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ABSTRACT: The structural and functional aspects along with equilibrium unfolding of procerain, a cysteine
protease fromCalotropis procera, were studied in solution. The energetic parameters and conformational
stability of procerain in different states were also estimated and interpreted. Procerain belongs to theR +
â class of proteins. At pH 2.0, procerain exists in a partially unfolded state with characteristics of a
molten globule-like state, and the protein is predominantly aâ-sheet conformation and exhibits strong
ANS binding. GuHCl and temperature denaturation of procerain in the molten globule-like state is
noncooperative, contrary to the cooperativity seen with the native protein, suggesting the presence of two
parts in the molecular structure of procerain, possibly domains, with different stability that unfolds in
steps. Moreover, tryptophan quenching studies suggested the exposure of aromatic residues to solvent in
this state. At lower pH, procerain unfolds to the acid-unfolded state, and a further decrease in the pH
drives the protein to the A state. The presence of 0.5 M salt in the solvent composition directs the transition
to the A state while bypassing the acid-unfolded state. GuHCl-induced unfolding of procerain at pH 3.0
seen by various methods is cooperative, but the transitions are noncoincidental. Besides, a strong ANS
binding to the protein is observed at low concentrations of GuHCl, indicating the presence of an intermediate
in the unfolding pathway. On the other hand, even in the presence of urea (8 M), procerain retains all the
activity as well as structural parameters at neutral pH. However, the protein is susceptible to unfolding by
urea at lower pH, and the transitions are cooperative and coincidental. Further, the properties of the molten
globule-like state and the intermediate state are different, but both states have the same conformational
stability. This indicates that these intermediates may be located on parallel folding routes of procerain.

Understanding the structure-function relationships of an
enzyme under different conditions is fundamentally important
for both theoretical and applicative aspects. Such studies may
provide insight into the molecular basis of the stability of
the enzyme, which in turn can be used to design protocols
and/or a protein with special properties for biotechnological
applications.

The stability of a native protein is a function of external
variables such as pH, temperature, ionic strength, and solvent
composition as they disrupt the different kinds of bonds that
are responsible for the intrinsic stability. Therefore, a
quantitative analysis of the role of such variables in the
formation of the structure of the protein is a prerequisite in
describing the forces that are responsible for the conforma-
tional stability. A simple method for such studies involves
the monitoring of conformational changes due to perturbation
of a protein molecule by various agents such as acid, GuHCl,1

urea, and temperature.
Unfolding of many proteins that have been studied can

be described in terms of a two-state model (1), where only

folded and unfolded states of the protein exist in rapid
equilibrium with no observable intermediates. However, the
development of a wide range of sensitive techniques has led
to the detection as well as characterization of intermediates
in the folding of several proteins, which were previously
believed to obey the two-state model. It has been also shown
in the case of many proteins that folding involves a discrete
pathway with the formation of intermediate states between
native and denatured states (2-4). Such intermediates are
found to possess special characteristics, which is evident from
the spectroscopic and hydrodynamic measurements. Identi-
fication and characterization of intermediate states populated
during the folding process of many proteins have received
considerable attention, and much effort is being spent on
this objective. An understanding of the structural and thermo-
dynamic properties of such intermediate states may provide
insight into the factors involved in guiding the pathway of
folding.

The results of kinetic experiments with some of the
proteins indicate the rapid formation of intermediates with
properties consistent with those of the molten globule state,
supporting the idea that the molten globule state may be an
obligatory intermediate on the folding pathway (5-8). The
role of the molten globule state as a functional entity in
protein folding is hypothesized, and further evidence is also
shown that such state is involved in several biological or
pathological processes such as membrane insertion, trans-
membrane trafficking, and chaperone-assisted refolding that
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require the protein to become partially unfolded (9). Further,
point mutation may convert the native protein into the molten
globule-like state, and some of these mutations are correlated
with the genetic predisposition for human diseases (10-12).
Thus, exploring the structure and dynamics of the molten
globule state of a protein is necessary not only to understand
the mechanism of the protein folding but also to shed light
on many natural or disease-related processes. The exact role
of molten globule states is still controversial; consequently,
it is important to study this aspect with several proteins to
determine the generality of such states and their role in
protein folding.

Very little information about the general folding aspects
of plant cysteine proteases is available. Extensive studies on
the folding of papain as well as other related proteins have
been carried out in our laboratory (13-16). Two other
cysteine proteases, ervatamin C and B, isolated in our
laboratory, have also been used as model systems (17-19)
in understanding the folding of cysteine proteases. Folding
studies on similar proteins from different sources and proteins
within a family with individual variations would certainly
help in generalizing the folding behavior of cysteine proteases
as well as complementing the mechanisms proposed there-
after. With this view, conformational studies in solution have
been initiated with procerain, a novel plant cysteine protease
isolated in our laboratory fromCalotropis procera(20).
Procerain is a monomeric protein with a molecular mass of
28.8 kDa, containing eight tryptophans and twenty tyrosines.
The protein molecule has seven cysteine residues, six forming
three disulfide bridges and one remaining free.

From our initial studies on the folding of procerain, a stable
intermediate state exhibiting characteristics similar to those
of the “molten globule” state is detected at pH 2.0. Unfolding
of procerain under this condition is profoundly different from
unfolding of the protein at neutral pH with different stability
toward denaturants, and the transitions are biphasic in nature,
suggesting sequential unfolding of the molecule. Moreover,
we report evidence of another intermediate in the GuHCl-
induced unfolding pathway of procerain at pH 3.0. It was
important and necessary to carry out further studies to
characterize these intermediate states in detail to visualize
the spectroscopic and hydrodynamic nature of the states to
gain insight into the folding of cysteine protease in general
and of procerain specifically.

Further, the molecular structure of procerain is probably
made of two domains, as indicated by the noncooperativity
in the GuHCl- and temperature-induced unfolding of pro-
cerain in the molten globule state. Not much information
about the molten globule state in multidomain proteins and
its role in the folding of the protein is available. It has been
proposed that domains in the native molecule are independent
folding units that assemble and produce native molecules
(21). These structural regions are expected to fold indepen-
dently whether they are isolated or together. However, further
studies in this respect are necessary as such studies of the
different conformational states in the unfolding and refolding
of multidomain proteins are important in understanding the
principles governing folding of multidomain proteins (22).

This investigation describes the biophysical characteriza-
tion of procerain, as an endeavor of understanding the
structure-function relationship, the basis and rationale of

its distinct physicochemical properties, and the folding-
unfolding mechanism. Evidence of the presence of a partially
structured intermediate with molten globule-like properties
at pH 2.0, as well as another intermediate state in the GuHCl-
induced unfolding pathway of procerain at pH 3.0, is also
presented.

EXPERIMENTAL PROCEDURES

Materials

Procerain was purified from fresh latex ofC. procerausing
the method of Dubey and Jagannadham (20). Sodium
tetrathionate was used throughout the purification procedure
of the protein to prevent any complications due to autodi-
gestion of the enzyme, and such a tetrathionate-inactivated
enzyme was used for all the physicochemical studies reported
here. All the physical properties of the procerain are the same
in both active and inactive states. The concentration of the
enzyme was determined spectrophotometrically using an
extinction coefficient (ε1cm

1% ) of 24.9 (20). ANS, CsCl, urea,
and GuHCl were purchased from Sigma Chemicals. Con-
centrations of urea and GuHCl solutions were determined
from the refractive index of the solution (23). All other
reagents that were used were analytical grade, and solutions
were prepared in doubly distilled water. Samples for
spectroscopic measurements were centrifuged and filtered
through 0.45µm filters, and the exact concentration of the
protein and pH were determined before the measurements.

Methods

Absorbance Spectroscopy.Absorbance measurements were
carried out on a Beckman DU-640B spectrophotometer
equipped with a constant-temperature cell holder. The protein
concentration for all absorbance measurements was between
9 and 10µM. Absorbance spectra were recorded between
240 and 320 nm.

Fluorescence Spectroscopy.Fluorescence measurements
were carried out on a Perkin-Elmer LS-50B spectrofluorim-
eter equipped with a constant-temperature cell holder. The
temperature was controlled using a Julabo F 25 water bath.
The protein concentration was 1µM for all fluorescence
measurements. Tryptophan was selectively excited at 292
nm, whereas for both the tryptophan and tyrosine fluores-
cence of procerain, the excitation wavelength was 278 nm.
The emission was recorded from 300 to 400 nm with 10
and 5 nm slit widths for excitation and emission, respectively.

Spectropolarimetric Studies.CD measurements were taken
on a JASCO J-500A spectropolarimeter equipped with a
500N data processor and equipped with a constant-temper-
ature cell holder. The instrument was calibrated using
ammonium (+)-10-camphorsulfonate. The temperature of the
cell holder was controlled using a Julabo F 25 water bath.
Conformational changes in the secondary structure of the
protein were monitored in the region between 200 and 260
nm with a protein concentration of 3.5µM in a cuvette with
a path length of 1 mm, while changes in the tertiary structure
were observed in a cuvette with a path length of 10 mm in
the region between 260 and 320 nm at a protein concentration
of 25 µM. After appropriate blanks had been subtracted,
mean residue ellipticities were calculated using the formula
[θ] ) θobsMRW/10cl, whereθobs is the observed ellipticity
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in degrees, MRW is the mean residue weight,c is the
concentration of the protein (grams per milliliter), andl is
the path length in centimeters (24). A mean residue molecular
weight of 110 was used. Sensitivities of 1 and 2 m°/cm
(millidegree per centimeter) were used for far-UV and near-
UV measurements, respectively.

Assay for Enzyme ActiVity. The hydrolyzing activity of
procerain under various conditions of pH or in the presence
of a chemical denaturant was monitored using the denatured
natural substrate azoalbumin following the procedure de-
scribed previously (20). The enzyme was incubated overnight
in denaturants before assays were carried out.

Acid Denaturation of Procerain in the Presence and
Absence of Salt.Acid denaturation of procerain was carried
out as a function of pH using KCl-HCl (pH 0.5-1.5), Gly-
HCl (pH 2.0-3.5), sodium acetate (pH 4.0-5.5), sodium
phosphate (pH 6.0-8.0), Tris-HCl (pH 8.5-10.5), and Gly-
NaOH (pH 11.0-12.5). Concentrations of all buffers were
50 mM. A stock solution of the protein was added to the
appropriate buffer and the mixture was incubated for 24 h
at 25 °C. The final pH and concentration of the protein in
each sample were measured again. Acid denaturation of
procerain was also performed at various pH values in the
presence of increasing concentrations of KCl.

ANS Binding Assay.The extent of exposure of hydropho-
bic surfaces in the enzyme was measured by its ability to
bind to the fluorescent dye ANS (25). A stock solution of
ANS was prepared in methanol, and the dye concentration
was determined using an extinction coefficientε of 5000
M-1 cm-1 at 350 nm (26). The protein was incubated with
a 100-fold molar excess of ANS for more than 30 min at
room temperature in the dark, and the ANS fluorescence was
measured. The protein concentration was 1µM. The excita-
tion wavelength was 380 nm, and emission spectra were
collected between 400 and 600 nm. Slit widths of excitation
and emission were 10 and 5 nm, respectively.

Quenching of Tryptophan Fluorescence.The quenching
of tryptophan fluorescence of procerain with increasing
concentrations of anionic (I-) and cationic (Cs+) quencher
was assessed to estimate the extent of exposure of the buried
aromatic amino acids. The samples of the protein with
quencher were incubated at 25°C in the dark for 30 min
before fluorescence measurements were taken. An excitation
wavelength of 292 nm was used to ensure selective excitation
of tryptophan residues. The absorbance of the sample at 292
nm was always kept below 0.06, so no correction of an inner
filter effect was necessary. The intensity of the fluorescence
at the emission maximum was monitored as a function of
the increasing concentration of the quencher. The quenching
data were analyzed using the modified Stern-Volmer
equation (27)

whereFo andF are the fluorescence intensities of the protein
in the absence and presence, respectively, of a given
concentration of quencher [Q],Ksv is the Stern-Volmer
quenching constant, andfa refers to the fraction of tryp-
tophans accessible to the quencher.

Guanidine Hydrochloride- and Urea-Induced Unfolding.
Chemical-induced denaturation of the enzyme, at a given
pH, was performed with increasing concentrations of the

denaturant. The protein sample was incubated at a desired
denaturant concentration for approximately 24 h at 25°C to
attain equilibrium. The final concentrations of the protein
and denaturant, in each sample, were determined by spec-
trophotometry and refractive index measurements, respec-
tively. Data are expressed in terms of the fraction unfolded
(Fu) calculated from the equation

whereFobs is the observed value of the signal at a given
denaturant concentration andFn and Fu are the values of
native and unfolded protein, respectively. If a standard two-
state model is assumed, the GuHCl and urea transitions were
fitted to the equation

where∆Gw and ∆Gd are the free energy of the folding in
water and at a denaturant concentrationD, respectively,mD-N

is the slope of the transition (proportional to the increase in
solvent-accessible surface area upon the transition from the
native to denatured state), andD is the denaturant concentra-
tion (23).

Thermal Unfolding.Temperature-induced denaturation of
the enzyme, under given conditions, was performed as a
function of increasing temperature. Protein samples were
incubated at the desired temperature for 15 min before the
measurements were taken. The actual temperature of the
sample in the cuvette was obtained with a thermocouple
using a digital multimeter. Occasionally, samples were also
checked for any possible aggregation due to heat, by light
scattering measurements.

RESULTS

The structure-function relationship and folding behavior
of procerain are studied using different spectroscopic and
activity measurements. The absorbance spectrum of procerain
under native and unfolded conditions shows no significant
differences in either the shape or magnitude of intensity (data
not shown). Therefore, all the investigations are carried out
using circular dichroism (far- and near-UV), fluorescence,
and activity as measures of changes.

CD Spectra.The circular dichroism spectra of procerain,
in both near- and far-UV wavelength regions, are shown in
Figure 1. Near-UV CD spectra provide a measure of the level
of interactions of side chain aromatic rings with other groups
such as side chain amide carboxylate groups and main chain
peptide bonds and are applicable in assessing the tertiary
structure of proteins (28). In the aromatic region, the CD
spectrum of native procerain exhibits a positive peak centered
at 276-278 nm (Figure 1A) and a negative band centered
at 297-299 nm. At the latter wavelength, tyrosine and
phenylalanine residues do not contribute to the CD spectra
of proteins (29, 30) and the negative band probably originates
from tryptophan residues located in an asymmetrical envi-
ronment (31). The intensity of the negative band at 298 nm
is much lower than that of the positive peak at 276-278
nm. This fine stricture suggests that many of the Phe, Tyr,
and Try side chains are ordered in the native structure.
However, the near-UV CD spectrum of procerain at pH 2.0
as well as in the presence of 6 M GuHCl is featureless,

Fu ) (Fobs- Fn)/(Fu - Fn) (2)

∆Gd ) ∆Gw - mD-ND (3)

Fo/(Fo - F) ) 1/Ksv[Q]fa + 1/fa (1)
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indicating that the aromatic side chains are disordered as
expected when the protein unfolds.

In the far-UV region, CD spectra of proteins are particu-
larly sensitive to protein secondary structure. Procerain
revealed two well-resolved negative peaks around 220-222
nm and at 208 nm with the signal pronounced little in
magnitude at the latter wavelength (Figure 1B). Strong
negative ellipticities at 208, 215, and 222 nm suggest that
procerain, in the native state, is composed ofR-helix and
â-sheet-rich regions and seems to belong to theR + â class
of proteins (32). The mean residue ellipticity at 222 nm was
(7.0 ( 0.25)× 103 deg cm2 dmol-1, and this value can be
used to determine theR-helicity of a protein using the simple
calculation (33)

whereθ222 is the molar ellipticity of the protein,θmin (2340)
is the minimum value of the molar ellipticity at 222 nm
calculated for the “unordered” fraction of five proteins, and
θmax (30 300) is the maximum value for the ellipticity at 222
nm as measured for the helical fraction of five proteins (33).
The estimatedR-helicity of procerain at neutral pH is
approximately 16.6%.

On the other hand, procerain exhibits a negative peak
centered at 215-217 nm observed at pH 2.0, indicating the
presence of aâ-sheet structure with a molar ellipticity value
at 222 nm of (5.5( 0.25) × 103 deg cm2 dmol-1. The
calculated R-helicity at pH 2.0 was 11.3%, which is
significantly lower than that of the native protein.

Secondary and tertiary structural features of the enzyme
are completely lost with the disappearance of all the
prominent peaks in 6 M GuHCl.

Fluorescence Spectra.Fluorescence spectra provide a
sensitive means of characterizing proteins and their confor-
mation. The spectrum is determined chiefly by the polarity
of the environment of the tryptophan and tyrosine residues
and by their specific interactions. Basically, the fluorescence
emission maximum suffers a red shift when chromophores
become more exposed to solvent, and the quantum yield of
fluorescence decreases when the chromophores interact with
quenching agents either in a solvent or in the protein itself
(34-37).

Intrinsic fluorescence properties of procerain are identical
when excited at either 278 or 292 nm (data not shown).
Intrinsic tryptophan fluorescence spectra of procerain under
neutral conditions, at pH 2.0, and in the completely unfolded
state are shown in Figure 2. The intensity of the fluorescence
decreases by 75-80% along with a blue shift of 16 nm in
the emission maximum from 352 to 336 nm, as the pH is
lowered from 7.0 to 2.0, indicating a nonpolar environment
of tryptophan residues. Whereas the fluorescence spectrum
of completely unfolded procerain in 6 M GuHCl remains
similar in shape, the emission maximum suffers a red shift
from 352 to 358 nm along with a decrease in fluorescence
intensity of 65-70%. This red shift in the wavelength
maximum indicates that more tryptophan residues of the
protein are exposed to a polar environment which is
characteristic of unfolding. Besides, the decrease in fluores-
cence intensities may be the result of a decreased distance
between tryptophan and specific quenching groups, such as
protonated carboxyl, protonated imidazole, deprotonated
ε-amino groups, and tyrosinate, which consequently resulted
in quenching of tryptophan fluorescence (37).

Acid-Induced Unfolding.The structural and functional
changes in procerain upon acid unfolding were followed by
far- and near-UV CD, fluorescence, and activity measure-

FIGURE 1: (A) Near-UV and (B) far-UV spectra of procerain. The filled circle, empty circle, and filled triangle represent CD spectra of
procerain at pH 7.0, at pH 2.0, and in the presence of 6 M GuHCl, respectively. The samples were incubated under the given condition for
24 h at 25°C before the measurements were taken. The protein concentration was 25µM for the near-UV and 3.5µM for the far-UV
measurements.

FIGURE 2: Intrinsic fluorescence spectra of procerain. The numbers
1-3 denote spectra at pH 7.0, at pH 2.0, and in the presence of 6
M GuHCl, respectively. The samples were incubated for 24 h at
25 °C before the measurements were taken. The protein concentra-
tion was 1µΜ.

% R-helicity ) (θ222 - θmin/θmax - θmin) × 100
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ments over a wide pH range (Figure 3). The enzyme retains
proteolytic activity in the pH range of 3.0-11.0 and drops
only on either side of this pH range. The effect of pH on the
proteolytic activity of the enzyme as well on ellipticity at
278 nm is shown in Figure 3B. The changes in ellipticity at
278 nm versus pH follow a bell-shaped curve with a loss of
structure beyond pH 3.0 and 11.5. The spectral characteristics
are typical of the native state until pH 3.0 with a positive
peak at 276-278 nm and a negative band at 297-299 nm.
At pH e2.0, all the prominent peaks are lost and the
spectrum is identical to that in 6 M GuHCl, indicating that
the enzyme has lost its tertiary structure (Figure 1A).

The effect of varying pH on the secondary structure of
procerain, in the presence and absence of salt, was also
studied and is shown in Figure 3B. The far-UV CD spectrum
of procerain remains unchanged in the pH range of 3.0-
11.5, and the spectra reveal two distinct peaks, one at 222
nm and the other at 208 nm. The unfolding of the enzyme,

in the absence of added salt, followed by ellipticity at 222
nm, is noncooperative. A cooperative transition from the
native state to an acid-unfolded state occurs in the vicinity
of pH 3.0-1.5, and a second transition occurs on further
lowering the pH from 1.5 to 0.5. The unfolded state at lower
pH exhibiting a reduced secondary structure, loss of tertiary
structure, and activity represents the acid-unfolded state of
the enzyme (39), indicating partial unfolding of the protein
molecule. Thus, procerain at pH 1.5-1.0 exists in an acid-
unfolded state. Further, addition of acid leads to a second
transition between pH 1.5 and 0.5, manifested with an
increase in secondary structure, leading to the A state (39).
Interestingly, a negative peak centered at 215-217 nm was
observed in the CD spectra of procerain at pH 2.0, indicating
the presence of predominantâ-sheet structure.

Besides, in the presence of 0.5 M KCl, pH-induced
unfolding of procerain is cooperative as manifested by a
single transition (Figure 3B), in which the enzyme passes
from the native state to the A state directly without passing
through the acid-unfolded state. The secondary structural
content of such a salt-induced A state is more ordered than
that seen at pH 0.5 in the absence of added salt. The CD
spectra of the protein at pH 2.0-0.5, either in the presence
or in the absence of 0.5 M KCl, exhibit predominantly
â-sheet secondary structure. Some aggregation or salting out
of the protein was observed at higher concentrations of KCl
(>0.6 M) under similar conditions.

The exposure of any hydrophobic regions, buried inside
the enzyme in the native state, on acid unfolding, was also
monitored by ANS binding to the protein. The level of ANS
binding to procerain at different pH values is shown in Figure
3C. ANS binding to the enzyme is maximal at pH 2.0 in
comparison to that in the native and completely unfolded
states. The ANS fluorescence intensity increases approxi-
mately 12-fold at this pH, and the emission maximum shifts
to shorter wavelengths from 515 to 482 nm. However, at a
lower pH, a decrease in ANS fluorescence is also observed.

The pH dependence of the intrinsic fluorescence properties
of procerain is also monitored. Changes in the fluorescence
intensity and emission maximum of the enzyme at various
pH values are shown in Figure 4. The pH-induced transition
is noncooperative and exhibits a biphasic nature with one
transition between pH 4.0 and 6.0 with a midpoint of
approximately pH 4.9 and the latter between pH 1.0 and 3.0
with a midpoint of pH 2.2. The shape of the spectrum
remains the same at all pH values, but a blue shift of 17 nm
in emission maximum along with decrease in fluorescence
intensity is observed when pH was reduced from 6.0 to 4.0.
In the second transition, a red shift in the wavelength
maximum and an increase in fluorescence intensity are
observed that may be attributed to unfolding of the protein
to the acid-unfolded state. At pH 2.0, the fluorescence
spectrum of procerain exhibited a 75-80% decrease in
intensity with a blue shift of 16 nm from 352 to 336 nm
compared to the native protein at pH 7.0.

Quenching of Tryptophan Fluorescence.Measurement of
the extent of quenching of tryptophan fluorescence by an
external quencher is very useful in sensing the exposure of
tryptophan residues in the molten globule state of a protein
(40). In the study presented here, such quenching of
tryptophan fluorescence by anionic (I-) and cationic (Cs+)
quenchers is carried out. Generally, a nonionic quencher is

FIGURE 3: pH-induced conformational changes in procerain. (A)
The residual proteolytic activity and ellipticity at 278 nm of
procerain are denoted with empty triangles and filled circles,
respectively. (B) Ellipticity at 222 nm. The filled and empty circles
denote the change in ellipticity in the absence and presence of 0.5
M salt, respectively. (C) ANS binding to procerain as a function
of pH. The samples were incubated for 24 h at 25°C before the
measurements were taken (see Materials and Methods for details).
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used to obtain information about the exposure of the
hydrophobic surfaces as a charged quencher does not readily
penetrate the hydrophobic interior if the same charged amino
acids surround it. On the other hand, if the fluorescence
quenching is followed in the presence of an anionic quencher
(I-) or cationic quencher (Cs+) quencher, independently, at
least one, with opposite charge, should penetrate the hydro-
phobic interior. This approach will provide information about
the extent of the exposure of the hydrophobic interior but
also the nature of the charge surrounding it. The Stern-
Volmer plot of I- quenching is represented in Figure 5. There
are more quenchable fractions in procerain at pH 2.0 than
in the native protein under neutral conditions as well as in
the presence of 6 M GuHCl. Interestingly, Cs+, in the
experimental range (0-0.2 M), failed to quench the tryp-
tophan fluorescence of procerain either at pH 2.0 or in the
presence of 6 M GuHCl. However, at neutral pH, Cs+ causes
15% quenching (data not shown). No distinguishable changes
in either the shape or emission maximum of fluorescence
spectra of the protein are observed, with both quenchers, in
the concentration range of the quencher that was used,
indicating that no structural changes occurred in the protein
molecule.

GuHCl-Induced Unfolding.GuHCl-induced changes in
procerain under different pH conditions were followed by
CD, fluorescence, and activity measurements, and the
unfolding was found to be irreversible. Under neutral
conditions, GuHCl-induced unfolding, when monitored by
changes in the secondary or tertiary structural content of
procerain, is cooperative and the transition curves are
sigmoidal (Figure 6A). A red shift of 6 nm from 352 to 358

nm in the wavelength emission maximum of intrinsic
fluorescence is seen upon chemical-induced unfolding from
the native to denatured state. The loss in proteolytic activity
upon unfolding coincides with the loss in tertiary and
secondary structure reflecting a good correlation between the
activity and structural integrity of the molecule. Data that
were obtained were normalized and analyzed according to
eqs 2 and 3, respectively, as described in Materials and
Methods, and the respective thermodynamic parameters along
with corresponding transition midpoints were summarized
in Table 1.

As the enzyme is structurally stable with no loss in
proteolytic activity even after prolonged exposure in the pH
range of 3.0-11.5, it was important and interesting to check
the structural integrity of the molecule at low pH. Any subtle
changes in the structure of the protein should reflect in its
behavior toward denaturants. At pH 3.0, GuHCl-induced
unfolding of procerain was cooperative but the transition
curves were noncoincidental (Figure 6B). The proteolytic
activity and tertiary structure are lost initially, followed by
the loss of fluorescence and secondary structure. Such
noncoincidental transitions indicate the probable existence
of intermediate states in unfolding (41). Further, the existence
of an intermediate in the unfolding pathway of procerain is
substantiated by strong ANS binding at 1.6 M GuHCl (inset
of Figure 6B). The data obtained by various methods were
normalized and analyzed as described above and are sum-
marized in Table 1. The conformational stability of the
protein by proteolytic activity and tertiary structure measure-
ment was-3.3 ( 0.2 kcal/mol. Besides,∆GU-N was found
to be-4.7( 0.2 kcal/mol when far-UV CD and fluorescence
were used as probes.

A further reduction of the pH to 2.0 disrupts the tertiary
structure of the protein completely, as seen from near-UV
CD, with the complete loss of proteolytic activity. At pH
2.0, the GuHCl-induced denaturation of procerain was
noncooperative as shown in Figure 6C. The transition
midpoints by far-UV CD and fluorescence wavelength
maximum were summarized in Table 1. Moreover, a strong
ANS binding to the protein was also observed in this state,
which concomitantly decreases with the first transition (inset

FIGURE 4: Effect of pH on the intrinsic fluorescence of procerain.
The wavelength maximum (A) and fluorescence intensity (B) at
different pH values are plotted. The protein concentration was 1
µΜ. The excitation wavelength was 292 nm with slit widths of 10
and 5 nm for excitation and emission, respectively.

FIGURE 5: Stern-Volmer plot of tryptophan fluorescence quenching
by iodide (I-). Quenching of tryptophan fluorescence intensity of
procerain at pH 7.0 (b), at pH 2.0 (O), and in 6 M GuHCl (1) was
carried out with 0.0-0.2 M KI at 25 °C. KCl was added to keep
the ionic strength constant. The reciprocal of they-intercept
indicates quenchable fractions of fluorescence intensity.
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of Figure 7C), indicating that most of the hydrophobic
surfaces are in the domain that unfolds first.

Urea-Induced Unfolding.Under neutral conditions, urea
did not cause any structural perturbations and the enzyme
suffers no loss in proteolytic activity. The enzyme is
susceptible to urea unfolding at lower pH, and the changes
were irreversible. Urea-induced unfolding of procerain at pH
3.0, as followed by near-UV activity, far-UV activity, and
fluorescence is shown in Figure 7A. Unfolding transitions,
monitored by various methods, are cooperative and coinci-
dental. The data that were obtained were normalized and
analyzed according to eqs 2 and 3, and the respective
thermodynamic parameters as well as transition midpoints
are summarized in Table 1.

Since at pH 2.0 there is no tertiary structure and proteolytic
activity, urea-induced changes in the protein are followed
by far-UV CD and fluorescence only. The conformational
stability of the protein was found to be-1.6 ( 0.1 kcal/

mol. The unfolding transitions by different measures are
overlapping and cooperative (Figure 7B), and all changes
occur between 1.25 and 3.5 M urea with a transition midpoint
of 2.2 ( 0.1 M. There was no significant increase in the
level of ANS binding in the urea-induced unfolding pathway.
However, a marginal ANS binding at 2.0-2.5 M urea (inset
of Figure 7B) indicates little exposure of hydrophobic
patches. It is important to note that the ANS binding to
procerain in the molten globule state or intermediate state is
several times higher. Thus, urea-induced unfolding of pro-
cerain can be described by a two-state model, which is
profoundly different from the unfolding in the presence of
GuHCl.

Thermal Unfolding.Temperature-induced unfolding of
procerain was incomplete and completely reversible under
neutral conditions. At least 30-35% of the native structure
of the protein is retained even at a higher temperature (87
°C) as monitored by near-UV CD, far-UV CD, and fluores-
cence measurements. The reversibility of thermal unfolding
of the protein was supported by the fact that the protein
regains the native structure after cooling and follows the same
unfolding transition if reheated (data not shown). At pH 2.0,
the observed properties of procerain agree formally with the
definition of the molten globule-like state, while the tem-
perature-induced transition was irreversible and noncoopera-
tive (Figure 8) with two transition midpoints at 36( 0.5
and 58( 0.5 °C.

DISCUSSION

The physicochemical characteristics of procerain have been
elucidated to gain insight into the structure-function rela-
tionship of the enzyme in view of its stability toward pH
and denaturants. Circular dichroism, intrinsic fluorescence,
and activity measurements were used to study the solution
conformation of procerain as well as its unfolding by various
denaturants. Procerain belongs to theR + â class of proteins
as seen by CD, and members of this class present separate
R-helix andâ-sheet-rich regions in the molecular structure
(32). This is also actually known to be the case in papain,
whose molecular structure consists of an allR-helix domain
and an antiparallelâ-sheet domain (42). Thus, from the CD
data of procerain, it can be concluded that it probably belongs
to the papain superfamily. However, CD spectra and intrinsic
fluorescence properties are distinguishable from those of
other members of the same family and behave differently
when protein unfolding is followed. The equilibrium unfold-
ing of procerain by various denaturants reveals the high
stability of the enzyme. Procerain retains activity and other
structural parameters in the presence of 8 M urea as well as
in the presence of 3.75 M GuHCl, indicating the high rigidity
of the molecule. These observations make it unique among
other reported plant cysteine proteases, probably suggesting
a different folding pattern and structural integrity for pro-
cerain.

The fluorescence emission spectrum of procerain is
identical when it is excited at 278 and 295 nm. Thus, it
appears that the fluorescence of tyrosine is effectively
quenched by tryptophan. The fluorescence emission maxi-
mum of∼352( 1 nm, in the native state, indicates that the
excitable chromophore(s) is in a substantially hydrophilic
environment in a rigid conformation as in the case of some

FIGURE 6: Equilibrium GuHCl denaturation of procerain. GuHCl-
induced unfolding of procerain at pH 7.0 (A), 3.0 (B), and 2.0 (C)
was carried out. The data that were obtained were normalized and
analyzed according to eqs 2 and 3, respectively (see Materials and
Methods). The filled circles, empty circles, filled triangles, and
empty circles denote the activity, near-UV CD, far-UV CD, and
fluorescence, respectively. The insets show ANS binding as a
function of GuHCl concentration.
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other proteins such as TraY (43) and ervatamin C (19). The
fluorescence spectrum of the completely unfolded enzyme
in 6 M GuHCl remains similar in shape, but the emission
maximum shifts from 352( 1 to 358( 1 nm with a 65-
70% decrease in the fluorescence intensity, indicating that
more tryptophan residues of procerain are exposed to a polar
environment.

The pH-induced transition of procerain, when followed
by intrinsic fluorescence, is noncooperative and exhibits a

biphasic nature with one transition between pH 6.0 and 4.0
with a pH midpoint of approximately 4.9 and the latter
between pH 3.5 and 1.5 with a midpoint of pH 2.2. The
shape of the spectra is same at all pH values. Besides, a
blue shift of 15-17 nm and a decrease in fluorescence
intensity occur when the pH is lowered from 6.0 to 4.0. Such
a blue shift in the wavelength maximum is attributed to a
change in the microenvironment around excitable tryptophan-
(s) without a change in the overall structure of the protein
as activity and tertiary structure are preserved in this pH
range. The observed decrease in tryptophan fluorescence
intensity may be due to the proximity to specific quenching
groups formed after a decrease in pH, such as protonated
carboxyl, protonated imidazole, deprotonatedε-amino groups,
and tyrosinate anion (37). In the latter transition, a red shift
in the wavelength maximum along with an increase in
fluorescence intensity in the pH range of 3.5-1.5, which
concurrently occurs with a loss of secondary structure, may
be attributed to conversion of the protein to the acid-unfolded
state.

The acid-induced unfolding transition of procerain as
followed by measurement of far-UV CD is also noncoopera-

Table 1: Unfolding Parameters of Proceraina

condition denaturant method transition midpoint (Cm) (M) ∆GU-N (kcal/mol) mU-N (kcal mol-1 M-1)

pH 7.0, 25°C GuHCl CD [θ]222 4.4( 0.1 -12.7( 0.5 -2.7( 0.1
CD [θ]278 4.3( 0.1 -13.0( 0.5 -2.6( 0.1
fluorescence 4.4( 0.1 -12.8( 0.5 -2.7( 0.1
activity 4.3( 0.1 -12.9( 0.5 -2.9( 0.1

pH 3.0, 25°C urea CD [θ]222 2.3( 0.1 -4.3( 0.2 -1.5( 0.1
CD [θ]278 2.2( 0.1 -4.5( 0.2 -1.4( 0.1
fluorescence 2.3( 0.1 -4.4( 0.2 -1.4( 0.1
activity 2.3( 0.1 -4.6( 0.1 -1.5( 0.1

GuHCl CD [θ]222 2.2( 0.1 -4.7( 0.2 -1.7( 0.1
CD [θ]278 1.0( 0.1 -3.2( 0.2 -3.2( 0.1
fluorescence 2.3( 0.1 -4.6( 0.2 -1.6( 0.1
activity 1.2( 0.1 -3.4( 0.2 -3.3( 0.1

pH 2.0, 25°C urea CD [θ]222 2.1( 0.1 -1.5( 0.1 -1.9( 0.2
fluorescence 2.2( 0.1 -1.7( 0.1 -1.9( 0.2

GuHCl CD [θ]222 1.7( 0.1 (Cm1)
not measured as unfolding

is a three-state process
3.0( 0.1 (Cm2)

fluorescence 1.6( 0.1 (Cm2)
3.0( 0.1 (Cm2)

a The calculated thermodynamic parameters are approximate values, as it does not take into account some interactions present in native procerain
that are irreversibly lost upon unfolding.

FIGURE 7: Equilibrium urea denaturation of procerain. Urea-induced
unfolding of procerain at pH 3.0 (A) and 2.0 (B). The filled circles,
empty circles, filled triangles, and empty triangles denote activity,
near-UV CD, far-UV CD, and fluorescence wavelength maxima,
respectively. The insets show ANS binding to protein as a function
of urea concentration. The data that were obtained were normalized
and analyzed according to eqs 2 and 3, respectively (see Materials
and Methods).

FIGURE 8: Thermal unfolding of procerain in the molten globule
state. The filled and empty triangles denote activity, near UV-CD,
far-UV CD, and fluorescence wavelength maxima, respectively.
The spectra were recorded after incubation for 15 min at each
temperature.
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tive with two transitions. The first transition, in the pH range
of 3.0-1.5, appears to involve a conversion of the native-
like state to a somewhat collapsed unfolded state (acid-
unfolded state) with some residual secondary structure
followed by the second transition corresponding to the
formation of additional secondary structure at a lower pH
which drives the protein into the A state. The molten globule
state was populated at pH 2.0, in the transition from the non-
native state at pH 3.0 (N′) to the acid-unfolded state at pH
1.0-15. In this state, a very high level of ANS binding and
significant secondary structure are observed, whereas the
acid-unfolded state seen in the pH range of 1.0-1.5 has less
secondary structure and weaker ANS binding than the molten
globule state (at pH 2.0) as shown in Figure 3. In the presence
of added salt, however, the enzyme switches directly from
the native state to the A state. This behavior is typical of
the type IC proteins (39) like papain and ribonuclease A.
Besides, other cysteine proteases studied in our laboratory
also exhibited a similar behavior (17, 19). In this class of
proteins, addition of a stronger acid adds both protons and
anions to the solution. As the protein is already, maximally,
protonated in the acid-unfolded state, such addition of more
protons has no effect on its ionization. Under the condition
of extreme pH, the main force unfolding the protein is the
repulsion between the charged groups on the protein
molecule. Therefore, the presence of a high concentration
of salts will act as counterions. These counterions interact
with the charge groups and weaken the repulsions, permitting
other forces to favor folding.

Moreover, pH-induced conformational changes were also
manifested by ANS binding. ANS binds maximally to
procerain at pH 2.0 relative to the native or completely
unfolded protein. However, at lower pH values, there is a
decrease in the magnitude of ANS binding. A 12-fold
increase in ANS fluorescence at pH 2.0 and a shift in the
emission maximum to a shorter wavelength (482 nm)
compared to that of the native state (515 nm) suggest an
increase in the hydrophobicity of the molecule. At this pH,
the molecule becomes less compact than the native molecule,
and more hydrophobic binding sites are accessible to ANS.
The observed negative peak centered on 215-217 nm in far-
UV CD spectra indicates predominantâ-sheet structure of
procerain at this pH. The magnitude of molar ellipticity at
222 nm in this state was (5.5( 0.25)× 103 deg cm2 dmol-1,
which is lower than that of the native protein [(7.0( 0.25)
× 103 deg cm2 dmol-1] at neutral pH. In terms ofR-helical
content, at neutral pH procerain has 16.6%R-helix, which
is reduced to 11.3% in the molten globule state. The change
in the overall ellipticity at pH 2.0 may be due to the partial
unfolding of the molecule, especiallyR-rich regions, as under
similar solvent conditionsâ-rich regions are known to be
more stable in the case of papain (15, 16). The conclusion
of the relative stability of theR-rich andâ-rich region is
supported by our observation also as, if theâ-rich region
would have melted first the CD spectrum in the molten
globule-like state (pH 2.0) would have been typical for an
R-helix instead of typical for aâ-sheet with a decreased
ellipticity at 222 nm.

The observed properties of procerain at pH 2.0 agree
formally with the definition of the molten globule state as it
contains no tertiary structure and activity but retains sub-
stantial non-native secondary structure with strong ANS

binding. Though most of the observed molten globule states,
in different proteins, exhibit anR-helical conformation, a
few proteins exhibit aâ-conformation in the molten globule
state as in papain (16), human carbonic anhydrase B (44),
and bovine pancreatic ribonuclease (45). The fluorescence
spectrum of procerain at pH 2.0 exhibited a 75-80%
decrease in intensity with a blue shift of 18 nm from 354 to
336 nm compared to that of the native protein at pH 7.0,
indicating a nonpolar tryptophan environment. The transition
of procerain from the native to molten globule-like state is
reversible over a period of 48 h, and all the fluorescence
properties of such a renatured protein are regained and are
the same as those of the native protein. At higher procerain
concentrations (>0.05 mg/mL), aggregation of the protein
upon renaturation results. The nonspecific hydrophobic
interactions are expected to play a major role in the
aggregation phenomenon of proteins, and the same rationale
may also be employed for the aggregation of procerain. This
aggregation prone nature of procerain further confirms that
in the molten globule state hydrophobic surfaces are exposed.

The fluorescence energy transfer studies of the molten
globule state of procerain clearly indicate the proximity of
some tryptophan(s) with bound ANS. Each molecule of
procerain has six strong ANS binding sites with a dissociation
constant of 170µM (data not shown)

Exposure of aromatic groups to the solvent, in the molten
globule state of procerain, is also demonstrated by quenching
studies as the extent of quencher penetration through the
protein core provides information about protein dynamics,
and thus provides a probe for monitoring the unfolding and
folding of a protein. The quenching data of anionic quencher
(I-) can be fitted to a straight line and confirm that this
quencher has accessibility to almost all the fluorescent
tryptophan residues of the protein. The Stern-Volmer plot
indicates that the tryptophan residues, which were inacces-
sible to the anionic quencher (I-) in the native state, become
highly accessible in the molten globule state. Since the
charged quenchers do not readily penetrate the hydrophobic
interior of the protein, the quenching by iodide indicates that
the molten globule state of procerain is a loosely packed
intermediate, which has largely exposed and hydrated
tryptophan residues.

Interestingly, Cs+ in the experimental concentration range
(0-0.2 M) failed to quench any tryptophan fluorescence of
the protein in the molten globule state or in the presence of
6 M GuHCl. However, at neutral pH, some quenching (15%)
is observed. This indicates that the tryptophan residue is
surrounded by amino acids, which are positively charged at
pH 2.0, and Cs+ is being repelled. No distinguishable change
in the shapes and wavelength maximum of fluorescence
spectra is observed at the concentration of quencher that was
used, suggesting that the protein conformation is not being
affected.

The temperature- and GuHCl-induced unfolding of pro-
cerain in the molten globule-like state to unfolded state is
noncooperative, contrary to the cooperative unfolding seen
under neutral conditions. The observed cooperativity in
unfolding of the protein, at neutral pH, is due to the integrity
of the molecule due to side chain packing. This implies that
disruption of the tertiary packing is necessary for noncoop-
erative transitions observed in the molten globule-like state.
GuHCl- and temperature-induced unfolding of procerain in
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the molten globule-like state indicates the existence of two
domains in the molecular structure of the protein, which
unfold independently, and each transition corresponds to
unfolding of one domain. Upon closer examination of the
temperature and GuHCl transition of procerain in the molten
globule state, at 45-55 °C or 2.25-2.75 M GuHCl, one
domain of procerain is unfolded while the other is intact.
This interpretation is based on the fact that, under these
conditions, the first transition corresponds to the completion
of unfolding of one domain while the other is not yet started.
Therefore, it can be safely concluded that at 45-55 °C or
2.25-2.75 M GuHCl the protein exists in a state where the
R-rich domain is unfolded. Besides, ANS binding to pro-
cerain in the molten globule-like state, at pH 2.0, ends
parallel with the first transition, suggesting that most of the
hydrophobic surfaces exposed are in the domain that unfolds
first.

GuHCl-induced unfolding of procerain at neural pH was
cooperative, and the conformational stability of the protein
(∆GU-N) andmU-N by various methods were-12.75( 0.5
kcal/mol and-2.8( 0.2 kcal mol-1 M-1, respectively. The
enzyme is structurally and functionally stable up to 3.75 M
GuHCl, and the transition midpoint by various measures is
4.3 ( 1 M. The loss in proteolytic activity upon unfolding
coincides with the loss in tertiary and secondary structure
reflecting a good correlation between the activity and
structural integrity of the molecule. The observed cooper-
ativity of unfolding, as followed by various methods, is an
indication that they are probing structural changes in the same
region of the protein molecule or changes occurring con-
comitantly in all parts. Temperature-induced unfolding of
procerain was incomplete under neutral conditions as 30-
35% of the native structure is retained even at 87°C, which
is completely reversible. The reversibility of thermal unfold-
ing was supported by the fact that the protein regains its
native structure after cooling and follows the same unfolding
transition if reheated. However, temperature-induced unfold-
ing of procerain at the lower pH values that were studied
(3.0 and 2.0) was irreversible.

The effect of denaturants was more pronounced at very
low pH values. At pH 3.0, temperature-induced unfolding
is cooperative and the transitions are coincidental. On the
other hand, GuHCl-induced unfolding of the enzyme under
similar conditions was cooperative, and the transitions seen
by various measures are noncoincidental. The proteolytic
activity and tertiary structure are lost first followed by the
loss of fluorescence and secondary structure. Besides, the
mU-N value determined from near-UV and activity transitions
is significantly higher than the value obtained from fluores-
cence and far-UV curves. This indicates a discrete intermedi-
ate state exists in the chemical-induced unfolding pathway
between the native state and the denatured state. Further,
strong ANS binding to protein at 1.6 M GuHCl substantiates
the idea of the existence of an intermediate state in turn,
indicating that the state of the molecule at pH 3.0 is different
from the native state (we have assigned it as the non-native
state or N′ state). It is important to note that in the presence
of 1.6 M GuHCl the protein does not show any tertiary
structure or activity but exhibits substantial secondary
structure. Further, the value of∆GU-N (ca.-4.8 kcal/mol),
determined using far-UV CD and fluorescence transitions,
was higher and likely to reflect the conversion of the non-

native state at pH 3.0 to the denatured state. Similarly, the
conformational stability, obtained by analysis of near-UV
CD and activity curves, was lower (ca.-3.3 kcal/mol) and
likely to reflect the conversion of the non-native state at pH
3.0 to the intermediate state. Therefore, the conformational
stability of the intermediate state was approximately-1.5
kcal/mol, which is the difference between the above two
measurements.

On the other hand, procerain retains all the activity as well
as structure in the presence of 8 M urea under neutral
conditions and is susceptible to urea-induced unfolding at
lower pH values. At both pH 3.0 and 2.0, urea-induced
unfolding of procerain is cooperative and the transition curves
obtained by various measures are coincidental. Since urea-
induced unfolding of the molten globule-like state (pH 2.0)
is a two-state process, the resultant∆GU-N (ca. -1.6 kcal/
mol) is a measure of the conformational stability of the
protein in this state. Overall, observations manifest that the
unfolding of procerain by GuHCl and urea is dramatically
different with different unfolding mechanisms. Such differ-
ences in the unfolding pathway may be attributed to the ionic
nature of GuHCl. As GuHCl is an electrolyte with a pKa of
∼11, which means that at a pH below this the GuHCl
molecule will be present in a fully dissociated form, i.e., as
Gu+ and Cl-. The presence of these ions would influence
the stabilizing and destabilizing properties of proteins (46),
resulting in different unfolding pathways.

Further, under neutral conditions, the conformational
stability of procerain (∆GU-N) as determined by various
methods was-12.75( 0.5 kcal/mol. It has been shown in
chymopapain that a number of salt bridges provide stability
for the protein under neutral conditions. At lower pH values,
because of an increased level of protonation of acidic groups,
many salt bridges may be disrupted as they involve ionizable
groups, resulting in the decreased stability of the protein (47).
The observed decrease in the stability of procerain at pH
3.0 (∆∆G ) 8.25 kcal/mol) suggests that the salt bridge may
be important in determining the stability of this protein. It
is important to note that at pH 3.0 all salt bridges will be
broken due to protonation of acidic groups. Thus, it appears
that the breakage of electrostatic interactions at pH 3.0 is
key in the formation of the intermediate state observed in
the GuHCl-induced unfolding pathway. Besides, no signifi-
cant difference in the value of∆GU-N is observed upon urea
denaturation.

The conformational stability and secondary structure
content of the intermediate at 1.6 M GuHCl and pH 3.0 are
almost equal to those of the molten globule state, whereas
both states lack activity and tertiary structure. Thus, one may
conclude that these intermediates are the same and populated
under different conditions as the idea can be substantiated
by the higher level of ANS binding to both states. However,
the protein in the molten globule state is a predominantly
â-sheet structure, whereas the intermediate state (I) is
predominantlyR-helical, manifesting a major difference in
the structure of the protein in these two states. Therefore, it
is not safe to conclude that the two states are the same. Since
the conformational stability of the protein in the two
intermediates is the same, they may be located on parallel
folding routes. On the basis of the above results and the
discussion presented above, a model of unfolding of pro-
cerain can be presented as given in Scheme 1.
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In the study presented here, it is established that procerain
unfolds through an intermediate state and the protein unfolds
sequentially. Similar unfolding behavior is observed in the
case of other cysteine proteases, such as ervatamin B,
ervatamin C, and papain, studied in our laboratory as model
systems for investigating the folding of proteins that belong
to the papain superfamily (16-19). However, the conditions
of the presence of intermediates and their nature vary with
each protein. To a first approximation, some generalization
for the folding behavior of plant cysteine proteases of the
papain superfamily can be drawn. This class of proteins
unfolds through intermediates, and the two domains in the
molecular structure unfold sequentially. However, the prop-
erties and the conditions where intermediates are populated
may be different, depending on the stability and structural
integrity of the protein molecule.
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Scheme 1: Proposed Unfolding Pathway of Proceraina

a N, N′, I, MG, and U represent the native state at neutral pH, the
non-native state at pH 3.0, the intermediate at pH 3.0 in the presence
of 1.6 M GuHCl, the molten globule-like state, and unfolded state,
respectively.
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