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ABSTRACT: Picornaviruses are small pathogen RNA viruses, like poliovirus, hepatitis A virus, rhinovirus,
and others. They produce a large polyprotein, which is cleaved by virally encoded cysteine peptidases,
picornains 2A and 3C. Picornain 3C represents an intermediate between the serine peptidase chymotrypsin
and the cysteine peptidase papain. Its steric structure resembles chymotrypsin, but its nucleophile is a
thiol instead of the hydroxyl group. The histidine is a general base catalyst in chymotrypsin but forms a
thiolate—imidazolium ion pair in papain. The third member of the catalytic triad is an acid (Glu71) as in
chymotrypsin rather than an amide found in papain. Transformation of poliovirus 3C peptidase into a
serine peptidase results in lower activity by a factor of 430, but the activity extends toward higher pH
with the more basic hydroxyl group. The decrease in activity is caused by the less ordered active site, as
supported by the unfavorable entropy of activation. At°25the specificity rate constant for the thiol
enzyme approachdg, the rate constant for the formation of the enzyrsabstrate complex, bk, the
acylation constant, becomes predominant with the increase in temperature. In contrast, for the serine
peptidase the specificity constant is less tkaaver the entire temperature range, and the transition state

is controlled by bottk; andk,. The acidic component of the catalytic triad is essential for activity, but its
negative charge does not influence the ionization of the thiol group.

One of the largest families of human pathogenic RNA shown that PV3C contains an ordinary thiol group rather
viruses is thePicornaviridae, which includes poliovirus,  than the expected thiolatémidazolium ion pair 9). There-
hepatitis A virus, rhinovirus, and others. Picornaviruses fore, the imidazole assistance in the hydrolysis is very likely
contain a positive sense strand of RNA, translation of which general base catalysis, as found with serine peptidases. The
in infected cells yields a large polyprotein. This polyprotein structural and mechanistic similarities between picornains
is cleaved by virally encoded cysteine peptidases, picornainsand the classic serine peptidases have raised the issue whether
2A and 3C, to produce mature viral enzymes and structural a picornain can be converted into an active serine peptidase.
proteins. Picornain 3C is highly specific for the GIGly This option was not supported by earlier studies, indicating
bond cleavagel-5). that substitution of serine for the catalytic cysteine residue

The crystal structures of the 3C peptidases from hepatitis rendered incapable of processing the polyproté® (1).

A virus (6), rhinovirus ), and poliovirus 8) have shown In contrast, it was demonstrated that some activity was
that these enzymes adopt a two-domaibarrel fold similar retained with the C147S variant of PV3C, and the modified
to that of chymotrypsin, clearly indicating that the structures enzyme exhibited differential effects on the various cleavage
of the virus peptidases are basically different from that of sites of the polyproteinl@).

the classical cysteine peptidase, papain. The active site Reports on the role of Glu71 of the catalytic triad are also
geometries of the nucleophilic cysteine side chain and of contradictory. On the basis of cleavages of peptides and
the general base histidine are virtually superimposable with different fractions of precursor polyprotein, it was concluded
the equivalent residues, Ser195 and His57, of chymotrypsinthat PV3C(E71Q) was proteolytically inactivé3j. On the

(4). The shallow active site cleft of PV3Gs located at the  other hand, it was found that the Glu71 peptidase had retained
junction of the twgs-barrel domains and contains a catalytic some activity 12). Processing of the polyprotein is too
triad composed of His40, Glu71, and Cys147. complex an assay for determining the inherent activity of

Cysteine peptidases are thought to attack the substrate byhe mutated enzymes. As quantitative data could not be
a thiolate-imidazolium ion pair, as demonstrated with the extracted from such studies, here we report detailed kinetic
extensively studied papain. However, we have recently investigations on the C147S and E71Q variants of PV3C,
which allows a deeper insight into mechanistic features of
the catalytic triad.

T This work was supported by the Hungarian Science Fund (OTKA
T/9 T022808).

* To whom correspondence should be addressed. Tel: 36-1-279- EXPERIMENTAL PROCEDURES
3110. Fax: 36-1-466-5465. E-mail: polgar@enzim.hu.

! Abbreviations: PV3C, poliovirus picornain 3C; PV3C(M27G), Preparation of PV3C(M27G/C1479)he C147S mutation

Met27Gly variant of poliovirus picornain 3C; PV3C(M27G/C153S), ; ; ;
doubly mutated poliovirus picornain 3C; EDTA, ethylenediaminetet- was introduced into the plasmid pET3d/PV3C(M27G) by the

raacetic acid; Mes, 2-(morpholino)ethanesulfonic acid; Abz, 2-ami- Same method as used for the M27G mutat@nThe codon
nobenzoic acid; DTE, dithioerythritol; Phe(NQ4-nitrophenylalanine. TGT for Cys147 was changed to AGT (marked as aGT) for
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Ser, and a base A was also changed to T (marked in the From pET3d/PV3C(M27G/C153S/E71Q) the gene of

sense primer as t) to eliminate th#nfl restriction site in

PV3C(M27G/C153S/E71Q) was isolated and ligated into the

the mutated gene, which rendered it possible to verify the pET22b+) vector in frame with the 6 His tag of the vector

mutation. For introduction of the C147S mutation, the
following primers were synthesized: sense primeFr, 5
GCAGGACAGaGTGGTGGtGTCATCAC-3antisense,’s
GTGATGACaCCACCACICTGTCCTGC-:3

by the same method described above for PV3C(M27G/
C147S). ThepelB signal sequence was also excised from
PET22b(+)/PV3C(M27G/C153S/E71Q).

The enzyme was expressed and purified as described for

From the resulting pET3d/PV3C(M27G/C147S) construc- PV3C(M27G/C147S). From 2000 mL of broth, 37.0 mg of
tion the gene of PV3C(M27G/C147S) was isolated by the pure PV3C(M27G/C153S/E71Q) was obtained.

two-step PCR method9), using the original primer (5
CAGAACCATGGGGCCAGGGTTCGA-3 (9) to the B-
end of the gene with Blcd restriction site (underlined) and
a new primer (5AGTTTCTCGAGTTGACTCTGAGT-
GAA-3') to the 3-end with anAval restriction site (under-
lined) instead oBanH| used in the original 3primer. The
amplified gene was digested wibicd and Aval restriction

Kinetic MeasurementsThe activity of PV3C(M27G/
C147S) was measured fluorometrically with the internally
guenched substrate Abz-Glu-Ala-Leu-Phe-GIn-Gly-Pro-Phe-
(NOy)-Ala that is cleaved at the GiGly bond. A sample
(0.3 uL) of the substrate stock solution (1 mg/mL in
dimethylformamide) was added to the reaction mixture of
1.0 mL final volume containing 40 mM Tris-HCI, pH 8.0, 1

endonucleases in the same mixture and ligated into themM EDTA, and 1 mM DTE. Pseudo-first-order rate con-

PET22b(t) vector in frame with the 6x His tag of the
vector. The pET22bf) vector carries an N-terminglelB

stants were determined at Z% using a Cary Eclipse
fluoroscence spectrophotometer equipped with a Peltier four-

signal sequence for potential periplasmic localization. This position multicell holder and a temperature controller. The

sequence was excised from the construction pET2Rb(
PV3C(M27G/C147S) by digestion wittNdd and Ncad

excitation and emission wavelengths were 330 and 420 nm,
respectively. The second-order rate constégi/Kmn) was

restriction endonucleases, which produced overhangs. Thecalculated by dividing the pseudo-first-order rate constant

DNA polymerase | large (Klenow) fragment was used to
generate blunt ends from thé-&verhangs and T4 DNA
ligase for ligation of the blunt ends. The resulting vector
contained the PV3C(M27G/C147S) gene without pedB

by the enzyme concentration. The enzyme concentration was
calculated from the absorbance at 280 nm by ublngalue

of 20000 andAzgo (0.1%) of 0.42 L4). Active site titration

of picornain 3C was carried out as describ&j (

signal. The same procedure was also applied for coupling The pH dependence of the rate constants was measured

the 6 x His tag to the parent PV3C(M27G) gene.

The PV3C(M27G/C147S) gene was expressdddsoheri-
chia coli BL21(DE3)-pLysE cells. The cells were grown at
37 °C to an OD of 0.5-0.6 at 600 nm in four 2000 mL
flasks, each containing 500 mL of LB. Isopropgtp-
thiogalactopyranoside (0.4 mM) and @/mL ampicillin
were added, and the incubation was continued &t %or

at 25°C in a buffer containing 25 mM acetic acid, 25 mM
Mes, 25 mM glycine, 75 mM Tris-HCI, and 1 mM EDTA
(standard buffer), adjusted to the required pH by the addition
of 1 M NaOH a 1 M HCI. The data were fitted by nonlinear
regression analysis, using eq 1 and the GraFit softwldie (

k=k(imit)[l/( + 1P PH+10°" Py (1)

about 15 h. The cells were harvested and suspended in 100

mL of binding buffer [20 mM Tris-HCI, pH 7.9, 0.5 M NaCl,
5 mM imidazole, and 1 mM 2-mercaptoethanol (BB)]. The

wherek(limit) is the pH-independent rate constant ar p
and K stand for the K, values of catalytically competent

suspension was sonicated on ice and centrifuged for 30 minfunctional groups.

at 2000@. The supernatant was loaded onto &MNihelation

column (10 mL), N+=NTA superflow (QIAGEN). The

column was first washed with one column volume of BB
and subsequently with one column volume of 20 mM Tris-
HCI, pH 7.9, containing 0.5 M NaCl and 10 mM imidazole.
The enzyme was eluted with 20 mM Tris-HCI, pH 7.9,
containing 0.5 M NaCl and 50 mM imidazole, and concen-
trated by ultrafiltration on an Amicon PM 10 membrane.

During concentration the enzyme was washed with a buffer

containing 50 mM Tris-HCI, 0.1 M NaCl, 1 mM 2-mercap-
toethanol, and 1 mM EDTA. From 2000 mL of broth, 50

The molar extinction coefficient of the dissociated thiol
group in PV3C(M27G/C153S/E71Q) was determined at 250
nm by monitoring the absorbance change during alkylation
as described in detail §). Samples of 12420.5uM PV3C-
(M27G/C153S/E71Q) were alkylated with 0.79 mM iodoac-
etate in a buffer composed of 25 mM acetic acid, 25 mM
Mes, 25 mM glycine, 75 mM Tris-HCI, and 0.2 mM EDTA
at 25°C.

Rate-limiting general base/acid catalysis was tested in
heavy water (99.9%). The deuterium oxide content of every
reaction mixture was at least 98%. ThéHpof deuterium

mg of pure PV3C(M27G/C147S) was obtained. The enzyme Oxide solutions can be obtained from pH meter readings

exhibited ak.o/Km of 3.75 Mt s7t measured at pH 8.0.
The E71Q mutation was introduced into the plasmid

pPET3d/PV3C(M27G/C153S¥j by the same method as used

for the C147S mutation. The codon GAA of Glu71 was

according to the relationship’y = pH(meter reading)-
0.4 7).

The temperature dependence of the rate constants was
determined at appropriate temperatures using a Peltier four-

changed to CAG for GIn, and a base T was changed to G inposition multicell holder. The reactions were started after

order to create &si restriction site (underlined). This
allowed us to verify the mutation by digestion. For introduc-
tion of the E71Q mutation, the following primers were
synthesized: sense primerGGAACCAATCTQCAgAT-
CACTATAATC-3'; antisense, SGATTATAGTGATcTg-
CcAGATTGGTTCC-3.

the thermal equilibrium had been reached in the cell, which
was equipped with the temperature controller. Activation
parameters were calculated from the linear plots df/T(
versus 1T:

IN(k/T) = IN(RIN\h) + ASHR— AHYRT  (2)
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Table 1: Kinetic Parameters for PV3C Variants Table 2: Melting Points of PV3C Variants
variant Keal Km(limit) pKi pK2 variant pH 8.0 pH 8.5 pH9.5
M27G/C147S 3.96+ 0.06 6.60+ 0.03 9.67+ 0.04 M27G/C147S{C) 46.5 47.7 50.4
(M~tsh) M27G (°C) 46.7 48.1 50.0
M27G 2.554+0.04 6.17+ 0.05 8.52+ 0.05
(mMilsil)a T T L T T T T ]
aFrom ref9. 8.5 E
T T T T T T T —-3 8 - -
- - E C 3
x _ 3
4 _ g 75 | 3
&« % £ - ]
o B L .
x s .
x ] 6.5
0.0032 0.0033 0.0034  0.0035 0.0036
1T

Ficure 2: Arrhenius plots for PV3C(M27G). The specificity rate
constants were measured at the pH optimum (7.6) with AM7
enzyme in HO (O) and?H,0 (®).

pH (meter reading)

Ficure 1: The pH-rate profiles for the PV3C(M27G/C147S). The . . . . .
reactions were measured with Abz-Glu-Ala-Leu-Phe-GIn-Gly-Pro- PH 9.5 when determined by differential scanning calorimetry

Phe(NQ)-Ala in standard buffer®, left ordinate) and in deuterium  (Table 2). Interestingly, the stability of the enzyme increases

oxide @, left ordinate). As a comparison, the pid /K, profile at high pH. The decrease at high pH in the activity of the

for PV3C(M27G) is shown by a thin line (right ordinate) from ref  thio| enzyme very likely arises from the dissociation of the

9. thiol group. Above pH 8.5 the thiol group loses its proton
that is essential for the general base and the subsequent

wherek is an apparent first-order rate constant calculated general acid catalyses. This proton is a catalytically com-
for the reaction with 1.0 M enzymd is the gas constant ~ petent species, which must be transferred to the imidazole

(8.314 dmol K1), T is the absolute temperaturl, is in order that the resulting imidazolium ion, as a general acid,
the Avogadro numbeh is the Planck constant, the enthalpy should be able to protonate the leaving group of the
of activation AH* = —(slope) x 8.314 dmol%, and the tetrahedral intermediate. The same mechanism holds with

entropy of activatiorAS* = (intercept— 23.76) x 8.314  serine peptidases (cf. r&B), but the K, of the serine OH
Jmol K1 The free energy of activationAG*, was group is much higher than that of the thiol group, so that

calculated from the equation: the OH group does not lose its proton in the pH range
studied. Therefore, the decrease in activity may be due to
AG* = AH* — TAS* (3) conformational changes, such as observed with the chymo-

trypsin reactions 19). Indeed, the stability of the enzyme
RESULTS AND DISCUSSION signifipantly c_hanges at high p_H (Table 2), which may be
associated with the alteration in the state of ionization of
The PV3C gene contains an inner initiation codon ATG some lysine residues.
for Met27, which is responsible for the production of a  The low-pH limb of the pH-rate profile is associated with
substantial amount of truncated protei8). Therefore, we  the dissociation of the catalytic histidine. The simplest
have used the PV3C(M27G) variant that proved to be explanation of the i§, shift for the enzyme variant may be
indistinguishable from the wild-type enzyme by activity the altered environment of the imidazole group, influenced
measurements9). This enzyme was employed for the mainly by the oxygen in place of the sulfur atom. In this
preparation of the PV3C variants. environment the imidazole is better protonated, and this may
pH Dependence of the Reaction of PV3C(M27G/C147S).lead to an increase in thekpvalue.
The replacement of the catalytic cysteine of PV3C by a serine  Temperature Dependend&e have previously shown that
residue results in a 430-fold reduction in the specificity rate the Eyring plot [1T vs In(k/T)] for PV3C(M27G) deviates
constant (Table 1). The pHate profiles for the two enzymes  from the linear dependence both in® and in?H,O (9).
are also different (Figure 1). The bell-shaped curve for the The maximum activity (Figure 2) with the thiol enzyme had
modified enzyme is shifted toward the alkaline pH values been reached before the protein tended to denature with the
by 0.45 unit on the acidic side and by 0.9 unit on the alkaline increase in temperature. Indeed, the enzyme retained full
side (Table 1), while the hydrolysis products of the two activity at 25°C after incubation at the highest temperature
enzymes are identical, as determined with HPLC. The employed.
reduction in the rate constant for the enzyme variant at high Low-temperature optimum, such as found with the PV3C-
pH is not the consequence of protein denaturation since the(M27G), is uncommon among enzyme reactions. A similar
modified enzyme maintains its catalytic activity upon temperature effect was observed with thrombin, and the
incubation at pH 9.5 for 1 h. The enzyme is also stable at phenomenon was interpreted in terms of the change in the
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Table 3: Kinetic Parameters for PV3C(M27G)
parameter 10C 15°C 20°C 25°C 30°C 35°C

H20
ki (M~1s™Y) 873+ 18 1162+ 23 1527+ 54 1988+ 108 2563+ 187 32904 306
ko/k-1 328+ 392 94+ 91 29+ 21 9.1+ 4.9 3.0£1.0 1.00+£0.17
E1 (kJ/mol) 38+ 3 38+ 3 38+ 3 38+ 3 38+ 3 38+ 3
E-1 — E (kd/mol) 168+ 30 168+ 30 168+ 31 168+ 31 168+ 31 168+ 31
2H,0
ki (M™1s7Y) 1697+ 66 2362+ 45 3240+ 59 4396+ 159 5903+ 333 7881+ 607
ko/k-1 71144 21207 1184+ 2834 217+ 367 41+ 47 8+5 1.7£0.3
E: (kd/mol) 45+ 3 45+ 3 45+ 3 45+ 3 45+ 3 45+ 3
E-1 — Ex (kd/mol) 241+ 84 241+ 84 241+ 84 241+ 83 241+ 84 241+ 83

individual rate constants that compdsg/Kn, as defined by A T T T T T T T
the equations20, 21): 3.8

kl k2 *
E+S3=ES—EA @) 42

kel Ko = ik (K1 + k) =KoL+ ) (5) e

In(keat/Km/T)

-4.6

where k; and k-; are the rate constants for binding and 4.8
dissociation of the substrate, respectivégdyis the first-order 5
acylation rate constant, EA is the acyl enzyme, and
represent&,/k_,, the stickiness of the substra@?y. Sticki-

ness is high ifk_; < k. It follows from eq 5 thatkea/Knm 0.0033 0.0034 0.0035
approximatesk; whenevero. > 1. The temperature depen- L

dence of the rate constants can be obtained from the equation B
(20):

Keaf Kin = Ky 0 @XPI(-E/R)(LT — 1Told/(1 +q)  (6)

LI LI LI AL DL |

T R VA0 T T T |

11 el e e et et

whereq = oo expEJ/R(LT — 1/To)], kiois the value ofk;
at the reference temperatule = 298.15 K, E; is the
activation energy associated wikh, andE, = E-; — E,.
From the temperature dependence okdgKr) (Figure 2), 15
the value ok; and the ratio ok./k-; can be obtained together

with the corresponding activation energies. B<an be set 1 L 1 1
to any value, the parameters can be calculated for various 00032 00033 00034 00035  0.0036
temperatures. The data obtained in such a way are shown in T

Table 3. ) : : _
. FIGURE 3: Eyrin lots for picornain 3C. (A) The reactions
It can be seen from Table 3 that the ratio lkfk—, measured at)éH %.fwith %MpPVSC(M27G/C(:1)47S) are repre-
decreases with the increase in temperature, indicatingsented byk../Knm in H,O (O) and2H,0 (@). (B) Thek; values for
considerable rate enhancement for the dissociation of thethe reactions of PV3C(M27G) measured ig0HO) and?H0 (@)
enzyme-substrate complex compared to its conversion into are taken from Table 3.

acyl enzyme. While the changes in the reaction are clear, . ) o
the values display very large errors, in particular at low smallerk.a/Kn, with respect t;. A mechanistic difference

temperature wherk, > k_,, andkea/Kn approaches,. As between the serine variant and its parent thiol enzyme is that
the substrate dissociation has high activation enekgy, <2 @dk-1 approach one another in the thiol enzyme with
becomes predominant at high temperature. Thus, a plot ofth€ increase in temperature, wherkafor the serine enzyme
In(keaKm) VS 17T yields a distinct maximum curve defined ~€mains smaller thalk_; over the available temperature
by eq 6 @0). Consistent with the assumption made in the "ange.
Arrhenius law, the activation energies do not alter in a  In the thiol enzyme reaction the substrate is a sticky
reasonable temperature ran@g.is rather large, indicating ~ Species; i.e., once it is bound, it never leaves the enzyme
a major difference between the activation energies for the but is converted into products. In other words, the commit-
dissociation and the breakdown of the enzymabstrate ~ ment to catalysis is unity. In the case of the serine enzyme,
complex to acyl enzyme. k_, increases in comparison kg, the commitment decreases,

In contrast to PV3C(M27G), the reaction of the C147S and the substrate becomes less sticky.
variant follows linear temperature dependence, as illustrated Sobent Isotope Effect® further difference between the
by the Eyring plot, IT vs In[(kca/Km)/T], shown in Figure serine and thiol enzymes concerns the rate-limiting steps of
3A. Therefore, individual rate constants for the C147S variant the reactions, which were tested by kinetic deuterium isotope
cannot be calculated. It is the valuelgfthat is expected to  effects at different temperature values. Kinetic deuterium
decrease in the reaction of the serine enzyme. Héaosay isotope effects have been widely studied to reveal general
be smaller that_; in the entire temperature range, resulting base-catalyzed processes, which are slower in deuterium

In(k1/T)

para byt e aealang

TTTT T TTTTTTT
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16 Fo TR R Table 4: Thermodynamic Parameters for PV3C Varfants
) 14 B 7 AH* AS AG*
E T+ A variant (kFmol™)  (Imol -K™1)  (kJFmol™)
e 12 [ 7] M27G/C147S 19.2 —170 69.8
b 1+ _ M27G/C147STH20) 43.2 —89 69.8
g L ] M27G° 315 77 54.4
g o8 [ - M27G (k; in H,0) 36.0 —-61 54.2
T B M27G® (ky in 2H,0) 42.0 —34 52.2
4 - - -
3 06 - XX 4 aMeasured at the pH optimlRefers to kea/Km from ref 9.
x 04 | L) — ¢ Calculated for the rate constant of formation of the enzyséstrate
B oo
0.2 Ll_l_Lllllllll|IllllI|IllI|ll- Complexkl)'

10 15 20 25 30 35

Estimation of Thermodynamic Parameters from Nonlinear
Temperature (°C)

Eyring Plots.It can be anticipated that the smalletin water
Ficure 4: Temperature dependencekef{ Km(H20)kealKm(*H20). pertains to higheE; and that the highé; in deuterium oxide
The isotope effects are shown for PV3C(M27G/C147S) &nd has a lowerE,. The opposite finding (Table 3), however,
PV3C(M27G) ®). indicates that considerable entropy effects should be associ-
oxide than in water by a factor of-23, as observed in serine  ated with the reactions in water.

protease catalysis, for example, in the chymotrypsin and The activation enthalpie®\H*) and entropies4S) were
subtilisin reactions (cf. refl9). In contrast to the values calculated from Eyring plots. As the points fdta/Km
characteristic of general base catalysis, picornain 3C exhib-progressively declined from a straight line, thevalues for
ited a large inverse effedtsafKm(H20)/Keaf Km(?H20) = 0.41. different temperatures were calculated from eq 6, using
This may be due to conformational changes upon substrateseveral differentT, temperature values, instead of the
binding and/or structure stabilization in heavy water that standardT, = 298.15 K. The Eyring plots were perfectly
promotes catalysis9}. This is consistent with the three- linear with thek; data (Figure 3B). The thermodynamic
dimensional structure of PV3C, indicating that the polypep- parameters extracted from the plots are compiled in Table
tide loop preceding Cys147 is flexible and likely undergoes 4, which also contains the corresponding data for the C147S

a conformational change upon substrate bindi8g An variant. In the latter cask../Kn is used, which does not
additional concept that can account for the inverse effect is simplify to k; but remains equal t&ko/(k-1 + ko).
the low fractionation factor of a thiol groups(= 0.41— The thermodynamic data offer an explanation for the lower

0.46) @3). The fractionation factor of an exchangeable activity of the serine enzyme. The radius of the oxygen atom
hydrogenic site is the ratio of protium to deuterium in a is smaller by 0.4 A than that of the sulfur atom. Therefore,
mixture of HO and?H,0 of atom fraction deuterium 0.500. the reactants must move toward each other within the
Deuterium accumulates at the more weakly bonded sites, likecomplex for reaction to occur (entropic effect). The larger
a thiol group. The fractionation factors of the most common sulfur, on the other hand, is able to make a close contact
exchangeable sites (OH and NH) are close to uri§).( with both the imidazole and the substrate carbonyl carbon
When going from the ground state to the transition state, atom. This rationale is clearly supported by the large
the fractionation factor of 0.4 changes to 1.0. difference in theAS* values for the serine and cysteine
In the case of PV3C(M27G/C147S) no kinetic isotope peptidases (Table 4). In the case of the serine enzyme the
effects were found. As seen in Figure 1, the rate constantslarge negative\S* is consistent with a disordered active site
determined in water and heavy water fit to the same bell- that displays enhanced motility, which must be frozen out
shaped curve measured at 26. This suggests that the on going to the transition state. Thus a high entropy barrier
formation of the enzymesubstrate complex, rather than the can predominantly account for the impaired catalytic ef-
general base-catalyzed chemical acylation, is predominantficiency of the modified enzyme.
in the rate-determining step. Effect of CysteineSerine Exchange on Substrate Specific-
With the thiol enzyme the inverse effect is maintained over ity of PV3C. It was reported that the mutants of PV3C,
the whole temperature range (Figure 4) with only a slight including the C147S variant, have differential effects on the
change with temperature. In contrast, with the serine enzymecleavage at different GlaGly junctions of the polyprotein
the kinetic isotope effect decreases exponentially from normal (12). Among the eight junctions cleaved by PV3C, the
to inverse, displaying no isotope effect at 25 (Figure 4). peptide comprising the 2C/3A junction is the best substrate
As discussed above, in the case of the thiol enzyme there is(24, 25). The fluorescent derivative of this peptide has been
a full commitment to catalysis. The formation of the used in this study. To examine a possible change in the
enzyme-substrate complex predominates the reactioef ( specificity of the serine enzyme, we have synthesized a
Km ~ ki), which is associated with a large inverse effect. peptide containing the 3C/3D junction: Abz-Phe-Thr-GIn-
With the serine enzyme normal isotope effects are apparentSer-Glu-Gly-Glu-Phe(Ng-Ala. This proved to be a rather
at low temperature, indicating that tkeis expressed in the  poor substrate (3.75 M s™1) compared with that normally
transition state. This implies that the reaction has a virtual used here (2230 M s™%). Table 5 shows that the relative
(23) or composite transition state, involving both the forma- decrease in activity is not very different for the two
tion of the enzyme substrate complex and acylatiok./ substrates; i.e., the transformation of the thiol peptidase into
Km = kiko/(k—1 + kp)]. The contribution of acylation to the  a serine enzyme does not appreciably modify the specificity.
rate-limiting transition state significantly depends on the  Importance of Glu71The classical cysteine peptidases of
temperature. the papain family contain a neutral asparagine as part of the
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Table 5: Effects of Serl47 on the Specificity of P\3C
initial rate (%)

enzyme 2C/I3A 3C/3D
PV3C(M27G) 100 100
PV3C(M27G/C147S) 0.18 0.28

a Specific substrate involving 2C/3A junction: Abz-Glu-Ala-Leu-
Phe-GIn-Gly-Pro-Phe(N£-Ala. Poor substrate involving 3C/3D junc-
tion: Abz-Phe-Thr-GIn-Ser-Glu-Gly-Glu-Phe(Nf2Ala.

2
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Ficure 5: pH dependence of the molar extinction coefficient of
Cys147. Data for PV3C(M27G/C153S/E71Q) were calculated from
alkylation with iodoacetatea). The points were fitted to a simple
sigmoid curve, using the following parameters:= 2.38 + 0.06
mM~1cm™%; pK, = 8.85+ 0.03. The change in the molar extinction
coefficient for PV3C(M27G/C153S) is also showr, dashed line)
from ref 9. The dashed line practically merges into the solid line.
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did not alter. Hence, the dramatic reduction in the catalytic
activity is very likely due to improper participation of the
histidine residue. The crystal structure of PV} ghows
that the conformation of the imidazole ring is stabilized by
a hydrogen bond formed between one of the oxygen atoms
of the carboxyl group of Glu71 and ‘N of His40. The
glutamic acid is further stabilized by hydrogen bonds from
His40 N and Asn69 R to Glu71 Ot and G2, respectively.
The stabilization of the imidazole ring apparently becomes
less effective when the carboxyl oxygen of Glu71 is replaced
by the NH group. Accordingly, an intimate interaction
between the thiol and imidazole groups, which could modify
the K, of the thiol group, does not exist, in agreement with
the lack of the thiolateimidazolium ion pair.

Conclusion.The conversion of the nucleophile, Cys147,
of PV3C into Serl47 results in an active serine peptidase
but with specificity rate constant decreased 430-fold. Owing
to the higher [, of the hydroxyl group, the modified enzyme
remains active at higher pH than the parent thiol enzyme.
The reduced activity of the enzyme variant is primarily due
to the less ordered ground state of its reaction, as indicated
by the large negative entropy of activation.

The mechanisms of action of picornain 3C and its serine
variant are different in several respects. At°25theke./Knm
for the thiol enzyme is close t& but changes with the
increase in temperature, & becomes more and more
important, leading to an optimum temperature. For the serine
peptidasek.a/Km < ki, and the transition state involves
contributions from both acylation and the formation of the
enzyme-substrate complex. Due to the increasing rate

catalytic triad, whereas the picornains have an aspartic orlimitation by acylation, the inverse isotope effect turns to
glutamic acid. This might suggest that, in contrast to serine normal in the lower temperature range.
peptidases, the negative charge is not important at the active Glu71 plays a crucial role in the catalysis, as its replace-

site of cysteine peptidases. To study the role of Glu71 of

ment by glutamine practically inactivates the enzyme. The

PV3C(M27G/C153S), the charged residue was replaced bydecrease in activity is about 40000-fold. Unexpectedly,

the neutral glutamine. For this study the enzyme with a

elimination of the negative charge does not influence the

C153S mutation was employed because the elimination ofjonization of the thiol group. Consequently, the reduction in

the second cysteine of PV3C facilitated the investigations

on the catalytic cysteine residue (see below). Since PV3C-

(M27G/C153S/E71Q) proved to be a practically inactive
enzyme, a 6x His tag was added to the C-terminus of the
enzyme to facilitate isolation. The extra histidine residues
linked to the parent active enzyme did not affect the catalytic
activity. The enzyme with GIn71 displayed very low activity,
which did not permit the determination kf.,/Kn. However,
initial rate measurements could clearly show that the
introduction of the mutation decreased the activity by a factor
of 40300. Since the thiol group of the enzyme may be more
or less oxidized during preparation with partial loss of
activity, we have titrated the free thiol groups by the Ellman
reagent [5,5dithiobis(2-nitrobenzoic acid)Pg). Thanks to
the single thiol group in PV3C(M27G/C153S/E71Q), the
active site thiol group could readily be titrated, and this
yielded 0.98 mol of thiol group per mole of enzyme.

The active site of papain involves a thiolatenidazolium
ion pair. In contrast, PV3C has a normal thiol group with a
pK, of 8.86 @). The dissociated form of a thiol group can

be detected by alkylation, as this abolishes most of the 9.

absorbance of the thiolate ion at 250 nbé)( Figure 5 shows

that the substitution of Glu71 by a glutamine does not
influence the ionization state of the catalytic cysteine,
indicating that the nucleophilic reactivity of the thiol group

activity is due to an adverse change in the position of the
imidazole ring that is no longer able to fulfill properly its
role as a general base catalyst.
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