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Abstract—The influence of the external nucleophile (6-aminopenicillanic acid) on the kinetics of the penicillin acylase-cat-
alyzed acyl transfer reactions was studied using a highly sensitive spectrophotometric assay. An adequate kinetic scheme is
suggested based on kinetic analysis of the experimental dependencies of the k., and K, values on the nucleophile concentra-
tion. The proposed kinetic scheme has been verified by a quantitative description of the above-mentioned experimental
dependencies using the set of Kinetic parameters obtained from independent experiments. Such an approach can be used for
modeling of different penicillin acylase-catalyzed acyl transfer reactions.
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Penicillin acylase (PA) is a well known enzyme
exploited mainly for the biocatalytic production of -lac-
tam antibiotic nuclei: 6-aminopenicillanic (6-APA) and
7-aminodesacetoxycephalosporanic (7-ADCA) acids [1,
2]. Interest in the application of PA for the totally enzy-
matic production of new semi-synthetic penicillins and
cephalosporins is now increasing significantly [3-6].
Consequently, the detailed investigation of the mecha-
nism of PA-catalyzed acyl transfer reactions can play a
very important role in understanding the general features
of such enzymatic transformations and optimization of
the biocatalytic conversions.

It is well known that PA-catalyzed acyl transfer
reactions proceed via the formation of an acylenzyme
intermediate [7-9]. The recent investigation of the kinet-
ics of synthesis of enzymatic -lactam antibiotics has
also shown [10] that in the presence of external nucle-
ophile (6-APA or 7-ADCA) the reaction proceeds with
formation of an intermediate acylenzyme—nucleophile
complex, which further can be either transformed to a
target product P (synthetic route), or hydrolyzed with
formation of a byproduct P, (hydrolytic route, see
Scheme I). In particular, this means that an added nucleo-

Abbreviations: 6-APA) 6-aminopenicillanic acid; 7-ADCA) 7-
aminodesacetoxycephalosporanic acid; NIPGB) D-2-nitro-5-
[(phenylglycyl)amino]benzoic acid; PA) penicillin acylase;
PMSF) phenylmethylsulfonyl fluoride.
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phile can bind near the PA active site and influence dif-
ferent stages of the enzymatic conversion. Recently pub-
lished X-ray data characterizing the enzyme—substrate
complex during PA-catalyzed hydrolysis of benzylpeni-
cillin [11, 12] shows indeed that substrate binding
induces a remarkable conformational change and leads
to the formation of a so-called “p-lactam binding site”.
In terms of a kinetic scheme this means that an external
nucleophile can bind, in principle, not only with an
acylenzyme, but also with a free enzyme and an
enzyme—substrate complex (Scheme 1V).

Although the kinetic mechanism of PA-catalyzed
acyl transfer to the added nucleophile (according to the
“general” Scheme 1V) was proposed for the first time in
1977 [13], there is still no reliable evidence able to prove
or disprove this suggestion. This can be attributed mainly
to the difficulties arising at attempts to analyze such a
complicated kinetic scheme. Meanwhile, the investiga-
tion of the influence of external nucleophile on the dif-
ferent stages of enzymatic conversion is very important
from both practical point of view and from the point of
deeper understanding of the unique catalytic mechanism
of PA-catalyzed acyl transfer reactions.

In the presented work the influence of the external
nucleophile (6-APA) on the kinetics of the penicillin acy-
lase-catalyzed acyl transfer reactions was studied in order
to determine the “minimal” kinetic scheme for adequate-
ly describing the PA-catalyzed acyl transfer process in the
presence of an external nucleophile.
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MATERIALS AND METHODS

Chemicals. The PA preparation was purified from F.
coli ATCC 9637 according to [14]. Active site concentra-
tion in the purified enzyme preparation (30 uM) was
determined by titration with phenylmethylsulfonyl fluo-
ride (PMSF) as described earlier [7]. 6-APA and ampi-
cillin were obtained from DSM (The Netherlands); D-2-
nitro-5-[(phenylglycyl)amino]benzoic acid (NIPGB)
was kindly donated by Dr. E. de Vries. Organic solvents
(extra high purity) were from Kriokhrom (Russia). Other
reagents and the components of the buffer systems were
from Merck (Germany).

Determination of kinetic parameters of enzymatic
NIPGB hydrolysis. Kinetic parameters (k. and K,) of
enzymatic conversion were determined by analysis of the
dependence of initial reaction rates on the NIPGB con-
centration (10-200 mM). For that, the experimental data
were approximated by nonlinear regression according to
the Michaelis—Menten equation using Sigma Plot 2001
(SPSS, USA) software. The reactions of enzymatic
hydrolysis were carried out in a thermostatted 500 pl cell
of a spectrophotometer (Shimadzu UV-1601, Japan) in
0.01 M phosphate buffer, pH 7.5, 25°C, and initiated by
adding 50 pl of an enzyme stock solution. The initial
reaction rates (less than 2% of substrate conversion) were
measured by accumulation of a colorimetric product (P,)
at 400 nm.

Study of the influence of 6-APA on the Kkinetic param-
eters of enzymatic NIPGB hydrolysis. The influence of an
added nucleophile (6-APA) on the kinetics of the enzy-
matic conversion was studied by analysis of the depend-
ence of kinetic parameters (kT and K & ) on the 6-APA
concentration (0-100 mM). The initial reaction rates and
the values of effective kinetic parameters in the presence
of 6-APA were determined according to the procedure,
described above. All measurements were performed in
0.01 M phosphate buffer, pH 7.5, 0.1 M KCl at 25°C.

Kinetic Schemes and Equations
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Scheme I. “Minimum” kinetic scheme of penicillin acylase-cat-
alyzed acyl transfer to nucleophile. E is free enzyme, S is activated acyl
donor, P, is a first reaction product being released on formation of an
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acylenzyme, Nu is an added nucleophile (antibiotic nucleus), P, is a
product of acylenzyme hydrolysis, P is a product of acyl transfer to a
nucleophile (a target antibiotic), ES is an enzyme—substrate complex,
EA is an acylenzyme, EANu is an acylenzyme—nucleophile complex,
and EP is an enzyme—product complex.
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Scheme II. Kinetic scheme of penicillin acylase-catalyzed acyl
group transfer to nucleophile with formation of an enzyme—sub-
strate—nucleophile complex. All the designations in Scheme II corre-
spond to those given for Scheme I and ESNu refers to an enzyme—sub-
strate—nucleophile complex. Coefficient A represents the ratio of acyla-
tion rates in enzyme—substrate and enzyme—substrate—nucleophile
complexes.
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Scheme III. Kinetic scheme of penicillin acylase-catalyzed acyl
group transfer to nucleophile with formation of an enzyme—nucleophile
complex. All the designations in Scheme III correspond to those given
for Scheme I and ENu refers to an enzyme—nucleophile complex.
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Scheme IV. “General” kinetic scheme of penicillin acylase-cat-
alyzed acyl group transfer to nucleophile. All the designations corre-
spond to those given for Schemes I-111.
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Equations, describing the kinetics of product P,
accumulation according to the Schemes I-1V (Egs. (1)-
(4), respectively) were obtained at the steady-state
assumption for EA and EANu at [S], >> [E],, [P], [P,],

[P,].
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RESULTS AND DISCUSSION

To perform a quantitative characterization of the
influence of an added nucleophile on the kinetics of PA-
catalyzed acyl transfer reactions, the dependence of the
kinetic parameters of the enzymatic hydrolysis of NIPGB
on the added nucleophile (6-APA) concentration has
been investigated. Choosing this particular “chro-
mogenic” substrate allowed us to determine the kinetic
parameters (k. and K,,) of investigated reactions using
fast and highly sensitive spectrophotometric assay (i.e., by
measuring the accumulation of a chromophore (P,)
released during the acylation of the enzyme).

Kinetic analysis of a “minimum” kinetic Scheme I
showed that the accumulation of the P, product is
described by a trivial Michaelis—Menten dependence
(Eq. (1)), where

k, {k3KNu +[Nu](k4 +hs )}

_ .5
{k3KNu +[Nu](k4 +hk )}+k2 (K +[Nu]) ©

kea

Ku- K, e, K, +[Nul(k, +45)} . (6)
{k3KNu +[Nu](k4 +ks )}+k2 (K +[Nu])
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Based on Scheme I, one can see that while both
parameters of the Michaelis—Menten equation are com-
plex nonlinear functions of the added nucleophile con-
centration, the so-called “second order rate constant” (or
specificity constant) in this case does not depend on the
nucleophile concentration:

_k
X,

cat

K

(7

m

The experimental data, in contrast, clearly show that
both constants (k. and K,) and their ratio are complex
functions of the 6-APA concentration (Figs. 1-4).

To discriminate the kinetic schemes adequately
describing the PA-catalyzed acyl transfer to 6-APA, it
makes sense to systematically consider all potential reac-
tion routes presented in the kinetic Schemes I-1V.

Scheme I is the simplest; here the binding of a nucle-
ophile with a free enzyme and an enzyme—substrate com-
plex is not considered. In this case, as shown above, the
specificity constant should not depend on the nucleophile
concentration (Eq. (7)). One can conclude (see Fig. 3
and Eq. (7)) that this scheme does not correspond to the
experimental data.

In Scheme II the binding of an added nucleophile
with an enzyme—substrate complex is included. In this
case, the expression for the specificity constant should be
as follows:

kcat :k2 (1+Z[Nu]/KNu2) .
K K

m

8)

As it follows from Eq. (8), the dependence of the
specificity constant on the nucleophile concentration in
this case should be linear, which does not correspond to
the experimentally observed hyperbolic trend (see Fig. 3).

Scheme III describes the situation when a nucleo-
phile binds with free enzyme, but not with enzyme—sub-
strate complex. For this scheme, the dependence of the
specificity constant on the 6-APA concentration should
be a hyperbolic decay function (Eq. (9)), which is in
agreement with the experimental data (Fig. 3):

kcat _ kZ
Km KS (1+[Nu]/KNu2)

(©)

Scheme IV is the most general one, considering a
nucleophile binding with free enzyme, enzyme—substrate
complex, and acylenzyme intermediate. In this case, the
dependence of the specificity constant on the nucleophile
concentration is also hyperbolic:
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Fig. 1. Dependence of the catalytic constant of NIPGB
hydrolysis on the 6-APA concentration. Dots represent the
experimental data, solid line the results of modeling. Reaction
conditions: pH 7.5, 0.1 M KCl, 25°C.

Fig. 2. Dependence of the Michaelis constant of NIPGB
hydrolysis on the 6-APA concentration. Dots represent the
experimental data, solid line the results of modeling. Reaction
conditions: pH 7.5, 0.1 M KCl, 25°C.
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Fig. 3. Dependence of the specificity constant of NIPGB Fig. 4. Dependence of the reciprocal specificity constant of
hydrolysis on the 6-APA concentration. Dots represent the NIPGB hydrolysis on the 6-APA concentration. Dots repre-
experimental data, solid line the results of modeling. sent the experimental data, solid line the results of modeling.

Comparison of the experimental and theoretical (obtained in terms of kinetic Schemes I-1V) dependencies of the
kinetic parameters of PA-catalyzed acyl transfer reactions in the presence of an external nucleophile

Experimental ke on [Nu] K., on [Nu] ke./ Ky, on [Nu] K./k.: on [Nu]

dependence

Type of curve hyperbolic linear hyperbolic decay linear
Scheme I + — — —
Scheme I1 + — — —
Scheme 111 + + + +
Scheme IV + — + —
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k cat
K
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(10)

m

Thus, both kinetic Schemes III and IV adequately
describe the primary experimental data. For the further
discrimination of these two schemes let us consider an
equation reciprocal to the specificity constant, i.e.,
K, /k.. From Egs. (11) and (12) one can see that this the-
oretical dependence should be linear in the case of
Scheme III (Eq. (11)), and hyperbolic in the case of
Scheme IV (Eq. (12)):

K, :Ks (1+[Nu]/KNul)
k k,

(11

cat

K _ Ky (1+[Nu]/KNul)

m_ ) (12)
k ky (1+/1[Nu]/KNu2 )

cat

The experimental data on the dependence of K, /k.,,
on the nucleophile concentration, provided in Fig. 4,
clearly shows that this dependence is linear and, there-
fore, only Scheme III can adequately describe the exper-
imental data under the investigated conditions. The
results of analysis performed for the discrimination of
Schemes I-1V are summarized in the table.

For the validation of the suggested “minimum”
kinetic Scheme III the quantitative description of the
above-mentioned experimental dependencies using
kinetic parameters of the PA-catalyzed acyl transfer reac-
tions obtained earlier [10, 14] has been performed. As one
can see from Figs. 1-4, the application of Scheme III
described the experimental data using a set of parameters
obtained from the independent kinetic experiments quite
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satisfactorily. This means that proposed kinetic scheme
can be used as a powerful tool for the modeling of differ-
ent penicillin acylase-catalyzed acyl transfer reactions.
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