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Naringinase is an enzyme complex, expressing a-L-rhamnosidase and 3-p-glucosidase activities. The
impact of high pressure and temperature on naringinase activity and stability were studied, in order to
assess the potential of enzyme thermostability on glycosides hydrolyses. To a better understanding of
these effects on naringinase enzyme complex, they were also evaluated over a-L-rhamnosidase and 3-
D-glucosidase activities, using specific substrates, p-nitrophenyl a-L-rhamnopyranoside (4-NRham) and
p-nitrophenyl (3-p-glucopyranoside (4-NGluc), respectively. Hydrolysis rate of 4-NRham and naringin
increased with pressure from 0.1 to 150 MPa.

The equilibrium constants for a-L-rhamnosidase and (3-p-glucosidase reactions, at pressures of
0.1-200 MPa and 40°C, were determined and best fitted with the model of Baliga and Whalley equa-
tion. Accordingly, reaction volumes of 93 and 64 mLmol-! were obtained for a-L-rhamnosidase and
[-p-glucosidase reactions, respectively. Reaction rate constants were also determined at the same exper-
imental conditions and well fitted to the models of Golinkin, Laidlaw, Hyne and of Burris and Laidler. A
negative AV# of —7.7+ 1.5 and —20.0 + 5.2 mL mol~! were obtained for a-L-thamnosidase and naringi-
nase reactions, correspondingly, which reflect the accelerating effect of pressure on the biocatalysis.

Moreover, the Ky, kear and keae/Ky values, on naringin hydrolysis under atmospheric (0.1 MPa) and
high pressure (150 MPa) conditions at different temperatures (25-80 °C) were determined. A 3-fold and
4-fold increase on naringinase thermostability was observed under 150 MPa at 70 and 80 °C, respectively,
compared to 0.1 MPa experiments. In addition, a 15-fold increase of kc.¢/km values from experimental
conditions of 0.1 MPa and 30°C to 150 MPa and 70°C was observed. In fact, high pressure showed to
be a powerful tool to increase stability of naringinase against thermal denaturation. In conclusion, the
effect of amplification of pressure effects on reaction rates by temperature could have a pragmatic use
for accelerating enzymatic reactions.
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1. Introduction

Biocatalysis is reaching a key position in drug development,
driving to new opportunities and being able to create new synthetic
routes [1]. In fact, the functional dependencies of biocatalysts activ-
ity, namely pH, temperature, solvent and pressure [2-4], alone or
combined, can be used to modulate it, in order to attain improved
results.

In this context, recent results showed that all the potentiali-
ties of high pressure, have not yet been explored [5]. Pressure can
change both enzyme stability and activity or even give informa-
tion on the protein structure [6]. Several strategies, beyond enzyme
genetic modification, have been employed to enhance the enzyme
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activity, stability and re-usage capacity, including: immobilization,
use of non-aqueous media, among others. High pressure may be a
complementary, synergistic, or an additive enzyme improvement
technique. Moreover, the ability of control simultaneously pres-
sure and temperature, can significantly enhance the capacity to
adjust the same enzymatic system to different substrates or to gain
activity toward diverse final products.

Pressure has been used to shift chemical equilibriums or even
to accelerate processes according to the Le Chatelier’s principle as
well as to the transition state theory. Depending on pressure magni-
tude, it is able to interfere with secondary, tertiary and quaternary
structure of proteins [7]. The enzyme native state is dependent on
temperature and pressure, drawing an elliptical phase diagram of
protein denaturing, which shows an interesting behavior for mod-
ulating protein stability. Considering the diagram of Fig. 1, at low
pressure range proteins will denature at lower temperatures [8]. In
the opposite situation, higher pressures will avoid thermal protein
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Fig. 1. Elliptical phase protein denaturing diagram. From a to b temperature
increases and protein starts to denaturate but if pressure is raised till ¢ protein
native state is preserved.

denaturation at high temperatures, which may favour the enzyme
native state [8].

A thermodynamic insight to the phenomenon directs us to the
lead responsibility of the volumetric changes, along the reaction
coordinate, on the catalytic expression of an enzyme [9]. In fact, the
conformational adjustments between the biocatalyst and the sub-
strate in concert with the breakdown and/or formation of chemical
bonds, as affected by pressure and temperature variations, can con-
siderably change the overcoming of the energetic barrier to attain
the transition state and later on the reaction products. Nevertheless,
this becomes more difficult to fully understand when the enzy-
matic system has multiple activities. This is true for the naringinase
enzyme complex, obtained from Penicillium decumbens, express-
ing a-L-rhamnosidase and (3-p-glucosidase activities. Naringinase
is of relevance in food and pharmaceutical industries. Naringin
can be hydrolyzed by a-L-rhamnosidase activity of naringinase
to rhamnose and prunin, which can be further hydrolyzed by the
[B-p-glucosidase component of naringinase into glucose and taste-
less naringenin [10] (Fig. 2). The relevance of these molecules to
the industrial sector is due to their recognized antioxidant, anti-
inflammatory [11,12], antiulcer, and hypocholesterolemic effects,
whereas naringenin has also shown antimutagenic and neuropro-
tective activities and prunin antiviral activity. Both naringin and
naringenin have similar medical applications, suggesting that the
biological activity is not associated with the sugar residues but is
rather related to the aglycon moiety.

In this work is our aim to study the combined effect of
pressure and temperature over equilibrium and reaction rate con-
stants of both a-L-rhamnosidase and [3-D-glucosidase expressed
by naringinase enzyme complex. For this purpose and in order
to discriminate both catalytic activities two specific substrates
were used: 4-nitrophenyl-a-L-rhamnopyranoside (4-NGluc) and
4-nitrophenyl-f3-p-glucopyranoside (4-NRham). As naringin solu-
bility increased with temperature a higher productivity is expected
if the enzyme does not denatured. Therefore the impact of high
pressure and temperature on naringinase catalytic activity and
stability was carried out, accessing the protective effect of high
pressure on enzyme thermostability.

2. Theory

Transition state theory (TST) is commonly used as a qualitative
basis to achieve mechanistic information on chemical reactions
[13]. Although, the physical and chemical details of the mecha-

nisms by which enzymes catalyze chemical reactions are still a
matter of some controversy, accurate experimental data on rate
constants can be used to successful calculate thermodynamic func-
tions of activation (TFA) and show some insights on catalysis, at a
macroscopic level, which was one of the aims of this work.

2.1. Temperature effect

Regarding to TST formulation, reaction rate constant (k) is
related to the standard Gibbs energy of activation (AG# ) by the
following equation:

k= %eﬂc#/m 1

where kg is the Boltzmann constant (1.38 x 10723JK-1), h is
the Planck constant (6.63 x 10734]s), R is the gas constant
(8.314]J K~ mol~1) and T is the absolute temperature (K).

Moreover, it is a well known experimental fact that k is tem-
perature dependent, and the empirical Arrhenius equation still
constitute the main mathematical relation used to describe it. This
equation, a first order polynomial describing In k as function of T-1,
can be rewrite as:

B

where A and B are empirical parameters related to TFA, according
to Eq. (5).

Nevertheless, in case of enzymatic catalysis, often is found that
the former relation frequently does not fit satisfactorily to experi-
mental data, probably because the proteins are not rigid structures
[14]. In fact, an innovative approach can be considering the second
order polynomial relation known as the Wold and Ahlberg equa-
tion [15] to achieve TFA values. In this equation C is an empirical
parameter.

B C

2.2. Pressure effect

In line with the previous assumptions, pressure effects on
equilibrium (K) and rate constants (k) were initially quantified
according to the best fit of experimental data to first and second
order polynomials relating InK or Ink to P [Eqs. (4) and (5)]:

InNK=A+BP or Ink=A+BP (4)

InK=A+BP+CP?> or Ink=A+BP+(CP? (5)

According to these equations, known as Burris and Laidler [16] and
Golinkin, Laidlaw and Hyne [17] equations, respectively volumetric
changes along reaction coordinate may be achieved.

Actually, from In K dependence we estimated the reaction vol-
umes (AVgeac) and from Ink dependence on pressure we can
calculate activation volumes (AV# ). Moreover, the slope result-
ing from fitting Eq. (4) to experimental data is equal to AVRgeac/RT
or —AV# |RT,and from Eq. (5) adjustment both volumetric changes
(AV) are given as:

AV = —RT(B + 2CP) (6)

Additionally, Eq. (7), Baliga and Whalley [18] and the third order
polynomial Eq. (8), Walling and Tanner [19] were also considered.

_A+BP _A+BP

an_l-i-CP or =13cp

(7)

InK=A+BP+CP?+DP3> or Ink=A+BP+CP?>+DP3 (8)
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Following the assumption taken to calculate volumetric changes
with the first and second order polynomials fits, for Walling and
Tanner equation we used:

AV = —RT(B + 2CP + 3DP?) (9)

Likewise, reaction and activation volumes calculated according to
the fit of data to the relation proposed by Baliga and Whalley [Eq.
(7)] drive to Eq. (10):

_gp (B—4C)

AV = 4
(1+CP)

(10)

2.3. Standard thermodynamic parameters

The standard thermodynamic parameters for the
enzyme-substrate complex formation were studied using the
specific laws. Standard Gibbs energy, AG°, was calculated from Eq.
(11):

AG° = —RTInK (11)

(K, enzyme-substrate complex equilibrium constant; AG°,
enzyme-substrate complex formation standard Gibbs energy)

Standard enthalpy, AH°, as well as standard entropy, AS°, was
determined using Eq. (12). The enthalpy parameter was taken from
the linear regression slope, while standard entropy is equal to y-
intercept [Eq. (13)]:

AG® 1
d( T):AHd(T) (12)
AGT sy Afo (13)

2.4. Thermodynamic functions of activation

Considering an Arrhenius behavior of kc;: data over tempera-
ture, the activation energy, E,, was assessed from the slope of kcat
against T-! re-writing Eq. (2) into the next form:

In kear = InA — %’T‘l (14)

Activation enthalpy (AH # ), activation entropy (AS¥ ) and acti-
vation Gibbs energy (AG# ) were determined according to the
correspondent equation adopted. For the Arrehnius fit, and taking
into account the thermodynamic fundamental equation:

AG* = AH# —TAS# (15)

the activation enthalpy (AH # ) can be derived from the slope of the

linear regression Ink versus 1/T, while activation entropy (AS#)

could be calculated from y intersection, according to:
kgT AS# AH#

Ink =In T + T - 7

With respect of Wold and Ahlberg model [15], and considering both

Eq. (3) and TST, AH#* and AS# were determined, respectively,

from the kinetic data by the expressions:

(16)

AH# :—R(B+¥+T) (17)
h C
F — ~1- _
AS* =R [ln (ks) +A-1- lnT} (18)

Activation Gibbs energy (AG # ) can be calculated after AH# and
AS#, using Eq. (4) or directly from the k value through Eq. (11).

AG# —RT (m k'%—lnk) (19)

3. Materials and methods
3.1. Materials

Naringin, p-nitrophenyl a-L-rhamnopyranoside, p-nitrophenyl
[3-p-glucopyranoside were from Sigma-Aldrich. All other chemi-
cals were analytical grade and obtained from various sources.

3.2. Enzyme solution

Naringinase (CAS no. 9068-31-9, cat. no. 1385) from P. decum-
bens was obtained from Sigma-Aldrich and stored at —20°C. The
lyophilized naringinase powder was dissolved in 20.0 mM acetate
buffer pH 4.0, at 200 mgmL-! concentration. The enzyme solution
was kept at 4°C.

3.3. Analytical methods

In this work reducing sugars were determined using the DNS
macroassay [20] modified into a microassay procedure using a
microtiter plate. Absorbance was read at 575nm. The reducing
sugars concentration was determined against a glucose calibration
curve.

The protein content was determined using Bradford assay from
Bio-Rad protein microassay procedure, using a naringinase calibra-
tion curve [21].

The concentration of the flavanones, naringin and naringenin,
was determined through the absorbance measured at 280 nm,
using a calibration curve of each flavanone.

The concentration of p-nitrophenyl a-L-rhamnopyranoside and
p-nitrophenyl 3-b-glucopyranoside was evaluated spectrophoto-
metrically (Zenith 3100 spectrofluorimeter) at A =340 nm, using a
calibration curve of each compound.

3.4. Activity measurement

To evaluate a-L-rhamnosidase activity expressed by naringi-
nase, p-nitrophenyl a-L-rhamnopyranoside (4-NRham) at 0.40 mM
concentration in 20.0 mM acetate buffer pH 4.0 was used as sub-
strate while p-nitrophenyl 3-D-glucopyranoside (4-NGluc) at equal
concentration was used as substrate on (3-p-glucosidase activity
determination.

The enzymatic hydrolysis of the substrates p-nitrophenyl a-
L-rhamnopyranoside and p-nitrophenyl 3-b-glucopyranoside was
followed through absorption measured at 340 nm every 30 s during
10 min, 30.0 °C, at atmospheric pressure. In both reactions 1 mol of
substrate led to 1 mol of product. A calibration curve was built for
each substrate and respective product. The enzyme activity (A) of
a-L-rhamnosidase and (3-p-glucosidase expressed by naringinase
was calculated by linear regression on the first data-points during
the initial 30 min reaction time.

Naringin bioconversion studies were carried out in standard
solutions of naringin in acetate buffer (20.0 mM), at pH 4.0 and at
atmospheric pressure (0.1 MPa), as well as, under high pressure
(150 MPa).

Kinetic measurements at atmospheric pressure were per-
formed, in triplicate, using a continuous sampling method along
the catalyticreaction. In the high pressure catalytic reaction studies,
each data point, obtained in triplicate, required a new experiment
due to the depressurization needed at the end of the incubation
period. The reaction media was set in polyethylene bags pressur-
ized in a high pressure vessel [10]. Pressure was raised following
a standard procedure in a way to avoid reaction overheating. Sub-
sequently, the pressure was released within 1 min; the reaction
was immediately stopped, lowering the temperature of solutions
below 0°C and the samples were frozen (—20°C) until the enzy-
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Fig. 2. Hydrolysis of naringin into prunin, rhamnose, naringenin and glucose by naringinase expressing a-L-rhamnosidase and 3-p-glucosidase activities.

matic activity assays were carried out. The pressure dependence
fitted to experimental data of equilibrium constants and reaction
rate constants were carried out using the same non-linear curve-fit
program Excel for Windows, version 8.0 SR2.

Kinetic measurements at different temperatures on naringinase
activity ranged from 25.0 to 80.0°C. The naringinase concentra-
tions ranged from 5 to 75 mgmL~1, according to the experimental
temperature, in order to obtain a straight linear progression dur-
ing the first 80 min. The temperature dependence of experimental
data to the Arrhenius equation model was carried out using the
same non-linear curve-fit program Excel for Windows, version 8.0
SR2.

Naringinase activity was calculated, by linear regression
on the first linear data-points, from the slopes of the plot
of reducing sugars concentration versus time. The fit of the
Michaelis—-Menten model: V = [S] Vmax/ ([S]+ Km) (V, initial reac-
tion rate; [S], substrate concentration; Vi, maximum initial rate;
K, Michaelis-Menten constant) to experimental data was carried
out using a non-linear curve-fit program in Excel for Windows, ver-
sion 8.0 SR2, by minimizing the residual sum of squares between
the experimental data-points and the estimated values by the
model. The kinetic parameters estimated by Lineweaver-Burk lin-
earregression were used as initial values of this non-linear curve-fit
program. Following this methodology, the catalytic constants, Kcat,
were determined according to: Kcat = Vimax/ [Et] (Kcat, catalytic con-
stant; Vmax, maximum initial reaction rate; [E¢], total enzyme
concentration)

4. Results and discussion

4.1. Effect of pressure on «-L-rhamnosidase and B-D-glucosidase
activities of naringinase

The effect of pressure, from 0.1 (atmospheric pressure) to
200 MPa, at 40°C, was assessed for both [(3-p-glucosidase and
a-L-rhamnosidase activities expressed by naringinase. These
experiments allowed the determination of equilibrium con-
stants and reaction volume as well reaction rate constants and

the activation volumes for both enzymatic reactions as shown
below.

4.1.1. Equilibrium constant and reaction volume determination

Fig. 3 shows the dependence of pressure on equilibrium
constants (K) of the specific substrates 4-NRham and 4-NGluc
hydrolysed by a-L-rhamnosidase and [3-p-glucosidase expressed
by naringinase. Lower equilibrium constants of both substrates
were obtained as pressure increased. When In K was plotted against
pressure according to Eq. (4), two curved lines with similar decreas-
ing slopes, were obtained (Fig. 3).

Pressure effects on equilibrium constants (K) were quantified
fitting the experimental data to first and third order polynomials,
respectively described by the models of Baliga and Whalley (Eq.

3.00
:
2.00 °
[
[ ]
x
£
1.00 4
® 4-NGluc
® 4-NRham
ODO T T T T
0 50 100 150 200 250

P/ MPa

Fig. 3. Equilibrium constant pressure dependence for the hydrolysis of 4-NGluc
and 4-NRham by a-L-rhamnosidase and 3-p-glucosidase of naringinase, in acetate
buffer pH=4.0, T=40°C (mean value, n=3).
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Table 1
Reaction volume estimation, for the hydrolysis of 4-NGluc and 4-NRham by naringinase (T=40°C) (mean value + standard deviation, n=3).
Models 4-NGluc 4-NRham
F-test AVgeac (MLmol-1) F-test AVReac (MLmol~1)
f fe f fe
Golinkin, Laidlaw and Hyne (Eq. (5)) 2.1 10.1 35 10.1 -
Walling and Tanner (Eq. (8)) 8.9 19 - 8.0 19 -
Whalley and Baliga (Eq. (7)) 14.3 10.1 64.3 113.0 10.1 93.1

f=((SSE1 — SSE2)/(q2 — q1))/(SSE2/(n — g2)) (95%).
fe=(p2 —p1.n—p2).
n, experimental points; g, number of parameters; SSE, sum of square residues.

(7)) [18], Golinkin, Laidlaw and Hyne (Eq. (5)) [17] and Walling and
Tanner (Eq. (8)) [19]. The F-test (Fisher-Snedecor test) (Table 1)
was used to choose the model that fitted better the experimental
results. In fact, Baliga and Whalley model [18] was the best to fit
the equilibrium constant pressure and to describe the equilibrium
constant pressure dependence, allowing to calculate the reaction
volumes (Eq. (10))(Table 1).In addition, using this model, volumet-
ric changes from substrates to products can be evaluated. Positive
reaction volumes (AVgeac) of 18.9+4.7 and 20.0 +5.2 mLmol~!
were obtained, respectively with the substrates 4-NGluc and 4-
NRham. The decrease in hydrolysis equilibrium constants for both
4-NGluc and 4-NRham as pressure increased (Fig. 3) is in agree-
ment with the positive reaction volumes, AVgeac, and to a reaction
volume increase. Often volume changes accompanying biochemi-
cal reactions are extremely sensitive to the effects of medium and
of external factors such as temperature [22].

Assuming that enzyme volume is the same before and after
hydrolysis, this result indicates that the system volume increases,
when the reaction proceeds from substrate (S) to the products (P).
Therefore, as pressure gets higher the equilibrium is directed back
to the substrates that occupy together a smaller volume.

4.1.2. Activation volume determination

Experimental values for specific activity of the naringinase enzy-
matic complex were acquired in the pressure range of 0.1-250 MPa
at a temperature of 40°C (Fig. 4), considering the hydrolysis of
4-NGluc, 4-NRham and naringin This flavonoid has both glucose
and rhamnose residues that can be hydrolysed by naringinase
[10], as well as the residues rhamnose and glucose of 4-Rham
and NGluc, respectively hydrolysed by a-L-rhamnosidase and 3-
D-glucosidase.

0.60
0.30
‘:E //./'(A’\'
< 000258 ; .
- q 200 250
£
-0.30 + ® 4-NGluc
e ® 4-NRham
Naringin
-0.60

P I MPa

Fig. 4. Naringinase specific activity pressure dependence for the hydrolysis of 4-
NGluc, 4-NRham and naringin, in acetate buffer pH=4.0, T=40°C (meanvalue,n=3).

The B-p-glucosidase activity of naringinase decreased with
pressures greater than 50 MPa, and at 200 MPa a 3-p-glucosidase
deactivation of almost 50% was observed (Fig. 4).

Both 4-NRham and naringin hydrolysis rates increased with
pressure from 0.1 to 150 MPa. A higher hydrolysis degree occurs
on the pressure range of 100-150MPa, followed by a o-L-
rhamnosidase and naringinase activity decrease. (Fig. 4).

These results are consistent with the distinct effects of the
naringinase enzymatic complex towards the different sugars as
discriminated by 4-NGluc and 4-NRham. In reality, naringinase
hydrolysis firstly and faster withdraws the rhamnose residue of
naringin, as favored by pressure increase, and later and slower the
glucose residue, as B-p-glucosidase expression is deactivated by
pressure (Fig. 4).

Pressure effects on rate constants (k) were quantified accord-
ing to the best fit of experimental data to first and second order
polynomials relating In k to P or to P2, respectively described by the
models of Burris and Laidler (Eq. (4)) [16] and Golinkin, Laidlaw and
Hyne (Eq.(5))[17]. These models were used to fit naringinase activ-
ity pressure dependence for the substrates, 4-NGluc, and 4-NRham
and naringin, respectively (Table 2).

Pressure affected negatively the reaction rate constant for 4-
NGluc hydrolysis. The experimental results for 4-NGluc hydrolysis
at different pressure were best fitted to the model of Burris and Lai-
dler with a determination coefficient of 0.969. From the slope of In k
versus P an activation volume of 6.5+ 1.9 mLmol~! was obtained.
This positive activation volume means that 4-NGluc hydrolysis rate
was not favoured by a pressure increase.

Regarding the 4-NRham and naringin hydrolysis data were best
fitted with model of Golinkin, Laidlaw and Hyne, with a deter-
mination coefficient of 0.995 and 0.985, respectively. The AV#
values for 4-Rham and naringin hydrolysis, calculated using Eq. (5)
are —7.7 +1.5and —20.0 + 5.2 mLmol~!, respectively. These values
are related with the initial increase of rate constants on pressure
increment.

In previous work the effect of pressure on naringinase activity
was tested in different systems [10,23,2,24]. In fact a positive effect
of pressure on reaction rates and a AV# of —15.0 + 1.8 mLmol~!
were found using soluble naringinase [10]. Moreover a negative
AV# (-9 +2.8mLmol~!) was obtained with naringinase immobi-
lized in calcium alginate beads [2].

Similar results have been described for the hydrolysis of N,N-
dimethylformamide by a-chymotripsin, 10mLmol-! (pressure
range 50-450MPa) [22], as the —52mLmol-! found for B-
galactosidase (pressure range 50-150 MPa)[25],and —60 mL mol !
found for invertase in the pressure range 500-650 MPa [26]. These
authors correlate this activation volume changes with conforma-
tional alterations and hydration modifications on enzyme and it
can represent the hyperbaric stability of the enzyme [26]. In the
same pressure range, the more that AV# is negative, the more is
the catalytic reaction sensitive to high pressure [25].

The HP induced activation of naringinase making it suitable
for substrates processing on optimized naringinase activity whilst
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Table 2
Activation volume estimation, for the hydrolysis of 4-NGluc, 4-NRham and naringin, by naringinase (T=30°C) (mean value + standard deviation, n=3).
Substrate 4-Ngluc 4-Nrham Naringin
Fitting model Burris and Laidler? Golinkin, Laidlaw and HyneP Golinkin, Laidlaw and HyneP
Fitting parameters
A 2.63x 1072 3.46 x 103 2.58 x 102
B —2.50x 103 2.96 x 1073 7.08 x 104
c -1.11x 107 -2.98 x 107>
r 0.969 0.995 0.985
F-test
f 0.1 116.9 114.8
fe 10.1 10.1 10.1
AV# [mLmol-! 6.5+1.9 -7.7+15 -20.0+£5.2
3 Ink=A+BP.

b Ink=A+BP+CP? (95%).

simultaneously avoiding undesirable pressure labile. Moreover,
negative AV# values lead us to the hypothesis of accelerating
naringinase-catalyzed hydrolysis of naringin by controlling pres-
sure increase.

4.2. Effect of temperature on a-L-rhamnosidase and
B-D-glucosidase activities of naringinase

The effect of temperature on a-L-rhamnosidase and (-D-
glucosidase activities, expressed by naringinase enzyme complex,
was studied individually. Both a-L-rhamnosidase and [(3-D-
glucosidase activities increased with temperature.

Clearly, the representation of In naringinase specific activity
(Aspe ), for the hydrolysis of 4-NRham, 4-NGluc and naringin against
the absolute temperatures, results in a straight line. Indeed, Arrhe-
nius equation (Eq. (2)) fits well to experimental data (Table 3).

Thermodynamic activation parameters, AH#, AS# and AG¥#
were evaluated according to Eq. (17)-(19), respectively.

Both hydrolysis of 4-NGluc and 4-NRham by naringinase were
found to be endothermic and endergonic reactions (Table 3).

The Gibbs energy difference between the ground and transition
state is related to the rate of reaction and can be considered to be
composed of two terms, AG, the binding energy and AGs, the acti-
vation energy involved in the making and breaking of bonds leading
to the transition state. At constant temperature higher rates results
in lower standard Gibbs energy of activation (AG # ). According to
the results depicted in Table 3, the hydrolysis of both 4-NGluc and
4-NRham occurs faster than the hydrolysis of naringin. This was
an expected result as the conversion of naringin to final products
takes at least two reaction steps, first to prunin and rhamnose and
later to naringenin and glucose. Moreover, the binding energy asso-

ciated with the specific substrate-enzyme interaction is usually a
significant factor in lowering the Gibbs energy change required for
reaction, being the large bonding energies of substrates due mostly
to the complementary shape of the active site of the enzyme. Same
trend occurs to activation enthalpy (AH # ), in fact it is two and a
half times higher in naringin bioconversion. For a bimolecular reac-
tion transition state is formed when the two molecules old bonds
are weakened and new bonds begin to form. So, positive and rela-
tively high values for AH# occur when covalent bonds are break.
Considering the pseudo-equilibrium between reactants, enzyme
(E) and substrate (S) stated by TST the formation of the activated
complex (ES # ), towards the final products (P) and enzymes (E), is
easier for the hydrolysis of 4-NRham as it proceeds with a lower
activation enthalpy than the hydrolysis of 4-NGluc. In both reac-
tions the formation of ES# occurs with a higher degree of order,
as inferred by the negative entropy of activation values [27]. In
fact, activation entropy (AS # ) will tend to compensate AH # . So,
the values found for AH# on 4-NGluc and 4-NRham hydrolysis
are accompanied with a large decline in entropy from reactants to
the transition state, resulting into very negative values, —133 and
—128 kI mol~1 K1, respectively.

This agrees with a single step transformation, with a bimolecular
reaction mechanism. Opposing to this, in case of naringin hydroly-
sis, a positive value was found for AS# reflecting a mathematical
compensation between enthalpy and entropy which does not allow
us to infer any assumptions related to structural variations.

The effects of pressure and temperature on the equilibrium or
kinetics are antagonistic in molecular terms. As follows from the
principle of microscopic ordering, an increase in pressure at con-
stant temperature leads to an ordering of molecules or a decrease
in the entropy of the system [6].

Table 3
Temperature activation parameters for the hydrolysis of 4-NGluc and 4-NRham by naringinase enzyme complex according to Arrhenius model (Ink=A+B/T) (P=0.1 MPa).
Substrate 4-NGluc 4-NRham Naringin
Parameters of Arrhenius model
A 145 15.0 39.5
B —5.1x 103 —5.1x 103 -12.2x 103
Correlation coefficient (r?) 0.97 0.98 0.99
AH# [k] mol-! 39.8+9.8 39.6+8.2 105.2+3.8
AS# [kJmol~! K1 —133 +£32 —128 +£27 —46.0+12.5
AGJ;,/kjmol™" 39.0 37.7
AGJye/kjmol™! 39.7 383 91,5
AGjp,/kjmol™ 40.3 39.0 91.1
AGJ . /kjmol ™! 41.0 39.6 90.9
AG;,,/kjmol™" 416 403 90.9
AG],/kimol ™! 423 40.9 91.6

Mean value + standard deviation, n=3.
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Fig.5. Michaelis—-Menten kinetics of naringin hydrolysis by naringinase, at different temperatures (a) under atmospheric (0.1 MPa) and (b) high pressure (150 MPa) conditions

(mean value + standard error).

4.3. Effect of pressure and temperature on kinetic parameters of
naringinase

Temperature increase and high pressure modulation had been
used individually to accelerate enzymatic reactions. In this work
we studied the combined effect of high pressure at different tem-
peratures, on naringinase activity of the overall reaction of naringin
towards naringenin.

Naringin hydrolysis by naringinase was preformed under
atmospheric pressure (0.1 MPa) as well as under high pressure con-
ditions of 150 MPa within a temperature range from 25 to 80°C
(Fig. 5a and b). The range of naringin concentrations increased
with the temperatures used. In fact due to naringin solubility lim-
its at lower temperatures (25-35°C) only a range of 0.2-1 mM
concentrations could be used; for temperatures higher than 55 °C,
solubility of naringin increased, so a range of 0.2-7 mM naringin
concentrations was then used (Fig. 5a and b).

The temperature dependence of Michaelis-Menten constant
(Km), catalytic constant (kcac) and apparent second-order rate con-
stant (kcat/Ky ) was achieved in this study (Fig. 5a and b).

The naringinase specific activity increased with temperature till
60 and 70 °C, respectively, at atmospheric (0.1 MPa) and high pres-
sure conditions (150 MPa) (Fig. 5a and b). At atmospheric pressure
the rate of naringin hydrolysis diminishes for higher temperatures
(>70°C). A slight increase in Ky; was observed with temperatures
from 20 to 60°C, while for higher temperatures (70 and 80°C) it
almost duplicated, from 2 to 4 mmol L1, at atmospheric pressure.

Under high pressure conditions of 150 MPa, Michaelis-Menten
constant remained constant at temperatures from 20 to 50 °C, while
for temperatures of 60-80°C a slight increase was observed, from
2 to 2.5mM (Fig. 6). A naringin conversion of almost 100% was
achieved.

In naringin hydrolysis with naringinase, from Penicillium sp.,
a Ky of 2mmolL-! was refereed, when the enzyme was used

m0.1 Mpa

m 150 Mpa

KW mM
O NwWAE OO

25 30 35 40

immobilized by covalent binding to wood material [28], while
Puri et al. [29] cited a value of 10mmolL-! for the Ky of
naringinase (from Penicillium sp.) immobilized in calcium algi-
nate beads. Pedro et al. [2] obtained a Ky of 0.303 mmolL-!
and Vpax of 0.0418 mmolL-! min~! with naringinase immobi-
lized in calcium alginate beads in acetate buffer, pH 4 and
30°C.

An important consequence of pressure application is that the
reaction hydrolysis acceleration due to temperature increase is
more significant under higher pressure conditions. The catalytic
constant, as well as, the apparent second-order rate constant
showed an increase till the temperature of 70°C was reached,
where the enzyme activity is highest, decreasing afterwards.
Around this temperature both the catalytic constant and appar-
ent second-order rate constant showed higher values, respectively
15mmol min~ ' mg~! and 5L min~'g~! under high pressure than
at atmospheric pressure, respectively 5mmolmin~!mg-! and
1.5Lmin~'g-! (Fig. 5a and b). The ke and kcat/Kv for the
naringinase-catalyzed hydrolysis of naringin is not only temper-
ature dependent but pressure as well. Under high pressure, at
70°C kecat and keae/Ky are 3-fold higher than at atmospheric pres-
sure (Fig. 7a and b) and is even higher at 80°C, more than 4-fold
(Fig. 7a). When these values are compared at 30°C a 15-fold
increase is observed at 70°C under 150 MPa. Similar results were
obtained with a-chymotrypsin [22], at 50 °C and 360 MPa, with an
activity more than 30-fold higher than the activity determined at
atmospheric pressure and 20°C [22]. These authors assumed that
activation volumes values increase with a temperature increase, so
the effect of increasing pressure effects on reaction rates by temper-
ature could have realistic use for accelerating enzymatic reactions
[22].

This stated pressure dependence is in agreement with a pres-
sure stabilization of protein, underlying a positive pressure effect
on naringinase native state at higher temperatures

45 50 60 70 80
T/°C

Fig. 6. Michaelis—Menten constant temperature dependence under atmospheric (0.1 MPa) and high pressure (150 MPa) (mean value + standard error).
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5. Conclusion

Pressure effects on equilibrium constants were quantified
according to the fit of experimental data to Baliga and Whal-
ley model. Positive reaction volumes (AVgeac) of 64.3 and
93.1mLmol-! were obtained, respectively with the substrates
4-NGluc and 4-NRham. The decrease in hydrolysis equilibrium con-
stants for both 4-NGluc and 4-NRham as pressure increased (Fig. 3)
is in agreement with the positive reaction volumes, AVgeac, and to
a reaction volume increase.

Pressure effects on rate constants (k) were quantified accord-
ing to the best fit of experimental data to the models of Burris
and Laidler (Eq. (4)) and Golinkin, Laidlaw and Hyne (Eq. (5)). The
AV # values for 4-Rham and naringin hydrolysis, calculated using
Eq.(5)are —7.7 + 1.5 and —20.0 + 5.2 mL mol~!, respectively, which
is in agreement with the increase of rate constants on pressure
increment.

Moreover, negative AV# values lead us to the hypothesis
of accelerating naringinase-catalyzed hydrolysis of 4-Rham and
naringin by controlling pressure increase.

The catalytic constant as well as the apparent second-order rate
for the naringinase-catalyzed hydrolysis of naringin is not only
temperature dependent but pressure as well. Under high pressure,
at 70°C the apparent second-order rate is 3-fold higher than atmo-
spheric pressure and is even higher at 80°C, 4-fold. This stated
pressure dependence is in agreement with pressure stabilization
of the enzyme native state, at high temperatures. In conclusion
the effect of amplification of pressure effects on reaction rates by
temperature could have a pragmatic use for accelerating enzymatic
reactions.
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