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Protease: Electrostatic Precollision Guidance and Transition-State Stabilization

Uwe Koch, Gabriella Biasiol, Mirko Brunetti, Daniela Fattori, Michele Pallaoro, and Christian Stdarku
Istituto di Ricerche di Biologia Molecolare (IRBM) “P. Angeletti”, Via Pontina Km 30,600, 00040 Pomezia, Italy
Receied September 13, 2000

ABSTRACT. Maturational cleavage of the hepatitis C virus polyprotein involves the viral chymotrypsin-
like serine protease NS3. The substrate binding site of this enzyme is unusually flat and featureless. We
here show that NS3 has a highly asymmetric charge distribution that is characterized by strong positive
potentials in the vicinity of its active site and in the S5/S6 region. Using electrostatic potential calculations,
we identified determinants of this positive potential, and the role of six different residues was explored
by site-directed mutagenesis. Mutation of residues in the vicinity of the active site led to chamkgegs in
values of a peptide substrate indicating that basic amino acids play a role in the stabilization of the transition
state. Charge neutralization in the S5/S6 region increaseid .{lvalues of peptide substrates in a manner

that depended on the presence of negatively charged residues in the P5 and P6 pHKsitialoges of
hexapeptide acids spanning-PB1 (product inhibitors) were affected by charge neutralization in both

the active site region and the S5/S6 region. Pre-steady-state kinetic data showed that the electrostatic
surface potential is used by this enzyme to enhance collision rates between peptidic ligands and the active
site. Calculations of the interaction energies of proteasstrate or proteasinhibitor complexes showed

that electrostatic interaction energies oppose the formation of a tightly bound complex due to an unfavorable
change in the desolvation energy. We propose that desolvation costs are minimized by avoiding the
formation of individual ion pair interactions through the use of clusters of positively charged residues in
the generation of local electrostatic potentials.

The replication of the hepatitis C virus (HEV an of these structures led to the proposal that the cofactor
important human pathogen, crucially depends on the pro- activates the enzyme by stabilizing the fold of its N-terminal
teolytic maturation of a large viral polyprotein precursor. The domain that contains both residues involved in catalysis and
viral nonstructural protein 3 (NS3) harbors a serine proteasein substrate recognition.
domain that plays a key role in this process, being responsible The NS3 protease has a rather peculiar substrate specific-
for four out of the five Cleavage events that occur in the |ty, requiring re|ative|y |arge, at least decamer, pept|de
nonstructural region of the HCV polyprotein. The NS3 gypstrates spanning from P6 to’' R21—23). This require-
protein is a multifunctional polypeptide containing both a ment for large substrate molecules is a result of a flat and
serine protease and an RNA helicase-§). The two  featureless substrate hinding site, the binding energy being
enzymatic functions of the NS3 protein are presently the derived from a series of weak interactions distributed along
focus of intensive research since their inhibition is considered this contact surface. Conserved features of NS3 protease
as a possible strategy for the development of antiviral supstrates involved in this recognition process are as fol-

pharmaceuticals7-9). lows: a negatively charged residue in P6, the preference for

The full proteolytic activity of NS3 is attained only upon g cysteine in P1, and a hydrophobic residue in the P4
binding of the protease to the viral protein NS4¥0{-13). position. Besides the acidic residue in P6, some NS3
Synthetic peptides spanning the central, hydrophobic regionsypstrates also contain an additional, negatively charged
of NS4A (residues 2134) were shown to elicit full  residue in the P5 position. Deletion of the acidic residues

activation of the purified NS3 prOtein in V|trd.4—19) The was shown to lead to increasdq, values 21) Similar
X-ray crystal structures of the uncomplexed protease domaineffects were observed upon charge neutralization or inversion
and of the binary serine protease-cofactor peptide complexin this position 22). In addition, Ky, values of all NS3
have been determined-«3). In addition, an NMR solution  sypstrates were shown to increase with increasing ionic
structure of the free enzyme has been obtai@&)i Analysis  strength 23). These findings suggest that electrostatic
interactions involving at least the P6 acid are important

* To whom correspondence should be addressed. Phore39 06 drjving forces in the substrate recognition process. Molecular
fﬂlegiﬁi%%!:ax*ﬂg 06 91093225, E-mail: ChristiarSteinkuhler@ modeling and NMR data in addition to recent crystal-
1 Abbreviations: Cha, cyclohexylalanine; CHAPS, 3-[(3-chol- lographic data have shown that the P6 residue is likely to

amid(_)peryl)dc;mStTf1%/|a£mOmol-_tl-lpraré@eﬁuIfO??te;C Dap, (LiaminO- bind to a region of the protease that is characterized by a
proprionic acid; , dithiothreitol; , hepatitis C virus; Hepes, i i ; ;
N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid; HPLC, high- clustering .Of positively charged ammo. a(.;lds’ and among
performance liquid chromatography; NS, nonstructural; PCR, poly- these, residues K165 and R161 were indicated as possible
merase chain reaction; TFA, trifluoracetic acid. candidates for a specific interactio6, 4, 25).
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The NS3 protease is subject to a remarkable inhibition by substitution in these positions. cDNAs were fully sequenced
its N-terminal cleavage product2, 27). The interaction on both strands in order to ensure that no additional mutations
of hexamer peptide acids spanning from P6 to P1, derivedwere introduced by errors of the Taqg polymerase. In addition,
from the cleavage products of substrate peptides harboringthe purified enzymes were characterized by N-terminal
sequences of the natural cleavage sites, have been extensivelsequence analysis using Edman degradation on an Applied
studied using kinetic method2§), site-directed mutagensis Biosystems model 470A gas-phase sequencer and by elec-
(26), and NMR @4, 25). In addition, structureactivity trospray mass spectrometry done on a Perkin-Elmer AP1 100
relationships were established using both combinatorial instrument. All proteins showed N-terminal sequence het-
techniques Z8) and systematic modifications27, 28). erogeneity with up to 80% of the molecules starting with
According to these studies, product inhibitors bind to the Metl. All synthetic peptides were bought from AnaSpec.
active site of the enzyme in an extended conformation, As protease cofactor, we used a peptide spanning the central
contacting strand E2 of the protease. The strength of thehydrophobic core (residues 2B84) of the NS4A protein
interaction appears to crucially rely on two electrostatic containing a solubilizing lys-tag at its N-terminus [Pep4AK
interactions: one similar to that encountered in the substrate(KKKGSVVIVGRIILSGR(NH,)] (18). Activity assays were
and involving the P6 acidic residue and the other one done in 50 mM Hepes (pH 7.5), 1% CHAPS, 1 mM DTT,
mediated by the Pd carboxylate 28). NMR data, molecular  and 15% glycerol containing 8@M Pep4AK using a
modeling, pH titration experiments, and site-directed mu- synthetic substrate peptide corresponding to the NS5A/NS5B
tagenesisq4—26) have shown that this carboxylic acid most junction of the HCV polyprotein (Pep5AB, EAGDDIVPC-
likely engages in hydrogen bond interactions with the amide SMSYTWTGA-OH). An enzyme concentration of-20 nM
groups forming the so-called oxyanion hole, the protonated was used in these experiments. Reactions were performed
e-N of the catalytic His57 and the side chain of Lys136)( at 23°C, stopped by the addition of TFA, and analyzed by
As observed with substrate peptides, also the affinities for HPLC (22). K, values were determined by nonlinear least-
product inhibitors decrease with increasing ionic strength in squares fit of substrate titration data to the Michadlitenten
a fashion that somewhat correlates with the charge densityequation, using a Kaleidagraph softwakg. values were
on the inhibitor molecule28). The available data pointto a  calculated from IG, values obtained from inhibitor titration
pivotal contribution of electrostatic interactions in enzyme  experiments performed at [S] K, as previously described
inhibitor complex formation. (30).

In the present work, we have attempted to gain a deeper The change of the free enthalpy of bindiAg\Gpinging Was
insight into the role of electrostatics in active site ligand calculated fromK, or K; values according to
binding and catalysis by the NS3 protease and analyzed the
role of six different, positively charged residues in the AAGyinging= RTIN(Kytanf Kuitd—type) @
interaction of the enzyme with substrates or product inhibitors
using site-directed mutagenesis. We show that electrostatic Pre-Steady-State Measuremertssociation rate constants
interactions play a role in the catalytic mechanism and are of the fluorescent active site prolie (Ac-D-E-Dap(N-3-
used by this enzyme to increase the rate of productive dansyl)-E-Cha-C-OH)31) were measured on an SX-MV18
collisions with the active site region. In the absence of well- Applied Photophysics stopped-flow instrument equipped with
defined substrate binding pockets, specificity and affinity are a fluorescence detector and interfaced with a Risc computer.
conferred to the recognition process through the selective The samples and the flow cell were thermostated at@3
attraction of ligands whose charge distribution is comple- To 70-200 nM protease in 50 mM Hepes (pH 7.5), 1 mM
mentary to that of the active site of the enzyme. DTT, 15% glycerol, and 1% CHAPS containing 8M

NS4A cofactor peptide (final concentrations) increasing
MATERIALS AND METHODS concentrations o were added. Under these conditions, we

Enzyme Preparations and Steady-State Kinetic Measure-measured a dead time of 1.8 ms with a standard reference
ments.The NS3 protease domain from the HCV J strain reaction (reduction of 2,6-dichlorindophenol by ascorbic acid,
encompassing amino acids 162206 of the viral polypro-  ref 32). Protein fluorescence was excited at 280 nm, and a
tein was purified fromEscherichia colias previously = 400-nm cutoff filter was used to suppress both the excitation
described29). Point mutations were generated by PCR using wavelength and the tryptophan emission band. Observed rate
mutagenic primers. The following rationale was used in the constants were obtained by fitting experimental data with a
mutagenesis strategy: Residues K136 and R109 are locatedingle-exponential equation by least squares nonlinear re-
in the active site region and were mutated into methionine gression analysisks,s values derived from this fitting
and glutamine, respectively, thereby conserving the hydro- procedure were determined at different concentratior® of
phobic side chains in these positions. R155 is located in aand used to calculate association rate constants according to
position where a serine residue is usually found in other
proteases of the chymotrypsin family (Ser214 in chymot- Kobs = Kott T Korl Pl (2)
rypsin). It was therefore mutagenized into serine. R123 is
highly but not absolutely conserved throughout all HCV The dissociation rate constakgx was estimated from the
isolates, and a threonine residue is found in this position in y-axis intercept okgs versus P] plots.
some strains. This amino acid was therefore chosen to Molecular Modeling.The structural data for the complex
substitute the arginine present in the position 123 of the HCV of the hexapeptide product inhibitor and the NS3 protease
J strain NS3 protease. Residues R161 and K165 are highlywith its cofactor NS4A were taken from the solution structure
solvent exposed, and R161 is located at the tip of a shortof the corresponding complex in the absence of NS24).(
hairpin loop. Serine appeared to be the most appropriateln the solution structure, the S-site of the NS3 protease ligand
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Ficure 1: Ribbon representation of the backbone of the crystal structure NS3 protease/NS4A complex with the backbone of a hexapeptide
product inhibitor. The amino acids discussed are also shown.

binding region without the cofactor NS4A and the crystal due to changes of electrostatic interactions were estimated
structure of the NS3/NS4A compleg)(are very similar so by calculating the [, shifts for these residues in the wild
that the structural data for the product inhibitor are transfer- type and mutants and adding those to the reference 8fate (
able to the complex. Since NMR data for a substrate 38). H57 was considered uncharged in the free enzyme where
molecule bound to the NS3 protease were not available, thea pK, of 6.8 has been measure89 and in the complex
solution structure of the product inhibitor complex was used with Pep5AB. For the calculations of the transition state and
to define the interactions and conformation of the P site of the interactions with the hexapeptide product inhibitors, H57
the substrate Pep5AB. To study the transition state the P1lwas treated as protonated. The transition-state oxyanion was
amide was modeled as a tetrahedral transition state inter-considered to be negatively charged. It was not tried to take
mediate with a covalent bond formed between the catalytic into account the effect ofk, shifts for the transition-state
triad S139y-O and the amide carbon. Thé §ite of the oxyanion since the i, of the reference state is not exactly
substrate was attached in an extended conformation andknown. For each calculation, the crystal structure of the free
subsequently optimized by a combination of molecular NS3/NS4A complex 3, 40) was used. With the exception
dynamics and energy minimization. All calculations were of K136, no attempts were made to take conformational
carried out with the program BatchMin and the molecular changes into account.
modeling package Insightll/Discover (Biosym Technologies  To calculate changes in the electrostatic energy due to
Inc., San Diego, CA). Hydrogen atoms were included, and single mutations, the contribution of that residue was
the potential energy of the complex was expressed by thecalculated according to
force field MMFF (33) with the generalized Born/surface
area implicit solvation model34) as implemented in the 1 o int
MacroModel V5.0 distribution of the simulation program AGy = _Zin¢i + ZQi Ag 3)
Batchmin. No nonbonded or Coulombic cutoffs were used. 29 :
For the dielectric constant of the solute the default value ) )
(1.0) for which this force field has been validateb( was The sum is over all chgrges n Fhe free enzyme and the
used. complex. The first term is the residue’s contribution to the
Electrostatic potentials and electrostatic interaction ener- Slvation energy, and the second term is to the charge
gies were calculated with the DelPhi software packag ( charge interaction. The gecqnd term was furthfar Q|V|ded into
which solves the nonlinear Poisson Boltzmann equation by &1 intermolecular contnbL_mon, the c_hange in interaction
the finite difference method. The calculation employed a grid €N€rdy between the protein and the ligand upon mutation,
of 153 x 153 x 153 with a grid resolution of 0.4 A. We and the change of the intramolecular interactiofis 42).

decided to set the solvent dielectric constant to 80 and the Th€ change in the free binding energy due to a mutation
solute dielectric constant to 4.0 since these values are in(AAGe) was calculated in each case as the difference in the

widespread use for the treatment of proteins using these€léctrostatic binding energies of the wild type and the
methods, thus allowing a direct comparison with results mutagenized enzyme. The atomic radii were taken from the
published elsewhere. No water molecules were explicitly CFF91 parameter set.

included. Charges were assigned to amino acids charged ahESULTS

a pH of 7.5. A single electronic charge was assigned to the

guanidine carbon atom of arginine and the side chain nitrogen Overall Structure of Complex between NS3 Protease and
atom of lysine. One-half of an electronic charge was assigneda Product Inhibitor In Figure 1, a ribbon representation of
to the carboxylate oxygen atoms of aspartate and glutamatethe NS3 protease/NS4A complex is shown together with the
and, if protonated, to the imidazol nitrogen atoms of His. backbone atoms of a hexapeptidic product inhibitor. The
Changes in the protonation state of mutagenized amino acidsnmode of binding of product inhibitors and substrates on the
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Active site

FiGUrReE 2: Electrostatic potential for the NS3 protease/NS4A complex and the product inhibitor Ac-Asp-Glu-Dif-Glu-Cha-Cys-OH separated
(left) and for the NS3/NS4A/product inhibitor complex (right). The average potential is contoured at 2.5 (blue2 &nkl) mot? (red).

S-site of the substrate binding site is assumed to be veryGA-OH (the acidic P6/P5 couple is in bold, the scissible
similar. Figure 1 illustrates how shallow and solvent exposed bond is indicted by a dash between C and S), based on the
the substrate binding region is. NS5AB cleavage site of the HCV polyprotein. The influence

Electrostatic Properties of NS3 ProteasEhe presence pf ngctrostatic interactions.in the recognition of pr_oduct
of a number of highly conserved acidic amino acids in the inhibitors was explored using the hexapeptide acid Ac-
substrates and the most potent product inhibitors as well asPEDIfEChaC-OH and the fluorescently labeled hexapeptide
the importance of product inhibition itsel26, 27) suggest ~ acid Ac-DEDapll-j-dansyl)EChaC-OH, termed compound
that the electrostatic properties of the NS3 protease couldP (31). Binding of P to the NS3 protease can be directly
be important to understand the binding modes of substratesmonitored via fluorescence resonance energy transfer be-
or of small peptidic inhibitors. We have therefore analyzed tween the dansyl residue of the peptide and protein tryp-
the electrostatic potential of the NS3 protease using the tophan residues3().
program DelPhi6). The analysis reveals a charge distribu-  Influence of Mutations of Charged Residues of NS3 on
tion rather unusual for serine proteases. The electrostaticinteraction with Pep5ABThe influence of six single and
potential of the enzyme is in fact characterized by strong two double mutations, affecting charged residues of NS3,
positive potentials in the vicinity of its active site and in the was investigated using Pep5AB (Figure 3A,B). None of the
S5/S6 region (Figure 2). The electrostatic potential of the six single or two double mutations significantly affected the
hexapeptide product inhibitor Ac-Asp-Glu-Dif-lle-Cha-Cys- affinity of the enzyme for the NS4A cofactor peptide or its
OH is complementary to the potential of the protease in the fluorescence emission spectra (not shown). Furthermore, we
substrate binding region (Figure 2). Thus, the lack of well- verified that the K136M mutation did not affect the ther-
defined binding pockets seems to be compensated by a highmostability of the protein (not shown). These data indicate
degree of electrostatic complementarity. The nonuniform that no macroscopic alteration of the protein structure took
electrostatic potential of the protease is caused by two clustergplace as a consequence of mutagenesis. The mutations gave
of basic amino acids: close to the active site there are K136, effects on bothk., and Ky, values that will be analyzed in
R155, and R109; close to S5/S6, six basic amino acidsthe following.
contribute to the positive electrostatic potential in this area  |nfluence of Mutations ond Values. Mutagenesis of
(R161, K165, R130, R123, R119, and R117). In the residues 123, 161, and 165, which are distant from the active
sequences of the natural substrates, this charge distributiorsite, did not significantly affeck. values (Figure 3A).
is reflected by the presence of a conserved acidic amino acidyjytagenesis of residues R155 or R109 lead to a slight

(Glu or Asp) in P6. The most potent hexapeptide product gecrease irk.y values (21% and 40%, respectively). The
inhibitors and substrates contain in addition an acidic amino K136M mutation, either alone or in combination with the

acid in P5. We believe the P5/P6 acidic amino acids to act R109Q mutation, resulted in a pronounced, 4.2- and 8.4-
as an anchor for both the substrate and the product inhibitorsfo|g decrease in thek.s value, respectively. To better

We next decided to explore the role of the positively understand this effect, the electrostatic interaction energies
charged residues in the substrate binding site of the NS3between R109, K136, and R155 and the transition-state
protease experimentally, using site-directed mutagenesis.oxyanion were calculated. For this purpose, Pep5AB was
Three different ligands were used to probe the effect of the modeled into the ligand binding site with a covalent bond
mutations: The influence of the charge interactions involving between the-O atom of S139 and the amide C-atom of the
the P5/P6 acids was investigated using the substrate peptidé1-Cys so that a tetrahedral transition state is formed (Figure
Pep5AB, having the sequence EBBIVPC—SMSYTWT- 4). The electrostatic interactions were calculated between the
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Ficure 3: Effect of mutations of positively charged residues in
the NS3 protease on the interaction with a substrate peptie) 2
nM wt or mutant NS3 protease in 50 mM Hepes (pH 7.5), 1%
CHAPS, 1 mM DTT, 15% glycerol, and 80M Pep4AK were

Biochemistry, Vol. 40, No. 3, 2001635

FiGure 4: Structure of the transition state of substrate cleavage.
The transition-state oxygen atom is bound in the oxyanion cavity

with hydrogen bonds indicated by dashed lines. K136 is shown in
two conformations: one (sticks) corresponding to the solution

structure and the other (balls and sticks) corresponding to a
conformation favored by the presence of negative charges in the
oxyanion hole.

Table 1: ChargeCharge Interaction Energies between Surface
Charges at Positions 109, 136, and 155 and the Transition-State

titrated with a synthetic substrate peptide corresponding to the oxyanion (TS) and H57 Calculated with DelPhi at an lonic Strength

NS5A/NS5B junction of the HCV polyprotein (Pep5AB, EAGD-

DIVPCSMSYTWTGA-OH). Substrate cleavage was assessed by

HPLC, and data were fitted to the Michaelis Menten equation to
obtain values fok.y (A) and K, (B).

oxyanion oxygen and the side chains R109, K136, and R155_His57

(Table 1). Because the mobility of K136 was found to be
high in the crystal and solution structured 24, 40), two

of 0.025 mol =1 for Two Different Conformations of K136

R109 K136nwry  K136mode) R155
(kJ mol?) (kJ molt) (kJ mol?) (kJ mol?)

TS —5.7 —54 —25.2 —-2.0
1.8 2.4 8.8 4.1

basic amino acids in the vicinity of the active site, has been

different conformations were considered. In one case, all determined to be between 10.5 and 12 in the presence of

dihedral angles of the K136 side chain were set to°&86
responding to the most populated conformation in the
solution structure (K13fmgy in Table 1 and Figure 4). In

transition-state analogue43). A reduction of this value by
2.5 units for NS3 protease due to R109, R155, and K136
gives a value> 8 close to where a change in the protonation

this case, the distance between the charged group of K136state at pH 7.5 would be expected. This shift in th& pf

and the oxyanion is relatively large, resulting in an interaction H57 could explain why the K136M mutation increases the
energy similar to that between R109 and the oxyanion. The energy barrier to the transition state by only 3.6 kJ Tha
second conformation corresponds to the orientation foundvalue that is smaller than the calculated electrostatic interac-
to be favored by modeling due to negatively charged residuestion energy between the oxyanion and K136. A reduction in
in the oxyanion hole. This conformation corresponds to that the K, of H57 has also been noted in the solution structure
observed in the crystal structures of the complexes with of the complex of the NS3 protease with a ketoacid inhibitor.
a-ketoacids (K13@gey in Table 1 and Figure 4). This In this case, thelg, of H57 is reduced from 6.8 in the free
conformation appears to be stabilized by the attraction enzyme to 5.739). However, this result has to be interpreted
between the opposite charges of the oxyanion and K136.with the caveat that the ketoacid hemiketal in this structure

Further stabilization is provided by the formation of hydrogen
bonds between the-NH3* of K136 and the carbonyl oxygen
atoms of the Pland P2 amide groups (Figure 4). In this
conformation, K136 makes an electrostatic contribution to

adopts a configuration that differs from the canonical
orientation of the oxyanion expected to occur in the transition
state of amide bond scission.

Influence of Mutations on KValues.Figure 3B shows

the stabilization of the transition-state oxyanion larger than the effect of the mutations on thi€,, value of substrate

that of R109 and R155 (Table 1). In addition, K136 also
destabilizes the positively charged H57 decreasing ks p
by 1.5 pH units. This K, is further decreased by the presence
of R155 (0.7 pH unit) and R109-0.3 pH unit) leading
to an overall reduction by 2.5 units. It is noteworthy that
the K, of the catalytic His of chymotrypsin, which lacks

Pep5AB.Kn, values of amide substrates of the NS3 protease
have been shown to reflect the true equilibrium dissociation
constants of the enzymesubstrate complex2@). Most

mutations had rather modest effects on the affinity of the
enzyme for Pep5AB. The mutation K165S and the double
mutant K165St+ R161S resulted in the largest increases (5-
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30 LA D R Table 2: Role of Negatively Charged Residues in the P5 and P6
25 :_A Positions of an NS5AB Peptide Substfate
g kcat Km AAGbinding
20 b substrate (min7Y) (M)  (kJ mol?)
e 15t EAGDDIVPC-SMSYTWTGA 42 0.5
¥ F EAGDNIVPC—SMSYTWTGA 48 4.1 5.2
< N EAGNDIVPC—-SMSYTWTGA 42 3.8 5.0
10 F ] EAGNNIVPC—SMSYTWTGA 40 25.2 9.7
5 L K165S + R161S£ a2 nM NS3 protease in 50 mM Hepes (pH 7.5), 1% CHAPS, 1
o 1 mM DTT, and 15% glycerol containing 8M Pep4AK were titrated
0 N A AV ARV RS I A with increasing amounts of substrate peptides. Reactions were stopped
0 50 100 150 200 250 300 350 at <10% substrate conversion, and samples were analyzed by HPLC.
NaCl (mM) keat andKm values were obtained from a fit of the cleavage data to the
<o J N Michaelis—Menten equationAAGpingingWas calculated frorky, values
: B 3 according to eq 1.
25 [
r LA N — L L
20 - 5AB PSN+PEN NN O wr
E R161S 1
E 15 N K1658 5
s s Bl R161S + K165S | ]
o 5AB PN
10 | 5AB P6N
5t 5AB P5N+P6N | 5AB PSN
Pyl i s WS, S L -
0 50 100 150 200 250 300 350 A
NaCl (mM) 5AB

Ficure 5: lonic strength dependence if, values. (A) Cleavage

of the peptide substrate Pep5AB (EAGDDIVPCSMSYTWTGA-
OH) by 2-10 nM wt or mutant NS3 protease was assessed in 50 .
mM Hepes (pH 7.5), 1% CHAPS, 1 mM DTT, 15% glycerol, and _FIGURE 6 Inf_Iuence of the R16:_|.'S al’_ld K165S mutations on the
80 uM PepdAK and upon addition of 150 or 300 mM NaCl. interaction with substrates modified in the P5 and P6 positions.
Cleavage kinetics were analyzed as described in the legend of Figure®Ssays were performed in 50 mM Hepes (pH 7.5), 1% CHAPS, 1
3. No significant effect of NaCl was noticed &g values, whereas ~ MM DTT, 15% glycerol, and 8&M Pep4AK using either wild-

Km values increased with increasing salt concentration. Khe type PepSAB (5AB) or the modified 5AB P5N, 5AB P6N, or 5AB
values obtained in the absence of salt (compare Figure 3B) werePSN + P6N peptide substrates (compare Table 2 and legend of
normalized, and the salt-dependégy increase AKy) is shown. Figure 5). Each substrate was reacted with the wild type (WT) or
(B) Cleavage of the peptide substrate PepSAB EAGDDIVPCSM- the R161S, K165S, or R16T5K165S mutant NS3 proteases, and
SYTWTGA-OH (5AB) and of the mutant substrates EAGNDI-  the kinetic parameters of the reaction were determined as described
VPCSMSYTWTGA-OH (SAB P6N) and EAGNNIVPCSMSYTWT- i the Methods sectiorKy, values were normalized with respect to
GA-OH (5AB P5N + P6N) by the wild-type NS3 protease was the Km values obtained with the wild-type enzyme that are listed
assessed as a function of added NaCl. Khevalues obtained in ~ in Table 2.

the absence of salt (Table 2) were normalized, and the relative salt .

dependenceAK,) is shown. wild-type enzyme (Figure 5B). As observed upon charge

neutralization in the positions 161 and 165 of the enzyme,
and 10-fold, respectively) df,, values. Concomitantly, the  also charge neutralization in positions P5 and P6 of the
two mutants showed a diminished sensitivity to increased substrate resulted in a significantly diminished NaCl sensitiv-
NaCl concentration if compared to the wild-type enzyme ity of the respectivek, values. In fact, the affinity for the
(Figure 5A). These data are indicative of residues K165 and substrate with charge neutralization in both P5 and P6 was
R161 being involved in electrostatic interactions with the not affected at all up to an NaCl concentration of 300 mM.
substrate. Molecular modeling (Figure 1) as well as structural We subsequently compared the effects of the mutations
data 6, 24, 25) have suggested that K165 may be involved R161S, K165S, and R161% K165S on the wild-type
in an interaction with the acidic P6 residue, conserved in Pep5AB substrate and on the modified substrates with
most NS3 protease substrates. The role of these electrostatioeutralized P5 and P6 charges (Figure 6). Neutralization of
interactions was further explored by neutralizing the charged the P5 aspartic acid in the P5N substrate only slightly altered
P5 and P6 residues in Pep5AB, through substitution of the the effects of the R161S and K165S mutations in the enzyme.
wild-type aspartic acid residues by asparigine. Both the single In contrast, the introduction of an asparagine residue in the
and the double modifications were investigated. The intro- P6 position of the substrate significantly diminished the
duction of asparagine residues in the P5 and/or P6 positionseffects of the mutations in the enzyme, pointing to an
had no measurable effect dn. values but resulted in  important role of the P6 acidic residue in mediating the
increase, values (Table 2). Both acidic amino acids in electrostatic interactions involving residues R161 and K165.
P5 and P6 contribute equally to the free binding enthalpy. The simultaneous neutralization of both the P6 and the P5
To confirm that the introduction of asparagine residues in charges abolished any significant effect of the R161S,
the P5 and P6 positions of the substrate was indeed affecting<165S, and R161S- K165S mutations.
electrostatic interactions with the enzyme, we determined Having demonstrated that significant electrostatic interac-
the dependence of the P6N and P5N P6N-modified tions occur between R16% K165 in the NS3 protease on
substrates on increasing concentrations of NaCl, using theone hand and the P5 and P6 residues in the substrate on the

4 6 8
(Km)/(Km WT)
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Ficure 7: Effect of mutations of positively charged residues in FIGURE 8: Pre-steady-state kinetic analysis of the interaction of
the NS3 protease on the interaction with an optimized product the fluorescent inhibitoP with the NS3 protease. The interaction
inhibitor. To 2-10 nM wt or mutant NS3 proteases incubated in of wild-type NS3 protease with the fluorescent ligdhd/as studied

50 mM Hepes (pH 7.5), 1% CHAPS, 1 mM DTT, 15% glycerol, in 50 mM Hepes (pH 7.5), 1% CHAPS, 1 mM DTT, 15% glycerol,
and 80uM Pep4AK increasing amounts of the peptide inhibitor and 80uM Pep4AK in the absence or presence of 150 mM NacCl,
Ac-DEDIfEChaC-OH were added; values were determined as using a stopped-flow instrument. Association curves were fitted
described in the Methods section. with a single-exponential equation, thereby deriving values for the
observed pseudo-first-order association rate conksgkons values
were plotted as a function of the concentratiofPdb obtain values

other, we wanted to quantify their relative contribution to for k, and ke according to eq 2 (Methods section),

the overall interaction energAAG values were calculated
from 'FheKm_vaIues of the wild-type and modified SUbStrateS. Table 3: Equilibrium and Pre-Steady-State Parameters of Binding
and listed in Tab. 2. The data show that the electrostatic reaction of Fluorescent Ligar@lwith the NS3 Protease
interactions involving the P5/P6 acidic couple contribute to , = ) - -
27% of the total interaction energy (35.9 kJ miplat the protein/condition Ki (uM) kon(M72S7) kott (S

; : P WT 0.4 1.5x 108 70
investigated ionic strength. N o WT + NaCl 20 1 0% 10° 1

Effect of Charge Mutants on Product Inhibitor Binding. R161S+ K165S 3.0 3.0x 107 82
To explore the role of chargecharge interactions in K136M 30 5.0x 10° 88
enzyme-inhibitor complex formation with hexapeptide car- aK; values were determined from inhibitor titration experiments

boxylic acids (product inhibitors), we first used the hexapep- performed under equilibrium conditions as described in the Methods
tide Ac-DEDIfEChaC-OH. The affinity of this Compound section. On and off rates were determined on a stopped-flow instrument.

for our panel of charge mutants of the NS3 protease wasmagnitude suggestive of a diffusion-limited process. In the
determined under steady-state conditions (Figure 7). Thepresence of 150 mM NaCl, the affinity of the enzyme Ror
affinity pattern turned out to differ substantially from that s decreased 50-fold under equilibrium conditions. Pre-
observed with PepSAB (Figure 3A). In fact, even though steady-state analysis indicates that this decreased affinity
the double mutation R161$ K165S impaired binding of  resyits from a decreased association rate constant (Figure 7
both the product inhibitor and Pep5AB to the enzyme, the ang Taple 3), highlighting the importance of electrostatic
major drop in affinity for the inhibitor was observed upon jnteractions in driving collision processes between the active
mutagenesis of K136 into meth|on|ne, either alone orin the site of the NS3 protease and its complementary charged
context of the R109Q mutation. K136 was previously |igands. The drop in affinity foP produced by the R161S
proposed to interact with the carboxylic acid of product k1655 and K136M mutations is also attributable to an
inhibitors (L6). Our data imply that this interaction is more impairment of the association process.
important than the interaction with R161/K165. Molecular Modeling The interaction energies between the
We next decided to investigate the interaction of the NS3 charged residues in the vicinity of the P5 and P6 binding
protease with a product inhibitor under pre-steady-state sites were calculated from the experimeral values for
conditions. To this purpose, we used a hexapeptide inhibitor, Pep5AB obtained on the mutant enzymes and compared to
P, carrying a fluorescent dansyl label in its P4 position. The the values calculated with DelPhi (Table 4). In accord with
fluorescence energy transfer phenomenon between tryp-experimental data, the chargeharge interaction between
tophan residues of the NS3 protease and the dansyl grouK165 and the P5/P6 couple is strongest followed by R155,
of bound P can be used to determine association rate R123, and R161. In each case however the chacbarge
constants of NS3P complex formation using a stopped- interaction energy is not large enough to compensate the
flow instrument 81). Plots ofkyus versus the concentration  unfavorable change of the solvation energy upon formation
of P were linear and allowed the calculation of the second- of the tight complex. Interestingly some of the charge
order association rate constants as well as the first-ordercharge interactions between oppositely charged amino acids
dissociation rate constants as specified in the methods sectionwithin the ligand binding domain of the NS3 protease,
Figure 8 shows an experiment obtained with the wild-type AAGeinra are enhanced in the low dielectric environment
enzyme either in the absence or in the presence of 150 mMof the complex (Table 4). This is the case for R123, K155,
NaCl. Table 3 summarizes the results obtained with the wild- and D168, which are part of a chain of alternatingly charged
type enzyme and the R16H5K165S and K136M mutant  amino acids (H57, D81, R155, D168, and R123) (Figure 1).
enzymes. The second-order association rate constant for thé\ similar effect has been observed for proteprotein
wild-type enzyme (1.5« 18 M~* s7%) is very fast and its  interactions 44, 45).
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Table 4: Interaction Energies between Surface Charges at Positions _There are sever_al _exampl_es of _enzymes that predomlnz_mtly
123, 155, 161, 165, and 168 and the P5/P6 Acidic Couple from the Utilize electrostatic interactions in the process of specific

Experimentally Determinetr Values of the Point Mutants and substrate recognitior87). In the case of acetylcholinesterase

Calculated with DelPhi (46—48) or Cu,Zn superoxide dismutas&t%-51), the
R123 =~ R155 = R161 ~ K165 = D168 catalytic groups are located at the bottom of a cleft into which

(kdmor™) (kImol™) (kJmor™) (kJmol™) (kJmol™) substrate molecules are electrostatically attracted. These clefts

AAGpining —21 —-21 -17 —40 nd generate dielectric discontinuities that magnify the local

AAGeljntre 0.7 —5.1 0.4 05 -7.2 electrostatic potentials and lead to active site focusing effects

AAGel,sunt  —6.8 -75 -2.2 -97 -37 ) S -

AAG SOl 118.6 321 160.6 192.7 —91.4 (52). This mechanism is clearly not operative in the case of

a Change of intramolecular chargeharge interaction energy upon the NS3 pmtea.se Fhat IS CharaCtenZ?d by a very flat su.ps.trate
ligand binding relative to WT-enzyméChange of intra- and inter-  Pinding site. Binding pockets contribute to the specificity
molecular chargecharge energy: Change of solvation energy upon ~ Of @ molecular recognition event by selecting ligands
ligand binding. according to (among other features) shape complementarity.

In the virtual absence of well-defined binding pockets in the

Table 5: Interaction Energies between Surface Charges at Positions NS3 protease, specificity appears to be conferred to the
109, 136, and 155 and the P1-Carboxylate from Experimentally binding event through selection of ligands with electrostatic

DeterminedK; Values and Calculated with DelPhi complementarity to the substrate binding site of the enzyme.
R109 K136 R155 This situation is unusual for proteases but not unique. In fact,
(kJ mol™) (kJ mol?) (kJ mol?) electrostatically driven enzyme substrate complex formation
AAGpinding -17 —5.1 -2.9 was described for the aspartic protease pepSB H4).
AAGeintra 2.2 3.0 1.4 Among serine proteases, the situation found in NS3 is
AAGeisum -25 -18.1 -2.9

reminiscent of the thrombin exositesy 56). This similarity
is further underlined by the fact that both the NS3 protease

The change of the free energy of binding for the inhibitor and the thrombin exosite Il display high affinities for the
Ac-DEDIfEChaC-OH due to mutation of R109, K136, and charged polysaccharide heparin.
R155, AAGyinging Was next calculated from thi§; values, In some proteins, the long-range character of electrostatic
experimentally determined on the mutant enzymes and showninteractions is used to enhance the diffusion-limited associa-
in Figure 7. Table 5 summarizes the results. The attractive tion process of charged ligandé&-52). In such cases, the
electrostatic interactions between the P1 carboxylate and thecollision frequency of substrates with the complementary
three basic amino acids are significantly smaller than the charged active site is increased with respect to the rest of
loss in solvation energy due to desolvation of these residuesthe protein surface. Using a fluorescently labeled inhibitor,
upon complex formation. In the complex R155 is almost we obtained evidence for the occurrence of such an
completely buried by the P2 and P4 residues, which causeselectrostatic precollision guidance as an important contribu-
the unfavorable change in solvation energy. If only the intra- tion to enzyme-ligand complex formation. The experimental
and intermolecular chargeharge interactions are consid- data pointing to this mechanism are as follows: (i) The
ered, K136 makes the largest contribution to the interaction magnitude of the second-order association rate constant with
energy. The change in the intramolecular chargearge the wild-type enzyme (1.5 10 M~! s7%) is close to the
interactions is unfavorable for the complex due to the changetheoretical diffusion limit for molecules of this size. (ii)
in the protonation state of H57 upon inhibitor binding and Increase of NaCl concentration or mutagenesis of crucial,
the resulting unfavorable interaction between the basic aminocharged residues in the enzyme decreases overall affinities
acids. by affecting association rate constants.

Analyzing our panel of point mutants, we found that most

DISCUSSION mutations had relatively weak effects. We identified K136

In the present work, we show that electrostatic interactions as the most important charged amino acid involved in the
are dominant driving forces of substrate and inhibitor stabilization of the bound Pa carboxylate, whereas K165,
recognition by the NS3 protease. This conclusion is basedespecially in concommittance with the R161S mutation,
on the following experimental results: (i) The NS3 protease turned out to be important in the interaction with the P6 acid.
shows a strikingly asymmetric surface charge distribution Both residues are highly solvent exposed and have high
with a clustering of positively charged residues in the P5/ thermal factors in the X-ray crystal structure, pointing to a
P6 binding region and around the active site. These residuesonsiderable degree of conformational mobility. For indi-
are highly conserved in all HCV isolates. Similarly, nega- vidual residues to engage in ion pair interactions with
tively charged residues are conserved around the P6 positioroppositely charged substrate or inhibitor residues, they have
of all NS3 substrates. (il values of peptide substrates or to be both desolvated and “frozen” in a given conformation.
Ki values of inhibitors increase with increasing NaCl Both processes are energetically unfavorable and indeed
concentration. These values depend on the presence of acidimcomplete Coulombic compensation of desolvation or
residues in the P5/P6 region (and in the P1 region in the entropic effects explains why in some cases electrostatic
case of product inhibitors), and they are affected by mu- interactions may actually oppose bindirgy). In line with
tagenesis of positively charged residues in the enzyme. (iii) these considerations, calculations of the electrostatic interac-
Mutagenesis of positively charged residues in the enzymetion energies performed for the protease with a bound
or neutralization of negatively charged residues in the substrate or inhibitor showed that the chargbarge interac-
substrate peptide results in a decreased NaCl dependence dfons between the oppositely charged amino acids of the
Km values. protein and the ligand are more than compensated by a loss

AAGso 135.9 256.9 326
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of solvation energy. Both entropic and desolvation costs can stereochemistry of the nucleophilic attack by the active site
be minimized if clusters of amino acids contribute to the serine differs from that observed with other serine proteases
generation of a diffuse, local electrostatic potential thereby and is such that the oxyanion intermediate is formed outside
avoiding the formation of individual ion pair interactions. the oxyanion hole39). Stabilization of this unusual transition
This is in line with the observed, relatively weak effect of state presumably relies crucially on a local positive electro-
the single mutations and the incremental effects of double static potential and explains the large effects of mutations
mutants. We think that formation of an only partially affecting this potential.

desolvated encounter complex accounts for the fact that Extrapolation of the quantitative importance of electrostatic
electrostatics enhance association while disfavoring a precisenteractions during HCV polyprotein processing from the in
anchoring of charged ligands. Still, substrate cleavage vitro data presented in this work has to be done with some
requires the correct positioning of the P1 amide, which would caution. In fact, we here report data on the interaction
be difficult to achieve in a complex where the interaction is between a truncated domain and small peptides. In vivo, the
loose and not well-defined. We speculate that the lipophilic relevant interactions occur between macromolecules bound
parts of the substrate, such as the P1 Cys close to the activeéo the membrane of the endoplasmic reticulum. Membrane
site, form tighter interactions with the enzyme whereas the association of both enzyme and substrates will influence
charged residues remain partially solvated. This is in diffusion phenomena, and the charged membrane surface is
agreement with the nature of the P1 specificity pocket, which expected to affect the electrostatic potential of the substrate
is the only lipophilic site in the ligand binding region with  binding site of the NS3 protease. The effect of the membrane
a pocket-like appearance. We would like to emphasize the environment on the electrostatic properties of NS3 will have
potential importance of this effect for inhibitor design. The to be dissected using NS3/4A complex68, ©64) bound to
structure-activity relationship of inhibitors with a high, = membranes or phospholipid micelles.

electrostatically driven association rate can be analyzed by
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