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Abstract: Catalytic antibody research has provided a remarkable
number of catalyzed reactions since it was begun thirteen years ago.
This paper introduces a few antibody-catalyzed reactions that may
be of particular interest to the organic synthetic chemist. It also
gives a short introduction into the production of hapten-binding
monoclonal antibodies and modern improvements for catalyst dis-
covery.
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1 Introduction

This contribution is aimed at providing the chemist with a
brief chronological survey of some of the synthetically
more useful transformations catalyzed so far by antibod-
ies. It is also meant to give a means to evaluate the practi-
cal utility of the presented catalytic antibodies. For an
exhaustive compilation of the abzyme literature until
1996, the reader is referred to a review article by Thomas.1

Recent surveys give a balanced profile over the entire
field,2,3 or discuss the stereoselectivies induced by
antibodies4 and the physicochemical conclusions derived
from the complete body of work in the field5.

The analogy between enzyme activity and antibody affin-
ity was first pointed out by Pauling in 1946.6 Twenty-
three years passed until Jencks postulated that antibodies
generated against an organic molecule resembling the
transition state of a given reaction should catalyze this
process.7 The enzyme-antibody analogy was picked up
again in 1975 when Raso and Stollar tried to generate a
polyclonal antibody mixture against a quasi-transition-
state analogue that would exhibit catalytic activity for
Schiff-base formation as part of a reaction analogous to
pyridoxal-assisted amino acid metabolism.8 Indeed, they
observed binding of both substrates in this bi-molecular
reaction, but no catalysis. With the introduction of the hy-
bridoma technology in 19769 that allows for the large-
scale production of monoclonal antibodies of the G class
(IgG, see glossary), the stage was set for discovery of ca-

talysis in such preparations by Tramontano et al.10 and
Pollack et al.11  in 1986. Monoclonal antibodies are by
definition  "pure  chemicals",  as  are  for  instance low-
molecular-weight transition-metal catalysts. They exhibit
a defined three-dimensional structure with such minor
flexibilities, as also observed with induced-fit phenomena
in enzyme catalysis.12,13

2 Immunization

To produce monoclonal antibodies with predetermined
specificity for a small organic molecule – the hapten – one
needs to prepare an antigen that triggers a satisfactory im-
mune response.14 Small molecules are not generally im-
munogenic. Thus, they need to be displayed on a carrier
protein  as  a  surface  epitope  to  be recognized by the
immune system. Two different proteins are commonly
used, keyhole limpet hemocyanin (KLH) and bovine se-
rum albumin (BSA). A hapten design always needs to in-
clude a linker moiety for conjugation to lysine or cystein
residues on the protein surface. Only a sufficient spacer
length ensures full recognition by the immune system.
The  resulting  hapten-KLH  conjugate  is   solely   used
for immunization because its particularly foreign nature
towards  the  mouse  immune  system  results   in   high
immunogenicity. The hapten-BSA conjugate is instead
preferred in the enzyme-linked immunosorbent assay
(ELISA) for two reasons:1) A carrier protein different
from the one used for immunization needs to be employed
in affinity tests like ELISA to prevent selection of anti-
bodies or hybridoma cells that have solely carrier-protein
affinity; 2) BSA is a much more robust protein, showing
less  tendency  to  precipitate,  and also surviving both
storage at -20 °C and repeated thawing.

The immunization is carried out on a time course of ap-
proximately six to ten weeks. During this time, two differ-
ent mechanisms enable the immune system to develop
affinities in the order of -6 to -15 kcal/mol (KD = 10-4 to
10-10 M) to the presented antigen. First, genetic recombi-
nation of the germ-line genes V, D and J (acquired by in-
heritance) lead to a large number of gene products, the
germ-line antibodies, that are already selected for affinity
by the immune system (see glossary for special terms). To
further diversify and increase the pool of different anti-
bodies for an improvement in affinity, the recombined
genes are now subjected to somatic mutation (“affinity
maturation”), thereby increasing the chances for selecting
high-affinity binders. After about ten weeks, the result of
this refinement of the immune response can be harvested.
A representative procedure consists of the following:
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The immunized mouse is sacrificed to isolate the B (bone-
marrow) cells in the spleen that carry the complete im-
mune history. Thus, a vast diversity of labile antibody-
producing B cells are obtained that are now fused as part
of the standard hybridoma procedure with myeloma cells
(a cancer cell line) under the influence of polyethylene
glycol to give immortal hybridoma cells. They will be
plated into fifteen 96-well plates, where most of them will
already be monoclonal (the well contains only genetically
identical cells). However, some will not live and others
will shed extra chromosomes to stabilize. A typical fusion
will thus yield from 150 to 1200 hybridomas. Not all of
them will be hapten-specific antibody-secreting cells, so
they need to be screened for antigen-binding by ELISA.
This will yield from one to ten percent (15 - 120) positive
clones with the desired specificity. It is common to select
only the five to twenty-five best-binding clones for large-
scale production of antibodies and subsequent testing for
catalysis.

Recently,  in  vitro immunization was presented as a
promising variation for the above procedure.15 In only
three days at 37 °C, isolated B cells of ten day-old mice
develop specificity for the co-incubated non-conjugated
hapten. Subsequent fusion with a myeloma cell line leads
to hybridoma cells that are processed as described above.
Catalytic  antibodies  with   carbonate-hydrolysis   and
glycosidase activity have been secured through this novel
procedure.15,16  However,  while   this   technology   has
apparent  advantages  for  labs  that  do not have animal
facilities, many antigens do not trigger B cells to develop
specificity  and,  in  addition,  another class of immuno-
globulins (IgM) is obtained that generally exhibits lower
affinity (10-5 - 10-6 M) than IgG.

By nature the immune system is chiral. As a consequence,
both antipodes of a racemic hapten displayed on a carrier
protein will be considered separate surface epitopes that
result in the formation of independent antibodies.17 Nota-
bly, their binding sites do not have an enantiomeric rela-
tionship; in fact these immunoglobulins are likely to have
completely different genetic plans. However, if the gener-

ation of an antibody with a predetermined R or S selectiv-
ity is desired, then the use of a hapten displaying the
corresponding absolute configuration is useful.18 

3 Monoclonal Antibody Production

Initially, the selected clones consist of only a few identical
cells. These cells constantly divide and can be cultured to
raise enough antibody for catalysis testing. Growing large
amounts of antibody can be done in vivo through the as-
cites method (see glossary) or in vitro through the cell-
culture method. The former produces antibodies in large
amounts and high concentration and used to be generally
superior to the culture method. However, recent market
developments are making the latter method more and
more competitive by increasing antibody yield while sig-
nificantly decreasing costs and production time through
the use of specially designed cell compartments. In addi-
tion, lab animal ethics would suggest preferring the cul-
ture method.19,20 The ascites fluid obtained from mice
contains approximately 3-8 mg per milliliter of mono-
clonal antibody while the supernatant of cultured hybrido-
mas delivers about 0.5-2 mg per milliliter at the current
state of the art. The advantages and disadvantages of both
methods are currently almost balanced. Depending on
one's schedule, one would prefer the ascites method, when
small amounts of monoclonal antibody (<100 mg) are
needed quickly. Conversely, one would culture the hybri-
doma clone to obtain large amounts of protein (200 mg or
more, where the method becomes increasingly more cost
effective) that is initially more pure and needs only two of
the purification steps below.

After having grown enough antibody, two to three purifi-
cation steps are generally applied to obtain highly pure
monoclonal antibodies. 1) salt precipitation with sodium
ammonium sulfate ("SAS cut", only for initial purification
of ascites), 2) ion exchange chromatography on DEAE-
sepharose, and 3) a.) affinity chromatography on a column
that contains an immobilized receptor ("Protein G") bind-
ing strongly to IgG or b.) ion exchange chromatography
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("Mono Q"). Steps 2 and 3a. will be reversed when puri-
fying culture supernatants, because the comparatively
large sample volume obtained by this method does not im-
pair the success of the affinity chromatography. After-
ward, the purified monoclonal antibody, either derived
from ascites or culture supernatants, only needs to be con-
centrated by centrifugation in ultrafiltration devices to ad-
just the concentration to the desired level for carrying out
chemical tests.

As has become apparent in sections 2 and 3, production of
anti-hapten antibodies requires considerable financial and
personnel commitment by the laboratory that is interested
in generating catalytic antibodies for new synthetic appli-
cations. Although the procedure is applied routinely
worldwide, a good deal of precaution has to be taken to as-
sure the successful isolation of hapten-specific antibodies.
Many organic chemistry labs have thus opted for collabo-
ration with labs that are traditionally involved in hybrido-
ma work. Alternatively, many companies offer such
services, too.

Whether catalytic antibodies can be identified from these
collections of antibody-producing clones is a completely
different matter. It depends on the ingenuity of the chem-
ist in designing a hapten that is most congruent with tran-
sition state theory and physical requirements of the
antibody-binding site. Additionally, the selection tech-
nique employed is of great importance.

The following section provides some examples where
these requirements were met resulting in novel biocata-
lysts for organic transformations.

4 Representative Examples in Antibody-
Catalyzed Organic Reactions

Ester Cleavage and Transesterification

An early example (1989) of acyl-transferase/esterase anti-
bodies already emphasized the potential of abzymes for
use as reagents in synthesis.21 Natural counterparts, the li-
pases, have been successfully used as transesterification
catalysts for stereoselective acylation and kinetic resolu-
tion of alcohols.22 Antibodies PCP2H6 and PCP21H3#

displayed (R) and (S) enantiospecificity for an unactivated
chiral ester substrate 1, respectively (Scheme 1). These
early abzymes exhibited fairly strict substrate specificity
compared to their enzymic cousins. They have been prov-
en to operate through an acyl intermediate in analogy to
natural serine proteases.23-25 Various evidence for "cova-
lent catalysis" has also been accumulated for other hydro-
lytic antibody catalysts (immunoglobulins 20G926, 4A127)
and for a duo of genetically related aldolase antibodies
(38C2 and 33F12) in analogy to natural class I aldolase
enzymes (see below). The latter antibodies were shown to
operate by Schiff base formation involving the amino
group from a lysine residue. Covalent catalysis is strongly
connected to the concept of Effective Molarity (EM) that
relates to assisting functionalities within the protein’s ac-

tive site, particularly their concentration at, or proximity
to, vital parts of the activated complex.28 Such functional-
ities (e.g. an imidazole from histidine, a phenol from ty-
rosine, a serine hydroxyl group, or lysine amino group)
may form a covalent bond to a reaction intermediate.

Scheme 1

Hydride Reduction of Carbonyl Compounds

Reductions have been catalyzed, too. Two independent
reports from the same laboratory (1992 and 1993) de-
scribed two antibodies that utilized sodium cyanoborohy-
drate for reduction (Scheme 2). Antibody 37B.39.3
reduced diketone 2 to the hydroxyketone 3 regio- and
enantioselectively.29 It was elicited against the nitroben-
zyl aminoxide hapten 4. The slight deviation in nature and
location of the aromatic substituents in substrate 2 was
sufficient for 37B.39.7 to distinguish the two carbonyl
groups, thus affording product 3 in 95.5% yield and 96%
ee. Antibody A5, elicited against nitrophenyl phospho-
nate 7, catalyzed the reduction of alpha-keto amide 5 to
the hydroxyamide 6 with sodium cyanoborohydrate dia-
stereoselectively.30 The reduction of alpha-(S)-(-)sub-
strate 5 in the absence of any catalyst resulted in formation
of the 2R-configurated hydroxyamide 6 with a diastereo-
meric excess of 56%. Antibody A5 completely rerouted
this reaction, forming the 2S-configurated 6 in >99% de.
Both the N-oxide and the phosphonate hapten (4, 7) can be
interpreted as true transition-state analogues mimicking
the developing negative charge on the carbonyl oxygen of
the substrate during hydride attack. The catalysts exhibit-
ed good to modest rate accelerations (106 and 2.8 × 102,
respectively) and did not appear to be significantly
harmed by the reductive agent.
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Scheme 2

Diels-Alder Cycloadditions

In 1993, an antibody has been elicited that altered the out-
come of a Diels-Alder reaction (Scheme 3). The mono-
substituted diene and dienophile may approach each other
in four different orientations along the reaction coordi-
nate. Both endo and exo orientations give rise to two
chiral cycloaddition products 8 and 9.31 Antibody 22C8
was raised against hapten 11 that mimics the exo approach
of both reactants while representing the expected boat
configuration of the transition state. In the absence of any
catalyst, the endo orientation is favored over the exo either
in refluxing toluene (66:34) or in aqueous buffer at 37 °C
(85:15). This endo preference can be attributed to second-
ary orbital interactions. The energy barriers for the fa-
vored endo and disfavored exo approaches differ by 1.54
kcal/mol, and thus the activation energy for the disfavored
exo process falls easily within the binding energy deliver-
able by an antibody (up to 20 kcal/mol). Conclusively,
this reaction is ideally suited for antibody catalysis be-
cause it is under kinetic control yielding mostly the ther-
modynamically higher-energy endo product. Indeed,
antibody 22C8 rerouted this reaction, forming the exo
product 9 exclusively and with high enantioselectivity

(>97%). This result demonstrated the ability of the anti-
body to act as an entropy trap and distinguish between
both possible orientations in the transition state. Immuni-
zation with hapten 10 that mimicked the endo approach
also resulted in an antibody catalyst. And, as designed,
this antibody (7D4) accelerated formation of the favored
endo product. While the utility of these catalysts to the or-
ganic chemist is obvious, the reported low rate accelera-
tion calls for some refinement of hapten design or of
antibody 22C8 itself. In fact, to outrun the background re-
action, showing a reversed isomer distribution, 27 mol-%
of catalyst 22C8 had to be used. This makes such a cata-
lytic process interesting only from a theoretical, mecha-
nistic point-of-view. Product inhibition is a particular
concern when attempting to raise antibodies with a hapten
that resembles a very late, product-like transition state, as
is the case for the Diels-Alder reaction. An interesting ear-
ly accomplishment that overcame this problem involved
tetrachlorothiophene-S,S-dioxide as diene. The resulting
cycloadduct spontaneously extruded sulfur dioxide there-
by completely loosing any congruency with the antibody-
inducing antigen.32

Scheme 3

Ring Closure Reactions by Nucleophilic Epoxide 
Opening

To date, many antibodies (like the Diels-Alderase 22C8)
have been generated that catalyze the formation of prod-
ucts along disfavored reaction pathways. A groundbreak-
ing result was the characterization of antibody 26D9 in
1993 followed by antibody 5C8 in 1999. Anti-18a IgG
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26C9 and anti-18b IgG 5C8 accept substrate 12 to pro-
duce tetrahydropyran 13 (Scheme 4).33,34 This result clear-
ly violates Baldwin’s rules of ring formation processes
that predict formation of 14 via exo addition, as is ob-
served in the absence of antibody.35 In addition, 26D9 was
proven to also reroute transformation of 15, forming
endo-product oxepane 16 instead of exo-product tetrahy-
dropyran 17.36 Conventional syntheses of oxepane sys-
tems do not usually start from epoxy alcohols, but use
more difficult yet higher yielding routes instead.37 Anti-
body 26D9 is stereospecific, transforming only the (S,S)-
enantiomer of substrate 12 to (2R,3S)-13 33 and the (R,R)-
enantiomer of 15 to (2S,3R)-16. 5C8 was found to trans-
form both antipodes of 12 but with different product dis-
tributions.34 Only the (S,S)-enantiomer is converted by
5C8 to the disfavored product 13 whereas (R,R)-12 almost
exclusively yields 14 that is also the product of the back-
ground reaction. From a stereochemical viewpoint, 26D9
is therefore the more useful catalyst since racemic starting
material can be introduced. A structure determination of
antibody 5C8 revealed the presence of an aspartate and a
histidine at decisive loci, thus favoring a mechanism in-
volving general acid/base catalysis.34 The 26D9-catalyzed
reaction has been automated for large-scale production
under biphasic conditions. Hence, portions of starting ma-
terial were repeatedly introduced into an apparatus con-
taining a reactor that allowed for intermediate removal of

the product-containing organic phase before being
charged with the next portion. This non-continuous proce-
dure significantly reduced product inhibition, a phenome-
non frequently seen in antibody catalysis.38

Sulfoxidation

A  report  from  1994  announced  the  first  example of an
antibody-catalyzed oxidation involving an inorganic re-
agent. Immunization with an alpha-ammonium methane-
phosphonic  acid  hapten 19 gave antibody 28B4 which
accelerated  the  bimolecular oxidation of a methionine
analogue to its sulfoxide in the presence of sodium perio-
date (Scheme 5).39 A rate improvement of 2.2 × 105 over
background was observed which makes 28B4 as efficient
as    natural    flavin-dependent   monooxygenases   and
microsomal P-450 isozymes. Importantly, the oxidative
reagent did not harm the protein catalyst. While the nitro-
substituent  needed  to  be  present in every substrate for
efficient antibody recognition, variation of the aliphatic
sulfur  substituent  was  remarkably tolerated by 28B4.
The crystal structure obtained for this antibody and its
complex with the hapten belongs to the best resolved to
date (2.2 Å, 1.9 Å, respectively).40 The structural details
revealed low recognition of the aliphatic linker function-
ality in hapten 19, which was in accord with the observed
flexibility  in  accepted  aliphatic  sulfur   substituents.
This  also  appeared  to  be  a  reason  for the observed
modest  enantioselectivity  of  28B4 (16% ee for chiral
sulfoxide formation). The generation of 28B4 is an impor-
tant  improvement  in  a field that calls for contributions
towards  highly  catalytic,  as  well  as  enantioselective
sulfoxidation.41

Scheme 5

Regioselective Carbohydrate Deprotection by an Anti-
body Esterase

Creation of a catalyst that discriminates between chemi-
cally identical functional groups is a desirable target. In
1994 an antibody (17E11) has been generated that selec-
tively and efficiently deprotected one particular hydroxyl
functionality in carbohydrate 20 (Scheme 6). For induc-
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tion of this catalyst, the classical approach for mimicking
the transition state of ester hydrolysis was chosen – incor-
poration of a phosphonate at position C-4. The hapten de-
sign was further based on calculations that estimated the
total solvent accessible area of the two-ester moiety. Thus
it was assumed that the size of the two ester groups would
be enough to occupy the antigen-binding site. Conclusive-
ly, the combined surface area around C-2, C-6 and the gly-
cosyl moiety should have been solvent accessible and thus
allow any obtained catalyst to bind to a variety of sub-
strates. While 17E11 neither discriminated between dif-
ferent configurations at the anomeric center nor between
protected or unprotected C-2, the antibody showed re-
duced activity when charged with fully protected sub-
strate 21. The tailored specificity for substrates containing
no bulky substituent at C-6 reduced the antibody's poten-
tial scope. Among the two possible strategies to overcome
this problem – immunization with a modified hapten car-
rying a bulky C-6 substituent or alteration of 17E11 by
mutagenesis – the authors chose the latter. To this end
they created a combinatorial, phage-displayed library (see
section 6) of 17E11 by random mutagenesis of part of the
antibody-binding site and selected mutant "115" by affin-
ity to altered hapten 23.42 Mutant 17E11-115 indeed cata-
lyzed hydrolysis at C-4 in substrate 21 with 12-fold higher
activity over the parent antibody 17E11.

Scheme 6

An Oxy-Cope Rearrangement

Using cyclic structures to mimic highly-organized transi-
tion states of electrocyclic reactions is particularly fruit-
ful. The transition state of an oxy-Cope rearrangement has
been predicted to involve a cyclic chair conformation. In
1994, immunization with hapten 26, that displayed these
characteristics, resulted in a germ-line antibody (see glos-
sary) that catalyzed transformation of allylic alcohol 24 to
aldehyde 25 (Scheme 7).43 The observed rate enhance-

ment approached that of a related pericyclic reaction cat-
alyzed by the enzyme chorismate mutase.44 Affinity
maturation (see glossary) of this antibody gave AZ-28 that
had six amino acid substitutions, one of which resulted in
a decrease in catalytic rate.45,46 This underlines the impor-
tance of the notion that one needs to select for catalysis in
contrast to the immune system, which refines its antibod-
ies solely on the basis of affinity. Nevertheless, the im-
mune system's affinity maturation has been shown in
other cases to be very beneficial if the hapten, as designed
by the chemist, has a particular congruency with the tran-
sition state.47

Scheme 7

Cationic Cyclization

Electrophilic ring closure reactions are the basis of diver-
sity seen in the natural products class of the terpenoids.
The biosynthesis of cyclic terpenoids starts from sub-
strates that contain a polyisoprenoidal hydrocarbon por-
tion and a leaving group for initial carbocation formation.
Nature employs either pyrophosphate or epoxide moi-
eties. In 1994 and 1996, catalytic antibodies have been
elicited by use of conceptually different hapten designs
that catalyze the simplest form of this cyclization reaction,
formation of a monocycle.48,49 In both cases, an arylsul-
fonate was chosen as the leaving group for ease of assay
and contribution to substrate recognition by the antibody.
The earlier investigation yielded an antibody (TM1-
87D7) that was raised against hapten 33 to accomplish
six-membered ring closure (Scheme 8). Indeed, 30 was
formed from substrate 27, but surprisingly, subtle changes
in substrate structure led to remarkable changes in product
outcome, as has been reported later.50 The trans-olefin 28
was  transformed  to a bicyclo[3.1.0] system 31, exclu-
sively. This product is not observed in the uncatalyzed re-
action. Changing to a cis-olefinic substrate (29) yielded a
five-membered ring system (32). The rate acceleration by
TM1-87D7 was within an order of magnitude of those of
natural enzymes catalyzing similar processes.50 Unfortu-
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nately, no determination of enantiomeric excess of the
products has been reported.

Scheme 8

The Synthesis of the Pheromone Multistriatin with the 
Crucial Assistance of an Enolase Antibody

In 1995, an antibody that efficiently catalyzes enantiose-
lective enol ether cleavage has been employed in the total
synthesis of (-)-a-multistriatin (36) (Scheme 9).51 While
earlier reports announced first automation- or gram-scale
experiments with catalytic antibodies38,52, this is the first
time that an antibody was put to work on the testing
ground of natural products synthesis. Exposing Z-config-
urated enol ether 34 to antibody 14D9 at pH 6.5 yielded
optically active ketone 35 in 87% yield (relative to con-
verted starting material) and 95% ee. The ammonium cen-
ter in hapten 37 elicited an acidic residue within 14D9 that
results in enantiofacial protonation of a variety of enol
ethers that, in return, collapse to S-configurated ketones
selectively.52,53 Five reaction cycles with a total of 900 mg
substrate were carried out to yield 225 mg of ketone. A
subsequent synthetic sequence of twelve steps led to the
desired aggregation pheromone that was as active in field
experiments as the naturally occurring compound.

Aldol- and Retroaldol Reactions with the Potential for 
Kinetic Racemate Resolution.

Also in 1995, a conceptually novel method called reactive
immunization54 led to the discovery of two of the synthet-
ically most useful antibodies to date.55 To generate an al-
dolase antibody that operates with a mechanism
analogous  to natural class I aldolase enzymes, a hapten 38
containing a beta-diketone moiety was chosen (Scheme

10). Reactive immunogen 38 was meant to form an enam-
ine 39 with any available lysine residue in the antibody-
binding site during immunization. In particular, it was
hoped that the covalent interaction thus formed would
lastingly stimulate any B cell carrying an immunoglobulin
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with a lysine on its surface during the affinity maturation
process (see glossary). As a crystal structure revealed56,
antibody 33F12 (and its genetic relative 38C2) indeed car-
ry a reactive lysine that exhibits a perturbed pKa due to an
otherwise predominantly hydrophobic environment. This
results in efficient Schiff-base formation with a variety of
carbonyl-containing substrates.

38C2 turned out to be a surprisingly versatile antibody al-
dolase that catalyzes aldol as well as retroaldol reactions
with high enantioselectivity. Particularly, hydroxyacetone
as donor was determined to yield consistently useful reac-
tion rates with a large number of aldehyde acceptors.57

But the abzyme accepts a remarkable selection of other
donors, too. Kinetic resolution of racemic aldols with this
abzyme has recently been extended to those adducts car-
rying tertiary hydroxyls.58 A study using a Hammett cor-
relation indicated that the mechanism employed by 38C2
depends on the electronic nature of the aldol substrate.
Electron-rich substrates undergo retroaldol reaction
through a positively charged transition state. As one pro-
ceeds to substrates carrying more electron-withdrawing
substituents, catalytic rates decrease.59

Cope Reaction and Medium Effects Involved

In 1996, an antibody-catalyzed sigmatropic rearrange-
ment of an aminoxide (a Cope reaction) was reported
(Scheme 11).60 Antibody 21B12 was raised against a 2,2’-
dimethyltetrahydrofuran hapten 41, designed to mimic the
conformationally restricted transition state. In addition,
the authors anticipated the reduced dipole moment in the
hapten relative to the substrate 40 to induce a low dielec-
tric environment in the antibody-binding site. This should
accommodate the charge-dispersed transition state better
than the ground state of the substrate. Indeed, 21B12 ac-
celerated the elimination of hydroxylamine in aqueous
media 1000-fold. Interestingly, performance of the uncat-
alyzed elimination reaction in aprotic solvents like diox-
ane enhanced the rate significantly, pointing at the

importance of medium effects in this elimination reaction.
The determination of thermodynamic parameters revealed
that 21B12 mainly catalyzed the reaction by lowering the
enthalpy of activation, likely through the dissociation and
expulsion of highly ordered solvent molecules from the
substrate. Medium effects were also determined to be a
major contributor to catalytic efficiency in some other an-
tibody-catalyzed reactions 61-64 (for a critical view on this
subject, see References65).

Terpenoid-like Cascade Cyclization

A rich history of domino reactions can be found in the
chemical  literature  and  among  them   particularly bio-
mimetic  polyene  cyclizations.66 In 1997, an attempt to
accomplish an antibody-catalyzed polyene tandem cy-
clization was successful.67 This project was inspired by
one of nature's most complex enzymic transformations –
the biochemical synthesis of lanosterol (46) from 2,3-(S)-
oxidosqualene (45), carried out by a single enzyme, oxi-
dosqualene cyclase (OSC), (Scheme 12).68 A bicyclic
bridge-methylated decahydroquinoline N-oxide 44 was
chosen as hapten to mimic formation of rings A and B of
the steroid nucleus from substrate 42. The various steps of
polyene cyclization can be classified into initiation, prop-
agation and termination. Initiation consists of heterolytic
cleavage of the bond connecting leaving group and C1
and establishment of the first incipient carbocation. Prop-
agation is the elongation of the reaction cascade that re-
sults in ring closure through double bond addition.
Finally, termination is caused by saturation of the final
carbocation either by nucleophile addition or proton elim-
ination. Initiation is addressed in the racemic hapten de-
sign 44 by incorporation of an N-oxide that was meant to
elicit a counter-charged or -polarized amino acid matrix
capable of promoting leaving group departure.69 Propaga-
tion is reflected in 44 through the conformational charac-
teristics of a bicyclic template with a chair/pseudo-chair
conformation. This was designed to result in a comple-
mentary amino acid side-chain matrix that enforces the
necessary chair-chair fold of the hydrocarbon chain in 42
for the cascade to proceed. Termination was hoped to re-
sult in alcohol formation by introducing an epoxide moi-
ety in the necessary alpha position of hapten 44 for
concerted addition of the internal carbocation and a water
molecule to the terminal double bond. Indeed, a catalyst
(HA5-19A4) was discovered that produced a bridge-me-
thylated decalene system not seen in the absence of cata-
lyst.67 As an X-ray structure determination of the Fab
fragment (see glossary) of HA5-19A4 revealed, the N-ox-
ide moiety of hapten 44 elicited a glutamine residue in a
position where a hydrogen bond stabilizes the developing
negative charge on the aryl sulfonate leaving group.70 The
rest of the active site is mostly lined with hydrophobic ar-
omatic side chains that are likely responsible for carboca-
tion stabilization through electrostatic attraction to their
quadrupole moment.71 Thus, this antibody's strategy con-
verged with that of natural enzymes catalyzing similar
cationic processes. Termination resulted in formation of
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three regioisomeric decalenes (43) with ee’s from 53% to
80%. Evidently, the hapten design didn’t elicit any polar
pocket at the termination site to accommodate a water
molecule for tertiary alcohol formation. Thus, no decalols
were detected in the antibody-catalyzed reaction.67 Recent
research was directed at antibodies that will also trigger
and control multi-ring cyclizations starting from an ep-
oxide moiety as seen in sterol biosynthesis.72

Scheme 12

Wieland-Miescher Ketone Formation

Also in 1997, another reaction related to steroid chemistry
has been catalyzed by an antibody. Aldolase antibody
38C2, generated by reactive immunization (see above),
accelerated the Robinson annulation enantioselectively,
yielding the Wieland-Miescher ketone 48 that occupies a
key role in the total synthesis of steroids (Scheme 13, the
mechanism shown has been proposed by the authors).73

The annulation consists of two steps, the Michael addition
to 47 and its intramolecular aldol condensation. Surpris-
ingly, the aldolase antibody also weakly accelerated the
Michael addition. The catalyst was programmed to form
an enamine with the carbonyl group in the prochiral sub-
strate 47 and thus greatly enhanced the rate of aldol con-
densation to form the MW ketone 48 in >95% ee. This
contrasts ee’s obtained with optically active proline-in-
duced annulation in organic solvents as seen in conven-
tional synthesis (ca. 70% ee).74

Enantiospecific Naproxen Ester Cleavage

Since its inception, the field also aimed at the potential of
enantioselective industrial drug production by catalytic
antibodies. One attempt in 1998 involved a reactive im-
munogen (hapten 50) that elicited a panel of antibodies for
naproxen ester cleavage (Scheme 14).75 Notably, these
antibodies displayed high catalytic proficiencies. One of
them, 5A9, combined high activity with a 90% ee after

26% conversion for the production of (+)-(S)-naproxen
acid 49 that is industrially produced also. The resolution
of racemic esters by the abzyme resulted in a maximum of
90% ee, a good performance compared to many artificial
enantioselective catalysts. However, the particular desire
to accomplish complete kinetic resolution with this
abzyme as a valuable alternative to diastereomeric crys-
tallization (as is currently used in industry) was not satis-
fied. The resolution of racemic esters did not exceed 90%
ee for the naproxen acid because the poorer substrate
enantiomer with the (-)-(R) configuration binds more
tightly and inhibits the antibody-catalyzed hydrolysis.
Since a racemic reactive immunogen was used to generate
this antibody, the authors hope to minimize recognition of
the unwanted substrate enantiomer by utilizing a homo-
chiral hapten in the future.#2
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The Synthesis of Epothilones with the Crucial Assis-
tance of an Aldolase Antibody

A new height in antibody-supported total synthesis has
been reached only recently (1998). Epothilones A (51)
and C (52) were totally synthesized by taking advantage
of the efficient kinetic resolution of aldol adducts with an-
tibody aldolase 38C2 (scheme 15).76 Key intermediates
53c and 54c were obtained in high enantiomeric excesses
via antibody catalysis.77 The aromatic moiety in 53b and
54b was required, as programmed by the hapten (Scheme
10), to achieve high molecular recognition and thereby the
best stereodifferentiation during kinetic resolution.
Hence, while the racemic substrate 53b carried the thiazol
unit found in the target compounds, an anisyl moiety had
to be incorporated into the racemic substrate 54b. Conse-
quently, the methoxy-substituted aromatic ring in (+)-syn-
53c was removed in a later step by exhaustive degradation
with RuCl3/NaIO4 to the corresponding carboxylic acid
53a. A sequence of synthetic steps previously published
by Schinzer, et al. completed the synthesis.78 This is the
most demanding synthetic target until now that has been
synthesized with the decisive assistance of an antibody
catalyst. Three stereocenters have been defined in anti-
body-catalyzed steps. The following synthetic examples
demonstrate that this retroaldolase antibody 38C2 can
also be successfully applied to enantioselective aldol-ad-
dition reactions.

Synthesis of Brevicomins by an Aldolase Antibody

A number of representatives from a class of pheromones,
the brevicomins, was totally synthesized using aldolase
antibody 38C2 (Scheme 16).79 The following data will
give the reader an idea of the scale, concentrations and
conditions of the antibody-catalyzed key transformation
in this straightforward synthesis. When aldehyde 55 in
CH3CN (1 mL, 100 mM) and 1mL of hydroxyacetone is
added to a buffer solution of antibody 38C2 (18 mL), and
the  reaction  is  stirred  for 36 hours, product 56 can be
obtained  in  55%  isolated yield and 98% ee along with
the anti-diastereomer (ratio 4:1). A catalytic rate of 0.65
min-1 was observed, which is a strong performance com-
pared to average catalytic antibodies in the literature (Ta-
ble). Subsequent non-selective reduction, separation of
the diastereomers, and deprotection resulted in ketaliza-
tion to the desired target compounds 57 and 58. Compar-
ison of enantiomeric excess obtained by the antibody
(>99% ee) with that of the Sharpless asymmetric dihy-
droxylation (89% ee) underscores the utility of this protei-
nogenic catalyst and the potential of antibody catalysis in
general.

Synthesis of 1-Deoxy-L-Xylulose by an Aldolase
Antibody

Another natural-product synthesis has been shortened by
antibody catalysis. A two-step synthesis of 1-deoxy-L-xy-
lulose 61 was made possible with antibody 38C2 (Scheme
17).80 38C2 is the only known catalyst that can accelerate
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the aldol addition of unprotected hydroxyacetone to an al-
dehyde. Dihydroxyketone 60 (97% ee) was isolated in
32% yield with 97% ee, when this reaction was performed
with a catalyst loading of only 0.04 mol-% and terminated
after 48 hours (56% conversion of aldehyde 59). Simple
deprotection of the benzyl protecting group furnishes the
target compound. The authors envision an easy access to
isotopically labeled 1-deoxy-xyluloses for biological
studies of this important carbohydrate that is part of the vi-
tamin B1 and B6 biosynthesis, and part of an alternate non-
mevalonate terpenoid biosynthetic pathway.

Scheme 17

5 Practical Utility of Antibody Catalysts

While examples in the previous chapter serve to give an
impression of the variety of organic synthetic reactions
that can be catalyzed by abzymes, they do not per se show
the reader whether these catalysts can be applied to daily
routine laboratory synthesis. The Table sums up the kinet-
ic performance of each of the immunoglobulins presented
in this review.

Catalytic antibodies, like normal enzymes, generally fol-
low Michaelis-Menten kinetics, meaning they reach a
maximum rate of conversion where the substrate concen-
tration saturates the active site. They can be characterized
by their turnover number "kcat" (see glossary), their
Michaelis constant Km (see glossary) and the resulting ki-
netic efficiency kcat/Km. Where applicable, the background
rate for the same reaction in the absence of antibody cata-
lyst, kun, is also given for comparison. Not all entries rep-
resent the best catalytic efficiencies achieved by these
catalysts with their best substrates, since only those were
included that are of particular significance to the synthetic
operation presented.
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To get a better impression of the actual timeframe of anti-
body-catalyzed processes, Mader et al. introduced a very
useful estimation by determining the half-lives of sub-
strate consumption at a given abzyme concentration.81

The parameter values in that review article were also ap-
plied to the entries in the table to allow direct comparison.
At 10 µM active site concentration (which corresponds to
5 µM bivalent IgG), a 100 mL reaction requires 75 mg
protein (IgG). Under these conditions, the half-lives re-
veal that only half of the presented examples would en-
courage an attempt to apply them to synthetic problems in
routine lab work, particularly entries 1, 2, 4, 7-10, 13, 17
and 18. In most of these cases, the reactions are carried out
in aqueous solution with the assistance of up to 10% wa-
ter-miscible cosolvents like DMSO, DMF or acetone to
assure substrate and product solvation. Products can then
be isolated by dialysis, extraction, or e.g. ion-exchange
chromatography while preserving the precious biocata-
lyst. In some studies, biphasic conditions were successful-
ly applied when strong agitation ensured efficient mixing
of the phases. This can greatly simplify work-up but may
over time deteriorate the antibody.82

It should be noted that, where antibodies catalyze product
formation enantioselectively, the background reaction
usually gives racemic material. Here, the degree of rate
acceleration becomes particularly significant to achieve
enantiomeric excesses that are not diluted by the back-
ground reaction. Thus, for slow antibodies the protein
concentration necessary for satisfactory results may be
prohibitively high. A related problem is posed where the
reaction is rerouted by the catalyst to form a product not
observed in the background reaction. Even though stereo-
purity of the disfavored products may be high, a strong
background reaction leading to other products may de-
prive the antibody of valuable substrate and has to be
countered again with high concentrations of catalyst. This
emphasizes the importance of decent rate accelerations
before a catalyst should be considered practical.

From an enzymological viewpoint, direct comparison of
background rate with catalytic rate may not be feasible in
some cases, because both processes pass through different
transition states, for instance in the case of acyl-transfer
antibodies. Here, a covalent interaction with the abzyme
characterizes the catalyzed reaction whereas the back-
ground process involves hydroxide attack on the sub-
strate. Yet to evaluate a novel catalyst for purely synthetic
purposes, such considerations are of less importance and
acceleration of product formation should be the primary
focus.

6 Current Developments Towards Improved
Catalyst – Discovery Techniques

In order to increase chances for abzyme discovery, im-
provements have been made on the three major fronts in
abzyme generation: A. Hapten design and immunization;
B. Enlargement of pool size of hapten-specific antibodies
(diversity) for screening; C. Selection.

A. While there are natural limits to our ability to precisely
match the transition state with one stable molecular struc-
ture, strategies have been successful that aim to install
particular functional groups at decisive positions within
the antibody-binding site. Reactive immunization has al-
ready been introduced in the previous chapter. Another
strategy that focusses on bait-and-switch-designed hap-
tens is viewed as a principal alternative to the design of
transition-state analogs.83 Bait-and-switch haptens usual-
ly contain strongly charged or polarized functional groups
that act as a "bait" to the immune system. Counter-
charged or -polarized residues in the obtained binding
sites that bind these hapten features are the primary target
of such an approach. When the obtained antibodies are re-
acted with the substrate (one "switches" from the inducing
antigen to the substrate), these amino-acid residues are ex-
pected to play an important role in catalysis.

Another strategy was termed heterologous immunization
for its consecutive use of two related hapten structures in
the immunization of a single animal.84 They carry differ-
ent functional groups that simulate stereoelectronic fea-
tures of the transition state which cannot be easily
incorporated into a single hapten simultaneously. The aim
of this study was amide hydrolysis that is of particular in-
terest in regard to the identification of catalysts for selec-
tive peptide cleavage. Sequential immunization with both
haptens did indeed yield an antibody ("14-10"), which ex-
hibits superior performance over other antibodies generat-
ed against each hapten alone (> 5-fold improvement). IgG
14-10 showed a rate enhancement over background of 2 ×
104. Only an activated amide bond in p-nitroanilide sub-
strates was the subject in this study. The generation of de-
novo designed catalysts or abzymes for cleavage of unac-
tivated amide bonds remains an elusive task because of
their exceptional stability. However, heterologous immu-
nization has a potential for application to other reactions
where the transition state cannot be mimicked satisfacto-
rily by a single hapten structure.

B. On the second front, procedures have been developed
that increase the pool of possible candidates from the ap-
proximately 50-120 hybridoma clones mentioned earlier.
Either the fusion result (up to 2000 hybridoma clones)
was directly screened for catalysis without prior selection
of clones by ELISA,85,86 or no fusion was carried out at all,
thus eliminating an undesired selection process based on
other factors than catalysis or hapten affinity. Instead, li-
braries of antibodies (or functional antibody fragments)
have been created from the spleen cells that encompass
108 − 109 members.87 The demonstration that antigen-
binding fragments of antibodies (Fab, Fv) could be ex-
pressed in bacteria was crucial for this new technolo-
gy.88,89 The successful library member, once isolated, can
only be grown in any desired amounts if the genetic infor-
mation for its construction is covalently linked to it. This
is achieved by employing the phage-display
technology90,91 that incorporates the antibody genes into
the phage genome (phage are viruses that infect bacteria).
Once  phage  assembly is complete at the end of a bacterial
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infection, hundreds of identical phage particles are re-
leased into the media, carrying the genetic information for
the specific antibody that is covalently linked to their sur-
face. The phage-display library now contains the entire
immune response in the form of antibody heavy- and light
chains that have been randomly recombined to form func-
tional antibody-binding sites. Here, the selection process
is started:

Library members are present in such low abundance that
a special enrichment procedure for hapten affinity had to
be developed, generally referred to as "panning".87 To this
end, the initial collection of clones is incubated with im-
mobilized hapten on a plate and the non-specific members
are washed off. The obtained smaller collection of posi-
tive clones will still contain a fraction of non-specific
binders so that the procedure has to be repeated until only
strongly-binding individuals remain. As pointed out
above, these can be grown to obtain sufficient amounts for
catalysis-testing using the "attached" genetic information.

Further diversifying methods include the polymerase
chain reaction (PCR) using an error-prone polymerase92

or PCR using oligonucleotides with randomized sequenc-
es. These techniques can be used to introduce point muta-
tions in libraries with predetermined hapten specificity
derived from a complete immune response. They can also
be applied to prepare a variant library from a single cata-
lytic antibody. Candidates with improved or altered char-
acteristics were selected from such a phage-display
library by affinity screening42 (see 17E11-115 and table,
entry 10). However, a similar phage-display study involv-
ing another hydrolytic antibody only yielded an improved
catalyst when the selection criterion was changed from af-
finity to catalysis.93

Recently, others developed a method that involves "chop-
ping" of existing biocatalyst genes (or any functional pro-
tein for that matter) and randomly recombining the
fragments thereafter.94,95 

C. On the third front, selection techniques are further
shifted into the direction of catalysis rather than affinity.
The ELISA assay for clonal selection has thus been mod-
ified by immobilizing the substrate rather than the antigen
(catELISA).96 More sensitivity is needed to make up for
increased library sizes resulting from more advanced di-
versifying methodologies. This can for instance be
achieved through the use of chromogenic or fluorogenic
assays,97,98 through ESI mass spectrometry,99 or through
the selective amplification of catalytic events. Here, stud-
ies have been published that either rely on PCR100 or on
phage growth.101,102 Also, a method was described based
on fluorescence correlation spectroscopy.103 It allows for
fast detection with a sensitivity for concentrations of less
than 10-15 M for any candidate labeled with a specific flu-
orescent tag.

Finally, selection schemes can be imagined for a wide
range of reactions of metabolic processes where the suc-
cessful clone that produces a catalytic antibody will have
a growth advantage or will even be the only survivor.

Such a strategy has already been applied to the identifica-
tion of a yeast clone that relies on expression of a catalytic
antibody with chorismate-mutase activity, essential for
phenylalanine and tyrosine biosynthesis.104 A similar tac-
tic was reported for the selection of orotate-decarboxylat-
ing catalysts from an antibody library expressed in
E.coli.105

7 Conclusion

The field of catalytic antibodies has made significant ad-
vances over the past 13 years, giving us new insights into
how proteins achieve catalysis and what mechanisms they
employ. It also provided us with a few catalysts that either
rival natural enzymes in rate acceleration,39,44,50,106,107 or
extend their scope40,57 or even reroute chemical reactions
that have been hitherto difficult to redirect by other
means.31,33,50 Nonetheless, it has become evident in this
account that future improvements in catalytic antibody
generation would be most welcome to manage more com-
plex reaction pathways. Multiple catalytic residues in the
binding site or "arrangements" like catalytic triades (e.g.
as seen in natural serine proteases) may be difficult or im-
possible to elicit with only one hapten design or even by
way of heterologous immunization. This becomes clear
when considering that the antibody is selected by the im-
mune system only for hapten affinity and develops only so
many tools of molecular recognition as to obtain the nec-
essary dissociation constant (10-4 to 10-10 M). Thus, it may
become unnecessary for the immune system to recognize
all features of the hapten design.

While  the frontier of achieving antibody rate accelera-
tions  exhibited  by  enzymes is advancing continously
(kcat = 81.4 min-1 and kcat/kun = 2.3 x 108 for a novel retro-
aldolase antibody108), the majority of antibodies fall short
of the catalytic rates of their natural counterparts (albeit
achieved through millions of years of evolution). Intrinsic
difficulties in designing stable structures that really match
the features of the transition state, fundamental limitations
in the biological process that generates antibodies, and the
difficulty to elicit antibodies that effectively differentiate
ground state from transition state (or substrates/products
from hapten) have been named as likely causes.81 Howev-
er, catalytic antibodies have been called the "currently
most successful enzyme mimics".28 Their application in
complex synthetic schemes has been demonstrated.51,76 In
comparison, attempts to generate wholly synthetic cata-
lytic peptides have typically resulted in compounds with
weak structural integrity and poor catalytic activity, al-
though two notable advances have been reported.109,110

The fundamental difference between this de-novo-design
approach and that of inducing nature (the immune system)
to produce artificial enzymes has been pointed out.109,111

In light of the above considerations, the most attractive
feature may well be the combinatorial characteristics of
the antibody system. The opportunities for improvement
and expansion through its natural modular design in geno-
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type and phenotype make it ideally fit for generation of di-
versity and subsequent selection. To generally select nov-
el activity, nature moves within the vast structure space of
biological molecules in a Darwinian, post-synthesis
style.112,113 Synthetic chemists traditionally select their
targets on the basis of certain structural criteria in a pre-
synthesis fashion. Immunization with a hapten, that has
been rationally selected by pre-synthesis design and syn-
thesized by the chemist, results in an enormous pool of an-
tibodies with predetermined specificity. To obtain
candidates with the necessary refinements in active site
architecture and function, one now has to select a second
time for an altered criterion – catalysis. Thus, the potential
of the technology of catalytic antibodies lies in its combi-
nation of both strategies, pre-synthesis and post-synthesis
selection.
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Glossary

affinity maturation – a process the immune system employs to re-
fine antigen affinity of its germ-line antibodies; involves point
mutation and selection

ascites – the fluid that develops in the abdomen of laboratory mice
when being injected the hybridoma clone; contains large
amounts of comparatively pure monoclonal antibody constantly
secreted by the rapidly dividing hybridoma cells.

clone – generally all cells (or multicell organisms) containing iden-
tical genetic information belong to the same clone. Specifically,
a hybridoma clone is obtained by dilution procedures until a sin-
gle cell per container is obtained, its antibody-secreting descen-
dants (through cell division) are genetically identical and
therefore also belong to the same clone.

DEAE-sepharose – a bead-formed cellulose-based ion exchanger
carrying diethylaminoethyl groups

ELISA – a semi-quantitative detection method for antibodies or an-
tibody-producing cells based on antigen affinity: the immobi-
lized hapten is reacted with the sample to be tested for positive
antibodies. The degree of colorization achieved with a helper
system then corresponds to the density of antibodies bound on
the surface.

epitope – the group (generally composed of several amino acid res-
idues) that is recognized by an antibody on the surface of an an-
tigen

Fab – two identical fragments (with one antigen-binding site each)
are obtained when treating an IgG molecule with the protease
papain, mass: 50,000.

Fv – antigen-binding fragment that consist of the variable region of
heavy and light chain of the IgG molecule only, a good candi-
date for bacterial expression (production) because of reduced
size, mass: 25,000.

germ-line antibody – protein consisting of precisely the amino acid
sequences as are encoded in the individual’s inherited immuno-
globulin genes V, D, J

IgG – Immunoglobulin G, class of immunoglobulins predominant-
ly found in blood serum, carries two antigen-binding sites,
mass: 150,000.

IgM – Immunoglobulin M, class of immunoglobulins observed in
the blood serum during early stages of the immune response,
generally less antigen-specific, pentameric immunoglobulin,
mass: nearly 950,000.

immunogen = generally "antigen", more specifically "hapten".

kcat –  the turnover number (or catalytic constant) represents the
maximum number of substrate molecules converted to products
per active site per unit time.

Km – the Michaelis constant is, in a simplified sense, an apparent
overall dissociation constant of all enzyme-bound substrates.

reactive immunization – utilizes haptens that have a balanced re-
activity so that they aren't deactivated too quickly during immu-
nization before being recognized by the immune system; they
are expected to form covalent bonds to specific residues within
antibody-binding sites on the surface of B cells

References and Notes
# Names given to monoclonal antibodies are derived from the well
number in which the clone was discovered, e.g. “21H3”. The name
may also include the abbreviation for the inducing antigen, e.g.
“PCP”.

#2 Note added in proof:
An extension of the work on enantiospecific Naproxen ester cleava-
ge has just been published (Datta, A; Wentworth, P., Jr.; Shaw, J.
P.; Simeonov, A.; Janda, K. D. J. Am. Chem. Soc. 1999, web release
date of asap article: Oct 23, 1999): Immunization with a transition-
state analogue hapten instead of a reactive immunogen resulted in
the generation of three antibodies that combine excellent rate en-
hancements (kcat/kun ª 1 × 106) with the desired ee's of >98% for the
kinetic resolution depicted in Scheme 14. However, their perfor-
mance suffers from some inhibition by the phenolic product. At rou-
ghly 20% conversion, from 28% to 56% activity is retained in these
catalytic antibodies."

  (1) Thomas, N. R. Nat. Prod. Rep. 1996, 13, 479-511.
  (2) Schultz, P. G.; Lerner, R. A. Science 1995, 269, 1835-1842.
  (3) Reymond, J.-L. Top. Curr. Chem. 1999, 200, 59-93.
  (4) Hilvert, D. Top. Stereochem. 1999, 22, 83-135.
  (5) Blackburn, G. M.; Datta, A.; Denham, H.; Wentworth, P., Jr. 

Adv. Phys. Org. Chem. 1998, 31, 249-392.
  (6) Pauling, L. Chem. Eng. News 1946, 24, 1375-1377.
  (7) Jencks, W. P. Catalysis in Chemistry and Enzymology; 

McGraw-Hill: New York, 1969.
  (8) Raso, V.; Stollar, B. D. Biochemistry 1975, 14, 591-599.
  (9) Köhler, G.; Milstein, C. Nature 1975, 256, 495-497.
(10) Tramontano, A.; Janda, K. D.; Lerner, R. A. Science 1986, 

234, 1566-1570.
(11) Pollack, S. J.; Jacobs, J. W.; Schultz, P. G. Science 1986, 234, 

1570-1573.
(12) Fersht, A. Enzyme Structure and Mechanism; 2nd ed.; 

Freeman: New York, 1985.
(13) Rini, J. M.; Schulze-Gahmen, U.; Wilson, I. A. Science 1992, 

255, 959-965.
(14) Harlow, E.; Lane, D. Using Antibodies: A Laboratory 

Manual.; Cold Spring Harbor Lab, Plainview, N. Y.:, 1999.
(15) Staahl, M.; Goldie, B.; Bourne, S. P.; Thomas, N. R. J. Am. 

Chem. Soc. 1995, 117, 5164-5165.

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



NEW TOOLS IN SYNTHESIS Organic Synthesis Supported by Antibody Catalysis 2021

Synlett 1999, No. 12, 2007–2022 ISSN 0936-5214 © Thieme Stuttgart · New York

(16) Yu, J.; Choi, S. Y.; Moon, K.-D.; Chung, H.-H.; Youn, H. J.; 
Jeong, S.; Park, H.; Schultz, P. G. Proc. Natl. Acad. Sci. 
U.S.A. 1998, 95, 2880-2884.

(17) Tanaka, F.; Kinoshita, K.; Tanimura, R.; Fujii, I. J. Am. Chem. 
Soc. 1996, 118, 2332-2339.

(18) Ikeda, S.; Weinhouse, M. I.; Janda, K. D.; Lerner, R. A.; 
Danishefsky, S. J. J. Am. Chem. Soc. 1991, 113, 7763-7764.

(19) Committee on Methods of Producing Monoclonal Antibodies; 
Ward, P., A., Chair Monoclonal Antibody Production; 
Institute for Laboratory Animal Research, National Research 
Council: Washington, D.C., 1999.

(20) Malakoff, D. Science 1999, 284, 230.
(21) Janda, K. D.; Benkovic, S. J.; Lerner, R. A. Science 1989, 244, 

437-440.
(22) Wong, C. H.; Whitesides, G. M. Enzymes in Synthetic 

Organic Chemistry; Pergamon: Oxford, 1994.
(23) Benkovic, S. J.; Adams, J. A.; Borders, C. L., Jr.; Janda, K. D.; 

Lerner, R. A. Science 1990, 250, 1135-1139.
(24) Wirsching, P.; Ashley, J. A.; Benkovic, S. J.; Janda, K. D.; 

Lerner, R. A. Science 1991, 252, 680-685.
(25) Janda, K. D.; Ashley, J. A.; Jones, T. M.; McLeod, D. A.; 

Schloeder, D. M.; Weinhouse, M. I.; Lerner, R. A.; Gibbs, R. 
A.; Benkovic, P. A. J. Am. Chem. Soc. 1991, 113, 291-297.

(26) Martin, M. T.; Napper, A. D.; Schultz, P. G.; Rees, A. R. 
Biochemistry 1991, 30, 9757-9761.

(27) Wada, Y.; Yamamoto, M.; Sudo, Y.; Ono, M. Bull. Chem. 
Soc. Jpn. 1999, 72, 477-483.

(28) Kirby, A. J. Angew. Chem. Int. Ed. Engl. 1996, 35, 707-724.
(29) Hsieh, L. C.; Yonkovich, S.; Kochersperger, L.; Schultz, P. G. 

Science 1993, 260, 337-339.
(30) Nakayama, G. R.; Schultz, P. G. J. Am. Chem. Soc. 1992, 114, 

780-781.
(31) Gouverneur, V. E.; Houk, K. N.; de Pascual-Teresa, B.; Beno, 

B.; Janda, K. D.; Lerner, R. A. Science 1993, 262, 204-208.
(32) Hilvert, D.; Hill, K. W.; Nared, K. D.; Auditor, M. T. M. J. 

Am. Chem. Soc. 1989, 111, 9261-9262.
(33) Janda, K. D.; Shevlin, C. G.; Lerner, R. A. Science 1993, 259, 

490-493.
(34) Gruber, K.; Zhou, B.; Houk, K. N.; Lerner, R. A.; Shevlin, C. 

G.; Wilson, I. A. Biochemistry 1999, 38, 7062-7074.
(35) Baldwin, J. E. J. Chem. Soc., Chem. Commun. 1976, 734-736.
(36) Janda, K. D.; Shevlin, C. G.; Lerner, R. A. J. Am. Chem. Soc. 

1995, 117, 2659-2660.
(37) Nicolaou, K. C.; Reddy, K. R.; Skokotas, G.; Sato, F.; Xiao, 

X. Y.; Hwang, C. K. J. Am. Chem. Soc. 1993, 115, 3558-3575.
(38) Shevlin, C. G.; Hilton, S.; Janda, K. D. Bioorg. Med. Chem. 

Lett. 1994, 4, 297-302.
(39) Hsieh, L. C.; Stephans, J. C.; Schultz, P. G. J. Am. Chem. Soc. 

1994, 116, 2167-2168.
(40) Hsieh-Wilson, L. C.; Schultz, P. G.; Stevens, R. C. Proc. Natl. 

Acad. Sci. U. S. A. 1996, 93, 5363-5367.
(41) Kagan, H. B.; Rebiere, F. Synlett 1990, 643-650.
(42) Fujii, I.; Fukuyama, S.; Iwabuchi, Y.; Tanimura, R. Nat. 

Biotechnol. 1998, 16, 463-467.
(43) Braisted, A. C.; Schultz, P. G. J. Am. Chem. Soc. 1994, 116, 

2211-2212.
(44) Andrews, P. R.; Smith, G. D.; Young, I. G. Biochemistry 

1973, 12, 3492-3498.
(45) Ulrich, H. D.; Mundorff, E.; Santarsiero, B. D.; Driggers, E. 

M.; Stevens, R. C.; Schultz, P. G. Nature 1997, 389, 271-275.
(46) Driggers, E. M.; Cho, H. S.; Liu, C. W.; Katzka, C. P.; 

Braisted, A. C.; Ulrich, H. D.; Wemmer, D. E.; Schultz, P. G. 
J. Am. Chem. Soc. 1998, 120, 1945-1958.

(47) Stewart, J. D.; Benkovic, S. J. Nature 1995, 375, 388-391.
(48) Li, T.; Janda, K. D.; Ashley, J. A.; Lerner, R. A. Science 1994, 

264, 1289-1293.
(49) Hasserodt, J.; Janda, K. D.; Lerner, R. A. J. Am. Chem. Soc. 

1996, 118, 11654-11655.
(50) Li, T.; Janda, K. D.; Lerner, R. A. Nature 1996, 379, 326-327.

(51) Sinha, S. C.; Keinan, E. J. Am. Chem. Soc. 1995, 117, 3653-
3654.

(52) Reymond, J. L.; Reber, J. L.; Lerner, R. A. Angew. Chem. 
1994, 106, 485-486 (See also Angew. Chem. Int. Ed. Engl., 
1994, 33(4), 475-477).

(53) Reymond, J. L.; Jahangiri, G. K.; Stoudt, C.; Lerner, R. A. J. 
Am. Chem. Soc. 1993, 115, 3909-3917.

(54) Wirsching, P.; Ashley, J. A.; Lo, C.-H. L.; Janda, K. D.; 
Lerner, R. A. Science 1995, 270, 1775-1782.

(55) Wagner, J.; Lerner, R. A.; Barbas, C. F., III. Science 1995, 
270, 1797-1800.

(56) Barbas, C. F., III; Heine, A.; Zhong, G.; Hoffmann, T.; 
Gramatikova, S.; Bjornestedt, R.; List, B.; Anderson, J.; Stura, 
E. A.; Wilson, I. A.; Lerner, R. A. Science 1997, 278, 2085-
2092.

(57) Hoffmann, T.; Zhong, G.; List, B.; Shabat, D.; Anderson, J.; 
Gramatikova, S.; Lerner, R. A.; Barbas, C. F., III. J. Am. 
Chem. Soc. 1998, 120, 2768-2779.

(58) List, B.; Shabat, D.; Zhong, G.; Turner, J. M.; Li, A.; Bui, T.; 
Anderson, J.; Lerner, R. A.; Barbas, C. F., III. J. Am. Chem. 
Soc. 1999, 121(32), 7283-7291.

(59) Shulman, H.; Keinan, E. Bioorg. Med. Chem. Lett. 1999, 
9(13), 1745-1750.

(60) Yoon, S. S.; Oei, Y.; Sweet, E.; Schultz, P. G. J. Am. Chem. 
Soc. 1996, 118, 11686-11687.

(61) Lewis, C.; Kramer, T.; Robinson, S.; Hilvert, D. Science 1991, 
253, 1019-1022.

(62) Lewis, C.; Paneth, P.; O’Leary, M. H.; Hilvert, D. J. Am. 
Chem. Soc. 1993, 115, 1410-1413.

(63) Thorn, S. N.; Daniels, R. G.; Auditor, M.-T. M.; Hilvert, D. 
Nature 1995, 373, 228-230.

(64) Zhou, Z. S.; Jiang, N.; Hilvert, D. J. Am. Chem. Soc. 1997, 
119, 3623-3624.

(65) Hollfelder, F.; Kirby, A. J.; Tawfik, D. S. Nature 1996, 383, 
60-63.

(66) Tietze, L. F. Chem. Rev. 1996, 96, 115-136.
(67) Hasserodt, J.; Janda, K. D.; Lerner, R. A. J. Am. Chem. Soc. 

1997, 119, 5993-5998.
(68) Corey, E. J.; Virgil, S. C.; Cheng, H.; Baker, C. H.; Matsuda, 

S. P. T.; Singh, V.; Sarshar, S. J. Am. Chem. Soc. 1995, 117, 
11819-11820.

(69) Hasserodt, J.; Janda, K. D. Tetrahedron 1997, 53, 11237-
11256.

(70) Paschall, C.; Hasserodt, J.; Jones, T.; Lerner, R. A.; Janda, K. 
D.; Christianson, D. W. Angew. Chem. Intl. Ed. Engl. 1999, 
38, 1743-1747.

(71) Dougherty, D. A. Science 1996, 271, 163-168.
(72) Hasserodt, J.; Janda, K. D.; Lerner, R. A. J. Am. Chem. Soc., 

in press.
(73) Zhong, G.; Hoffmann, T.; Lerner, R. A.; Danishefsky, S.; 

Barbas, C. F., III. J. Am. Chem. Soc. 1997, 119, 8131-8132.
(74) Buchschacher, P.; Fürst, A. Organic Synthesis 1986, 63, 37.
(75) Wentworth, P., Jr.; Liu, Y.; Wentworth, A. D.; Fan, P.; Foley, 

M. J.; Janda, K. D. Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 
5971-5975.

(76) Sinha, S. C.; Barbas, C. F., III; Lerner, R. A. Proc. Natl. Acad. 
Sci. U. S. A. 1998, 95, 14603-14608.

(77) Zhong, G.; Shabat, D.; List, B.; Anderson, J.; Sinha, S. C.; 
Lerner, R. A.; Barbas, C. F., III. Angew. Chem. Int. Ed. 1998, 
37, 2481-2484.

(78) Schinzer, D.; Bauer, A.; Bohm, O. M.; Limberg, A.; Cordes, 
M. Chem.--Eur. J. 1999, 5, 2483-2491.

(79) List, B.; Shabat, D.; Barbas, C. F., III; Lerner, R. A. Chem.--
Eur. J. 1998, 4, 881-885.

(80) Shabat, D.; List, B.; Lerner, R. A.; Barbas, C. F., III. 
Tetrahedron Lett. 1999, 40, 1437-1440.

(81) Mader, M. M.; Bartlett, P. A. Chem. Rev. 1997, 97, 1281-
1301.

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



2022 J. Hasserodt NEW TOOLS IN SYNTHESIS

Synlett 1999, No. 12, 2007–2022 ISSN 0936-5214 © Thieme Stuttgart · New York

  (82) Ashley, J. A.; Janda, K. D. J. Org. Chem. 1992, 57, 6691-
6693.

  (83) Janda, K. D.; Weinhouse, M. I.; Schloeder, D. M.; Lerner, R. 
A.; Benkovic, S. J. J. Am. Chem. Soc. 1990, 112, 1274-1275.

  (84) Ersoy, O.; Fleck, R.; Sinskey, A.; Masamune, S. J. Am. 
Chem. Soc. 1996, 118, 13077-13078.

  (85) Reymond, J.-L.; Koch, T.; Schroeer, J.; Tierney, E. Proc. 
Natl. Acad. Sci. U. S. A. 1996, 93, 4251-4256.

  (86) Bensel, N.; Bahr, N.; Reymond, M. T.; Schenkels, C.; 
Reymond, J.-L. Helv. Chim. Acta 1999, 82, 44-52.

  (87) Burton, D. R. Acc. Chem. Res. 1993, 26, 405-411.
  (88) Skerra, A.; Plueckthun, A. Science 1988, 240, 1038-1041.
  (89) Better, M.; Chang, C. P.; Robinson, R. R.; Horwitz, A. H. 

Science 1988, 240, 1041-1043.
  (90) McCafferty, J.; Griffiths, A. D.; Winter, G.; Chiswell, D. J. 

Nature 1990, 348, 552-554.
  (91) Kang, A. S.; Barbas, C. F.; Janda, K. D.; Benkovic, S. J.; 

Lerner, R. A. Proc. Natl. Acad. Sci. U. S. A. 1991, 88, 4363-
4366.

  (92) Gram, H.; Marconi, L. A.; Barbas, C. F., III; Collet, T. A.; 
Lerner, R. A.; Kang, A. S. Proc. Natl. Acad. Sci. U. S. A. 1992, 
89, 3576-3580.

  (93) Baca, M.; Scanlan, T. S.; Stephenson, R. C.; Wells, J. A. 
Proc. Natl. Acad. Sci. U. S. A. 1997, 94, 10063-10068.

  (94) Stemmer, W. P. Nature 1994, 370, 389-391.
  (95) Zhao, H.; Giver, L.; Shao, Z.; Affholter, J. A.; Arnold, F. H. 

Nature Biotechnology 1998, 16, 258-261.
  (96) Tawfik, D. S.; Green, B. S.; Chap, R.; Sela, M.; Eshhar, Z. 

Proc. Natl. Acad. Sci. U. S. A. 1993, 90, 373-377.
  (97) Reetz, M. T.; Zonta, A. S., Klaus; Liebeton, K.; Jaeger, K.-E. 

Angew. Chem. Int. Ed. Engl. 1997, 36, 2830-2832.
  (98) Klein, G.; Reymond, J.-L. Helv. Chim. Acta 1999, 82, 400-

407.
  (99) Guo, J.; Wu, J.; Siuzdak, G.; Finn, M. G. Angew. Chem. Int. 

Ed. 1999, 38, 1755-1758.

(100) Fenniri, H.; Janda, K. D.; Lerner, R. A. Proc. Natl. Acad. Sci. 
U. S. A. 1995, 92, 2278-2282.

(101) Duenas, M.; Borrebaeck, C. A. K. Bio/Technology 1994, 12, 
999-1002.

(102) Gao, C.; Lin, C.-H.; Lo, C.-H. L.; Mao, S.; Wirsching, P.; 
Lerner, R. A.; Janda, K. D. Proc. Natl. Acad. Sci. U. S. A. 
1997, 94, 11777-11782.

(103) Eigen, M.; Rigler, R. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 
5740-5747.

(104) Tang, Y.; Hicks, J. B.; Hilvert, D. Proc. Natl. Acad. Sci. U. 
S. A. 1991, 88, 8784-8786.

(105) Smiley, J. A.; Benkovic, S. J. Proc. Natl. Acad. Sci. U. S. A. 
1994, 91, 8319-8323.

(106) Tramontano, A.; Ammann, A. A.; Lerner, R. A. J. Am. Chem. 
Soc. 1988, 110, 2282-2286.

(107) Stewart, J. D.; Krebs, J. F.; Siuzdak, G.; Berdis, A. J.; 
Smithrud, D. B.; Benkovic, S. J. Proc. Natl. Acad. Sci. U. S. 
A. 1994, 91, 7404-7409.

(108) Zhong, G.; Lerner, R. A.; Barbas, C. F., III. Angew. Chem. 
Int. Ed. 1999, 38, in press.

(109) Johnsson, K.; Allemann, R. K.; Widmer, H.; Benner, S. A. 
Nature 1993, 365, 530-532.

(110) Severin, K.; Lee, D. H.; Kennan, A. J.; Ghadiri, M. R. Nature 
1997, 389, 706-709.

(111) Westheimer, F. H. Tetrahedron 1995, 51, 3-20.
(112) Eschenmoser, A. Angew. Chem. Int. Ed. Engl. 1994, 33 (23/

24), 2363.
(113) Eigen, M.; Winkler, R. Steps towards life : a perspective on 

evolution; Oxford University Press: Oxford; New York, 1992.

Article Identifier:
1437-2096,E;1999,0,12,2007,2022,ftx,en;T01099ST.pdf

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.


