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Recent advances in catalytic antibodies

THOMAS S.SCANLON anxp PETER G.SCHULTZ
Department of Chemistry, Uniwversity of California, Berkeley, Califorma 94720, U.S.A.

SUMMARY

Recently the biological machinery of the immune system has been exploited with the aid of mechanistic
chemistry to produce catalytic antibodies. Because antibodies can be generated that selectively bind
almost any molecule of interest, this new technology offers the potential to tailor-make highly selective
catalysts for applications in biology, chemistry and medicine. In addition, catalytic antibodies provide
fundamental insight into important aspects of biological catalysis, including the importance of transition-
state stabilization, proximity effects, general acid and base catalysts, electrophilic and nucleophilic

catalysis, and strain.

1. INTRODUCTION

Chemists have become increasingly sophisticated in
their ability to synthesize complex organic molecules
and in their understanding of reaction mechanisms.
Yet given these spectacular advances, chemistry cannot
begin to match the ability of biological systems to
synthesize and screen tremendous chemical diversity to
produce complex molecules with interesting biological
properties. One of the most remarkable examples of
this is the immune system. The humoral immune
system has the potential to produce on the order of 10'*
unique receptors. A complex screening mechanism
allows the immune system to select from this vast array
of molecules, antibodies that bind virtually any
synthetic or biomolecule with high affinity and
exquisite specificity (Schultz et al. 1990). Hybridoma
technology, which makes it possible to generate, in
vitro, large amounts of homogenous antibody mole-
cules, has dramatically expanded the role of antibodies
in biology and medicine (Kohler & Milstein 1975).
Antibodies are invaluable tools for the detection and
analysis of biological materials, are key components of
most diagnostic devices and hold promise as highly
selective therapeutic and imaging agents.

Recently, we and others have shown that the
principles and tools of organic chemistry can be used to
exploit the highly evolved machinery of biology,
specifically the humoral immune system, to generate a
new class of bioactive molecules: catalytic antibodies.
By combining the exquisite binding specificity of the
immune system with our understanding of chemical
and biological reaction mechanisms, antibodies have
been generated that catalyse a wide array of chemical
reactions from pericyclic rearrangements to peptide
bond cleavage. Moreover, several strategies have been
developed for generating catalytic antibodies, includ-
ing the use of antibodies to stabilize negatively charged
transition states and to act as entropic traps, and the
generation of catalytic groups or cofactor binding sites
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in antibody combining sites. Because antibodies can be
elicited to a vast array of biopolymers, natural
products, or synthetic molecules, catalytic antibodies
offer a unique approach for generating enzyme-like
catalysts that differentiate complex molecules of bio-
logical, chemical and medical interest.

Catalytic antibodies might be used, for example, to
develop a family of catalysts analogous to restriction
enzymes that cleave proteins or sugars at a particular
bond. Such antibodies would be invaluable reagents in
biology and might find use as therapeutic agents to
selectively hydrolyse protein or carbohydrate coats of
viruses, cancer cells, or other physiological targets.
Catalytic antibodies also could serve as selective
catalysts for the synthesis of pharmaceuticals, fine
chemicals, and novel materials. At the same time, the
characterization of catalytic antibodies provides fun-
damental insight into important aspects of biological
catalysis, including the importance of transition-state
stabilization, proximity effects, general acid and base
catalysis, electrophilic and nucleophilic catalysis, and
strain.

Several comprehensive reviews on the generation
and characterization of catalytic antibodies have been
written (Schultz et al. 1990; Shokat & Schultz 1990aq;
Schultz 1989). This article reviews recent advances in
the field out of our laboratory.

2. TRANSITION STATE STABILIZATION

The first examples of antibody-catalysed reactions
were based on the notion of transition-state stabil-
ization. Jencks first proposed over 20 years ago that
antibodies raised against a transition-state analogue
should selectively bind the transition state of a reaction
over substrate and thereby act as a catalyst (Jencks
1969). Enzymes themselves have evolved to provide an
active site that is sterically and electronically comp-
lementary to the rate-determining transition state. The
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first successful application of this notion to the
generation of catalytic antibodies was made inde-
pendently by the groups of Lerner and Schultz in 1986,
when they characterized antibodies that catalyse the
hydrolysis of esters and carbonates (Tramantano ef al.
1986 ; Pollack et al. 1986). The rate-limiting step in the
uncatalysed reactions is formation of the negatively
charged tetrahedral transition state. A stable analogue
of such a structure is formed by substitution of a
tetrahedral phosphorus atom for the tetrahedral
carbon (Bartlett & Marlowe 1983). As predicted,
antibodies specific for these transition-state analogues
selectively accelerated the hydrolysis of their respective
substrates (scheme 1). The antibodies have sub-
stantially higher binding affinities for the transition-
state analogues than for the reaction substrates, which
suggests that they function by stabilizing the transition
state. Since these first examples, over 20 acyl transfer
reactions have been catalysed by antibodies including
ester bond formation, lactone formation and stereo-
specific ester hydrolysis.

Recently we have used the technique of site-directed
mutagenesis to further define the catalytic mechanism
and improve the catalytic efficiency of the hydrolytic
catalytic antibody S107 (Jackson et al. 1991). The
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phosphorylcholine (PC) binding antibodies provide a
good starting point for investigating antibody binding
and catalysis. Two phosphorylcholine binding anti-
bodies, MOPC 167 and T15, have previously been
shown to catalyse the hydrolysis of choline carbonates
(Pollack et al. 1986; Pollack & Schultz 1987). These
antibodies belong to a class of highly homologous PC
binding antibodies that have been well-characterized
with regard to ligand binding kinetics and specificity,
biomolecular structure and genetics (Pollet et al. 1974 ;
Goetze & Richards 1977; Goetze & Richards 1978;
Bennett & Glaudemans 1979; Crews et al. 1981;
Perlmutter ¢t al. 1984). In addition, the three dimen-
sional structure of one representative PC binding
antibody, McPC603, has been solved by X-ray
crystallography (Satow et al. 1986). It has been
proposed that T15 and MOPC 167 preferentially
stabilize the transition state in carbonate hydrolysis on
the basis that phosphorylcholine diesters resemble the
tetrahedral negatively charged transition state for the
hydrolytic reaction. Consistent with this notion, the
antibodies bind the PC transition state analogues with
higher affinity than the carbonate substrates. Based on
the three-dimensional structures of McPC 603, as well
as previous chemical modification and kinetic studies,
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it has been argued that Tyr 33 and Arg 52 of the heavy
chain play a critical role in stabilizing the rate
determining transition state configuration via elec-
trostatic and hydrogen bonding interactions. These
residues are conserved in all PC specific antibodies
(Perlmutter et al. 1984). To determine the roles of these
residues in binding and catalysis, mutants of the highly
homologus PC binding antibody S107 were generated.

Three Arg 52, mutants (R52K, R52Q, R52C) and
four Tyr 33, mutants (Y33H, Y33F, Y33E, Y33D) of
wild type S107 were generated by in vitro mutagenesis.
The mutant and wild type genes were then cloned into
a modified SV-2 shuttle vector containing an Escherichia
coli xanthine-guanine phosphoribosyl transferase (gpt)
selection marker (Jackson et al. 1991). These constructs
were then used to transfect a murine myeloma cell line,
and recombinants were selected on azaserine/
hypoxanthine. In vivo expression in immunosuppressed
mice and protein-A affinity chromatography resulted
in the isolation of large quantities of pure antibody
from ascites fluid.

Mutations at Arg 52, which resulted in a loss of the
positively charged side chain resulted in a significant
decrease in k., whereas mutants that retained the
positively charged side chain (A52K) had wild type
activity. In contrast, mutations at Tyr 334 have little
effect on catalytic activity. The £, value of the Y33F
mutant as well as the K, and K, for carbonate
substrate and the phosphodiester transition state
analogue, respectively, are comparable to those of wild
type antibody. This is somewhat surprising since the
X-ray crystal structure (Satow et al. 1986) shows the
tyrosine hydroxyl group to be within hydrogen bonding
distance (2.9 AT) of the phosphoryl oxygen. Because
Tyr 33 appears to play no role in binding or catalysis,
Y33Hy, Y33E,, and Y33Dy mutants were generated
in an effort to place a general base in the antibody
combining site. The Y33, mutant showed a measur-
able increase in k., with respect to the wild type
antibody, which translated into a 6700 fold overall rate
acceleration when compared to the background re-
action with 4-methyl imidazole. Although the precise
role of the histidine residue in catalysis remains unclear,
mechanistic experiments suggest that the histidine may
act via a general base mechanism. This mutagenesis
study points to the importance of electrostatic stabil-
ization in acyl transfer catalysis by antibodies, and
further shows that incremental improvements in
antibody catalysis are readily obtained with site-
directed mutagenesis.

In addition to negatively charged phosphonates, a
number of uncharged transition-state analogues exist
for hydrolytic enzymes. The best characterized of
these is the potent pepsin inhibitor, pepstatin, which
contains the novel amino acid analogue statine. The
measured K, of pepstatin for pepsin is 46 pm, making it
one of the most potent enzyme inhibitors known (Rich
1986). Statine can be considered as a ‘collected’
substrate analogue possessing binding determinants of
both the peptide substrate and the enzyme-bound
water responsible for addition to the scissile amide

T 1A=10"m=10"" nm.
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bond. The secondary hydroxyl group is thought to
mimic the tetrahedral transition state for amide bond
hydrolysis.

In addition to peptidase inhibitors, uncharged
transition-state analogue inhibitors of enzymes in
nucleotide biosynthesis pathways have been isolated.
Coformycin inhibits the enzyme adenosine deaminase
and is one of the most potent inhibitors known for any
enzyme with K, =2.5pm (Frick et al. 1986). The
enzyme converts adenosine into inosine, which involves
the hydrolysis of the amidine moiety of adenine. Based
on the high binding constants of these transition-state
analogues, haptens with similar structural features
might be expected to elicit catalytic antibodies.

Shokat et al. (1991) have recently shown that
hydrolytic catalysts can in fact be generated by using
the charge neutral statine-based peptidase hapten
shown in scheme 3 (Shokat et al. 1991). From a panel
of five monoclonal antibodies specific for the hapten,
one was found that catalysed the hydrolysis of both
carbonate and ester substrates. The values of £, and
Ky were 0.72 min™' and 3.65 mm, respectively, for
the ester substrate, and 0.31 min™ and 3.33 mwm,
respectively, for the carbonate substrate. Comparison
of K,/ K, and k,,/k ... Shows that the rate acceleration
is between one and two orders of magnitude higher
than the expected value based on the differential
binding of substrate and hapten-inhibitor. This dis-
crepancy suggests that mechanistic factors which are
not clearly understood, and most likely result from the
structural diversity of the humoral immune response,
are important for a large degree of antibody catalysis in
this system. Attempts to generate antibodies that
catalyse adenosine deamination by immunizing with a
coformycin derivative as a hapten failed to produce
any catalytic antibodies.

The notion of transition state stabilization has also
recently been applied to the metallation of porphyrins.
Metallo-porphyrins represent an important class of
biologically relevant cofactors involved in electron and
oxygen transport as well as many oxidation reactions.
Ferrochelatase, the terminal enzyme in the heme
biosynthetic pathway, catalyses the insertion of iron
(IT) into protoporphyrin (Lavallee 1988). A potent
inhibitor of this enzyme is the bent porphyrin, ~-
methylprotoporphyrin (Dailey & Fleming 1983). The
distorted structure of the methylated porphyrin macro-
cycle results from steric crowding due to the internal
methyl substituent, and is thought to resemble the
transition state of porphyrin metallation catalysed by
ferrochelatase. This distortion of the macrocyclic ring
system forces the chelating nitrogen electron pairs into
a position which is more accessible for binding of the
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Scheme 4.

incoming metal ion. Cochran & Schultz (19904) have
recently shown that antibodies generated against this
bent mesoporphyrin efficiently catalyse the metallation
of a mesoporphyrin substrate (Cochran & Schultz
1990a). Antibody catalysis was observed with a variety
of transition metals including Zn (IT) and Cu (II). An
initial rate analysis was performed for the metallation
reaction with Cu (IT). At I mm Cu (II), the antibody
catalysed the metallation reaction with a Ky of 50 um
and an apparent ¥, of 2.5 pmM h™'. Catalysis could be
inhibited by free hapten as well as various metallo-
porphyrins.

The catalytic properties for this antibody are similar
to those of the enzyme ferrochelatase. The reported K,
values for ferrochelatase of 10-70 um (Levallee 1988)
are comparable to the value of 50 um determined for
the antibody. Both enzyme and antibody catalysis
suffer from product inhibition, and both have com-
parable affinities for the N~N-methylporphyrin. Both
enzyme and antibody can insert a variety of divalent
transition metals into porphyrins, and the turnover
numbers (k,,,) are similar. A calculated value of £, for
ferrochelatase with Zn (IT) is 800 h™*, and the experi-
mentally determined value of £, for the antibody
is 80 h™'. This represents the closest correlation of
turnover number achieved to date for a catalytic
antibody with the analogous enzyme. In addition, this
work shows the use of antibody binding energy to
distort substrate conformation in a productive fashion
along the reaction coordinate.

3. INTRODUCTION OF CATALYTIC
GROUPS

A second important strategy for generating catalytic
antibodies involves the rational generation of chemi-
cally reactive amino acid side chains in antibody
combining sites. Many enzymes utilize a combination
of active site residues such as nucleophiles, electro-
philes, general acids, and general bases to achieve their
remarkable rates. For example, staphylococcal nuc-
lease contains both an active site glutamate residue
which functions as a general base to deprotonate water,

Phal. Trans. R. Soc. Lond. B (1991)
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in addition to an arginine residue that stabilizes the
negatively charged transition state. Shokat & Schultz
have shown the viability of introducing a catalytic base
into an antibody combining site for an antibody
catalysed elimination reaction (Shokat & Schultz
1989). Immunization with a positively charged alkyl
ammonium hapten afforded antibodies with a comp-
lementary negatively charged carboxylate residue
appropriately positioned in the combining site to
function as a general base for a B-elimination of
hydrogen fluoride. From a panel of six monoclonal
antibodies, four were able to catalyse the elimination
reaction; one catalysed the reaction with a rate ac-
celeration of approximately 10° over the corresponding
background reaction. Chemical modification and
affinity labelling experiments confirmed the presence
of an active site carboxylate, and kinetic isotope effects
showed that the rate-determining step involves proton
abstraction from the o-carbon atom of the fluoro-
ketone substrate (Shokat & Schultz 19904). In
addition, the reaction displays a pH profile pointing to
an ionizable active site residue with a pKa of 6.2. This
study was the first demonstration that antibody—hapten
complimentarity can be exploited to obtain combining
site residues capable of participating in chemical
transformations.

More recently this approach has been applied to an
antibody catalysed cis—irans isomerization reaction.
Antibodies raised to the bis-nitrophenyl piperidinium
hapten shown below were capable of catalysing the
isomerization of the corresponding cis enone to the frans
enone (Jackson & Schultz 1991). The catalysis was
competitively inhibited by the free hapten, and the
antibody accelerated the rate of reaction 15000-fold
over the uncatalysed background reaction. A pH
dependence study on £, suggests the presence of an
ionizable combining site residue that, with a pKa of
5.5, participates in catalysis.

Additional evidence for a catalytic residue and
corresponding covalent antibody—substrate adduct
follows from chemical modification experiments in-
cluding epoxide affinity labelling and treatment of the
antibody with diazoacetamide, a reagent that specifi-
cally esterifies carboxylate residues.

A mechanistic model consistent with these observa-
tions is shown in scheme 6. Initial binding of the cis
enone isomer to the antibody is followed by 1,4-
nucleophilic addition of a carboxylate group leading to
a covalent antibody—substrate intermediate. It was
anticipated that an active site carboxylate residue

Ses i
S8 I
0, NO; NO,

N
H+ O\
NO,
NO;
o

OH

Scheme 5.
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NO,
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diene dienophile

might arise in response to the ammonium ion contained
in the hapten structure. The nucleophilic 1,4-addition
converts the double bond of the substrate into a single
bond, about which rotation is facile. Following rotation
about this bond, the covalent adduct collapses by
elimination, giving rise to the thermodynamically
favoured trans enone and the regenerated antibody
catalyst. For isomerization to occur, the antibody must
accommodate the orthogonal transitional state for
bond rotation. Computer modelling shows that the
trans configuration of the nitrophenyl rings in the
hapten do in fact mimic the geometry of a transition
state in which the a, B- is rotated 90°. Consistent with
this observation, only the trans and not the ¢is hapten
afforded catalytic antibodies.

4. ANTIBODIES AS ENTROPY TRAPS

Another approach toward the design of catalytic
antibodies involves the use of antibody binding energy
to lower entropic barriers to reactions. Jencks & Page
have argued that entropic effects can account for
effective molarities of up to 10® M in enzyme catalysed
reactions (Page & Jencks 1971). These notions have
been tested in the design of antibodies that catalyse
transacylation reactions (Schultz et al. 1990; Shokat &
Schultz 1990; Schultz 1989; Napper et al. 1987; Janda
et al. 1988), Diels—Alder reactions (Braisted & Schultz
1989; Hilvert et al. 1989) and Claisen rearrangements
(Jackson et al. 1988 ; Hilvert & Nared 1988). The latter
reaction involves the conversion of chorismic acid to
prehenic acid. This thermal 3,3-sigmatropic rearrange-

Phil. Trans. R. Soc. Lond. B (1991)

= product

transition state
Scheme 7.

ment occurs through an asymmetric chairlike tran-
sition state. One might expect that an antibody
combining site that is complementary to the conforma-
tionally restricted transition state would accelerate this
rearrangement. In fact one antibody elicited to a
bicycle transition state inhibitor of chorismate mutase
increased the rate of the rearrangement 10000-fold,
whereas the enzyme chorismate mutase accelerates the
reactions approximately 10%-fold over the uncatalysed
background reaction (Jackson et al. 1988). For this
antibody, mechanisms involving a cationic substituent
effect or general acid catalysis were ruled out. As
expected, the entropy of activation of the antibody-
catalysed reaction was close to zero, compared with an
entropy of activation (AS*) of —13 entropy units for
the uncatalysed reaction. This antibody has recently
been cloned and introduced into bacteria that lack the
ability to synthesize prephenic acid. Random muta-
genesis and selection will be used in an effort to
increase the catalytic activity of this antibody.
Another example of the use of antibodies to act as
entropic traps involves an antibody catalysed Diels—
Alder reaction. The Diels—Alder reaction has long been
one of the most powerful transformations in organic
chemistry. This process consists of a bimolecular
reaction between a diene and an alkene giving rise to
a cyclohexene product. The transition state involves a
highly ordered cyclic array of interacting orbitals in
which carbon—carbon bonds are broken and formed
in a single concerted mechanistic event (figure 7).
Consequently, an unfavourable entropy of activation
on the order of —30 to —40 entropy units is generally
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observed. The design of a transition state analogue—
hapten which would lead to catalytic antibodies for
this reaction must address two fundamental issues: (i)
an ‘entropic sink’ must be provided such that the two
substrate molecules are oriented in a reactive con-
figuration upon binding, and (ii) a mechanism for
eliminating product inhibition must be incorporated,
since the cyclohexene product is structurally very
similar to the transition state. Hilvert and co-workers
were successful in designing a system that satisfies these
criteria (Hilvert et al. 1989). The particular Diels—
Alder reaction chosen was that of tetrachlorothiophene
dioxide with N-ethylmaleimide giving rise to an initial
tricyclic Diels—Alder adduct which spontaneously
extrudes sulphur dioxide, resulting in the dihydro-
phthalimide product. One of five antibodies raised to a
stable [2.2.1] bicyclic transition state analogue was
found to significantly accelerate the rate of reaction

Phil. Trans. R. Soc. Lond. B (1991)

over background. The antibody catalysed the reaction
with multiple turnovers (> 50), and catalysis could be
inhibited by free hapten.

A more general strategy for Diels—Alder catalysis has
recently been reported by Braisted & Schultz (1989).
The hapten contains an ethano bridge that locks the
cyclohexane ring into the conformation resembling the
Diels—Alder transition state, and presumably makes
hydrophobic binding contacts in the antibody com-
bining site (figure 8). The cyclohexene product does
not contain this hydrophobic bridge, and therefore
would be bound less tightly than the hapten, and
should diffuse from the combining site. The diene
substrate in this system is acyclic, and is not covalently
locked in the c¢is—syn reactive conformation. Since
antibodies are elicited to a locked cyclohexane ring
system, the reactive c¢is—syn conformation should be
more favourably bound in the combining site.

[ 56 |
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From a panel of 10 monoclonal antibodies elicited
to the hapten, one was found which catalysed the
formation of the Diels—Alder adduct with a large rate
acceleration over the background reaction. The ap-
parent second order rate constants (k. /K,) were
found to be 900 m™! 57! for the diene, and 583 M~ 's7!
for the dienophile. These values can be compared to
the second order rate constant for the background
reaction of 1.9 M ' s7! in water and 2x 107 M~ 57! in
acetonitrile. The reaction is competitively inhibited by
free hapten with a K, of 126 nuM, and by product with
a K}, of 10 um. This work represents the extension of
antibody catalysis to a class of reactions for which no
characterized enzyme exists.

5. ANTIBODIES THAT RECRUIT
COFACTORS

A final strategy that has been applied to antibody
catalysis involves the generation of antibodies that
recruit cofactors. Many enzymes use cofactors to
catalyse reactions, for example, cytochrome P450 (Fe-
heme cofactor), a-ketoacid dehydrogenases (thiamine
pyrophosphate cofactor), p-amino acid oxidase (flavin
cofactor), and alanine racemase (pyridoxal phosphate
cofactor). Strategies that allow incorporation of co-
factors into antibody combining sites should expand
the scope of antibody catalysis to redox reactions
and energetically demanding hydrolytic reactions. The
diversity of the antibody response should allow one to
use both natural and unnatural cofactors.

In the past two years antibodies have been generated
that bind both metal and redox active cofactors
(Shokat et al. 1988; Iverson & Lerner 1989; Iverson
et al. 1990). Most recently we have characterized an
antibody that binds Fe(IlI)-mesoporphyrin IX and
hydrogen peroxide and catalyses the oxidation of a
number of substrates (Cochran & Schultz 19905).
Antibodies specific for N-methylporphyrins were subse-
quently found to form a stable complex with iron
mesoporphyrin IX. The antibody Fe(IT1I)-heme com-
plex was found to catalyse the reductive breakdown of
hydrogen peroxide in the presence of a variety of
chromogenic electron donor substrates. The antibody—
porphyrin complex remains active through at least 200
catalytic turnovers. Antibody catalysis could be com-
pletely inhibited by N-methylmesoporphyrin, and no
catalysis was observed in the absence of the iron-
mesoporphyrin cofactor. The catalysed peroxidation
reaction followed Michaelis-Menten kinetics with
respect to hydrogen peroxide reduction, with a K, of
24 mm and £, of 394 min~'. To generate a substrate
binding site, in addition to the Fe(II)-heme and H,0O,
sites, antibodies are now being generated to N-alkyl-
porphyrins in which the alkyl group corresponds to the
substrate of interest.

6. CONCLUSION

The number and diversity of reactions catalysed by
antibodies continues to grow at a rapid rate. The
specificity of antibody catalysed reactions is high and

Phil. Trans. R. Soc. Lond. B (1991)
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in some cases the rates of catalytic antibodies rival
those of the corresponding enzyme catalysed reactions.
The next few years will probably see an emphasis on
increasing the catalytic efficiency of antibodies by
generating antibodies that combine several catalytic
mechanisms and by the use of genetic selections and
screens. In addition, antibody catalysis is likely to be
applied to reactions of biological, medical and chemical
interest, for which naturally occuring enzymes do not
exist.

We gratefully acknowledge the invaluable contributions of
all our co-workers who are named in the citations. T.S.S. is
supported by a Damon Runyon-Walter Winchell Cancer
Research Fund Fellowship, DRG-1016, P.G.S. is a
W.M.Keck Foundation Investigator. We acknowledge the
National Institutes of Health for financial support.

REFERENCES

Bartlett, P. A. & Marlowe, C. K. 1983 Phosphonamidates
as transition-state analogue inhibitors of thermolysin.
Biochemistry 22, 4618—4624.

Bennett, C. G. & Glaudemans, C. P. 1979 Contributions by
ionic and steric features of ligands to their binding with
phophorylcholine-specific immunoglobulin IgA H-8 as
determined by fluorescence spectroscopy. Biochemistry 18,
3337-3342.

Braisted, A.C. & Schultz, P.G. 1989 An antibody-
catalyzed bimolecular Diels—Alder reaction. J. Am. chem.
Soc. 112, 7430-7431.

Crews, S., Griffin, J., Huang, H., Calame, K. & Hood, L.
1981 A single V,, gene segment encodes the immune
response to phosphorylcholine: somatic mutation is corre-
lated with the class of the antibody. Cell 25, 59-66.

Cochran, A. G. & Schultz, P. G. 19904 Antibody-catalyzed
porphyrin metallation. Science, Wash. 249, 781-783.

Cochran, A. G. & Schultz, P. G. 19904 Peroxidase activity
of an antibody-heme complex. J. Am. chem. Soc. 112,
9414-9415.

Dailey, H. A. & Fleming, J. E. 1983 Bovine ferrochelatase,
kinetic analysis of inhibition by N-methylprotoporphyrin,
manganese, and heme. J. biol. Chem. 258, 11453-11459.

Frick, L., Wolfenden, R., Smal, E. & Baker, D. C. 1986
Transition-state stabilization by adenosine deaminase:
structural studies of inhibitory complex with deoxyco-
formycin. Biochemistry 25, 1616-1621.

Goetze, A. M. & Richards, J. H. 1977 Magnetic resonance
studies of the binding site interactions between phosphoryl-
choline and specific mouse myeloma immunoglobulin.
Biochemistry 16, 228-232.

Goetze, A. M. & Richards, J. H. 1978 Molecular studies of
subspecificity differences among phophorylcholine-bind-
ing antibodies using 3P nuclear magnetic resonance.
Biochemistry 17, 1733-1739.

Hilvert, D. & Nared, K. D. 1988 Stereospecific Claisen
rearrangement catalyzed by an antibody. J. Am. chem. Soc.
110, 5593-5594.

Hilvert, D., Hill, K. W., Nared, K. D. & Auditor, M. M.
1989 Antibody catalysis of a Diels—Alder reaction. J. Am.
chem. Soc. 111, 9261-9262.

Iverson, B. L. & Lerner, R. A. 1989 Sequence-specific
peptide cleavage catalyzed by an antibody. Science, Wash.
243, 1184-1188.

Iverson, B. L., Iverson, S. A., Roberts, V. A., Getzoff, E. D.,
Tainer, J. A., Benkovic, S.J. & Lerner, R. A. 1990
Metalloantibodies, Science, Wash. 249, 659-662.

[ 57 1]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

164 T.S. Scanlan and P. G. Schultz

Jackson, D. Y., Jacobs, J. W., Sugasawara, R., Reich, S. H.,
Bartlett, P. A. & Schultz, P.G. 1988 An antibody
catalyzed Claisen rearrangement. J. Am. chem. Soc. 110,
4941-4942.

Jackson, D. Y., Prudent, J. R., Baldwin, E. P. & Schultz,
P. G. 1991 A Mutagenesis study of a catalytic antibody.
Proc. natn Acad. Sci. U.S.A. 88, 58-63.

Jackson, D.Y. & Schultz, P.G. 1991 An antibody-
catalyzed cis-trans isomerization. J. Am. chem. Soc (In the
press.)

Janda, K.D., Lerner, R. A, & Tramantano, A. 1988
Antibody catalysis of bimolecular amide formation. J. 4Am.
chem. Soc. 110, 4835—4837.

Jencks, W. P. 1969 Catalysis in chemistry and enzymology. New
York: McGraw-Hill Book Company.

Kohler, G. & Milstein, C. 1975 Continuous cultures of fused
cells secreting antibody of predefined specificity. Nature,
Lond. 256, 495-497.

Lavallee, D. K. 1988 Porphyrin metallation reactions in
biochemistry. Molec. struct. Energ. 9, 279-314.

Napper, A. D., Benkovic, S. J., Tramantano, A. & Lerner,
R. A. 1987 A stereospecific cyclization catalyzed by an
antibody. Science, Wash. 237, 1041-1043.

Page, M. I. & Jencks, W. P. 1971 Entropic contributions to
rate accelerations in enzymic and intramolecular reactions
and the chelate effect. Proc. nain Acad. Sci. U.S.A. 68,
1678-1683.

Perlmutter, R., Crews, S., Douglas, R., Sorenson, G.,
Johnson, N., Nivera, N., Gearhart, P. & Hood, L. 1984
Diversity in phosphorylcholine-binding antibodies. Adv.
Immunol. 35, 1-37.

Pollack, S. J., Jacobs, J. W. & Schultz, P. G. 1986 Selective
chemical catalysis by an antibody. Science, Wash. 234,
1570-1573.

Phil. Trans. R. Soc. Lond. B (1991)

Catalytic antibodies

Pollack, S. J. & Schultz, P. G. 1987 Antibody catalysis by
transitions state stablization. Cold Spring Harb. Symp. quant.
Biol. 52, 97-104.

Pollet, R., Edelhock, H., Rudikoff, S. & Potter, M. 1974
Changes in optical parameters of myeloma proteins with
phosphorylcholine binding. J. biol. Chem. 249, 5188-5194.

Rich, D. H. 1986 In Proteinase inhibitors (ed. A. J. Barrett &
G. Salvesen). (179 pages.) Amsterdam: Elsevier.

Satow, Y., Cohen, G. H., Padlan, E. A. & Davies, D. R.
1986  Phosphocholine binding immunoglobulin Fab
McPC603 an x-ray diffraction study at 2.7 A, J. molec.
Biol. 190, 593-604.

Schultz, P. G. 1989 Catalytic antibodies. Angew. Chem. Int.
Ed. Engl. 28, 1283-1295.

Schultz, P.G., Lerner, R. A. & Benkovic, S.J. 1990
Catalytic antibodies. Chem. Engng News 68, 26-40.

Shokat, K. M., Leumann, C. J., Sugasawara, R. & Schultz,
P. G. 1988 An antibody-mediated redox reaction. Angew.
Chem. Int. Ed. Engl. 27, 1172-1174.

Shokat, K. M., Leumann, C. J., Sugasawara, R. & Schultz,
P. G. 1989 A new strategy for the generation of catalytic
antibodies. Nature, Lond. 338, 269-271.

Shokat, K. M. & Schultz, P. G. 1990« Catalytic antibodies.
A. Rev. Immunol. 8, 335-363.

Shokat, K. M. & Schultz, P. G. 19905 The generation of
antibody combining sites containing catalytic residues.
Ciba Foundation Symposium No. 159 (ed. J. Marsh). (In the
press.)

Shokat, K. M., Ko, M. K., Scanlan, T. S., Kochersperger,
L., Yonkovich, S., Thaisrivongs, S. & Schultz, P. G. 1990
Catalytic antibodies: a new class of transition state
analogues used to elicit hydrolytic antibodies. Angew. Chem.
Int. Ed. Engl. 291, 1296-1303.

Tramantano, A., Janda, K. & Lerner, R.
antibodies. Science, Wash. 234, 1566—1570.

1986 Catalytic

[ 58 ]


http://rstb.royalsocietypublishing.org/

