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I. Introduction

Almost one-third of all proteases can be classified
as serine proteases, named for the nucleophilic Ser
residue at the active site. This mechanistic class was
originally distinguished by the presence of the Asp-
His-Ser “charge relay” system or “catalytic triad”.1
The Asp-His-Ser triad can be found in at least four
different structural contexts, indicating that this
catalytic machinery has evolved on at least four sep-
arate occasions.2 These four clans of serine proteases
are typified by chymotrypsin, subtilisin, carboxypep-
tidase Y, and Clp protease (MEROPS nomenclature;3
Table 1). More recently, serine proteases with novel
catalytic triads and dyads have been discovered,
including Ser-His-Glu, Ser-Lys/His, His-Ser-His,
and N-terminal Ser.2 Several of these novel serine
proteases are subjects of accompanying articles in
this issue.

This article will review recent work on the mech-
anism and specificity of chymotrypsin-like enzymes,
with the occasional references to pertinent experi-
ments with subtilisin. Chymotrypsin-like proteases
are the most abundant in nature, with over 240
proteases recognized in the MEROPS database.3
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These proteases can be found in eukaryotes, prokary-
otes, archae, and viruses. Chymotrypsin-like pro-
teases are involved in many critical physiological
processes, including digestion, hemostasis, apoptosis,
signal transduction, reproduction, and the immune
response (Table 2).4-8 “Cascades” of sequential acti-
vation of serine proteases drive blood coagulation,
complement fixation, and fibrinolysis.9-11 Similar
protease cascades appear to be involved in develop-
ment, matrix remodeling, differentiation, and wound
healing.12-14 These diverse physiological niches de-
mand proteases with wildly varied specificities, rang-
ing from digestive proteases that cleave after hydro-
phobic or positively charged residues, to proteases
that recognize a five-residue cleavage site or even a
single protein. Serine protease specificity can usually
be rationalized by the topology of the substrate
binding sites adjacent to the catalytic triad (the
“active site cleft”). Several excellent reviews have

recently reported on this topic.15-17 However, while
this perspective implies that specificity can be re-
duced to discrimination in substrate binding, speci-
ficity is primarily expressed in the rates of chemical
transformation. This review will discuss the expres-
sion of specificity during catalysis and strategies for
substrate discrimination, focusing on the chymo-
trypsin-trypsin-elastase paradigm and including
examples from Factor D, alpha lytic protease, and
thrombin.

II. The Structure of Chymotrypsin-Like Serine
Proteases

First we will consider the structure of chymo-
trypsin-like proteases (Figure 1). Chymotrypsin has

Table 1. Serine Protease Clansa

clan members example catalytic residues distribution

“Classic” Catalytic Triad Serine Proteases
PA(S) 301 chymotrypsin His-Asp-Ser B, Ar, F, Pl, An, V
SB 91 subtilisin Asp-His-Ser B, Ar, Pr, F,Pl,An,V
SC 64 carboxypeptidase Y Ser-Asp-His B, Ar, Pr, F, Pl, An,
SK 14 Clp protease Ser-His-Asp B, Ar, Pr, F, Pl,An,V

“Novel” Serine Proteases
SE 16 D-Ala-D-Ala carboxypeptidase A Ser-Lys B, Ar, Pl, An
SF 24 signal peptidase I Ser-Lys/His B, Ar, F, Pl, An, V
SH 7 cytomegalovirus assemblin His-Ser-His V
SM 7 C-terminal processing protease-1 Ser-Lys B, Ar, Pl
SN 4 dipeptidase E Ser-His-Glu B, An
PB(S) 4 penicillin amidohydrolase precursor N-terminal Ser B, Ar, Pr

a The MEROPS database classifies proteases based on structural similarity [Rawlings, N. D., and Barrett, A. J. (2000) MEROPS:
The Peptidase Database. Nucleic Acids Res. 28, 323-325]. The following information is tabulated from MEROPS release 5.7
[http://merops.iapc.bbsrc.ac.uk/]. Catalytic residues are listed in the order that they appear in the primary sequence. B, bacteria;
Ar, archaea; Az, archezoa; Pr, protozoa; F, fungi; Pl, plants; An, animals; V, viruses. In addition to the proteases listed below, 21
serine proteases have been identified that are not yet assigned to a clan.
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Table 2. Representative Mammalian
Chymotrypsin-Like Proteases

digestive proteases
chymotrypsin
trypsin
pancreatic elastase

immune response
tryptase
complement factor D
complement factor B
complement factor C
complement component 2
mast cell protease
cathepsin G
neutrophil elastase

blood coagulation
coagulation factor VIIa
coagulation factor IXa
coagulation factor Xa
coagulation factor XIIa
thrombin
protein C

fibrinolysis
urokinase
tissue plasminogen activator
plasmin
kallikrein

reproduction
prostate specific antigen
acrosein

bacterial homologues
alpha lytic protease
Streptomyces griseus protease A
Streptomyces griseus protease B
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245 residues arranged in two six-stranded beta
barrels.18 The active site cleft is located between the
two barrels. This structure is generally divided into
catalytic, substrate recognition and zymogen activa-
tion domain components that are common to all
chymotrypsin-like serine proteases. (The “loop 1”
nomenclature used in some previous papers and
reviews will be replaced with a system based on
chymotrypsinogen numbering to facilitate compari-
son among different proteases.) This organization is
derived from Kraut19 and is convenient for discussion,
but wrongly implies that catalysis, substrate recogni-
tion, and zymogen activation are separate processes.
As will be seen, these three processes involve many
of the same structural features and are intricately

intertwined. In addition to the protease domain,
many serine proteases are modular proteins contain-
ing auxiliary regulatory domains (e.g., kringle, EGF,
etc.).20 The functions of these auxiliary domains will
not be considered here.

A. The Catalytic Components

1. The Catalytic Triad

The catalytic triad spans the active site cleft, with
Ser195 on one side and Asp102 and His57 on the
other (Figure 1). His57 assumes the less favorable
Nδ1-H tautomer (Figure 2), indicating that the
tautomer equilibrium is perturbed at least 100× from
the solution position.21 The catalytic triad is part of
an extensive hydrogen bonding network (Figure 2A).
Hydrogen bonds are generally observed between the
Nδ1-H of His57 and Oδ1 of Asp102 and between the
OH of Ser195 and the Nε2-H of His57, although the
latter hydrogen bond is lost when His57 is protonated
(Figure 2). Similar hydrogen bonds are observed in
protein inhibitor (eglin C), acylenzyme, and transition
state analogue (trifluoroketone) complexes, which
suggests that these hydrogen bonds are present
thoughout the catalytic cycle. Interestingly, the
His57-Asp102 hydrogen bond has the syn orienta-
tion relative to the carboxylate, so that the hydrogen
bond forms with the more basic electron pair.22,23 The
OH of Ser214 forms a hydrogen bond with Oδ1 of
Asp102 in almost all chymotrypsin-like proteases.
Ser214 was once considered the fourth member of the
catalytic triad, although more recent evidence indi-
cates that it is dispensable.24,25 Hydrogen bonds are
also observed between the Oδ2 of Asp102 and the
main chain NHs of Ala56 and His57. These hydrogen

Figure 1. Structure of chymotrypsin. This figure was
produced with Molscript v2.1 (ref 267) and POV-Ray by
Annette Pasternak.

Figure 2. Hydrogen bonding in the catalytic triad. (A) The catalytic triad in chymotrypsin complexes. The hydrogen
bonding network of the catalytic triad is depicted for the complex with a protein inhibitor eglin C, an acylenzyme
intermediate and a trifluoroketone transition state analogue. The dotted lines represent potential hydrogen bonds and
the numbers are the distances between heteroatoms in Å. (B) The effect of the Cε1-H hydrogen bond on charge distribution
in His57. In the absence of the hydrogen bond, the positive charge will accumulate at Nδ1 where it can be stabilized by
Asp102.
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bonds are believed to orient Asp102 and His57. In
addition, a novel hydrogen bond is observed between
the Cε1-H of His57 and the main chain carbonyl of
Ser214.26,27 Similar hydrogen bonds are also observed
in subtilisin and other classes of serine hydrolases,
suggesting that this interaction may be important for
catalytic triad function.26 This hydrogen bond may
prevent the localization of positive charge on Nδ1 of
His57 (Figure 2B). Interestingly, the carbonyl oxygen
of Ser214 is also part of the polypeptide binding site
(see below), and may mediate communication be-
tween substrate and the catalytic triad.

2. The Oxyanion Hole

The oxyanion hole is formed by the backbone NHs
of Gly193 and Ser195. These atoms form a pocket of
positive charge that activates the carbonyl of the
scissile peptide bond and stabilizes the negatively
charged oxyanion of the tetrahedral intermediate (see
below). The oxyanion hole is structurally linked to
the catalytic triad and the Ile16-Asp194 salt bridge
via Ser195. Subtilisin also contains an oxyanion hole,
formed by the side chains of Asn155, Thr220, and the
backbone NH of Ser221.28

B. The Substrate Recognition Sites

The substrate recognition sites include the polypep-
tide binding site and the binding pockets for the side
chains of the peptide substrate. Investigations of
protease specificity have generally focused on the
P1/S1 interaction (based on the nomenclature of
Schechter and Berger (ref 29), where P1-P1′ denotes
peptide residues on the acyl and leaving group side
of the scissile bond, respectively. The adjacent peptide
residues are numbered outward, and S1, S1′, etc.
denote the corresponding enzyme binding sites),
followed by consideration of the P2-Pn/S2-Sn in-
teractions. The S1′-Sn′ sites are generally overlooked
due to the prevalence of assays using substrates with
chromophoric leaving groups. We will consider the
S1 site, the polypeptide binding site, the S2-Sn and
S1′-Sn′ sites separately.

1. The S1 Site

Specificity of chymotrypsin-like serine proteases is
usually categorized in terms of the P1-S1 interac-
tion. The S1 site is a pocket adjacent to Ser195,
formed by residues 189-192, 214-216, and 224-228.
Specificity is usually determined by the residues at
positions 189, 216, and 226 (reviewed in refs 15 and
17). For example, the specificity of chymotrypsin
correlates with the hydrophobicity of the P1 residue,
with P1-Phe preferred over Ala by 50000.30,31 The
combination of Ser189, Gly216, and Gly226 create a
deep hydrophobic pocket in chymotrypsin that ac-
counts for this specificity.18 Asp189, Gly216, and
Gly226 create a negatively charged S1 site that
accounts for trypsin’s specificity for substrates con-
taining Arg or Lys at P1.32,33 Elastase prefers sub-
strates with small aliphatic residues at P1; the S1
site of elastase is smaller than the S1 sites of
chymotrypsin and trypsin due to the presence of
Val216 and Thr226.34 The specificity of granzyme B

for acidic P1 residues is attributed to Arg226.35 These
observations suggest that a small set of structural
elements controls the specificity of these proteases.
However, as detailed below, simple transposition of
these structural elements does not switch S1 specific-
ity.

2. The Polypeptide Binding Site

Protease-substrate interactions extend beyond the
S1 site, minimally including the polypeptide binding
site and often involving additional binding pockets.
The polypeptide binding site refers to the main chain
of residues 214-216 which form an antiparallel beta
sheet with the backbone of the P1-P3 residues of a
peptide substrate (Figure 3). In chymotrypsin, hy-

drogen bonds form between the carbonyl oxygen of
Ser214 and the NH of the P1 residue, the NH of
Trp215 and the carbonyl of P3 and the carbonyl of
Gly216 and the NH of P3. These interactions are a
general feature of chymotrypsin-like proteases and
are critical for efficient substrate hydrolysis. Inter-
estingly, Gly216 has different conformations in chy-
motrypsin, trypsin, and elastase,16 which suggests
that the strength of this hydrogen bond will vary.
Note that residues 214-216 also form one wall of the
S1 site, and that the carbonyl of Ser214 forms a
hydrogen bond to His57. These structural interac-
tions form a line of communication between the
polypeptide binding site, the S1 site, and the catalytic
triad.

Interestingly, the inhibitory loops of protein inhibi-
tors of serine proteases are locked in the extended
conformation required to form the antiparallel beta
sheet with the polypeptide binding site. This ex-
tended conformation, termed the “canonical confor-
mation”, is observed in numerous protease-inhibitor
complexes, including transition state analogues and
peptidyl acylenzymes.36-45 The canonical conforma-
tion includes the P3-P3′ residues and can extend to
the amide NH of residue 218 and the carbonyl oxygen
of P5 as observed in elastase (Figure 3). Importantly,
the beta sheet structure causes the side chains the
peptide substate to point in alternating directions.

The relevance of the antiparallel beta sheet inter-
action to peptide hydrolysis has recently been called
into question because disruption of these hydrogen

Figure 3. Subsite binding of porcine pancreatic and
human leukocyte elastase. The hydrogen bonding interac-
tion of the polypeptide binding site and S′ sites are shown
by dotted lines. The residues that form each subsite are
listed. Modified from ref 53.
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bonding interactions had little effect on substrate
hydrolysis.46 However, the values of Kd for protein
inhibitors and transition state analogues correlate
with kcat/Km for hydrolysis of the analogous sub-
strates, which argues strongly that substrates also
assume the canonical conformation.38,47-49

3. The S2−Sn Sites

The S2-S3 sites of chymotrypsin display little
substrate discrimination, in keeping with chymo-
trypsin’s function as a digestive protease.50 The S2
site is a shallow hydrophobic groove bounded by
His57, Trp215, and Leu99; the specificity of the S2
site correlates with hydrophobicity of the P2 side
chain.49 The S3 site of chymotrypsin has little speci-
ficity, and can even accommodate D-amino acids; the
side chain of the P3 residue protrudes out of the
active site cleft.

Insertions in the loops surrounding the active site
cleft create more defined pockets for the S2-Sn sites
of other serine proteases. These sites can be the major
determinant of specificity,51 as exemplifed by elastase,
where the P3/S3 interaction is dominant,52,53 and
enterokinase (also known as enteropeptidase), which
recognizes the P5-P1 sequence Asp-Asp-Asp-
Asp-Lys with restriction enzyme-like precision.54

4. The S1′−S3′ Sites

The interactions of the leaving group with the S1′-
Sn′ sites are usually inferred from protein inhibitor
structures that do not contain the optimum P1′-Pn′
residues. Therefore, the precise interactions of the
P′ side chains have not been defined. A hydrogen
bond between the mainchain NH of the P2′ residue
and the mainchain carbonyl oxygen of Phe41 is a
constant feature of the P′/S′ interactions. Chymo-
trypsin prefers substrates with P1′-Arg or Lys,
which is attributed to electrostatic interactions with
Asp35 and Asp64.55 The P1′ and P3′ residues point
in the same direction as a consequence of the beta
sheet alignment of the substrate, so that the S1′ and
S3′ sites overlap. The S1′/S3′ sites are bounded by
His57, the 60’s loop and the 40’s loop. The P2′ residue
points in the opposite direction and may interact with
the 150’s loop. As above, insertions in these loops can
create more defined S1′-S3′ binding sites.51

C. The Zymogen Activation Domain

Chymotrypsin-like proteases are synthesized as in-
active precursors (“zymogens”) containing N-terminal
extensions. Four segments are deformed in the zy-
mogens of chymotrypsin and trypsin: the N-terminus
to residue 19, residues 142-152, 184-193, and 216-
223 (these regions are collectively termed the activa-
tion domain36). This deformed region includes the S1
site and oxyanion hole, which explains the low
activity of the zymogen. Proteolytic processing acti-
vates the zymogen, releasing the N-terminal Ile16.
The new N-terminus forms a buried salt bridge with
Asp194, inducing a conformational change that or-
ders the activation domain. The S1 site and oxyanion
hole are formed, creating the active protease. Impor-

tantly, the loss of protease activity at high pH is
attributed to the deprotonation of the N-terminus
and disruption of Ile16-Asp194 salt bridge, shifting
the conformational equilibrium toward an inactive
zymogen-like conformation.56,57 This mechanism of
zymogen activation is conserved among mammalian
chymotrypsin-like serine proteases. Bacterial homo-
logues have a different mechanism of zymogen acti-
vation, but retain a salt bridge involving Asp194.58

III. The Mechanism of Serine Proteases

Obviously, a detailed understanding of the enzy-
matic reaction mechanism is required to understand
how specificity is generated. Fortunately, chymo-
trypsin-like proteases occupy a distinguished place
in the annals of biochemistry as perhaps the best
studied enzyme system.

A. The Generally Accepted Chemical Mechanism
of Serine Protease Catalysis

All proteases must overcome three obstacles to
hydrolyze a peptide bond: (a) amide bonds are very
stable due to electron donation from the amide
nitrogen to the carbonyl. For comparison, a simple
alkyl ester is ∼3000× more reactive than an amide
bond, while a p-nitrophenyl ester is 300000× more
reactive.59 Proteases usually activate an amide bond
via the interaction of the carbonyl oxygen with a
general acid, and may also distort the peptide bond
to disrupt resonance stabilization; (b) water is a poor
nucleophile; proteases always activate water, usually
via a general base; and (c) amines are poor leaving
groups; proteases protonate the amine prior to expul-
sion. Serine proteases perform these tasks very
efficiently: the rates of peptide hydrolysis by serine
proteases are ∼1010-fold greater than the uncatalyzed
reactions. Obviously, these mechanisms of catalysis
are not confined to peptide hydrolysis; serine pro-
teases also readily hydrolyze other acyl compounds,
including amides, anilides, esters, and thioesters.

Figure 5 displays the generally accepted mecha-
nism for chymotrypsin-like serine proteases. In the
acylation half of the reaction, Ser195 attacks the
carbonyl of the peptide substrate, assisted by His57
acting as a general base, to yield a tetrahedral
intermediate. The resulting His57-H+ is stabilized by
the hydrogen bond to Asp102. The oxyanion of the
tetrahedral intermediate is stabilized by interaction
with the main chain NHs of the oxyanion hole. The
tetrahedral intermediate collapses with expulsion of
leaving group, assisted by His57-H+ acting as a
general acid, to yield the acylenzyme intermediate.

Figure 4. Catalysis of peptide hydrolysis. The catalysis
of peptide hydrolysis involves activation of the carbonyl via
a general acid, activation of water with a general base, and
protonation of the amine leaving group.

Serine Protease Mechanism and Specificity Chemical Reviews, 2002, Vol. 102, No. 12 4505



The deacylation half of the reaction essentially
repeats the above sequence: water attacks the acyl-
enzyme, assisted by His57, yielding a second tetra-
hedral intermediate. This intermediate collapses,
expelling Ser195 and carboxylic acid product. The
acylenzyme intermediate is well established as dis-
cussed below, but the tetrahedral intermediates are
inferred from solution chemistry. The transition
states of the acylation and deacylation reactions will
resemble the high energy tetrahedral intermediates,
and the terms “transition state” and “tetrahedral
intermediate” are often used indiscriminately in the
literature. It is worth noting that a web of hydrogen
bonding interactions links the substrate binding sites
to the catalytic triad. As the reaction proceeds,
changes in bonding and charge at the scissile bond
will propagate to more remote enzyme-substrate
interactions, and vice versa. The evidence supporting
this mechanism has been reviewed extensively, and
will be only briefly described here.19,56,60-62

1. The Discovery of the Catalytic Triad and the Oxyanion
Hole

Initial investigations of serine proteases focused on
enzymes that could be readily obtained in large
quantities: bovine chymotrypsin and trypsin and
porcine elastase. Inactivators revealed the first clues
into the catalytic machinery. Nerve gases such as
diisopropylfluorophosphate (DFP) inactivate chymo-
trypsin by specifically modifying Ser195 (Figure
6)63-65 and His57 is modified when chymotrypsin is
inactivated by tosyl-L-phenylalanine chloromethyl
ketone (TPCK).66 The involvement of His57 was also
suggested by the pH rate profiles which indicated
that the deprotonation of a residue with pKa ∼ 7 was
important for activity.56 Subsequent NMR experi-
ments showed that the pKa of His57 is ∼7.21 The third
member of the catalytic triad, Asp102, was discovered
when Blow solved the crystal structure of chymo-
trypsin.67 Blow proposed that the hydrogen bonding
network between Asp102, His57, and Ser195sthe
charge relay systemsactivates Ser195 for nucleo-
philic attack. A charge relay system was rapidly
identified in trypsin, elastase, and other related
enzymes,32,33,68 and a similar catalytic triad of Asp32,
His 64, and Ser221 was discovered in subtilisin.69,70

The oxyanion hole was first noted by Henderson, who
proposed that the main chain NHs of Gly193 and
Ser195 stabilize the negatively charged oxyanion of

the tetrahedral intermediate.71 Crystal structures of
several transition state analogue complexes confirm
this interaction.33,45,72-74

2. Mutagenesis of the Catalytic Triad

Many experiments confirm the importance of the
catalytic triad residues in serine protease catalysis.
Chemical modification experiments were first used
to disrupt the catalytic triad, either removing the
hydroxyl of Ser195 to create anhydro proteases or
methylating His57 at Nε2.75,76 Either modification
decreases protease activity by at least 104-fold.77,78

Site-directed mutagenesis experiments provided a
more incisive means to alter the catalytic triad. In
trypsin, the substitution of either Ser195 or His57
with Ala decreases the value of kcat/Km by 105.79 (Such
values should most rigorously be considered upper
limits for the activity of a given mutant enzyme.
Water can substitute for a missing functional group,
thus providing an alternative mechanism of catalysis
and underestimating the effect of the mutation. In
addition, factors such as translation misincorporation

Figure 5. The generally accepted mechanism for serine proteases.

Figure 6. Mechanism inhibitors that form tetrahedral
adducts.

4506 Chemical Reviews, 2002, Vol. 102, No. 12 Hedstrom



and contaminating enzymes must also be considered
when evaluating mutant enzymes with very low
activities.) No further loss of activity is observed
when the remaining catalytic triad residues are
substituted. Thus, the substitution of either His57
or Ser195 is sufficient to completely disable the
catalytic triad. The substitution of Asp102 to Asn in
trypsin decreases kcat/Km by 104 at neutral pH.80,81

The analogous mutations of the catalytic triad have
similar effects in subtilisin.82 However, it is important
to recognize that the catalytic triad is not the sole
source of protease catalytic power: even with the
catalytic triad disabled, these mutant proteases
hydrolyze substrates at ∼103× the uncatalyzed
rate.79,82 This remaining activity reflects the contri-
bution of the oxyanion hole, desolvation, and perhaps
the canonical conformation to catalysis.

Interestingly, the activity of His57 mutations can
be rescued by substrates containing His. This sub-
strate assisted catalysis was first demonstrated in
subtilisin and has recently been extended to tryp-
sin.83-86 In the absence of His57, the presence of P2-
His or P1′-His increases peptide hydrolysis by as
much as 300-fold. As noted above, His57 interacts
with both the P2 and P1′ residues (Figure 7); it is
believed that the P2- and P1′-His can replace His57
in the catalytic triad, forming similar interactions
with Ser195 and Asp102.

A second instance of chemical rescue is found in
mutations of Asp102. Hydroxide ion increases the
activity of Asp102Asn trypsin to within 10% of wild
type at pH 10.80 Similar hydroxide activation is also
observed in subtilisin.82 The mechanism of this
hydroxide rescue is not understood.

Unfortunately, since the oxyanion hole of chymo-
trypsin-like enzymes is composed of mainchain at-
oms, site directed mutagenesis cannot be used to
confirm its role in catalysis. The oxyanion hole of
subtilisin is composed of the side chains of Asn155
and Thr220 as well as the backbone NH of Ser221.
Substitution of Asn155 decreases kcat/Km by 100-103-
fold, indicating that this residue provides 3-4 kcal/
mol of transition state stabilization energy.87-90 The
substitution of Thr220 with Ala decreases kcat/Km by
∼20-fold (∼2 kcal/mol) and the removal of both
Asn155 and Thr220 decreases activity by 104-fold,
suggesting that the oxyanion hole can stabilize the
transition state by as much as 6 kcal/mol. However,
no further loss of activity is observed when oxyanion

mutations are combined with mutations of the cata-
lytic triad, indicating that the oxyanion and catalytic
triad function cooperatively. Therefore, the 6 kcal/
mol of transition state stabilization is not simply the
measure of the interactions at the oxyanion hole.90

The collaborative function of the catalytic machinery
makes it impossible to precisely ascribe energies to
individual interactions. Interestingly, Thr220 ap-
pears to be too far away to hydrogen bond directly to
a tetrahedral intermediate; either Thr220 moves
during catalysis, or stabilization results from long-
range electrostatic interactions. Molecular modeling
experiments support both mechanisms.88,91

3. Evidence for the Acylenzyme Intermediate

The famous burst experiment of Hartley and Kil-
bey was the first evidence for the acylenzyme inter-
mediate.92 The hydrolysis of p-nitrophenyl acetate by
chymotrypsin is biphasic, with one enzyme-equiva-
lent of p-nitrophenol produced in the rapid phase,
indicating that an enzyme-acetate intermediate
formed and decomposition of this intermediate was
rate-limiting. Acylenzyme intermediates were sub-
sequently isolated in several reactions of esters with
chymotrypsin, and the chemical/kinetic competence
of these intermediates was demonstrated.56 However,
similar experiments failed to detect acylenzyme
intermediates in the hydrolysis of amide substrates.
This failure could be readily explained if the forma-
tion of the acylenzyme was rate-limiting, so that the
acylenzyme no longer accumulated to detectable
levels during amide hydrolysis. The acylenzyme
intermediate could be detected in acyltransfer experi-
ments.93 As shown in Figure 8, the acylenzyme

usually reacts with water, but can also react with
other nucleophiles. The partitioning of acyltransfer
between water and nucleophile will be constant for
a given acylenzyme, regardless of how the acyl-
enzyme was formed. Esters and amides have identi-
cal partition ratios in acyltransfer reaction, indicating
that their reactions involves a common acylenzyme.
Note that if the nucleophile is a peptide, the acyl-
transfer reaction is the reverse of peptide hydrolysis,
and must exhibit the same specificity. These reac-
tions have proven useful in mapping the specificity
of the S′ sites.94-99

Several X-ray crystal structures of acylenzyme
intermediates have been solved. The first structure
of a peptidyl acylenzyme was a surprise revealed
when high-resolution data uncovered a peptide in the
active sites of γ-chymotrypsin.41,100,101 The peptide is

Figure 7. The P2 and P1′ residues bracket His57. The
P2 and P1′ residues from the chymotrypsin-turkey ovo-
mucoid third domain complex at 2.0 Å, PDB accession
number 1CHO. This figure was produced with Molscript
v2.1 (ref 267) and POV-Ray by Lu Gan.

Figure 8. The mechanism of acyltransfer reactions of
serine proteases. The acylenzyme normally reacts with
water to form a carboxylic acid. However, other nucleo-
philes can also react with the acyl enzyme. If the added
nucleophile is the N-terminus of a peptide, the reaction is
the reverse of the hydrolysis reaction and displays the same
specificity.
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probably Pro-Gly-Ala-Tyr, but may be a mixture
derived from autoproteolysis. At low pH, continuous
density is observed between Ser195 and the carbonyl
of the peptide, indicating that the acylenzyme is
formed. Interestingly, the carbonyl group is not
completely in the oxyanion hole: the carbonyl oxygen
forms a hydrogen bond with Gly193 (2.8 Å), but not
with Ser195 (3.5 Å). At high pH, the covalent bond
between Ser195 and the peptide is lost, indicating
that the product complex has formed. The peptide
can be readily replaced with inhibitors, further
demonstrating that this acylenzyme is catalytically
competent. A peptide was also discovered in the
active site of Streptomyces griseus proteinase A
(SGPA).42 This peptide appears to be a mixture of
autolysis products. As in γ-chymotrypsin, the peptide
appears to be an acylenzyme at low pH and a product
complex at high pH. Unlike γ-chymotrypsin, the
carbonyl oxygen of the acylenzyme occupies the
oxyanion hole. More recently, Wilmouth and col-
leagues screened a peptide library to isolate a stable
peptidyl acylenzyme of elastase.102 â-Casomorphin is
a heptapeptide that forms a stable acylenzyme at low
pH via the C-terminal carboxylate. The carbonyl
oxygen is also found in the oxyanion hole in this
acylenzyme. Although initial reports suggested that
this carbonyl group was distorted toward a tetra-
hedral structure, more recent high-resolution data
indicate that the ester is planar.102 The stability of
these acylenzymes can be attributed to the protona-
tion of His57 at low pH. All three of these peptidyl
acylenzymes display the canonical conformation.

4. Evidence for the Tetrahedral Intermediate

As yet, the tetrahedral intermediate has not been
rigorously demonstrated in the serine protease reac-
tion, but is included on the basis of solution chem-
istry.103,104 Tetrahedral intermediates are unstable
and have very short lifetimes.78 Further, the lifetime
of the intermediate decreases as the leaving group
improves. In favorable circumstances, such leaving
group effects can provide evidence for tetrahedral
intermediates: as the pKa of the leaving group
decreases below that of the nucleophile, formation of
the tetrahedral intermediate becomes rate-limiting
and a characteristic break will be observed in the
Bronsted plot.105 In the case of the best leaving
groups such as p-nitrophenol, the lifetime of the
tetrahedral intermediate becomes less than a vibra-
tion, the reaction becomes concerted and the tetra-
hedral species must be considered a transition
state.106-108 As in solution, the hydrolysis of p-
nitrophenylacetate by chymotrypsin is a concerted
reaction,109 and it is formally possible that enzyme-
catalyzed peptide hydrolysis is also concerted. Of
course, this would require an enormous activation of
the amine leaving group. Unfortunately, the leaving
group effects measured in Bronsted analysis are
greatly reduced by general base catalysis, so that
Bronsted analysis of chymotrypsin catalyzed reac-
tions provides no information about the tetrahedral
intermediate.110,111 14N/15N isotope effects have been
similarly equivocal.62

Not surprisingly, the observation of the tetrahedral
intermediate by X-ray crystallography has proven
elusive.112 The first report of a tetrahedral intermedi-
ate in the trypsin-BPTI complex could not be sub-
stantiated by NMR experiments; further refinement
revealed that the scissile peptide bond is distorted
toward tetrahedral, but no covalent bond is formed
with Ser195.113,114 Interestingly, this bond is also
distorted in the absence of trypsin.115 Another tetra-
hedral intermediate has recently been reported in
crystals of elastase and the peptide â-casomorphin.102

When crystals containing the peptidyl acylenzyme
are transferred to pH 9.0 and flash-frozen, electron
density is observed that suggests a tetrahedral ad-
duct. However, this exciting result must be ap-
proached with great caution. X-ray crystallography
is a time averaged method, and this tetrahedral
adduct may be a mixture of complexes. The presence
of sulfate in the cryoprotectant solution is especially
troubling because sulfate binds in the active site of
many serine proteases and can easily be mistaken
for a tetrahedral interemediate (see refs 116 and 117
and references therein). The kinetics of intermediate
formation are also not consistent with a pseudo first
order process (the tetrahedral intermediate is present
at 1 min but completely decomposed after 2 min),
which further suggests that the “tetrahedral inter-
mediate” is actually a mixture of complexes. A more
promising tetrahedral intermediate appears when
crystals the peptidyl acylenzyme of γ-chymotrypsin
are soaked in hexane.118 The electron density around
the acyl carbonyl appears to be tetrahedral, and
density is observed in the P1′ site. These observations
suggest that a peptide from the crystallization mix
has attacked the acylenzyme, forming a stable tetra-
hedral intermediate. The stability of this intermedi-
ate is not understood, but might be explained by a
shift in equilibrium and/or hydrogen bonding ener-
gies in organic solvent. Unfortunately, tetrahedral
intermediates have come and gone; the putative
tetrahedral intermediates of both elastase and chy-
motrypsin should be substantiated by additional
methods.

B. Mechanisms of Inactivation and Inhibition
A comprehensive discussion of inhibitor/inactivator

mechanisms can be found in the Powers paper in this
issue. The following will be a brief discussion of
compounds that have played an important role in
unraveling the mechanism of serine protease cataly-
sis and substrate specificity.

1. Transition State Analogue Inhibitors

Several classes of inhibitors form stable tetrahedral
adducts that mimic the tetrahedral intermediate/
transition state of the serine protease reaction. The
specificity of these reagents can be tailored to a given
protease by combining the reactive groups with the
appropriate peptidyl portions.72,119 DFP and the less
toxic phenylmethanesulfonylfluoride (PMSF) inacti-
vate virtually all serine proteases and are diagnostic
for this protease class. These compounds are very
electrophilic, and react irreversibly with Ser195 to
form stable tetrahedral adducts (Figure 6). Chloro-
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methyl ketones (CMK) are potent inactivators of both
serine and cysteine proteases, and therefore are not
diagnostic.120 Chloromethyl ketones cross-link serine
proteases by forming a hemiketal with Ser195 and
alkylating His57;121-123 the reaction proceeds via an
epoxide intermediate as shown in Figure 6.124-127

Interestingly, the formation of the epoxide intermedi-
ate requires that the oxyanion can escape the oxy-
anion hole.

Peptidyl aldehydes, trifluoromethyl ketones, bo-
ronic acids, and similar compounds form reversible
tetrahedral adducts with Ser195. These complexes
closely resemble the transition state/tetrahedral in-
termediate of the hydrolysis reaction: His57 is pro-
tonated and the hemiketal oxygen is negatively
charged and bound in the oxyanion hole (Figure 6).
The affinity of these inhibitors increases as they
incorporate the features of good substrates; affinity
correlates with the value of kcat/Km for the hydrolysis
of the analogous substrate, as required for a transi-
tion state analogue.47,49,128 Some aldehyde inhibitors
also form an alternative adduct where the hemiacetal
oxygen interacts with His57 rather than the oxyanion
hole.129-131 Because this adduct mimics the interac-
tions of the leaving group, it can also be considered
a transition state analogue. However, peptidyl bo-
ronic acids can also form an adduct at Nε2 of His57
that cannot be considered a transition state analog.132

These Type 2 adducts are formed when inhibitors
resemble poor substrates or in complexes of protease
zymogens,133 forming higher affinity complexes than
would be expected based on the hydrolysis of analo-
gous substrates.

2. Stable Acylenzymes

Many compounds inactivate serine proteases by
forming stable acylenzyme intermediates. This sta-
bility derives from three general mechanisms:

(a) The intrinsic reactivity of the acyl group. The
reactivity of esters can be decreased by increasing
the electron density of the carbonyl. For example, the
deacylation rates of benzoyl chymotrypsins decrease
as the substituent becomes more electron-donating.134

Similarly, alpha heteroatoms also deactivate esters,
and acylchymotrypsins derived from azapeptides are
stable.135 Note that azapeptidyl acylenzymes are
isosteric with peptidyl acylenzymes, and thus are

expected to closely mimic the normal catalytic inter-
mediates.136 Of course, these effects also decrease the
acylation rate constants, making it more difficult to
form the acylenzyme. However, the effects on acyl-
ation can be offset with good leaving groups such as
p-nitrophenol. Note that such reagents as p-nitro-
phenyl-guanidinobenzoate are active site titrants,
reacting with trypsin to form a stable acylenzyme
intermediate and one equivalent of p-nitrophenol
(Figure 9).137 Electron-withdrawing properties can
also be disguised by more clever means and many
classes of mechanism-based inactivators exploit this
strategy (see Powers paper in this issue).

(b) The acylenzyme does not interact with the
oxyanion hole. This mechanism is illustrated by
arylacryloyl chymotrypsin, where the planarity of the
arylacryloyl system does not allow the carbonyl to
enter the oxyanion hole.71,138-141 A similar mechanism
may account for the stability of acetyl-chymotrypsin;
this adduct lacks a large hydrophobic group that can
bind in the S1 site and direct the carbonyl oxygen
into the oxyanion hole.

(c) The catalytic triad is disrupted and cannot
activate water. The simplest manifestation of this
mechanism is the protonation of His57 so that it
cannot serve as a general base catalyst as discussed
above. A second example is the inactivation of chy-
motrypsin by 3-benzyl-6-chloro-2-pyrone.142 This com-
pound forms a stable acylenzyme where Ser195
attaches to C1 of (Z)-2-benzylpentenedioic acid. His57
forms a salt bridge with the free carboxylate of the
inactivator.143 This salt bridge prevents His57 from
performing its role as the general base in the de-
acylation reaction. Nature has also used this strategy
to inhibit serine proteases. Serpins form stable
acylenzymes; this stability results from distortion of
the active site upon complex formation144 (see the
Gettins paper in this issue).

C. Issues in the Function of the Catalytic Triad

1. Where Are the Protons? One-Proton versus
Two-Proton-Transfer Mechanisms

Although the general features of the charge relay
system are widely accepted, the details of its function
have been surprisingly controversial.21 The issue of
whether the proton in the Asp102-His57 hydrogen
bond resides on His57 or Asp102 has been particu-
larly contentious. Blow’s original conception of the
charge relay system explained the reactivity of
Ser195 in terms of resonance forms Asp-CO2

-/H-His/
Ser-OH and Asp-CO2H/His-H/Ser-O-.1,67 This mech-
anism was later refined to involve actual proton
transfers from Ser195 to His57 and His57 to Asp102,
resulting in the tetrahedral intermediate and neutral
Asp102 and His57.145,146 This two-proton-transfer
mechanism was controversial from the outset because
it requires that the pKa of His57 is lower than
Asp102, i.e., the pKa of His57 must decrease in the
tetrahedral intermediate/transition state. Neverthe-
less, this mechanism was incorporated into many
textbooks.

1H NMR experiments strongly favor the one-proton
mechanism. The Nδ1 proton of His57 has an unusu-

Figure 9. Mechanisms of inhibitors that form stable acyl-
enzymes.
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ally low field 1H NMR signal (13.8-15 and 17-18
ppm in neutral and protonated His57, respectively)
which can be used to determine the pKa of His57 in
various complexes.147,148 The pKa of His57 is ∼7 in
the free enzyme, acylenzyme, and protein inhibitor
complexes but increases to greater than 10 in transi-
tion state analogue complexes.128,149-151 Neutron dif-
fraction experiments also demonstrated that the
proton is associated with His57 in monoisopropyl
phosphate modified trypsin.152 Although these ex-
periments do not establish the position of the proton
in the transition state of the catalytic reaction, they
argue strongly for the one-proton mechanism, where
protonated His57 is stabilized by an electrostatic
interaction with a negatively charged Asp102.

2. Low Barrier Hydrogen Bonds

A more subtle version of the two-proton-transfer
mechanism has emerged in the low barrier hydrogen
bond (LBHB, also known as short, strong hydrogen
bond) hypothesis of recent years.153-159 This contro-
versial theory developed from the observation that
unusual hydrogen bonds form in the gas phase,
characterized by short length (<2.6 Å) and extra-
ordinary strength (30 kcal/mol).160,161 The unusual
properties of these hydrogen bonds is believed to
derive from the short distance between donor and
acceptor atoms with matched pKa’s, which eliminates
the barrier for proton transfer so that the proton is
shared in a broad single-potential well. The hydrogen
bond between Asp102 and His57 appears to fulfill
many of the criteria for a LBHB:162-164 (a) The
distance between Asp102 and His57 is <2.6 Å. (b)
The 1H NMR signal of the Nδ1 proton of His57 is
unusually downfield.21,147 (c) A deuterium isotope
effect is observed on chemical shift of the His57 Nδ1
proton. (d) The D/H fractionation factor of the Nδ1
proton is low.150,165 Unfortunately, these observations
are not diagnostic for LBHBs, and the Asp-His
hydrogen bond fails by other measures: (a) The pKa’s
of Asp102 and His57 are not matched. (b) both 15N-H
spin couplings and 15N chemical shifts indicate that
the proton is ∼85% localized on His57.158,166 (c) The
His57-Nδ1 proton is not shielded from water and
the environment is polar.158 Moreover, both Asp102
and His57 are involved in multiple hydrogen bonding
interactions; these interactions will compete with and
weaken the Oδ1-Nδ1-H hydrogen bond. Further,
disruption of the catalytic triad decreases the cata-
lytic power of serine proteases by no more than ∼6
kcal/mol, which must be distributed among several
hydrogen bonds in addition to the Asp102-His57
interaction. This energy loss is consistent with a
simple electrostatic interaction.167 Last, mutations at
Asp102 can be rescued by replacing Ser214 with
Asp.168 Although this altered catalytic triad has not
been thoroughly characterized, it would be surprising
if a LBHB could be so easily reconstituted. Similarly,
substitution of the catalytic triad Asp32 with Cys in
subtilisin eliminates the putative LBHB, but de-
creases kcat/Km by no more than 50-fold.169 These
experiments suggest that if a LBHB exists, it con-
tributes no more than 2 kcal/mol to the catalytic
power of serine proteases.

The interactions of the oxyanion with the oxyanion
hole have also been suggested to involve LBHBs.153

However, the two hydrogen bonds of the oxyanion
hole provide a total of ∼6.5 kcal/mol in transition
state stabilization,87,89,90,149,170 which is consistent
with simple electrostatic interactions.171

3. Moving His Mechanisms
In the generally accepted mechanism for serine

protease catalysis (Figure 5), His57 removes a proton
from Ser195 and transfers it to the leaving group.
This proton transfer has troubled some investigators,
who argue that if His57 abstracts a proton from
Ser195, then His57-H+ will be positioned near Ser195
in the tetrahedral intermediate, which would favor
re-protonation of Ser195 and regeneration of sub-
strate.172,173 For the reaction to proceed, His57-H+

must be positioned to protonate the leaving group.
The “His flip” mechanism of Figure 10 has been

proposed to solve this problem:27 after formation of
the tetrahedral intermediate, His57-H+ flips, which
should place the Nδ1 proton near the leaving group.
The flipped conformation of His57 has been observed
in subtilisin in 50% dimethylformamide.174 In addi-
tion, the presence of the Ser214-His57 hydrogen
bond and the unusual dynamics of His57 have been
taken as evidence for the “His flip” mechanism.21

Several considerations argue against the “His flip”
mechanism. First, the disruption and reformation of
so many hydrogen bonds in the short lifetime of the
tetrahedral intermediate seems unlikely. The His flip
mechanism appears to violate the principle of least
motion, which suggests that enzymatic reactions
occur with an economy of movement.175 Moreover,
His57 is bracketed by the P2 and P1′ residues of a
peptide substrate, which creates a steric barrier to
flipping (Figure 7). The unusual dynamics of His57
can be explained by substrate and solvent moving in
and out of the active site, or even the chemical
transformationsthere is no need to invoke flipping.
Most seriously, while the flipping mechanism looks
reasonable in two dimensions, it fails in three dimen-
sions. Analysis of peptide trifluoroketone or boronic
acid complexes shows that the flip actually places
proton donor farther away from the leaving group by
0.8 Å.

Of course, some movement of both protease and
substrate is inevitable as the hydrolysis reaction
proceeds. Ser195 must move at least 1 Å to form the
tetrahedral intermediate and smaller movements of

Figure 10. The “His flip” mechanism. After initial forma-
tion of the tetrahedral intermediate, the Nε1-H will be
within hydrogen bonding distance of the γO of Ser195.
Rotation of His57 supposedly places the Nε1-H near the
leaving group NH. Although the hydrogen bonds between
Nδ1-H and Asp102 and Cε1 and Ser214 would be dis-
rupted, new hydrogen bonds will form to replace them.21
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the substrate will be required as the bonding changes
from sp2 to sp3. Therefore, His57 may not be oriented
toward Ser195 in the tetrahedral intermediate as
assumed. Even if His57 is positioned so that Ser195
is protonated in the tetrahedral intermediate, the
reaction is not doomed to collapse back to starting
materials. The proton is less than 2.5 Å from the
amine leaving group, which has the higher pKa.
Protonation of the amine is favored overall, and the
proton needs only to transfer to the amine before the
tetrahedral intermediate breaks down. In addition,
several structures of transition state analogue com-
plexes indicate that His57-H+ can interact with the
leaving group position while maintaining the Asp102-
His57 hydrogen bond (ref 74 and references therein).
Whatever reorientation that may be necessary for
completion of the catalytic cycle can probably be
accomplished with small adjustments in both pro-
tease and substrate and without breaking the
Asp102-His57 hydrogen bond.

4. The Hydrolytic Water

The mechanism of serine protease catalysis places
some rather rigorous constraints on the hydrolytic
water: it should approach acylenzyme from the
leaving group side of the active site, it must make a
hydrogen bond to His57 and the angle of attack must
approximate 109 degrees. Several crystal structures
of serine proteases contain ordered water molecules
that appear to fulfill one or more of these criteria.
Henderson noted the first such water in a cinnamoyl
enzyme complex of chymotrypsin, and similarly
located waters have appeared in subsequent acyl-
enzyme structures.41,71 This water is 2.4 Å above the
carbonyl of the acylenzyme and also interacts with
His57 as would be expected of the hydrolytic water,
but the angle of attack on the carbonyl is not
favorable. In addition, a similarly placed water
molecule is observed in product and transition state
analogue complexes.176 The latter complexes mimic
the tetrahedral intermediate, i.e., the intermediate
formed after the water has attacked; therefore, this
water is more likely to play a structural role. Another
candidate water molecule is observed in a benzoyl-
enzyme complex of trypsin, poised 3.9 Å above the
carbonyl and 3.4 Å from His57.177,178 However, this
position is normally occupied the P2-P3 residues of
a peptide substrate, which suggests that this water
is not involved in the hydrolysis of peptidyl acyl-
enzyme. A better candidate for the hydrolytic water
has been identified in peptidyl acylenzymes of SGPA
and elastase.39,42 This water molecule is found ∼3 Å
from His57 and ∼3 Å from the carbonyl of the
acylenzyme, at an optimal angle for nucleophilic
attack from the leaving group side of the active site.
However, as promising as this candidate is, it must
be remembered that these complexes are unusually
stable acylenzymes at a pH where catalysis does not
occur readily; the actual hydrolytic water may not
present.

5. Stereochemistry of the Tetrahedral Intermediate

The stereoelectronic requirements of formation and
breakdown of the tetrahedral intermediate pose an

additional conundrum.62,173 When a nucleophile at-
tacks an amide bond, the lone electron pairs of the
oxyanion and the nitrogen of the leaving group must
be antiperiplanar to the new bond (Figure 11). In a
serine protease reaction, this stereochemistry leaves
the lone electron pair of the amine leaving group
pointing away from His57-H+. The nitrogen must
undergo an inversion to position the lone pair for
protonation. Although it is unclear how the protease
will influence the inversion process, such inversions
occur readily in solution. Perhaps the enzyme can use
interactions with the oxyanion hole and S′ sites to
overcome the stereoelectronic imperative of solution
chemistry.62

6. Stabilization of the Tetrahedral Intermediate/Strain in
the Acylenzyme Intermediate

Enzyme catalysis is most simply described in terms
of transition state stabilization, but in practice
interactions that stabilize the transition state will
also strain the ground state. This idea can be
demonstrated by considering the oxyanion hole,
where interactions should both stabilize the tetra-
hedral intermediate and activate the substrate for
nucleophilic attack.

Stabilization of tetrahedral intermediates is evi-
dent in the characterization of transition state ana-
logue complexes (Figure 6). The pKa of the hemiketal
oxygen in chloromethyl ketone-inactivated chymo-
trypsin is ∼2 units lower than the pKa in solution,170

while the pKa of the hemiketal oxygen of trifluoro-
ketone adduct is >5 units lower.149 These results
suggest that the oxyanion hole interactions stabilize
the tetrahedral intermediate by ∼6 kcal/mol.

Unfortunately, distortion of the peptide substrate
has been difficult to demonstrate. However, convinc-
ing evidence for such distortion/activation of the
acylenzyme comes from resonance Raman spectros-
copy. Tonge and Carey measured the carbonyl stretch-
ing frequencies of a series of arylacryloyl acylenzymes
of chymotrypsin and subtilisin.140,179-181 Recent work
extends these observations to p-(dimethylamino)-
benzoylenzymes.182 Multiple features are observed in
the carbonyl profile of these acylenzymes, suggesting
that the carbonyl group has multiple conformations.
Because hydrogen bonding decreases the stretching
frequency of carbonyl bond, the lowest frequency
band was assigned to the conformation of the acyl-
enzyme with the carbonyl bound in the oxyanion hole.
This assignment is substantiated by the following
observations: (1) The intensity of this band increases
with pH, displaying the same pH dependence as the
deacylation rate constant.140 (2) This band is absent
in subtilisin variants where the oxyanion hole has
been eliminated.179 Importantly, the frequency of this

Figure 11. Stereoelectronic mechanism for serine protease
catalysis.
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band (νCdO) correlates with deacylation rate for a
series of acylenzymes. This correlation spans 4 orders
of magnitude in deacylation rate constants (6.8 ×
10-6-0.3 s-1).180,181 Further, νCdO can be related to
carbonyl bond length, indicating that carbonyl bond
length increases 0.025 Å as the deacylation rate
constant increases 16300-fold. This increase is ∼11%
of the change incurred upon transformation of a
carbonyl group to a C-O bond. If this correlation is
extrapolated to the deacylation rates observed for
good substrates (∼100 s-1), the carbonyl bond is
distorted ∼14% toward a C-O bond. Last, model
systems indicate that the change in ∆H associated
with the shifts in νCdO is 6.4 kcal/mol, similar to the
changes in transition state stabilization of 5.7 kcal/
mol over the range of compounds. There is sufficient
energy in the hydrogen bonding interactions of the
oxyanion hole to provide this transition state stabi-
lization. Similarly, multiple ester bands are also
observed in Fourier transform infrared spectroscopy
of cinnamoyl-chymotrypsins, and have likewise been
attributed to multiple conformations of the carbonyl
group.183 This work provides further evidence for
distortion of the carbonyl bond in the acylenzyme.
Interestingly, the ester carbonyl frequency correlates
with dielectric constant in model compounds. This
correlation suggests that the carbonyl of the acyl-
enzyme experiences a dielectric constant of 70 in the
oxyanion hole conformation and 40 in the nonproduc-
tive conformation.

It appears that the function of the catalytic triad
and oxyanion hole can be explained by the electro-
static complementarity of the active site and transi-
tion state.167 The preorganization of the enzyme
active site provides a substantial advantage relative
to the uncatalyzed reaction where solvent molecules
must organize to stabilize the developing charges as
the reaction proceeds.262 Warshel has described this
phenomenon as solvation substitution rather than
desolvation.167 This preorganization is paid for by the
folding energy of the enzyme.263

IV. Kinetics of the Serine Protease Reaction
The serine protease reaction is generally consid-

ered to have three-step kinetic mechanism (shown
in Figure 12): (a) formation of an enzyme-substrate
(E‚S) complex (Ks ) k-1/k1); (b) acylation of the active
site serine (k2); and (c) hydrolysis of the acylenzyme

intermediate (k3). Although the three-step mecha-
nism of Figure 12 is widely accepted, it is important
to note that some of its key features have not been
rigorously tested. First, both k2 and k3 are composite
rate constants that include a chemical transformation
and a product dissociation step. It is generally
assumed that the product dissociation step is fast
relative to the chemical transformation. The evidence
usually cited to support this assumption is the
presence of a large solvent kinetic isotope effect (∼3)
on kcat, which is consistent with rate-limiting chemi-
cal transformation.184 However, solvent isotope effects
can be difficult to interpret because the solubility of
substrates and products, the viscosity of the solution
and even the structure of the protein can change in
D2O, so that the isotope effect may not be definitive
proof of rate-limiting chemistry.185 Second, the mech-
anism indicates that dissociation of the leaving group
must occur prior to hydrolysis of the acylenzyme.
Again, there is little evidence on this point. Acyl-
transfer experiments indicate that hydrolysis can
occur from an acylenzyme-nucleophile complex,
which appears to contradict this assumption.97,186-188

However, these acylenzyme-nucleophile complexes
may be nonproductive complexes that do not form
during the normal catalytic cycle. For example,
during the hydrolysis of a peptide substrate, the
leaving group would be constrained to interact at the
S1′ site. In contrast, an added nucleophile could form
a nonproductive complex at another S′ site that would
not impede hydrolysis of the acylenzyme. Thus, the
order of hydrolysis and product release is not well
established.

Several other assumptions are frequently made
when evaluating the kinetics of serine protease
reactions. The Michaelis-Menten parameters kcat,
Km, and kcat/Km are composites of the rate constants
as shown in Figure 12. In particular, the expression
for Km includes k3 as well as k1, k-1, and k2. Increasing
values of k2 will increase Km until k2 g k3, but further
increasing k2 will decrease Km (Figure 12), so that
Km can be exceedingly difficult to interpret with
respect to substrate affinity. In addition, the expres-
sions in Figure 12 are frequently simplified by
assuming k-1 . k2. This assumption is probably valid
for poor substrates, but the hydrolysis of good sub-
strates is often diffusion controlled, which indicates
k2 g k-1.189-191

The assertion that acylation is rate-limiting for
amide hydrolysis, i.e., k3 . k2, is by far the most
indiscriminately applied assumption. Seminal work
from Bender and co-workers demonstrated that k2
is the rate-limiting step for the hydrolysis of N-acetyl-
L-tryptophanamide, while k3 is rate limiting for the
hydrolysis of N-acetyl-L-tryptophan esters.59 These
observations have been generalized to statements
such as “acylation is rate determining for amide
substrates and deacylation is rate determining for
ester substrates of serine proteases”, as may be found
in many textbooks. This statement has gained wide
acceptance because amides are intrinsically much
less reactive than esters. However, N-acetyl-L-trypto-
phanamide is a very poor substrate for chymotrypsin,
with kcat/Km ) 3.6 M-1 s-1 and kcat ) 0.026 s-1.Figure 12. The kinetic mechanism of serine proteases.
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Enzymes often process poor substrates with different
rate-determining steps than good substrates. Chymo-
trypsin and trypsin hydrolyze peptides with values
of kcat/Km in the range of ∼107 M-1 s-1 and kcat ≈ 100
s-1.192,193 Michaelis-Menten parameters of this order
of magnitude are typical for the reactions of serine
proteases; thrombin and tissue plasminogen activator
hydrolyze their natural substrates with kcat/Km’s ≈
107 M-1 s-1.194,195 Even Factor D, a protease with
notoriously low activity toward oligopeptide amide
and ester substrates, cleaves its natural protein
substrate with kcat/Km g 2 × 106 M-1 s-1.196,197 Given
that the values of kcat/Km for peptide hydrolysis can
be 106-fold greater than the amide substrates used
in Bender’s work, the acylation step should not be
assumed to be generally rate-limiting.

Indeed, several experiments suggest that k2 is not
always rate-limiting for amide hydrolysis. Compa-
rable values of kcat have been reported for the
hydrolysis of analogous oligopeptide amides and
esters.192,198-201 Such observations generally suggest
that a common step is rate-limiting, i.e., hydrolysis
of the acylenzyme intermediate. However, inferring
individual rate constants from steady-state param-
eters is a precarious practice. The most convincing
case for rate-limiting deacylation in amide hydrolysis
is the observation of bursts of product formation
under pre-steady state conditions. Such bursts are
observed in the hydrolysis p-nitroanilidamides by
human leukocyte elastase and in the hydrolysis of
methylcoumarinamides by Kex2 protease and
furin.202-204 Similar bursts have been observed in the
hydrolysis of peptide methylcoumarinamides by
trypsin (X. Liu and L. Hedstrom, unpublished experi-
ments). Most convincingly, a burst is observed in the
hydrolysis of a peptide substrate by Kex2.205 Thus,
the generalization “k2 is rate determining for the
hydrolysis of amide substrates by serine proteases”
is not warranted.

The above work is frequently criticized because the
p-nitroanilides and methylcoumarinamides leaving
groups are more reactive than a peptide bond.
However, amide hydrolysis has little dependence on
leaving group (âlg ) 0.07) and the plot of the values
of kOH for the hydrolysis of both amides and anilides
fall on a single line when plotted against pKa of the
leaving group.206 While p-nitroanilides are exception-
ally reactive in solution,207 this unusual reactivity is
not recapitulated in protease reactions. The hydroly-
sis of anilides, including p-nitroanilides, by chymo-
trypsin displays no dependence on the pKa of the
leaving group (most likely due to general base
catalysis). Moreover, peptide bonds are more reactive
than anilides with leaving groups of comparable
pKa.110 Therefore, it is unlikely that the results cited
above can be attributed to the unusual reactivity of
the leaving groups. These observations further dem-
onstrate that the rate-determining step of an amide
substrate should not be automatically assigned to
acylation.

Several methods have been used to measure the
values of the individual rate constants k1, k-1, k2, and
k3. Surprisingly, although pre-steady state and single
turnover experiments are the best methods for de-

termining individual rate constants, they have only
rarely been applied to serine proteases, and usually
confined to the analysis of ester hydrolysis (for
examples, see refs 208-211). A recent study has
applied these methods to the analysis of the hydroly-
sis of peptide p-nitroanilides by elastase.202 The
individual rate constants are more commonly deter-
mined by characterizing the hydrolysis of analogous
amide/ester pairs.59,199,200 Deacylation is usually rate-
limiting in the hydrolysis of esters, so that kcat,ester )
k3. While this fact is often taken for granted, it can
be substantiated if the reactions of a set of analogous
esters with different leaving groups have the same
kcat; this observation suggests that a common step is
rate-limiting, i.e., deacylation. Likewise, an analo-
gous amide substrate must form the same acyl-
enzyme, so that k3 must be the same as in the ester
reaction. The values of Ks and k2 can then be
determined from the equations in Figure 12 (with the
assumption that k-1 . k2). The values of Ks, k2, and
k3 can also be determined using acyltransfer reac-
tions under conditions where the added nucleophile
does not form a complex with the acylenzyme.94,212

This method is especially useful in evaluating the
hydrolysis of substrates where k2 g k3. The analysis
of the viscosity dependence of kcat/Km can yield values
of k1 and the ratio of k-1/k2.189 This method must be
applied with caution because it involves changing
solvent, with attendent changes in dielectric constant
and the possibility of other nonspecific effects, and
therefore requires careful attention to controls. In-
dividual rate constants have also been determined
by analyzing the temperature dependence of the
Michaelis-Menten parameters.191 This method can-
not identify the rate-limiting step and generally
operates under the assumption that k3 . k2. Using
these various methods, values of k2 of 102-104 s-1

for good ester substrates and 10-1000 s-1 for good
amide substrates have been reported. The value of
k3 is usually ∼50 s-1 for good substrates. Obviously,
the values of k2 and k3 can be much lower if the
substrate is not optimal. The values of k1 and k-1 are
typically 106-108 M-1 s-1 and 5-500 s-1, respectively.

V. Substrate Discrimination during Catalysis

A. The Hallmarks of Serine Protease Specificity
Specificity is defined by how substrates compete

for an enzyme, and is measured by the value of kcat/
Km. The P1/S1 interaction controls specificity, as
illustrated with trypsin, where the value of kcat/Km
varies over 105-fold as the P1/S1 interaction is
optimized (Table 3). This increase results mainly
from an increase in kcat (104-fold) rather than Km (10-
fold). Interactions at the S2-Sn sites also strongly
influence specificity, as illustrated with elastase
where the value of kcat/Km increases 105-fold as the
additional P residues are added (Table 3). Again, the
increase results mainly from an increase in kcat (103-
fold) rather than Km (100-fold). Similarly, P′/S′ in-
teractions increase kcat/Km, once again via an increase
in kcat (Table 3). The effect of the P′/S′ interactions
can be most dramatically illustrated by the inactiva-
tion of chymotrypsin by carbonate esters, where
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interactions with S1′-S3′ sites increase the rate of
inactivation >2000-fold (Table 4).213

Importantly, the S1 site and the remote binding
sites act in concert to determine serine protease
specificity.200,214,215 While the value of kcat/Km in-
creases dramatically with peptide length, this in-
crease requires the correct P1-S1 interaction.52,216

This phenomenon can be illustrated with the hy-
drolysis of p-nitrophenylesters by human leukocyte
elastase (HLE) (Table 3).215 HLE displays little
specificity in the hydrolysis of single residue esters,
with the P1-Val substrate preferred by only 7-fold
over the P1-Phe, even though the S1 site of HLE
should not accommodate large residues. The addition
of two peptide residues increases the hydrolysis of
the P1-Val substrate by >103, but decreases the
hydrolysis of the Phe-containing substrate. Likewise,
increasing peptide length dramatically increases the
value of kcat/Km in the trypsin-catalyzed hydrolysis
of substrates containing P1-Arg or Lys, but not P1-
Phe.200 Similar results are observed for other serine
proteases.

B. Specificity Is Determined by the Binding and
Acylation Steps

As noted above, kcat/Km depends only on the binding
and acylation steps k1, k-1, and k2 (Figure 12). From
an intuitive perspective, if two substrates compete
for protease, the competition is “won” when acylation

occurs and deacylation is irrelevant. Since the in-
crease in the values of kcat/Km is derived from an
increase in kcat rather than a decrease in Km, specific-
ity must be primarily determined by acylation. This
conclusion is borne out when the steady-state kinetic
parameters are deconvoluted into Ks and k2 (Table
5). The value of k2 varies by more than 103× between
good and poor substrates while only 10-100-fold of
substrate discrimination derives from substrate af-
finity.52,200,202,216 It is especially noteworthy that long
peptide substrates bind with approximately the same
affinity as short substrates.

Although k3 is not a component of kcat/Km, it should
not be completely ignored. If the value of k3 is very
small, the acylenzyme will be very stable, substrate
turnover will be very slow and the enzyme will be
essentially inactivated. The deacylation step is there-
fore a critical determinant of substrate turnover. The
deacylation step also varies among substrates, al-
though much more dramatic changes in the substrate
are required to affect k3. Interestingly, while the
values of k2 for P1-Arg containing substrates are
100-105-fold great than P1-Phe, the values of Ks are
<10-fold less and the values of k3 are similar (Table
5). Thus, the preferences of the binding, acylation and

Table 3. The Hydrolysis of Substrates by Rat Trypsin and Porcine Pancreatic Elastase

substrate kcat/Km (M-1 s-1) kcat (s-1) Km (µM)

Rat Trypsinb

Suc-Ala-Ala-Pro-Arg-AMC 1.3 × 106 91 70
Suc-Ala-Ala-Pro-Lys-AMC 1.2 × 106 120 100
Suc-Ala-Ala-Pro-Tyr-AMC 3 6.3 × 10-4 200
Suc-Ala-Ala-Pro-Phe-AMC 8 6.3 × 10-3 780

Porcine Pancreatic Elastase
Ac-Ala-NH2

c <0.05 <0.008 160 (Ki)
Ac-Pro-Ala-NH2

c 0.07 0.007 100
Ac-Ala-Pro-Ala-NH2

d 25 0.1 4.2
Ac-Pro-Ala-Pro-Ala-NH2

d 3700 9.3 2.5
Ac-Ala-Pro-Ala-Ala-NH2

d 520 2.4 4.6
Ac-Pro-Ala-Pro-Ala-Ala-NH2

d 25,500 37 1.4

Human Leukocyte Elastasee

Cbz-Val-pNP 480
Cbz-Phe-pNP 65
Boc-Ala-Ala-Val-SBzl 3.0 × 106

Boc-Ala-Ala-Phe-SBzl <10
a “-” denotes cleaved bond; AMC, aminomethylcoumaride; pNP, p-nitrophenyl; SBzl, thiobenzyl. b Data from ref 218. c Data

from ref 260. d Data from ref 261. e Data from ref 215.

Table 4. Inhibition of Chymotrypsin by Carbonate
Estersa

leaving group X kon (M-1 s-1)

OCH3 9
O-Ala-OCH2CH3 200
O-Ala-Leu-OCH3 2,400
O-Ala-Leu-Arg-OCH3 >23,000

a Data from ref 213.

Table 5. The Specificity of Binding, Acylation, and
Deacylationa

substrate
kcat/Km

(M-1 s-1)
Ks

(µM)
k2

(s-1)
k3

(s-1)

Human Leukocyte Elastaseb

MeOSuc-Val-pNA 75 788 0.06 10
MeOSuc-Pro-Val-pNA 575 722 0.42 11
MeOSuc-Ala-Pro-Val-pNA 56,000 810 43 13

Rat Trypsin II
Z-Arg-AMCc 4000 96 0.7 65
Tos-Gly-Pro-Arg-AMCc 1 × 107 g50 g1300 56
Z-Lys-AMCc 1500 220 0.32 130
D-Val-Leu-Lys-AMCc 30,000 6500 280 18
Ac-Phe-NH2

d 0.2 1000 0.0002 30
Suc-Ala-Ala-Pro-Phe-AMCd 6 1000 0.007 60

a Mechanistic rate constants as defined in Figure 12. “-”
denotes cleaved bond; pNA, p-nitroanilide; AMC, aminomethyl-
coumaride. b Data from ref 52. c Data from ref 243. d Data from
ref 200.
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deacylation steps are different even though these
steps occur on the same enzyme surface.

C. The Contribution of Substrate Association to
Specificity

Inspection of the algebraic expression for kcat/Km
reveals another important mechanistic fact: as the
value of k2 increases, k-1 will become insignificant,
kcat/Km ) k1 and the reaction will be diffusion con-
trolled. If the value of k1 was determined by the
simple collision of substrate and protease, then k1
would be similar for all substrates, i.e., ∼108 M-1 s-1.
However, values of k1 of 106-107 M-1 s-1 have been
reported, which suggest that substrate association is
more complicated than a simple collision. Obviously,
the substrate/protease interface has many hydrogen
bonding and van der Waals interactions which seem
unlikely to form in a single step. Some evidence for
isomerization steps has been reported.52,56 One might
expect that the value of k1 should decrease with
peptide length since more interactions must form.
The value of k-1 should also decrease, since more
interactions would have to be disrupted when the
substrate dissociates. If the values of k1 and k-1
decrease in parallel with peptide length, then the
overall affinity will remain constant. This idea can
be illustrated with the inhibition of chymotrypsin by
trifluoroketones. Ac-Leu-Phe-TFK is a more potent
inhibitor of chymotrypsin than Ac-Phe-TFK (Ki ) 0.5
and 4.5 nM, respectively; values are corrected for free
ketone concentration).49 Ac-Leu-Phe-TFK has a lower
value of k1 than Ac-Phe-TFK (4 × 106 and 3 × 107

M-1 s-1, respectively), and a lower value of k-1 (0.002
and 0.13 s-1, respectively). The structure of the
chymotrypsin does not change appreciably in the two
inhibitor complexes, suggesting the kinetics of Ac-
Leu-Phe-TFK inhibition are slower because more
enzyme-inhibitor contacts must form.74

When a reaction is diffusion controlled, the con-
formation and solvation of the substrate and protease
will determine the rate of substrate association, and
hence of specificity. These considerations illustrate
why the structures of both free enzyme and free
substrate must be known to assess the basis of
specificity. Unfortunately, the structure of the sub-
strate in solution is rarely considered in any enzy-
matic reaction. Several puzzling observations about
serine protease specificity might be explained by the
solution conformation of peptide substrates. For
example, the P3 residue appears to be a major
determinant of specificity even when it makes few
contacts with the enzyme. Large P3 residues may
favor a more extended peptide conformation that
would favor association. The surprising observation
that the substitution of ester bonds at the P4-P3 and
P3-P2 amide bonds has little effect on the value of
kcat/Km in trypsin reactions46 might also be explained
by changes in solution conformation and/or solvation.

D. Implications for the Specificity of Ester
Hydrolysis

The specificity of ester hydrolysis may be domi-
nated by substrate association. Once bound in the

active site cleft, the intrinsic reactivity of an ester
ensures acylation and progression through the cata-
lytic cycle. This condition almost certainly holds for
p-nitrophenylesters, where acylation is so facile that
the reaction is concerted. Thus, the specificity of ester
hydrolysis will underestimate the potential of a
protease to discriminate between peptide substrates.
The validity of this idea is illustrated in the hydroly-
sis of “inverse substrates”. Trypsin hydrolyzes p-
amidinophenyl acetate, where the leaving group
binds in the S1 site, almost as well as normal ester
substrates (kcat/Km ) 105 versus 107 M-1 s-1) (Figure
13).217 Similarly, the facile reaction of p-nitrophenyl
guanidinobenzoate with chymotrypsin can also be
explained by an inverse orientation, where the p-
nitrophenyl leaving group binds in the S1 site and
the guanidino group interacts with S1′.

When the reaction is diffusion controlled, the rate-
limiting transition state will not involve formation
of the tetrahedral intermediate as generally sup-
posed; instead the rate-limiting step will be formation
of the E‚S complex. The general features of this
transition state might include the canonical substrate
conformation as well as interactions at the various
subsites. Many investigators have assumed that
protein inhibitors, which are locked in the canonical
conformation, form complexes that mimic ground-
state E‚S complexes. However, the values of Ki for
protein inhibitors correlate with values of kcat/Km for
the analogous substrates, a feature of transition state
analogues but not ground-state inhibitors.38 The
canonical conformation may be a high energy con-
formation that activates the scissile bond and thus
may be the transition state-like feature of protein
inhibitors.

VI. Redesigning the
Trypsin−Chymotrypsin−Elastase Paradigm

Textbooks often illustrate enzyme specificity with
the pancreatic serine proteases trypsin, chymo-
trypsin, and elastase: trypsin, with Asp189, cleaves
after P1 Arg/Lys residues; chymotrypsin, with Ser189,
cleaves after P1 Phe/Tyr/Trp; and elastase, with
Val216 and Thr226, cleaves after P1 Ala/Val. The
trypsin-chymotrypsin-elastase paradigm suggests
that protease specificity is determined by a few
structural elements. However, the obvious mutations
fail to transfer the specificity of one protease into
another.

A. Redesigning Amidase Activity
Switching these elements from one framework to

the next should be sufficient to change specificity.
However, the substitution of Asp189 with Ser does
not convert trypsin into protease with specificity for
P1-Phe (Table 6).200,218,219 Trypsin does acquire chy-
motrypsin-like specificity when the residues of the
S1 site and two surface loops are replaced with their

Figure 13. Inverse substrates of trypsin.
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counterparts from chymotrypsin. These substitutions
are Asp189Ser, Gln192Met, insertion of Thr219,
Ile138Thr, the 185 loop (residues 185-188) and the
220 loop (residues 221-224). This mutant protease,
Tr f Ch[S1+L1+L2], has 100× more activity than
D189S, and has 0.5% of the activity of chymotrypsin
(Table 6). An additional substitution, Tyr172Trp,
increases activity to within 15% of chymotrypsin.220

The installation of chymotrypsin-like activity into the
trypsin framework is almost entirely the result of
acceleration of the acylation step, which increases by
∼104-fold (Figure 14). Deacylation is comparable in
all of the enzymes. However, none of the mutant
proteases bind substrates well.

Although these mutations focused on the S1 site,
the increase in acylation originates in the interac-
tions of the more remote sites. For chymotrypsin, the
value of k2 is ∼400-fold larger for a long substrate
than a short substrate. In contrast, for D189S

trypsin, the values of k2 for the hydrolysis of
short and long substrates are similar (Table 6).
Thus, unlike chymotrypsin, D189S trypsin cannot
utilize binding in the remote sites to increase acyl-
ation. However, in Tr f Ch[S1+L1+L2] and Tr f
Ch[S1+L1+L2+Y172W], acylation increases by >103-
fold between short and long substrates. Thus, the 185
and 220 loops mediate the translation of remote
binding interactions into catalysis.

Why is Asp189Ser trypsin a poor nonspecific pro-
tease? First, the substitution of Asp189 with Ser
deforms the S1 site and the activation domain (the
region that rearranges during zymogen activa-
tion).219,221 This is the all too typical protein engineer-
ing result: mutation leads to unanticipated defects
in structure. Interestingly, BPTI induces D189S to
assume a trypsin-like conformation, masking these
structural defects222 and underscoring the need to
evaluate both free and bound enzymes and substrates
when assessing the structural basis of specificity. The
substitution of Asp189 with His deforms the S1 site
even in the presence of BPTI, further illustrating the
inherent fragility of the S1 site.223 These observations
suggest that mutation of Asp189 might be sufficient
to change specificity if only the S1 site was more
structurally sound.

How do the 185 and 220 loops and Tyr172Trp
substitution influence catalysis? The Tyr172Trp mu-
tation helps rebuild the S1 site in the presence of
Ser189. The S1 site of Tr f Ch[S1+L1+L2+Y172W],
unlike D189S trypsin or Tr f Ch[S1+L1+L2], is
sufficiently structured to allow proflavin binding. The
structures of the chloromethyl ketone-inactivated
complexes of these proteases also suggest that the
Tyr172Trp mutation stabilizes the S1 site.16 Overall,
the structures of both Tr f Ch[S1+L1+L2] and Tr
f Ch[S1+L1+L2+Y172W] resemble chymotrypsin,
but the 185 and 220 loops are disordered in both
mutants. Tr f Ch[S1+L1+L2+Y172W] is more
structured than Tr f Ch[S1+L1+L2], in keeping
with its higher activity. The substitution of the 185
and 220 loops are probably required to construct an
S1 site containing Ser189.

The fragility of the S1 site is not the whole story.
The substitution of the 185 and 220 loops have a
subtle effect on the polypeptide binding site: the
conformation of Gly216 changes so that the carbonyl
points toward the P3 NH in a better orientation for
the hydrogen bond. The function of the polypeptide
binding site may be mediated by the conformation
of Gly216, and therefore by the 185 and 220 loops.15

The loops may also modulate the dynamic properties
of the active site cleft. Gly216 and the analogous 220
loop also appear to be important determinants of
alpha lytic protease specificity, where strong evidence
exists for the involvement of dynamic processes (see
below).224,225

The S1 site, 185 and 220 loops, and residue 172 do
not define a universal set of structural determinants
of specificity in serine proteases. This set of substitu-
tions fails to install trypsin-like specificity into chy-
motrypsin,226 nor do they install an elastase-like
specificity into trypsin.227 These results suggest that
a different structural solution is required for each

Table 6. Mechanistic Kinetic Parameters for Amide
Hydrolysis by Chymotrypsin, Trypsin, and Trypsin
Mutantsa

substrate
kcat/Km

(M-1 s-1)
Ks
(M)

k2
(s-1)

k3
(s-1)

Chymotrypsin
Ac-Phe-NH2 18 0.023 0.43 60
Suc-AlaAlaProPhe-AMC 4.9 × 105 2.5 × 10-4 12 52
Suc-AlaAlaProPhe-pNA 5.6 × 105 1.5 × 103 850 52

Trypsin
Ac-Phe-NH2 0.2 1 × 10-3 2 × 10-4 30
Suc-AlaAlaProPhe-AMC 6.0 1.1 × 10-3 0.007 36
Suc-AlaAlaProPhe-pNA 9 g 0.25 g 0.2 36

D189S
Ac-Phe-NH2 0.1 0.17 0.018 39
Suc-AlaAlaProPhe-AMC 38 2.8 × 10-3 0.10 33
Suc-AlaAlaProPhe-pNA 21 0.15 0.29 33

Tr f Ch[S1+L1+L2]
Ac-Phe-NH2 0.3 0.065 0.018 33
Suc-AlaAlaProPhe-AMC 800 >0.006 >4 37
Suc-AlaAlaProPhe-pNA 1.7 × 103 0.011 20 37

Tr f Ch[S1+L1+L2+Y172W]
Ac-Phe-NH2 0.7 g0.1 g0.08 38
Suc-AlaAlaProPhe-AMC 9.3 × 103 g0.006 g60 63
Suc-AlaAlaProPhe-pNA 8.3 × 104 5 × 10-4 41 63

a Data from ref 220.

Figure 14. The transfer of P1-Phe specificity into trypsin.
The values of Ks, k2, and k3 are plotted versus kcatKm
for the hydrolysis of Suc-Ala-Ala-Pro-Phe-AMC by
trypsin, Asp189Ser trypsin, Tr f Ch[S1+L1+L2], Tr f
Ch[S1+L1+L2+Y172W] and chymotrypsin. The acylation
rate k2 increases as kcat/Km increases, but the values of Ks
and k3 remain constant.
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specificity. In addition, alternate solutions to the
trypsin-to-chymotrypsin conversion may exist. Sta-
bilization of the activation domain would also stabi-
lize the S1 site. Bacterial serine proteases do not use
the zymogen activation mechanism of mammalian
serine proteases, which suggests that other strategies
exist for stabilizing the S1 site. This strategy is
probably the mechanism operating a metal-activated
Asp189Ser trypsin variant. The substitution of Asn143
and Glu151 with His creates a metal binding site in
trypsin.228 This metal site can also interact with a
P2′ His residue, thus installing specificity for His at
the S2′ site. These mutations also increase the
activity of Asp189Ser trypsin by 300-fold. Asn143 and
Glu151 are also part of the activation domain; metal
binding will stabilize the activation domain, and by
extension, the S1 site, which accounts for the increase
in activity.

Unlike the S1 site, the S1′ and S2′ sites can be
redesigned easily. A single substitution, Lys60Glu,
is sufficient to create a trypsin variant with a ∼100-
fold preference for Arg at S1′.229 The construction of
a metal binding site at S2′ as described above was
sufficient to create specificity for P2 His.223 Why are
the S1 sites of trypsin and chymotrypsin so difficult
to redesign, especially when compared with the S1′
site? Part of the answer is undoubtedly in topology
of the sites. The S1 site is a deep pocket which
surrounds the P1 residue. A cavity is an intrinsically
unstable structure and less able to tolerate substitu-
tions. In contrast, the S1′ site is a shallow groove.
Moreover, the S1 site of trypsin is part of the
activation domain of trypsin. The S1 site has two
conformations, the ordered structure of the mature
protease and an inactive, zymogen-like conformation.
It is not surprising that the Asp189Ser mutation
causes complete deformation of the S1 site, pushing
the conformational equilibrium to the zymogen-like
form.221,230 In effect, the S1 site is “built to collapse”.
In contrast, the structure of the S1′ site remains
constant during zymogen activation, and is inher-
ently more structurally sound than the S1 site. The
stability of the framework is obviously an important
determinant of the ability to redesign an enzyme.

A well-ordered S1 site may not be an absolute
requirement for high protease activity, so long as the
conversion to a catalytically competent structure
does not invoke a huge energetic penalty. Tr f
Ch[S1+L1+L2] is almost as active as chymotrypsin
although its S1 site is deformed. However, the rigid
S1 site of chymotrypsin is almost certainly a require-
ment for survival in its physiological nichesthe
protease-rich duodenum. It is worth remembering
that enzymes evolve to optimize all aspects of their
physiological functions, including catalysis, expres-
sion, translation, folding, and degradation.

B. Redesigning Esterase Activity
In contrast to amide hydrolysis, the esterase speci-

ficity of the S1 site can be easily re-engineered. The
Asp189Ser mutation is sufficient to change the
specificity of trypsin to that of chymotrypsin in ester
hydrolysis.200 Trypsin has been converted into an
elastase-like esterase, but this enzyme has no meas-

urable amidase activity.227 Similarly, the preference
of granzyme B for acidic P1 residues can be changed
to Phe with the substitution of Arg226 with Gly
(unfortunately, this work did not utilize purified
enzymes, and therefore must be included with cau-
tion).231 The ease with which esterase activity can be
manipulated derives from the much greater intrinsic
reactivity of esters as discussed above.

VII. How Do Remote Interactions Translate into
Catalysis?

The operation of the catalytic machinery in the
immediate vicinity of the scissile bond appears very
straightforward: Asp102, His57, and Ser195 and the
oxyanion hole are aligned to facilitate proton trans-
fers and stabilize the charges that develop as the
reaction proceeds. It is also clear that a network of
hydrogen bonds propagates outward from the cata-
lytic triad, so that changes in bonding order and
charge distribution at the scissile bond will propagate
to more remote enzyme-substrate interactions, and
vice versa. Interactions far from the scissile bond, in
the S1 site, polypeptide site, S2-Sn or S1′-Sn′, can
dramatically and cooperatively accelerate the hy-
drolysis of substrate. Such interactions must optimize
the function of the catalytic machinery.

The influence of remote binding interactions on the
catalytic triad is illustrated by trifluoroketone inhibi-
tion. The His57 Nδ1 protons have low-field chemical
shifts, elevated pKa’s, low fractionation factors and
slow rates of D2O exchange.149,150,165 For a series of
inhibitors varying in the P2 residue, these properties
correlate with the affinity of the inhibitor as well as
kcat/Km for the analogous substrate.150,151,163,165,232 Of
course, the big question is how do these remote
interactions translate into catalysis. Most remote
interactions do not increase substrate affinity but
contribute exclusively to catalysis. This observation
suggests that these interactions introduce strain into
the substrate, which penalizes binding affinity but
accelerates catalysis. This strain can take many
forms, including desolvation of enzyme and substrate,
locking the substrate in the canonical conformation,
interactions of the carbonyl with the oxyanion hole,
damping of protein motions, conformational changes
and/or geometric distortion. What follows are some
possible mechanisms, in no particular order. These
mechanisms are not mutually exclusive, and it is
likely that several are operating.

A. Remote Interactions Align the Substrate in the
Active Site

One proposal is that remote binding interactions
align the substrate relative to the catalytic triad,
placing the substrate in catalytic register.15 This
mechanism is particularly attractive when consider-
ing the protease subsites immediately adjacent to the
scissile bond, i.e., S2, S1, and S1′. These interactions
dock the scissile bond next to Ser195 and the oxy-
anion hole. Unfortunately, the alignment mechanism
becomes less attractive as the interactions get farther
from the site of chemical transformation. Once the
P1/S1 and P2/S2 interactions are formed, the sub-

Serine Protease Mechanism and Specificity Chemical Reviews, 2002, Vol. 102, No. 12 4517



strate is tethered in position; there would seem to
be little gained for interactions beyond the S2 site.
Another mechanism would appear necessary to har-
ness the binding energy at these more remote sites.

Any explanation for how distal interactions ac-
celerate protease catalysis must also explain the how
these interactions can act “in trans”. For example,
amines or guanidinium compounds accelerate the
hydrolysis of substrates containing P1-Gly or Ala by
trypsin.233,234 This observation suggests that the P1-
S1 interaction does not simply dock the substrate in
the active site cleft. Ethylamine could trigger a subtle
conformational change that activates the enzyme.
The P1/S1 interaction may prevent nonproductive
binding modes, thus indirectly improving the align-
ment of the substrate in the active site. However, the
alignment mechanism does not appear to be suf-
ficient to explain the effects of the remote binding
interactions on catalysis.

B. Remote Interactions Are Optimized in the
Transition State

Enzymes are often described as templates for the
transition state of a reaction. Conventional views of
the transition state of protease reactions focus on the
site of bond making/breaking and formation of the
tetrahedral adduct. However, if remote interactions
increase catalysis, then remote interactions must also
be part of the transition state. Therefore, a complete
description of the transition state must include the
P/S and P′/S′ interactions in addition to the tetra-
hedral adduct, catalytic triad and oxyanion hole. The
most dramatic changes in structure are involved in
the bond making and breaking at the scissile bond,
while smaller changes result from the changes in
geometry in the transformation from planar sub-
strate to tetrahedral transitions state. These small
changes can propagate into significant displacements
down the peptide chain, optimizing the remote bind-
ing site interactions in the transition state.235 Such
changes could provide a mechanism for the rate
acceleration. Support for this mechanism can be
found in the inhibition of elastase by peptidyl alde-
hydes.47 While the P4 residue increases the affinity
of an alcohol inhibitor by 10-fold, the affinity of the
corresponding aldehyde inhibitor increases by 100-
fold (Table 7). This observation demonstrates that the
P4-S4 interaction is optimized in a tetrahedral
adduct. Similarly, the hydrogen bond between the
P1-NH and the Ser214 carbonyl appears to be
stronger in transition state analogue complexes than
in protein inhibitor complexes (Table 8).45,236 These
observations suggest that the interactions at the
remote sites are optimized in the transition state.

C. Remote Interactions Induce a Conformational
Change that Favors Catalysis

One oft-invoked mechanism for utilizing remote
binding interactions is induced fit, i.e., remote inter-
actions induce a conformational change that aligns
the catalytic machinery, activating the enzyme.
However, no conformational change is observed when
chymotrypsin or trypsin bind substrates or inhibitors,
and the alignment of the catalytic triad does not
change. Thus, a classical induced fit mechanism is
not operative and serine proteases approach the ideal
of the enzyme as a template for the transition state
(examples of serine proteases that do utilize an
induced fit mechanism will be discussed below).
However, subtle conformational changes are observed
when apoenzyme and inhibitor complexes are care-
fully compared. For example, when trypsin binds a
peptidyl boronic acid, small adjustments are observed
in ∼50 of the 224 residues,237 and similar adjust-
ments are also observed in boronic acid structures
of alpha lytic protease.37 These structural changes are
small and seem unlikely to involve a significant
energetic barrier. Rather, this structural plasticity
is probably required to accommodate product as-
sociation/dissociation and the different transition
states of the protease reaction.

If good substrates induce conformational changes
that increase the reactivity of the catalytic triad and
oxyanion hole, then disruptions of the catalytic
machinery should have a more deleterious effect on
the hydrolysis of good substrates. Unfortunately,
there are little data on this point because these
mutations decrease activity to the point where only
good substrates can be monitored. The substitution
of Asp102 with Asn appears to have a more deleteri-
ous effect on the hydrolysis of peptide substrates than
other substrates, but this difference is not observed
when the pH-independent reaction is considered.79

Mutations of His57 do change specificity, but this is
expected because His57 forms part of both the S2 and
S1′ sites (Figures 7). Unfortunately, it will be difficult
to correlate such subtle structural differences to
catalysis.

Table 7. Inhibition of Porcine Pancreatic Elastase by
Peptidyl Aldehydesa

inhibitor Ki (µM)

Ac-Ala-Pro-Ala-CH2OH 7000
Ac-Pro-Ala-Pro-Ala-CH2OH 600
Ac-Ala-Pro-Ala-CHO 62
Ac-Pro-Ala-Pro-Ala-CHO 0.8

a Data from ref 47.

Table 8. Optimization of Hydrogen Bonds in
Transition State Complexesa

hydrogen bond boroVal
Pval-Lac

(Pval) ovomucoid

Ser195 N-P1 O1 2.9 2.8 3.1
Gly193 N-P1 O1 2.6 2.6 2.6
His57 Nε2-P1 O2 2.7 5.5 (2.9)b

Ser214 O-P1 N 3.0 3.0 3.6
Gly216 N-Ala P3 O 3.0 3.0 2.9
Gly216 O-Ala P3N 2.9 2.9 3.0
His57 Nε2-Ser195 Oγ 3.0 7.1 (3.0) 2.6
Leu41 O-P2′ N 2.8 2.9
Leu41 N-P2′ O 3.0 3.1

a X-ray crystal structures of alpha lytic protease complexes
with Boc-Ala-Pro-boro-Val,37 Boc-Ala-Ala-Pro-Pval-
Lac-Ala, where Pval is the phosphonic acid analogue of Val
and Lac is lactate 45 and Boc-Ala-Ala-Pro-Pval (in paren-
theses) and ovomucoid third domain236 are compared. Data
from ref 45. b In the Boc-Ala-Ala-Pro-Pval-Lac-Ala, His57
has rotated away from the inhibitor, presumably due to the
absence of a negative charge in the neutral phosphonate. The
Nε1 hydrogen bond is present in the charged phosphonate.
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D. The Remote Interactions Shield the Catalytic
Triad from Solvent

Many enzymes, even proteases, have motile flaps
that close over the active sites, preventing solvent
access to the active site. Such desolvation provides a
simple mechanism to achieve large rate accelera-
tions.262,264 The remote portions of the peptide sub-
strate could perform this task for serine proteases.
In particular, the P2 and P1′ residues will shield
His57 from bulk solvent. This effect can be illustrated
by the exchange of the protons of His57 with solvent
in trifluoroketone complexes. The rate of exchange
decreases markedly with better P2 residues (from 280
to 12 s-1; these rates are 100× greater than the rate
of inhibitor dissociation, indicating that proton ex-
change depends on the diffusion of water into the
complex).150 Thus, the P2 residue blocks water access
to the catalytic triad. Interactions at more remote
sites could similarly restrict solvent access as well
as lower the dielectric constant of the active site.
Similarly, the “trans” phenomenon could be explained
by the expulsion of water from the active site, or
perhaps by neutralizing the negative charge of Asp189,
favoring catalysis by lowering the dielectric constant
in the vicinity of the scissile bond. Note that the tight
packing of enzyme and substrate can cause steric
compression that will also facilitate proton trans-
fer.23,163,238

E. Remote Interactions Couple Catalysis to
Motion of the Protease Structure

Protein dynamics is the wild card in protease
catalysis and specificity, as is true of enzyme catalysis
as a whole. The idea that reaction dynamics are
coupled to protein motions has long intrigued bio-
chemists. Such motions might be used to mechani-
cally stress the peptide bond, disrupting resonance
stabilization and activating the carbonyl for nucleo-
philic attack.239 Likewise, the attack of Ser195 on the
scissile bond might be linked to movement of the
surrounding residues. Less dramatically, dynamic
movement could simply be important for substrate
association and product dissociation. The location of
the active site between the two beta barrels places
the substrate at junction of domain motions in
chymotrypsin-like proteases.

The serine proteases provide a unique opportunity
to address this question: if such protein motion is
required for catalysis, then similar motions should
be observed in chymotrypsin-like and subtilisin-like
proteases, as well as the other serine protease
families. On the other hand, it is difficult to see how
protein dynamics could be maintained in four differ-
ent structures. It may be possible to monitor protein
motions during serine protease catalysis. Such ex-
periments best utilize reversible reactions, which has
thwarted their application to protease reactions.
However, proteases also catalyze the exchange of
water into the C-terminus of a product carboxylic
acid. This reaction could be exploited to investigate
protease motions during catalysis.

VIII. Specificity via Induced Fit and Allostery

The above discussion focused on specificity that
derived from a relatively rigid active site cleft as
found in chymotrypsin, trypsin, and elastase. Serine
protease specificity has also been ascribed to classical
induced fit mechanisms and allosteric interactions.
The following will provide examples of these phe-
nomena with complement protease Factor D, the
bacterial enzyme R-lytic protease and the coagulation
protease thrombin.

A. Induced Fit as a Mechanism for Narrow
Specificity

It is important to recognize that an effective
induced fit mechanism requires more than the simply
placing a conformational change in the reaction
coordinate (Figure 15).240,241 An enzyme that can
rapidly equilibrate between inactive and active con-
formations will be no more specific than an enzyme
that does not undergo a conformational changesthe
equilibrium between inactive and active forms simply
lowers the fraction of active enzyme. This must be
the case if the chemical transformation is rate-
limiting for the reaction; the substrate binding steps
will be in equilibrium, and no advantage is gained
from the conformational change.

Figure 15. The effect of a conformational change on
specificity. Simply adding a conformational change to an
enzyme does not provide specificity relative to an enzyme
that does not undergo a conformational change. As shown
in Schemes 1 and 2, the conformational change simply
decreases the amount of active enzyme form. However,
with the added constraint that the conformational change
is rate-limiting, and the good substrate accelerates the
conformational change, specificity can be achieved because
the binding steps are no longer at equilibrium. If both
conformations are active as in Scheme 3, broad specificity
can be attained.
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This principle is illustrated in the trypsin/tryp-
sinogen system, where mutations that alter the
equilibrium between active and inactive conforma-
tions do not change specificity.242 The Ile16-Asp194
salt bridge can be destabilized by the substitution of
Ile16 with smaller residues, favoring the inactive
zymogen-like conformation. Such mutations decrease
the hydrolysis of good and poor substrates equiva-
lently, including both amides and esters.243 In addi-
tion, mutations can be introduced that activate
trypsinogen by stabilizing the mature protease con-
formation.244 The equilibrium between inactive and
active conformations can be determined by measur-
ing the affinity of BPTI, which induces the mature
protease conformation.242 The decrease in values of
kcat/Km correlates with the decrease in affinity of
BPTI, as expected for the mechanism of Figure 15.

An induced fit mechanism can impart specificity
when the conformational change is rate-limiting. In
this case, a good substrate can accelerate the rate of
the conformational change, and thus accelerate the
reaction. The binding steps will not be at equilibrium
because the substrate will rapidly react to products.
Further discrimination can be achieved if chemistry
is slow for the poor substrate.241

B. Factor D: An Induced Fit Protease

Such an induced fit mechanism can account for the
remarkable specificity of Factor D. Unlike most
serine proteases, Factor D circulates in plasma in its
mature form, and therefore must have extraordinary
specificity. Factor D has only one natural substrate,
the complement complex C3bB.245 Remarkably, kcat/
Km for hydrolysis of C3bB is 106 M-1 s-1, comparable
to the hydrolysis of a good peptide substrate by
trypsin. However, Factor D has little esterase activity
(kcat/Km ) ∼300 M-1 s-1 compared to 107 M-1 s-1 for
trypsin197) and cannot hydrolyze peptides containing
the C3bB cleavage site.197 The structure of Factor D
does not resemble an active serine protease, which
explains these puzzling observations.246 The S1 site,
S2-S4 sites and catalytic triad are deformed due to
the presence of Ser94, Thr214, and Ser215 at posi-
tions usually occupied by Trp/Tyr, Ser, and Trp/Phe,
respectively. Substitution of these residues returns
the catalytic triad to a normal conformation, but only
increases the esterase activity 10×.247 The binding
of C3bB must repair these defects and induce Factor
D to assume the usual active conformation.

C. Alpha Lytic Protease: Induced Fit as a
Mechanism for Broad Specificity

Induced fit also provides a mechanism for expand-
ing specificity.248 Imagine an enzyme has several
conformations of comparable energies, each of which
accommodates a different substrate or, more pre-
cisely, the transition state for a different substrate.
Each substrate will induce the appropriate conforma-
tion for catalysis, and the enzyme can hydrolyze
several substrates with comparable values of kcat/Km.
Such an induced fit mechanism provides the struc-
tural plasticity necessary for broad specificity.

The broad specificity of the Met192Ala mutant of
alpha lytic protease can be understood in terms of
this structural plasticity (although induced fit is
probably not an appropriate term since the catalytic
machinery is always aligned). Alpha lytic protease
prefers substrates with small aliphatic residues at
P1. The S1 site is small and relatively rigid, occluded
by Met192. Substitution of Met192 with Ala would
be expected to create a large hydrophobic S1 site
similar to chymotrypsin and the X-ray crystal struc-
ture of the unliganded mutant protease shows that
the S1 site is enlarged. However, unlike chymo-
trypsin, Met192Ala hydrolyzes P1-Ala and Phe
substrates with comparable values of kcat/Km (Table
9).249 Inhibitor complexes show that the structure of
the S1 site of Met192Ala is not a simple hydrophobic
pocket, but adapts to accommodate different P1
residues.251 Therefore, the S1 site displays structural
plasticity wherein each substrate induces the ap-
propriate conformation for hydrolysis. The mutation
appears to have a profound effect on the dynamic
properties of the S1 site. In wild-type alpha lytic
protease, the walls of the S1 site are coupled and
move together as a unit so that the dimensions of
the S1 site are maintained.252 However, the Met192
mutation disrupts this coupling, allowing the two
walls of the S1 site to move independently and the
dimensions of the S1 site to vary.250,253,254 Thus, the
mutant enzyme can sample many different confor-
mations of the S1 site, and hydrolyze many different
substrates.

Thrombin provides a second example of how speci-
ficity can be expanded by the ability to access
multiple conformations. Thrombin’s role in the for-
mation of a blood clot is well-known.265,266 Less
appreciated is thrombin’s anticoagulation function.
The substrates of the coagulation pathway (fibrino-
gen, factor V, factor VIII, and factor XIII) contain
neutral or positively charged P3 and P3′ residues,
while the substrates of the anticoagulation pathway
(e.g., protein C) contain Asp at these positions.
Thrombin requires two conformations to process such
different subtrates.255,256 The procoagulant conforma-
tion, or “fast” form, hydrolyzes fibrinogen ∼103 times
faster than protein C. In contrast, the “slow” form
has a 50-fold preference for protein C.255 Importantly,
Na+ is an allosteric effector of this conformational
switch, binding specifically to the fast form at a single
site.257 The fast and slow forms are approximately
equal at physiological Na+ concentrations. Na+ is an
allosteric effector of several other serine proteases,
including Factor Xa, activated protein C, and Factor
IXa; Na+ regulation correlates with the presence of

Table 9. Specificity of Wild Type and M192A Alpha
Lytic Proteasea

kcat/Km M-1 s-1

substrate wild type M192A

Suc-Ala-Ala-Pro-Ala-pNA 2.1 × 104 1 × 104

Suc-Ala-Ala-Pro-Val-pNA 790 3 × 103

Suc-Ala-Ala-Pro-Met-pNA 1800 3.5 × 105

Suc-Ala-Ala-Pro-Leu-pNA 4.1 1.1 × 105

Suc-Ala-Ala-Pro-Phe-pNA 0.38 3.1 × 105

aData from ref 249.
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Tyr or Phe at position 225, while Na+ independence
correlates with Pro225.258 The Na+ binding site lies
between the 180 and 220 loops.259 Substitution of
Trp215 and Glu217 abrogates Na+ binding, stabiliz-
ing the slow form while Glu39, Trp60d, Glu192,
Asp221, and Asp222 form an “allosteric core” that
connects the Na+ binding site to the active site cleft.

IX. How Serine Proteases Work: Summary and
Prospects

Serine proteases are probably the most thoroughly
investigated enzyme system. While the function of
the catalytic triad and oxyanion hole can be rational-
ized in terms of electrostatic stabilization of charges
developing in the transition state, how remote bind-
ing interactions facilitate catalysis remains a mys-
tery. Catalysis and specificity are not simply con-
trolled by a few residues, but are rather a property
of the entire protein framework, controlled via the
distribution of charge across a network of hydrogen
bonds and perhaps also by the coupling of domain
motion to the chemical transformation. Serine pro-
teases present a unique opportunity to test these
ideas.

X. Useful Web Sites

Rose, T., and Di Cera, E. Serine Protease Home
Page. http://www.biochem.wustl.edu/∼protease/
index.html.

Rawlings, N. D., O’Brien, E. A., and Barrett, A. J.
2002 MEROPS: The Protease Database. Nucleic
Acids Res. 30, 343. http://merops.iapc.bbsrc.ac.uk/.
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