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Abstract

Bromelainis a basic, 23.8 kDa thiol proteinase obtained from the stem of the pineapple plant (Ananas comosus) and is unique for it contains a single
histidine residue (His-158) in the polypeptide. Based on the technology of protein separation with immobilized metal ion affinity chromatography
(IMAC), a method for oriented immobilization of bromelain was selected. Bromelain was successfully immobilized on iminodiacetic acid carrier
Sepharose 6B. Cu** complexed with iminodiacetate (IDA) was used as the chelating ligand to bind the lone histidine on bromelain. Simultaneously,
preparation of a high affinity immobilized preparation was attempted using a soluble cross-linked preparation of bromelain on Cu-IDA-Sepharose.
However this second method proved unsuccessful, possibly due to poor histidine accessibility in the cross-linked preparation. The immobilized
preparation obtained using uncrosslinked bromelain was more resistant to thermal inactivation, as evidenced by retention of over enzyme 50%
activity after incubation at 60 °C, as compared to 20% retained by the native enzyme. The immobilized preparation also exhibited a broader pH-
activity profile in acidic range. The native, immobilized and soluble cross-linked bromelain showed apparent Michaelis constant (K,,) values of 1.08,
0.42, 1.56 mg/ml, respectively, using casein as the substrate. While the maximum velocity (Vi) values of the soluble and immobilized preparations
were comparable, cross-linked preparation showed a 20% decrease, suggesting inactivation. The mild conditions used for predominantly oriented
immobilization exploiting the unique property of single histidine, the high recovery of immobilized preparations, the stability, reusability and the
regenerability of the matrix are the main features of the method reported here.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Traditional procedures of enzyme immobilization involve
attachment of enzymes to supports via amino acid side chain
groups, e.g., amino, carboxylic, —-SH, etc. Since such groups
occur in multiple numbers in most enzymes, immobilization
often results in heterogeneous preparations bearing enzymes
in a variety of orientations. The performance of immobilized
enzymes can be improved by uniformly orienting them favor-
ably on solid supports [1-3]. The strategies currently used for
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this purpose include the use of monoclonal antibody supports,
immobilized metal ions or avidin (streptavidin) on metal com-
plexes and binding or coupling through lone ligands present
naturally or introduced chemically or genetically [4-7].
Bromelain is well studied due to its relatively non-specific
action on proteins and antiedemic, anti-inflammatory and coag-
ulation inhibitory potential and is an enzyme of commercial
utility [8—10]. Stem bromelain, isolated from the stem of the
pineapple plant, is a thiol proteinase with a molecular mass of
23.8kDa and is unusual in having a single histidine residue
at position 158 [11]. The lone histidine is not involved in
the catalysis [12] and therefore provides a unique opportunity
for favorable and uniform orientation of the enzyme without
the need of any kind of modification. This paper describes a
study in which bromelain is affinity-bound to IDA-Sepharose
6B matrix loaded with different metal ions. It also describes
an attempt to obtain an oriented immobilized preparation of
soluble cross-linked bromelain. The immobilization of native
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bromelain was achieved, but the soluble cross-linked procedure
proved untenable. The implications of this are discussed. The
stability properties of the immobilized preparation are compared
to those of native enzyme, as well as the soluble cross-linked
preparation.

2. Materials and methods

Bromelain (EC 3.4.22.32) and IDA-Sepharose 6B were from
Sigma. Other chemicals were of analytic grade and purchased
from Sisco Research Laboratory, Bombay, India.

2.1. Preparation of cross-linked stem bromelain

Appropriate units of bromelain were incubated with 1% (w/v)
glutaraldehyde in 0.2 M sodium phosphate buffer, pH 7.0 for
2 h at room temperature with constant stirring. The cross-linked
preparation was treated with 1% (w/v) ethanolamine/glycine
for 1h to neutralize the residual aldehydic groups. The
cross-linked preparation was then subjected to extensive
dialysis to remove excess glutaraldehyde and ethanolamine/
glycine.

2.2. Immobilization of soluble/cross-linked stem bromelain
on immobilized metal ion support

IDA-Sepharose 6B was thoroughly washed with distilled
water and loaded with various divalent metal ions by the
procedure described in the Instruction Bulletin of Pharmacia
Biotech, Uppsala, Sweden (1997). Briefly, 1.0ml of chelating
Sepharose was loaded with equal volumes of 0.1 M solutions
of CuCl,, NiCl, or ZnCl; and stirred at room temperature for
a period of 30 min. The matrix was washed four times with
equal volumes of distilled water and finally with 0.2 M sodium
phosphate buffer, pH 7.0. The matrix was then mixed with an
11,550 units of soluble/cross-linked bromelain preparation and
stirred at room temperature for 2 h. The matrix was centrifuged
at 2000 rpm for 30s and the supernatant collected. The matrix
was finally washed repeatedly with equal volumes of 0.2 M
sodium phosphate buffer, pH 7.0, until no detectable activity
remained in the washings. Finally the matrix was suspended
in the same buffer. The immobilized enzyme units were cal-
culated by subtracting the remaining units in the supernatant
and washings from those added to the chelating Sepharose
matrix. Alternate attempt to immobilization; pre-treatment of
the enzyme solution with Cu”* ions and subsequent immobi-
lization of bromelain-metal ion conjugate to the matrix could
not be used with merit, as there was significant inactivation of
enzymes.

2.3. Caseinolytic assay of stem bromelain

Proteolytic activity of bromelain was measured using casein
as a substrate [13]. The standard incubation mixture contained
0.2M sodium phosphate buffer, pH 7.5, 5.0mM L-cysteine,
0.1M KCI and appropriate quantities of bromelain in a final
volume of 0.5 ml. Enzyme preparations were pre-incubated for

5 min at 37 °C and the reaction was initiated by addition of 0.5 ml
of 1% (w/v) casein. The reaction was stopped with 1 ml of 10%
(w/v) trichloroacetic acid. The resulting soluble peptides were
quantitated by the procedure of Lowry. Activity of immobi-
lized bromelain was determined in a similar manner except that
the reaction mixture was continuously stirred during the reac-
tion. Appropriate aliquots containing nearly equal numbers of
enzyme units of native (free) and various immobilized prepara-
tions were taken for comparison of various stability parameters.
One unit of bromelain activity was considered the amount that
resulted in a change of 0.001 absorbance units (at 670 nm)
per min. Activity assay were calibrated in adaptation to Kunitz
[14].

2.4. Determination of protein concentrations

Protein concentrations were determined either spectrophoto-
metrically at 280 nm or by the method of Lowry, using BSA
as the standard. Protein concentrations of stem bromelain were
determined using an extinction coefficient si?m’280nm=20.1
[15]. The molecular mass of stem bromelain was taken as
23,800 Da [11].

2.5. Agitational effect, reusability and stability

Mechanical stability of Cu-IDA-Sepharose immobilized
bromelain preparation was investigated on a rotary shaker by
agitation at 2000 rpm for different time intervals. For reusability
experiments standard incubation mixture was incubated with
immobilized matrix as detailed in Section 2.3. Immobilized
matrix was separated from soluble protein/digested peptides
by centrifugation at 2000 rpm for 30s. Supernatant was col-
lected, precipitated with 10% TCA followed by estimation
of soluble peptides. The matrix was reused after single wash
with 0.2M sodium phosphate buffer, pH 7.5. For shelf life,
equal aliquots were incubated at 4 °C for different time inter-
vals and then assayed for activity. Elution of bromelain bound
to Cu-IDA-Sepharose was monitored in presence of 10 mM
EDTA.

2.6. Effectiveness factor

The effectiveness factor (1) of the immobilized prepara-
tion represents the ratio of actual to theoretical activity of the
immobilized enzyme [16]. The actual activity value of the
enzyme was determined by assaying an appropriate aliquot
of the immobilized preparation. The theoretical activities of
enzyme preparations were calculated by subtracting the solu-
ble enzyme units remaining (after immobilization) from that
added for immobilization. The n of an immobilized enzyme
is, among others, a measure of internal diffusion effects and
reflects the efficiency of immobilized enzyme activity. Bind-
ing capacity on the other hand reflects the ratio of protein
bound to that added. Binding capacity is a measure of the
efficiency of the binding of the enzyme to its respective
carrier.
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Table 1

Immobilization of bromelain on IDA-Sepharose charged with different divalent metal ions®

Immobilization procedure Units added/ml gel Units in wash/ml gel

Bound bromelain (units/ml gel) Effectiveness factor (1) (B/A)

Theoretical (A)* Actual (B)®

Br—Cu2+—lDA—Sepharose 11,550 1861
Br-Ni2*-IDA-Sepharose 11,550 3046
Br-Zn**-IDA-Sepharose 11,550 3550

9689 6298 0.65
8504 4082 0.48
8000 3040 0.38

Each value represents the mean of three independent experiments performed in duplicate. Standard errors of mean were within limits of 8% to the average value. n
values of affinity bound to covalently coupled preparations were statistically significant at p <0.05.

4 Determined by subtracting the number of units of enzyme remaining in the supernatant and washings after incubation from those added.

b Determined by assaying appropriate aliquots of the immobilized enzyme under standard assay conditions with continuous agitation.

3. Results and discussion

3.1. Immobilization of bromelain on IDA-Sepharose 6B
charged with various divalent metal ions

Binding of bromelain was performed on IDA-Sepharose
loaded with different divalent metal ions, i.e., Cu?*, Ni?*,
and Zn>*. Enzyme activity measurements revealed a high n
for bromelain-Cu-IDA-Sepharose, followed by bromelain-Ni-
IDA-Sepharose and bromelain-Zn-IDA-Sepharose, with values
of 0.65, 0.48 and 0.38, respectively (Table 1). Further
(Table 1), when equal amounts of enzyme units were added to
IDA-Sepharose charged with various divalent metal ions, max-
imum immobilization yield/binding capacity was observed for
bromelain-Cu-IDA-Sepharose (84%), followed by bromelain-
Ni-IDA-Sepharose (74%) and bromelain-Zn-IDA-Sepharose
(69%).

The high n obtained in the case of bromelain-Cu-IDA-
Sepharose can be explained in light of the fact that although the
histidine side chain dominates in binding to the chelated metal
ion, free —SH groups of bromelain may also contribute to the
binding. While imidazole has an affinity 15 times higher for Cu®*
[17,18] than other metal ions, IDA-Sepharose loaded with Cu?*
may predominantly bind with the single histidine at position 158
[11]. A fraction of IDA-Sepharose loaded with Ni>* or Zn?* may
also bind bromelain via the lone free —SH group at the active site,
causing some inactivation of the enzyme. The overall low 1, value
obtained in immobilized preparations is explainable by the high
exclusion limit of the support (10-4000 kDa), which results in
the binding of bromelain protein moieties (23.8 kDa) not only
at the surface but also in the interior of beads, thereby caus-
ing some minimal internal diffusional limitations [19]. Use of
a macromolecular substrate may further contribute to the steric
hindrance.

Maximal binding capacity in the case of bromelain-Cu-
IDA-Sepharose can be well explained in light of the work
of Porath [20], which states that the affinity of different
metal ions complexed with IDA for protein follows the order
Cu(II) > Ni(II) > Zn(I)-Co(II). Our observed order is in agree-
ment with these works. This may be due to a maximum number
of effective coordination sites available for interaction with pro-
teins in the above order.

The above results indicate that Cu-IDA-Sepharose is the
most suitable adsorbent for immobilization of bromelain. It

has a higher effectiveness factor/immobilization yield for pro-
teins than Ni-IDA-Sepharose or Zn-IDA-Sepharose. Moreover,
by virtue of the single histidine in bromelain, it provides by
default a predominantly oriented immobilized preparation. An
absolute oriented preparation cannot be expected, as N-terminal
amino groups as well as single free —SH groups may contribute
insignificantly towards binding to chelated Cu**. However, his-
tidine side chains may dominate in bromelain binding, due to a
higher affinity of imidazole for Cu?*. This study also suggests
that, in bromelain, histidine is present at the surface in a man-
ner that is available for binding to the IDA-support. Moreover,
despite its presence in the vicinity of the active site [21], immo-
bilization through this residue presumably does not interfere
with catalytic activity, as has been suggested by Murachi et al.
[12].

3.2. Immobilization of native and cross-linked bromelain
preparations on Cu-IDA-Sepharose

Based on the above study, we chose Cu-IDA-Sepharose as
an adsorbent matrix for the immobilization of native and cross-
linked preparation of bromelain. Cross-linked preparations of
bromelain were obtained as detailed in the Methods section. We
hypothesized that use of a cross-linked immobilized preparation
would bind strongly to the matrix due to multiple histidines
present and provide a more useful preparation.

SDS-PAGE (reducing) of native and cross-linked (soluble)
bromelain ascertained the near-homogeneity of the enzyme
preparations and ensured that no autolysis had taken place
(Fig. 1a). Bromelain migrated as a single band corresponding
to a molecular mass of 23.4 kDa (Fig. 1b), a value close to that
reported [11]. The cross-linked preparation obtained showed a
slower migration with a rather diffused band corresponding to
an average molecular mass of 48 kDa (Fig. 1, inset) suggesting
it may be a dimer.

Attempts were made to immobilize native and cross-linked
enzyme preparations on Cu-IDA-Sepharose. While the native
preparation showed impressive immobilization (Table 1), the
cross-linked preparation failed to bind significantly to the adsor-
bent. This inability of the cross-linked preparation to bind to
Cu-IDA-Sepharose may be due to masking or shielding of histi-
dine residues due to cross-linking via glutaraldehyde. This may
in turn be due to proximity of lysine residues to histidine in the
cross-linked preparation.
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Fig. 1. SDS (reducing) gel electrophoresis of native and soluble cross-linked bromelain preparations and determination of molecular weight. The electrophoretic
pattern of native and cross-linked preparations of IgG in 12.5% SDS (reducing) gel are shown. About 0-5 pg of each protein was electrophoresed on slab gels and
stained with silver nitrate (cross-linked preparations fail stain with Coomassie brilliant blue). Lane a: molecular weight markers; lane b: native bromelain; lane c:
cross-linked bromelain. (Inset) Molecular weight determination of native and cross-linked bromelain by the theoretical treatment of Weber and Osborn.

3.3. Effect of temperature

Temperature activity profiles of native, Cu-IDA-Sepharose-
immobilized and soluble/cross-linked bromelain preparations
were studied. All the preparations were optimally active at 60 °C.
While the immobilized preparation was slightly stable at higher
temperatures, the cross-linked preparation exhibited significant
stability compared to native enzyme (Fig. 2A). Native, Cu-IDA-
Sepharose-immobilized and soluble/cross-linked bromelain
preparations were investigated for their ability to resist inactiva-
tion induced by incubation at 60 °C. The temperature stability
profiles at 60 °C as a function of different time intervals show
significantly higher retention of activity by cross-linked and
immobilized preparations over the native enzyme during the
entire duration of the experiment; the effect was most marked
in the case of the cross-linked enzyme. In native preparations,
only 20 min were required for 50% inactivation. Cross-linked
and immobilized preparations retained more than 50% of their
residual activity even after exposure to 60 °C for 100 min. Immo-
bilized and cross-linked preparations retained 50% and 70%
activity, respectively, after 100 min (Fig. 2B).

The higher thermal stability in the case of the cross-linked
preparation likely results from stabilization of the native enzyme
at several places in the soluble enzyme—enzyme complex by
virtue of inter- and intra-molecular cross-links, thereby prevent-
ing enzyme unfolding when subjected to heat stress. Stabiliza-
tion of the immobilized preparation can be explained if the histi-
dine is present at or near a temperature-labile region which, when
coupled to Cu-IDA-Sepharose, blocks the unfolding of enzyme.
Other enzymes immobilized on Cu-IDA-Sepharose have also
shown impressive thermal stability [22]. Decreased autolysis
may also contribute to the observed stabilization in both cross-
linked and immobilized bromelain preparations [23,24].

3.4. Effect of pH

The activity profiles of native, Cu-IDA-Sepharose-
immobilized and soluble/cross-linked bromelain preparations

were investigated in 0.2M sodium phosphate or Tris—HCl
buffer of various pHs at 37 °C. Immobilized and cross-linked
preparations differed in their optimum pH as compared to
the native preparation (Fig. 2C). The optimum pH of native,
cross-linked and immobilized preparations were 7.5, 8.0 and
6.0, respectively. These differences may be due to differences
in the microenvironment of the preparations. Further, the
cross-linked preparation was more active in the alkaline pH
range, while the native and immobilized preparations could not
survive the alkaline pH. Murachi and Yamazaki [25] reported
no changes in the conformation of bromelain up to pH 10.0.
Beyond that point, conformational changes occurred through
at least two distinct stages, with a concomitant loss of activity.
The extended stability of the cross-linked preparation in the
alkaline range may be due to resistance to unfolding due to
inter- and intra-molecular cross-linking.

3.5. Kinetics/agitational effect and reusability

Enzyme kinetics data evaluated by non-linear regression
(Sigma Plot; Enzyme kinetic module, data not shown) indi-
cate apparent Kp, values = standard errors of mean (S.E.M.)
for native, Cu-IDA-Sepharose-immobilized and soluble/cross-
linked bromelain preparations to be 1.08 = 0.090, 0.42 4 0.072,
and 1.56 £ 0.129 mg/ml, respectively. These results suggest a
high affinity for substrate in the case of the metal affinity-
bound preparation. While the differences in the Ky, values
were only moderate, the low Ky value observed for the
metal affinity-bound preparation relative to the native or even
the cross-linked enzyme using a macromolecular substrate
is difficult to explain. Possible explanations include favor-
able microenvironmental effects of the IDA-Sepharose support
and/or favorable conformational changes resulting from the
metal affinity binding. Also, better accessibility to the sub-
strate on the IDA-Sepharose support due to enzyme orientation
may contribute to this effect. The higher K, value observed
for the cross-linked preparation over the native and immo-
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Fig. 2. Effects of temperature (A), pre-incubation at 60°C on thermal
inactivation (B) and pH (C) on activity profiles of native, Cu-IDA-Sepharose-
immobilized and soluble/cross-linked bromelain preparations. Appropriate
aliquots of native (@), immobilized (¥) and cross-linked (M) bromelain prepara-
tions were assayed for enzyme activity at indicated temperatures under standard
conditions of pH and substrate concentration. The 100% activity corresponds to
25 enzyme units. Each point represents the mean of three experiments carried
out in triplicate. Standard errors of mean did not exceed 1.90.

bilized preparations may be due to steric hindrance in the
approach of substrate, caused by unfavorable inter- and intra-
molecular cross-linking. The Viax values of the soluble and
the immobilized preparations were comparable. However, the
Vmax of the cross-linked preparation was 20% lower, suggesting
inactivation.

Given the lone site of attachment of bromelain to the support
in the metal affinity-bound preparation, it was considered essen-
tial to investigate the strength of the association of the enzyme to
the metal affinity support. The effect of agitation at 2000 rpm for
different time intervals on a rotary shaker was investigated for
possible desorption of the bound bromelain preparation. Immo-
bilized preparations displayed impressive mechanical stability
with no significant loss in the enzyme activity of brome-
lain when agitated at 2000 rpm for 60 min (data not shown).
The affinity-bound preparation was highly reusable, with only
25% loss in activity and/or leaching. It was also stable for
several weeks at 4 °C. Elution of bromelain bound to Cu-IDA-
Sepharose could be easily performed in the presence of 10 mM
EDTA.

IDA-Sepharose loaded with the divalent metal ion Cu®* is
known to be a potential solid support for immobilization of
enzymes/proteins of biotechnological relevance [5,20,26]. The
remarkable stability of bromelain on Cu?*-IDA-Sepharose is
noteworthy, considering that binding of this protease appar-
ently involves a single available histidine. Stem bromelain is an
interesting protease that contains a single oligosaccharide chain
[27,28], a free sulthydryl group and three intrapeptide disulfide
bonds [29-32]. We have also successfully attempted oriented
immobilization of bromelain on a Sepharose-Con A support
based on oligosaccharide—Con A interactions [31]. Considering
the applications of bromelain on macromolecular substrates in
both industrial and analytical settings, metal- and lectin-affinity
support-based favorable oriented immobilization seems promis-
ing. Commercial/industrial use of bromelain is in the baking,
beer industry [33] and in meat tenderizing industry [34] where
low pH (6.0) and high temperature stability (10-50 °C) attributes
are desirable. Given immobilized bromelain stability at low pH
(shift in optimum to pH 6.0) and high temperature, it can sure
be used with merit, with the added advantage that it can be
recovered. Bromelain though physiologically beneficial [§-10]
has implications if overdosed through its use in homogenous
reaction phases, from where it cannot be recovered. Also, the
oriented immobilized preparation of bromelain may provide an
analytical tool to decipher mechanistic explanation to its func-
tion in physiology.
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