
The ability of protein to form specific, stable com-
plexes with other proteins is fundamental to many biolog-
ical processes. Understanding the molecular basis of pro-
tein–protein recognition requires knowledge of individ-
ual interactions at the interface between the proteins [1-
3]. One may define two broad categories of protein–pro-
tein interfaces: (i) those which resemble cross section
through folded proteins in which hydrophobic residues
are in the interior and hydrophilic ones at the periphery
and in which productive binding is mediated largely by
the former and (ii) ones in which polar and non polar
residues are interspersed throughout the interface and in
which both residue types make comparable contribution
to complex stabilization [4].

An antibody molecule combines with its antigen
through the complementarity determining region (CDR).
Since the repertoire of antigen to which it combines is
large, it is understandable that the amino acid residues
comprising the CDR have greater functional versatility.

These residues have both polar and non-polar groups in
them and generally the nonpolar end is buried and the
polar end protrudes out. These polar atoms have the
potential of forming hydrogen bonds and additional sta-
bility of the complex is provided by hydrophobic interac-
tions. The interaction of the antibody with the antigen is
highly specific and involves noncovalent interactions such
as hydrophobic interactions and hydrogen bonding [5, 6].

With the availability of data on crystal structure of
several antibody–antigen complexes [2, 7-11], it is possi-
ble to quantify these interactions. Some reports suggest
preponderance of hydrogen bonds while others show
hydrophobic [5, 12] suggesting universal principle of
interactions in the immune complexes does not exist and
each complex should be characterized de novo. The
nature of the interactions between antigen and active cen-
ter of the antibody plays an important role both in prog-
nosis of immunochemical processes in vivo and in the
development of different biotechnological model sys-
tems. Though there are a series of direct structural studies
like site-specific mutations [13], docking thermodynam-
ics [14, 15], X-ray crystallography [8-11, 16], and titra-
tion calorimetry devoted to the properties of these com-
plexes, such work for each antigen–antibody pair is
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extremely labor-consuming and requires complicated
equipment. In this connection development of methodi-
cally simple, universal approaches for screening of the
interacting antigen–antibody pairs and rapid conclusion
about probable nature of their interaction is required. It is
often difficult to accurately quantify the contribution of
the above-mentioned noncovalent interactions; however
the preponderance of one can be established over anoth-
er more easily. Furthermore, studies of antigen–antibody
complex is often limiting inasmuch as study of precipitin
reaction has to be taken into account [17, 18], which is a
circuitous way of understanding the phenomenon. Here
we present a stem bromelain:polyclonal Fab′ monomer
(1 : 1) complex and have tried to study the nature of the
interactions at the contact surface by studying behavior of
the complex and individual components as a function of
methanol and NaCl concentrations, with fluorescence
and CD spectroscopy as tools. The system being soluble
provides better understanding as the precipitin reaction is
no longer required to be taken into account for under-
standing protein–protein interaction at the contact inter-
face. Moreover, the use of polyclonal Fab′ monomer pro-
vides a collective composite nature of these interactions
in this immune complex. The studies undertaken suggests
preponderance of hydrophobic interactions over electro-
static. This complex has shown impressive thermal stabil-
ity and stability in alkaline pH range of stem bromelain as
reported in our earlier communication [1] and can serve
as a model with potential in vivo and industrial applica-
tion especially in homogenous reaction phases and devel-
opment of subunit vaccines owing to preponderance of
hydrophobic interaction and better diffusion potential of
Fab′ than of intact IgG.

MATERIALS AND METHODS

Materials. Stem bromelain (3.4.22.32), Sephacryl S-
300HR, and Sepharose 4B were purchased from Sigma
(USA). Freund’s complete and incomplete adjuvants
were purchased from Difco Lab (USA). All the other
chemicals used were of analytical grade.

Immunization. Bromelain preparation (300 µg/
0.5 ml) in 20 mM sodium phosphate buffer, pH 7.0, was
mixed with Freund’s complete adjuvant in the ratio of 1 :
1 and administered subcutaneously to rabbits [19]. The
animals were rested for 15 days and booster doses of anti-
gen prepared by mixing 150 µg/0.5 ml solution of antigen
with equal volumes of Freund’s incomplete adjuvant,
were given subcutaneously weekly for four weeks. Blood
was withdrawn through an ear vein and clot formation
allowed to take place at room temperature for 6 h. Serum
was collected by centrifugation, decomplemented at
56°C for 30 min, and stored at –20°C. Titer value was cal-
culated with ELISA as a tool. There was minimum vari-
ability of results except titer value between different

immunization cycles and between different immunized
animals.

Preparation of the affinity column. Bromelain was
coupled to CNBr activated Sepharose 4B by method of
Porath [20]. The preparation obtained thus contained
5 mg bromelain per ml gel [1].

Purification of specific IgG and Fab′ monomers. The
affinity purification of specific IgG was achieved by
employing bromelain coupled to Sepharose 4B following
the published procedure [1, 21]. Briefly, bromelain specif-
ic antiserum was allowed to bind to the bromelain-
Sepharose 4B affinity column. The column was washed
thoroughly in the presence of 0.1 M Tris-HCl, pH 8.9,
and 3 M NaCl to remove any unbound or nonspecifically
associated protein. The bound IgGs were eluted with
0.1 M glycine HCl buffer, pH 3.5, and the eluate immedi-
ately neutralized with Tris buffer. While complete elution
of antibody was obtained at pH 2.0, there were some irre-
versible conformational changes in antibody and binding
capacity of affinity column was remarkably decreased.
This was not so at pH 3.5, and this pH was chosen instead.
Specific Fab′ fragments were similarly isolated by apply-
ing the papain treated IgG digest to the affinity column
followed by washings and subsequent elution.

Preparation of bromelain:Fab′ complex. Stem brome-
lain and antibromelain Fab′ fragment were mixed in 1 : 1
molar ratio and incubated for 6 h at 4°C before investigat-
ing their stability.

Fluorimetry. Fluorescence measurements were per-
formed using a Hitachi model F2000 spectrofluorometer
(Japan). Excitation wavelength of 280 nm was used and
emission spectra were recorded in the range from 300-
400 nm. Excitation and emission slit widths were 5 nm.
All solutions of protein were in the range of 0.1-
0.5 mg/ml.

Circular dichroism. All the circular dichroism (CD)
measurements were carried out at 25°C on a Jasco spec-
tropolarimeter model J-720 using a SEKONIC XY plot-
ter (model SPL-430A), with thermostatically controlled
cell holder attached to a NESLAB model RTE 110 water
bath with an accuracy of ±0.10°C. Far UV-CD spectra
were recorded at a protein concentration range of 0.1-
0.5 mg/ml using 1 mm pathlength cell and the near UV-
CD spectra were measured in the range of 0.5-1 mg/ml
concentration with a 10 mm pathlength cell. The CD
results are expressed in millidegrees. CD spectra were
recorded in wavelength range for far UV (210-250 nm)
and for near UV (250-300 nm) at 5 millidegree sensitivi-
ty. All protein solutions were prepared in 10 mM sodium
phosphate buffer, pH 7.0.

RESULTS AND DISCUSSION

Stem bromelain was quite immunogenic and rabbits
challenged with the enzyme responded by producing pre-
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cipitating antibodies in their sera. A high titer (≈200,000)
in the immune sera was observed as reported in our earli-
er communication [1]. Further, as evident from the com-
munication Fab′ monomer isolated from specific poly-
clonal IgG form complex with stem bromelain with 1 : 1
stoichiometry and no high molecular weight adducts were
observed.

Effect of methanol and NaCl on fluorescence spectra
of bromelain:Fab′ complex and the individual protein com-
ponents. The fluorescence of the bromelain:Fab′ complex
remained more or less unaltered in the presence of 0-
1.8 M NaCl but was quite sensitive to high concentrations
of methanol (Fig. 1). The gradual methanol concentration
dependent increase in the fluorescence intensity of the
complex was followed by a more rapid rise and at 60%
(v/v) concentration of the solvent the fluorescence inten-
sity increased over 40%. The observed solvent-induced
increase in the fluorescence may be related to the exposure
of chromophoric groups of bromelain or Fab′ to the sol-
vent, resulting either from the dissociation of the complex
or to the alteration/distortion of the structure of protein or
both. However, while the fluorescence spectrum of
bromelain (Fig. 2a) was highly solvent-sensitive, that of
Fab′ (Fig. 2b) did not exhibit appreciable change in the
fluorescence spectrum in the presence of up to 60% (v/v)
methanol. The bromelain spectrum (Fig. 2a) was unaf-
fected up to 20% (v/v) methanol but showed very signifi-
cant increase (25%) in fluorescence at 60% (v/v)
methanol concentration suggesting perturbation/alter-
ation in bromelain conformation which is also evident by
correspondence with near-UV CD studies as explained in
the following section. Considering that increase in the flu-
orescence of bromelain:Fab′ complex between 20 and 60%

(v/v) methanol is 40%, it is likely that exposure of chro-
mophoric groups at protein–protein interface contributes
towards the difference in increase in fluorescence intensi-
ty. Bromelain contains five tryptophan residues [22] and
extensive sequence homology with papain suggests that
three of these are buried in hydrophobic core whereas two
may be located near the surface of the molecule [23, 24].
In high probability one or both of the surface tryptophans
may be masked on formation of bromelain:Fab′ complex.

That complex formation with Fab′ also restricts
alteration in bromelain structure resulting from high ionic
strength was evident from the comparison between ionic
strength induced alteration of free enzyme and the com-
plex. While 1.8 M NaCl caused only a marginal increase
in case of bromelain, there was no appreciable change in
fluorescence intensity of Fab′ (data not shown), which is
suggestive of some slight conformational perturbation in
the former. Had the electrostatic interaction been crucial
for complex formation, the complex would have dissoci-
ated into individual protein components at high ionic
strength followed by an increase in fluorescence intensity
inasmuch as contribution from bromelain or exposure of
chromophoric groups (fluorescence spectrum of brome-
lain was quenched due to complex formation with Fab′,
data not reported) or both. However, this does not happen
to be the case, suggesting a preponderance of hydropho-
bic interaction. Analytical parameters for these additives
were chosen in light of the effect of concentrations on the
individual protein components.

Effect of methanol and NaCl on near-UV CD spectra
of bromelain:Fab′ complex and the individual protein com-
ponents. As shown in Fig. 3 the near-UV CD spectrum of

Fig. 1. Effect of methanol (1) and NaCl (2) on fluorescence inten-
sity of bromelain:Fab′ complex at 333 nm. Bromelain and Fab′
were in equimolar amounts.
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the complex has peaks at 298 and 293 nm and seems to be
characteristic of the complex (bromelain incubated with
nonspecific Fab′ monomer fails to give a similar spec-
trum). There was little alteration in the peak pattern of
the spectrum at 1.8 M NaCl suggesting remarkable stabil-
ity of the complex. At 5% (v/v) methanol the spectrum
was identical to native complex and at 20% (v/v)
methanol spectral features showed a very little alteration
in peak pattern (data not reported). However, in the pres-
ence of 40% (v/v) methanol both the peaks decreased
markedly while at 60% (v/v) methanol inversion and loss
of all spectral features of the complex was observed. While
perturbation in the tertiary structure of bromelain (Fig.
4a) was marked even at 40% (v/v) methanol and
increased further at high solvent concentration, the near-
UV CD spectrum of the Fab′ (Fig. 4b) was stable up to
40% (v/v) methanol and only moderate disruption in ter-
tiary structure was observed when the solvent concentra-
tion was raised to 60%. Disruption of the tertiary struc-
ture of either bromelain or Fab′ was marginal up to 1.8 M
NaCl (data not shown). It is interesting to note that
despite retention of characteristic feature of the complex
at 1.8 M NaCl there was a shift in CD magnitude, which
may presumably be due to different behavior of solvent
towards individual protein components and complex; fur-
thermore, a contribution could be from secondary struc-
ture alterations as detailed in next section. This study,
while suggesting the sensitivity of the complex to
methanol, cannot discriminate between the solvent
effects on bromelain and dissociation of the complex.

Effect of methanol and NaCl on far-UV CD spectra of
bromelain:Fab′ complex and the individual protein compo-
nents. The far-UV CD spectrum (Fig. 5) of the complex
is characteristic with a sharp negative peak at 223 nm and
a broad shoulder around 232 nm. There was no marked
influence on the negative peak in the presence of 5% (v/v)
methanol, but a clear 6 nm shift in the negative peak at
223 nm, a prominent decrease in ellipticity, and appear-
ance of two positive peaks at 213 and 221 nm were
observed in presence of 20% (v/v) methanol. This sug-
gests major alterations/rearrangement in the secondary
structure [25]. Considering that 20% (v/v) methanol has
little effect on the tertiary structure of the proteins and lit-
tle effect on the secondary structure of either bromelain
or Fab′ (data not shown), rearrangement of the secondary
structure in the complex is the likely explanation.
Comparable effects on secondary structure are also
apparent in the presence of 0.9 M NaCl. Only moderate
alterations in secondary structure of the individual pro-
tein components bromelain (Fig. 6a) and Fab′ (Fig. 6b)
were observed in the presence of 0.9 M NaCl.
Interestingly, the bromelain:Fab′ complex appears to
remain stable in the presence of up to 1.8 M NaCl as
revealed by fluorescence and near-UV CD spectroscopy.
It therefore seems likely that considerable interaction
between bromelain and the Fab′ may remain intact even
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Fig. 4. Effect of methanol on near-UV CD spectra of individual
protein components, bromelain (a) and Fab′ (b), under native
standard condition (pH 7.0) (1) and in presence of 20% (2), 40%
(3), and 60% (v/v) methanol (4).
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after significant alteration in the secondary structure of
the two proteins. This may be due to induction of local
interactions, which in good probability cause alterations
in secondary structure without causing remarkable
changes in the tertiary structure. These local interactions
causing changes in the secondary structure were however
reversible in bromelain:Fab′ complex and the individual
protein components. The CD and fluorescence spectra of
bromelain and Fab′ are comparable with those reported
elsewhere [23, 26-29].

All these results taken together are suggestive of
methanol sensitive hydrophobic interactions [29] rather
than salt linkages playing a crucial role in the binding of
bromelain to Fab′.

Size exclusion chromatography of bromelain:Fab′
complex against 1.8 M NaCl and 5 and 10% (v/v)
methanol concentration. Spectral findings were recon-
firmed and substantiated by a hydrodynamic method
(size exclusion chromatography). Bromelain:Fab′ com-
plex was subjected to size exclusion chromatography
(Sephacryl S-300HR) under one salt concentration
(1.8 M) and two methanol concentration (5 and 10%).
While 1.8 M NaCl and 5% (v/v) methanol condition had
no effect on elution position of the complex, at 10% (v/v)
methanol bromelain:Fab′ complex tends to undergo dis-
sociation (Fig. 7). The dissociation is not complete inas-
much as use of polyclonal Fab′ monomers having differ-

ent affinity for protein epitope(s) on bromelain.
Complete dissociation was observed at 40% (v/v)
methanol concentration.

Conclusion and implications of the study. The spectral
studies point towards significant dissociation of complex
beyond 20% (v/v) methanol concentration along with
some possible dissociation between 5-20% (v/v)
methanol as well. The hydrodynamic study suggests sta-
bility of the complex at 5% methanol, however at higher
concentration it tends to dissociate with complete disso-
ciation taking place at 40% (v/v). Blending these studies
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implicates dissociation of complex beyond 5% (v/v)
methanol, which is gradual till 20%, followed by signifi-
cant dissociation which is almost complete at 40% (v/v)
methanol concentration. This gradual dissociation can be
explained in light of the fact that Fab′ monomers have
been derived from polyclonal antiserum and therefore
have different affinity towards epitope(s) on the brome-
lain surface. Spectral studies and hydrodynamic studies
are complementary/supplementary and are suggestive of
preponderance of hydrophobic interactions. Preponder-
ance of hydrophobic interactions along with the fact that
Fab′ monomer has better diffusion capability than that of
intact IgG half IgG or Fab′′ dimer makes it a potential
model to explore for in vivo and industrial application as
detailed below.

Earlier attempts were focused on stabilization of
enzyme by formation of immunocomplexes [30-34] and
binding on antibody support [32] rendering enzyme
preparations resistant to solvent induced inactivation [35].
However these methodologies had limitations inasmuch
as they provide insoluble preparations, which can well be
overcome by using single chain Fv [36] or Fab′ monomer
instead. This provides a soluble model and therefore can
be used in homogenous reaction phases. As reported in
our earlier communication [1] bromelain:Fab′ complex
shows impressive thermal and pH stability profiles.

Preponderance of hydrophobic interaction makes it
a suitable model to be used in enzyme therapy and prepa-

ration of subunit vaccines that require a specific, stable,
and rapidly diffusible carrier in otherwise polar body flu-
ids. Anti-edemic, anti-inflammatory, and anti-neoplastic
properties of bromelain have been exploited [37-40], but
intravenous and intraperitoneal administration of brome-
lain, despite their merits, have been discontinued and the
enzyme is currently administered orally [41].
Complexing bromelain/other vital enzymes or antigenic
peptides with Fab′ derived from humanized IgG [42, 43]
will provide a further better model to solve several prob-
lems associated with enzyme therapy and subunit vac-
cines, respectively.

The disposition of this study was towards investigat-
ing in general collective, averaged, and composite nature
of interactions between Fab′ monomer and antigen
(antibromelain Fab′ and bromelain in particular).
Polyclonal antiserum by default provides us the required
system with variety of molecular interactions between the
abovementioned protein moieties inasmuch as Fab′
monomers derived from polyclonal antiserum have differ-
ent affinities towards epitope(s) on the bromelain surface.
Use of polyclonal antibodies is explainable inasmuch as
they are biotechnologically practical and reflect natural
conditions prevalent in the body.

We further intend to study interaction of Fab′
monomer with the molten globule state of stem brome-
lain [24, 44]. Many proteins are said to exist and traverse
body fluids in molten globule like states. The intended
study may therefore provide valuable information.
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