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ABSTRACT The hepatitis C virus NS3 protease is responsible for the processing of the nonstructural region of viral precursor
polyprotein in infected hepatic cells. NS3 has been considered a target for drug discovery for a long time. NS3 is a zinc-depen-
dent serine protease. However, the zinc ion is not involved in the catalytic mechanism, because it is bound far away from
the active site. Thus, zinc is essential for the structural integrity of the protein and it is considered to have a structural role.
The first thermodynamic study on the conformational equilibrium and stability of NS3 and the effect of zinc on such equilibrium
is presented here. In agreement with a previous calorimetric study on the binding of zinc to NS3, the global unfolding heat
capacity is dominated by the zinc dissociation step, suggesting that the binding of zinc induces a significant structural rearrange-
ment of the protein. In addition, contrary to other homologous zinc-dependent proteases, the zinc-free NS3 protease is not
completely unstructured. It is apparent that the conformational landscape of hepatitis C virus NS3 protease is fairly complex
due to its intrinsic plasticity, and to the interactions with its different effectors (zinc and the accessory viral protein NS4A) and

their modulation of the population of the different conformational states.

INTRODUCTION

The hepatitis C virus (HCV) is the major etiologic agent of
parenterally transmitted non-A, non-B hepatitis (1). HCV
infected people amount to >200,000,000, with 80% of
them becoming chronic patients, and many of them pro-
gressing to cirrhosis and hepatocellular carcinoma.

The viral RNA is directly translated in infected cells into
a precursor polyprotein of ~3000 residues, which must be
processed for successful viral maturation. Host cellular
proteases are implicated in the processing of the structural
viral proteins, whereas two different proteolytic activities,
nonstructural protein 2 (NS2) and nonstructural protein
3 (NS3), encoded in the viral polyprotein, are involved in
the processing of the nonstructural region. The NS2-NS3
junction is cleaved intramolecularly by the NS2/3 protease
activity. This protein comprises the NS2 C-terminal and
the NS3 N-terminal domains and is a zinc-dependent pro-
tease (metallo- or cysteine-protease) (2-5). The rest of the
nonstructural junctions downstream of NS3 (NS3-NS4A to
NS5A-NS5B) are cleaved by the NS3 protease activity,
which is a zinc-dependent serine protease comprising the
NS3 N-terminal domain (6-9) (Fig. 1 A). The two viral
proteolytic activities map to overlapping regions in the viral
polyprotein, but they are different in terms of the catalytic
residues, biochemical mechanism, and structural and
conformational arrangements of the protein domains (10).

NS3 protease contains a zinc ion tetra-coordinated by
three cysteine residues and a histidine in its C-terminal
domain, though the histidine can be replaced by a water
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molecule (7) (Fig. 1 B). The zinc ion is essential for the
proteolytic activity, because its removal leads to protein
inactivation. However, the zinc ion is 20 A from the cata-
Iytic triad. Therefore, the zinc ion is thought to have a struc-
tural role, stabilizing the protein conformation (6,11,12).
Interestingly, extracellular homologous serine proteases
(e.g., chymotrypsin) present several intramolecular disulfide
bonds; in particular, one of the disulfide bonds is in a loca-
tion equivalent to that of the zinc ion in NS3. Thus, the zinc
ion is supposed to be involved in the folding mechanism or,
alternatively, in the stabilization of the folded conformation
of the enzyme, or both.

It has been previously suggested that both protease activ-
ities, NS2/3 and NS3, rely on the same zinc ion bound
to NS3, but with the zinc ion having a catalytic role in
NS2/3 protease and a structural role in NS3 protease
(2,9,10,13). This is evidence for the functional and confor-
mational plasticity of NS3 protein.

Since its identification, the NS3 protease active site has
been considered a target for drug design. Although very
few protease inhibitors have entered clinical trials, a broad
variety of competitive inhibitors has been developed. More-
over, the NS4A binding site constitutes another weak point
in the NS3 protease, which has not drawn much attention so
far. Finally, the zinc-binding site has also been considered
a valid target for drug design (11). Previously, the NS3-
zinc interaction was studied directly by isothermal titration
calorimetry (14). The main conclusion was that zinc
removal elicits a conformational change associated with
the loss of most NS3 protease structure.

The conformational stability of NS3, the modulation
effect induced by zinc, and its structural consequences
are investigated in the work presented here. Thermal

doi: 10.1016/5.bpj.2010.10.037


mailto:adrianvc@unizar.es
mailto:omabian.iacs@aragon.es
http://dx.doi.org/10.1016/j.bpj.2010.10.037
http://dx.doi.org/10.1016/j.bpj.2010.10.037
http://dx.doi.org/10.1016/j.bpj.2010.10.037
http://dx.doi.org/10.1016/j.bpj.2010.10.037
http://dx.doi.org/10.1016/j.bpj.2010.10.037

3812 Abian et al.

A HCV RNA
p7 NS4A ’NS4B
7
5‘—| c| Et E2 NS2 NS3 | NS5A NS58 I— 3
Structural Proteins Non-Structural Proteins
Polyprotein
p7 NS4A 'NS4B
n 7
C E1 E2 NS2 E NS3 | NS5A NS5B |

Cellular protease NS3 protease

NS2-3 proteafe l
OEEIECID

NS4A  NS4B

\

core envelope p7

NS3 NS3 NS3
protease  NTPase Cofactor
helicase

FIGURE 1

NS5A NS5B

RNA-dependent
RNA polymerase

(A) Schematic representation of the processing of the viral polyprotein. (B) Structure of the NS3 protease. The zinc ion is shown in open repre-

sentation (sphere); the coordinating residues are shown in shading (sticks) surrounding the zinc atom; the catalytic residues are shown in dark shading (sticks)
in the groove between the two structural domains; and the accessory NS4A peptide is shown in open representation (sticks) along the N-terminal domain.

denaturations followed by differential scanning calorimetry
(DSC) and emission fluorescence spectroscopy were per-
formed. To the best of our knowledge, this work is the first
calorimetric study on the conformational stability of NS3
protease. Although the NS3 protease is the N-terminal
domain of NS3 protein, it has been demonstrated that the
isolated NS3 protease domain has a similar behavior (in
terms of NS4A activation, proteolytic activity, and inhibi-
tion) to that of the NS3 protease domain in the full-length
NS3 protein.

Finally, the characterization of the NS3 protease is
appealing because:

1. Itis a small enzyme with a complex behavior rooted in its
plasticity, as well as its interactions with effectors and
substrates.

2. It is a pharmacological protein target, and its conforma-
tional behavior may give some valuable information on
potential weak points for small-molecule ligand design,
on the impact of resistance-associated mutations in its
conformational stability, or on new methodologies for
identifying noncompetitive conformational inhibitors
that trap the enzyme in nonactive conformational states.
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MATERIALS AND METHODS
Expression and purification of the NS3 protease

NS3 protease from HCV genotype 1b J-strain is encoded in a pET7 plasmid
(a kind gift from Dr. C. Steinkiihler, Istituto di Ricerche Molecolare,
“P. Angeletti”, Rome, Italy). The 180-residue protease sequence contains
a solubilizing C-terminal tail (-SKKKK). Transformed BL21 Star (DE3)
One Shot cells (Invitrogen, Carlsbad, CA) were grown in LB medium sup-
plemented with ampicillin at 37°C. Induction of protein expression was
initiated when optical density at 600 nm reached 0.6-0.8 by adding
0.4 mM IPTG (isopropyl 6-D-1-thiogalactopyranoside) and zinc chloride
0.1 mM, and progressed for 3—5 h at 23°C. Cells were collected and resus-
pended in sodium phosphate 5 mM, pH 7.5, NaCl 150 mM. Then cells were
collected again, and resuspended in Buffer A (Tris HCI 10 mM, dithiothrei-
tol 5 mM, Glycerol 10%, zinc chloride 100 uM) and broken by sonication.

The supernatant was passed through a Q-Sepharose anion exchange
column followed by an SP-Sepharose cation exchange column, in an
AKTA Fast Performance Liquid Chromatography System (GE Healthcare
Biosciences, Piscataway, NJ) at a 5 mL/min flow (with the absorbance
monitored at 280 nm). Protein bound to the SP-Sepharose resin was eluted
using two ionic strength gradients (0—-15% and 15-50%) with Buffer A and
NaCl 1 M added. For storage, protein was dialyzed in buffer MOPS 10 mM,
pH 7, zinc chloride 10 uM. For sample preparation, a rapid buffer exchange
process to sodium acetate 100 mM, pH 5, zinc sulfate 50 uM, was made,
using Amicon centrifugal devices (Amicon, Houston, TX). Considering
the affinity of NS3 for zinc (14), the final concentration of free zinc
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after several concentration-dilution steps by centrifugation must be close
to 50 uM.

The apo-NS3 was obtained as described in Abian et al. (14). Briefly, puri-
fied NS3 was concentrated and diluted at least 10 times in a centrifugal
device (Amicon) in the presence of 2 mM EDTA (ethylene-diamine tetra-
acetic acid) at pH 5 (sodium acetate 100 mM). Because at pH 5 the affinity
of EDTA for zinc binding is three orders-of-magnitude larger than that of
NS3 for zinc binding at 15-25°C (and presumably to other temperatures,
according to the heat capacities and enthalpies determined for zinc binding
to EDTA and NS3 protease), all zinc ions were removed from the protein
(14). Experimental evidences (NMR, fluorescence, and circular dichroism
(CD) spectroscopies, and isothermal titration calorimetry) indicated that
zinc-free NS3 protease loses most of its tertiary structure, but also retains
most of its secondary one (14).

Differential scanning calorimetry

The heat capacity of NS3 as a function of temperature was measured with
a high precision differential scanning VP-DSC microcalorimeter (Micro-
Cal, Northampton, MA). Protein samples and reference solutions were
properly degassed and carefully loaded into the cells to avoid bubble forma-
tion. Thermal denaturation scans were performed with freshly prepared
buffer-exchanged protein solutions. The baseline of the instrument was
routinely recorded before the experiments.

Experiments were performed in 100 mM sodium acetate, pH 5, at a scan-
ning rate of 1°C/min. Experiments were carried out with 40 uM of protein
and different total concentrations of zinc. Different concentrations of zinc
were achieved by adding zinc or EDTA from calibrated reference stock
solutions. Thermal denaturations were reversible (as judged by the agree-
ment of the thermogram shapes and sizes between the first and the second
scans), concentration independent (with regard to the protein), and scan-
rate independent. Pre- and posttransition baselines were considered linear
with temperature.

Intrinsic protein stability parameters were obtained by analyzing thermal
scans for ligand-free protein considering a two-state unfolding model. A
two-state protein in the presence of a ligand has been traditionally analyzed
as a two-state protein with altered thermodynamic unfolding parameters
(that is, considering just two states: native and unfolded). Thus, the ligand
interaction and influence are only implicitly considered, so that the ligand-
bound protein behaves as a protein with different unfolding parameters to
those of the ligand-free protein, modulated by the ligand concentration.
Therefore, the experimental unfolding of a ligand binding protein is always
coupled to ligand dissociation, but that does not mean that the data analysis
has always accounted for the ligand dissociation in an explicit manner.

In many published works, the analysis of the thermal unfolding of
protein-ligand complexes has been performed by applying a two-state anal-
ysis without including the explicit dependence on ligand-binding affinity
and ligand concentration. However, when a ligand is present, whether at
equal or higher concentration than that of the protein, and irrespective of
the ligand-binding affinity, the system must be considered as constituted
by the protein, with intrinsic stability parameters equal to those of the
ligand-free protein, and the ligand, with intrinsic binding parameters,
modulating the protein stabilization energy. Thus, any perturbation in the
system will involve the explicit coupling between two equilibria: conforma-
tional equilibrium and ligand binding equilibrium. In addition, the influence
of the ligand on the conformational stability of the protein will be reflected
through that coupling.

Considering that the only protein conformational states are the native, the
ligand-bound, and the unfolded state, the partition function of the three-
state system, Q, is given by (15,16)

K,

DA 3 )

6]

where K, is the intrinsic unfolding equilibrium constant, K,(7) is the
intrinsic association constant, and [L] is the concentration of free ligand.
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The model takes into account the equilibrium between the native (N),
ligand-bound native (NL), and unfolded (U) states: U = N+L = NL.
The total concentration of native state ([N]4+[NL]) has been selected as
the reference state for normalizing in the definition of the partition function
(15). The average enthalpy of the system, (AH), is obtained through the
temperature derivative of the partition function,

(AH) = RT2aalnTQ = Fy(AHo — FyAHg)
= Fy(AH, — (AHg)), 2

where AH, is the intrinsic unfolding enthalpy, AHj is the binding enthalpy,
F is the fraction of unfolded protein, Fp is the fraction of protein bound to
ligand, R is the gas constant, and 7 is the absolute temperature. Finally, the
excess heat capacity, (ACp), is calculated as the temperature derivative of
the enthalpy:

(acy) = 21810 ®

If we are interested in the parameters for the unfolded state, we get for the
Gibbs energy, the unfolding enthalpy and the unfolding heat capacity,

AG = AGy + RT In(1 + K,[L]) = AG, — (AGy)
AH == AHO—FBAHB == AH()— <AH3>
AH2
RT?

ACPZ ACPO—FBACPB—FB(I—FB) = ACP0—<ACPB>,

“)

which are valid in the case of ligand concentration much higher than the
protein concentration, where AGj, is the intrinsic unfolding Gibbs energy,
ACpy is the intrinsic unfolding heat capacity, and ACpp is the intrinsic
binding heat capacity. It is clear from the previous equations that the
apparent unfolding parameters are a function of the intrinsic unfolding
parameters and the intrinsic ligand binding parameters. The presence of
the ligand modulates the apparent unfolding parameters. All the intrinsic
parameters (for conformational and binding equilibria) are temperature-
dependent. In order to evaluate numerically the excess heat capacity
(Eq. 3) considering the limited total amount of ligand when both protein
and ligand concentrations are comparable (15), the fraction of protein in
the different conformational states must be calculated. The mass conserva-
tion for each species provides a set of equations,

[Ply= [N] + [NL] + [U] = [N] 4 K,[NJ] [L] + K,[N]

®)
[Lly = [L] + [NL] = [L] + Ku[N]J [L],

which can be solved numerically or analytically. Here, N is the zinc-free
native protein, and NL is the zinc-bound native protein. Once the free
concentrations [N] and [L] are known, the concentration of each conforma-
tional state can be calculated. Finally, the excess heat capacity can be calcu-
lated at each experimental temperature from Eqs. 2 and 3. Data were
analyzed using software developed in our laboratory implemented in
ORIGIN 7 (Originlab, Northampton, MA).

The unfolding thermodynamic parameters for NS3 are not influenced by
the ionization properties of the buffer as long as the pH of the experiment is
close to the buffer pK, (4.76 for acetate), and the buffer ionization enthalpy
is small (—0.1 kcal/mol for acetate) (17). Therefore, buffer-independent
binding parameters are obtained from the calorimetric experiments.

Fluorescence spectroscopy

Fluorescence measurements were performed in a thermostated Chirascan
fluorescence spectrophotometer (Applied Photophysics, Leatherhead,
Surrey, UK), monitoring the intrinsic tryptophan fluorescence in NS3
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protease, using an excitation wavelength of 280 nm, with excitation and
emission bandwidths of 5 nm, and recording fluorescence emission spectra
between 300 and 400 nm. Excitation at 295 nm yielded the same spectrum.
All spectroscopic measurements were made in sodium acetate 100 mM,
pH 5. Unfolding was reflected by red-shifted emission spectra and it was
quantified by calculating the average emission energy from fluorescence
emission spectra (18-21),
> 1/

Average energy = ’ZIT, 6)
i=1 [

where I is the emission intensity at a certain wavelength A;. Average energy
adds the possibility of focusing on the entire spectrum for quantifying
global spectral changes, whereas other unfolding indexes, such as emission
intensity at a certain wavelength or wavelength of maximal intensity may or
not change significantly upon unfolding. Data were analyzed using software
developed in our laboratory implemented in ORIGIN 7 (OriginLab).
Briefly, chemical denaturation curves were analyzed using a two-state
model for the native/unfolded equilibrium, according to the linear extrapo-
lation model:

AG = AG® —m[U],

where AG is the stability Gibbs energy, AG® is the stability Gibbs energy in
the absence of chemical denaturant, and [U] is the denaturant concentration.
The denaturation data from far-ultraviolet CD and fluorescence were fitted
to the two-state equation (22),

X — XN =+ XUeXp(—AG/RT)
1 + exp(—AG/RT)

; )

where Xy and Xp, are the intrinsic spectrum average emission energy of the
folded (N) and unfolded states (U), respectively, for which a linear relation-
ship with the denaturant (i.e., Xy = an + On[U] and Xy = ay + BulU]) is
admitted.

In thermal denaturations (see below), Eq. 7 was used, but AG was given
by (23)

AG(T) = AH(T) — T AS(T)
= AH(Tm) + ACP<T - Tm) - T(AS(Tm)
+ ACHN(T/T,)), (8)

where AS(7,,) (with T, as melting temperature or unfolding midtransition
temperature) and AH(T,,) are the entropy and enthalpy of unfolding at the
thermal denaturation midpoint, 7,,, and AC, is the heat capacity of the
transition.

Thermal unfolding experiments were performed at a scanning rate of
1°C/min. Blank measurements were carried out with the appropriate buffer.
Experiments were carried out with 4 uM of protein and different total
concentrations of zinc. Different concentrations of zinc were achieved by
adding zinc or EDTA from calibrated reference stock solutions.

Chemical unfolding experiments were performed by adding increasing
concentrations of urea. Blank measurements were carried out with the
appropriate buffer. Samples were equilibrated for 2 h in the corresponding
urea solutions before measurements. Experiments were carried out with
4 uM of protein and different total concentrations of zinc. Different concen-
trations of zinc were achieved by adding zinc or EDTA from calibrated
reference stock solutions.

RESULTS
Conformational stability of zinc-free NS3 protease

Fig. 2 shows the thermal denaturation for zinc-free NS3
protease. The conformational stability is low, with a broad
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FIGURE 2 Thermal denaturation scans of NS3 protease followed by
DSC in acetate buffer 100 mM, pH 5. Excess molar heat capacity is
represented as a function of temperature. Protein concentration was 40 uM,
and total zinc concentration was 0, 40, and 90 uM. Experimental traces
(continuous line) and theoretical fits (dashed lines) are shown.

transition and an apparent T,, at ~40°C. Data analysis
considering a two-state model provides an actual T,, of
30°C (Table 1). In addition, the van ’t Hoff enthalpy,
AHyy, is larger than the calorimetric enthalpy, AH,.,
(42 vs. 18 kcal/mol). The disagreement between the two un-
folding enthalpies, and the real and the apparent 7,, values,
occurs in low-stability proteins when the unfolding enthalpy
is small (18 kcal/mol) and the unfolding heat capacity is
large (1.2 kcal/mol).

In that case, the analysis provides a value for the calori-
metric unfolding enthalpy lower than the actual value,
because the protein never populates completely the
native state at low temperatures and there is always a sig-
nificant fraction of unfolded protein, leading to a ratio
AHyy/AH,,; >1. According to Haynie and Freire (24), it
is possible to correct the overestimation in AHyy and the
underestimation in AH_., in a low-stability protein from
a combination of the apparent calorimetric and the van ’t
Hoff enthalpies. This method provides an unfolding
enthalpy of 33 kcal/mol. The low conformational stability
in the absence of zinc was expected, because a significant
destabilization and a loss of tertiary structure were previ-
ously observed upon zinc removal (14).

Traditionally, AHyy/AH,, ratios >1 have been associated
with protein unfolding coupled to oligomeric native state
dissociation. However, this is not necessarily the case. In
proteins with low conformational stability, it is usual to

TABLE 1 Intrinsic thermodynamic parameters for NS3
thermal unfolding and zinc binding at pH 5
AH, (T,,) ACpy AG, (25°C)
T,, °C) (kcal/mol)  (kcal/K-mol)  (kcal/mol)

Unfolding 30.1 £ 0.5 18 = 1 12 £03 0.25

K, (25°C)  AHjy (25°C) ACpg AGy (25°C)

(x 10°M™")  (kcal/mol) (kcal/K-mol) (kcal/mol)
Zinc binding 9.8 = 0.6 35+ 2 —-1.8 £ 03 -9.5
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observe a van ’t Hoff enthalpy larger than the calorimetric
enthalpy. The discrepancy between the two enthalpy values
becomes larger for small unfolding enthalpies and large
unfolding heat capacities. The reason is that in a low stability
protein we do not observe all the expected heat effect (calo-
rimetric enthalpy), because at low temperature there is a
significant fraction of protein unfolded. For example, a mono-
meric two-state protein with the following parameters: 7,, =
60°C, AH(T,,) = 70 kcal/mol, and ACp = 1 kcal/K-mol, will
exhibit a calorimetric enthalpy of 69.9 kcal/mol and a van ’t
Hoff enthalpy of 70.6 kcal/mol, according to calculations;
then, the ratio AHyy/AH,,; is close to 1.

However, a monomeric two-state protein with the
following parameters: 7,, = 35°C, AH(T,,) = 30 kcal/mol,
and ACp = 1 kcal/K-mol, will exhibit a calorimetric
enthalpy of 28.3 kcal/mol and a van ’t Hoff enthalpy of
36.5 kcal/mol, according to calculations; then, the ratio
AHyy/AH,,; is 1.3. The AHyy/AH ., ratio of 2.3 for NS3
protease seems to be a result of a low-stability highly-
unstructured native zinc-free conformation.

Zinc-free NS3 protease does not self-associate, as indi-
cated by several experimental lines of evidence:

1. Thermal denaturation scans followed by DSC, fluores-
cence, and CD (spanning 1-40 uM concentration range)
are not protein-concentration-dependent; and

2. The hydrodynamic radius estimated through the
translational diffusion coefficient determined by diffu-
sion-ordered spectroscopy-NMR corresponds to the
theoretical hydrodynamic radius of a monomeric NS3
protease (data not shown).

A similar behavior is observed when following the thermal
denaturation by fluorescence (Fig. 3). In this case, the
apparent 7,, coincides with the actual T,, obtained from
DSC data. Data analysis employing the two-state model
described in Materials and Methods provides a 7, of 31°C
and an unfolding enthalpy of 25 kcal/mol, in reasonable
agreement with those parameters estimated by DSC.

29800 | ie 1
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Conformational stability of zinc-bound NS3
protease

The influence of zinc binding on the conformational
stability of NS3 protease is shown in Fig. 2. The presence
of zinc at increasing moderate concentrations enhances
the thermal stability in terms of unfolding enthalpy, T,
and cooperativity. The stability increase indicates that zinc
does not bind to the unfolded protein or that the binding
affinity to the unfolded protein is negligible. It is interesting
to point out that the analysis using a simple two-state un-
folding model was not satisfactory. Therefore, a protein in
the presence of ligand cannot be considered equivalent to
a different protein with modified intrinsic unfolding param-
eters. Data analysis was performed considering a model for
coupling between zinc binding and thermal unfolding. From
that analysis, intrinsic conformational parameters and
intrinsic zinc-binding parameters at 25°C were estimated
(Table 1).

These estimated values differ somewhat from those esti-
mated by calorimetric titration experiments, although those
parameters obtained by isothermal titration calorimetry,

K(25°C) = 2.2 x 10° M,
AHF?(25°C) = 9.5 kcal/mol,

ACHY = —3.2 keal/K-mol,
are apparent binding parameters that must be corrected by
the folding of the protein (14), because 40% of NS3 protease

is unfolded at 25°C. Considering those corrections, the
agreement is closer,

K,(25°C) = 3.7 x 10° M,
AHR(25°C) = 17 kcal/mol,

ACpg = —2.3 keal/K-mol,
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FIGURE 3 (Left) Thermal denaturation and (right) chemical denaturation of NS3 protease followed by fluorescence in acetate buffer 100 mM, pH 5.
Average energy is represented as a function of temperature or urea concentration. Protein concentration was 4 uM, and total zinc concentration was 0 (solid
circles), 90 uM (solid squares), and 5 mM (open squares). (Inset) Fluorescence emission spectra of NS3 protease at 25°C and 90 uM total zinc concentration
(continuous line), at 25°C and zero total zinc concentration (dashed line), and at 70°C and zero total zinc concentration (dotted line).
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and some discrepancies remain mainly due to different
approximations assumed in the model and in the data anal-
ysis (e.g., temperature-independent heat capacities and
errors when extrapolating along the temperature range).

The intrinsic binding heat capacity is much larger than
the intrinsic folding heat capacity (—1.8 kcal/K-mol vs.
—1.2 kcal/K-mol), suggesting that the structural ordering
induced by zinc binding on the native free protein is consid-
erably larger than that induced by folding on the unfolded
protein in the absence of zinc.

The unfolding of the NS3 protease in the presence of zinc
shows a AHyy,/AH,,; >1, but lower than in the absence of
zinc (1.3-1.5, compared to 2.7 in the absence of zinc).
Again, this is not an indication of self-associating native
state. As it is discussed below, the overall unfolding process
is dominated by the ligand interaction, which is character-
ized by a marked temperature dependency of the binding
enthalpy dominating the overall energetics. According to
our calculations, this would give rise to a AHygy/AH.,;
ratio >1, even for proteins with medium-high conforma-
tional stability exhibiting a two-state thermal unfolding.

Similar behavior is observed following the thermal dena-
turation by fluorescence (Fig. 3) and also when denatur-
ations were followed by CD using 10-20 uM of protein
concentration, which has allowed us to explore a wider
range of protein concentrations (data not shown). For
example, the apparent T,, at 90 uM total concentration of
zinc is 65°C, in agreement to that obtained by DSC.

The transition peak observed at equimolar concentration
of zinc is somewhat asymmetric. A protein that unfolds in
a two-state fashion may show more than one transition
peak or an asymmetric transition peak in the presence of
ligand (15,25). If the binding affinity is large enough and
the ligand concentration is lower than that of the protein,

<AC_> (kcal/K-mol)

SR .

10 20 30 40 50 60 70 80 90 100 110

T(C)
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two peaks may appear along the thermal denaturation: the
peak with lower T,, and small unfolding enthalpy corre-
sponds to the ligand-free protein (with low stability) and
the peak with higher 7,, and large unfolding enthalpy corre-
sponds to the ligand-bound protein (with high stability).

If the binding affinity is not large enough and the ligand
concentration is lower or similar to that of the protein,
partial overlapping of the two transitions will occur, so
that a single asymmetric apparent transition peak appears.
In this last case, an additional phenomenon occurs: as
some protein-ligand complexes become unfolded along
the thermal denaturation process, the free concentration of
ligand increases; then, the stabilization energy provided
by the ligand (which depends on the binding affinity and
the free ligand concentration) increases, therefore further
stabilizing those remaining folded protein-ligand com-
plexes. This phenomenon contributes to amplify the
observed asymmetry.

Effect of high zinc concentration on NS3 stability

Although the presence of zinc at moderate concentrations
results in enhanced thermal stability, an unexpected destabi-
lization occurs at high zinc concentrations (>200 uM), as
observed by DSC and emission fluorescence (see Figs. 3
and 4). The same behavior is apparent even when unfolding
is followed by CD (data not shown). Substitution of zinc
sulfate by zinc chloride equally destabilized the protein,
but substitution by sodium chloride did not destabilize the
protein, pointing to the divalent cation as the one respon-
sible for such destabilization. This unfolding behavior might
be due to additional low affinity zinc-binding sites in the
unfolding state, which become populated at higher zinc
concentrations. Those additional zinc-binding sites in the

N w
T T
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T
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FIGURE 4 (Left) Thermal denaturation scans of NS3 protease followed by DSC in acetate buffer 100 mM, pH 5. Excess molar heat capacity is represented
as a function of temperature. Protein concentration was 40 uM, and zinc concentration was: 90 uM total zinc concentration (black continuous line); 90 uM
total zinc concentration and 5 mM total sodium chloride (black dashed line); 1 mM total zinc concentration (black dotted line); 5 mM total zinc concentration
(gray continuous line); and 5 mM total zinc (chloride) concentration (gray dashed line). (Right) Thermal denaturation scans of NS3 protease followed by
DSC in acetate buffer 100 mM, pH 5. Excess molar heat capacity is represented as a function of temperature. Total zinc concentration was 5 mM, and protein
concentration: 40 uM (continuous line), 30 uM (dashed line), and 10 uM (dotted line).
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unfolded state, although they show lower affinity than that
of the zinc-binding site in the native protein (otherwise,
there would not be protein stabilization at low zinc concen-
tration), may have a larger influence at high zinc concentra-
tion due to their higher stoichiometry.

Chemical denaturation experiments either followed by
fluorescence (Fig. 2) and by CD (data not shown) do not
exhibit such phenomenon, and they show the expected
trend: higher zinc concentrations induce larger stabilization
(Fig. 3). It might be possible that the competition between
denaturant and unfolded protein for zinc, or between dena-
turant and zinc for the unfolded protein, may hinder zinc
binding to the unfolded protein and, therefore, preclude
protein destabilization.

Thermal denaturation experiments done at different
protein concentrations at 5 mM zinc concentration (Fig. 4)
show that the apparent unfolding 7,, decreases when
increasing the protein concentration, suggesting that protein
oligomerization occurs upon unfolding, with zinc control-
ling such process. In addition, thermal denaturations at
high zinc concentration proved to be fully reversible.

Although at high zinc concentration thermal and chemi-
cal denaturations are not equivalent, because zinc influence
is markedly different, below a certain zinc concentration
threshold the two types of denaturations are equivalent. If
an apparent two-state unfolding analysis is performed,
considering the linear extrapolation model for the urea
effect on conformational equilibrium, a stabilization Gibbs
energy of 2.7 kcal/mol is obtained for NS3 protease in the
presence of 90 uM total zinc concentration.

We recognize that this analysis is not rigorous because it
does not explicitly consider the coupling between ligand
dissociation and unfolding. However, because we do not
know the dependence of the zinc affinity on denaturant
concentration, we presently have no other choice. If a
two-state unfolding analysis is performed for the DSC
experiment (again, such calculation is not adequate, because
we are not considering explicitly the ligand dissociation
coupled to unfolding, but it is carried out for comparison
purposes), a stabilization Gibbs energy of 2.5 kcal/mol is
obtained under the same conditions, in agreement with the
value obtained from the chemical denaturation.

DISCUSSION

Specific metal ion binding to a protein is often accompanied
by a considerable structural reorganization of the protein.
The associated conformational change is even larger than
those elicited by the binding of bulkier ligands. The amount
of protein surface area buried from the solvent upon binding
is large compared to that corresponding to the binding of
small organic ligands with bulky molecular volumes.
Then, the binding heat capacity (per ligand volume or
surface area) is usually very large, compared to that of the
binding of small organic ligands. As a consequence, specific
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metal ion binding to proteins is one of the key mechanisms
for controlling protein conformation and function.

Zinc is one of the most commonly bound transition
metals in proteins (26). Zinc-binding sites in proteins can
be classified as:

1. Sites with a catalytic role.
2. Sites with a structural role.

In this latter case, the effect in proteins can vary from the
assisting in the folding of a completely natively-unfolded
protein (27), to enhancing protein stability (28). Further-
more, zinc has been shown to shift the equilibrium between
two different well-folded protein conformations (29).

It has been reported that the NS3 zinc ion is required for
both NS2/3 and NS3 proteolytic activities (with catalytic
and structural function, respectively), made possible by
different protein conformations and zinc coordinating cages.
Then, such plasticity is expected to be reflected in the ener-
getics of the NS3-zinc interaction and the conformational
equilibrium of NS3 protease. Other homologous chymo-
trypsin-like cysteine proteases from picornaviruses require
a zinc ion bound, with coordinating residues in topological
positions similar to those of NS3 (30,31). Similar results for
the structural role of zinc were reported previously for the
rubella virus nonstructural protein (32) and the human rhi-
noviral protease 2A (30), where zinc is required for the
structural integrity of these enzymes, but it is not directly
involved in their catalytic mechanism. In these proteins,
conformational changes involving loss of structure are
elicited by zinc removal. In particular, human rhinoviral
protease 2A does not show any thermal unfolding transition
in the absence of zinc, which would indicate that the zinc-
free protein adopts either a completely unstructured or
a molten globule conformation.

The intrinsic unfolding heat capacity can be related to
what it has been previously called “weak coupling”
(14,33), that is, conformational equilibrium coupled to
ligand binding with conformational state populations
changing significantly along the experimental temperature
range in the absence of ligand, so that both ligand binding
and temperature may shift the conformational equilibrium
(and this results in a nonlinear temperature-dependence of
the apparent binding enthalpy).

On the other hand, the intrinsic binding heat capacity can
be related to what has been previously called “strong
coupling” (14,34), which is associated with intrinsically
(partially) unstructured proteins. This means that the con-
formational equilibrium is coupled to ligand binding with
conformational state populations remaining practically
constant along the experimental temperature range in the
absence of ligand, so that only ligand binding may shift
the conformational equilibrium (and this results in a
linear temperature-dependence of the apparent binding
enthalpy). This last situation is usually termed “ligand-
induced” fit (33).
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Because the heat capacity is the thermodynamic param-
eter exhibiting the best correlation with changes in
solvent-exposed surface area in proteins (35), the relative
contribution of each intrinsic heat capacity to the global un-
folding heat capacity (ACp = ACpg — ACpp, when Fg = 1)
gives a measure of the structural rearrangements associated
with each equilibrium regarding the complete overall
folding process. Therefore, when the NS3 protease
undergoes structural ordering from unfolded to zinc-bound
native protein, most of the structural rearrangements
(60%, because —ACpp/ACp = 0.6) are due to zinc binding,
as observed in a previous work (14).

In fact, zinc dissociation causes a red-shift in the fluores-
cence emission spectrum, as was also observed previously
(14), whereas thermal denaturation does not contribute
significantly to such red shift (Fig. 4). The only two trypto-
phans in NS3 protease (W53 and W85) are located at the
N-terminal domain, >15 A away from the zinc-binding
site, in the C-terminal domain. Therefore, zinc binding has
a global impact on the NS3 protease conformation, with
an effect on tryptophan solvent-exposure larger than the
thermal unfolding of the zinc-free native protein. The loss
of structure induced by zinc removal in NS3 protease can
be considered at two levels:

1. Loss of structure due to zinc dissociation (NL-to-N
conformational change), which would reflect the strong
coupling or the ligand-induced fit.

2. The loss of structure due to protein unfolding (N-to-U
conformational change), which would reflect the weak
coupling, because of the low stability of the native
zinc-free state.

It is interesting to explore further the effect of ligand
binding in a strong coupling-biased scenario. The popula-
tions of the different conformational states may be calcu-
lated by using the estimated intrinsic parameters for
folding and binding (Fig. 5). It is evident that, in the absence
of zinc, the protein never populates the native state in a frac-
tion higher than 75%. An equimolar concentration of zinc is
enough to raise the native state fraction up to 100%.
Increasing the total concentration of zinc (from 40 to
90 uM) hardly has an additional effect, even though there
is a considerable increase in free zinc concentration. The

Abian et al.

temperature dependency of the apparent Gibbs energy asso-
ciated with the unfolded state, calculated from the intrinsic
thermodynamic parameters or from the population of each
conformational state,

AG = —RTIn(K,/(1 + K,[L]))
= —RTIn(Fy/(Fx + Fa)),

is shown in Fig. 5.

The intersection with the x axis corresponds to the unfold-
ing T, at each zinc concentration. The stability at high
temperature is very similar, where the total concentration
of zinc is 40-90 uM. However, there is a considerable
difference in the stability at moderate temperature. In addi-
tion, at low temperature there is no additional stability
induced by zinc binding.

The main cause for these observations is the strong
temperature dependency of the intrinsic NS3-zinc interac-
tion. Because the intrinsic binding heat capacity is very
large, the intrinsic binding affinity reaches a maximal value
at a temperature at ~35°C (where the intrinsic binding
enthalpy is zero) and goes to zero very quickly as soon as
the temperature goes below or above 35°C. Therefore, the
effect of ligand binding on the stability is restricted to
a limited temperature range. An inflection point is observed
at low temperature (at ~10°C), which would not appear if
the intrinsic binding heat capacity were smaller.

The average energy has been used as the observable for
following spectroscopically the unfolding of NS3 protease.
This quantity has several advantages; in particular, contrary
to the fluorescence intensity at a certain wavelength, it is
concentration-independent, which is important when
several protein samples must be compared. If the wave-
length for maximal fluorescence intensity is used as the
observable for following unfolding (which is another
concentration-independent quantity), similar results are ob-
tained (data not shown): a transition between 334 nm and
342 nm at 65°C, and 46°C for 90 uM and 5 mM total zinc
concentration, respectively. However, no transition and
a roughly constant wavelength of 342 nm for maximal
fluorescence intensity are observed in the absence of zinc.
Then, the unfolding of the zinc-free NS3 protease would
be overlooked.

FIGURE 5 (Left) Population of the different
conformational states as a function of temperature
at pH 5 for 40 uM NS3 protease in the presence of

0 uM (top), 40 uM (middle), and 90 uM (bottom)
total zinc concentration is shown. Three different
conformational states are considered: zinc-free
native (N, continuous line), zinc-bound native
(NL, dashed line), and unfolded (U, dotted line).
(Right) Apparent Gibbs energy of unfolding (or
stabilization) as a function of temperature at
pH 5 for 40 uM NS3 protease in the presence
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All these results may be summarized as follows:

1. Zinc-free native NS3 protease maintains some level of
(secondary) structure, and exhibits low stability.

2. Zinc-free native NS3 protease (N) is considerably

unstructured compared to zinc-bound protease (NL)

and, in addition, it never populates completely the
partially folded zinc-free native state.

Zinc binding elicits a significant structural stabilization.

4. Zinc binding is responsible for most (60%) of the struc-
tural ordering in the overall transition from unfolded to
ligand-bound protein.

5. The coupling between the conformational and binding
equilibria is a combination of weak and strong coupling,
but with a higher contribution from strong coupling
(ligand-induced fit).

6. The ligand stabilization effect appears mainly at
moderate temperatures, due to the strong dependence
of the intrinsic binding parameters with temperature.

7. Chemical and thermal denaturation are not equivalent at
high zinc concentration—the latter possibly affected by
protein oligomerization upon unfolding.

(O8]

The oligomerization mechanism upon thermal unfolding
at high zinc concentration requires further insight. The three
zinc-coordinating cysteines, as well as another two cyste-
ines very close in the three-dimensional structure (C47
and C52), might be involved in thermal denaturation in
the presence of high zinc concentration.

Even though NS3 protease is a small monomeric protein,
it exhibits a complex behavior. NS3 protease acts as an allo-
steric protein with two effectors, NS4A and zinc, enhancing
the catalytic efficiency on the substrate. Although NS3
protease presents some basal level of proteolytic activity
in the absence of NS4A, it has no activity in the absence
of zinc. Binding of NS4A induces structural rearrangements
on the N-terminal domain in protease NS3, having an effect
on the configuration of the catalytic triad. In addition, the
binding of NS4A affects the zinc-binding site, and, there-
fore, a cooperative interaction exists in the binding of both
NS4A and zinc ion (11).

Now it is clear that, if zinc is not bound, most of the
protein structure protease is lost and whatever remains
shows low thermodynamic stability, and, therefore, binding
of NS4A would have a considerable energetic penalty. The
activation effects of both NS4A and zinc are associated to
concomitant conformational changes elicited by the binding
of both effectors. Thus, the conformational landscape of
NS3 is fairly intricate, involving at least six different confor-
mational states:

Unfolded protein,

Zinc-free native protein,
Zinc-bound protein,
NS4A-zinc-bound protein,
Zinc-substrate-bound protein.
NS4A-zinc-substrate-bound.

A S e
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Other conformational states, such as NS4A-bound
zinc-free protease, are less important because of their low
population due to energetic penalties.
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