ISSN 0006-2979, Biochemistry (Moscow), 2007, Vol. 72, No. 9, pp. 989-993. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © V. 1. Surovtsev, V. M. Borzenkov, T. V. Fedorov, O. I. Smotrov, 2007, published in Biokhimiya, 2007, Vol. 72, No. 9, pp. 1214-1219.
Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BMO7- 144, August 19, 2007.

Ionogenic Groups in the Active Site of Lysostaphin.
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Abstract—The active site of lysostaphin is shown to contain a residue of glutamic acid. As judged by a pK value of 9.2 (with
pentaglycine bridges in peptidoglycan of staphylococci as a substrate), another ionogenic residue could be the e-amino
group of a lysine. However, the pH value near a negatively charged cell is supposed to be strongly shifted to acidity as com-
pared to the pH of the solution volume. This shifts the enzyme pH dependence curve in solution to alkalinity. Therefore,
the other group might be histidine, which is consistent with the X-ray crystallographic data. A similar shift is likely to occur
for lysozyme in the case of Micrococcus lysodeikticus cells. Determination of pK of ionogenic groups in the active sites of
alkaline enzymes responsible for lysis of negatively charged bacterial cells gives their apparent values because the “pericel-

lular” and “voluminous” values of pH are not coincident.
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Lysostaphin (EC 3.4.99.17) is a Zn?>"-containing gly-
cylglycine peptidase from the culture fluid of
Staphylococcus simulans biovar staphylolyticus, which can
hydrolyze pentaglycine bridges in the cell wall of various
Staphylococcus strains, including those resistant to anti-
biotics. Moreover, this enzyme is a metalloelastase [1] and
also catalyzes transpeptidation of glycine peptides. Unlike
the overwhelming majority of cases, an imino- and not
acyl-enzyme is produced as an intermediate compound,
i.e., the amine moiety of the glycine peptide substrate is
transferred to the carboxyl glycine acceptor [2]:

(Gly); + E < (Gly), + E-NH-Gly,
RCONH-(Gly), + E-NH-Gly <> RCONH-(Gly); + E.

Lysostaphin-type enzymes belong to so-called LAS-
enzymes (Lysostaphin, D-Ala-D-Ala carboxypeptidase,
Sonic hedgehog enzyme). X-Ray crystallographic data
have been recently obtained for lysostaphin. It is sup-
posed that glutamic acid and histidine residues function
in the active site of lysostaphin and mediate general
acid/general basic catalysis [3].

* To whom correspondence should be addressed.

The purpose of this work was to identify ionogenic
groups in the active site of lysostaphin by kinetic and ther-
modynamic methods and compare the findings with the
X-ray crystallographic data.

MATERIALS AND METHODS

Electrophoretically pure lysostaphin was isolated
from the culture fluid of S. simulans biovar staphylolyticus,
the strain GNTs PM No. 1030 (State Research Center of
Applied Microbiology and Biotechnology) [4], and its
activity was determined as described in [5]. The specific
activity of the enzyme was 1520 U/mg protein. Kinetics
of the lysostaphin-induced bacteriolysis of living .
aureus FDA209P cells were studied in the pH range of
4.5-10.3 using acetate buffer at pH range from 4.5 to 6.8,
phosphate buffer at pH from 7.0 to 8.3, and acetate-
ammonium buffer in the pH range of 8.8-10.3. The ionic
strength was adjusted to 0.05 with NaCl.

The kinetic experiment was performed as follows:
suspension of bacterial cells in 3.3 ml of buffer solution
was maintained for 5 min at the temperatures under study
in a thermostatic cuvette of an Ultrospec 2000 spec-
trophotometer (Amersham-Pharmacia, Sweden). Lyso-
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staphin solution (0.2 ml) was introduced into the cuvette
and mixed for 3 sec. In all cases, kinetic experiments were
repeated thrice. The enzyme-caused decrease in the opti-
cal density of the suspension was no more than 20%. The
initial rate of the lysis was found from the slope angle of
the tangent to the kinetic curve at the initial time period
and expressed as the optical density (A4s,s) change per
minute. The kinetic experiments were performed in the
region, which followed the Lambert—Beer law (for As,s <
0.5) [4]. The spontaneous lysis of the S. aureus cells,
which was negligibly low at all pH values, was taken into
account.

The heat of ionization of the amino acid residue in
the active site of lysostaphin was determined at 295 and
310 K from the van’t Hoff equation:

AH,,= 2.303 RApK,T\T/(T,— T}) =

=116.7 ApK,, (D

where AH,,, (kJ/mol) is the heat of ionization of the
group, R is the universal gas constant, 7, and 7, are
absolute temperatures during the experiments, ApK, is the
difference of negative logarithms of the ionization con-
stants of the group at temperatures 7, and 7).

Values of pK were determined from tangents to the
pH-dependence curve branches with the angle coeffi-
cients +1.0 and —1.0. Projections of the intersection
points of the tangents onto the abscissa axis give values of
PKyappy ANd DKy [6]. Values of pK at 22 and 37°C
(Scheme) were determined from the pH dependence of
Vintappy/ (Kmppy | Elg) by plotting experimental points and
comparing deviations of the theoretical curves from these
points at different pH values. The curves were described
by the equation [2, 6]:

Vm(app)/Km(app)[E]O = (kZ/Ks)(l + [H+]/Ka)7la (2)

where

( V mgappy” 1 075 J
k K m(app) [E] opt

=2 =
K H
T
K

opt 4 blapp). b(app)

[H]

a(app) opt

RESULTS

The pK values of ionogenic groups can be found
from the pH dependence of log(k.,./K,,) [6]. The concen-
tration of the substrate from the cell wall (pentaglycine
bridges) immobilized on the staphylococcus cell is
unknown, and experimentally the rate of cell lysis and not
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Scheme of a two-stage reaction controlled by two ionogenic
groups of the active site

the rate of substrate hydrolysis can be determined. At the
principal condition of [E], << [S],, this rate under the
influence of lysostaphin on the S. aureus cells and
lysozyme on the M. lysodeikticus is described by an equa-
tion which appears similarly to the Michaelis—Menten
equation [4, 7]. Linearization of this equation gives values
of Viappy> Kinappy» aNd alSO Keyyapp) €qual to Viyap/[Elos
where [E], is the enzyme concentration. Data on the cell
lysis can be used for determination of ionogenic groups in
the active site of the enzyme capable of hydrolyzing bonds
in the cell wall, if kg (app) and Kpyapp) are equal or propor-
tional to molecular constants k., and K,,. Then profiles of
pH dependence of log(k./K,) and log(k,/Ks) [6] are
identical to 10g(keyapp)/ Kmeapp))> and pK values of iono-
genic groups in the active site can be found. The propor-
tionality of the catalytic constant Ky, and k; is a con-
sequence of the coincident appearance of this rate equa-
tion with the Michaelis—Menten equation: the definite
strain cell undergoes lysis on hydrolysis of a critical con-
stant number of bonds, and as a result, ke, is propor-
tional to k,. It was shown for lysozyme that K ypp =
(n/m)-k,, where n/m equals 10-15, n is the number of
reactive bonds on the cell surface, m is the number of
bonds hydrolysis of which results in the cell lysis.
Consequently, the M. lysodeikticus cell is destroyed when
6-10% of the general number of these bonds on the sur-
face are hydrolyzed [7]. The equality of K, and Kj is
discussed further (Egs. (3)-(5) of the enzymatic hydroly-
sis of pentaglycine bridges).

Instead of log(keaapp)/ Kmpp))» W€ used the pH
dependence of 10g(Vapp)/ (Kinapp) [Elo)). From the double
reciprocal plot, V) and K, values were found (Fig.
1). The use of the V,,.pp)/ Kinapp) Tatio leads to the transi-
tion from relative rates and concentrations expressed in
AAs,smin~! and As)s to an absolute unit with the dimen-
sion of [min~!]. Respectively, if the enzyme concentration
is expressed in mol/liter, the V,,pp0)/(Kipp [Elo), similar-
ly to k.,/K,, and k,/Kg, has the dimension of the second
order rate constant [M~!'min~!].
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Data on the kinetics of the bacteriolytic effect of
lysostaphin at different pH values and 22°C are presented
in the table and Fig. 2. In the pH range of 4.5-9.3, the
K app) value is constant in the limits of experimental error
and equal (0.5 = 0.07) Asys. The dependence of
log(Viappy/ Kin@ppy[Elp)) on pH is symmetric and bell-
shaped with the optimum at 7.55 (Fig. 2).

Point out to a possible cause of constancy of the
K app) Over a wide range of pH. The S. aureus cell surface
has a strong negative charge at pH higher than 4.0 [8].
The lysostaphin isoelectric point is ~9.5 [9], and the elec-
trostatic interaction of the enzyme with the cell wall has
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Fig. 1. Double reciprocal plot for lysostaphin-induced lysis of
staphylococci (pH 4.5, 22°C).
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Fig. 2. The pH dependence of the logarithm of the second order
rate constant of lysostaphin-induced lysis of staphylococci.
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Effect of pH on kinetic parameters of lysostaphin-
induced lysis of S. aureus cells

Vma -5 Vm(a )
pH Km(app)» Asys Km(ap(pjll:’)E]o x107, log Km(app:ll:)E]O -5

M~"min~!

t=22°C, [E],=14-10°%M
4.50 0.48 = 0.05 2.53 0.40
5.00 0.50 £ 0.06 7.43 0.87
5.45 0.48 +£0.05 14.29 1.15
5.80 0.45 +0.04 23.80 1.38
6.30 0.57 £ 0.07 28.82 1.46
6.80 0.50 £ 0.05 40.0 1.60
7.55 0.47 £ 0.06 43.53 1.64
8.30 0.49 £ 0.05 42.11 1.62
8.80 0.56 £ 0.04 34.08 1.53
9.33 0.51+0.05 22.26 1.35
9.80 0.83 £ 0.10 10.33 1.01
10.30 1.7 £0.20 5.00 0.70
t=37°C, [E],=0.36 - 10°° M

5.0 0.64 = 0.08 85.94 1.93
5.55 0.70 £ 0.10 148.98 2.17
6.0 0.60 £0.08 226.86 2.35
6.5 0.61 £0.08 311.50 2.50
7.0 0.62 £ 0.07 414.71 2.62
7.55 0.68 £0.10 485.30 2.68

to be virtually the same over the pH range 4.5-9.0. If elec-
trostatic forces considerably contribute to the adsorption
interaction of lysostaphin with the cell wall, the sorption
constant and, possibly, K., are expected to be inde-
pendent of pH. At pH > 9.5 the binding becomes worse,
and K, significantly increases.

The results are in agreement with the Scheme of an
enzymatic reaction controlled by two ionogenic groups in
the active site with K, and K, constants of acid dissocia-
tion in the free enzyme and K, and K, in the Michaelis
complex.

Of the three forms of the enzyme presented in the
Scheme, only EH can give a product. In the case of enzy-
matic hydrolysis of cell wall, expressions for K.y,
K. app)» and the second order rate constant are described
as Egs. (3)-(9):

3
T K
K! [H7]

a

3)

Keaapp) =



992
1+ —[II{{ ] + gf
Kooy = K,—Ra THT @)
PP [H ] K{)
I+—+
K, [H']
kcal(app) — & 1 (5)
Km(ﬂpp) KS 1+ M + Kb
K, [H]

Because the Ky, value is virtually independent of
pH, the dissociation constants of ionogenic groups of the
free enzyme and the enzyme—substrate complex are equal
(Ka = Kz—;’ Kb = Kb’) and Km(app) = KS [6]

Thus, it is supposed that the active site of lysostaphin
in the free state possesses two ionogenic groups with pK
5.9 and 9.2 which control the enzyme activity toward the
staphylococcus cells and are determined from the plot of
Fig. 2.

Values of pK of protein groups can be used for their
identification if there are additional data, e.g. on the heat
of ionization of the group or on chemical modification.
These values themselves do not, as a rule, coincide with
the pK of free amino acids, because they are under the
influence of electrostatic and inductive effects of the adja-
cent groups. Therefore, the most probable values of pK
ranges are indicated. Thus, these values are in the range
2.8-4.9 for B- and y-carboxyl groups, 5.5-7.4 for the imi-
dazole group, and 9.2-10.4 for the e-amino group or phe-
nol group of tyrosine residue. The probability of finding
in a protein of carboxyl group with pK ~ 6 or phenol
group of tyrosine with pK ~ 8 is extremely low [10]. Such
a carboxyl group could exist in the case of a strictly
hydrophobic environment. Data on the heat of ionization
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are especially significant when the active site contains a
residue of aspartic or glutamic acid, because its value
(~6 kJ/mol) is much lower than other heats of ionization,
e.g. of imidazole of histidine residue (~29 kJ/mol) [10].
The corrected values of pK of the active site ionogenic
group with pK, of 5.9 at the temperatures of 22 and 37°C
(table and Fig. 3) (considering deviations of the theoreti-
cal curve from the experimental points) are, respectively,
5.85 and 5.80, and differ by 0.05 pH unit. Consequently,
using the van’t Hoff equation (1) we obtain AH,, ~
6 kJ/mol that indicates the presence of glutamic or aspar-
tic acid residue in the active site of lysostaphin.

The presence of a glutamic acid residue is supported
by the following data. The supposed catalytic groups of
the active sites of Zn?"-containing proteases are present-
ed in review [11]. Glutamic acid was present in the active
site in 30 of 31 enzymes isolated from gram-positive and
gram-negative microorganisms. Lysostaphin was shown
to possess elastase activity [1]. The glutamic acid residue
in the sequence of Ala-Ala-Thr-His-Glu is essential for
enzymatic activity of metalloelastases. Lysostaphin has
only one such sequence starting with Alal [9]. If in the
case of lysostaphin the same groups of the active site are
involved in catalysis on cleavage of elastin and pen-
taglycine bridges, Glu5 seems to be the residue involved
in catalysis of hydrolysis of both substrates. Note that X-
ray crystallography does not reveal a strictly hydrophobic
region in the N-terminal part of lysostaphin [3].

The presence of a glutamic acid residue in the active
site of lysostaphin is consistent with X-ray crystallograph-
ic data [3]. The value pK, ~ 9.2 does not agree with these
data, but corresponds to an g-amino group of lysine or
phenol group of tyrosine. Tyrosine is not an ionogenic
group (the pK, of free tyrosine for generation of phenolate
ion is 10.1), and, as a rule, is a component of the sub-
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Fig. 3. Determination of pK,,,, at 22°C (a) and 37°C (b) by formula (4). Light circles are experimental points; dark circles are points of

the theoretical curve.
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strate-binding site in “tyrosine” enzymes. On modifica-
tion of N-acetylhexaglycine, which is a soluble substrate
of lysostaphin, with trinitrobenzolsulfonic acid (a specif-
ic reagent for amino group) the activity is completely
retained [12]. This seems to exclude the presence of a
lysine residue in the active site of the enzyme.

The presence of glutamic acid residue with pK, 5.85
in a region with moderate hydrophobicity and the absence
in the active site of the most probable residues with pK, of
9.2 can be explained by the suggestion that strong negative
charge of the cell influences pH value during the enzy-
matic reaction. The substrate (pentaglycine bridges) is
located in peptidoglycan, and the value of the “pericellu-
lar” pH has to be considerably lower than the “volumi-
nous” pH, which is determined by a pH meter. Thus,
when the microbial cell, and respectively, the substrate is
not charged, the true profile of pH dependence has to be
shifted to acidity, which makes the pK, of the glutamic acid
residue closer to its average value in proteins. Owing to
symmetry of the pH-dependence curve, the pH value of
another ionized residue is shifted to histidine. Thus, it is
concluded that the ionogenic groups in the active site of
lysostaphin are residues of glutamic acid (possibly Glu5)
and histidine (the lysostaphin molecule has no sulfhydryl
groups with pH range close to that of histidine).

The pH dependence of the lysostaphin enzymatic
activity is known (from this work) only for the cell sub-
strate (pentaglycine bridges). For comparison, another
enzyme capable of lysing the cells, lysozyme, can be
mentioned. The pH dependence of hydrolysis of
oligosaccharide (uncharged) substrates under the influ-
ence of lysozyme has been studied [13]. The results sug-
gest that two ionogenic groups of the active site with pK
value in the range of 3.0-5.0 and 6.0-6.5 are involved in
the enzymatic reaction. Similar data have been also
obtained for an uncharged high-molecular-weight sub-
strate, chitin [14]. The only exception is presented by the
pK values (5.0 and 9.2) of ionogenic groups, which con-
trol the catalytic activity of lysozyme on hydrolysis of the
M. lysodeikticus cell wall [15]. Although lysostaphin and
lysozyme catalyze quite different reactions leading to cell
lysis, they have some similarities as follows: both enzymes
are alkaline, with high values of isoelectric points (~11.0
for lysozyme); throughout the whole range of pH values
studied, the cell substrates have a strong negative charge;
the K, value for hydrolysis of the cell substrate is constant
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in both cases (for lysozyme it has been established in
[15]), and the enzymatic hydrolysis of the cells follows an
equation similar to that of Michaelis—Menten. In both
cases, the enzymatic hydrolysis is described by the same
scheme. Thus, the pH dependence curve of lysozyme in
the case of M. lysodeikticus is shifted to alkalinity as com-
pared to uncharged substrates, possibly because of the
lack of coincidence of the “pericellular” and “volumi-
nous” pH values. Therefore, to obtain “true” values of pK
for enzymes cleaving the cells, it is necessary to take
uncharged substrates, while in the case of charged cell
substrates apparent values of pK are obtained for iono-
genic groups of the active site.
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