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ABSTRACT: Oligopeptidase B is a member of a novel serine peptidase family, found in Gram-negative
bacteria and trypanosomes. The enzyme is involved in host cell invasion, and thus, it is an important
target for drug design. Oligopeptidase B is specific for substrates with a pair of basic residues at positions
P1 and P2. The sensitivity of substrates to high ionic strength suggests that the arginines interact with the
carboxylate ions of the enzyme. On the basis of a three-dimensional model, two carboxyl dyads (Asp460
and Asp462 and Glu576 and Glu578) can be assigned as binding sites for arginines P1 and P2, respectively.
The dyads are involved in several events: (i) substrate binding, (ii) substrate inhibition at high substrate
concentrations (different inhibitory mechanisms were demonstrated with substrates bearing one and two
arginine residues), (iii) enzyme activation at millimolar CaCl2 concentrations with substrates having one
arginine, and (iv) interaction of Ca2+ with the dyads which simplified the complex pH dependence curves.
Titration with a product-like inhibitor revealed the pKa of the carboxyl group that perturbed the pH-
kcat/Km profiles. The OH group of Tyr452 is part of the oxyanion binding site, which stabilizes the transition
state of the reaction. Its role studied with the Tyr452Phe variant indicates that (i) the catalytic contribution
of the OH group depends on the substrate and (ii) the catalysis is, unusually, an entropy-driven process
at physiological temperature. The NH group of the scissile peptide bond accounts for the deviation of the
reaction from the Eyring plot above 25°C, and for abolishing potential nonproductive binding.

A new class of serine peptidases (clan SC, family S9) has
recently been identified and called the prolyl oligopeptidase
family (1, 2). The members of this family, such as the
prototype prolyl oligopeptidase, dipeptidyl peptidase IV,
acylaminoacyl peptidase, and oligopeptidase B, exhibit much
larger molecular masses (∼80 kDa) with respect to the most
extensively studied serine peptidases, chymotrypsin and
subtilisin. The catalytic domain of the members of the prolyl
oligopeptidase family, which is at the C-terminus of a single
polypeptide chain, is structurally related to lipases of theR/â-
hydrolase fold rather than to peptidases (3). This was
confirmed by the determination of the three-dimensional
structure of one family member, namely, prolyl oligopepti-
dase (4). The results have also shown that the N-terminal
domain of the enzyme is an unusualâ-propeller, which
accounts for the oligopeptidase activity by excluding large
peptides from the active site (5). The catalytic triad (Ser554,
Asp641, and His680) is located at the interface of the two
domains.

Oligopeptidase B (EC 3.4.21.83), previously called pro-
tease II, is homologous to prolyl oligopeptidase, indicating
that the tertiary structures of the two enzymes are similar
(6, 7). Oligopeptidase B was first isolated fromEscherichia

coli cells with trypsin-like specificity, cleaving peptides at
lysine and arginine residues (cf. ref8). The enzyme is also
present in protozoan parasites, such asTrypanosoma cruzi,
the causative agent of Chagas disease in humans (9), and
the African trypanosomes of theTrypanosoma bruceigroup
(10-12) that produce the diseases nagana and sleeping
sickness in cattle and humans, respectively. The enzyme is
implicated in host cell invasion by the parasite by generating
an active Ca2+ agonist from a cytosolic precursor molecule
(13-15). Antibodies to the recombinant oligopeptidase B
inhibited both peptidase activity and Ca2+ signaling (13).
Oligopeptidase B activity correlates with blood parasitemia
level. Since the trypanosomes do not release oligopeptidase
B in vitro, it was proposed that disrupted cells ofT. brucei
release the enzyme into circulation, where it exerts its
detrimental effects (16).

Oligopeptidase B hydrolyzes much faster peptides with
two adjacent basic residues than substrates with a single base
(17-19). Thekcat/Km for Z-Arg-Arg-Amc1 is extremely high
(63 µM-1 s-1) at low ionic strength, and this preference for
adjacent arginine residues indicates that oligopeptidase B
may be a new type of processing enzyme (19).

The catalytic mechanism of oligopeptidases is similar to
that of the trypsin and subtilisin type enzymes. Specifically,
the serine OH group of the catalytic triad reacts with the
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peptide carbonyl carbon atom of the substrate, and this
process generates a tetrahedral intermediate that possesses
a negatively charged oxygen atom. The transition state
resembles this intermediate that decomposes to the acyl
enzyme, which is, in turn, hydrolyzed by a water molecule.
Both the formation and breakdown of the acyl enzyme are
facilitated by the histidine residue as a general base/acid
catalyst (20).

A distinct event in the catalysis of oligopeptidases concerns
the stabilization of the negatively charged tetrahedral inter-
mediate. The oxyanion binding site that provides two
hydrogen bonds to the oxyanion achieves the stabilization.
In the trypsin type enzymes, the hydrogen bonds are
contributed by two main chain NH groups, while in subtilisin
and its homologues, one of the hydrogen bonds originates
from the side chain amide of an asparagine residue (20-
22). In prolyl oligopeptidase, one of the hydrogen bonds is
generated between the oxyanion and the main chain NH
group of Asn555, while the other bond is formed with the
Tyr473 OH group (4, 23). In oligopeptidase B, Tyr452
corresponds to Tyr473 of prolyl oligopeptidase, which is
obvious from the alignment of the amino acid sequences (6),
and from the site-specific mutagenesis study reported here.

Because of the role of oligopeptidase B in several
widespread tropical diseases, brought about by eukaryotic
unicellular parasites, and in other infectious illnesses caused
by Gram-negative bacteria, we have undertaken an investiga-
tion of the catalytic mechanism and substrate recognition
properties of the enzyme, the knowledge of which is essential
for effective drug design.

EXPERIMENTAL PROCEDURES

Enzymes.Oligopeptidase B was overexpressed inE. coli
JM83 cells, purified, and assayed as described previously
(24). The concentration of the enzyme was determined at
280 nm, using a molecular mass of 81 858 Da and anA280

of 1.83 for a concentration of 1.0 mg/mL (24).

The Tyr452Phe mutation was introduced with the two-
step PCR procedure as described for the site-specific
mutagenesis of prolyl oligopeptidase (23). In short, four
oligonucleotides were synthesized. Those designed to the 5′-
and 3′-ends of the gene containedEcoRI andSalI restriction
sites (underlined), respectively, while the mutagenic primers
with the TTT codon for phenylalanine had aBamHI site
(underlined): to the 5′-end, 5′-CGGAATTCATCCCCGGT-
GAGTTTTGC-3′; to the 3′-end, 5′-ACGCGTCGACGAAC-
GCGATCCGGGCTA-3′; sense primer, 5′-GTGTATG-
GCTTTGGATCCTACGGC-3′; and antisense primer, 5′-
GCCGTAGGATCCAAAGCCATACAC-3′.

In the first step of PCR, two independent reactions were
carried out, using the Vent polymerase and the pSK/OpB
plasmid as a template digested with theEcoRI enzyme. To
this mixture were added the 5′-primer and the antisense
mutagenic primer for the first reaction. In the second reaction,
the 3′-primer and the sense mutagenic primer were added,
using 26 cycles in each run. The mutated gene was then
obtained in two pieces, which were isolated by agarose gel
electrophoresis. This was followed by purification with the
QIAquick Gel Extraction Kit. In the second step, the two

gene fragments were used as templates in the reaction
mixture, heated to 95°C prior to the addition of the Vent
polymerase. The temperature was then lowered to 55°C
when the complementary ends of the two DNA portions
formed double-stranded DNA. The complementary strands
were synthesized during heating at 72°C for 5 min. The
complete strands were able to bind the terminal primers (5′-
and 3′-primers to the 5′- and 3′-termini of the gene,
respectively), which were added to the mixture at 95°C.
The amplification was then carried out in 30 cycles at 95,
54, and 72°C for 1, 1, and 2.5 min, respectively. The PCR
product was identified on an agarose gel (1%) and purified
with a QIAquick kit. The pure product was digested with
EcoRI andSalI restriction enzymes and isolated with agarose
gel electrophoresis. After purification from the gel, it was
ligated into an empty pBluescript SK vector digested with
EcoRI and SalI enzymes. The Tyr452Phe mutation was
verified by digestion with theBamHI enzyme. The expres-
sion and purification of the Tyr452Phe variant were the same
as for the wild-type oligopeptidase B.

Polyhistidine-Tagged Enzymes.The gene of oligopeptidase
B was isolated from the pSKOpB construct (24) by the two-
step PCR method described above. We created anNdeI
restriction site at the 5′-end of the coding region with the
primer 5′-GACATTCCATATGCTACCAAAAGCCGCCCG-
3′ (NdeI site underlined) and aBamHI restriction site at the
3′-end of the coding region with the primer 5′-ACTAG-
GATCCTTAATAACCTGGACAGCATGA-3′ (BamHI site
underlined). A primer pair was also designed at the 1753th
nucleotide position to eliminate an innerBamHI site.

These primers are the 5′-GTAACCCGCAaGAcCCG-
CAATATTAC-3′ sense mutagenic primer and the 3′-
CATTGGGCGTtCTgGGCGTTATAATG-5′ antisense mu-
tagenic primer (the alteredBamHI site underlined). The two-
step PCR was carried out as described for the Tyr473Phe
mutant of prolyl oligopeptidase (23). The PCR product was
identified on an agarose gel (1%) and purified with a
QIAquick kit. The pure product was digested withNdeI and
BamHI restriction enzymes and isolated with agarose gel
electrophoresis. After purification from the gel, it was ligated
into an empty pET-15b vector, digested withNdeI and
BamHI enzymes. The gene for oligopeptidase B was in frame
with a polyhistidine tag in the pET-15b vector, and so the
polyhistidine tail was added to the N-terminus of the protein.
The tag contained a thrombin cleavage site that permitted
removal of the polyhistidine tail.

The Tyr452Phe mutant of the oligopeptidase B gene with
the polyhistidine tail was constructed by cloning, using the
SmaI restriction site at nucleotide position 1043, and theNsiI
site at nucleotide position 1543 of the gene. This 500-
nucleotide segment contained the Tyr452Phe mutation, which
was cleaved from the pSKOpB/Y452F vector by sequential
digestion withSmaI and NsiI restriction enzymes, purified
by agarose gel electrophoresis, extracted from the gel with
the QIAquick Gel Extraction Kit (QIAGEN), and ligated to
the place of theSmaI-NsiI fragment of the wild-type
oligopeptidase B gene the in pET-15b plasmid. The ligation
mixtures were transformed intoE. coli DH5R cells, and from
the colonies grown on LB was isolated the DNA. The
presence of the insert in the plasmid was justified by
digestion withNdeI and BamHI enzymes. The Tyr452Phe
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mutant had an extraBamHI site, which was introduced upon
creation of the mutation.

The tagged enzymes were expressed inE. coli BL21-
(DE3)pLysS. After transformation, the cells were grown in
2 × 500 mL of LB, shaking with 250 rpm at 37°C until the
OD600 reached a value of 0.6. Then 1 mM isopropylâ-D-
thiogalactopyranoside was added, and the medium was
incubated overnight at 30°C. The cells were harvested by
centrifugation and suspended in 30 mL of binding buffer [5
mM imidazole, 0.2 M NaCl, and 20 mM Tris (pH 8.0)]. The
suspension was sonicated on ice and centrifuged for 30 min
at 20000g. The supernatant was loaded onto a Ni2+ chelation
column (25 mL), Ni-NTA Superflow (QIAGEN) in an
FPLC system, and purified according to the protocol of the
manufacturer. The enzyme proved to be at least 90% pure,
as indicated by SDS-polyacrylamide gel electrophoresis.
Further purification was achieved by chromatography on a
Mono Q column, using the FPLC system.

Kinetics. The specificity rate constants (kcat/Km) were
determined under first-order conditions, i.e., at substrate
concentrations lower thanKm. The first-order rate constant
was divided by the total enzyme concentration to provide
kcat/Km. For the specificity studies, the following internally
quenched fluorescence substrates were prepared by solid
phase synthesis (the scissile bonds in the peptides are
marked):

The reactions were monitored fluorometrically at 25°C
by using a Cary Eclipse fluorescence spectrophotometer
equipped with a Peltier four-position multicell holder and a
temperature controller. The excitation and emission wave-
lengths were 337 and 420 nm, respectively, in a four-
component buffer with a constant ionic strength (25),
composed of 25 mM glycine, 25 mM acetic acid, 25 mM
Mes, and 75 mM Tris and containing 1 mM EDTA (standard
buffer). The buffer was titrated to the desired pH with HCl
or NaOH, and slight changes in the ionic strength were
adjusted by the addition of NaCl. At a low enzyme
concentration (<10 nM), the buffer was supplemented with
1 µM bovine serum albumin.

Theoretical curves for bell-shaped pH-rate profiles were
calculated by nonlinear regression analysis, using eq 1 and
the GraFit software (26).

wherekcat/Km(limit) stands for the pH-independent maximum
rate constant, andK1 andK2 are the dissociation constants
of a catalytically competent base and acid, respectively. At
low ionic strength, two additional ionizing groups modify
the bell-shaped character of the pH dependence curve. The
resulting pH-rate profile conforms to eq 2

where the limiting values stand for the pH-independent
maximum rate constants for the two active forms of the
enzyme andK1, Kx, Ky, andK2 are the dissociation constants
of four enzymatic groups whose state of ionization controls
the reaction. When the effect ofKy is not seen, eq 3 is used.

When a substrate binds in an alternative unreactive mode,
which is competitive with the reactive binding mode, the
Michaelis-Menten equation changes to eq 4

whereKis is the inhibition constant for the second substrate.
TheKi values, the dissociation constants of the enzyme-

inhibitor complex, were calculated from eq 5.

whereki andk0 are pseudo-first-order rate constants deter-
mined at substrate concentrations of<0.1Km in the presence
and absence of inhibitor (I), respectively.

The thermodynamic parameters were calculated from
Eyring plots (eq 6)

wherek is the rate constant,R is the gas constant (8.314 J
mol-1 K-1), T is the absolute temperature,NA is Avogadro’s
number (6.022× 1023 mol-1), h is Planck’s constant (6.626
× 10-34 J s-1), the enthalpy of activation∆H* ) -(slope)
× 8.3 × 14 J/mol, and the entropy of activation∆S* )
(intercept- 23.76)× 8.3× 14 J mol-1 K-1. The free energy
of′ activation,∆G*, was calculated from eq 7.

RESULTS AND DISCUSSION

Electrostatic Effects Control Substrate Binding. A pair of
basic residues in the substrate is crucial for the specific
hydrolysis carried out by oligopeptidase B. Increased salt
concentrations mask electrostatic interactions that may occur
in the complexes formed between oligopeptidase B and its
substrates (19, 27). To investigate substrate recognition,
which is an essential feature of drug design, we have
examined the effects of ionic strength on the hydrolysis of
substrates containing a single arginine or a pair of arginine
residues. To this end, we have prepared the closely related
oligopeptide substrates RR, CR, and RC (see Experimental
Procedures), having a real scissile peptide bond rather than
a relatively good leaving group, such as Amc or Nap,
previously used in kinetic investigations. Substitution of
citrulline for arginine in substrate RR was chosen because
the side chains of arginine and citrulline are of similar size,
but citrulline does not have a positive charge that seems to
be essential for the specificity of oligopeptidase B, as

kcat/Km ) kcat/Km(limit)[1/(1 + 10pK1-pH + 10pH-pK2)]

(1)

kcat/Km ) kcat/Km(limit) 1[1/(1 + 10pK1-pH +

10pK1+pKx-2pH + 10pH-pKy)] +
kcat/Km(limit) 2[1/(1 + 10pKy-pH + 10pH-pK2)] (2)

kcat/Km ) kcat/Km(limit)[1/(1 + 10pK1-pH +

10pK1+pKx-2pH + 10pH-pK2)] (3)

V ) V[S]/(Km + [S] + [S]2/Kis) (4)

ki/k0 ) 1/(1 + [I]/ Ki) (5)

ln(k/T) ) ln(R/NAh) + ∆S*/R - ∆H*/RT (6)

∆G* ) ∆H* - T∆S* (7)
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indicated by its much slower reaction with Bz-Cit-Et than
with Bz-Arg-Et (27). Indeed, we have found that the
specificity rate constant for substrate CC (see Experimental
Procedures) is only 0.01 mM-1 s-1, while those for substrates
RR, CR, and RC are 5700, 280, and 140 mM, respectively,
measured at the pH optima.

Figure 1A shows that the specificity rate constant (kcat/
Km) for substrate RR sharply diminishes with an increase in
NaCl concentration. The marked reduction in the rate
constant can be rationalized in terms of depressing the
electrostatic attractions between the enzyme and substrate.
By contrast, the salt effects on substrates CR and RC are
less pronounced and provide minimum curves (Figure 1B),
indicating that two different effects prevail over the broad
range of NaCl concentrations. In the region of low ionic
strength, the rate constant decreases with increasing salt
concentration, but the effect is significantly lower in mag-
nitude than that found with the substrate containing two basic
residues. The increase in rate at high ionic strength is similar
to that observed for the reaction of prolyl oligopeptidase with
neutral substrates (23). The similar behaviors of substrates
CR and RC suggest that the arginine residues of both peptides
bind to the same S1 site, possibly to enzymatic carboxylate
ions (to be discussed later). In fact, amino acid sequence
analysis of the reaction products has shown that the cleavage
occurred in both peptides at the carbonyl group of the
arginine residue. These results indicate that substrates with
one arginine prefer subsite S1 to S2.

We have also examined the cleavage site in substrate RR.
Interestingly, an extensive hydrolysis of the compound gave
three fragments, Abz-Thr-Arg-Arg-OH, Abz-Thr-Arg-OH,
and Phe(NO2)-Ser-Leu-NH2, suggesting that the enzyme
cleaved the substrate at two different sites or that the first
product, Abz-Thr-Arg-Arg-OH, underwent a further cleav-
age. However, since an Arg-Phe(NO2)-Ser-Leu-NH2 frag-
ment was not found, substrate RR obviously did not split
between the two arginine residues, but the Abz-Thr-Arg-
OH fragment should come from the secondary cleavage of
Abz-Thr-Arg-Arg-OH. This was confirmed by investigations
into the kinetics of the formation of reaction products, which
demonstrated that only two products appeared at 25, 50, and
90% of the hydrolysis, and the third product emerged during
further incubation after the complete breakdown of the
substrate. This indicates that the two arginines of the Abz-
Thr-Arg-Arg-OH peptide may also bind at the S1 and S1′
subsites; however, the probability of this binding is rather
low, so its effect can be neglected in the kinetic investiga-
tions.

The possibility that the substrate arginines bind to enzy-
matic carboxyl groups has been analyzed with the aid of the
oligopeptidase B model built on the basis of the known
structure of prolyl oligopeptidase (28). According to the
model, the P2 arginine residue of Z-Arg-Arg-OH was bound
to the carboxyl groups of Asp460 and Asp462. In the related
prolyl oligopeptidase, the P1 proline residue is stacked with
the indole ring of Trp595, which is the counterpart of Glu576
of oligopeptidase B. Hence, Glu576 may constitute the S1
binding site. Moreover, Glu576 and its neighboring Glu578
presumably form a carboxyl dyad similar to that of the
Asp460 and Asp462 pair at subsite S2. Examination of the
positions of the corresponding amino acid residues of prolyl
oligopeptidase (Thr481/Asn483 and Trp595/Thr597) reveals
that the side chains point to the right directions. Recent site-
specific mutagenesis studies strongly support the participation
of the two dyads in substrate binding (R. Morty and N.
Andrews, Yale University, New Haven, CT, unpublished
observation). The importance of the carboxyl dyads in the
binding of the arginine side chain is consistent with the
results obtained with furin, another processing enzyme, which
cleaves at a pair of basic residues. The structure of furin is
related to subtilisin, but the binding site of furin contains
several carboxyl groups that bind the substrate arginines (29).

The S2 Subsite Is Implicated in Substrate Inhibition.In
the reaction of oligopeptidase B with substrate RR, an
alteration in ionic strength modifies primarily theKm rather
than thekcat. The 5-fold increase inKm in the presence of
1.0 M NaCl is consistent with the weakening of binding
(Table 1). Furthermore, the binding of a substrate containing
a pair of arginine residues (substrate RR) is much stronger,
and theKm is lower than that of a substrate with one arginine
(substrates CR and RC). We could determine the dissociation
constant of the enzyme-substrate complex (Ks) for the poor
substrate CR by measuring the inhibition constant (Ki ≈ Ks)
against the activity of a highly specific substrate, Z-Arg-
Arg-Amc, using eq 5 (30). Under different conditions,Ki

was lower by a factor of 2-3 relative toKm, which indicates
that Km is characteristic of the binding constant.

Determination ofKm was complicated with substrate
inhibition observed with peptide RR (Figure 2 and Table
1). This implies the binding of two substrate molecules to

FIGURE 1: Effects of NaCl concentration on rate constants for
oligopeptidase B. (A) Substrate RR measured at 0.4-3 nM enzyme.
(B) Substrates CR (O) and RC (b) both measured with 40-80 nM
enzyme. The reactions were assessed at pH 8.0, and the concentra-
tions were 0.5µM for each substrate.
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the enzyme, resulting in an ineffective complex. Using eq
4, we could calculate both theKm and the second dissociation
constant,Kis, that was higher by 1 order of magnitude than
Km. This rendered it possible to calculate the parameters from
the Michaelis-Menten equation, too, using the lower
substrate region. TheKm values calculated from a partial data
set (black symbols in Figure 2) and the whole data sets
agreed within experimental error (Table 1). Moreover, the
kcat/Km calculated by dividingkcat by Km agreed with thekcat/
Km measured under first-order conditions (not shown).

To exclude inner filter effects that could result in an
apparent substrate inhibition, we have checked the linearity
of the fluorescence intensity with increasing substrate
concentration. Corrections for the inner filter effect were
made at high substrate concentrations. The validity of
substrate inhibition was also demonstrated by spectropho-
tometrically assessing the hydrolysis of the Bz-Arg-Nap

substrate at 338 nm, in which case the inner filter effect was
eliminated. The fluorescence and spectrophotometric methods
gave similar results. The substrate inhibition was also
observed with Bz-Arg-Nan measured spectrophotometrically
at 410 nm.

In contrast to substrate RR, substrates CR and RC
produced a different type of substrate inhibition that failed
to conform to eq 4. Apparently, the inhibition by substrates
CR and RC did not follow the uncompetitive mechanism
implied by eq 4. When the participation of four carboxyl
groups at the active site is considered, the substrates with a
single arginine have more alternative binding modes than
substrate RR that occupies both the S1 and S2 subsites.

To test the nature of the potential carboxyl dyads, we have
investigated the effect of Ca2+, as this ion requires two
neighboring carboxylate groups to balance the two positive
charges. Hence, the catalytic activity of oligopeptidase B
bearing carboxyl dyads as binding sites may be influenced
by relatively low concentrations of Ca2+. Figure 3 shows
that the reactions of substrate RR and Z-Arg-Arg-Amc are
inhibited with the increasing concentration of CaCl2, as
observed with NaCl. The level of inhibition is∼80% at both
0.1 M CaCl2 and 0.2 M NaCl, having the same ionic strength
(Table 2). In contrast, the Bz-Arg-Nap reaction is still
activated in 0.1 M CaCl2 (215% activity), but inhibited in
0.2 M NaCl (68% activity). It can be seen in Figure 3 that
substrates with a single arginine residue (substrate CR and
Bz-Arg-Nap) are significantly activated at CaCl2 concentra-
tions as low as 5-10 mM, but the activity tends to decrease
when the CaCl2 concentration is further increased. Similar
results were obtained with MgCl2 (not shown). A possible
explanation of this phenomenon may be that blocking of the
S2 site by Ca2+ reduces the improper binding modes of the
substrate having a single arginine. Indeed, the major change
by 5 mM CaCl2 is caused in theKm value, suggesting a

Table 1: Kinetic Parameters for the Reactions of Oligopeptidase Ba

Km (µM) Kis (µM) kcat (s-1) kcat/Km (µM-1 s-1)

I ) 1.0 M
substrate RR

15 °C 14.0( 3.0 100( 26 8.6( 1.1 0.570
15 °Cb 12.8( 3.3 7.8( 0.9 0.572
25 °C 24.0( 4.1 125( 26 23.2( 2.3 0.965
25 °Cb 18.2( 2.3 18.7( 1.2 1.030
35 °C 37.9( 4.3 131( 18 23.6( 1.7 0.730
35 °Cb 31.7( 4.4 19.8( 1.6 0.733

substrate CR
25 °Cb 80.0( 9.2 20.3( 1.0 0.234

substrate RC
25 °Cb,c 29.8( 2.1 4.90( 0.18 0.164

I ) 3 mM
substrate RR

25 °C 4.8( 0.6 42( 8 21.0( 1.5 4.312
25 °Cb 4.0( 0.7 18.2( 1.9 4.516

substrate CR
25 °Cb,c 83.0( 7.7 23.9( 1.5 0.288 (0.293)e

25 °Cb-d 38.2( 3.4 35.8( 2.1 0.938 (0.893)e

substrate RC
25 °Cb,c 38.3( 2.5 6.73( 0.27 0.175

a At pH 8.0. b Calculated from the front region of the curve (see the
filled symbols in Figure 2).c Substrate inhibition at high substrate
concentrations did not fit eq 4.d In the presence of 7 mM CaCl2 without
EDTA. e The value in parentheses was measured under first-order
conditions.

FIGURE 2: Inhibition of the activity of oligopeptidase B at enhanced
substrate concentrations. Initial rates were measured in the standard
buffer (pH 8.0,I ) 3 mM), with 0.17 nM enzyme, using variable
concentrations of substrate RR at 25°C. The curve was calculated
with eq 4. The dashed line fitted to the black symbols was calculated
with the Michaelis-Menten equation.

FIGURE 3: Effects of CaCl2 on the activity of oligopeptidase B.
The reactions were carried out in the standard buffer (pH 8.0,I )
2 mM), without the addition of EDTA. The enzyme concentrations
were 0.5-3 nM for substrate RR (]), 2-10 nM for substrate CR
(O), 0.07-0.2 nM for Z-Arg-Arg-Amc ([), and 2-4 nM for Bz-
Arg-Nap (b).

Table 2: Effects of CaCl2 on Oligopeptidase B Reactions

substrate RRkcat/Km

(µM-1 s-1)
Bz-Arg-Napkcat/Km

(µM-1 s-1)

without added salt 7.59 (100%) 0.408 (100%)
0.1 M CaCl2 1.30 (17%) 0.875 (214%)
0.2 M NaCl 1.65 (22%) 0.278 (68%)
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stronger binding, whilekcat increases to a lesser extent
(substrate CR in Table 1). Both alterations enhance thekcat/
Km value, which indicates that the detrimental effect of the
S2 site on substrate binding is substantially depressed. On
the other hand, substrates with a pair of basic residues exploit
both subsites and bind stronger than Ca2+ so that only the
inhibitory effect of CaCl2 prevails.

The role of subsite S2 is of particular importance, as it
not only enhances the specificity for a pair of arginines but
also by diminishing the specificity for a single arginine can
further discriminate between the substrates bearing one or
two basic residues. Such a function of the second subsite
has not been recognized so far; although this novel aspect
of substrate recognition is not a major issue only with
processing enzymes, which cleave at two basic residues, it
could be a general phenomenon in enzymology.

A Subsite Carboxyl Group Perturbs the pH-Rate Profiles.
It has previously been shown that the pH dependence ofkcat/
Km for the hydrolysis of Z-Arg-Arg-Amc and Bz-Arg-Nap
by oligopeptidase B is more complicated at low ionic
strengths than the simple bell-shaped curve found with the
classic serine peptidases, while in the presence of 1 M NaCl,
the data fairly well conform to a bell-shaped profile (19, 27).
Panels A and B of Figure 4 illustrate the pH-kcat/Km profiles
of hydrolysis of genuine peptide bonds (substrates RR and
CR, respectively) in the absence of added NaCl. It can be
seen that the rate constants do not fit to a regular bell-shaped

curve (eq 1). The low-pH limb is significantly steeper than
that anticipated for the dissociation of a single base,
indicating that two groups ionize in that region (pK1 and
pKx of eq 2). The alkaline region of the curve is also affected
by an additional ionizing group (pKy), which transforms the
single bell-shaped curve into a double bell-shaped profile.
The two terms of eq 2 actually describe two enzyme forms
with different activities, which are characterized bykcat/Km-
(limit) 1 andkcat/Km(limit) 2, as discussed previously (27).

The parameters of the pH dependence curves of panels A
and B of Figure 4 are shown in Table 3. Because of the six
parameters of eq 2, the errors are relatively large. To illustrate
the better adherence of the data to eq 2, a simple bell-shaped
curve (eq 1) is also fitted to the points (Figure 4A,B). The
two ionizing groups associated with the low-pH limb very
likely refer to the catalytic histidine (pK1) and a carboxyl
group (pKx) implicated in substrate binding. The involvement
of the carboxyl group is strongly supported by Figure 4C,
illustrating that in the presence of 5 mM CaCl2 the data fit
fairly well to a bell-shaped curve rather than to the complex
pH dependence found without CaCl2 (Figure 4A). Appar-
ently, the pKx value practically disappears when the carboxyl
group reacts with the Ca2+ ion, although a little effect is
still discernible at low pH. It should be noted the pKa values
extracted from the pH dependence ofkcat/Km are characteristic
of the ionizing groups of the free enzyme. Therefore, they
are independent of whether the substrate arginine will bind

FIGURE 4: pH-rate profiles for the reactions of oligopeptidease B. (A) Substrate RR was measured at 4-18 nM at I ) 3 mM. The ionic
strength was strictly maintained throughout the pH range. The points were fitted to eq 2. The broken line represents a bell-shaped curve (eq
1). (B) Substrate CR was measured at 60-120 nM enzyme atI ) 3 mM. The points were fitted to eq 2. The broken line represents a
bell-shaped curve (eq 1). (C) Substrate RR measured in the presence of 5 mM CaCl2 at enzyme concentrations of 1-8 nM. The substrate
concentrations were in all cases 0.5µM. The points were fitted to eq 3. The broken line represents a bell-shaped curve (eq 1). (D) Substrate
CR was measured at 10-21 nM enzyme (O) and substrate RC measured at 30-60 nM enzyme (b) in the presence of 1 M NaCl. The data
fit to eq 1.
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to the carboxylate ion during the catalysis. Accordingly, this
carboxyl group may be assigned to either the S2 or the S1
site. From the pH dependence curve of substrate CR, the 5
mM CaCl2 also eliminated the effect of pKx. The parameters
for the curves are included in Table 3. Besides the simple
bell-shaped curve, the parameters for a sharper slope of the
acidic limb are also shown.

The nature of the group with pKy is unknown. It may not
be directly involved in the catalysis; it may be located outside
the active site. Indeed, the electrostatic effects of charged
groups, even if they are remote from the active site, are able
to influence the catalysis (31). Such an effect is observed
with oligopeptidase B when the complex pH-rate profile is
simplified to a bell-shaped curve in the presence of 1 M
NaCl, which depresses electrostatic effects (Figure 4D and
Table 1).

The group with pK2 may reflect the decomposition of the
active conformation of the enzyme. In fact, conformational
changes do occur near pH 9 (24).

In addition to the changes observed in the pH-rate
profiles, the values of the rate constants are also affected by
the ionic strength. As seen from Table 3, masking two
positive charges (substrate RR) causes a much greater effect
on the rate constant than masking a single charge (substrates
CR and RC).

The Catalytic Effects of the Oxyanion Binding Site Are
Substrate-Dependent.It is generally assumed that the hy-
drogen bonds from the oxyanion binding site stabilize the
transition state of the reaction (20-22). However, these
hydrogen bonds may also influence the catalysis by interact-
ing with the peptide carbonyl oxygen in the ground state.
To examine the contribution of the oxyanion binding site to
the catalysis, we have prepared the Tyr452Phe variant of
oligopeptidase B lacking the critical OH group. The lack of
the hydroxyl group did not cause a significant change in the
physical properties of the protein: (i) The behavior of the
enzyme variant during ion exchange chromatography in the

FPLC system was identical with that of the wild-type
peptidase. (ii) The fluorescence spectra of the wild type and
the modified enzymes were identical within experimental
error and agreed with that published earlier for the wild-
type peptidase (24). (iii) The melting points determined with
differential scanning calorimetry were also identical for the
two enzymes (47.8°C).

Table 4 shows the parameters of the pH dependence curves
for various substrates. It is seen that the rate constants for
the enzyme variant are lower by∼2 orders of magnitude
for most substrates. A major alteration, a difference of 3
orders of magnitude, is found with Bz-Arg-NH2, indicating
that the oxyanion binding site is more effective in the
catalysis with the poor substrate than with a good substrate.

Unexpectedly, the reactions of the ester substrates are
apparently not affected by the elimination of Tyr452 (Table
4). This holds with both the citrulline and arginine ester
derivatives, although their kinetic specificities differ by 3
orders of magnitude. The lack of an effect onkcat/Km may
readily be misinterpreted by assuming that the reaction with
the better leaving group (alcohol vs amine) does not require
electrophilic assistance, and that the oxyanion binding site
is only important for substrates with poor leaving groups.
However, determination of the Michaelis-Menten param-
eters for the Bz-Arg-Et reaction revealed a substantial
difference between the wild-type enzyme and its variant as
bothkcat andKm decreased with the modified enzyme by the
same factor of 120 (Table 5). The identical changes forkcat

and Km are indicative of nonproductive binding, which
implies an unreactive binding mode in competition with the
reactive binding mode. In this case,kcat is diminished since
only a fraction of the substrate binds productively at
saturation, andKm is lowered because the additional binding
mode results in an apparently stronger binding. Sincekcat

andKm are modified in a compensating manner,kcat/Km is
not affected by nonproductive binding (32). Consequently,
in addition to electrophilic catalysis, elimination of nonpro-
ductive binding may be another important role of the
oxyanion binding site.

The decrease in bothkcat and Km may alternatively be
explained by stronger binding that diminishesKm and by an
elevated transition state that decreaseskcat. However, this
possibility may requireKs to decrease by 2 orders of
magnitude, while the binding determinant remains the same
ionic interaction for both the wild type and the modified
enzymes. Furthermore, it is not very likely that the different
effects onkcat andKm would act exactly in a compensating
manner, though this possibility cannot be excluded.

Oligopeptidase B has several subsites for binding large
peptides tightly and specifically. A less specific small
molecule, such as Bz-Arg-Et, may bind in different ways,
but only one of the enzyme-substrate complexes is able to
break down to products. Interestingly, nonproductive binding
is not observed with the structurally related Bz-Arg-NH2,
which indicates that the amide hydrogen of Bz-Arg-NH2

facilitates productive binding. However, this small molecule
is still not a specific substrate, and requires the interaction
with the Tyr452 OH group even in the ground state to be
poised correctly for catalysis. This may explain why the
specificity rate constant decreases in the absence of the
tyrosine OH group by 3 orders of magnitude, more than that
found with the better substrates.

Table 3: Parameters for the pH Dependence Reactions of
Oligopeptidasae Ba

substrate RR substrate CR substrate RC

I ) 3 mM (eq 2)
kcat/Km(limit) 1 (mM-1 s-1) 7232( 946 351( 26 186( 20
kcat/Km(limit) 2 (mM-1 s-1) 3879( 592 94( 60 49( 25
pK1 6.99( 0.31 6.77( 0.20 7.04( 0.16
pKx 6.87( 0.45 6.82( 0.28 6.06( 0.48
pKy 8.28( 0.38 8.47( 0.28 8.35( 0.27
pK2 9.84( 0.11 9.55( 0.40 9.71( 0.44

I ) 3 mM (eq 1)
kcat/Km(limit) (mM -1 s-1) 6710( 33 360( 21 166( 10
pK1 7.05( 0.09 7.04( 0.08 7.00( 0.08
pK2 9.40( 0.08 8.79( 0.08 8.85( 0.09

I ) 1 M (eq 1)
kcat/Km(limit) (mM -1 s-1) 1140( 33 383.3( 7.8 145.4( 2.7
pK1 6.95( 0.07 6.90( 0.03 6.88( 0.04
pK2 9.54( 0.06 9.49( 0.04 9.53( 0.04

I ) 2 mM, 5 mM CaCl2 (eq 1)
kcat/Km(limit) (mM -1 s-1) 8481( 175 1482( 41
pK1 7.46( 0.03 7.45( 0.04
pK2 9.88( 0.04 9.58( 0.04

I ) 2 mM, 5 mM CaCl2 (eq 3)
kcat/Km(limit) (mM -1 s-1) 8230( 131 1435( 36
pK1 7.37( 0.03 7.34( 0.06
pKx 6.45( 0.17 6.43( 0.25
pK2 9.92( 0.03 9.62( 0.04

a At 25 °C.
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A small amount of oligopeptidase B is constitutively
produced inE. coli. This wild-type enzyme may be included
in the preparations of enzyme variants since the separation
of two virtually identical molecules is extremely difficult.
Because the wild-type enzyme displays much higher activity
than the enzyme variant, a very small amount of the residual
wild-type enzyme could seriously interfere with kinetic
studies. Therefore, we have prepared both the wild-type
enzyme and the Tyr452Phe variant linked with a polyhisti-
dine tag. After purification on a Ni2+ column, the wild-type
enzyme with and without the polyhistidine tag gave identical
activities, indicating that the polyhistidine tag does not affect
the catalytic activity. In the case of the Tyr452Phe variant,

some preparations exhibited slightly higher activity without
the polyhistidine tag than that bearing the label. Therefore,
the kinetic parameters given in Tables 4 and 5 were
determined with the Tyr452Phe variant coupled with the
polyhistidine tag. Removal of the polyhistidine tag by
digestion with thrombin did not influence the activity.

Titration of Oligopeptidase B with Inhibitors Separates
the OVerlapping pKa Values Associated with the Acid Slope
of the pH Dependence CurVes.From the complex pH-rate
profile (Figure 4A), the true pKa of the catalytic histidine
cannot be extracted. However, the pKa may be titrated with
a product-like inhibitor having a free C-terminal carboxyl
group. Specifically, recent X-ray crystallographic studies on
the structurally related prolyl oligopeptidase demonstrated
that the free carboxylate ion of Z-Gly-Pro-OH formed a salt
bridge with the active site histidine. It was found that the
association constant (1/Ki) of the product-like inhibitor
increased with decreasing pH, as the catalytic histidine
became protonated (33). The histidine titrated according to
a simple dissociation curve that was characterized by a pKa

of 6.2.

To titrate the catalytic histidine of oligopeptidase B, we
have prepared acetyl-Thr-Arg-Arg-OH, which proved to be
a specific product-like inhibitor. The rate constants were
determined at increasing concentrations of inhibitor, and the
Ki values were calculated according to eq 5. The results have
shown distinct a pH dependence for 1/Ki (Figure 5). Instead
of the simple dissociation, a sharp bell-shaped curve was
obtained, indicating that the protonation of some group
counteracts the inhibitor binding at low pH (Table 6). The
two pKa values are as close as 0.8 unit. The higher pKa (∼7.3)
extracted from the curve of Figure 5 should be associated
with the imidazole ionization, and the lower pKa (∼6.5) likely

Table 4: Effects of the Oxyanion Binding Site on the Kinetic Parametersa

wild type (A) Y452F variant (B) A/B

substrate RR
kcat/Km(limit) (mM -1 s-1) 1140( 33b 7.45( 0.39 153
pK1 6.95( 0.07b 7.21( 0.08
pK2 9.54( 0.06b 9.64( 0.10

substrate CR
kcat/Km(limit) (mM -1 s-1) 383( 7.8b 1.63( 0.18 235
pK1 6.90( 0.03b 7.08( 0.17
pK2 9.49( 0.04b 9.17( 0.20

Z-Arg-Arg-Amc (I ) 3 mM, eq 3)
kcat/Km(limit) (µM-1 s-1) 27.8( 1.1 0.451( 0.011 61.6
pK1 6.92( 0.11 7.16( 0.04
pKx 6.37( 0.34 6.57( 0.20
pK2 9.50( 0.07 9.52( 0.05

Z-Arg-Arg-Amc
kcat/Km(limit) (µM-1 s-1) 6.64( 0.25c 0.089( 0.003 74.6
pK1 6.94( 0.07c 7.03( 0.06
pK2 9.60( 0.07c 9.63( 0.07

Bz-Arg-Nap
kcat/Km(limit) (mM -1 s-1) 597( 20 1.48( 0.03 403
pK1 6.96( 0.06 7.19( 0.03
pK2 9.70( 0.08 9.56( 0.04

Bz-Arg-NH2

kcat/Km (mM-1 s-1)d 107 0.052 2057
Bz-Arg-Et

kcat/Km (mM-1 s-1)d 466 487 0.96
Bz-Cit-Et

kcat/Km (M-1 s-1)e 600 180 3.3
a I ) 1.0 M (eq 1).b From Table 3.c From ref19. d At pH 8.0. e At pH 7.0.

Table 5: Michaelis-Menten Parametersa

wild type (A) Y452F variant (B) A/B

substrate RR
kcat (s-1) 18.7( 2.3 0.0538( 0.0012 348
Km (µM) 18.2( 2.0 10.5( 0.5 1.73
kcat/Km (µM-1 s-1) 1.030 0.005 202

substrate CR
kcat (s-1) 20.3( 1.0 0.0511( 0.0022 397
Km (µM) 80 ( 9.2 43.4( 4.0 1.84
kcat/Km (µM-1 s-1) 0.253 0.0011 230

substrate RC
kcat/Km (µM-1 s-1)b 0.146 0.000559 262

Z-Arg-Arg-Amc
kcat (s-1) 19.3( 1.3 0.117( 0.005 165
Km (µM) 5.3 ( 0.8 2.3( 0.3 2.3
kcat/Km (µM-1 s-1) 3.66 0.052 70

Bz-Arg-Et
kcat (s-1) 78.1( 7.1 0.671( 0.015 116
Km (µM) 167 ( 17 1.38( 0.17 121
kcat/Km (µM-1 s-1) 0.466 0.487 0.96

a At 25 °C, pH 8.0, and 1.0 M NaCl.b Measured under first-order
conditions.
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refers to one of the carboxylate ions involved in the arginine
binding. The pKa of 6.5 is a reasonable value for a carboxyl
group, which is located in the environment of another
negative charge that stabilizes the protonated form of the
carboxyl group. These two pKa values are probably related
to those extracted from the pH-kcat/Km profile of substrate
RR (7.0 and 6.9). Indeed, if fitting is achieved with eq 2, in
which pK1 was set to a constant value of 7.3 (the value
obtained from titration), the resulting pKx is 6.4, and the
resulting curve is identical, within experimental error, to that
obtained in Figure 4A with the original parameters (7.0 and
6.9). Hence, the less precise data obtained from the complex
pH-rate profile shown in Figure 4A (see the standard errors
in Table 3) are consistent with the more exact values derived
from the bell-shaped titration curve (Figure 5 and Table 6).
Of course, it is much easier to evaluate the pKa values of a
bell-shaped curve than to separate overlapping ionizations
of the two bases (carboxylate ion and imidazole base)
associated with the acidic slope of the pH-rate profiles.
Nevertheless, using the simpler eq 3 in the presence of 5
mM CaCl2 (Table 3), the pKa values extracted from the pH
dependence curve agree well with those obtained from the
titration experiment.

The distinctive pH dependence of 1/Ki for benzamidine
further supports the idea that we really titrate the catalytic
histidine (Figure 5). This compound does not possess a
carboxyl group that would be able to form a salt bridge with

the protonated histidine. Indeed, it gives a much wider pH
dependence curve under the conditions employed for the
titration with Ac-Thr-Arg-Arg-OH. In the presence of 1.0
M NaCl, 1/Ki does not decrease in the alkaline pH region,
but fits to a simple dissociation curve, indicating that the
enzymatic carboxylate ion proposed to be involved in the
binding of Ac-Thr-Arg-Arg-OH (Figure 5) is also implicated
in the binding of benzamidine. As expected, the binding of
Ac-Thr-Arg-Arg-OH is much stronger; 1/Ki is 19 times
higher than that of benzamidine (Table 6).

Titration of the Tyr452Phe variant has also been carried
out, using the Ac-Thr-Arg-Arg-OH inhibitor. The pKa value
for the variant is similar within experimental error to that
obtained with the wild-type enzyme (Table 6). However, the
association constant is somewhat smaller, indicating that in
the complex of the wild-type enzyme a weak hydrogen bond
is formed between the tyrosine side chain and the carbonyl
oxygen of the inhibitor.

The Abnormally Low Temperature Optimum May Be
Caused by the Disruption of the Hydrogen Bond Formed
between the Enzyme and the NH Group of the Scissile
Peptide Bond.The temperature dependence of the specificity
rate constant for the reaction of oligopeptidase B with amide
substrates is unusual askcat/Km decreases above 25°C, much
below the physiological temperature, while with Bz-Arg-Et
the temperature dependence of the reaction is normal (27).
The peptide substrates RR and CR also display low tem-
perature optima forkcat/Km (Figure 6), just like substrate RC
(not shown). A similar phenomenon was observed with
thrombin, and the results were interpreted in terms of changes
in the rate-limiting step as a function of temperature (34).
Such studies offer a possibility for the determination of the
individual rate constants included in the composite constants
[kcat ) k2k3/(k2 + k3) andkcat/Km ) k1k2/(k-1 + k2)], as well
as the corresponding activation energies, provided that the
reaction proceeds through the simple acyl-enzyme mech-
anism:

wherek1 is the second-order rate constant for formation of
the enzyme-substrate complex (ES), the complex dissociates

FIGURE 5: Titration of oligopeptidase B with inhibitors. The
reactions were assessed with acetyl-Thr-Arg-Arg-OH atI ) 3 mM
(+) and benzamidine atI ) 3 mM (O) and with the addition of
1.0 M NaCl (b). The inhibition constants (Ki) were calculated from
eq 5. The parameters of the curves are shown in Table 6.

Table 6: pH Dependence of the Association Constants for
Acetyl-Thr-Arg-Arg-OH and Benzamidine Complexed with
Oligopeptidase B and Its Tyr452Phe Varianta

wild type Y452F variant

acetyl-Thr-Arg-Arg-OH
1/Ki(limit) (mM -1) 7.43( 0.71 3.70( 0.34
pK1 6.56( 0.08 6.47( 0.09
pK2 7.31( 0.08 7.56( 0.08

benzamidine
1/Ki(limit) (mM -1) 0.395( 0.021 ndc

pK1 6.60( 0.07
pK2 8.76( 0.08

benzamidineb

1/Ki(limit) (mM -1) 0.279( 0.008 0.195( 0.008
pKa 6.75( 0.06 6.63( 0.09

a The reactions were assessed atI ) 3 mM. b I ) 1.0 M. c Not
determined.

FIGURE 6: Temperature dependence ofkcat/Km for oligopeptidase
B reactions. The reactions were carried out at pH 8.0 in the presence
of 1 M NaCl with substrates RR (b) and CR (O). The Y-axis is
shown in logarithmic scale. The enzyme concentrations were 3-8
nM and 10-42 nM for substrates RR and CR, respectively.
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at a ratek-1 or forms an acyl-enzyme intermediate (EA) at
a ratek2, and the acyl-enzyme intermediate hydrolyzes with
the deacylation rate constantk3. The substrate decomposes
into two products, P1 and P2, during the reaction.

The above method (34) was applied to our system with
different substrates (RR and CR) under different conditions
(with and without 1.0 M NaCl). However, we did not obtain
acceptable values for the rate constants; i.e., the data points
failed to conform to the theoretical curve predicted by the
calculated parameters, which were extracted from the linear
parts of the temperature dependence. This indicates that the
maximum of the temperature dependence curve cannot be
interpreted in terms of the different changes ink2 and k-1

with the increase in temperature. This inference is supported
by the similar temperature dependence of the wild-type
enzyme and of the Tyr452Phe variant. Specifically,k2

decreases dramatically in the enzyme variant, which is not
expected fork-1. If this mechanism applied, the reactions
of the wild-type enzyme and its variant would exhibit distinct
temperature dependencies, contrary to our finding.

The maximum of the temperature dependence may be
rationalized in terms of alteration in the structure of the
enzyme-substrate complex. The maximum was observed
with all peptide and amide substrates, but not with esters.
Hence, we may assume that the NH group of the leaving
portion should form a hydrogen bond with the enzyme or
within the substrate molecule, and this interaction breaks
down with increasing temperature.

The Reaction Barrier Is Entropic at Physiological Tem-
peratures.From the low-temperature region of the reaction
of wild-type oligopeptidase B, perfect linear Eyring plots
were obtained, and this allowed us to calculate the activation
enthalpy (∆H*) and entropy (∆S*). In the related prolyl
oligopeptidase, several water molecules form an extended
hydrogen bond system in and around the oxyanion hole (V.
Fülöp, University of Warwick, Coventry, U.K., personal
communication). The hydration zone around the active site
may increase both the∆H* and ∆S* values of the reaction
if the ordered water molecules are released into the bulk
water upon substrate binding. Therefore,∆H* and ∆S* for
substrate RR have been examined with both the wild type
and the Tyr452Phe variant, which presumably holds a less
stable water structure at the oxyanion binding site. It is seen
in Table 7 that∆S* is positive in all cases, which may be a
consequence of the release of ordered water molecules into
the bulk solvent. Otherwise,∆S* would be negative because
the transition state is usually more ordered than the ground

state of the reaction. Removal of the tyrosine OH group
increases∆H* because in the absence of hydrogen bond
formation the transition state becomes less stabilized. In
contrast,∆S* becomes less positive because the transition
state is less ordered without the stabilization by Tyr452.
Interestingly, upon removal of the OH group of Tyr452, the
change in theT∆S* term of ∆G* is significantly higher than
in ∆H*. This contrasts with the generally accepted anticipa-
tion that the oxyanion binding site would only function as
an electrophilic catalyst, which should be manifested in∆H*
rather than in∆S*. However, in the absence of the “iceberg”
(water molecules firmly bound to the enzyme or substrate),
fewer water molecules are removed on going to the transition
state, so the major alteration occurs in∆S*.

The activation parameters for the reactions of the Tyr452Phe
variant with substrates CR and RC could not be determined,
as linear Eyring plots were not obtained (Figure 7). The curve
declined even at low temperatures (substrate CR), or was
practically independent of the temperature (substrate RC),
whereas in the reaction of the wild-type enzyme, an
acceptable straight line was found with both substrates. For
the wild-type enzyme, the difference between the reactions
of the two substrates is also evident from the∆H* and ∆S*
values (Table 7). The reaction of the enzyme variant with
substrate RC is almost independent of temperature (Figure
7B), suggesting that the catalysis is an entropy-driven process

Table 7: Thermodynamic Parameters for the Oligopeptidase B
Reactionsa

substrate, enzymeb
∆H*

(kJ mol-1)
∆S*

(J mol-1 K-1)
∆G*

(kJ mol-1)

RR, Wt 62.8 84.4 37.6
RR, YF 65.1 49.5 50.3
RR, Wtc 67.5 114.6 33.3
CR, Wt 70.9 101.9 40.5
CR, YFd

RC, Wt 59.0 59.0 41.4
RC, YFd

a At 25 °C, pH 8.0, andI ) 1.0 M. b Wt, wild-type enzyme; YF,
Tyr452Phe variant.c I ) 3 mM. d A linear Eyring plot was not obtained
(see Figure 7).

FIGURE 7: Eyring plots for the reactions of oligopeptidase B (b)
and its Tyr452Phe variant (O) in the presence of 1 M NaCl. (A)
The reactions of substrate CR were assessed with 10-42 nM wild-
type enzyme and 0.6-2.6 µM Tyr452Phe. (B) The reactions of
substrate RC were assessed with 37-50 nM wild-type enzyme and
0.5-1.6µM Tyr452Phe. The thermodynamic parameters obtained
from the linear region are shown in Table 7.
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even in the low-temperature range, whereas with the wild-
type enzyme, the predominantT∆S* term of ∆G* is only
shown above 25°C. This underlines the importance of the
OH group of Tyr452 as both a binding entity and an
electrophilic catalyst.

Conclusion.Oligopeptidase B has two carboxyl dyads,
which account for the binding of a pair of basic residues.
One of these carboxyl groups has a pKa of ∼6.5, whose
ionization and that of the catalytic imidazole group overlap,
and this perturbs the acid limb of the bell-shaped pH-rate
profile. The pKa values of the histidine and carboxyl groups
are clearly separated by titration with a product-like inhibitor.
The dyad carboxyl groups are also involved in substrate
inhibition. The NH group of the scissile peptide bond is a
further constituent in substrate binding, but its interaction
with the enzyme breaks down with increasing temperature.
This results in an unusually low temperature optimum,
providing a normal Eyring plot only in the low-temperature
range. In the absence of the tyrosine OH group of the
oxyanion binding site, the data do not form a linear Eyring
plot at any temperature, and the reaction becomes an entropy-
driven process. The NH group of the scissile peptide bond
is also important in the elimination of the assumed nonpro-
ductive binding. In short, the kinetic and thermodynamic data
of this work indicate that the oxyanion binding site is not
just an electrophilic catalyst and the carboxyl dyads are not
just substrate binding sites, but each individual group plays
a multifunctional role, not recognized so far.
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