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ABSTRACT A unique property was found for oligopeptidase B from Serratia proteamaculans (PSP) as well as its
mutants: they can undergo reversible thermal inactivation at 37°C, with activity being restored or even increased
with respect to the initial one upon subsequent cooling. The process can be repeated several times, with the same
results achieved (up to 5 cycles). This effect can be explained by a shift in the equilibrium between the inactive
open form of the enzyme and the active closed one upon variation of the incubation temperature.
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ABBREVIATIONS PSP — protease from Serratia proteamaculans; OpdB — oligopeptidase B; BAPNA — N _-benzo-
yl-D,L-arginine p-nitroanilide; DMSO — dimethyl sulfoxide.

INTRODUCTION

Oligopeptidase B (OpdB) [EC 3.4.21.83] is a trypsin-like
serine peptidase belonging to the prolyl oligopeptidase
family. OpdB is present in unicellular eukaryotes, such
as trypanosomes Trypanosoma cruzi [1], T. brucei [2],
and T. evansi [3], and in leishmania spp. (Leishmania
major and L. amazonensis [4]). OpdB or the genes en-
coding this enzyme have been detected in prokary-
otes, such as Escherichia coli [5], Moraxella lacunata [6],
Salmonella enterica serovar typhimurium [7], Yersin-
ia pestis [7], Serratia marcescens, Stenotrophomonas
maltophilia and Rhodococcus erythropolis [8], in myco-
bacteria Mycobacterium tuberculosis and M. leprae [7],
and in spirochetes Treponema denticola [9]. Members of
the oligopeptidase B group are also found in some high-
er plants (e.g., Ambrosia artemisiifolia [10]). To date,
protozoan OpdB have been the most extensively stud-
ied, and the crystal structures of OpdB from L. major
[11]and T. brucet were determined in [12]. Neither the
crystal structure nor the enzymological characteristics
of most bacterial oligopeptidases B have been deter-
mined; only the nucleotide sequences of the genes cod-
ing for them are known.

Our study focused on oligopeptidase B from Serratia
proteamaculans (PSP). The OpdB S. proteamaculans
94 gene has been cloned, sequenced, and expressed in
E. colz; the substrate specificity of OpdB, inhibition, and

effect of calcium ions, pH, and temperature on enzyme
activity have been studied [13—18].

All the previously investigated oligopeptidases B,
both protozoan and bacterial, are characterized by
high thermal stability [5, 19]. PSP is the first known
psychrophilic oligopeptidase B. This enzyme is rather
quickly inactivated at 37°C; thermal inactivation is in-
dependent of buffer nature and occurs identically in
the phosphate, imidazole, and Tris-buffers at pH 7.5—
8.0 [17]. The intrinsic fluorescence spectra demonstrate
that heating at 37°C forces the PSP molecule to unfold,
which is accompanied by a reduction in enzyme activ-
ity. Calcium ions accelerate and enhance PSP inactiva-
tion [17].

When experimentally studying thermal inactiva-
tion of PSP, Mikhailova et al. [17] revealed that enzyme
activity was restored after some enzyme samples had
been incubated at low temperatures. In this work, we
thoroughly investigated this phenomenon at [Ca?*"] =0
and 50 mM.

EXPERIMENTAL

The reagents used were N _-benzoyl-D,L-arginine
p-nitroanilide (BAPNA) (Sigma, USA); Tris and NaCl
(Merck, Germany), glycerol (ICN, USA); dimethyl sul-
foxide (DMSO), and p’-guanidine benzoic acid p-nitro-
phenyl ester (Fluka, Germany).
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Wild-type PSP and point mutants expressed in
E. coli BL21(DE3) (Novagen) were obtained and puri-
fied according to the procedure described in [17, 20].

Optical density was measured on an Eppendorf
BioSpectrometer®kinetic spectrophotometer (Ger-
many). Protein concentration was determined by the
Bradford protein assay using the Bio-Rad Protein As-
say reagent, with BSA used as a reference protein.
Molarity of the enzyme solutions was measured by
titrating active sites with p’-guanidine benzoic acid
p-nitrophenyl ester [21].

Activity of the PSP samples was studied spectro-
photometrically at 25°C, using BAPNA (0.2 mM) as a
substrate, in 0.1 M Tris-HCI buffer, pH 8.0, contain-
ing 50 mM CaCl, and 2% DMSO. The increase in opti-
cal density at 405 nm, which took place as soon as free
p-nitroaniline (Ag,, =10400 M 'cm™) had formed, was
measured. The initial hydrolysis rates of the substrate
(two or three replicas for each reading; the rates dif-
fered by no more than 5—10%) were determined from
the initial linear section of the kinetic curve (the degree
of hydrolysis was < 10%).

Investigation of the thermal stability of PSP samples
The initial activities of the wild-type enzyme and its
mutant variants (0.05 mg/ml = 0.65 uM) were deter-
mined by diluting the stock solution of the enzyme
heated to 25°C in the incubation buffer at the same
temperature, collecting 5—10 pl aliquots, and mea-
suring the initial hydrolysis rate of BAPNA substrate
(0.2 mM; total volume, 1.5 ml). The aliquots of the en-
zyme solutions (100 pl; 0.65 uM) were incubated for a
corresponding time at a corresponding temperature:
5—10 pl aliquots were collected in a quartz cell contain-
ing BAPNA, and residual activity was measured im-
mediately according to the procedure described above.
The control samples of all PSP variants with the same
concentration (0.05 mg/ml = 0.65 uM) were incubated
at 25 and 4°C for a corresponding time according to the
same procedure as the one used for the experimental
specimens (except for heating), and their activity was
determined.

RESULTS AND DISCUSSION

A typical feature of the enzymes belonging to the pro-
lyl oligopeptidase family, including OpdB, is that they
contain the N-terminal B-propeller domain, which
prevents penetration of bulky globular proteins into
the active site, and the catalytic domain residing in the
C-terminal portion of the molecule. Studies focused on
the crystal structures of the enzymes belonging to the
prolyl oligopeptidase family demonstrated that these
proteins exist in the open (inactive) and closed (active)
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forms, which exist in equilibrium. The identified crys-
tal structures of protozoan OpdB from L. major [11]
and T. brucei [12] showed that the function of these
enzymes depends not only on the amino acid residues
comprising the catalytic triad in its active site and the
primary substrate-binding site, but also on five in-
ter-domain salt bridges — SB1—SB5 — that involve nine
charged amino acid residues. The salt bridge SB1 —
E172/179-R650/664 (trypanosomes/leishmania spp.)
plays a crucial role: the catalytic triad is either formed
or destroyed as the bridge closes or opens when the
molecule conformation changes from the open inactive
form to the closed active one, respectively, and vice
versa. The salt bridges SB1—SB5 are strictly conserved
in all protozoan OpdB.

The amino acid sequence of PSP is 35% homolo-
gous with respect to those of OpdB from L. major and
T. brucet; the degree of homology is higher in the C-
terminal catalytic domain (50%). Meanwhile, the re-
gions of the active site and the primary substrate-bind-
ing site in all these enzymes are virtually identical. It
turned out, however, that the five functionally impor-
tant inter-domain salt bridges detected in the protozo-
an enzymes are not conserved. Only one of them (SB3)
is found in PSP and in other known bacterial OpdB. In
PSP and the other investigated bacterial OpdB, either
uncharged or oppositely charged amino acid residues
occupy positions corresponding to five out of the seven
charged residues of OpdB from L. major and T. brucei,
which form the salt bridges SB1, SB2, SB4, and SB5.
The key salt bridge responsible for enzyme activity is
also absent.

In order to elucidate the mechanism of action of
PSP, we simulated the crystal structure of the protein
in its closed and open forms [20].

As a result, we revealed 12 charged residues form-
ing the structure consisting of inter- and intra-domain
salt bridges that are responsible for the structure and
activity of PSP. Eight of those (E75, E96, E125, D647,
D649, K655, R658, and K660) were replaced with un-
charged residues by site-directed mutagenesis. The
corresponding mutant enzymes were obtained and
characterized; the residues listed above were shown to
play an important role. Removal of charged a.a.r. 75, 96,
655, and 658 resulted in enzyme inactivation, while its
activity was enhanced after a.a.r. 125 and 649 had been
removed. Depending on the substrate used, substitu-
tion of a.a.r. 647 and 660 resulted in either a 2- to 3-fold
reduction or a 1.5—2 increase in enzyme activity [20].

In this study, we compared the thermal stability
of wild-type PSP (wt), four point mutants (D647A,
D649A, K655A, and K660A; the charged residues in
the His652-loop of PSP being replaced with uncharged
ones) and two point mutants (E75A and E125A; the
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acidic residues localized in the N-terminal B-propeller
domain being replaced with uncharged ones) at [Ca®"]
=0 and 50 mM.

As we have repeatedly demonstrated earlier, activ-
ity of wild-type PSP samples[15, 17, 18] and its mutant
variants [20] in 0.1 Tris-HCI buffer, pH 8.0, at T' < 25 °C
remains virtually unchanged for an appreciably long
time (up to 10—14 days) irrespective of whether Ca**
ions are absent or present (50 mM). In this study, activi-
ty of the initial PSP samples stored at both 4°C and 25°C
also remained constant during the entire experiment.

The data shown in Fig. 1 A,B illustrate that calci-
um ions are a destabilizing factor for all PSP variants.
Thermal stability of the E75A and E125A mutants at
[Ca**] = 01is 20—25 % higher than that of the wild-type
enzyme, while the thermal stability of D649A, K655A,
K660A and especially D647A mutants is 1.5—2-fold
lower (Fig. 1A). At [Ca?"] = 50 mM, the difference in the
thermal stability of all PSP variants was less marked,
but the E75A mutant was the most thermally labile one
(Fig. 1B).

According to the data on the inactivation of PSP
and the corresponding mutant variants of this enzyme
shown in Fig. 1, we chose to perform incubation at 37°C
for 3 h to study the reactivation of PSP variants. Af-
ter determining the residual activity, enzyme samples
were incubated at 25°C (0.5 and 1 h) and their activities
were determined; the samples were then left at 4°C for
18—20 h. The activities of the wild-type enzyme and
all the mutant variants were found to increase (F'ig.
2A—-D); for the wt, E125A, and E75A variants; a 1.2—
1.8-fold increase in the initial activity of OpdB was sys-
tematically observed upon cooling of the partially ther-
mally inactivated sample (Fig. 2A—C). Upon cooling, the
activity of D649A was as high as 100—107% (Fig. 2D).

It is even more interesting that these heating—cool-
ing cycles of an aliquot of PSP variants can be repeated
(up to 5 times); each cycle involves a drop in activity
observed upon heating (37°C) and a further increase
upon cooling (25 and 4°C). Upon subsequent cycles
(2—95), the restored activity exceeded the initial one to
a lesser extent or was hardly higher; the activity of the
D649A variantsin cycles 4 and 5 after cooling was low-
er than its initial one (~80%) (Fig. 2D). Similar experi-
ments on the reactivation of the D647A, K655A, and
K660A variants also revealed that activity increased
as the partially denatured enzyme was cooled; how-
ever, reactivation in the first two cycles did not exceed
75—80% of the initial activity of the samples or 45—50%
in the subsequent cycles (data are not presented).

Cooling the partially inactivated samples in the pres-
ence of calcium ions also led to an increase in activity;
however, the activity was lower than 100% of the ini-
tial value even after long-term incubation (for several
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Fig. 1. Inactivation of PSP (wt) and the mutant vari-

ants of the enzyme (0.65 pM) during incubation at

37°C (0.1 M Tris-HCl buffer pH 8.0; BAPNA substrate)

A —[Ca’*]=0; B-[Ca**]=50mM; 1 —wt; 2— E75A;
3—-E125A; 4-D647A; 5 -D649A; 6 —K655A; and

7 —K660A. Initial activity (v,/[E], min"): wt —739;

E75A —200; E125A — 1846; D647 A — 346; D649A — 923;
K655A —300; and K660A — 323.

days) at 4°C: 64% (wt), 36% (D649A), and 28% (E125A)
(Fig. 3).

We had previously studied the thermal stability of a
PSP molecule by high-sensitivity differential scanning
calorimetry (HS-DSC); the results were indicative of a
low thermal stability for PSP. The heat capacity curve
for the protein featured two peaks with T, = 43.1°C
(corresponding to the less stable C-terminal cata-
lytic domain) and 46.3°C (the more stable N-terminal
B-propeller) [17].

We studied the effect of incubation at 43°C (the de-
naturation temperature of the C-terminal catalytic do-
main) for 0.5 h, followed by cooling at 37°C according to
the experimental scheme, on the activity of PSP (wt,
E125A, and D649A). The residual activity after heat-
ing was a percentage of the initial value; nevertheless,
sequential incubation at 25 and 4°C increased the ac-
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Fig. 2. Influence of the cyclic heating /cooling on the activity of mutant PSP variants (0.65 pM) in 0.1 M Tris-HCI pH 8.0;
A —wt; B—E125A; C —E75A; and D — D649A. 1 —initial activity; 2 —37°C; 3 h; 3, 4 — 25°C; 0.5 and 1 h, respectively;
5—4°C; 18-20h; 6 — control: 25°C; 4 h and 4°C; 18-20 h. Initial activity (v,/[E], min™'): wt —739; E75A — 200; E125A —

1846; and D649A — 923.
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Fig. 3. Influence of heating at 37 °C and subsequent cool-
ing on the activity of PSP (wt), E125A and D649A (0.65) in
0.1 M Tris-HCI, pH 8.0, containing 50 mM CaCIZ. 1 —initial
activity; 2—-37°C; 3 h; 3, 4-25°C; 0.5and 1 h, respec-
tively; 5, 6, 7 — 4°C; 18-20, 36—48 and 54-72 h, respec-
tively.

tivity of PSP variants by an order of magnitude (up to
20—40%) (Fig. 4).

Incubation of wt, E125A, and D649A for 0.5 at 46°C
(the temperature corresponding to the melting tem-
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Fig. 4. Influence of heating at 43 °C and subsequent cool-
ing on the activity of PSP (wt), E125A and D649A (0.65) in
0.1 M Tris-HCl pH 8.0. 1 —initial activity; 2 —43°C; 0.5 h;
3,4-25°C; 0.5 and 1 h, respectively; 5, 6, —4°C; 18-20
and 36—48 h, respectively.

perature of the N-terminal B-propeller domain) fully
inactivated the enzyme; subsequent incubation result-
ed in protein reactivation at neither 25 nor 4°C (data not
presented).
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CONCLUSIONS

A unique property of oligopeptidase B from S. protea-
maculans (PSP) has been revealed: it can undergo re-
versible thermal inactivation at 37°C, while subsequent
cooling results in recovery of, or even an increase in,
enzyme activity. The process can be repeated sever-
al times (up to five cycles), with the same results. This
effect can be attributed to the fact that heating shifts
the equilibrium between the inactive open enzyme
form and the active closed one towards the open form.
Subsequent cooling causes a reverse shift towards the
closed active form. This hypothesis relies on the results
of X-ray diffraction and NMR studies of the nature
of reversible transitions between different forms of
enzymes of the prolyl oligopeptidase family [12] and
our earlier findings about the correlation between the
thermal inactivation of PSP at 37°C and unfolding of
its protein molecule (according to the intrinsic fluo-
rescence spectra) [17]. Figure 5 shows the closed and
open forms of PSP corresponding to an earlier obtained
model of the enzyme [20]. It is clear that the inactive
open form is an unfolded molecule (i.e., a denatured en-
zyme).

It is more difficult to explain the simultaneously oc-
curring rise in activity. The intermediate, more active
forms of the enzyme may form during the transition.
Indeed, Canning et al. [12] conducted NMR studies of
human prolyl oligopeptidase to find out that numerous
conformations of this protein exist in solution, suggest-
ing that the molecules of the enzymes of this family,
including OpdB, are in constant movement and se-
quentially adopt a number of different conformations,
including the completely open and completely closed
ones.

Fig. 5. Active closed (A) and inactive open (B) PSP struc-
tures. N-terminal peptide 1—-80 is shown in dark green; N-
terminal B-propeller domain 81-408 is shown in green; the
C-terminal catalytic domain 409—677 is shown in brown.

Calcium ions impede the reverse transition to the
closed form. The reduction in the thermal stability of
PSP in the presence of Ca®" can be attributed to the
destruction of the salt bridges SB2 and SB3 that takes
place as Ca®" binds to the E494 and D460 residues par-
taking in bridge formation. Indeed, substitution of the
corresponding charged amino acid residues for the un-
charged ones in OpdB from T. brucei significantly re-
duced the thermal stability of these mutants. A conclu-
sion has been drawn [22] that the salt bridges SB2 and
SB3 play a structural role in and are responsible for the
stability of the OpdB molecule. ®

This work was supported by the Russian Science
Foundation (grant No. 14-50-00131).
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