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Structures of OppA and PstS from Yersinia pestis
indicate variability of interactions with

transmembrane domains

Bacterial ATP-binding cassette (ABC) transport systems
couple ATP hydrolysis with the uptake and efflux of a wide
range of substances across bacterial membranes. These
systems are comprised of transmembrane domains, nucleotide
binding domains and, in the case of uptake systems,
periplasmic binding proteins responsible for binding and
presentation of substrate to the transmembrane domains. In
pathogenic bacteria, ABC systems are known to play roles in
virulence and pathogenicity and the surface localization of
some components has made them attractive targets for both
vaccine and anti-infective development. Here, the crystal-
lization of five proteins (OppA, PstS, PiuA, YrbD and CysP)
from Yersinia pestis, the causative agent of plague, are
reported that diffracted to resolution limits ranging from 1.6
to 5 A. The first crystal structures of ABC system components
from Y. pestis, OppA and PstS, are also reported here as
complexes with their substrates. Comparisons of these two
structures with known structures of related proteins suggest
that these proteins possess versatility in substrate recognition
and variations in protein—protein interactions with their
cognate transmembrane domains.

1. Introduction

ATP-binding cassette (ABC) transport systems comprise one
of the largest membrane-protein families, being responsible
for the transport of a diverse range of molecules across
membranes. ABC transporters have two transmembrane
domains (TMDs) and two ATP-binding or nucleotide-binding
domains (NBDs). In Gram-negative bacteria, periplasmic
binding proteins (PBP) are present that mediate the transport
of specific substrates from the outer membrane to the inner
membrane, where the TMDs are located (Higgins, 1992).
Several high-resolution crystal structures of complete
bacterial ABC transporters have been determined: the
vitamin By, transporter BtuCD (Locher et al, 2002), the
multidrug ABC transporter Savl866 (Dawson & Locher,
2006), the metal-chelate-type ABC transporter HI1470/1
(Pinkett et al., 2007) and the ModB,C, transporter in complex
with its binding protein ModA (Hollenstein et al., 2007). The
structures have helped to establish how these multisubunit
complexes are assembled and have provided insights into
ABC transport mechanisms.

Bacterial ABC transporters have a wide range of physio-
logical roles that enable survival in diverse environments.
Broadly, these systems can be divided into importers or uptake
systems and exporters or efflux systems (reviewed by
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Davidson & Chen, 2004), although ABC transporters with
nontransport functions exist, such as those for DNA repair
(Goosen & Moolenaar, 2001) or lipid biogenesis (Yakushi et
al., 2000). Importers are often involved in the uptake of
nutrients such as sugars (Schneider, 2001), metal ions and
complexes (Hantke, 2005; Koster, 2005) and peptides
(Detmers et al., 2001), and are therefore important in bacterial
metabolism and survival. In comparison, exporters can play
roles in bacterial virulence and pathogenicity, exemplified by
efflux systems associated with multidrug resistance or the
export of pore-forming toxin degradative enzymes (reviewed
by Piddock, 2006). In addition, because some ABC system
components are associated with virulence or survival in the
host, are located at or near the bacterial cell surface, lack
homologues in mammalian systems and can provide protective
immunity, this class of proteins is a potential target for anti-
microbial and vaccine development (Garmory & Titball,
2004).

Yersinia pestis, the causative agent of plague, is transmitted
to humans via bites from rodents and their associated fleas.
There are three forms of plague: bubonic, septicaemic and
pneumonic plague. In the pneumonic form, Y. pestis can be
transmitted person to person or animal to person via inhala-
tion of contaminated air droplets (Perry & Fetherston, 1997).
This mode of transmission has led to the identification of
Y. pestis as a potential biological weapon (Inglesby et al,
2002). As part of an effort to develop new vaccines against
plague, we are pursuing a programme of X-ray studies of ABC
transport proteins, which have been identified as candidate
antigens using the genome sequence of Y. pestis (Parkhill er
al., 2001). Here, we report the crystallization of five different
putative Y. pestis ABC transporter proteins or PBPs. We also
report the first crystal structures of two PBPs from Y. pestis:
OppA, part of the oligopeptide transporter system protein,
which we have recently shown is a protective antigen against
plague (Tanabe et al., 2006), and PstS, part of a phosphate
transporter system. Comparative structural analysis of their
active sites suggests that both proteins have the ability to
transport multiple peptides or phosphate compounds and this
versatility in the substrate-binding sites may contribute to the
survival of Y. pestis in its different environmental niches. In
addition, examination of their surfaces suggests that the
nature of the interactions of between PBPs and TMDs could
in some cases be dominated by non-electrostatic forces.

2. Materials and methods
2.1. Protein expression and purification

Y. pestis DNA and protein sequences corresponding to each
target were obtained from the Wellcome Trust Y. pestis
genome database (Parkhill ez al., 2001). Oligonucleotides were
designed incorporating a 5" EcoRI or Sall site and a 3’ Xhol
site. OppA and PstS were expressed as the full-length proteins
including signal sequences, while CysP (residues 36-345) and
YrbD (residues 27-185) were expressed as truncated forms
lacking the transmembrane domains as predicted by TMHMM

(Krogh et al.,2001). PiuA (residues 21-321) was expressed as a
truncate corresponding to those regions of the protein found
to be antigenic in studies with Streptococcus pneumoniae PiuA
(Brown et al., 2001). The resultant gene products were cloned
into either pET28a(+) or pET24a(+) (CN Biosciences)
expression vectors incorporating an N-terminal or C-terminal
six-histidine tag, respectively. The cloned genes were trans-
formed into Escherichia coli BL21 (DE3) cells. The cells were
grown in LB medium and protein expression was induced with
0.2 mM IPTG for 6 h at 293 K (PiuA-pET28) or 0.5 mM IPTG
for 4 h at 310 K (PstS-pET24, OppA-pET24, YrbD-pET28
and CysP-pET28). CysP, PiuA and YrbD were expressed in
the cytoplasm, while OppA and PstS were expressed in the
periplasm.

The basic protein-purification protocol was adapted from
previously published methods (Sambrook & Russell, 2001).
All procedures were carried out at 277 K. E. coli cells
expressing individual target proteins were incubated with 1%
lysozyme in treatment buffer (200 mM Tris-HCI pH 8.8,
20 mM Na EDTA, 500 mM sucrose) for 30 min. The peri-
plasmic fraction was separated by centrifugation at 12 000g for
15 min. The supernatant was isolated and used for purification
in the case of PstS. In the cases of CysP, PiuA and YrbD, the
remaining cells were disrupted by sonication using a VCX500
sonicator (Sonics and Material Inc.) for 2 x 5 min bursts in
cell-disruption buffer (5mM Na EDTA, 1 ug ml~' DNasel,
0.5 mM PMSF). The sample was centrifuged at 10 000g for
15 min to remove debris. The supernatant containing the
expressed proteins was separated from the insoluble fraction
by centrifugation at 100 000g for 1.5 h. For OppA, the peri-
plasmic fraction was obtained by osmotic shock using a
previously published method (Guyer et al., 1985). Na EDTA
and low-molecular-weight proteins in the soluble fractions
were removed by filtration through a 10 kDa molecular-weight
cutoff filter (Millipore) prior to incubation with Ni** resin.

The concentrated protein solutions were incubated with
Ni** resin equilibrated with buffer A (50 mM Tris—-HCl pH 7.5,
100 mM NaCl, 5 mM imidazole) for 2h at 277 K. After
extensive washing of the resin, proteins were eluted with
buffer A containing 100 mM imidazole.

Protein concentration was determined using the Bradford
method (Bio-Rad) or using a BCA kit (Pierce/Perbio
Science). Bovine serum albumin (BSA) was used as a protein
standard.

2.2. Protein crystallization and data collection

Initial crystallization trials were set up by a crystallization
robot (Cartesian) in 96-well plates using the sitting-drop
vapour-diffusion method. The screening solutions were
obtained from Hampton Research, Molecular Dimensions Ltd
and an in-house screening kit. The robot dispenses drops
consisting of 0.2 pl protein solution at various concentrations
plus 0.2 pl reservoir solution. The drops were equilibrated
against 200 pl reservoir solution at 277 and 293 K. All protein
crystals described here were obtained using this initial
screening process. For optimization, drops consisting of 1 pl
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protein solution plus 1 pl reservoir solution were incubated
with 800 pl reservoir solution using the hanging-drop vapour-

diffusion method.

For OppA, 20 mg purified protein (in 2 ml 10 mM HEPES-
NaOH pH 7.5) was incubated with 100 mg trilysine peptide (in

Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

10 ml 10 mM HEPES-NaOH pH 7.5) overnight at 277 K.
Prior to the setting up of initial crystallization trials, the

OppA-trilysine complex was concentrated to 20 mg ml™" in

10 mM HEPES-NaOH pH 7.5. Initial crystals were grown in
30% (w/v) PEG 1500 using the sitting-drop method. For opti-

mization, OppA protein (~50 mg ml™
in 10 mM HEPES-NaOH pH 7.5) was
mixed with a reservoir solution
consisting of 32%(w/v) PEG 1500 and
3% aminocaproic acid in a 1:1 ratio.

OppA PstS PiuA YrbD . . i
Crystals grew to maximum dimensions
Space group 22,2, P2, P42z Pb; or Pbs of 100 x 50 x 300 pm within 3d at
Unit-cell parameters .
a(A) 182 68.93 50.15 137.65 293 K. Crystals intended for X-ray data
b (A) 90.63 60.82 50.15 137.65 collection were soaked in vitrification
< ((‘?)) ggm 33'78 ;(9)624 ;8968 solutions with an increasing concentra-
o .
8 () 900 100.14 90 120 tion of PEG 1500 (to 3.5%) and
Y ©) 90 90 90 90 10% (v/v) methyl-2,4-pentanediol (MPD)
Synchrotron source ESRF 1ID29 SRS14.1 ESRF ID29 SRS14.1 and flash-frozen in liquid nitrogen.
No. of molecules per ASU 1 2 1 4-8

Resolution range (A)
No. of unique reflections

30-1.8 (1.85-1.8)
71053

30-2.0 (2.06-2.0)
42809

30-2.9 (2.99-2.9)
6131

30-3.2 (3.29-3.2)
26091

For PstS, purified protein was
concentrated to 15mgml™" in 10 mM

ﬁntgutl.ar incremif)t per frame (°) }80 }80 }50 }80 Tris-HCI pH 7.2. PstS crystals were first
otation range . .

Completeness 87.4 (88.1) 97.8 (94.7) 97.7 (100) 99.2 (100) obtained in 100 mM HEPES-NaOH pH
Ryt 0.080 (0.587)  0.080 (0.134)  0.105 (0.514)  0.104 (0.560) 7.5, 20% (w/v) PEG 10 000. For optimi-
1o(1) ) 12.9 (1.9) 1806 (11.2) 113 (4.4) 17.5 (4.3) zation, PstS protein (~15mgml~" in
Wilson B factor (A?) 34.1 21.0

T Roym = Yo 2ol — 1,1/, > I, where I, is the mean intensity of the reflection.

10 mM Tris-HCI pH 7.2) was mixed in a
1:1 ratio with reservoir consisting of

(a)

Figure 1

(b)

(e)

() (e)

Crystals and diffraction images for the crystallized target proteins. Rows 1, 2 and 3 show the initial crystals obtained from 96-well plate preliminary
screens, optimized crystals and a typical diffraction image, respectively. It was possible to obtain diffracting crystals of (a) OppA, (b) PstS, (c) PiuA, (d)
YrbD and (e) CysP with diffraction limits of 1.6, 2.0, 2.8, 2.8 and 5.0 A, respectively. The scale bars shown on the figures in row 2 represent 100 pm.
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100 mM HEPES-NaOH pH 7.5, 22%(w/v) PEG 10 000 and
10 mM MgCl,. After optimization, crystals grew to maximum
dimensions of 200 x 250 x 150 pm within 48 h at 293 K.

¥pOppA
StOppA

¥pOppA
StoppA

YpOppA @

StOppA

¥poppA
Stopph

¥pOppA
StOppA

¥pOppA |
StOppA 4D

vpopph LS

StOppA

Figure 2

(a) Ribbon representation of Y. pestis OppA. B-Strands are labelled S1-S17 (purple) and
helices are labelled H1-H21 (light blue). The trilysine substrate is represented by a stick
model. (b) The sequences of Y. pestis OppA (YpOppA) and S. typhimurium OppA (StOppA)
aligned using CLUSTALW (Thompson et al., 1994). Strands and helices are indicated by
purple arrows and light-blue cylinders, respectively. Conserved residues, nonconserved
residues and the residues involved in substrate binding are shown in white, black and blue,
respectively. (¢) Parallel stereoview of the superposition of the Y. pestis OppA (pink) and the
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S. typhimurium OppA (dark blue) structures.

Crystals were vitrified in 25% (w/v) PEG 10 000 and 10% (v/v)
MPD or 20%(v/v) glycerol.
For PiuA, purified protein was concentrated to 20 mg ml™"

in 10 mM HEPES-NaOH pH 7.5. Initial
crystals were observed in 30%(w/v) PEG
1500 in sitting drops. For optimization, PiuA
protein (~20 mgml™" in 10 mM HEPES-
NaOH pH 7.5) was mixed in a 1:1 ratio with
reservoir consisting of 30% (w/v) PEG 1500
and 1 mM BaCl,. Crystals grew to maximum
dimensions of 200 x 200 x 50 um within
48 h at 293 K. Crystals were vitrified using a
reservoir solution adjusted to 35%(w/v)
PEG 1500 with 10%(v/v) MPD.

For YrbD, purified protein was concen-
trated to 40 mgml™' in 10 mM HEPES-
NaOH pH 7.5. Initial crystals of YrbD were
grown in 100 mM CHES pH 9.5, 30% (w/v)
PEG 400, 100 mM NaCl and 100 mM MgCl,
in sitting drops. For optimization, YrbD
protein (~50 mgml~"' in 10 mM HEPES-
NaOH) was mixed in a 1:1 ratio with reser-
voir consisting of 20 mM EDTA pH 8.0,
28% (w/v) PEG 400, 100 mM NaCl and
MgCl,. Crystals grew to maximum dimen-
sions of 150 x 100 x 100 pm in around 2-3
weeks. Crystals were vitrified in liquid N,
before data collection in the presence of an
increased PEG 400 concentration [30-
32% (w/v)].

For CysP, purified protein was buffer-
exchanged into 10 mM HEPES-NaOH pH
7.5. Initial crystals were obtained in 200 mM
ammonium sulfate, 100 mM sodium acetate
trihydrate pH 4.6 and 30% (w/v) PEG 4000
at 293 K. Optimization was performed using
24-well hanging drops containing 0.9 pl
CysP (20 mg ml™" in 10 mM HEPES-NaOH
pH 7.5) mixed with 0.9 pl reservoir solution
consisting of 200 mM ammonium sulfate,
10 mM Li,SO,, 100 mM sodium acetate
trihydrate pH 5.0 and 28% (w/v) PEG 4000.
Crystals were vitrified in liquid N, in the
presence of 30%(w/v) PEG 4000 and
20% (v/v) glycerol prior to data collection.

OppA and YrbD data sets were collected
at the ESRF (European Synchrotron
Radiation Facility) beamline ID29 using an
ADSC Quantum 4 CCD detector. PstS and
PiuA data sets were collected at the
Daresbury Synchrotron Radiation Source
(SRS, Daresbury, Warrington, England)
beamline 14.1 using an ADSC Quantum 4
CCD detector. All data were collected from
crystals vitrified at 100 K. All data sets were
processed using DENZO/SCALEPACK
(Otwinowski & Minor, 1997). Images from
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Table 2
PstS and OppA data-refinement statistics.

Values in parentheses are for the highest resolution shell.

OppA PstS

Resolution range (A)

30-2.0 (2.03-2.0)
No. of molecules per ASU 1

30-2.0 (2.02-2.0)
2

No. of protein atoms 517 642
No. of water molecules 414 484
RyorkT (%) 21.0 (35.8) 17.9 (21.6)
Reeeet (%) R 23.9 (38.0) 21.6 (27.3)
R.m.s.d. bond lengths (A) 0.0078 0.0049
R.m.s.d. bond angles (°) 1.80 1.27
Ramachandran plot
Most favourable regions (%) 88.7 93.1
Additional allowed regions (%) 113 6.9

T Ruork = 2 [IFy] = |F.|[/31F,]. % Rpee is the R value for a 10% subset of randomly
selected reflection data which were excluded from refinement.

the CysP crystals were collected using a Rigaku/MSC 3U300
X-ray generator with a MAR345 detector.

2.3. Structure solution and refinement

The OppA structure was solved by the molecular-replace-
ment method using the coordinates of Salmonella enterica
serovar Typhimurium (S. typhimurium) OppA (PDB code
20lb; Tame et al., 1995) as a search model in Phaser (Storoni et
al., 2004) as implemented in the CCP4 suite (Collaborative
Computational Project, Number 4, 1994). The PstS structure
was solved by molecular replacement using the coordinates of
the E. coli phosphate-binding protein (PBP; PDB code 2abh;
Luecke & Quiocho, 1990) as a search model in MOLREP
(Vagin & Teplyakov, 2000) in the CCP4 suite. For both
structures, density modification and crystallographic refine-
ment procedures were carried out using ARP/wARP (Lamzin
et al., 2001), REFMACS (Murshudov et al, 1997) and CNS
(Briinger et al., 1998). Model building was performed using the
program O (Jones et al., 1991).

Figure 3
Substrate-binding site of Y. pestis OppA shown in parallel stereo. Key binding-site residues are
labelled. Electron density for the trilysine molecule is shown generated from a 2F, — F.
difference electron-density map contoured at lo. Hydrogen bonds between OppA and
trilysine are shown as dotted lines.

2.4. Analysis of sequence and structure and validation

The Y. pestis OppA and PstS structures were validated
using the program PROCHECK (Laskowski et al., 1993).
Amino-acid sequence alignments of the bacterial OppA and
PstS sequences were performed using the program CLUS-
TALW (Thompson et al., 1994). Structural alignments and
superpositions of the Y. pestis OppA structure with the
S. typhimurium OppA structure and of the Y. pestis PstS
structure with the E. coli PBP or Mycobacterium tuberculosis
PstS-1 structures were carried out using LSOMAN from the
Uppsala Software Factory DEJAVU package (Kleywegt,
1996). The same program was used to calculate the root-mean-
square deviation (r.m.s.d.) values. All figures depicting struc-
tures were prepared using PyMOL (DeLano, 2002).

3. Results
3.1. Crystallization of the target proteins

Crystals of OppA, PstS, PiuA, YrbD and CysP were
obtained with diffraction limits of 1.6, 2.0, 2.8, 2.8 and 5.0 A,
respectively (Fig. 1, Table 1). It was not possible to deduce the
space group of the CysP crystals from the low-resolution data
obtained. The relatively high Ry, values for PiuA appear to
be a consequence of radiation damage. Some low-resolution
data were not fully collected for the high-resolution OppA
data set, which resulted in a low level of data completion of
87.4%.

3.2. Overall structure of Y. pestis OppA

The structure of OppA was solved at 2.0 A resolution
(Fig. 2a) by molecular replacement using coordinates from the
S. typhimurium OppA crystal structure (PDB code 20lb; Tame
et al., 1995). Refinement statistics are summarized in Table 2,
indicating a final Ry value of 21.0% with an Ry value of
23.9% for data refined to 2.0 A resolution (Table 2). The
Ramachandran plot showed 88.7% of the OppA residues to
be in the most favourable regions, with the remaining 11.3% in
the additional allowed regions. A pairwise
alignment between the Y. pestis and
S. typhimurium OppA protein sequences
(Parkill et al., 2001; Hogarth & Higgins,
1983) is shown in Fig. 2(b), indicating that
the residues involved in substrate binding
are completely conserved. The sequence
identity and similarity between these two
proteins are 79% and 85%, respectively. A
trilysine peptide is present in the substrate-
binding site of this structure (Figs. 2a and 3),
forming interactions with residues Glu32,
Val34, Tyrl09, Asn246, Asn247, Argd04,
His405, Argdl3, Ala41s, Trp416, Cys4l7,
Asp419 and Thr438. The trilysine is bound
in a similar manner in the Y. pestis OppA as
that observed in the analogous crystal
structure of S. typhimurium OppA (Tame et
al., 1995), with the peptide being completely

Acta Cryst. (2007). D63, 1185-1193
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enclosed in the protein interior. Tame et al. (1994) pointed out
that this mode of binding normally imposes high specificity,
with the protein fulfilling the hydrogen-bonding requirements
and accommodating the trilysine peptide side chains in volu-
minous hydrated cavities. The high degree of similarity
between the Y. pestis and S. typhimurium OppA protein
structures (Fig. 2¢), both in the overall fold and substrate-
binding site (r.m.s.d. of 0.49 A for 517 C* atoms), suggests that
Y. pestis OppA also has the capacity to
accept a wide range of peptides with varying
affinities, as observed for the S. typhimurium
protein (Sleigh et al., 1999), and can include
cell-wall peptides that contain y-linked and
p-amino acids (Goodell & Higgins, 1987).

3.3. Overall structure of Y. pestis PstS

The crystal structure of Y. pestis PstS
(Fig. 4a) was solved at 2.0 A resolution by
molecular replacement using coordinates
from the crystal structure of the E. coli PBP
(PDB code 2abh; Luecke & Quiocho, 1990).

The sequence identity and similarity
between the Y. pestis PstS and E. coli PBP
amino-acid sequences (Parkhill et al., 2001; o i

Surin et al., 1984; Magota et al., 1984) are
86% and 94%, respectively. Refinement

MtPstS-1

(Luecke & Quiocho, 1990), while two Asp residues, Asp83 and
Aspl68, are present in M. tuberculosis PstS-1 (Vyas et al.,
2003). This led to the suggestion that the M. tuberculosis PstS-
1 protein will preferentially bind the monobasic form of P;
whereas the E. coli protein would favour binding the dibasic
form. However, experimental binding studies showed little
difference in the measured affinities of monobasic and dibasic
phosphate for either of these proteins (Wang et al, 1984),

statistics are summarized in Table 2, indi-
cating a final Ry« value of 17.9% with an
Ry, value of 21.6% for data refined to 2.0 A
resolution (Table 2). The Ramachandran
plot showed 93.1% of all residues to be in
the most favourable region, with the

YpPsts DgEK GLFQFPTVIGGVVLAVNIPG tKSGE
EcPBP IIANTVDFGAS APL-DUER
Geu NI 8. Y 'SEGDMA!'H

IGGVVLIV'HXPG‘KSGE
MtPstS-1 L VS-EN

YpPstS
EcPBP
MtPstS-1 KUN,

YpPsts
EcCPBP

remaining 6.9% in the additional allowed
regions. A pairwise alignment of the
sequences of Y. pestis PstS, E. coli PBP and
the other structurally characterized related

protein PstS-1 from M. tuberculosis is shown ¥pPsts
EcPBP

in Fig. 4(b), highlighting the residues
involved in phosphate binding. The
sequence identity and similarity between the
Y. pestis PstS and M. tuberculosis PstS-1
amino-acid sequences (Parkhill et al., 2001;
Braibant et al., 1996) are 33% and 56%,
respectively. The protein fold exhibits the
characteristic bilobed structure of PBPs,
with the pocket for phosphate in the centre
of the structure located between the inter-
face of the two domains (Figs. 4a and 5). The
overall structure is highly similar to the
crystal structures of PBP from E. coli
(rm.s.d. of 0.52 A for 321 C* atoms) and
PstS-1 from M. tuberculosis (PDB code
1pc3; Vyas et al., 2003; r.m.s.d. of 1.48 A for
321 C* atoms). It was previously observed
that the phosphate-binding site of the E. coli
PBP contains only one Asp residue, Asp56

Figure 4

- FAQDLTHOKGE LD HPI'.I'S'."".EFI].HH E
WSK FAQDLTHORGES DL WPITSTTF 1Ly oH

(a) Ribbon representation of Y. pestis PstS. B-Strands are labelled S1-S15 (purple) and helices
are labelled H1-H11 (light blue). The bound phosphate is represented by a stick model. (b)
The sequences of Y. pestis PstS (YpPstS), E. coli PBP (EcPBP) and M. tuberculosis PstS-1
(MtPstS-1) were aligned using CLUSTALW (Thompson et al., 1994). Strands and helices are
indicated by purple arrows and light-blue cylinders, respectively. Conserved residues,
nonconserved residues and the residues involved in substrate binding are shown in white,
black and blue, respectively. (c) Parallel stereoview of the superposition of the Y. pestis PstS
(pink), E. coli PBP (dark blue) and M. tuberculosis PstS-1 (green) structures.
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Figure 5

Substrate-binding site of Y. pestis PstS shown in parallel stereo. Key binding-site residues are
labelled. Electron density for the HPO3™ is shown generated from a 2F, — F, difference
electron-density map contoured at 1o. Hydrogen bonds between PstS and HPO3 ™ are shown

as dotted lines.

OppA

Periplasm

Cytoplasm

PstS

Periplasm

Cytoplasm

(c)

Figure 6

(a) Surface model and electrostatic potential map of OppA, shown as if
bound to the TMDs. The TMDs (OppB, OppC) and the NBDs (OppD,
OppF) are shown as a schematic viewed parallel to the membrane. (b)
OppA rotated through 90° to show the surface of the protein which will
bind to the TMDs. (c) Electrostatic potential map of PstS, shown as if
bound to the TMDs. The TMDs (PstA, PstC) and NBDs (PstB) are
shown as a schematic viewed parallel to the membrane. (d) The
electrostatic potential map of PstS rotated through 90° to show the
surface of the protein which will bind to the TMDs. The surface is
coloured according to the electrostatic potential calculated by GRASP
(Honig & Nicholls, 1995). The polar surfaces are coloured blue (positively
charged) and red (negatively charged (£15k77e).

which led to the conclusion that these proteins can transport
both substrates (Vyas et al., 2003). The Y. pestis PstS binding
site (Fig. 5) has only one Asp residue, Asp56, in its binding

site, with the position of the second Asp in
M. tuberculosis PstS-1 being replaced with
Thr141, as seen in E. coli PBP. Y. pestis PstS
may thus serve to function in the transport
of both P; species as part of a survival
mechanism under conditions of limiting P;
concentration, where it has been shown, for
example in E. coli and Bacillus subtilis, that
expression of PstS is highly upregulated
(Wanner, 1996; Antelmann et al, 2000).
Versatility of substrate binding is also
observed in other PBPs such as HisJ, the
PBP of the histidine permease ABC trans-
porter from E. coli, which also binds argi-
nine, lysine and ornithine although with
lower affinity than histidine (Lever, 1972),
and, as the name suggests, the leucine-,
isoleucine- and valine-binding protein
LIVBP (Sack et al, 1989). In addition, the
versatility of OppA, which can bind peptides
that vary widely in both length and composition, has been well
documented (Doeven et al., 2004; Sleigh et al., 1999).

3.4. Structural similarites to other periplasmic binding
proteins

The OppA and PstS structures are both comprised of two
lobes held together by two and three strands, respectively. This
bilobed structure is a common feature of PBPs (Hollenstein et
al., 2007; Oh et al., 1994; Quiocho & Ledvina, 1996; Quiocho,
1990). Liganded and unliganded structures of PBPs revealed
that the hinge region between the two lobes allows the
movement of one lobe relative to the other, with the binding
site located in the crevice between the two lobes (Oh et al.,
1993; Magnusson et al., 2004; Heddle et al., 2003). This is a
conformational rearrangement that appears to be of key
importance for high-affinity substrate binding. However, this
architecture also has a role in the interaction between the
periplasmic binding proteins and the transmembrane-domain
regions of the ABC transporter. The recent structure of
ModABC indicates that the binding of both lobes to the two
TMDs orientates the binding pocket over the translocation
pathway (Hollenstein et al., 2007). The interaction between
the ModA periplasmic binding protein and the ModB TMDs
orientates the entrance of the ModA binding cleft over the
ModB gate to the translocation channel. This interaction is
suggested to be mediated in part by several charged residues
located on the surface of both lobes of ModA. Previous
biochemical and mutagenesis studies on HisJ] from S. typhi-
murium and FhuD2, an iron-binding protein from Staphylo-
coccus aureus, had shown a role for charged residues in the
interaction between the relevant PBPs and TMDs. Mutation
of key residues on the PBPs resulted in a loss of binding (Liu ez
al., 1999; Prossnitz, 1991; Sebulsky et al., 2003). A similar mode
of interaction was suggested for the components of the vitamin
B>, ABC transporter BtuF and BtuCD based on the individual
structures (Borths ef al., 2002) of the proteins. The structure of
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the nickel-binding protein NikA from E. coli (Heddle et al.,
2003; PDB code 1uiv) also appears to have charged amino-
acid residues projecting from the protein in the regions likely
to interact with the TMDs, although these are not as promi-
nent as in other PBPs. Examination of the surfaces of OppA
and PstS predicted to interact with their cognate TMDs shows
distinctly different distributions of surface charge (Fig. 6). In
the case of PstS (Figs. 6¢c and 6d), a number of prominent
charged residues are found in positions, previously identified
other PBPs (Prossnitz, 1991; Liu et al., 1999; Borths et al., 2002;
Sebulsky et al., 2003; Heddle et al., 2003; Hollenstein et al.,
2007), as important for interacting with TMDs. This observa-
tion suggests that electrostatic interactions play an important
role in mediating contacts between PstS and its associated
TMDs PstCA. In contrast the OppA structure lacks a
considerable number of the charged residues at the equivalent
positions in its structure (Figs. 6a and 6b). This is also the case
for the zinc-binding protein ZnuA from E. coli (Chandra et al.,
2007; PDB code 20gw), which appears to lack any distinct
charged residues on the regions of the protein that are likely
to interact with the TMDs. Therefore, whilst it seems likely
that electrostatic interactions are of key importance for the
association between some PBPs and their specific TMDs, for
OppA and possibly other PBPs it is likely that other interac-
tions involving van der Waals forces and hydrogen bonds are
also important.

4. Conclusions

The structures of OppA and PstS presented here provide the
first examples of ABC transporters from Y. pestis. Our initial
interest stemmed from previous work which demonstrated
that immunization with OppA provides protection against
Y. pestis infection in a mouse model (Tanabe et al., 2006). This
is strongly suggestive that OppA, a protein that is not found in
humans, is essential to Y. pestis and is therefore a good target
for vaccine development. The availability of the three-
dimensional structure of OppA provides a framework for the
identification and characterization of key epitopes potentially
useful for future vaccine development. Furthermore, analyses
of both structures indicated that they exhibit a versatility of
substrate binding which contributes to the ability of Y. pestis
to survive, particularly in different niches or under different
environmental stresses. Comparisons of surfaces of these
proteins also suggest that protein—protein interactions
between these PBPs and their cognate TMDs are mediated by
a range of molecular forces which are not necessarily domi-
nated by electrostatic interactions as seen in the recent
ModABC structure (Hollenstein et al., 2007). Given the wide
range of ABC systems which will be functioning in an
organism and the similarity of PBP structures in general, these
surface differences are clearly key features in assuring correct
discrimination and recognition between each PBP and its
TMD.

This work was funded by the Defence Science and
Technology Laboratories.
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