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Oligopeptidase B from Trypanosoma brucei (Tb OPB)
is a virulence factor and therapeutic target in African
sleeping sickness. Three glutamic acid residues at posi-
tions 607, 609 and 610 of the catalytic domain are
highly conserved in the OPB subfamily. In this study,
the roles of Glu®"’, Glu®” and Glu®'® in Th OPB were
investigated by site-directed mutagenesis. A striking
effect on k., /K, was obtained following mutation of
Glu®"" to glutamine. In contrast, the heat stability of
Tb OPB decreased markedly following the single muta-
tion of Glu®'® to glutamine, although this mutation had
significantly less effect on catalytic properties com-
pared with the Glu®” mutation. Although no differ-
ences were found in the tertiary and secondary
structures between wild-type (WT) OPB and the
E610Q mutant prior to heat treatment, the E610Q
mutant is inactivated more rapidly than WT OPB fol-
lowing heat treatment in a manner correlating with its
attendant structural changes. Trypsin digestion showed
that the boundary regions between the p-propeller and
catalytic domain of the E610Q mutant are unfolded
with heat treatment. It is concluded that Glu®"" is
essential for the catalytic activity of Th OPB and
that Glu®' plays a critical role in stabilization rather
than catalytic activity despite their close proximity.

Keywords: oligopeptidase B/prolyl oligopeptidase/
propeller domain/thermal stability/trypanosoma.

Abbreviations: ACTH, adrenocorticotropic hormone;
Bz, benzoyl; DTNB, 5,5 -dithiobis (2-nitrobenzoic
acid); DSC, differential scanning calorimetry; OPB,
oligopeptidase B; POP, prolyl oligopeptidase;

MCA, 4-methylcoumaryl 7-amide; Tb, Trypanosoma
brucei; WT, wild type; Z, carbobenzoxy.

Oligopeptidase B is a member of the prolyl oligopepti-
dase (POP) family of serine proteases belonging to
clan SC, family S9 (/) which cleave peptides containing
no more than 30 amino acids at the carboxyl side of
arginine or lysine. The POP family includes oligopep-
tidase B (OPB, EC 3.4.21.83), POP (POP, EC
3.4.21.26), dipeptidyl-peptidase IV (DPP 1V, EC
3.4.14.5) and acylaminoacyl peptidase (EC 3.4.14.
19.1) (2, 3). Recent crystal structure determinations
and modelling analysis showed that these enzymes
share a similar three-dimensional structure containing
a catalytic (peptidase) domain with an o/ hydrolase
fold and a p-propeller domain (4—6). The latter
domain of POP comprises a 7-fold repeat of a four-
stranded antiparallel B sheet which excludes proteins
and large peptides from the active site of the catalytic
domain. These members of the POP family have
recently attracted much attention as drug targets for
neurological diseases (POP) (6) and type II diabetes
(DPP 1V) (7), and OPB is a candidate therapeutic
target in trypanosomiasis (8). OPB is found in Gram-
negative bacteria and plants, including ancient eukar-
yotic unicellular organisms such as Trypanosoma
brucei and T. cruzi, which cause sleeping disease and
Chagas’ disease, respectively. OPB has been purified
from Escherichia coli (9, 10), Salmonella enterica (11),
T. brucei (12, 13), T. cruzi (14), T. evansi (15),
Leishmania  amazonensis (16) and wheat (I7).
Targeted deletion of the OPB gene in 7. cruzi attenu-
ated parasite virulence (/8). Trypanosoma OPB plays
an important role in the generation of a signalling
ligand for mammalian host cells that is involved in
host cell invasion (/8). OPB from T. brucei is released
from the dying parasite into the host bloodstream
during infection (/9). OPB remains active since it is
not inhibited by plasma protease inhibitors such as
a2-macroglobulin or serpins. Anomalous degradation
of host peptide hormones such as atrial natriuretic
hormones by OPB is involved in the pathogenesis of
trypanosomiasis (/9). In fact, OPB from 7. brucei has
been identified as a target of several trypanocidal drugs
such as suramine (8). Given that the OPB gene is
absent in vertebrates, a highly selective OPB inhibitor
which is able to distinguish this peptidase from other
human serine peptidases could potentially be employed
as a trypanocidal drug. Although preliminary crystal-
lization data of OPB from T. brucei was reported (20),
the high resolution X-ray structure of the active site
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and substrate-binding sites of Tb OPB were not
delineated. Characterization of the Pl specificity of
Trypanosoma OPB is essential for the design of selec-
tive OPB inhibitors. The three-dimensional structural
model of Tb OPB constructed by homology modelling
using porcine POP as a template suggests that glutamic
acid residues at positions 607 and 609 of the enzyme
are key residues that bind to Pl substrate residues
(21, 22). Three closely located glutamic acid residues
at positions 607, 609 and 610 of Trypanosoma OPB are
highly conserved in OPB subfamily members but are
absent in POP subfamily members. In an effort to
investigate the aforementioned suggestions, we evalu-
ated the role of these glutamic acid residues in terms of
catalytic properties using site-directed mutagenesis.
Our results indicated that Glu®’ plays a significant
role in P1 specificity, although a role for Glu®*® and
Glu®'? has not been excluded. Furthermore, a novel
role of Glu®'? in the stability of OPB was unexpectedly
found in this study.

Materials and methods

Materials

Fluorogenic peptide substrate, ACTH and glucagons were
purchased from the Peptide Institute (Osaka, Japan). All other
chemicals used were of analytical grade.

Enzyme assay

Oligopeptidase B activity was routinely assayed using carbobenzoxy-
Phe-Arg-4-methylcoumaryl 7-amide (Z-Phe-Arg-MCA) at 37°C as
previously described (23). For kinetic analysis, the initial reaction
velocity was assayed by recording the changes in fluorescence at
460nm following excitation at 380nm at 25°C using a F-3010
fluorescence spectrophotometer (Hitachi, Tokyo) (24). Protein was
determined by the method of Bradford using BSA as a standard (25).
The molar concentration of recombinant OPB was calculated by
assuming that 84 mg of protein represents 1 pmol of enzyme.

Expression of recombinant OPB

Trypanosoma brucei OPB cDNA was amplified by PCR from the
genomic DNA with Pfu polymerase using sense (5-CACCCAAAC
TGAACGTGGTCCAATCGCC-3') and antisense (5-CTACTTCC
GCGCAGCTGCCGTAC-3') primers. The PCR product was cloned
into the pET/D-TOPO expression vector (Invitrogen, Carlsbad, CA)
to create pwOPB. Site-directed mutagenesis was performed using a
KOD-Plus-Mutagenesis Kit (TOYOBO, Osaka) with pwOPB as a
template. Sequences of sense mutation primers are shown in Table 1.

The mutation was confirmed by sequence analysis. For expression,
pET/D-TOPO expression vectors for wild-type (WT) and mutants
of OPB were transformed into E. coli strain BL21. N-terminal poly-
histidine-OPBs were expressed by induction of a log-phase culture
with 0.1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 4 h at
20°C with continuous shaking in the presence of 50 pg/ml ampicillin.
Transformants from a 500 ml culture were harvested by centrifuga-
tion (9,000 r.p.m., 10 min, 4°C) and then homogenized with 50 ml of
20mM Tris—HCI buffer (pH 7.5) containing 0.5M NacCl (buffer A).
The homogenate was frozen at —30°C. After 18 h, the homogenate
was thawed and sonicated (output, 30s, 15 cycles) on ice using an
Astrason ultrasonic processor XL (Misonix, NY, USA). Following
centrifugation at 12,000xg for 10min at 4°C, the supernatant
was mixed with 2.0 ml Ni-NTA-agarose (Quiagen, GmbH, Hilden,
Germany) and incubated at 4°C with continuous mixing. After 2h,
the gel was packed into a column and washed sequentially with 50 ml
of buffer A containing 10 mM, 20 mM and 50 mM imidazole. OPB
was eluted with buffer A containing 100 mM imidazole and dialyzed
against 50mM Tris—HCI buffer (pH 7.5) at 4°C. Purified enzyme
was concentrated (5—10mg/ml) by ultrafiltration and then stored in
an ice bath. The purity of the enzyme was checked by SDS—PAGE
(sodium dodecyl! sulfate—polyacrylamide gel electrophoresis) using a
7.5% acrylamide gel (26).

Cleavage specificity towards glucagon and ACTH

For the cleavage specificity analysis, 2nmol of peptide substrates
(human glucagon and ACTH) were digested with purified WT,
E607Q, E609Q or E610Q (2nmol/min of Z-Phe-MCA cleaving
activity at 37°C) for 16 h. The mixture was then acidified with
trifluoroacetic acid and separated by RP-HPLC as previously
described (/7). N-terminal amino acid sequences of the purified
peptide fragments were analysed using an automated protein
sequencer (Shimadzu PPSQ-10, Kyoto, Japan).

Free SH determination
Free sulphhydryl group was determined using 5,5-dithiobis
(2-nitrobenzoic acid) (DTNB) by Ellman’s method (27).

Intrinsic fluorescence of OPB

Fluorescence spectra were recorded with a Hitachi F-3010 fluores-
cence spectrophotometer between 300 and 450 nm using an excita-
tion wavelength of 280 and 295nm at 20°C. Both excitation and
emission slit-widths were set to Snm and the scan speed was
60 nm/min.

Differential scanning calorimetry

Calorimetric measurements were performed with a Microcal
VP-DSC differential scanning calorimeter (Northampton, MA,
USA). Thermal denaturation curves were recorded with a heating
scan rate of 0.5°C/min at temperatures between 20 and 70°C. The
protein concentration was 1mg/ml (12uM) in S0mM Tris—HCI
(pH 7.5).

Table 1. Effect of mutation of Glu®”’, Glu®” and GIu®'’ residues on activity towards various synthetic substrates.

Tb OPB Bz-Arg-MCA? Z-Phe-Arg-MCA*®
K (1M) Keat (S_])b kcal/Km Kin (WM) Keat (S_])b kcal/Km
(mM~sTh (uM1 s

WT 2.68 £0.19 13.3+£0.24 4.96 3.34+0.20 8.29+£0.57 2.48
E607Q 15.0£1.27 1.24+£0.05 0.083 11.3+£1.64 0.758 £0.05 0.067
E609Q 8.07£0.19 15.8+£0.20 1.96 5.28 £0.59 7.81£0.47 1.48
E610Q 5.86+0.86 15.2+£0.67 2.59 5.68 +0.33 9.36£0.74 1.65
E607/609Q 7.28£0.23 1.58£0.27 0.217 12.7£2.0 1.64£0.32 0.129
E609/610Q 12.7+1.12 9.53+0.27 0.750 17.3£1.98 11.2+£1.98 0.647
E609A 5.25+0.42 5.424+0.70 1.03 10.1£1.27 6.84+0.36 0.677
E609F 6.69+0.70 1.77+£0.45 0.265 9.13+0.94 1.46 £0.09 0.050
E609R 21.54+2.78 5.37+£0.90 0.250 18.4+£2.33 1.42+£0.22 0.077
E609L 6.37+£1.38 5.03+£0.25 0.790 9.04+£0.74 498 £0.21 0.551

#Unless otherwise stated, the kinetic data and SDs were calculated from at least three separate determinations. "Based on a molecular mass

of 84kDa.
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Light transmittance measurements

The thermal denaturation temperature (77 ,) was also determined by
examining the turbidity of a solution containing OPB 0.1 mg/ml in
S0mM Tris—HCI (pH 7.5). The heating scan rate was 0.5°C/min.
The transmittance in a quartz cuvette was measured by a U-3900
Spectrophotometer (Hitachi, Tokyo) equipped with a programmable
water circulator PCC-7000 (Tokyo Rikakikai, Tokyo) at 560 nm in
the same temperature range as the differential scanning calorimetry
(DSC). The actual temperature in the sample was measured by a fil-
ament thermistor TX-10 (Yokogawa, Tokyo) attached on the
cuvette.

Circular dichroism spectra measurements

The circular dichroism (CD) spectra of WT and E610Q OPB
(0.5mg/ml, 6 M) were measured by scanning in the 200- to
300-nm range with a Jasco J-720 CD spectropolarimeter (Jasco,
Tokyo) using a cuvette with a 0.1 cm light path. The solution was
maintained at 25°C by circulating water. Spectra were averaged over
five scans. The base line of the buffer (50mM Tris—HCI buffer,
pH 7.5) was subtracted for all CD spectra.

Limited proteolysis of OPB by trypsin

WT and E610Q OPB (50 pg) were incubated with trypsin (10ng)
at 40°C for 1 h. The reaction was terminated by the addition of
leupeptin and then subjected to SDS—PAGE using a 12% acryla-
mide gel. The digested fragments separated by SDS—PAGE were
electroblotted onto a PVDF membrane (Immobilon, 0.45mm;
Milipore, Bedford, MA, USA) according to the manufacturer’s
instructions, and N-terminal sequences (five residues) were analysed
using an automated protein sequencer (Shimadzu-PPSQ10) to iden-
tify the cleavage sites.

Results

Site-directed mutagenesis and expression

of WT and mutant OPBs

Glu®’, Glu®” and Glu®'"” residues are highly con-
served in OPB subfamily members (22). It is highly
likely that these negatively charged OPB residues con-
tribute to the recognition of substrate residues contain-
ing basic amino acid side chains such as arginine or
lysine (/1, 21, 22). The three-dimensional model of
E. coli OPB (4), Tb OPB (2/) and a mutagenesis
study of Salmonella OPB (//) suggested that a pair
of glutamic acid residues, Glu®7 and GIlu®”, forms
the S1 binding site of Tb OPB. The residue equivalent
to Glu®'? is also strictly conserved in OPB subfamily
members, suggesting a functional importance asso-
ciated with this residue. To identify the functional
role of Glu®"’, Glu®” and Glu®'® in Tb OPB, OPB
mutants in which the aforementioned glutamic acid
residues were replaced with glutamine or other amino
acids were purified and characterized. WT T. brucei
(Tb) OPB and site-mutated variants were expressed
in the E. coli strain BL21 at 20°C as soluble, catalyti-
cally active polyhistidine-tagged enzymes with protein
yields between 10 and 20 mg per litre of bacterial cul-
ture. The temperature of the culture at the point of
induction with IPTG is critical for the production of
soluble OPB. At temperatures >30°C, all OPB synthe-
sized was recovered in the precipitate following extrac-
tion. All purified recombinant OPBs migrated as single
84kDa bands on SDS—PAGE under reducing condi-
tions (Fig. 1). Specific activities towards Z-Phe-Arg-
MCA at 37°C of WT, E607Q, E609Q, E610Q, E607/
609Q and E609/610Q were 27.9, 0.323, 22.1, 20.9, 0.10
and 11.0, respectively. The specific activity decreased
markedly following the single mutation of Glu®"’

Key role of Glu®'® in stability of OPB
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Fig. 1 Schematic structure of recombinant OPB and SDS—PAGE
of the purified enzyme. Mutagenic primers used to introduce
glutamic acid mutations into Tb OPB are shown. Mutated codons
corresponding to amino acid residues at positions 607, 609 and
610 are underlined in bold type. Only sense primers are indicated.

(1.2% of WT), whereas replacement of Glu®”® or
Glu®'® with glutamine had no significant effect on
specific activity. These results suggested that the nega-
tive charge in Glu®” is critical for the catalytic activity
of Tb OPB.

Effect of replacing of Glu®°?, GIu®® and GIu®"’ with
glutamine on substrate specificity

In an effort to identify the catalytic role of Glu®"’,
Glu®” and GIu®'® in Tb OPB, the substrate specificity
of OPB mutants were investigated using the synthetic
substrates Bz-Arg-MCA and Z-Phe-Arg-MCA. As
shown in Table 1, replacement of Glu®” with gluta-
mine (E607Q) resulted in significant changes in the
hydrolysis of these substrates. This mutation led to a
marked reduction in k., towards Bz-Arg-MCA (9.3%)
and Z-Phe-Arg-MCA (9.1%) in comparison with the
WT enzyme. The K, values for Bz-Arg-MCA and
Z-Phe-Arg-MCA increased 5.1- and 3.4-fold, respec-
tively. In contrast, replacement of Glu®*”’ (E609Q)
and Glu®'® (E610Q) with glutamine did not lead to a
significant reduction in the k., values for the sub-
strates tested, unlike the case with the E607Q
mutant, whereas increases in the K, values for Bz-
Arg-MCA and Z-Phe-Arg-MCA were less marked
compared with the E609Q mutant. Kinetic constants
for the hydrolysis of these substrates by the double
mutant E607/609Q were also examined. Compared
with the E607Q mutant, additional changes in kinetic
constants were not observed. Double mutations
involving Glu®” and Glu®'® (E609/610Q) resulted in
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slight increases (2- to 3-fold) in the K, values for these
substrates, whereas k., values did not change signifi-
cantly. On the other hand, the pair of glutamic acid
residues Glu®’® and Glu®”® of salmonella OPB (corre-
sponding to Glu®’ and Glu®” of Tb OPB) was
reported to define the P1 specificity of OPB (/7). To
confirm the role of Glu®” of Tb OPB, kinetic constants
of mutants in which Glu®” was replaced with alanine,
phenylalanine, arginine or leucine were analysed.
These mutations (E609A, E609F, E609R and E609L)
resulted in a 2- to 3-fold increase in the K, values for
Bz-Arg-MCA and Z-Phe-Arg-MCA compared with
WT OPB. Replacement of Glu®” with positively
charged arginine (E609R) resulted in greater increases
in the K, values for these substrates compared with
E609A, E609F and E609L. Thus, the negative charge
in Glu®” is critical for the catalytic activity of OPB,
although the contribution of Glu®*® and Glu®'° in sub-
strate binding has not been excluded.

Hydrolysis of glucagon and ACTH

The cleavage specificity of OPB and mutant enzymes
was compared using glucagons and ACTH as model
peptides. WT OPB cleaved Lys'*—Tyr"?, Arg'’—Arg'®
and Arg'®~Ala' bonds of glucagons. All mutant
OPBs (E607Q, E609Q, E607/609Q and E610Q) also
cleaved the aforementioned peptide bonds. Digestion
of ACTH by WT OPB generated four peptide
fragments (SYSMEHFR, WGK, WGKPVGK and
VYP). These results indicated that ArgS—Trpg,
Lys''—Pro'?, Lys'*~Lys'®,  Arg'"—Arg' and
Lys*'—Val*® bonds were preferentially hydrolyzed
by WT OPB. Digestion of ACTH by mutant OPB
(E607Q, E609Q, E607/609Q and E610Q) generated
three fragments (SYSMEHFR, WGKPVGK and
VYP). Hydrolysis of the Lys''-Pro'?> bond by
mutant OPB was negligible. The mutant OPBs
E609A and E609R cleaved the same peptide bonds
of ACTH. These results showed that the mutant
OPBs only cleaved the carboxyl side of basic amino
acids like the case with WT OPB, although cleavage
efficiencies were lower compared with WT OPB.

Increased susceptibility of E610Q mutant

to thermal denaturation

Figure 2A shows a comparison of WT and mutant
OPB thermal stability at 45°C at pH 7.5. Replacement
of Glu®'® with glutamine (E610Q) resulted in a marked
decrease in thermal stability. Following treatment at
45°C for 20 min, the relative activities of WT, E607Q
and E609Q were 89, 74 and 84%, respectively, whereas
almost all activity of E610Q and E609/610Q was lost.
Figure 2B shows the effect of urea on the enzyme activ-
ity of WT and mutant OPBs. WT, E607Q and E609Q
were resistant to treatment with 3M urea, whereas the
E610Q mutant was inactivated to 63% of the control.
Reducing reagent such as dithiothreitol had no effect
on the inactivation of WT and mutant OPBs by heat
and urea treatment.
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Fig. 2 Effects of heat and urea treatment on the activity of WT and
OPB mutants. (A) Tb OPB (0.1 mg/ml in 50 mM Tris—HCI, pH 7.5)
treated at 45°C. After 5, 10, 15, 20, 30 or 60 min, the enzyme was
immediately cooled in an ice-bath. Enzyme was diluted 50-fold with
ice-cold 50 mM Tris—HCI (pH 7.5) and residual activity was assayed.
(B) Tb OPB (50 pg/ml) in 50 mM Tris—HCI (pH 7.5) containing 0, 1,
2,3,4,5,6 or 8M urea and incubated at 25°C. After 15 min, the
enzyme was diluted 10-fold with S0 mM Tris—HCI (pH 7.5) and
residual activity was assayed. WT OPB (open circle), E607Q (closed
circle), E609Q (open square), E610Q (closed square), E609/610Q
(open diamond).

Comparison of thermal stability between WT

and E610Q

Light-transmittance measurements and DSC were per-
formed to examine the thermal stability of the E610Q
mutant. As shown in Fig. 3A, T/, of E610Q (49.7°C)
was clearly lower than those of WT (53.3°C) and
E607Q (55.4°C). The DSC experiments also gave
consistent results (Fig. 3B). The E610Q mutant exhib-
ited a markedly lower T, value (45.2°C) compared
with WT OPB, which showed a more complex scan-
ning profile comprising two peaks (7}, values: 53.1
and 55.4°C).

Unfolding of E610Q OPB mutant by heat treatment

Unfolding of the E610Q mutant by heat treatment
was analysed by CD and intrinsic protein fluorescence
measurements. Figure 4A shows the far-UV CD
spectra of WT and E610Q OPB prior to and following
heat treatment (42°C, 10 min). This heat treatment did
not cause increase of turbidity of a solution containing
WT or E610Q. As shown in Fig. 4A-I, the CD spectra
of native WT and E610Q OPB prior to heat treatment
were almost indistinguishable, indicating that any
alteration in the secondary structure caused by the
replacement of Glu®'® with glutamine is less significant.
However, the CD spectrum of E610Q following
heat treatment changed more significantly than that
of WT OPB (Fig. 4A-II, III). These results suggested
a reduction in ordered secondary structure of E610Q
following heat treatment. Unfolding of the E610Q
mutant following heat treatment was also examined
by measuring fluorescence changes. Tb OPB contains
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Fig. 3 Analysis of heat denaturation of Tb OPB by transmittance and DSC analyses. (A) Transition temperature, 7', was measured by
examining the turbidity of a solution containing 0.1 mg/ml protein in 50 mM Tris—HCI buffer (pH 7.5) as described under the Experimental
procedures section. (B) Denaturation curves recorded with the solution containing 1 mg/ml Tb OPB in 50 mM Tris—HCI (pH 7.5).
Experimental conditions were as described in the Experimental procedures section.

11 tryptophan residues (five residues in the B-propeller
and six residues in the catalytic domain), with two
tryptophan residues (Trp®® and Trp®'") being present
in close proximity to position 610. Therefore, the flu-
orescence data may reflect changes in the local envi-
ronments of these tryptophan residues. WT OPB and
the E610Q mutant were treated at 40°C for 0, 5, 10 and
20 min. Following centrifugation, fluorescence spectra
(emission: 300—450 nm, excitation: 280 and 295 nm) of
the supernatants were determined. Proteins did not
precipitate following treatment at 40°C for 20 min.
As shown in Fig. 4B (left), the fluorescence spectrum
of WT OPB did not change significantly following heat
treatment. The maximum fluorescence wavelength
(333nm) was constant. In contrast, the fluorescence
intensity of the E610Q mutant decreased with increas-
ing heat treatment time and the maximum fluorescence
wavelength shifted slightly towards longer wavelength
(from 333 to 335nm). These results indicated that
tryptophan residues buried in the interior of the
E610Q mutant are exposed to the exterior following
heat denaturation.

Effect of heat treatment on SH group titration

Tb OPB contains 10 cysteine residues in the
B-propeller domain and four cysteine residues in the
catalytic domain. In particular, Tb OPB possesses a
unique cysteine residue located near the active site at
position 256 (217). This residue can be specifically alky-
lated by reagents such as iodoacetamide, resulting
in the inhibition of OPB enzyme activity. Both WT
and E610Q enzymes exhibited similar sensitivity to
iodoacetamide. The SH groups of WT OPB and
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Fig. 4 Effect of heat treatment on CD and fluorescence spectra of
WT and E610Q mutant Tb OPB. (A) CD spectra of 5uM WT and
E610Q mutant Tb OPB. Control WT (a), control E610Q (b),
WT treated at 40°C for 10 min (c), E610Q treated at 40°C for 10 min
(d). (B) Fluorescence spectra of tryptophan residues of WT and
E610Q mutant Tb OPB (0.1 mg/ml). Tb OPB treated at 40°C for
0 min (a), S min (b), 10 min (c), 20 min (d).
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Fig. 5 Progress of the DTNB reaction with sulphydryl groups of WT and E610Q mutant Th OPB. (A) Enzyme (0.5 mg/ml) was incubated at
25°C or 42°C in 50 mM Tris—HCI (pH 7.5). WT at 25°C (open circle), 42°C (open square); E610Q mutant at 25°C (closed circle), 42°C
(closed square). (B) Enzyme (0.5 mg/ml) was incubated at 25°C in the presence of 4 M and 8 M urea in 10 mM Tris—HCI (pH 7.5). WT in
4 M urea (open circle), 8 M urea (open square); E610Q mutant in 4 M urea (closed circle), 8 M urea (closed square). Values are expressed

as number of SH groups per 84 kDa Tb OPB.

the E610Q mutant were titrated with DTNB at 25 and
42°C. As shown in Fig. 5A, the number of titrated
SH groups per mol of 84kDa protein at 25°C was
1.04 and 1.72 in the WT and E610Q enzymes, respec-
tively. It is highly likely that the one cysteine residue
titrated in WT OPB is Cys>*°. The E610Q mutant pos-
sesses another titrated cysteine residue in addition
to Cys>°. In reactions at 42°C, approximately five
SH groups of the E610Q mutant were titrated after
15 min, whereas only two SH groups were titrated
in WT OPB after 15 min and five SH groups were
finally titrated after 150 min. These results indicated
that the reactivity of three cysteine residues towards
DTNB is enhanced following mutation of Glu®'® to
glutamine. The SH groups of urea-denatured WT
and E610Q mutant were also titrated (Fig. 5B). The
number of total SH groups per 84 kDa protein in 8 M
urea-denatured WT and E610Q enzymes was 8.0.
These results suggested that Tb OPB had three disul-
fide bonds. In the presence of 4 M urea, seven SH
groups of the E610Q mutant were titrated after 30
min, whereas only four SH groups were titrated in
WT OPB after 30 min. These results confirmed that
the reactivity of three cysteine residues towards
DTNB is enhanced following mutation of Glu®'" to
glutamine.

Increased susceptibility of E610 mutant to

trypsin digestion

In an effort to examine differences in the tertiary struc-
ture of WT OPB and the E610Q mutant, both proteins
(50 pg protein) were incubated with trypsin (10ng
protein) for 60 min at 25°C and 40°C. The extent of
proteolysis and apparent molecular mass of the gener-
ated fragments were analysed by SDS—PAGE using
a 12% acrylamide gel. No fragments were generated
from either WT or E610Q following digestion at 25°C
(data not shown). Figure 6A shows the digestion pat-
terns of WT and E610Q at 40°C. Several fragments
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Fig. 6 Trypsin digestion of WT and E610Q mutant Th OPB at 40°C.
(A) SDS—PAGE (12% acrylamide gel) of WT and E610Q mutant
Tb OPB digested with trypsin at 40°C for 1 h and N-terminal
sequence of 48, 27 and 24 kDa fragments identified by Edman
degradation. (B) Schematic view of the structure of Tb OPB,
proteolytic digestion fragments and corresponding cleavage sites.
Active site residues (Ser’®, Asp®*® and His®®®) are also shown.

(48, 27 and 24kDa) were generated from the
E610Q mutant, while WT OPB remained impervious
to digestion even at 40°C. The cleavage sites within
the E610Q mutant were identified by amino acid
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sequence analysis. OPB possesses two domain struc-
tures consisting of a predominantly C-terminal cataly-
tic domain (residues 1—72 and 428—710 in POP) and an
N-terminal B-propeller domain (73—427 in POP), as
shown in Fig. 6B. The E610 mutant was cleaved by
trypsin at Arg®—Ala® and Arg**-Glu** bonds.
Both cleavage sites are located at the boundary
region between the B-propeller and catalytic domains.
These results indicated that the boundary region
between the B-propeller and catalytic domains is
unfolded and susceptible to cleavage by trypsin.

Effect of salt on the thermal stability of E610Q
mutant

The addition of salt stabilizes E. coli OPB against irre-
versible thermal denaturation (28). The effect of high
concentrations (1 and 2 M) of NaCl and (NH,4),SOy4
on the thermal inactivation of E610Q was examined
(Fig. 7). Both control WT OPB and E610Q mutant
enzyme activities were slightly inhibited following
treatment with high concentrations of (NHy4),SOy4.
On the other hand, inclusion of salt led to marked
stabilization of the E610Q mutant against thermal
inactivation. However, following inactivation of the
E610Q mutant by heat treatment, the enzyme was
not reactivated by the addition of 2M NaCl or
(NH4)>SO4. The effect of salt on the structure of
OPB was examined by fluorescence measurements
and gel filtration (Fig. 8). Fluorescence spectra of
WT and E610Q mutant tryptophanyl residues follow-
ing heat treatment (45°C, 10min) in the absence or
presence of 2M NaCl were measured. In these experi-
ments, the relative enzyme activity of WT OPB treated
with 2M NaCl at 0°C for 10min was 102% of the
control. The activities of WT OPB following heat
treatment in the absence or presence of 2M NaCl
were 81.3 and 72% of the control, respectively. The
activity of E610Q treated with 2M NaCl at 0°C was
96.5% of the control. The activities of the E610Q
mutant following heat treatment in the absence or

Key role of Glu®'® in stability of OPB

presence of NaCl were 17.2 and 51.4% of the control.
Heat treatment of WT OPB resulted in slight decreases
in fluorescence intensity and a shift in the maximum
fluorescence wavelength toward longer wavelength
from 333nm to 335nm (Fig. 8A, upper). However,
the effect of 2M NaCl on the spectra was insignificant.
In contrast, the marked decreases in fluorescence
intensity and shift in the maximum fluorescence wave-
length from 333 nm to 337 nm observed for the E610Q
mutant following heat treatment was partially attenu-
ated by NaCl (Fig. 8A, lower). The OPBs employed
for the fluorescence measurements were subjected to
Superdex 200 PC3.2/30 gel filtration. As shown in
Fig. 8B-1.-II, the molecular mass of control WT OPB
and the E610Q mutant was estimated to be 160kDa,
suggesting that Tb OPB is a dimer like OPB from
T. cruzi (29). The E610Q mutant following heat treat-
ment in the absence of NaCl was eluted as two peaks
(Fig. 8B-III). The first peak, which lacked enzyme
activity, was eluted as high-molecular weight form in
the void volume. The second peak, having enzyme
activity, was ecluted as a 160kDa protein as was the
case with native OPB. The E610Q mutant following
heat treatment in the presence of NaCl was eluted as
a single peak, and an inactive high molecular weight
form was not detected. It is highly likely that high
concentrations of salt guard the E610Q mutant from
aggregation following heat treatment.

Discussion

Strict conservation of glutamic acid residues Glu®"’,

Glu®" and GIu®' of the catalytic domain of OPB sub-
family members indicates that these residues play an
important structural or functional role. By employing
homology modelling based on a high-resolution
X-ray structure of porcine POP as a template, a
three-dimensional model structure was constructed
for OPB from E. coli (4) and L. amazonensis (16).
These data suggested that the Glu®’ and Glu®” pair
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Fig. 7 Effect of high concentrations of salt on thermal inactivation of the E610Q mutant. WT and E610Q mutant Tb OPB (0.1 mg/ml in 50 mM
Tris—HCI, pH 7.5) were treated at 45°C for 10 min. Following a 40-fold dilution with S0 mM Tris—HCI (pH 7.5), the residual activity was
assayed using Z-Phe-Arg-MCA. As a control, these enzymes were treated at 0°C for 10 min.
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Fig. 8 Effect of NaCl on thermal denaturation of the E610Q mutant. (A) Fluorescence spectra (excitation at 280 nm) of WT and E610Q
mutant Tb OPB (0.1 mg/ml) treated at 45°C for 10 min in the absence or presence of 2 M NaCl. (a) control: treated at 0°C, (b) treated at
0°C in the presence of 2M NacCl, (c) treated at 45°C, (d) treated at 45°C in the presence of 2M NaCl. (B) Gel filtration of WT and E610Q
mutant Tb OPB treated at 45°C for 10 min. Control WT (I) and E610Q mutant (II) Tb OPB (50 pg protein), E610Q (5 pg) treated at 45°C for
10 min in the absence (III) or presence (IV) of 2M NaCl, was applied to a Superdex 200 PC 3.2/30 (GE Healthcare, Uppsala, Sweden) column
equilibrated with S0 mM Tris—HCI (pH 7.5) containing 0.1 M NaCl and then eluted with the same buffer at a flow rate of 40 pl/min.

of residues represents the binding site of P1 substrate
basic amino acid residues. Morty et al. (/1) investi-
gated the role of nine acidic residues that are conserved
in OPB, but absent in POP, in terms of the catalytic
properties of the enzyme. Glu’’® and Glu®”® (cor-
responding to Glu®’ and Glu®” of Tb OPB) of OPB
from Salmonella enterica were mutated to Ala and the
effect on catalytic activity towards carbobenzyloxy-
Arg-MCA was analysed. Mutation of Glu>’® caused
a 7.6-fold increase in the K, and a 4.5-fold decrease
in the k., compared with WT OPB. Replacement of
Glu®”® with alanine resulted in a 3.7-fold increase in
K., and a 2.3-fold decrease in k., Replacement of
both Glu”’® and Glu®”® with alanine resulted in com-
plete loss of enzyme activity. The effect of replacing
Glu®”, corresponding to Glu®'® in Tb OPB, with ala-
nine on catalytic activity was not reported. They con-
cluded that Glu’® and Glu®’® (corresponding to
Glu®” and Glu®” in Tb OPB) are critically involved
in the interaction of OPB with the basic amino acid of
the P1 site of the substrate and speculated that the side
chains of Glu’’® and Glu®”® form a carboxyl dyad that
electrostatically binds the basic side chains of arginine
and lysine residues in the substrate. In this article,
we prepared histidine-tagged WT enzyme, E607Q,
E609Q, E607/609Q, E610Q and E609/610Q mutants
of Tb OPB and compared their respective catalytic
properties (Table 1). The kinetic properties of recom-
binant Tb OPB possessing a histidine tag at the
N-terminus were reported to be identical to the proper-
ties of native enzyme purified from trypanosomes (/3).
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In comparison with Salmonella OPB, the k., of Tb
OPB was markedly lower following the single muta-
tion of Glu®’ (corresponding to Glu>’® in Salmonella
OPB) to glutamine. The k., values for Bz-Arg-MCA
and Z-Phe-Arg-MCA were 9.3 and 9.1%, respectively,
that of the k., of WT Tb OPB. The double mutation
involving Glu®” and Glu®” in Tb OPB had no addi-
tional effect on k.. The k., values of the Tb OPB
E609Q mutant for the substrates tested were almost
identical to the values of WT Tb OPB. The effect of
Glu®”® mutation on the K,, for Bz-Arg-MCA and
Z-Phe-Arg-MCA was less marked compared with the
effect of Glu®®’ mutation. Replacement of Glu®" with
alanine had a greater effect on k., /K, than replace-
ment with glutamine. E609Q displayed an approxi-
mate two-fold higher k., /K, value than E609A,
suggesting that the hydrophobicity of the alanine side
chain has a negative effect on the catalytic activity of
OPB. Morty et al. (11) investigated the role of Glu®"®
in Salmonella OPB following mutation to alanine,
hence its catalytic role might be overestimated.
Tb OPB, E609F, E609R and E609L all had lower
keat/ Ky values compared with E609Q. This difference
is likely to result from steric hindrance. Thus, our data
indicated that residue Glu®"’ essentially defines the P1
specificity of Tb OPB. However, cleavage specificity of
Tb OPB towards model peptides remained unchanged
following mutation of Glu®®’ and Glu®”. These
mutant enzymes specifically cleaved the C-terminal
side of basic amino acid residues in glucagons and
ACTH, as was the case with WT OPB. These results

2T0Z ‘8z Joquieidas uo A1seAlun pezy olues| e /Hio'sfeulnolpio)xoqly/:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

suggested that other acidic residues might contribute
towards P1 specificity.

On the other hand, the thermal stability of Tb OPB
decreased markedly following the single mutation
of Glu®"® to glutamine (Fig. 2), although significant
differences in the protein structure between WT and
the E610Q mutant prior to heat treatment were not
detected. The E610Q mutant was also more labile
against urea denaturation compared with WT or
other mutants. These results are consistent with those
results obtained for the transmittance and DSC mea-
surements (Fig. 3), fluorescence spectra and far-UV
CD (Fig. 4) analyses. DSC measurement showed that
the T}, of the E610Q mutant (42.2°C) is ~10°C lower
than that of WT Tb OPB. The DSC curves of WT OPB
exhibited two very close peaks (7T, 53.8 and 55.4°C).
Both peaks shifted to a lower temperature region by
following mutation of Glu®'® to glutamine. Juhasz
et al. (30) compared the thermal stability of native
POP and a recombinant B-propeller domain by DSC
measurement (30). Although native POP also exhibited
two peaks on the DSC curves (7}, values: 44.6°C and
52.8°C), as seen the case of Tb OPB, their profiles
differed. In contrast, the recombinant B-propeller
domain of POP exhibited a higher T}, value (59.8°C)
compared with native POP. They concluded that an
unclosed propeller is more heat-stable than the whole
POP molecule, and that the attached catalytic domain
reduces the stability of the B-propeller domain. Our
DSC analysis of Tb OPB indicated that the single
mutation of Glu®'? in the catalytic domain reduces
not only the thermal stability of catalytic domains
but also that of the B-propeller domain. Furthermore,
heat treatment increased susceptibility of the E610Q
mutant to trypsin digestion, although that of WT
OPB remained unaffected (Fig. 6). The catalytic
domain of OPB comprises short N-terminal and long
C-terminal fragments, and residues between these
two portions constitute the B-propeller domain. The
C-terminal sides of Arg®® and Arg**® in the boundary
regions between these domains of the E610Q mutant
were cleaved with trypsin at 40°C, although no cleav-
age occurred at 25°C. One additional cysteine residue
was titrated in the E610Q mutant at 25°C. It is highlgz
likely that this additional cysteine residue is Cys**°,
located near the cleavage site (Arg**®). These results
indicate that the boundary regions between the
B-propeller and catalytic domains of the E610Q
mutant unfold easily following heat treatment.

Porcine POP possesses an aspartic acid residue at
position 598, corresponding to Glu®'® in Tb OPB,
and this aspartic acid residue is highly conserved in
POP subfamily members (3/). These data suggested
that Asp>”® in POP plays a similar structural role to
Glu®"® in OPB. The three-dimensional structure of
porcine POP shows that the side chain of Asp>”®
binds to Phe*’® and His®" residues by hydrogen
bonds (3). Phe*’® and His®" residues are located at
the boundary region between the B-propeller and cat-
alytic domains of POP. Tyr**® and Tyr’* residues in
Tb OPB correspond to Phe*’® and His®!® residues,
respectively, in POP. Tyr**> and Tyr’> residues are
also highly conserved in OPB subfamily members.

Key role of Glu®'® in stability of OPB

Although replacement of Glu with Gln would still
allow for the formation of hydrogen bonds, these
bonds would probably be weaker. Trypsin digestion
of the E610Q mutant at 40°C indicated that the
region around Arg**® becomes unfolded following
heat treatment. Mutation of Glu®’ to GIn might
result in the loss or formation of weaker hydrogen
bonds between Glu®'® and Tyr*® or Tyr %,

The Tb OPB E610Q mutant was also guarded
against heat inactivation by high concentrations of
salt (Fig. 7), as was the case with E. coli OPB (2§).
The addition of salt following heat treatment had no
effect on the activity. (NHy4),SO4 was more effective at
guarding against heat inactivation compared with
NaCl. Fluorescence spectra and gel filtration analyses
confirmed the effect of high concentrations of salt
on thermal denaturation. With gel filtration, both the
WT enzyme and E610Q mutant eluted as dimers,
as reported by Burleigh er a/ (29). Heat treatment of
the E610Q mutant resulted in the formation of an
inactive high-molecular-weight form, and monomeric
OPB was not generated. Formation of inactive enzyme
following heat treatment was blocked by the presence
of 2M NaCl. The ability of high concentrations of
salt to guard the E610Q mutant against thermal inac-
tivation is not directly explained by a loss of hydrogen
bonds. Although formation of less than ideal hydrogen
bonds in the E610Q mutant might be attenuated by
high concentrations of salt, it is likely that electrostatic
interactions play a key role in the heat-induced irre-
versible denaturation of the E610Q mutant. A deter-
mination of the precise position and nature of the
Glu®' residue in Tb OPB is required to further our
understanding of the role played by this residue in
protein folding.

One characteristic structural feature of POP family
members is the lack of a propeptide. POP family
enzymes are synthesized directly as active enzymes,
whereas proteases are generally synthesized as inactive
precursors (zymogens). Propeptides possess dual roles
as intramolecular chaperones and protease inhibitors.
Propeptides play an essential role in the correct folding
of protease molecules. Following removal of the pro-
peptide, the protease is converted to a mature active
form. POP family enzymes selectively cleave oligopep-
tides not greater that ~30 amino acid residues in length
(2). Therefore, the role of the B-propeller domain of
POP family members has been investigated to date
from the viewpoint of how substrate size is selected
or how substrates acquire access to the active site.
Recently, Guedes et al. (16) predicted the presence of
a salt bridge between the B-propeller and catalytic
domains in OPB from L. amzonensis, comprising
Asp'** of the B-progeller (corresponding to Glu'*’ of
Tb OPB) and Arg®®* of the catalytic domain (corre-
sponding to Arg®’ of Tb OPB), using homology
modelling with porcine POP. Furthermore, Yang
et al. (32) reported that Glu®® in the B-propeller
domain of acylpeptide hydrolase, a member of the
POP family, forms a salt bridge with Arg>*® in the
catalytic domain, and that this salt bridge helps to
impart heat stability. These results indicated that two
domains of POP family members mutually interact
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to generate a stable structure. It is important to deter-
mine precisely how the B-propeller domain interacts
with the catalytic domain to generate an active and
stable structure during biosynthesis.
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