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Prolyl oligopeptidase, a member of a new family of
serine peptidases, plays an important role in memory
disorders. Earlier x-ray crystallographic investigations
indicated that stabilization of the tetrahedral transition
state of the reaction involved hydrogen bond formation
between the oxyanion of the tetrahedral intermediate
and the OH group of Tyr*’3. The contribution of the OH
group was tested with the Y473F variant using various
substrates. The charged succinyl-Gly-Pro-4-nitroanilide
was hydrolyzed with a much lower k_,/K,, compared
with the neutral benzyloxycarbonyl-Gly-Pro-2-naphth-
ylamide, although the binding modes of the two sub-
strates were similar, as shown by x-ray crystallography.
This suggested that electrostatic interactions between
Arg%*? and the succinyl group competed with the pro-
ductive binding mechanism. Unlike most enzyme reac-
tions, catalysis by the wild-type enzyme exhibited posi-
tive activation entropy. In contrast, the activation
entropy for the Y473F variant was negative, suggesting
that the tyrosine OH group is involved in stabilizing
both the transition state and the water shell at the ac-
tive site. Importantly, Tyr*”® is also implicated in the
formation of the enzyme-substrate complex. The nonlin-
ear Arrhenius plot suggested a greater significance of
the oxyanion binding site at physiological temperature.
The results indicated that Tyr*’® was more needed at
high pH, at high temperature, and with charged sub-
strates exhibiting “internally competitive inhibition.”

Prolyl oligopeptidase (EC 3.4.21.26) preferentially hydro-
lyzes proline-containing peptides at the carboxyl end of proline
residues (for reviews see Refs. 1-4). It is involved in the mat-
uration and degradation of neuropeptides and peptide hor-
mones, as well as in amnesia (5-8), depression (9-11), and
Alzheimer’s disease (12—14). Unrelated to the well known tryp-
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sin and subtilisin families, the enzyme is a paradigm of the new
prolyl oligopeptidase family, which also includes dipeptidyl
peptidase IV, acylaminoacyl peptidase, and oligopeptidase B
(15, 16). These enzymes are much larger (molecular mass 80
kDa) than trypsin and subtilisin (25-30 kDa), and each con-
tains a peptidase domain at the C-terminal region of the single
polypeptide chain. In the case of prolyl oligopeptidase, the
active site serine and histidine have been identified as Ser®>*
and His®8°, respectively (17, 18). A structural relationship be-
tween lipases and the peptidases of the prolyl oligopeptidase
family has been supported by the similar topology of the cata-
lytic groups and by the similar amino acid sequence around
these residues (19). The 1.4-A resolution crystal structure (20)
shows that the enzyme contains a peptidase domain with an
of/B hydrolase fold, as suggested previously using secondary
structure analysis (21), and that its catalytic triad (Ser®%%,
Asp®4?, His®P) is covered by the central tunnel of an unusual
B-propeller. This domain operates as a gating filter for the
active site, excluding large, structured peptides (22).

The kinetic behavior of prolyl oligopeptidase is different from
that of trypsin and subtilisin. These enzymes exhibit a simple
pH-rate profile, controlled by an ionizing group with a pK, of
about 7. Furthermore, they are only slightly, if at all, affected
by the ionic strength of the medium. In contrast, prolyl oli-
gopeptidase catalysis measured with the Z-Gly-Pro-Nap! sub-
strate provides a doubly sigmoid pH-% /K, profile and is
rather sensitive to ionic strength (23-25). Kinetic investiga-
tions have also shown that the rate-determining step of the
reaction is a conformational change (23, 26) rather than the
chemical step characteristic of the chymotrypsin reactions.
Studies of the structural changes induced by pH, temperature,
and urea have demonstrated that the denaturation of the en-
zyme is promoted at 0.5 M NaCl concentration (27). These
results suggest that prolyl oligopeptidase is stabilized by a
water shell, which is less stable at low pH and high ionic
strength.

A major catalytic difference from the trypsin- and subtilisin-
type enzymes concerns the stabilization of the negatively
charged tetrahedral intermediate. This is achieved by the oxya-
nion binding site, which provides two hydrogen bonds to the
oxyanion. In the trypsin-type enzymes the hydrogen bonds are
contributed by two main chain NH groups, whereas in the
subtilisin and its homologues one of the two hydrogen bonds
originates from the side chain amide of an asparagine residue
(cf. Refs. 28 and 29). In prolyl oligopeptidase one hydrogen bond

! The abbreviations used are: Nap, B-naphthylamide; Mes, 2-(mor-
pholino)ethanesulfonic acid; Z, benzyloxycarbonyl; suc, succinyl; Nan,
4-nitroanilide.
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is formed between the oxyanion and the main chain NH group
of Asn®%® adjacent to the catalytic Ser®®*. The other bond
comes from the OH group of Tyr*”® (20). We have recently
eliminated the tyrosine OH group by replacing the Tyr*”® with
a phenylalanine (24). The enzyme variant displayed decreased
catalytic activity; the degree of reduction depended on the
nature of the substrate. Interestingly, the tyrosine OH group
was implicated in utilizing a portion of the binding energy in
the chemical reaction step. However, the mechanistic impor-
tance of the electrophilic assistance by the oxyanion binding
site has not yet been established in sufficient detail. In this
work we have demonstrated that, in addition to the electro-
philic catalysis, the Tyr*”® OH group is also implicated in
binding and that its role very much depends on the nature of
the substrate, the pH, and the temperature.

EXPERIMENTAL PROCEDURES

Enzyme Preparation—Prolyl oligopeptidase of porcine brain and its
Y473F variant were expressed in Escherichia coli cells and purified as
described previously (24). The protein concentration was determined at
280 nm (3).

The R252S mutation was introduced with the two-step polymerase
chain reaction as described for the Y473F mutant (24). The following
primers were used: 5'-GCTACGTCTTGTTaTCgATAAGtGAGGGCTG-
C-3' and 3'-CGATGCAGAACAAtAGCTATTCaCTCCCGACG-5'. An
extra recognition site for Clal restriction enzyme (underlined) was also
created with silent mutations, which was used to verify the incorpora-
tion of the mutant oligonucleotides into the PCR product.

Activity Measurements—The activity of prolyl oligopeptidase was
determined fluorometrically with Z-Gly-Pro-Nap (Bachem, Ltd.), using
a Jasco FP 777 spectrofluorometer equipped with a thermostated cell
holder. The excitation and emission wavelengths were 340 (1.5-nm
bandwidth) and 410 nm (5-nm bandwidth), respectively. The gain of
photomultiplier was set to medium. Cells with excitation and emission
path lengths of 1.0 and 0.4 cm, respectively, were used. The substrate
with internally quenched fluorescence, Abz-Gly-Phe-Gly-Pro-Phe-Gly-
Phe(NO,)-Ala-NH,, was prepared with solid phase synthesis, and its
hydrolysis was followed as in the case of Z-Gly-Pro-Nap, except that the
excitation and emission wavelengths were 337 and 420 nm,
respectively.

The reaction of suc-Gly-Pro-Nan (Bachem, Ltd.) was monitored at
410 nm using a Cary lE spectrophotometer. For calculation of the
liberation of 4-nitroanilide a molar extinction coefficient of 8800 was
used (30).

Kinetics—The specificity rate constants (k.,/K,,) were determined
under first-order conditions; i.e. at substrate concentrations lower than
K,,. The first-order rate constant, calculated by nonlinear regression
analysis, was divided by the total enzyme concentration to provide
k../K,,- The pH dependence of catalysis was measured in a four-com-
ponent buffer, which consisted of 25 mM glycine, 25 mM acetic acid, 25
mM Mes, 75 mM Tris, and contained 1 mm EDTA and 1 mM dithioeryth-
ritol (standard buffer). The buffer was titrated to the desired pH with
HCI or NaOH, whereas the ionic strength remained fairly constant over
a wide pH range. Small changes in the conductivity were adjusted by
the addition of NaCl. After the reaction had been completed the pH of
each sample was practically identical to the starting value.

Theoretical curves for bell-shaped pH-rate profiles were calculated
by nonlinear regression analysis, using GraFit software (31) and
Equation 1.

k = k(limit)[1/(1 + 10PKPH 4 1opH-PKz)] (Eq. 1)

In Equation 1, % stands for % ,/K,,, and (limit) refers to the pH-
independent maximum rate constant. K; and K, are the dissociation
constants of a catalytically competent base and acid, respectively. The
pH-rate profiles composed of two bell-shaped curves were fitted to

Equation 2.
k= ky[1/(1 + 10PKPH 4 10PHPE2) T4 o [1/(1+ 10PK2 PH4 10PHPES) ] (Eq. 2)

In Equation 2, &, and k, gave the limiting values of the rate constant
for the low pH and high pH forms of the enzyme. The curve for suc-
Gly-Pro-Nan is described by Equation 3.

k= ky/(1+ 10°HPKy) 4 R [1/(1 + 10PKPH + 10PH PR ] (Eq. 3)

Equation 3 comprises one sigmoid and one bell-shaped term. A sim-
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ple sigmoid curve is represented by Equation 4, shown below, where the
pK, reflects the ionization of a general acid.

k = ky/(1 + 10PHPKs) (Eq. 4)

The dissociation constant of the enzyme-inhibitor complex (K,) was
calculated from Equation 5, shown below, where %2, and %, are pseudo-
first-order rate constants determined at substrate concentrations at
least 10-fold less than K,, with and without inhibitor (1), respectively.

kifky = 1/(1 + UKy) (Eq. 5)

Rate-limiting general acid/base catalyzes were tested by measuring
kinetic deuterium isotope effects in heavy water (99.9%). The deute-
rium oxide content of the reactio nmixture was at least 95%. The p?H of
the deuterium oxide solutions was obtained from pH meter readings
according to the relationship p?H = pH (meterreading) + 0.4(32).

Thermodynamic Parameters—The temperature dependence of the
hydrolysis of Z-Gly-Pro-Nap was determined between 7 and 30 °C at
concentrations of 2—-20 nMm prolyl oligopeptidase. The thermodynamic
parameters were calculated from Eyring plots, which is shown in
Equation 6.

In(k/T) = In(R/Nh) + AS*/R — AH*/RT (Eq. 6)

In Equation 6, % is the rate constant, R is the gas constant (8.314
J/mol'K), T is the absolute temperature, N, is the Avogadro’s number
(6.022 X 10%*/mol), h is the Planck’s constant (6.626 X 1073* J-s), the
enthalpy of activation AH* = —(slope) X 8.3 14 J/mol, the entropy of
activation AS* = (intercept — 23.76) X 8.3 14 J/mol'K. The free energy
of activation, AG*, was calculated from Equation 7.

AG* = AH* — TAS* (Eq. 7)

Crystallization, X-ray Data Collection, and Structure Refinement—
Prolyl oligopeptidase was crystallized (and co-crystallized with the pep-
tides) using the conditions established for the wild-type enzyme (20).
Crystals belong to the orthorhombic space group P2,2,2;. X-ray diffrac-
tion data were collected at 100 K using synchrotron radiation. Wild-
type data were collected again, as a monothioglycerol derivative was
bound covalently to the catalytic site of the original structure (see Ref.
20; PDB code 1qfm). All data were processed using the HKL suite of
programs (33). Refinements of the structures were carried out by alter-
nate cycles of X-PLOR (34) and manual refitting using O (35), based on
the 1.4-A resolution model of wild-type enzyme (20) (PDB code 1gfm). A
bulk solvent correction allowed all measured data to be used. Water
molecules were added to the atomic model at the positions of large
positive peaks (>3.00) in the difference electron density, only at places
when the resulting water molecule fell into an appropriate hydrogen-
bonding environment. Restrained isotropic temperature factor refine-
ments were carried out for each individual atom. The final model
contains all the 710 amino acid residues in all structures, the covalently
bound Z-Pro-prolinal for the Y473F mutant, and a large number of
solvent (glycerol and water) molecules. Statistics for the data process-
ing and refinement are given in Table 1.

RESULTS AND DISCUSSION

Absence of the Tyr'™ OH Simplifies the pH Activity Pro-
files—The formation and decomposition of the intermediate
acyl enzyme in classic serine protease catalysis are promoted
by a histidine residue, which exhibits a pK,, of about 7 and
operates as a general base/acid catalyst (cf. Refs. 28 and 29).
The ionization of this residue governs the pH dependence of
catalysis, which conforms to a simple dissociation curve with
subtilisin and a bell-shaped curve with chymotrypsin and its
homologues, because in these enzymes an additional acidic
group modifies the pH-rate profiles through a conformational
change at the active site.

Compared with the classic serine peptidases, the reaction of
porcine muscle prolyl oligopeptidase with Z-Gly-Pro-Nap has
already been shown to exhibit a more complex pH dependence
curve, which is composed of two bell-shaped terms (23, 25, 36).
In contrast to the wild-type enzyme, the Y473F variant dis-
plays a normal bell-shaped curve for the reactions with both
the classical substrate Z-Gly-Pro-Nap (Fig. 1A) and an octapep-
tide (Fig. 1B), Abz-Gly-Phe-Gly-Pro-Phe-Gly-Phe(NO,)-Ala-
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TABLE I
Data collection and refinement statistics
Wild-type Y473F Y473F + Z-Pro-prolinal S554A + suc-Gly-Pro-OH
Data collection
Synchrotron radiation, detector, SRS 9.6 MAXLAB BL-711 SRS 14.2 SRS 14.1
and wavelength A) MAR IP, 0.87 MAR IP, 1.021 ADSC Q4 CCD, 0.979 ADSC Q4 CCD, 1.488
Unit cell (A) 71.6, 100.1, 111.6 71.2,99.8, 111.1 70.8, 99.6, 110.9 71.4,100.2, 111.4
Resolution (A) 22-1.39 26-1.49 33-1.78 52-1.65
Observations 414,442 545,342 304,631 472,928
Unique reflections 144,474 128,812 75,584 95,461
R 0.060 0.036 0.065 0.092
Completeness (%) 89.6 99.4 99.7 98.8
Refinement

Non-hydrogen atoms

6,720 (including 1 glycerol 6,789 (including 4 glycerol 6,535 (including 5 glycerol 6,792 (including 3 glycerol

and 1013 water and 1,065 water and 781 water molecules) and 1055 water
molecules) molecules) molecules)
Ry (200 0.212 0.175 0.172 0.202
Reflections used 136,164 122,694 71,263 89,637
Ry (20F 0.230 0.196 0.194 0.228
Reflections used 5,751 5,215 3,055 3,817
Ryt 0.218 0.177 0.177 0.209
Reflections used 138,616 123,567 72,480 91,576
Ri..f 0.236 0.197 0.198 0.234
Reflections used 5,858 5,245 3,104 3,885
R,y (all data)® . 0.218 0.178 0.178 0.210
Mean temperature factor (A2) 17.0 9.7 19.6 12.5
r.m.s.d. from ideal values
Bonds (A) 0.007 0.007 0.008 0.009
Angles (°) 1.4 14 1.5 1.5
Mean coordinate error (A)* 0.16 0.09 0.12 0.12
PDB code 1h2w 1h2x 1h2y 1h2z

“ Ry = S 3,y — UIE2,(I,) where I, is the jth observation of reflection %, and (I;)) is the mean intensity of that reflection.

* Rerye, = IF — [F/2IFy,| where F,, and Fi,
¢ Ry, is equivalent to R,
¢ Determined by the SIGMAA method (43).

NH,, possessing the genuine peptide bond, Pro—Phe, which is
stronger than the Pro—Nap bond. The differences may modify
the hydrolytic mechanism. The doubly bell-shaped curve for
the wild-type enzyme is also shown in Fig. 1B. Because the
reaction of the wild-type prolyl oligopeptidase with Z-Gly-Pro-
Nap was found to be rather sensitive to the ionic strength (23,
25), the rate constants for the enzyme variant were also tested
at 0.5 m NaCl concentration (Table II). Interestingly, the salt
effects, which caused an approximately 2-fold increase in
keo/K,, with the wild-type enzyme, were significantly reduced
with the Y473F variant. It can be seen from Table II that the
effects of ionic strength are less important with the Y473F
variant than with the wild-type enzyme. The rate of hydrolysis
of Z-Gly-Pro-Nap diminishes to a lesser extent (17-32-fold,
respectively, without and with 0.5 m NaCl) than that of the
octapeptide (53—81-fold, respectively, without and with 0.5 m
NaCl). This indicates that the contribution of the oxyanion
binding site is dependent on the nature of the substrate. The
pH dependence curves in Fig. 1 show that in the absence of the
Tyr*”® OH group, the activity of the low pH form virtually
vanishes, which implies the electrophilic catalysis by the Tyr*"3
OH group is not uniformly operative over the total pH range.
The reason for this effect and the nature of the group that
perturbs the simple pH-rate profile is not clear.

The Rate-limiting Step Is Not General Base/Acid Catalysis—
The hydrolysis of Z-Gly-Pro-Nap was also conducted in 2H,O
(Fig. 1A). It is known that general base/acid catalyzed reactions
proceed slower in heavy water by a factor of 2—3 as found with
chymotrypsin and subtilisin (¢f/. Refs. 28 and 29). However,
such a high kinetic isotope effect is not associated with the
prolyl oligopeptidase reaction, indicating that the rate-limiting
catalytic step is not the chemical reaction catalyzed by the
active site histidine residue but rather a conformational change
not affected by the medium (3, 23). The pH dependence for
k.. /K, for the reaction of the Y473F variant with Z-Gly-Pro-

are the observed and calculated structure factor amplitudes, respectively.
for a 4% subset of reflections not used in the refinement (46).

Nap is shown in Fig. 1A. The low kinetic isotope effect (k,/
K, (H,0)k /K, ,(*H,0) = 1.1) does not support the participa-
tion of general base catalysis in the rate-limiting step,
indicating that the rate-limiting step does not change upon the
truncation of the oxyanion binding site.

Thiono Substrate Hydrolysis Greatly Increases upon Re-
moval of the OH Group of Tyr?”>—The use of thiono substrates
having a sulfur atom in place of the carbonyl oxygen of the P1
residue has been rewarding for the studies on the oxyanion
binding site of serine peptidases (37). Compared with the cor-
responding oxo substrates, the rate constants for the thiono
substrates of chymotrypsin and subtilisin are lower by more
than 4 orders of magnitude, which is about the detection limit
(37). Although to a somewhat lesser extent, similar changes
have also been observed with prolyl oligopeptidase, using the
Z-Gly-Pro*-Nap thiono substrate (38). The low rate may not be
attributed to a reduced chemical reactivity, because the reac-
tivities of the oxo and the corresponding thiono compounds are
comparable.

The effects of steric hindrance and transition state stabiliza-
tion with a sulfur atom at the oxyanion binding site are difficult
to separate. It appears that the oxyanion hole is designed for
the precise accommodation of an oxygen atom and fails to
accept the larger sulfur. The steric hindrance to the sulfur
atom may be alleviated by removal of the OH group of Tyr?3.
Indeed, Table III shows that in the case of the wild-type en-
zyme there is a dramatic reduction in the rate constant for the
thiono substrate (2346-fold), whereas with the Y473F variant
the decrease is substantially less (2.7-fold). Elimination of the
steric hindrance in the Y473F variant increases the catalytic
efficacy for the thiono substrate about 50-fold. However, the
rate constant of 80 M~ s~ 1is still less by a factor of 45 than that
for the wild-type enzyme with the oxo substrate, and this can
account for the electrophilic catalysis. These results underline
the importance of both the precise stereochemistry and the
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Fic. 1. The pH dependence of specificity rate constants for the
Y473F variant of prolyl oligopeptidase. A, the reactions were meas-
ured at 25 °C with 0.29 uM Z-Gly-Pro-Nap in the absence (O) and
presence of 0.5 M NaCl (e) and in ?H,O (+) without salt at 50-100 nm
enzyme concentration. B, the reactions were measured with 0.25 uM the
octapeptide with (e) and without (O) 0.5 M NaCl. For comparison, the
thin line represents the doubly sigmoid pH-rate profile for the wild-type
enzyme in the presence of 0.5 M NaCl (from Ref. 36)

electrophilic catalysis at the oxyanion binding site.

Estimation of the pK, of Tyr*”>—We have shown recently
that Z-Gly-Pro-OH is an inhibitor of prolyl oligopeptidase; the
carbonyl oxygen of the free carboxyl group binds to the oxyan-
ion binding site, whereas the other oxygen forms a hydrogen
bond with the catalytic imidazole of His®®° (36). It can be
expected that the K, for Z-Gly-Pro-OH will increase with the
ionization of Tyr*”® at high pH, because of the repulsion by the
developing charge on the Tyr*”® oxygen atom. Indeed Fig. 2
shows that above pH 8 the K, strongly increases, indicating
weakening of binding. The experimental points fit perfectly to
a dissociation curve with a pK, of 10.21 = 0.05 that was
calculated by extrapolation, because the enzyme tends to de-
nature close to pH 10. This pK, value is consistent with the
ionization of a normal tyrosine. The removal of Tyr*”® OH
considerably enhances the K;. A simple pH dependence curve
cannot be fitted to the points obtained with the Y473F variant.
The weaker binding to the modified enzyme underlines the
importance of the oxyanion binding site and indicates that the
change in the K; of the wild-type enzyme is coupled predomi-
nantly with the ionization of Tyr*’® rather than with confor-
mational changes at high pH.

Electrostatic Effects on the Binding of suc-Gly-Pro-Nan—The
charged suc-Gly-Pro-Nan has been a widely used substrate of
prolyl oligopeptidase because of its better solubility compared

Prolyl Oligopeptidase Catalysis

with the corresponding neutral Z-derivative. The pH activity
profile for suc-Gly-Pro-Nan (Fig. 3) is very different from the
doubly bell-shaped character for the related Z-Gly-Pro-Nap
substrate. Thus, k.,/K,, is lower by 2 orders of magnitude, and
the succinyl derivative reacts in the absence of NaCl faster at
low pH than at high pH. Addition of 0.5 M NaCl remarkably
modifies the curve, which then assumes a bell-shaped charac-
ter (Fig. 3).

The difference between the reactivities of Z-Gly-Pro-Nap and
suc-Gly-Pro-Nan can obviously be attributed to the disparate
N-terminal acylating groups. Crystal structures of the S554A
variant of the enzyme complexed with the acyl products of the
above two substrates revealed that the succinyl and the ben-
zyloxycarbonyl groups occupied similar positions. (see Fig. 4
and Ref. 36). This finding hardly explains why the succinyl
derivative is so much less effective. Apparently, the binding is
less efficient, because the K, value increases with the succinyl
substrate, but the % ,, remains virtually unchanged (24). Fig. 4
shows that in the vicinity of the negatively charged succinyl
group there are two positive charges, notably the guanidinium
groups of Arg®®? and Arg®*?. The succinyl group is ~7 A from
each guanidinium group and lies halfway between them. This
distance is too large to allow the formation of a salt bridge.
However, the guanidinium groups may slow down efficient
binding by pulling the substrate away from the catalytically
competent position. In other words, there is competition for the
substrate between the true binding site involving the “proline
hole” and the arginines attracting the succinyl group (Fig. 4).
This kind of interaction differs from nonproductive binding or
competitive inhibition. In the case of nonproductive binding the
substrate binds in an alternative nonreactive mode at the ac-
tive site of a significant portion of the enzyme molecules, and
this gives rise to the same degree of reduction in K,, and k.
Only the rest of the enzyme molecules can bind the substrate
productively and carry out catalysis. For competitive inhibi-
tion, catalysis and inhibition also occur with separate enzyme
molecules. In the present case, however, inhibition and catal-
ysis take place within the same molecule so that the enzyme
performs a part-time job. When compared with the Z-deriva-
tive, the formation of the enzyme-substrate complex (%) de-
creases (see Table V and the discussion in the next section), and
its dissociation (k_,) probably increases, with the consequent
enlargement of K, = k_,/k;.

With Z-Gly-Pro-Nap, as well as with the octapeptide, the
wild-type enzyme displays a doubly bell-shaped pH-rate pro-
file, whereas the Y473F variant exhibits bell-shaped curves
(Fig. 1). On the other hand, with suc-Gly-Pro-Nan the two
enzymes show similar pH dependences. For simplicity, only the
curves for the wild-type enzyme are displayed in Fig. 3, but the
parameters for both enzymes are shown in Table IV. Specifi-
cally, without added salt both enzymes have two active forms,
the low pH form being more active. At 0.5 m NaCl concentration
both curves display simple bell-shaped character. However,
compared with the neutral substrates the decrease in k,/K,,, is
much greater with the succinyl derivative (3 orders of magni-
tude). It is clear then that the Tyr*”® OH group has different
effects on different substrates, so that its contribution to the
interaction with the oxyanion is more important with a poor
substrate.

Kinetic Properties of the R252S Enzyme Variant—The elec-
trostatic attraction between the guanidinium and the succinyl
groups is deshielded in the presence of 0.5 M NaCl, and this can
account for the drastic modification in the pH-rate profile (Fig.
3). The other effect that predominates in the absence of salt is
the progressive proton uptake by the succinyl group with the
decrease in pH. The loss in charge counteracts the attraction by
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TaBLE II
Kinetic parameters for prolyl oligopeptidase reactions
Wild-type Y473F Y473F
0.5 M NaCl 0.5 M NaCl
Z-GP-Nap
By (uv st 1.75 = 0.20 5.09 £ 0.24
Ry (uM—ts™h) 5.05 = 0.22 12.82 + 0.69 0.290 = 0.011 0.368 = 0.012
pK; 4.88 + 0.32 5.20 = 0.10
pK, 7.47 = 0.13 7.74 = 0.11 6.61 = 0.05 6.75 = 0.04
pK, 9.16 + 0.06 8.74 = 0.06 8.69 = 0.07 8.51 = 0.05
Octapeptide
ky (umts™) 0.85 = 0.15 1.88 = 0.19
By (M ts™h) 3.44 = 0.11 6.72 = 0.38 0.065 £ 0.002 0.083 £ 0.002
pK, 4.95 = 0.45 5.30 = 0.14
pK, 7.16 = 0.10 742 +0.11 6.42 + 0.05 6.59 * 0.04
pPK, 9.03 = 0.05 8.59 = 0.06 8.89 = 0.05 8.77 = 0.03
TaBLE III
Rate constant for thiono substrate® ] f ! J ; I : J :
Z-Gly-Pro-Nap Z-Gly-Pro-Nap 60
koK (mar 1 s A ko JK, (muls)B  AIB s
Wild-type 3590 1.53 2346 W
Tyr473Phe 213 80 2.67 -
= 40
“ Measured at pH 8.0. E_
<
T T T 30 =
- - < 20
ik |F
i 120
s Il i = 0
E - ir £ 6 8 10
x 2 - X
H
. 410 P
FiG. 3. The pH dependence of k&, /K,, for suc-Gly-Pro-Nan. The
= 1L reactions were measured at 25 °C with 11-22 uM of suc-Gly-Pro-Nan in
| J] the absence (O) and presence of 0.5 M NaCl (e). The concentration of the
wild-type enzyme was 100 nM. The ¢thin line represents a simple disso-
0 —O+—0 . -0 ciation curve fitted to the (O) points.
6 8 10
pH Tyr*”® OH helps stabilize the water structure at the oxyanion

Fic. 2. The inhibition of prolyl oligopeptidase and its Y473F
variant with Z-Gly-Pro-OH. The K, values are shown for the wild-
type (O, left ordinate) and the modified (+, right ordinate) enzymes. The
curve was calculated with Equation 5.

Arg®? or Arg®*® thereby increasing k., /K,, at low pH values.

To examine the electrostatic effects of Arg2°2 on the catalytic
activity of prolyl oligopeptidase, we have eliminated the
charged residue by producing the corresponding serine variant.
A similar mutagenesis with Arg®*® may not be straightforward,
because this residue is involved directly in substrate binding by
forming a hydrogen bond with the P2 carbonyl oxygen (20).
This important role of Arg®#? and its localization at the active
site suggest that it should exert a more important effect on the
succinyl substrate than Arg®®? could do. Indeed, the kinetic
studies with the R252S variant do not show a significant dif-
ference from the wild-type enzyme. The pH-rate profiles were
similar for the reactions with both the Z-Gly-Pro-Nap and the
suc-Gly-Pro-Nan, except that the activity of the enzyme variant
was slightly less, within a factor of two. These results rule out
the catalytic importance of Arg?5? and support the alternative
possibility that involves Arg®4S.

Optimum Activity below Physiological Temperature—The
hydration zone around the active site of enzymes may increase
both the activation enthalpy (AH*) and the activation entropy
(AS*) of the reaction when the ordered water molecules are
released into the bulk water upon substrate binding. Because

binding site (see Supplemental Material), determination of
AH* and AS* for the specificity rate constant (k.,/K,,) may
provide information about the catalytic implication of this wa-
ter structure. In fact, distinct temperature dependences were
found for the wild-type enzyme and the Y473F variant. Al-
though %_,/K,, for the wild-type peptidase increased up to
~40 °C, the modified enzyme gave an unexpectedly low tem-
perature optimum in the reaction with Z-Gly-Pro-Nap (Fig.
5A). The maximum activity was reached before the enzyme
tended to denature with the increase in temperature. Indeed,
both enzymes retained full activity at 42 °C upon incubation at
pH 8.0 for 20 min, the longest period of the probe, although
some reversible unfolding was revealed by differential scan-
ning calorimetric measurements (not shown).

A low temperature optimum, such as found with the Y473F
variant (Fig. 5A), is uncommon among enzyme reactions. A
similar temperature effect was observed with thrombin, and
the phenomenon was interpreted in terms of the change in the
individual rate constants that compose % ,/K,,, as defined by
Equations 8 and 9 (39, 40).

k1 ks
E+S—=—ES—EA (Eq. 8)
k-
Reat/ Koy = kikol (k-1 + ks) = R1o/(1 + @) (Eq. 9)

In Equations 8 and 9, £, and k_, are the rate constants for
binding and dissociation of the substrate, &, is the first-order
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FiG. 4. Stereo view of the complex formed between the S554A variant of prolyl oligopeptidase and the hydrolyzed product of

suc-Gly-Pro-Nan. The bound ligand is shown darker than the protein residues. The benzyloxycarbonyl group of the Z-Gly-Pro-OH complex is in
thin line (from PDB entry 1e8m). The SIGMAA (43) weighted 2mF, — AF, electron density using phases from the final model is contoured at 1o
level, where o represents the root mean square electron density for the unit cell. Contours more than 1.4 A from any of the displayed atoms have

been removed for clarity. Dashed lines indicate hydrogen bonds. The distances between the succinyl group and Arg?°%/Arg

with MolScript; see Refs. 44 and 45).

TaBLE IV
Reaction of prolyl oligopeptidase with suc-Gly-Pro-Nan
Wild-type Y473F
0.5 M NaCl 0.5 M NaCl

ky(mM 's™h) 61.0* 14 0.084 + 0.002
ky(mm 's™h) 27.1%52 61.6+14 0.033=0.00 0.094 = 0.002

pK, 5.61 = 0.05 5.87 = 0.05
pPK, 7.11+0.18 6.58 + 0.12
pK, 8.53 + 0.15 840 =0.05 833 *0.14 8.88*=0.06

acylation rate constant, EA is the acyl enzyme, and a = ko/k_,
measures the stickiness of the substrate (41), which indicates
that the substrate dissociates more slowly from its complex
formed with the enzyme than it reacts to yield product, i.e.
stickiness is high if £ ; < k,. It follows from Equation 9 that
k./K,, approximates k; whenever a >> 1. The temperature
dependence of the rate constants can be obtained from Equa-
tion 10 (39).

keat/ K = k1 0exp[( — E+/R)(1/T—1/Tyla/(1+q) (Eq. 10)

In Equation 10, ¢ = agexp[E«/R(1/T — 1/Ty)], kl,O is the value
of k£, at the reference temperature T, = 298.15 K, E; is the
activation energy associated with 2,, and Ea = E_; — E,. From
the temperature dependence of & ,/K,, the value of £, and the
ratio of ky/k_, can be obtained together with the corresponding
activation energies. Because T can be set to any value, the
parameters can be calculated for various temperatures. The
data obtained in such a way are shown in Tables V-VII.

The parameters for the abnormal temperature dependence
(Fig. 5B) are shown in Table V. It can be seen that the ratio of
ko/k _ decreases with the increase in temperature, indicating a
great rate enhancement for the dissociation of the enzyme-
substrate complex compared with its conversion into acyl-
enzyme. At low temperature k, > k_;, and k_,/K,, becomes
equal to k,. Because the substrate dissociation has high acti-
vation energy, k_,; becomes predominant at high temperature.
Thus, a plot of In(%,/K,,,) versus 1/T yields a distinct maximum
curve defined by Equation 10 (39). Consistent with the assump-
tion made in the Arrhenius law, the activation energies do not
alter in a reasonable temperature range. E« is rather large,
indicating a major difference between the activation energies

%43 are also shown (drawn

A 0.28 T T T T B

T T
B o o i .
i 0906 + L]re
_ oz | o o 1 -
P LD [
= - ka4 =
2 02 | 8 + i %
£ i + o [ ¥
.Eq B o 12 <
0.16 [~ 0Q + =1
L o + dr
012 | ] | I | ] 9 Lo
10 20 30 40
Temperature (°C)
156
—15.2
g - B
< —148 ¥
= - =3
[ =
= —14.4
— 14
—13.6
0.0032 0.0034 0.0036
1UT

Fic. 5. Dependence on temperature of k_,/K,, for Z-Gly-Pro-
Nap. A, the second-order rate constants were determined at pH 8.0 in
the absence of 0.5 M NaCl with the wild-type enzyme (+, left ordinate)
and its Y473F variant (O, right ordinate). B, Arrhenius plots for the
wild-type enzyme (+, left ordinate) and its Y473F variant (O, right
ordinate). The dashed lines were calculated with 2, and E, shown in
Table V.

for the dissociation and the breakdown to acyl-enzyme of the
enzyme-substrate complex. This holds for all of the substrates
tested (see Tables V-VII).
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TABLE V
Kinetic and activation parameters for the reactions of prolyl oligopeptidase and its Y473F variant with Z-Gly-Pro-Nap at pH 8.0

Parameter 10 °C 15°C 20 °C 25 °C 30°C 35°C

Wild-type

Ry (umts 1) 0.97 = 0.04 1.59 = 0.04 2.47 = 0.05 4.05 = 0.35 6.25 = 0.65 9.20 = 0.88

kolk_4 152 *+ 147 60 * 54 46 * 16 9.0 +5.3 4.0 + 2.0 19=*0.38

E, (kJ/mol) 66.7 = 4.8 66.5 = 4.7 63.2 2.3 66.8 = 4.9 66.5 = 4.7 65.0 = 3.7

E_, — E, (kdJ/mol) 131 = 18 132 = 18 149 =9 131 = 18 132 = 18 138 = 20
Y473F

ky (mM s 1) 168 = 3 213 £ 4 265+ 9 329 = 16 405 * 27 497 = 40

kolk_; 98 * 40 30 =8 12+ 4 46 +1.1 1.8+04 0.7+ 0.1

E, (kJ/mol) 32+2 32+2 32 =2 32 + 2 32 =2 3222

E_, — E, (kdJ/mol) 143 =8 141+ 6 143 = 8 143 = 8 143 = 8 143 = 8

“ Note the different dimensions for the wild-type enzyme and its variant.

TABLE VI
Kinetic and activation parameters for the reactions of prolyl oligopeptidase and its Y473F variant with the octapeptide at pH 8.0
Parameter 10°C 15 °C 20 °C 25°C 30°C 35°C
Wild-type
ky (um s 0.58 = 0.02 1.01 = 0.03 1.73 = 0.08 2.93 = 0.24 4.8 £0.5 7.8+ 1.0
kolk 126 + 84 47 + 31 17+9 6.0 + 2.5 2.4 +0.9 0.97 = 0.29
E, (kJ/mol) 76 =5 76 =4 76 =4 76 £ 5 76 =5 76 = 4
E |, — E, (kJ/mol) 142 = 13 144 + 14 144 + 14 142 + 13 143 + 13 144 + 14
Y473F
ky (mM s 40.2 £ 1.3 60 £ 5 80 = 12 130 = 24 186 + 45 265 = 80
kolk_ 9.7+ 4.0 45+ 1.8 2.2 +0.8 1.1+04 0.6 = 0.2 0.3+0.1
E, (kJ/mol) 55+ 8 55+ 8 55+ 8 55+ 8 55+ 8 55+ 8
E_, — E, (kJ/mol) 102 =3 102 + 3 102 + 3 102 + 3 102 = 3 102 =3

“ Note the different dimensions for the wild-type enzyme and its variant.

TasLE VII
Kinetic and activation parameters for the reactions of prolyl oligopeptidase and its Y473F variant with suc-Gly-Pro-Nan at pH 6.3
Parameter 10°C 15°C 20°C 25°C 30°C 35°C
Wild-type
ky (mM s 1) 16.7 = 0.3 27.5 £0.7 445 =21 70.7 £ 4.8 111 = 10 171 =19
kolk_, 130 = 106 46 * 31 179 6.6 = 3.0 2.6 0.9 1.1 +0.3
E, (kJ/mol) 68 =3 68 £ 3 68 =3 68 + 3 68 =3 68 =3
E_, — E, (kdJ/mol) 139 = 17 139 = 17 139 = 17 139 = 17 139 = 17 139 = 17
Y473F
ky (M ts ) 40 =1 54 +1 76 = 2 106 = 4 146 = 7 200 = 13
kolk_4 3623 = 9590 765 = 1614 173 = 275 41 = 43 10+6 2.6 0.5
E, (kJ/mol) 48 £ 3 48 £ 3 48 £ 3 48 =3 48 £ 3 48 £ 3
E_, — E, (kJ/mol) 210 = 72 210 = 72 210 = 72 210 = 72 210 = 72 210 = 72
“ Note the different dimensions for the wild-type enzyme and its variant.
TaBLE VIII
Activation parameters for prolyl oligopeptidase and its variant
Wild-type Y473F
10 Yp!
Z-GP-Nap, pH 8.0
AG* (kd/mol) 36.1(36.0)* 415
2 AH* (kdJ/mol) 63.8 (57.1)* 29.0
= AS* (J/mol - K) 93.2 (70.7)* —42.0
X Octapeptide, pH 8.0
£ AG* (kJ/mol) 36.1 43.8
8 AH* (kJ/mol) 73.2 52.2
AS* (J/mol - K) 124 28.0
suc-GP-Nan, pH 6.3
AG* (kdJ/mol) 45.3 61.5 (61.5)*
AH* (kJ/mol) 65.0 45.7 (43.3)*
AS* (J/mol - K) 65.93 —52.8 (—60.9)°
6 ¢ The parameters were calculated with the %, values of Table V-VII.
0.0032 0.0033 0.0034 0.0035 0.0036 The values in brackets were determined from measured points from the
T low temperature range.

Fic. 6. Eyring plots for reactions of Z-Gly-Pro-Nap. The %;
represents the rate constant for the formation of the enzyme-
substrate complex. Symbols and reactions are identical with those
shown in Fig. 5A.

The study of the individual rate constants allows a deeper
insight into the mechanism of action of prolyl oligopeptidase.
The effect of the OH group of Tyr*"® is considerable on %, /K,,,

a complex constant involving both binding and acylation. Sim-
ilar effects can be observed with %,, which refers exclusively to
the formation of the enzyme-substrate complex, i.e. to binding.
This clearly indicates that the Tyr*’® OH group operates not
only as an electrophilic catalyst, but it also plays an important
role in the formation of the enzyme-substrate complex, and this
complex formation is the rate-limiting step in the acyl-enzyme
formation. Clearly, the binding step in the present catalysis is
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Fic. 7. Stereo view of the covalently
bound transition state analogue
Z-Pro-prolinal (A) to the wild-type
enzyme (drawn from PDB entry 1qfs
(20)) and (B) to the Y473F variant
(drawn as Fig. 4).

not a diffusion-controlled fast step, in contrast to several other
enzyme reactions. The binding step is very likely associated
with conformational changes, which are more difficult to carry
out in the absence of the Tyr*’® OH group. Hence, this OH
group must interact with the substrate carbonyl group in the
ground state of the reaction, not just in the transition state.

It is worthy of note that E; values for the wild-type enzyme
reactions having greater %k, values are larger than E, for the
slower Y473F variant (see Tables V-VII). This indicates that
considerable entropy effects should be associated with the re-
action of the native enzyme (cf. next section).

The temperature dependence of the suc-Gly-Pro-Nan reac-
tion was estimated in the absence of added NaCl at pH 6.3,
close to the pH optimum (Fig. 3). At this pH the temperature
dependence was more linear for the Y473F variant. Because at
pH 6.3 the enzyme was less stable, the temperature depend-
ence was not probed above 38 °C. The Z-Gly-Pro-Nap reaction
was also examined at this pH. It was found that the Arrhenius
plots for both the wild-type and the Tyr*’® variant displayed
better linearity at pH 6.3 than at pH 8.0. In fact, the temper-
ature optimum of the modified enzyme is significantly shifted
toward higher values (not shown). This made the estimation
of the parameters for the reaction of the suc-Gly-Pro-Nan with
the Y473F variant very uncertain, at least at low temperature.
The large error of ky/k_, is also seen in the reaction of the
wild-type enzyme with Z-Gly-Pro-Nap (Table V), where the
maximum is not explicit enough.

Estimation of Thermodynamic Parameters from Nonlinear

Prolyl Oligopeptidase Catalysis

Eyring Plots—The activation enthalpy (AH*) and activation
entropy (AS*) were calculated from an Eyring plot (1/T versus
In(%/T). It was difficult to obtain a precise linear Eyring plot
from the curves of Fig. 5B, in particular from the maximum
curve pertinent to the enzyme variant. This is because the
points declined progressively from the straight lines calculated
with the parameters £, and E, of Table V. Therefore, the %,
values were calculated from Equation 10, using several differ-
ent T, temperature values, instead of the standard T, = 298.15
K. The Eyring plots were constructed with these %, data.

The Eyring plots for the reactions of Z-Gly-Pro-Nap with the
wild-type enzyme and its Y473F variant are shown in Fig. 6,
and the thermodynamic parameters calculated from the plots
are compiled in Table VIII, along with the corresponding pa-
rameters of the octapeptide and suc-Gly-Pro-Nan. It is conspic-
uous that the AS* gives a positive value for the wild-type
enzyme in all cases, whereas it is negative or exhibits a low
positive value for the Y473F variant, as it is common in most
enzyme reactions. This is because the transition state becomes
more ordered by freezing considerable translational and rota-
tional degrees of freedom of motion of the reactants. The con-
sequent entropy loss is apparently overcompensated in the
prolyl oligopeptidase catalysis by the release of the ordered
water molecules located around the active site, in particular at
the oxyanion binding site. This is consistent with the remark-
ably positive entropy and the high enthalpy (Table VIII); the
latter is required for breaking the hydrogen bonds of the water
shell, in addition to breaking the covalent peptide bond.
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A water molecule in the oxyanion hole of the free wild-type
enzyme is extensively hydrogen-bonded to the Tyr*”® Om,
Ser®®* Oy, main chain NH group of Asn®®® and other water
molecules that make an extensive hydrogen bonding network
(see Supplemental Material). These, together with other water
molecules, must be removed upon substrate binding, which
enhances both AH* and AS*. It could be anticipated that the
water shell in the Y473F variant is less stable and hence
removed more easily, as indicated by the strikingly reduced
AS*. However, the water structures around the oxyanion bind-
ing sites are very similar for both enzymes, apart from an
additional water molecule coordinated to the Tyr*"® OH group
of the wild-type enzyme (see Supplementary Material), which
does not fully explain the dramatic entropy differences. Al-
though the structural differences are not considerable, they
may cause substantial changes in activity. The energies of
hydrogen bond have been suggested to be 12-38 kdJ/mol. For
example, the lowest limit of 15 kJ/mol has been suggested for
the energy of a simple hydrogen bond in ice (42). For a hydro-
gen bond between a tyrosine OH and H,0, bond energy of 20
kd/mol may be a reasonable estimate. As 5.7 kdJ/mol energy
results in a 10-fold alteration in rate constant, 20 kJ/mol bond
energy can significantly influence the catalytic efficacy.

Compensation for the Loss of the OH Group in the Y473F
Variant—Prolyl oligopeptidase forms a transition state ana-
logue complex with Z-Pro-prolinal. In the wild-type enzyme the
oxyanion is stabilized by the main chain NH group of Asn®*®
and On of the Tyr*”® via hydrogen bonds (20). The latter atom
is also hydrogen-bonded to a water molecule, which is too far
away from the oxyanion to form an interaction (Fig. 7A). When
the same complex is formed with the Y473F variant, a water
molecule moves closer and partly compensates for loss of the
Tyr*”® OH group by providing a hydrogen bond to the oxyanion
(Fig. 7B). This water molecule is enthalpically and entropically
less efficient for stabilization of the oxyanion. Being less acidic,
it is a poorer proton donor than the tyrosine OH group. Also, it
is more mobile, which is consistent with the significant differ-
ence in entropy between the two forms of the enzyme.

CONCLUSION

Prolyl oligopeptidase is of pharmaceutical interest because of
its implication in memory disorders. Tyr*”® is a part of the
oxyanion binding site and operates as an electrophilic catalyst.
At the same time it contributes to the binding of substrates and
inhibitors, in particular of transition-state inhibitors. The
knowledge pertinent to the function of Tyr*"® can be utilized in
drug design.

Tyr*”® displayed a normal ionization and did not affect the
rate-limiting step. Elimination of the Tyr*”® OH group from the
oxyanion binding site restricted the catalytic activity mainly to
the high pH form of prolyl oligopeptidase when reacted with
Z-Gly-Pro-Nap or an octapeptide. This indicated that the hy-
drogen bond formation between the tyrosine OH and the oxya-
nion facilitated the catalysis to a higher degree at lower pH. On
the other hand, the pH-rate profile did not change significantly
with the succinyl substrate having a lower pH optimum, except
that its specificity rate constant diminished more considerably.
This was very likely because of unfavorable electrostatic inter-
actions of the succinyl group with Arg®*3. The implication of
Arg?52) another candidate for interacting electrostatically with
the succinyl group, was discounted using the R252S variant. It
should also be considered that the benzyloxycarbonyl group
binds stronger in the hydrophobic environment than the suc-
cinyl group can.

An important corollary of this work is that major kinetic
differences are not immediately apparent from the study of
crystallographic structures. Thus, the large entropy differences
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between the reactions of the wild-type enzyme and its Y473F
variant are not seen readily from the water structure around
its transition state analog complexes. Furthermore, the similar
binding mode of the charged and neutral substrates (suc-Gly-
Pro-Nan and Z-Gly-Pro-Nap) also cannot account for the large
difference in the specificity rate constants.

The study with a thiono substrate indicates that the oxyan-
ion binding site is a very precisely developed component of the
catalytic machinery. In the absence of the Tyr*”® OH group, the
oxyanion of the catalytic intermediate is stabilized by a water
molecule but at a considerable cost to catalytic efficiency. The
temperature dependence of %, /K,, exhibits a maximum well
below the physiological temperature, in particular with the
modified enzyme and the neutral substrates. This implies that
the dissociation of the enzyme-substrate complex (k_;) becomes
predominant with the increase in temperature with respect to
its degradation to acyl-enzyme (k).

In short, the contribution of the Tyr*”® OH to the catalysis of
prolyl oligopeptidase depends markedly upon the reaction con-
ditions (pH, temperature, and the substrate used). A similar
phenomenon has not been recognized with the extensively
studied serine proteases of the trypsin and subtilisin families.
A better understanding of the electrostatic effects in substrate
binding and catalysis may assist structural-based inhibitor
design.
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