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Antibody Design
by Man and Nature
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Target a chemical reaction for catalysis

theory, antibodies that bind tightly and stabilize the transition state
for a reaction should catalyze that reaction (12). This successful ap-
proach (called transition state stabilization) has been expanded to in-
corporate more sophisticated catalytic mechanisms, such as general
acid or general base and covalent catalysis, into antibody catalysts.
Haptens that contain a positively charged species (such as a quater-
nary ammonium group) tend to elicit negatively charged amino acid
residues (such as glutamic or aspartic
acid) in the antibody combining site
and vice versa. These charged residues
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complex than simple binding. Antibody fragments Monoclonal Polyclonal containing nucleophilic amino acid

The original reports of catalytic anti- BCEN T St SO residues (such as lysine or serine) with-
bodies focused on well-characterized ¥ in their combining sites that can par-
transformations, such as acyl transfer. Sci- N Tséf;f’;'n‘;i‘;'g v take in reactions that proceed by cova-

entists have since shown, however, that an-

lent catalysis. This reactive immuniza-

tibodies can be programmed to catalyze
many different classes of chemical reac-
tions with typical rate enhancements rang-
ing between 10 and 10° (3). These pro-
cesses have included “disfavored” reac-
tions that are difficult to carry out with ex-
isting chemical methods, such as an anti-Baldwin cyclization (4) and
B2 carbamate ester hydrolysis (5). In addition, catalytic antibodies
can perform reactions that are not catalyzed by endogenous enzymes.
These have been used, for example, to activate anticancer prodrugs
(6). Antibodies can also catalyze processes with highly reactive
chemical intermediates, such as carbocations (7), 1,3-dipoles (8), and
triplet biradicals (9). They generally perform well in experiments that
require the control of chirality, typically giving high enantio- and di-
astereoselectivities (£0). In fact, antibodies are peerless designer cat-
alysts because of their programmability and ability to catalyze an
amazing diversity of reactions (3).

The increasingly sophisticated strategies for generating catalytic
antibodies parallel the complex chemical reactions that antibodies
can catalyze. In the primary method for eliciting antibody catalysts,
an animal (typically, a mouse) is immunized with a stable analog of
the transition state for a given reaction (see figure, above). The re-
searcher then harvests and immortalizes the antibody-generating
cells (B cells) with Kohler and Milstein’s hybridoma technology
(11). Thus, in principle, each monoclonal antibody in the immune
repertoire library that was elicited to the hapten is isolated, ex-
pressed in milligram to gram levels in high purity, and screened for
catalytic activity. On the basis of the principles of transition state
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Screen for catalysis of the target reaction

Key stages of catalytic antibody production. TSA
(transition state analog); scFv (single chain-variable do-
main fragment); Fab (antigen-binding fragment).

tion approach has led to the production
of antibodies with high-catalytic profi-
ciencies for aryl ester hydrolysis (16).
Molecular biologists and bio-
technologists often use phage display
of peptide libraries, in which a DNA
library that encodes a protein library is cloned into a bacterio-
phage that then expresses individual members of the protein li-
brary on its surface. They use this approach to generate antibody
Fab (antigen-binding fragment) or scFv (single chain—variable do-
main fragment) libraries and probe them for catalytic activity for
a given reaction. There are a number of advantages of this method
over the previously described hybridoma technique. First, this
technique can be used to clone the human immune repertoire into
phage, allowing rapid entry into the generation of human catalytic
antibodies for therapeutic applications. Second, by increasing the
size of the DNA library, one can theoretically expand the immune
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repertoire beyond that which exists in nature. Third, this method
does not require animal immunization and is, therefore, faster
than the hybridoma approach. Janda and coworkers have exploit-
ed the phage display of the catalytic antibody Fabs method to
generate catalytic antibodies with glycosidase activity (17).

The successful use of catalytic antibodies in organic synthesis,
therapeutics, and diagnostics will rely on the satisfaction of com-
mon features such as turnover, accessibility, and cost. Current ef-
forts focus on improving the catalytic rates of antibodies, which
occasionally rival those of enzymes. Many chemically significant
reactions, however, still lack a known antibody catalyst. Therefore,
scientists are working to design haptens that
will allow production of catalysts for these hith-
erto unexplored reactions. Antibody catalysts
have a very high substrate specificity because
they each evolved to bind a single molecule.
This high selectivity is a tremendous asset for
medical applications in vivo, but for certain ap-
plications, such as organic synthesis, a catalyst
must perform a given reaction regardless of the
structural composition of the substrate. Recent-
ly, Barbas and Lerner (19) used a reactive im-
munization hapten to generate a catalytic anti-
body with broad substrate tolerance. They creat-

bodies akin to chemical reagents in that they can be produced in
gram quantities, transferred between laboratories, and stored and
sold as required. The high cost of monoclonal antibody produc-
tion, however, causes scientists to seek more economical ap-
proaches, such as large-scale production of catalytic antibodies by
cloning and expression in plants (/8). The most viable of these in-
volves the production of polyclonal antibodies, in which scientists
immunize rabbits and sheep with a suitable hapten and then iso-
late and purify the immunoglobulin fraction from serum, thus
producing polyclonal antibodies on the multi-gram scale. This ap-
proach should be acceptable for catalytic antibodies used in diag-
nostics and organic synthe-
sis; however, the inherently
unknown composition of
the antibody mixture may
prove problematic for ap-
proval by regulatory au-
thorities such as the Food
and Drug Administration
for therapeutic application.
In the immune system,
antibodies are thought to
mark foreign substances for
removal by the complement
cascade and/or phagocyto-

ed an antibody that catalyzes an enantioselec-
tive aldol reaction between a range of ketones
and aldehydes and made it commercially avail-
able as aldolase monoclonal antibody 38C2.
Use of hybridoma technology and phage
display techniques have made monoclonal anti-

Active site. Overlay of Fab 4C6 and the 2C af T cell receptor
(1TCR) around a conserved Xe binding site (Xe1). The back-
bone Ca trace of V| (pink) and side chains (yellow) and the
corresponding Vo: and side chain residues of the 2C o T cell
receptor are superimposed. From (23).

sis (20). Now, the advent of
antibody catalysis has
demonstrated that antibod-
ies can be programmed to
perform complex chem-
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istry. A logical question now arises: Does the potential for catalysis
relate to antibody function? Recently, we reported that the immune
system appears to have a chemical activity intrinsic to the catalytic
potential of the antibody molecule itself. All antibodies, regardless
of source or antigenic specificity, catalyze the generation of hydro-
gen peroxide (H,O,) from singlet dioxygen (10,*) (21).

The microbicidal action of polymorphonuclear leukocytes
(PMNs) requires the generation of reactive oxygen species. Su-
peroxide anion (0,%), H,0,, '0,*, hydroxyl radical (HO), and
other strongly oxidizing species such as hypochlorous acid (HO-
Cl) (22) are generated during the oxidative burst, in response to
internalization of antibody-coated xenobiotics within phagosomes
in the PMNs (see figure, bottom of p. 2247). Therefore, it is rea-
sonable to speculate that this hitherto unknown and intrinsic cat-
alytic ability of all antibodies may have evolved to modulate
H,0, formation in the phagosome and, hence, to play a role in
pathogen destruction.

Antibodies are a unique class of proteins that can catalyze the
production of up to 500 mole equivalents of H,O, from '0,* with-
out a reduction in rate. Other proteins generate from 0 to 10 mole
equivalents before oxidative destruction renders them inactive
(23). For all antibodies to catalyze this reaction, there must be re-
gions conserved to facilitate the reaction. X-ray crystallographic
studies that localize xenon binding to antibody Fabs point to con-
served oxygen-binding sites within the antibody fold (and in other
immunoglobulin fold proteins that catalyze this reaction, such as
the 2C o T cell receptor), where this chemistry could be initiated
(see figure, previous page).

Throughout evolution, organisms have defended themselves
by production of relatively simple chemicals. With the appearance

of the immune system in mammals, this simple defense mecha-
nism was thought to be largely abandoned because a sophisticated
targeting mechanism had evolved. The ability of antibodies to
generate H,0, from !O,* realigns recognition with the potential
for killing within the same molecule and suggests that the evolu-
tion of catalytic antibodies significantly predates the original re-
ports of their rational design.
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