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ABSTRACT. Picornaviruses produce a large polyprotein, which is cleaved by virally encoded cysteine
peptidases, picornain-2A and -3C. Picornain-3C has characteristics of both the serine peptidase chymotrypsin
and the cysteine peptidase papain in that the 3D structure resembles chymotrypsin, but its nucleophile is
a cysteine SH rather than a serine OH group. We investigated the specificity of poliovirus picornain-3C
(PV3C) protease and the influence of kosmotropic salts on catalytic activity, using FRET peptides related
to a cleavable segment of the virus polyprotein. The peptidase activity of PV3C was found to be 100-fold
higher in the presence of 1.5 M sodium citrate. This activation was anion-dependent, following the
Hofmeister series citrate > SO~ > HPO;2~ > acetate > HCO;~ > CI~. The activation appeared to

be independent of substrate sequence and arose primarily from an incréageArshift to higher pH

was also observed for thekp of the enzyme pH-activity profile. Experiments with the fluorescent probe
ANS (1-anilino-8-naphthalene sulfonate) showed that the protease bound the dye in the presence of 1 M
sodium citrate but not in its absence or in the presefideMd NaCl. Structural changes in PV3C protease
were detected using circular dichroism and the thermodynamic data indicated a more organized active
site in the presence of sodium citrate. PV3C protease was also activatg® jmvbich was added to the
activation by citrate. These effects seem to be related to nonspecific interactions between the solvent and
the protein. Our data show that the catalytic efficiency of PV3C protease is modulated by the composition
of the environment and that this modulation may play a role in the optimal processing of polyprotein for
the virus assembly that occurs inside specific vesicles formed in poliovirus-infected cells.

Picornaviruses (name derived from “pico’(small) and 5). The 3D structures of picornains have been solved and
“RNA") form a family of small closely related RNA reviewed by Seipelt et al6] and, because of their obvious
nonenveloped viruses responsible for several human andrelationship to serine peptidases, grouped in the family C3
animal diseases, such as poliomyelitis (human polio virus, and clan PA. Picornains differ from the most extensively
HPV), the common cold (human rhinovirus, HRV), hepatitis studied cysteine peptidases of the papain family that contain
A (human hepatitis A, HAV), a rare form of myocardium an Asn residue as the third member of the catalytic triad,
inflammation (encephalomiocarditis virus, EMCV), and the whereas the PV3C protease contains Glu71. In this respect,
highly contagious livestock foot and mouth disease virus picornains resemble the enzymes of the chymotrypsin family,
(FMDV). The mRNA-like genomes of picornaviruses are which also have a carboxyl group in the catalytic triad.
translated as large polyproteins, which are processed byMoreover, in the catalytic triad of PV3C protease that
specific viral proteases, namely 2A, 3C and leader proteasesgmploys His40, Glu71 and Cys 147, the imidazole group of
to produce structural and nonstructural proteins of the virus. His40 operates as a general base, as found with serine
The 3C protease or its precursor 3CD protease is responsiblepeptidases?, 8). In contrast to the expected decrease in the
for carrying out the majority of proteolytic processing events, value of the specificity constank&/Km) in D2O, an inverse
and all picornavirus geneomes encode this enzyme. The 2Adeuterium isotope effect was observed for the substrate
protease (2A°) is encoded in enterovirus and HRV, and the hydrolysis by PV3C protease, and the increase in enzyme
leader protease {°) is found in FMDV. The large number  activity was associated with the stabilization of the protein
of studies regarding the details of picornavirus replication structure 7). Moreover, the reported catalytic efficiency of
and proteolytic maturation has been thoroughly revievied (  PV3C protease on synthetic substrates is quite low compared

to the activities of classic cysteine or serine proteaSes (
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tions belav 5 M (14). The modulation of the activities of added substrate. The slope was converted into micromoles
these viral proteases by the environmental composition isof substrate hydrolyzed per minute on the basis of a
particularly relevant, taking into account that in poliovirus- calibration curve obtained from the complete hydrolysis of
infected cells the increase of the concentration of ions reduceseach peptide. The inner-filter effect was corrected using an
overall protein synthesid b) and induces the rearrangement empirical equation as previously describ@@)( The kinetic

of intracellular membranes into characteristic vesicles. Theseparameter&,, andk., with respective standard errors were
membrane vesicles form a complex that contains virus calculated by the MichaelisMenten equation using Grafit
proteins and provides the structural basis for rapid and software (Erithacus Software, Horley, Surrey, U.K.).
efficient RNA replication. In addition, the vesicles cause a  Determination of the Substrate Clesge SitesThe scissile
severe structural reorganization of the cell, leading ultimately bonds of hydrolyzed peptides were identified by isolation
to cytopathology and cell deattig—20). All these observa-  of the fragments using analytical HPLC (as described above),
tions prompted us to investigate the effects of salts, deter-from amino acid sequencing (protein sequencer PPSQ-23,
gents, and glycosaminoglycans as possible regulators of theShimadzu, Tokyo, Japan) and by MALDI-TOF mass spec-
peptidase activity of PV3C protease using fluorescence- trometry (Tof-Spec-E, Micromass).
resonance-energy-transfer (FRET) peptides as substrates Salt Influence on Catalytic Acity. The influence of NaCl,
derived from the nonstructural 2C/3A cleavage site of NaOAc, NaSQ, NaH,PQO, and Na citrate on the catalytic
poliovirus polyprotein. We also performed a thermodynamic activity of PV3C protease was investigated over a salt range
analysis of PV3C protease activity as well investigations of 0.5-1.5 M. The measurement of initial velocity of
using circular dichroism and fluorescence spectroscopy in hydrolysis were made using 20M Abz-EALFQGPLQ-

the presence of salt. EDDnp as substrate at 2& in 50 mM Tris-HCI at pH 8,
containing 1 mM EDTA with {) or without (o) salt to obtain
MATERIAL AND METHODS the ratio ofv/v, reflecting the activation by salt.

pH and Temperature Dependence of Specificity Constant.

EnzymesRecombinant poliovirus picornain 3C (M27G)  the pH dependence of rate constants was measured at 25
were expressed iB. coli BL21 (DE3) pLysS as previously ¢ iy 4 four-component buffer comprised of 25 mM acetic
described 7). The bacterial cells were harvested by cen- acid, 25 mM Mes, 75 mM Tris, and 25 mM glycine
trifugation, suspended in 100 mL of buffer A (50 mM Tris- containing 1 mM EDTA and 1 mM DTE (standard buffer)
HCI at pH 8.0, 25 mM NaCl, 1 mM EDTA, 5 mM  ang adjusted to the required pH by the additibt 8 NaOH
2-mercaptoethanol, and 5% glycerol) and sonicated. The cell 5, 1 M HCI. The reactions were performed under pseudo
extract was centrifuged for 30 min at 18@0and applied 10 first_order conditions of hydrolysis of Abz-EALFQGPLQ-

a 6 mL Resource-Q column (Amersham Biosciences) gppnp. The data were fitted with the GraFit software to
equilibrated with buffer A. In contrast to mod. coli the appropriate equation as described earlirThe same
proteins, poliovirus picornain 3C protease failed to bind to procedure was employed to verify the effeELV Na citrate
the resin at this pH. The void volume containing the enzyme ., he pH dependence of PV3C protease activity.

was concentrated by ultrafiltration on an Amicon PM10 Temperature dependence of the specificity constagt (
membrane and applied to a Superdex-75 columnx(S06 Km) was determined as described previousk). (The

cm), previously equilibrated with buffer A in _the Presence  pygrolysis of Abz-EALFQGPLQ-EDDnp by PV3C protease
of 100 mM NaCl. The enzyme was eluted with a flow rate a5 monitored under pseudo-first-order conditions with or
of 0.5 mL/min. From 1000 mL of broth, 12.3 mg of PV3C- \\ihout 1 M Na citrate in Tris-HCI buffer at pH 8.0

(M27G) protease was obtained. The enzyme concentrationcomaining 1 mM EDTA and 1 mM DTE. Activation

was determined as described previousty. ( parameters were calculated from a linear plot ofdafK.)/
PeptidesThe FRET peptides based on the poliovirus 2C/ T] versus 1T (eq 1)

3A protease cleavage site (Abz-EALFQGPLQ-EDDnNp) were

synthesized by solid-phase synthes?d)( An automated In[(k.,{K)/T] = IN(RIN;h) + AS/R — AH*/RT (1)

benchtop simultaneous multiple solid-phase peptide synthe-

sizer (PSSM 8 system, Shimadzu, Japan) was used 10yhereR s the gas constant (8.314 J mbK-Y), T is the
synthesize peptides using the Fmoc-procedure. All peptidesgpqiute temperaturéls is the Avogadro numbeh is the
obtained were purified by semipreparative HPLC on an ecosil p|5k constantAH* (AH* = —(slope)x 8.314 J mot?) is
C-18 column. The molecular mass and purity of synthesized o enthalpy of activation, andS* (AS* = (intercept—
peptides were checked by amino acid analysis and MALDI- 23.76) x 8.314 J mot! K1) is the entropy of activation.

TOF mass spectrometry using a Tof-Spec-E from Micromass, The free energy of activationG*, was calculated from
Manchester, U.K. Stock solutions of peptides were prepared eq 2.

in DMSO, and the concentrations were measured spectro-
photometrically using the molar extinction coefficient of AG* = AH* — TAS )
17.300 Mt cm™t at 365 nm.

Enzyme assayds'he hydrolysis of FRET peptides was ANS BindingThe extent of exposure of the hydrophobic
assayed in a Hitachi F-2500 spectrofluorimeter, at’@5 surfaces of the enzyme was measured by its ability to
The enzyme was preactivated in the presence of 1 mM DTE increase the fluorescence of 1-anilino-8-naphthalene-sulfonic
for 2 min before the addition of substrates. Fluorescence acid (ANS) @3). A stock solution of ANS was prepared in
changes were monitored continuouslylat= 320 nm and methanol, and the concentration of the dye was determined
Jlem = 420 nm. The enzyme concentration was chosen at ausing a molar extinction coefficient of 5000 Mcm™ at
level intended to hydrolyze less than 5% of the amount of 350 nm. The excitation wavelength was set at 380 nm, and
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Ficure 1: Effect of salts on PV3C protease activity. Activation Figure 2: pH—ke/Kn profile for the reaction of PV3C protease
factors ¢/vo) were determined by measuring the initial velocity of  with the substrate Abz-EALFQGPLQ-EDDnp in the abser®@g (
hydrolysis of 2uM Abz-EALFQGPLQ-EDDnp by PV3C protease  and presences) of 1 M Nacitrate. The hydrolysis conditions are

in the presence or absence of Na citraig, (NaH,PO, (@), Nay- described in Materials and Methods.
SO, (O), NaOAc @), and NaCl 4). The assay conditions are
described in Materials and Methods. 10.5 (Figure 2). Optimal hydrolysis occurred around pH 7.7

. ken in th ‘ in absence of salt and at 8.1 in the presericeM Na citrate
the emission spectra were taken in the range oF-BID it hell-shaped curves, similar to those previously reported

nm. The molar ratio of protein to ANS was 1:50. (7). Na citrate shifted the acid limb of the pHactivity curve
Size Exclusion Chromatograph.Superdex-200 column by 0.86 [K, units toward higher pH (g = 6.22 in absence

(Amersham Biosciences) was equilibrated with 50 MM Tris- ot <o and 7.08 in the presenceloM Na citrate), whereas
HCl at pH 8.0 containing 100 mM NaCl or 50 mM Tris-  yne ¢, value of the basic limb did not significantly change

HC at_ pH 8.0 cqntaining 0.5 .Na citrate. Protein s_amples (pK2 = 9.20 in absence of salt and 9.30 in the presence of
were incubated in each elution buffer for 10 min and 1 M Na citrate).

subsequently applied to the appropriately equilibrated col- Heparin sulfate and heparin, up to 20 concentration,

umn. The samples were eluted at a rate of 0.5 mL/min With yiq ot exert any significant effect on the hydrolytic activity
the same buffer used for equilibration. The elution Was ¢ py/3¢ protease either in the presence or in the absence of
monitored at 280 nm. The molecular mass markers utilized 1 M Na citrate. These results suggest that the activation by

were: blue dextran, thyroglobulin, catalase, albumin, car- ga5 js not dependent on a particular positively charged
bonic anhydrase, and citochrome C (Amersham Biosciences) ace in the protein where heparin or heparin sulfate could
Circular Dichroism. CD spectra were recorded with @ pinq and activate the peptidase.

Jasco J-810 spectropolarimeter equipped with a Peltier  £¢qct of Na Citrate on PV3C Conformatidosmotropic
system of cell temperature control. The absorbance spectrggy ctyre maker) salts as citrate and sulfate can produce
of PV3C protease_ (1.1 mM) were collected n near-UV range nonpolar interactions in proteins, which may result in the
(240-350 nm) usig a 1 cmpath length cell in the absence  55gqciation and, in some cases, the activation of monomers.
or presencefal M Na citrate in Tr'S'H_CI buffer at pH 8.0. . This was observed with the human cytomegalovirus (hCMV)
The system was routinely calibrated with an agueous solution 5,4 the herpes simplex virus (HSV) proteases that form
of recrystallized di-camphorsulfonic acid. Ellipticity is omodimers and are strongly activated in the presence of
reported as molar ellipticity,d] (deg cnf dmol™). The o4 o5 >g) To examine whether PV3C protease activation
spectrometer gondltlons were typlcally 100 mdeg sensibility; by citrate was due to dimerization, the enzyme was gel
0.5 nm resolution8 s response time; 50 nm minscan rate,  fiiared on a Superdex-200 column in the absence and
and 8 accu_mulatlons at 28C. The control baseline was presence of 0.5 M Na citrate. As shown in Figure 3, PV3C
obtained with solvent and all of the buffer components . qiease was eluted at a molecular mass of 22.4 kD in the
without the proteins. The absorbance spectra of PV3C ypqence of Na citrate and at 20.0 kDa in its presence (0.5
protease in the absence of salt was also obtained in the fary;) Thjs result does not support dimer formation and instead

UV range (196-250 nm). _ , suggests that PV3C protease may adopt a more compact
Isotopic EffectGeneral base catalysis was tested in heavy gyy,cture in the presence of salt. Alternatively, the increase
water (99.9%). The deuterium oxide content of the reaction ;,, the retention time in the presence of Na citrate could be

mixtu_re was at Ieast_97.5%. The pD of the de_uterium oxi_de the result of a stronger interaction between the protease and
solution can be obtained from pH meter readings according i, gel matrix.

to the relationship pD= pH(meter readingj- 0.4 (24). Conformational change in PV3C protease, due to salt

RESULTS effects, was also investigated by monitoring the fluorescence
of ANS when interacting with protease. As shown in Figure
Effects of Anions, pH, and Glycosaminoglycans on PV3C 4, the fluorescence emission spectra of the ANY3C
Protease Actiity. The effects of the anions of the Hofmeister protease complex is significantly higher in the presence of
series, with N& as the common cation, were determined at Na citrate than in the presencé bM NacCl or in absence
various concentrations on the hydrolytic activity of PV3C of these salts. These results suggest that Na citrate but not
protease (Figure 1). Citrate was the most effective activator NaCl induces the formation of hydrophobic ANS binding
of PV3C protease on the hydrolysis of Abz-EALFQGPLQ- sites, which increased the fluorescence of the ligand.
EDDnp, whereas HPQ? SO, 2, OAc-, and CI also We further investigated the occurrence of conformational
activated the enzyme but were less efficient. changes in PV3C protease, measuring the circular dichroism
The effect of Na citrate on the pH dependence of PV3C (CD) spectra of the PV3C protease protein (Figure 5). In
protease activity was determined over the pH range of 5.0 the far-UV region (196-250 nm), only the spectra in the
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the absence of salt is different from that in the presence of
1 F 1 M Na citrate, suggesting that salt alters the environment
of aromatic amino acids within the protease structure (Figure
08 5)_

Influence of Na Citrate on PV3C Specificifyable 1 shows
the kinetic parameters of hydrolysis of the FRET peptide
04 Abz-EALFQGPLQ-EDDnNp (peptide 1) and its six variants
obtained by Ala scanning (peptides Il to VIII). The hydrolysis
of the susceptible peptides (I to IV and VI to VIII) was
activated by Na citrate. The cleavage of the hydrolyzed
peptides occurred only at the—<% bond, either in the
presence or in the absence of salt. We further examined the

Fioure 3 Estimation of the apparent molecular mass of PV3C susceptibility to PV3C protease of peptides that resulted from
protease. A Superdex-200 column was calibrated with molecular the substitution of GIn at th_ellbos't'on by amino aC'qS other
mass markers in 50 mM Tris-HCl at pH 8.0 containing 100 mM than Ala. All of them (peptides IX to XIII) were resistant to
NaCl (©) and 50 mM Tris-HCI at pH 8.0 containing 0.5 M Na  hydrolysis, except for peptide IX with Glu at the [position,
citrate @) as described in Materials and Metho#sis defined as which was hydrolyzed but only after a long period of
(Ve — Vo)/Vs, WhereVe is the volume required to elute the molecule  jhcubation. The Ssubsite of PV3C protease presented a

of interest,Vy is the void volume of the column, and is the . o ; L
volume of the stationary phas2d). PV3C proteasex) was eluted  "eStricted specificity for GIn, and the'Sand $' sites have

at 18.3 mL (apparent molecular mass of 22.4 kDa) in the absence? significant preference for Gly and Pro, respectively because
of Na citrate and at 19.4 mL (apparent molecular mass of 20.0 their substitution by Ala (peptides VI and VII) resulted in

02 -

0 I I I I
1 18 2 248 3
log M

kDa) in the presence of Na citrate. substrates that were hydrolyzed wkh/K, values 5 to 10
times lower than those of peptide I. In contrast, peptides I
3500 9 a 1B and VIII, in which Ala was located at positiong Bnd R,
3000 4 ] respectively, in place of Leu, were better hydrolyzed than
2500 4 1 Y peptide |. The activation of PV3C protease by Na citrate
— 2000 4 1 ™ occurred essentially by increasing thg; value without
‘j: 1500 A : significant alterations i, values. The enzyme activation
1000 4 ‘ : by Na citrate was in the range 5000, as shown in Table
500 . 1. The preferences of the PV3C protease subsites for the
0 - = amino acids at each position of the substrates are in
400 500 600 400 500 GO0 accordance with the proposed docking model obtained from
Wavelength (nm) the 3D structure of the enzym832) as well as to reported

Ficure 4: Comparative ANS fluorescence emission spectra. (A) speqﬂcny studies using the mutggeneSIS of polyprotein at
ANS fluorescence emission spectra in absence (-—) and presencd®0Sitions close to the cleavage site Glaly (34, 35). The

of PV3C protease—). (B) ANS—PV3C protease fluorescence hydrolysis of peptide IX at the GtuGly peptide bond was
emission spectra in the presendeloM NaCl (—) and 1 M Na very slow but suggests that the hydrophobic character of the
citrate (---). S, subsite and the hydrogen bond between'#iiand the
carboximide of GIn 82) is a very important requirement for

10 the catalytic activity of PV-3C protease.
‘é Nlert ,eta, Sobent Isotopic EffectKinetic deuterium isotope effects
0 ,""‘,-’ ~ have been widely studied to reveal a general base-catalyzed
% ) process, which is expected to be slower in deuterium oxide
z 10 F than in water by a factor of 23, as observed in serine
protease catalysis36). In PV3C protease, a mechanism
20 A similar to that in the papain family (thiolate-imidazolium ion
240 260 280 300 320 340 360 par) was ruled out, and an inverse kinetic solvent isotopic
Wavelength (nm) effect was reportedrj. Here, we investigated the Na citrate
Ficure 5: CD spectrometra of PV3C protease. Near-UV range CD effect on the hydrolysis of Abz-EALFQGPLQ-EDDnp by
spectrum in the absence-] and presence (---)fd M Na citrate. PV3C protease in fD. Figure 6 shows that the enzyme is

Assay conditions are described in Materials and Methods. activated by Na citrate in £ to a larger extent than that in

absence of salt were obtained because of the high absorptiotH,O. The kinetic parameters for this reaction in®were

of Na citrate. The CD spectra were deconvolutg@ (ising obtained both in the absence of Na citratg:(= 0.06 s,
CDNN software 81), indicating a high percentage of Kp=17.9uM, keofKn= 3.4 mMs1) and in the presence
B-structure (53%) in the PV3C protease (data not show). Theof 1 M Nacitrate o= 2.02 %, Ky = 20.3uM, KeafKm =
p-structure content obtained from CD is consistent with that 99.5 mM s71). The ket andk.ofKrm values for peptide | in
also calculated from the crystal structuB2fusing the DSSP  H,0, both in the presence and in absence of Na citrate, are
algorithm available from Sequence Details of PDB (54.1% significantly lower than those in D (Table 1). Therefore,

p structure). For other picornains, similar amounts of the inverse kinetic solvent isotopic effect remains even in
f-structure were foundl1@, 33). In the near-UV range of  the presence of Na citrate. This result suggests that the
240-350 nm, which is characteristic of the tertiary protein enzyme activation mechanisms by@and Na citrate are
structure, the CD spectrum of PV3C protease obtained in additive and that the demonstration of the possible general
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Table 1: Kinetic Parameters for Hydrolysis by PV3C of FRET Peptides Derived from Abz-EALFQGPLQ-EDDnp in the Absence and Presence

of 1 M Sodium Citraté

absence of salt

1 M sodium citrate

activation
kcat Km kcal/Km kcat Km kcathm faCtOIb
no. peptide (s™ (uM) (mM-tsd (s™ (uM) (mM-Ls™® (fold)
I Abz-EALFQIGPLQ-EDDnp 0.03 14.0 2.2 0.87 16.0 54.0 24
Scan of Ala
1] Abz—AALFQlGPLQ—EDan 0.01 18.2 0.5 0.96 20.0 48.0 104
1l Abz-EAAFQIGPLQ-EDDnNp 0.08 34.9 2.2 3.34 26.4 126.6 57
v Abz—EAL_AQlGPLQ—EDan 0.01 41.3 0.3 0.66 43.5 15.1 48
Y, Abz-EALFAGPLQ-EDDnp resistant to hydrolysis
\ Abz-EALFQIAPLQ-EDDnp <0.1mMtst 0.34 39.3 8.7
Vi Abz-EALFQIGALQ-EDDnp <0.1lmMis? 0.28 53.3 4.5
VI Abz-EALFQIGPAQ-EDDnp 0.03 18.5 1.8 2.72 21.3 127.8 70
Modifications at R position
IX Abz-EALFElGPLQ-EDan <0.1mMilst? <0.1mMilst
X Abz-EALFRGPLQ-EDDnp
Xl Abz-EALFHGPLQ-EDDnp resistant to hydrolysis
Xl Abz-EALFNGPLQ-EDDnp
Xl Abz-EALFZGPLQ-EDan

a Conditions for hydrolysis: assays were performed &X25n 50 mM Tris-HCI at pH 8,0. PV3C protease was preactivated with 1 mM DTE.
The concentrations of the substrates employed in each determination were above and bKlgweaihies.? Activation factor is the ratio okea/Km
values in the presence to absence of salt. The errors for determination of the kinetic parameters were lower than 5% and 10% in at least three
determinations in the presence and absence of salt, respectively. The hydrolyzediporate fetermined by HPLC/mass spectroscopy.
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FIGURe 6: Solvent isotopic effect in PV3C protease salt activation.
Activation factors ¢/vg) were determined by measuring the pseudo-
first-order rate constant of hydrolysis of Abz-EALFQGPLQ-EDDnp
by PV3C protease in varying concentrations of Na citrate either in
water ) or in deuterium oxide @®). The assay conditions are
described in Materials and Methods.
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Ficure 7: Eyring plots for PV3C protease. Measurements were
carried out in the absenc®) and presence®) of 1 M Na citrate.
Assay conditions are described in Materials and Methods.

base-catalyzed mechanisBv(38) in D,O is precluded even
in the activated enzyme.

Temperature Dependence of PV3C Aityi Figure 7
shows the Eyring plot using thé&../Kn values of the
hydrolysis of Abz-EALFQGPLQ-EDDnp by PV3C protease
in the presence and absenceloM Na citrate over the
temperature range ¥25 °C in which a linear relation was

Table 2: Activation Parameters for the Hydrolysis of
Abz-EALFQGPLQ-EDDnp by PV3C Protedse

AS* AH* AG*
(I moltK-1) (kJ mol?) (kJ mol?)
without salt —146+ 14 144+ 1.3 58+ 5.1
1 M Na citrate —53+0.5 31+ 0.6 47+ 0.7

a Assay conditions are described in Materials and Methods. The
standard deviations are indicated, which were obtained from the
variation of kea/Kn values in each temperature, and the propagation
error was taken into account.

The linear Eyring plots permitted the calculation of the
following thermodynamic parameters: entropy of activation
(ASY), enthalpy of activation AH*), and Gibbs free energy
of activation AG*), which are shown in Table 2. In presence
or absence of salyS* has negative values that are consistent
with the gain of order during ES complex formation. The
entropy in the presence of Na citratA= —53 + 0.5

J Mol™! K™1) is lower than that in its absencd$ =
—1474 14 J Mol t K1), This suggests that high Na citrate
concentration favors a higher structural organization of PV3C
protease.

DISCUSSION

The activation of PV3C protease by salts followed the
Hofmeister series, citrate SO~ > HPQ? > Cl~, with a
remarkable enhancement of 100 times in the hydrolysis rate
of the FRET peptide Abz-EALFQGPLQ-EDDnp in the
presence of 1.5 M Na citrate (Figure 1). Similar peptidase
activations by salts were described earlier for the human
glandular kallikrein 3 (hK3), which corresponds to human
prostate-specific antigerB9), HRV-14 3C proteasel@),
human cytomegalovirus (hCMV), and herpes simplex virus
(HSV) proteases. The last two proteases are activated by
forming homodimers in the presence of saf5{28),
whereas hK3 remains a monomer in the activated form.

observed. This is in accordance with the earlier reported dataKosmotropic salts, like sodium citrate, P&, and Na-

with the same enzymér) for the temperature range used.

HPQ,, are preferentially excluded from the solvation shell
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of proteins because they have higher affinity for water than
for the protein surface. The interaction of these salts with
protein surfaces is unfavorable, and the tendency of the
protein is to change its conformation, reducing the exposition

of the surfaces39—43).

The activation of PV3C protease by Na citrate was
associated with conformational changes as demonstrated by

ANS binding and circular dichroism and without oligomer-

ization, as shown by gel filtration. The 3D structure of the
enzyme shows a flexible loop in the region between residues
140-146, which could stabilize the substrate in its transition

state form 82). Similar activation by salts with changes in

the protein conformation was reported for human prostate-

specific antigen 39). Human kallikrein 6 (hK6) was also

shown to be strongly activated by Na citrate but without

detectable conformation changdg) All these salt-activated

serine peptidases belong to the trypsin family (S1 family).
It is noteworthy that activation by salt is one of three
characteristics that the PV3C protease shares with trypsin-
like peptidases besides the 3D structure and the operation

of a His40-imidazole group as a general base.
In addition to the activation by Na citrate, the pH-activity
profile of PV3C protease was also affected, th@ palue

being shifted to basic pH, possibly due to modifications in
the microenvironment of catalytic His40. The rates of

hydrolysis of peptide Abz-EALFQGPLQ-EDDnp and its Ala

substituted derivatives (Table 1), which were susceptible to
PV3C protease, were increased to similar extents in the
presence of Na citrate without change to the cleavage site. 17.
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in the presence of Na citrate. This result suggests that the
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Cohen, K. A., Hansen, G., Palladino, D. E., Harris, K. S., Nicklin,
M. J., and Wimmer, E. (1989) Cleavage of synthetic peptides by
purified poliovirus 3C proteinasé, Biol. Chem. 2649738-9741.
Weidner, J. R., and Dunn, B. M. (1991) Development of synthetic
peptide substrates for the poliovirus 3C proteindseh. Biochem.
Biophys. 286402-408.

11. Hata, S., Sato, T., Sorimachi, H., Ishiura, S., and Suzuki, K. (2000)
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A simple purification and fluorescent assay method of the
poliovirus 3C protease searching for specific inhibitarsyirol.
Methods 84117—-126.

.Wang, Q. M., and Johnson, R. B. (2001) Activation of human

rhinovirus-14 3C proteas#irology 28Q 80—86.

Guarne, A., Hampoelz, B., Glaser, W., Carpena, X., Tormo, J.,
Fita, I., and Skern T. (2000) Structural and biochemical features
distinguish the foot-and-mouth disease virus leader proteinase from
other papain-like enzymed, Mol. Biol. 302 1227-1240.

14. Sommergruber, W., Ahorn, H., Zophel, A., Maurer-Fogy, |., Fessl,

F., Schnorrenberg, G., Liebig, H. D., Blaas, D., Kuechler, E., and
Skern, T. (1992) Cleavage specificity on synthetic peptide
substrates of human rhinovirus 2 proteinase 2ABiol. Chem.
267, 22639-22644.

15. Bossart, W., and Bienz, K. (1981) Regulation of protein synthesis

16.

conformational modification of the protease induced by Na 44

citrate, which leads to activation, influences the catalytic site
groups more than the peptide binding site and relates well

with the increase ik, rather tharK,,. It is also consistent

with the notion that in the evolution of enzymes, it is more

important to improve catalysis than bindings(-47). That

the structure of enzyme catalytic sites, as that of PV3C
protease, can be modulated by environmental conditions such
as salt concentration exemplifies a further fine-tuning mech-
anism for biological control and adaptation. Such fine-tuning
properties could be particularly relevant for infective viruses
that occupy, as does poliovirus, special complexes of vesicles

formed by the virus inside the cell4§—20) in which the
immediate environmental composition can be regulated.
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