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Oligopeptidase B (OPB) is a serine peptidase with dibasic
substrate specificity. It is found in bacteria, plants, and
trypanosomatid pathogens, where it has been identified as a
virulence factor and potential drug target. In this study we ex-
pressed active recombinant Leishmania major OPB and pro-
vide the first structure of an oligopeptidase B at high resolu-
tion. The crystallographic study reveals that OPB comprises
two domains, a catalytic and a propeller domain, linked to-
gether by a hinge region. The structure has been determined in
complex with the oligopeptide, protease-inhibitor antipain,
giving detailed information on the enzyme active site and ex-
tended substrate binding pockets. It shows that Glu-621 plays
a critical role in the S1 binding pocket and, along with Phe-
603, is largely responsible for the enzyme substrate specificity
in P1. In the S2 binding pocket, Tyr-499 was shown to be im-
portant for substrate stability. The structure also allowed an
investigation into the function of residues highlighted in other
studies including Glu-623, which was predicted to be involved
in the S1 binding pocket but is found forming an inter-domain
hydrogen bond. Additional important salt bridges/hydrogen
bonds between the two domains were observed, highlighting
the significance of the domain interface in OPB. This work
provides a foundation for the study of the role of OPBs as viru-
lence factors in trypanosomatids. It could facilitate the devel-
opment of specific OPB inhibitors with therapeutic potential
by exploiting its unique substrate recognition properties as
well as providing a model for OPBs in general.

Oligopeptidase B (OPB)® is a serine peptidase belonging to
the prolyl oligopeptidase family (clan SC, family S9) (1). These
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serine-dependent peptidases all contain the active site resi-
dues Ser, Asp, and His (the catalytic triad), in this order, but
can have different substrate specificities. They differ from the
classical serine peptidases (trypsin and subtilisin) in that they
have restricted substrate specificities and typically hydrolyze
only small oligopeptides (of no more than about 30 amino
acids) (2). Consequently, these enzymes can cleave biologi-
cally active peptides (such as angiotensins, Ref. 3) but not
larger structured proteins.

OPB is a well-defined member of subfamily S9A (MEROPS
database, Ref. 4), which also contains the archetypal S9 pepti-
dase, prolyl oligopeptidase (POP). OPB genes have been iden-
tified in a wide range of Gram-negative bacteria, in plants, in
Leishmania and Trypanosoma parasitic protozoa but not in
archaea (5). Studies on OPB in trypanosomes have shown that
the enzyme is an important virulence factor (6, 7). In the
South American trypanosome, Trypanosoma cruzi, the pro-
teolytic activity of OPB is required for calcium-signaling,
which regulates trypanosome invasion of the host cell. OPB
achieves this by generating an active signaling ligand that in-
teracts at the host cell surface, mobilizing intracellular cal-
cium and promoting the trypanosome invasion (8 —10). Tar-
geted deletion of the OPB gene in T. cruzi trypomastigotes
significantly decreased the parasite virulence to mammalian
host cells giving reduced parasitaemia in mice (10). In addi-
tion, the African trypanosome Trypanosoma brucei releases
OPB into the bloodstream of infected animals upon parasite
death (11-13), where it persists and remains catalytically ac-
tive (14). It is thought to degrade the regulatory peptide hor-
mone, atrial natriuretic factor, reducing its levels (11, 15) and
consequently affect the control of blood volume, leading to
the circulatory system lesions observed in trypanosome infec-
tions (7). In these trypanosomes, OPB has been identified as a
target of several drugs (pentamidine, diminazene, and sura-
min) (16) and irreversible inhibitors of the enzyme exhibit
anti-trypanosomal activity in vitro and in vivo (14). Conse-
quently, OPB is regarded as a potential target for the develop-
ment of therapeutic drugs and an in-depth structural charac-
terization of the enzyme is important in understanding its
substrate specificity and as an aid to any prospective drug de-
velopment process.

In this study we expressed active recombinant L. major
OPB and obtained the first structure of an oligopeptidase B at
high resolution. This structure, determined in complex with
the oligopeptide protease inhibitor antipain (AIP), offers a
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structural explanation for enzyme preference for basic sub-
strates and gives insight into its extended substrate recogni-
tion properties. Important salt bridges between the two do-
mains are revealed and structural features important to OPBs
are identified. The structure also allows us to compare the
enzyme directly to prolyl oligopeptidases, to investigate the
function of residues highlighted in other studies, and provides
a foundation for the study of the role of OPBs as virulence
factors in trypanosomatids.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Leishmania
major OPB—Recombinant OPB (OPB; LmjF09.0770) was ob-
tained by PCR from L. major genomic DNA with primers
NT274 (5'-CT CAT ATG TCG TCG GAC AGC TCC GTC
GCG GCC TCT GC-3') and NT275 (5'-CC CTC GAG TTA
CCT GCG AAC CAG CAG GCG CAC GGT GCT C-3'). The
full-length product was ligated into pGEM-T Easy (Promega)
and subcloned into pET28a(+) (Novagen) using the Ndel and
Xhol restriction sites, to give pBP218. This recombinant pro-
tein has an N-terminal His, tag and a single amino acid differ-
ence (F25L) from the published genome sequence (17).

Overnight cultures of Escherichia coli BL21 DE3 (pLysS)
containing pBP218 were diluted 100-fold in fresh LB medium
containing 37 ug ml~ ' chloramphenicol and 20 ug ml~* ka-
namycin, and grown until an A, of 0.6 was reached. At this
density isopropyl-B-p-thiogalactopyranoside was added, to a
final concentration of 1 mm and incubated overnight at 15 °C.
The cells were lysed by sonication in 50 mm sodium phos-
phate (NaPi) pH 8.0, 300 mm NaCl. The soluble fraction was
collected by centrifugation at 10,000 X g and filtered. The
sample was applied to a metal-chelating column, charged with
Ni>" (Porus, Applied BioSystems). The resin was washed with
50 mm NaPi pH 8.0, 300 mm NaCl, 50 mm imidazole and the
recombinant protein was eluted in the same buffer supple-
mented with 500 mm imidazole. Eluted samples were buffer-
exchanged using a PD-10 column (GE Healthcare) and fur-
ther purified by anion-exchange chromatography using a
Porus HQ strong anion-exchange column (Applied Biosys-
tems) in 50 mm Tris-HCI pH 7.0, 5 mm EDTA, usinga 0—-1 M
NaCl gradient, and the fractions containing the purified pro-
tein were pooled. The purity of the samples were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(12% gel), followed by Coomassie staining.

Kinetic Analysis of OPB—The affinity of OPB for peptide
substrates was determined by monitoring the release of the
fluorescent group, AMC (7-amino-4-methoxy coumarin)
from AMC-based substrates containing different amino acid
components (see Fig. 1). This was achieved by incubating 5 ng
of OPB with varying concentrations (0—40 um) of benzoyl
(Bz)-Arg-AMC, benzyloxycarbonyl (Z)-Phe-Arg-AMC, Z-
Arg-Arg-AMC, t-butyloxycarbonyl (Boc)-Gly-Arg-Arg-AMC,
Z-Gly-Gly-Arg-AMC, and Z-Gly-Pro-AMC (all Bachem) and
measuring the change in fluorescence (A, = 355 nm, A, =
460 nm) at 21 °C, using an EnVision 2102 plate reader (Perkin
Elmer). The K, values of peptide substrates were calculated
using FIG.P (Fig.P Software Corporation) and the rate of reac-
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tion was determined by linear regression and quantified by
comparison with AMC standards (Calbiochem).

OPB inhibitors were all purchased from Sigma (=90% pu-
rity) and characterized using the conditions described above
with the substrate Z-Arg-Arg-AMC (10 uMm). The inhibitors
leupeptin (acetyl-Leu-Leu-Arg-al) and antipain (N-(Na-car-
bonyl-Arg-Val-Arg-al)-Phe) were used in the range of 0—100
uMm. All IC,, values were calculated using FIG.P, and the K;
values determined using the Cheng-Prusoff method (18) (Fig.
1b). The rates of inactivation of OPB by irreversible inhibitors
were determined over the course of 180 min.

Crystallization and Data Collection—Prior to crystalliza-
tion, OPB was dialyzed overnight against 50 mm Tris-HCI pH
8.0, concentrated to 9.3 mg ml ! and incubated with 10 mm
antipain (Sigma) for 30 min (OPB-AIP). Vapor-diffusion
screens were set up in 96-well MRC sitting-drop plates (Wil-
den) using 0.5-ul protein plus 0.5-ul reservoir against a 50-ul
reservoir solution, at 20 °C. Diffraction quality crystals of
OPB-AIP appeared in 2—3 days with a reservoir solution of
25% 1,2-propanediol, 10% glycerol, 5% polyethylene glycol
300 (w/v), and 0.1 m phosphate-citrate pH 4.2 (Cryo screen
(Emerald Biosystems)) and reached a maximum size of 300 X
300 X 150 uMm in around 2 weeks. As the crystallization solu-
tion is suitable for cryoprotection, a single crystal of OPB-AIP
was taken directly from the drop and flash-cooled by plunging
into liquid nitrogen before being transferred to a cryostream
(Oxford Cryosystems) for data collection.

Data to 1.65 A resolution (Table 1) were collected in-house
on a MarResearch 345 image plate detector coupled to a
Rigaku MicroMax 007 rotating anode generator. The crystals
belong to the space group 1222, with cell dimensions a =
95.48 A, b = 14278 A, ¢ = 208.92 A. The unit cell contained
one molecule in the asymmetric unit and a calculated Mat-
thews coefficient of 4.2 (19) indicated a solvent content of
71%. A mercury derivative of OPB-AIP (OPB-Hg) was pre-
pared by soaking the crystals in 1 ul of 1 mm p-chloromercu-
ribenzoic acid for 30 min on ice before flash-cooling, as de-
scribed previously. Data for the derivative were collected to
2.0 A resolution on station BM14 at the European Synchro-
tron Radiation Facility using a MarResearch Marmosaic de-
tector. An EXAFS scan confirmed the presence of mercury
in the crystal. Problems with the x-ray source during data col-
lection resulted in reduced data completeness (73%) but this
was adequate for structural elucidation. Data were pro-
cessed with D*TREK (20), HKL2000 (21), and the CCP4
program suite (22), and the final data processing statistics
are shown in Table 1.

Structure Solution and Refinement—Initial phases were
derived by the single-wavelength anomalous dispersion ap-
proach using the AUTOSHARP (23, 24) interface and
SHELXC/D (25) to locate seven Hg?" sites, with an anoma-
lous phasing power of 0.348. Subsequent solvent density mod-
ification using SOLOMON (26) gave a good quality electron
density map and an initial model, comprising 666 out of a
possible 731 residues, was built using ARP/WARP (27). Inter-
active model building using COOT (28) extended this to 710
contiguous residues. This model was used as the template for
the molecular replacement phasing of the OPB-AIP data with
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TABLE 1
Crystallographic statistics

Crystal Structure of OPB

Statistics are provided for the mercury derivative (OPB-Hg) used to obtain phases and an initial model and OPB in complex with the inhibitor antipain (OPB-AIP),

which was refined and used for structural analyses. Statistics for R,,;,,, and R, for the OPB-AIP dataset were obtained using SCALA (22). Numbers in parentheses
correspond to the statistics for the highest resolution bin.
Data set OPB-AIP OPB-Hg
Wavelength (A) 1.541 1.005
Space group 1222 1222

Unit cell dimensions (A)
Resolution range (A)

a = 9548, b = 142.78, c = 208.92
32.0-1.65 (1.71-1.65)

a = 96.23, b = 144.81, ¢ = 209.95
29.80-2.00 (2.07-2.00)

No. of measured reflections 546305 292398
No. of unique reflections 167772 140002
Multiplicity 3.3 (3.0) 2.1 (2.0)
Completeness 98.4 (100.0) 73.1 (74.6)
<I/o(l)> 8.8 (1.7) 9.7 (3.5)
Rperge (% 5.7 (45.6) 5.5 (21.4)
Ry (%)/R s (%) 3.6(29.2)/6.8 (54.2)
Wilson B (A2) 29.5 31.8
Protein residues 721 710
Hg>" ions (number) na® 7
Na®/Cl™ ions 2/4
Water/PGO/GOL/PO4 molecules 721/59/10/3
R o/ Reee . 14.0/17.8
Root mean square for bond lengths (A)/bond angles (°) 0.035/2.35
Ramachandran analysis

Favored regions 98.2

Allowed regions 1.7

Outliers 0.1

“na, nonapplicable.

TABLE 2
Serine peptidase activity of recombinant L. major

The substrates consisted of the protecting groups Bz, Z, and Boc and the
fluorescent group AMC. NC means that no cleavage was observed, and S.E. is the
standard error of the mean.

tively low affinity for the active site of OPB (K, 3.8 um), and
the greatest catalytic efficiency was observed with the sub-
strates containing a di-arginine motif, Z-Arg-Arg-AMC and
Boc-Gly-Arg-Arg-AMC (Fig. 1a), which had the lowest K,

Substrate K, (£S.E.) k. (£S.E.) ko /K, values.

ot s pm s Inhibitors of clan PA(S), family S1 serine peptidases (phen-
Bz-Arg-AMC 440+055 0016+ 0004 36X 10" ylmethylsulfonyl fluoride; PMSF), clan CA, family C1 cysteine
Z-Phe-Arg-AMC 307020 0011 *0001 36X1073 id invl-l lamid idi
Z-Arg-Arg-AMC 093*016 0010+0002 11x10> peptidases (L-trans-epoxysuccinyl-leucylamido(4-guanidino)
Boc-Gly-Arg-Arg-AMC ~ 125*0.22  0013+0.003 10X10* butane; E64), aspartic peptidases (pepstatin A) or metallopep-
Z-Gly-Gly-Arg-AMC 377 +067  0.020*+0008 53%10°3 . . S .
Z7-Gly-Pro-AMC NC NC NC tidases (EDTA) did not inhibit OPB, and unlike OPBs from

PHASER (29). The structure was refined in the usual way us-
ing REFMAC (30), together with model building using COOT
(28). Inspection of electron (2mF, — DF,) and difference
(mF, — DF_) density maps identified the ligand along with
water, sulfate, glycerol (GOL) and 1,2-propanediol (PGO)
molecules. The refined model comprises residues 10-730
with the main chain torsion angles of all residues in the al-
lowed regions of a Ramachandran plot (COOT). The
MOLPROBITY (31) score for the structure was 1.62
(within the 83rd percentile for its resolution). Statistics are
given in Table 1. The model and structure factors have
been deposited into the Protein Data Bank (PDB) (32) with
the code 2XE4.

RESULTS

L. major OPB—Recombinant OPB expressed in E. coli and
purified by metal chelate affinity and anion-exchange chro-
matography, gave a yield of ~80 mg liter '. It did not cleave
substrates after proline residues but was found to efficiently
cleave after arginine residues showing similar substrate speci-
ficity to both OPB from E. coli (33) and T. brucei (34) (EcOPB
and TbOPB, respectively) that have arginine specificity at the
P1 position. Although the highest k_,, value was observed

cat

with Z-Gly-Gly-Arg-AMC (0.02 s~ %, Table 2), this had a rela-
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T. brucei (35), T. congolense (36), or Streptomyces griseus (37)
neither dithiothreitol (DTT) nor iodoacetamide (IAA) had
any effect on activity. However, the inhibitors antipain and
leupeptin inhibited OPB with K; values of 69 nm and 26 nm,
respectively (Fig. 10) and after 2 h of incubation with 10 um of
the water-soluble serine protease inhibitor 4-(2-aminoethyl)-
benzenesulfonyl-fluoride (AEBSF), OPB activity was reduced
by 90%.

Overall Structure—The nearly complete structure of OPB
includes residues 10 —730; the histidine tag, the first nine resi-
dues at the N terminus, and the final C-terminal residue are
disordered and not visible in the electron density maps. The
enzyme is composed of two separate domains, the catalytic
and the propeller domains, connected by a hinge region com-
posed of two linear polypeptide strands (residues 94102 and
447-454). The structure exhibits a domain swap with the cat-
alytic domain containing an N-terminal region (residues
1-93) and a C-terminal region (residues 455-731), whereas
the propeller domain consists of residues 103—446 (Fig. 2).

The N-terminal region of the catalytic domain contains two
short anti-parallel B-strands (B1* and 32*) connected by a
long 16-residue loop (loop1l). These are followed by an 11-
residue loop containing a short 3, helix («0*) connected to a
large 1-shaped helix, composed of two a-helices joined by a
short segment of 3, helix («1*). This envelops one side of the
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FIGURE 1. Kinetic characterization of OPB. OPB activity was measured by the change in fluorescence (A, = 355 nm, A, = 460 nm) due to release of AMC
from peptide substrates and quantified by comparison with AMC standards. a, the Michaelis-Menten kinetics of Boc-GRR-AMC (Boc-Gly-Arg-Arg-AMC) were

determined by incubation of OPB (5 ng) with varying concentrations of substrate. FIG.P (Fig.P Software Corporation) was used to calculate the K, and V,

max

values, and these data were subsequently used to determine the k_,, and the catalytic efficiency of the substrate. This analysis was repeated for all sub-
strates and the results reported in Table 2. b, dose response curve was plotted for antipain and leupeptin and all ICs, values were calculated using FIG.P,
and the K; values determined using the Cheng-Prusoff equation (18): K; = ICso/[1 + ([SI/K,,,)], where [S] is the concentration of the substrate.

C-terminal region, which exhibits a typical o/B-hydrolase fold
(38) with a central eight-stranded B-sheet, eight a-helices and
seven short sections of 3, helix (81-88, al-a8, and a0’, a2’,
a3’, ad’, a5, a6’, a8’ (named after the helix they follow apart
from a0’ which is at the start of the domain preceding 1)
from the N to C terminus, respectively). Strands 81 and (32
are in an anti-parallel orientation while the remainder adopt a
parallel conformation (Fig. 2c). The sheet is twisted and
flanked by al and a8 on one side and a2-a7 on the other.
The catalytic triad (Ser-577, His-697, Asp-662) is located on
loops situated between B-strands (following B85, 87, and f38,
respectively (Fig. 2, a and ¢)) facing the propeller domain;
placing it in a large cavity at the interface between the two
domains. The inhibitor, antipain is found in this cavity.

The propeller domain is a seven-bladed (B1-B7) B-propel-
ler, with each blade composed of four 3-strands (81/1-81/4 to
B7/1-B7/4, respectively) (Fig. 2, a and b) forming an anti-par-
allel B-sheet. The B-strands are connected by loops that form
the surface above and below the propeller and these contain
one short a-helix (aA) after B1/4 (below the propeller) and
two short 3, helices (aB and aC) following 83/3 and 7/1
(above the propeller), respectively. The “Velcro” that has been
observed to link blades B1 and B7 in other propeller proteins
(e.g. (39, 40)) is absent and is replaced by mainly hydrophobic
interactions and a single hydrogen bond between residues
Gly-106 and Gln-412 (on the loops following $1/1 and aC,
respectively). There is a large cavity in this domain, located
near to where antipain is found, and it forms a channel filled
with PGO and water molecules extending away from the in-
hibitor and narrowing to around 6 A at the top of the domain.
This opening is too small for the entry of an oligopeptide
substrate.

Structural Comparison with pPOP— Architectural compari-
sons with known structures, carried out using DALILITE v.3
(41), showed that OPB is most similar structurally to the pre-
viously determined prolyl oligopeptidases (POP) (and so
called prolyl endopeptidase (PEP)) structures from porcine
(pPOP) (42) (PDB ID 1QFS; Z-score 46.4), Myxoococcus xan-
thus (mPEP) (PDB ID 1BKL; Z-score 46.1) and Sphingomonas
capsulata (sPEP) (43) (PDB ID 1YR2; Z-score 44.6). POP and
OPB both catalyze the hydrolysis of peptide bonds in oli-
gopeptides but they have markedly different substrate speci-
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ficities with POP cleaving peptide bonds at the C-terminal
side of proline residues. Because of the similar Z-scores and
the fact that pPOP and mPEP are structurally homologous,
the majority of the following comparative analysis is carried
out against pPOP. OPB numbering is adopted throughout,
unless otherwise stated.

Using secondary structure matching (SSM, Ref. 44), the
structure of OPB aligned with 620 residues of pPOP with a
root mean square deviation (rmsd) on Ca-positions of 2.19 A
and a sequence identity of 22% (Fig. 3). The largest differences
are in the loop regions (Fig. 3a). Loop A, a 19-residue loop in
pPOP situated between $3/2 and 33/3 (42) (implicated in
controlling substrate access to the active site (45)) is only five
residues long in OPB. Conversely, Loop 1 in OPB is 16 resi-
dues long but contains only two residues in pPOP, and Loop
2 a 14-residue loop in OPB between 6/3 and 6/4 is only five
residues long in pPOP. Smaller changes include the insertion
of a short 3, helix (aC) at the start of the loop between 87/1
and 7/2 in OPB and a shortening in OPB, by five and three
residues respectively, of two longer loops found in pPOP pre-
ceding 7 and B8. Overall, SSM revealed that 82% of the sec-
ondary structural elements SSE of OPB align with those of
pPOP. The overlay of the catalytic domains, with 87% SSE
matching, 28% sequence identity and an rmsd of 1.4 A, is
much tighter than that of the propeller domains (74% SSE
matching, 17% sequence identity and an rmsd of 2.4 A)

(Fig. 3).

Active Site and Substrate Binding—Characteristic of a/f3
hydrolases, Ser-577 is at the tip of a sharp turn, referred to as
the nucleophilic elbow, leaving the serine OH group exposed
to the catalytic His-697 on one side and the inhibitor on the
other (Fig. 4a). A network of hydrogen bonds links His-697 to
both Ser-577-OG and Asp-662-OD2 (NE1 and ND1, respec-
tively) and Asp-662 (OD1 and OD2) to main chain amide
groups from Arg-664 and Val-665, and a well-ordered water
molecule, respectively.

Throughout this work, the convention of Schechter and
Berger (46) is used for defining substrate residues and sub-
sites. The oligopeptide inhibitor antipain, consists of N-car-
boxy-1-phenylalanine (FCO0), Arg, Val, and arginal (Rgl); resi-
dues P4, P3, P2, and P1, respectively. It forms a covalent
hemiacetal adduct with Ser-577 (Ser-577-OG to the main
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FIGURE 2. Sequence and structure of OPB. General loop regions are shown in gray (yellow in b), a-helices in red, B-strands in blue, and 3, helices in green.
The hinge regions between the two domains and the catalytic triad are highlighted in orange (a and ), and the catalytic domain is represented by deep
colors and the propeller by pale colors. g, the amino acid sequence of L. major OPB with the assigned secondary structure (STRIDE, (53)). This figure was
made using ALINE (54). b, the tertiary structure of OPB with antipain bound in the active site. OPB is represented as a scheme, and antipain is colored cyan
and shown in stick mode. c, the topology of the OPB catalytic domain prepared with TOPDRAW (55). The propeller domain is situated at the ends of the
hinges, highlighting the domain swap in the catalytic domain. All three-dimensional figures were produced using PyMOL (56).

chain C of P1) and is anchored non-covalently in the S1-S4
binding pockets of the protein, extending from the catalytic
site into the propeller domain. The entire molecule of AIP can
be observed in the crystal structure (Fig. 5) with P1-P3 being
better defined than P4 (as seen by higher B-factors). All of the
hydrogen bonding interactions between the protein and in-
hibitor come from the catalytic domain, apart from a single
interaction between the P3 guanidino group of AIP and Ser-
253-0G, which is part of the propeller domain. The gua-
nidino group of Arg-664 (NH1) makes the sole contact to the
P4 residue through its ureido carbonyl. There are no other
contacts to the P3 or P4 residues, and this part of the inhibitor
is found in a solvent-filled cavity.

The oxyanion binding site (P1 carbonyl oxygen) is stabi-
lized by two hydrogen bonds. In the «/ hydrolase family
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these are typically from two main chain amide groups (38). In
OPB, the first is from a main chain amide group (Ala-578)
located adjacent to the catalytic serine. However, the second
is from the OH group of a Tyr (Tyr-496) (Figs. 6a and 7b).
This provides a better proton donor than a backbone NH
group and an identical arrangement is found in pPOP (42).
Along with the covalent adduct and the oxyanion binding
site, the P1 residue of AIP is anchored in the active site
through interactions with Glu-621-OE1 and Tyr-499-OH
which form hydrogen bonds to the P1 guanidino and main
chain amino groups, respectively (Figs. 6a and 7b). Glu-621
and Tyr-499 are both conserved throughout the OPB family
and are also hydrogen bonded together (Glu-621-OE2 to Tyr-
499-OH). Glu-621 is further stabilized through interactions
with highly conserved Trp-625 (NE1 to Glu-621-OE1) and a

JOURNAL OF BIOLOGICAL CHEMISTRY 39253



Crystal Structure of OPB

pPOP mIIFIYIDVYRDeTAIQDYh .......... 20
OPB . BABPET AAKK | PHRV T LigiSiglerdnagionml 36
HKVC-A LE. . PDSEQTKAFVEAQNKITVPFL 54
dRYRE FMMRBld RKDPAV IEHLNKEKVYFQARS 76

EqC..PIIGLYKERMTELYDY.PKYsCHFKK.RYFIFYN 91
A.DiaQL DDIYAEHISHINEdDMS.APEVY YRYMTRE 1714

TgIQNQRVLYVQDSLEG. . . . . EARMFL PIILSDd gTV 125
VkgKPYK I YCRVFMDKEpGdAAECM BlVBQVAEgkaFC 154
ALRGYAFSEDGE YFIYGLSAIgS DWV.K MKVDGake 163
DVMEVKPAPPEHJLVMFSVDME GnEVYMMEBKR ISDpsq 193

Loop A
LP.IVLERVKfSCMAITHdG,KGM-NAYqudgksdgte 201
T1alKVSGTN.GE | VBMGP .DhTSLEMVTKD . ... ... .. 221

tSTNLhQILYY.LITD-ILCAI.deE KWMGGAEL 240
.ETLReNBVWR MK L VCLYBeH. . NBILFSAFMYK 258
SDI.GrYVLLSIREchpVNRLWYC.qqesngitgiLKW 279
AABItN . TLCIGSQSPe. . TAEVHLL rkg....nahNTL 297
DN.FE.Ge.YVTNEGTVFTFKInR. .HSPIYRIIN 315
PReKGVR. VOQMHGTSHLV I LM . NegGAVEMHKEL | 329
IDFTD.PEEIkWK PEHIKDVLIWVICVF.F.LCYL 354
APRGQpSDWE. . H DHSEDVFMEES VR . Y VAGR 366
QLHD LIkipreVGSIVg. 384
WTMMAGSgdgVEKagtGLERevvmeep | FTEMHT v 406
GQKKdT.EIFYQFTIFL.SpGIIYHCdItkeelEPR 420
LEYE.EpTFRMEYSEBILAtP . NTWFDVspq..dhSRT 442
.VilK . B! SDEQTVQ I@YPSKBG MF | [llHK 458
rE.IG IF.AN KVERRIATAPIQ-LSVIYH 481
g. | KLDGsHBAF GFNIBIT.PnYBVSRB!I FVRhM 496
d | D SQPAQICM-SYGLIMDpQ.FIIQHIPYCD.RI 518
GV LEVEN GHE. YJETHHKGHE . | LANBQENCED QC
MIFIIIH-SIIG4RAIYEIIaKYLTIRITIS.IA
IYII K EGYISIK RIT | NIGIN-VATCAIQ-GCV 574
FEEVNAKLEITIES QA CEBREA MGAYV LNV KVA 597
IIQIGVMIMLKFH...KYTiG.HAWTTDYICSDSKQHFEW 610
LIBMGMPFVEBIVMTTMcdpSIP.LtTGEWEEWEBNPNEYKYYDY 636
LIK LHNVKLPeaddi QYPSMLLLTAD D VPLHSL 650
MLS.MDNVRAQ ..... EYPNIMVQCGL.P-AYWEPA 671

IFIATIQYIVgrsrKQNNPLIIHVITKA.GagIPTAIVI 690
WVSKBRECK. .. . . TDNNE IMLN IBMES FsalDRYMFW 707

534
557

a C

FIGURE 3. Sequence and structural comparison of L. major OPB and porcine POP. g, primary sequence alignment based on structure of pPOP and OPB
(SSM, Ref. 44). Conserved residues are shown in blue. Additional loops in OPB are highlighted in green with the corresponding loop residues in POP high-
lighted in pale green. Additional loops in POP are highlighted in bright yellow with the corresponding loop residues in OPB in pale yellow. The start and end
of the propeller domain in OPB is marked with a P. This diagram was produced using ALINE (54). b, structural overlay of the catalytic domains of OPB (blue)
and pPOP (gray). The pPOP inhibitor, Z-Pro-prolinal, and OPB inhibitor, antipain, are shown in yellow and cyan, respectively and represented by sticks.

¢, structural overlay of the propeller domains of OPB (blue) and pPOP (gray). The corresponding inhibitors are shown, and their backbones overlay well.

Structural overlays were produced using SSM (44).

well-ordered water molecule (A2687) coordinating to Glu-
621-OE2 and the P3 carbonyl oxygen (not shown). Glu-621 is
most likely to be responsible for the enzyme substrate speci-
ficity in P1, while Tyr-499 appears to have a role in both ori-
entating Glu-621 and stabilizing the P1 arginine (Tyr-499 is
Phe in pPOP).

The S1 binding pocket is well organized (Fig. 6a). The P1
guanidino group stacks against a conserved Phe (Phe-603),
making a cation-7r interaction, and also forms hydrogen
bonds with the carbonyl oxygen of Arg-664 and two well-de-
fined water molecules (A2580 and A2662). These solvent
molecules are in turn stabilized through bridging interactions
with conserved residues Thr-618 and Pro-616, and Glu-669
and Ala-666 (conserved only in the protozoa), respectively.
These residues do not align with any residues in the pPOP

39254 JOURNAL OF BIOLOGICAL CHEMISTRY

structure and are likely to be involved in stabilizing Arg/Lys in
the S1 binding pocket.

The S2 subsite of OPB is less specific for substrate side
chains than the S1 pocket but, like other members of the fam-
ily (47, 48), it does show a preference for cleaving after basic
residues. In the structure, the S2 binding pocket contributes a
single hydrogen bond from Arg-664-NH1 to the P2 carbonyl
oxygen. A similar contribution from Arg-643 is found in
pPOP (Fig. 7a) and consequently, this is unlikely to contribute
to the enzyme substrate specificity. In OPB, the S2 binding
pocket has a large cavity at one side and there are no acidic
functional groups that could be responsible for the enzyme
substrate specificity at this position.

To investigate possible interactions important for S2 sub-
strate specificity, a tri-Arg peptide was modeled onto the anti-
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FIGURE 4. The catalytic triad and phosphate binding site of OPB. Amino acids are shown in stick mode colored according to atom type: (C, silver/gray; N,
blue; O red, and P orange). The carbon atoms in the P1 Arg are shown in green, and dashed lines represent hydrogen bonds. a, covalent adduct is repre-
sented by an orange line, and the network of hydrogen bonds is shown as blue dashed lines. Water is shown as a cyan sphere, and the nucleophilic elbow of
OPB is represented in oval cartoon mode. b, PO, molecule sits around 3 A away from the hemiacetal carbon of antipain potentially mimicking the position of

a P1’ residue.

FIGURE 5. Electron density map for antipain and selected residues in the
S1 binding pocket. The 2mF_ — DF_is contoured at 1.5 oand is shown as a
gray mesh around Ser-577, Glu-621, Tyr-499 of OPB, and the bound antipain
molecule. Amino acids are shown in stick mode colored according to atom
type: (C, green, N, blue, and O, red), and the covalent adduct is represented
by a solid orange line. The P1 and P3 residues of the antipain are labeled for
clarity.

pain structure using COOT (28). The most commonly ob-
served Arg rotamer found in protein structures (49) was used
in position P2 and revealed a possible single hydrogen bond
between the P2 guanidino group and the carbonyl oxygen of
Tyr-499 (Fig. 6b). Other models, built with alternative rotam-
ers either clashed with the backbone of the protein or existed
in a large solvent-filled cavity. Tyr-499 sits on a flexible loop
between 33 and al surrounded by several conserved Gly resi-
dues. It has a top-to-tail orientation with the modeled P2 Arg
producing hydrophobic anti-parallel stacking between the
two residues at around 3.6 A. Tyr-499 appears to stabilize the
substrate at P2 through this stacking and the lone hydrogen
bond.

In the structure, a single phosphate moiety is located ~3 A
away from the hemiacetal carbon of AIP. This is stabilized in
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a binding site by hydrogen bonds from Tyr-496-OH, the cata-
lytic His-697 (NE2) and Arg-576-NE and NH,, (Fig. 4b). This
appears to mimic the P1" amino acid, which would sit at the
C-terminal side of the scissile bond.

Domain Interface—An investigation of the interface be-
tween the catalytic and propeller domains was carried out
using PISA (50). This showed that it comprises 123 residues
and is stabilized by 29 hydrogen bonds as well as salt bridges
(SB)s between five pairs of residues (Table 3), creating a bur-
ied surface area of around 2200 A2

The salt bridges appear to play an important role in the
stabilization of the interface. SB1 is found between Arg-664 in
the catalytic domain (cat) (which was found stabilizing the
bound inhibitor (above)) and Glu-179 from the propeller do-
main (prop). SB2 between Glu-538 (cat) (which is conserved
in the OPB family) and Arg-302 (prop) is in an unusual envi-
ronment with Arg-302 adopting a dual conformation. In one
conformation, the inter-domain salt bridge is formed, but in
the other, Arg-302 forms a hydrogen bond to the main chain
O of Ser-271 in the same domain. Interestingly, Arg-534 (cat)
sits in close proximity and is also found in a dual conforma-
tion. In one conformation it forms a hydrogen bond to nearby
Ser-530 (cat) and in the other it forms an intra-domain salt
bridge with Glu-538. Electrostatic repulsions prevent both
Arg-302 and Arg-534 simultaneously interacting with Glu-
538. SB3 between Asp-504 (cat) and Arg-366 (prop) makes
another stable bond across the interface. In the OPB family,
Arg-366 is conserved and Asp-504 is always an acidic residue
(Asp or Glu). Finally, highly conserved Arg-703 (cat) reaches
into the propeller domain, interacting with both Glu-96 and
Glu-114 (SB4 and SB5, respectively).

DISCUSSION

Active Site Comparison with pPOP—QOPB is structurally
similar to pPOP (Fig. 3 and (42)), but is markedly different in
its substrate specificity cleaving after basic residues as op-

JOURNAL OF BIOLOGICAL CHEMISTRY 39255



Crystal Structure of OPB

Ala-666<

Arg-664

/N?Pro-616
. ﬁ p—
Pl Thr-618
-©

Glu-669%, ,* )

S o

¢
G
¢

Tyr-499
‘Ala-578 Y

°
Tyr-496 W

a b

FIGURE 6. The S1 (a) and S2 (b) binding pockets of OPB. Amino acids are shown in stick mode colored according to atom type: (N, blue and O, red), the
color of the carbon atoms differs depending on the residue type. g, residues found directly binding to the P1 residue are colored gray, those indirectly bind-
ing are colored silver, Phe-603 is colored sand, and the P1 Arg is colored green. Waters are depicted as cyan spheres. Hydrogen bonds in the oxyanion bind-
ing site are represented by red dashed lines and covalent adduct is shown as solid orange line. Direct hydrogen bonds to the P1 Arg are represented by blue
dashed lines, and indirect bonds in the binding pocket are shown as thin gray dashed lines. For clarity, only the P1 residue of antipain is shown, and Trp-625
is omitted from the figure. Glu-621 is the only residue found to hydrogen bond to the P1 guanidino group via its side chain. b, modeled tri-Arg peptide in

the S2 binding pocket of OPB. Residues and the inhibitor are colored with gray or magenta C atoms, respectively. Blue dashed lines represent hydrogen
bonds. The modeled P2 Arg was found to form a stacking interaction with Try-499; no other interactions were found using alternate rotamers.

Arg-643

a

Arg-664

Glu-621

Tyr-499

Ala-578

Tyr-496

FIGURE 7. Comparison of the interactions to the P1 residues (including the P2 O atoms) of pPOP (a) and OPB (b). Amino acids are represented as in
Fig. 2. The carbon atoms of residues involved in oxyanion binding are colored silver, whereas those of Z-Pro-prolinal and antipain are colored cyan and
green, respectively. Only the P1 residues of the inhibitors (including the P2 carbonyl oxygen (P2 O)) are shown for clarity. The covalent adduct is shown as
an orange line, and hydrogen bonds are represented by dashed lines. Those involved in oxyanion binding are shown in red, those to the P2 O in gray, and

those to the P1 residue (excluding oxyanion binding) are shown in blue.

posed to proline. The structure of pPOP contains the inhibi-
tor benzyloxy-carbonyl-prolyl-prolinal (Z-Pro-prolinal)
bound in its active site allowing the binding pockets of the
two enzymes to be compared. Calculating the electrostatic
surface around the binding pockets of the two enzymes
(GRASP, Ref. 51 and data not shown) reveals that there is a
much less hydrophobic and more acidic environment around
the inhibitor in OPB than in pPOP.

OPB functions as a serine peptidase and the three-dimen-
sional alignment of the Ca positions of OPB on to pPOP
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(SSM, (44)) closely overlays the residues involved in their cat-
alytic triads, including the well-ordered water molecule, sug-
gesting a similar reaction mechanism for both enzymes. In
addition, superimposing the two enzymes, overlays the P1-P3
backbone of the AIP molecule onto the backbone of the in-
hibitor in pPOP (Fig. 3¢).

The identical hydrogen bonding to their oxyanions from a
main chain amide and the hydroxyl group of a Tyr (Fig. 7)
suggests that this stabilization may be specific for this family
of serine peptidases. There are no other hydrogen bonds to
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TABLE 3
Inter-domain salt bridges found in OPB

Salt-bridge no. Catalytic domain — Propeller domain Distance

A
SB1 Arg-664-NH, —  Glu-179-OF1 278
SB1 Arg-664-NH, —  Glu-179-OF2 3.66
SB1 Arg-664-NE —  Glu-179-OE2 2.80
SB1 Arg-664-NE —  Glu-179-OF1 3.37
SB2 Glu-538-OF2 —  Arg-302-NE 3.16
SB2 Glu-538-OF2 —  Arg-302-NH, 3.95
SB3 Asp-504-OD1 —  Arg-366-NH1 276
SB3 Asp-504-OD2 —  Arg-366-NH, 3.11
SB3 Asp-504-OD2 —  Arg-366-NH1 3.20
SB4 Arg-703-NH, —  Glu-96-OFE1 3.68
SB5 Arg-703-NH, —  Glu-114-OF2 3.58

the P1 residue in Z-Pro-prolinal (Fig. 7a). In contrast, in the
OPB structure the guanidino group of the P1 arginine is stabi-
lized through hydrogen bonds from Glu-621 and Arg-664,
and the P1 amide interacts with Tyr-499 (Fig. 7b). In addition,
the P1 residue is stabilized through a cation- interaction
with Phe-603 (Fig. 6a), which overlays with Val-580 in pPOP.

In OPB, Arg-664 stabilizes AIP through interactions with
the P2 carbonyl oxygen and forms SB1 with Glu-179. In
pPOP, Arg-643 also forms a hydrogen bond to the P2 car-
bonyl oxygen of the bound inhibitor (Fig. 7a) and a salt bridge
across the domain interface. Interestingly, mutations that pre-
vent the formation of this salt bridge in mPEP resulted in a
>99% loss of activity in the enzyme (43). Consequently, it
appears that Glu-179 accurately positions Arg-664 in the
binding pocket, which then plays an important role in stabi-
lizing the inhibitor, and may represent a common mechanism
in oligopeptidases.

S1 Subsite Specificity—Structural studies of OPB and a
comparison with pPOP show that Glu-621 appears to play a
pivotal role in OPB preference for basic substrates. The signif-
icance of this residue in determining the P1 substrate specific-
ity of OPB is further supported by mutagenesis studies carried
out on OPB from Salmonella enterica (sOPB) (48). In sOPB,
the point mutations Glu-576-Ala (Glu-621 in OPB) and Glu-
578-Ala (Glu-623 in OPB) resulted in significant changes in
the hydrolysis of Cbz-Arg-AMC (simultaneous replacement
of both residues abolished activity) and led to the speculation
that both residues were involved in defining P1 specificity and
directing OPB cleavage C-terminal to basic residues (48). The
structure of OPB endorses this for Glu-621, however the
functional group of Glu-623 sits around 14 A away from the
inhibitor forming part of an inter-domain hydrogen bond
with Ser-271 (Fig. 8). This suggests that while Glu-621 is im-
portant in defining P1 specificity, the role of Glu-623 is sub-
tler and it is likely to be important in holding the two domains
in place for catalysis to occur.

S2 Subsite Specificity—Substrates with di-arginine motifs
had particularly low K, values in our assays and modeling an
Arg at the P2 position of the bound AIP, resulted in a hydro-
phobic stacking interaction with Tyr-499 (Fig. 6b). In sOPB
and TcOPB, Arg and Lys were found to be equally acceptable
in P2, hydrolyzing with similar k_,,/K, values (47, 48). Mutat-
ing the P2 position of AIP to Lys results in a similar hydrogen-
bonding pattern (to the P1 amide) and hydrophobic stacking
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Crystal Structure of OPB
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FIGURE 8. Inter-domain interactions involving residues shown to be
important in substrate specificity. OPB is depicted as a scheme with the
catalytic domain in red and the propeller domain in blue. Antipain and the
highlighted residues are shown in stick mode, and dashed lines represent
hydrogen-bonding interactions. Oxygen and nitrogen atoms are colored
red and blue, respectively, and carbon atoms are shown in pink, slate, and
green for residues in the propeller domain, the catalytic domain and anti-
pain, respectively. Glu-623 was proposed to be part of the S1 binding
pocket whereas GIn-506 and Asp-504 were thought to be involved in P2
binding (48).

with Tyr-499, suggesting that Tyr-499 could contribute to
stabilizing both Arg and Lys at position P2.

S2 substrate specificity was also investigated in sOPB using
mutagenesis (48). The double point mutations Asp-460-Thr
and Asp-462-Asn (Asp-504 and GIn-506 in OPB, respectively)
were found to have no effect on the hydrolysis of Cbz-Arg-
AMC but dramatically reduce hydrolysis of Cbz-Arg-Arg-
AMC. This effect was considerably less when a hydrophobic
residue was in position P2 (in Cbz-Phe-Arg-AMC) suggesting
that these residues were involved recognizing basic side
chains in P2. In OPB, these residues were not found in the S2
binding pocket but were instead involved in inter-domain
interactions (Fig. 8). Asp-504 forms part of SB3, a bidentate
salt bridge across the two domains. It does not interact with
the P2 position of the inhibitor and sits around 13 A from the
functional unit of the modeled P2 Arg. GIn-506 also forms a
hydrogen bond across the domain interface to His-404 (prop),
sitting at a similar distance from the modeled P2 functional
unit. Consequently, in OPB these residues do not contribute
directly to the S2 binding pocket but may correctly position
the two domains and consequently affect the specificity of the
enzyme at this position.

83 Subsite Specificity—There is little known about the S3
substrate specificity of OPB and the structure reveals only a
single hydrogen bond from Ser-253 to the extended arm of
the P3 guanidino group of AIP. However, the substrate speci-
ficity of the S3 subsite has been examined in both TcOPB and
TbOPB, using kinetic analysis and it was found that the na-
ture of the amino acid at P3 influenced the activity of both of
these peptidases (47). In both enzymes, hydrophobic amino
acids at position P3 produced among the best substrates. In
OPB, the S3 binding pocket contains Leu-617 and Ser-253.
Leu-617 is conserved in TcOPB and TbOPB and could easily
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play a role in stabilizing a substrate through hydrophobic in-
teractions at this position and hence contribute to the enzyme
specificity in P3.

S1' Subsite Specificity—In TcOPB and TbOPB the S1’ sub-
site was shown to be important in determining substrate
specificity showing a preference for potential hydrogen-bond
donors; Tyr, Ser, Thr and Gln at P1'(47). In OPB, a single
phosphate moiety was found in the P1’ position stabilized by
residues Try-496 and His-697, which are important in cataly-
sis and Arg-576, which is conserved in the protozoa. This sug-
gests that Arg-576 may be responsible for the preference of
hydrogen-bond donors at this location. In addition, in the
structure of mPEP (43), Val-458 and Gly-532 are suggested to
play a role in substrate binding C-terminal of the scissile bond
and Gly-532 overlays with Arg-576 in the crystal structures.

Substrate Route—The route of substrate entry into OPB is
unknown but two different pathways and/or mechanisms
have been proposed for entry into the catalytic domain of
pPOP and mPEP (43, 52). However, neither one is directly
applicable to OPB. In pPOP, a small tunnel at the inter-do-
main region, comprising a highly flexible N-terminal segment
of the catalytic domain and a facing hydrophilic loop from the
propeller domain (residues 192-205, Loop A (Fig. 3a)) was
shown to be a potential pathway for the substrate (52). This
loop is missing in both OPB and mPEP, suggesting that they
have different substrate routes.

In mPEP, a salt bridge between Arg-572 (cat) and Asp-196/
197 (prop), was proposed to function as a latch for the open-
ing or closing of the two domains, to allow substrate entry
into the active site (43). These residues are not structurally
conserved in OPB (or pPOP) and there are no other salt
bridges in the immediate vicinity. However, it is possible that
another salt bridge (SB2; Glu-538 (cat) to Arg-302 (prop)) in
OPB functions as a latch in a similar manner. As described
above, Arg-302 adopts two conformations, one of which
forms the salt bridge between the two domains. This is bro-
ken when it changes conformation and is replaced by an in-
tra-domain salt bridge to Ser-271, when Arg-534 also changes
its conformation. This type of switch may let the two domains
of OPB to open and allow substrate entry as observed in
mPEP (43). Overall, the domain interface of OPB is important
for the both the functionality and substrate recognition prop-
erties of the enzyme.
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