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Abstract
Antibodies are immunoglobulins that bind to stable ground-state molecules and
recognise their respective antigens with high affinity and high specificity. Enzymes in
turn are natural catalysts that bind and stabilise selectively the transition-state of the
reaction and accelerate the rate of a (bio)chemical reaction by lowering the free energy
of activation. Enzymes are also able to act as “entropy traps” in reducing the rotational
and translational degrees of freedom that are prerequisites for the formation of the
activated complex between the reactants. In addition, enzymes use general acid and
base catalysis, nucleophiles and co-factors in enhancing the rates of reactions.
It was nearly fifty years ago when Linus Pauling first proposed in his lecture
entitled “Chemical Achievement and Hope for the Future” that antibodies binding the
ground state molecules might act as enzyme-type catalysts for chemical reactions.
Twenty-one years later, William Jencks suggested that it should be possible to obtain
an antibody with enzymatic properties by raising it against the antigen that resembles
the transition-state of the reaction. It is only eleven years ago that the first reports of
the catalytic antibodies emerged from the laboratories of Richard Lerner and Peter
Schultz. Indeed, the antibodies elicited against stable, natural or synthetic transitionstate analogues of numerous reactions have been found to possess enzyme-like
activities. These catalytic antibodies generally display the Michaelian type saturation
kinetics, competitive inhibition by the transition-state analogue, selective binding to
the transition-state and remarkable substrate specificities.
In the present investigation, structurally different antigens (haptens) were used
to study whether it was possible to obtain antibody catalysts for the acyl-transfer,
Diels–Alder and peptidyl-prolyl cis-trans isomerisation reactions. Acyl-transfer
reactions, such as hydrolytic reactions are important transformations both in bio-
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chemistry and synthetic organic chemistry; the Diels–Alder reaction is synthetically
useful in constructing substituted cyclohexenes; and the peptidyl-prolyl cis-trans
isomerisation reaction is a highly substantial biochemical reaction which plays a
significant role in protein folding, transport and transmembrane signalling.
Monoclonal antibodies were raised against two α-keto amide moiety containing
antigens. They were anticipated to induce antibodies for hydrolytic acyl-transfer
reactions, i.e. ester and amide hydrolyses. α-Keto amide substructures found in natural
macrolides such as FK506, rapamycin and cyclotheonamide A are known to mimic
the twisted amide bond that is one possible transition-state for the amide bond
hydrolysis. During the study, a new, synthetically useful concurrent alkylative decarbonylation and decarboxylation reaction of methoxy-substituted 3-phenyl-2-oxopropanoic acids was discovered. It turned out to be a viable method for the preparation
of isopropyl anisoles and veratroles, producing them in high yields.
The elicitation of antibodies against the freely-rotating, lipophilic and highly
aromatic ferrocene haptens as loose transition-state mimics was successful. Both endo
and exo selective antibodies catalysing the Diels–Alder reaction between 4-carboxybenzyl trans-1,3-butadiene-1-carbamate and N,N-dimethylacrylamide were found.
High regio-, diastereo- and enantioselectivities and no product inhibition were
observed. Moreover, the found Diels–Alderases had effective molarities comparable
to those of antibodies elicited against the constrained bicyclo[2.2.2]octene haptens.
The dicarbonyl moiety in natural products FK506 and rapamycin and less
complex pyruvylamides adopts an orthogonal conformation and possibly serves as a
twisted-amide mimic. The α-keto Val−Pro−Phe hapten was anticipated to induce antibody binding sites that were complementary to the twisted α-keto amide functionality
and of hydrophobic character. Indeed, two antibodies were found to catalyse the cis to
trans isomerisation of the fluorophoric tripeptides and the 4-nitroanilide substrates as
characterised using both direct fluorescence quench and chymotrypsin-coupled assays,
respectively. Both catalyst showed competitive inhibition by the antigen derivative,
and the product inhibition, i.e. binding to the trans isomer, did not appear to be
significant. In catalysis and binding the peptide substrates, factors other than simple
hydrophobic interactions are possibly involved, such as transition-state stabilisation
and ground-state destabilisation.
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1

Introduction

Antibodies are glycoproteins generated by the immune defence system to
recognise foreign molecules and neutralise or intiate their removal. The immune
system is capable of producing antibodies against proteins, nucleic acids, carbohydrates and even small organic molecules, provided that they are linked to an
immunogenic carrier protein. A pool of antibodies can be regarded as a diverse library
consisting of a variety of affinities and specificities towards their antigens (Lerner and
Benkovic, 1988, Schultz, 1989, Lerner et al., 1991). The antibody molecules resemble
natural enzyme catalysts in that they also bind their respective ligands with high
affinity, specificity and selectivity. Despite these similarities, most antibodies are not
catalytic. In 1986, the first examples of antibody catalysts were published by Lerner
and Schultz laboratories (Tramontano et al., 1986, Pollack et al., 1986). Until today,
over 80 chemical reactions have been successfully catalysed by specific, catalytic
antibodies with the rate accelerations of up to approximately 108. These reactions also
include such thermodynamically disfavoured transformations that do not seem to
occur in biological chemistry.

1.1 Antibodies as catalysts for organic reactions
It was nearly fifty years ago when Pauling (1948) proposed that antibodies
binding the ground state molecules might act as enzyme-type catalysts for chemical
reactions. Twenty-one years later, Jencks (1969) suggested that it should be possible
to obtain an antibody with enzymatic properties by raising it against an antigen that
resembles the transition-state of the reaction. It is only eleven years ago that the first
reports of the catalytic antibodies emerged from the Lerner and Schultz groups
(Tramontano et al., 1986, Pollack et al., 1986). Indeed, the antibodies elicited against
the stable, synthetic transition-state analogues of numerous reactions have been found
to possess enzyme-like activities. These catalytic antibodies generally display the
Michaelian type saturation kinetics, competitive inhibition by the transition-state
analogue, selective binding to the transition-state and remarkable substrate
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specificities. In this chapter, the structure, properties and generation of monoclonal
antibodies are presented. In addition, examples of the antibody-mediated reactions
catalysed by different mechanisms will be discussed. The enzymes typically utilise
transition-state stabilisation as one of their major catalytic mechanism. General acid−
base or nucleophilic catalysis, proximity effects (entropic effects), co-factors and
desolvation mechanisms also play a significant role in the enzymatic catalysis. Not
surprisingly, the same mechanisms are generally exploited by catalytic antibodies, and
often the catalytic antibodies may utilise complex multi-step reaction mechanisms.

1.1.1 Structure and properties of antibodies

There exist five different classes of antibodies in nature. Their heavy chains are
designated as α, δ, ε, γ and µ and the corresponding classes of antibodies as IgA, IgD,
IgE, IgG and IgM, respectively. Generally, the antibodies belonging to the antibody
classes IgG, IgA and IgM have been used in studying their catalytic properties. The
molecular weight of a typical immunoglobulin G class antibody (IgG) is
approximately 150 kD. Antibodies are capable of recognising their respective antigens
with high affinity and high specificity. The binding constants of the antibodies to their
antigens range typically from 10−14 to 10−4 M−1.

Figure 1. The structure of an IgG molecule. The common antibody fragments are: Fab
= (VHCH1)(VLCL), Fc = 2(CH2CH3), Fd = (VHCH1) and Fv = (VHVL).
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The IgG antibodies consist of four polypeptide chains: two identical heavy
chains and two identical light chains (Fig. 1). The light chains can be divided into
variable (VL) and constant (CL) domains, while the heavy chains consist of four
domains: a variable (VH) and three constant domains (CH1, CH2 and CH3). The light
and heavy chains of the same antibody class possess a constant amino acid sequence
in the CL and CH regions, while the unique VL and VH regions are highly polymorphic
for each immunoglobulin molecule. The folding of constant regions is characterised
by seven antiparallel β-strands and the folding of variable regions by nine antiparallel
β-strands that form closely packed β-sheets.
The antigen binding site consists of approximately 110 amino acid residues in
the N-termini of the heavy and light chains of the antibody molecule (Amzel and
Poljak, 1979). Three complementarity determining regions (CDR) are highly variable
segments which are responsible for antigen recognition. In mice, more than 108
antibody molecules are available through the recombination of VL and VH genes,
making the antibody pool an attractive source of various molecular specificities. After
the encounter of an antigen, additional diversity occurs by somatic mutations that
produce approximately ten thousand new binding affinities (Tonegawa, 1983).
Although there are over two thousand complete antibody sequences available,
currently only about forty structures of antibodies or antibody fragments determined
by X-ray crystallography are deposited in the Brookhaven Protein Data Base (Wilson
and Stanfield, 1994). The reason for the small number of structures determined could
be the difficulty in crystallisation of the antibodies due to the extreme conformational
flexibility of an antibody molecule.
The IgG molecule can be cleaved enzymatically into different antibody
fragments (Fig. 1). For example, the proteolytic enzyme papain cleaves an IgG
molecule into two Fab fragments and one Fc fragment. The Fab fragment consists of
the antibody light chain (VLCL) that is covalently connected to the VH and CH1 by a
disulphide bond. The remaining Fc fragment consists of two CH2 and two CH3
domains (Goding, 1996). The Fab fragment is responsible for antigen binding and the
Fc fragment for effector functions. The Fab and Fv fragments generally retain binding
properties similar to those of their parent IgGs and are considered to be equivalent to
the whole antibody.
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1.1.2 Generation of monoclonal antibodies

A polyclonal mixture of antibodies contains a variety of antibody molecules
with different affinities and specificities against the same antigen. On the other hand, a
monoclonal antibody is a single molecule with a defined activity and specificity for a
hapten. The reproducible production of the antibodies with tailor-made affinities and
specificities, and the ease of their production on a gramme scale are the major reasons
for their utilisation as diagnostic reagents in medicine and, for example, as catalysts in
organic chemistry (Schultz, 1989, Shokat and Schultz, 1990, Goding, 1996).
The hapten (antigen) is first conjugated to the carrier protein because small
organic molecules are far too small to elicit an immune response in vivo. A hapten is
usually coupled to keyhole limpet hemocyanin (KLH) for immunisation and to bovine
serum albumin (BSA) for use in ELISA assays to identify hapten-specific antibodies.
Coupling is usually carried out as a formation of an amide bond between the carboxyl
group of the antigen and ε-amino groups of the surface lysine residues of the carrier
protein (Nishima et al., 1974, Erlanger, 1980). A diazo linkage can also be formed to
the surface tyrosine residues of the carrier protein via an electrophilic aromatic
substitution reaction. The disulphide exchange reaction and reductive amination are
other means of linking the hapten to its carrier protein (Erlanger, 1980). To exclude
the steric interactions of the hapten with the surface of a carrier protein, the length of
the spacer or linker is generally longer than 8 Å (Nishima et al., 1974).
Mice of BALB/c or Swiss Wistar strain are immunised with the hapten-carrier
protein conjugate, their spleen is removed after the immune response, and the
antibody producing splenocytes are fused (hybridised) with an immortal SP2/0 cell
line by polyethylene glycol treatment (Sugasawara et al., 1983, Harlow and Lane,
1988, Goding, 1996). The fused hybridoma cells are grown in a selective medium so
that only the hybridised cells maintain their ability to divide. As the antibody
producing cells can be cultured and myeloma cells multiply indefinitely, the
hybridised cells possess the ability to produce monoclonal antibodies, and they can be
cultured indefinitely.
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The hybridised cells are cloned and separated in colonies of the cells which
produce a single antibody. The antibodies are screened by ELISA for binding with a
hapten-BSA conjugate, for inhibition of binding to a hapten-BSA conjugate by free
hapten, and for lack of cross-reactivity with KLH (Engvall, 1972).
The produced monoclonal antibody is purified by means of standard protocols
(Harlow and Lane, 1988, Goding, 1996). It is precipitated by ammonium sulphate and
purified by any of the following methods or their combinations: affinity chromatography, cation exchange chromatography or anion exchange chromatography.
Rigorous purification of monoclonal antibodies is tremendously essential, especially
when the antibodies are exploited as diagnostic tools or catalysts for organic reactions.
During the studies of antibodies as catalysts for the organic reactions, the most
difficult contaminants have turned out to be adenosine deaminase and various ribonucleases and glycosidases (Schultz, 1989). Exclusion of numerous esterases and
lipases is important when the antibody-catalysed acyl-transfer reactions are studied.

1.1.3 Stabilisation of the transition-state in antibody catalysis

One of the major mechanisms of enzymatic catalysis is stabilisation of the
transition-state of a reaction. Enzymes recognise selectively the transition-state of the
reaction, and stabilise it by lowering the free energy of activation (∆G‡) with the
subsequent acceleration in the rate of a reaction (Pauling, 1948, Jencks, 1969).
Specific electrostatic interactions, e.g. hydrogen bonding and complementary structure
of the transiton-state in the enzyme’s active site, are the most significant factors
contributing to stabilisation of the transition-state.1 Antibodies are macro-molecules
that bind the stable ground-state molecules. There exist specific natural compounds
that mimic the transition-state of the reaction and bind very tightly to specific
enzymes. These tight-binding transition-state analogues inhibit the enzymatic

1

The transition-state stabilisation plays an important role in the enzymatic catalysis as is evidenced by
the study of the hydrolytic enzyme subtilisin. The triple mutation of its catalytic triad, His-Ser-Asp to
unfunctional alanines gave the mutant with a kcat/kuncat of approximately 3,000 for the hydrolysis of 4nitroanilide peptide substrate demonstrating the stabilisation of the transition-state by binding factors
other than the catalytic triad (Carter and Wells, 1988).
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reaction by preventing the enzyme to sequester the respective substrates into the
active-site. Moreover, theoretical chemistry provides us with the approximation of a
transition-state of the reaction. The appropriate stable transition-state analogues can be
designed and synthesised. Therefore, the antibodies raised against the transition-state
analogues2 are expected to be capable of recognising, binding and stabilising the
actual transition-state and to accelerate the rate of the reaction.
Not all antibodies generated against the transition-state analogues are catalytic.
There are several factors that determine if the antibody will act as a catalyst: (1) the
conformation of the antibody’s binding site, (2) the binding affinity of the antibody for
the transition-state, and (3) the specific (or catalytic) amino acid residues of the
binding pocket.
The first examples of hydrolytic antibody catalysts based on the transition-state
stabilisation approach came from the laboratories of Lerner and Schultz in 1986. In
both studies, the negatively-charged, tetraco-ordinated phosphorus compounds were
used as haptens to generate monoclonal antibodies (Pollack et al., 1986, Tramontano
et al., 1986). Although the reactants can geometrically be regarded as being almost
planar and uncharged, the transition-state of the hydrolytic acyl-transfer reaction is
tetrahedral and negatively charged. It is also known that some phosphates and
phosphonates are potent inhibitors of proteinases (Jacobsen and Bartlett, 1981,
Bartlett and Marlowe, 1983). Taken together, phosphates, phosphonates or
phosphonamidates are generally used as transition-state analogues to elicit antibodies
for the catalysis of acyl-transfer reactions such as carbonate, ester and amide
hydrolyses, amide bond formation and lactonisation.
Tramontano et al. (1986) used tetraco-ordinated phosphonate hapten 1, R =
CO(CH2)4CO−NHS, to raise antibodies to catalyse the hydrolysis of phenyl esters of
4-substituted phenylacetic acids 2 (Scheme 1). Three of the pool of 18 hybridomas
produced catalytically active hydrolytic antibodies. In this study, the mAb 6D4 proved
to be the fastest with kcat = 2.7 × 10−2 s−1, Km = 1.9 × 10−6 M, Ki = 1.6 × 10−7 M and
kcat/kuncat = 9.6 × 102 at 25 °C and pH 8.0.

2

Both naturally occurring and synthetic transition-state analogues are stable, ground-state molecules.
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Pollack et al. (1986) found that the naturally occurring class IgA antibody,
which binds the tetraco-ordinated 4-nitrophenylphosphorylcholine 3, hydrolyses the
corresponding carbonate 4 to 4-nitrophenol, carbon dioxide and choline (Scheme 2).
The antibody binding site contains both specific amino acid residues to recognise and
bind the substrate and the appropriately oriented amino acid residue(s) to accelerate
the hydrolysis of 4. The mAb MOPC167 catalysed hydrolysis of the carbonate 4 with
kcat = 6.7 × 10−3 s−1, Km = 2.1 × 10−4 M, Ki = 5.0 × 10−6 M, and kcat/kuncat = 7.7 × 102 at
30 °C and pH 7.0. In both reactions, the antibody catalysts followed the Michaelis−
Menten type saturation kinetics, competitive inhibition by the transition-state
analogue, selective binding to the transition-state and remarkable substrate specificity.
Unlike the hydrolytic enzymes that generally exploit cysteine, zinc, a dyad of aspartate
or the catalytic triad of histidine, serine and aspartate in the catalysis of the acyltransfer reactions,3 tyrosine and/or arginine residues were assumed to be responsible
for the catalytic activity in these cases (Pollack et al., 1986, Tramontano et al., 1986,
1988, Jacobs et al., 1987).

3

In the catalytic step, aspartic (Subramanian et al., 1977) and cysteine (Drenth et al., 1968, Kamphuis
et al., 1985) proteinases employ the presence of a specific aspartate or cysteine residue in the enzyme’s
active site. In carboxypeptidase A, a zinc ion is co-ordinated to two histidine side chains and a
glutamate side chain in the active site. The active site of chymotrypsin contains in turn the classical
catalytic triad of histidine, serine and aspartate (Blow and Steitz, 1970).
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1.1.4 Reduction of the entropy barrier in antibody catalysis
The entropy of activation (∆S‡) can contribute significantly to the Gibbs free
energy of the activation (∆G‡) of some organic reactions. Intramolecular macrocyclisations and unimolecular lactonisations, unimolecular Claisen rearrangements,
intermolecular Diels–Alder reactions and bimolecular peptide bond formations
provide some examples of entropy-controlled reactions.
The effect of entropy in enzymatic reactions has been studied in several
instances. Jencks has proposed that effective molarities up to 108 M represent the
upper limit for enzyme-catalysed reactions compared to their uncatalysed bimolecular
counterparts (Page and Jencks, 1971, Jencks, 1975). Proximity effects play a
significant role in the enzyme-catalysed reactions (Bruice and Pandit, 1960,
Westheimer, 1962, Dafforn and Koshland, 1973). In analogy, it should be possible to
generate rate-enhancing antibody catalysts to act as “entropy traps” for organic
reactions with unfavourable entropies of activation. The binding energy of the
antibodies might be utilised in reducing the rotational and translational degrees of
freedom that are required to form an activated complex between the reactants. Hence,
an antibody could be able to sequester the reactants into the favourable reacting
conformation within the antibody’s binding site, which provides a complementary
environment to the conformationally restricted transition-state of the reaction (Lerner
et al., 1991, Schultz and Lerner, 1995). Examples of these entropy-controlled
reactions are presented in Schemes 3 to 5 and in Table 1.
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Table 1. Kinetic parameters for some entropy-controlled antibody-catalysed reactions.
mAb

kcat

KM

kcat/KM

pH, T [°C]

[s−1]

[M]

[M−1 s−1]

Claisen

11F1-2E11;

4.5 × 10−2

2.6 × 10−4

1.7 × 102

1.0 × 104

rearrangement

7.0; 10

Claisen

1F7;

3.9 × 10−4

4.9 × 10−5

8.0

2.5 × 102

rearrangement

7.5; 14*

Trans-

21H3;

7.5 × 10−2

6.9 × 10−3 (9)

11 (9)

N. D.

esterification

9.0; 23

2.0 × 10−3 (10)

38 (10)

Lactonisation†

24B11;

8.3 × 10−3

7.6 × 10−5

1.1 × 102

1.7 × 102

1.1 × 10−3

4.9 × 10−3 (13)

0.22 (13)

16 M¶

1.2 × 10−3 (14)

0.92 (14)

Reaction

1

2

3

4

kcat/kuncat

7.0; 25
5

Amide

24B11;

formation

7.0; 25

*The rate constant for the uncatalysed thermal rearrangement (kuncat) was extrapolated from the data of
Andrews et al. (1973).
†In the absence of binding by the unreactive enantiomer, KM ≈ 38 µM for the reactive substrate.
¶For the rate of uncatalysed background reaction, the value of kuncat is divided by 2 to allow for the two
amino groups in 1,4-phenylenediamine 14 capable reacting with the lactone 13.

The Claisen rearrangement is a thermal [3,3] sigmatropic rearrangement of allyl
vinyl ethers proceeding via an asymmetric chair-like transition-state (Bennett, 1977,
Ziegler, 1977, Bartlett, 1980, Ganem, 1996).
Monoclonal antibodies were generated against the bicyclic, conformationally
restricted transition-state analogue 5 (Bartlett and Johnson, 1985, Jackson et al., 1988,
1992) which is known as the most potent inhibitor of the natural enzyme Escherichia
coli chorismate mutase (EC 5.4.99.5) with Ki = 0.15 µM. Indeed, the mAb 11F1-2E11
exhibited 10,000-fold rate enhancement in catalysing the rearrangement of chorismic
acid 6 to prephenic acid 7 (Scheme 3, Table 1, Entry 1). Interestingly, the natural
enzyme E. coli chorismate mutase catalyses the reaction 3.0 × 106 -fold over the
uncatalysed reaction in vivo (Koch et al., 1972, Ganem, 1978, Görisch, 1978). For the
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antibody-catalysed reaction, the entropy of activation is approximately zero eu,
whereas the ∆S‡ of background reaction is −13 eu (Andrews et al., 1973). Since no
solvent-D2O isotope effect was observed, the contribution of general acid and base
catalysis in the rate-determining step was ruled out. Similarly, cationic substrate
effects were ruled out, leaving the plausible catalytic mechanism of entropic proximity
effects for this antibody (Jackson et al., 1988, 1992, Wiest and Houk, 1995). Hilvert
has also characterised another antibody catalysing the same reaction (Hilvert et al.,
1988, Hilvert and Nared, 1988, Shin and Hilvert, 1994). The mAb 1F7 accelerated the
rearrangement of 6 to 7 at a lower rate through reducing the enthalpy of activation
(∆H‡), obviously by a different mechanism (Table 1, Entry 2).
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Another example of a pericyclic reaction proceeding through a highly ordered
transition-state is the Diels–Alder reaction. It is a reaction between a diene and
dienophile, forming an unsaturated six-member ring and simultaneously generating
two new carbon−carbon bonds (Sauer, 1967, Carruthers, 1990, Oppolzer, 1991). An
unfavourable entropy of activation −40 to −30 eu is generally observed. The examples
of antibody catalysis and the minimisation of entropic factors of the Diels–Alder
reactions are presented later in chapter 1.3.6.
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The tetrahedral, negatively-charged phosphonate hapten 8 was used to elicit
monoclonal antibodies for catalysis studies of a bimolecular transesterification
reaction (Wirsching et al., 1991). The mAb 21H3 was found to catalyse stereoselectively the reaction between sec-phenethyl ester 9 and 2-fluorobenzyl ester 10 in
an aqueous environment (Scheme 4, Table 1, Entry 3). In addition, the mAb 21H3 is a
highly efficient catalyst with effective molarities ranging from 106 to 108 M, which
corresponds to a reduction in the entropy of activation (∆S‡) of approximately 35 eu
(Page and Jencks, 1971, Jencks, 1975).
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Lactonisation is an example of the intramolecular cyclisation reaction, whose
course is regulated essentially by entropic factors. Napper and co-workers (1987)
raised antibodies against the cyclic phosphonate hapten 11, R = CO(CH2)3CO−NHS,
as the transition-state analogue representative of a six-member ring lactonisation
(Scheme 5, Table 1, Entry 4). The mAb 24B11 catalysed stereoselectively the
lactonisation of 12 to 13 with 170-fold rate over the uncatalysed background reaction,
most likely by reducing rotational entropy of the reaction.
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An example of bimolecular amide formation, in which a phosphonamidatespecific mAb catalysed the reaction is presented in Table 1, Entry 5 (Benkovic et al.,
1988). In addition to being capable of catalysing the above mentioned lactonisation
reaction (Scheme 5), the mAb 24B11 also accelerated the stereospecific formation of
an amide from the racemic lactone 13 with 1,4-phenylenediamine.

1.1.5 General acid-base and nucleophilic antibody catalysis

The contribution of a transition-state stabilisation is often insufficient to be the
sole mechanism in antibody catalysis; other mechanisms also play a remarkable role
in the overall contribution to the catalysis. It is conceivable that an appropriately
positioned catalytic functional group containing amino acid residues could be induced
to the antibody binding pocket by rational hapten design, chemical modification or
genetic engineering (Lerner et al., 1991). Enzymes typically exploit the carboxylate of
aspartic acid and glutamic acid, thiol of cysteine, hydroxyl of serine or tyrosine, and
imidazole of histidine as either a general base or a nucleophile in catalysing various
hydrolytic reactions. These catalytic amino acid residues have high pKa values in the
hydrophobic active sites of enzymes (Walsh, 1979). Some examples of antibodies
exploiting general acid-base catalysis are presented in Schemes 6 to 9 and in Table 2.
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Table 2. Kinetic parameters for some antibody-mediated reactions catalysed by
acid-base and nucleophilic mechanisms.

Reaction

1

Amide Hydrolysis*

mAb

kcat

KM

kcat/KM

pH, T [°C]

[s−1]

[M]

[M−1 s−1]

43C9;

1.3 × 10−3

5.6 × 10−4

2.3

2.5 × 105

3.2 × 10−3

1.8 × 10−4

18

1.5 × 103

4.9 × 10−5

2.1 × 10−4

0.23

N. D.¶

8.0 × 10−2

2.2 × 10−4

3.6 × 102

1.5 × 104

kcat/kuncat

9.0; 37
2

β-Elimination†

43D4-3D3;
6.0; 37

3

syn-Elimination

1D4;
9.0; 37

4

cis-trans

DYJ10-4;

Isomerisation

7.5; 25

*The background rate of hydrolysis is very slow (kuncat = 5.7 × 10−9 s−1) and does not contribute to the
mAb-catalysed reaction. DMSO and MeCN were used as co-solvents.
†The rate constant for acetate-catalysed conversion of 18 to the olefin is 1.9 × 10−4 M−1 s−1.
¶The rate acceleration could not be determined because the uncatalysed background reaction was
immeasurably slow.

To accelerate the hydrolysis rate of an amide bond, several enzymes use
catalytic amino acid residues to stabilise the oxyanion transition-state and to protonate
the amide nitrogen. Janda et al. (1988b) generated antibodies against the tetracoordinated, negatively-charged phosphonamidate hapten 15, R = CO(CH2)3CO−NHS,
and found a catalytic antibody which was capable of hydrolysing the 4-nitroanilide
substrate 16, R’ = CO(CH2)3CO2H, with the rate enhancement of 250,000 (Scheme 6,
Table 2, Entry 1). The transition-state stabilisation alone could not account for the
catalytic mechanism, and the experimental evidence such as the pH dependence of the
catalysis (optimum pH 9.0), and the inhibition of the antibody catalyst by 150 mM
NaCl led to the conclusion that the general acid-base catalysis was contributing
significantly to the rate acceleration.
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Shokat and co-workers (1989, 1994) used the hapten 17 with appropriately
positioned positive charge to induce a complementary negative charge in the binding
pocket of the hapten-specific antibodies. A positively charged ammonium group was
anticipated to induce a carboxylate in the binding site to act as a general base and to
abstract an α-proton of the fluoroketone substrate 18 with concurrent elimination of
the β-fluoride (Scheme 7). Four out of six monoclonal antibodies catalysed the βfluoride elimination, probably by means of acid-base catalysis (Table 2, Entry 2). The
pKa of the catalytic carboxylate tends to rise in the hydrophobic binding site of the
antibody, since a salt bridge interaction is lost when the hapten is replaced by a
substrate. The introduction of a carboxylate residue in the binding site of the antibody
increased the rate of the β-elimination approximately 90,000-fold compared to the
elimination of 18 in an acetate-free solution.
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In another study, a thermodynamically difficult syn-elimination of the β-fluoro
ketone 19 to the (Z) olefin 20 was observed (Cravatt et al., 1994). The rigid bicyclo[2.2.1]heptane hapten 21 with equatorial benzoyl and phenyl substituents and an axial
amino group was synthesised, and monoclonal antibodies raised against it (Table 2,
Entry 3). The bicyclic hapten mimicked the eclipsed syn co-planar transition-state, and
its primary amino group was expected to induce an amino acid side chain in the
antibody’s binding site to act as a general base to abstract an α-keto proton from the
substrate (Scheme 8).
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α,β-Unsaturated cis ketone 22 was isomerised to the trans ketone 23 by the
mAb DYJ10-4 which possessed an active-site nucleophile to react in the Michael
addition to the starting enone (Jackson and Schultz, 1991). The antibody also
facilitated the rotation around the formed α,β-single bond and the collapse of the
intermediate to the isomerised product. A positively charged amino group of the trans
disubstituted piperidine hapten 24 induced an active-site carboxylate to act as a
nucleophile or a general base, while the trans configuration of aryl groups of the
hapten mimicked the 90° transition-state geometry of a rotated α,β-bond (Scheme 9,
Table 2, Entry 4).
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1.1.6 Co-factors in antibody catalysis

Co-factors are used by enzymes to facilitate the catalysis of various energetically
demanding hydrolytic or redox reactions. Typically, co-factors are metal ions, hemes
or vitamins. For example, cytochrome P450 enzyme exploits iron-heme as a co-factor,
α-ketoacid dehydrogenases thiamine pyrophosphate (vitamin B1), amino acid oxidase
flavin, alanine racemase pyridoxal phosphate and alcohol dehydrogenase zinc(II) ions.
Metal hydrides, transition metals, Lewis acids, hemes, periodate, peroxycarboximidic
acid and even monochromatic light have been used as co-factors of monoclonal
antibody catalysts as shown in Table 3 (Schultz, 1989, Lerner et al., 1991, Schultz and
Lerner, 1995).
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The hydrolysis of an amide bond is an energetically disfavoured reaction.
Enzymes utilise transition metals as co-factors by three distinct mechanisms: (1)
transition metal co-ordinates with the oxygen atom of the amide bond carbonyl group
polarising it and facilitating the nucleophilic attack to the amide carbonyl, (2)
transition metal binds to the hydroxyl group of a nucleophile and delivers it to the
carbonyl group of the amide carbonyl and (3) a mechanism that combines both the
transition metal assisted polarisation of the carbonyl group towards a nucleophilic
attack and a binding of the transition metal to the attacking hydroxyl group. An
antibody with proteolytic activity should bind both the co-factor and peptide substrate
in a favourable conformation to facilitate the hydrolysis of an amide bond and the
release of the hydrolysis products from the antibody’s binding sites.
Table 3. Kinetic parameters of some co-factor-assisted antibody-catalysed reactions.
mAb

kcat

KM

kcat/KM

pH, T [°C]

[s−1]

[M]

[M−1 s−1]

Amide

28F11-Zn2+;

6.0 × 10−4

N. D.

N. D.

2.0 × 105

Hydrolysis

6.5; 37

Ester

84A3-Zn2+;

4.5 × 10−2

8.4 × 10−4

54

1.2 × 103

Hydrolysis*

7.0; 25

Reduction of

A5;

1.7 × 10−3

1.2 × 10−3

1.4 × 103

2.9 × 102

α-Keto Amide

NaBH3CN;

(30)

(30)

4.3 × 10−5

1.9 × 105

2.2 × 105

(34)

(34)

(34)†

6.5 × 10−6

3.1 × 103

2.2 × 102¶

Reaction

1

2

3

kcat/kuncat

5.0; 22
4

Oxidation of

28B4.2;

Sulphide

NaIO4;

8.2

5.5; 22.5
5

[2π + 2π]

15F1-3B1;

Cycloreversion

7.5; 18

2.0 × 10−2

*The Zn2+-catalysed background rate was 3.7 × 10−5 s−1 (Wade et al., 1993).
†The second-order rate constant kuncat = 8.5 × 10−1 M−1 s−1.
¶The first-order rate constant for unsensitised dimer cleavage was 9.2 × 10−5 s−1 (Cochran et al., 1988).
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A Co3+ triethylenetetramine (trien) hapten complexed to the tetrapeptide Gly−
Phe−β-Ala−Gly was used to induce a hapten-complementary binding site to monoclonal antibodies (Table 3, Entry 1). The antibody catalysts were not found to be
specific towards the cobalt(III) co-factor. Interestingly, the hydrolysis of the scissile
Gly−Phe peptide bond at neutral pH took place even when trien complexes of Mg2+ or
the transition metals Zn2+, Ga3+, Fe3+, In3+, Cu2+, Ni2+, Lu3+and Mn2+ were used
instead of Co3+ (Iverson and Lerner, 1989). These sequence-specific peptide-bond
hydrolysing catalytic antibodies can be regarded as analogues of the natural restriction
enzymes that hydrolyse specific nucleotide sequences (Schultz, 1989). In another
example, it was demonstrated that a metal ion or a co-ordination complex need not be
included within the hapten 25, R’ = NHS, for the induction of antibodies that bind a
metallo complex and provide a favourable environment for the antibody and zinc(II)mediated hydrolysis of pyridine carboxylic acid ester 26, R = CO(CH2)3CO−
NHCH2CHOHCH2OH, (Scheme 10, Table 3, Entry 2) (Wade et al., 1993).
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Currently, three examples of co-factor-assisted reductions by catalytic antibodies are known. Safranine T substrate 27 could be reduced by the complex formed
by oxidised 1,5-dihydroflavin 28 and the antibody generated to it, but not by reduced
1,5-dihydroflavin 29 itself (Scheme 11). The three rings in the oxidised flavin are coplanar, whereas the reduced form of flavin, i.e. 1,5-dihydroflavin, has a remarkably
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different electron distribution, and its ring system adopts a distorted conformation
compared to the oxidised flavin. Specific binding-features differentiating the oxidised
and reduced forms include dipole moment, hydrogen bonding, changed pKa and nonplanarity. The antibody’s binding energy is used to destabilise the reduced form of
flavin, generating a more potent donor of electrons to the substrate (Shokat et al.,
1988). If the substrate-binding site within the antibody binding pocket could be
assembled (or engineered) adjacent to that of flavins, the reaction should proceed in a
stereocontrolled fashion.
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The α-keto amide 30 could be catalytically reduced to the respective α-hydroxy
amide 31 by the mAb A5 using sodium cyanoborohydride as a co-factor (Scheme 12).
Monoclonal antibodies were raised against the negatively-charged tetraco-ordinated
phosphonate hapten 32 which mimicked the target carbonyl group. This hapten
elicited a complementary binding site in the antibody and polarised the target carbonyl
group towards the attack by a small hydride ion. The mAb A5 catalysed the reduction
of the α-keto amide 30 in a highly stereospecific fashion, producing the dia-stereomer
31 in 99% d.e. (Nakayama and Schultz, 1992).
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In addition, the monoclonal antibody for catalysing the regioselective and
stereoselective reductions has been elicited against the tetrahedral N-oxide hapten. In
this study, sodium cyanoborohydride was also employed as a co-factor (Hsieh et al.,
1993). In comparison, the enzymatic reduction of carbonyl groups to secondary
alcohols requires the co-factor nicotineamide adenine dinucleotide, NADH, or its
phosphate, NADPH.
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Monoclonal antibodies against N-methyl mesoporphyrin IX bound iron(III)mesoporphyrin IX (Cochran and Schultz, 1990a). This complex catalysed the
oxidation of several substrates such as pyrogallol, hydroquinone and o-dianisidine by
hydrogen peroxide. Only on binding to the co-factor, the antibody created a favourable
environment for these oxidation reactions (Cochran and Schultz, 1990b).
In another example, monoclonal antibodies raised against the aminophosphonic
acid 33, R = (CH2)4CO2H, with a protonated secondary amino group catalysed the
oxidation of the sulphide 34 to the corresponding sulphoxide 35, employing sodium
periodate as a co-factor (Scheme 13, Table 3, Entry 4). No product inhibition could be
observed and the turnover was comparable to that of the oxidising enzymes (Hsieh et
al., 1994, Hsieh-Wilson et al., 1996). The ability of monoclonal antibodies to catalyse
the epoxidation of unfunctionalised alkenes by peroxyimidic acid co-factor was
demonstrated a few years ago (Koch et al., 1994).
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Surprisingly, monochromatic light is a co-factor in the catalytic [2π + 2π] cycloreversion reaction of the cis-syn thymine dimer 36, R = OH, which is responsible for
intrachain linkage of adjacent thymines in vivo (Blackburn and Davies, 1967, Cochran
et al., 1988).4 The bacterial photoreactivating enzyme E. coli DNA photolyase (EC
4.1.99.3) employs the active-site tryptophan residues and visible light (λ > 300 nm) in
the cleavage of the thymine dimer (Sutherland, 1981, Jorns et al., 1985). A planar,
aromatic derivative of the dimer 36, R = NHCH2CO2H, was used to elicit antibodies
for the catalytic photosensitised cleavage of a thymine dimer (Scheme 14). The
aromatic π-electron system of the hapten was expected to induce π-stacking of
aromatic amino acid residues in the binding sites. The antibody-catalysed photolysis
involved tryptophan residues which used light quanta to generate a thymine-dimer
radical anion whose breakdown was partitioned by the antibody. The kinetic
parameters and the quantum yield were comparable to those of the natural enzyme.
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4

Jacobsen et al. (1995) have isolated the mAb UD4C3.5 which catalysed a similar photocleavage
reaction of uracil dimers with kcat/Km = 28 M−1 s−1 and kcat/kuncat = 3.8 × 102.
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1.2 Antibody catalysis of acyl-transfer reactions
1.2.1 Hapten design

Tetraco-ordinated phosphorus in phosphates, phosphonates and phosphonamidates has turned out to be a suitable transition-state mimic for the hybridisation
change sp2→sp3 of the planar substrates proceeding through the tetrahedral transitionstate to the products. These haptens have been used in carbonate, carbamate, ester and
amide bond hydrolyses, amide bond formation and transesterification as well. The
antibody catalysts raised against the phosphonate or phosphonamidate haptens show
generally rather modest kcat/KM values 1 to 40 M−1 s−1, with a couple of exceptions
displaying kcat/KM values in the range of 103 to 104 M−1 s−1 (Thomas, 1994).
The only reports of using the phosphate or phosphorothioate haptens are for
production of polyclonal antibodies (Gallacher et al., 1991, 1992, Wilmore and
Iverson, 1994) or generation of catalytic antibodies by in vitro immunisation (Ståhl et
al., 1995). Gallacher et al. (1992) obtained the polyclonal antibody catalyst PCA 27029 that was raised against the diphenyl phosphate hapten 37 (Scheme 15). It
hydrolysed the activated 4-nitrophenyl carbonate 38 with following kinetic constants
at 25 °C and pH 8.0: kcat = 0.14 s−1, KM = 4.0 × 10−6 M, and kcat/kuncat = 6.8 × 102. The
same monoclonal antibody also hydrolysed the 4-nitrophenyl amide at 25 °C and pH
9.0 with kcat = 6.0 × 10−5 s−1, KM = 5.4 × 10−6 M, and kcat/kuncat = 3.0 × 102.
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Phosphonate haptens have mostly been employed in acyl-transfer reactions.
Tramontano et al. (1986) generated the first monoclonal antibody catalysts of ester
hydrolysis reaction from the immunisation by a phosphonate hapten 1 (Scheme 1).
Van Vranken et al. (1994) obtained the mAb 33B4F11 that hydrolysed 4-nitrophenyl
carbamate at 25 °C and pH 7.0 with kcat = 2.5 × 10−2 s−1, KM = 5.5 × 10−6 M and
kcat/kuncat = 2.7 × 102. The 4-nitrophenyl phosphonate hapten was used to generate the
antibody catalysts.
The phosphonate haptens have also been used in the production of antibody
catalysts for the amide-bond forming reactions. The phosphonate diester haptens
produced antibodies that catalysed the coupling of a phenylalanyl amine group and an
acyl azide derived from L-alanine (Jacobsen and Schultz, 1994), and the formation of
a dipeptide amide bond between 4-nitrophenyl esters of N-acetyl leucine, phenylalanine, and valine with tryptophan amide (Hirschmann et al., 1994).
Aryl phosphonamidates have been successfully employed both in the formation
and hydrolysis of an amide bond. Janda et al. (1988b) synthesised the hapten 15 for
the production of hydrolytic antibodies (Scheme 6). The mAb NPN43C9 catalysed the
hydrolysis of an activated amide substrate 16 at 37 °C and pH 9.0. In another study,
the mAb 17G8 raised against the quinaldine phosphonamidate catalysed the
bimolecular amide-bond formation between phenyl ester and benzylamine. The
catalyst followed the Michaelis−Menten saturation kinetics, and it was found to
provide an effective molarity of 10.5 M (Janda et al., 1988a).
Janda et al. (1990b) presented a new strategy which they termed “bait and
switch” catalysis. In this approach, an amino acid is elicited in the antibody’s binding
site to assist in an acyl-transfer reaction. The positive point charge of the N-methylpyridinium hapten 25 was expected to elicit a complementary negative charge
(aspartate, glutamate) to the binding site close to the acyl functionality to be
hydrolysed (Scheme 10). The carboxylates of the amino acid would then act as general
bases or nucleophiles to catalyse the reaction.5 The mAb 30C6 hydrolysed phenyl
benzoate at 37 °C and pH 7.2 with kcat = 8.3 × 10−5 s−1, KM = 1.1 × 10−3 M and Ki =
8.3 × 10−5 M.

5

The hydroxyl group of the hapten 25 serves as a surrogate of the tetrahedral transition-state.
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There are scattered reports of employing other antigens than phosphorus or “bait
and switch” based haptens in raising the antibodies to catalyse acyl-transfer reactions
(Fig. 2). A protonated form of the benzazepine hapten 39 has been used to elicit an
antibody catalyst for the hydrolysis of a 4-nitrophenyl ester (Khalaf et al., 1992). The
difluorostatine transition-state analogue 40, and the exclusively hydrated6 tetrafluoroketone hapten 41 have been used to generate antibody catalysts for the hydrolysis of
an ester (Shen et al., 1992) and a carbonate (Kitazume et al., 1994), respectively. The
zwitterionic 1,2-amino alcohols 42 as surrogates for the ester or amide moiety of the
substrates have also been suggested and used as transition-state analogues (Suga et al.,
1994a, b). Benedetti et al. (1996) characterised an N-p-toluoylindole hydrolysing
antibody that was elicited against the sulphonamide hapten 43.
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Figure 2. Various transition-state analogues for the hydrolytic acyl-transfer reactions.
R1 = (CH2)3CO2H, R2 = CH2(C6H4)NHCO(CH2)4−maleimide, R3 = CO(CH2)3CO2H,
R4 = CH2CO2H and Ar = p-tolyl.

6

The gem-diol structure should act as an excellent structural mimic of the tetrahedral intermediate.
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1.2.2 Stereochemistry of the acyl-transfer reactions

The hydrolysis of unactivated esters (kinetic resolution) by antibodies was
achieved by Janda et al. (1989). The racemic phosphonate antigen 44 was used to
elicit antibodies that exclusively bound to either the (R)-45 or (S)-45 α-methylbenzyl
ester, R = CO(CH2)3CO2H, (Scheme 16). Two of the 18 antibody catalysts hydrolysed
stereoselectively the (S)-45 ester, and 9 of the 18 catalysts hydrolysed the (R)-45 αmethylbenzyl ester. For example, the mAb 2H6 hydrolysed the (R)-45 ester at 21 °C
and pH 9.0 with kcat = 7.7 × 10−2 s−1, KM = 4.0 × 10−3 M, and kcat/kuncat = 8.3 × 105. The
competitive inhibition of Ki = 2.0 × 10−6 M by the hapten 44 was observed.
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Scheme 16

Pollack et al. (1989) reported the stereoselective hydrolysis of alkyl esters by
monoclonal antibodies. Eighteen of the 31 class IgG antibodies were found to catalyse
the hydrolysis of 46 with exquisite specificity for the (R)-phenylalanine-containing
diastereomer. The tetraco-ordinated tripeptide phosphonate as its diastereomeric
mixture 47 was used as a transition-state mimic for the reaction. The mAb 2H12E4
hydrolysed the (R)-phenylalanine isomer 46 at 24 °C and pH 8.0 with the following
kinetic parameters: kcat = 3.1 × 10−4 s−1, KM = 1.5 × 10−5 M, Ki = 2.4 × 10−6 M and
kcat/kuncat = 2.7 × 102 (Fig. 3). Tyrosine was suggested to be one of the catalytic amino
acids of the mAb 2H12E4 as evidenced by the destruction of its catalytic activity by
the chemical modification of active-site tyrosine by tetranitromethane.
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Figure 3. The structures of peptidyl alkyl ester hydrolysed by the mAb 2H12E4 and
the phosphonate hapten. R = CH2(C6H4)NH−Suc.

Ikeda et al. (1991) observed enantioselectivities greater than 98% e.e. when they
used the phosphonate enantiomer 48 as antigen to induce monoclonal antibodies that
hydrolysed stereospecifically the meso substrate 49 to (1R,4S)-(+)-4-hydroxy-2-cyclopentenyl acetate 50 (Scheme 17).7 The mAb 37E8 catalysed the hydrolysis of the meso
ester 49 at 37 °C and pH 8.0 with kcat = 1.2 × 10−4 s−1, KM = 1.8 × 10−4 M, and
kcat/kuncat = 88. The competitive inhibition of Ki = 7.0 × 10−6 M by 48 was observed.
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The use of catalytic antibodies to produce chiral fluorinated (R)- or (S)-1(fluoroalkyl)alkanols or an allylic alcohol containing a trifluoromethyl group has been
reported: Enantioselectivities greater than 98% e.e. were observed by Kitazume et al.
(1991). Additionally, the mAb 1C7 has been found to catalyse stereospecifically the
hydrolysis of (R)-isomer of an ethyl ester (Nakatani et al., 1994). Several monoclonal
antibodies that were raised against the racemic phosphonate hapten displayed both
high enantioselectivities and broad substrate specificities in catalysing the hydrolysis
of various N-carboxybenzyl-protected amino acid esters (Tanaka et al., 1996).

7

(1R,4S)-(+)-4-Hydroxy-2-cyclopentenyl acetate 50 is used as starting material in the total synthesis of
prostaglandin F2α (Danishefsky et al., 1989).
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1.2.3 Chemical means of improving acyl-transfer antibody catalysts
To improve the efficiency of the monoclonal antibody catalysts for the acyltransfer reactions, various chemical methods exist, such as introduction of chemical
catalysts into the antibody binding pocket, immobilisation of the catalytic antibodies,
and the use of reverse micelles or lipid-coated antibodies.
The introduction of nucleophiles (thiols, imidazoles) into the antibody’s binding
pocket (or near it) could enhance the rate of the acyl-transfer reactions because the
introduced groups can act either as general bases or nucleophiles. Thiol groups have
been covalently attached to the tyrosine and lysine residues into the binding pocket of
the Fab fragment of the IgA MOPC 315 by using cleavable affinity labels (Pollack et
al., 1988). The hapten was attached covalently to the affinity-labelling, cross-linking
reagent, such as an electrophilic aldehyde or α-bromoketone. The affinity-labelled
hapten was incubated with the antibody, which resulted in the covalent attachment of
the label to the antibody binding site or its vicinity. After the reductive cleavage of the
cross-link and the dissociation of the free hapten from the binding pocket, the
antibody binding pocket was site-specifically labelled with a free thiol. The introduced
thiol functionality acted as a nucleophile to enhance the rate of the ester thiolysis
60,000-fold compared to the background rate. The free thiol also provided a handle
that was used to introduce other bases or nucleophiles to the binding pocket, e.g.
imidazole (Pollack and Schultz, 1989). In this case, the rate acceleration of the
hydrolysis was 1,100-fold compared to the uncatalysed background rate.
Several enzymes have been found to retain their catalytic properties in organic
solvents (Chen and Sih, 1989, Klibanov, 1990), in solubilised form in the hydrophilic
core of reverse micelles (Luisi, 1985) or in water-miscible or water-immiscible
organic solvents (Kirchner et al., 1985). The same holds generally for the catalytic
antibodies. Durfor et al. (1988) showed that antibodies can carry out reactions on
water insoluble substrates in reverse micelles. The hydrolysis rates of phenylacetate at
35 °C and pH 8.5 for the mAb 20G9 were 0.31 s−1 (no micelles) and 6.5 × 10−2 s−1 (in
micelles, at a Wo of 23).8 The Km values were 1.6 × 10−4 M and 5.7 × 10−4 M,
respectively.

8

Wo is the molar ratio of water to detergent.
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Janda et al. (1990a) immobilised catalytic antibodies on solid supports. The
subsequent studies of the catalytic properties of the hydrolytic antibodies 2H6 and
21H3 showed that they lost 10% and 31%, respectively, of their activities after the
immobilisation. However, both of the antibodies retained their stereospecificities
(Janda et al., 1989). One of the immobilised antibodies retained a modest activity in
40% aqueous DMSO. In another study, the water requirement of the mAb 21H3 in
octane was found to be approximately 15% (v/v) to act as an effective catalyst in
transesterification of vinyl acetate (Ashley and Janda, 1992). The excellent catalytic
activity was observed in as low as 2% (v/v) water.
The mAb 6D9 coated with a synthetic glycolipid was shown to have a
remarkable reactivity for hydrolysis of lipophilic esters in a buffer solution. The lipidcoated antibody 6D9 hydrolysed chloramphenicol at 30 °C and pH 8.0 in 20% (v/v)
DMSO: kcat = 3.5 × 10−3 s−1, Km = 7.5 × 10−5 M, kcat/Km = 47 M−1 s−1 and kcat/kuncat =
1.2 × 103. The kinetic constants for the native antibody 6D9 were: kcat = 8.3 × 10−5 s−1,
Km = 1.2 × 10−4 M, kcat/Km = 0.69 M−1 s−1 and kcat/kuncat = 29 (Okahata et al., 1995).

1.2.4 Biochemical means of improving acyl-transfer antibody catalysts

Site-directed mutagenesis

Site-directed mutagenesis is a genetic modification technique used to alter any
amino acid residue of the protein to the desired one. Since the catalytic residues of the
antibodies are located in the antibody’s combining site, it is conceivable that the
catalytic efficiency of hydrolytic antibodies could, in principle, be enhanced by
introducing more efficient catalytic amino acid residues to the binding pocket.
Baldwin and Schultz (1989) performed the site-directed mutagenesis of a Fv
fragment9 of 7-hydroxycoumarin ester hydrolysing IgA class antibody MOPC315 by
reconstituting a recombinant variable light chain (VL) produced in E. coli with a
variable heavy chain (VH) derived from MOPC315. To introduce a catalytic
9

The Fv-fragment is a heterodimer of VH and VL peptide chains with molecular weights of 14 kD and
12 kD, respectively (Fig. 1). It contains all the amino acid sequences required for the proper folding of
the antigen-binding domain and recognition of the 2,4-dinitrophenyl hapten.
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nucleophile or general base into the antibody binding pocket, the tyrosine-34 residue
of VL was substituted by a histidine residue. The mutant Fv enhanced the hydrolysis
rate of 7-hydroxycoumarin ester of 5-(2,4-dinitrophenyl)aminopentanoic acid 90,000fold compared to the reaction catalysed by 4-methylimidazole in the same conditions.
The initial rate was 45 times as great as that obtained with the wild-type Fv. The
following kinetic parameters were determined to the Fv(Tyr34His) mutant at 25 °C
and pH 6.8: kcat = 3.0 × 10−3 s−1, Km = 2.2 × 10−6 M and kcat/Km = 1.4 × 103 M−1 s−1.
In another study, site-specific mutations were generated in the genes encoding
the variable region of the heavy chain (VH) of the mAb S107 (Jackson et al., 1991).
The mAb S107 belongs to a family of homologous antibodies that bind phosphorylcholine esters (Scheme 2) and catalyses the hydrolysis of 4-nitrophenyl N-trimethylammonioethyl carbonate to 4-nitrophenol, carbon dioxide and choline at 25 °C and
pH 7.5: kcat = 1.2 × 10−2 s−1 and Km = 0.71 × 10−3 M. Three active-site arginine-52
mutants (Arg52Lys, Arg52Gln, Arg52Cys) and four active-site tyrosine-33 mutants
(Tyr33His, Tyr33Phe, Tyr33Glu, Tyr33Asp) were generated by in vitro site-directed
mutagenesis, and the S107 mutant antibodies were subsequently expressed in
myeloma cells. The heavy chain mutations at tyrosine-33 showed little effect on the
catalytic activity of S107, except the mAb S107(Tyr33His) which had 8-fold higher
rate than the wild-type antibody in the hydrolysis of the substrate. The kinetic
parameters were determined as follows: kcat = 9.5 × 10−2 s−1 and Km = 1.6 × 10−3 M at
25 °C and pH 7.5. The relative rate compared to the same reaction catalysed by 4methylimidazole was 7,000. In addition, the heavy chain arginine-52 mutations had no
significant effect on the rate. However, the results suggest that the arginine-52 residue
was responsible for stabilising the negatively charged transition-state of the hydrolytic
acyl-transfer reaction.

Antibody gene libraries

The recent development of phage display techniques has simplified the selection
of peptides and recombinant antibody fragments (Burton, 1991, 1993). Antibody
libraries that are based on the expression and display of large repertoires of antibody
fragments on the surface of bacteriophage have been used in some cases to find
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antibodies with improved binding affinities to a given antigen. The antibody gene
libraries typically provide antibodies with higher specificities and affinities compared
to the monoclonal antibodies obtained by the use of conventional hybridoma
techniques. The antibody fragment obtained from the library can be subjected to sitedirected mutagenesis that might afford an antibody with improved recognition of the
respective transition-state analogue and with enhanced specificity. For the reactions
utilising the transition-state stabilisation as a catalysis mechanism, these antibodies
should also accelerate the rate of the reaction.
Huse (1989) and Sastry (1989) with their respective co-workers cloned and
expressed a combinatorial phage-display library of the Fd heavy chain fragment and
the light chain in E. coli. The library was based on the initial Fab expression library,
whose mRNA was isolated from the mouse immunised with the 4-nitrophenyl
phosphoramidate hapten 15 to raise antibodies for the hydrolysis of 4-nitrophenylamide 14 (Scheme 6, Janda et al., 1988b). First, the separate Fd heavy and light chain
genes were amplified, and the libraries were constructed. Then, these two libraries
were combined resulting in a random library of approximately 2.5 × 107 clones that
co-expressed a heavy and a light chain of the antibody fragment in E. coli. The highly
diverse bacteriophage λ immunoglobulin library expressed a population of functional
antibody fragments (Fab) on the surface of bacteriophages, and the high-affinity antibodies expressing bacteriophages were selected by affinity chromatography for the
subsequent activity assays.
Gibbs et al. (1991) converted the Fab fragment 7A4-1/212 from the
combinatorial library into a single-chain antibody fragment that retained the catalytic
properties of the corresponding Fab fragment and the parent mAb 43C9. The singlechain catalytic antibody hydrolysed 4-nitrophenyl amide with kcat = 1.1 × 10−4 s−1 and
Km = 9.6 × 10−4 M. In comparison, the parent mAb 43C9 catalysed the same reaction:
kcat = 1.4 × 10−4 s−1 and Km = 1.1 × 10−3 M. Chen et al. (1993) also found a catalyst
from the antibody gene library. The Fab 1D hydrolysed the 4-nitrophenyl ester with
kcat = 4.2 × 10−3 s−1 and Km = 1.2 × 10−4 M at pH 7.2.
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1.3 Catalysis of the Diels–Alder reaction
The Diels–Alder reaction is a versatile method for forming substituted cyclohexenes. This transformation is a concerted [4π + 2π] cycloaddition of a conjugated
diene and a dienophile, and belongs to the larger class of pericyclic reactions. In the
overall reaction, two new σ-bonds are formed at the expense of two π-bonds in an
allowed concerted process in terms of the Woodward−Hoffmann frontier orbital
symmetry classification (Diels and Alder, 1928, Sauer, 1967, Carruthers, 1990,
Oppolzer, 1991). Theoretically, the Diels–Alder reaction between a monosubstituted
diene and dienophile could yield eight possible isomeric products. Thus, to obtain one
stereoisomeric product exclusively, the reaction must proceed not only regio- and
diastereoselectively, but also enantioselectively. In recent years, several physical,
chemical and catalytical methods have been developed to enhance the stereoselectivity in the Diels–Alder reaction. Indeed, asymmetric catalysis of the Diels–
Alder reaction has now been achieved, for example by chiral Lewis acids,
supramolecular catalysts, proteins, and monoclonal antibodies (Oppolzer, 1984,
Narasaka, 1991, Kagan and Riant, 1992, Pindur et al., 1993).

1.3.1 Lewis acid promoted Diels–Alder reactions

Yates and Eaton (1960) found that AlCl3 efficiently catalyses the Diels–Alder
reactions of p-benzoquinone, dimethyl fumarate and maleic anhydride with
anthracene. There are copious examples of using Lewis acids such as EtAlCl2,
Et2AlCl, TiCl4, BF3 and its etherate, SnCl2, SnCl4, ZnCl2, MgBr2 and lanthanide
complexes, among others, to accelerate Diels–Alder reactions, allowing them to be
run in very mild conditions, often below 0 °C (Oppolzer, 1984, Carruthers, 1990,
Pindur et al., 1993). Lewis acid co-ordinates to the C=O or C=N of the dienophile
increasing the rate, regioselectivity (ortho/meta), diastereoselectivity (endo/exo), and
π-face selectivity of the reaction. The frontier orbital theory has been applied to
explain the role of the Lewis acid catalysts in the [4π + 2π] cycloaddition reactions
(Fleming, 1976). The interaction of the dienophile with the catalyst reduces the energy
of its HOMO and the LUMO. Hence, in the case of the Diels–Alder reaction with
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normal electron demand, the separation between the molecular orbitals will decrease
and the transition-state will be stabilised. The cycloaddition between trans-1,3-pentadiene 51 and methyl acrylate 52 serves as an example of the influence of AlCl3 on the
regioselectivity and diastereoselectivity of the Diels–Alder reaction (Inukai and
Kojima, 1967, Oppolzer, 1991) (Scheme 18, Table 4).
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Table 4. Effect of AlCl3 on the regioselectivity and diastereoselectivity of the Diels–
Alder reaction between trans-1,3-pentadiene and methyl acrylate in benzene.
Temperature

Time

AlCl3

Yield (%)

Ratio

[°C]

[h]

[mol equiv.]

53+54+55+56

53/54/55/56

120

6

0

53

45/39/11/5

25

1680

0

39

51/39/7.3/2.7

10 – 20

3

0.15

50

93/4.9/1.9/0.1

Organotransition metal complexes acting as Lewis acids have been frequently
used to catalyse Diels–Alder cycloaddition reactions (Beck and Sünkel, 1988,
Bonnesen et al., 1989). The octahedral tungsten nitrosyl Lewis acid 57 has been
employed at only 0.1 mol-% catalytic loading to enhance the rate and the selectivities
in the Diels–Alder reaction between butadiene or cyclopentadiene and α,β-unsaturated enones (Scheme 19). According to X-ray crystal structural data, the mode of
catalysis might involve activation of the α,β-unsaturated enone by η1-carbonyl
activation (Honeychuck et al., 1987).
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Two further examples of the plethora of organotransition metal complexes of
Lewis acids include [Ti(Cp)2(H2O)2](CF3SO3)2 and [Ru(salen)(NO)(H2O)]SbF6 that
catalyse the Diels–Alder reaction between various aliphatic dienes and enones (Hollis
et al., 1992), and the reactions of aldehyde- and ketone-containing dienophiles with
aliphatic 1,3-dienes (Odenkirk et al., 1992), respectively. The previous catalyst is
stable to air and very insensitive to the presence of water, contrary to the more
traditional Lewis acids such as BX3, AlX3 and TiX4 (X = Br, Cl), which are extremely
sensitive to water. The latter catalyst was used at low 1 to 2 mol-% loadings under
homogeneous catalysis, and rate accelerations of more than 100,000 were observed in
several cases.

1.3.2 Brønsted acid and radical catalysis in Diels–Alder reactions

Brønsted acids such as acetic acid, dichloroacetic acid and trichloroacetic acid
have been used to catalyse the [4π + 2π] cycloadditions between cyclopentadiene and
ethyl acrylate, methyl methacrylate, methyl vinyl ketone, acrylonitrile and dimethyl
maleate. The kinetic behaviour and the rate enhancement of these reactions have been
extensively studied (Kasper and Zobel, 1975, Bischoff and Kasper, 1986). The
enhancement of the reaction rates is believed to be due to the protonation of the
electron-poor dienophile and therefore, to the decrease of the LUMO energy of a
dienophile (Sauer and Sustmann, 1980).
An example of the mixed aminium cation radical and Brønsted acid induced
Diels–Alder reaction is provided by the tris(4-bromophenyl)ammoniumyl hexachloroantimonate mediated cyclodimerisation of 2,4-dimethyl-1,3-pentadiene 58 to 59
(Scheme 20). The same reaction is also catalysed by acidic catalysts such as
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hexachloroantimonic acid and hydrogen bromide (Gassman and Singleton, 1984b).
The aminium radical cation is believed to act primarily as an indirect source of
protons which are subsequently used in an acid-catalysed cycloaddition reaction
(Gassman and Singleton, 1984a).

HBr, HSbCl6,
[p-Br-(C6H4)]3N+SbCl6-

59

58

Scheme 20

The conversion of a neutral or electron-rich dienophile into the equivalent cation
radicals generally accelerates the Diels–Alder reaction. For example, the dimerisation
of 1,3-cyclohexadiene under cation radical catalysis is a symmetry-allowed, stereospecific reaction that occurs under mild conditions. The cation radical catalysed
reaction can be executed at 0 °C in 15 minutes in the presence of tris(4-bromophenyl)ammoniumyl hexachloroantimonate, whereas the uncatalysed thermal reaction
requires treatment at 200 °C for 20 hours (Bellville et al., 1981, Bellville and Bauld,
1982, Bauld et al., 1983, Harirchian and Bauld, 1987).

1.3.3 Heterogeneous inorganic catalysts in Diels–Alder reactions

Zeolites, clays and silica gel have been used to accelerate numerous Diels–Alder
reactions either alone or in combination with a co-catalyst (Laszlo and Lucchetti,
1984a-c, Ipaktschi, 1986, Laszlo, 1986, Veselovsky et al., 1988). Molecular sieves are
zeolites and can be characterised as sodium aluminium silicates that possess several
water-containing cavities. The exact catalytic mechanism of acceleration of the pericyclic [4π + 2π] cycloaddition reactions is not known. However, it is hypothesised
that the transition-state shape selectivity plays a significant role in the catalysis
(Ipaktschi, 1986, Hölderich et al., 1988). The cycloaddition takes place only if the
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transition-state structure of the reaction is smaller than the diameter of the pores.
Montmorillonite is an alumina hydrosilicate mineral whose lamellar structures contain
many accesible cations such as Fe3+, Cu2+ and Zn2+ (Cornelis and Laszlo, 1985,
Laszlo, 1986, Cabral and Laszlo, 1989, Laszlo and Moison, 1989, Cativiela et al.,
1991). The effect of silica gel (SiO2) and SiO2⋅MgO on the acceleration of the Diels–
Alder reaction between cyclopentadiene, isoprene, butadiene or 1,3-cyclohexadiene
and various acyclic dienes has been studied (Veselovsky et al., 1988). Some examples
of clay, zeolite or silica gel mediated acceleration of the Diels–Alder reaction between
furan or cyclopentadiene 60 and methyl vinyl ketone 61 are presented in Scheme 21
and Table 5 (Mellor and Webb, 1974, Laszlo and Lucchetti, 1984a-c, Ipaktschi, 1986,
Adams et al., 1987, Veselovsky et al., 1988).
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Table 5. Effect of clay, zeolite or silica gel catalyst on the Diels–Alder reaction
between methyl vinyl ketone and cyclopentadiene or furan.
X

Solvent

Catalyst

(60)

T

Time

Yield (%)

Ratio

[°C]

[h]

62+63

62/63

O

CH2Cl2

K10−Fe3+

−43

6

60

31:69

O

CH2Cl2

Cu+ zeolite

0

48

73

29:71

O

–

SiO2⋅MgO

20

70

48

20:80

CH2

benzene

–

80

16

80

83:17

CH2

CH2Cl2

K10−Fe3+

−24

4

96

95:5

CH2

CH2Cl2

Cr3+ clay

22

0.3

91

90:10

CH2

–

SiO2

−20

1

90

96:4
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1.3.4 Other non-biological means to accelerate the Diels–Alder reaction

In addition to the Diels–Alder catalysts already discussed, there are several other
non-biological means of accelerating the rate or selectivities of the inter-molecular
Diels–Alder reactions. These include methods such as high pressure, sonication,
solvophobic effects or molecular aggregation. Two examples are given below.
Intermolecular Diels–Alder cycloaddition reaction is characterised by large
negative activation volumes (−25 to −45 cm3 mol−1) and large negative volumes of
reaction (Matsumoto and Sera, 1985). Consequently, the intermolecular Diels–Alder
reaction can be accelerated by applying a high pressure of 1 to 25 kbar to the reaction
mixture. The thermal reaction of methyl 2,4-pentadienoate 64 and 1,4-benzoquinone
65 at normal pressure and at 80 ºC for 24 hours gave the quinone 66 in a 28% yield
(Scheme 22). Under 15 kbar at room temperature for 18 hours, the same reaction
afforded the quinone 66 in a 64% yield (Dauben and Baker, 1982).
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The application of ultrasonic radiation (20 to 850 kHz) has been found to
enhance both the rate and selectivity of various organic reactions (Ley and Low,
1989). The cavitation effect is responsible for the high local pressure, temperature and
electrostatic potential differences in the reaction mixture. The cycloaddition between
the acetal protected diene 67 and 3-methyl-4,5-benzofurandienone 68 is an example of
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the use of sonication in accelerating the Diels–Alder reaction. The background
reaction in refluxing benzene for 8 hours affored a 50:50 mixture of the regioisomers
69 and 70 in a total yield of 15% (Scheme 23). Interestingly, the same reaction under
sonication at 45 ºC for 2 hours gave an 83:17 mixture of the regioisomers 69 and 70 in
a total yield of 76% (Lee and Snyder, 1989, 1990).10
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1.3.5 Diels–Alder reactions in nature

Several studies have been published on the putative occurrence of the
biosynthetic enzyme-catalysed pericyclic Diels–Alder reactions. Some of these
conversions presumably take place spontaneously and do not require the participation
of an enzyme. Instead, the reaction may be catalysed by Lewis acids present in the
plant tissue. Other biosynthetic Diels–Alder conversions are believed to proceed
enzymatically by a cyclase enzyme which yields optically active cycloadducts
(Stipanovic, 1992, Laschat, 1996).
The biosynthesis of solanapyrones A 71 and D 72 is presented as an example of
a possible enzyme-catalysed Diels–Alder reaction (Scheme 24). Oikawa et al. (1989a,
b, 1994) have reported the biosynthesis of these phytotoxins produced by the pathogenic fungus Alternaria solani and shown unambiguously that the decalin system of
solanapyrones is formed by an intramolecular [4π + 2π] cyclo-addition. Incubation of
prosolanapyrone III 73 with a cell-free extract of A. solani afforded a mixture of the

10

The major regioisomer 69 can be converted to (±)-tanshindiol after oxidative aromatisation and
removal of the acetal protective group (Lee and Snyder, 1989, 1990).
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exo cycloadduct solanapyrone A 71 and the endo adduct solanapyrone D 72 with an
exo/endo ratio of 53:47. In the absence of the cell-free extract under the same reaction
conditions or in a control experiment in the presence of denatured enzyme, prosolanapyrone III 73 was converted to solanapyrone A 71 and D 72 with an exo/endo ratio of
3:97. Hence, the enzyme-related exo/endo ratio was calculated to be 87:13 (Oikawa et
al., 1995). However, it should be noticed that these investigations were carried out in
the presence of a cell-free extract and not in the presence of an isolated, purified and
characterised enzyme.
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Other studies of the tentative occurrence of natural Diels–Alderases include,
among others, the biosynthetic studies of brevianamide mycotoxins by Penicillium
brevicompactum (Sanz-Cervera et al., 1993), an antibiotic nargenicin by Nocardia
argentinensis, Huang (Cane et al., 1993), betaenone B phytotoxin produced by Phoma
betae, Frank (Oikawa et al., 1988), a hypocholesterolemic agent mevinolin by
Aspergillus terreus (Moore et al., 1985) and optically active prenylchalcones chalcomoracin and kuwanon J in Morus alba, L. cell cultures (Hano et al., 1990, 1992).
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1.3.6 Antibody-catalysed Diels–Alder reactions

The Diels–Alder reaction has proven to be among the most popular pericyclic
antibody-catalysed reactions. (Hilvert et al., 1989, Braisted and Schultz, 1990,
Suckling et al., 1992, Gouverneur et al., 1993). The reason is the crucial importance
of this [4π + 2π] cycloaddition reaction in synthetic organic chemistry, in addition to
its interesting physico-chemical properties and mechanistic aspects.11 The antibodymediated Diels–Alder reactions studied so far are presented in Table 6.

Table 6. Kinetic parameters of the antibody-catalysed Diels–Alder reactions.

Reaction

1 75 + 76 →
78*
2 80 + 81 →
82
3 83 + 84 →

mAb,

kcat

KM

kcat/KM

pH, T [°C]

[s−1]

[M]

[M−1 s−1]

1E9;

7.2 × 10−2

2.1 × 10−2 (76)†

3.4

1.1 × 102

0.67

1.1 × 10−3 (80)

6.1 × 102 (80)

0.35 M

7.4 × 10−4 (81)

9.0 × 102 (81)

5.5 × 10−2

8.3 × 10−3 (84)

6.6 (84)

1.7 × 103‡

5.3 × 10−5

7.0 × 10−4 (87)

7.6 × 10−2 (87)

18 M

7.5 × 10−3 (88)

7.1 × 10−3 (88)

9.6 × 10−4 (87)

5.9 × 10−2 (87)

1.7 × 10−3 (88)

3.4 × 10−2 (88)

6.0; 25
39A11;
7.5; 25
H11;

86; R = Et¶

8.0; 18

4 87 + 88 →

22C8;

90 (exo)
5 87 + 88 →
92 (endo)

kcat/kuncat

7.4; 37
7D4;
7.4; 37

5.7 × 10−5

4.8 M

*The second-order rate constant for the uncatalysed cycloaddition was 6.7 × 10−4 M−1 s−1 (Hilvert et al.,
1989).
†Low solubility of 75 prevented the determination of its Km value (Hilvert et al., 1989).
¶Acetoxybutadiene 83 underwent slow hydrolysis to crotonaldehyde under the reaction conditions and a
value for Km was not obtained (Suckling et al., 1992).
‡The pseudo first-order rate constant kuncat = 3.2 × 10−5 s−1 (Suckling et al., 1992).

11

Presently, there is only one example of catalysis of the retro Diels–Alder reaction by an antibody with
nitroxyl synthase activity (Bahr et al., 1996).
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In Hilvert’s approach, the bicyclic adduct 74 was used as a stable transition-state
mimic for the [4π + 2π] cycloaddition between tetrachlorothiophene dioxide 75 and
N-ethylmaleimide 76 (Hilvert et al., 1989). The heterocyclic diene 75 and the dienophile 76 form an unstable bicyclic adduct 77 that spontaneously extrudes sulphurdioxide affording a dihydrophthalimide product 78 that binds only weakly to the antibody. The hapten takes into account both the proximity effect of the catalysis by
lowering the entropy of activation (∆S‡) and the diminishing of the product inhibition.
The hapten-specific mAb 1E9 catalysed the reaction with an apparent effective
molarity of 110 M per antibody binding site (Scheme 25).
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Schultz’s group prepared a KLH conjugate of isothiocyanate derivative of bicyclo[2.2.2]octene 79, R = OCH2CO2H, to be used as a hapten to produce antibodies
against this transition-state mimic of the Diels–Alder reaction between aminoacylbutadiene 80 and N-phenylmaleimide 81 (Braisted and Schultz, 1990). The ethano
bridge locks the cyclohexane ring of the hapten 79 into a similar s-cis type
conformation to that of the substrate diene 80 in the transition-state of Diels–Alder
reaction (Scheme 26). Hence, the hapten-specific antibodies were believed to act as
entropy traps in lowering the translational and rotational entropy of activation of the
reaction, and to harvest the diene 80 and dienophile 81 into a reactive conformation in
the hydrophobic binding pocket of the antibody. In fact, the mAb 39, A11 catalysed
the formation of 82 with kcat/KM of 6.1 × 102 M−1s−1 (80) and 9.0 × 102 M−1 s−1 (81).
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The Diels–Alder reaction between 1-acetoxybutadiene 83 and N-ethylmaleimide
84, was studied by Suckling’s group (Suckling et al., 1992, 1993). Monoclonal
antibodies were generated against a tetrahydroisoindole dione hapten 85 that
resembled more the reaction product 86 than the actual transition-state of the reaction
(Scheme 27). The mAb H11 and its Fab fragment were found to catalyse the reaction
with kcat/KM of 6.6 M−1 s−1 for the dienophile 84.
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86

Gouverneur et al. (1993) introduced the concept of selectivity to the antibodycatalysed Diels–Alder reactions by considering the secondary orbital interactions in
the transition-state of a reaction between trans-1-N-carbamoylamino-1,3-butadiene
87, R = CH2(C6H4)CO2H, and N,N-dimethylacrylamide 88. The secondary orbital
interactions determine the diastereoselectivity of the Diels–Alder reactions, which is
displayed in different endo/exo ratios of the products (Scheme 28). By using the boatshaped bicyclo[2.2.2]octene mimic 89, R = (CH2)3CO−NHS, for the pericyclic exo
transition-state, the mAb 22C8 was found to produce diastereoselectively the exo
cycloadduct 90 with an effective molarity of 18 M. Not surprisingly, immunisation
with the hapten 92 mimicking an endo transition-state gave the mAb 7D4, which
catalysed exclusively the formation of the endo adduct 91 with an effective molarity
of 4.8 M.
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Both of these reactions were also enantioselective with enantiomeric excesses of
> 98%. The antibody’s binding energy was used to control the relative energy of the
transition-states of various possible reaction pathways and to ensure that the
antibodies harvest reactants into the reactive conformation in their binding sites. The
bicyclic hapten with its boat-shaped cyclohexene ring proved once more to be a
reliable mimic for the pericyclic transition-state of the Diels–Alder reaction.
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1.4 Peptidyl-prolyl cis-trans isomerisation reaction
Peptidyl-prolyl cis-trans isomerisation is a slow conformational interconversion of the cis conformation 93 of an N-terminal amide bond of the amino acid
proline to the corresponding trans conformation 94 (Scheme 29). Peptidyl-prolyl cistrans isomerase enzymes (EC 5.2.1.8) exist to enhance the isomerisation rates in vivo
(Galat, 1993).
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Isomerisation of the peptide bond (both catalysed and uncatalysed) plays an
important role in such biochemical processes as protein folding in ribosomal protein
synthesis (Kiefhaber et al., 1992, Shalongo et al., 1992, Texter et al., 1992),
regulation of the activation or breakdown of peptide hormones (Yaron and Naider,
1993), recognition of peptide antigens (Richards et al., 1990), transport of
polypeptides through lipid bilayer membranes, disposal of malfunctioning proteins,
oligomerisation of proteins (Jaenicke, 1984), and triggering receptor-mediated transmembrane signalling (Williams and Deber, 1991, Vogel et al., 1993). Chemically, the
peptidyl-prolyl cis-trans isomerisation is a rotation around the single bond and can
thus be regarded as one of the simplest chemical “reactions” (Fischer, 1994).

1.4.1 Proline and peptide conformation

Among the twenty naturally occurring, common amino acids, proline is a unique
protein building block as its α-nitrogen atom is part of the secondary amino group in
the rigid pyrrolidine ring and at the same time it is covalently bound to the
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preceding amino acid (McArthur and Thornton, 1991). Common amino acids assume
trans conformation in peptides and proteins. However, proline amides display an
equal tendency to assume both the stable cis and stereoisomeric trans amide
conformation, and both forms occur in peptides, as in bradykinin (London et al.,
1979) and proteins, such as ribonuclease (Lewis et al., 1973). Protein folding is slow
when proline residues exist in the polypeptide. Rotation about the formally single
bonds in the peptide backbone and in its sidechains is responsible for the flexibility of
the polypeptide chain. Slow conformational changes arise primarily from
delocalisation of the electrons in the amide bond and additional steric constraints
imposed by the proline ring.

1.4.2 Peptidyl-prolyl cis-trans isomerases

The peptidyl-prolyl cis-trans isomerases (PPIases) are enzymes with rotamase
activity in catalysing the interconversion of the peptidyl-prolyl cis conformers to the
corresponding trans conformers (Galat, 1993, Fischer, 1994, Table 7). Peptidyl-prolyl
cis-trans isomerases cannot significantly enhance the isomerisation rate of open-chain
N-alkyl peptide bonds in oligopeptides (Schmid et al., 1993). Currently, three protein
families with peptidyl-prolyl cis-trans isomerase activity are known to exist in nature:
cyclophilins (Cyp), FK506 binding proteins (FKBP) and parvulins (Kay, 1996). The
PPIases can be found in a wide variety of prokaryotic and eukaryotic organisms.

Table 7. Characteristics of the three PPIase families (Kay, 1996).
FKBPs

CYCLOPHILINS

PARVULINS

Domain size

approx. 108 residues

approx. 165 residues

92 residues

PPIase activity

− to ++

++ to +++

? to +++

Distribution

mammals, plants,
lower eukaryotes,
prokaryotes

mammals, plants,
lower eukaryotes,
prokaryotes

prokaryotes

Natural inhibitors

FK506, rapamycin

cyclosporins

?

Known in humans

5 (FKBP12, 12A, 13,
25, 52)

6 (CypA, B, C, D,
40, NK)

?
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The first two families of PPIases are inhibited by cyclosporin A 95 and
macrolides (Fig. 4). The cyclophilins are high-affinity PPIases for the naturally
occurring immunosuppressive undecapeptide cyclosporin A (CsA) 95 which also
specifically inhibits the rotamase activity of the cyclophilins (Handschumacher et al.,
1984, Fischer et al., 1989, Takahashi et al., 1989).
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Figure 4. Structure of the cyclophilin undecapeptide inhibitor cyclosporin A.

Furthermore, the FK506 binding proteins are specific binding proteins for two
other naturally occurring secondary metabolites, FK506 96 (Harding et al., 1989,
Siekierka et al., 1989) and rapamycin 97 (Bierer et al., 1990a, b, Somers et al., 1991).
The PPIase activity of the FKBPs is likewise completely inhibited by these immunosuppressive macrolides (Fig. 5). Interestingly, no cross-inhibition of the cyclophilins
by FK506 or rapamycin, nor the FKBPs by cyclosporin A has been observed. The
parvulins are PPIases that are not members of either the cyclophilins or the FKBPs.
Their rotamase activity is comparable to that of the cyclophilins, and it is higher than
that of any FKBPs. In addition, the PPIase activity of parvulins cannot be inhibited by
cyclosporin A, FK506 or rapamycin (Rahfeld et al., 1994a, b, Rudd et al., 1995).

58

MeO

Me

Me

MeO
H

O

O
OH

Me

Me
O

H

O

OMe

O
OH
O

N

Me

OH

O

OMe
Me

Me

O

O

O

O

N

Me

O

OH
O

OH

Me
96

H

OMe Me

Me

OMe
OH

Me

97

Figure 5. Stuctures of the FK506 binding protein inhibitors FK506 and rapamycin.

The amino acid sequence of the cyclophilins is very different from that of the
FKBPs (Wiederrecht et al., 1991), and the structural similarity of their tentative active
sites is not remarkable (Denesyuk et al., 1993). However, within the cyclophilin and
FKBP families the primary amino acid sequences of the enzymes are highly conserved
(Fischer, 1994).
The peptidyl-prolyl cis-trans isomerases generally follow the Michaelis−Menten
kinetics, especially when the PPIase concentration is low during the isomerisation
(Fischer, 1994). When [S]0 << Km, the rate enhancement for the cis to trans
isomerisation is linearly dependent on the enzyme concentration. The cis/trans isomer
distribution of the peptide substrate can be regarded independent of the PPIase
concentration when [PPIase] << [S]0. However, the isomer ratio can be dramatically
changed if [PPIase] = [S]0 or if there is an excess of the PPIase (Fischer et al., 1984b,
London et al., 1990, Schönbrunner et al., 1991).

1.4.3 The peptidyl-prolyl isomerisation reaction mechanism

The determination of a peptidyl-prolyl cis-trans interconversion mechanism of
both cyclophilins and FK506 binding proteins is a difficult task because neither bond
formation nor bond breaking takes place during the reaction. Moreover, the PPIases
exist in multiple enzyme forms with different catalytic characteristics (Fischer, 1994).
Three different mechanisms for the cis-trans isomerisation can be suggested: (1)
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nucleophilic attack to the amide bond carbonyl by the enzyme’s nucleophile, (2)
kinetic protonation of the nitrogen atom of the amide proline, and (3) twisting the
amide bond out of conjugation (Fischer, 1994). The intent is to reduce the double
bond character of the amide and to convert it into a single bond as the loss of amide
bond resonance lowers the barrier of rotation. It must also be noted that water must be
excluded from the active site of the enzyme to prevent hydrolysis of the amide bond.
The isomerisation reactions of the dialkyl amides have been found to be faster in
organic, non-polar solvents. The ground state of the isomers is destabilised and the
electronic delocalisation of the amide bond is reduced (Drakenberg et al., 1972).
Both enzymatic nucleophilic and general base catalysis have been ruled out as
the PPIase mechanisms by mutagenesis studies. Initially, it was observed that the
PPIase activity of the human cyclophilin Cyp18cy can be suppressed by adding thiol
modifying reagent 4-hydroxymercurybenzoic acid to the reaction mixture (Fischer et
al., 1989). It was believed that the active-site cysteine residue plays a role in the
isomerisation reaction. However, the mutagenesis of all four cysteines near the
binding site of the Cyp18cy to alanines did not affect the PPIase activity of the
enzymes significantly (Liu et al., 1990). Analogously, the mutation of such potential
hydrogen bond donors and nucleophiles as cysteine, serine and threonine to alanines
in the active site of FKBP12 did not result in loss of activity or affinity to FK506 and
rapamycin (Park et al., 1992). Moreover, the secondary deuterium isotope effect of
[kcat/KM]H/[kcat/KM]D ≈ 1.1 of the Gly−Pro peptide substrate deuterated at the αposition is considered as evidence of that no hybridisation change sp2→sp3 of the
amide bond carbonyl takes place (Harrison et al., 1990a). Thus, no nucleophilic
addition of an enzyme nucleophile or hydroxide (water) occurs to the amide carbonyl
during catalysis.
The mutations in the Cyp18cy active site arginine-55, phenylalanine-60 and
histidine-125 suppressed the PPIase activity without eliminating the binding to
cyclosporin A. Taken together with the structural studies of Cyp18cy and FKBP12, it
could be conceivable that FKBP12’s guanidine proton of arginine-55 (Zydowsky et
al., 1992) and the C-terminal amide nitrogen proton of the substrate (Fischer et al.,
1993) could act as proton donors in the kinetic protonation of the proline nitrogen
atom. The arginine-55 of Cyp18cy cannot possibly participate in the protonation of the
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proline nitrogen atom as its pKa is about 12. However, it could stabilise the hydrogen
bonding either directly or via a water molecule to the lone electron pair of proline
nitrogen (Texter et al., 1992). The kinetic protonation of the proline nitrogen has been
ruled out because the solvent deuterium isotope effects [kcat/KM]H2O/[kcat/KM]D2O ≈ 1
and no pH effects on the isomerisation rate have been observed (pH 5 to 9) (Stein,
1993). Generally, the Cyp18cy and FKBP mediated cis-trans isomerisation reactions
exhibit low enthalpies of activation and high entropies of activation (Harrison and
Stein, 1992, Stein, 1993) when compared to uncatalysed cis-trans isomerisation
reactions.
The current model of PPIase mechanism is a combination of substrate distortion
by the PPIase and stabilisation of the transition-state by the hydrogen bonding to the
lone electron pair of proline nitrogen (Fischer, 1994). The FKBP ligand FK506 adopts
the orthogonal dihedral angle of the α-keto carbonyl both in solution (Petros et al.,
1993) and when bound to FKBP (Van Duyne et al., 1991). FKBP twists the amide
bond of the peptide to enhance the rate of the cis-trans isomerisation. The transitionstate binds strongly to the enzyme which decreases the enthalpy of activation and at
the same time the Gibbs free enery of activation (Harrison and Stein, 1992).
In FKBP12, the major driving force of the peptidyl-prolyl cis-trans
isomerisation reaction is substrate destabilisation by twisting the amide carbonyl out
of the plane with the nitrogen atom, and the subsequent repulsion of the amide
carbonyl oxygen lone pairs of the substrates by the active site tyrosine-82 and
aspartate-37. Autocatalysis is an additional factor in the FKBP catalysis; the lone
electron pair of proline is stabilised by the substrate’s amide proton of the residue Cterminal to proline (Fischer et al., 1993).
In cyclophilin Cyp18cy, the peptide substrate does not bind properly for the
autocatalysis to take place (Kallen et al., 1992, Fischer et al., 1993). The active site
arginine-55 residue is responsible for the hydrogen bond stabilisation of the proline
lone electron pair. Additionally, X-ray crystallographical data suggest that the
tetrapeptide substrates exhibit the distorted dihedral angles of cis-Xaa−Pro when
bound to Cyp18cy (Kallen and Walkinshaw, 1992).
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1.4.4 FK506 binding proteins

FK506 binding peptidyl-prolyl cis-trans isomerases (FKBPs) belong to the
smallest enzymes known as their polypeptide chain consists of approximately 110
amino acids and their molecular weight is around 12 kDa. They are strongly and
specifically inhibited by lipid soluble macrolides FK506 96 and rapamycin 97 (Fig. 5)
but not by cyclosporin A 95 (Fischer, 1994, Kay, 1996). FK506 96 is a 21-member
macrolactone with a pyranose ring and a masked tricarbonyl hemiketal structure
(Tanaka et al., 1987). Rapamycin 97 in turn is a 31-member ring lactam with lactone
linkages, an interesting (E,E,E) triene moiety and α,β-keto amide masked via C-10
hemiketal formation (Swindells et al., 1978, Findlay and Radics, 1980). There are
currently approximately thirty FKBPs from a wide variety of prokaryotes and
eukaryotes that are known at the genetic level (Kay, 1996).
Cytoplasmic FKBP12cy is a primary target for the immunosuppressive agents
FK506 and rapamycin in human cells. It also possesses PPIase activity (Fischer et al.,
1989, Takahashi et al., 1989). It is an unexceptionally stable protein widely
distributed in mammalian tissues, especially in the brain (Steiner et al., 1992, Asami
et al., 1993), lymphocytes (Sigal et al., 1990, Siekierka et al., 1991) and the regions
around cell nuclei (Kobayashi et al., 1993). The amino acid sequence of FKBP12cy
has no significant similarity to that of the cyclophilins (Kay, 1996).
FKBPs have also been isolated in other eukaryotes, such as the yeasts
Saccharomyces cerevisiae (Heitman et al., 1991, Koltin et al., 1991) and Candida
albicans (Ferrara et al., 1992), and the fungi Neurospora crassa (Tropschug et al.,
1990) and Tolypocladium inflatum (Lee et al., 1992).12 The presence of FKBPs in
plants is not common. There is some evidence that a low-level PPIase activity
detected in pea Pisum sativum, L. could be effected by a FKBP-family protein. The
found PPIase activity was partially inhibited by rapamycin, but completely inhibited
by CsA (Breiman et al., 1992). In prokaryotes, FKBPs have been characterised in, for
example, Neisseria meningitidis (McAllister and Stephens, 1993, Sampson and
Gotschlich, 1992) and from three streptomycetes Streptomyces chrysomallus, S.

12

Very interestingly, T. inflatum is a cyclosporin A (CsA) producing fungus that is a potent inhibitor of
other main group of PPIases cyclophilins (Lee et al., 1992).
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hygroscopicus and S. hygroscopicus subsp. ascomycetius (Pahl and Keller, 1992).13
However, it is still very uncertain whether E. coli is able to produce FKBPs with
PPIase activity (Kay, 1996).
FK506 binding proteins generally show high specificity for the amino acid at
position P1 of the peptide substrate (Albers et al., 1990, Harrison and Stein, 1990c,
Fischer et al., 1992, Nielsen et al., 1992).14 High second-order rate constants (or
specificity constants kcat/Km) are observed when the amino acid residue in the P1
position of the substrate has a relatively large hydrophobic side chain. Compared to
cyclophilins, the FKBPs are less effective in catalysing the cis-trans isomerisation
reactions (Fischer, 1994). Even with the optimum peptide substrate of FKBP12cy,
Suc−Ala−Leu−Pro−Phe−pNA, the kcat/Km is approximately an order of magnitude
smaller than with Cyp18cy (Park et al., 1992).
The inhibition of FKBPs by FK506 or rapamycin is regularly stoichiometric, for
example, hFKBP12cy forms a 1:1 complex. The hydrophobic interactions are
important in complex-formation as is evident from the enthalpy of formation of these
complexes and the X-ray crystallographic structure of the FK506−FKBP. All the
amino acid residues (Phe36, Ile56, Tyr82, Ile91, Leu97, Phe99) close to the binding
site are hydrophobic (Van Duyne et al., 1991, Connelly and Thomson, 1992).
The complexation of FK506 in its FKBP receptor appears to be entirely
reversible, neither does it involve a covalent binding of either of the electrophilic
carbonyl groups of FK506. A cis conformation of the FK506 prevails in the solid
state, a combination of cis and trans conformers are present in an aqueous solution,
and after binding to its receptor FKBP, FK506 acquires the trans conformation.
Despite the great electrophilic nature of the α-keto carbonyl, there is no experimental
evidence that hemiketal or hydrate formation would be taking place in the α-keto
amide carbonyl of either FK506 or rapamycin (Rosen et al., 1990).15 Based on X-ray

13

S. hygroscopicus produces rapamycin and S. hygroscopicus subsp. ascomycetius produces another
FKBP inhibitor ascomycin. It is obvious that these streptomycetes have an efficient self-protection
mechanism (McAllister and Stephens, 1993).
14
P1 refers to the amino acid Xaa whose carboxyl terminus is coupled to the isomerising proline ring.
15
The related compounds, cyclotheonamides isolated from marine organisms are known as human αthrombin proteinase inhibitors having similar α-keto amide moiety in their rings. Contrary to rapamycin
and FK506, cyclotheonamides form a covalent tetrahedral adduct with the serine hydroxyl in the active
site of α-thrombin and act thus as suicide inhibitors of the enzyme (Fusetani et al., 1990, Maryanoff et
al., 1993).
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crystallographical and NMR studies, it is known that the dihedral angle about the αketo amide carbonyls of FK506 and rapamycin is 95° in the solid state (Findlay and
Radics, 1980, Tanaka et al., 1987). It is also known that the twisted peptidyl-prolyl
amide bond of the substrate in the FKBP’s active site adopts the dihedral angle of
approximately 90° (Rosen et al., 1990). α-Keto amide carbonyls adjacent to the
homoprolyl amide bond of FK506 and that of rapamycin are considered a substitute
for the twisted amide carbonyl of a bound peptide substrate, since their ground-state
geometry is similar to the transition-state structure of the peptide structure. Hence,
both FK506 and rapamycin can be regarded as stable transition-state analogues of
the peptidyl-prolyl cis-trans isomerisation (Rosen et al., 1990).

1.4.5 Cyclophilins

Cyclophilin Cyp18cy (previously known as cyclophilin A, CypA) is the major
cytoplasmic peptidyl-prolyl cis-trans isomerase isoform abundantly expressed in all
mammalian tissues. It has typically a molecular mass of 18 kDa. Cyp18cy binds the
undecapeptide immunosuppressant cyclosporin A (CsA) 95 with high nanomolar
affinity (Kd = 6 nM), and it appears to facilitate protein folding by enhancing the cistrans interconversion of peptidyl-prolyl bonds (Fischer et al., 1989). Moreover, its
PPIase activity is potently inhibited by cyclosporin A. All the eukaryotic cyclophilins
seem to possess a high affinity to CsA (Fischer, 1994). Prokaryotic cyclophilins tend
to bind CsA to a much smaller extent (Liu and Walsh, 1990, Hayano et al., 1991).
The amino acid sequence of cyclophilins contains highly conserved areas, which
is believed to be an evidence of evolutionary conservation of protein-folding catalysis
(Maki et al., 1990, Schönbrunner et al., 1991). The cyclophilins are chemically and
thermally stable enzymes. However, due to their highly lipophilic character
cyclophilins are easily denaturated by contact to hydrophobic plastic surface
(McDonald et al., 1992). Cyp18cy is present in tissues and various cell types in
elevated concentrations, exceptionally high concentrations have been observed in
lymphocytes, kidney tubules, endothelial cells, T cells, and neuron-rich areas of the
brain (Ryffel et al., 1988, Mihatsch et al., 1989, Lad et al., 1991). There also exist
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cyclophilins that are secreted through the cell membrane in response to certain stimuli
to the cell. For example, Cyp18cy related IL-1 is secreted through the cell membrane
after stimulation of growth factors (Davis et al., 1991, Sherry et al., 1992).
Cis-trans isomerisation of the peptidyl-prolyl bond appears to play an important
role in membrane channels, as is evidenced by blockade of the transport proteins in
the inner membrane of mitochondria by cyclosporin A (McGuinness et al., 1990). It
has been demonstrated with CsA-resistant unfunctional Cyp24mito mutants of
Neurospora crassa that it is the formation of the CsA−Cyp complex and not the
inhibition of PPIase activity by CsA alone that exerts the cytotoxic effects (Tropschug
et al., 1989).
Cyp18cy is a highly effective enzyme whose catalytic efficiency approaches to
the diffusion limits with its kcat/Km close to 2 × 108 M−1 s−1 (Fersht, 1985, Fischer,
1994). Additionally, the kcat/kuncat is approximately a million times higher with the
already fast thermal and uncatalysed background reaction (Kofron et al., 1991).
Interestingly, the nature of the Xaa of the optimal peptide substrates, Suc−Ala−Xaa−
Pro−Xaa−pNA does not have a great effect on the kcat/Km of the isomerisation. The
difference is only less than 20-fold when comparing the second-order rate constants of
the best uncharged side chain Xaa-containing substrates to the “worst” charged side
chain Xaa-containing peptide substrates (Harrison and Stein, 1990b, c, Bergsma et al.,
1991, Liu et al., 1991, Compton et al., 1992).
Cyclophilins are considered to be the true catalysts in dynamic protein folding
processes (Bächinger, 1987, Lang et al., 1987, Lang and Schmid, 1988).16 The
catalytic effect of cyclophilins on the protein refolding reactions is suppressed by
cyclosporin A. When compared to the cis-trans isomerisation reactions of the simple
peptide substrates, the catalytic efficiencies of cyclophilins with the macromolecular
substrates are generally at least ten times less, provided that [S] << Km (Fischer,
1994). However, there are currently only a few examples providing quantitative data
for the cyclophilin-assisted protein folding in vivo. For example, the triple helix
formation in fibroblast procollagen was reduced 1.4-fold by CsA (Steinmann et al.,
1991).
16

Cyclophilins do not need the stoichiometric amounts of helper proteins or additives in the folding
process like the molecular chaperones do. Molecular chaperones do not contain steric information
about the correct folding, and they increase the yield but not the rate of the folding (Hartl, 1996).
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As noted earlier, cyclophilins bind CsA in a nanomolar to micromolar range,
and their PPIase activity is competitively inhibited by CsA.17 The binding of CsA to
Cyp18cy is a kinetically complex, solvent-dependent process (Kofron et al., 1991,
1992, Kuzmic et al., 1992). To act as cyclophilin inhibitor, CsA must have a trans
conformation around its 9MeLeu−10MeLeu (Fesik et al., 1990, 1992, Weber et al.,
1991). This required conformation is present in THF in very low concentration.
However, in LiCl/THF the active inhibitory trans conformation of CsA is the
predominant one (Köck et al., 1992). CsA cannot be regarded as a suicide inhibitor
since Cyp18cy is believed not to be able to catalyse the cis to trans conversion of
CsA. According to X-ray crystallographical (Pflügl et al., 1993) and NMR (Thériault
et al., 1993) studies of the CsA−Cyp18cy, the structure of cyclophilin does not change
remarkably during the formation of the complex. Antithetically, the bound
conformation of CsA in Cyp18cy is immensely different from that in either the nonaqueous solution (Kessler et al., 1990) or the solid state (Loosli et al., 1985).

17

Cyclosporin H (CsH) containing the D-form of 11MeVal has neither significant affinity to cyclophilins
nor any inhibitory effect on the PPIase activity of the cyclophilins (Fischer, 1994).
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2

Aims of the present study

This work represents the field of applied biocatalysis in synthetic organic
chemistry and aims at generating antibody proteins as specific catalysts for the organic
and biochemical reactions.

The specific aims were:

1.

To design and synthesise the appropriate haptens for elicitation of monoclonal
antibodies by hybridoma technology for the following chemical and biochemical reactions: (a) the twisted α-keto amide haptens for the acyl-transfer
reactions, (b) the conformationally flexible ferrocenyl haptens for the Diels–
Alder reaction between aminobutadiene and N,N-dimethylacrylamide and (c)
the twisted α-keto amide hapten for the peptidyl-prolyl cis-trans isomerisation
of the prolyl amide substrates.

2.

To synthesise the substrates for screening of the monoclonal antibodies for
catalytic activity, and to synthesise the appropriate inhibitors for the found
antibody catalysts.

3.

To screen the monoclonal antibodies obtained for the possible catalytic activity
by either spectrometric or chromatographic methods.

4.

To study the kinetic behaviour of the antibody catalysts found, and to determine
either their binding or inhibition properties.
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3

Experimental

3.1 General synthetic methods (I−IV)
Unless otherwise stated, all reactions were carried out in oven-dried glassware
with anhydrous solvents under anhydrous conditions under positive atmosphere of
argon or nitrogen. Reagents and solvents were transferred with disposable plastic
syringes and oven-dried or disposable needles.
Dichloromethane and chloroform were continuously distilled from calcium
hydride and phosphorus pentoxide, respectively. Tetrahydrofuran was distilled from
sodium−benzophenone. All reagents were purchased from Aldrich Chemical
Company, Sigma Chemical Company, Fluka Chemie AG, Pfaltz & Bauer, Bachem,
Bachem California, or Tokyo Kasei. All chromatography solvents were obtained from
Fisher Scientific and used without further purification.
Reactions were monitored by thin-layer chromatography (TLC) using silica gel
60F glass plates (0.25 mm, E. Merck, Darmstadt, Germany). UV light, 5% ethanolic
phosphomolybdic acid, 1% ethanolic ninhydrin or p-anisaldehyde solution and heat
were used as developing agents. Flash chromatography was performed with silica gel
60 (230−400 mesh, E. Merck, Darmstadt, Germany) as described by Still et al. (1978).
Yields are for unoptimised procedures and refer to chromatographically and
spectroscopically (1H NMR) homogeneous materials, unless otherwise noted.
Melting points are uncorrected and were determined on a Fisher−Johns melting
point apparatus. All proton NMR spectra (300 MHz) were obtained in CDCl3,
CD3OD, D2O, DMF-d7, DMSO-d6 or TFE-d3 solutions at ambient temperature on a
Bruker AM-300 spectrometer. The

13

C NMR spectra (500 MHz) were recorded on a

Bruker AMX-500 instrument. Chemical shifts (δ) are reported in parts per million
downfield from tetramethylsilane as an internal reference at 0.00 ppm. Coupling
constants (J) are given in Hertz. Multiplicities are indicated by s (singlet), d (doublet),
t (triplet), q (quartet), qn (quintet), m (multiplet) and br (broad). High and low
resolution fast atom bombardment (FAB) mass spectra were provided by Dr. Gary
Siudzak of The Scripps Research Institute Mass Spectrometry Facility.
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3.2 Preparation of the immunoconjugates (I, III, IV)
The haptens were activated for the protein coupling by adding 1.3 mole
equivalents of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide and N-hydroxysulphosuccinimide aqueous solutions to a solution of haptens (4.0 mg) in N,N-dimethylformamide (200 µl) (Staros, 1982, Staros et al., 1986, Anjaneyulu and Staros, 1987).
Activation reactions were incubated in closed Eppendorf tubes at room temperature
for 24 h. In the case of the Diels–Alder haptens, conjugation to the carrier proteins
was performed in the absence of light, since aqueous solutions of 98 and 99 (Scheme
33) were prone to photo-oxidation.
The keyhole limpet hemocyanin (KLH) conjugate was prepared by adding 100
µl of the activated hapten solution to a solution of 5 mg of KLH in 900 µl of 50 mM
sodium phosphate buffer, pH 7.4. The bovine serum albumin (BSA) conjugate was
prepared in a similar fashion. The hapten−protein conjugates were incubated at 4 °C
for 24 h. The hapten−protein conjugates were used as such in immunisation without
further purification.

3.3 Immunisation, hybridoma generation and production of
monoclonal antibodies (I, III, IV)
Hybridomas were generated by standard protocols (Köhler and Milstein, 1975,
Harlow and Lane, 1988). Two intraperitoneal (i.p.) injections of Ribi adjuvant (in
MPL and TDM emulsions) and 100 µg of the hapten conjugated to KLH were
administered to four 8-week-old 129GIX+ mice. After two weeks, booster injection
was administered to the same mice. One month after the second injection, the mouse
with the highest titer (12,800 to 25,600) was injected intravenously (i.v.) with 50 µg
of the KLH conjugate (Engvall, 1980); 3 days later, the spleen was taken for the
preparation of hybridoma cells. The splenocytes (1.0 × 108) were fused with SP2/0
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myeloma cells (2.0 × 107). Cells were plated into 30, 96-well plates; each well
contained 150 µl of hypoxanthine, aminopterin, thymidine−Dulbecco’s minimal
essential medium (HAT−DMEM) containing 1% Nutridoma and 2% BSA.
After 2 weeks, the antibodies produced in the wells containing macroscopic
colonies were assayed by ELISA for binding to the hapten−BSA conjugates. As the
haptens 98 and 99 were sensitive to light, the ELISAs in this specific case were
carried out in the dark. The colonies that initially produced antibodies, which bound to
the hapten−BSA conjugates, were subcloned twice. All monoclonal antibodies
producing hybridoma cells were injected into pristane-primed18 129GIX+×BALB/c
mice to generate ascites (Lacy and Voss, 1986).
The globular fractions from the ascites were precipitated by dropwise addition
of saturated (NH4)2SO4 at 4 °C, pH 7.2, to achieve the final concentration of 45%.
Ammonium sulphate was removed by dialysis against 10 mM TRIS, pH 8.0 (I, III,
IV). Next, the concentrated antibodies were purified by the following methods: anion
exchange chromatography (DEAE-Sephacel) followed by stepwise elution with
NaCl gradient (50 to 500 mM NaCl) and concentration by ultrafiltration (I, III); cation
exchange chromatography on a mono Q column and elution with stepwise NaCl
gradient (0 to 500 mM NaCl) followed by ultrafiltration (I, IV); or affinity purification
on a protein G Sepharose column with 0.05 M citric acid, pH 3.0 elution followed by
collection of the fractions into neutralising 1 M TRIS, pH 9.0 (I, III, IV). The mAbs
were determined to be > 95% homogeneous by sodium dodecyl sulphate
polyacrylamide gel electrophoresis with Coomassie blue staining (Laemmli, 1970).

18

Pristane is a trivial name for 2,6,10,14-tetramethylpentadecane.
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3.4 Analytical methods
3.4.1 Preliminary screening of the antibodies (I, III)

The acyl-transfer reactions (I)

All the 22 mAbs obtained from the immunisation with hapten 103 and 26
antibodies for the hapten 104 (Fig. 7) were screened for possible catalytic activity
using HPLC assay. The mAbs were incubated with the ester and amide substrates a−k
(Table 8) in 50 mM BICINE, pH 8.5 at 37 °C. The rates of the uncatalysed reactions
were determined in the absence of the monoclonal antibodies. A solution of antibody
in 50 mM BICINE, pH 8.5 at 37 °C was assayed with substrates a−k in the same
buffer using 5% DMSO as a co-solvent to give a final solution containing 20 µM of
mAbs and 500 µM of substrates. The HPLC assays were performed on a VYDAC
201TP54 C18 reverse-phase column with an isocratic programme of 82% water (0.1%
TFA) and 18% acetonitrile flowing at 1.5 ml/min. Product formation was quantitated
against 3-methoxyphenol as internal standard at the wavelength of 254 nm. Due to the
poor solubilities of the substrates b and i, their reactions were carried out in the
presence of 200 µM and 50 µM substrates, respectively. In both of these reactions, the
mAb concentrations were 10 µM.

The Diels–Alder reaction (III)

The initial rates of the Diels–Alder reaction between the aminobutadiene 87 and
N,N-dimethylacrylamide 88 were determined in 10 mM phosphate buffered saline
(PBS), pH 7.4 both in the absence and presence of the monoclonal antibodies. The
accumulation of the diastereomeric ortho Diels–Alder adducts 90 (exo) and 91 (endo)
was monitored by reverse-phase HPLC. Interestingly, formation of the meta regioisomers was not detected in any of the antibody-catalysed or background reaction
mixtures by either HPLC or 1H NMR.
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As the 33 antibodies specific to BSA-98 were screened, seven antibodies were
found to be catalysts. One of these antibodies was endo specific and the six other exo
specific. The KLH conjugate of 99 elicited eight antibody catalysts from the 38 tested.
Seven of these antibodies catalysed the formation of endo diastereomer 91 and one the
formation of exo cycloadduct 90.

3.4.2 HPLC kinetic assays (III)
A solution of antibody in 10 mM PBS, pH 7.4 at 37 °C was assayed with
substrates 87 and 88 in the same buffer to give a final solution containing 20 µM of
mAb 4D5 or 13G5, 0.67 to 8.0 mM of diene 87, and 1.0 to 8.0 mM of dienophile 88.
HPLC assays were performed on a VYDAC 201TP54 C18 reverse-phase column with
an isocratic programme of 85% water (0.1% TFA) and 15% acetonitrile flowing at 2.0
ml/min. Product formation was quantitated against the internal standard (80 µM, Npropyl-2-methylbenzamide), at the wavelength of 240 nm. The retention time of the
exo 90 (tR = 11.1 min) and endo 91 (tR = 13.0 min) adducts formed in the catalysed
reactions were identical with those of the authentic samples of synthesised 90 and 91.

3.4.3 Spectrophotometric kinetic assays (IV)

To determine the kinetic constants of the monoclonal antibody catalysts of the
peptidyl-prolyl cis-trans isomerisation reaction, an indirect α-chymotrypsin-coupled
assay was used with minor modifications as described by Fischer (1984a,b) and
Kofron (1991) with their co-workers. It is known that α-chymotrypsin cleaves the
carboxy terminal peptide bond only in the trans Xaa−Pro conformer of the chromogenic substrate, Xaa−Pro−Phe−pNA. (Fischer et al., 1983, 1984a, b). The anhydrous
470 mM LiCl/TFE solvent system for the substrates increases the equilibrium
population of the cis conformers, which in turn improves the accuracy of the kinetic
assay (Kofron et al., 1991). Normally, the trans conformation of the Xaa−Pro peptide
substrates is thermodynamically more favoured in aqueous systems. After the addition
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of α-chymotrypsin to the substrate-containing solution, the burst phase due to the
cleavage of the trans isomer is completed during the mixing time, and the remaining
absorbance change is due to the cis-trans isomerisation.
The percentages of the cis isomer present in the substrate solutions in 470 mM
LiCl/TFE was determined both spectrophotometrically and

13

C NMR spectro-

metrically as decribed by Kofron and co-workers (1991). The spectrophotometric
determination is based on the rapid cleavage of the trans confomer by α-chymotrypsin prior to the addition of the peptidyl-prolyl cis-trans isomerase solution (human
recombinant cyclophilin, Sigma). The cis/trans ratio can be calculated from the
difference between the initial and final absorbances. The 13C NMR method is in turn
based on observing the peaks of the cis and trans C(β) and C(γ) proline resonances.
The assay buffer (100 mM EPPS, pH 8.0), co-solvents 2,2,2-trifluoroethanol (25
µl) and DMF (10 µl) and the aliquots of mAb 35C8 solutions in the assay buffer (final
concentration of mAb 0.0, 2.5, 5.0 and 10 µM) were pre-equilibrated in the spectrophotometer until the temperature reached 4.0 °C (Lauda recirculating bath containing
50% ethylene glycol in water) for 10 minutes. A stream of dry air was passed through
the cuvette chamber to prevent condensation. Immediately before the onset of the
assay, a 100 µl aliquot of a 2.00 mM solution of α-chymotrypsin (Sigma, type II from
bovine pancreas) in 1 mM HCl was added to the cuvette, followed by an aliquot of
peptide substrate solution (final concentration 200 µM) in anhydrous 470 mM
LiCl/TFE via a Hamilton syringe. The final composition of all reactions was 87.5%
EPPS buffer, 10.0% 1 mM HCl (200 µM α-chymotrypsin) and 2.5% LiCl/TFE. The
reaction was thoroughly mixed for 10 seconds with a teflon mixing foot before the
acquisiton of data. The progress of the reactions was followed by observing the
increase in absorbance due to the formation of 4-nitroaniline at the wavelengths of
392 nm or 426 nm using a HP 8452A diode array spectrophotometer and HP 89500
UV/VIS Chemstation software. The progress curves of the thermal background
reactions were determined in the absence of the mAb solution. Absorbance data were
collected on a computer and the progress curves were analysed by nonlinear leastsquares fit to the integrated rate equation (Kofron et al., 1991).
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3.4.4 Spectrofluorometric kinetic assays (IV)

The peptidyl-prolyl cis-trans isomerisation of the fluorogenic substrates was
followed by observing the increase in fluorescence due to the formation of the trans
isomer of the peptide in which there is a decrease in collisional quenching, λex= 337
nm, λem=410 nm, using a SPF-5000C spectrofluorometer (SLM Instruments).
Typically, reactions were conducted in a volume of 2.0 ml by first equilibrating 100
mM EPPS, pH 8.0; 470 mM LiCl/TFE; DMF; and the antibody (from a stock solution
in EPPS) at 4 °C (Lauda recirculating bath containing 50% ethylene glycol in water)
for 10 minutes. A stream of nitrogen was passed through the cuvette chamber to
prevent condensation. An aliquot of peptide substrate solution in 470 mM LiCl/TFE
was added via a Hamilton syringe to initiate reactions. The final composition of all
reactions was 96.5% EPPS buffer; 2.5% 470 mM LiCl/TFE; and 1.0% DMF. The
reactions were thoroughly mixed for 10 seconds with a teflon mixing foot before the
acquisition of data.
Fluorescence data were collected on a computer, and all data from each assay
were analysed by nonlinear least-squares regression according to the groups of Rich
and Stein (Harrison and Stein, 1990b, c, García-Echeverría et al., 1992). The kcat/Km
values were calculated from the pseudo-first-order rate constants derived from the
entire progress curve, and the kcat values were obtained from the initial rates of
progress curves at varying substrate concentrations.
The values obtained for the antibody kinetic constants can only be considered
approximations taking practical experimental limitations into account. Restrictions
were imposed by the concentrations of antibody necessary to observe catalysis and the
low solubility of substrates in either the 470 mM LiCl/TFE or the final buffer
solutions. Hence, adherence to [S] << Km for determination of kcat/Km or [S] >> Km for
determination of kcat could not be rigorously met. The Km values were assessed over a
narrow concentration range (0.5 × Km to 1.5 × Km) and estimated to be near 100 µM in
all cases. The kcat/Km was obtained from experiments carried out slightly below Km,
and kcat from reactions at the solubility limit of substrates (1.5 × Km to 2 × Km).
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3.4.5 HPLC studies for determining enantiomeric excess (III)

The four enantiomeric Diels–Alder ortho adducts (two exo 90 and two endo 91)
could be separated simultaneously by HPLC using a normal phase DAICEL Chiralpak
AD column with an isocratic mobile phase of 70% hexane (1.5% TFA) and 30% isopropyl alcohol flowing at 1.0 ml/min, λ = 240 nm (Gouverneur et al., 1993). The
retention times of the two exo adducts 90 were 6.5 and 7.7 min, while the
enantiomeric endo adducts 91 eluted at 8.8 and 10.7 min. Unfortunately, under these
conditions the substrate diene 88 had a retention time of 7.0 min, thereby co-eluting
with the enantiomeric exo adducts 90. Thus, it was necessary to separate the
enantiomers from the mixtures containing any excess diene prior to their injection
onto the chiral column.
The 1 ml reactions were set up. These reactions containing 20 µM mAb 13G5 or
4D5 and 4.0 to 8.0 mM diene 88 and dienophile 89 were allowed to incubate for 3 to
7 days at 37 °C. The formed enantiomeric adducts were isolated by injecting the
reaction mixtures onto a reverse phase semipreparative HPLC column (VYDAC
201TP510) and eluting with 85% water (0.1% trifluoroacetic acid) and 15% acetonitrile at 6.0 ml/min, λ = 240 nm. Retention times for the exo adducts 90, endo
adducts 91, and diene 88 on the semipreparative column were 14.0, 16.0 and 52.0
min, respectively. The mobile phase was removed by a combination of rotary
evaporation and high vacuum pump. The exo 90 and endo 91 adducts were then redissolved in a small volume (100 µl) of equimixture CH2Cl2/MeOH/n-hexanes, and
the aliquots were injected onto the analytical chiral column. Individual enantiomer
concentrations from antibody-catalysed reactions were compared to those from
appropriate controls to determine their relative enantiomeric excesses.

3.4.6 Fluorescence quench experiment (III)
The mAbs were diluted to 0.1 µM in a final volume of 2 ml with 5% DMF in 10
mM PBS, pH 7.4. Fluorescence was measured on a SPF-5000C Aminco (SLM
Instruments) spectrofluorometer with the λex and λem of 280 and 338 nm, respectively.
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The solution of 1-carboxy-1’-[(dimethylamino)carbonyl]ferrocene 100 prepared in 5%
DMF and 10 mM PBS, pH 7.4 was added sequentially to the mAb solution. The
background fluorescence quench was measured by adding 5% DMF in 10 mM PBS,
pH 7.4 into the same mAb solution. The bound mAb was determined as the
percentage of quench (Q0/Qmax) × [mAb], where Q0 is the measured decrease from the
initial fluorescence, and Qmax was experimentally determined as 90 at high
concentrations of 100. Estimates of average intrinsic affinity were calculated from a
Scatchard plot (Scatchard, 1949).

3.4.7 Cross-reactivity study of the catalytic antibodies (III)
Each well of a Costar 96-well microtiter plate was precoated with 25 µl of the
primary antigen (5 mg/ml each conjugate) at 1:1000 dilution. The plate was dried
overnight at 37 °C, and on day two the wells were fixed with 50 µl/well methanol and
allowed to incubate for 5 min at 25 °C. Methanol was removed, and the plate was
allowed to air dry for 10 min. To prevent non-specific adsorption, 50 µl/well of
BLOTTO19 was added to the wells. After incubating for 5 min, the BLOTTO was
shaken out, and 25 µl/well of new BLOTTO was added to facilitate titering. A 25 µl
sample of each catalytic antibody was added to each of the designated wells and
serially diluted across the plate. The plate was incubated at 37 °C for another hour in a
moist chamber. The plate was then washed 20 times with deionised water, and the
bound antibody was detected with the addition of 50 µl of developing agent (glucose;
2,2’-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS) and
horse-radish peroxidase in phosphate buffer pH 6.0) to each well. Thirty minutes later
the plate absorbance was read at 405 nm.

19

BLOTTO is a blocking buffer used to prevent nonspecific adsorption in ELISA assays. BLOTTO
consists of 5% (w/v) nonfat powdered milk in TRIS buffered saline.
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4

Results and discussion

4.1 Twisted α-keto amides as transition-state analogues of
the acyl-transfer reactions (I, III)
Mechanistic investigations of base-induced acyl-transfer reactions have revealed
reaction pathways that traverse through the tetrahedral transition-state by the
concerted attack of hydroxide ion on the electrophilic carbonyl carbon concomitant
with the development of a negative charge on the carbonyl oxygen. The most
successful haptens as transition-state analogues of the acyl-transfer reactions in
generating catalytic antibodies have been phosphonates. Their success has been
attributed to the tetrahedral geometry, the phosphorus-oxygen bond length (typically
10−15% longer than a carbon-oxygen bond) and evenly distributed negative charge
between phosphorus and oxygens. This and other transition-state analogue approaches
(Chapter 1.2.1) have been successful. However, to overcome even more difficult acyltransfer reactions, i.e. amide bond hydrolysis, either a large array of antibodies must
be sampled (Burton, 1993, Chen et al., 1993) or new hapten designs must be explored.
That is why this study of the use of the twisted α-keto amides as transition-state
analogues for the acyl-transfer reactions was undertaken.

4.1.1 Design of the haptens (I)
The design of the α-keto amide haptens for the production of monoclonal antibodies to study their potential catalytic properties in acyl-transfer reactions is based on
the findings of the immunosuppressants FK506 96 and rapamycin 97 (Fig. 5) as well
as the serine proteinase inhibitors cyclotheonamide A 101 and B 102 (Fig. 6) which
are believed to function as stable ground-state analogues of the transition-state of the
acyl-transfer reactions (Rosen et al., 1990, Schreiber, 1991, Hagihara and Schreiber,
1992, Rosen and Schreiber, 1992). X-ray crystallographical analyses of FK506 96 and
rapamycin 97 have clearly demonstrated that the keto amide carbonyls of the α-keto
amides are oriented orthogonally to one another, here the dihedral angles are 95°.
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Figure 6. Structures of α-thrombin inhibitors: cyclotheonamides A 101 and B 102.

Cyclotheonamides A 101 and B 102 are naturally-occurring inhibitors of the
human α-thrombin and they possess a characteristic α-keto amide moiety (Fusetani et
al., 1990). According to an X-ray crystallographic study, the dihedral angle of the two
carbonyl groups of the α-keto amide group is 109° (Maryanoff et al., 1993). Similarly,
the two adjacent carbonyl groups of the immunosuppressants FK506 96 and
rapamycin 97 are oriented orthogonally to one another with the dihedral angle of
approximately 95° (Findlay and Radics, 1980, Tanaka et al., 1987).
Structurally the roots of hapten 103 can be traced back to the cyclic peptides
cyclotheonamide A 101 and B 102. It has been suggested that the α-keto amide
moiety of these peptides may function as an electrophilic mimic of the arginine−Xaa
scissile bond of thrombin substrates (Hagihara and Schreiber, 1992). In fact, a study
by Maryanoff et al. (1993) demonstrated inhibition of human α-thrombin by
cyclotheonamide A 101. Taken together with the dihedral angle of 109° of
cyclotheonamide A 101 when bound to α-thrombin, these intermolecular interactions
provide an excellent guide to possible structural motifs which the antibody may adopt.
It can be anticipated that the α-keto amide substructures found in FK506 96 and
rapamycin 97 mimic a twisted amide bond (i.e. one possible transition-state for the
amide bond hydrolysis). Analogously, it is conceivable that hapten 104 will adopt an
orthogonal conformation, which serves as a transition-state analogue for the acyltransfer reaction, and should elicit antibodies that twist potential substrates (Fig. 7)
into a much more reactive conformation.
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Figure 7. The structure of haptens 103, R = H, and 104, R = Me.

4.1.2 Preparation of the haptens (I)

Hapten 103 was prepared from 5-[(4-nitrophenyl)amino]-5-oxopentanoic acid
105 by means of the Fischer esterification reaction to give the ester 106 (MeOH/cat.
H2SO4, ∆, 2 h, 96%, Scheme 30), catalytic hydrogenation (3 atm H2, 10% Pd/C,
MeOH, rt, 1.5 h, 93%), the amide bond formation between 107 and 4methoxyphenylglyoxylic acid 108 (BOPCl, TEA, CH2Cl2, 0 °C, 1 h, 85%) (DiagoMeseguer et al., 1980) and finally the hydrolysis of the methyl ester (NaOH, H2O, rt,
20 min, 92%).
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O
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R1 = NO2, R2 = Me 106
b
R1 = NH2, R2 = Me 107

Scheme 30. (a) MeOH/cat. H2SO4, ∆, 2 h, 96%; (b) 3 atm H2, 10% Pd/C, MeOH, rt,
1.5 h, 93%; (c) 108, BOPCl, TEA, CH2Cl2, 0 °C, 1 h, 85%; (d) NaOH, H2O, rt, 20
min, 92%.
4-Methoxyphenylglyoxylic acid 108 was prepared by the oxidation of (±)-4methoxymandelic acid with potassium permanganate in NaOH/H2O at 0 °C
(Cornforth, 1951, Fatiadi, 1987). Several attempts to synthesise 4-methoxyphenylglyoxylic acid were undertaken. Initial investigations of benzylic oxidation employing
pyridinium dichromate, PDC (Corey and Schmidt, 1979) or pyridinium chloro-
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chromate, PCC (Corey and Suggs, 1975, Piancatelli et al., 1982) at room temperature
and MnO2 at 50 °C (Hudlicky, 1990) gave 4-methoxybenzaldehyde as a major
product. Both methods gave very poor yields of 4-methoxyphenylglyoxylic acid (15,
14 and 26%, respectively). The formation of 4-methoxybenzaldehyde occurs via an
oxidative cleavage of the carbon−carbon bond of the cyclic chromium or manganese
ester. In another attempt, the reaction of (±)-4-methoxymandelic acid with the
catalytic oxidant tetra-n-propylammoniumperruthenate, TPAP (Griffith et al., 1987),
using N-methylmorpholine N-oxide as co-oxidant afforded 4-methoxybenzoic acid as
a major product (92% yield). Its formation can also be explained by the oxidative
cleavage of the cyclic five-member ruthenium ester.
Similarly, hapten 104 was prepared from methyl 5-[(4-aminophenyl)amino]-5oxopentanoate 107 by N-protection with tert-butoxycarbonyl group ((t-BuOCO)2O,
1,4-dioxane, 85 °C, 12 h, 81%, 109, Scheme 31), N-methylation (2.0 equiv. of MeI,
KOBu-t, THF, rt, 45 min, 90%, 110), acidic deprotection of the tert-Boc group (TFA,
CH2Cl2, rt, 25 min; then TEA, CH2Cl2, 76%, 111), amide bond formation between
108 and 111 (BOPCl, TEA, CH2Cl2, rt, 36 h, 92%) (Diago-Meseguer et al., 1980) and
finally, by hydrolysis of methyl ester (NaOH, H2O, 0 °C, 20 h, 76%).
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Scheme 31. (a) (t-BuOCO)2O, 1,4-dioxane, 85 °C, 12 h, 81%; (b) 2.0 equiv. of MeI,
KOBu-t, THF, rt, 45 min, 90%; (c) TFA, CH2Cl2, rt, 25 min; then TEA, CH2Cl2, 76%;
(d) 108, BOPCl, TEA, CH2Cl2, rt, 36 h, 92%; (e) NaOH, H2O, 0 °C, 20 h, 76%.
As a hydrated keto carbonyl could also be used to mimic the tetrahedral
transition-state of the hydrolytic reaction (Rich, 1985, Kitazume et al., 1994),

13

C

NMR studies were undertaken. The studies (DMF-d7 or DMSO-d6, 10% D2O, 1,4dioxane as an internal standard) of the haptens 103 and 104 showed the absence of
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hydration within the α-keto amide moiety (Krois et al., 1980, Krois and Lehner, 1982,
Rich et al., 1982, Angelastro et al., 1990, Ocain and Rich, 1992, Patel et al., 1993).
Based on these findings, it was anticipated that compounds 103 and 104 would exist
in their keto forms during the immunisation process rather than a gem-diol
configuration. The electron-donating methoxy group of the ring provides enhanced
electron density to the α-keto carbonyl, thereby retarding any chance of hydration.
The haptens 103 and 104 feature an α-keto amide moiety as a transition-state
functionality, and a 4-methoxyphenyl group for recognition and enhanced
immunogenicity. While similar, there is one key structural attribute that differentiates
these haptens, namely the N-methylation of the α-keto amide in hapten 104. Such a
substitution pattern allows the assessment of the relevance of the dihedral angle which
is observed in FK506 96 and rapamycin 97, and that of cyclotheonamide A 101.

4.1.3 Assays
In this study, twisted α-keto amides were used as haptens for the production of
monoclonal antibodies to investigate their potential catalytic properties in acyltransfer reactions. The hapten design was based on experimental findings of the T-cell
inhibitors FK506 96, rapamycin 97 (Schreiber 1991, Rosen and Schreiber, 1992),
serine protease inhibitors (Peet et al., 1990, Edwards et al., 1992) and thrombin
inhibitors cyclotheonamide A 101 and B 102 (Maryanoff et al., 1993, 1995).
Twenty-two monoclonal antibodies for the hapten 103 and 26 for the hapten 104
were shown by an ELISA to bind to the α-keto amide haptens of 103 and 104
conjugated to BSA, respectively. All of the antibodies were screened for catalytic
activity with the substrates given in Table 8 using HPLC assay. Unfortunately, none of
the mAbs elicited against the haptens 103 and 104 showed hydrolytic activity in these
assays. However, recent studies with the mAbs obtained from immunization with a
structurally related α-keto piperazinyl amide imply that the twisted, non-hydrated αketo amide moiety can be a viable mimic for the transition-state of the acyl-transfer
reactions, eliciting antibodies with hydrolytic properties (M. Taylor, J. YliKauhaluoma, J. Ashley and K. D. Janda, unpublished results).
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Table 8. Structures of the substrates for antibody-catalysed hydrolytic reactions.
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4.1.4 Serendipitous discovery of the concurrent alkylative decarbonylation and decarboxylation reaction of methoxy-substituted
phenylpyruvic acids (II)
During the course of the studies on the use of twisted α-keto amides as potential
transition-state analogues for acyl-transfer reactions (I) and peptide-prolyl cis-trans
isomerisation of peptide substrates (IV), several 2-ketocarboxylic acids were prepared
as starting materials for the hapten syntheses. Serendipitously, it was found that
isopropylanisoles and veratroles can be conveniently obtained from the corresponding
methoxy-substituted 3-phenyl-2-oxopropanoic acids.
Methoxy-substituted 3-phenyl-2-oxopropanoic acids 112a−f were prepared via
the classical Erlenmeyer azalactone method (Erlenmeyer, 1893, Carter, 1946).
Methoxyphenylaldehydes were transformed to (E)-4-arylmethylene-2-oxazolin-5-ones
through the condensation reaction of N-benzoylglycine in the presence of acetic
anhydride and anhydrous sodium acetate. All azalactones obtained were crystalline
and were converted to the requisite α-keto acids 112a−f by refluxing them in aqueous
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sodium hydroxide (Snyder et al., 1955). A variety of isopropyl anisoles and veratroles
113a−f were obtained when α-keto acids 112a−f were treated with four equivalents of
potassium hydroxide, an excess of iodomethane in DMSO and finally with water
(Scheme 32, Table 9).20 The isolated crude products were purified either by silica gel
chromatography or fractional distillation.
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Scheme 32

Table 9. Reaction of the substituted 3-(methoxyphenyl)-2-oxopropanoic acids with
KOH/MeI in DMSO at room temperature.
Compd.

R1

R2

R3

R4

R5

113

Yield

B. p.

[%]

[°C/Pa]

a

H

OMe

OMe

H

H
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55/270

b

OMe
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OMe

H

H

89

N. D.
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H

OMe

H

H

H
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128/130

d

H

H

OMe

H

H
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N. D.

e

H

OMe

H

OMe

H

88

N. D.

f

OMe

OMe

H

H

H

91

49/670

This concurrent alkylative decarbonylation and decarboxylation reaction of
methoxy-substituted phenylpyruvic acids is devoid of the formation of unwanted
regioisomers. The yields typically range from good to excellent. Furthermore, the use
of other alkylating agents could expand the scope of this reaction to other alkyl
derivatives of anisoles and veratroles.

20

Upon substituting KOH for caesium carbonate, the same reaction gave methyl 3-(methoxyphenyl)3,3-dimethyl-2-oxopropanoates in good yields.
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4.2 The antibody-catalysed Diels–Alder reaction (III)
In view of its synthetic utility, the Diels–Alder reaction has been seen as an
important focus for the catalytic antibody field (Chapter 1.3.6). One of the previous
approaches utilised the bicyclo[2.2.2]octene haptens 89 and 92 to induce antibody
catalysts to control the product distribution of the reaction between diene 87 and
dienophile 88 (Gouverneur et al., 1993). This was based on the work reported by
Braisted and Schultz (1990) who suggested that the bicyclo[2.2.2]octene system might
be a good mimic for the highly-ordered transition-state of the Diels–Alder reaction
which was later confirmed by ab initio calculations.
In this study, the ability of the immune system to recognise conformationally
unrestricted haptens was studied. The dicyclopentadienyl system of ferrocene was
proposed to act as a loose mimic for the cyclic, six-member transition-state of the
Diels–Alder reaction between 4-carboxybenzyl trans-1,3-butadiene-1-carbamate 87
and N,N-dimethylacrylamide 88. Clearly, from the vast immune library, antibodies to
all stable conformers of the molecules should exist. However, the antibody
recognition and the freezing out of a conformer that resembled the Diels–Alder
transition-state would be critical to the success of this work.

4.2.1 Hapten design and the synthesis of haptens and substrates

There were three major reasons for the decision to use ferrocene complexes of
98 and 99 as haptens for the Diels–Alder reaction (Fig. 8, Schemes 28, 33). First,
these haptens have two pentagonal, delocalised π-electron ring systems stacked upon
each other, in a sandwich-type arrangement, with an inter-ring distance of ≈ 3.3 Å
(Rosenblum, 1965, Deeming, 1982). Such a network would not only be highly
immunogenic but might also elicit antibodies with combining sites which could
harvest the diene and dienophile into a reactive, ternary complex. Second, exploitation
of rotational freedom was pivotal in this hapten design. The barrier of rotation around
the common axis in this type of ferrocenes is low, 2 to 5 kcal mol−1, (Rosenblum
1965, Deeming, 1982). Therefore, the rotation of the cyclopentadienyl rings with
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respect to each other should not be restricted. This feature provides an opportunity to
mimic the diastereomeric transition-states of the Diels–Alder reaction and the exciting
possibility of generating, with a single hapten, monoclonal antibodies that could
catalyse formation of all diastereomers. Third, the lipophilic character inherent in the
disubstituted η5-cyclopentadienyl system of haptens 98 and 99 should induce a
hydrophobic microenvironment in the antibody’s binding site. This should serve to
enhance sequestering the diene and dienophile from aqueous solution and improve
observed rates.
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Figure 8. Transition-states of the ortho-endo and ortho-exo Diels–Alder reactions
and the ferrocene mimic for these transition-states, R = NHCH2CO2(C6H4)CO2H,
R’ = (CH2)3CO2H or 4-carboxyphenyl.
Hapten 98 was prepared in the following manner. Amide bond formation was
accomplished between 1,1’-ferrocenedicarboxylic acid 114 and dimethylamine hydrochloride using BOPCl (Diago-Meseguer et al., 1980) as coupling agent (7.0 equiv. of
EDIA, CHCl3, 0 °C, 1 h). Monoamide 100 was recovered along with the bisamide 115
in a moderate yield of 58%. The modified Curtius rearrangement (Shioiri et al., 1972)
of the acyl azide 116 prepared from 100, with diphenylphosphoryl azide (2 equiv. of
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TEA, PhMe, rt, 25 min, 98%) gave the tert-butyl carbamate 117 in good yield (tBuOH, PhH, 95 °C, 15 min, 83%). The use of 2 equiv. of TEA instead of 1 equiv.
improved the yield of acyl azide 116 from 73 to 98% (Patel et al., 1993). Hapten 98
was obtained in 76% yield (2 steps) from 117 after removal of the t-Boc and
attachment of glutaric anhydride to the amine hydrochloride 118 in the presence of
EDIA in CHCl3 (Scheme 33).
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Scheme 33. (a) Me2NH·HCl, BOPCl, EDIA, CHCl3, 0 °C, 1 h, 58%; (b) (PhO)2PON3,
TEA, PhMe, rt, 25 min, 98%; (c) t-BuOH, PhH, ∆, 15 min, 83%; (d) 4 M HCl in 1,4dioxane, rt, 20 min, 85 %; (e) glutaric anhydride, EDIA, CHCl3, 0 °C, 13 h, 90%; (g)
LiOH·H2O, MeOH/H2O (5:1), 0 °C, 25 min, 91%.
Hapten 99 was conveniently prepared by coupling ferrocenyl amine 118 and
methyl 4-chloroformylbenzoate 119 (EDIA, CHCl3, 0 °C, 13 h, 90%). The hydrolysis
of methyl ester 120 provided hapten 99 in good yield (LiOH·H2O, MeOH/H2O 5:1,
0 °C, 25 min, 91%) (Scheme 33).
The diene substrate, 4-carboxybenzyl trans-1,3-butadiene-1-carbamate 87, was
prepared from trans-2,4-pentadeinoic acid 121 in four steps with minor modifications
to the work reported by Weinstock and Overman groups (Weinstock, 1961, Overman
et al., 1978). The formation of a mixed anhydride and acyl azide 122 was followed by
Curtius rearrangement in the presence of methyl 4-(hydroxymethyl)benzoate 123
(Scheme 34). The hydrolysis of methyl ester carbamate afforded the diene substrate
87, which was converted to its sodium salt.
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Scheme 34. (a) EtO2CCl, EDIA, Me2CO, 0 °C, 1 h; (b) NaN3 in H2O, 0 °C, 45 min;
(c) 123, PhMe, 100 °C, 40 min, 51%; (d) LiOH·H2O, MeOH/H2O (20:1), 0 °C, 90
min, 87%.

4.2.2 Kinetic behaviour of the antibody catalysts

The most efficient endo catalyst 4D5 and exo catalyst 13G5 were kinetically
characterised in detail. To determine the kinetics of these reactions, the differences in
the initial rates between the catalysed and uncatalysed reactions were measured.
Catalysis of the endo and exo Diels–Alder reactions by antibodies 4D5 and 13G5,
respectively, were examined as random bireactant systems. Both antibodies showed
multiple turnovers, and product inhibition was not observed. Lineweaver−Burk plots
were constructed by holding one substrate at a fixed concentration while varying the
concentration of the second. The kinetic parameters for the antibody-catalysed Diels–
Alder reaction are presented in Table 10. The kinetic data are comparable to the
results obtained in the previous study of antibody catalysis of the same Diels–Alder
reaction (Gouverneur et al., 1993).
Table 10. Kinetic parameters for the antibody-catalysed [4π + 2π] cycloaddition
between diene 87 and dienophile 88.
Hapten

Antibody

Km [M]

Km [M]

kcat

kuncat

kcat/kuncat

Diene

Dienophile

[s−1]

[s−1]

[M]

89

22C8 exo

7.0 × 10−4

7.5 × 10−3

5.28 × 10−5

2.92 × 10−6

18

91

7D4 endo

9.6 × 10−4

1.7 × 10−3

5.73 × 10−5

1.19 × 10−5

4.8

98

13G5 exo

2.7 × 10−3

1.0 × 10−2

2.00 × 10−5

2.92 × 10−6

6.9

99

4D5 endo

1.6 × 10−3

5.9 × 10−3

5.80 × 10−5

1.19 × 10−5

4.9

87

4.2.3 Enantioselectivity
The uncatalysed background reaction (10 mM PBS, pH 7.4, 37 °C) gave a
diastereomeric endo/exo (91/90) mixture of ortho adducts in a ratio of 85:15 as well
as the expected 50:50 ratio of each enantiomeric pair.21
The mAbs 13G5 and 4D5 catalysed the Diels–Alder reaction regio-, diastereoand enantioselectively. They specifically catalysed the formation of either an enantiomer of the ortho-exo 90 or an enantiomer of the ortho-endo 91 adduct, respectively,
with 95 ± 3% enantiomeric excess.

4.2.4 Affinity constants

As the inhibition constants (Ki) of the monoclonal antibody catalysts could not
be obtained because of the hydrolysis of the ferrocenyl inhibitor, 1-[(acetyl)amino]-1’[(dimethylamino)carbonyl]ferrocene 124, under assay conditions, antibody-hapten
affinity was independently measured by the quenching intrinsic antibody fluorescnece
upon binding to a ligand. Ferrocene derivative 100 was selected as a simplified hapten
mimic for both mAbs 4D5 and 13G5. Titration of 100 with mAbs 4D5 and 13G5
followed by Scatchard analysis (Scatchard, 1949) provided dissociation constants (Kd)
of 209 and 48 µM, respectively. Both antibodies also displayed two binding sites.

4.2.5 Cross-reactivity and comparison of the antibodies elicited against
the ferrocenyl and constrained bicyclo[2.2.2]octene haptens
The antibody catalysis of the Diels–Alder reaction has now been achieved with
two structurally different sets of haptens, using either highly constrained
bicyclo[2.2.2]octenes 89 and 92 (Gouverneur et al., 1993) or the conformationally
flexible ferrocenes 98 and 99 as haptens (III). ELISA cross reactivity studies were

21

Formation of the meta regioisomers was not detected in any of the mAb-catalysed or background
reaction mixtures by either HPLC or 1H NMR.
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undertaken to probe the structural requirements of the combining sites of both sets of
antibodies. The results are reported as the antibody dilution, in parentheses, which was
required to give 50% maximum OD at 405 nm. A titer of 256+ was the maximum and
hence sensitivity of the assay.
The endo catalyst 4D5 had a reasonably strong preference for the endo
bicyclo[2.2.2]octene hapten 92 (128+) versus the exo hapten 89 (8 to 16). The exo
catalyst 13G5 showed marginal affinity (8 to 16) for either the exo or endo haptens. In
a second experiment, BSA−98 and BSA−99 were affixed to ELISA plates and
allowed to react with anti-bicyclo[2.2.2]octene catalytic antibodies, 7D4 (endo
specificity) and 22C8 (exo specificity). In this case both antibodies failed to bind the
ferrocenyl haptens to any great extent.
These studies show that the anti-ferrocene antibody catalysts contain binding
sites flexible enough to cross-react with the bicyclo[2.2.2]octene haptens, but not vice
versa. This can be rationalised because of the disparity in the relative size of the two
sets of haptens. The ferrocene haptens are much larger, having an inter-ring distance
of approximately 3.3 Å, compared to the corresponding 1.55 Å C−C bond-lengths in
the bicyclo[2.2.2]octenes (Gouverneur et al., 1993). Hence, it seems reasonable that
the ferrocenyl haptens could not enter the binding pockets of the antibodies elicited
against the smaller bicyclo[2.2.2]octene haptens. Conversely, the bicyclo[2.2.2]octene
haptens could enter the larger binding pockets of the anti-ferrocenyl antibodies.
If the determined values of the Michaelis constant (Km) are treated as
representative of apparent dissociation constants for the antibody-substrate complex,
then the bicyclo[2.2.2]octene haptens generated marginally tighter antibody-substrate
binding complexes than were observed with the ferrocene haptens. The transitionstate of this cycloaddition reaction has been shown to be asynchronous. The C−C
bonds being formed have unequal lengths of either 2.05 Å and 2.35 Å for the endo
transition-state or 2.03 and 2.38 Å for the exo transition-state (Gouverneur et al.,
1993). For the bicyclo[2.2.2]octene haptens, the relevant C-C bond lengths are 0.50 to
0.85 Å shorter than the calculated transition-state. In the ferrocenyl haptens, the
cyclopentadienyl ring separation is at least 0.90 Å greater than in the modelled
transition-structure, strongly implicating a higher Km for these antibodies.

89

In the case of the exo catalyst 22C8, this increase in antibody substrate binding
provides only a small increase in kcat compared to that of the mAb 13G5. However,
comparison of the two sets of endo catalysts, 7D4 and 4D5, shows that this increased
antibody substrate interaction does not manifest any additional advantage in kcat. The
extra space imparted by the ferrocenyl haptens, while increasing the Km, may also
serve to increase turnover by allowing the product to diffuse away at a faster rate than
it can from the more restricted binding site elicited by bicyclo[2.2.2]octene. Thus, it
appears that the stereoelectronic features designed into the bicyclo[2.2.2]octene
haptens 89 and 92 to model the transition-state do not provide any significant
advantage over the orbital interactions modelled by the ferrocene haptens.
The immunisation with a single freely-rotating antigen was able to elicit
antibodies with the Diels–Alderase activity. They were also capable of controlling the
stereochemical outcome of the Diels-Alder reaction and providing an acceptable
mimic of the stereoelectronic features important in the transition-state. Both concepts
were realised during the study since Diels–Alderases capable of catalysing the
formation of the endo or exo adducts were obtained from ferrocene haptens 98 and 99.
This type of strategy is complementary to the conformationally-constrained
hapten method and represents a new application of bio-organometallic chemistry to
immunological recognition. Particularly noteworthy of this type of design is that (1)
product inhibition does not occur (Hilvert et al., 1989, Suckling et al., 1992) and (2)
enhancement of reaction rates, regio-, diastereo- and enantioselectivity are all
comparable to those of antibodies elicited from more conformationally rigid haptens
for this reaction.
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4.3 The antibody-catalysed peptidyl-prolyl cis-trans
isomerisation (IV)
As noted in chapter 1.4, the peptidyl-prolyl cis-trans isomerases comprise an
abundant family of enzymes that efficiently catalyse the rotation about the P1-proline
amide bond (Scheme 35, Fischer, 1994). The cyclophilins and FK506 binding proteins
(FKBPs) have been identified and characterised as two distinct classes implicated to
play isomerase-dependent and -independent roles in protein folding and
immunoregulation, respectively. Although the nature of catalysis remains to be
completely elucidated, it appears that distortion is a major component in the
mechanism of action (Harrison and Stein 1990b, 1992, Park et al., 1992, Stein, 1993).
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4.3.1 Design of the hapten

Catalytic antibodies may be useful tools for the investigation of contributions to
catalysis observed in enzymes. The design of appropriate hapten makes it possible to
programme and study antibody active-sites that model a subset of features perhaps
used by enzymes. The tripeptide dicarbonyl moiety containing hapten 125 was
envisioned to generate antibody’s binding sites that were hydrophobic and
complementary to the α-keto amide functionality (Fig. 9). Since the hapten 125 places
the linker distal to the α-keto amide moiety, presentation of the hapten 125 during the
immune response should favour recognition of this region, including the hydrophobic
valyl residue. An important factor might be  not the bulk dielectric constant of the
binding site  but the interactions of specific amino acids and the side chains that
provide a contact surface with the hapten and substrates (Mian et al., 1991).
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Figure 9. Structure of the hapten 125 for elicitation of the monoclonal antibodies with
PPIase activity and structure of the corresponding α-keto amide inhibitor 145.

The isomerisation of the proline amide bond is greatly facilitated in non-polar
solvents (Eberhardt et al., 1992, Radzicka et al., 1992). Moreover, the α-keto amide
moiety in FK506 96, rapamycin 97 and in less complex pyruvylamides is known to
adopt an orthogonal conformation and possibly serve as a twisted amide mimic
(Fischer et al., 1971, Albers et al., 1990, Liu et al., 1990, Rosen et al., 1990, Holt et
al., 1993). Subsequently, it was hypothesised that desolvation and geometric effects
might provide sufficient energetics to accelerate the rate of amide cis-trans
isomerisation upon antibody binding of appropriate substrates (Scheme 35).

4.3.2 Synthesis of the hapten and substrates
The synthesis of tripeptidyl α-keto amide hapten 125 is presented in Scheme 36.
Racemic 2-amino-3-methyl-1-butanol, (±)-valinol 126 was treated with di-tert-butyl
dicarbonate to yield N-t-Boc protected valinol 127 (t-Boc2O, CHCl3, 4 °C, 2 h, quant.)
which was subsequently oxidised using Swern conditions (oxalyl chloride, DMSO,
TEA, CH2Cl2, −70 °C to rt, 1 h, 99%) to afford N-t-Boc valinal 128 in an excellent
yield (Mancuso et al., 1978, Mancuso and Swern 1981). The aldehyde 128 was
converted to the corresponding cyanohydrin (NaHSO3, H2O, NaCN, 0 °C, 2.5 h,
quant.) 129 via a bisulfite addition compound (Corson et al., 1932). The cyanohydrin
129 was immediately hydrolysed to 3-amino-2-hydroxy-4-methylpropionic acid
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hydrochloride 130 (35% HCl, 80 °C, 10 h, 92%). The Fischer esterification (MeOH,
HCl (g), ∆, 1 h, 98%, 131), N-acetylation (Ac2O, NaHCO3, MeCN, rt, 1.5 h, 88%,
132), another Swern oxidation (oxalyl chloride, DMSO, TEA, CH2Cl2, −70 °C to rt, 1
h, 89%, 133) and alkaline hydrolysis of the methyl ester 133 (LiOH·H2O, MeOH/H2O
4:1, 0 °C, 10 min, 79%) gave 3-acetamido-4-methyl-2-oxopentanoic acid 134 in a
good yield. The rest of the synthesis involves standard methodologies of peptide
chemistry (135 to 140). BOPCl was used as a peptide coupling reagent, and all the Nt-Boc protective groups were cleaved using 4 M HCl in 1,4-dioxane when needed.
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Scheme 36. (a) (t-BOC)2O, CHCl3, 4 °C, 2 h, quant.; (b) (ClCO)2, DMSO, TEA,
CH2Cl2, −70 °C to rt, 1 h, 99%; (c) 1. NaHSO3, H2O, 0 °C, 30 min; 2. NaCN, H2O, 0
°C, 2.5 h, quant.; (d) 37% HCl, 80 °C, 10 h, 92%; (e) MeOH, HCl (g), ∆, 1 h, 98%; (f)
Ac2O, NaHCO3, MeCN, rt, 90 min, 88%; (g) (ClCO)2, DMSO, TEA, CH2Cl2, −70 °C
to rt, 1 h 89%; (h) LiOH·H2O, MeOH/H2O (4:1), 0 °C, 10 min, 79%; (i) L-proline
tert-butyl ester, BOPCl, TEA, CH2Cl2, 0 °C, 93%; (j) TFA, CH2Cl2, rt, 1 h, 91%; (k)
L-phenylalanine tert-butyl ester, BOPCl, TEA, CH2Cl2, 0 °C, 2 h, 83%; (l) 1. 4 M
HCl in 1,4-dioxane, rt, 3 h; 2. NaHCO3, H2O, rt, 96%; (m) mono-t-Boc protected 1,4phenylenediamine, BOPCl, TEA, CH2Cl2, rt, 85%; (n) 4 M HCl in 1,4-dioxane, rt, 1
h, 99%; (o) glutaric anhydride, EDIA, CH2Cl2, rt, 68%.
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4.3.3 Kinetic characterisation of the antibody catalysts

A panel of 28 monoclonal antibodies was raised against 125 coupled to the KLH
carrier protein and screened preliminarily for catalytic activity employing both a
spectrophotometric chymotrypsin-coupled and direct (uncoupled) fluorescence assay.
The population of the cis conformers of the peptide substrates was increased by
dissolving the substrates in 470 mM LiCl in 2,2,2-trifluoroethanol according to Rich
and co-workers (Kofron et al., 1991, García-Echeverría et al., 1992).
Two mAbs, 1E3 and 35C8, were found to increase the rate of cis to trans
isomerisation of the fluorophoric tripeptides 141 and 142 and the 4-nitroanilides 143
and 144, respectively (Table 11). These antibodies did not exhibit cross-reactivity
between the substrate sets. The N-formyl derivative of the hapten 145 was used in
binding and inhibition studies. The dissociation constant Kd was found to be 3 µM and
the Ki 10 µM, which were determined by the quenching of antibody fluorescence and
the kinetic fluorescence assay, respectively. Taken together, the binding and
competitive inhibition data suggest that catalysis occurred specifically at the antibody
active site. Interestingly, product inhibition, identical to binding of the trans isomer,
did not appear to be significant.
Using the fluorescence assay, the addition of 20 mol-% of peptide substrates
equilibrated in buffer did not affect the rate. In addition, competition ELISA
experiments using 142 and 144 versus the immobilised BSA conjugate of 125 showed
that neither 35C8 nor 1E3 bound the trans isomer of these peptides (100 µM). In fact,
only 8 of the 28 mAbs gave significant binding under these conditions where the trans
isomer constituted 90% of the isomer population. Interestingly, the cis conformers
bind preferentially in cyclophilin−substrate complexes (Kallen et al., 1991, Kallen and
Walkinshaw, 1992, Ke et al., 1993).
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Table 11. Kinetic constants for mAb 1E3 and 35C8 substrates.
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143 R = Suc
144 R = Ac

141 R = CH3
142 R = (CH3)2CH

kuncat

kcat

kcat/Km

[s−1]

[s−1]

[M−1 s−1]

141

4.1 × 10−3

0.11

1.1 × 103

27

142

3.0 × 10−3

4.0 × 10−2

4.0 × 102

13

143

4.5 × 10−3

6.8 × 10−2

6.8 × 102

15

144

4.9 × 10−3

1.7 × 10−2

1.7 × 102

3.4

Compound

kcat/kuncat

4.3.4 Mechanistic considerations of the antibody-catalysed peptidylprolyl cis-trans isomerisation reaction
The data suggest a distortion-based mechanism wherein removal of the
tripeptide from an aqueous environment into the non-polar, hydrophobic cavity of the
antibody and subsequent stabilisation of a twisted intermediate promote prolyl-amide
rotation. The reaction was not found to be sensitive to pH variation in the
physiological range, and no D2O solvent isotope effect was observed. This is similar
to the enzymatic behaviour.
In general, antibody’s binding sites are hydrophobic in nature, and the
association of antibody and hapten-like molecules is facilitated by classical
hydrophobic effects (Ben-Naim, 1983, Smithrud and Diederich, 1990). The rate
enhancements produced here can be compared to the 46-fold acceleration for proline
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model compounds in going from water to toluene (Radzicka et al., 1992).
Additionally, given that only two of 28 mAbs showed activity with unique substrate
fidelities, it is likely that geometric influences induced by the twisted α-keto amide
moiety are also necessary for antibody catalysis. This is further reflected in both the
apparent preferential binding of the cis isomer and the less polar P1-alanyl peptide
141, which is better substrate than 142. This indicates that elements other than simple
hydrophobic interactions are involved. The function of the α-keto amide may be
coupled, in a subtle way, to dielectric effects and other catalytic phenomena such as
transition-state stabilisation and ground-state destabilisation. Indeed, the calculations
implicate that these principles along with conformational constraints (autocatalysis)
play a major role in FKBP catalysis (Fischer et al., 1993, 1994).
Although kcat/Km and kcat for the mAbs 1E3 and 35C8 are far less in relation to
those of cyclophilin (10,000-fold), they are only a thousand times slower than those
for FKBP using optimum tetrapeptides and within an order of magnitude of the
enzyme’s rates with its poorer substrates. The FKBP activity is much more influenced
by hydrophobic factors than is that of cyclophilin which may invoke minor alterations
in its mode of catalysis (Harrison and Stein, 1990b, Fischer et al., 1993, Ke et al.,
1993). That the antibody models can begin to approach FKBP catalysis implicates
perhaps a more primitive isomerase activity for FKBP compared to that for
cyclophilin.
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5

Conclusions and future perspectives

In the present investigation, five structurally new antigens were prepared to
elicit monoclonal antibodies for the subsequent studies of their catalytic properties in
(1) acyl-transfer reactions, (2) the Diels–Alder reaction, and (3) the cis-trans
isomerisation of the prolyl amide bond. The new antigens were twisted α-keto amides
for

acyl-transfer

and

peptidyl-prolyl

cis-trans

isomerisation

reactions

and

conformationally flexible ferrocenyl haptens for the Diels–Alder reaction.
The proposed concept of using twisted α-keto amides as stable ground-state
analogues of the transition-state of the acyl-transfer reactions did not seem to produce
catalytic antibodies for the hydrolysis of ester and amide substrates (I). However,
recent studies of structurally similar twisted, non-hydrated α-keto piperazine amides
as transition-state analogues have shown them to be viable haptens being capable of
inducing antibodies that hydrolyse alkyl esters (M. Taylor, J. Yli-Kauhaluoma and K.
D. Janda, unpublished results).
During the investigation of acyl-transfer hydrolyses, a new, synthetically useful
alkylative decarbonylation and decarboxylation reaction of 3-phenyl-2-oxopropanoic
acids was serendipitously discovered (II). It turned out to be a practical method for the
preparation of isopropyl anisoles and veratroles, producing them in high yields.
Moreover, the method developed was found to be devoid of unwanted regioisomers.
The use of conformationally unrestricted ferrocene haptens as a loose transitionstate mimic is also a new concept developed during this study (III). The ferrocene
antigens successfully elicitated catalytic antibodies with Diels–Alderase activities.
Previously, it has been thought that hapten design, for reactions proceeding through a
highly-ordered transition-state, must implicitly reflect this highly constrained
structure. In this study, it was found that provided the hapten is able to achieve a
conformer which mimics this highly-ordered transition-state, the immune system is
able to elicit anti-bodies to sequester this structure and are liable to generate catalytic
antibodies. The found and characterised Diels–Alderases displayed comparable
accelerations of reaction rates, regio-, diastereo- and enantioselectivity with those
antibodies raised against the more “classically-designed” haptens for this reaction.
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Unique to the found antibodies with Diels–Alderase activities was that they were
devoid of the product inhibiton which has been regarded as a potential problem for
antibody-catalysed Diels–Alder reactions (III). Perhaps the most exciting feature of
this new bio-organometallic method of using freely rotating η5-cyclopentadienyl iron
complex as haptenic group might be its potential applicability not only to the Diels–
Alder cycloadditions but also to other reactions such as Claisen rearrangement,
proceeding through highly-ordered, pericyclic transition-states. The only limitation
being that the reactions should not face an energy barrier in excess of 20 kcal mol−1
that is widely accepted as being the maximum binding energy an antibody can deliver.
Despite the difficulties with the antibody generation for the acyl-transfer
reactions, the antibodies raised against the α-keto amide tripeptide hapten were found
to catalyse the cis-trans isomerisation of the prolyl peptide substrates (IV). During this
study, the first monoclonal antibody catalysts with peptidyl-prolyl cis-trans isomerase
activity were found and kinetically characterised. The investigation herein supports
the hypothesis of other workers that the α-keto amide moiety in PPIase ligands, such
as in macrolides FK506 and rapamycin, evolved to provide a contributing element in
peptidyl-prolyl cis-trans isomerase activity (IV).
Although the present study showed that monoclonal antibodies elicited against
α-keto amides or stable organometallic haptens were able to accelerate the rates of the
peptidyl-prolyl cis-trans isomerisation and the Diels−Alder reactions, other questions
remain to be answered. The catalytic mechanisms of antibodies with PPIase and
Diels−Alderase activities are not yet known. Future studies with additional hapten
modifications should enable the other features of catalysis to be examined. The
antibodies derived from these new designs will then give more insight also into the
unique mechanisms of both the PPIases and antibodies with PPIase activity. In the
case of the Diels−Alder reaction, new haptens that could incorporate a Lewis acid
mimic and/or co-factor in the ferrocene (or the respective osmocene or ruthenocene)
antigens studied here are in preparation. It is hoped that the new antibodies elicited
against them will be more effective catalysts which also retain the exquisite regio- and
stereoselectivities observed in this study.
The field of catalytic antibodies is now eleven years old. Until today,
approximately eighty different chemical reactions have been catalysed by antibodies.
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The antibody catalysts studied have generally shown characteristics very similar to the
enzymes: substrate specificity, stereospecificity, Michaelian saturation kinetics,
competitive inhibition by the transition-state analogue and reversibility. Very
interestingly, catalytic antibodies have also been used in guiding the course of the
chemical reactions under kinetic control to thermodynamically disfavoured reaction
pathways: The generally endo-selective Diels−Alder reaction produced exo diastereomers (Gouverneur et al., 1993, III), the syn-elimination to cis olefin has
previously not been regarded as a possible organic chemical transformation (Cravatt et
al., 1994), not to mention the highly disfavoured 6-endo-tet anti-Baldwin type ring
closure of an epoxy alcohol to a tetrahydropyran (Janda et al., 1993).
Monoclonal antibody catalysts could also be useful in practical small-scale
organic synthesis because they can be designed and produced almost to any chemical
reaction whose transition-state is known or can be approximated by the methods of
theoretical chemistry. There are already examples of multigramme-scale syntheses
with catalytic antibodies (Shevlin et al., 1994, Reymond et al., 1994), and in one case
catalytic antibody has already been used in the asymmetric synthesis of (−)-α-multistriatin (Sinha and Keinan, 1995). However, the turnovers (kcat) of antibody mediated
reactions are still very modest relative to the enzymes, the rate enhancements
(kcat/kuncat) are typically lower than those of the enzymes, and problems with product
inhibition do occur in some instances. These are problems which could be addressed,
for example, by the rational hapten design and by exploiting the antibody gene
libraries. Antibody production and accessibility should also be facilitated when the
new bacterial or yeast expression systems or the production of antibodies in green
plants are developed further (Schultz and Lerner, 1995).
Very interesting is the use of catalytic antibodies in medicinal and pharmacological applications, such as prodrug activation (Miyashita et al., 1993, Campbell et
al., 1994, Smiley and Benkovic, 1995), degradation of cocaine (Landry et al., 1993)
and antibody-directed prodrug therapy (Wentworth et al., 1996).
Ultimately, catalytic antibodies with improved turnovers, rate enhancements,
chemical stabilities and antibodies that are devoid of product inhibition can be
produced economically in large amounts to be used as highly efficient, selective and
specific biocatalysts complementary to enzymes, maybe bringing hope to the future.

99

References
Adams, J. M., Martin, K. and McCabe, R. W. 1987. Clays as selective catalysts in
organic synthesis. J. Inclusion Phenomena 5, pp. 663−674.
Albers, M. W., Walsh, C. T. and Schreiber, S. L. 1990. Substrate specificity for the
human rotamase FKBP: A view of FK506 and rapamycin as leucine-(twisted amide)proline mimics. J. Org. Chem. 55, pp. 4984−4986.
Amzel, L. M. and Poljak, R. J. 1979. Three-dimensional structure of immunoglobulins. Annu. Rev. Biochem. 48, pp. 961−997.
Andrews, P. R., Smith, G. D. and Young, I. G. 1973. Transition-state stabilization and
enzymic catalysis. Kinetic and molecular orbital studies of the rearrangement of
chorismate to prephenate. Biochemistry 12, pp. 3492−3498.
Angelastro, M. R., Mehdi, S., Burkhart, J. P., Peet, N. P. and Bey, P. 1990. αDiketone and α-keto ester derivatives of N-protected amino acids and peptides as
novel inhibitors of cysteine and serine proteinases. J. Med. Chem. 33, pp. 11−13.
Anjaneyulu, P. S. R. and Staros, J. V. 1987. Reactions of N-hydroxysulfosuccinimide
active esters. Int. J. Pept. Protein Res. 30, pp. 117−124.
Asami, M., Kuno, T., Mukai, H. and Tanaka, C. 1993. Detection of the FK506-FKBPcalcineurin complex by a simple binding assay. Biochem. Biophys. Res. Commun.
192, pp. 1388−1394.
Ashley, J. A. and Janda, K. D. 1992. Antibody catalysis in low water content media. J.
Org. Chem. 57, pp. 6691−6693.
Bächinger, H. P. 1987. The influence of peptidyl-prolyl cis-trans isomerase on the in
vitro folding of type III collagen. J. Biol. Chem. 262, pp. 17144−17148.
Bahr, N., Güller, R., Reymond, J.-L. and Lerner, R. A. 1996. A nitroxyl synthase
catalytic antibody. J. Am. Chem. Soc. 118, pp. 3550−3555.
Baldwin, E. and Schultz, P. G. 1989. Generation of a catalytic antibody by sitedirected mutagenesis. Science 245, pp. 1104−1107.
Bartlett, P. A. 1980. Stereocontrol in the synthesis of acyclic systems: Applications to
natural product synthesis. Tetrahedron 36, pp. 2−72.
Bartlett, P. A. and Johnson, C. R. 1985. An inhibitor of chorismate mutase resembling
the transition-state conformation. J. Am. Chem. Soc. 107, pp. 7792−7793.

100

Bartlett, P. A. and Marlowe, C. K. 1983. Phosphonamidates as transition-state
analogue inhibitors of thermolysin. Biochemistry 22, pp. 4618−4624.
Bauld, N. L., Bellville, D. J., Pabon, R., Chelsky, R. and Green, G. 1983. Theory of
cation-radical pericyclic reactions. J. Am. Chem. Soc. 105, pp. 2378−2382.
Beck, W. and Sünkel, K. 1988. Metal complexes of weakly coordinating anions.
Precursors of strong cationic organometallic Lewis acids. Chem. Rev. 88, pp. 1405−
1421.
Bellville, D. J. and Bauld, N. L. 1982. Selectivity profile of the cation radical Diels–
Alder reaction. J. Am. Chem. Soc. 104, pp. 2665–2667.
Bellville, D. J., Wirth, D. D. and Bauld, N. L. 1981. The cation-radical catalyzed
Diels–Alder reaction. J. Am. Chem. Soc. 103, pp. 718–720.
Benedetti, F., Berti, F., Colombatti, A., Ebert, C., Linda, P. and Tonizzo, F. 1996.
anti-Sulfonamide antibodies catalyse the hydrolysis of a heterocyclic amide. J. Chem.
Soc., Chem. Commun., pp. 1417−1418.
Benkovic, S. J., Napper, A. D. and Lerner, R. A. 1988. Catalysis of a stereospecific
bimolecular amide synthesis by an antibody. Proc. Natl. Acad. Sci. USA 85, pp. 5355−
5358.
Ben-Naim, A. 1983. Hydrophobic interactions. 2nd ed. New York: Plenum.
Bennett, G. B. 1977. The Claisen rearrangement in organic synthesis; 1967 to January
1977. Synthesis, pp. 589−606.
Bergsma, D. J., Eder, C., Gross, M., Kersten, H., Sylvester, D., Appelbaum, E.,
Cusimano, D., Livi, G. P., McLaughlin, M. M., Kasyan, K., Porter, T. G., Silverman,
C., Dunnington, D., Hand, A., Prichett, W. P., Bossard, M. J., Brandt, M. and Levy,
M. A. 1991. The cyclophilin multigene family of peptidyl-prolyl isomerases.
Characterization of three separate human isoforms. J. Biol. Chem. 266, pp. 23204−
23214.
Bierer, B. E., Mattila, P. S., Standaert, R. F., Herzenberg, L. A., Burakoff, S. J.,
Crabtree, G. and Schreiber, S. L. 1990a. Two distinct signal transmission pathways in
T lymphocytes are inhibited by complexes formed between an immunophilin and
either FK506 or rapamycin. Proc. Natl. Acad. Sci. USA 87, pp. 9231−9235.
Bierer, B. E., Somers, P. K., Wandless, T. J., Burakoff, S. J. and Schreiber, S. L.
1990b. Probing immunosuppressant action with a nonnatural immunophilin ligand.
Science 250, pp. 556−559.
Bischoff, S. and Kasper, F. 1986. Zum Einfluß von Brönsted-Säuren auf Diels–AlderReaktionen. J. prakt. Chem. 328, pp. 449−453.

101

Blackburn, G. M. and Davies, R. J. 1967. Photochemistry of nucleic acids. III. The
structure of DNA-derived thymine photodimer. J. Am. Chem. Soc. 89, pp. 5941−5945.
Blow, D. M. and Steitz, T. A. 1970. X-ray diffraction studies of enzymes. Annu. Rev.
Biochem. 39, pp. 63−100.
Bonnesen, P. V., Puckett, C. L., Honeychuck, R. V. and Hersh, W. H. 1989. Catalysis
of Diels–Alder reactions by low oxidation state transition-metal Lewis acids: Fact and
fiction. J. Am. Chem. Soc. 111, pp. 6070–6081.
Braisted, A. C. and Schultz, P. G. 1990. An antibody-catalyzed bimolecular Diels–
Alder reaction. J. Am. Chem. Soc. 112, pp. 7430−7431.
Breiman, A., Fawcett, T. W., Ghirardi, M. L. and Mattoo, A. K. 1992. Plant
organelles contain distinct peptidylprolyl cis,trans-isomerases. J. Biol. Chem. 267, pp.
21293−21296.
Bruice, T. C. and Pandit, U. K. 1960. The effect of geminal substitution ring size and
rotamer distribution on the intramolecular nucleophilic catalysis of the hydrolysis of
monophenyl esters of dibasic acids and the solvolysis of the intermediate anhydrides.
J. Am. Chem. Soc. 82, pp. 5858−5865.
Burton, D. 1991. Human and mouse monoclonal antibodies by repertoire cloning.
Trends Biotechnol. 9, pp. 169−175.
Burton, D. R. 1993. Monoclonal antibodies from combinatorial libraries. Acc. Chem.
Res. 26, pp. 405−411.
Cabral, J. and Laszlo, P. 1989. Product distribution in Diels–Alder addition of Nbenzylidene aniline and enol ethers. Tetrahedron Lett. 30, pp. 7237–7238.
Campbell, D. A., Gong, B., Kochersperger, L. M., Yonkovich, S., Gallop, M. A. and
Schultz, P. G. 1994. Antibody-catalysed prodrug activation. J. Am. Chem. Soc. 116,
pp. 2165−2166.
Cane, D. E., Tan, W. and Ott, W. R. 1993. Nargenicin biosynthesis. Incorporation of
polyketide chain elongation intermediates and support for a proposed intramolecular
Diels–Alder cyclization. J. Am. Chem. Soc. 115, pp. 527−535.
Carruthers, W. 1990. Cycloaddition reactions in organic chemistry. Tetrahedron
organic chemistry series volume 8. Oxford: Pergamon Press. Pp. 1−139.
Carter, H. E. 1946. Azlactones. Org. React. 3, pp. 198−239.
Carter, P. and Wells, J. A. 1988. Dissecting the catalytic triad of a serine protease.
Nature (London) 332, pp. 564−568.

102

Cativiela, C., Figueras, F., Fraile, J. M., García, J. I. and Mayoral, J. A. 1991. Claycatalysed asymmetric Diels–Alder reaction of cyclopentadiene with (-)-menthyl
acrylate. Tetrahedron: Asymmetry 2, pp. 953–956.
Chen, C.-S. and Sih, C. J. 1989. General aspects and optimization of enantioselective
biocatalysis in organic solvents: The use of lipases. Angew. Chem., Int. Ed. Engl. 28,
pp. 695−707.
Chen, Y.-C., Danon, T., Sastry, L., Mubaraki, M., Janda, K. D. and Lerner, R. A.
1993. Catalytic antibodies from combinatorial libraries. J. Am. Chem. Soc. 115, pp.
357−358.
Cochran, A. G. and Schultz, P. G. 1990a. Antibody-catalyzed porphyrin metallation.
Science 249, pp. 781−783.
Cochran, A. G. and Schultz, P. G. 1990b. Peroxidase activity of an antibody-heme
complex. J. Am. Chem. Soc. 112, pp. 9414−9415.
Cochran, A. G., Sugasawara, R. and Schultz, P. G. 1988. Photosensitized cleavage of
a thymine dimer by an antibody. J. Am. Chem. Soc. 110, pp. 7888−7890.
Compton, L. A., Davis, J. M., Macdonald, J. R and Bächinger, H. P. 1992. Structural
and functional characterization of Escherichia coli peptidyl-prolyl cis-trans
isomerases. Eur. J. Biochem. 206, pp. 927−934.
Connelly, P. R. and Thomson, J. A. 1992. Heat capacity changes and hydrophobic
interactions in the binding of FK506 and rapamycin to the FK506 binding protein.
Proc. Natl. Acad. Sci. USA 89, pp. 4781−4785.
Corey, E. J. and Schmidt, G. 1979. Useful procedures for the oxidation of alcohols
involving pyridinium dichromate in aprotic media. Tetrahedron Lett., pp. 399−402.
Corey, E. J. and Suggs, J. W. 1975. Pyridinium chlorochromate. An efficient reagent
for oxidation of primary and secondary alcohols to carbonyl compounds. Tetrahedron
Lett., pp. 2647−2650.
Cornelis, A. and Laszlo, P. 1985. Clay-supported copper(II) and iron(III) nitrates:
Novel multi-purpose reagents for organic synthesis. Synthesis, pp. 909−918.
Cornforth, J. W. 1951. Ethyl pyruvate. Org. Synth. 31, pp. 59−62.
Corson, B. B., Dodge, R. A., Harris, S. A. and Yeaw, J. S. 1932. Mandelic acid. Org.
Synth., Coll. Vol. 1, pp. 336−340.
Cravatt, B. F., Ashley, J. A., Janda, K. D., Boger, D. L. and Lerner, R. A. 1994.
Crossing extreme mechanistic barriers by antibody catalysis: Syn elimination to a cis
olefin. J. Am. Chem. Soc. 116, pp. 6013−6014.

103

Dafforn, A. and Koshland, D. E. 1973. Proximity, entropy and orbital steering.
Biochem. Biophys. Res. Commun. 52, pp. 779−785.
Danishefsky, S. J., Cabal, M. P. and Chow, K. 1989. Novel stereopecific silyl group
transfer reactions: Practical routes to the prostaglandins. J. Am. Chem. Soc. 111, pp.
3456−3457.
Dauben, W. G. and Baker, W. R. 1982. Organic reactions at high pressure. The Diels–
Alder reaction of p-benzoquinone with dienic esters. Tetrahedron Lett. 23, pp. 2611–
2614.
Davis, T. R., Tabatabai, L., Bruns, K., Hamilton, R. T. and Nilsen-Hamilton, M. 1991.
Basic fibroblast growth factor induces 3T3 fibroblasts to synthesize and secrete a
cyclophilin-like protein and β2-microglobulin. Biochim. Biophys. Acta 1095, pp. 145−
152.
Deeming, A. J. 1982. Mononuclear iron compounds with η2-η6 hydrocarbon ligands.
In: Wilkinson, G., Stone, F. G. A. and Abel, E. W. (Eds.). Comprehensive organometallic chemistry. Oxford: Pergamon Press. Vol. 4. Pp. 377−512.
Denesyuk, A. I., Vihinen, M., Lundell, J., Zav’yalov, V. P. and Korpela, T. 1993.
Structural similarity of the binding sites of cyclophilin A-cyclosporin A and FKBPFK506 systems. Biochem. Biophys. Res. Commun. 192, pp. 912−917.
Diago-Meseguer, J., Palomo-Coll, A. L., Fernández-Lizarbe, J. R. and Zugaza-Bilbao,
A. 1980. A new reagent for activating carboxyl groups; Preparation and reactions of
N,N-bis[2-oxo-3-oxazolidinyl]phosphorodiamidic chloride. Synthesis, pp. 547−551.
Diels, O. and Alder, K. 1928. Synthesen in der hydroaromatischen Reihe; Anlagerungen von "Di-en"-kohlenwasserstoffen. Liebigs Ann. Chem. 460, pp. 98−122.
Drakenberg, T., Dahlqvist, K.-I. and Forsén, S. 1972. The barrier to internal rotation
in amides. IV. N,N-Dimethylamides; Substituent and solvent effects. J. Phys. Chem.
76, pp. 2178−2183.
Drenth, J., Jansonius, J. N., Koekoek, R., Swen, H. M. and Wolthers, B. G. 1968.
Structure of papain. Nature (London) 218, pp. 929−932.
Durfor, C. N., Bolin, R. J., Sugasawara, R. J., Massey, R. J., Jacobs, J. W. and
Schultz, P. G. 1988. Antibody catalysis in reverse micelles. J. Am. Chem. Soc. 110,
pp. 8713−8714.
Eberhardt, E. S., Loh, S. N., Hinck, A. P. and Raines, R. T. 1992. Solvent effects on
the energetics of prolyl peptide bond isomerization. J. Am. Chem. Soc. 114, pp. 5437−
5439.

104

Edwards, P. D., Meyer, E. F., Vijayalakshmi, J., Tuthill, P. A., Andisik, D. A.,
Gomes, B. and Strimpler, A. 1992. Design, synthesis, and kinetic evaluation of a
unique class of elastase inhibitors, the peptidyl α-ketobenzoxazoles, and the X-ray
crystal structure of the covalent complex between porcine pancreatic elastase and AcAla-Pro-Val-2-benzoxazole. J. Am. Chem. Soc. 114, pp. 1854−1863.
Engvall, E. 1972. Enzyme-linked immunosorbent assay, ELISA. J. Immunol. 109, pp.
129−135.
Engvall, E. 1980. Enzyme immunoassay ELISA and EMIT. Methods Enzymol. 70, pp.
419−439.
Erlanger, B. F. 1980. The preparation of antigenic hapten-carrier conjugates: A
survey. Methods Enzymol. 70, pp. 85−104.
Erlenmeyer, E. 1893. Ueber die Condensation der Hippursäure mit Phtalsäureanhydrid und mit Benzaldehyd. Liebigs Ann. Chem. 275, pp. 1−8.
Fatiadi, A. J. 1987. The classical permanganate ion: Still a novel oxidant in organic
chemistry. Synthesis, pp. 85−127.
Ferrara, A., Cafferkey, R. and Livi, G. P. 1992. Cloning and sequence analysis of a
rapamycin-binding protein-encoding gene (RBP1) from Candida albicans. Gene 113,
pp. 125−127.
Fersht, A. 1985. Enzyme structure and mechanism. 2nd Ed. New York: W. H.
Freeman. 475 p.
Fesik, S. W., Gampe, R. T., Holzman, T. F., Egan, D. A., Edalji, R., Luly, J. R.,
Simmer, R., Helfrich, R., Kishore, V. and Rich, D. H. 1990. Isotope-edited NMR of
cyclosporin A bound to cyclophilin: Evidence for a trans 9,10 amide bond. Science
250, pp. 1406−1409.
Fesik, S. W., Neri, P., Meadows, R., Olejniczak, E. T. and Gemmecker, G. 1992. A
model of the cyclophilin/cyclosporin A (CSA) complex from NMR and X-ray data
suggests that CSA binds as a transition-state analogue. J. Am. Chem. Soc. 114, pp.
3165−3166.
Findlay, J. A. and Radics, L. 1980. On the chemistry and high field nuclear magnetic
resonance spectroscopy of rapamycin. Can. J. Chem. 58, pp. 579−590.
Fischer, G. 1994. Peptidyl-prolyl cis/trans isomerases and their effectors. Angew.
Chem., Int. Ed. Engl. 33, pp. 1415−1436.
Fischer, G., Bang, H., Berger, E. and Schellenberger, A. 1984a. Conformational
specificity of chymotrypsin toward proline-containing substrates. Biochim. Biophys.
Acta 791, pp. 87−97.

105

Fischer, G., Bang, H., Ludwig, B., Mann, K. and Hacker, J. 1992. Mip protein of
Legionella pneumophila exhibits peptidyl-prolyl-cis/trans isomerase (PPIase) activity.
Mol. Microbiol. 6, pp. 1375−1383.
Fischer, G., Bang, H. and Mech, C. 1984b. Nachweis einer Enzymkatalyse für die cistrans-Isomerisierung der Peptidbindung in prolinhaltigen Peptiden. Biomed. Biochim.
Acta 43, pp. 1101−1111.
Fischer, G., Heins, J. and Barth, A. 1983. The conformation around the peptide bond
between the P1- and P2-positions is important for catalytic activity of some prolinespecific proteases. Biochim. Biophys. Acta 742, pp. 452−462.
Fischer, G., Oehme, G. and Schellenberger, A. 1971. Zur Theorie der α-Ketosäuren.
Beziehungen zwischen Struktur und UV-Spektren von α-Ketosäuren und verwandten
α-Dicarbonylverbindungen. Tetrahedron 27, pp. 5683−5696.
Fischer, G., Wittmann-Liebold, B., Lang, K., Kiefhaber, T. and Schmid, F. X. 1989.
Cyclophilin and peptidyl-prolyl cis-trans isomerase are probably identical proteins.
Nature (London) 337, pp. 476−478.
Fischer, S., Dunbrack, R. L. and Karplus, M. 1994. Cis-trans imide isomerization of
the proline dipeptide. J. Am. Chem. Soc. 116, pp. 11931−11937.
Fischer, S., Michnick, S. and Karplus, M. 1993. A mechanism for rotamase catalysis
by the FK506 binding protein (FKBP). Biochemistry 32, pp. 13830−13837.
Fleming, I. 1976. Frontier orbitals and organic chemical reactions. Chichester: John
Wiley & Sons. 249 p.
Fusetani, N., Matsunaga, S., Matsumoto, H. and Takabayashi, Y. 1990. Cyclotheonamides, potent thrombin inhibitors, from a marine sponge Theonella sp. J. Am. Chem.
Soc. 112, pp. 7053−7054.
Galat, A. 1993. Peptidylproline cis-trans-isomerases: Immunophilins. Eur. J.
Biochem. 216, pp. 689−707.
Gallacher, G., Jackson, C. S., Searcey, M., Badman, G. T., Goel, R., Topham, C. M.,
Mellor, G. W. and Brocklehurst, K. 1991. A polyclonal antibody preparation with
Michaelian catalytic properties. Biochem. J. 279, 871−881.
Gallacher, G., Searcey, M., Jackson, C. S. and Brocklehurst, K. 1992. Polyclonal
antibody-catalysed amide hydrolysis. Biochem. J. 284, pp. 675−680.
Ganem, B. 1978. From glucose to aromatics: Recent developments in natural products
of the shikimic acid pathway. Tetrahedron 34, pp. 3353−3383.
Ganem, B. 1996. The mechanism of the Claisen rearrangement: Déjà vu all over
again. Angew. Chem., Int. Ed. Engl. 35, pp. 936−945.

106

García-Echeverría, C., Kofron, J. L., Kuzmic, P., Kishore, V. and Rich, D. H. 1992.
Continuous fluorimetric direct (uncoupled) assay for peptidyl prolyl cis-trans
isomerases. J. Am. Chem. Soc. 114, pp. 2758−2759.
Gassman, P. G. and Singleton, D. A. 1984a. Acid-catalyzed intramolecular “Diels–
Alder” reactions. The cycloaddition of allyl cations to 1,3-dienes. J. Am. Chem. Soc.
106, pp. 6085−6086.
Gassman, P. G. and Singleton, D. A. 1984b. Distinction between aminium cation
radical and protic acid catalyzed “Diels–Alder” reactions. J. Am. Chem. Soc. 106, pp.
7993−7994.
Gibbs, R. A., Posner, B. A., Filpula, D. R., Dodd, S. W., Finkelman, M. A. J., Lee, T.
K., Wroble, M., Whitlow, M. and Benkovic, S. J. 1991. Construction and
characterization of a single-chain catalytic antibody. Proc. Natl. Acad. Sci. USA 88,
pp. 4001−4004.
Goding, J. W. 1996. Preparation of Fab fragments of mouse and rat IgG. In:
Monoclonal antibodies: Principles and practice. 3rd ed. London: Academic Press. Pp.
215−219.
Görisch, H. 1978. On the mechanism of the chorismate mutase reaction. Biochemistry
17, pp. 3700−3705.
Gouverneur, V. E., Houk, K. N., de Pascual-Teresa, B., Beno, B., Janda, K. D. and
Lerner, R. A. 1993. Control of the exo and endo pathways of the Diels–Alder reaction
by antibody catalysis. Science 262, pp. 204−208.
Griffith, W. P., Ley, S.V., Whitcombe, G. P. and White, A. D. 1987. Preparation and
use of tetra-n-butylammonium per-ruthenate (TBAP reagent) and tetra-n-propylammonium per-ruthenate (TPAP reagent) as new catalytic oxidants for alcohols. J.
Chem. Soc., Chem. Commun., pp. 1625−1627.
Hagihara, M. and Schreiber, S. L. 1992. Reassignment of stereochemistry and total
synthesis of the thrombin inhibitor cyclotheonamide B. J. Am. Chem. Soc. 114, pp.
6570−6571.
Handschumacher, R. E., Harding, M. W., Rice, J., Drugge, R. J. and Speicher, D. W.
1984. Cyclophilin: A specific cytosolic binding protein for cyclosporin A. Science
226, pp. 544−547.
Hano, Y., Ayukawa, A., Nomura, T. and Ueda, S. 1992. Dynamic participation of
primary metabolites in the biosynthesis of chalcomoracin and β-sitosterol in Morus
alba cell cultures. Naturwissenschaften 79, pp. 180−182.

107

Hano, Y., Nomura, T. and Ueda, S. 1990. Biosynthesis of optically active Diels–Alder
type adducts revealed by an aberrant metabolism of O-methylated precursors in Morus
alba cell cultures. J. Chem. Soc., Chem. Commun., pp. 610−613.
Harding, M. W., Galat, A., Uehling, D. E. and Schreiber, S. L. 1989. A receptor for
the immunosuppressant FK506 is a cis-trans peptidyl-prolyl isomerase. Nature
(London) 341, pp. 758−760.
Harirchian, B. and Bauld, N. L. 1987. The intramolecular cation radical Diels–Alder
reaction. Tetrahedron Lett. 28, pp. 927–930.
Harlow, E. and Lane, D. 1988. Antibodies: a laboratory manual. New York: Cold
Spring Harbor Laboratory. 726 p.
Harrison, R. K., Caldwell, C. G., Rosegay, A., Melillo, D. and Stein, R. L. 1990a.
Confirmation of the secondary deuterium isotope effect for the peptidyl prolyl cistrans isomerase activity of cyclophilin by a competitive, double-label technique. J.
Am. Chem. Soc. 112, pp. 7063−7064.
Harrison, R. K. and Stein, R. L. 1990b. Mechanistic studies of peptidyl prolyl cistrans isomerase: Evidence for catalysis by distortion. Biochemistry 29, pp. 1684−
1689.
Harrison, R. K. and Stein, R. L. 1990c. Substrate specificities of the peptidyl prolyl
cis-trans isomerase activities of cyclophilin and FK-506 binding protein: Evidence for
the existence of a family of distinct enzymes. Biochemistry 29, pp. 3813−3816.
Harrison, R. K. and Stein, R. L. 1992. Mechanistic studies of enzymic and
nonenzymic prolyl cis-trans isomerization. J. Am. Chem. Soc. 114, pp. 3464−3471.
Hartl, F. U. 1996. Molecular chaperones in cellular protein folding. Nature (London)
381, pp. 571−580.
Hayano, T., Takahashi, N., Kato, S., Maki, N. and Suzuki, M. 1991. Two distinct
forms of peptidylprolyl-cis-trans-isomerase are expressed separately in periplasmic
and cytoplasmic compartments of Escherichia coli cells. Biochemistry 30, pp. 3041−
3048.
Heitman, J., Movva, N. R., Hiestand, P. C. and Hall, M. N. 1991. FK 506-binding
protein proline rotamase is a target for the immunosuppressive agent FK 506 in
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 88, pp. 1948−1952.
Hilvert, D., Carpenter, S. H., Nared, K. D. and Auditor, M.-T. M. 1988. Catalysis of
concerted reactions by antibodies: The Claisen rearrangement. Proc. Natl. Acad. Sci.
USA 85, pp. 4953−4955.
Hilvert, D., Hill, K. W., Nared, K. D. and Auditor, M.-T. M. 1989. Antibody catalysis
of a Diels–Alder reaction. J. Am. Chem. Soc. 111, pp. 9261−9262.

108

Hilvert, D. and Nared, K. D. 1988. Stereospecific Claisen rearrangement catalyzed by
an antibody. J. Am. Chem. Soc. 110, pp. 5593−5594.
Hirschmann, R., Smith, A. B., Taylor, C. M., Benkovic, P. A., Taylor, S. D., Yager,
K. M., Sprengeler, P. A. and Benkovic, S. J. 1994. Peptide synthesis catalyzed by an
antibody containing a binding site for variable amino acids. Science 265, pp. 234−237.
Hölderich, W., Hesse, M. and Näumann, F. 1988. Zeolites: Catalysts for organic
syntheses. Angew. Chem., Int. Ed. Engl. 27, pp. 226−246.
Hollis, T. K., Robinson, N. P. and Bosnich, B. 1992. Homogeneous catalysis.
[Ti(Cp*)2(H2O)2]2+: An air-stable, water-tolerant Diels–Alder catalyst. J. Am. Chem.
Soc. 114, pp. 5464−5466.
Holt, D. A., Luengo, J. I., Yamashita, D. S., Oh, H.-J., Konialian, A. L., Yen, H.-K.,
Rozamus, L. W., Brandt, M., Bossard, M. J., Levy, M. A., Eggleston, D. S., Liang, J.,
Schultz, L. W., Stout, T. J. and Clardy, J. 1993. Design, synthesis, and kinetic
evaluation of high-affinity FKBP ligands and the X-ray crystal structures of their
complexes with FKBP12. J. Am. Chem. Soc. 115, pp. 9925−9938.
Honeychuck, R. V., Bonnesen, P. V., Farahi, J. and Hersh, W. H. 1987. Catalysis of
diene polymerization and Diels–Alder reactions by an octahedral tungsten nitrosyl
Lewis acid. X-ray crystal structure of the η1-acrolein complex (cis-Me3P)(transNO)(CO)3W−O=C(H)C(H)=CH2. J. Org. Chem. 52, pp. 5293−5296.
Hsieh, L. C., Stephans, J. C. and Schultz, P. G. 1994. An efficient antibody-catalyzed
oxygenation reaction. J. Am. Chem. Soc. 116, pp. 2167−2168.
Hsieh, L. C., Yonkovich, S., Kochersperger, L. and Schultz, P. G. 1993. Controlling
chemical reactivity with antibodies. Science 260, pp. 337−339.
Hsieh-Wilson, L. C., Schultz, P. G. and Stevens, R. C. 1996. Insights into antibody
catalysis: Structure of an oxygenation catalyst at 1.9-Å resolution. Proc. Natl. Acad.
Sci. USA 93, pp. 5363−5367.
Hudlicky, M. 1990. Oxidations in organic chemistry. Washington, D. C: American
Chemical Society. Pp. 144−149.
Huse, W. D., Sastry, L., Iverson, S. A., Kang, A. S., Alting-Mees, M., Burton, D. R.,
Benkovic, S. J. and Lerner, R. A. 1989. Generation of a large combinatorial library of
the immunoglobulin repertoire in phage lambda. Science 246, pp. 1275−1281.
Ikeda, S., Weinhouse, M. I., Janda, K. D., Lerner, R. A. and Danishefsky, S. J. 1991.
Asymmetric induction via a catalytic antibody. J. Am. Chem. Soc. 113, pp. 7763−
7764.

109

Inukai, T. and Kojima, T. 1967. Aluminum chloride catalyzed diene condensation. III.
Reaction of trans-piperylene with methyl acrylate. J. Org. Chem. 32, pp. 869–871.
Ipaktschi, J. 1986. Diels–Alder reaction in the presence of zeolite. Z. Naturforsch.,
Teil B 41, pp. 496–498.
Iverson, B. L. and Lerner, R. A. 1989. Sequence-specific peptide cleavage catalyzed
by an antibody. Science 243, pp. 1184−1188.
Jackson, D. Y., Jacobs, J. W., Sugasawara, R., Reich, S. H., Bartlett, P. A. and
Schultz, P. G. 1988. An antibody-catalyzed Claisen rearrangement. J. Am. Chem. Soc.
110, pp. 4841−4842.
Jackson, D. Y., Liang, M. N., Bartlett, P. A. and Schultz, P. G. 1992. Activation
parameters and stereochemistry of an antibody-catalyzed Claisen rearrangement.
Angew. Chem., Int. Ed. Engl. 31, pp. 182−183.
Jackson, D. Y., Prudent, J. R., Baldwin, E. P. and Schultz, P. G. 1991. A mutagenesis
study of a catalytic antibody. Proc. Natl. Acad. Sci. USA 88, pp. 58−62.
Jackson, D. Y. and Schultz, P. G. 1991. An antibody-catalyzed cis-trans isomerization
reaction. J. Am. Chem. Soc. 113, pp. 2319−2321.
Jacobs, J., Schultz, P. G., Sugasawara, R. and Powell, M. 1987. Catalytic antibodies.
J. Am. Chem. Soc. 109, pp. 2174−2176.
Jacobsen, J. R., Cochran, A. G., Stephans, J. C., King, D. S. and Schultz, P. G. 1995.
Mechanistic studies of antibody-catalyzed pyrimidine dimer photocleavage. J. Am.
Chem. Soc. 117, pp. 5453−5461.
Jacobsen, J. R. and Schultz, P. G. 1994. Antibody catalysis of peptide bond formation.
Proc. Natl. Acad. Sci. USA 91, pp. 5888−5892.
Jacobsen, N. E. and Bartlett, P. A. 1981. A phosphonamidate dipeptide analogue as an
inhibitor of carboxypeptidase A. J. Am. Chem. Soc. 103, pp. 654−657.
Jaenicke, R. 1984. Proteinfaltung und Proteinassoziation. Angew. Chem. 96, pp. 385−
402.
Janda, K. D., Ashley, J. A., Jones, T. M., McLeod, D. A., Schloeder, D. M. and
Weinhouse, M. I. 1990a. Immobilized catalytic antibodies in aqueous and organic
solvents. J. Am. Chem. Soc. 112, pp. 8886−8888.
Janda, K. D., Benkovic, S. J. and Lerner, R. A. 1989. Catalytic antibodies with lipase
activity and R and S substrate selectivity. Science 244, pp. 437−440.
Janda, K. D., Lerner, R. A. and Tramontano, A. 1988a. Antibody catalysis of
bimolecular amide formation. J. Am. Chem. Soc. 110, pp. 4835−4837.

110

Janda, K. D., Schloeder, D., Benkovic, S. J. and Lerner, R. A. 1988b. Induction of an
antibody that catalyzes the hydrolysis of an amide bond. Science 241, pp. 1188−1191.
Janda, K. D., Shevlin, C. G. and Lerner, R. A. 1993. Antibody catalysis of a
disfavored chemical transformation. Science 259, pp. 490−493.
Janda, K. D., Weinhouse, M. I., Schloeder, D. M., Lerner, R. A. and Benkovic, S. J.
1990b. Bait and switch strategy for obtaining catalytic antibodies with acyl-transfer
capabilities. J. Am. Chem. Soc. 112, pp. 1274−1275.
Jencks, W. P. 1969. Catalysis in chemistry and enzymology. New York: McGrawHill.
Jencks, W. P. 1975. Binding energy, specificity, and enzyme catalysis: the Circe
effect. Adv. Enzymol. 43, pp. 219−410.
Jorns, M. S., Sancar, G. B. and Sancar, A. 1985. Identification of oligothymidylates as
new simple substrates for Escherichia coli DNA photolyase and their use in a rapid
spectrophotometric enzyme assay. Biochemistry 24, pp. 1856−1861.
Kagan, H. B. and Riant, O. 1992. Catalytic asymmetric Diels–Alder reactions. Chem.
Rev. 92, pp. 1007−1019.
Kallen, J., Spitzfaden, C., Zurini, M. G. M., Wider, G., Widmer, H., Wüthrich, K. and
Walkinshaw, M. D. 1991. Structure of human cyclophilin and its binding site for
cyclosporin A determined by X-ray crystallography and NMR spectroscopy. Nature
(London) 353, pp. 276−279.
Kallen, J., Spitzfaden, C., Zurini, M. G. M., Wider, G., Widmer, H., Wüthrich, K. and
Walkinshaw, M. D. 1992. Catalysis steps. Nature (London) 356, p. 24.
Kallen, J. and Walkinshaw, M. D. 1992. The X-ray structure of a tetrapeptide bound
to the active site of human cyclophilin A. FEBS Lett. 300, pp. 286−290.
Kamphuis, I. G., Drenth, J. and Baker, E. N. 1985. Comparative studies based on the
high-resolution structures of papain and actinidin, and on amino acid sequence
information for cathepsins B and H, and stem bromelain. J. Mol. Biol. 182, pp. 317−
329.
Kasper, F. and Zobel, H. 1975. Einfluß von Säuren auf die Umsetzung von Cyclopentadien mit Acrylestern und Methylvinylketon. J. prakt. Chem. 317, pp. 510–514.
Kay, J. E. 1996. Structure-function relationships in the FK506-binding protein
(FKBP) family of peptidylprolyl cis-trans isomerases. Biochem. J. 314, pp. 361−385.

111

Ke, H., Mayrose, D. and Cao, W. 1993. Crystal structure of cyclophilin A complexed
with substrate Ala-Pro suggests a solvent-assisted mechanism of cis-trans
isomerization. Proc. Natl. Acad. Sci. USA 90, pp. 3324−3328.
Kessler, H., Köck, M., Wein, T. and Gehrke, M. 1990. Reinvestigation of the
conformation of cyclosporin A in chloroform. Helv. Chim. Acta 73, pp. 1818−1832.
Khalaf, A. I., Proctor, G. R., Suckling, C. J., Bence, L. H., Irvine, J. I. and Stimson,
W. H. 1992. Remarkably efficient hydrolysis of a 4-nitrophenyl ester by a catalytic
antibody raised to an ammonium hapten. J. Chem. Soc., Perkin Trans. 1, pp. 1475−
1481.
Kiefhaber, T., Kohler, H.-H. and Schmid, F. X. 1992. Kinetic coupling between
protein folding and prolyl isomerization. I. Theoretical models. J. Mol. Biol. 224, pp.
217−229.
Kirchner, G., Scollar, M. P. and Klibanov, A. M. 1985. Resolution of racemic
mixtures via lipase catalysis in organic solvents. J. Am. Chem. Soc. 107, pp. 7072−
7076.
Kitazume, T., Lin, J. T., Takeda, M. and Yamazaki, T. 1991. Stereoselective synthesis
of fluorinated materials catalyzed by an antibody. J. Am. Chem. Soc. 113, pp. 2123−
2126.
Kitazume, T., Tsukamoto, T. and Yoshimura, K. 1994. A catalytic antibody elicited
by a hapten of tetrahedral carbon-type. J. Chem. Soc., Chem. Commun., pp. 1355−
1356.
Klibanov, A. M. 1990. Asymmetric transformations catalyzed by enzymes in organic
solvents. Acc. Chem. Res. 23, pp. 114−120.
Kobayashi, M., Ohtsuka, K., Tamura, K., Ohara, K., Fujihira, S., Hirano, Y.,
Kusunoki, C., Hayashi, M., Satoh, S., Katayama, N., Tsutsumi, T., Nakamura, K.,
Niwa, M. and Kohsaka, M. 1993. Production of monoclonal antibody against
recombinant human FKBP-12 and subcellular localization of FKBP-12 in human
mononuclear and polymorphonuclear cells. Transplant. Proc. 25, pp. 655−657.
Koch, A., Reymond, J.-L. and Lerner, R. A. 1994. Antibody-catalyzed activation of
unfunctionalized olefins for highly enantioselective asymmetric epoxidation. J. Am.
Chem. Soc. 116, pp. 803−804.
Koch, G. L. E., Shaw, D. C. and Gibson, F. 1972. Studies on the relationship between
the active sites of chorismate mutase-prephenate dehydrogenase from Escherichia coli
or Aerobacter aerogenes. Biochim. Biophys. Acta 258, pp. 719−730.
Köck, M., Kessler, H., Seebach, D. and Thaler, A. 1992. Novel backbone
conformation of cyclosporin A: The complex with lithium chloride. J. Am. Chem. Soc.
114, pp. 2676−2686.

112

Kofron, J. L., Kuzmic, P., Kishore, V., Colón-Bonilla, E. and Rich, D. H. 1991.
Determination of kinetic constants for peptidyl-prolyl cis-trans isomerases by an
improved spectrophotometric assay. Biochemistry 30, pp. 6127−6134.
Kofron, J. L., Kuzmic, P., Kishore, V., Gemmecker, G., Fesik, S. W. and Rich, D. H.
1992. Lithium chloride perturbation of cis-trans peptide bond equilibria: Effect on
conformational equilibria in cyclosporin A and on time-dependent inhibition of
cyclophilin. J. Am. Chem. Soc. 114, pp. 2670−2675.
Köhler, G. and Milstein, C. 1975. Continuous cultures of fused cells secreting antibody of predefined specificity. Nature (London) 256, pp. 495−497.
Koltin, Y., Faucette, L., Bergsma, D. J., Levy, M. A., Cafferkey, R., Koser, P. L.,
Johnson, R. K. and Livi, G. P. 1991. Rapamycin sensitivity in Saccharomyces
cerevisiae is mediated by a peptidyl-prolyl cis-trans isomerase related to human
FK506-binding protein. Mol. Cell Biol. 11, pp. 1718−1723.
Krois, D., Langer, E. and Lehner, H. 1980. Selective conformational changes of cyclic
systems−XII. Enhanced reactivity of ten membered ring ketones due to transanular
steric compression: Hydrates and hemiketals from oxo-[2.2]metacyclophanes.
Tetrahedron 36, pp. 1345−1351.
Krois, D. and Lehner, H. 1982. Hydration and hemiacetal formation in oxo[m.n]metacyclophanes. Monatsh. Chem. 113, pp. 1019−1024.
Kuzmic, P., Moss, M. L., Kofron, J. L. and Rich, D. H. 1992. Fluorescence
displacement method for the determination of receptor-ligand binding constants. Anal.
Biochem. 205, pp. 65−69.
Lacy, M. J. and Voss, E. W. 1986. A modified method to induce immune polyclonal
ascites fluid in BALB/c mice using Sp2/0-Ag14 cells. J. Immunol. Methods 87, pp.
169−177.
Lad, R. P., Smith, M. A. and Hilt, D. C. 1991. Molecular cloning and regional
distribution of rat brain cyclophilin. Mol. Brain. Res. 9, pp. 239−244.
Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature (London) 227, pp. 680−685.
Landry, D. W., Zhao, K., Yang, G. X.-Q., Glickman, M. and Georgiadis, T. M. 1993.
Antibody-catalyzed degradation of cocaine. Science 259, pp. 1899−1901.
Lang, K. and Schmid, F. X. 1988. Protein-disulphide isomerase and prolyl isomerase
act differently and independently as catalysts of protein folding. Nature (London) 331,
pp. 453−455.

113

Lang, K., Schmid, F. X. and Fischer, G. 1987. Catalysis of protein folding by prolyl
isomerase. Nature (London) 329, pp. 268−270.
Laschat, S. 1996. Pericyclic reactions in biological systems  Does nature know
about the Diels–Alder reaction? Angew. Chem., Int. Ed. Engl. 35, pp. 289−291.
Laszlo, P. 1986. Catalysis of organic reactions by inorganic solids. Acc. Chem. Res.
19, pp. 121−127.
Laszlo, P. and Lucchetti, J. 1984a. Catalysis of the Diels–Alder reaction in the
presence of clays. Tetrahedron Lett. 25, pp. 1567–1570.
Laszlo, P. and Lucchetti, J. 1984b. Acceleration of the Diels–Alder reaction by clays
suspended in organic solvents. Tetrahedron Lett. 25, pp. 2147–2150.
Laszlo, P. and Lucchetti, J. 1984c. Easy formation of Diels–Alder cycloadducts
between furans and α,β-unsaturated aldehydes and ketones at normal pressure.
Tetrahedron Lett. 25, pp. 4387–4388.
Laszlo, P. and Moison, H. 1989. Catalysis of Diels–Alder reactions with acrolein as
dienophile by iron(III)-doped montmorillonite. Chem. Lett., pp. 1031–1034.
Lee, C., Hoffmann, K. and Zocher, R. 1992. FK-506 binding protein from
Tolypocladium inflatum: Resistance of FKBP/FK-506 complex against proteolysis.
Biochem. Biophys. Res. Commun. 182, pp. 1282−1287.
Lee, J. and Snyder, J. K. 1989. Ultrasound-promoted Diels–Alder reactions: Syntheses
of tanshinone IIA, nortanshinone, and (±)-tanshindiol B. J. Am. Chem. Soc. 111, pp.
1522–1524.
Lee, J. and Snyder, J. K. 1990. Ultrasound-promoted cycloadditions in the synthesis of
Salvia miltiorrhiza abietanoid o-quinones. J. Org. Chem. 55, pp. 4995–5008.
Lerner, R. A. and Benkovic, S. J. 1988. Principles of antibody catalysis. BioEssays 9,
pp. 107−112.
Lerner, R. A., Benkovic, S. J. and Schultz, P. G. 1991. At the crossroads of chemistry
and immunology: Catalytic antibodies. Science 252, pp. 659−667.
Lewis, P. N., Momany, F. A. and Scheraga, H. A. 1973. Chain reversals in proteins.
Biochim. Biophys. Acta 303, pp. 211−229.
Ley, S. V. and Low, C. M. R. 1989. Ultrasound in synthesis. Berlin: Springer.
Liu, J., Albers, M. W., Chen, C., Schreiber, S. L. and Walsh, C. T. 1990. Cloning,
expression, and purification of human cyclophilin in Escherichia coli and assessment
of the catalytic role of cysteines by site-directed mutagenesis. Proc. Natl. Acad. Sci.
USA 87, pp. 2304−2308.

114

Liu, J., Chen, C.-M. and Walsh, C. T. 1991. Human and Escherichia coli cyclophilins:
Sensitivity to inhibition by the immunosuppressant cyclosporin A correlates with a
specific tryptophan residue. Biochemistry 30, pp. 2306−2310.
Liu, J. and Walsh, C. T. 1990. Peptidyl-prolyl cis-trans-isomerase from Escherichia
coli: A periplasmic homolog of cyclophilin that is not inhibited by cyclosporin A.
Proc. Natl. Acad. Sci. USA 87, pp. 4028−4032.
London, R. E., Davis, D. G., Vavrek, R. J., Stewart, J. M. and Handschumacher, R. E.
1990. Bradykinin and its Gly6 analogue are substrates of cyclophilin: A fluorine-19
magnetization transfer study. Biochemistry 29, pp. 10298−10302.
London, R. E., Stewart, J. M., Williams, R., Cann, J. R. and Matwiyoff, N. A. 1979.
Carbon-13 NMR spectroscopy of [20%-1,2-13C2-Gly6]-bradykinin. Role of serine in
reducing structural heterogeneity. J. Am. Chem. Soc. 101, pp. 2455−2462.
Loosli, H.-R., Kessler, H., Oschkinat, H., Weber, H.-P., Petcher, T. J. and Widmer, A.
1985. The conformation of cyclosporin A in the crystal and in solution. Helv. Chim.
Acta 68, pp. 682−704.
Luisi, P. L. 1985. Enzyme als Gastmoleküle in inversen Micellen. Angew. Chem. 97,
pp. 449−460.
Maki, N., Sekiguchi, F., Nishimaki, J., Miwa, K., Hayano, T., Takahashi, N. and
Suzuki, M. 1990. Complementary DNA encoding the human T-cell FK506-binding
protein, a peptidylprolyl cis-trans isomerase distinct from cyclophilin. Proc. Natl.
Acad. Sci. USA 87, pp. 5440−5443.
Mancuso, A. J., Huang, S.-L. and Swern, D. 1978. Oxidation of long-chain and
related alcohols to carbonyls by dimethyl sulfoxide “activated” by oxalyl chloride. J.
Org. Chem. 43, pp. 2480−2482.
Mancuso, A. J. and Swern, D. 1981. Activated dimethyl sulfoxide: Useful reagents for
synthesis. Synthesis, pp. 165−185.
Maryanoff, B. E., Greco, M. N., Zhang, H.-C., Andrade-Gordon, P., Kauffman, J. A.,
Nicolaou, K. C., Liu, A. and Brungs, P. H. 1995. Macrocyclic peptide inhibitors of
serine proteases. Convergent total synthesis of cyclotheonamides A and B via a latestage primary amine intermediate. Study of thrombin inhibition under diverse
conditions. J. Am. Chem. Soc. 117, pp. 1225−1239.
Maryanoff, B. E., Qiu, X., Padmanabhan, K. P., Tulinsky, A., Almond, H. R.,
Andrade-Gordon, P., Greco, M. N., Kauffman, J. A., Nicolaou, K. C., Liu, A., Brungs,
P. H. and Fusetani, N. 1993. Molecular basis for the inhibition of human α-thrombin
by the macrocyclic peptide cyclotheonamide A. Proc. Natl. Acad. Sci. USA 90, pp.
8048−8052.

115

Matsumoto, K. and Sera, A. 1985. Organic synthesis under high pressure. Synthesis,
pp. 999–1027.
McAllister, C. F. and Stephens, D. S. 1993. Analysis in Neisseria meningitidis and
other Neisseria species of genes homologous to the FKBP immunophilin family. Mol.
Microbiol. 10, pp. 13−23.
McArthur, M. W. and Thornton, J. M. 1991. Influence of proline residues on protein
conformation. J. Mol. Biol. 218, pp. 397−412.
McDonald, M. L., Ardito, T., Marks, W. H., Kashgarian, M. and Lorber, M. I. 1992.
The effect of cyclosporine administration on the cellular distribution and content of
cyclophilin. Transplantation 53, pp. 460−466.
McGuinness, O., Yafei, N., Costi, A. and Crompton, M. 1990. The presence of two
classes of high-affinity cyclosporin A binding sites in mitochondria. Eur. J. Biochem.
194, pp. 671−679.
Mellor, J. M. and Webb, C. F. 1974. Stereochemistry of the Diels–Alder reaction:
Steric effects of the dienophile on endo-selectivity. J. Chem. Soc., Perkin Trans. 2, pp.
17–22.
Mian, I. S., Bradwell, A. R. and Olson, A. J. 1991. Structure, function and properties
of antibody binding sites. J. Mol. Biol. 217, pp. 133−151.
Mihatsch, M. J., Thiel, G., and Ryffel, B. 1989. Cyclosporin A: Action and sideeffects. Toxicol. Lett. 46, pp. 125−139.
Miyashita, H., Karaki, Y., Kikichi, M. and Fujii, I. 1993. Prodrug activation via
catalytic antibodies. Proc. Natl. Acad. Sci. USA 90, pp. 5337−5340.
Moore, R. N., Bigam, G., Chan, J. K., Hogg, A. M., Nakashima, T. T. and Vederas, J.
C. 1985. Biosynthesis of the hypocholesterolemic agent mevinolin by Aspergillus
terreus. Determination of the origin of carbon, hydrogen, and oxygen atoms by 13C
NMR and mass spectrometry. J. Am. Chem. Soc. 107, pp. 3694−3701.
Nakatani, T., Umeshita, R., Hiratake, J., Shinzaki, A., Suzuki, T., Nakajima, H. and
Oda, J. 1994. Characterization of a catalytic antibody for stereoselective ester
hydrolysis  A catalytic residue and mode of product inhibition. Bioorg. Med. Chem.
2, pp. 457−468.
Nakayama, G. R. and Schultz, P. G. 1992. Stereospecific antibody-catalyzed reduction
of an α-keto amide. J. Am. Chem. Soc. 114, pp. 780−781.
Napper, A. D., Benkovic, S. J., Tramontano, A. and Lerner, R. A. 1987. A
stereospecific cyclization catalyzed by an antibody. Science 237, pp. 1041−1043.

116

Narasaka, K. 1991. Chiral Lewis acids in catalytic asymmetric reactions. Synthesis,
pp. 1−11.
Nielsen, J. B., Foor, F., Siekierka, J. J., Hsu, M.-J., Ramadan, N., Morin, N., Shafiee,
A., Dahl, A. M., Brizuela, L., Chrebet, G., Bostian, K. A. and Parent, S. A. 1992.
Yeast FKBP-13 is a membrane-associated FK506-binding protein encoded by the
nonessential gene FKB2. Proc. Natl. Acad. Sci. USA 89, pp. 7471−7475.
Nishima, T., Tsuji, A. and Fukushima, D. K. 1974. Site of conjugation of bovine
serum albumin to corticosteroid hormones and specificity of antibodies. Steroids 24,
pp. 861−874.
Ocain, T. D. and Rich, D. H. 1992. α-Keto amide inhibitors of aminopeptidases. J.
Med. Chem. 35, pp. 451−456.
Odenkirk, W., Rheingold, A. L. and Bosnich, B. 1992. Homogeneous catalysis: A
ruthenium-based Lewis-acid catalyst for the Diels–Alder reaction. J. Am. Chem. Soc.
114, pp. 6392–6398.
Oikawa, H., Ichihara, A. and Sakamura, S. 1988. Biosynthetic study of betaenone B:
Origin of the oxygen atoms and accumulation of a deoxygenated intermediate using P450 inhibitor. J. Chem. Soc., Chem. Commun., pp. 600−602.
Oikawa, H., Katayama, K., Suzuki, Y. and Ichihara, A. 1995. Enzymatic activity
catalysing exo-selective Diels–Alder reaction in solanapyrone biosynthesis. J. Chem.
Soc., Chem. Commun., pp. 1321−1322.
Oikawa, H., Suzuki, Y., Naya, A., Katayama, K. and Ichihara, A. 1994. First direct
evidence in biological Diels–Alder reaction of incorporation of diene-dienophile
precursors in the biosynthesis of solanapyrones. J. Am. Chem. Soc. 116, pp. 3605−
3606.
Oikawa, H., Yokota, T., Abe, T., Ichihara, A., Sakamura, S., Yoshizawa, Y. and
Vederas, J. C. 1989a. Biosynthesis of solanapyrone A, a phytotoxin of Alternaria
solani. J. Chem. Soc., Chem. Commun., pp. 1282−1284.
Oikawa, H., Yokota, T., Ichihara, A. and Sakamura, S. 1989b. Structure and absolute
configuration of solanapyrone D: A new clue to the occurrence of biological Diels–
Alder reactions. J. Chem. Soc., Chem. Commun., pp. 1284−1285.
Okahata, Y., Yamaguchi, M., Tanaka, F. and Fujii, I. 1995. A lipid-coated catalytic
antibody in water-miscible organic solvents. Tetrahedron 51, pp. 7673−7680.
Oppolzer, W. 1984. Asymmetric Diels–Alder and ene reactions in organic synthesis.
Angew. Chem., Int. Ed. Engl. 23, pp. 876−889.

117

Oppolzer, W. 1991. Intermolecular Diels–Alder reactions. In: Trost, B. M., Fleming,
I. and Paquette, L. A. (Eds.). Comprehensive organic synthesis. Oxford: Pergamon
Press. Vol. 5. Pp. 315−399.
Overman, L. E., Taylor, G. F., Petty, C. B. and Jessup, P. J. 1978. trans-1-N-Acylamino-1,3-dienes: Preparation from dienoic acids. J. Org. Chem. 43, pp. 2164−2167.
Page, M. I. and Jencks, W. P. 1971. Entropic contributions to rate accelerations in
enzymic and intramolecular reactions and the chelate effect. Proc. Natl. Acad. Sci.
USA 68, pp. 1678−1683.
Pahl, A. and Keller, U. 1992. FK-506-binding proteins from Streptomycetes
producing immunosuppressive macrolactones of the FK-506 type. J. Bacteriol. 174,
pp. 5888−5894.
Park, S. T., Aldape, R. A., Futer, O., DeCenzo, M. T. and Livingston, D. J. 1992.
PPIase catalysis by human FK506-binding protein proceeds through a conformational
twist mechanism. J. Biol. Chem. 267, pp. 3316−3324.
Patel, D. V., Rielly-Gauvin, K., Ryono, D. E., Free, C. A., Smith, S. A. and Petrillo,
E. W. 1993. Activated ketone based inhibitors of human renin. J. Med. Chem. 36, pp.
2431−2447.
Pauling, L. 1948. Chemical achievement and hope for the future. Am. Sci. 36, pp. 51−
58.
Peet, N. P., Burkhart, J. P., Angelastro, M. R., Giroux, E. L., Mehdi, S., Bey, P., Kolb,
M., Neises, B. and Schirlin, D. 1990. Synthesis of peptidyl fluoromethyl ketones and
peptidyl α-keto esters as inhibitors of porcine pancreatic elastase, human neutrophil
elastase, and rat and human neutrophil cathepsin G. J. Med. Chem. 33, pp. 394−407.
Petros, A. M., Luly, J. R., Liang, H. and Fesik, S. W. 1993. Conformation of an
FK506 analog in aqueous solution is similar to the FKBP-bound conformation of
FK506. J. Am. Chem. Soc. 115, pp. 9920−9924.
Pflügl, G., Kallen, J., Schirmer, T., Jansonius, J. N., Zurini, M. G. M. and
Walkinshaw, M. D. 1993. X-ray structure of a decameric cyclophilin-cyclosporin
crystal complex. Nature (London) 361, pp. 91−94.
Piancatelli, G., Scettri, A. and D’Auria, M. 1982. Pyridinium chlorochromate: A
versatile oxidant in organic synthesis. Synthesis, pp. 245−258.
Pindur, U., Lutz, G. and Otto, C. 1993. Acceleration and selectivity enhancement of
Diels–Alder reactions by special and catalytic methods. Chem. Rev. 93, pp. 741−761.
Pollack, S. J., Hsiun, P. and Schultz, P. G. 1989. Stereospecific hydrolysis of alkyl
esters by antibodies. J. Am. Chem. Soc. 111, pp. 5961−5962.

118

Pollack, S. J., Jacobs, J. W. and Schultz, P. G. 1986. Selective chemical catalysis by
an antibody. Science 234, pp. 1570−1573.
Pollack, S. J., Nakayama, G. R. and Schultz, P. G. 1988. Introduction of nucleophiles
and spectroscopic probes into antibody combining sites. Science 242, pp. 1038−1040.
Pollack, S. J. and Schultz, P. G. 1989. A semisynthetic catalytic antibody. J. Am.
Chem. Soc. 111, pp. 1929−1931.
Radzicka, A., Acheson, S. A. and Wolfenden, R. 1992. Cis/trans isomerization at
proline: Desolvation and its consequences for protein folding. Bioorg. Chem. 20, pp.
382−386.
Rahfeld, J.-U., Rücknagel, K. P., Schelbert, B., Ludwig, B., Hacker, J., Mann, K. and
Fischer, G. 1994a. Confirmation of the existence of a third family among peptidylprolyl cis/trans isomerases. Amino acid sequence and recombinant production of
parvulin. FEBS Lett. 352, pp. 180−184.
Rahfeld, J.-U., Schierhorn, A., Mann, K. and Fischer, G. 1994b. A novel peptidylprolyl cis/trans isomerase from Escherichia coli. FEBS Lett. 343, pp. 65−69.
Reymond, J.-L., Reber, J.-L. and Lerner, R. A. 1994. Antikörperkatalysierte, enantioselektive Synthese im Gramm-Maßstab. Angew. Chem. 106, pp. 485−486.
Rich, D. H. 1985. Pepstatin-derived inhibitors of aspartic proteinases. A close look at
an apparent transition-state analogue inhibitor. J. Med. Chem. 28, pp. 263−273.
Rich, D. H., Bernatowicz, M. S. and Schmidt, P. G. 1982. Direct 13C NMR evidence
for a tetrahedral intermediate in the binding of a pepstatin analogue to porcine pepsin.
J. Am. Chem. Soc. 104, pp. 3535−3536.
Richards, N. G. J., Hinds, M. G., Brennand, D. M., Glennie, M. J., Welsh, J. M. and
Robinson, J. A. 1990. Probing the role of proline as a recognition element in peptide
antigens. Biochem. Pharmacol. 40, pp. 119−123.
Rosen, M. K. and Schreiber, S. L. 1992. Natural products as probes of cellular
function: Studies of immunophilins. Angew. Chem., Int. Ed. Engl. 31, pp. 384−400.
Rosen, M. K., Standaert, R. F., Galat, A., Nakatsuka, M. and Schreiber, S. L. 1990.
Inhibition of FKBP rotamase activity by immunosuppressant FK506: Twisted amide
surrogate. Science 248, pp. 863−866.
Rosenblum, M. 1965. Chemistry of the iron group metallocenes. New York: John
Wiley & Sons. Pp. 29−61.
Rudd, K. E., Sofia, H. J., Koonin, E. V., Plunkett, G., Lazar, S. and Rouviere, P. E.
1995. A new family of peptidyl-prolyl isomerases. Trends Biochem. Sci. 20, pp. 12−
14.

119

Ryffel, B., Foxwell, B. M., Gee, A., Greiner, B., Woerly, G. and Mihatsch, M. J.
1988. Cyclosporine−Relationship of side effects to mode of action. Transplantation
Suppl. 46, pp. 90S−96S.
Sampson, B. A. and Gotschlich, E. C. 1992. Neisseria meningitidis encodes an FK506-inhibitable rotamase. Proc. Natl. Acad. Sci. USA 89, pp. 1164−1168.
Sanz-Cervera, J. F., Glinka, T. and Williams, R. M. 1993. Biosynthesis of the
brevianamides: Quest for a biosynthetic Diels–Alder cyclization. J. Am. Chem. Soc.
115, pp. 347−348.
Sastry, L., Alting-Mees, M., Huse, W. D., Short, J. M., Sorge, J. A., Hay, B. N.,
Janda, K. D., Benkovic, S. J. and Lerner, R. A. 1989. Cloning of the immunological
repertoire in Escherichia coli for generation of monoclonal catalytic antibodies:
Construction of a heavy chain variable region-specific cDNA library. Proc. Natl.
Acad. Sci. USA 86, pp. 5728−5732.
Sauer, J. 1967. Diels–Alder reactions II: The reaction mechanism. Angew. Chem., Int.
Ed. Engl. 6, pp. 16−33.
Sauer, J. and Sustmann, R. 1980. Mechanistische Aspekte der Diels–Alder-Reaktion:
Ein kritischer Rückblick. Angew. Chem. 92, pp. 773–801.
Scatchard, G. 1949. The attractions of proteins for small molecules and ions. Ann.
N. Y. Acad. Sci. 51, pp. 660−672.
Schmid, F. X., Mayr, L. M., Mücke, M. and Schönbrunner, E. R. 1993. Prolyl
isomerases: Role in protein folding. Adv. Protein Chem. 44, pp. 25−66.
Schönbrunner, E. R., Mayer, S., Tropschug, M., Fischer, G., Takahashi, N. and
Schmid, F. X. 1991. Catalysis of protein folding by cyclophilins from different
species. J. Biol. Chem. 266, pp. 3630−3635.
Schreiber, S. L. 1991. Chemistry and biology of the immunophilins and their
immunosuppressive ligands. Science 251, pp. 283−287.
Schultz, P. G. 1989. Antikörper als Katalysatoren. Angew. Chem. 101, pp. 1336−
1348.
Schultz, P. G. and Lerner, R. A. 1995. From molecular diversity to catalysis: Lessons
from the immune system. Science 269, pp. 1835−1842.
Shalongo, W., Jagannadham, M. V., Heid, P. and Stellwagen, E. 1992. A kinetic study
of the folding of staphylococcal nuclease using size-exclusion chromatography.
Biochemistry 31, pp. 11390−11396.

120

Shen, R., Priebe, C., Patel, C., Rubo, L., Su, T., Kahn, M. and Sugasawara, R. 1992.
An approach for the generation of secondary structure specific abzymes. Tetrahedron
Lett. 33, pp. 3417−3420.
Sherry, B., Yarlett, N., Strupp, A. and Cerami, A. 1992. Identification of cyclophilin
as a proinflammatory secretory product of lipopolysaccharide-activated macrophages.
Proc. Natl. Acad. Sci. USA 89, pp. 3511−3515.
Shevlin, C. G., Hilton, S. and Janda, K. D. 1994. Automation of antibody catalysis: A
practical methodology for the use of catalytic antibodies in organic synthesis. Bioorg.
Med. Chem. Lett. 4, pp. 297−302.
Shin, J. A. and Hilvert, D. 1994. Mechanistic studies of an antibody with chorismate
mutase activity. Bioorg. Med. Chem. Lett. 4, pp. 2945−2948.
Shioiri, T., Ninomiya, K. and Yamada, S. 1972. Diphenylphosphoryl azide. A new
convenient reagent for a modified Curtius reaction and for the peptide synthesis. J.
Am. Chem. Soc. 94, pp. 6203−6205.
Shokat, K. M., Leumann, C. H., Sugasawara, R. and Schultz, P. G. 1988. Eine über
Antikörper gesteuerte Redoxreaktion. Angew. Chem. 100, pp. 1227−1229.
Shokat, K. M., Leumann, C. J., Sugasawara, R. and Schultz, P. G. 1989. A new
strategy for the generation of catalytic antibodies. Nature (London) 338, pp. 269−271.
Shokat, K. M. and Schultz, P. G. 1990. Catalytic antibodies. Annu. Rev. Immunol. 8,
pp. 335−363.
Shokat, K., Uno, T. and Schultz, P. G. 1994. Mechanistic studies of an antibodycatalyzed elimination reaction. J. Am. Chem. Soc. 116, pp. 2261−2270.
Siekierka, J. J., Hung, S. H. Y., Poe, M., Lin, C. S. and Sigal, N. H. 1989. A cytosolic
binding protein for the immunosuppressant FK506 has peptidyl-prolyl isomerase
activity but is distinct from cyclophilin. Nature (London) 341, pp. 755−757.
Siekierka, J. J., Wiederrecht, G., Cryan, J., Hung, S. H. Y., Comisky, M. and Sigal, N.
H. 1991. Potential roles of other FK 506-binding proteins in mediating the effects of
FK 506. Transplant. Proc. 23, pp. 2720−2721.
Sigal, N. H., Siekierka, J. J. and Dumont, F. J. 1990. Observations on the mechanism
of action of FK-506. A pharmacologic probe of lymphocyte signal transduction.
Biochem. Pharmacol. 40, pp. 2201−2208.
Sinha, S. C. and Keinan, E. 1995. Catalytic antibody in organic synthesis. Asymmetric
synthesis of (−)-α-multistriatin. J. Am. Chem. Soc. 117, pp. 3653−3654.

121

Smiley, J. A. and Benkovic, S. J. 1995. Expression of an orotate decarboxylating
catalytic antibody confers 5-fluoroorotate sensitivity to a pyrimidine auxotrophic
Escherichia coli: An example of intracellular prodrug activation. J. Am. Chem. Soc.
117, pp. 3877−3878.
Smithrud, D. B. and Diederich, F. 1990. Strength of molecular complexation of apolar
solutes in water and in organic solvents is predictable by linear free energy
relationships: A general model for solvation effects on apolar binding. J. Am. Chem.
Soc. 112, pp. 339−343.
Snyder, H. R., Buck, J. S. and Ide, W. S. 1955. Homoveratric acid. Org. Synth., Coll.
Vol. 2, pp. 333−336.
Somers, P. K., Wandless, T. J. and Schreiber, S. L. 1991. Synthesis and analysis of
506BD, a high-affinity ligand for the immunophilin FKBP. J. Am. Chem. Soc. 113,
pp. 8045−8056.
Ståhl, M., Goldie, B., Bourne, S. P. and Thomas, N. R. 1995. Catalytic antibodies
generated by in vitro immunization. J. Am. Chem. Soc. 117, pp. 5164−5165.
Staros, J. V. 1982. N-Hydroxysulfosuccinimide active esters: Bis(N-hydroxysulfosuccinimide) esters of two dicarboxylic acids are hydrophilic, membrane-impermeant,
protein cross-linkers. Biochemistry 21, pp. 3950−3955.
Staros, J. V., Wright, R. W. and Swingle, D. M. 1986. Enhancement by N-hydroxysulfosuccinimide of water-soluble carbodiimide-mediated coupling reactions. Anal.
Biochem. 156, pp. 220−222.
Stein, R. L. 1993. Mechanism of enzymatic and nonenzymatic prolyl cis-trans
isomerization. Adv. Protein Chem. 44, pp. 1−24.
Steiner, J. P., Dawson, T. M., Fotuhi, M., Glatt, C. E., Snowman, A. M., Cohen, N.
and Snyder, S. H. 1992. High brain densities of the immunophilin FKBP colocalized
with calcineurin. Nature (London) 358, pp. 584−587.
Steinmann, B., Bruckner, P. and Superti-Furga, A. 1991. Cyclosporin A slows
collagen triple-helix formation in vivo: Indirect evidence for a physiologic role of
peptidyl-prolyl cis-trans-isomerase. J. Biol. Chem. 266, pp. 1299−1303.
Still, W. C., Kahn, M. and Mitra, A. 1978. Rapid chromatographic technique for
preparative separations with moderate resolution. J. Org. Chem. 43, pp. 2923−2925.
Stipanovic, R. D. 1992. Natural product biosynthesis via the Diels–Alder reaction. In:
R. J. Petroski and S. P. McCormick (Eds.). Secondary-metabolite biosynthesis and
metabolism. New York: Plenum Press. Pp. 319−328.

122

Subramanian, E., Swan, I. D. A., Liu, M., Davies, D. R., Jenkins, J. A., Tickle, I. J.
and Blundell, T. L. 1977. Homology among acid proteases: Comparison of crystal
structures at 3 Å resolution of acid proteases from Rhizopus chinensis and Endothia
parasitica. Proc. Natl. Acad. Sci. USA 74, pp. 556−559.
Suckling, C. J., Tedford, M. C., Bence, L. M., Irvine, J. I. and Stimson, W. H. 1992.
An antibody with dual catalytic activity. Bioorg. Med. Chem. Lett. 2, pp. 49−52.
Suckling, C. J., Tedford, M. C., Bence, L. M., Irvine, J. I. and Stimson, W. H. 1993.
An antibody with dual catalytic activity. J. Chem. Soc., Perkin Trans. 1, pp. 1925−
1929.
Suga, H., Ersoy, O., Tsumuraya, T., Lee, J., Sinskey, A. J. and Masamune, S. 1994a.
Esterolytic antibodies induced to haptens with a 1,2-amino alcohol functionality. J.
Am. Chem. Soc. 116, pp. 487−494.
Suga, H., Ersoy, O., Williams, S. F., Tsumuraya, T., Margolies, M. N., Sinskey, A. J.
and Masamune, S. 1994b. Catalytic antibodies generated via heterologous
immunization. J. Am. Chem. Soc. 116, pp. 6025−6026.
Sugasawara, R., Prato, C. and Sippel, J. 1983. Monoclonal antibodies against
Neisseria meningitidis lipopolysaccharide. Infect. Immun. 42, pp. 863−868.
Sutherland, B. M. 1981. Photoreactivating enzymes. Enzymes 14, pp. 481−515.
Swindells, D. C. N., White, P. S. and Findlay, J. A. 1978. The X-ray crystal structure
of rapamycin, C51H79NO13. Can. J. Chem. 56, pp. 2491−2492.
Takahashi, N., Hayano, T. and Suzuki, M. 1989. Peptidyl-prolyl cis-trans isomerase is
the cyclosporin A-binding protein cyclophilin. Nature (London) 337, pp. 473−475.
Tanaka, F., Kinoshita, K., Tanimura, R. and Fujii, I. 1996. Relaxing substrate
specificity in antibody-catalyzed reactions: Enantioselective hydrolysis of N-Cbzamino acid esters. J. Am. Chem. Soc. 118, pp. 2332−2339.
Tanaka, H., Kuroda, A., Marusawa, H., Hatanaka, H., Kino, T., Goto, T., Hashimoto,
M. and Taga, T. 1987. Structure of FK506: A novel immunosuppressant isolated from
Streptomyces. J. Am. Chem. Soc. 109, pp. 5031−5033.
Texter, F. L., Spencer, D. B., Rosenstein, R. and Matthews, C. R. 1992.
Intramolecular catalysis of a proline isomerization reaction in the folding of
dihydrofolate reductase. Biochemistry 31, pp. 5687−5691.
Thériault, Y., Logan, T. M., Meadows, R., Yu, L., Olejniczak, E. T., Holzman, T. F.,
Simmer, R. L. and Fesik, S. W. 1993. Solution structure of the cyclosporin
A/cyclophilin complex by NMR. Nature (London) 361, pp. 88−91.

123

Thomas, N. R. 1994. Hapten design for the generation of catalytic antibodies. Appl.
Biochem. Biotechnol. 47, pp. 345−372.
Tonegawa, S. 1983. Somatic generation of antibody diversity. Nature (London) 302,
pp. 575−581.
Tramontano, A., Ammann, A. A. and Lerner, R. A. 1988. Antibody catalysis
approaching the activity of enzymes. J. Am. Chem. Soc. 110, pp. 2282−2286.
Tramontano, A., Janda, K. D. and Lerner, R. A. 1986. Catalytic antibodies. Science
234, pp. 1566−1570.
Tropschug, M., Barthelmess, I. B. and Neupert, W. 1989. Sensitivity to cyclosporin A
is mediated by cyclophilin in Neurospora crassa and Saccharomyces cerevisiae.
Nature (London) 342, pp. 953−955.
Tropschug, M., Wachter, E., Mayer, S., Schönbrunner, E. R. and Schmid, F. X. 1990.
Isolation and sequence of an FK506-binding protein from N. crassa which catalyses
protein folding. Nature (London) 346, pp. 674−677.
Van Duyne, G. D., Standaert, R. F., Karplus, P. A., Schreiber, S. L. and Clardy, J.
1991. Atomic structure of FKBP-FK506, an immunophilin-immunosuppressant
complex. Science 252, pp. 839−842.
Van Vranken, D. L., Panomitros, D. and Schultz, P. G. 1994. Catalysis of carbamate
hydrolysis by an antibody. Tetrahedron Lett. 35, pp. 3873−3876.
Veselovsky, V. V., Gybin, A. S., Lozanova, A. V., Moiseenkov, A. M., Smit, W. A.
and Caple, R. 1988. Dramatic acceleration of the Diels–Alder reaction by adsorption
on chromatography adsorbents. Tetrahedron Lett. 29, pp. 175–178.
Vogel, H., Nilsson, L., Rigler, R., Meder, S., Boheim, G., Beck, W., Kurth, H.-H. and
Jung, G. 1993. Structural fluctuations between two conformational states of a
transmembrane helical peptide are related to its channel-forming properties in planar
lipid membranes. Eur. J. Biochem. 212, pp. 305−313.
Wade, W. S., Ashley, J. A., Jahangiri, G. K., McElhaney, G., Janda, K. D. and Lerner,
R. A. 1993. A highly specific metal-activated catalytic antibody. J. Am. Chem. Soc.
115, pp. 4906−4907.
Walsh, C. T. 1979. Enzymatic reaction mechanisms. New York: W. H. Freeman.
978 p.
Weber, C., Wider, G., von Freyberg, B., Traber, R., Braun, W., Widmer, H. and
Wüthrich, K. 1991. The NMR structure of cyclosporin A bound to cyclophilin in
aqueous solution. Biochemistry 30, pp. 6563−6574.
Weinstock, J. 1961. A modified Curtius reaction. J. Org. Chem. 26, p. 3511.

124

Wentworth, P., Datta, A., Blakey, D., Boyle, T., Partridge, L. J. and Blackburn, G. M.
1996. Toward antibody-directed “abzyme” prodrug therapy, ADAPT: Carbamate
prodrug activation by a catalytic antibody and its in vitro application to human tumor
cell killing. Proc. Natl. Acad. Sci. USA 93, pp. 799−803.
Westheimer, F. H. 1962. Mechanisms related to enzyme catalysis. Adv. Enzymol.
Relat. Areas Mol. Biol. 24, pp. 441−475.
Wiederrecht, G., Brizuela, L., Elliston, K., Sigal, N. H. and Siekierka, J. J. 1991.
FKB1 encodes a nonessential FK 506-binding protein in Saccharomyces cerevisiae
and contains regions suggesting homology to the cyclophilins. Proc. Natl. Acad. Sci.
USA 88, pp. 1029−1033.
Wiest, O. and Houk, K. N. 1995. Stabilization of the transition state of the
chorismate-prephenate rearrangement: An ab initio study of enzyme and antibody
catalysis. J. Am. Chem. Soc. 117, pp. 11628−11639.
Williams, K. A. and Deber, C. M. 1991. Proline residues in transmembrane helices:
Structural or dynamic role? Biochemistry 30, pp. 8919−8923.
Wilmore, B. H. and Iverson, B. L. 1994. Phosphate versus phosphorothioate haptens
for the production of catalytic polyclonal antibodies. J. Am. Chem. Soc. 116, pp.
2181−2182.
Wilson, I. A. and Stanfield, R. L. 1994. Antibody-antigen interactions: new structures
and new conformational changes. Curr. Opin. Struct. Biol. 4, pp. 857−867.
Wirsching, P., Ashley, J. A., Benkovic, S. J., Janda, K. D. and Lerner, R. A. 1991. An
unexpectedly efficient catalytic antibody operating by ping-pong and induced fit
mechanisms. Science 252, pp. 680−685.
Yaron, A. and Naider, F. 1993. Proline-dependent structural and biological properties
of peptides and proteins. Crit. Revs. Biochem. Mol. Biol. 28, pp. 31−81.
Yates, P. and Eaton, P. 1960. Acceleration of the Diels–Alder reaction by aluminium
chloride. J. Am. Chem. Soc. 82, pp. 4436–4437.
Ziegler, F. E. 1977. Stereo- and regiochemistry of the Claisen rearrangement:
Applications to natural products synthesis. Acc. Chem. Res. 10, pp. 227−232.
Zydowsky, L. D., Etzkorn, F. A., Chang, H. Y., Ferguson, S. B., Stolz, L. A., Ho, S. I.
and Walsh, C. T. 1992. Active site mutants of human cyclophilin A separate peptidylprolyl isomerase activity from cyclosporin A binding and calcineurin inhibition.
Protein Sci. 1, pp. 1092−1099.

125

