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Abstract—Glutaminase free L-asparaginase is known to be an excellent anticancer agent. In the present
study, the combined effect of pH and temperature on the performance of purified novel L-asparaginase from
Pectobacterium carotovorum MTCC 1428 was studied under assay conditions using response surface method-
ology (RSM). Deactivation studies and thermodynamic parameters of this therapeutically important enzyme
were also investigated. The optimum pH and temperature of the purified L-asparaginase were found to be
8.49 and 39.3°C, respectively. The minimum deactivation rate constant (k) and maximum halflife (7, ) were
found to be 0.041 min~—! and 16.9 h, respectively at pH of 8.6 and 40°C. Thermodynamic parameters (AG,
AH, AS, and activation energies) were also evaluated for purified L-asparaginase. The probable mechanism
of deactivation of purified L-asparaginase was explained to an extent on the basis of deactivation studies and

thermodynamic parameters.
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L-asparaginase (L-asparagine amidohydrolase
EC.3.5.1.1) is an enzyme of high therapeutic impor-
tance due to its antilymphomic and antineoplastic
activities, and use in certain kinds of cancer therapies,
mainly in acute lymphoblastic leukemia (ALL) [1, 2].
It is also used in food industry for the production of
acrylamide free food, model enzyme for the develop-
ment of new drug delivery system and L-asparagine
biosensor for leukemia [3—5].

Studies on the molecular structure, catalysis, clini-
cal aspects, genetic determinants involved in regula-
tion and stabilization to enhance biological half-life of
L-asparaginase have been reported [1, 6, 7] However,
very few studies have been reported on thermody-
namic aspects of this enzyme [8, 9]. Thermal stability
studies would help to understand the relation between
structure and function of a particular enzyme [10]. L-
Asparaginase deactivation plays a vital role in cancer
therapy [1]. Rapid inactivation may constrain the effi-
ciency of therapeutic process. An improved knowledge
of enzyme deactivation Kinetics is needed to enhance
the feasibility of therapeutic use. The deactivation
studies would provide valuable physical insights into
the structure and function of the enzyme. Deactiva-
tion is defined as a process where the secondary, ter-
tiary or quaternary structure of a protein changes with-
out breaking covalent bonds [11]. The ability of
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enzyme is a measure of its ability to catalyze a reaction
while the stability of the enzyme is judged by its resid-
ual activity. Both of these properties are modified to a
large extend by temperature, pH and modifiers such as
activators, inhibitors etc. The examination of relation-
ships between enzyme properties and environmental
conditions plays a vital role to predict, manipulate and
engineer the protein structure.

It is well known that the activity and stability of an
enzyme is strongly influenced by pH and temperature.
Optimization of process variables using one variable at
time is very tedious, labor intensive and lacks in
explaining the interactive effects among the variables.
Thus, it does not depict the net effects of various
parameters on enzyme activity.

The aim of communication is to study the com-
bined effect of pH and temperature on purified L-
asparaginase from Pectobacterium carotovorum MTCC
1428 under assay conditions using RSM, to demon-
strate the deactivation kinetics of purified L-asparagi-
nase, and to determine thermodynamic parameters.

MATERIAL AND METHODS

Bacterial strain and culture conditions. The bacte-
rial strain, P. carotovorum MTCC 1428 used in the
present investigation was obtained from Microbial
Type Culture Collection and Gene Bank, Institute of
Microbial Technology (IMTECH), Chandigarh,
India. The pure culture of this microbial isolate was
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grown on a medium containing (g/1): beef extract 1.0,
yeast extract 2.0, NaCl 5.0, peptone 5.0 and agar 15.0
(pH 7.0), incubated at 30°C for 24 h. The culture was
maintained at 4°C by sub-culturing every month.

Production of L-asparaginase and purification. The
production of L-asparaginase was performed in the
optimized semisynthetic medium containing (g/1):
glucose 5.202; L-asparaginase 2.076; Na,HPO, -
2H,0, 6.0; KH,PO, 1.772, NaCl 0.5, MgSO, - 7H,O
0.373; CaCl, -:2H,0 0.015; yeast extract 1.0 and pep-
tone 1.0 at initial pH of 6.5 [12]. The inoculum was
prepared by adding a loop full of freshly prepared pure
culture from the slant into 80 ml of sterile medium
mentioned above containing glucose as a sole carbon
source in a 500 ml Erlenmeyer flask. The culture flask
was incubated at 30°C and 180 rpm in an orbital shak-
ing incubator for 10—12 h. The culture was transferred
(2% v/v, at mid-logarithmic phase (OD at 600 nm =
0.6—0.8)) in to a stirred tank 7 L bioreactor (Sartorius
Biostat B plus, Germany) with working volume of 4 L.
The bioreactor was operated at 30°C, 200 rpm, and
1.5vvm with uncontrolled pH. The samples were
drawn at regular intervals of time, and specific activity
was. measured in triplicates.

Intracellular L-asparaginase was isolated from
P. carotovorum MTCC 1428 as described by Kumar et
al. [13]. In this study, we have used high purity of the
enzyme preparation, which was obtained by precipita-
tion of proteins with ammonium sulfate followed by
Anion-exchange chromatography (DEAE cellulose)
and gel filtration chromatography (Sephadex G-100)
[14]. The protein concentration was determined
according to the method described by Lowry et al. [15]
using BSA as a standard. All chromatographic experi-
ments were monitored for protein at 280 nm.

Enzyme assay. L-asparaginase activity was per-
formed by modified method as described by Kumar et
al. [13]. One unit (U) of enzyme activity was defined
as the amount of enzyme that liberates 1 pM of
ammonia per minute at 37°C.

Experimental design to evaluate the effect of pH and
temperature on purified L-asparaginase under assay
conditions. The central composite design has been
applied to optimize the levels and explain the com-
bined effect of physical parameters viz., pH and tem-
perature for purified L-asparaginase from P. caroto-
vorum MTCC 1428 [16]. Each variable was assessed at
five coded levels (—a, —1, 0, +1, and +a). According
to this design, the total number of treatment combina-
tions was 14 (= 2 + 2k + 6), where k is the number of
independent variables [17]. Central composite design
with four axial points (o = 2) and six replicates at the
center point with a total number of 14 experiments
were employed to evaluate the pure error. The mini-
mum and maximum ranges of the variables were used
and the full experimental plan with regard to their val-
ues in actual and coded form is provided in the Table 1.
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The quadratic model for predicting the optimal levels
was expressed according to the Eq. (1).

k k
Y = Bo"‘ZBiXi"'ZﬁnX?"‘ZZByXer (D

i=1 i=1 i

Where, Yis the predicted response, k is the number of
variables. X is the coded levels of the independent vari-
ables, B, is the offset term, [3; is the ith linear coefficient, ;
is the ith quadratic coefficient, and B is the /™ interaction
coefficient. The statistical software package, MINITAB®
Release 15.1, PA, USA was used for the regression analy-
sis of the experimental data, and also to plot the response
surface graphs. All the experiments were performed in
triplicates and averages of the results were taken as the re-
sponse.

Deactivation studies. Experiments were conducted
to study the thermal stability of L-asparaginase. The
culture filtrate was incubated at different combina-
tions of pH and temperature. The levels of pH and
range of temperature selected to study the deactivation
of L-asparaginase were 7.6, 8.6 and 9.6 and 30-—50,
40—60 and 30—50°C, respectively. The enzyme sam-
ples were deactivated at various combinations of pH
and temperature as mentioned above and aliquots of
samples were collected at different intervals of time.
The pH of the samples was adjusted to standard
assay conditions and measured the residual activity
of L-asparaginase.

Estimation of deactivation rate constant (k) and half-
life time (7 ;). Since the deactivation of L-asparaginase
is one of the major constraints in the efficiency of che-
motherapy, a better understanding of the mechanism
of deactivation is very important. The deactivation of
L-asparaginase is assumed to follow first-order kinet-
ics. This is called single step two-stage theory [10]. The
two-state mechanism is as follows:

E—E, 2

The assumption in the mechanism is that the active
enzyme state E directly converts to inactive state E;
without providing any significant amount of interme-
diates. The first-order deactivation is represented as
Eq. (3).

42 = k] 3
or,

o = exp(—k,t) (4)
where,

From the plot of In(a) versus ¢, the slope gives the
value of deactivation rate constant k.
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Table 1. Experimental design and results for the activity of L-asparaginase from P. carotovorum MTCC 1428 at various

combinations of pH and temperature

Uncoded and coded levels Enzyme activity (U/ml)
Run order
pH Temperature (°C) Observed Predicted
1 8.0(—1) 37(-1) 6244 + 14 6229
2 9.6(+1) 37(-1) 5759 £ 20 5927
3 8.0(—1) 43(+1) 6069 + 20 6078
4 9.6(+1) 43(+1) 5669 £ 25 5860
5 8.6(0) 40(0) 6598 + 09 6485
6 8.6(0) 40(0) 6604 + 07 6485
7 8.6(0) 40(0) 6607 £ 15 6485
8 7.4(-2) 40(0) 5574 £ 13 5621
9 9.8(+2) 40(0) 5237 £ 11 5101
10 8.6(0) 34(—a) 633113 6298
11 8.6(0) 46(+0) 6137+ 14 6081
12 8.6(0) 40(0) 6645 + 14 6697
13 8.6(0) 40(0) 6635+ 21 6697
14 8.6(0) 40(0) 6634 + 21 6697

Note: Enzyme activity = Mean value &+ S.D.

The half-life of an enzyme is defined as the time
required by the enzyme to loose half of its initial activ-
ity, which is given by:

ty, = In(2)/k,. ®)

Estimation of thermodynamic parameters. The ener-
gies and entropies of deactivation can be estimated by
making use of absolute reaction rates [18]. The tem-
perature dependency of deactivation rate constant can
be expressed as:

kT AS* —AH*

ky = SexpR
d hepreprT

(6)

or,

ln]&’ = 1nl§+A—S* AH*

T h R RT’

(7)

The values of AH* and AS* values were calculated
from the slope and intercept of the plot of In(k,/7) versus
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1/ T'respectively. AG* was estimated by the following rela-
tionship:

AG* = AH* — TAS*. (8)

The activation energy is calculated from the Arrhenius
Eq. as:

_E
ky = koexp=L 9
d OeprT )
or,
In(k,) = In(k)— 4. (10)
RT

The values of E and k, were estimated from the
slope and intercept of the plot of In(k,) versus 1/T,
respectively.
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Table 2. Analysis of variance (ANOVA) for L-asparaginase activity: effect of pH and temperature

Source DF Seq SS Adj SS Adj MS F P
Regression 5 5492844 5492844 1098569 79.81 0.0001
Linear 2 476299 2657906 1328953 96.55 0.0001
Square 2 5012974 5012974 2506487 182.10 0.0004
Interaction 1 3570 3570 3570 0.26 0.0616
Residual Error 21 289046 289046 13764
Lack-of-Fit 3 285089 285089 95030 432.35 0.0005
Pure Error 18 3956 3956 220
Total 27 5799995

Note: R2= 95.02%; Rz(adj) =93.59%; DF — degree of freedom; Seq SS — sequential sum of square; Adj SS — adjusted sum of square; Adj

MS — adjusted square of mean; F — Fvalue ; P — Pvalue.

RESULTS AND DISCUSSION

Production of L-asparaginase and purification. In
our previous paper [14] it was shown that the biomass
yield and specific activity at the end of cultivation in
bioreactor were found to be 0.97 £0.03 g/l and 28.87 £
0.37 U/mg, respectively. Glutaminase-free L-aspara-
ginase was purified to homogeneity after Sephadex G-
100 chromatography with 42.02% of yield. The
enzyme was purified approximately 72-fold with a
specific activity of 2020.91 U/mg [14]. The active
fractions of final purification step were pooled, con-
centrated using lyophilizer and dialyzed against the
Tris—HCI buffer (50 mM, pH 8.6). The concentrated
fraction was stored at —20°C for further analysis of
experiments. L-asparaginase purity and molecular
weight was confirmed by the SDS—PAGE, Native
PAGE and gel-filtration chromatography [14].
The molecular weight of the purified homotetramer
L-asparaginase and subunits was found 144.42 and
36.10 kDa, respectively by MADI-TOF MS [14].

Optimization of combined effect of pH and temper-
ature on the performance of L-asparaginase under
assay condition. The most important physical factors,
which influence the enzymatic reaction rate, are pH
and the temperature of incubation with the substrate.
Each enzyme has a characteristic pH and tempera-
ture optima beyond which the reduction in activity
was observed. The suitable temperature and pH for
L-asparagine-L-asparaginase system was deter-
mined using statistical experimental design. In order
to determine the optimal conditions, preliminary
experiments were performed to study the effect of pH
on the activity of L-asparaginase (keeping at constant

temperature). The results clearly showed that the max-
imum activity was observed when the pH was varied
from 8.0 to 9.0 [14]. Similarly, experiments were per-
formed to study the effect of temperature on the
activity of L-asparaginase and found that the maxi-
mum activity was obtained when the temperature was
varied between 35 and 45°C [14]. Hence, experiments
were performed at various combinations of pH and
temperature. The design matrix and the corresponding
results of observed and predicted responses (L-asparagi-
nase activity) are shown in Table 1. The enzyme activity
varies from 5237 to 6645 U/ml. By applying the mul-
tiple regression analysis on the experimental data, the
following second-order polynomial equation was
found to explain the dependence of L-asparaginase
activity on pH and temperature of incubation.

Yy, = —77954.2 + 15269.84 + 1008.9B o
— 92774~ 14.1B* + 11.74B.

where, A is pH and B is temperature.

The results were analyzed using the ANOVA as
appropriate to the experimental design used (Table 2).
According to the ANOVA of the quadratic regression
model, the model is highly significant, as is evident
from the Fisher Ftest (mean square regression: mean
square residual is 79.81) with a very low probability
value (Poqq > F is 0.0001). This indicates that the
combined effects of pH and temperature significantly
contributed to maximizing the L-asparaginase activity.
The goodness of the model was checked by coefficient
of determination, R?, which implies that the sample
variation of 95.02 for the dependence of L-asparagi-
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Table 3. Model coefficient estimated by multiple linear regressions

Term Coef SE Coef T P
Constant —77954.2 9610.25 —8.112 0.0001
pH 15269.8 1246.95 12.246 0.0001
Temperature 1008.9 252.38 3.998 0.0001
pH*pH —-927.7 48.77 —19.021 0.0004
Temperature* Temperature —14.1 1.95 —7.228 0.0004
pH*Temperature 11.7 23.04 0.509 0.0616

Note: Coef — coefficient ; SE Coef — standard error of coefficient; T — ¢ value; P — P value.

nase activity is attributed to pH and temperature of
incubation and also only 4.98% of the total variation is
not explained by the model.

The Student’s ¢ distribution and the corresponding
Pvalues, along with the parameter estimate are shown
in Table 3. The Pvalues of all linear and quadratic rela-
tionships between process parameters and L-asparagi-
nase activity under assay conditions suggest that they
are highly significant (P< 0.0004). However, the inter-
action effect between pH and temperature is lower
than linear effect (P < 0.0616), but accounted appre-
ciably. In addition, it was also found that the coeffi-
cient for pH is very much larger than coefficient for
temperature. This suggests that any change in pH has
large effect on enzyme activity of L-asparaginase than
temperature in the range studied.

The 2D contour plot explains the behavior of the
system and enzymatic activity over independent vari-
ables, pH and temperature are shown in Fig. 1. The
enzyme activity is higher at a range of temperature
(36—41°C) and moderate pH (8.4—8.6). This equation
was optimized and solved by MINITAB optimizer.
The optimum levels of temperature and pH were
found to be 39.3°C and 8.49, respectively. In order to
verify the optimal conditions, the experiments were
performed at central point and optimal levels of vari-
ables. These conditions have showed higher enzyme
activity (6856 U/ml) value as compared to that used
presently for the analysis of enzyme activity. After
optimization, L-asparaginase activity was increased by
200 U/ml in purified sample.

Deactivation studies. L-Asparaginase has been deac-
tivated under various combinations of pH and temper-
ature as discussed in methods section. The extent of
deactivation is measured by the deactivation rate. The
deactivation rate is proportional to the active enzyme
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concentration, and k, (deactivation rate constant) is
the proportional constant. The deactivation process is
modeled as first-order kinetics and the deactivation
rate constant was evaluated. The effect of temperature
on deactivation has been studied and the results are
shown in Figs. 2a—2c. The minimum value of &,
observed for L-asparaginase was 0.041 min~' (Table 4).
The combinations of pH and temperature at which the
above mentioned minimum deactivation rate constant
have been observed to be 8.6 and 40°C, respectively.

45.0

42.5

Temperature
N
e
[«

37.5

35.0

7.5

8.0 8.5

pH

9.0 9.5

Fig. 1. 2D contour plot of L-asparaginase activity at differ-
ent levels of pH and temperature of incubation. Enzyme
activity (U/ml): I < 5000; B3 5000—5500; @ 5500—
6000; HE 6000—6500; Il >6500.
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Fig. 2. Thermal stability of L-asparaginase at (a) pH 7.6 (b)
pH 8.6 and (c) pH 9.6.

The deactivation process was found to be faster at pH
7.6 than at alkaline pH (8.6, 9.6) for L-asparaginase.
Naidu and Panda [19] observed that the similar effect
of pH on deactivation rate constant as reported in this
study. This is possibly due to disulfide exchange, which
usually occurs at near neutral and alkaline conditions
[20]. Furthermore, the observation of interrelation-
ship between conformational stability and enzyme
activity suggested that in naturally occurring enzymes
one cannot expect to find stability at temperatures far

above than that of growth of an organism [21]. The
results obtained in the present study also indicate that
the optimum pH and temperature lie near that of the
growth condition.

Estimation of thermodynamic parameters. The
change in enthalpy and entropy has been calculated by
transition state theory according to the Egs. (7) and
(8). The results are shown in Table 5 for purified L-
asparaginase from P. carotovorum MTCC 1428. The
entropy value was found to be negative for L-asparagi-
nase at pH 7.6. The negative values of entropy of deac-
tivation of L-asparaginase suggested that the denatur-
ation may be due to the compactation of the reacting
enzyme molecule and the ordering of solvent mole-
cules [22]. Solvent and structural effects are the two
major factors, which influence the numerical values of
AH* and AS*. Increase in entropy and enthalpy values
were observed when incubated at higher levels of pH.
The probable reason is that the enzyme gets unfolded
during deactivation and the negative sign is due to the
formation of charged particles around the enzyme
molecule with increase in pH or it may be due to the
ordering of solvent molecules. The increase in AS*
indicates an increase in the number of protein mole-
cules in a transition activated state, which in turn,
gives lower values of AG*. The values of AG* (calcu-
lated from Eq. (8)) are given in Table 5 for the enzyme.
The decrease in entropy and enthalpy values was
observed with increase in pH (Table 5). Probably, at
higher pH, the stable three dimensional structure of
enzyme gets compressed, resulted in decrease in resid-
ual activity. To gain a deeper insight into the mecha-
nism and specificity of L-asparaginase, the tempera-
ture-dependence of the catalytic activity was investi-
gated. The temperature dependency of first-order
deactivation rate constant was studied by Arrhenius
Eq. (Eq. (9)). The activation energy F and frequency
factor k, were estimated from Eq. (9) and they are
shown in Table 5. It was found that the deactivation
energy maximum at optimum pH for L-asparaginase
and starts decreasing at higher range of pH. Naidu
and Panda [19, 23] also found that the similar obser-
vation on temperature dependency of deactivation
rate constant for thermal deactivation of chitinase
from Trichoderma harzianum and pectolytic enzymes
from Aspergillus niger. For L-asparaginase, the deac-
tivation energy increases at higher temperature sug-
gesting that L-asparaginase require more amount of
energy to deactivate. This is in agreement with the
result that the L-asparaginase is more stable at pH 8.6
with lower temperature rather than pH 9.6 and 7.6 at
higher temperature.

In this study, RSM has been successfully applied to
study the combined effect of pH and temperature of
purified L-asparaginase from P. carotovorum MTCC
1428 under assay conditions. Purified L-asparaginase
is more stable at pH of 8.6 with lower temperature
rather than pH of 9.6 and 7.6 at higher temperature. At
the optimal pH of 8.6, the rate of deactivation of was
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Table 4. Effect of temperature on deactivation constant (k,)
and half life time (¢, ;,) of the purified enzyme

found to be least for different temperatures. The nega-
tive values of entropy of deactivation of L-asparagi-

nase at pH 7.6 suggested that the denaturation may be
pH Temtg% ature k, (h~) 12 (1) due to the compactation of the reacting enzyme mol-
ecule.
7.6 30 0.20 3.33
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