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a b s t r a c t

Chemical modification of lysine residues in stem bromelain was carried out using two novel reagents
pyromellitic anhydride acid and poly(maleic anhydride). About 60% and 57% of the residues in brome-
lain were found to be modified by pyromellitic anhydride and poly(maleic anhydride), respectively. The
modification brought about enhancement of thermal stability and the resistance to alkali and the sur-
factant. The optimum pH shifted from 7 to 9. Thermodynamic parameters, �H*, �G* and �S*, were
eywords:
tem bromelain
hemical modification
yromellitic dianhydride
oly(maleic anhydride)
tability

determined as a function of temperature. The kinetic constants Km of the modified enzymes were deter-
mined as 0.4092 × 10−2 and 0.2825 × 10−2 mol l−1, respectively. SDS-PAGE profiling revealed a major
bands of native and modified enzyme with molecular weights of 26 and 28.5 kDa. The results of FT-
IR studies suggested that the modification caused only local structural changes. These results provide
guidance for future development of stable protein formulations.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

ctivity

. Introduction

Stem bromelain (EC 3.4.22.32) is a basic, 23.8 kDa thiol pro-
einase obtained from stem of pineapple plant (Ananas comosus) [1].
romelain is well studied due to its relatively non-specific action on
roteins and has antiedemic, anti-inflammatory and coagulation

nhibitory potential [2]. A wide range of therapeutic benefits has
een claimed for bromelain, such as reversible inhibition of platelet
ggregation, angina pectoris, bronchitis and enhanced absorption
f drugs, particularly antibiotics [3]. To date, its use in pharma-
ological or industrial applications is limited due to commercial
vailability, costs, sensitivity to pH and temperature. Therefore,
reater understanding of the molecular mechanisms relatives to
nzyme stability would be of interest.

A number of chemical methods have been described in the
iterature whereby the stability and activity of enzymes can be
hanged [4–6]. Theses include the introduction of hydrophilic and

ydrophobic groups, cross-linking with chemicals and chemical
odification of the amino acid side-chains of enzymes. Covalent

hemical modification of proteins is widely used as a tool for study-
ng localization of individual amino acids, their participation in the

∗ Corresponding authors. Tel.: +86 21 67792655; fax: +86 21 67792655.
E-mail addresses: niehuali2004@126.com (H.-L. Nie), lzhu@dhu.edu.cn

L.-M. Zhu).

381-1177/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.molcatb.2010.01.018
maintenance of the native conformation and for their stabilization
[7]. In a number of cases, dramatic stabilization has been achieved
[8,9]. Stem bromelain has been sequenced completely at the amino
acid level and has been shown to be a member of the papain fam-
ily [10]. When the amino acid sequence of bromelain is compared
with papain and other cysteine peptidases, a number of differ-
ences that must affect the geometry of the active site are apparent
[11]. Stem bromelain exists as a single polypeptide chain with 212
residues and has 15 lysine residues [12]. The catalytic residues are
Cys-25 and His-159. Unlike other papain family members, brome-
lain is reported to lack Asn-175 and two adjacent residues and
the mutation of the highly conserved Ser-176 to Lys [13]. As these
lysine residues are not involved in catalysis, they provides targets
opportunity for chemical binding. Several authors described the
modification of �-amino groups of lysine residues in papain [14,15].
The chemical modification of papain with polyethylene glycol (PEG)
can be utilized to changed their molecular properties or confer new
molecular functions [16]. Khaparde and Singhal found that succinyl
papain is a potential alternative to the alkaline proteases used in
detergents [17]. A preliminary study on stem bromelain modifi-
cation was earlier carried out by Anwar et al. [18], and compared

with papain, bromelain contains more lysine residues, so chemical
modification of this amino acid could result in drastic changes in
physicochemical characteristics.

This paper described the modification of stem bromelain using
two novel modifiers, pyromellitic dianhydride and poly(maleic

ghts reserved.
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nhydride), which contained both larger molecular weight and
ore carboxylic groups. The structure of native and modified

tem bromelain were studied using FT-IR. The molecular mass of
nzymes was characterized. In addition, we also studied the effect
f temperature, pH medium and the chemical effect on the native
nd modified enzymes in enzyme kinetics.

. Materials and methods

.1. Materials

Stem bromelain (EC 3.4.22.32, 7 units/mg), albumin, 2,4,6-
rinitrobenzenesulfonic (TNBS), pyromellitic dianhydride and
oly(maleic anhydride) (M.W. = 500–1000) were purchased from
igma–Aldrich (USA). l-Cysteine (Biological Reagent) and all the
ther reagents (analytical grade) were obtained from Sinopharm
hemical Reagent Co., Ltd, (Shanghai, China).

.2. Chemical modification of stem bromelain

Chemical modification of stem bromelain was undertaken using
tandard procedures and reactions were carried out at pH 8.0. Stem
romelain was modified with 0.2–0.8 M pyromellitic dianhydride
r poly(maleic anhydride) dissolved in dimethyl sulfoxide (DMSO)
19]. During the procedure, 0.1 ml of anhydride solution was added
ropwise to 0.5 ml of bromelain (6.0 mg/ml) in 0.1 M phosphate
uffer (pH 8.0). This immediately brought about a drop in pH and
ence sodium hydroxide was gradually added to the mixture to
aintain pH at 8.0. The reaction was allowed to proceed for 1.5 h

t 25 ◦C. The samples were dialyzed exhaustively against distilled
ater at 4 ◦C.

.3. FT-IR spectral measurements

A FT-IR spectrometer (Nicolet, NEXUS-670, USA) with 2 cm−1

esolution was used for sample analysis. The scans were repeated
00 times in spectral range from 4000 to 400 cm−1. KBr were
ressed to form a tablet.

.4. Enzymatic assays

A given amount of native or modified stem bromelain and 1.6 ml
.05 M Tris–HCl buffer pH 8.0 were placed in a tube, mixed with
.2 ml bromelain activator consisting of 0.02 M ethylene diaminete-
raacetic acid (EDTA) and 0.05 M l-cysteine pH 8.0, incubated for
0 min at 40 ◦C. This step reduces the disulphide bonds of cysteine
ithin the protein. Then, 1 ml of 1% casein pH 8.0 as substrate
as added. The reaction was carried out at 40 ◦C for 15 min and
ml of 5% trichloroacetic acid was added. The concentration of the
cid-soluble digestion products in the supernatant was determined
ccording to Lowry et al. [20]. One unit of enzyme activity was
efined as the tyrosine content formed per minute at 40 ◦C and
H 8.0.

The relative activity (%) was the ratio between the activity of
very sample and the maximum activity of samples.

.5. Protein determination

Protein concentration was determined by the Bradford method
21], using the Coomassie protein assay reagent with bovine serum
lbumin as the standard.
.6. Analysis of free amino groups

The number of free amino groups presented in stem bromelain
efore and after chemical modification was estimated using TNBS
is B: Enzymatic 63 (2010) 188–193 189

assay procedure of Habeeb [22]. The procedure involved the addi-
tion of 1 ml of a 0.1% (w/v) TNBS to 1 ml protein suspension. The
samples were incubated in a 37 ◦C water bath for 2 h. SDS (1 ml,
10%) and HCl (0.5 ml, 1 M) were added to the protein solutions.
Absorbance was measured at 335 nm in a UV-2102 PC spectropho-
tometer (UNICO, Shanghai). The degree of modification (DM) was
calculated by the following equation:

DM (%) = 1 − absorbancec

absorbanceo

where the subscript c indicates the modified enzyme and o con-
trol (native) enzyme. Calibration curve was obtained using different
concentrations of anhydrides. The activities of modified enzymes
have also been studied by adding various amounts of anhydrides
(0–0.8 M) at 40 ◦C. The residual activity was measured as above.

2.7. SDS-PAGE electrophores

Enzyme purity and molecular weight were analyzed by SDS-
PAGE in a Mini Protean Electrophoresis Cell (Bio-Rad), with a 15%
resolving and 10% stacking gels, respectively. The protein con-
centration of enzymes was adjusted with water to give a final
concentration of 2 mg/ml. Samples were heated at 100 ◦C for 3 min
prior to electrophoresis. Volumes containing 10 �g of native or
modified bromelain were applied onto the gels. Proteins were
stained using the Coomassie Blue staining technique. Molecular
weight was estimated by comparison with standard markers.

2.8. Characterization of native and modified stem bromelain

2.8.1. Influence of temperature on the enzyme activity and
stability

The optimum temperature of the native and modified brome-
lain was determined by carrying out the standard assay in Tris–HCl
buffer. The temperature was varied from 30 to 90 ◦C at pH 8.0. The
purified enzyme solutions were incubated for 1–4 h at the optimal
temperature to assess the thermal stability of the enzyme. Heated
samples were cooled immediately in ice water, and the residual
enzymatic activity was determined.

2.8.2. Influence of pH on the enzyme activity
The effects of pH on the activities of the native and modified

enzyme were determined by carrying out the standard assay in
Tris–HCl buffer. The enzyme was dissolved in buffers within the
pH range 6.0–11.0 (pH 6.0–10.0, Tris–HCl; pH 11.0, Tris–NaOH) and
incubated for 20 min at 40 ◦C. The residual activity was measured
and casein was used as the substrate.

2.8.3. Influence of surfactant on the enzyme activity
For each sample, a measured amount of SDS in distilled water

was used to give a final concentration of 5–25 mg/ml. A suitable
dilution of the native and modified enzymes were prepared in the
SDS solution respectively and then assayed for the proteolytic activ-
ities at 40 ◦C. The residual activity was measured as above.

2.9. Kinetics of thermal inactivation and estimation of the
inactivation energy

In order to study the thermal inactivation kinetics of native and
modified bromelain, the enzymes were incubated at 60, 65, 67, 70,

72 ◦C. Thermal inactivation of enzymes can be described by a first-
order reaction:

ln
(

Ct
C0

)
= −kt (1)
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region from 3381 to 3423 cm−1 corresponding to –OH stretching
of the –OH groups present in NB, PMB and PB. A relatively higher
absorption at the characteristic peak (1649 cm−1) and (1517 cm−1)
of amide I and amide II was observed after the chemical modifica-
90 Y. Xue et al. / Journal of Molecular C

here Ct is the enzyme activity in the absence of the substrate at
reatment time t, C0 is the initial enzyme activity, and k is the inac-
ivation rate constant at the temperature studied. The inactivation
ate constant k can be estimated by linear regression analysis of the
atural logarithm of residual activity versus treatment time. Half-

ife is the time where the residual activity reaches 50%, which can
e described by Eq. (2)

1/2 = ln(2)
k

(2)

.10. Estimation of thermodynamic parameters

The Arrhenius equation is the most common mathematical
xpression to describe the temperature effect on the inactivation
ate constants and the dependence is given by the activation energy
E)

n(k) = ln(A) − E

RT
(3)

here A is the Arrhenius constant, E the activation energy. The acti-
ation energy can be calculated by linear regression analysis of the
atural logarithm of rate constant versus the reciprocal of the abso-

ute temperature. The other thermodynamic parameters, namely
he enthalpy (�H*), the Gibbs free energy (�G*) and the entropy
f inactivation (�S*) were calculated as shown in Eqs. (4)–(6)

H∗ = E − RT (4)

G∗ = −RT ln
(

kh
�T

)
(5)

S∗ = �H∗ − �G∗

T
(6)

here T is the average temperature (339.8 K in this study).

.11. Determination of kinetic constant

Experiments for the determination of kinetic parameters, the
aximum rate (Vmax) and the Michaelis constant (Km), were per-

ormed at 40 ◦C. The substrate concentration was varied between
and 10 mg/ml under the same conditions as described in “enzy-
atic assays”.

. Results and discussion

.1. Determination of modification degree and catalytic activity

The modification degree obtained for both pyromellitic stem
romelain (PB) and polymaleic stem bromelain (PMB) are sum-
arized in Fig. 1A and B, respectively. The DM increased with

he concentration of anhydrides, it was observed that pyromel-
itic stem bromelain has minimum numbers of exposed �-amino
roups, about 60% lysine residues of the enzyme were modified
y the present method. In addition, the influence of the modifiers
n the enzyme activities were also reported in Fig. 1A and B. The
nzymatic activities of modified stem bromelain decreased with
he increased of the DM, the enzyme using higher molecular weight

odifier showed lower activity. However, the modified bromelain
id not lose its activity significantly. This observation suggested
hat among different anhydrides those with small molecular size
re preferentially modified during the cross-linking reaction and
he amino acid at the active site causes no detectable change in

he tertiary structure of the enzyme. For PB and PMB, a slight
ncrease in DM was observed from 0.4 to 0.8 M (concentration of
he anhydrides), but the activities decrease apparently. Therefore,
n consideration of both DM and activities, 0.4 M anhydride was an
ppropriate concentration for modification.
Fig. 1. Numbers of acylated primary amino groups in the stem bromelain molecule.
Modifying agent: (A) pyromellitic anhydride; (B) poly(maleic anhydride). Enzyme
activity and modified degree were determined under standard conditions of tem-
perature and pH. Indicated values are means of three experiments.

3.2. FT-IR characterization

FT-IR spectroscopy has been proven to be a powerful tool for
providing conformational and structure dynamics information of
proteins. Comparison of FT-IR spectra of the enzyme before and
after modification was shown in Fig. 2. Higher absorptions in the
Fig. 2. FT-IR spectra of (a) NB, (b) PB, (c) PMB.
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Fig. 4. Effect of temperature on native and modified stem bromelain activities.

anhydride) has more free carboxyl groups after hydrolyzing, and
the acid limbs attaching to the enzyme can be effectively used to
adjust the alkaline condition.
ig. 3. SDS gel electrophoresis of native and modified stem bromelain. Lane M:
olecular weight markers; lane 1: pyromellitic stem bromelain; lane 2: native stem

romelain; lane 3: polymaleic stem bromelain.

ion. Here the peak at 1238 and 1241 cm−1 is attributed to the C–O
tretching of the ester group. These phenomena demonstrated that
he reactions between anhydride acid and amino groups produced
mide groups and chemical cross-linking.

.3. Molecular weight analysis

The molecular weight of the enzyme was examined by SDS-
AGE electrophoresis. In lane 2 of the Coomassie stained gel (Fig. 3),
ative bromelain migrated as a single band corresponding to a
olecular mass around 26 kDa, which lie close to the reported

ange of the molecular weight (23.8 kDa) of stem bromelain. Lane
represents the PMB, which showed a slower migration with a

ather diffused band and apparent an average molecular mass of
he protease, about 28.5 kDa. This could be explained by the reduc-
ion of the number of positive charges on the surface of the protein.
he PAGE pattern of pyromellitic stem bromelain exhibited 2 or 3
ands, 1 of which predominated. These results show that the pri-
ary amino groups of stem bromelain are not acylated equally and

onsequently there may be some variances between the enzyme
olecules after modification, resulting in different PAGE patterns.

.4. Effect of temperature on enzyme activity

As to be expected, the enzyme activity of native and chemical
odified stem bromelain increased gradually with increasing tem-

erature and the maximum activity was obtained at 60 ◦C (Fig. 4).
his confirmed that the enzyme favored higher temperature as
ould be observed from the activity data at 50, 60 and 70 ◦C, While
t temperature above 60 ◦C, the activity decreased sharply with the
ncrease of temperature. At 80 ◦C PMB showed 34% of maximum
ctivity, which was 20% more than the activity of NB. When the
nzymes were kept at 90 ◦C, the UB and PB were thoroughly inac-
ivated, however, about 15% of the enzyme activity exhibited by
MB could be seen from the data. The results indicated that the
MB showed good heat resistance. The modification of the amino
roups of the enzyme, mainly on the lysine residues, altered the
rotein positive charge considering that anhydrides was linked to
bout 60% of the total amino groups of bromelain. Thus, the greater
tability of modified enzymes may arise from the neutralization of

ositive charges leading to decreased charge repulsion within the
olypeptide [23]. It has also been shown that the thermal stability
f the native and modified enzymes is partly due to the presence of
large number of cysteine residues in the polypeptide chain [24].
Enzyme activity was determined under standard conditions of pH and substrate con-
centration. 100% relative activity corresponds to the maximum activity of samples.
Indicated values are means of three experiments.

3.5. Effect of pH on enzyme activity

pH value was a very important parameter to investigate in this
study. The tertiary structure of the enzyme depends on pH and the
enzyme can be denatured at extremes of pH [25]. Hence, the main
objective of bromelain modification was to improve the stability of
enzyme in extreme environmental conditions in terms of pH, deter-
gent. The variation of the relative activity of the native and modified
stem bromelain at different pH values is shown in Fig. 5, which indi-
cated that their optimum pH were 7.0, 8.0 and 9.0, respectively. The
PB and PMB were able to adapt to a wider pH region comparing to
NB, displaying over 90% of their activities in the pH range 7.0–11.0.
The optimum pH value of NB shifted with 1–2 units towards the
alkaline region after chemical modification. It suggested that the
acid anhydride reacted with the lysine groups of bromelain lead
to a net overall anionic charge. Enveloping the enzyme with nega-
tively charge groups might have caused a localized lowering of pH
which respects to the surroundings [26]. Moreover, the poly(maleic
Fig. 5. Effect of pH on native and modified stem bromelain activities. Enzyme
activity was determined under standard conditions of temperature and substrate
concentration. 100% relative activity corresponds to the maximum activity of sam-
ples. Indicated values are means of three experiments.
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Table 1
Kinetic parameters of thermal inactivation of native and modified stem bromelain.

Temperature (◦C) Enzyme k (min−1) R2 t1/2 (min)

60
NB 0.02652 0.9959 26.14
PB 0.02133 0.9706 32.50
PMB 0.02001 0.9716 34.64

65
NB 0.06932 0.9907 9.99
PB 0.06355 0.9926 10.91
PMB 0.04581 0.9879 15.13

67
NB 0.10450 0.9958 6.63
PB 0.09480 0.9914 7.31
PMB 0.06162 0.9913 11.25

70
NB 0.14242 0.9981 4.87
PB 0.12962 0.9789 5.35
PMB 0.08917 0.9991 7.77

72
NB 0.17146 0.9796 4.04
PB 0.15290 0.9841 4.53
PMB 0.10684 0.9938 6.49

temperature in order to improve productivity, and the above issues
suggested that PMB could be considered as a potential candidate
for various industrial applications.

Table 2
Thermodynamic parameter values of thermal inactivation of native and modified
stem bromelain activities.
ig. 6. Effect of surfactant on native and modified stem bromelain activities. Enzyme
ctivity was determined under standard conditions of temperature, pH and sub-
trate concentration. 100% relative activity corresponds to the maximum activity of
amples. Indicated values are means of three experiments.

.6. Effect of chemical on enzyme activity

Enzymes are usually inactivated by the addition of surfactants to
he reaction solution. The effect of SDS on the stability of enzymes
as also studied (Fig. 6). The PMB showed significant resistance

o the surfactant tested. In addition, an enhancement in the PB
ctivity was observed in the presence of SDS. In this study, the
nzyme activity of the sample without any SDS was taken as con-
rol. After the enzyme was incubated with 5 mg/ml SDS for 30 min
t 40 ◦C, the PMB still retained about 48% of its activity. For NB, the
trong surfactant at 4 and 5 mg/ml caused a significant inhibition of
7% and 61%, respectively. The anionic surfactants usually affected
egatively on the enzyme activity [27] and so the modification of
romelain caused an increase in the enzyme stability against the
nionic surfactants. The change in activity may be due to the alka-
ine pH which was caused by the detergent favoring the modified
romelain.

.7. Kinetics and associated parameters

.7.1. Inactivation kinetics and estimation of thermodynamic
arameters

The process whereby the secondary, tertiary or quaternary
tructure of a protein changes without breaking covalent bonds
s defined as inactivation [28]. Inactivation rate constants of the
nzymes, were presented in Table 1 at 60, 65, 67, 70 and 72 ◦C. The
hermal stability of the enzymes decreased with increasing tem-
erature. Beyond 65 ◦C, enzymes activities were severely inhibited.
ikewise, the half-life values estimated using these constants and
q. (2) were presented in the same table, PMB showed maximum
alf-life of 34.64 min at 60 ◦C and with increasing temperature half-

ife decreased sharply. However, the half-life of PMB at 72 ◦C was
.61 and 1.43 times higher than the half-life values of NB and PB,
espectively.

The dependence of the inactivation rate constants with temper-
ture fitted adequately the Arrhenius equation (Fig. 7). The changes
n enthalpy (�H*) and entropy (�S*) are calculated using transition
tate theory according to Eqs. (4)–(6) for the thermal inactiva-
ion of native and modified stem bromelain (Table 2). A positive

H* and �S* were determined in the temperature ranges studied.

ith increase of molecular weight, a slight decrease in �H* and
marked in �S* were observed. This suggested thermal denatu-

ation of the enzymes, possibly due to disruption of non-covalent
inkages, including hydrophobic interactions [29]. Thermo stabi-
ization of enzymes is mostly accompanied by a decrease in �S*
Fig. 7. Arrhenius plots for thermal inactivation for native and modified stem brome-
lain.

and an increase in �G* [30]. Thus the increase in �S* indicated
that there was an increase in the number of protein molecules in
transition activated stage. Moreover, solvent and structural effects
are reported to be the two major factors influencing the numerical
values of �H* and �S*. Particularly, �S* are known to pro-
vide information regarding the degree of compactness of protein
molecule [31]. Also the increase in the �H* with respect to molec-
ular weight decrease revealed that the conformation of the enzyme
was altered, chemical modification by anhydrides introduces car-
boxylic groups to each amino group modified, thus decreasing the
flexibility of an external loop. This would signify that the brome-
lain modified by poly(maleic anhydride) would be more readily
activated under the condition employed. The use of enzyme in
industrial processes may require reactions to be conducted at high
Enzyme �H* (kJ mol−1) �G* (kJ mol−1) �S* (J mol−1 K−1)

NB 147 ± 2 78.7 ± 0.5 202
PB 155 ± 2 79.3 ± 0.6 224
PMB 132 ± 1 80.2 ± 0.3 152
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Table 3
Kinetic constants of native and modified papain.

Enzyme kcat/(mol s−1 mol enzyme−1) Vmax/(mol s−1 g−1) Km/(mol l−1) kcat/Km

NB 10.0 (0.908 ± 0.0
PB 7.11 (0.592 ± 0.0
PMB 7.35 (0.574 ± 0.0
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Fig. 8. Hanes–Woolf plots of native and modified stem bromelain.

.7.2. Michaelis constant and maximal velocity
The experiments were carried out with low initial substrate

eservoir concentration so that the Michaelis–Menten kinetics
an be approximated by first-order kinetics [32]. Accordingly, the
inetic parameters of the enzyme were derived, including the
aximum reaction rate (Vmax) of the enzymatic reaction and the
ichaelis–Menten constant (Km). These parameters were obtained

rom Hanes–Woolf plot which can be written as:

[S]
v

= [S]
Vmax

+ Km

Vmax

This expression avoids both misleading impression of the
xperimental error and the uneven distribution of the points by
ineweaver–Burk plot and the angular distortion of the errors of
he Eadie–Hofstee plot [33]. When comparing the Km values of NB
ith PB and PMB (Fig. 8), some differences in Km values showed

hat the modified enzyme has greater affinity towards the sub-
trate (Table 3). This may also be attributed to the enhancement of
ubstrate-enzyme complex stability. In addition, NB has the high-
st kcat value followed by PMB and the PB. The catalytic efficiency
alue (kcat/Km) provides an approximate but useful model to deter-
ine the enzyme efficiency with a view to industrial application.
mong all the enzymes, PMB showed a highest catalytic efficiency

2.602 × 103) and the difference may be ascribed to the structural
ifferences of the enzyme.

. Conclusions

One of the primary objectives of enzyme engineering is to

roduce stable enzymes useful for various biotechnological appli-
ations and this can be achieved by various methods. In this study,
wo novel modifiers were used to modify bromelain. According to
he TNBS experiments, this chemical modification of the enzyme
esulted in the acylation of 8–9 of the 15 primary amino groups.

[

[
[
[
[

95) × 10−2 (0.526 ± 0.063) × 10−2 1.91 × 103

64) × 10−2 (0.409 ± 0.042) × 10−2 1.74 × 103

92) × 10−2 (0.283 ± 0.072) × 10−2 2.60 × 103

The chemically modified enzymes exhibited remarkable stability
for medium under condition and high temperatures, as well as
good reusability. Furthermore, the UV–vis and FT-IR measurements
demonstrated that there were minor structural change, indicat-
ing that the proposed chemical modification does not affect the
enzyme inner layer and hence activity. It appears that this sim-
ple method may provide a very useful strategy for giving proteins
some new and useful characteristics related to stability and cat-
alytic activity.
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