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ABSTRACT: Oligopeptidase B, a member of the novel prolyl oligopeptidase family of serine peptidases, is
involved in cell invasion by trypanosomes. The kinetic analysis of the reactions of oligopeptidase B,
which preferentially cleaves peptides at two adjacent basic residues, has revealed significant differences
from the trypsin-like serine peptidases. (i) The pH dependende.fik,, deviates from normal bell-
shaped curves due to ionization of an enzymatic group characterized by a macrosGagie48.3. The

effect of this group is abolished at high ionic strength. (i) The second-order acylation rate constants,
keafKm, are similar with the ester and the corresponding amide substrates, suggesting that their chemical
reactivity does not prevail in the rate-limiting step. The kinetic deuterium isotope effects indicate that the
rate-limiting step forkea/Km is principally governed by conformational changes. (iil) The—}/Kn

profile and the very low rate constant for benzoyl-citrulline ethyl ester reveal a new kinetically influential
group ionizing below the I, of the active site histidine and indicate that the positive charge of arginine

is essential for effective catalysis. (iv) The enzyme is inhibited by high concentrations of substrate. The
mechanism of inhibition markedly varies with the reaction conditions. (v) The optimum temperature for
the reactions of amide substrates is unusually low, slightly beloRC@whereas with benzoyl-arginine

ethyl ester a linear Eyring plot is obtained up to 39. The positive entropies of activation point to
substantial reorganization of water molecules upon substrate binding.

In addition to the extensively studied trypsin and subtilisin triad (Ser554, Asp641, and His680) is located at the interface
families, a new class of serine peptidases has recently beerof the two domains.

identified and called the prolyl oligopeptidase famity).( Oligopeptidase B (EC 3.4.21.83), previously called pro-
The members of the new famlly_ exhibit much Iayger tease Il, is homologous to prolyl oligopeptidage 6). It
molecular masses (about 80 kDa) with respect to trypsin andyas first isolated fromEscherichia colicells with trypsin-
subtilisin and have a single polypeptide chain, displaying |ike specificity, cleaving peptides at lysine and arginine
the peptidase domain at the C-terminus. The catalytic domainresjdues (cf7). We have recently shown that oligopeptidase
of the members of the prolyl oligopeptidase family is B hydrolyzes peptides with dibasic sites much faster than
structurally related to lipases rather than to peptida&es (  monobasic substrate8)( The keafKm for Z-Arg-Arg-Amct
Detailed kinetic investigations have only been carried out g extremely high, 63uM~1s%, and this preference for
with prolyl oligopeptidase, the prototype of the family (cf. adjacent arginine residues indicates that oligopeptidase B
3 and references therein). may be a new type of processing enzyme. The catalytic triad

The three-dimensional structure of prolyl oligopeptidase (Ser, His, Asp) of oligopeptidase B, as well as that of prolyl
has also been determined).( The enzyme contains two  gligopeptidase, is distinct from that of the trypsin and
domains. The catalytic domain shows a twisted eight- subtilisin type enzymes, as indicated H#y NMR studies
stranded3-sheet which is flanked with several helices. The demonstrating that the high-frequency, low-barrier hydrogen
other domain is an unusual seven-blagegropeller, which  bond between the Asp and His residues, a universal trait of
exhibits a 7-fold repeat of four-stranded antipargflesheets.  the well-known serine peptidases, is absent in free prolyl
The seven blades of the propeller are twisted and radially oligopeptidase and oligopeptidase 8. (

arranged around their central tunnel. In contrast to the Oligopeptidase B is also present Tlypanosomacruzi
prewously determined propellers, the ollgopeptld_ase domaunthe causative agent of Chagas’ disease in humans. It is
is not closed between the first and last blades. This may a”c’WimpIicated in the host cell invasion by the parasite by
ohgopeptujes to enter th? cavity of the enzyme and exCIUdPfsgenerating an active €aagonist from a cytosolic precursor
large peptides and proteins from the active site. The catalytic molecule L0, 11). The present paper reports several mecha-

nistic features of oligopeptidase B different from those of
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trypsin and prolyl oligopeptidase, and this can help in the Koof K = koofK,(limit)[1/(1 + 10PKPH L 100H—pK2)] +
design of inhibitors against the enzyme to counteract the & " ™

parasite. Kead Knn(limit) o[1/(1 + 1072 7PT] (3)
EXPERIMENTAL PROCEDURES When two substrate molecules bind to the same enzyme
) ] ) molecule and this generates an inactive complex, the
Enzyme Oligopeptidase B was overexpressedsincoli Michaelis parameters cannot be determined by the conven-

cells, purified, and assayed as descrildEg).(The concentra-  tional methods. In such a case, eq 4 applies, wKeris the

tion of the enzyme was determined at 280 nm, using a second dissociation constant of the inhibited enzyme
molecular mass of 81 858 kDa aids of 1.83 for the 1.0 gypstrate complextd).

mg/mL concentration12).

Kinetics. The specificity rate constantk.{/Km) were v=V[S)(K,,+ [S] + [S]Z/Ki J) (4)
determined under first-order conditions, i.e., at substrate
concentrations lower thaldn,. The first-order rate constant TheK;, which is different fromK;s of eq 4, represents the
was divided by the total enzyme concentration to provide dissociation constant of the enzymiahibitor complex
kealKm. For the determination of the rate constant, the stock measured with a relatively poor substrate as the inhibitor. It
solution of Bz-Arg-Nan (4 mg/mL in DMF) was diluted 40-  \as calculated from a plot df/k, vs inhibitor concentration,
fold (230 uM) with water, and 2QuL of this solution was  using eq 5, wheré, and k; are pseudo-first-order rate
added to the reaction mixture with a 1.0 mL final volume. constants for the hydrolysis by the highly specific substrate,
The reactions were measured with a Cary 1E spectropho-z-Arg-Arg-Amc, in the absence and presence of inhibitor

tometer at 400 nm in a four-component buffer, which (|), respectively. The Z-Arg-Arg-Amc concentration was at
consisted of 25 mM glycine, 25 mM acetic acid, 25 mM

Mes, and 75 mM Tris and contained 1 mM EDTA (standard kik,= 1/(1+ [/ K;) (5)
buffer). The buffer was titrated to the desired pH with HCI

or NaOH, while the ionic strength remained fairly constant least 10-fold less thaiy,, and thuskK; represents a true
over a wide pH range. Small changes in the conductivity dissociation constant of the enzymsubstrate/inhibitor
were adjusted by the addition of NaCl. complex.

The Michaelis parameters were determined with initial rate  The temperature dependence of the rate constants was
measurements. To eliminate high concentrations of DMF determined in thermostated cell holders. The reactions were
when working at elevated Bz-Arg-Nan concentrations, the started after the thermal equilibrium had been reached in the
substrate was freshly dissolved in 20 mM Tris buffer of cell, which was checked with a Digi-Sense thermometer
appropriate pH (2 mg/mL). The hydrolysis of Bz-Arg-Nap (Cole-Palmer). Activation parameters were calculated from
was monitored fluorometrically at 25C by using a Jasco the linear plots of IrK/T) versus 1T (eq 6), wherek is the
FP 777 spectrofluorometer equipped with a thermostated cellrate constantR is the gas constant (8.314 J/mol/R)is the
holder. The excitation and emission wavelengths were 340 absolute temperaturld is Avogadro’s numbet is Planck’s
(1.5 nm bandwidth) and 410 nm (5 nm bandwidth), constant, the enthalpy of activaticxH* = —(slope)8.314
respectively. The hydrolyses of Bz-Arg-MHBz-Arg-Et, and J/mol, the entropy of activatio/AS* = (intercept —
Bz-Cit-Et at concentrations between 20 and/B8@ were 23.76)8.314 J/mol/K. The free energy of activatidxG*,
measured at 253 nm with a Cary 1E spectrophotometerwas calculated from eq 7.
equipped with a thermostated cell holder.

Theoretical curves for bell-shaped pirhate profiles were In(K/T) = In(RINAh) + ASYR— AH*/RT  (6)
calculated by nonlinear regression analysis, using eq 1 and AG* = AH* — TAS @)
the GraFit softwarel3). In eq 1,keafKm(limit) stands for

Rate-limiting general acid/base catalysis was tested in
Kool Ky = Keof K (limit)[1/(1 + 10°KPH PR PR (1) heavy water (99.9%). The deuterium oxide content of the
reaction mixture was at least 95%. ThiHpof a deuterium
oxide solution can be obtained from pH meter reading
according to the relationship?ld = pH(meter reading)-
0.4 (15).

The thiol groups of oligopeptidase B were reacted with 1
mM iodoacetamide for 12 h at 28C. The thiol content of

the pH-independent maximum rate constant KndndK;
are the dissociation constants of a catalytically competent
base and acid, respectively. At low ionic strength, an
additional ionizing group modifies the bell-shaped character
of the pH dependence curve. The resulting pH-rate profile | : o . X
conforr%s to zq 2, where the limiting valugspstand f(I)Jr the the enzyme was determined with Scithiobis(2-nitrobenzoic
pH independent maximum rate constants for the two active ¢id) @6).
forms of the enzyme anid;, _Kg, andK3 are the dissoc.iati.on _ RESULTS AND DISCUSSION
constants of three enzymatic groups whose state of ionization
controls the rate constants. The pH-rate profile for Bz-Cit-  Effects of Organic Seknts.The synthetic substrates of
peptidases are often dissolved in organic solvent, which may
Koof Ky = Ko K (limit) ,[1/(1 + 1P PH 100H*DK2)] + markedly inhibit the catalytic activity, as found with prolyl
attim - TealTEmAET o oK oligopeptidase, a close relative of oligopeptidas@B$uch
Keaf Kin(limit) ,[1/(1 + 10727 P7+ 10°7 P9 (2) an effect can also be observed in the reaction of oligopep-
tidase B with Bz-Arg-Nan. As seen in Figure 1, the inhibition
Et in 1.0 M NaCl was calculated by using eq 3. with increasing DMF concentration follows a single-
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case of chymotrypsin and subtilisin, the kineti¢f about
7 is the true dissociation constant of the catalytic histidine,
as demonstrated by NMR titratio24).

Besides the variation in the<p value, the pH-rate profile
is also affected by the reaction conditions. The ionization of
some enzymic group causes significant deviation from the
simple bell-shaped curve in the reactions with Bz-Arg-Nan
and Bz-Arg-Nap at low ionic strength. This complex pH
dependence can be approximated by eq 2 involving an
unknown ionizing group with an apparenkKpof ~8.3
(Figures 2 and 3, Table 1). When this group becomes
deprotonated with increasing pH, the protein obtains a net
negative unit charge, i.e., it either loses a positive charge or
acquires a negative one. This leads to a decrease in catalytic

rate constants were determined in the standard buffer, pH 8.0, unde@ctivity, as indicated by the lowét./Km(limit), value with

first-order conditions with Bz-Arg-Nan substrate, using enzyme
concentrations of 18:837.6 nM. The solid line represents single-
exponential decay.

exponential decay. The magnitude of inhibition is not
significantly affected by the addition of 1.0 M NaCl (not
shown). The inhibition is somewhat less efficient with
dioxane and, in particular, acetonitrile. Therefore, organic

solvents were omitted from the reaction mixtures used for
the determination of kinetic parameters (see Experimental

Procedures).
Irregular pH DependenceBecause oligopeptidase B

respect tk.o/ Kn(limit) 1. Electrostatic shielding upon addition
of 1.0 M NaCl virtually eliminates the effect of the ionizing
group, giving rise to a normal bell-shaped curve, so that the
activity of the protonated form decreases and that of the
unprotonated form increases depending on the pH (Figure
2a). Similar results were obtained with Bz-Arg-Nap, as seen
in Figure 2b, where the contributions by the two enzyme
forms are also illustrated.

In the case of Bz-Arg-NHK(Figure 2c) and, in particular,
Bz-Arg-Et (Figure 2d), deviation from the bell-shaped profile
is not significant. Addition of salt inhibits the enzyme over
the entire pH range. Possibly, the large aromatic groups at

hydrolyzes the peptide bond at lysine and arginine residuesy,e p1 position render the nitroanilide and the naphthylamide

(7), a comparison of its kinetic behavior to that of trypsin is
of particular interest. The acylation of both chymotrypsin
and trypsin is dependent upon two groups, one withka p
of about 7 and the other with &p of ~9 (chymotrypsin)
or ~10 (trypsin) (for reviews see, refs/—19). The former

substrates more sensitive to the unknown ionizing group.
The K, of 9.7—9.8 found in the reactions of the arginine
substrates may reflect ionization of a catalytically influential
tyrosine or lysine residue, and this process is most likely
accompanied by conformational changes. This is supported

group corresponds to the catalytically competent histidine 16 s1dy of the pH dependence of intrinsic fluorescence,

residue; the latter is not directly involved in the catalysis,

which has indicated that unfolding of the protein occurs

instead it contributes to the stabilization of the active-site above pH 8.512). The unfolding is completely reversible

structure. In the simplest case, as observed with subtilisin, a

sigmoidal curve is obtained, which only depends on ioniza-
tion of the catalytically competent histidine resid@g)(

The pH dependence &f./Kn, usually provides K, values
that pertain to the free reactant stai®,(21, 22). Hence,

at least up to pH 9.5, as demonstrated by activity measure-
ments (2).

The origin of the modifying group with the apparern{p
of ~8.3 is yet to be established. A thiol group could be a
potential candidate. However, this possibility is not supported

the (K, for the same enzyme is expected to be independentpy abolishing the dissociation of the accessible thiols by
of the substrate used, provided that the same reaction stelocking with iodoacetamide since the complex character of

is rate-limiting at all pH values(1, 22), as indeed observed
in the trypsin and chymotrypsin reactions. Singg/Kn, is

the pH-rate profile for the Bz-Arg-Nan reaction has not
changed (not shown). Hence, the lower activity form of

the second-order acylation constant, it is not affected by oligopeptidase B in the high-pH region may not be attributed

changes in the ratio of the rate of acylation and deacylation,

unlike ket in the hydrolysis of esters and amides by
chymotrypsin.

In contrast to the chymotrypsin reactions, the-d/Kn,
profile for oligopeptidase B is significantly dependent on

to the ionization of a cysteine residue.

Hydrolysis of Bz-Cit-EtThe importance of the positive
charge on the arginine side chain can be tested by using the
neutral, structurally similar citrulline derivative. In the case
of papain, thek../Kn values are similar with Bz-Arg-Et and

the nature of the substrate, as is evident from the differenceBz-Cit-Et, differing by a factor of only 225). For the trypsin

between the I§; values for the ester and amide substrates
(Table 1). The value ofkg; which is close to 7 reflects the

dissociation of the catalytically competent histidine residue.
Nevertheless, ¥ may not be a true dissociation constant,
also called microscopic or group constant, but it most

reaction where, in contrast to papain catalysis, the arginine
side chain of the substrate binds to a charged aspartate
residue, the rate constant with Bz-Arg-Et is higher by several
orders of magnitude than that found with Bz-Cit-Et. In the
case of oligopeptidase B, the 3 orders of magnitude differ-

probably represents a molecular or macroscopic constantence (Table 1) clearly indicates that the positive charge on

involving contributions from changes with pH in the rate-
determining step and/or from overlapping ionization of some
other group 22, 23). This offers an explanation for the
different K, values found with different substrates. In the

the arginine derivatives is crucial for introducing high
specificity.

Not only are the rate constants very different with the Bz-
Arg-Et and Bz-Cit-Et reactions, but so are the ptdte
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Table 1: Kinetic Parameters for Reactions of Oligopeptidate B

parameters Bz-Arg-Nan Bz-Arg-Nap Bz-Arg-NH Bz-Arg-Et Bz-Cit-Et
No NacCl
Keal Km(limit) ; (MM ~1s71) 1040+ 75 960+ 162 3344 16 (2954 12y 116+ 25 1.204+ 0.20
Keal Km(limit) 2 (MM ~1s7%) 2964 77 343460 106+ 31
pK1 7.364+0.07 7.4140.18 7.304 0.06 (7.16+ 0.07p 6.82+ 0.03 6.62+ 0.13
pK2 8.25+0.18 8.00£ 0.30 8.47+0.18 7.19£0.12
pKs 9.77+0.26 9.79+ 0.16 9.83+ 0.34 (9.08+ 0.05p 9.19+ 0.04
1.0 M NaCl

kead Km(limit) (MM ~1s72) 571+5.5 597+ 20 144+ 4.2 502+ 11 1.43+ 0.21°
pK| 6.94+ 0.02 6.96+ 0.06 6.90+ 0.06 6.65+ 0.04 6.444+ 0.1
PK 9.83+£0.02 9.70+ 0.08 9.73+ 0.08 9.67+ 0.05 6.81+£ 0.1Z
Keal Km(limit) , (MM ~1s7%) 0.082+ 0.01F

aThe enzyme concentrations were 1875.2 nM for the arginine substrates and @M for Bz-Cit-Et. ® Parameters for a bell-shaped curve.
¢From eq 3.
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FiGuRE 2: pH—k.o/Kn, profiles for oligopeptidase B reactions. The substrate and enzyme concentrations waveahd 18.8-75.2 nM,
respectively, in the absenc®@)and presence®) of 1.0 M NacCl. (a) Hydrolysis of Bz-Arg-Nan. The open circles conform to eq 2, whereas

the full points fit to eq 1. The broken line is a bell-shaped curve (eq 1) fitted to the open circles. (b) Hydrolysis of Bz-Arg-Nap. The broken
line is a bell-shaped curve (eq 1) fitted to the points. The thin lines represent the two active components of the enzyme. (c) Hydrolysis of
Bz-Arg-NH,. (d) Hydrolysis of Bz-Arg-Et.

profiles. The reaction of Bz-Arg-Et displays a wide optimum the opposite is equally possible as is evident from a series
pH not significantly perturbed by the ionization of an of bell-shaped curves generated with a const&atsp 7.00
enzymatic group, whereas the Bz-Cit-Et reaction gives an and a variety of K, values (Figure 4). As shown by the
unexpectedly narrow bell-shaped profile, confined to the broken line in the model of Figure 4, th&pof the general
lower pH region (Figure 3). The occurrence of tw&,p acid may indeed be lower i = 6.00) than that of the
values on opposite sides of the very sharp bell-shaped curvegieneral base = 7.00). This might be the case with the
reveals a kinetically influential ionizing group oKp close citrulline derivative (Figure 3) since it is the highdfpwhich

to 7, in addition to the catalytically competent histidine is closer to the K, of the catalytic histidine found with the
residue. other substrates.

Assigning the two closel, values (6.62 and 7.19) to the Dissociation of a proton with increasing pH from the
respective ionizing groups is rather difficult. At first sight, general acid virtually eliminates the catalytic competence of
it may appear that the loweikp belongs to the lower limb  the enzyme, but some activity remains in the presence of
of the curve and represents ionization of the catalytic histidine 1.0 M NaCl (Figure 3 and Table 1). The effect of this group,
whereas the higheriy relates to a general acid. However, which is important in the reactions of Bz-Cit-Et, becomes
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Ficure 3: pH—k.ofKm profile of the hydrolysis of Bz-Cit-Et by Ficure 5: Reaction rates plotted against substrate concentration.
oligopeptidase B. The enzyme concentration was-333 uM. (©) The initial rates were measured in standard buffer, pH 7.10.
The points are as in Figure 2. The open and full circles were fitted The points fit to eq 4 representing substrate inhibition (solid line)
to egs 1 and 3, respectively. but not to the simple MichaelisMenten kinetics (broken line)®)
The reactions were carried out in standard buffer, pH 8.10,
100 T r T - T T containing 1.0 M NaCl. The points do not fit to the solid line derived
L i from eq 4 kar = 613 s, Ky = 1240uM, K; = 50 uM).
80 —\‘\\ -1 . . . . P
9 [\ i guishes oligopeptidase B from trypsin, subtilisin, and even
= 0 kL 10 | Fhe_ §§ructurally related prolyl pligopeptidase. Substrate
3 | i inhibition has also been found with Bz-Arg-Nap (Table 2).
§ w0 L 8 No such inhibition could be observed with Bz-Arg-Meind
g \ 7 Bz-Arg-Et because the substantial background absorbance
@ 20 f_ ) 7 | at 253 nm did not permit us to use a sufficiently high
i 6 concentration of substrate.
0 f ) N Utilizing the inhibitory effect of poor substrates on the
6 8 10 12 hydrolysis of highly specific substrate6), we have

determined th&; ~ K value for Bz-Arg-NH and Bz-Arg-
Et where substrate inhibition is negligible. These substrates
FicurRe 4: pH-—rate profiles calculated by using eq 1W!th alimiting are good inhibitors of Z-Arg-Arg-Amc, allowing one to
rate constant of 100,kp = 7.00, and for values ofify indicated = c5icylateK; values with eq 5. In contrast, the nitroanilide
in the figure. The broken line shows the ionization of an acid with : S L R
Ko = 6.00. and naphthylamide derlvatlveg_exhlblt subs_trate |n_h|b|t|on
under the measurement conditions, and this may interfere
negligible in the case of arginine substrates, where a strongwith the determination. It is seen in Table 2 that Kelata
interaction between the enzyme and substrate enhances thare lower than th&, values for Bz-Arg-NH and Bz-Arg-
catalytic activity by 3 orders of magnitude. Indeed, e Et. This indicates thaK,, does not represent the binding
value of eq 5, which may be equall@ (see next paragraph), constant for these substrates and suggests that a conforma-
is much higher for Bz-Cit-Et than for Bz-Arg-Et. However, tional change rather than the chemical step is rate-limiting
the trueK; value could not be determined because of the in acylation. TheK; ~ K values for Bz-Arg-NH and Bz-
poor solubility of the citrulline compound. The substantial Arg-Et do not appreciably differ, and the values moderately
difference in the rate constants suggests that the arginineincrease with increasing pH.
substrates bind to an enzymic carboxylate ion, whereas the Substrate inhibition was also found with Z-Arg-Arg-Amc
citrulline compound assumes a less favorable alternative(8). However,K, for this substrate was lower by 2 orders
position. of magnitude (Table 2). Hence, the high specificity of Z-Arg-
Substrate InhibitionThe K, values were determined with  Arg-Amc relies upon tighter binding. Such a great increase
initial rate measurements. Figure 5 clearly illustrates that the in binding energy between enzyme and substrate suggests
Michaelis-Menten kinetics breaks down in the hydrolysis that the side chain of the second arginine is matched by a
of Bz-Arg-Nan. The decrease in rate with increasing substratecarboxylate ion of the enzyme or at least the charged
concentration can be explained in terms of substrate inhibi- guanidinium ion of the side chain forms a strong hydrogen
tion. The inhibitory effect by a second molecule of the same bond with a main chain CO or some side chain. It should be
substrate is evident from the adherence of data to eq 4 innoted that the extension of the substrate backbone is not
the absence of NaCl. The Michaelis parameters and theresponsible for the large increase ka/Kn since the rate
dissociation constants for the inhibitory substrate are shownconstant for Z-Phe-Arg-Amc is 1M~ s~ compared with
in Table 2. If 1.0 M NacCl is added to the reaction mixture, 63 uM~* s71 for Z-Arg-Arg-Amc. The importance of the
the data no longer fit to the theoretical curve derived from positive charge on the Arg at the P2 position is also supported
eq 4 (Figure 5), so that correct constants may not be by the decrease of 1 order of magnitude in the rate constant
calculated. The complexity of substrate inhibition may be in the presence of 1.0 M Na@). The strong binding implies
associated with structural changes and/or electrostatic shieldthat the second arginine residue stabilizes the enzyme
ing of some ionizing groups in the presence of elevated salt substrate complex and the transition state to a similar extent,
concentration. The remarkable substrate inhibition distin- which results in better binding without affectinga.. In

pH
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Table 2: Michaelis-Menten Parameters for Reactions of Oligopeptidase B

substrate pH Keat (S71) Km (uM) Kis (M) KiP (uM)

Bz-Arg-Nan 7.10 91.6: 6.7 195+ 21 698+ 105

Bz-Arg-Nan 8.03 188.2 48.7 269+ 96 354+ 146

Bz-Arg-Narf 8.00 114.2+ 19.0 301+ 70 470+ 136

Bz-Arg-Nap 8.02 80.8 14.6 97+ 28 2824+ 85

Z-Arg-Arg-Amcd 7.78 37.7+21 1.02+£ 0.15 21.1+ 34

Bz-Arg.NH,* 6.90 >1000 436+ 24
Bz-Arg-NHz® 7.97 >1000 488+ 13
Bz-Arg-Ef 7.05 >800 312+ 6.9
Bz-Arg-Ef 8.00 >800 398+ 14
Bz-Arg-Ef 9.10 >800 537+ 32

aMeasured with 2.2 nM enzyme at 28 in standard buffer? Calculated from eq 5 Measured at 37C. 4 From ref 8.¢In the presence of 1.0
M NaCl.

Table 3: Kinetic Deuterium Isotope Effeéts 1204006 |- ' ' ' ' ' ' +
substrate no NacCl 1.0 M NacCl - .
1e+006 |- P
Bz-Arg-Nan 0.91 1.44 w B i, -
Bz-Arg-Nan 1.58 s 8e+005 |- + ¥ ]
Bz-Arg-Nan 1.4% = R + J
Bz-Arg-NH, 0.99 1.47 E  ceo0s | a A 3 ]
Bz-Arg-Et 0.62 1.13 = 5 A } i
Bz-Cit-Et 1.12 g 4e+005 [ 2 +:k- A ™ .
aThe ratio of the rate constanta/Km(H20)/KkealKmn(?H20), were 264005 4 & 3 ]
calculated with the maximum value of each pH-dependence curve at e @ @ 0 8o o A
25.0°C. P Determined at 39.2C. ¢ Determined at 10.2C. 0 | \ | \ I ® @ o
10 20 30 40
contrast, with the extensively studied peptidases, the binding t(°C)
energy of an extended substrate does not logrbut FIGURE 6: Temperature dependencelgf/K, for the hydrolysis

enhanceskear and thus kealKm (27). In this case, the  of Bz-Arg-Nan (1), Bz-Arg-NH, (O), and Bz-Arg-Et ¢) by
incremental binding energy is used for stabilization of the oligopeptidase B. The reactions were measured under first-order
transition state. conditions in 3.0 mL standard buffer, pH 8.0, containing 1.0 M

. " 1 imiti NaCl. The buffer in the cell was equilibrated at the appropriate
Compos_lte '_I'ranSItlor_l Sta_te for the Rate-Limiting Steye temperature before the addition of 20 enzyme, which yielded a
study of kinetic deuterium isotope effects has proved to be 1040 nM final enzyme concentration.
conducive to the mechanistic investigations of serine pep-
tidases. Such studies have revealed that the catalysis proceedgansition state involves an isomerization step, while at 1.0

slower in heavy water by a factor of-3, indicating that M NaCl, both the isomerization and the general base catalysis
the rate-limiting step of the reaction involves general acid/ contribute to the transition state.

base catalysis (cfL7, 18). General base and general acid

catalyses, respectively, promote the formation and decom- E+S<ES<ES<ET<+EA (8)
position of the tetrahedral intermediate, the obligatory species

on the reaction pathway of peptidases. Unlike the rate The involvement of a physical rather than a chemical step
constants of the trypsin and chymotrypsin reactions, the in the rate-limiting transition state is consistent with the rate
second-order acylation rate constaktdKm) for oligopep- constant found with Bz-Arg-Et. Having a relatively good
tidase B does not exhibit the expected isotope effect8 2  leaving group, esters exhibit much higher chemical reactivity
in the absence of salt but rathieg/Km(H20)/keaf Km(?H20) than amides 18, 19). Indeed, Bz-Arg-Et is fairly well

is near unity or shows an appreciably inverse effect (Table hydrolyzed at alkaline pH, say at pH 10, where the
3). The origin of the inverse isotope effects is not clear. It corresponding amides are quite stable. A similar reactivity
may arise from the strengthening of the hydrogen bond difference is also found in the chymotrypsin catalysis. In
during the rate-limiting isomerization discussed below (eq contrast, oligopeptidase B hydrolyzes the two types of
8). Upon addition of 1.0 M NaCkcafKm(H20)/Keaf Kim(?H20) substrate with similak.a/Km values (Table 1), indicating that
is above unity, indicating some contribution by general acid/ the substantial reactivity difference is not manifested in the
base catalysis. rate-limiting transition state.

The principal contribution to the rate-limiting transition Unusual Temperature Sensity of the CatalysisEnzy-
state may come from a physical process. In the absence ofmatic reaction rates commonly increase with a rise in
salt, the reaction is entirely controlled by the physical step, temperature to 37C or even higher, provided that the
which is presumably isomerization of the enzynseibstrate  structure of the reacting enzyme is stable. Unexpectedly, the
complex (ES< E'S) shown in eq 8, which depicts the rate constant for the reactions of oligopeptidase B with Bz-
minimal mechanism of the acylation stegSE> ET and Arg-Nan and Bz-Arg-NH tend to diminish above-25 °C
ET < EA represent the general base-catalyzed formation of (Figure 6), although after incubation at 38 the enzyme
the tetrahedral intermediate and its general acid-catalyzedexhibits full activity at 25°C. The reactions were measured
decomposition to acytenzyme, respectively. Hence, it can in the presence of 1.0 M NaCl, where the pH optimum was
be concluded that in the absence of salt, the rate-limiting appreciably broader. It is important that the structure of
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FiGure 7: Eyring plot of the reaction of Bz-Arg-Et with oligopep-
tidase B. The linear fit for the points between 16.5 and 3€1
gaveAH* = 56.6 kimol™! andAS* = 52.4 JK~1-molL.

Polga

It has been known that mutations may lead to protein
variants which display low activity at 37C relative to the
wild-type enzyme, but the activity is apparently not impaired
at 30-32°C. Such temperature-sensitive variants have been
identified, for example, in the case of bacteriophage T4
lysozyme 29, 30) and human immunodeficiency virus type
1 protease 31). Oligopeptidase B is different from these
enzymes as it is a naturally occurring enzyme and its
temperature sensitivity is substrate dependent. Such a
phenomenon is observed for the first time.

Conclusion.Oligopeptidase B, an enzyme implicated in
serious disease states, differs in several respects from other
serine peptidases. It exhibits irregular pkate profiles for
several substrates, which may arise from the ionization of
some surface groups not directly involved in the chemical
reaction. The K, characteristic of the catalytic histidine is
not a microscopic constant, it is affected by the overlapping

oligopeptidase B is virtually unchanged when the temperatureionization, giving rise to the differentiky values in the

was raised from 25 to 38C and tested by the sensitive near-
UV CD method (2). However, a delicate alteration in the

reactions of ester and amide substrates.
The rate-limiting step of the oligopeptidase B catalysis is

structure cannot be excluded. Furthermore, the decline ina conformational change in the absence of salt, rather than
activity may not be attributed to weaker binding because of general acid/base catalysis found with the trypsin- and
the change irkca; rather than inky, (Table 2). subtilisin-like enzymes. In the presence of 1.0 M NacCl, the
Surprisingly, the reaction of Bz-Arg-Et exhibits an ordi- rate-limiting transition state involves both physical and
nary temperature dependence in the upper temperature rangghemical components. A surprising feature of oligopeptidase
(Figure 6). This indicates that a significant structural B concerns its temperature sensitivity to the amide but not
alteration should not occur with increasing temperature. The to the ester substrates. An interaction between the NH group
ester substrate is devoid of the hydrogen atom in the leaving©f the P1residue and an enzymic group may be responsible
group that is present in amides. The amide hydrogen for this phenomenon and for the variation in thi€,@nd
presumably forms a hydrogen bond with the enzyme at low kinetic isotope effects.
temperature, but the bond strength weakens with increasing Binding of arginine substrates to enzymic carboxylate ions
temperature. This effect, of course, cannot interfere with IS essential for specific catalysis, as is evident from the slow

hydrolysis of the ester substrate at high temperature.

It is clear from Figure 6 that a linear Eyring plot (InJ&/
vs 1/T) cannot be obtained for the reactions of Bz-Arg-Nan
and Bz-Arg-NH in the temperature range of 38 °C.
Deviation from linearity often arises from a change with
temperature in the rate-limiting ste@d). However, this
possibility is not supported by kinetic deuterium isotope
effects, which are identical within experimental error at 18.1,
25.0, and 39.PC (Table 3). Furthermore, the temperature
dependence df..{K, for the reactions of Bz-Arg-Nan and
Bz-Arg-NH; is similar to that obtained with the most specific
Z-Arg-Arg-Amc substrates (not shown).

Linear Eyring plots were obtained for the lower temper-
ature range of the Bz-Arg-Nan reaction (9.56.0°C) and
for the Bz-Arg-Et hydrolysis between 16.5 and 39Q

(Figure 7). For enzyme reactions the transition state is usually

hydrolysis of the isosteric citrulline substrate. Furthermore,
the dramatic change in the pHate profile of the Bz-Cit-Et
reaction indicates different binding modes for this substrate
with respect to Bz-Arg-Et. The high kinetic specificity of
oligopeptidase B toward Z-Arg-Arg-Amc is manifested in a
tight substrate binding rather than in a more effective
transition-state stabilization, the major factor in lowering the
activation energy of extended substrate reactions with trypsin-
like peptidases.

The mechanistic features which distinguish oligopeptidase
B from the human serine peptidases may facilitate drug
design to counteract cell invasion by trypanosomes.
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