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Abstract

The hydrolysis ofN-glutaryl-l-phenylalaninep-nitroanilide catalysed by�-chymotrypsin (�-CT) was studied in the presence of the following
quaternary ammonium salts: tetrapentyl ammonium bromide (TPeABr), tetrabutyl ammonium bromide (TBABr), tetrapropyl ammonium
bromide (TPABr), tetraethyl ammonium bromide (TEABr) and tetramethyl ammonium bromide (TMABr). The activity of the enzyme is
strongly affected by the salts that act as activators. Superactivity has been detected in the presence of TPeABr, TBABr, TPABr and TEABr.
The enzyme activity seems to depend on the molecular structure of the salts; the higher the molecular weight of the alkyl residues in the
cationic ammonium group, the higher the superactivity. In the whole investigated range, the enzyme hydrolysis rate resulted to be a monotonic
increasing function of the salt concentration. The model of a non-essential activator was adopted to describe the effect of the salts on the
hydrolysis activity and good agreement was found between the experimental results and the model predictions. The dependence of the enzyme
activity on the substrate concentration was also studied to further verify the applicability of the model. Finally, a preliminary study about the
effect of these additives on�-chymotrypsin thermal stability was performed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The serine protease�-chymotrypsin (�-CT) (EC 3.4.21.1)
has been widely studied as a catalyst for the hydrolysis of
peptide bonds. Its structure[1] and mechanism of action are
well known[2,3]. As this enzyme is commercially available
in a pure form and also because of the large amount of work
already done with this protease, it has also been chosen as
a model enzyme in many studies[4–13].

�-Chymotrypsin retains its activity in numerous systems
from buffered media to organic solvent media[14,15], re-
verse micelles[6,8–13,16,17]and nearly anhydrous organic
systems[19]. The enzymatic activity can be either reduced
[16,17] or remain equal or higher than in aqueous media
[6,17].

In these systems, a Michaelis–Menten type kinetic rela-
tion can be applied to describe substrate dependence of the
reaction rate and the kinetic parameters are generally compa-
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rable with those in aqueous solutions[6,14–22]. Enzyme su-
peractivity has been detected also in purely water/surfactant
media owing to positive interactions between the enzyme
and the surfactant[6–8,23,24].

In our previous paper we focused the investigation on
the study of�-CT catalytic activity in aqueous buffered
solutions enriched with self-organising amphiphilic whose
concentration molecules are above the critical micellar one
(CMC). We reported that some cationic surfactants (cetyl-
trialkylammonium bromides) induced a superactivity of
this enzyme in the hydrolysis ofN-glutaryl-l-phenylalanine
p-nitroanilide (GpNA). The surfactant head group size
mainly modulated the extent of�-CT superactivity: the
higher the molecular weight of the head group, the higher
the superactivity.

The effect of these molecules on the enzymatic activity
were attributed to both hydrophobic and electrostatic inter-
actions between the surfactant aggregates and the enzyme
molecule.

The superactivity was strongly affected by the surfactant
concentration: typically, bell-shaped curves were obtained
when plotting the enzymatic reaction rate versus the total
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Nomenclature

A enzyme activity (timet) (mol mg−1
E s−1)

A0 initial enzyme activity (time 0)
(mol mg−1

E s−1)
[E]0 total enzyme concentration (M)
Ea active enzyme
Ei inactive enzyme
E′ denaturated enzyme
k1 rate constant for the denaturation

kinetics (s−1)
k′

1 parameter of the global deactivation
mechanism (s−1)

k2 rate constant of the self-digestion
reaction (l mol−1 s−1)

k′
2 parameter of the global deactivation

mechanism (l mol−1 s−1)
kP turnover number for the unactivated

reaction (s−1)
kP,app apparent turnover number for the reaction

in the presence of the activator (s−1)
K equilibrium constant for the denaturation

kinetics
Km Michaelis–Menten constant of the self-

digestion reaction (M)
KS Michaelis–Menten constant for the

unactivated reaction (M)
KS,app apparent Michaelis–Menten constant for

the reaction in the presence of the
activator (M)

KX dissociation constant of the enzyme-
activator complex (M)

r reaction rate (�mol l−1 s−1)
rbuffer reaction rate in pure buffer (�mol l−1 s−1)
[S] substrate concentration (M)
Vmax maximal velocity for the unactivated

reaction (�mol l−1 s−1)
Vmax,app apparent maximal velocity for the reaction

in the presence of the activator
(�mol l−1 s−1)

[X] activator concentration (M)

Greek letters
α parameter that describes the effect of the

activator on the enzyme–substrate affinity
β parameter that describes the effect of the

activator on the enzyme activity
ε410 pNA extinction coefficient at

410 nm (M−1 cm−1)

surfactant concentration in the system. This behaviour was
explained on the basis of a substrate partition between the
aqueous buffered phase and the organic core of the surfactant
aggregates[25,26].

In order to ascertain whether�-CT superactivity was
mainly due to the positive electrostatic interactions of the
cationic head with the enzyme molecule or to hydrophobic
effects and also to eliminate the phenomenon of the substrate
partition, in this work we focused our attention on a series
of tetra-alkylammonium bromides (NR4)+Br−. These salts
have a molecular structure similar to that of the cationic sur-
factants previously employed, the main difference being the
absence of the long hydrophobic tail that prevents the for-
mation of any organised structure (micelle) and thereby the
partition of the substrate.

These salts are promising additives as different alkyl
residues in the (R4N)+ ammonium cation lead to different
charge density and hydrophobicity and, on the basis of our
previous studies, different effects on�-CT activity can be
expected.

The main purpose of this paper was to gain knowledge
on the influence of five tetra-alkyl ammonium salts (C1–C5
R-groups) on the kinetics of�-CT catalysed GpNA hydroly-
sis. To meet this end, a wide range of salt concentration was
first investigated and then the effect of the substrate concen-
tration at different fixed concentration of the additives was
studied.

In order to explain the obtained experimental data, a suit-
able kinetic model was adopted and its ability to predict the
effect of the ammonium salts on�-CT activity was tested.

Finally, the�-CT thermal stability in the presence of the
ammonium salts in the storage medium was also investi-
gated.

2. Experimental

�-Chymotrypsin (type II, 3× crystallised and lyophilised
powder, EC 3.4.21.1) was supplied from Sigma (USA)
and used without further purification. The substrate,
N-glutaryl-l-phenylalanine p-nitroanilide was supplied
by Sigma. Enzyme and substrate solutions were always
freshly prepared in the appropriate buffer immediately
before their use in experiments. The buffer chemicals,
tris(hydroxymethyl)aminomethane (Tris) (pKa 8.3) and hy-
drochloric acid were from Aldrich (Germany) and Carlo
Erba (Italy), respectively. Tetramethyl ammonium bromide,
tetraethyl ammonium bromide, tetrapropyl ammonium bro-
mide, tetrabutyl ammonium bromide and tetrapentyl am-
monium bromide were from Sigma (USA) and were used
without further purification.

2.1. Assay of enzyme activity

The GpNA hydrolysis catalysed by�-chymotrypsin was
monitored by following the change in absorbance at 410 nm
due to the formation ofp-nitroaniline (pNA). Kinetic de-
terminations were performed at 25◦C in 0.1 M Tris–HCl
buffer, pH 7.75, using a Perkin-Elmer Lambda 2 UV-Vis
spectrophotometer equipped with thermostated cell holders
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controlled within±0.1◦C. GpNA hydrolysis was carried out
in 3 ml cuvettes, 1 cm pathlength, filled with salt and sub-
strate solutions (both prepared with buffer) to a final volume
of 2.94 ml. The reaction was initiated adding 0.06 ml of the
enzyme buffered stock solution (10 mg ml−1) to reach a final
concentration of 8�M (0.2 mg ml−1). The product extinc-
tion coefficient was found to be 10,015 M−1 cm−1 both in
pure buffer and in the presence of salts. No auto-hydrolysis
of the substrate was observed in the absence of enzyme at
all the explored experimental conditions during the period of
the experiments (initial 10 min). The pNA formation during
the adopted period of hydrolysis was linearly time depen-
dent and the substrate conversion was always less than 5%.
The initial reaction rate,r, moles of pNA formed per litre
(l) and second, was calculated by the slope of changes in
absorbance versus time records. The enzymatic activity was
also evaluated as turnover number,kP (s−1), moles of GpNA
transformed per second and per mole of enzyme. The maxi-
mal velocity,Vmax and the Michaelis–Menten constant,KS,
in the presence of buffer and/or salts were determined from
linear regression analysis of the data reported in the double
reciprocal Lineweaver–Burk plot. All the experiments were
performed at least in duplicate and each data point repre-
sents the average value of a set of results. The discrepancy
in repeated experiments was always less than 5%.

2.2. Enzyme storage stability

The storage stability of�-CT was studied incubating en-
zyme solutions (0.267 mg ml−1) at different temperatures
(25, 35 and 45◦C) in pure buffer or in buffer solution en-
riched with the cationic additive (0.133 M). These enzymatic
solutions were incubated in a thermostated bath and periodi-
cally two cuvettes were withdrawn and rapidly inserted in the
spectrophotomer cell, thermostated at the same temperature.
The reaction was then started by adding the substrate, kept
at the same temperature, so that the desired reaction condi-
tions (pH 7.75, [Tris–HCl]= 0.1 M, [E]0 = 0.2 mg ml−1

and [S]0 = 2.5 mM) were realised. The reaction was fol-
lowed for a short time (3 min) and, as the reaction progress
was linear over this period, the enzyme deactivation during
the assay was considered as negligible. All the experiments
were performed at least in duplicate and the mean value was
reported.

3. Results and discussion

3.1. Effect of the ammonium salts on the catalytic activity

At first, a set of experiments was performed in a buffered
(Tris–HCl = 0.1 M, pH 7.75) aqueous solution with a fixed
concentration (0.1 M) of the ammonium salts. The temper-
ature was set at 25◦C and the substrate concentration at
2.5× 10−3 M, a value higher than the saturation concentra-
tion for the reaction in pure buffer (absence of the ammo-

Table 1
Effect of quaternary ammonium salts on GpNA hydrolysis catalysed by
�-CT.

Systema r (�mol s−1 l−1) r/rbuffer

�-CT 0.103 1
�-CT + TMABr 0.106 1.03
�-CT + TEABr 0.128 1.24
�-CT + TPABr 0.229 2.22
�-CT + TBABr 0.477 4.63
�-CT + TPeABr 0.775 7.52

pH: 7.75;T: 25◦C; [S]: 2.5 mM; [�-CT]: 8�M and [X]: 0.1 M.
a �-CT in pure buffer.

nium salt). The hydrolysis rate in pure buffered,rbuffer, was
also measured and used as reference.

Values of the hydrolysis rate,r, and of the ratio,r/rbuffer
are reported inTable 1. These data show that the presence
of the ammonium salts enhanced�-CT activity being the
activity ratio,r/rbuffer, always higher than unity.

Under the adopted experimental conditions, the superac-
tivity increases in the series TMABr< TEABr < TPABr <

TBABr < TPeABr, suggesting that the phenomenon should
be correlated to the size of the alkyl residue in the cationic
group of the ammonium salt (R-groups inFig. 1). The more
effective salt was found to be TPeABr that increased�-CT
activity by a factor of 7.52.

During these experiments the pH of the buffered solution
was not significantly affected by the presence of the salts in
the whole explored range of concentrations, thereby�-CT
activity changes cannot be attributed to pH effects.

These preliminary results suggested to study the influence
of the salt concentration on�-CT activity and the wide in-
vestigated range was 0.001–0.2 M. The only exception was

Fig. 1. Effect of quaternary ammonium salts on GpNA hydrolysis catalysed
by �-CT. TPeABr (�); TBABr (	); TPABr (
); TEABr (�) and TMABr
(�). Reaction conditions:T = 25◦C, pH 7.75, [Tris–HCl]= 0.1 M,
[GpNA] = 2.5 mM and [�-CT] = 8�M.
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TPeABr, because of its lower solubility in the presence of
the substrate that did not allow to perform experiments at
concentration higher than 0.1 M.

Results are shown inFig. 1, where the ratior/rbuffer was
plotted as a function of the salt concentration.

As illustrated, the enzyme activity is a monotonic increas-
ing function of the salt content in the reaction medium, and
the superactivity confirms the trend suggested by the pre-
liminary results: TMABr< TEABr < TPABr < TBABr <

TPeABr.
Interestingly, these results are in accordance with those

obtained in the presence of the homologues series of cationic
surfactants (cetyltrialkylammonium bromide) and are re-
ported elsewhere[26]. In the presence of either ammonium
salts or ammonium cationic surfactants,�-CT superactivity
depends on the structure of the cationic group: the higher
the molecular weight of the alkyl residue, the higher the su-
peractivity.

This result suggests that the different charge density
should play a primary role in the interaction between the
cations and the enzyme molecule, even though it cannot
be excluded that hydrophobic phenomena should also be
important.

When salts were used as additives, in the absence of the
surfactant tail, no substrate partition takes place and, as a

Fig. 2. Rate of hydrolysis as a function of GpNA concentration in the presence of quaternary ammonium salts: (�) 0.005 M; (�) 0.02 M; (�) 0.1 M,
and (�) 0.2 M. Reaction conditions:T = 25◦C, pH 7.75, [Tris–HCl]= 0.1 M, [�-CT] = 8�M.

consequence, the bell-shaped curve obtained in the presence
of the cationic surfactants[25,26] was no more observed
as the dependence of the enzyme activity on the activator
concentration was studied.

3.2. Effect of the substrate concentration

In order to better understand the effect of the tetra-alkyl-
ammonium bromides, the subsequent part of this study was
devoted to investigate the dependence of the enzyme ac-
tivity on the substrate concentration in the presence of the
salts.

The kinetic runs were performed at different substrate
concentration and at fixed salt concentration, chosen in
the range from 0.005 to 0.2 M. Results are showed in
Fig. 2. Lineweaver–Burk plots were also build inFig. 3
in order to evaluate the two overall parametersVmax, app
and KS, app and the secondary-order kinetic parameter,
kP, app/KS, app, reported inTable 2(for simplicity data re-
garding TMABr are not showed in the figures, but only
quoted in the table). It can be observed that for TMABr
and TEABr,kP, app/KS, app is lower for higher salt concen-
tration, [X], in the system; it always remains lower than
for �-CT in the absence of additives. AsFig. 2 shows
that the hydrolysis rate increases with increasing [X], it
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Fig. 3. The 1/r versus 1/[S] plot for GpNA hydrolysis catalysed by�-CT in the presence of quaternary ammonium salts: (�) 0.005 M; (�) 0.02 M; (�)
0.1 M, and (�) 0.2 M. Reaction conditions:T = 25◦C, pH 7.75, [Tris–HCl]= 0.1 M [�-CT] = 8�M.

can be suggested that, in these two cases, the prevailing
effect of the salt is to reduce the enzyme affinity for the
substrate.

As TPABr, TBABr and TBABr are concerned,kP, app/KS, app
increases greatly with [X]: the superactivity phenomenon
prevails on other effects induced by the presence of the
ammonium salts.

Interestingly, for all salts, as the concentration of the ac-
tivator, [X], increases, the straight lines obtained by data re-

Table 2
Michaelis–Menten parameters for GpNA hydrolysis catalysed by�-CT in the presence of different fixed concentrations of quaternary ammonium salts

�-CT TMABr TEABr TPABr TBABr TPeABr

kP, app/KS, app

(l mol−1 s−1)
[X]
(M)

kP, app/KS, app

(l mol−1 s−1)
[X]
(M)

kP, app/KS, app

(l mol−1 s−1)
[X]
(M)

kP, app/KS, app

(l mol−1 s−1)
[X]
(M)

kP, app/KS, app

(l mol−1 s−1)
[X]
(M)

kP, app/KS, app

(l mol−1 s−1)

26.2 0.005 24.2 0.005 25.8 0.005 25.0 0.005 30.3 0.005 36.0
0.02 25.0 0.02 23.6 0.02 28.3 0.02 40.6 0.02 59.4
0.1 23.3 0.1 21.9 0.1 32.0 0.1 62.5 0.1 107.6
0.2 22.6 0.2 21.2 0.2 46.5 0.2 72.6 0.2 –

T: 25◦C; pH: 7.75; [Tris–HCl]: 0.1 M and [�-CT]: 8�M.

gression in the reciprocal plots ofFig. 3pivot counter clock-
wise about a common point of intersection.

3.3. Modelling the catalytic results

The experimental results shown inFigs. 1 and 3suggest
that a kinetic model based on a non-essential activa-
tion should be used to depict the effect of the tetra-
alkylammonium bromides on�-CT catalytic activity. This
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model, reported by Segel in[27], assumes the following
reaction sequence:

E + S
KS� ES

KP� E + P
+ +
× ×
KX αKX

EX + S
αKS� EXS

βkP−→ EX + P

(1)

The above reaction schema generates the rate expression
hereafter reported:

r = Vmax(1 + β([X]/αKX))[S]

KS(1 + ([X]/KX)) + [S](1 + ([X]/αKX))
(2)

The apparent Michaelis constant and the apparent maxi-
mum reaction velocity at fixed [X] are both affected as fol-
lows

Vmax, app = Vmax(1 + (β[X]/αKX))

1 + ([X]/αKX)
(3)

KS, app = KS(1 + ([X]/KX))

1 + ([X]/αKX)
(4)

On these basis, data reported inFigs. 1–3were used to
estimate the parameters of the proposed kinetic model. The
following iterative fitting procedure was adopted: a first set
of values for the three parameters was obtained using data
of Fig. 1; then data ofFig. 3were used to evaluateVmax, app
and KS, app.These parameters were plotted as functions of
[X], and new values ofα andβ were estimated usingEqs. (3)
and (4) where KX was forced to the previously obtained
value. These three values ofα, β andKX were used to start
a fitting session of the data plotted inFig. 2 making use of
Eq. (2). Finally,α andβ were forced inEq. (2)to obtain from
data ofFig. 1a newKX estimate. The procedure was iterated
to obtain the definitive values for the three parameters.

All the regression of the above described fitting proce-
dure were performed making use of a data analysis software,
Systat Sigmaplot©, which automatically generates the con-
fidence intervals for the estimated parameters. Highest val-
ues of the confidence intervals obtained for each parameter
in the various regressions of the fitting procedure were used
to calculate the lower and upper limits of the parameters
quoted inTable 3.

Values for the pure buffer kinetics,Vmax = 0.12�mol l−1

s−1 and KS = 0.61 mM, were evaluated in kinetic runs
performed in pure buffer.

The estimated parameters were used to build the solid
lines in Figs. 1 and 2that show how the model describes
the experimental behaviour with good accuracy. The higher
discrepancy was found for TMABr and TEABr data, because
of the very little effect of these additives.

Values of the kinetic parameters are quoted inTable 3.
The parameterα depicts the effect of the activator on the
enzyme–substrate affinity whileβ describes the effect on the
turnover number. Finally,KX is an association constant that
describes the affinity between the enzyme and the activator.

Table 3
Parameters for the kinetic model

Salt α β KX (M)

TMABr 2.05 1.59 0.198
Upper limit 2.15 1.68 0.211
Lower limit 1.95 1.50 0.186

TEABr 4.76 3.56 0.121
Upper limit 4.99 3.82 0.134
Lower limit 4.53 3.29 0.108

TPABr 7.08 10.70 0.076
Upper limit 7.19 11.08 0.079
Lower limit 6.98 10.32 0.073

TBABr 9.87 33.75 0.061
Upper limit 10.17 35.33 0.063
Lower limit 9.57 32.17 0.059

TPeABr 10.47 66.23 0.062
Upper limit 11.46 70.90 0.066
Lower limit 9.48 61.56 0.058

Inspection of data inTable 3allows the following conclu-
sions. The enzyme–substrate affinity decreases in the pres-
ence of the ammonium quaternary salts, beingα > 1. The
higher the molecular weight of the alkyl residues in the salt,
the lower the affinity.

In the presence of the activators, the turnover number is
always higher than in pure buffer (β > 1), and it increases in
the series TMABr< TEABr < TPABr< TBABr < TPeABr.

The superactivity exhibited by the enzyme in the presence
of the tetra-alkylammonium salts is explained becauseβ is
always higher than unity.

The affinity of the enzyme for the activator also depends
on the alkyl group present in the (NR4)+ cations: the higher
the chain length of the R-group, the lower the affinity (lower
KX). This last result suggests that hydrophobic effects im-
prove the catalytic efficiency, but, on the other hand, re-
duce the ability of the activator to interact with the enzyme
molecule.

In Fig. 4, the estimated kinetic parameters were plot-
ted as a function of the number of methylene units of
the tetra-alkylammonium bromides. The non-linear depen-
dence ofβ and KX suggests that the methyl/methylene
groups adjacent to the nitrogen atom are not as effec-
tive as the subsequent methylene groups in higher homo-
logues.

This seems to indicate that the role played by hydropho-
bic and electric interaction of (NR4)+ with the enzyme
molecule and its active site strongly depends on how the
electric charge is shielded, due to the higher chain length of
the alkyl groups: the higher the electric charge is shielded,
the lower the affinity protein for the salt (lowerKX).

On these basis, it was hypothesised that the ionic conduc-
tivity in water of the tetra-alkylammonium salts could result
to be a good parameter to correlate our experimental results;
indeed it usually depends on both the electric charge and
the chemical structure of the cations. In our case, the higher
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Fig. 4. Model parameters as a function of the number of methylene units of tetra-alkylammonium salts. (�) = α, (	) = β and (
) = KX.

the molecular weight of the R-group, the more the electric
charge is shielded, and the lower the ionic conductivity.

For this reason, the secondary-order kinetic parameter
kP,app/KS,appwas reported inFig. 5as a function of the ionic
conductivity of the cationic additives[28]. As it can be seen,

Fig. 5. Secondary-order kinetic parameter as a function of the ionic
conductivity of the quaternary ammonium salts. [X] = 0.2 M (�); 0.1 M
(�); 0.05 M (�) and 0.02 M. (�) Reaction conditions:T = 25◦C, pH
7.75, [Tris–HCl]= 0.1 M, [GpNA] = 2.5 mM, [�-CT] = 8�M.

an exponential decay occurs as the conductivity increases.
Such a behaviour confirms that in the compromise between
a lower enzyme-salt affinity, and a higher induced activity,
the latter effect prevails when the hydrophobic interactions
are greatly favoured (high alkyl chain length, low ionic con-
ductivity).

3.4. Effect of the salts on α-CT storage stability

The stability of�-CT was assessed in experiments per-
formed at different temperatures (25, 35 and 45◦C) in pure
buffer aqueous medium. At time intervals, the�-CT ex-
posed to the denaturing conditions, in the absence of GpNA,
was assayed to measure the initial reaction rate. The time
course of the residual activity (A/A0 activity ratio) is plot-
ted in Fig. 6. As expected, the higher the temperature, the
higher the activity loss with time.

As more rapid deactivation occurs at 45◦C, we studied
the effect of the ammonium salts at this temperature. The en-
zyme was stored at the selected temperature in the presence
of the appropriate buffer and at 0.1 M salt concentration.
The initial reaction rate of GpNA hydrolysis was assayed at
defined time intervals.

Several deactivation models are available in the literature
to explain enzyme activity decay with time. The activity
loss of�-CT solutions is more complex, because�-CT also
catalyses its own hydrolysis.

With the only purpose of describing the obtained exper-
imental results, we have tentatively adopted a model pro-
posed by Kawamuraet al. [29]. The authors proposed a
mechanism consisting of two reactions, hereafter described.
The first reaction that is the only one evident at low temper-
ature, is a monomolecular deactivation:
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Fig. 6. Time course of�-CT deactivation at (�) 25◦C, (�) 35◦C and (�) 45◦C. Conditions of the activity assay:T = 25, 35 and 45◦C, respectively,
pH 7.75, [Tris–HCl]= 0.1 M, [GpNA] = 2.5 mM, [�-CT] = 8�M.

Ea
K
� Ei

k1−→E′ (5)

where Ea and Ei are active and inactive forms, E′ is the de-
naturated form (random coil),K = [Ei ]/[Ea] is an equilib-
rium constant andk1 is a denaturation constant.

The second reaction (an auto-digestion step) is more
evident at higher temperature, due to the higher enzyme
activity. Kawamuraet al. assumed that the reversibly in-
activated form Ei is the one that is susceptible to be at-
tacked by the protease form Ea, with a Michaelis–Menten
type mechanism:

Ea + Ei
k1� EaEi

k2−→Ea + products (6)

whereKm = [Ea][Ei ]/[EaEi], k2 is the rate constant of the
digestion reaction, which leads to the decomposed products.
Integration of the model equations gives:

A

A0
= k′

1

k′
1 + k′

2[E]0ek′
1t − k′

2[E]0
(7)

whereA and A0 are the activity evaluated at timet and 0,
respectively,k′

1 = k1K/(1 + K) and k′
2 = k2K/[Km(1 +

K)2].
Fig. 6 shows how the model applies to our experiments:

solid lines obtained byEq. (7) well fit in the experimental
data. Values fork′

1 andk′
2 are quoted inTable 4. The second

reaction is evidenced only at higher temperature (45◦C).

Table 4
Parameters for the deactivation process

System T (◦C) 103 × k′
1 (s−1) k′

2 (l gcat
−1 s−1)

�-CT 25 0.03 –
�-CT 35 0.33 –
�-CT 45 2.04 0.21
�-CT + TMABr 45 1.50 0.07
�-CT + TEABr 45 2.77 0.12
�-CT + TPABr 45 2.58 0.21
�-CT + TBABr 45 21.30 0.27

Similarly, the effect of the cationic additives on the en-
zyme deactivation was investigated. A series of experiments
was performed at 45◦C and at fixed salt concentration of
0.1 M. Fig. 7 reports the results obtained in these experi-
ments.

An interesting feature of the presence of the salts
in the storage medium is the possibility to modulate
�-CT stability. Indeed, the ability of the additive of ei-
ther stabilise or destabilise the protein appears to de-
pend on the alkyl chain length of the R-group in the
tetra-alkylammonium salt: the longer the chain, the lower
the stability.

Similar results were found by Jainet al. when studying
the effect of tetra-alkylammonium halides on lysozyme
[30]. The authors attribute this effect to the hydrophobic
interactions of the salt with the non-polar groups of the
protein, which is, substantially, the same hypothesis we
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Fig. 7. Time course of�-CT deactivation in the presence of: no salt (�); TBABr (	); TPABr (
); TEABr (�); TMABr (�) at 45◦C. Conditions of
the assay activity:T = 45◦C, pH 7.75, [Tris–HCl]= 0.1 M, [GpNA] = 2.5 mM, [�-CT] = 8�M, [X] = 0.1 mM.

have explored to explain the superactivity of�-CT in the
presence of these additives.

Fig. 7 clearly shows that both TMABr and TEABr sta-
bilise at different extent the enzyme. Unfortunately, both
these salts are unable to induce�-CT superactivity. On the
other hand, TBABr, which gives the highest superactivity,
accelerates at the same time the deactivation process. Fi-
nally, TPABr seems to have a negligible effect on�-CT
stability.

These results were also investigated with the model
Eq. (7), as in the case of pure�-CT, the solid lines of
Fig. 7 were computed and the fit resulted quite satisfactory.
The corresponding parameters are also quoted inTable 4:
k′

1 strongly increases in the series: TMABr< TEABr <

TPABr < TBABr. On the other hand,k′
2 is scarcely affected

by the presence of the additive, even if a similar trend ask′
1

might be suggested.
For TMABr and TEABr,k′

1 is lower than that measured
in pure buffer, suggesting that these salts are able to slow
down the irreversible thermal deactivation of the enzyme.

In the case of TPABr, the auto-digestion seems to be
slightly favoured, probably because of the superactivity ef-
fect. The irreversible deactivation occurs at a lower velocity
as compared with pure�-CT. The global effect is that the
overall deactivation process is similar to that of the pure en-
zyme.

As far as TBABr is concerned, the whole deactivation phe-
nomenon is strongly accelerated by the presence of the salt,
and the deactivation constants are consequently increased.

It has to be observed that the ionic strength of the storage
solution of the experiments carried out without additives
(Fig. 6) was lower than in the presence of the ammonium
salts (Fig. 7) and this can have a considerable effect on the
enzyme deactivation.

Preliminary results of experiments performed with non-
quaternary salts (data not shown) indicate that�-CT ther-
mal stability depends on the ionic strength of the storage
medium, while hydrophobic interactions contribute to deac-
tivate the enzyme.

On these basis, we can hypothesise that the stabilising
effect of the cationic salts results from a compromise be-
tween the positive effect of the higher ionic strength and
the destabilising effect due to hydrophobic interactions with
the cations. This hypothesis needs further investigations and
will be discussed in a forthcoming paper.

As far as the quaternary ammonium salts are concerned,
our experimental results indicate that, from an operational
point of view, a good compromise between the superactivity
and the denaturing effect might be represented by TPABr
that, under the experimental conditions here adopted, in-
duces superactivity, but, at the same time, do not signifi-
cantly affect the velocity of the deactivation process.

4. Conclusions

The tetra-alkylammonium bromide salts were found to af-
fect the activity of�-CT in the hydrolysis of GpNA. Under
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the diluted conditions adopted, these salts are dissociated in
the solution, so their effect has to be related to the presence of
tetra-alkylammonium cations in the reaction medium. These
cations seem to act as activator for the enzyme. The super-
activity effect depends on the molecular weight of the alkyl
residues present in the cationic group: the higher the molec-
ular weight, the higher the activity.

This result is quite similar to that obtained with an ho-
mologue series of cetyltrialkylammonium bromide cationic
surfactants.

The superactivity in the salted systems increases mono-
tonically with the additive concentration. On the contrary,
in the case of the cationic surfactants, typical bell-shaped
curved were obtained, indicating that a segregation of the
substrate occurred in the system. The main difference be-
tween the two similar series of additives being that the salt
has no amphiphilic behaviour, so that no partition of the
substrate occurs.

A non-essential activator model was able to describe the
dependence of the enzyme activity on the salt concentration.
The estimated model parameters can be correlated with the
ionic conductivity of the cations, suggesting that both elec-
tric and hydrophobic interactions could be responsible of the
enzyme superactivity in the presence of these additives.

These molecules also affect the storage stability of the
enzyme: higher molecular weight of alkyl residues of the
cations induce a lower stability, so that the more efficient
additive, TBABr, also gives rise to a more rapid enzyme
deactivation.

The best compromise is represented by TPABr that causes
a lower superactivity but essentially does not affect the ve-
locity of �-CT deactivation.

Acknowledgements

We wish to thank Anonymous Referees for their helpful
suggestions. This study was financed by the University of
L’Aquila (ex MURST 60%).

References

[1] C.A. Bunton, G. Savelli, Adv. Phys. Org. Chem. 22 (1986) 213.
[2] P.D.I. Fletcher, R.B. Freedman, J. Mead, C. Oldfield, B.H. Robinson,

Colloid Surf. 10 (1984) 193.

[3] Q. Mao, P. Walde, Biochem. Biophys. Res. Commun. 178 (1991)
1105.

[4] K. Martinek, N.L. Klyochko, A.V. Kabanov, Y.L. Klmelnitsky, A.V.
Levashov, Biochim. Biophys. Acta 981 (1989) 161.

[5] R. Bru, A. Sánchez-Ferrer, F. Garcı́a-Carmona, Biochem. J. 259
(1989) 355.

[6] A.V. Kabanov, A.V. Levashov, N.L. Klyachko, S.N. Namyotkin, A.V.
Pshezhetskii, K. Martinek, J. Theor. Biol. 133 (1988) 327.

[7] N. Spreti, P. Di Profio, L. Marte, S. Bufali, L. Brinchi, G. Savelli,
Eur. J. Biochem. 268 (2001) 6491.

[8] M.S. Celej, M.G. D’Andrea, P.T. Campana, G.D. Fidélio, M.L. Bian-
coni, Biochem. J. Immediate Publication. Published on 27 Nov.
2003 as manuscript BJ20031536 (http://www.biochemj.org/bj/imps/
pdf/BJ20031536.pdf).

[9] R.V. Rariy, N. Bec, N.L. Klyachko, A.V. Levashov, C. Balny, Biotech-
nol. Bioeng. 57 (1998) 552.

[10] F.C. Almeida, A.P. Valente, H. Chaimovich, Biotechnol. Bioeng. 59
(1998) 360.

[11] E.P. Melo, M.R. Aires-Barros, J.M.S. Cabral, Biotechnol. Annu. Rev.
7 (2001) 87.

[12] M. Blocher, P. Walde, I.J. Dunn, Biotechnol. Bioeng. 62 (1999)
36.

[13] B. Orlich, R. Schomäcker, in: H.T. Scheper (Ed.), History and
Trends, Bioprocessing and Biotransformations, Springer, Berlin, Adv.
Biochem. Eng./Biotechnol. 75 (2002) 185–208.

[14] R.M.D. Verhaert, R. Hilhorst, M. Vermuë, T.J. Schaafsma, C. Veeger,
Eur. J. Biochem. 187 (1990) 59.

[15] A.L. Creagh, J.M. Prausnitz, H.W. Blanch, Biotechnol. Bioeng. 41
(1993) 156.

[16] K.K. Larsson, P. Adlercreutz, B. Mattiasson, Eur. J. Biochem. 166
(1987) 157.

[17] A.V. Levashov, N.L. Klyochko, N.G. Bogdanova, K. Martinek, FEBS
Lett. 268 (1990) 238.

[18] H. Ishikawa, K. Noda, T. Oka, N Y Acad. Sci. 613 (1990) 529.
[19] P.L. Luisi, M. Giomini, M.P. Pileni, B.H. Robinson, Biochim. Bio-

phys. Acta 947 (1988) 209.
[20] K. Martinek, A.V. Levashov, N. Klyochko, Y.L. Klmelnitski, I.V.

Berezin, Eur. J. Biochem. 155 (1986) 453.
[21] F.M. Menger, K. Yamada, J. Am. Chem. Soc. 101 (1979) 6731.
[22] S. Sarcar, T.K. Jain, A. Maitra, Biotechnol. Bioeng. 39 (1992)

474.
[23] F. Alfani, M. Cantarella, N. Spreti, R. Germani, G. Savelli, Appl.

Biochem. Biotech. 88 (2000) 1.
[24] N. Spreti, F. Alfani, M. Cantarella, F. D’Amico, R. Germani, G.

Savelli, J. Mol. Catal. B: Enzym. 6 (1999) 99.
[25] P. Viparelli, F. Alfani, M. Cantarella, Biochem. J. 344 (1999) 765.
[26] P. Viparelli, F. Alfani, M. Cantarella, J. Mol. Catal. B: Enzym. 619

(2001) 1.
[27] I.H. Segel, Enzyme Kinetics, Wiley, New York, 1975, p. 227.
[28] D.R. Lide, H.P.R. Frederikse (Eds.), CRC Handbook of Chem-

istry and Physics, 78th ed., CRC Press, Boca Raton, New York,
1997–1998, pp. 5–94.

[29] Y. Kawamura, K. Nakanishi, R. Matsuno, T. Kamikubo, Biotech.
Bioeng. 23 (1981) 1219.

[30] S. Jain, J.C. Ahluwalia, Biophys. Chem. 59 (1996) 171.

http://www.biochemj.org/bj/imps/pdf/BJ20031536.pdf
http://www.biochemj.org/bj/imps/pdf/BJ20031536.pdf

	Effect of quaternary ammonium salts on the hydrolysis of N-glutaryl-l-phenylalanine catalysed by alpha-chymotrypsin
	Introduction
	Experimental
	Assay of enzyme activity
	Enzyme storage stability

	Results and discussion
	Effect of the ammonium salts on the catalytic activity
	Effect of the substrate concentration
	Modelling the catalytic results
	Effect of the salts on alpha-CT storage stability

	Conclusions
	Acknowledgements
	References


