidecapped AuNPs will also be investigated on asymmetric aldol reaction. We envisage
that the peptideapped AuNPs, will produce a defined conformational peptide structure to

improve catalytic efficiency, catalyst recovery and reduce the need for high catalyst loading.

5.3 Results and discussions

5.3.1 Synthesis and functionalization of AUNPs

Gold nanopatrticles are generally synthesized by the reduction of hydrogen tetrachlorocuprate
(HAuCly), using a reducing agent such asddium citrate or NaBiH®3%4%n this study citrate

was chosen for the preparation of AUNPs. The reduction of gold chloride (lIl) using citrate has
few advantages such dBe citrate can be redgireplaced allowig easy functionalization of

the particle andlsothe biomoleculeginclude peptides or proteins containing thiols amine and
phosphine moietieg)an be used for functionalization since the synthesis is performed in an
aqueous mediurtt'*® In addition, citrate stabilized NPs are wsllited for application
involving biomolecules since they are easily dispersed in WatéiThe gold nanoparticles

were synthesized by addition of various ratios of citrate solution to aqueous solution of
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HAuCl4, as described in detail ire&ion7.2. Different volumes of citrate solution were added

to obtain different sizes of AUNPs and to also investigate the efficiency of the reductant which
mostly depends on its concentratf@The reduction of gold salt (At) to Au’ was verified by

the appearance of colour change from pale yellow to pinlkfigdre 5-2), thus indicatingtte
activation ofnucleation and growthirhe colour changes during the reaction, are related to the

reaction kinetics of AUNPs synthe4?g?®

Figure 5 2: An imageof a reaction mixture changing colour, due to the addition of the citrate

solution, from (apde yellowto (b) pink/red

The poor interaction betwedime surface Au metal and the termiinarboxylic group of citrate
molecule, permits easy postsynthetic treatment and further functionalization by binding to
biomolecules (e.g. peptide¥).Hence, after successful synthesis and characterization of
AuNPs, they were immob#ed on the uncyclized polypeptide (TP_DLys) having two free thiol
groups on both end$he functionalzaton was performed by varyirgpth the volume of gold
solutions and peptide concentratipaad this was confirmed by colour change from pink/red

to pale pink solution.
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5.3.2. Charateri zation and instrumentation

5.32.1 UV-vis spectrophotometry

Once the stable NPs were generated, they were investigated using various techniques. Initially,
the optical properties of both the gold colloidal solutions and peptidgigated gold were
monitored using UWis spectrophotometryThe eletronic property of AuNPs, localized
surface plasmon resonance (LSPR) confers a convenient preliminary indicator for surface
functionalisatior?® The LSPR observed wavelength §,R mostly depends upon the shape,

size and distance between the adjacent nanopatrticle aradsbiaffected by the changes in the
dielectric environment! For every run, the spectra background was corrected usingQmilli
water since both samples were prepared in the same solvent system, so that the observed
absorbance arises only from wanoparticle andhe Au**/peptide complex. The UVis
absorption spetra of AUNPs and peptidsonjugated AUNPs are presentedrigure 5-3. The
concentration ofhe peptide used for UWis and TEM analysis was 1.5 mol%he absorption

profile obtained for citrate cappe&&lNPs reveal a damped localized LSPR band peaking
araund 518, 520 and 523 nm for AuNI®, AuNR30 and AuNP50 respectively, thus
confirming the formation of quasipherical AUNPS® This is due to the effect of collective
oscillations of conducting electrons when interacting with the electromagnetic oadfati
Furthermore the magnitude of the shift differs with both the refractive index of the adsorbed
layer and its thickness:®>* The gradual increase in shift of the AuNPs as the citrate volume
increased, further demonsedtthe dependence of LSPR on the size of the nanoparticle.

Literature repodthat a higher citrateatio affords nanoparticles with smaligarticles siz&®

“AUNP-2 0 YDe n ot e dor AullRsedintR0, 30gr 50ml citrate AUNP-20P denotes labelling faeptide
coupledto AUNPs using20 ml citrate volume.
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Figure 5 3: UV-vis absorption spectra showing LSPR band for cicaigped AuNP (black
line) and peptideAuNPs (red line).

When particles were capped with peptides, a broader absorbance shoulder is seen with a strong
plasmon band at 605, 600, 595 fon AUNP-20P, AUNR30P and AuNFS0P respectively.

The large LSPR shift observed suggeststrong interparticle interaction, confing the
conjugation of peptide to AuUNPs. Additionally, this shift is due to the change in refractive index

in the vicinity of the particle surface during the immobilization of the peptidée broader

surface plasmon also indicatthe change in dlectric constant which is attributed to the
agglomeration of the nanoparticles. A chaimgeéielectric environment close to the particles
surface is thought to cause changes in the resonance conditions, which consequently gives rise
to a shift both in thentensity and LSPR peak. Agglomeration is often caused by the
intermolecular forces between the nanoparticles and peptide. These results further suggest the

formation of more anisotropic nanoparticles due to broader size distri#ton.
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5.3.2.2Transmission electron microscopy

TEM imaging and analysis is a technique usedetermine the nanoparticle size formation

and morphology such as changes in shape and diafigiere 5-4 showsthe TEM images of

citrate cappedduNPs and peptide functionalized AuNPs. Timages of theitrate capped
NPsshownin Figure 5-4 (a)(c) revealroughly quasspherical particles shapewith a fairly

narrow size distribution. Furthermore, the resudiso indicate that the particles are
polycrystalline in nature. It can be observed that upontifmalization of the peptide, the
particles are fairly dispersed because of the ionic nature of the peptide surface, causing a slight
electrostatic repulson of the individual partic{egyure 5-4 (d)-(f)).
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Figure 5 4: TEM images for citratduNPs and peptideapped AuNPs (a) AuNRO, (b)
AuNP-20P, (c) AuNP30, (d) AuNR30P, (e) AUNF50 and (f) AUNPSOP.

Figure 5-5 below depicts, the particle size distribution histograms of the ckaldPs (a)-(c)

and peptide functionalized AuNRg)-(f), used to measure the average diameter.
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Figure 5 5: Particle size distribution of citrate capped AuNd&l peptidefunctionalised

AuNPsobtained from TEM images.

The particle size distribution was obtained by measuring the average of at least 100

nanoparticleper image, using Image J software. Histograms provide a visual representation

of the averagsizeof the particles and how they differ. The summary of awemjticle size

rable 51 below. The nanomaterials produced using 0.04 M of 20

30- and 56mL of citrate has an average diameteoiie standard deviation) of #8.8, 16:4.74

and diameter are given
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and 135+2.9 nm, respectively. A relationship betwdbka surface to volume ratean be seen,

as there is infinitesimal decrease in the average sigeeastrate ratio increases. This effect

can be attributed to a slight agglomeration of nanopssti¢legure 5-3) prior to
functionalization which can results in slow substitution reaction of the cift@ee of the
contributing factors leading to aggregation is high surface area to volume ratio whichdea
thermodynamically unstable small Au clusters, as reported in literdttfsloreover, other
studies postulate that aggregation is due to van der Waals forces and the tendency of Au(lll)
complexesd attract metallic Au surfacég06!

It is reported that largeurface to volume ratio of smadized AuNPs facilitates the basis for

the high adsorption capacity for peptideBhere was an interestingiange in trend on the

average patrticle size upon the conjugation of peplidble 51), as it can be seen that there

was a decrease in average diameter from 13.55 11.9 2.47. The observed results were
consistat with what is reported in previous studies. This observation sugthasthe binding

affinity plays a vital role in governing the interactions between peptide and growing particles.
The mechanism can al so be explingfloocelationjand t er ms
this describes the binding of a peptide molecule to more than one particle at®aTimee.

chelate formed between the sulfhydryl group of the aysteesidue of the peptide and Au3

can alsorestrict gowth of AUNPs by prohibit further nucleation of the free remaining gold
ions47,63,64

Table 5 1. The average size and standard deviation for produced nanoparticles

Sample Name Average diameter (nm)

AUNP-20ml 16+3
AUNP-Pp-20m| 15.8+2.8
AUNP-30ml 16+4.75
AUNP-Pp-30ml 15+3.75
AuUNP-50ml 13.5+£3.15
AuUNP-Pp-50m| 11.9+2.1
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5.3.3 Peptidecapped AuNPs as asymmetric aldol reaction catalyst

5.3.3.1 Catalyst screening

In this section, the catalytic activity of the previously synthesized Peptide cApdées is
investigated. The advantages of using water as solvent has been mentioned before in Section
4.2.

Literature reports that factors such as pH solution, ionic gtfneend composition of buffers

can influence the interaction between peptides molecules and gold nanoparticles leading to
irreversible aggregation when subject to centrifugation. This occurrence is explained in terms
of the net charge and isoelectric pairfitthe peptidé?525%68 Stydies hag also shown that

when the pH of the solution is kept below the isoelectric point (pl) of the peptide it will induce
the irreversible particle aggregation but, when the solution pH is kept above its pl, it will enable
controlled particle stabilit§?®>¢’As discussed, in Section 4.4.3, at neutral pH the peptide has
net chage of 2.9 and calculated isoelectric point of 9.6. The use of buffer solutions beyond a
pH of 9 is restricted because as indicated in Chapter 4 the aldol reaction may beceme base

catalyzed around this pH. Thus a pH of 8 was selected.

The peptide was immadi@ed to AuUNPs in deionized water and aldol reactions were performed
using the samaqueous solution in which the pepticEppedAuNPs were suspended in. The
advantages of watdrased strategies for the synthesis of AuNPs include; the possibility of
immobilizing AUNPs inavariety of biomolecules (proteins, peptide, Abs(antibodies), etc.). In
contrast, albeit in organic based synthetic methods NPs can be produced with better size control
with quality nanecrystals but the functionaition of NPs to biomokiles is not possible in

this medium. This is attributed to poor stability and dispersion of nanoparticles in this
medium®9 72 In addition, synthesis of AUNPs in this mediiswften followed by stabilization

with phosphine ligand8;’* organoamine$:’® and alkanethiol$! "® which might hamper the
application in this study since peptides will be used as conjugates. Thus, the synthesis of
peptidesupported AuNPs in this study was conducted in aqueous solulioasentrifuged
solution of AuNPs was divided into 3 aliquots 6frhL. Each aliquot was further divided into
fractions of 1.5, 1.0 and 0.5 mL and added to different peptide concentration of 1.5, 2.8, 4.0
and 6 mol% and stirred for 3 hours at room temperature to allow the complete exchange of

citrate with thiols on theanticle surface. The rubged colour changed to a pale red colour and
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theexcess noiimmobilized peptidevas decanted withupernatant aftexentrifugation at 1500

rpm for 15min.

The activity of the functionalized peptiduNPs was investigatedsing the benchmark
reaction betweep-nitrobenzaldehyde and cyclohexanone and the results are summarized in
Table 5-2.

Table 5 2: Aldol reactions screening ptnitrobenzaldehyde and cyclohexanone catalyzed by

peptidesupported AUNPs
H Pep. catalyst >
+ AuNPs Sol, r.t.
O,N O,N
Entry  Citrate vol. Vol of Pep.catalyst Time (h) Yield (%) ee (%)
(ml) AuNPs (mL) (mol%)

1 15 15 96 NR T
2 10 1.0 2.8 96 NR |
3 0.5 4.0 96 NR i
4 15 15 96 NR T
5 20 1.0 2.8 96 NR T
6 0.5 4.0 96 NR i
7 15 15 96 NR T
8 30 1.0 2.8 96 Trace |
9 0.5 4.0 96 Trace T
10 15 15 96 Trace T
11 50 1.0 2.8 96 Trace T
12 0.5 4.0 96 Trace T

The reaction was performed usipgnitrobenzaldehyde (0.157 mmol, 24 mg),

cyclohexanone (0.628 mmol, 70 pL), dissolved L, 1.0 mL and 0.5 ml of AUNPs

solution
Repeated centrifugation of the mixture allowed for the removal of excessnnowiili zed
peptide. The catalytic activities were initially investigated with At AUNR30, AUNR50
mL and different peptide concentration. Regrettably, due to aggregation of-pejNide
conjugates at this concentration as seéiigure 5-3d, no product waslzserved after 96 hours,
when using 10and 20ml citrategold ratio (entries -b).
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Subsequently, when reactions were performed ar8050ml citrategold ratio, trace amount

of the product was observed (entries 8 to $¥)ce an increase in citragld ratio results in

small nanoparticles size that interacts with the peptide to émmugates (Figure-8f) that
evenlydisperg and can efficiently interact with the substrates. Due to poor solubility of the
substrates which was assumed to contribute to the unfavourable results, further optimization of
the reaction conditions will be stiussed next. Different solvent medvere used and the

peptide concentration was increased.

5.3.3.2 Optimization of reactions conditions

The use of a ketone (cyclohexanone) as a solvent has been tshomomote aldol reactions
moreefficiently than orgait solvents in this study and elsewhere (this has been discussed in
detail in Section 4.4.Z able 4-2 and4-5). Importantly, DMSO as solvent has also been shown
to be an effective solvent the catalytic aldoteaction as already discusgsde Section.4.2,

Table 4-3 and 4-5). Thus, for a better comparison of the results between unsupported and
supported peptide catalyst, the aldol reaction betwagtrobenzaldehyde and cyclohexanone
were carried out in DMSO and cyclohexanone as solvents. The reditsied are
summarized below ifiable 5-3.

135



Table 5 3: Aldol reactions betweep-nitrobenzaldehyde and cyclohexanone catalyzed by

peptidesupported AUNPs
O O
Pep. catalyst
H >
+ solvent/AuNPs, r.t.
Entry Citrate Solvent Peptide.cat Time Yield ee (%5 dr (anti:syny
vol. (ml) (mol%)  (h) (%)°
1 4 96 Trace T T
30
2 6 96 Trace T T
Ketoné
3 4 96 Trace T T
50
4 6 96 15 26 26:74
5 4 96 Trace T T
30
6 6 96 16 51 62:38
DMSC?
7 50 4 96 15 48 46:54
8 6 96 17 20 44:56
9 20 6 72 21 72 57:43
10 30 Buffer’ 6 72 39 94 59:41
11 50 6 79 44 78 56:44

®The reaction was performed usipgitrobenzaldehyde (0.157 mmol, 24 mg), 0.5 mL
cyclohexanone/AuNPs solutiofi.Isolated yieldS ee values determined by chiathase
HPLC analysi$.Determined by 1 H NMR analysis of the crude prodtitiie reaction was
performed usindcetone ¢yclohexanong (0.628 mmol, 70 pL) in 1 mL DMS, freactions
were performed usinguffer solutionin AUNPs solution (1:1) at r.t.

When the reactions were performed in a cyclohexanone/AuNPs systigratrace amount of

the product was observetiable 53, entries 1 and 2. This outcome could be attributed to the
low solubility of cyclohexanone in aqueous AuNPs solutayeating a biphasisystem thus
compromising the catalytic efficiency. Although poor yields were obtained when the reactions
were performed with AuUNPp-50ml (entry 4) in cyclohexanone, the effect of AUNPSs size on
the selectivity of the reaction is notablie the absence of a supported catalyable 4-2 entry

5), lower ee of less than 7% were obtained whereas with the pépides the
enantioselectivity has improved and the ee of up to 26% were obtained. Moreover, there was

an improvement in yields whevet DMSO was used, Entries 6, 7 and 8. These findings further
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demonstrate that increasing the peptide concentration and modifying the solvent system can

lead to an improvenme in catalytic efficiency, albeit longer reaction time.

The biocatalytic perfanance for the AuNRpeptide catalyzed aldol reactions was further
evaluated in a buffered solution (entried ®. There was a significant improvement of both

the yields (up to 42), enantioselectivity and moderate improvement of the diastereoselectivity
(59:41) for the aldol reactions in buffered solutions. The influence of the solution is known to
influence the controlled stability of the AUNPs and parti€t€85%*8Furthermore, in Chapter

3 it was demonstrated that the peptide adopts aeliffeonformation in a buffesolution and
therefore the improvement in selectivity was attributed to the slight conformational change of
the peptide resulting in proficient interaction of the substrate or stabilization of the reaction
intermediates’-?88Studies hae also shown that the gold to thiol bond &S) changes from

coordinate ta covalenbond in alkaline pH?382

In general, aldol reaction catalyzed by peptdpped AuNPs produced aldol products with
enhanced enantioselectivity and diastereoselectivity compared to the unsupported peptide
catalysts in Chapter. rhese results were inconsistent with what is repartdierature by

Séti et al,*® where unsupported proline catalyst yielded high $igiec compared to the
proline-supported AuNPs. Although there was an improvement in selectivity of the aldol
product, it was unfortunate that the conjugation of peptide to AuNPs did not significantly
improve the catalytic activity of the peptide even rafia increase in the catalyst loading.
Literature reports that, the polypeptide with a deficenfirmationmay lose structure as a
consequence of its interaction with the metal surface.

The synthesized peptides exist in approximately four conformations as reported in chapter 2
and it is possible that the conjugationtioé peptide caused a change in structure of the more
active conformation. The newly formed conjugated conformation has adebtned shape

which results in better selectivity. Multiple interactions formed between the peptide and the
interface, are thoughto havea significant influence on the conformation of the peptide
backbong?83

5.3.33 Catalyst recyclability studies

In order to investigate the reusability of the peptdpped AUNPsEtO and GHsOH were
added to the filtered aqueous layers obtained after extracting the crude product. The mixture

was further cetnifuged smoothly at 500 rpm once for 10 min and the AuNPs were recovered
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after decantationTable 54 gives a summary of the results obtained from the recovered
catalyst. These results suggest that AUNPs were not effective in facilitating the recdkiery of
catalyst as thermas still mas$oss about 45 mg was recovered from 11.5 and 16.4 mg of the
peptide initially used. Studies have shown that the decrease or loss of activity when recycling
AUNPs supported catalyst be attributed to the irreversible aggregation of the nanoparticles

during to etraction steg:?’

Table 5 4: Recovery and reuse of peptide capped AUNPs

rec. catalyst

>
+ solvent/AuNPs, r.t.
02N O2N
Entry Citrate Solvent Time (h) Yield (%) ee (%) dr (%)
conc.(ml)

1 50 Ketone 96 traces - -
2 30 DMSO 96 traces - -
3 50 DMSO 96 traces - -
4 DMSO 96 traces - -

®The reaction was performed usipgpitrobenzaldehyde (0.157 mmol, 24 mg), 0.5 mL
cyclohexanone/AuNPs solutidhiThe reaction was performed using cyclohexanone
(0.628 mmol, 70 pL) in 0.75 mL DMSO/AuUNPs solution at r.t.

5.4. Concluding remarks

In summary, the synthesis, characterization and catalytic activity of peaigeed AUNPs

was demonstrated. The nanomaterials were generated using a simple reduction approach while
varying the goletitrate ratio. It was observed that the nanoparticle® weasispherical in
nature with a relatively narrow size distributi®@mall size nanopatrticles of approximately 12

nm (50 mL citrate), could serve as promising candgifateefficient peptideconjugation.n
comparison to the unsupported peptide catalyzed aldol reaction bgivwéesbenzaldehyde

and cyclohexanone (Tables}, peptidecapped AuNPs afforded aldol products with improved
enantioselectivity (up to 51%) and moderate diastereoselectivity (6Z:B8)use of buffered
solution proved to enhance both the catalytic activity seldctivity of the peptidduNPs
catalyzed aldol reaction. This was explained in terms of the slight change in conformation of
the peptideAuNPs resulting in efficient interdon with the substrate¥Vhen reactions were

performed in cyclohexanone and DMSO as solvent there was no improvement of both the
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catalytic activity and reusability of the catalyst. This outcome was attributed to the random coil

structure of the peptide wdhn could have caed weak interactions with gold surface

As previously mentioned, a lot of reported work on aldol reaction catalyzed AuUNPs supported
catalysts have been mostly on proline and this therefore limited the amount of comparable
available datato provide plausible mechanisms. Due to time constraints and challenges
mentioned on the reproducibility of the peptide catalyst, no further modifications on the

peptidecapped AuNPs and the aldol reactions conditions could be performed.
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Chapter 6

Conclusion andrecommendations

The main aim of this study was to design and synthesize aldol reaatialging peptides
based on the sequence, structural conformation and activity of the Fri@dssphosphate

aldolase enzyme.

Novel catalystpeptideswere successfully designed, synthesized, and characterized. The
synthesis of peptide catalysts consisting of alAAs presented some challenges during
synthesis, cyclization and purification, thus they were obtained in low yields. This was
attributed tothe possible folding of the growing peptide chains, thus compromising the
coupling efficiencyTherefore, for future studies it is recommended that computhstrdies

and full NMR elucidation of the peptide in this study be obtained to determin8Cihe
conformation and structure activity relationship before the design of new peptidssénetic
routes Once the8D conformation is known, the regions with high folding can be synthesized

as separate short peptides to awstetion sequences.

With the ad of NMR and CD the possible conformations and secondary structural features of
TP_Asp and TP_ADLys were successfully elucidatehe folding patterns of TP_Asp and
TP_ADLys were influenced by the solvent used as revealed by CD experiments. CD studies
further demonstrated that TP_ADLys and TP_Asp peptides exist as random coils that deviate
to betasheet anda-helical conformations in solutiorrespectively. Long medium range

NOEs were used tdeterminestructural conformations. Currently the informatitbrat was
obtained for the HMBC and HSQC spectra from a 500 MHz instrument provided limited
complementary information for secondary struatefucidation. For future NMR studies, an
advanced NMR instrument such as 600 or 700 MHz should be used to acguaircuglity 2D
spectra to provide a conclusive secondary structure of peptides. Molecular dynamics (MD)
simulation protocol should also be incorporated to obtain a complementary information

regarding the folding of the peptides.

The catalyic peptidesweretested for asymmetric aldol reaction catalytic activity and they
showed activity towards a selected range of substrates including aliphatic and aromatic

ketone/aldehyde$feaction between acetone ammatic aldehydes afforded aldol products
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with low yields and good enantioselectivities 83%). Aldol products between aromatic
aldehydes with cyclohexanone were obtained with low yields and selectivities. Selected
organic solvents were found to be acceptable, offering aldol products with low yields, poor
enartioselectivities and moderate diastereoselectivities. The addition of water proved to
significantly improve the reaction rate and selectivities, and it was further demonstrated that
the buffered solution achieved aldol products with very high ee and nedera
diastereoselectivity. It is also worth highlighting that there was no signifdiffierence
observedn the catalytiactivity between the aspartic acid containing peptide (TP_Asp) and

glutamic acid containing peptide (TP_ADLYysS).

The synthesis, immoli#ation and catalytic performance of peptide capped AuNPs with a
range of sizes (16, 15 and 12 nm in diameter) obtained by varying citrate ratio was
demonstrated. AuNPs with quaspherical shape and narrow size distribution as suggested by
TEM were obtaied. Aldol reaction betweem-nitrobenzaldehyde and cyclohexanone
catalyzed by peptideapped AuNPs was evaluatgdonjugating the catalyst onto peptide
AuNPs did not enhance activity and reusability. However, a signifiogomovementin the
selectivity wa observed. These findings were associated with the change in peptide structure

caused by the interaction of the peptide with AUNPs.

Smaller particles were observed to yield better results therefore a new approach utilizing
stronger reducing agensuch NaBHs that can produce monodisperse partioléth smaller
particle size should be investigated. Protocols which use stabilizing molecules in the synthesis
of peptidesupport AuNPs such as the BuSthiffrin (BS) synthesis should also be considered.

We havre demonstrated the application of novel peptides in the catalysis of the commonly used
benchmark aldol reaction between acetonepmnirobenzaldehyde with low yields but good
enantioselectivities. The synthesized peptide had lower activity and selectivity when compared
to the previously reported prolifmsedcatalysts, but our findings provide information on the
structural/conformatinal design and properties of the peptide catalysts. This information will

be used in the design of peptidomimetic catalysts withctimated lysine

Future work should involve computational studies to determine a plausible mechanism,
structure of the tmasition state and the most active structural conformation of the peptide

catalysts. This will assist in the optimization of the reaction conditions for future reactions.
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Chapter 7

Experimental Procedures

7.1 Materials and methods

All solvents and reagents weasbtainedrom commercial sources. Reagent used in the peptide
synthesis such aliisopropylethylamine (DIPEA), piperidine, triisopropylsilane (TIS), formic
acid, trifluoroacetic acid (TFA), 1;8thanedithiol (EDT) were pureled from Sigm&ldrich

South Africa, while Fmoc protected amino &id(2-(1H-benzotriazoll-yl-1,1,3,3
tetramethyluronium hexafluorophospha¢elBTU), 1-[Bis(dimethylamino)methylenelH-
1,2,3triazolo[4,5b]pyridinium 3-oxide hexafluorophosphai@iBTU), Rink amide MBHA

were purchased from DLD scientific. Organic solvents suadtirasthyl formamide (DMF),
methanol, acetonitrile, hexane, dimethyl sulfoxide and diethyl ether were supplied by Radchem
and Pyramid ScientifiSolvents for column chromatograptett{yl acetate and hexanes) were
purchased from Protea Chemicals (South Africa) and distilled before use to remeve non

volatile components.

7.2. Instrumentation and general techniques

Peptide synthesispeptides were synthesized onaariomated Protein Technologies, Inc PS

3TM peptide synthesizer.

Purification of the peptides was achieveid an Agilent 1260 Infinity serpreparative HPLC
system with &JV/VIS detector and an automated fraction collectora Kinetix® 5mm B-
C18, 100 A(250 x230 nm) column. A twbuffer system was employed; Buffer A consisted
of 0.1% formic acid in KO and buffer B consisted of 0.1% formic acid in4CNl. A flow rate

of 20 ml/min or 15 ml/min and UV wavelengths of 215 and 254 nm were utilized.

Analytical LC-MS analysis vas carried out on an Ultra High Performance Liquid
Chromatography (Thermo Scientific Ultimate 3000, RS diode array deteEligis)
Resolution Mass Spectrometer (Bruker Compact quadruple tiffligitt) coupled to Diode
Array (215 and 254 njnA two-buffer system was employed with a flow rate of 0.3 ml/min on
a C18 column (%m, 100 A, 4.60 mm x 150 mm). The buffer system utilized formic acid as
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the ionpairing agent, solverd& (water with 0.1% formic acid) and solveBt (acetonitrile

with 0.1% formic acid acid).

Analytical thin layer chromatography (TLC) plates (0.2 mm silica gel 60 with fluorescent
indicator U\bsg) were obtained from Sigrraldrich. Aldol reactions were monitored using
TLC and further visualization was done by staining wpithassium permanganate (KM#O
solution followed by heating. The compounds were purified using column chromatography on
normal silica gel (particle size 0.0868200 mm) and flash silica gel (particle size 0-04W63)
purchased from Merck. Ethyl acetateldhexane were used as eluting solvents. Solvent ratios

are reported as (30/70; volume by volume)

The enantiomeric excess(ee), was determined by chiral high performance liquid
chromatography (HPLC) analysis on a Dionex HPLC Ultimate 3000 instrument
(CHROMELEON version 6.80 software); coupled to a pump and photodiode array detector. A
Lux 5mcellulose2 column was used for the analysis with hexane and isopropy! alcohol (IPA)

as the mobile phase. Detailed solvent ratios are outlined in the experimental beldiv.

'H-NMR spectra were recorded on a Bruker Avance 300 MHz, Bruker Avance 400 MHz and
on Bruker 111 500 MHz spectrometer. The chemical shifjsv@lues are reported in parts per
million (ppm) relative todeuterated chloroform (CD&I7.26 ppm) and dimethyl sulfoxide
(DMSO-¢6, 2.49 ppm) and referenced against the internal standard, tetramethylsilane (TMS,
0.00 ppm). The spectra were arrag as fist order and the values of the coupling constant (J)
are reported as Hertz (Hz). Multiplicity aignals are expressed as: s=singlet, br s=broad

singlet, d=doublet, dd=double doublet, t=triplet, g=quartet, m=multiplet.

13C-NMR spectra were recorded on Bar Avance 300 MHz, Bruker Avance 400 MHz and

on Bruker 111 500 MHz spectrometer. The chemical shifts values are reported in (ppm) relative
to deuterated chloroform (CD£Y7.2 ppm), (DMS@je, 39.52 ppm) and TMS as an internal
standard.

2D NMR spectra wréh include COSY,¥C-HSQC, TOCSY, NOESY and ROESY
experiments, were recorded at 293, 300, and 308 K on a 500 MHzBtM®r 111 500 MHz
spectrometerAll 2D spectra were recorded at the phase sensitive mode using time proportional
phase increment (TPPI).h& residual water peak of DMSd® was suppressed by a
presaturation pulse of 2 s duration. The first NOESY experiments were recorded with mixing
time of 150, 200 and 250 ms; ROESY spectrum were recorded with mixing times of 100, 150,
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200, 250 and 300 ms;hite TOCSY was recorded with mixing times of 48, 64, 70, 80 and 100
ms; each increment was the sum of 32 scans with a relaxation delay of 2.0 s; 2048 data point

were collected per experiment.

CD spectra were recorded on a JASC@BIspectropolarimeter between the range of 190 to
250 nm in the specified solvents (water and phosphate buffer), with 10 scans at 20°C. The
guartz cuvette used had a pathlength of 0.2 cm with a resolution of 0,2 mmalvédih of 1.0

nm and a sensitivity of 220 mdeg. The peptides (0, 00061 mbl)lwere prepared in water

and a 20mM phosphate buffer (pH 8). The value of absorption was measured as molar
ellipticity per residue deg.cimdmotl). The signals obtained wegenverted to mean residue
ellipticity, [d] wusing the equation bel ow:

[ d b—=——deg.cnt.dmot?

where MWR is the mean residue weight, d the

concentration in g/ml and d is the pathlengtlzin?!

Transmission electron microscopy (TEM) analysis was done using FEI TecA&i
microscopy at an electron ateration voltage of 200 KV and beam size oflDD nm. Sample
analysis was carried out by placing a drop of the gold colloidal on cadsiad copper TEM

grids. The sample was transferred on the grid and allowed to dry in air for few minutes before

analysis.

UV-vis was used to monitor optical properties of gold colloidal solution. The analysis was
conducted using a Varian Cary Eclipse (Cary 50)\il/spectrophotometer; with a Quartz

cuvette of 1cm optical length.

7.3 General procedure for the synthesisfgeptides

7.3.1 General procedure for the automated and manual SPPS synthesis

Swelling, activation and coupling of the first amino acid

The Fmoerink amide resin, 600 mg, (0, 160 mmol/g) was swelled in DMF (10.0 mL) for 20
minutes in a 70 mL glagsaction vessel with fritted filters. The DMF was removed by suction
and a 20% piperidine solution in DMF (5 mL) was added and mixed by bubbling for 5 minutes
with inert nitrogen gas (§. The piperidine solution was then filtered out and the resin was

waded with DMF (5%5 mL) for 30 sec second per each wash.
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The first amino acid cysteine (1.20 mmol, 0.2, nd coupling reagent HBTU (1.14 mmol,
0.19 M) were dissolved in a solution of 1.0 M DIPEA in DMF (6 mL) and added into the
reaction vessel. An additiah6 mL of DMF was also added. The reaction mixture was allowed

to reactfor 45 minutes while a gentle flow ofMas bubbled into the reaction. For double
coupling, the resin was washed with (3x5 mL) DMF, and the coupling was repeated using the
same mixtoe for 60 minutes. The resin was then washed with (3x5 mL) DMF, and (2x5mL)
DCM. The resin was then dried Isuction for 30 minutes. This was followed by the
determination of resin loading capacity and the procedure is described?elow.

The loading capacity was performed in order to calculate the exact moles of the amino acid
attached to the resin.

7.3.2 General procedure for the determining loading capacity

Duplicates of the dried resbeads (8L0 mg) were weighed into two 2 mL plastic Eppendorf
tubes. A solution of 20% piperidine in DMF (1.0 mL) was added to each Eppendorf tube and
left to shake for 20 minutes at 90 rpm on the orbital shaker. The samples were then centrifuged
for 2 minutes and 100rL of the supernatant was transferred into a plastic centrifuge tube
containing 10 mL of DMF. From this solution 1 mL was then transferred into a cuvette. The
samples contained in a cuvette were checked for absorbance at a wavelengthrof@0a

UV/Vis spectrometer three times (reading were obtained in a triplicates). DMF was ran as a
blank to zero the background. The Loading Capacity was calculated using the following
equation below.

PP O Qi £1 OOLQ

X8 0

) L AAE ¢
O ¢ cbmmé)mcbcb‘&e,-g-% DI 0

Where; A= Average absorbance and W=mg of resin.

7.3.3 General procedure for the synthesis of peptides

After the first coupling, the resibound amino acid was then treated wittb2mL 20 %
piperidine in DMF for 10 minutes to remove the Fmoc protecting group from cysteine. The
resin was washed with DMF (5x5 mL) before the second amino acid was coupled. A solution
containing 6 mL ofl.0 M DIPEA, (1.14 mmol0.19 M) HBTU, and (1.02 moti, 0.2 M)

arginine was added to the resin. The reaction mixture was mixed gently by bubbling nitrogen
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gas for 45 minutes. The remaining amino acids in the sequence were also coupled using the

same procedure until the full peptide was synthesized.

7.3.4 General procedure for cleaving peptides from the resin

The resin bound peptide was washed with (3 x5 mL) DMF and then (3x5 mL) DCM and dried
by suction. A cleavage cocktail (10 mL) containing 94% TFA: 2.5%EDT:2 84H6TIS

was then reacted with the resin hdwpeptide for 3 hrs. The cleavage solution was filtered off,
and the resin was washed with 5 mL of TFA and the filtrated was divided into portions in and
poured into 50 ml centrifuged tubes. Cold diethyl ether was added to the filtered solution upon
which a white precipitate of the crude peptide was formed. The two samples were centrifuged
at 5000 rpm for 10 minutes. The step was repeated 3 times with cold diethyl ether. The obtained
white precipitate was then dissolved in 10 mL (60/48DMeCN) for further analysis and

purification.

7.3.5 Cyclisation of peptides

The cyclization of the peptide was performed when the peptide was still attached to the resin.
lodine (10 equivalence, moles determined using the resin loading capacity), was dissolved in
DMF/H20 (4:1) solution (10 mL). The resin bound peptide was transferred into the solution
and left to react for 4 hours. Upon completion, the resin was washed with (3x10 mL) DMF,
(2x10 mL) 2 % ascorbic acid/DMF, (3x10mL) DMF and (3x10 mL) DCM.

7.4 Typical procedues for Aldol reaction

7.4.1Preliminary aldol reaction investigation using Fructosel,6-bisphosphate aldolase
(FBPA)-RAMA

To a 2mL Eppendorf vial containing a solution of a 0.2M triethanolamine (TEA) 1mL buffer
(pH 7.0), DMSO (0.4 mL) and DHAP (8.5 mgP8.mmol), the RAMA enzyme (4.5xP@&nd
9.5x10° mol%) was added and stirred for 20 minutes in an orbital shaker. The corresponding
acceptor aldehyde (0.2 mmol) was then added and the resulting mixture was left to react for 48

hours at room temperature. & heaction progress was monitored using TLC.

7.4.2 General procedure for the aldol reaction preliminary test using acetone

To a solution of 0.75 mL (acetone/water,3:1) in a 2 mL Eppendorf tube, a catalyst (4 mol%)

was added and the reaction was stirredL®dmin. An aldehyde (0.25 mmol, 38mg) was then
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added and the reaction was stirred for 24 hours at room temperature. The reaction was
monitored using TLC and L-®S at of 30minutes, 3, 7 and 24 hours. To monitor the reaction
progress using LBAS, 301 of the reaction mixture was added into a 2 mL HPLC vial

containing 1.5 mL of acetonitrile and anzdygl.

7.4.3 General procedure for the aldol reaction preliminary test using cyclic ketone

In a 2 mL Eppendorf tube containing a ketone (0.45 mL), 4 mol % afatadyst was added,
followed by 40rL of water and the reaction was stirred for 15 minutes. This was followed by
the addition of the acceptor aldehyde (0.25 mmol, 38mg) and the reaction mixture was left to
stir for 24 hours at room temperature. The reacivas monitored by LEMS; 3L of the

reaction mixture was added into a 2 mL HPLC vial containing 1.5 mL acetonitrile andexhaly

7.4.4 Aldol reactions in acetone in the presence of water

A peptide catalyst (0.0064 mmol, 4 mol%) was added to acaaiaining 0.75 mL of 3:1
acetone/water and the mixture was stirred for 15 min. An acceptor aldehyde (0.157 mmol, 24
mg) was then added and the resulting reaction mixture was stirred vigorously at room
temperature for 2Z2 hours. The reaction was stoppgubn completion as indicated by TLC

and acetone was evaporated under reduced pressure. The crude product was extracted using (3
x10 mL) ethyl acetate (EtOAc) and 2 mL water. The combined organic phases were dried over
NaSQy, and concentrated under reddgaressure. The crude product was then purified by

flash silica gel column chromatography using ethyl acetate/hexane (1:3). The pure product was
then subjected to chirphase HPLC analysis to determine the ee.

7.5 Procedures for the aldol reactions betwe&earomatic aldehydes and cyclohexanone
7.5.1 Aldol reaction between cyclohexanone and aromatic aldehydes (homogenous)

A peptide catalyst (0.0064 mmol, 4 mol%) was added to the ketone (0.45 mL) in water (40
and stirred for 15 minutes. An acceptor ald#hyas then added and the resulting reaction
mixture was left to stir for 242 hours at room temperature. The reaction was stopped upon
completion as indicated by TLC. The reaction was quenched by extraction with (3x10 mL)
EtOAc and brine solution (2 mLY.he combined organic extract was washed with brine and
dried with NaSQy, filtered and concentratesh vacuo. Diastereomeric ratio of the crude

product was determined Bi# NMR analysis. The crude aldol product was purified by flash
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silica-gel column chromatography using EtOAc/Hexane (1:3) and the desired aldol product

was subjected to chirphase HPLC analysis to determine the ee.

7.5.2 Aldol reaction between cyclohexanone and aromatic aldehydes (heterogenous)

A peptide catalyst (0.0064 mmdlmol%) was added to a solution of a ketone (0.450 mL) and
60 nL of water and stirred for 15 minutes. An acceptor aldehyde (0.157 mmol, 24 mg) was
then added to reaction mixture which was stirred fer24sours. The reaction was monitored

by TLC and theeaction was quenched by extraction with (3x10 mL) EtOAc and (1x2 mL)
brine solution. The combined organic layers were dried widtsNafiltered and concentrated

in vacuo The crude product was purified by flash chromatography on silica gel using EtOAc:
hexane (1:3).

7.5.3 General procedure for aldol reaction between cyclohexanone and aromatic
aldehydes in organic solvent

A peptide catalyst (0.0064 mmol, 4 mol%) was added to a vial containing a 0.75 mL solvent
mixture (0.5173 mL solvent and 0.237 mL watemjl cyclohexanone (0.628 mmol,M0) and

the mixture was stirred for 15 minutes. An acceptor aldehyde (0.157 mmol, 24 mg) was then
added to the reaction mixture which was stirred forZZthours. The reaction progress was
monitored by TLC and was exttad with EtOAc (3x10 mL) and brine solution (1x2.0 mL).
The combined organic layers were dried over.9@ and concentrated in vacuo.
Diastereomeric ratio of therude product was determined Hy NMR analysis. The crude
product was purified by flash chratography on silicgel with hexane/ethyl acetate (3:1).

The pure products were then arzalgt by the chiral HPLC and the ee values were determined.
7.6 General procedure for the synthesis of gold nanoparticle (AuNPSs)

The synthesis of citrate capped AuNRas conducted according to the procedures developed
by Turkevichet al* All glassware used were thoroughly cleaned with aqua regia(HCI4HNO
and rinsed with MilliporeQ water before use. An aqueous solution of tetrachloroaaid
(HAuClg) (1 mM, 250mL) was heated at 100 °C with vigorous mechanical stirring for 20
minutes. Once the solution started boiling an aqueoligion of trisodium citrate dihydrate
(0.04 M, 10 mL) was then added dropwise while the reaction was stigetbusly. The
solution was allowed to boil for an additional 10 minutes to ensure complete reduction of
HAuCI4. A colour change from colourless to deep rubg indicating the formation of AUNPs
was observed. The solution was gradually cooled dowroat temperature for 3 hours.
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To obtain different sizes of AuNPs various volumes of 10, 20, 30 and 50 mL aqueous tri
sodium citrate were added to the mixture. After cooling, the colloidal solutions of AUNPs were
washed with water by centrifuging at 1500 rfon 15 minutes using an Universal 320R
centrifuge in order eliminate excess unreacted ions and the starting material in the supernatant.
The concentrated dispersed AuNPs patrticles at the bottom of the centrifuge tube free of excess
salts were diluted bacto the original concentration with Millipor® water. The AuNPs
solutions were transferred into glass vials wrapped with aluminium foil to avoid interactions
with light which may cause in aggregation of the particles. The vials were stored in the fridge

and could be used for over 6 months without aggregation.

7.7 Typical procedure for the functionalization of TP_ADLYys peptide to AUNPs

The centrifuged solution of AUNPs was divided into 3 aliquots of 10 mL. This was further
divided into fractions of 1.5 1.8&nd 0.5 mL and were added to differpaptide concentrations

of (1.5, 2.8, 4 and 6 mol%) and stirred for 3 hours at room temperature to allow the complete
exchange of citrate with thiols on the particle surface. The-rethycolour changed to a pale

red olour and excess neammobilized peptide was removed by centrifugation at 1500 rpm

for 15 min in a Universal 320R centrifuge.

7.8 General procedure for aldol reaction using peptideapped AuNPs

The corresponding ketone (0.628 mmolnT() was added to a 2omEppendorf vial containing

1 mL of the DMSO/AuNRpep solution (0.5:0.5 mL, v: v) and the mixture was stirred for 15
minutes. This was followed by the addition of the acceptor aldehyde (0.157 mmol, 24 mg) and
the resulting mixture was stirred for-Z2 hous. Conversion of the product was monitored by
TLC, upon which the reaction mixture was extracted with (3x5 mL) EtOAc and the combine
organic phases were dried over,8@; and concentrateit vacuo Diastereomeric ratio of the
crude product was determinedYNMR analysis. The crude aldol product was purified using
flash silicagel column chromatography and EtOAc/Hexane (1:3) and the desired aldol product

was subjected to chirphase HPLC analysito determine the ee

7.9.1 Catalyst recyclability for peptide catalyzed aldol reaction

The filtered aqueous layers obtained after extraction of the crude product, were combined and
washed with EO (3 mL) and GHsO (4 mL). The peptide was catalyst obtaineas after

drying and decantation of the resuspended mixture. The recycled peptide was added to a vial
containing a 0.75 mL solvent mixture (0.5173 mL solvent and 0.237 mL water) and
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cyclohexanone (0.628 mmol, i) and the mixture was stirred for 15 mies. An acceptor
aldehyde (0.157 mmol, 24 mg) was then added to the reaction mixture which was stirred for

24 -72 hours. The reaction progress was monitored by TLC.

7.9.1 Catalyst recyclability for peptide AuNPs catalyzed aldol reactions

The filtered aqueus layers obtained after extraction of the crude product, were combined and
washed with EO (3 mL) and GHsO (4 mL). The mixture was centrifuged at 500 rpm for 10

min and resuspended at 0°C. After decantation, the supported catalyst was dried and used in
the next cycle. The recovered catalyst was added to the corresponding ketone (0.628 mmol, 70
nmL) and 0.5 mL of DMSO in a 2 mL Eppendorf vial and the mixture was stirred for 15 minutes.
This was followed by the addition of the acceptor aldehyde (0.157 n##aing) and the

resulting mixture was stirred for 26 hours

7.10 Characterization of Aldol Products

O,N

4-Hydroxy -4-(4'-nitrophenyl) -butan-2-one (TP_A1N4ACE)

Yellow solid: R = 0.27 (30% ethyl acetate/hexank).(Vmadcnl): 3459 (QH), 3118 (=G

H), 3068 (GH), 1574 (C=C), 1706(C=0), 1323(0). '"H NMR (500 MHz, CDCY) & : 8. 22
(d,2H, H7&H-7 6 ) , 7 . 5@&and Hb'), 5.30iH5,21 (Hh, 1H, H4), 3.55 (brs) = 3.3

Hz, 1H,0H), 2.87i 2.77 (m, 2H, H3), 2.23 (s, 3H, H.).13C NMR (126 MHz, CDC4$) U :
208.44(CG2), 126.45(66), 126.34(G6 6 ) , 1D 312J/7/R(E7D ) , -45,%0.83(EZ ( C

3), 30.77(C1).HRMS (ESI) m/z Calculated for @H11 NO4:209.068found:

232.0910[M+23]

4-Hydroxy -4-(2'-nitrophenyl) -butan-2-one (TP_A2N2ACE)
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colourless solid: R= 0.32 (30% ethyl acetate/hexan®.(Vmadcm?): 3461 (QH), 3068(=G

H), 2922 (GH), 1609 (C=0), 1518 (C=C), 1333(@)..H NMR (500 MHz, CDCI 3
7.80 (m, 2H, H9 and H8), 7.77i 7.58 (m, 1H, H6), 7.50i 7.38 (m, 1H, H7), 5.68 (dd, 1H,

H-4), 3.79 (brs, 1H, OH), 3.11 (d, 1H;3), 2.74 (ddJ = 17.8, 9.4 Hz, 1H, KB), 2.24 (s, 2H

H-1)13C NMR (126 MHz, CDGJ) Ui 76 (&D),8147.12(C10), 138.47(C5), 133.82(C7),

128.28(G6), 128.19(C9), 124.43(EC8), 65.60(G4), 51.12(G3), 30.43(C1). HRMS (ESI)

m/z Calculated for @H11NO4 209.07found: 232.0583 [M+23]

4-Hydroxy-4-( 4cbloropheny)-butan-2-one(TP_A3CIACE)

Colourless oil: R= 0.28 (30% ethyl acetate/hexan®.(Vma/cm?): 3421 (GH), 3117(=C

H), 2967 (GH), 1701 (C=0), 1519 (C=C), 1315(@). '"H NMR (500 MHz,CDCJ) G :i 7. 33
7.26 (m, 4H, ArH), 5.12 (dJ=9.0, 3.4 Hz, 1H, H}), 3.47 (brs, 1H, OH), 2.892.72 (m,

2H, H3),2.19 (s, 3H, H).*C NMR (126 MHz,) U: 208.86, 141.
69.16, 51.82, 30.76. HRM&SI) m/z Calculated for @H11ClO4:198.0488found: 221.0334

[M+23] *

g
O,N™ 11 l
10

2-(Hydroxy(4-nitrophenyl)methyl)cyclohexanone (TP_A4N4CY)

OH (0]
4

Yellowish solid: R= 0.26 (30% ethyl acetate/hexan®.(Vmadcm): 3426(GH), 3077(=G

H), 2949 (GH), 1698 (C=0), 1524 (C=C), 1024(@).'"H NMR (500 MHz, CDC}) &: 8. 21
(d,J=8.9,23Hz,2H,HI0andH1 06 ) , JEF7.5Hz, 2HdQandH96) , 4= 90 (d,
8.3, 3.0 Hz, 1H, H7), 4.07 (brs, 1H, OH), 2.632.55 (m, 1H, HB), 2.54i 2.45 (m, 1H, H

2a), 2.41 2.31 (m, 1H, H2b), 2.16/ 2.08 (m 1H-H-3a), 1.72Z 1.64 (m, 1HH-3b), 1.63i

1.48 (m, 4H, H4 and H3).°C NMR (126 MHz, CDG)) U : 2-1)414786 (C11)C

127.87 (G8),126.59 (P and G99 6 ) , 1-203andxc20 6 ©, -7)470.DAJC6)( C
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57.20 (G2), 42.69 (G5), 30.77 (, 2B4 , 24.75HRMS (ESI)m/z Calculated for @HisNO4
:249.1001found 272.0890 [M+23]

2-Hydroxy(2-nitrophenyl)methyl)cyclohexanone(TP_A5N2CY)

Yellow oil: R = 0.29 (30% ethyl acetate/hexan®.(Vma/cm?): 3454(GH), 2922 (=GH),

2853 (GH), 1693 (C=0), 1512 (C=C), 119%@).*H NMR (500 MHz, CDC}) U :i 7. 9 4
7.72 (m, 2H), 7.64 () = 7.7 Hz, 1H), 7.43 (t) = 7.8 Hz, 1H), 5.45 (d] = 7.0 Hz, 1H), 4.07
(d,J=37.1 Hz, OH), 2.82 2.68 (m, 1H), 2.51 2.28 (m, 2H), 1.92 1.52 (m, 5H), 1.26 (d,
2H).1®*C NMR (126 MHz, CDG) U 2 114, 148.83 (€1%), 136.63 (€8), 133.07 (€

10), 129.00 (€9), 128.40 (€12), 124.10 (€11), 69.81 (C7), 57.31 (C6), 42.85(C-2), 31.14
(C-5), 27.77 (G3), 25.00 (G4). Calculated for ©H1sNO4:249.1001found 272.0890

[M+23]".
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Appendix | - Supplementary information for Chapter 2

LC-MS spectra forselected compounds
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Figure S.21: LC-MS spectrum of TP_Asp camfmation 1 (peak 1)
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Figure S.22: LC-MS spectrum of TP_Asp camfmation 2 (peak 2)
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Figure S.23: LC-MS spectrum of TP_Asp camfmation 3 (peak 3)
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Figure S.24: LC-MS spectrum of TP_Asp camfmation 4 (peak 4)
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Figure S.25: LC-MS spectrum of TP_ADLys coafmation 1 (peak 1)
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Figure S.26: LC-MS spectrum of TP_ADLYys coafmation 2 (peak 2)
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Figure S.27: LC-MS spectrum of TP_ADLYys coafmation 3 (peak 3)
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Figure S.28: LC-MS spectrum of TP_ADLYys coafmation 3 (peak 3)
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Figure S.29: LC-MS spectrum of TP_Glu coofmation 1 (peak 1)
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Figure S.210: LC-MS spectrum of TP_Glu coofmation 2 (peak 2)
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Figure S.211: LC-MS spectrum of TP_Glu coofmation 3 (peak 3)
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Figure S.212 LC-MS spectrum of TP_Glu comfmation 4 (peak 4)
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Figure S.213: LC-MS spectrum of TP_GDLys commation 1 (peak 1)
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Figure S.214: LC-MS spectrum of TP_GDLys comfmation 2 (peak 2)
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Figure S.215: LC-MS spectrum of TP_GDLys camfmation 3 (peak 3)
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Figure S.216. LC-MS spectrum of TP_GDLys comimation 4 (peak 4)
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Figure S.217: LC-MS spectrum of TP_GDA coafmation 1 (peak 1)
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Figure S.218. LC-MS spectrum of TP_GDA coafmation 2 (peak 2)
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Figure S.219: LC-MS spectrum of TP_GDA coafmation 3 (peak 3)
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