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Abstract—Inhibition of the novel oligopeptidase B from Serratia proteamaculans (PSP) by basic pancreatic trypsin inhibitor,
Zn*" ions, and o- and m-phenanthroline was investigated. A pronounced effect of calcium ions on the interaction of PSP
with inhibitors was demonstrated. Inversion voltamperometry and atomic absorption spectrometry revealed no zinc ions in
the PSP molecule. Hydrophobic nature of the enzyme inhibition by o- and m-phenanthroline was established.
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Oligopeptidases B (OpdB) belong to the family of
serine prolyl oligopeptidases (clan SC, family S9) [1].
Like trypsin, OpdB hydrolyzes peptide bonds formed by
the carbonyls of Arg/Lys residues, preferring Arg to Lys.
Most preferable for hydrolysis residues in the P2 position
of the substrate are also Arg or Lys [2]. The OpdB
enzymes of ancient unicellular eukaryotes (Trypanosoma
cruzi [3], T. brucei [4, 5], and T. evansi [6], as well as
Leishmania major [5] and L. amazonensis [7]) are impor-
tant virulent factors of these protozoan parasites. During
trypanosomal infections (Chagas diseases, African sleep-
ing sickness), OpdB is involved in the trypanosomal inva-
sion of the cells [3] and abnormal degradation of peptide
hormones of the host organism [6]. In mammals, genes
encoding this enzyme have not been revealed. Thus,
OpdB of protozoan parasites is a specific target for thera-
peutic treatment of these dangerous infections. The

Abbreviations: AAS, atomic absorption spectroscopy; BAPNA,
N,-benzoyl-DL-arginine-p-nitroanilide; BPTI, bovine basic
pancreatic trypsin inhibitor; buffer A, 0.1 M Tris-HCI (pH 8.0);
DMSO, dimethyl sulfoxide; IVA, inversion voltamperometry;
OpdB, oligopeptidase B; PSP, proteinase from Serratia protea-
maculans; p-NA, p-nitroanilide.

* To whom correspondence should be addressed.

OpdB enzyme and/or the gene encoding this enzyme
have been also found in prokaryotes, namely in such
Gram-negative pathogenic bacteria as Escherichia coli [8-
11], Moraxella lacunata [12], Salmonella enterica serovar
typhimurium [13], mycobacteria Mycobacterium tubercu-
losis and My. leprae [13], as well as in the spirochete
Treponema denticola [14]. Bacterial OpdB proteins are
much less studied; however, they also can be important
targets for antimicrobial therapy [13].

In the psychrotolerant Gram-negative microorgan-
ism S. proteamaculans 94 we revealed a novel trypsin-like
proteinase (PSP) [15]. We obtained homogeneous (by
PAGE) preparations of PSP (78 kDa), identified PSP as
a previously unknown oligopeptidase B, sequenced the
gene of OpdB S. proteamaculans 94, constructed a pro-
ducer E. coli strain BL-21(DE3)/pOpdB, and developed
a method for isolation of the recombinant enzyme His¢-
PSP (part I in this series [16]). The substrate specificity of
PSP and the effect of calcium ions, pH, and temperature
on the enzyme activity were investigated in detail (part 11
in this series [17]). It was demonstrated that the enzyme
is psychrophilic, i.e. adapted to low temperatures [17].

Previously we demonstrated [15] that natural PSP
was efficiently inhibited by inhibitors specific for serine
proteinases (diisopropyl fluorophosphate, tosyl-lysine
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chloromethyl ketone, and phenylmethylsulfonyl fluoride)
and at the same time by the known chelator and standard
inhibitor of zinc-dependent enzymes o-phenanthroline,
and also by zinc ions, which is characteristic for Zn-
dependent metalloproteinases. Thus, the activity of the
serine enzyme PSP can be additionally regulated if Zn>*
is located in close proximity to the active site of the pro-
tein. In the literature, such additional regulation of serine
enzymes by metal ions has not been described. An addi-
tional regulation of the enzyme activity was shown for
trypanosomal oligopeptidase B. One of the trypanosomal
OpdB enzymes, namely the OpdB from T. brucei, is
simultaneously a serine and SH-dependent enzyme: its
activity is dependent on Cys256 of the N-terminal
domain, as well as by residues Cys559 and Cys597 that are
adjacent to the active site serine residue [18].

We investigated PSP using the most important and
interesting inhibitors (bovine basic pancreatic trypsin
inhibitor that was used as the ligand during affinity chro-
matography of this enzyme [16], Zn**, and o- and m-
phenanthroline) to determine whether PSP is a Zn-
dependent enzyme. Atomic absorption spectrometry
(AAS) and inversion voltamperometry (IVA) were used
to determine the content of Zn?>* in the enzyme mole-
cule.

MATERIALS AND METHODS

In the present work we used N, -benzoyl-DL-argi-
nine-p-nitroanilide (BAPNA), bovine basic pancreatic
trypsin inhibitor (BPTI), o- and m-phenanthroline
(Sigma, USA); Protein Assay kit (BioRad, USA); Tris,
Nad(l, glycerol (ICN, USA); p'-guanidinobenzoic acid p-
nitrophenyl ester, dimethyl sulfoxide (DMSO) (Fluka,
Germany); Centricon ultrafiltration filters (Millipore,
USA). The substrate Ac-Leu-Leu-Arg-pNA (Ac-LLR-

[11x10", M

301

pNA) was synthesized in the laboratory of Proteolytic
Enzyme Chemistry using standard peptide synthesis pro-
cedures. The homogeneity of the peptide was confirmed
by HPLC analysis, and the compound was identified by
mass-spectrometry assay (Ultraflex TOF/TOF, Bruker,
Germany). Other chemicals were of domestic production
(high purity grade).

The natural oligopeptidase B from S. proteamaculans
(PSP) and the corresponding recombinant enzyme (His,-
PSP) were obtained according to the earlier developed
methods [16].

Absorption was measured using a Gilford 2400-2
spectrophotometer (USA). The hydrolysis of p-
nitroanilide substrates was monitored by the increase in
absorption at 405 nm (25°C) due to the accumulation of
p-nitroaniline (Agys = 10,400 M~'-cm™).

Protein concentration was determined by the
Bradford method using the Protein Assay Kit (BioRad)
and bovine serum y-globulin as the standard. Molar con-
centration of enzyme solutions was determined by the
titration of the enzyme active sites with p’-guanidinoben-
zoic acid p-nitrophenyl ester [19].

Kinetic measurements. The initial rate of the hydrol-
ysis of p-nitroanilide substrates was determined from the
initial linear part of the kinetic curve (the extent of the
hydrolysis did not exceed 10%), monitoring the increase
in absorbance at 405 nm in buffer A at 25°C using 10 mM
stock solutions of p-nitroanilide substrates in DMSO. To
determine kinetic constants, no less than 10 concentra-
tions of each substrate were used, usually in the range of
0.02-0.2 mM.

Kinetic parameters (k. and K,) were calculated
from the Michaelis—Menten equation using nonlinear
regression. The standard error did not exceed 20%. The
inhibition constants (K;) were determined from the lin-
ear dependences v/v; versus [I] in the cases of competi-
tive and noncompetitive inhibition (Fig. 1) and using
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Fig. 1. Inhibition of BAPNA hydrolysis by BPTI (a) and Zn** (b). Substrate concentrations were 0.05, 0.1, and 0.2 mM (I-3, respectively) (a)

or 0.05-0.2 mM (b).
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Fig. 2. Inhibition of Ac-LLR-pNA hydrolysis by o-phenanthroline (a, b) and m-phenanthroline (c, d). The reaction mixture contained
2.58 nM Hisg-PSP. Constant concentrations of inhibitors (a, ¢) or substrates (b, d) constituted: a) 3.2, 1.8, and 0 mM (7-3, respectively); b,
d) 0.033, 0.05, 0.067, 0.1, and 0.2 mM (-5, respectively); ¢) 2.28, 0.78, 0.56, and 0 mM (-4, respectively).

Eq. (2) in the case of the anticompetitive inhibition (Fig.
2). The K{' and n values were determined by nonlinear
approximation of the experimental points to Egs. (3) and
4).

Determination of Zn** content in PSP. A homoge-
neous (by PAGE) preparation of Hisg-PSP (10 uM) in
buffer A was concentrated 5-fold using Centricon-30
centrifugal filters and then diluted with an equal volume
of glycerol. In a blank experiment, buffer A without pro-
tein was treated in the same way. The experimental and
blank samples were stored at —20°C.

The protein solution (1 ml) was dispensed in quartz
20-ml cups and evaporated to dryness. To the cooled
samples, 0.3-1 ml of concentrated HNO; was added, and
the samples were charred using a hot plate. The charred
samples were placed into a muffle furnace for 30 min at
350°C and then for 30 min at 550°C. If ash particles were
present, the treatment with HNO; was repeated; the solu-
tion was evaporated to dryness and placed into the muffle

furnace for 1.5 h at 550°C. To determine the content of
Zn** using AAS analysis, the residue was dissolved in 5 ml
of concentrated HNO; or in 0.5 ml of concentrated
formic acid and incubated at room temperature for
10 min. Then the volume was adjusted to 5 ml with water,
and the samples were assayed for Zn>* content. The blank
experiment was carried out in the same way using 1 ml of
buffer without protein.

The content of Zn?* was determined using an atom-
ic absorption spectrometer (Kvant-AFA, Russia) at
211.4 nm. Calibration curves were created using standard
mixtures (Ekoanalitika, Russia) according to the suppli-
er’s methodological recommendations (measuring accu-
racy, 5%). Part of the samples was analyzed by IVA using
a TA-4 device (Tom’analit, Russia). The obtained
voltamperograms were processed using the VaLabTx pro-
gram. The result is presented as the mean of two values
obtained for the same sample differing by no more than
36%.
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RESULTS AND DISCUSSION

Inhibitor analysis. Previously, the inhibitor analysis
of PSP was performed using a partially purified prepara-
tion of the natural enzyme [15]. In the present work, the
effect of the most important of the found inhibitors was
investigated in detail with identification of the inhibition
type and determination of inhibition constants (Table 1)
using homogeneous PSP preparations (natural and
recombinant ones). As known from the literature, the
presence of the N-terminal hexahistidine sequence does
not affect the enzymatic properties of the recombinant
OpdB from different sources [6, 11, 13]. Previously, we
demonstrated that the substrate characteristics of the nat-
ural and recombinant enzymes are the same [17]. In the
present work, inhibition constants were determined using
the recombinant enzyme, but some experiments with a
certain concentration of the inhibitors were repeated
using the natural enzyme (the data coincided).

A general scheme of the inhibition suggesting that
the enzyme—inhibitor complexes are unable to yield reac-
tion products can be presented as follows:

(XKm kcat
E+S<=ES——>E+P (1)

+Iu ok; +1“ BK!
BK:

El + S<—= ESI,

where E is the enzyme; S is the substrate; P is the prod-
uct; I is the inhibitor; aK,, and BK, are the Michaelis
constants for the free enzyme and its complex with the
inhibitor, respectively; oK' and BK;' are the inhibition
constants of the free enzyme and the enzyme—substrate
complex, respectively, and k., is the catalytic constant.
In contrast to all known OpdB forms from other
sources, PSP is efficiently inhibited by bovine basic pan-
creatic trypsin inhibitor (BPTI). This allowed elaboration

Table 1. Inhibition of PSP by some compounds
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of an efficient method for the purification of this enzyme
based on affinity chromatography, which significantly
simplified complex multistep procedures described for
other natural oligopeptidases B (for example, from E. coli
[8] and T. brucei [4, 5]).

BPTI is a competitive inhibitor of PSP (B — o, K; =
oK), both in the absence of Ca?" and in the presence of
50 mM Ca?". In the latter case the inhibition effect is
reduced by more than two orders of magnitude (Fig. la
and Table 1). Trypsin and other trypsin-like serine pro-
teinases (thrombin, kallikrein, enteropeptidase, etc.) are
also inhibited by BPTI through the competitive mecha-
nism.

Earlier we demonstrated that natural PSP is effi-
ciently inhibited by Cu?*, Cd**, and Zn?* [15]. It could be
assumed that these bivalent metal ions bind to the car-
boxyl groups of the aspartic and glutamic acid residues in
the substrate-binding site of PSP (S1 and S2). However, it
appeared that Zn?* is a noncompetitive inhibitor of this
enzyme (Fig. 1b and Table 1): a K = BK; = K. Thus, pre-
sumably, zinc ions interact not with the S1 and S2 sites,
but with some other sites affecting the enzyme activity.

As demonstrated for different zinc-dependent met-
alloenzymes, an excess of zinc ions inhibits their catalyt-
ic activity [20-22]. Besides, we revealed inhibition of PSP
by o-phenanthroline ([15], Table 1), a well-known chela-
tor and standard inhibitor of zinc-dependent enzymes
[23, 24]. This suggests that PSP is a serine and simultane-
ously a Zn?"-dependent enzyme.

In the case of Zn>"-dependent metalloenzymes, both
o-phenanthroline and Zn?>' are competitive inhibitors,
since the active site of these enzymes contains a zinc ion
[20-22]. In the range of 0.05-0.2 mM BAPNA, the [;,
value for the inhibition of PSP by o-phenanthroline did
not increase with increase in the substrate concentration.
This suggests noncompetitive character of the enzyme
inhibition, and also points to the fact that the Zn?*-bind-
ing site of the enzyme is not at its active site.

To reveal the firmly bound zinc in the PSP molecule,
the enzyme was incubated with o-phenanthroline with

Inhibitor Substrate Mechanism of inhibition [Ca®"], mM K, uM
BPTI BAPNA competitive 0 0.035
50 7.35
ZnCl, —"— noncompetitive 0 24.4
o-Phenanthroline BAPNA anticompetitive 0 1590
Ac-LLR-pNA —"— 0 820
m-Phenanthroline BAPNA "— 0 310
Ac-LLR-pNA - 0 440

Note: Error for K; does not exceed 20%.
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subsequent dialysis according to the procedures described
for the preparation of the apoenzymes of astacin [23] and
serralysin [24]. However, after the removal of o-phenan-
throline, the activity of PSP was recovered. This suggests
that PSP does not contain Zn>", or it is bound to the pro-
tein so tightly that it is impossible to remove it by the
treatment with o-phenanthroline [25].

To distinguish between these two alternatives, Zn>*
content was determined by IVA and AAS. According to
the IVA data, the content of Zn?" in the sample contain-
ing PSP did not differ significantly from that in the blank
sample and did not exceed 0.03 atom per molecule of
protein. AAS also did not reveal significant difference in
Zn*' content between PSP and blank samples. Thus, no
zinc was detected in the PSP molecule. The efficient
inhibition (K; = 24 uM) of the enzyme activity by zinc
ions can be explained by their binding to the His cluster
YTHYHQH?'. Such a cluster is absent in all previously
studied oligopeptidases B from other sources.

However, the mechanism of inhibition of the PSP
activity by the metal chelator o-phenanthroline remained
unclear. It is known that the inhibition of enzymes by o-
phenanthroline can be explained by not only chelation
with metal ions, but also by hydrophobic interactions of
the reagent with the protein molecule [25]. To distinguish
between these two possibilities, we used the nonchelating
analog of the reagent, m-phenanthroline. It was found
that m-phenanthroline inhibited PSP more efficiently
than o-phenanthroline, but in the presence of 50 mM
Ca’" the effect of both 0- and m-phenanthroline disap-
peared. Detailed investigation of the kinetics of the PSP
inhibition by o- and m-phenanthroline showed that the
I, value is inversely related to the substrate concentra-
tion: in contrast to the case of competitive inhibition, the
inhibitory effect (v/v;) grows with the increase in the sub-
strate concentration. Such dependence suggests an anti-
competitive type of inhibition [26], a rarer inhibition
type, where the inhibitor interacts only with the
enzyme—substrate complex. According to scheme (1), in
the case of the anticompetitive inhibition, a.K; = «, K; =
BK/, and the dependence of the inverse value of the ini-
tial hydrolysis rate on substrate concentration is the fol-
lowing:

1/vi= (1 + [1I/K)/ (ke [E]) + Koo/ (ke [ET[S]). - (2)

At different concentrations of the inhibitor and the
substrate, Eq. (2) yields a series of parallel straight lines in
both Lineweaver—Burk (1/v versus 1/[S]) and Dixon (1/v
versus [I]) coordinates. To distinguish the anticompetitive
inhibition from some other complex types of inhibition
and to determine the inhibition constant, it is necessary
to create both of these types of plots [26]. We plotted the
corresponding dependences for the hydrolysis of the sub-
strates BAPNA and Ac-LLR-pNA catalyzed by PSP in
the presence of o- and m-phenanthroline. It should be

MIKHAILOVA et al.

noted that the chosen substrates do not exhibit the effect
of substrate inhibition within the used concentration
range [17]. Figure 2 demonstrates corresponding plots in
the Lineweaver—Burk (a, ¢) and Dixon (b, d) coordinates
for the substrate Ac-LLR-pNA. The presented data point
to the anticompetitive character of inhibition of PSP by
o- and m-phenanthroline. The enzyme interacts with one
molecule of the inhibitor. The inhibition constants corre-
sponding to Eq. (2) are given in Table 1.

However, as seen in Fig. 2, the straight lines in the
Lineweaver—Burk and Dixon plots are parallel only at
low concentrations of the substrates and inhibitors. At
high concentrations of [S] and [I], the kinetics of the
hydrolysis deviates from the linear dependence, which is
clearly seen in the coordinates 1/v versus 1/[S]: similar
deviation is typical for Michaelis kinetics in the case of
inhibition by the substrate.

As we demonstrated earlier for the substrate inhibi-
tion [17], the inhibition constant K" and the number of
the additional substrate molecules binding to the
enzyme—substrate complex (n) can be calculated from

Eq. (3):
V= ke o ES1/A(Kpn o + [S] + [SI"/(K$), (3)

where the parameters K, .; and k,, s according to Eq. (2)
for the anticompetitive inhibition are described by the
following equations:

Km ef Km/(l + [I]/I(l)’ kcat ef = kcat/(l + [I]/K) (4)

In all considered cases, the parameter # constituted
~2, and the substrate inhibition constant was ~100 uM
(Table 2). Thus, the complex of PSP with the substrate is
capable of binding large hydrophobic molecules of 0o- and
m-phenanthroline, and the formed triple enzyme—sub-
strate—phenanthroline complexes additionally bind two
substrate molecules:

Km kcal
E+S<—=ES—>E+P Q)

I

ESI

+2SW;

ES,I.

In the absence of o- and m-phenanthroline, the
kinetics of the hydrolysis of BAPNA and Ac-LLR-pNA
in the range of high substrate concentrations corresponds
to the Michaelis—Menten equation, but in the presence
of the hydrophobic aromatic inhibitors interacting with
the enzyme—substrate complex, the hydrolysis of these
compounds is inhibited by high substrate concentrations

BIOCHEMISTRY (Moscow) Vol. 77 No. 3 2012
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Table 2. Substrate inhibition of PSP in the presence of phenanthroline (reaction medium contained buffer A and 2%

DMSO)
Substrate Effector Phenanthroline concentration, mM n Kg, uM
Ac-LLR-pNA m-phenanthroline 2.28 1.6 +0.4 90 + 40
1.20 2.7%0.5 110 £+ 30
o-phenanthroline 1.80 20%0.5 113+ 5
1.20 20+0.6 100 £+ 20
BAPNA m-phenanthroline 2.28 2.0x0.5 130 + 40
1.20 2.0+0.2 190 £ 30
0.78 21104 60 + 10
0.56 2.6 0.9 100 £ 55
0.31 2.3+0.6 120 £ 20
o-phenanthroline 2.35 3.0+£0.8 130 + 30
1.20 20+0.6 220 £+ 50

(substrate inhibition), which is characteristic for sub-
strates containing an aromatic amino acid residue in the
P2 position [17].

This ability of PSP to supplement the “construction”
of the substrate with a hydrophobic aromatic residue of o-
and m-phenanthroline is typical for the enzyme only in
the absence of calcium ions. In the presence of 50 mM
Ca?", even at maximal concentration of the substrate
(0.2 mM) and phenanthroline (2 mM), the rate of the
hydrolysis of the substrate decreases by no more than 20-
30%.

The secreted OpdB from 7. cruzi [27] was also shown
to be inhibited by zinc ions and o-phenanthroline. Based
on these results, it was suggested that this OpdB was a Zn-
dependent enzyme. Presumably, OpdB from 7. cruzi is
similar to PSP, and its activity is also controlled by
hydrophobic effectors.

In conclusion, it should be noted that the observed
regulation of the PSP enzymatic activity by hydrophobic
effectors may serve for the prevention of hydrolysis of cer-
tain undesirable substrates, as well as for the promotion of
hydrolysis of some natural substrate containing a specific
hydrophobic site.

The substrate analysis demonstrated that PSP signif-
icantly differs from other oligopeptidases B in the charac-
ter of the influence of calcium ions [17]. Calcium ions
significantly influence the activity of PSP, affecting the
efficiency of hydrolysis of different substrates and sub-
strate inhibition [17]. In the present investigation, the
inhibitor analysis revealed a pronounced dependence of
the efficiency of PSP inhibition on the presence of Ca?".
For example, the K; value for BPTI in the presence of
50 mM Ca?" increases by more than two orders of magni-
tude, and the efficiency of the inhibition sharply decreas-
es (Table 1). The inhibition of the hydrolysis of the sub-
strates by o- and m-phenanthroline is completely sup-
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pressed in the presence of 50 mM Ca?". Obviously, the
conformation of the complex of PSP with Ca?" differs
from that of the free enzyme.

Our data also suggest that on binding one molecule
of the substrate in S1 and S2 sites, the PSP molecule also
experiences significant conformational rearrangements,
since in contrast to the free enzyme, the ES complex
acquires an ability to bind additional molecules of aro-

matic substrates and inhibitors.

This work was supported by the Russian Foundation

for Basic Research (grant 10-04-01381).
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