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The Interplay Between Chemistry

and Biology

in the Design of Enzymatic Catalysts

P. G. ScHULTZ

Chemists and biologists are focusing considerable effort
on the development of efficient, highly selective catalysts
for the synthesis or modification of complex molecules.
Two approaches are described here, the generation of
catalytic antibodies and hybrid enzymes, which exploit
the binding and catalytic machinery of nature in catalyst
design. Characterization of these systems is providing
additional insight into the mechanisms of molecular rec-
ognition and catalysis which may, in turn, lead to the
design of tailor-made catalysts for applications in chemis-
try, biology, and medicine.
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ECENT DEVELOPMENTS IN THE DESIGN OF HIGHLY SELEC-

tive catalysts are having an important impact on chemistry,

both in our ability to efficiently synthesize and modify
molecules, as well as on our efforts to understand the molecular
interactions involved in ligand binding and catalysis. Chemists are
becoming increasingly proficient in the synthesis of selective cata-
lysts that complex and transform small molecules or structural
motifs. Chiral transition metal complexes are proving to be useful
general catalysts in organic synthesis. Notable examples include
titanium-tartrate catalysts for the epoxidation of allylic alcohols (1)
and chiral rhodium hydrogenation catalysts (2). Cavity-containing
hosts are being derivatized with nucleophilic groups and cofactors in
an effort to construct catalysts that mimic and generalize enzyme-
catalyzed reactions (3). For example, bifunctional crown ethers and
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Flg. 1. Schematic representation of a human immunoglobulin. Subscripts H
and L indicate heavy and light chains, respectively; V and C indicate variable
and constant regions, respectively. Disulfide bonds are indicated (—S—S-) as
are the Fab and Fc regions.

cyclodextrins have been developed that selectively hydrolyze and
transaminate small substrates (3). Although catalysts of this sort
have not yet proven generally useful in synthesis, they do' have
potential for isolating and studying mechanisms of recognition and
catalysis. Enzymes themselves are being used with increasing fre-
quency in organic synthesis (4).

However, as the size and complexity of substrates increase, our
ability to generate tailor-made catalysts for rationally manipulating
their structures becomes quite limited. The synthesis of such
catalysts requires the generation of bifunctional molecules with
binding sites capable of discriminating complex polyfunctional
molecules as well as the appropriate chemical groups to carry out
subsequent catalysis. To date, only limited success has been achieved
in the rational design of receptors capable of selectively binding
complex molecules. Most efforts have focused on modifying the
specificity of existing enzymes by the method of oligonucleotide-
directed mutagenesis (5). For example, the specificities of the
proteolytic enzyme subtilisin (6) and the pyridoxal phosphate—
dependent enzyme aspartate aminotransferase (7) have been success-
fully altered. Naturally occurring ligands and receptors have also
been chemically modified with cofactors and redox-active metals to
create selective catalysts. For example, peptides and oligonucleotides
have been modified with EDTA-Fe(II) (8) to generate selective
DNA-cleaving molecules, and papain has been modified with flavin
to create nicotinamide-reducing catalysts (9).

The ability to design catalysts with predetermined specificites for
reactions such as the selective cleavage, condensation, or modifica-
tion of natural and synthetic polymers would be of great importance
for drug design, molecular biology, and materials chemistry. The
synthesis and characterization of these catalysts might provide
additional insight into ligand receptor-recognition and catalysis.
The purpose of this article is to describe two strategies being
explored in our laboratory for the development of tailor-made
catalysts: generation of catalytic antibodies and hybrid enzymes.
Both approaches depend on an interplay between the principles and
methods of chemistry and molecular biology.
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Catalytic Antibodies

Key to the design of selective catalysts is the production of highly
selective binding sites. With the advent of monoclonal antibodies
(10) it has become possible to generate homogeneous ligand
binding sites with enzyme-like affinities and specificities. Antibodies
have been selectively generated against biopolymers such as nucleic
acids, proteins, and polysaccharides; smaller multifunctional mole-
cules such as steroids and prostaglandins; and synthetic polymers
such as polypropylene. Antibodies bind ligands ranging in size
from about 6 to 34 A with association constants in the range of 10*
to 10'°M~" and as high as 102! (11).

Antibody-ligand specificity has been well documented and is
illustrated by the following examples: antibodies against cis-N-
phenylmaleic acid monoamide bind the trans isomer with 10* lower
affinity (12); antibodies generated against 3,17-androstanedione
bind 3a,17-dihydroxyandrostane with 10* lower affinity (13); and
antibodies against tetra-L-alanine bind glycine-(v-alanyl); with 30-
fold lower affinity (14). The ligand combining site of immunoglob-
ulins (Igs) consists of six hypervariable regions, regions of extensive
amino acid diversity, located in roughly the first 110 amino acids of
the light (V) and heavy (V) polypeptide chains (Fig. 1) of the Ig
(15). Combinatorial joining of the gene segments encoding the V.
and Vy genes and combinatorial association of different light and
heavy chains generate a minimum of 10® different antibody mole-
cules; mutations expand this baseline repertoire of receptors still
further (16). This diversity has made antibodies one of the most
important classes of receptors in biology and medicine today, with
applications in diagnostics, drug delivery, and protein and nucleic
acid purification and characterization. The development of viable
strategies for introducing catalytic activity into antibody combining
sites might, therefore, afford a general route to enzyme-like catalysts
with tailored specificities.

A number of strategies can be envisioned for generating catalytic
antibodies. Antibody specificity could be used to selectively stabilize
transition state configurations or to overcome entropic barriers
involved in orienting reaction partners. Catalytic groups, either
amino acid residues or synthetic catalysts, might be introduced into
antibody combining sites, or genetic selection might be used to
generate catalytic antibodies. Our group’s initial efforts to generate
catalytic antibodies focused on the generation of antibodies specific
for transition state analogs for hydrolytic reactions.

Transition state stabilization. An antibody generated to a haptenic
group resembling the transition state configuration of a given
reaction should lower the free energy of activation of the reaction by
stabilizing the corresponding transition state relative to reactants or
products (17). In fact, the active sites of many enzymes are
complementary in structure and electronic distribution to rate-
limiting transition states, as evidenced by studies of enzyme active
sites (18) as well as enzyme inhibition by transition state analogs
(19). We initially studied immunoglobulins specific for tetrahedral,
charged phosphonate, and phosphate transition state analogs for the
hydrolysis of carbonates and esters. We chose these well-character-
ized reactions in order to simplify mechanistic studies of ligand
binding and catalysis. We have succeeded in characterizing antibod-
ies that selectively catalyze two hydrolytic reactions: the hydrolysis
of p-nitrophenyl N, N, N-trimethylammonioethyl carbonate 2 (20,
21) and the hydrolysis of methyl p-nitrophenyl carbonate 1 (22)
(Fig. 2). Other investigators have generated a third catalytic anti-
body, against picolinic acid—containing phosphonate 6, that hydro-
lyzes the analogous aryl ester 3 lacking the picolinic moiety (23).

A number of factors were considered in the design of this first
generation of catalytic antibodies. Carbonates and esters undergo
substantial structural and electronic change on the reaction pathway
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from substrate to product, making possible differential binding and
stabilization of the transition state (24). Moreover, the tetrahedral
transition states for these hydrolytic reactions have been successfully
mimicked with tetrahedral phosphonate, a-difluoroketone, and
hydroxymethylene groups (19). Hydrolytic reactions do not neces-
sarily require catalytically active side chains (such as a nucleophilic
serine), simply attack of a binding site—accessible water molecule on
the polarized carbonyl of the substrate. Additional considerations
included the desirability of common recognition elements in both
substrate and transition state, as well as diminished antibody affinity
for the reaction products.

Since small molecules are not immunogenic unless coupled to a
carrier molecule (25), methylene tethers were incorporated into the
phosphonate transition state analogs in order to couple the haptens
to the carrier proteins bovine serum albumin and keyhole limpet
hemocyanin. The length of the spacer arm between the hapten and
carrier was typically in the range of 6 to 8 A, which should preclude
any steric interference with carrier side chains. The haptens were
coupled to the lysine side chains of the carrier proteins, and
monoclonal antibodies were then elicited against the conjugates.
Monoclonal antibodies, although more time-consuming to produce
than polyclonal antibodies, offer the advantage of a reliable source of
relatively large quantities of homogeneous Ig (in fact, we have been
unsuccessful thus far in generating polyclonal catalytic antibodies)
(20).

Monoclonal antibodies specific for tetrahedral transition state
analogs 4 through 6 were found to selectively catalyze the hydrolysis
of the corresponding substrates (S) to products (P) with kinetics
consistent with the Michaelis-Menten rate expression 1 (20-23)
(Table 1).
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The antibody-catalyzed reactions were inhibited by their corre-
sponding transition state analogs. The inhibition constants (K7’s) for
the transition state analogs are in every case substantially lower than
the substrate Michaelis constants (Ky’s), suggesting that transition
state stabilization plays a role in catalysis. Antibodies specific for
haptens 4 and 5 were found to be first order in hydroxide ion
concentration. A comparison of the rates of the antibody-catalyzed
reactions (v, = ki[Ig:S][OH]) with the rates of hydroxide-depen-
dent hydrolysis (vou = kou[OH][S]) afforded antibody rate accel-
erations in the range of 10° to 10%. These accelerations are in the
same range as those attributable both experimentally and theoreti-
cally to transition state stabilization in hydrolytic enzymes.

Another important feature of the antibody-catalyzed reactions is
that they show high substrate specificity (20-23). For example,
antibodies specific for phosphonate 4 did not catalyze the hydrolysis
of methyl-2-nitrophenyl carbonate to any detectable extent, nor did
antibodies specific for phosphonate 6 catalyze the hydrolysis of the
corresponding acetamidophenylacetyl ester. Although at present the
rates of these antibody-catalyzed reactions are low, they demonstrate
the possibility of developing catalysts with binding sites tailored to
the substrate of interest.

Biophysical studies are beginning to provide some insight into the
mechanisms of the antibody-catalyzed reactions. Chemical modifica-
tion experiments suggest that both tyrosine and arginine play a
catalytic role in the antibodies specific for haptens 4 and 5 (20-22),
whereas a histidine is thought to be involved in antibodies specific
for 6 (23). Nuclear magnetic resonance (NMR) studies with
transition state analogs containing nitroxide spin labels have identi-
fied positively charged and aromatic side chains in the combining
sites of antibodies specific to hapten 4 (27). Electron spin resonance
studies have demonstrated a high degree of steric complementarity
between these spin labels and the antibody combining site (1 = 15
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Table 1. Catalytic parameters for antibody-catalyzed reactions.

beat Kn K; kiglkon
Hapren min ) @) @) (<109
4 30 350 3 17.2
5 (T15) 0.32 708 55 9.2
(MOPC167) 0.4 208 5 12.0
6% 1.6 1.9 0.16
*See (23).

nsec) and suggest that the depth of the combining site is between 9
and 12 A (28).

The three-dimensional structure of the antibody McPC603,
which is highly homologous to the phosphorylcholine-binding
antibodies T15 and MOPC167, has been solved. This allows direct
identification of the combining site residues (Fig. 3) (29). The
hapten is bound in the cavity of McPC603, with the choline group
deep in the interior and the phosphate toward the exterior, in
contact with aqueous solvent. The heavy chain residues Tyr**(H)
and Arg**(H), which are invariant in all of the phosphorylcholine-
binding Igs sequenced to date (30), bind the phosphate via hydro-
gen bonding and electrostatic interactions with the phosphoryl
oxygen atoms. NMR studies of McPC603 also suggest the partial
formation of hydrogen bonds between the phosphate oxygens of
phosphorylcholine and Tyr*3(H) and Arg**(H) (31). The positive
char%c of the choline moiety is neutralized by the light chain residue
Asp”’(L) and the invariant Glu**(H), which are buried deep in the
hapten binding cavity. In addition, there are van der Waals contacts
between the hapten and Trp'*(H).

The crystal structure clearly shows that the combining site of
McPC603 is both sterically and electronically complementary to the
tetrahedral, negatively charged phosphate moiety of phosphorylcho-
line. Inasmuch as this tetrahedral phosphate mimics the transition
state for the hydroxide ion—catalyzed hydrolysis of 2, the phosphor-
ylcholine antibodies should be capable of polarizing the bound
carbonate for attack of hydroxide ion in the rate-determining step.
In light of the fact that the ground state structure of 2 differs
substantially from the transition state configuration, the differential
binding affinity of the Ig to these two species should be reflected in a
lowered free energy of activation for reaction. In fact, the transition
state analog 4-nitrophenyl phosphorylcholine is bound more tightly
than the corresponding substrate by both MOPC167 and T15 (20,
21). However, the differential binding of T15 and MOPC167 to
carbonate 2 and the transition state analog 5 does not fully account
for the magnitude of the rate accelerations. Therefore, although the
crystallographic and binding data strongly suggest that T15 and
MOPC167 selectively stabilize the transition state configuration and
thereby reduce the barrier to reaction, other factors are contributing
to the rate acceleration. Stopped-flow experiments provide no
evidence for a sudden burst of nitrophenolate ion release, ruling out
attack by a nucleophilic combining site residue, such as Tyr**(H),
on the bound carbonate to generate a covalent carboalkoxy-anti-
body intermediate (20, 21). Moreover, there are no conserved
residues such as a carboxylate or histidine that might act as a general
base in T15 and MOPC167 (30). Mutagenesis studies on the
combining site heavy chain residues of the Ig T15 (32) should help
to define the roles these residues play in catalysis and will make it
possible to selectively introduce histidine, aspartate, and cysteine
residues to act as general bases and nucleophilic groups.

Antibodies elicited to phosphonate 6 were demonstrated by
chemical modification studies to have an essential histidine in the
combining site (23). This fact, combined with studies of altered
substrates, led Tramontano et al. (23) to propose that histidine acts
as a general base to activate combining site—accessible water. It is not
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clear at this point to what degree general base catalysis and transition
state stabilization are responsible for catalysis in this system. If
general base catalysis does prove to be important in the hydrolytic
reaction, then rational strategies must be developed for generating
antibodies with general bases or acids in the combining site. It
should also be feasible to generate catalytic antibodies that will be
based on other classes of transition state analogs, such as glycosi-
dase, protease, ribonuclease, or deaminase inhibitors.

Proximity effects. What other strategies can be applied to the design
of catalytic antibodies? If we again exploit the notions of enzymic
catalysis, it should be possible to use antibody binding affinity to
increase reaction rates by overcoming entropic barriers to reaction.
The binding energy in this case might reduce translational and
rotational motions for reaction by properly orienting the reactants
in the antibody combining site. This approach should be applicable
to intramolecular reactions such as macrocyclic lactonization reac-
tions or intermolecular reactions such as amide bond forming or
Diels-Alder reactions. In model studies, Bruice and Pandit (33) have
demonstrated large increases in the rate of intramolecular anhydride
formation from monoesters of dicarboxylic acids as rotational
degrees of freedom in the substrate are reduced. Griffiths and
Bender (34) have demonstrated that cyclodextrins can accelerate an
intramolecular transesterification reaction by imposing orientational
restriction on the reacting groups. Page and Jencks (35) have argued
that each rotational degree of freedom frozen out in the ground state
of an intramolecular process contributes a factor of 5 in rate
acceleration.

We have used these ideas to guide us in the generation of
antibodies that carry out the formal Claisen rearrangement of
chorismic acid 7 to prephenic acid 8 (Fig. 4) (36). This thermal
3,3-sigmatropic rearrangement occurs through an asymmetric chair-
like transition state 9 in which the carbon-oxygen bond is substan-
tially broken while carbon-carbon bond formation has not occurred
to any appreciable extent (37-39). The activation entropy and
enthalpy of reaction have been determined to be —12.85 entropy
units and 20.7 kcal/mol, respectively (40). The unimolecular rear-
rangement is catalyzed approximately 10%-fold by the enzyme
chorismate mutase at the branch point in the biosynthesis of
aromatic amino acids in bacteria and plants (41). Although the
enzymatic reaction has also been demonstrated to proceed through a
chair-like transition state, the mechanism by which chorismate
mutase accelerates the rearrangement remains poorly understood
42).
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Fig. 3. Combining site of the phosphorylcholine binding antibody,

McPC603 (21). [Reprinted from (21) with permission, copyright 1988 by
Cold Spring Harbor Laboratory]
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We have characterized the catalytic properties of antibodies
specific to the chorismate mutase inhibitor 10 (43). To the extent
that the bicyclic diacid 10 accurately simulates the conformationally
restricted activated complex involved in the rearrangement of choris-
mic acid, antibodies specific for 10 should lower the entropic (and
enthalpic) barrier to reaction. On the basis of the entropy of
activation for the uncatalyzed reaction, one might expect a rate
acceleration of 10% by an antibody that functions solely as an
entropy trap (40).

An IgG has been identified that selectively catalyzes the Claisen
rearrangement of chorismate to prephenate. The antibody-catalyzed
reaction demonstrates saturation kinetics (ke = 2.7 min~},
K, =260 pdM; 10°C) and is inhibited by the bicyclic transition
state analog 10 (K; = 9 pM). The antibody accelerates the rear-
rangement by a factor of 10* (kcar/kuncar) Over the thermal reaction.
Characterization of the activation parameters and mechanism of this
reaction will provide additional insight into the role rotational
motion may play as a driving force in this antibody-catalyzed
reaction.

Benkovic and co-workers (44) have demonstrated that an anti-
body elicited to transition state analog 12, which is representative of
a six-membered ring lactonization reaction, acts as a catalyst for the
corresponding substrate (Fig. 5). The rate of the antibody-catalyzed
reaction relative to the uncatalyzed reaction was 167. Again the
antibody-catalyzed reaction was inhibited by the corresponding
cyclic phosphonate. The antibody cyclization reaction was stereose-
lective, permitting isolation of the lactone in an enantiomeric excess
of 94%. This finding also illustrates the high selectivity of antibody-
ligand recognition and suggests that antibodies may be used to
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Fig. 4. Antibody-catalyzed Claisen rearrangement of chorismic acid to
prephenic acid.
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catalyze stereoselective chemical reactions.

Although the unimolecular rearrangement and lactonization reac-
tions described above are consistent with the idea that antibodies
can reduce entropic barriers to reaction, much work remains to
define the mechanisms by which these antibodies lower the free
energy of activation for reactions. In addition, it will be of consider-
able interest to ask whether antibodies can efficiently catalyze
bimolecular reactions such as selective peptide bond formation or
Dicels-Alder reactions. An important consideration in such reactions
will be design of the appropriate haptens, so as to avoid significant
product inhibition.

Introduction of catalytic groups. A third strategy whereby catalytic
antibodies might be generated involves the site-specific introduction
of catalytic residues into Ig combining sites. One might accomplish
this by genetic methods, including site-directed mutagenesis and
selection, by selective chemical modification, or by exploiting
antibody-hapten complementarity. The last approach has been
successfully applied to the generation of antibodies that catalyze the
photocleavage of thymine dimers (45).

Thymine dimers are the major photolesions that result from
irradiation of DNA with ultraviolet light. Organisms have evolved a
number of systems to repair thymine dimers, including light-
dependent photoreactivating enzymes (46). Although the mecha-
nism of the enzymatic reaction remains poorly understood, it has
been demonstrated in model systems that a number of sensitizers
including indoles, quinones, and deazaflavins can photosensitize
dimer cleavage (47, 48). One might, therefore, imagine that an
antibody combining site, specific for thymine dimers and containing
an appropriately positioned -sensitizer, might act as a selective
photoreactivating enzyme.

It has been amply demonstrated that many haptens containing a
positively charged moiety induce a complementary negatively
charged residue in the antibody combining site, and that haptens
with polarized 7 systems induce a complementary aromatic residue
in the combining site (11). The question arises whether we might
expect antibodies generated against the 7 system of a cis-sy» thymine
dimer conjugate to contain a complementary tryptophan, a photo-
sensitizer for dimer cleavage. We have isolated and characterized six
monoclonal antibodies specific for a thymine dimer derivative, five
of which efficiently cleave thymine dimers when irradiated with light
at >300 nm (45). The antibody-catalyzed reaction is characterized
by biphasic kinetics with a stoichiometric sudden burst of product
release. The kinetics of the slow phase are consistent with the
Michaelis-Menten rate expression 1. Mechanistic studies suggest
the participation of a tryptophan residue in the cleavage reaction
(antibodies that are not specific for thymine dimer, but that contain
a combining site tryptophan, do not catalyze dimer cleavage).

Chemical modification might also be used to introduce synthetic
catalytic groups, such as redox-active metals, nucleophilic groups,
and cofactors into antibody combining sites. Relatively small hydro-
philic and hydrophobic cavities have been derivatized with synthetic
catalysts to produce enzyme mimics that accelerate hydrolytic and
transamination reactions by specific substrate binding (3). More
recently, Kaiser and co-workers have modified the binding site of
the proteolytic enzyme papain with flavin analogs to create flavopa-
pain (9). Sluka and co-workers (49) as well as Chen and Sigman (50)
have modified small DNA-binding proteins with EDTA-Fe(II) and
phenanthroline-Cu(II), respectively, to produce DNA-cleaving
molecules. This same strategy, if applied to antibody combining
sites, could afford semisynthetic catalytic antibodies with tailored
specificities.

The key to this approach is the development of new mild methods
for selectively modifying large, complex proteins with residues of
unique reactivity (such as thiols) that can be subsequently deriva-
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Fig. 6. Hybrid nuclease consisting of staphylococcal nuclease linked to an
oligonucleotide binding site by a disulfide bond (53, 54). [Reprinted from
(54) with permission, copyright 1988 by the American Chemical Society]
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tized. We have recently developed a general chemical method for
placing thiols selectively into the combining site of immunoglob-
ulins based on the use of cleavable affinity-labeling agents (502). It
remains to be seen whether the thiol can be selectively derivatized
with a synthetic catalytic group. Alternatively, site-directed muta-
genesis might be used sclectively to introduce a thiol into an
antibody combining site. The development of efficient sytems for
the expression of antibody binding regions in Escherichin coli would
make this an attractive approach. In either case, the combination of
antibody binding specificity with efficient synthetic catalysts might
prove to be the most powerful approach toward the design of
catalytic antibodies.

Hybrid Enzymes

We have described a number of efforts aimed at exploiting the
specificity of natural receptors to generate novel catalysts with
tailored specificities. It may also be possible to exploit nature’s
catalytic machinery in the design of new catalysts. One popular
approach has been to redesign existing enzyme active sites by using
the method of oligonucleotide-directed mutagenesis (5). Alterna-
tively, it may be possible to add or replace entire binding or catalytic
domains to generate hybrid enzymes with novel specificities (51).
For example, selective fusion of peptide-specific binding domains to
a catalytic domain that efficiently hydrolyzes amide bonds may
produce sequence-specific peptidases; the selective fusion of nucleic
acid—specific binding domains to a nonspecific phosphodiesterase
may produce sequence-specific DNA- or RNA-cleaving enzymes.
The recent report that the two functional domains of human and
yeast phosphoglycerate kinase can be interchanged without impair-
ing catalytic activity (52) is encouraging.

We chose to apply this strategy to the design of sequence-specific
nucleases that cleave single-stranded RNA, single-stranded DNA, or
duplex DNA at recognition sites of defined length and sequence (53,
54). A key requirement in the design of the catalyst was that the
mechanism of cleavage involve hydrolysis of the phosphodiester
bond, so that the termini of the resulting fragments could be
enzymatically manipulated. Chemical catalysts capable of efficiently
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hydrolyzing the phosphodiester bonds of DNA do not yet exist.
Moreover, there are no restriction enzyme equivalents for the
selective hydrolysis of single-stranded RNAs and DNAs or for
hydrolyzing large double-stranded DNAs (>100 kb) at unique
sites. Such catalysts would be quite useful for studying nucleic acid
structure and function as well as in mapping and sequencing.

The enzyme staphylococcal nuclease hydrolyzes the phosphodies-
ter bonds of single-stranded RNA, single-stranded DNA, and
duplex DNA relatively nonspecifically at regions rich in A-U or A-T,
with rate accelerations of roughly 10'* above that of hydroxide ion
(55). Selective fusion of an oligonucleotide binding domain, either
single-stranded DNA or a DNA-binding protein, to this catalytic
domain should generate a hybrid sequence-specific nuclease. Again,
one faces the problem of selectively modifying and coupling large
biopolymers with complex functional groups. The oligonucleotide
binding site must be fused to staphylococcal nuclease such that the
complexed substrate is functionally aligned with the catalytic resi-
dues. The coupling reaction must also be carried out with high
selectivity and under mild reaction conditions. Staphylococcal nucle-
ase is an ideal candidate for these studies; it is a well-characterized,
stable enzyme consisting of a single polypeptide chain 149 amino
acids in length (55). Enzymatic activity requires Ca**, which
provides a mechanism for modulating the enzyme’s action (55). The
structure and mechanism of staphylococcal nuclease have been
elucidated from a series of chemical, physical, and genetic studies.
An x-ray crystal structure of a staphylococcal nuclease-diphosphoth-
ymidine (pTp)—Ca*" complex has been determined to 1.5 X (56).
The pyrimidine ring of the inhibitor pTp fits into a hydrophobic
pocket at the enzyme surface and the 5'-phosphate is near Arg* and
Arg¥. Glu® is thought to act as a general base for activation of the
attacking water molecule, whereas Arg”, Arg87, and Ca®" stabilize
the trigonal bipyramidal transition state configuration (56, 57).

We initially chose as our binding domain an oligodeoxynucleotide
of defined sequence since oligodeoxynucleotides bind to single-
stranded DNA or RNA with high specificity and affinity based on
the Watson-Crick base-pairing interactions (Fig. 6) (53, 54). More-
over, oligodeoxynucleotides can be generated rapidly by solid-phase
chemical methods, providing a large number of potential specific-
ities. The three-dimensional structure of staphylococcal nuclease
suggested that coupling of the 3’ terminus of the oligonucleotide
binding domain to Lys'!® or Val'' on the enzyme surface should
align a hybridized substrate with the active site residues. The
oligonucleotide was coupled to the enzyme via a disulfide linkage
for two reasons: disulfide exchange reactions (i) proceed in high
yield under mild conditions and (ii) can be carried out with high
selectivity as a result of the absence of competing free thiols in DNA
or staphylococcal nuclease. This strategy required the selective
introduction of a free thiol at the 3" terminus of the oligonucleotide
and either residue 114 or 116 of the enzyme.

The 3’ terminal thiol of the oligonucleotide was introduced in the
form of a disulfide linkage between the 3’ nucleotide and solid-
phase support prior to the first step of solid-phase phosphoramidite
synthesis (58). A flexible tether was incorporated to allow variability
in the geometry of the hybridized substrate. After synthesis, depro-
tection of the oligomer, and cleavage of the disulfide, the free thiol
was converted to 3'-S-thiopyridyl disulfide. A unique thiol was
introduced into staphylococcal nuclease by replacement of Lys''6 or
Val'™ with Cys by oligonucleotide-directed mutagenesis (53, 54).
The Cys''¢ and Cys'"* mutants obtained were found to have the
same ke, and Ky, as the native enzyme, lacking any cysteines. The
reduced Cys''® and Cys!!* enzymes were cross-linked to the 3'-$-
thiopyridyl oligonucleotides to produce the hybrid enzyme in high
yield after cation-exchange chromatography.

The specificity of the hybrid enzymes was assayed by using 2P
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Fig. 7. Histogram of the cleavage of (A) single-stranded DNA and (B) RNA
by hybrid nuclease. Arrows above sequence represent degree of

diester bond cleavage; sequences i and iii show cleavage by the hybrid
enzyme; sequences ii and iv show cleavage by native staphylococcal nuclease
(53, 54). [(A) is reprinted from (53) with permission, copyright 1987 by the
AAAS]

Fig. 8. Autoradiogram of a 6% denaturing polyacryl- M .
amide gel. Lane 1, M1 RNA 5’ cndlabcled with

32D, Jane 2, ribonuclease T1 partial digest (G specif- -

ic); Ianc3 OH'dxgwt lane 4, partial staphylococcal -
nuclease (K116 to C116) digest; lanc 5, hybrid -
enzyme . The sequence of the ohgonudeotldc pr
binding site is 5'-GGAGTTTACCGTGCCACG-

GACT-3'.

end-labeled single-stranded DNAs and RNAs (prepared by runoff
transcription) of defined length and sequence (53, 54). The hybrid
enzymes site-specifically cleaved the target nucleic acids adjacent to
the oligonucleotide binding site (Fig. 7). In contrast, the underiva-
tized mutant enzymes cleaved relatively nonspecifically at sites rich
in A-T or A-U. In some cases, cleavage with the hybrid enzyme
occurred at more than one phosphodiester bond contiguous to the
combining site, most likely as a result of the flexible tether.

Can these hybrid enzymes site-specifically cleave larger natural
RNAs or DNAs that contain significant secondary and tertiary
structure? To answer this question, a hybrid enzyme was generated
with a 22-nucleotide binding site that hybridizes tp a hairpin loop in
M1 RNA, the 377-nucleotide catalytic RNA subunit of Escherichia
coli-ribonuclease P (59). Inspection of the autoradiogram illustrat-
ed in Fig. 8 reveals that the hybrid does in fact cleaye one prcdcﬁncd
phosphodiester bond, A?*pA?!>. Moreover, the cleavage reaction
can be carried out at room temperature after hybridization of the
enzyme to M1 RNA at elevated temperature or directly at 75°C by
3dding Ca?* and the hybrid enzyme to the M1 RNA (60).

The hybrid enzymes constructed to date, which consist of oligo-
nucleotides 14 to 25 nucleotides in length, can be used to stoichio-
metrically cleave the phosphodiester bonds of single-stranded nucle-
ic acids. However, because the hybrid enzyme binds and cleaves

sequences considerably faster than nonspecific sites, the use of
shorter, nonhydrolyzable oligonucleotides with lower melting tem-
peratures should lead to turnover. Moreover, fusion of domains that
bind double-stranded DNA with staphylococcal nuclease could lead
to hybrid enzymes capable of cleaving large genomic DNA. At the
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same time, mutagenesis of the amino acid residues in the nucleotide
binding domain of the enzyme should make possible cleavage
contiguous to G and C as well as T and A.

Prospectus

Two general strategies have been described for the design of

selective catalysts: catalytic antibodies and hybrid enzymes. These
approaches have been successfully applied to the generation of
catalysts for acyl and phosphoryl transfer reactions as well as carbon-
carbon bond forming and breaking reactions. Characterization of
these systems has provided additional insight into the molecular
mechanisms of recognition and catalysis. The challenge that now
faces us is to extend these ideas to the design of catalysts for other
reactions of general interest in chemistry, biology, and medicine.
The realization of this goal will depend on an increasing interplay
between chemistry and biology.
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Probing Structure-Function Relations in
Heme-Containing Oxygenases and Peroxidases

JoHN H. DAwsoON

Structural factors that influence functional properties are
examined in the case of four heme enzymes: cytochrome
P-450, chloroperoxidase, horseradish peroxidase, and
secondary amine mono-oxygenase. The identity of the
axial ligand, the nature of the heme environment, and the
steric accessibility of the heme iron and heme edge
combine to play major roles in determining the reactivity
of each enzyme. The importance of synthetic porphyrin
models in understanding the properties of the protein—
free metal center is emphasized. The conclusions de-
scribed herein have been derived from studies at the
interface between biological and inorganic chemistry.

ATURE USES METAL IONS EXTENSIVELY IN FUNCTIONAL AS

well as structural roles. As biological catalysts, metal ions

are of crucial importance in electron transfer reactions and
in the activation and transport of small molecules such as dioxygen
(03). Two major factors control the properties of metal ions in
biological systems: (i) the structure of the metal, including the
geometry of the complex and the nature of the ligands attached to
the metal and (ii) the environment of the metal complex, including
the polarity of the immediate surroundings and steric constraints on
the accessibility of substrates to the metal and of the metal to the
solvent. It was once thought that most, if not all, metal centers in
enzymes had anomalous properties relative to isolated abiological
metal complexes and were therefore in “entatic” or tensed states
“poised for catalytic action” (1). Most metal complexes in proteins
have structures that can be accurately reproduced in small molecule
analogs outside the protein (2). Nonetheless, the protein environ-
ment clearly plays a crucial role in controlling the reactivity of the
metal, and in some cases the protein can force metal ions into
unusual geometries; the protein environment may be the determin-
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ing factor controlling the activity of the increasing number of
functionally distinct metalloproteins that have essentially identical
metal centers. For example, cytochrome P-450 and chloroperoxi-
dase have identical thiolate-ligated heme iron active sites, but P-450
is a mono-oxygenase, whereas chloroperoxidase halogenates sub-
strates. Obviously, the final catalytic activity of a metal-containing
system depends both on the structure of the metal and on the
influence of the protein environment.

The importance of copper, iron, and zinc in biological systems has
been evident for more than 50 years (3). The frequent requirement
for other metals including cobalt, manganese, molybdenum, nickel,
and vanadium in biochemical processes has been recognized (4).
Even selenium has been found to be essential for the function of
certain enzymes (5). In the late 1960s many inorganic chemists
shifted from studying “pure” inorganic chemistry to investigating
the biochemistry of metals. No longer were metalloproteins just
proteins that happened to contain a metal. Instead, the metal
became the focus of attention, the “built-in” probe.

In this article I address the question of how structure influences
function in a system where enough is known about structure to
begin to get answers to the questions. I examine results for four
heme enzymes, cytochrome P-450, chloroperoxidase, horseradish
peroxidase, and secondary amine mono-oxygenase, which have a
number of common metal coordination structural features but
different functional properties. The breadth of the field and lack of
space prevent discussion of several “hot” bio-inorganic subjects such
as metal-DNA interactions (6); the recent discovery of vanadium-
containing enzymes (7); the involvement of nickel (8), manganese
(9), and molybdenum (10) in the mechanisms of action of a growing
number of metalloenzymes; and the role of copper (1) and
nonheme iron in O, binding and activation (12), to name just a few.
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