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Structural basis of substrate specificity

in the serine proteases
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Abstract

Structure-based mutational analysis of serine protease specificity has produced a large database of information
useful in addressing biological function and in establishing a basis for targeted design efforts. Critical issues ex-
amined include the function of water molecules in providing strength and specificity of binding, the extent to which
binding subsites are interdependent, and the roles of polypeptide chain flexibility and distal structural elements
in contributing to specificity profiles. The studies also provide a foundation for exploring why specificity modifi-
cation can be either straightforward or complex, depending on the particular system.
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Serine proteases were among the first enzymes to be studied ex-
tensively (Neurath, 1985). Interest in this family has been main-
tained in part by an increasing recognition of their involvement
in a host of physiological processes. In addition to the biologi-
cal role played by digestive enzymes such as trypsin, serine pro-
teases also function broadly as regulators through the proteolytic
activation of precursor proteins (Neurath, 1984; Van de Ven
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Abbreviations: APPI, amyloid §-protein precursor inhibitor domain;
BAP, Bacillus alcalophilus alkaline protease; BLAP, Baciflus lentus al-
kaline protease; BPTI, bovine pancreatic trypsin inhibitor; CMK, chlo-
romethyl ketone; HNE, human neutrophil elastase; hGH, human growth
hormone; Nva, norvaline, a linear three-carbon side chain; PAI-1, plas-
minogen activator inhibitor I; pNA, para-nitroanilide; PPE, porcine
pancreatic elastase; PROK, Thermus album proteinase K; RMCPI and
RMCPII, rat mast cell proteases I and 11; SBPN, Bacillus amyloliquefa-
ciens subtilisin BPN’; SCARL, Bacillus licheniformis subtilisin Carls-
berg; SGPA, Streptomyces griseus protease A; SGPB, S. griseus protease
B; SGPE; S. griseus protease E; SSI, Streptomyces subtilisin inhibitor;
suc, succinyl; suc-FAHY-pNA, tetrapeptide amide substrates varying
at the P1 position; suc-XAPF-pNA, tetrapeptide amide substrates vary-
ing at the P4 position; THERM, Thermus vulgaris thermitase; TPA, tis-
sue plasminogen activator. Nomenclature for the substrate amino acid
residues is Pn, ..., P2, P1, P1, P2, ..., Pn’, where P1-P1’ denotes
the hydrolyzed bond. Sn, ..., S2,S1, S1°,S2/, ..., Sn’ denote the cor-
responding enzyme binding sites.
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et al., 1993). Examples of this regulation include the processing
of trypsinogen by enteropeptidase to produce active trypsin
(Huber & Bode, 1978) and the cascades of zymogen activation
that control blood clotting (Davie et al., 1991). Serine proteases
have also been recently shown to play essential roles in cell dif-
ferentiation. For example, the Drosophila trypsin-like enzymes
Easter and Snake are important components in the specification
of ventral and lateral patterns during development (Chasan &
Anderson, 1989). Asymmetry of cell fates may be the result of
a protease cascade involving both of these enzymes (Smith &
DeLotto, 1994).

An alternative rationale for the continued interest in serine
proteases has been their emergence as one of the major para-
digms for the understanding of enzymic rate enhancements and
of structure-activity relationships. Until recently, all of the
known enzymes fell into one of two distinct structural classes:
the chymotrypsin-like and subtilisin-like families (Matthews,
1977; Fig. 1A,B). However, the crystal structure of wheat ser-
ine carboxypeptidase II (Liao & Remington, 1990; Liao et al.,
1992; Fig. 1C) reveals conservation of the essential features of
the catalytic apparatus within a third distinct protein fold. This
homodimeric enzyme possesses the «+3 fold found also in a
number of other enzymes that share hydrolytic activity as their
only common feature (Ollis et al., 1992). The fold consists of
an 11-stranded mixed 3-sheet structure surrounded by 15 heli-
ces, with the active site located at the base of a deep bowl-shaped
depression in the enzyme surface (Fig. 1C).

The three serine protease classes are distinguished by the ab-
sence of any conserved secondary and tertiary motifs, but in



Fig. 1. Diversity of structural motifs in which the common catalytic ap-
paratus of serine protease is embedded. Shown are ribbon drawings of
chymotrypsin (A), subtilisin BPN’ (B), and wheat serine carboxypepti-
dase (C). a-Helices are shown as red cylinders and g-strands as yellow
arrows. Secondary structures were determined by the algorithm of
Kabsch and Sander (1983). Each enzyme possesses two common resi-
dues of crucial importance to catalysis: a nucleophilic Ser and an adja-
cent His, which functions as a general base (shown in white). Enzymes
are oriented identically by superposition of the backbone atoms and Cf3
of these two amino acids. A third member of the catalytic machinery
is an aspartate residue (shown at left, also in white) not conserved in po-
sition relative to the Ser and His (compare serine carboxypeptidase with
the other two enzymes). Lack of conservation in position of this resi-
due suggests that the catalytic apparatus may be better viewed as a jux-
taposition of Ser-His and His-Asp dyads, rather than as a single catalytic
triad.
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each case, the catalytic serine and histidine residues maintain an
identical geometric orientation (Fig. 1). To a lesser extent, ad-
jacent groups that stabilize the transition state are also similarly
arranged (Wright et al., 1969; Robertus et al., 1972a, 1972b;
Liao et al., 1992). Thus, it appears that nature has arrived at the
same biochemical mechanism by separate avenues: the chymo-
trypsin, subtilisin, and serine carboxypeptidase families of serine
proteases are a classic example of convergent enzyme evolution
(Matthews, 1977; Liao et al., 1992). The resemblance of serine
carboxypeptidase to other members of the «/3-hydrolase fold
family also indicates the operation of divergent evolution within
this structural framework (Ollis et al., 1992). Further, a recently
generated catalytic antibody has been characterized that cata-
lyzes the stereoselective hydrolysis of norleucine and methionine
phenyl esters (Guo et al., 1994). The crystal structure of this en-
zyme reveals the presence of a Ser-His catalytic dyad structur-
ally similar to those of the other serine protease classes (Zhou
et al., 1994). A similar catalytic mechanism is therefore sug-
gested, indicating that the antibody fold may well be a fourth
structural framework capable of supporting proteolytic activ-
ity in a serine protease-like fashion.

We consider here the structural and kinetic basis for the di-
versity of substrate specificity in the subtilisin and chymotrypsin-
class serine proteases. Emphasis is placed on those systems for
which both crystallographic and detailed kinetic measurements
are available. After a brief review of the common mechanism
of the three classes and the role of mutational analysis in its fur-
ther elucidation, we concentrate much of our attention on the
three enzymes subtilisin BPN', a-lytic protease, and trypsin. In
each case, an extensive structure-function analysis has been ap-
plied to address the roles of particular amino acids in contributing
to the observed specificity profiles. The wealth of information
available on the chemical and kinetic mechanisms of catalysis
and the large data base of homologous sequences provide an es-
sential framework that supports these studies. Although the
functional and/or structural properties of many of the mutant
proteases can be given a relatively straightforward and objec-
tive description, there are also many examples where the data
cannot be easily encapsulated. In these cases, some subjectiv-
ity in the description of kinetic and structural parameters is un-
avoidable, and other interpretations of the same data could yield
different overall conclusions.

The catalytic mechanism

The vast majority of early studies on the serine proteases focused
on the elucidation of the chemical and kinetic mechanisms of
catalysis (reviewed by Bender & Killheffer, 1973; Blow, 1976;
Kraut, 1977; Polgar, 1989). Hydrolysis of ester and amide bonds
proceeds by an identical acyl transfer mechanism in all enzymes
of the subtilisin and trypsin families (Fig. 2A,B,C). Michaelis
complex formation is followed by attack on the carbonyl car-
bon atom of the scissile bond by the eponymous serine of the
catalytic triad, which is enhanced in nucleophilicity by the pres-
ence of an adjacent histidine functioning as a general base cat-
alyst. Proton donation by the histidine to the newly formed
alcohol or amine group then results in dissociation of the first
product and concomitant formation of a covalent acyl-enzyme
complex. The deacylation reaction occurs via the same mecha-
nistic steps, with the attacking nucleophile provided by a water
molecule that approaches from the just-vacated leaving group
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Fig. 2. Chemical and kinetic mechanisms of catalysis for serine prote-
ases. The catalytic groups of trypsin (A) and subtilisin (B) are shown
interacting with an oligopeptide substrate binding to the P1-P4 sites.
(Nomenclature for the substrate amino acid residues is Pn, ..., P2, P1,
P1, P2, ..., Pn’, where P1-P1’ denotes the hydrolyzed bond. Sn, ...,
S2, S1, 814,82, ..., Sn’ denote the corresponding enzyme binding sites
[Schechter & Berger, 1968].) Note the distinction in residues that form
the oxyanion hole; in subtilisin, part of the interaction is made by an
enzyme side chain. The binding site for the oligopeptide also differs; in
subtilisin it forms the central strand of a three-stranded antiparallel 3-
sheet. The S1 site of trypsin and the SI and $4 sites of subtilisin are the
major sites where mutagenesis has been used to probe specificity. C:
Common kinetic mechanism of catalysis for serine proteases indicating
the meaning of the mechanistic rate constants and their relationship to
the Michaelis parameters. The correct interpretation of k., and X, dif-
fers depending on the rate-limiting step in catalysis, which varies among
the different enzymes as well as among differing substrates of the same
enzyme.
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side. Each step proceeds through a tetrahedral intermediate,
which resembles in structure the high-energy transition state for
both reactions. This mechanism is capable of accelerating the
rate of peptide bond hydrolysis by a factor of more than 10°
relative to the uncatalyzed reaction (Kahne & Still, 1988).

Extensive structural evidence obtained from X-ray crystallo-
graphic and NMR investigations has provided conclusive corrob-
oration of the essential features of this mechanism (reviewed by
Steitz & Shulman, 1982). The investigations have been favored
by the availability of good ground-state and transition-state sub-
strate analogs, which have been used to obtain high-resolution
images of these interactions. The scissile bond of the substrate
is bound directly adjacent to the Ser—His catalytic couple in all
the complexes studied. A strong hydrogen bond between these
two amino acids, necessary to subsequent proton transfer, is
formed only after substrate is bound. A binding site for the oxy-
anion of the intermediate is formed by the Gly 193 and Ser 195
backbone amide nitrogens in the chymotrypsin-like enzymes
(Fig. 2A), by one amide nitrogen and the Asn 155 side chain in
the subtilisin family (Fig. 2B), and by the backbone amides of
Tyr 147 and Gly 53 in the serine carboxypeptidases (Liao et al.,
1992). The interactions made in the S1-S4 enzyme sites (see
Fig. 2 legend for substrate nomenclature) by the P1-P4 positions
of substrate form an antiparallel 3-sheet hydrogen bonding ar-
rangement in the chymotrypsin and subtilisin families. Because
the active site of wheat serine carboxypeptidase I1 does not pos-
sess similarly exposed peptide backbone groups, it seems likely
that substrate binding N-terminal to the scissile bond will oc-
cur in a different fashion in this family (Liao et al., 1992). An-
other unique structural feature of carboxypeptidase is an
extensive hydrogen bonding network, which interacts with the
C-terminal carboxylate of the substrate, essential to its activity
as an exopeptidase (Mortenson et al., 1994).

Mutational analysis of both subtilisin and trypsin has con-
firmed the essential roles of Ser 195 and His 57 in providing rate
acceleration. Replacement of the catalytic Ser 221 and His 64
residues of subtilisin with alanine results in decreases of 10%-
10%-fold in k., (Carter & Wells, 1987, 1988). A decrease of 10°-
fold when the two residues are simultaneously replaced with
alanine showed that the two catalytic moieties function in a
highly cooperative manner: mutation of either component re-
duces activity to a baseline level. Similar results were obtained
by analogous mutations of Ser 195 and His 57 in rat trypsin
(Corey & Craik, 1992). This study also showed that enzyme vari-
ants such as H57K and H57E, which might provide an alterna-
tive general base, were ineffective, further underscoring the
importance of the native catalytic triad geometry. These exper-
iments, as well as others involving replacement of Ser 195 with
a Cys (Higaki et al., 1989; McGrath et al., 1989) and engineer-
ing a metal-actuated activity switch involving His 57 (Higaki
et al., 1990; McGrath et al., 1993), clarify the role of these active-
site moieties. The mutational data are in agreement with early
chemical modification experiments, which also indicated that
Ser 195 and His 57 play crucial roles in catalysis (Dixon et al.,
1956; Shaw et al., 1965).

The residual activity remaining in subtilisin after removal of
the catalytic moieties was attributed to remaining binding de-
terminants that stabilized the transition state complex. One such
determinant is provided by a hydrogen bonding interaction of
Asn 155 with the oxyanion intermediate. Mutation of Asn 155
to a variety of other amino acids resulted in 102-103-fold de-
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creases in k., /K,, (Bryan et al., 1986; Wells et al., 1986; Carter
& Wells, 1990). This provides support for the proposals made
on the basis of crystallographic studies, which suggested that a
weak hydrogen bond to Asn 155 in the Michaelis complex is
strengthened in the transition state (Robertus et al., 1972b;
Poulos et al., 1976). Interestingly, mutation of Thr 220 of sub-
tilisin showed that it stabilizes the transition state by 2 kcal/mol
despite the fact that the side-chain O” lies 4.0 A from the oxy-
anion, too far for a direct interaction (Braxton & Wells, 1991).
One explanation for the influence of Thr 220 was proposed to
be that dynamic fluctuations of the protein structure (Rao et al.,
1987) cause transient direct interactions to occur. An alterna-
tive suggestion was that the oriented Thr 220 side-chain dipole
may stabilize the transition state at a distance, by influencing
the electrostatic potential in the active site. Significant pertur-
bation of the pK, of the catalytic His 64 results from mutation
of charged surface residues some 12-20 A distant from the ac-
tive site (Russell et al., 1987; Loewenthal et al., 1993). Similar
mutation of distant charged residues affects the stability of com-
plex formation with a transition-state analog inhibitor (Jackson
& Fersht, 1993). These observations support the hypothesis that
long-range electrostatic interactions may play a small but sig-
nificant role in stabilizing the catalytic transition state.

Considerable controversy has surrounded the role of an ad-
ditional component of the catalytic apparatus, a conserved bur-
ied aspartate residue first described in the crystal structure of
chymotrypsin (Matthews et al., 1967; Blow et al., 1969). Mu-
tation of this residue confirmed its essential role, because all
variants of trypsin and subtilisin in which the aspartate is ab-
sent are decreased in catalytic efficiency by at least a factor of
10* (Craik et al., 1987; Sprang et al., 1987; Carter & Wells,
1988; Corey & Craik, 1992). The early suggestion of a two-
proton transfer model, in which the Asp accepts a proton to be-
come uncharged in the transition state, now appears to be
unsupported by the bulk of the experimental (Bachovchin &
Roberts, 1978; Markley, 1979; Kossiakoff & Spencer, 1981) as
well as theoretical (Warshel et al., 1989) evidence. One role for
the conserved Asp appears to be ground-state stabilization of
the required tautomer and rotamer of the catalytic His (Craik
et al., 1987; Sprang et al., 1987). In addition, because the His
imidazole ring acquires a proton in the transition state, the Asp
carboxylate can provide compensation for the developing pos-
itive charge. Its role may therefore be considered similar to that
of the hydrogen bond donor groups in the oxyanion hole, which
compensate the developing negative charge on the substrate car-
boxyl oxygen atom (Warshel et al., 1989; Fig. 2A,B). Experi-
mental evidence for the role of electrostatic stabilization of the
trypsin transition state has been obtained by mutation of the
conserved Ser 214, which forms a solvent-inaccessible hydrogen
bond to Asp 102, to various charged and uncharged amino acids
(McGrath et al., 1992). Decreases in the free energies of catal-
ysis were in agreement with electrostatic calculations, based on
crystal structures of the mutants, which predicted these losses
of activity.

Comparative analysis of the structures of chymotrypsin, sub-
tilisin, and serine carboxypeptidase shows that the precise geo-
metric orientation of the Asp is not conserved relative to the
Ser-His catalytic diad (Liao et al., 1992; compare Fig. 1A,B,C).
In contrast to chymotrypsin and subtilisin, the plane of the Asp
carboxylate in carboxypeptidase is tilted far out of the plane of
the His imidazole, such that the His-Asp hydrogen bond is 45°
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out of the carboxylate plane. This geometry is unfavorable for
proton transfer from His to Asp and provides further evidence
against the double proton-transfer mechanism. A detailed anal-
ysis of high-resolution subtilisin structures also showed differ-
ences in the Asp-His hydrogen bonding relative to trypsin
(McPhalen & James, 1988). It now appears that the Asp can oc-
cupy virtually any position relative to the Ser~His diad. There-
fore, it may be more accurate to regard the operation of the
serine protease catalytic machinery as two diads — Ser-His and
His-Asp —that operate in concert, rather than as a single cata-
lytic triad (Liao et al., 1992). In this context, it is of interest to
note that relocation of the Asp 102 carboxylate group to posi-
tion 214 in trypsin significantly reconstitutes the activity lost in
the variants D102S and D102N (Corey et al., 1992). The crys-
tal structure of this mutant shows that Asp 214 still interacts with
His 57, but in an altered geometric orientation in which the plane
of the carboxylate is displaced from that of the imidazole ring
by 40°. The relatively high catalytic efficiency of this variant thus
supports the view of the catalytic apparatus as a juxtaposition
of two diads.

Substrate specificity in the subtilisin family

The catalytic machinery and substrate binding clefts of the
subtilisin-class serine proteases are embedded in a single-domain
molecule (Wright et al., 1969; McPhalen & James, 1988). Six
crystal structures are available in this family: Bacillus amyloli-
quefaciens subtilisin BPN’ (Novo) (Wright et al., 1969; McPha-
len & James, 1988), Bacillus licheniformis subtilisin Carlsberg
(Bode et al., 1986a; McPhalen & James, 1988), Thermus vul-
garis thermitase (Gros et al., 1989), Thermus album proteinase K
(Betzel et al., 1988), Bacillus lentus alkaline protease (Betzel
et al., 1992), and Bacillus alcalophilus alkaline protease (van der
Laan et al., 1992). The central core of the globular heart-shaped
molecule is formed by a seven-stranded parallel 3-sheet (Fig. 1B).
Nine «-helices are packed against the sheet in a mostly antipar-
allel fashion relative to the 8-strands; seven of these are on the
same face and form the larger of two subdomains defined on ei-
ther side (McPhalen & James, 1988). A two-stranded antiparal-
lel B-sheet is also formed in the larger subdomain near the
C-terminus of the chain. The active site is located in the larger sub-
domain adjacent to the central 8-sheet; the catalytic Ser 221 is
found near the amino-terminus of a long «-helix, which follows
the small antiparallel sheet (Fig. 1B; McPhalen & James, 1988;
numbering system for SBPN is used throughout).

Nearly all of the secondary structure elements of the enzymes
are very highly conserved. A central core of 194 amino acids has
been defined by comparison of the known structures, which con-
tains nearly all of the conserved a-helices and 3-strands (Siezen
et al., 1991). The fungal-derived PROK deviates most signifi-
cantly in structure but still superimposes these equivalent Ca at-
oms with RMS deviation of about 0.9 A (the other prokaryotic
enzymes superimpose at 0.4 A to 0.65 A; Siezen et al., 1991).
If PROK is omitted, a more extended core of 232 amino acids
can be defined among the bacterial species of known structure.
An extensive sequence comparison of 47 subtilisin-class enzymes
showed a subdivision into two subclasses, based on conserved
differences in certain parts of the alignment. SBPN, SCARL,
THERM, BAP, and BLAP are members of subclass I; the struc-
turally divergent PROK is a representative of subclass II (Siezen
et al., 1991). Although the homologous catalytic core of some
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270 amino acids is found in all subtilisins, some of the enzymes
possess large insertions in this domain, and many also possess
C-terminal extensions resulting in polypeptide chains as long as
1,775 amino acids. This large database of sequence information
forms the basis for homology modeling of those enzymes for
which no tertiary structure is available (Siezen et al., 1991, 1993).

Crystal structures of enzyme-inhibitor complexes have iden-
tified substrate binding determinants extending over nine amino
acids, from P6 to P3". The structures include several peptide
chloromethyl ketone complexes, in which subsites P1-P3 are oc-
cupied (Robertus et al., 1972a; Poulos et al., 1976), as well as
complexes of SCARL with the protein inhibitor eglin C (Bode
et al., 1986a; McPhalen & James, 1988), SBPN with eglin C,
chymotrypsin inhibitor 2 and Streptomyces subtilisin inhibitor,
(Bode et al., 1986a; McPhalen & James, 1988; Takeuchi et al.,
1991a, 1991b), THERM complexed to eglin C (Gros et al.,
1989), and PROK complexed with peptide inhibitors (Betzel
et al., 1993). In each of these complexes, the inhibitor chain
binds in a surface channel of the enzyme, which accommodates
six residues from P4 to P2. On the N-terminal side of the scis-
sile bond, the P1-P4 residues of the substrate main chain are
invariably inserted between two -strands of the enzyme at po-
sitions 125-127 and 100-102 (Fig. 2B). The substrate thus forms
the central strand of a three-stranded antiparallel sheet unique
to the subtilisins; in the chymotrypsin-like proteases, this struc-
ture is not formed because only the strand corresponding to res-
idues 125-127 is present (Fig. 2A).

Subtilisins in general show broad substrate specificity profiles
and often display a preference for large hydrophobic groups at
position P1 (Markland & Smith, 1971). At this position speci-
ficity arises from a broad open S1 binding cleft formed on one
side by the two f3-strands, which interact with the P1-P4 sub-
strate residues, and on the other by a loop comprising residues
155-166 (Fig. 3). This loop varies in size among members of the
family (Siezen et al., 1991). In SBPN, two different modes of
binding exist to accommodate either P1-Phe or P1-Lys sub-
strates (Robertus et al., 1972a; Poulos et al., 1976). The Phe ring
binds deeply in the S1 cleft near Gly 166, whereas the charged
Lys extends across the cleft to form a salt bridge with Glu 156.
A prominent hydrophobic cavity is also present for binding of
the P4 substrate side chain (Fig. 3). These two sites have been
the focus of much of the work on substrate specificity. Inter-
actions made in the more distal sites influence catalytic efficiency
markedly, and there is evidence for nonadditivity of mutational
effects suggesting a functional communication between sites
(Gron & Breddam, 1992).

Interactions in the S1 site

The most intensively studied member of the subtilisin family is
SBPN, which has been the subject of extensive protein engineer-
ing investigations (reviewed in Wells et al., 1987b; Wells & Estell,
1988). The enzyme efficiently cleaves peptidyl amide substrates
possessing a broad range of P1 amino acids, with the k., /K,,
value showing a linear dependence on the hydrophobicity of the
substrate side chain. The preference of the enzyme at this position
is roughly Tyr, Phe > Leu, Met, Lys > His, Ala, Gln, Ser >
Glu, Gly (Estell et al., 1986; Wells et al., 1987c). To investigate
the role of hydrophobicity more closely, 12 different amino acids
were substituted for Gly 166, which lies at the base of the pocket
(Fig. 3). Analysis of the mutants showed that an increase in the
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Fig. 3. Structure of the S1 and S4 sites of subtilisin BPN’” showing bind-
ing of a peptide derived from the cocrystal structure with Streptomy-
ces subtilisin inhibitor. An a-carbon trace of the protein is shown in thin
blue lines. Catalytic residues are in yellow, and the inhibitor chain is in
green with the P1 and P4 side chains labeled in blue. Locations of amino
acids at which the S1 and S4 sites have been mutated are indicated in
red. In the subtilisin family, both the S1 and S4 sites are generally spe-
cific for hydrophobic side chains, but Glu 156 in the S1 site of subti-
lisin BPN’ provides activity toward P1-Lys side chains as well. At both
sites, specificity alteration is readily achievable by the substitution of
a small number of residues directly in contact with substrate. Modula-
tion of the hydrophobic specificity profiles has been achieved at both
sites, and altered specificity toward charged residues has been achieved
in the S1 pocket.

side-chain volume at this position, which consequently decreases
the size of the SI1 cleft, caused substantial reductions (up to
5,000-fold) in k., /K,, toward large P1 amino acids. This pre-
sumably occurs due to steric repulsion, which predominates over
the favorable effect of a more hydrophobic pocket. Catalytic
efficiencies toward small P1 side chains were increased by up
to 10-fold in these variants. An optimal combined volume for
the S1 and P1 side chains of 160 A® was estimated from these
data. It appears that hydrophobicity of the S1 site is the main
driving force for specificity, whereas other effects, such as at-
tractive van der Waals forces and hydration of polar side chains,
have a lesser though still significant role.

Because these studies showed that specificity is easily modu-
lated by replacing amino acids directly contacting substrate, it
seemed plausible that more distant portions of the enzyme struc-
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ture might be of little importance. This idea was further explored
by a mutational study in which several amino acids from the re-
lated SCARL enzyme were exchanged for those in SBPN (Wells
et al., 1987a). Although these two enzymes differ by 31% in se-
quence, only three substitutions lie within 7 A of the S1 pocket.
Two of these, at positions 156 and 217 (Fig. 3), directly contact
substrate (residue 217 is in the S1” site). A third residue at posi-
tion 169 is positioned behind the loop comprising residues 156-
166, which forms one side of the S1 pocket. In SBPN the amino
acids are Ser 156, Ala 169, and Leu 217; these replaced the anal-
ogous Glu 156, Gly 169, and Tyr 217 of SCARL. The wild-type
enzymes differ by factors of 6-60-fold in their £_,,/K,, values
toward peptidyl amide substrates possessing P1-Glu, Met, Phe,
Gln, or Ala; in each case, SBPN is more efficient (Wells et al.,
1987a).

The triple mutant E156S/G169A/Y217L was found to exhibit
a substrate specificity profile very similar to that of SCARL.
Cleavage at each of the P1 amino acids tested occurred with ef-
ficiencies within threefold of the target protease (Wells et al.,
1987a). These data demonstrate that, of the 86 amino acid dif-
ferences between the two enzymes, three alone are largely suf-
ficient to determine the differences in specificity. Further, analysis
of singly and doubly substituted variants showed that the E156S
mutation is alone almost entirely responsible for the shift in spec-
ificity profile. Because the activity of the E156S/Y217L enzyme
was found to be within twofold of the triple mutant, it appears
P1 substrate specificity is in fact locally determined to a signif-
icant degree.

The behavior of the E156S variant is similar to that of other
mutant SBPN enzymes also possessing electrostatic substitutions
in the S1 site (Table 1; Wells et al., 1987¢). Sixteen variants were
constructed at positions 156 and 166, each of which altered the
electrostatic potential of the S1 site by introducing or remov-
ing Arg, Lys, Glu, or Asp residues at one or both sites. Analy-
sis of the mutants showed that increases as high as 10*-fold in
k.q/K,, toward complementary charged substrates could be
achieved. To assess the contribution of electrostatic free energy
to the stabilization of the transition-state complex, parallel sub-
stitutions of roughly isosteric but uncharged residues (Met re-
placing Lys; Gln replacing Glu) were also made. For example,
it was found that increasing the positive charge in the Sl site in-
creases k., /K,, much more for P1-Glu than for P1-Gln sub-

Table 1. Engineering electrostatic interactions in subtilisin®

P1-Glu

Net charge Pl-Lys
E156D166 -2 — 16,200
E156N166 —1 40 17,800
E156Q166 -1 16 12,600
S156D166 —1 17 17,400
E156G166 (wt) -1 35 39,800
Q156G 166 0 620 1,070
Q156N166 0 110 5,600
E156R166 0 810 1,550
Q156K 166 +1 66,000 1,700
S156K166 +1 16,200 5,400

* Substrate: suc-Ala-Ala-Pro-Glu/Lys-pNA. Koy /Ky, 57 M7
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strates. In this way, substrate binding effects associated solely
with the charge-charge interaction could be isolated.

Several of the S1-site specificity variants were also utilized in
a different study that addressed the ability of SBPN to function
as a peptide ligase (Abrahmsen et al., 1991). This reaction oc-
curs when peptides bearing a free amino-terminal group can
compete effectively with water for attack on the acyl-enzyme in-
termediate. The intrinsic low level of ligase activity normally
present in SBPN was enhanced by substitution of the active-site
Ser 221 by Cys, which shifts the relative preference toward am-
inolysis by more than 103-fold (Nakatsuka et al., 1987). The
additional mutation P225A improves ligase activity by an ad-
ditional 10-fold (Abrahmsen et al., 1991). The usefulness of this
SBPN variant (referred to as subtiligase) for the synthesis of pro-
teins was improved by introducing specificity variants G166I,
G166E, and E156Q/G166K into the S221C/P225A framework.
Preferred ligation of P1-Glu, P1-Phe, P1-Lys, and P1-Arg es-
ters was achieved; the specificity for ligation mirrored that for
cleavage of peptidyl amide substrates (Estell et al., 1986; Wells
et al., 1987¢). The ability to modulate the S1-site specificity thus
provides greater flexibility in the choice of ligation junctions.
Subtiligase has been used to synthesize ribonuclease A and
active-site variants of this enzyme by stepwise ligation of six es-
terified peptide fragments 12-30 residues long (Jackson et al.,
1994).

Substrate-assisted catalysis

Substrate-assisted catalysis represents a strategy for enhancing
the specificity of proteolytic cleavage. Subtilisins lacking the cat-
alytic His 64 can be reconstituted by including a histidine resi-
due within the substrate (Carter & Wells, 1987; Carter et al.,
1989, 1991). By placing a His at the P2 position of peptidyl am-
ide substrates, specificity of up to 400-fold was achieved rela-
tive to analogous P2-Gln and P2-Ala substrates. The increased
specificity at position P2 occurs within the context of a compro-
mised enzyme: H64A subtilisin is reduced 10%-fold in k., /K,
and H64A in the presence of a P2-His substrate remains 5,000-
fold less efficient than the wild-type enzyme (Carter & Wells,
1987). Mutation of Ser 221, Asp 32, and Asn 155 in the context
of H64A suggested that interactions of the catalytic His with the
Ser and Asp residues are severely compromised when the His is
present in the substrate (Carter et al., 1991). By contrast, the
oxyanion hole interactions appear much less disrupted. Model-
building of P2-His substrates indicates that the imidazole ring
can occupy roughly the same position as that of His 64 in the
native enzyme, although some deviation in hydrogen bond dis-
tances and angles exists, which may partially explain the reduced
activity.

The large database of Sl-site specificity variants was again
used to enhance the selectivity of proteolytic cleavage by the pro-
totype H64A enzyme (Carter et al., 1989). For example, an im-
provement of 20-fold in cleavage of suc-FAHY-pNA was
observed by introducing the S1 and S1’-site mutations E156S,
G169A, and Y217L (Estell et al., 1986; Wellset al., 1987c), which
increase catalytic efficiency toward P1-Phe and P1-Tyr sub-
strates. The additional mutation G166A enhanced specificity for
P1-Phe but not P1-Tyr substrates, as expected because the C*
of Ala 166 appears to cause steric hindrance to the binding of
the larger Tyr side chain. Little specificity was observed on the
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C-terminal side of the peptide bond in the cleavage of peptide
substrates. The mutant subtilisins have been shown to selectively
cleave designed target sites in fusion proteins, even under ad-
verse conditions, making them a useful additional tool in the
repertoire of protein chemists (Carter et al., 1989).

Further insight into substrate-assisted catalysis was provided
by a novel approach using phage display technology (Matthews
& Wells, 1993; Fig. 4A). A randomized target substrate sequence
for an improved H64A subtilisin (Carter et al., 1989) was in-
serted between an amino-terminal affinity domain representing
a variant of human growth hormone, and the carboxy-terminal
domain of the M 13 phage gene I1I coat protein. A collection of
phage particles bearing different substrate sequences is bound
to immobilized hGH-binding protein and cleaved by subtilisin,
so that phage bearing good substrate sequences are eluted and
those bearing poor sequences remain bound. Propagation of the
phage further enriches for efficient or inefficient cleavage sites.
Analysis of the sequences that were efficiently cleaved revealed
that P1’-His as well as P2-His-containing substrates could func-
tion in substrate-assisted catalysis. Analysis of cleavage of fu-
sion proteins linked to alkaline phosphatase, which provides an
easily assayed activity, suggested that P1’-His-mediated cleav-
age was comparable in efficiency to P2-His cleavage. Further
study of P1’-His cleavage would be informative because release
of the leaving group after formation of the acyl-enzyme implies
that no catalytic His is present to assist in deacylation. Molec-
ular modeling has shown that a P1’-His can also occupy the po-
sition vacated by His 64 in an H64A variant (Matthews & Wells,
1993).

The P4-S4 interactions

Considerable specificity toward substrate residues distant from
the scissile bond exists in the subtilisin-class family. A thorough
mapping of the preferences of two enzymes—SBPN and
BLAP —shows that the most marked distal interaction occurs
on the N-terminal side of the substrate at the S4 enzyme site
(Gron et al., 1992). Mutational analysis at this position has been
applied to three of the enzymes of known structure: SBPN (Eder
et al., 1993; Rheinnecker et al., 1993, 1994), BLAP (Bech et al.,
1992, 1993; Serensen et al., 1993), and BAP (Teplyakov et al.,
1992). The S4 site is formed from the juxtaposition of two struc-
tural elements: residues 100-107 at the amino-terminus of an «-
helix in the small subdomain and residues 125-132 in an adjacent
surface loop. Substrate interactions include both the main-chain
B-sheet hydrogen bonds as well as contacts with the side chains
of residues 104, 107, 126, and 135, which line the sides and base
of the site (Fig. 3). Of the amino acids shaping the cleft, only
Gly 127 is invariant in the family (Siezen et al., 1991).

In SBPN, the amino acid side chains in the S4 site are Tyr 104,
Ile 107, and Leu 126, which create a large hydrophobic pocket.
Accordingly, the substrate preferences follow the series Phe >
Leu, Ile, Val > Ala for cleavage of peptidyl amide substrates
(Rheinnecker et al., 1993). Slightly different preferences follow-
ing the same general trend were observed toward long peptides
occupying subsites S5-S5 (Greon et al., 1992). However, the
range of k., /K,,, values varies only over a three- to sixfold range.
It was suggested that the small variability might be due to com-
pensatory shrinkage of the S4 site upon binding of smaller side
chains (Takeuchi et al., 1991a). Efficiencies toward polar resi-
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Fig. 4. Randomization methodologies employed in isolation of serine
protease substrate specificity mutants. A: “Substrate phage” approach
applied to subtilisin. In this method, the sequence of the substrate rather
than the enzyme is varied to explore the substrate specificity at many
of the subsites. By using H64A subtilisin as the cleaving protease, it was
discovered that substrate-assisted catalysis functions when the substrate
His is present at the P1” as well as the P2 position. Note that in phage
display systems, the phage particle provides a “package” in which the
mutant DNA and variant protein are physically linked. This facilitates
analysis after enrichment of those phage bearing good substrate sequences.
B: Genetic selection for the isolation of trypsin variants. Periplasmic ex-
pression of a variant trypsin capable of cleaving the nonnutritive Arg-
X substrate (1, 2) leads to release of free Arg (3), which enters the
cytoplasm and relieves auxotrophy. Twenty variant trypsins possessing
altered Arg/Lys specificity ratios have been isolated in this manner. C:
Phage display approach for the isolation of trypsin variants. A wild-type
trypsin gene fused to the M13 gene III coat protein specifically binds
immobilized ecotin, a dimeric protein inhibitor of mammalian serine pro-
teases that is found in the bacterial periplasm.
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dues are decreased by more than 100-fold relative to hydropho-
bic amino acids (Gren et al., 1992).

Tyr 104, Ile 107, and Leu 126 were mutated singly and in com-
bination to amino acids that in every case were smaller than the
wild-type residue. The following variant enzymes were charac-
terized kinetically toward amide substrates of the form suc-
XAPF-pNA: Y104F, Y104A; 1107G, 1107A, 1107V, L126G,
L126A, L126V, and the double mutants 1107G/Y104A,
[107G/L126A, 1107G/L126V (Rheinnecker et al., 1993, 1994).
These alterations test the effects of enlarging the P4 pocket as
well as the consequences of deleting a hydrogen bond present
between the side chains of Tyr 104 and Ser 130.

It was found that the Tyr 104-Ser 130 hydrogen bond has lit-
tle effect on enzyme efficiency or specificity: Y104F SBPN hy-
drolyzes P4-Ala, Val, lle, Leu, and Phe substrates nearly
identically to the wild-type enzyme. The effect of introducing
Ala at this position is similar to that caused by decreasing the
size of Ile 107: in each case specificity is increased for residues
possessing large side chains at P4. Among the single mutants at
positions 104 and 107, the largest improvements in the relative
specificity for P4-Phe relative to P4-Ala are roughly 200-fold
for both Y104A and 1107G. For these variants, the effects are
achieved by maintaining approximately wild-type levels of
keu/K,, toward Phe and sharply decreasing efficiencies toward
Ala and the other smaller substrate residues. Mutation of Leu 126
had smaller effects on relative specificities, but large decreases
in the range of 10-10*-fold were observed in k., /K,,, with de-
creased efficiency correlated with decreasing size of the side
chain.

The three double mutants also showed strong preference for
large side chains at position P4 (Rheinnecker et al., 1994).
Among these enzymes, the mutant [107G/L126V improves the
P4-specificity for large side chains to 340-fold relative to P4-Ala,
but in this case the maximal discrimination was achieved with
P4-Leu rather than P4-Phe. The other two double mutants sim-
ilarly exhibited a maximal preference for P4-Leu. In all cases,
nonadditivity was observed relative to the single mutants, as ex-
pected from the close proximity of the three side chains. Kinetic
parameters were also measured toward the single-residue sub-
strate acetyl-tyrosine ethyl ester, which might be considered as
a probe measuring the extent to which S4-site mutants affect the
functioning of the S1 site. Large decreases of up to 60-fold were
observed, with the largest effects occurring for the double mu-
tants. However, the same variants exhibit comparable efficiencies
to wild-type when measured toward favored suc-XAPF-pNA
substrates. This suggests that less productive binding may oc-
cur in the absence of the subsite interactions, particularly be-
cause the ester substrate is more easily cleaved owing to the
better leaving group.

The substrate preference of BLAP at the P4 substrate posi-
tion is also toward large hydrophobic side chains (Gren et al.,
1992). A broader range of specificities exists than in SBPN: in
this case, a 24-fold (rather than sixfold) increase in k., /K,
when progressing from small to large hydrophobic amino acids
is observed. The individual subsite interactions do not affect the
overall catalytic efficiencies in an additive manner, suggesting
that functional communication occurs and is mediated by struc-
tural elements of the protein (Gren & Breddam, 1992). For ex-
ample, modest substrate preferences at some sites are masked
if the optimal P1-Phe and/or P4-Phe residues are present. These
amino acids dominate the cleavage efficiency such that an up-
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per limit in k., /K, is reached even when other subsites are
filled by nonpreferred residues. These other sites are therefore
less important when a good substrate rather than a poor sub-
strate is bound. This study underlines an important principle:
optimal subsite mapping of subtilisins (and other proteases)
should be carried out using sets of matched substrates where the
interdependency of binding sites is not manifested. In the case
of BLAP, the presence of an anthraniloyl group at PS5 and a Pro
at P2 apparently disrupts the P1-Phe and P4-Phe interactions,
such that a substrate series containing these nonoptimal groups
permits distribution of P1’ site preferences over a 15-fold range.
Only a 50% difference between the most and least favored P1’
amino acid is observed in the absence of the nonoptimal groups,
which prevents accurate mapping of the true subsite preference
(Gron & Breddam, 1992).

The structure of the BLAP S4 pocket is similar to that of
SBPN. The side chains of Val 104, Ile 107, Leu 126, and Leu 135
form the base and one side of the pocket, whereas Ser 128,
Ser 130, and Ser 132 are situated along the outside rim with each
of the side-chain hydroxyl groups pointing inward. The substi-
tution of Val 104 for the Tyr present in SBPN allows Leu 135
access to the substrate in BLAP. The only other difference in
the pocket between the two enzymes is the presence of Gly 128
rather than Ser 128 in SBPN. A total of 21 mutants in the BLAP
S4 site have been constructed and analyzed (Bech et al., 1992,
1993; Serensen et al., 1993). At position 104 it was found that
bulky hydrophobic side chains produced enzymes that prefer-
entially cleaved small hydrophobic side chains, and conversely,
smaller amino acids increased specificity toward large substrates.
This behavior is reminiscent of the effects caused by increasing
the size of residue Gly 166 in the S1 site of SBPN (Estell et al.,
1986; see above). Mutations at other positions in the BLAP 54
site often also showed these effects, but in many cases complex
specificity profiles not immediately interpretable in simple terms
were obtained. What does appear clear is that both steric and
hydrophobic effects play important roles in determining the S4
specificity profile (Bech et al., 1993; Serensen et al., 1993). For
some mutants it was further suggested that structural flexibil-
ity is also critical.

Distinguishing the degree to which hydrophobicity, steric ex-
clusion, and substrate-induced conformational changes function
to determine specificity profiles requires high-resolution struc-
tural information on the mutant enzymes. Such information has
begun to be obtained in the study of BAP variants (Teplyakov
et al., 1992). Substitution of Val 104 in this enzyme with Trp in-
creased activity toward suc-AAPF-pNA by 12-fold. The crys-
tal structure of the uncomplexed variant showed that no other
structural change occurs and that the S4 site is now blocked off
such that a modeled P4-Ala residue makes a good van der Waals
contact with Trp 104. Trp 104 in this variant is oriented nearly
identically to Trp 104 in THERM, which also exhibits high ac-
tivity toward suc-AAPF-pNA.

Comparison of the structures of SSI and a P4-Met to Gly mu-
tant of SSI complexed to SBPN showed that the S4 site under-
goes a substantial shrinkage upon binding of P4-Gly (Takeuchi
et al., 1991b). The structural flexibility in this enzyme raises the
possibility that a capacity for such rearrangement may exist in
other members of the family as well. Required for an assessment
of the degree of flexibility, and the extent to which amino acid
alterations affect this property, are crystal structures of wild-
type and mutant enzymes complexed to substrate analogs pos-
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sessing small and large side chains at the P4 position. In the case
of BAP, for example, it would be of interest to determine the
catalytic efficiencies of the wild-type and V104W enzymes toward
larger hydrophobic P4-side chains and then to carry out a sys-
tematic structural analysis of complexes of each enzyme with
analogous inhibitors. Such an analysis for the chymotrypsin-like
a-lytic protease has yielded substantial insight into the structural
basis for enzyme flexibility (Bone et al., 1991; see below).

Together these mutational alterations within the subtilisin S1
and S4 sites allow two important conclusions: (1) only the lo-
cal environment of amino acids directly contacting substrate
need be considered in designing specificity changes; (2) there is
no important distinction between hydrophobic and polar enzyme-
substrate interactions because each type is manipulatable to gen-
erate new specificity profiles while maintaining high activity. The
importance of these generalizations to protein design in other
systems depends upon the extent to which the structural design
of the binding cleft, and the nature of the reaction being cata-
lyzed, are crucial parameters. As we shall see, structural con-
text can have great influence in mediating the extent to which
specificity alteration is straightforward. A clue to its important
role can be seen in the dependence of catalytic efficiency on the
extent to which subsites are filled. The signal that distal portions
of substrate are bound is transmitted over large distances and
must in some way be mediated by the intervening protein struc-
ture. Long-range effects are key in the chymotrypsin family of
enzymes, both in terms of filling subsites as well as in determin-
ing specificity at a single site (Corey et al., 1992; Hedstrom et al.,
1992, 1994a, 1994b; Perona et al., 1995; see below).

Prohormone convertases: Specificity
toward paired dibasic residues

Tissue-specific processing of precursor proteins in mammalian
cells is accomplished by a subfamily of subtilisin-class enzymes
known as prohormone convertases. The need for this cleavage
event to release bioactive products provides a crucial regulatory
step for the cell. Early protein sequencing studies of various pep-
tide hormones suggested that the dibasic sequences Lys-Lys and
Lys-Arg provided the sites of cleavage (reviewed by Lazure et al.,
1983). The first protease isolated in this class was the yeast kexin,
which cleaves with high selectivity both synthetic peptide and
protein substrates possessing Lys—Arg at the P2 and P1 sites, re-
spectively (Fuller et al., 1989; Brenner & Fuller, 1992). Follow-
ing isolation of the yeast enzyme a number of mammalian
species have been cloned including furin (Van den Ouweland
et al., 1990), PC1/PC3 and PC2 (Smeekens et al., 1991), and
more recently the enzymes PC4, PCS5, and PACE4 (Rehemtulla
etal., 1993). The enzymes possess pro-domains and must there-
fore themselves be processed prior to activation. Maturation has
been shown to occur in an autocatalytic fashion in the cases of
PC2 (Matthews et al., 1994) and of furin (Creemers et al., 1993).
These studies have now shown that most cleavage takes place
either at Lys-Arg and Arg-Arg dibasic sites, or at an Arg-X-
Lys-Arg consensus site, depending on the intracellular pathway
of localization.

Mature prohormone convertases are large enzymes that typ-
ically possess 600-800 amino acids. In addition to the subtilisin-
like catalytic domain, they also variously possess other structural
elements such as transmembrane anchors, Ser/Thr-rich regions,
glycosylation sites and Cys-rich regions (Seidah et al., 1991).
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Based on homology modeling, it was predicted that these en-
zymes possess a greatly increased number of negatively charged
residues near the substrate binding cleft. Many of these amino
acids are highly conserved (Siezen et al., 1991; Fig. 5). Their im-
portance was tested by site-directed mutagenesis of furin, using
processing of a peptide hormone in vivo as the functional assay
(Creemers et al., 1993). The following residues were mutated:
Asp 33, Asp 61, Glu 101, Asp 104, Glu 107, Glu 129, Asp 130,
Asp 131, Asp 165, and Asp 209. Cleavage was assayed toward
the wild-type hormone precursor as well as toward three mutants
in which one of the positively charged amino acids in the cleav-
age site sequence P4-Arg-P3-Ser-P2-Lys-P1-Arg was altered to
Gly or Ala. The ability of mutants to carry out autoproteolytic
activation was also assessed.

Mutation of the P1-Arg in this sequence gave rise to prohor-
mones that could not be processed either by wild-type or by any
of the mutant furins, suggesting that a basic residue at this po-
sition is critical to recognition (Creemers et al., 1993). Several
of the mutants possessed preferences for one of the three mu-
tant prohormone substrates, implicating the Asp or Glu at that
enzyme position in recognition of the substrate residue that was
altered. Thus, Asp 33 isimplicated in P2-site binding and Glu 107
in P4-site binding, in accord with modeling that predicts their
locations adjacent to these substrate positions (Siezen et al.,
1991). Mutation of Asp 165, predicted to lie at the base of the
S1 site, abolished activity, as did removal of the negative charge

Fig. 5. A distinct subclass of the subtilisin family of serine proteases,
the prohormone convertases, are involved in prohormone processing in
a number of important physiological contexts. The specificity of pro-
cessing is toward sites possessing 2-4 Arg and Lys residues at the P1-
P4 positions. Shown is a solvent-accessible protein surface on which are
mapped the binding determinants specifying prohormone processing by
furin. The structure is that of subtilisin BPN’ complexed to SSI because
no three-dimensional structure is yet available in this subclass. A large
number of negatively charged amino acids is found on the substrate bind-
ing face of the enzyme (red). The catalytic triad is in blue and the sub-
strate is in yellow, with the P1-P4 amino acids in green.
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from positions Glu 129, Asp 130, or Asp 131 putatively near the
P4 site. Interestingly, the roughly isosteric mutant D209L abol-
ished activity, despite being located some distance from the bind-
ing cleft. By contrast, other substitutions nearer to the substrate
could be introduced without loss of activity. These furin mu-
tants provide the first mapping of structural determinants af-
fecting prohormone processing. An obvious need now exists for
an accurate three-dimensional structure of an enzyme in this
class. Together with detailed kinetic analysis of synthetic sub-
strates, this would provide substantial insight into the structural
determinants of this most interesting specificity.

Substrate specificity in the chymotrypsin family

As in the subtilisin family of enzymes, the diversity of substrate
specificity among the chymotrypsin-like proteases rests upon
small differences in structure in the substrate-binding cleft. All
of the chymotrypsin-like enzymes are composed of two juxta-
posed 3-barrel domains, with the catalytic residues bridging the
barrels (Fig. 1A; Kraut, 1977; Steitz & Shulman, 1982; Bazan
& Fletterick, 1990). Crystal structures are available for bovine
chymotrypsin (Matthews et al., 1967), porcine pancreatic elas-
tase (Watson et al., 1970), bovine, rat, and Streptomyces griseus
trypsins (Ruhlmann et al., 1973; Sprang et al., 1987; Read &
James, 1988), rat tonin (Fujinaga & James, 1987), kallikrein
(Bode et al., 1983), rat mast cell protease II (Remington et al.,
1988), human neutrophil elastase (Navia et al., 1989), throm-
bin (Bode et al., 1989a), factor Xa (Padmanabhan et al., 1993),
and complement factor D (Narajana et al., 1994). Additionally,
structures are available for four microbial enzymes: S. griseus
proteases A, B, and E (SGPA, Delbaere et al., 1979; SGPB,
Moult et al., 1985; SGPE, Nienaber et al., 1993), and the Lyso-
bacter enzymogenes «-lytic protease (Brayer et al., 1979). The
microbial enzymes share the chymotrypsin-like bilobal 3-barrel
structure but are more distantly related as evidenced by their
shorter sequences and substantial structural differences in sur-
face loops (James, 1976). S. griseus trypsin, on the other hand,
is an example of a microbial enzyme that is more homologous
to mammalian serine proteases than to its bacterial counterparts
(Read & James, 1988).

Molecular modeling methods have been used to create a
structure-based sequence alignment of the chymotrypsin-like ser-
ine proteases (Greer, 1990), which is very useful in assessing sub-
strate preferences. The specificity is usually most pronounced
at the S1-sites of the enzymes, where the majority of sequences
group into one of three subclasses definable by inspection of a
small number of crucial amino acids. Position 189, located at
the base of the S1 pocket, is very highly conserved as an Asp
in enzymes with trypsin-like specificity toward Arg- and Lys-
containing substrates (Fig. 6; chymotrypsin numbering system
is used throughout —see Greer, 1990). It is found as a Ser or
other small amino acid in chymotrypsin and elastase-class en-
zymes, which manifest specificity toward aromatic and small hy-
drophobic amino acids, respectively. The amino acid side chains
at positions 190 and 228 extend into the base of the pocket as
well and play an additional role to modulate the specificity pro-
file. Amino acids at positions 216 and 226 are usually Gly in both
trypsin and chymotrypsin-like enzymes; larger amino acids at
these positions partially or fully block access of large substrate
side chains to the base of the pocket (Fig. 6). Accordingly, elas-
tases possess larger, usually nonpolar residues at these positions,
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Fig. 6. Common architecture of the SI site of four members of the
chymotrypsin-like class of serine proteases, with the eponymous Ser 195
catalytic residue shown in blue. An early paradigm for substrate specific-
ity was derived from a comparison of the Si-site structures of trypsin
(A), chymotrypsin (B), and pancreatic elastase (C). Amino acids at po-
sitions 216 and 226 (left side of the pocket) and at 189 and 190 (right
side) are indicated by van der Waals surfaces colored white for uncharged
and red for negatively charged residues. The shape and electrostatic
character of each site corroborate the specificities toward Arg/Lys,
Phe/Tyr/Trp, and Ala, respectively. Fiddler crab collagenase (D) pos-
sesses a negatively charged Asp in an altered position relative to tryp-
sin. Although it might be predicted that this enzyme possesses a
trypsin-like specificity profile, it is instead capable of efficiently cleav-
ing P1-side chains of substrates specific to each of the three other pro-
teases. Amino acid sequence alignment of these four enzymes (E)
showing the distinction in primary specificity residues (bold) and sec-
ondary determinants (underlined). Positions in the sequence of two ad-
jacent surface loops are also shown (see Figs. 7, 11, 13).

providing a platform for interaction with small hydrophobic
substrate P1-amino acids. The shapes of the S1 pockets of tryp-
sin, chymotrypsin, and elastase thus appear to readily explain
the observed specificities, leading to the canonical view that sub-
strate preferences are in fact determined by this limited set of
amino acids (Stroud, 1974). However, as discussed below, this
perspective has now been shown to be incorrect by the discov-
ery that other structural elements distant from the substrate
binding site are also crucial determinants of specificity.
Kinetic measurements of substrate preferences for the two
mammalian elastases of known structure (PPE and HNE) per-
mit a more detailed appraisal of structure-function relationships
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(Bode et al., 1989b). Both enzymes possess bowl-shaped hydro-
phobic S1 binding sites that accommodate small hydrophobic
substrates (Watson et al., 1970; Navia et al., 1989). However,
the S1 site of PPE has been described as slightly less hydropho-
bic and marginally smaller than that of HNE (Bode et al.,
1989b). PPE cleaves peptide bonds preferentially at small P1-
Ala and Nva side chains (Harper et al., 1984), whereas HNE
manifests substantial activity toward the branched-chain Val, Ile,
and Leu residues (Harper et al., 1984; Stein et al., 1987). These
preferences are in accord with the smaller S1 site of PPE, but
the small difference in size is insufficient to account for the al-
tered profiles. The identity of the amino acids that line the S1
pockets differ substantially in the two enzymes, most notably
by the presence of the charged Asp 226 in HNE, which is present
as a Thr in PPE. In HNE, Asp 226 is buried by Val 216 and
Val 190, and the carboxylate group points away from substrate
into a network of buried water molecules (Navia et al., 1989).
One possible explanation for the superior ability of HNE to
cleave branched-chain substrates could thus be that the S1-site
possesses greater intrinsic flexibility as a consequence of its dif-
ferent construction and interaction with surrounding portions
of the structure (Bode et al., 1989b). A small shrinkage of the
S1 site is in fact observed upon binding Val relative to Leu in
this position (Bode et al., 1986b; Wei et al., 1988).

Cleavage of peptide substrates adjacent to the acidic Asp and
Glu residues is the hallmark of an additional subclass of en-
zymes. Recognition of the negatively charged carboxylate is
accomplished by means of a His residue at position 213 in a
number of microbial enzymes including the Staphylococcus au-
reus V8 protease (Drapeau, 1978), SGPE (Svendsen et al., 1991),
and two epidermolytic toxins of S. aureus (Dancer et al., 1990).
Recently, the crystal structure of SGPE complexed with the tet-
rapeptide Ala-Ala-Pro-Glu has been determined at 2.0 A reso-
lution (Nienaber et al., 1993). The structure reveals that the Glu
carboxylate is indeed bound directly by His 213 as well as by the
side chains of Ser 192 and Ser 216. The structure of the enzyme
also shows that His 213 is hydrogen bonded in series to two other
His residues at positions 199 and 228 to form a solvent-inaccess-
ible His triad that penetrates through the core of the enzyme.
This remarkable structural feature is postulated to play a role
in substrate charge compensation, by delocalizing the substrate
negative charge through proton transfer across the His residues
(Nienaber et al., 1993). No other serine protease is known to pos-
sess the His triad. An alternative to the use of His 213 is found
in a protease from cytotoxic T-lymphocytes, which possesses an
Arg at position 226 (Murphy et al., 1988). This enzyme is un-
usual in its preference for cleavage at Asp rather than Glu resi-
dues (Odake et al., 1991). Mutation of Arg 226 to Gly, followed
by qualitative assay of crude lysates in which the variant was ex-
pressed, showed lowered activity toward peptidyl P1-Asp thio-
benzyl ester substrates and increased activity toward analogous
P1-Phe substrates (Caputo et al., 1994).

Virtually all chymotrypsin-like serine proteases share a com-
mon feature: an S1-site specificity that is restricted to a relatively
narrow subset of the naturally occurring amino acids. It there-
fore came as some surprise when one enzyme, the collagenolytic
serine protease I from the fiddler crab Uca pugilator, was shown
to possess high catalytic activity toward each of trypsin, chymo-
trypsin, and elastase-like substrates (Grant & Eisen, 1980). The
specificity profile of this enzyme has recently been reexamined
in detail (Tsu et al., 1994). Crab collagenase exhibits 5% of elas-
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tase, 10% of chymotrypsin, and 65% of trypsin activity, as as-
sessed by k., /K,, values toward peptidyl amide substrates
possessing Ala, Phe, and Arg, respectively, at the P1 position.
k.4 values toward each of these amino acids are extremely
high. Additionally, it is the most efficient chymotrypsin-like
enzyme known toward Pl-Leu and P1-Gln amide substrates,
manifesting 6-fold and 50-fold greater activities than does chy-
motrypsin toward these substrates (Tsu et al., 1994). Therefore,
the chymotrypsin-like scaffold can maintain an S1 binding
pocket that accommodates a very broad range of amino acids
without sacrificing catalytic efficiency.

Crab collagenase exhibits an interesting rearrangement of a
negative charge at the base of the S1 site: residues Asp 189 and
Gly 226 of trypsin are altered to Gly 189 and Asp 226 in colla-
genase (Grant et al., 1980; Fig. 6). However, this predicts a strict
specificity for P1-Lys and Arg substrates: the amino acids at po-
sitions 190 and 216 are Thr and Gly, respectively, which allows
access of the substrate to Asp 226. As discussed above, Asp 226
of human neutrophil elastase is buried by Val 216, leading to a
hydrophobic specificity profile (Navia et al., 1989). A possible
explanation for the ability of crab collagenase to accommodate
hydrophobic as well as positively charged substrate residues is
provided by a recently refined 2.5-A crystal structure of the en-
zyme complexed with the dimeric serine protease inhibitor ecotin
(J.J. Perona, C.A. Tsu, C.S. Craik, & R.J. Fletterick, submit-
ted for publication). The structure shows that one carboxylate
oxygen of Asp 226 is accessible to substrate, but that the P1-
methionine residue of ecotin does not enter the S1-site and binds
instead on the surface of the enzyme adjacent to the disulfide
bond at positions 191-220. Modeling shows that the pocket can
provide multiple binding sites that accommodate diverse amino
acid side chains in distinct positions. Therefore, S1-site flexibil-
ity does not appear to be utilized as a structural determinant in
the broad specificity of crab collagenase.

a-Lytic protease: Exploring the role of structural
plasticity in substrate specificity

a-Lytic protease, an extracellular enzyme produced by the soil
bacterium L. enzymogenes, has been the subject of intensive
analysis aimed at relating structure to catalytic activity. This mi-
crobial protease, while possessing the chymotrypsin-like fold
comprising two 3-barrels (Brayer et al., 1979), nevertheless dis-
plays large insertions and deletions relative to the pancreatic en-
zymes, resulting in an overall RMS deviation in the positions of
structurally equivalent a-carbons of 1.36 A for 110 of 198 amino
acids, when compared with chymotrypsin (Fujinaga et al., 1985).
By comparison, the equivalent pairwise fits with the bacterial
proteases SGPA and SGPB yield RMS deviations of roughly
0.7 A, a value very similar to that which relates the mamma-
lian pancreatic enzymes to each other. The S1 pockets of a-lytic
protease and trypsin are particularly divergent in structure (Fig. 7).
An insertion of two amino acids causes Met 192 of a-lytic pro-
tease to occupy a position similar to Ser 190 of trypsin. More
strikingly, an adjacent surface loop at positions 185-188 is de-
leted in a-lytic protease, and a second nearby loop at positions
217-225 is enlarged by eight amino acids. A consequence of
these differences is that, although both enzymes possess a di-
sulfide bond linking the conserved residues Cys 191 and Cys 220,
the positions of the sulfur atoms are displaced by 7-8 A (Fig. 7).



348

Fig. 7. Diversity in S1-site structure between the mammalian and the
microbial trypsin-like enzymes is illustrated by a superposition of tryp-
sin (green) and «-lytic protease (red). Although the mammalian enzymes
such as trypsin possess two well-defined loops (loop 1 and loop 2) join-
ing the 3-strands of the specificity pocket, in a-lytic protease and other
microbial enzymes loop 1 is absent, whereas loop 2 is greatly enlarged.
Conserved disulfide bonds of each enzyme (Cys 191-Cys 220; yellow)
are displaced some 7 A from each other. The catalytic triad is shown
at the top in green.

Kinetic data show that «-lytic protease possesses a hydropho-
bic specificity profile for substrate residues in the P1 position.
The preference of the enzyme at P1, as described by relative
k.../K,, values, is roughly Ala > Met, Val, Gly > Nle > Leu >
Phe for hydrolysis of tetrapeptide amide substrates (Bauer et al.,
1981; Bone et al., 1991). The structural elements that interact
with the P1-substrate side chains comprise the three hydropho-
bic side chains Met 192, Met 213, and Val 217a, which together
form a shallow depression in the enzyme surface (Brayer et al.,
1979; Fujinaga et al., 1985; Fig. 8). More recently, six crystal
structures of the enzyme complexed with peptidyl boronic acid
inhibitors of the general structure R-boroX (where R is meth-
oxysuccinyl-Ala-Ala-Pro and boroX is the o-aminoboronic acid
analog of Ala, Val, Ile, Nle, Leu, or Phe) have been determined
at resolutions between 2.0 and 2.5 A (Bone et al., 1987, 1989a,
1991). Boronic acids are tight-binding (K;’s in the nanomolar
range) reversible inhibitors of serine proteases (Kettner & Shenvi,
1984) that form covalent, nearly tetrahedral adducts with Ser 195
(Bone et al., 1987). They represent good structural analogs of
the high-energy tetrahedral intermediate present on the actual
catalytic pathway.

The crystal structures of the boronic acid complexes confirm
that covalent tetrahedral adducts are formed with O~ of Ser 195
for the P1-Ala, Val, Ile, Leu, and Nle inhibitors. The large P1-
Phe side chain cannot fit into the S1-site, leading to the forma-
tion of an unusual trigonal adduct that includes His 57 (Bone
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Fig. 8. Structure of the S1 site of a-lytic protease bound to the substrate
analog suc-Ala-Ala-Pro-Ala-boronic acid (red), showing the positions
of the hydrophobic amino acids Met 192, Met 213, and Val 217a, which
form a platform for binding of small hydrophobic side chains. The three
B-strands of the S1 site are shown in yellow and the large connecting w-
loop is in green. Catalytic groups are also in green (top). Mutation of
either Met 192 or Met 213 to Ala creates variant enzymes possessing
greatly broadened specificities toward hydrophobic amino acids, with-
out sacrificing catalytic efficiency.

et al., 1989a). The interactions of the inhibitor among these
structures are nearly identical with the exception of the way in
which the P1 side-chains interact with Met 192, Met 213, and
Val 217a. These side chains adjust conformation in response to
the differing sizes and shapes of the inhibitor amino acids. Small
shifts in the position of adjacent main-chain atoms in the S1 and
S2 specificity sites occur in the complexes with the larger Nle and
Phe. Particular importance has been ascribed to the rearrange-
ments at positions 217a-217d (Bone et al., 1989a, 1991; see be-
low). Low activity toward the larger Leu and Phe side chains
appears to arise solely from steric considerations, whereas Met
is preferred to Leu presumably owing to its greater flexibility.
Although the structural basis for the preference of Ala relative
to Val was not unambiguously clear, it was proposed that strong
binding to the oxyanion hole, required in the transition state,
is prevented for the Val substrate on steric grounds. Differences
in the electronic character of the boronate inhibitor, relative to
a true transition state, do not allow for a complete mimicking
of the latter (Bone et al., 1989a).

The substrate specificity profile of a-lytic protease was altered
dramatically by the introduction of either of two single-site mu-
tations in the S1 site: M192A or M213A (Bone et al., 1989b; Ta-
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ble 2; Figs. 8, 9). In each case, high activity toward Ala was
retained, but the increased size of the S1 pocket allowed accom-
modation of P1-side chains as large as Phe, with catalytic effi-
ciencies k., /K,, increased up to 15-fold relative to wild-type
cleavage at P1-Ala. For M192A, improved catalytic efficiencies
toward P1-Met and P1-Val resulted mainly from lowered K,
values, whereas the P1-Leu and P1-Phe substrates were im-
proved in both k., and K,,. The catalytic activity toward P1-
Leu and P1-Phe substrates was improved by 10*-10°-fold,
respectively, relative to wild type. However, the wild-type pref-
erence of nearly 10°-fold for P1-Ala/Phe was decreased to
30-fold in M192A and nearly completely eliminated in M213A
(Table 2). Complicating a straightforward interpretation of the
profiles of these variants were two factors: (1) the dependence
of k.o, K,y and k., /K,,, was not correlated with the size or hy-
drophobicity of the P1 side-chain; (2) enlargement of the pocket
by the same volume in the two mutants gave rise to considera-
bly different functional effects. Therefore, extensive structural
analysis of the mutant enzymes complexed with the boronic acid
inhibitors was carried out to understand which factors cause the
altered specificities (Bone et al., 1989b, 1991).

The principle rationale for the exceptionally broad specific-
ity profiles of M192A and M213A is that the S1 site possesses
structural plasticity, which encompasses a combination of alter-
nate side-chain conformations as well as deformability of the
main chain (Bone et al., 1989b; Fig. 9). For example, accom-
modation of the P1-Phe side chain by M192A results from a
substrate-induced conformational change, in which the side
chain of Val 217a rotates to remove one carbon from the pocket,
and the main chain from Val 217a to Val 217d shifts by 0.5-0.8 A.
This permits the large inflexible aromatic ring to be nearly com-
pletely buried in the specificity pocket. In this case, some of the
binding energy is presumably used to drive the conformational
change in the protein, a phenomenon that is also observed to
lesser extents in other mutant-inhibitor complexes. In general,
hydrogen bond lengths, buried hydrophobic surface area, un-
filled cavity volume, and the magnitude of conformational
changes vary significantly among the various mutant and wild-
type complexes (Bone et al., 1991). The energetic consequences
of these differences were quantified (see Bone & Agard [1991]
for a review of the energetics of intermolecular interactions) and
correlated with free energies of catalysis for the various mutant-
substrate combinations.

The analysis has led to an increased understanding of the way
in which the different energetic terms can contribute to the sta-
bilization of the enzyme-substrate complex, although no single
factor has been found that consistently correlates well with ei-

Table 2. Broadening the specificity of a-lytic protease®

MI192A

X Wild type M213A
Ala 21,000 10,000 600
Val 790 3,000 340
Met 1,800 35,000 980
Leu 4.1 11,000 160
Phe 0.38 31,000 340

* Substrate: suc-Ala-Ala-Pro-X-pNA. Kear/Kp, s~ M1,
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Fig. 9. Principal rationale for the ability of a-lytic protease mutants to
exhibit greatly enhanced specificities toward new substrate side chains
is structural plasticity of the S1 site. Shown is a superposition of five
structures of the M192A variant of the enzyme (the new Ala 192 side
chain is at the right side). Each enzyme is complexed with a peptidyl bo-
ronate inhibitor (not shown for clarity) possessing a particular hydro-
phobic P1-side chain (see Fig. 8 for inhibitor binding). The conformation
of the active site adjusts to the different substrates at position Gly 216
and in the following loop region (bottom). Both side-chain and main-
chain rearrangements are important components of active-site plastic-
ity. The ability of the active site to adjust in this manner may be an
important factor in the ability to effect specificity modification by mu-
tation at only a single site.

ther activity or inhibition (Bone et al., 1991). Thus, the wild-type
enzyme has a relatively limited ability to adapt to large side
chains, so that the specificity profile is driven primarily by steric
exclusion. M192A, however, is improved in its ability to hydro-
lyze large side chains in part because the degree of conforma-
tional change required for their accommodation is reduced;
further, it also possesses the ability to shrink so that P1-Ala sub-
strates are hydrolyzed well. By contrast, the M213A pocket can-
not contract, leading to a sharply reduced activity toward P1-Ala
as well as a reduced discrimination relative to P1-Gly (Bone et al.,
1991). In both mutants, however, the broad specificities depend
on the ability of the main chain and side chain atoms at posi-
tions 217a-217d to readjust (Fig. 9). This flexibility is proposed
to arise from a large adjacent surface loop, which begins at res-
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idue 217a (Figs. 7, 8), and which appears to be able to absorb
structural changes in the preceding residues. The energies of in-
teraction of the S1 site with this and other peripheral structural
elements thus also play a significant role in determining the spec-
ificity profiles.

Another recent study of «-lytic protease used random muta-
genesis of four residues in the substrate binding pocket, coupled
to an activity screen using synthetic substrates, to identify new
variants with altered specificities (Graham et al., 1993). A library
was constructed beginning with the M192A variant, with random-
ization of positions Gly 192a, Arg 192b, Met 213, and Val 217a.
Screening and qualitative characterization of 47 active variants
revealed that a majority of the enzymes retained a specificity
profile similar to that of the parent M192A. Also emerging from
the screen was a subclass of enzymes capable of cleaving P1-His-
containing substrates. All mutants possessing this ability con-
tained His 213, an amino acid heretofore correlated with P1-Glu
specificity in other microbial enzymes (Nienaber et al., 1993).
In general, residue 213 appears to play a significant role as a
primary specificity determinant in several microbial enzymes.
Although this amino acid has not yet been mutated in any mam-
malian protease, it appears very unlikely that it will assume a
similar role. Clearly the divergence in structure of the S1 site in
the two subclasses (Fig. 7) has led to a more prominent role for
this residue in the bacterial enzymes, despite the fact that its po-
sition relative to the Ser 195/His 57 catalytic couple does not
vary.

Kinetic data indicate that a-lytic protease makes substrate
binding interactions over at least six subsites from P2’ to P4
(Bauer et al., 1981). Interestingly, the crystal structure shows
that a small hydrophobic pocket exists beyond the P4 side chain
of the tetrapeptide boronic acid inhibitor, formed from residues
Leu 227, Leu 180, Val 167, Ala 169, and Ser 225 (Bone et al.,
1987). Although extension of a substrate side chain to fill the
S5 site does not have a significant influence on kinetic param-
eters (Bauer et al., 1981), it is possible that additional binding
energy from interactions in the hydrophobic pocket cannot be
realized in catalysis unless a P6 side-chain is also bound. Little
specificity has been observed at the other subsites, although a
preference for Pro at position P2 has been noted in binding of
the peptide boronic acid inhibitors (Bone et al., 1987). Although
the S2 enzyme site is hydrophobic, adjacent side-chain hydroxyl
groups of Ser 214 and Tyr 171 participate in a hydrogen bond-
ing network, which includes the carboxylate of Asp 102. Intro-
duction of the mutations S214A and Y171F caused decreases in
both k., and K,,,, and the data were used to infer that the role
of the two hydroxyl groups in the native enzyme is to facilitate
catalysis by maintaining the S2 site in an optimal configuration
(Epstein & Abeles, 1992).

Mutational analysis of trypsin: Combining
structural genetics, classical enzymology,
and X-ray crystallography

Trypsin represents the third serine protease that has been the
subject of extensive mutational analysis aimed at an understand-
ing of substrate specificity. These studies have focused largely
on the origins of specificity at the primary S1 site. At this posi-
tion, trypsin hydrolyzes amide substrates containing P1-Lys and
P1-Arg amino acids by factors of 10° or greater relative to the
next-preferred residues (Graf et al., 1988; Evnin et al., 1990).

J.J. Perona and C.S. Craik

The preference of the enzyme is 2-10-fold in favor of Arg- rel-
ative to Lys-containing substrates (Craik et al., 1985; Perona
et al., 1993c). As might be expected from their structural dis-
parity, Lys and Arg interact in a differential manner with the
primary determinants Asp 189 and Ser 190 (Ruhlmann et al.,
1973; Bode et al., 1984; Fig. 10). The guanidinium group of P1-
Arg substrates makes an ion-pair interaction with Asp 189,
whereas the interaction of P1-Lys is solely by a water-mediated
contact. Both Arg and Lys substrate side chains also interact
with Ser 190.

An early study assessed the precision with which the S1 site
is constructed by introducing small perturbations: the Gly resi-
dues at positions 216 and 226 were converted to Ala, resulting
in the three trypsin mutants G216A, G226A and G216A/G226A
(Craik et al., 1985; Fig. 10). Relative specificities for tripeptide
amide PI1-Arg/Lys substrates, as assessed by the ratio of
kew/K,, values, were altered by up to 20-fold. Catalytic effi-
ciencies were decreased by 40-fold to 10*-fold, and these effects
involved significant decreases in k,, as well as higher K,,, values.
The differential effects of the k., and K,,, values resulted in en-
zymes that were more Arg specific (G216A) and more Lys spe-
cific (G226A) than the wild-type enzyme. Subsequent crystal
structure determinations of trypsins G226A (Wilke et al., 1991)
and G216A (M.E. McGrath & R.J. Fletterick, unpubl. results)

Fig. 10. Role of the position of the negative charge at the base of the
trypsin S1 site has been probed by random and site-directed mutagenesis
coupled to crystal structure analysis of variants. Shown is the structure
of the S1 binding pocket of trypsin, indicating the positions at which the
negatively charged amino acid has been determined by X-ray crystal
structures. Blue, wild-type trypsin at position 189; red, trypsin D189G/
G226D at position 226; yellow, exogenously added acetate ion in tryp-
sin D189S (acetate reconstitutes activity toward P1-Arg and P1-Lys-
containing substrates). Wild-type amino acids at positions 216 and 226
are each Gly, permitting access of the large P1-Lys (green) and P1-Arg
side chains to Asp 189.
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complexed with benzamidine showed that the alanine substitu-
tions produced no structural perturbations beyond the imme-
diate vicinity of the mutated residues. Because the catalytic triad
Ser 195, His 57, and Asp 102 amino acids are unaffected by these
binding pocket alterations, it is highly probable that the de-
creases in k., are attributable to altering the catalytic register
of the scissile bond. These data thus provided an early dem-
onstration that substrate binding and catalytic turnover are in-
terrelated functions in trypsin, and that they can be affected
differentially to alter the function of the enzyme.

A series of studies have addressed the role of the negatively
charged Asp 189 residue in binding and catalysis. These inves-
tigations have made use of both site-directed mutagenesis as well
as a genetic selection approach for the isolation of new variants
(Fig. 4B). The selection is based on expression of a library of
trypsin variants into the periplasmic space of an E. coli strain
that is auxotrophic for arginine or lysine (Evnin et al., 1990).
Cells are plated on minimal media containing a nonnutritive sub-
strate analog of one of these amino acids; active trypsins cleave
the analog, liberating free amino acid and thereby relieving the
auxotrophy (Evnin et al., 1990; Perona et al., 1993a).

Twenty variant trypsins have been isolated from a library of
400 possible mutants encompassing the amino acids at positions
189 and 190 at the base of the S1 site. Kinetic characterization of
these enzymes, as well as of the variants D189K (Graf et al., 1987)
and D189S (Graf et al., 1988), indicates that the presence of a
negative charge at the base of the binding pocket is essential to
high-level catalysis by trypsin. Variants lacking the negative charge
are compromised in k., /K, toward peptidyl Arg- or Lys-
containing amide substrates by a factor of 10° or greater. Ac-
tivity toward these substrates is partially restored by the presence
of an Asp or Glu residue at positions 189 or 190. The variants
span a range of catalytic efficiencies ranging from wild type to
decreases of 10°-fold (Evnin et al., 1990; Perona et al., 1993a).

A framework for the interpretation of these data is provided
by kinetic and crystallographic investigation of two other vari-
ants: trypsins D189G/G226D (Perona et al., 1993b, 1993¢) and
D189S (Perona et al., 1994). The structure of each mutant en-
zyme was determined complexed with the protein inhibitors
APPI and/or BPTI, which are analogs of the substrate
Michaelis complexes possessing Arg and Lys, respectively, at the
P1 position (Perona et al., 1993b). This allows for the direct
comparison of substrate-like interactions of Arg and Lys side
chains in the binding pockets of wild-type and mutant enzymes.
Trypsin D189G/G226D is equally reduced (10-fold) in binding
affinity toward Lys and Arg substrates and is sharply lowered
(10%-fold) in k., toward Arg. The crystallographic analysis
showed that Asp 226 is partially sequestered from substrate by
intramolecular interactions made with Ser 190 and Tyr 228, such
that only a single carboxylate oxygen is available for substrate
binding. Further, comparisons with the wild-type interactions
indicated no correlation between the binding affinities of either
Lys and Arg substrates and the number of direct contacts made
with Asp 226. Therefore, it appears that substrate binding af-
finity to trypsin depends upon the accessibility of the negative
charge to substrate and not upon the formation of direct inter-
actions. This observation implies that direct electrostatic hydro-
gen bonding interactions between the substrate Lys/Arg and the
enzyme carboxylate group do not significantly improve the free
energy of binding relative 1o indirect water-mediated interactions
(Perona et al., 1993¢).
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The crystal structure of trypsin D189S revealed that an ace-
tate ion from the crystallization buffer was trapped at the base
of the binding pocket, such that its carboxylate group was par-
tially oriented toward substrate (Perona et al., 1994; Fig. 10).
Exogenously added acetate provided up to 300-fold rate en-
hancements to trypsin D189S toward Arg- and Lys-containing
substrates, but catalytic activity remained diminished relative to
wild-type trypsin. This structure thus provides a second exam-
ple showing that optimal placement of the negative charge in the
binding pocket is critical to catalysis. Significantly, the diminished
activities of both trypsins D189G/G226D and D189S/acetate are
reflected in k., as well as K,,,. Measurement of activities toward
analogous ester as well as amide substrates by these enzymes al-
lows calculation of the mechanistic parameters X, k,, and &3
(Zerner & Bender, 1964; Fig. 2C), removing the ambiguity in in-
terpretation of the steady-state Michaelis-Menten parameters.
This analysis shows that the role of the Asp 189 carboxylate in
trypsin is twofold: it provides both tight binding affinity K| as
well as high acylation rate &, (Perona et al., 1994). Therefore,
the precise location of the negatively charged group within the
trypsin S1 site is critical to positioning the scissile bond in cata-
lytic register with Ser 195 and His 57.

Analysis of the kinetic properties of the 20 variants isolated
from the genetic selection corroborates these hypotheses regard-
ing the operation of the S1 site. Although the binding constants
of the enzymes vary widely, it is significant that relative affini-
ties for Lys versus Arg substrates remain very similar (Perona
et al., 1993a). The negatively charged carboxylate in these mu-
tants is provided by either Asp or Glu at positions 189 or 190,
and the partner to this residue is 1 of 10 different amino acids.
Thus, it is very unlikely that equal reductions in affinity toward
Lys versus Arg substrates can in most cases be attributed to
an equal loss of hydrogen bonding or electrostatic interactions.
Instead, binding affinity is likely to be better correlated with ac-
cessibility of the negative charge to substrate; barring substrate-
induced conformational changes, this accessibility will be the
same for both Lys and Arg substrates. Binding affinities are then
predicted to be weaker when the carboxylate is partially seques-
tered from substrates, as seen in the structures of the mutants
D189G/G226D and D189S/acetate. Crystal structures of addi-
tional variants from the selection pool should enable a quanti-
tative correlation between binding affinity and accessibility of
the negative charge. These experiments also explain the ratio-
nale for conservation of the Asp at position 189 in the vast ma-
jority of trypsin homologs, because other locations result in
partial sequestration of the negative charge.

In a second set of experiments, site-directed mutagenesis has
been used to convert trypsin into a chymotrypsin-like protease
possessing high selectivity for cleavage adjacent to large hydro-
phobic amino acids (Hedstrom et al., 1992, 1994a, 1994b). The
structures of the S1 pockets of the two enzymes are very similar
(Figs. 6, 11A), so it was expected that specificity modification
might be straightforward as in subtilisin and «-lytic protease.
However, when the amino acids directly in contact with sub-
strate were exchanged into trypsin, the resulting variants D189S
and D1895/Q192M/1138T/T218 failed to exhibit significant im-
provement in cleavage of P1-Phe amide substrates (Graf et al.,
1988; Hedstrom et al., 1992; Table 3). Poor efficiency was also
shown toward trypsin substrates, as expected because the pocket
lacks a negative charge. The crystal structure of trypsin D189S
showed that only very local structural changes were introduced



as a consequence of the substitution; the binding pocket main-
tains a trypsin-like conformation (Perona et al., 1994). This
confirms that the small structural differences between trypsin
and chymotrypsin in the S1 site (Fig. 11A) must be critical deter-

minants of the specificity and must rely on more distant parts of

the structure for maintenance of their particular conformations.

Exchange of the two surface loops, loop 1 and loop 2 (Fig. 11B),
resulted in the hybrid enzyme Tr—Ch[S1+L1+L2], which ex-
hibited an acylation rate constant k, equal to that of chymo-
trypsin toward peptidyl P1-Phe amide substrates (Hedstrom
et al., 1992; Table 3). However, the enzyme was still reduced by
nearly 10°-fold in k.../K,, because of a very weak substrate
binding affinity. The mechanistic kinetic parameters K, k-,
and k3 were calculated for cleavage of both single-residue and
peptidyl P1-Phe amide substrates for the enzymes trypsin, chy-
motrypsin, D189S and Tr—Ch[S1+L1+L2]. These data showed
that, like chymotrypsin, the hybrid trypsin was able to use the
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Fig. 11. A: Comparison of the S1 sites of
trypsin and chymotrypsin. Van der Waals
surfaces of each enzyme are shown with
the position-189 amino acid (Asp in tryp-
sin; Ser in chymotrypsin) indicated in red.
In yellow is the conserved Ser 190, which
is oriented into the S1 pocket in trypsin
but rotates out in chymotrypsin. The in-
serted Thr 218 in chymotrypsin is shown
in green. Two other amino acids directly
in or adjacent to the S1 site are Ile 138
(Thr 138 in chymotrypsin), and Gln 192
(Met 192 in chymotrypsin). Although a
high degree of structural similarity is clear,
exchange of these four amino acids fails
to transfer chymotryptic specificity to
trypsin. B: Structural determinants re-
quired to exchange substrate specificity
include two adjacent surface loops (loop
1 and loop 2) and an amino acid (Tyr 172
in trypsin) in a third adjacent segment
(loop 3). None of these structural ele-
ments directly contact substrate (shown
at top in thin green lines). Trypsin is
shown in red and chymotrypsin in green.

binding energy obtained by occupancy of the S2-S4 enzyme sites
to increase the acylation rate. They also demonstrated that,
among this series of enzymes, the key mechanistic step that de-
termines substrate specificity is not binding affinity, but instead
the chemical step of acylation (Hedstrom et al., 1992, 1994a).

Further mutations were sought to improve catalytic efficiency
toward chymotryptic substrates by increasing binding affinity.
The additional mutation Y172W in a third adjacent surface loop
(Fig. 11B) produced the hybrid enzyme Tr—Ch[S1+L1+L2+
Y 172W], which improves the activity of Tr=Ch[S1+L1+L2] by
20-50-fold, creating an enzyme with up to 15% of the activity
of chymotrypsin (Hedstrom et al., 1994b; Table 3). The im-
provement toward a tetrapeptide P1-Phe amide substrate is
manifested almost entirely in tighter binding affinity. The rel-
ative catalytic efficiencies measured toward Trp, Tyr, Phe, and
Leu Pl-amide substrates also more closely mimic chymotryp-
sin (Hedstrom et al., 1994b).
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Table 3. Conversion of trypsin to chymotryptic specificity®

K; (M)

ky(s™h) k3 (sTh)
Trypsin >0.25 >0.2 36
D189S 0.015 0.29 33
Tr—Ch[S1+L1+L2] 0.011 20 37
Tr—Ch[SI+L1+L2+Y172W] 5.0x 107% 41 63
Chymotrypsin 1.5 x 1073 850 52

‘ Substrate: suc-Ala-Ala-Pro-Phe-pNA.

The structural basis for the activities of the two hybrid tryp-
sins was elucidated by determination of their crystal structures
complexed with the transition-state inactivator suc-Ala-Ala-Pro-
Phe-chloromethyl ketone (suc-AAPF-CMK; Perona et al.,
1995). Loop 2 of Tr—=Ch[S1+L1+L2] adopts a conformation
identical to that which it possesses in chymotrypsin. However,
amino acids at positions 185-187 within Loop 1 are disordered.
The structure of Tr=Ch[S1+L1+L2+Y172W] showed improved
order in Loop 1 and a rearrangement of solvent structure and
Ser 217 side-chain orientation, each of which more closely mim-
icked the structure of chymotrypsin. No other changes were
present between the two hybrid enzymes, implicating these struc-
tural elements as important determinants of K in chymotrypsin.

Both hybrid enzymes possess wild-type chymotrypsin-like ac-
ylation rates k, toward peptidyl P1-Phe amide substrates, and
each utilizes binding of the extended peptide (substrate sites P2-
P4) to increase this rate. In fact, the 10°-fold specificity of chy-
motrypsin relative to trypsin for cleavage at P1-Phe is manifested
solely in extended peptidyl substrates; only a 10%-fold level of
discrimination exists for single-residue substrates (Hedstrom
et al., 1994b). In all available crystal structures of the enzymes,
including those of the trypsin hybrids, two hydrogen bonds are
formed in an antiparallel 3-sheet fashion with the backbone am-
ide group of Gly 216 (Perona et al., 1995). The backbone con-
formation at Gly 216 differs between trypsin and chymotrypsin;
the hybrid enzymes adopt a chymotrypsin-like conformation.
This suggests that the Gly 216 backbone is a critical specificity
determinant because it directly binds a portion of substrate re-
sponsible for a 10*-fold preference at position P1. The mechanism
by which Gly 216 functions is likely to be through promoting ac-
curate scissile bond positioning (Perona et al., 1995). Because
Asp 189 of trypsin also plays a critical role in this function, it ap-
pears that the identity of the amino acid at position 189, and the
backbone conformation at Gly 216, must be matched in order to
permit efficient and specific catalysis by trypsin and chymotrypsin.

Structural comparisons among a number of the chymotrypsin-
like proteases, including both PPE and HNE, showed a strik-
ing correlation between the P1-site specificity and the backbone
conformation at position 216 (Perona et al., 1995). Three struc-
tural classes were delineated, which correspond to trypsin, chymo-
trypsin, and elastase-like enzymes (Fig. 12). The role of Gly 216
in promoting accurate substrate positioning may thus be a fea-
ture of many enzymes in the family. In this context it is relevant
to note that the kinetic phenomenon observed for both trypsin
(Perona et al., 1993¢) and chymotrypsin (Hedstrom et al.,
1992), namely that subsite occupancy causes large increases in
the rates of the chemical steps of catalysis, is also common to
other trypsin-like enzymes including PPE (Thompson & Blout,
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Fig. 12. A correlation is observed between the backbone conformation
of residue 216 and the S1 site substrate preference among all of the
trypsin-, chymotrypsin-, and elastase-like proteases of known structure.
Shown is a superposition of seven mammalian serine proteases (color-
coded), indicating the structure at this position that is most easily visu-
alized in the orientation of the carbonyl oxygen atom. Specific
trypsin-like, chymotrypsin-like, and elastase-like ¢—y backbone angles
are observed. Residue 216 binds the P3 position of the substrate in all
the enzymes. Extended peptide binding to residue 216 is required both
to acheive full catalytic potency as well as to obtain a maximal level of
P1-site discrimination among alternative amino acids. Conversion of the
substrate specificity of trypsin to that of chymotrypsin requires reori-
entation of Gly 216 to a chymotrypsin-like conformation. Thus, the
position-216 backbone is strongly suggested as an essential specificity
determinant in the mammalian trypsin-like proteases.

1970), HNE (Stein et al., 1987), SGPA (Bauer et al., 1976;
Bauer, 1978), SGPB (Bauer, 1978), and «-lytic protease (Bauer
et al., 1981; also see above). The significance of the recent ki-
netic analysis (Hedstrom et al., 1992) is that it shows that both
the catalytic rate toward cognate substrates, as well as the de-
gree of specificity at the P1-position, are dependent on the fill-
ing of subsites, which themselves exhibit little amino acid
preference.

The crystal structures of the trypsin hybrids also address an-
other fundamental question in enzyme catalysis: the role of the
global protein structure. Distal structural elements such as Trp 172
and loops 1 and 2 play a key role in specifying the conforma-
tion of residues that do interact directly with substrate. Thus,
their role is not solely to provide an inert platform that stabi-
lizes the amino acids that interact directly with substrate. These
elements of the global architecture play an active role in deter-
mining substrate specificity as well, which should thus be viewed
as a more distributed property of the protein fold. An alterna-
tive mechanism for the way in which global protein folds may
influence specificity is by modulating the degree of backbone
flexibility of the SI site, as exemplified in the «-lytic protease
studies (Bone et al., 1991).

Exchange of the S1-site residues of HNE into trypsin also fails
to convert the specificity of trypsin and results, as in the case
of the mutants D189S and D189S/Q192M/1138T/T218, in a
poor nonspecific protease (J.J. Perona & C.S. Craik, unpubl.
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obs.). Similarly, introduction of Lys, Arg, or His residues into
the trypsin S1 site has failed to generate specificity toward Asp
or Glu residues (Graf et al., 1987; Willett et al., 1995; J.J. Pe-
rona & C.S. Craik, unpubl. obs.). A better mutational strategy
for specificity modification in trypsin may be the construction
of libraries that instead span the distal structural elements. When
coupled to strategies such as the genetic selection (Evnin et al.,
1990; Perona et al., 1993a) or phage display (Corey et al., 1993;
Fig. 4C) systems, it should be possible to search a large num-
ber of different structures for those providing altered specificity.

Surface loops determine subsite specificity
in the trypsin-class enzymes

We have seen that the best-studied members of the chymotrypsin-
like class of serine proteases each manifest primary specificity
at the P1 site directly adjacent to the cleaved bond. However,
there are also several enzymes in the class that possess signifi-
cant specificity toward substrate residues at a greater distance
in both the N- and C-terminal directions. Sequence alignments
of these enzymes reveal that a number of surface loops flank-
ing the catalytic residues are very likely to play crucial roles in
determining this extended recognition selectivity (Fig. 13).
One enzyme manifesting an extended subsite specificity that
is also of known tertiary structure is RMCPII (Woodbury et al.,
1978a, 1978b), a member of a homologous subclass of trypsin-
like serine proteases expressed also in other granulocytes (Sal-
vesen et al., 1987) as well as in lymphocytes (Lobe et al., 1986).
RMCPII and the related RMCPI (which possess 73% amino
acid sequence identity; LeTrong et al., 1987b) each manifest a

Fig. 13. Structure of trypsin, highlighting the positions of four surface
loops (loops A, B, C, D) involved in determining subsite preferences
among a number of the enzymes in the family. The location of these
loops relative to the catalytic machinery and binding cleft may be con-
trasted with the position of the three loops (loops 1, 2, 3) that combine
to influence specificity in the S1 site. A polypeptide substrate chain is
shown in green and the catalytic triad is in yellow. It is clear that loop
C is positioned to interact with substrate residues N-terminal to the scis-
sile bond, whereas loops A and D are positioned to interact with the
C-terminal amino acids on the leaving-group side of the scissile bond.
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chymotrypsin-like primary substrate specificity but also exhibit
preferences for hydrophobic amino acids in positions P2 and P3
(Yoshida et al., 1980; Powers et al., 1985). RMCPI also has been
shown to prefer hydrophobic residues at position P1” in poly-
peptide substrates, although the extent of the selectivity has not
been established quantitatively (LeTrong et al., 1987a).

The crystal structure of uncomplexed RMCPII has been de-
termined at a resolution of 1.9 A (Remington et al., 1988). This
structure suggests that the enhanced substrate selectivity of the
homologous RMCPI at the P1’ position is likely to be provided
by the presence of a large cleft not found in the other chymo-
trypsin-like proteases of known structure. The cleft is formed
as a consequence of an unusual conformation adopted by two
surface loops that lie adjacent to the catalytic residues (Reming-
ton et al., 1988). The loops comprise residues 34-41 (loop A)
and 59-64 (loop B) and are positioned such as to be capable of
interacting directly with substrate residues C-terminal to the
scissile bond (Fig. 13). Modeling of a substrate complex with
RMCPII suggests that loop A is most likely to directly contact
the P1’-P2’ substrate sites, whereas loop B plays a structural role
in helping to form the cleft.

The subclass of serine proteases to which RMCPII belongs
is distinguished by the absence of the otherwise well-conserved
disulfide bond linking residues 191 and 220 (LeTrong et al.,
1987b). In the other enzymes, this disulfide bridges the two walls
of the S1 site and likely provides a degree of structural rigidity
to the cavity (Fig. 7). RMCPII possesses a Phe residue at posi-
tion 191 and a shortened loop L2 (residues 217-225) relative to
chymotrypsin; each of these features is conserved within the sub-
class (LeTrong et al., 1987b). Modeling of a tripeptide substrate
possessing Phe at position P3 shows that the aromatic ring is
readily sandwiched between the side chains of Met 192 and
Pro221A and also makes van der Waals interactions with Phe 191
(Remington et al., 1988). This small hydrophobic pocket is ab-
sent in chymotrypsin owing to the presence of the Cys 191-
Cys 220 disulfide bond. Thus, the crystal structure provides a
plausible rationale explaining the 100-fold preference of RMCPI
and RMCPII for Phe relative to Gly at position P3 (Yoshida
et al., 1980).

A second example of extended binding site specificity is pro-
vided by the enzyme enteropeptidase (enterokinase), which func-
tions in vivo to cleave the zymogen trypsinogen at position Ile 16,
generating the new N-terminus required for trypsin activity (re-
viewed in Huber & Bode, 1978). This enzyme hydrolyzes the
peptide bond directly C-terminal to the sequence (Asp),Lys in
trypsinogen, and consequently possesses a trypsin-like specific-
ity toward positively charged amino acids in the P1 position. The
bovine and porcine enzymes exist as glycosylated disulfide-linked
heterodimers comprising a heavy chain of 115 kDa and a light
chain of 43 kDa (Magee et al., 1977; LaVallie et al., 1993).
Chemical modification studies established that the catalytic ac-
tivity and specificity of the enzyme resides in the light chain
(Light & Fonseca, 1984). Most recently, cloning and expression
of the light chain has revealed it to possess 35-40% sequence
identity to the trypsin-like class of serine proteases (LaVallie
et al., 1993). This study also demonstrated that this subunit pos-
sesses full activity toward the fluorogenic peptide substrate
(Asp)4Lys-B-naphthylamide. The presence of the heavy chain,
however, endows the holoenzyme with 100-fold greater catalytic
efficiency toward the cognate trypsinogen substrate (LaVallie
et al., 1993).
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Native enteropeptidase is capable of cleaving the (Asp),Lys
sequence in trypsinogen with a catalytic efficiency roughly 10%-
fold greater than trypsin (Maroux et al., 1971). Mapping the se-
quence of the light chain of the enzyme onto the structure of
trypsin indicates that the peptide Lys 96-Arg 97-Arg 98-Lys 99
(KRRK) is well positioned to play a direct role in interacting with
the negatively charged aspartates occupying positions P2-P5
(LaVallie et al., 1993). This peptide comprises a portion of a sur-
face loop located adjacent to Asp 102 (loop C; Fig. 13), on the
opposing side of the catalytic triad relative to the loops A and
B that form the cleft important to P1’ recognition by RMCPI.

The kinetic basis for the improved specificity of enteropep-
tidase relative to trypsin for recognition of the (Asp),Lys se-
quence is not yet known. By analogy with the known operation
of the pancreatic proteases, it would be predicted that the spec-
ificity arises at least partly from the ability of enteropeptidase
to selectively accelerate the acylation rate of (Asp);Lys-3-
naphthylamide relative to other peptidyl or to single-residue sub-
strates. It is tempting to speculate that enteropeptidase may use
a distinct structural mechanism, involving specific interactions
with the aspartates, to convert substrate binding energy into a
high catalytic rate. Inspection of the sequence alignment with
trypsin reveals further differences at positions 215-219 at the lip
of the S1 site, as well as the insertion of a residue in loop L3
(Fig. 13), each of which may be of importance to precise orien-
tation of the (Asp),Lys substrate. Additionally, enteropeptidase
possesses a striking 10-residue insertion between residues 58 and
59, in the surface loop B that lies directly behind the KRRK se-
quence of loop C (LaVallie et al., 1993; Fig. 13). Although loops
B and C do not contact each other in trypsin, the much larger
loop B in enteropeptidase would be capable of making inter-
actions conceivably of importance to maintaining correct ori-
entation of the KRRK residues.

A third example of the importance of surface loops in these
enzymes relates to the inhibition of the trypsin-like tissue plas-
minogen activator by plasminogen activator inhibitor I (Ny et al.,
1986). The interaction between TPA and PAI-1 is of importance
in the regulation of the cascade of activities involved in blood
clotting (Davie et al., 1991). Surface loop A of TPA (Fig. 13)
possesses a high density of positively charged amino acids (res-
idues Lys 296-His 297-Arg 298-Arg 299) that have been shown
to be critical to its interaction with a negatively charged region
of PAI-1 (Madison et al., 1990). This was confirmed in an el-
egant experiment in which loop A in the homologous enzyme
thrombin was replaced with that of TPA, endowing PAI-1 sus-
ceptibility onto thrombin (Horrevoets et al., 1993). Thus, both
the extended substrate specificity as well as the specificity of in-
teraction with physiologically important inhibitors can arise
from contacts with the same surface loops.

An important activity of crab collagenase is the ability to
cleave native triple-helical collagen, a property not exhibited by
the canonical pancreatic proteases (Eisen et al., 1973; Tsu et al.,
1994). Cleavage occurs within domains of the triple-helical sub-
strate that are relaxed from the strict Gly-Pro-Xaa repetitive se-
quence. Detailed examination of the cleavage sites by protein
sequencing has shown that proteolysis of collagen occurs at po-
sitions that mirror the P1-site selectivity (Tsu et al., 1994). Se-
quence alignments of a range of serine collagenases from diverse
species fails to elucidate clear amino acid similarities that might
be correlated to the triple-helical specificity (Sinha et al., 1987;
Sellos & Van Wormhoudt, 1992). However, the crystal structure
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of collagenase complexed with the dimeric protein inhibitor eco-
tin has allowed construction of a model of collagen interacting
with the enzyme (J.J. Perona, C.A. Tsu, R.J. Fletterick, & C.S.
Craik, in prep.). Several surface loops, including loops A and D
(Fig. 13), may play crucial roles in recognition of the triple helix.

Recently, a novel assay has been introduced that provides the
possibility of assaying relative preferences at positions on the
leaving-group side of the scissile bond (Schellenberger et al.,
1993). In an initial study, the S1’ subsite specificities of trypsin
and chymotrypsin from cow and rat were determined by moni-
toring the reverse reaction of peptide hydrolysis. Acyl transfer
was measured to a mixture of 21 peptide nucleophiles of the gen-
eral structure H-Xaa-Ala-Ala-Ala-Ala-NH,; the decrease in
concentration of each nucleophile was monitored by HPLC and
represents a measure of the ability of that substrate to compete
with water for attack on the acyl enzyme. Chymotrypsin hydro-
lyzes substrates possessing Arg and Lys at the substrate P1’ po-
sition roughly 10-fold more rapidly than does trypsin; this
selectivity is attributable to the presence of additional negatively
charged residues in two adjacent surface loops (see below). Tryp-
sin exhibits a slight preference for hydrophobic amino acids at
this position, relative to chymotrypsin. The data confirm the rel-
ative lack of specificity of each enzyme at this position. Appli-
cation of the methodology to crab collagenase showed a 30-fold
preference for P1’-Arg residues; an Arg is also found on the
C-terminal side of several of the collagen cleavage sites of the
enzyme (Tsu et al., 1994). Data have also been obtained for spec-
ificities at the subsites S1’-S3’ for trypsin, chymotrypsin, a-lytic
protease, and the cercarial protease from Schistosoma mansoni;,
in these cases, relative cleavage rates varied by factors of up to
10%-fold (Schellenberger et al., 1994).

It is clear from the many known structures of chymotrypsin-
like serine proteases that loop C is invariably positioned to di-
rectly contact the extended substrate on the N-terminal side,
whereas loops A and D interact on the leaving group side. By
contrast, loop B appears less likely to be involved in direct con-
tacts but instead is positioned to stabilize the primary inter-
actions made by the more forward loops (Fig. 13). Depending
on the size and conformation of this loop in different enzymes,
it might in principle be able to stabilize either loop A or C. A
final example of specificity modification in this class involves
loop D: introduction of histidine residues at the N- and C-terminal
ends of this loop confers metal-dependent specificity for histi-
dine at the P2’ substrate position onto rat trypsin (Willett et al.,
1995). In general, because subsite specificity of chymotrypsin-
like proteases is modulated by surface loops rather than by core
secondary structure elements, the prospects for engineering novel
specificities, and for the development of “restriction proteases”
that might recognize substrate sites from P5 to P2, seem hopeful.

Conclusions and future directions

One of the questions addressed in these studies is the role of
water molecules in mediating enzyme-ligand interactions. Crys-
tal structures of wild-type and variant enzymes complexed with
substrate analogs, together with the measurement of affinity
constants, allows deduction of the importance of particular
interactions. In the recognition of basic Lys and Arg substrate
side chains by Asp 189 of trypsin, the conclusion is that a water-
mediated interaction can provide a comparable free energy gain
to a direct contact (Perona et al., 1993c). These studies have im-
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plications to understanding protein-nucleic acid interactions.
For example, the crystal structures of the #rp repressor-operator
complex, and of the uncomplexed operator DNA, suggest a
crucial role for water-mediated interactions in providing DNA
sequence specificity because no direct contacts with base func-
tional groups are observed (Otwinowski et al., 1988; Shakked
et al., 1994). Although a second-site reversion analysis of the
operator DNA further implied a key role for the intervening wa-
ters, it was clear that a structural analysis of the modified com-
plexes is still required (Joachimiak et al., 1994). Such an analysis
of the charge-charge interactions in the trypsin S1 site shows
more definitively that a specificity-determining role for solvent
is in principle possible. A similar study of the ¢rp repressor and
of other systems is warranted, to address the extent to which this
phenomenon may be dependent on the local structural context.

Another fundamental question concerns the design of enzyme
structures to provide different degrees of flexibility to the sub-
strate binding site. The comparison of trypsin and «-lytic pro-
tease offers an excellent opportunity to address this issue. Thus
far, it appears from both kinetic and structural analysis of mu-
tants that the trypsin pocket may be considerably more rigid.
However, the two structures are homologous so that the degree
of difference in the surrounding scaffolds is relatively small.
Thus, the problem may be manageable: which specific inter-
actions bridging the primary and secondary shell residues are
most critical for determining flexibility? Are residues located
even more distant also important? An excellent test of our un-
derstanding would be the construction of a trypsin variant with
chymotryptic specificity, which possessed far fewer than the 15
alterations of Tr—Ch[S1+L1+L2+Y172W]. If indeed the con-
formation of Gly 216 is crucial to P1-site specificity, then the
problem reduces to adding certain key mutations to D189S such
that Gly 216 can reorient upon substrate binding, as it is ob-
served to do in a-lytic protease (Bone et al., 1991; Fig. 9). A
deeper understanding of flexibility would have clear application
to protein folding and stability as well (Rose & Creamer, 1994).

The degree to which a substrate binding cleft is inherently de-
formable may be an important parameter governing the ease
with which specificity modification can be effected. Prior to the
advent of site-directed mutagenesis, it appeared possible that
even conservative amino acid changes might cause highly dele-
terious long-range structural effects. We now know that most
substitutions are absorbed locally and that the majority of pro-
tein structural contexts therefore have some ability to deform.
Protein folding and stability often are not greatly perturbed even
by very challenging mutations. The sensitivity of enzyme activ-
ity to precise substrate positioning might alternatively suggest
that mutation of the binding site would usually result in low cat-
alytic activity. However, this appears not to be the case: among
the well-studied binding pockets considered here, the subtilisin
S1 and S4 sites, as well as the «-lytic protease S1 site, each are
readily modified to alter specificity with only limited local sub-
stitutions. Only the trypsin S1 site requires extensive nonlocal
changes.

Another reason for the difficulty in modifying trypsin sub-
strate specificity could be that the charge-charge interactions
present in a trypsin transition-state complex require a precise
electrostatic environment not readily altered (Hwang & Warshel,
1988). The electrostatic potential is presently the least under-
stood force shaping enzyme structure and activity; it is also the
only one that operates over large distances. Considerable efforts
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are underway to improve empirical forcefields, so that catalytic
free energies can be accurately estimated directly from structural
models. Serine proteases are a favored system in these studies
owing to the large database of structure-activity information
(Bash et al., 1987; Rao et al., 1987; Caldwell et al., 1991; Mizu-
shima et al., 1991; Wilson et al., 1991). Further mutational anal-
ysis will thus also be invaluable in providing a testbed for new
algorithms. Greater insight into the connection between struc-
ture and energetics will lead to much better predictive ability re-
garding the consequences of mutation. This improved insight,
together with the innovative technologies for the generation and
screening of large libraries, may soon result in the creation of
new, highly efficient proteases possessing a broad range of use-
ful properties.
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