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ABSTRACT

This thesis is divided into three parts.

The first part is an introduction to the design and synthesis of artificial enzymes and
details some of the more recent developments in this area, with an emphasis on
emerging ‘selection approaches’ to artificial enzymes. The introduction concludes with
a short review on the synthesis of artificial receptors using dynamic combinatorial
libraries (DCLs), and discusses the relevance of such a strategy in the design and

synthesis of artificial enzymes.

The second part is a discussion of our investigations into the design and synthesis of an
artificial enzyme which is able to induce selectivity in the acid catalysed ring opening
reaction of o-pinene oxide to afford trans-carveol as the major product. The research is
based on the molecular imprinting approach to artificial enzymes and begins with the
synthesis of polystyrene-divinylbenzene molecularly imprinted polymers (MIPs), using
the crude transition state analogue (1R, 5R)-trans-carvyl amine as the imprint molecule.
Binding studies confirmed the successful imprinting of a range of MIPs with various
crosslinker to monomer ratios and loadings. The influence of the MIPs on the product

distribution of the ring opening reaction of o-pinene oxide was investigated.

The development and synthesis of a second generation transition state analogue (TSA),
N-methyl isonipecotic acid N-oxide is then described. The TSA was used in molecular
modelling studies to select three tri-peptide ‘functional monomers’ which established
favourable binding interactions with the ligand TSA. The peptides were synthesised and
pulsed field gradient NMR experiments were used to study the change in the observed
rate of translational diffusion on complex formation between the TSA and the three tri-

peptides.

Research into the development of polyacrylamides as MIPs is then presented. Binding
studies were carried out to establish the effectiveness of imprinting of a range of

polyacrylamide MIPs.

Part three is an account of the experimental work and procedures used throughout this

work.
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Part 1. INTRODUCTION




Chapter 1. PROGRESS IN THE DESIGN AND SYNTHESIS OF
ARTIFICIAL ENZYMES

Enzymes catalyse reactions with remarkable regio and stereoselectivity under very mild
conditions. They are a source of inspiration to chemists, demonstrating what could be
achieved with a full understanding of the underlying principles of the subject and have
long provided a stimulus for research into synthetic equivalents. The basic principle
behind enzyme catalysis: molecular recognition and stabilisation of the transition state
of a reaction, was originally proposed by Pauling over 50 years ago'. However, despite
some impressive advances in the field of artificial enzymes, chemists have yet to put
this theory into practice to produce a synthetic equivalent which can rival enzymes in

rate acceleration, turnover and specificity.

Enzymes have had billions of years to evolve into the sophisticated three-dimensional
structures of today. As chemists, we need to concentrate this period to a feasible
timescale for research. In recognition of this fact, recent developments in the field of
artificial enzymes have moved away from the rational design and multistep synthesis of
complex molecules and have tended to focus on selection approaches. Advances in the
fields of molecular biology, biochemistry and more recently combinatorial and polymer
chemistry have all furnished unique and often co-operative solutions to the synthesis of
artificial enzymes, and it is the aim of this introduction to discuss some of the more
recent and diverse approaches taken by organic chemists towards the creation of

effective enzyme mimics.
In general the different approaches can be divided into three categories;
The ‘design approach’. A host molecule is designed with salient functionality (often

also present in the natural enzyme counterpart) which is expected to be involved in

catalysis of the chosen reaction. Catalytic cyclodextrins are one such example.



The ‘transition state analogue-selection approach’. A library of hosts is generated in
the presence of a transition state analogue (TSA) and the best host is then selected from
the library. This latter approach has been employed with considerable success in the
field of catalytic antibodies and has more recently inspired the process of ‘molecular

imprinting’.

The ‘catalytic activity-selection approach’. This takes advantage of the combinatorial
chemistry revolution: a library of possible catalysts is generated and screened directly

for enzyme-like activity.

Although a review on enzyme mimics would not be complete without mention of the
more established enzyme mimics such as cyclodextrins and catalytic antibodies. They
represent review articles in their own right*® and only selected examples will be
discussed here. This introduction will instead concentrate on less developed areas and
will conclude with a discussion of some of the more recent developments in ‘selection
approaches’ towards artificial receptors. In particular, dynamic combinatorial libraries
(DCLs) and related research will be described with reference to possible applications in

the field of enzyme mimics.

1.0 TRANSITION STATE THEORY

The currently accepted view is that catalysis rests on the enzymes ability to stabilize the
transition state of a reaction relative to that of the ground state. This principle is
illustrated overleaf (Figure 1) for a unimolecular example where the enzyme-substrate
complex is stabilised relative to the free species in solution. The activation barrier to
reaction is represented by the difference AGcye and AGypat for the enzyme catalysed and

the uncatalysed reactions respectively.
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It is clear from this picture that for catalysis to work the difference AGgrsy must be
larger than AGgs . In other words, the enzyme must stabilise the transition state of the
reaction more than it stabilises the ground state of the substrate*. For true catalysis, a
system also needs to exhibit turnover. If the product binds to the enzyme significantly
stronger than it binds to the substrate (E.S < E.P) then product inhibition of the reaction
can result. In this case substrate binding can be beneficial. The most important
consequences of this picture of enzyme action are that design of an enzyme mimic must
consider not only transition state binding relative to substrate binding; the active site

must be designed such that product release is a thermodynamically favourable process.

The discussion above is a simplification of the real situation since enzyme catalysis of a
transformation often involves an alternative reaction pathway from that of the
noncatalysed process, usually taking advantage of the enzymes ability to reduce the
molecularity of multistep sequences. The situation also becomes more complicated for
bimolecular processes and reactions involving covalent enzyme-bound intermediates®,

such as the intermediate [1], invoked in the intial step of the mechanism for amide bond

cleavage by serine proteases (Scheme 1).

11
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Schematic representation of the first step: an acylation reaction, in a serine
protease amide bond cleavage reaction.

Scheme 1

In these more complex systems, application of the above model of transition state
stabilisation is less straightforward, however, the discussion is adequate to understand

the basic principle behind many of the various approaches to artificial enzymes.

Perhaps the biggest obstacle to the synthesis of enzyme mimics is that in order to design
an artificial enzyme it is necessary to understand how enzymes achieve this selective
binding of the transition state. Many studies have been carried out in attempts to
quantify the contributions of the many weak intermolecular forces involved. In general
the overall binding is a product of electrostatic, hydrogen bonding, hydrophobic and
Van der Waals influences’. Since enzymes operate in water, desolvation effects and the

resulting entropy changes are also important factors®’.

Hydrogen bonding and electrostatic interactions contribute significantly to the binding
affinity between the substrate or transition state and the enzyme, although, since
enzymes operate in water, the contribution of these effects is greatly moderated by
solvation. In fact, in some cases, desolvation of both the polar group on the ligand and
the complementary group in the enzyme may cost as much in enthalpy as is gained by
bringing the two groups together’. Many studies into the influence of hydrogen bonding
in particular have been carried out, in an attempt to quantify the energy difference
gained upon the formation of a ligand-host hydrogen bond in water®'°. The value for a
neutral-neutral hydrogen bond has been generally found to be in the order of 1.5kcal

mol ™, which represents a perhaps surprisingly modest energy gain. As a result it has

12



been suggested that such interactions “may play less of a role in enhancing association
of the correct ligand than they do in creating a penalty for binding the wrong ligand, ie.,

in determining ligand specificity”5 .

In contrast, the contribution of charged hydrogen bonds to binding enthalpy is more
significant. This difference between neutral and charged hydrogen bonding is elegantly
illustrated by comparison of the two model receptors [2] and [3] for glutaric acid

(Figure 2).

N N
Lo v
N‘/ + 3] ‘H' + \'N
. - /‘O d\ — 'I"i
‘o_ 4 ~ - -O'

Figure 2

Both receptors create the same number of hydrogen bonds with glutaric acid, however,
the neutral diamide [2] binds glutaric acid strongly in choloroform (K, = 60 OOOM'I)
but not in DMSO"2, whilst the receptor [3] which incorporates two charged electrostatic
hydrogen bond interactions is almost as good a receptor in DMSO (Kass = 50 000 M)
containing 5% THF and binding is still measurable in the presence of 25% water'. In
quantitative terms, the presence of a charged hydrogen bond has been estimated to

contribute up to 4.7kcal mol™ to the stability of an enzyme-ligand interaction'’,

More recently the importance of the hydrophobic effect in selective binding has been
highlighted''. This stabilising influence arises from the transfer of a hydrophobic
surface out of water and into contact with a complementary hydrophobic region of a
ligand or receptor. The driving force behind this favourable interaction is the beneficial
change in free energy as ordered water molecules surrounding the hydrophobic surfaces
are released into bulk solvent. The importance of this phenomenon has been emphasised
in a recent review into molecular recognition in drug design''. A range of examples

where hydrophobic interactions play an important role in binding are discussed. Most
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importantly, the concept of an “induced fit” in which the receptor undergoes a
conformational change in order to optimise hydrophobic interactions with the ligand is

emphasised.

An example is the interactions involved in the complexes of inhibitors [4] and [5] with
the matrix metalloproteinase stromelysin“. Replacement of the N-methyl amide group
in [4] by a phenyl ring [5] (Figure 5) was accompanied by an unexpected
conformational shift of a loop in stromelysin which allowed an unexpected Leu residue
to bind to the hydrophobic benzhydryl moiety. This elegantly demonstrates the inherent
flexibility of enzymes, which are able to undergo conformational change in order to

accomplish binding.

O =>/O = 0]
J;: N O N OH
~N N N \“/ﬁ)L N ~OH WL N”
H H H
o O o)
MeO [4] [5]

Figure 3

All the above effects, as well as nt-stacking and Van der Waals interactionsls's, involve
binding between discrete ligand and receptor moieties. Perhaps the most difficult
binding effects to understand are those interactions at the catalytic centre of the enzyme
site between the transition state and the host. This is because the system, and hence the
bonding interactions, are dynamic in nature. It is these binding phenomena, termed
“dynamic binding” interactions, which distinguish between an active artificial enzyme
and a synthetic receptor. To revisit the acyl transfer step in the serine proteases
discussed earlier, Kirby16 has used this example to illustrate the concept of dynamic
binding. The transition state for this step is illustrated in Figure 5 below in which at

least six bonds are being made and broken.

14
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Although the exact nature of the transition state is unknown the important feature is that
the “binding” of this transition state by the enzyme involves more than ordinary
molecular recognition. The partially formed covalent bonds at the reaction centre
represent “dynamic” binding interactions which have no conveniently modelled ground
state counterpart. It can also be expected that these interactions must make a major
contribution to transition state binding and stabilisation, not least because they clearly

represent a difference between substrate and transition state recognition.

All the factors described above contribute to the overall binding of the transition state.
Despite the many reviews available on the factors which influence molecular
recognition and binding in enzyme systems'’, the practical application of these
hypotheses remains the true test of our understanding. It is thus of pertinent interest to
investigate the design and synthesis of artificial enzymes since this will hopefully also

lead to a better understanding of molecular recognition itself.

1.1 THE ‘DESIGN APPROACH’

The traditional approach to enzyme mimics has focused on the de novo design of
macromolecular receptors with appropriately placed functional groups. These catalytic
groups are usually chosen to mimic the amino acid residues known to be involved in the

enzyme catalysed reaction. The realisation of ideas in such a process can be an arduous

15



affair and although there are some impressive successes (vide infra), efficient catalysis

rivalling enzyme rate accelerations still seems a long way down the line.

1.1.0 Cyclodextrins as enzyme mimics

One of the most prodigious aspects of enzyme mechanism is the functional group
co-operation often displayed in the active site. The electrostatic environment in the
binding site maintains the delicate balance of pK,s required for the various groups to
participate catalytically. In particular, histidine is often able to function as both an acid
and base in simultaneous bi or multifunctional catalysis. Intrigued by the challenge of
imitating this phenomenon Breslow et al chose to mimic the enzyme ribonuclease
AP This enzyme uses Hisl12 and His119 as it’s principle catalytic groups in the
hydrolysis of RNA.

To mimic this enzyme two imidazole rings were attached to the primary face of

B-Cyclodextrin as depicted below in Scheme 2.

- R o
= 0 0 N2
'\\/jN ;\I://\N | 0—R=-0 OH T/OH ~ "OH

] 0 0 OH

- o
+

B-cyclodextrin

[7] (8] [9] [10]

Scheme 2

This mimic [7] catalyses the hydrolysis of the cyclic phosphate [8] with a ke 120 x
10”5 compared to kypear 1 x 107,57 for the uncatalysed reaction and shows greater than
99:1 selectivity for [9]. This is in comparison to the solution reaction with NaOH which
gives a 1:1 mixture of both products. Isotope effects showed that the two catalytic

groups were operating simultaneously and the pH rate profile, which was almost

16



fl 8a

identical to the enzyme itself ~", shows that one imidazole functions in it’s protonated

form whilst the other is unprotonated.

The relative positioning of the imidazole groups on the ring of the f-cyclodextrin was
found to be crucial. Only when the imidazole groups were attached to adjacent sugars
was a single product [9] detected. This regioisomer of B-cyclodextrin was not only more
selective but it also gave the fastest rate of hydrolysis and displayed the strongest
binding to the substrate [8]. Importantly, this result gave information about the
mechanism involved since the imidazolium ion in this isomer would be better placed to
protonate the phosphate anionic oxygen which it can reach better than the other catalyst

isomers (Scheme 3).

H o/'\‘ - o C\)\ o
- n Y QP Ox ! L
O H-Im o— P\ OH on P~ o "on
(0] (0]
[10]
Scheme 3

This, coupled with the evidence that the imidazoles function simultaneously allowed the
group to postulate that the mechanism was as depicted (Scheme 3) and was the same as

used by the enzyme, ribonuclease itself>.

The use of cyclodextrins as enzyme mimics has been extended to incorporate dimers
and trimers of cyclodextrins, as well as a range of transition metal complexesz’w. An
example demonstrating both these features is the cytochrome P450 mimic [111%°. This
mimic is capable of selectively oxidising the 6-CH, position in the B-ring of steroid

derivative [12] (Scheme 4).

17



o) CONHCH,CH,SOzH

HO4SH,CH,CHNOC
[12]

10 mol% [11]
PhIO 0] CONHCH,CH,SO3H

HO3SH,CH,CHNOC

[14]

Scheme 4

Molecular modelling indicated that the two ferz-butylphenyl groups in the substrate [12]

bind into two trans 3-CD rings of [11] thus placing the steroid B-ring directly above the

18



porphyrin ring. The reaction is carried out with 10mol % of catalyst [11] and
iodobenzene as co-oxidant. The ester groups are hydrolysed in situ to afford 40% of the
oxidised product [14] along with unreacted starting material. This yield corresponds to
at least 4 turnovers and although this may be considered modest, the example
nevertheless demonstrates the power of using designed binding constraints to influence

the selectivity of a reaction.

1.1.1 Cyclophane enzyme mimics

Another impressive application of the design approach is Diederich’s pyruvate oxidase

mimic.
NH; 0
N C4H N
ol e o PSS
8 — N
N S
(Aﬁ\/\opzoes' o NN
S C4Hg
ThDP [15] Flavin [16]
Figure 6

Pyruvate oxidase employs two co-factors ThDP [15] and Flavin [16] (Figure 6) to
catalyse the transformation of pyruvate [17] to acetyl phosphate [20] (Scheme 5). The
thiazolium group of ThDP forms an activated aldehyde [18] which is oxidised by the
flavin to give an electrophilic intermediate [19]. This is then attacked by the inorganic
phosphate nucleophile to release the product and regenerate the thiazolium ylide [21]
(Scheme 5). In an analogous fashion aldehydes are oxidised by either water or alcohols
to carboxylic acids or esters respectively by simple thiazolium ions in the presence of

flavin.

19



1
FKN+ CHs CH,CO-COOH [17]
( \ (II) R*-CHO

21
(I) CH5-COOPO;> [20] , , , S
(1) R*COOH or (I) Enzymatic pathway (R"=CH,) R [18]
R3COOCH3 (IT) pathway in model systems

Flavin (ox)

(I) Inorganic phosphate 1 CH @ O,
(I) H,0, CH;0H F\N'* 8 Flavin (red) (IT) electron acceptor
(S/( \ 2
R
s S
AT
Scheme 5

Diederich’s pyruvate oxidase mimic [22] combines a well defined binding site with both

the flavin and thiazolium groups attached covalently*'*®

(Figure 7). The proximity of
the groups to the binding site and the intramolecularity of the oxidation step was
expected to improve catalysis relative to previous two component systems®%, It should
also mimic the situation in the enzyme where the cofactors are bound in the enzyme
active site thus increasing the effective molarity of the reagents.

o)

J]\ /C4H9

4CgHy3

O Ve s Cohhra
O0—(CHy)4,—0O
M (CHo)4
(22]
Figure 7
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The transformation of napthalene-2-carbaldehyde [23] to methyl napthalene-2-
carboxylate [24] in basic methanol is indeed catalysed by [22] with a Kca 0.22s!
(Scheme 6). In order to demonstrate true catalysis the attached flavin derivative needs to
be reoxidised in situ. This was achieved by regeneration at a working electrode potential
of -0.3V vs Ag/AgCl. Under these conditions the enzyme mimic [22] is able to act

catalytically on a truly preparative scale with a turnover of up to 100 catalytic cycles.

enzyme mimic [22] (5SmM)

CHO Et;N (150mM) COOMe
Et,NBr (150mM)
MeOH, Ar atmosphere, 308K, 16h

working electrode: Pt foil
counter electrode: Pt foil
E=-0.3V vs Ag/AgCl

Scheme 6

150mM 78%

1.1.2 Reversibly self-assembled dimers as enzyme mimics.

In a different approach, Rebek er al have investigated the influence of a designed
binding cavity on the rate of reaction”. In this case, no catalytic groups are required.
Furthermore, although a Diels Alderase is known®, no natural enzyme catalyst is
available for synthetic applications as yet. This is important, since the desirability of
designing artificial enzymes for reactions which have no convenient natural enzyme

equivalent is evident.

Rebek and co-workers have carried out much research into the synthesis of reversibly
self-assembled dimers®. The multiring structure [25] (Scheme 7) exists as a hydrogen-
bonded dimer in organic solvents and adopts a pseudo spherical structure (described as a
‘hydroxy-softball’) which is able to form and dissipate on a timescale of milliseconds.
This dynamic behaviour, coupled with the microenvironment provided by the ‘softball’
led Rebek et al to investigate the catalytic potential of [25] towards the Diels Alder

reaction of thiophene dioxide [27] and benzoquinone [26] (Scheme 7).
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30] \

[28] [29]
Scheme 7

Earlier attempts at Diels alder catalysis for a different reaction were hindered by product
binding, necessitating stoichiometric amounts of host?®. However, in this case, binding
studies with product [31] showed that the adduct is an unwelcome guest and is driven
out of the cavity by benzoquinone. This strong preference for benzoquinone is also a
problem since the resting state of the species in solution is [28]. However, true catalysis
and turnover were observed in the desired Diels Alder transformation when compared to

a reference reaction in the presence of an isomer of [25] unable to form a dimer.
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That the reaction was taking place in the capsule was confirmed by the addition of the
competitive inhibitor [32], known to be an excellent guest for the ‘softball’ [25] (Figure
8).

(32]
Figure 8

Many other examples of designed hosts have been repoﬁed”, including several

inorganic based examples such as the porphorin trimers of Sanders ez al®*®,

1.2 THE ‘TRANSITION STATE ANALOGUE - SELECTION
APPROACH’.

The traditional approach to enzyme mimics is the design aproach described above.
Whilst this has furnished us with much information on the recognition processes
involved in binding and the criteria required for successful catalysis, the realisation of a
project from original conception to experimental studies on an enzyme mimic can be a
long and laborious process. A case in point is Diederich’s pyruvate oxidase mimic
(Section 1.1.1) which required an 18 step synthesis of the host [22]. In an attempt to
move away from this linear approach, several techniques have been developed which
make use of a selection strategy. This allows for the simultaneous screening of a wide
range of possible candidates thus significantly reducing the time required and hopefully

allowing for the detection of better hosts.

The earliest examples of a selection approach chose affinity for a transition state
analogue (TSA) as their screening criteria. The logic behind this is that any

macromolecule which shows strong binding to a molecule resembling the transition
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state of a reaction, should also bind to and stabilise the real transition state. As this
stabilisation of the transition state is the basis behind enzyme catalysis, the hosts

selected should behave as enzyme mimics for the chosen transformation.

More recently it has been recognised that TSA binding in itself may not be enough to
obtain the rate accelerations needed to rival enzyme catalysis. Nowadays, the
incorporation of catalytic groups in the host is often a designed aspect of the selection
process and it is this, in combination with the TSA host selection, which has led to some

of the most impressive advances described below.

1.2.0 Catalytic antibodies.

The most established application of the above TSA selection strategy is in the field of
catalytic antibodies, pioneered by Lerner” and Schultz®® in the mid eighties. The
immune system generates a natural library of hosts, known as antibodies, in response to
the introduction of a foreign molecule into the bloodstream. Advances in molecular
biology techniques, notably the process of isolating monoclonal antibodies, allow the

selection of a chosen antibody library member on the basis of function.

Traditionally, catalytic antibody technology focussed on a purist TSA approach: the
TSA was designed, synthesised and used as a hapten® in immunisation. The desired
monoclonal antibody was then selected from the polyclonal population on the basis of
binding affinity to the TSA. Early efforts produced a range of successes in various

synthetic transformations, affording artificial antibody catalysts for ester hydrolysis®*,

3234 cyc]opropanation35, elimination

the Diels alder reaction“, cationic cyclisations
reactions®®, the oxy-Cope rearrangement’’ and an allylic sulfoxide-sulfonate
rearrangement®®, amongst others. However, rate accelerations always fell short of the
enzyme catalysed equivalents. Furthermore, detailed mechanistic investigations often
revealed that a mechanism other than that originally assumed for the design of the TSA
was involved®. This has important consequences. Since the selection event is based on

binding to the TSA and not on the basis of catalytic activity, the antibody selected may
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not be the best catalyst. The transition state is after all, not a real discrete entity and any
TSA can only be expected to be an approximation of the true charge distribution

required.

In the last few years there have been significant advances in the field of catalytic
antibodies using the process of “reactive immunisation”. In this method, the selection
criteria are changed from simple binding to chemical reactivity. Illustrative examples

are the antibody aldolases 38C2 and 33F12%.

The natural aldolase mechanism was known to operate as shown below in Scheme 8*'.
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Scheme 8

A lysine residue in the enzyme active site forms a covalently bound intermediate with
the substrate. Initial attack by the lysine amino group affords a carbinolamine which
eliminates water to give a Schiff base imine. This can tautomerise to give an enamine
[33] capable of reacting with a further equivalent of the carbonyl substrate to give the
Schiff base [34]. Hydrolysis with water furnishes the aldol product and regenerates the
active lysine group of the enzyme to complete the catalytic cycle. Lerner at al reasoned
that if their selection criteria was the ability to form an enamine intermediate such as
[33], then the antibodies chosen should hopefully act as artificial aldolases with a

similar

* A hapten is a small molecule attached to a carrier protein which is used to stimulate the immune
response.
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mechanism. The challenge was then experimental; how to observe the covalently bound

antibody intermediate.

The enamine intermediate [37] of the 1,3 diketone [35] (Scheme 9) is a vinylogous
amide due to the presence of the B-carbonyl group. This vinylogous amide [37] has a
strong ultraviolet absorption outside the range of the protein (316nm). The rationale was
thus to generate a library of antibodies against diketone [35] and select successful

candidates on the basis of their ability to absorb in this region.
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Figure 11

Two catalytic antibodies isolated in this manner, 38C2 and 33F12 were broad in scope,
catalysing over 100 different aldol additions involving aldehyde-aldehyde, ketone-
aldehyde and ketone-ketone transformations. The example below of the formation of the
(S)-Weiland-Mischler ketone [38] operates with a rate acceleration of Keat/Kuncat 3.6x10°

and affords an enantiomeric excess (ee) of >95% (Scheme 10).
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[38] [39]
Scheme 10

Not only do these catalytic antibodies accept a wider range of substrates than their
natural enzyme counterparts, the catalytic turnover achieved by these antibodies is

within 10 times that of the natural enzyme for the optimal substrates of each.

The mechanism of action was shown to be the same as for the natural aldolase. This is
significant since the mechanism involves a nucleophilic lysine residue, a group which
would usually be protonated at physiological pH. The origin of catalytic activity in the
antibody is believed to derive from a greatly perturbed lysine residue in the binding
pocket. Cloning and sequencing of the 33F12 genes allowed the group to obtain enough
material for an X-Ray crystal structure. This indicated that the active Lys residue is

contained in a hydrophobic pocket which may explain it’s enhanced nucleophilicity.

In a very recent example, which employs a novel selection method involving
construction of a Fab® library, Janda er al have reported the isolation of a catalytic

antibody for primary amide bond hydrolysis** (Scheme 11).
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The hapten chosen for immunisation [42] contains a boronic acid group which is in

equilibrium with the tetrahedral hydrate [44] (Scheme 11). This latter substrate is

expected to mimic the transition state for the addition of water to a carbonyl centre.

Moreover, the boronic Lewis acid hapten could form this tetrahedral intermediate by a

covalent interaction with a complementary Lewis base or serine hydroxyl in the

antibody binding site. This immobilising interaction was used as a basis for the

screening protocol.

" The Fab fragment is the antigen binding domain of an antibody.
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Immunisation and subsequent manipulation produced a Fab library expressed on phages
which was exposed to immobilised hapten [45] and incubated. After washing off the
non bound Fab library members the selected candidates could be isolated by washing
with acid, since at pH 2.2 the equilibrium of the boronic acid groups should be shifted
towards the free acid (Figure 9). Isolated library members were then amplified and
tested for catalysis. The Fab fragment BL-25, isolated in this manner reduces the half
life of the primary amide [40] (Scheme 11) from ca 17.5 years to 3.9h which is greater
than two orders of magnitude higher than for a catalytic antibody elicited using a
phosphinate TSA. Studies into the mechanism used in the antibody are still in their early
stages, although preliminary results suggest that the catalytic power of BL-25 is derived

from transition state stabilisation of the anionic tetrahedral intermediate*?.

Notwithstanding these impressive achievements there remain some problems with the
catalytic antibody technology. The necessity of using mice to generate the antibodies is
undesirable, although advances in in vitro immunisation methods*’ may render this less
of an issue. Furthermore, the molecular biology techniques involved are highly
specialised. The isolation of a monoclonal antibody is very time consuming process and,
once a catalytic antibody is found, it can be a process of many months (to years) before

the structure of the active site is characterised.
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1.2.1 Molecularly Imprinted Polymers.

Catalytic molecularly imprinted polymers represent a much younger field than their
biological counterparts; catalytic antibodies. The basic concepts underlying both
subjects are very similar. Molecular Imprinting* is a polymerisation technique which
produces macroporous polymers with binding sites which can selectively rebind the
molecule with which they were ‘imprinted’. If this ‘imprint’ molecule is a TSA, then the
resulting molecularly imprinted polymer’s (MIPs), should behave as artificial enzymes

for the reaction chosen.

The process of molecular imprinting is outlined below (Figure 10). In the first step
monomers containing functional groups which interact with the imprint molecule, are
pre-organised around the imprint molecule [48]. A mixture of monomer and cross-linker
is then co-polymerised around this imprint molecule-monomer complex in a radical
polymerisation process, to form a macroporous polymer which contains sites at which
the imprint molecule is bound [49]. Finally, the imprint molecule is removed from the
polymer to leave well defined, shape specific cavities which are spatially and

functionally compatible with the imprint molecule [50].
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The interactions between the imprint molecule and the functional monomers can be
either covalent or non-covalent. In the latter case the description pre-organisation can be
a slight misnomer, since the combination of weak intermolecular forces involved lead
rather to a dynamic associated complex in constant exchange with solution. This, along
with other factors (part 2), defines the inherent heterogenearity of the molecular
recognition sites produced in the polymer. This has proved to be one of the major
sticking points in catalytic applications of MIPs. Despite this drawback, the manifest
stability of MIPs when compared to natural enzymes or other artificial analogues, means

the realisation of catalytic MIPs remains a desirable goal.
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Several successes have been reported exploiting the molecular imprinting technique,

however, the scope of catalytic MIPs remains relatively limited. Table 1 contains a

comprehensive list of MIPs which have been applied catalytically as artificial enzymes.

TSA used as imprint

MIP catalysed reaction Ref.
molecule
) o) o)
ON 4 ON ON COH
o O o) o 0
SRlas &
+
o _ HO O
oN—_)-0 MeCOH + O -0 ON o ome  [47],[48]
o)
9y H o
N_ O HO ]r H
o N—@—O& & OW< N N_O
’ 1)( In +0 L < [49]
- H§ HO.C ©O
ozn—< >—o
o
0
HO&—O—)\OH o. OH
»
HOC ° + HOZC—O—O' ‘OQ [50]
H,
OQ
0 cl 0..0
Cl /CIO Cl P c. S, ¢l o
):((S tLe 0 ’ [51]
cl © cl c”al N0
Cl (e] cl O o
N [52]
Table 1

An elegant example is the catalysis of the Diels Alder reaction of tetrachlorothiophene

S, S dioxide [51] and maleic anhydride [52] reported by Mosbach et al (Scheme 12)5 !
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The challenge of designing an artificial enzyme to catalyse the Diels Alder reaction is
that the product very often resembles the transition state and can bind to the active site
inhibiting turnover. The reaction above avoids this problem since spontaneous SO,
extrusion leads to a product sufficiently distinct from the imprinted TSA to be expelled

from the active site.

Methacrylic acid (functional monomer), ethylene-glycol dimethacrylate (cross-linker)
polymers imprinted with the TSA [55] selectively rebound the imprint molecule and
accelerated the rate of reaction with a Kea/Kuncat 270*. This rate acceleration is modest
compared to the catalytic antibody equivalent®’, but nevertheless demonstrates the

feasibility of this technique.

Promise for future progress comes from the work of Wulff and co-workers®® who
recently reported a successful hydrolytic MIP. In recognition that TSA binding alone
may not be enough to confer catalytic activity they designed their system to contain an
appropriately positioned amidine catalytic group [61] (Scheme 13). This group mimics

the active arginine residue in the catalytic antibody equivalent and was shown to bind

* Rate accelerations were corrected to the reaction in the presence of a non-catalytic polymer produced in
the absence of the imprint molecule.
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strongly to phosphonic acid monoesters such as the TSA [60]. Phosphonates such as
[60] are well established mimics of the transition state of ester hydrolysis representing

the tetrahedral geometry of the ester intermediate [57].

0O
©
0 QOH HOgC‘@jOH
— %,
Ho,c~ Y»—""0 Ho,c—~_ —""0 — [58]
[57]
[56] H,
O
[59]
O. ,OH
R
g i
TSA[60] polymerisation
C,oHe >
N-H
V4 C \,N
[61] CaHg
Scheme 13

The MIPs formed with [60] as imprint molecule caused a 100 fold rate acceleration of
the hydrolysis of ester [56] with typical Michaelis-Menten saturation kinetics. This is by
far the largest rate acceleration for ester hydrolysis acheived with the MIP technique
and, by analogy with the trend in catalytic antibody technology, represents the benefits
of ensuring an enzyme mimicking catalytic group is incorporated into enzyme

mimic-TSA binding.
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A promising novel application of the MIP technique was reported recently by Mosbach
et al®>. In this example the MIP is used, not as a catalyst, but as a specific adsorbent
which shifts the equilibrium of a thermodynamically unfavorable enzymatic reaction by

removing the product of the reaction from solution.
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Scheme 14

The reaction chosen was the commercially interesting enzymatic conversion of
Cbz-L-Asp [62] and L-Phe-OMe [63] to Cbz-Aspartame [64] (Scheme 14). An MIP was
synthesised using the product of the reaction [64] as the imprint molecule. This MIP
was then added to a mixture of Cbz-L-Asp [62], L-Phe-OMe [63] and the enzyme
thermolysin and the course of the reaction was followed by HPLC. The presence of the
imprinted polymer increased the yield of the desired product to 63% from 15% in the
polymer free reaction. Furthermore, when no polymer is present the yield of Cbz-
Aspartame is observed to reach a maximum (ca 20%) and then decrease with time due
to non-enzymatic decomposition of L-Phe-OMe [63]°*. A problem which was avoided
by the use of the MIP. This study elegantly establishes the potential of MIPs as

thermodynamic traps in reversible enzymatic syntheses.

The majority of applications for MIPs are analytical. However, several other synthetic
applications of MIPs which are not strictly enzyme mimics have been reported. MIPs
have been used as microreactors containing reagents for selective reductions> and as
‘protecting groups’ using an external reagent’®. In both cases, catalysis is not the goal

and stoichiometric quantities of MIP are required.
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1.2.2 Imprinting an artificial proteinase.

Several other approaches to enzyme mimic’s using ‘imprinting’ have been reported. J.
Suh et al attached an Fe(Ill) salicate derivate complex [65] to a polyethylene imine
(PEI) backbone [66] (Scheme 15)57. Subsequent removal of the Fe (III) ion led to a

polymer with three salicate groups in close proximity [67].

[67]

Scheme 15

The polymer thus contained regions of high functionality with carboxylate groups which

might be expected to mimic glutamic acid or aspartic acid side chains and three
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phenolic hydroxyls as cogeners of tyrosine. The polymer [67] acted as an artificial
proteinase in the cleavage of bovine serum albumin y-globulin Gbn, and displayed
substantially higher activity than a randomly functionalised PEI cogener. Both the heavy
and light chains of Gbn were cleaved into peptides smaller than 5kDa at pH7 and 50°C
with a half life of 1h, which is in comparison to a half life of amide bonds of ~1000
years™® in free solution at pH7 and 25°C. Comparable data for the reaction at 50°C or for

the randomly functionalised PEI standard was not available.

This approach has proved successful in a number of model systems which incorporate

similar strategiessg.

1.2.3 Bioimprinting.

In a different approach, Guimin Luo et al reported the bioimprinting of a glutathione

peroxidase (GPX) mimic®

. The natural GPX enzyme active site contains a
selenocysteine catalytic group and a binding site for the cofactor glutathione (GSH).
Using this information Luo et al ‘imprinted’ a denatured egg albumin protein with GSH
mimic [68] and crosslinked the conformation in basic glutaraldehyde solution. The GSH
derivative [68] was then removed by dialysis and the protein was treated with NaHSe to
create acitive selenocysteine residues in the binding site. The protein was then purified

and tested for activity.
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Figure 11

The imprinted protein catalysed the reduction of hydrogen peroxide to water in the

presence of co-factor GSH with an 80 fold increase in activity compared to egg albumin
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treated in the absence of imprint molecule [68]. Competitive inhibition with the imprint
molecule was observed for the imprinted protein whilst addition of [68] had no effect on
the reference treated protein, indicating that specific binding sites for GSH were

involved.

In a related approach utilising a TSA rather than a co-factor mimic, the bio-imprinting
of bovine serum albumin (BSA) to produce a catalyst for a dehydrofluorination reaction
was reported®’. The TSA [71] used was expected to interact with a complementary
basic group in the protein which would be subsequently suitably placed to abstract the
proton from substrate [69] (Scheme 16). Although the rate accelerations observed were
modest ke 3.3, the experiment demonstrated that it was possible to recruit enzyme

activity in a non catalytic protein.
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The various imprinting methods above all share the advantage that the enzyme mimics
produced are relatively easy and quick to assemble. In most cases synthesis is a matter
of days and systems can be tested for activity immediately. However, at this stage in the

development of the subject, rate accelerations which rival catalytic antibodies are rare>’.

1.3 ‘CATALYTIC ACTIVITY-SELECTION APPROACH’

Although some ingenious solutions to the design and synthesis of artificial enzymes

have so far been described, all of the methods above have the common failing that the
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desired property of catalysis is not in the screening criteria. As a direct consequence of

such an approach effective catalysts may often fail to be detected.

Combinatorial chemistry62 has exploded in popularity over recent years and it is now
recognised that applications can extend much further than the creation of libraries for
medicinal chemistry. In particular, it is now realised that combinatorial methods can be

a useful tool in the discovery of effective catalysts.

1.3.0 Combinatorial polymers as enzyme mimics.

In a rather unconventional approach to artificial enzymes, Menger et al have developed
the combinatorial derivatisation of pollyallylamine®*®*, The basic idea was to attach
various combinations of carboxylic acids to polyallylamine backbones and then screen

for catalysis in the presence of a metal ion (Scheme 17).

Regions of local organisation are expected on the basis that once a particular residue has
attached to the backbone it may influence subsequent neighbouring substitutions. For
example, a hydrophobic residue might be expected to favour addition of another
neighbouring hydrophobic residue. However, in general the composition of the polymer
will be combinatorial with each individual polymer containing a range of metal ion
sites. Thus, not only would each polymer made vary from the others in composition,
each polymer in itself represents a combinatorial range of sites. As such it seems
unlikely that ‘the ensemble of countless variations’ will ever be deconvoluted.
Nevertheless, if the primary goal is catalysis, such a method has proved to be successful
in more than one model. Both phosphotase®® catalysis (Kea'Kuncat 10°-10*) and the
reduction of benzylformic acid (PhCOCO;’) to mandelic acid (PhCH(OH)CO,)* have

been reported.
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Using the same principles in the derivatisation of poly(acrylic anhydride), a
combinatorial polymer capable of catalysing the biologically relevant dehydration of §-
hydroxy ketone [72] with a k,; 920 over the background reaction was identified®
(Scheme 18).
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Scheme 18
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1.3.1. Combinatorially developed peptide catalysts.

In a more conventional application of combinatorial chemistry Gilbertson et al
described the synthesis of a library of phosphine containing peptides“a’b. A variable
sequence of four to five amino acids including two phosphine derivatised amino acids
was incorporated into a basic Ac-Ala-Aib-Ala-[ ]-Ala-Aib-Ala-NH, peptide. The
peptides were expected to form a helical conformation presenting the two donor
phosphine ligands in an appropriate orientation for metal co-ordination. Rh was
complexed to the functionalised peptides whilst they were attached to a resin support
and each member was screened for it’s ability to catalyse the asymmetric hydrogenation

of the simple enamide [75] (Scheme 19)
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Scheme 19

Although the enantiomeric excesses observed were modest (ca 10%), some correlations
between positional substitution in the peptide and stereoselectivity were observed, thus
demonstrating the potential of this technique for developing catalysts. In a similar
manner Hoyveda et al studied a library of schiff base peptides for their ability to
catalyse the titanium promoted addition of CN to a variety of imines®’. Results were
impressive; yields and enantiomeric excesses were in the range of 90%, but it seems
unlikely that the ‘representational search’ strategy employed will be applicable to large
artficial enzymes since the number of possible permutations of amino acids involved is
prohibitively large. The discovery of effective catalysts using such a combinatorial
chemistry approach has been the subject of several recent reviews all of which deal with

the subject in greater depth68"'d than is possible here.
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1.3.2. In vitro evolution.

Another application of the ‘catalytic activity-selection appraoch’ is the in vitro evolution
of enzymes. This method, as in catalytic antibodies, represents the cross-over between
molecular biology and chemistry and several examples of artificial enzymes have been
reported using this protocol69. A recent example is the enantioselective hydrolysis of
racemic p-nitrophenyl-2-methyldecanoate [78]. The wild type lipase from the bacterium
Pseudamonas aeruginosa shows an enantioselectivity of only 2% for the (S)-
configurated acid [79] (Scheme 20). This poorly enantiospecific enzyme was
deliberately chosen by the Reetz group for studies into the in vitro evolution of enzyme

substrate selectivity’’.
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Scheme 20

Using the error prone polymerase chain reaction (epPCR) the lipase gene was subjected
to random mutagenesis under conditions such that statistically one to two base
substitutions per lipase were introduced. The modified genes were then expressed in a
suitable expression vector, amplified in E.coli and transformed into Pseudamonas
aeruginosa. Around 1000 lipase mutants expressed by these bacteria were isolated and
screened for enantioselectivity in the test reaction. In order to allow for rapid parallel
screening a photometer was developed which could measure simultaneously the
absorption of the p-nitrophenolate anion [81] at 410nm over time, in each cell of a 96
well plate. The lipase mutants were thus added to either the (R) or (S) enantiomer of
starting material [78] in a 96 well plate and the level of hydrolysis for each measured.
Candidates which favoured the hydrolysis of the (S) enantiomer of [78] to give [79]
were subjected to further mutagenesis and after only four generations an artificial
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