
Identification and Characterization of Functional Intermediates
of Stem Bromelain During Urea and Guanidine Hydrochloride
Unfolding

Basir Ahmad, Tabrez Anwer Shamim, Soghra Khatun Haq and Rizwan Hasan Khan*

Interdisciplinary Biotechnology Unit, Aligarh Muslim University, Aligarh–202002, India

Received October 11, 2006; accepted December 2, 2006; published online December 15, 2006

By comparing changes in enzyme activity with changes in spectral features for
stem bromelain (EC.3.4.22.32) in the absence and presence of urea, Guanidine
hydrochloride and ethanol; four intermediate states could be identified: two activity-
enhanced state obtained in the presence of 5 M urea and 2 M GnHCl, termed X and X0,
respectively, and a third, similarly active state closely resembling the native protein
in the presence of 8–9 M urea, termed Y. The enhanced activity of these states is due
to local conformational changes accompanied by increased dynamics in the active
site. Further, the enzyme does not lose its activity after substantial tertiary structure
changes in 8–9 M urea (Y state), suggesting that active site containing domain is more
resistant to chemical denaturation than the other structural domain. This makes
stem bromelain and in general cysteine proteases an exception to the hypothesis that
active site is the most labile part of enzyme.
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Abbreviations: ANS, 1-anilino-8-nephthalenesulphonicacid; CD, circular dichroism; GnHCl, guanidine
hydrochloride; PFI, partially folded intermediate; SB, stem bromelain.

The function of a protein depends on its ability to acquire
a unique three-dimensional structure. Understanding
how this process occurs is one of the great challenges
are protein chemists facing world wide. Proteins are
known to accumulate different conformational states
during their unfolding by various denaturants (1–3). In
order to understand the phenomenon of protein folding,
all conformational states should be described with
respect to their structure and function, because such
conformational states might resemble the intermediate
state along the in vivo protein-folding pathway, and thus
play an important role in understanding the mechanism
of protein folding (4, 5).

Like other cysteine proteinases, stem bromelain (SB)
belongs to the aþ b protein class and the highly similar
amino acid sequences of papain (6), actinidin (7), protei-
nase � (8), chymopapain (9) and SB (10) indicate that the
polypeptide chains of these proteins may share a common
folding pattern. This has been substantiated for the former
three proteinases by detailed X-ray diffraction studies
(10–13). While a detailed study on the folding aspects of
papain, a thiol protease, has been made by several workers
(14, 15), very little information about the general folding
aspects of SB a cysteine protease from Ananas comosus, is
currently available. The process of thermal denaturation of
bromelain, as studied by circular dichroism (CD) and

differential scanning calorimetry (DSC), is completely
irreversible and apparently follows a simple two-state
mechanism of the type N!D (16). SB, when exposed to
increasing alkalinity, exhibits conformational response
through at least three different stages due to the ionization
of tyrosine hydroxyl groups (17). Earlier studies from our
laboratory have demonstrated the existence of a partially
folded intermediate (PFI) for SB at low pH and other
intermediates in the presence of salts and alcohols (18–20).
However, chemical denaturation studies have not been
reported for this protein so far.

In the present communication, we have carried out
experiments to study the structural and functional proper-
ties of SB in the presence of denaturants like GnHCl, urea
and ethanol and identified and characterized functional
intermediates of the enzyme in its unfolding pathway. The
information could be helpful in understanding the struc-
ture function relationship of SB in particular and cysteine
proteases in general. Understanding the structure–
function relationship of an enzyme under different solvent
conditions may provide insight into the molecular basis of
the stability of the enzyme, which can be used to design
protocols and or an enzyme with special properties for
biotechnological applications.

MATERIALS AND METHODS

Materials—SB (EC 3.4.22.32) lot no. B4882, ultra pure
urea, guanidine hydrochloride (GnHCl) and 1-Anilino
8-naphthalene sulfonic acid (ANS) typeA-3125 were
obtained from Sigma Chemical Co., St. Louis, USA.
Ethanol was obtained from Merck, Germany. All other
chemicals used were of analytical grade.
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Methods—Spectrophotometric measurements

Protein concentration was determined spectrophotome-
trically using specific extinction coefficient "1%

1cm of 20.1
by measuring the absorbance of protein solution at
280 nm on a Hitachi U-1500 spectrophotometer (16, 21).
A stock solution of ANS was prepared and concentration
was determined using an extinction coefficient of
"M¼ 5000M�1cm�1 at 350 nm (22).

Denaturation Experiments—Solutions for the
denaturation experiments of SB were prepared in 60 mM
sodium phosphate buffer of pH 7.0. Time-dependent
changes in the structural parameter and enzymatic
activity of SB at increasing denaturant concentrations
were monitored to standardize the incubation time
required for achieving equilibrium under given conditions.
At 1, 5 and 9 M urea and 0.5, 2, 4 and 6 M GnHCl, both
enzyme activity and fluorescence properties become
constant within 20 min. This suggests that minimum
incubation time of 30–60 min is sufficient for achieving
equilibrium. To a 0.5 ml stock protein solution (15 mM) in
buffer, different volumes of a stock denaturant solution
(10 M urea, 8 M GnHCl or 100% ethanol) were added to get
a desired concentration range of denaturant. The final
solution mixture (3.0 ml) was incubated for 30–40 min at
room temperature before optical and activity
measurements.

Enzyme Assay—The proteolytic activity of SB was
assayed by the procedure of Demeester et al. (23).
A denatured casein solution (2%) at pH 7.0 was incubated
for 10 min at room temperature with SB solution
pretreated with increasing concentration of denaturants.
The reaction was stopped by adding a protein precipita-
tion reagent (0.11 M TCA, 0.22 M sodium acetate
and 0.44 M acetic acid) and the undigested casein
moved by centrifugation or filtration. The amount of
peptide remaining in solution was determined spectro-
photometrically at 275 nm against a blank containing all
the reaction mixture except activity. The data were
plotted as percent activity versus denaturant
concentrations

Determination of Extent of Autolysis—The extent
of autolysis was measured by TCA precipitation
method (24).

CD Measurements—CD measurements were carried
out with a Jasco spectropolarimeter, model J-720,
equipped with a microcomputer. The instrument was
calibrated with D-10-camphorsulfonic acid. All the CD
measurements were carried out at 258C with a thermo-
statically controlled cell holder attached to a Neslab
RTE-110 water bath with an accuracy of � 0.18C. Far-UV
CD spectra were measured at a protein concentration
of 2.0mM and near-UV CD spectra were measured at
protein concentration of 20–30 mM. The pathlength was
1 mm and 1 cm respectively. Results were expressed
as mean residue ellipticity (MRE) in deg cm2dmol�1

defined as

MRE ¼
�obsðmdegÞ

10� n� Cp� l
:

Where �obs is the CD in millidegree; n is the number of
amino acid residues; l is the pathlength of the cell in cm

and Cp is the molar fraction. Helical content was
calculated from the MRE values at 222 nm using the
following equation as described by Chen et al. (25):

% helix ¼
MRE222nm � 2340

30300

� �
� 100:

Since dynode voltage exceeded 0.6 kV� 215 nm, far-UV
CD spectra were recorded in the range of 250–215 nm.

Fluorescence Measurements—Fluorescence measure-
ments were performed on Shimadzu spectrofluorimeter,
model RF–540 equipped with a data recorder DR–3. The
fluorescence spectra were measured at 25� 0.10 C with a
1 cm pathlength cell. The excitation and emission slits
were set at 5 and 10 nm, respectively. Intrinsic fluores-
cence was measured by exciting the protein solution at
295 nm and emission spectra was recorded in the range
of 300–400 nm.

For ANS binding fluorescence experiments, the excita-
tion wavelength was set at 380 nm and the emission
spectra were taken in the range of 400–600 nm. The
molar ratio of protein to ANS was 1:50. ANS fluorescence
studies at pH 7.0 in the presence of urea and GnHCl
were performed using a fixed protein concentration
(2.0 mM).

Acrylamide Quenching Experiments—In the quenching
experiments, aliquots of 5 M acrylamide stock solution
were added to protein solutions (3 mM) to achieve the
desired range of quencher concentration (0.1–0.5 M).
Excitation was set at 295 nm and the emission spectrum
was recorded in the range 300–400 nm. The decrease in
fluorescence intensity at �max was analysed according to
the Stern-Volmer equation (26).

F0

F
¼ 1þ Ksv½Q�

Where F0 and F are the fluorescence intensities at an
appropriate wavelength in the absence and presence of
quencher, respectively, Ksv is the Stern-Volmer constant,
and [Q] is concentration of the quencher.

RESULTS

SB like other proteolytic enzymes, undergoes autocatal-
ysis (27,28). To avoid any complication due to autolysis,
active amino acid side chain is modified during folding/
unfolding studies e.g. in case of cysteine proteases free
sulfhydryl group of active site cysteine is blocked by
caboxymethylation (29). This inactive enzyme cannot be
native even if observed physical parameters are very
similar to the active enzyme. To study the effect of
various solvents on the properties of active SB, we
investigated the time course of the autolysis process and
enzymatic activity of SB in the absence and presence of
GnHCl, urea and alcohol. No autolysis or decrease in
enzyme activity was observed upto 60 min (Fig. 1, data in
the presence of denaturant omitted for brevity). But the
enzyme shows almost complete auto digestion in 24 h.
The SDS-PAGE of stem bromelain incubated for 0–1 h in
phosphate buffer of pH 7.0 also shows no digestion of the
protein (data not shown).
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Effect of Denaturants on the Enzymic Activity of Stem
Bromelain—Determination of enzyme activity along
increasing denaturant concentration is a very sensitive
probe to detect even small structural changes that an
enzyme undergoes. Figure 2 shows the effect of increas-
ing concentrations of urea, GnHCl and alcohol on the
enzymatic activity of SB. The denaturation process of SB
in the presence of increasing concentration of urea and
GnHCl (see profiles in Fig. 2) is a combination of at least
two distinct processes. The first transition (upto 2 M
GnHCl and 5 M urea) caused an increase in the enzyme
activity by �46%. Further increase in urea concentration

upto 9 M resulted in the decrease of enzyme activity by a
mere �13%. No significant change in activity of SB even
in denaturing concentration of urea is indicative of its
structural stability in concentrated urea solution. On the
other hand, a sharp decrease in the enzyme activity
above 2 M and finally a complete loss of activity was
observed at 6 M GnHCl. As shown in the figure,
denaturation profile of SB by ethanol is markedly
different from urea and GnHCl. A steady decrease in
enzyme activity of SB was observed on treatment with
increasing concentration of ethanol. Overall, SB shows
a similar change in the activity upto 5.0 M urea and
2.0 M GnHCl which is markedly different from that
observed in the presence of ethanol. The most interesting
feature is the exceptional retention of activity in
9 M urea.

To further characterize the activity-enhanced states
(i.e. in 2 M GnHCl and 5 M urea), kinetic constants (Km
and kcat) for the enzyme in the presence and absence of
denaturants were calculated. As shown in Table 1,
Michaelis constant, Km and catalytic constant, kcat were
calculated to be 0.129� 0.08 mM and 703� 34.9 min�1,
respectively in the absence of denaturant. In the presence
of 5 M urea, Km was 0.217� 0.03 mM and kcat was
1040� 42.8 min�1 and in the presence of 2 M GnHCl, the
Km and kcat were 0.221� 0.07 and 1085� 45.6 min�1,
respectively. The results suggest catalytic properties of SB
in the presence of 5.0 M urea and 2.0 M GnHCl are almost
similar.

Effect of Denaturants on the Conformation of SB—
Figure 3 shows the GnHCl, urea and ethanol induced
conformational transition of SB as monitored by the
measurements of MRE at 222 nm. Urea and GnHCl
induced transitions of SB monitored by measurements of
MRE at 222 nm are also biphasic i.e. they involve at least
two distinct reactions. SB shows a small decrease in the
ellipticity at 222 nm in urea concentration range from 0
to 5 M (first transition), indicating a slight increase
(�4.6%) of alpha helical content. In the second transition
of urea denaturation profile, ellipticity at 222 nm
increases and become equal to native protein. This
reflects that the enzyme is structurally stable with no
loss in proteolytic activity even in 9 M urea. GnHCl
denaturation profile of SB is a two-step process with
accumulation of an intermediate at around 2–2.5 M
GnHCl when monitored by ellipticity measurements at
222 nm. The first transition (0.5–2 M GnHCl) is char-
acterized by small reduction of helical content (�10.3%),
while the second transition (2.5–6 M GnHCl) is accom-
panied by complete loss of secondary structure and
activity. Small decrease in the ellipticity at 222 nm was
observed in increasing concentration of ethanol. Thus the
inactivation of SB in ethanol without affecting secondary
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Fig. 1. Extent of autolysis (*) and caseinolytic activity
(�) of SB monitored by the time dependent changes of
absorbance at 275 nm of supernatant of TCA precipitated
SB.

Table 1. Kinetic parameters of proteolytic activity of
SB in the absence and presence of urea and GnHCl
concentration at which enhanced activity was noted.

Condition Km(mM) kcat (min�1)

Native SB (pH 7.0) 0.129� 0.08 703�21.8
SBþ5.0 M urea 0.217� 0.03 1040�42.8
SBþ2.0 M GnHCl 0.221� 0.07 1085�31.3
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Fig. 2. Percent caseinolytic activity of SB in the presence
of increasing concentration of urea (m), GnHCl (�) and
ethanol (g). Concentration ranges of denaturants used were
0–9.0 M for urea, 0–7.0 M for GnHCl and 0–70%(V/V) for
ethanol. Activity of native SB has been taken as 100%. Each
data point is the mean of 3–4 independent observations
with standard deviation �0.3–� 5.1% (X-axis scale:
1 unit¼ 1M, 10%).
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structure indicates that alcohol denature the SB by
different mechanism than urea and GnHCl.

SB contains five tryptophan (Trp) residues distributed
in the entire polypeptide chain (10). The emission spectra
of Trp residues were measured after excitation at
296 nm. This excitation wavelength was selected to
minimize radiation less energy-transfer from the tyrosine
residues, which can contribute to tryptophan emission
when an excitation wavelength of 280 nm is used (30).
Figures 4A and B exhibit the GnHCl, urea and ethanol
induced conformational transitions of SB as measured by
intrinsic fluorescence emission intensity at 342 nm and
wavelength maximum (�max) of emission, respectively. As
shown in figure, SB showed significant increase in
tryptophanyl fluorescence intensity between 0 and 5 M
urea and 0–2 M GnHCl with a red shift of the emission
maximum from 342 to 346 nm. From 6 to 9 M urea no
significant change in fluorescence intensity was observed
but the �max of emission shifted to longer wavelength by
3 nm (346–349 nm). Between 2 and 5 M GnHCl, a
transition occurred which resulted in significant decrease
in fluorescence intensity and a change of the �max of
emission to 355 nm. These changes in fluorescence
properties (from 2 to 6 M GnHCl) together with the
observed abrupt decrease in enzymatic activity (Fig. 2)
and secondary structure content (Fig. 3) indicated that
unfolding of SB occurred in this range of GnHCl
concentrations.

As seen in Figs 3, 4A and B, changes in the MRE at
222 nm and fluorescence properties upon addition of urea
or GnHCl to give a final concentration of 5 M or 2 M,
respectively, was accompanied by a significant increase
in enzyme activity. Moreover, changes in structure
(changes in mean residue ellipticity at 222 nm) correlates
reasonably well with the changes in enzyme activity,

(Fig. 5A and B) therefore, these results are indicative of
a conformational change in SB induced by urea or
GnHCl, which is favourable for its proteolytic
activity. Alcohols are known to disrupt hydrophobic
intractions and hence ethanol was not able to induce
this conformation. Therefore, mechanism of conforma-
tional alteration of SB by urea, GnHCl and ethanol may
be represented as:

NÐ XÐ Y ðUreaÞ
NÐ X0 Ð D ðGnHCLÞ
NÐ D0 ðEthabolÞ

Where N and D is the native and denatured states of SB,
respectively. X and X0 are the conformational states of
the protein with enhanced proteolytic activity. D0 is the
denatured state without activity but native-like second-
ary structure content. To ascertain whether the protein
states X, X0 and Y represented intermediate conforma-
tional states of SB, we compared the ANS fluorescence
spectra, far UV CD spectra, near UV CD spectra,
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Fig. 3. Urea (m), GnHCl (�) and ethanol (g) induced
denaturation profiles of SB as monitored by MRE
measurements at 222 nm. Concentration ranges of denatur-
ants used were 0–9 M for urea, 0–7 M for GnHCl and 0–70%
(v/v) for ethanol. Each data point is the mean of 3–4
independent observations (X-axis scale: 1 unit¼1 M, 10%).
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Fig. 4. Urea (m), GnHCl (�) and ethanol (g) induced
denaturation profiles of stem bromelain as monitored by
measurements of tryptophanyl fluorescence intensity
(FI) at 296 nm (A) and wavelength of maximum
emission (B).
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intrinsic fluorescence spectra and tryptophanyl fluores-
cence quenching of these states with those obtained at
pH 7.0 (native state) and in the GnHCl denatured states

ANS Binding—Changes in the ANS fluorescence are
generally used to detect non-native conformation of
globular proteins (31). The hydrophobic fluorescent dye,
ANS was used to probe X, X0 and Y conformations of SB
for the exposure of hydrophobic surfaces. Figure 6
showed the ANS fluorescence spectra of N, X, X0, Y and
D states. Maximum binding of ANS to N state showed
that N state had sizeable amount of exposed hydrophobic
region compared with D state. Changes in binding of
ANS to X and X0 state were comparable with N state and
are equal. This indicates that both states are similar and
may have been acquired through similar mechanism.
Although binding of ANS to Y state has decreased
significantly, it is higher than the completely
unfolded state (D). This is indicative of a conformation
intermediate to N and D states.

Far UV Circular Dichroism—Figure 7 shows the
far-UV CD spectra of functional intermediates of SB
obtained by treatment of the protein with 5 M urea
(X state, curve 1), 9 M urea (Y state, curve 2) and 2.0 M

GnHCl (X0 state, curve 3). Curve 4 shows the spectrum of
SB in 7 M GnHCl, a concentration at which the protein is
considered to exist in a random coil conformation (30).
The far-UV CD spectrum of native SB (Fig. 7 inset) is
typical of aþ b proteins, the CD signal of which is
more intense at 208 nm than at 222 nm (32). The
curves for X, Y and X0 states retained the elements
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Fig. 5. Correlation analysis between changes in MRE
values and changes in activity for N–X (m) and X–Y (�)
transitions induced by urea (A) and N–X0(g) and X0–D (œ)
transitions induced by GnHCl (B) of S.

Fig. 6. Fluorescence emission spectra of ANS bound to
Native state at pH 7.0 (curve1), X state in 5.0 M urea
(curve 2), X0 state in 2.0 M GnHCl (curve 3), Y state
(curve 4), and unfolded state in 7.0 M GnHCl (curve 6).

Fig. 7. Far-UV CD spectra of different states of SB. Native
state at pH 7.0 (inset), X state in 5.0 M urea (solid line),
X0 state in 2.0 M GnHCl (dashed line), Y state (dashed-
dotted) and unfolded state (dotted).
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of secondary structure, although there was a decrease in
the ellipticity at 222 nm of X state, indicating a gain of
helical structure (�4.6%) from native SB. On the other
hand Y and X0 states showed small loss of helices (�10%)
compared with native state. SB in the presence of 7 M
GnHCl lost all the elements of secondary structure as
well as proteolytic activity and hence was assumed to
represent the completely unfolded state of SB.

Near UV Circular Dichroism—Figure 8 shows the
comparative near-UV CD spectra in the region
320–250 nm for native (pH 7.0, curve1), X (5 M urea,
curve2), Y (9 M urea,curve 3), X0 (2 M GnHCl, curve 4)
and D (7 M GnHCl, curve 5) states of SB. These spectra
in near-UV region were used to probe the asymmetry of
the aromatic amino acid’s environments in SB. The
spectrum of native SB exhibits a negative band at
298 nm and a positive band at 279 nm. The spectrum is
very similar to spectrum reported earlier by Arroyo-
Reyna et al. (32). In the X and X0 states of SB, there was
a small loss of signal at 279 nm and 298 nm whereas, in
7 M GnHCl there was complete disappearance of all
minima. A comparison of near-UV CD spectra of all the
three functional states (X, X0 and Y) with that of native
and denatured states show that X and X0 states have lost
small amount of tertiary structure while Y state has lost
most of the tertiary structure. Moreover Y state has
native like activity and secondary structure. These
results indicate that loss of tertiary structure in XÐY
transition has not affected the domain containing active
site. This leads us to suggest that perhaps only specific
tertiary contacts rather than the entire 3-dimensional
conformation is essential for enzyme activity of SB.

Tryptophanyl Fluorescence—The intrinsic fluorescence
spectra of SB in the native state at pH 7.0, in the
presence of 5 M urea and 9 M urea and in the presence of
2 and 6 M GnHCl are shown in Fig. 9A and B
respectively. The emission spectrum of native SB at

pH 7.0 showed a maximum at 342 nm. The emission
maximum shifted to shorter wavelength compared with
the emission spectrum of solvent exposed NATA (356 nm,
data not shown). This indicates that some tryptophanyl
residues are located in hydrophobic environment.
Extensive sequence homology with papain suggested
that three of the five Trp in SB may be buried in the
hydrophobic core and the remaining two may be located
on the surface of the protein molecule. There were
significant changes in the intrinsic fluorescence spectra
of both urea induced (X) and GnHCl induced (X0) states
when compared with the spectra of the native protein
and denatured protein. Both states showed increased
fluorescence intensity and �max of emission compared
with native state but have smaller �max of emission than
the D state. This indicates that fluorophores are in
slightly more polar environment in X and X0

conformations.
Tryptophanyl Fluorescence Quenching by Acrylamide—

The exposure of the tryptophanyl residues was further
examined by fluorescence quenching using neutral
quencher, acrylamide (26). Figure 10 shows
Stern–Volmer plots for fluorescence quenching of SB by
acrylamide at different denaturant concentrations.
Values of stern–volmer constant (Ksv) are shown in
Table 2. Ksv values of SB at 5 M urea (6.09) or 2 M
GnHCl (6.07) were quite similar but higher than that of
native state (4.82) and quenching was accompanied by a
red shift in �max of emission. These results indicate that
tryptophanyl residues of X and X0 states were more
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Fig. 8. Near-UV CD spectra of different states of stem
bromelain. Native state at pH 7.0 (—), X state in 5.0 M urea
(– –), X0 state in 2.0M GnHCl (- - -), Y state (– � –), ethanol
induced state (– �� –) and unfolded state (—). Curves are
numbered 1–6 in this order as the arrow indicates.

Fig. 9. Tryptophanyl fluorescence spectra of different
states of SB. (A) Native state at pH 7.0 (curve1), X state in
5.0 M urea (curve 2), Y state in 9.0 M urea (curve 3), (B) Native
state at pH 7.0 (curve1) X0 state in 2.0 M GnHCl (curve 2), and
unfolded state in 7.0 M GnHCl (curve 3).
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accessible to quencher than the N state. The Ksv value of
the denatured SB (6 M GnHCl) was significantly higher
than those for the denaturant induced states, suggesting
that in X, Y and X0 states, the tryptophanyl residues
were not fully accessible and have intermediate exposure
between native and denatured states.

Taken together these results i.e. enzymatic activity,
intrinsic fluorescence, ANS binding and fluorescence
quenching, far UV CD suggest that both the state X
and X0 are similar in tertiary structure but secondary
structure differ slightly. This again provides evidence
that both the states were achieved through similar
mechanism.

DISCUSSION

There is a well-known relationship between protein
structure and function. A unique 3-dimensional confor-
mation in a protein is a prerequisite for its desired
function. In this study an attempt has been made to gain
insight into the structure–function relationship of SB in
particular and cysteine proteases in general in view of its
behaviour towards urea, GnHCl and ethanol. During
unfolding by various denaturants four intermediate

conformations have been identified between native SB
and completely denatured (7M GnHCl) SB. Two inter-
mediate conformations with enhanced proteolytic activity
(X and X0) have been identified at 5 M urea and 2 M
GnHCl, respectively and a third retaining native-like
activity at 9 M urea. One the other hand, a fourth
intermediate (D0) stabilized in 60–70% ethanol was found
to be non-functional, but retained all the elements of
secondary structure. This intermediate was used for
comparison purpose in further discussions.

As shown in Tables I and II, the X and X0 states have
been characterized by (i) retention of native-like second-
ary structure (ii) increased wavelength of maximum
emission (�max) of intrinsic fluorescence (iii) increased
acrylamide quenching of Trp fluorescence (iv) changes in
near UV CD in aromatic region (v) substantial ANS
binding and (vi) increased Km value. These observations
indicate that N–X and X0 transitions is accompanied by
partial exposure of buried Trp, probably located close to
active site of the enzyme. Thus the enhanced activity of
these intermediates (X and X0) seems to be due to
conformational and dynamic changes in the SB active
site. This agrees with previously reported finding that
activation of different enzymes by denaturants was
associated with conformational changes in the tertiary
structure (33–36) and secondary structure (37) of the
enzymes, or the dynamics of enzyme active site (38).

Third functional intermediate (Y) formed in 8–9 M
urea has interesting properties that will help in under-
standing the stability and environment of active site of
SB. The Y state has been characterized by retention of
native like MRE at 222 nm and proteolytic activity but
has undergone significant tertiary structure alterations.
This marked decrease of tertiary structure without any
major effect on the enzyme activity might be ascribed to
the conformational changes of SB without affecting local
environment of the active site. The pronounced tertiary
structure destabilization of SB in 8–9 M urea and the
unaffected local active site stability explains the stability
shown by other cysteine proteases in concentrated urea
solution (39). These observations make the cysteine
proteases an exception to the hypothesis that the active
site is the most labile part of the enzymes (40). X-ray
crystallography or solution NMR studies of these states
would help to determine the essential tertiary contacts
required to contain the active site of this enzyme.
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Fig. 10. Stern–Volmer plots of acrylamide quenching.
Native state at pH 7.0 (�), X state in 5.0 M urea (m), X0 state
in 2.0 M GnHCl (œ), Y state (*), and unfolded state in 7.0 M
GnHCl (¨).

Table 2. Summary of some structural and functional properties of HSA.

Variables Different conformational states of stem bromelaine

N X X0 Y D D0

% activity 100 148.5 145 88.5 9.5 2.6
aMRE at 222 nm �7580 �7930 �6794 �7122 �1203 �8211
aMRE at 278 nm 207 174 165 93 �70 56
�max of emission 342 346 346 349 355 332
FI at 342 nm (%) 100 163.6 129.8 169.6 90.2 153.6
ANS fluorescence

(relative intensity)
65 58 55 38 37 –

KSV 4.75 5.69 5.85 6.80 10.32 –

N, X, X0,Y, D and D0 have been defined in text.
adeg. cm2 dmol�1.
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CONCLUSION

On the basis of the results obtained in this study it is
clear that SB unfolds through functional intermediate
states (FIS). The accumulation of the FIS during urea
and GnHCl induced unfolding appears to be achieved
through similar mechanism, mainly by disruption of
tertiary contacts. For the first time, some generalization
for the unusual stability of the active site of cysteine
proteases of papain superfamily can be drawn. This class
of proteins unfolds through FIS, and the domain contain-
ing active site is more resistant to denaturants like urea
and GnHCl.

Cysteine proteases owing to exceptional stability of
their active site could be used as a model to design
the enzymes that are resistant to denaturation or
engineering the enzyme with enhanced activity.
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