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Abstract—The inactivation kinetics of penicillin acylase from Escherichia coli have been investigated over a wide pH range at
25 and 50°C. The enzyme was very stable in neutral solutions and quickly lost its catalytic activity in acidic and alkaline solu-
tions. In all cases, the inactivation proceeded according to first order reaction kinetics. Analysis of the pH dependence of
enzyme stability provides evidence that stable penicillin acylase conformation is maintained by salt bridges. Destruction of
the salt bridges due to protonation/deprotonation of the amino acid residues forming these ion pairs causes inactivation by
formation of the unstable “acidic” EH3", EH2*, EHJ and “alkaline” E~ enzyme forms. At temperatures above 35°C penicillin
acylase apparently undergoes a conformational change that is accompanied by destruction of one of these salt bridges and

change in the catalytic properties.
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Penicillin acylase (PA) from Escherichia coli (EC
3.5.1.11) is widely used in the pharmaceutical industry for
production of 6-aminopenicillanic and 7-aminodesacet-
oxycephalosporanic acids—the key intermediates for the
synthesis of new penicillins and cephalosporins [1]. The
enzyme displays wide substrate specificity and high stere-
oselectivity, which provides good opportunities of its use
in fine organic synthesis for resolution of a-, -, and y-
amino acids and aminophosphonous and aminophos-
phinic acids [2-5]. Elevated catalytic activity of PA from
F. coli in acidic medium reported recently [6] opens new
perspectives for modification of f-lactam antibiotics, as
well as for enantioselective acylation and resolution of
racemic aminonitriles [7]. A related enzyme from
Alcaligenes, advantageously distinguished from E. coli PA
by unique catalytic properties in alkaline medium [8],
made possible the effective biocatalytic resolution of
racemic non-functionalized amines [9]. Taking into
account the biocatalytic potential of PA in media of dif-
ferent acidity, pH stability studies for the enzymes of this
family are of practical importance.

Hitherto, there has been no clear perception of the
enzyme inactivation mechanism and the relationship
between its stability and catalytic activity. This is a part of
the reason why the task of preparing PA preparations sta-

Abbreviations: PA) penicillin acylase; k;,) first order inactivation
constant; 7,,) half-life period; u) ionic strength; NIPAB) p-
nitro-m-carboxyanilide of phenylacetic acid.

* To whom correspondence should be addressed.

ble and active over a broad pH range has not been solved.
In the early 80s PA preparations stable in an acidic medi-
um were prepared by incorporating the enzyme in poly-
electrolyte complexes and purposefully changing its
microenvironment during immobilization [10, 11].
However, there was no clear application of these prepara-
tions, and this research was not further developed at that
time. In recent years, interest in thermostable PA prepa-
rations prepared by multipoint attachment to a matrix has
increased [11, 12]; however, these preparations apparent-
ly possess low catalytic activity [13, 14]. Recently report-
ed inactivation of E. coli PA at high substrate concentra-
tions [15] is one more aspect challenging the design of
stabilized enzyme preparations.

Kinetic studies, which would elucidate factors gov-
erning stability and catalytic activity of PA over a wide
range of experimental conditions, are of particular inter-
est.

MATERIALS AND METHODS

Chemicals. p-Nitro-m-carboxyanilide of phenyl-
acetic acid (NIPAB), sodium azide, m-carboxy-p-
nitroaniline, and phenylmethylsulfonyl fluoride were
from Sigma (USA). Other chemicals and components of
buffer solutions of “pure for analysis” grade were from
Reakhim (Russia). Penicillin acylase from E. coli was
obtained from the Russian Research Institute of
Antibiotics (Moscow). The purification of PA was carried
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out as described earlier [16]. The concentration of PA
active sites was determined by titration with phenyl-
methylsulfonyl fluoride [17].

Activity of PA was determined spectrophotometrical-
ly by following accumulation of the colored product dur-
ing hydrolysis of the specific chromogenic substrate
NIPAB [16]. The initial rate of enzymatic hydrolysis was
determined at 400 nm using a Shimadzu UV-1601 spec-
trophotometer at 25°C in 0.01 M phosphate buffer,
pH 7.5, 0.1 M KCI. The initial substrate concentration
was 1 mM.

Kinetic parameters (k. and K,) of the enzymatic
hydrolysis of the chromogenic substrate were determined
analyzing the dependence of the initial rates on the sub-
strate concentration according to the Michaelis—Menten
equation ([S], >> [E],) at 25°C (unless indicated other-
wise) and constant ionic strength 0.12 M in a correspon-
ding buffer.

PA stability was investigated in the pH interval 2-12,
at 25 and 50°C, ionic strength 0.12 M. The typical exper-
iment was as follows: 2 ml of PA solution (0.2-1 uM) was
incubated at appropriate pH and temperature in a corre-
sponding buffer solution. The residual PA activity was
assayed at different incubation times. Inactivation rate
constants (k;,) of native PA were calculated by processing
experimental data in coordinates {In(4/A4,); ¢} in accord
with equation A, = A,exp(—k<T1), where A, and A, are the
initial (r = 0) and current enzyme activity during inacti-
vation, and ¢ is incubation time. Incubation time usually
covered several half-life periods, and, depending on the
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pH of a solution, varied from the few minutes to a
few days.

Buffer solutions. The experimental studies of catalyt-
ic activity and stability of PA were carried out in an
appropriate buffer containing 0.02% sodium azide at con-
stant ionic strength 0.12 M (the ionic strength value was
adjusted using KCI). Buffering conditions were as follows:
in the acidic media (pH 3-6), 0.01 M acetate; in the range
pH 6.0-8.5, 0.01 M phosphate; in the range pH 8.5-11,
0.04 M phosphate; at pH 11.5, 0.03 M phosphate; at pH 2
and 12, buffer free solutions with pH monitoring. In all
cases, the pH value was constant during incubation. The
phosphate, acetate, and chloride anions did not affect the
enzyme stability and catalytic activity at used concentra-
tions, this being demonstrated by independent experi-
ments.

RESULTS

Temperature profile of catalytic activity. The temper-
ature profile of PA catalytic activity was investigated at
pH 7.5 in the interval 5-70°C. The rate of the enzymatic
hydrolysis of the colorimetric substrate increased with
increasing temperature, and the enzyme displayed the
maximum activity at 60°C (Fig. 1a). The Arrhenius plot
for hydrolysis of NIPAB (Fig. 1b) was characterized by a
broken line, indicating that a conformational transition
in the active center above 35°C apparently takes place, in
agreement with earlier observations [18]. The empiric
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Fig. 1. Temperature profile of PA catalytic activity (a) and Arrhenius plot (b) for enzymatic hydrolysis of NIPAB. Conditions: 0.1 M

KH,PO,, 0.1 M KCI, pH 7.5.
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Fig. 2. pH dependence of the effective first order inactivation
rate constant of PA at 25 and 50°C, ionic strength 0.12 M. The
curve describing experimental data at 50°C is calculated accord-
ing to the equation kin = (kla'[H+]2/K2a'K1a + kla'[H+]/K]a +
ki Ki/[H')/(1 + [H']/K,, + Kyo/[H'] + [H]/K,,'K,,), where
ks, = ky, = 200 min~!, k;, = 0.10 min™!, pK,, = 3.5, pKy, = 1.3,
pK,, = 11.6 (see the Scheme). At 25°C the experimental data are
approximated by linear dependencies according to the equa-
tions: logk;, = —3.0-pH + 7.85, logk;, = 1.11-:pH — 13 in acidic
and alkaline media, respectively.
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Fig. 3. Kinetics of irreversible PA inactivation at different pH
values. Activity measurements: 25°C, 0.01 M phosphate buffer,
pH 7.5, 0.1 M KCI. Inactivation conditions: 50°C, 0.1 M KCI,
0.02% NaNj, [E], = 0.2-2 uM, 0.01 M acetate (pH 3.65 (1),
pH 4.05 (2), pH 4.55 (3)), and 0.01 M phosphate (pH 7.0 (4),
pH 7.6 (5), pH 8.0 (6)).
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activation energy for NIPAB hydrolysis by the two con-
formers was 26 and 40 kJ/mol, respectively.

pH stability dependence. The rate constants of the
irreversible PA inactivation were determined over a broad
pH interval, at 25 and 50°C, and constant ionic strength
(Fig. 2). The irreversible enzyme inactivation followed
the kinetics of first order reactions (Fig. 3). The enzyme
stability strongly depended on the pH as well as on the
temperature. The logarithm of the PA inactivation con-
stant is characterized by a reciprocal bell-shaped pH
dependence. The left and right branches of this experi-
mental dependence are approximated by straight lines
with a slope —3/+1 at 25°C and —2/+1 at 50°C, respec-
tively. Such dependencies indicate existence of at least 4
ionic forms of PA (acidic EH3*, EH3", EH3, and alkaline
E™), as well as a neutral one (EH), which differ from each
other in their inactivation rate constant. The pH profile of
PA thermostability was described according to the mini-
mal kinetic Scheme below.
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“Minimal” kinetic scheme of the irreversible PA thermal inactivation
taking into account the following ionic forms of the enzyme in equilib-
rium: acidic EH3" and EHJ, neutral EH, and alkaline E~

Basing on estimated k;, values it could be assumed
that the observed inactivation is completely due to the
inactivation of the acidic and alkaline forms of PA, even
in the pH stability optimum when the overall concentra-
tion of the acidic and the alkaline forms is very low com-
pared to the concentration of the neutral one.

pH profile of activity. PA was very stable in the pH
optimum of the catalytic activity (Table 1), whereas at the
extreme pH values the enzyme displayed low activity and
stability. However, the low activity in the acidic as well as
in the alkaline media was not due to the enzyme inactiva-
tion. At the pH equal to the pK, of PA ionogenic group,
controlling enzymatic activity in alkaline medium, the
half-life period f,,, exceeded the reaction time by a factor
of more than a thousand.

DISCUSSION

Hydrophobic interactions and electrostatic contact
of oppositely charged groups are the most important fac-
tors of protein folding and maintaining its structure [19,
20]. Their role is reflected in the protein amino acid com-
position (Table 2), and, in particular, the higher content
of charged amino acids should be mentioned in ther-
mophilic proteins compared to mesophilic ones. The
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Table 1. pH profile of PA catalytic activity and stability (25°C, ionic strength 0.12 M)
pH 8.0 pH = pk,* pH 10
kcat’ kcat/Kms t1/2’ kcata kcat/Kms t1/2: kcats kcal/Km’ t1/2:
sec”! M~"-sec”! days sec” M~"-sec”! min sec” M-lsec™! h
27 1.4-10° ~6.0%* 26 6.5 10° 550 16 1.6 - 10° 0.90

* pK, and pK, values are equal to 6.1 and 9.1 [27].

** Expected values of half-life according to the linear dependence presented in Fig. 2.

Table 2. Relative amino acid composition of PA in com-
parison with proteins of mesophiles and thermophiles

Amino acid residues*, %
Enzyme
hydrophobic polar charged
E. coli PA 42 36 22
Thermophiles** 43 27 30
Mesophiles** 45 31 24

* Amino acid residues are relatively grouped as hydrophobic (L, M, 1, V,
W, P, A, F), polar (G, S, T, N, Q, Y, C), and charged (D, E, K, R, H).
** Data from [19].

resulting free energy of overall interactions, including (i)
interactions of amino acid residues with the environment
and (ii) entropy factor, could be considered as a free ener-
gy of stabilization of globular proteins in solutions esti-
mated as 50 kJ/mol [19].

Some stabilization effect of salting out reagents
against heat denaturation of PA [21-23] reveals an impor-
tant role of hydrophobic interactions, and the impact of
the ionization state of corresponding groups discloses the
role of ion pairs for maintaining the active enzyme con-
formation. Basing on these data it can be suggested that
PA inactivation proceeds in the following way: native PA
conformation at 25°C is maintained by three salt bridges
between ionogenic groups of the enzyme, and at neutral
pH the enzyme is extremely stable. Destruction of the salt
bridges due to the protonation or deprotonation of the
amino acid residues forming these ion pairs causes inac-
tivation by formation of the unstable enzyme forms. A
conformational transition in protein structure apparently
takes place with increasing temperature, and as a result
one of the three ion pairs is destroyed. This explains the
difference in the pH stability profile at 25 and 50°C. The
proposed mechanism of maintaining enzyme tertiary
structure is in agreement with investigations on pH- and
temperature-controlled conformational transitions in the
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PA active center [18] and with conceptions concerning
the conformational changes in the enzyme active center
based on X-ray data [24-26].

Adequate fitting of our experimental data can be
obtained assuming existence of ion pairs formed by acidic
groups with pK, 1.3, 1.3, 3.5, and alkaline group with pK,
higher than 11.6 (presumably carboxylates of Asp/Glu
and guanidine of an Arg residue). Asymmetric depend-
ence in Fig. 2 indicates that the gegenion of two carboxy-
late anions has an aprotonic nature. Calcium ion could be
such a positively charged center, which coordinates side
chains of glutamate and three aspartates on the basis of X-
ray analysis [25], and of which the functional role is
unknown.

This investigation disclosed the role of ion pairs for
maintaining the stable conformation of PA active center
and characterized the pH stability profile of the enzyme
quantitatively. The question about the role of Ca®" and,
probably, other metal ions, as well the role of individual
amino acid residues of the protein for its stability and cat-
alytic properties requires more detailed consideration and
is the scope of further investigations.
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