THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 47, pp. 32812-32820, November 21, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Structural Analysis of a Periplasmic Binding Protein
in the Tripartite ATP-independent Transporter Family
Reveals a Tetrameric Assembly That May Have a Role in

Ligand Transport”

Received for publication, May 9, 2008, and in revised form, June 17,2008 Published, JBC Papers in Press, August 22, 2008, DOI 10.1074/jbc.M803595200

Matthew J. Cuneo’, Anita Changela*, Aleksandr E. Miklos*, Lorena S. Beese®, Joanna K. Krueger®,

and Homme W. Hellinga*'

From the *Department of Biochemistry, Duke University, Medical Center, Durham, North Carolina 27710 and the *Department of
Chemistry, University of North Carolina, Charlotte, North Carolina 28213

Several bacterial solute transport mechanisms involve mem-
bers of the periplasmic binding protein (PBP) superfamily that
bind and deliver ligand to integral membrane transport proteins
in the ATP-binding cassette, tripartite tricarboxylate trans-
porter, or tripartite ATP-independent (TRAP) families. PBPs
involved in ATP-binding cassette transport systems have been
well characterized, but only a few PBPs involved in TRAP trans-
port have been studied. We have measured the thermal stability,
determined the oligomerization state by small angle x-ray scatter-
ing, and solved the x-ray crystal structure to 1.9 A resolution of a
TRAP-PBP (open reading frame £/10322) from the hyperthermo-
philic bacterium Thermotoga maritima (TM0322). The overall
fold of TM0322 is similar to other TRAP transport related PBPs,
although the structural similarity of backbone atoms (2.5-3.1 A
root mean square deviation) is unusually low for PBPs within the
same group. Individual monomers within the tetrameric asymmet-
ric unit of TM0322 exhibit high root mean square deviation (0.9 A)
to each other as a consequence of conformational heterogeneity in
their binding pockets. The gel filtration elution profile and the
small angle x-ray scattering analysis indicate that TM0322 assem-
bles as dimers in solution that in turn assemble into a dimer of
dimers in the crystallographic asymmetric unit. Tetramerization
has been previously observed in another TRAP-PBP (the
Rhodobacter sphaeroides a-keto acid-binding protein) where qua-
ternary structure formation is postulated to be an important req-
uisite for the transmembrane transport process.

Bacterial periplasmic binding proteins (PBPs)? frequently are
associated with one of three active transport systems: the ATP-
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binding cassette transport systems (1) that couple ATP hydrol-
ysis to transport (2, 3) and the tripartite ATP-independent
periplasmic (TRAP) (4, 5) and tripartite tricarboxylate trans-
porter families (6, 7) that utilize the H*/M™ motive force to
translocate ligands. Only a small number of TRAP transport
systems have been characterized in detail (4, 8). TRAP trans-
port systems, such as that from Rhodobacter capsulatus (4), are
comprised of three proteins: a PBP, a small integral membrane
protein, and a large integral membrane protein that shows
sequence similarity to ion symporters. Arrangements of these
components can also be fused into multi-domain polypeptides
(9). Ligands that are known to be transported in TRAP systems,
such as ascorbate (10), sialic acid (8), pyroglutamic acid (11),
and C4-dicarboxylates (12) are usually not transported by ATP-
binding cassette transporters.

PBPs form a protein superfamily characterized by two a/f3
domains with a ligand-binding site located at the domain inter-
face (13). The two domains typically are connected by two to
three B-strands that function as a hinge in ligand-mediated
changes in the relative orientation of the two domains (14). The
ligand is completely enveloped within the interdomain inter-
face of the closed state. Three groups (I, II, and III) can be
distinguished within the PBP superfamily categorized upon the
topology of B-strands in each the two domains (15). Tam and
Saier (13) originally identified TRAP-PBPs as members of the
PBP superfamily based on sequence similarity. In the absence of
a three-dimensional structure, it was not possible to further
assign TRAP-PBPs to one of the three structural groups. The
crystal structures of two (the sialic acid-binding protein from
Haemophilus influenzae (SaBP) (16) and the a-keto acid-bind-
ing protein from Rhodobacter sphaeroides (aKaBP) (17))
TRAP-PBPs revealed they belong to the PBP group II. Unlike
previously studied PBPs, the aKaBP was shown to be an obli-
gate dimer that forms tetramers in solution (17).

Elucidation of the complete genomic sequence of the hyper-
thermophilic bacterium Thermotoga maritima has revealed
that this organism is rich in metabolite uptake systems (18). To
further understand this important aspect of microbial bio-
chemistry, it is necessary to supplement sequence-based infor-
mation with functional and structural studies. A survey of the

protein from H. influenzae; aKaBP, a-keto acid-binding protein from R. spha-
eroides; ORF, open reading frame; GdmCI, guanidinium chloride.
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genomic sequence of T. maritima (18) identified a large num-
ber of potential PBP open reading frames (ORFs) in metabolite
transport operons. Among these, ORF #0322 exhibits high
amino acid and operon similarity to TRAP-associated PBPs but
not to ATP-binding cassette transport-associated PBPs. Imme-
diately adjacent to tm0322 are two ORFs (0323 and tm0324)
that show significant sequence similarity to the R. capsulatus
TRAP integral membrane transporters (4). This gene cluster
is therefore postulated to correspond to a 7. maritima TRAP
transport system. Here we present the initial biochemical char-
acterization, small angle x-ray scattering (SAXS) analysis, and
x-ray crystal structure of the PBP component of this putative
TRAP transport system.

EXPERIMENTAL PROCEDURES

Cloning, Overexpression, and Purification—The tm0322
gene was amplified from T. maritima genomic DNA by sticky
end PCR (19) using the following primers: PO,-TATGTCAG-
CGGTATTTGGCGCGAAGTACACACTGAG, and TCAGC-
GGTATTTGGCGCGAAGTACACACTGAG for the 5" half
of the gene; PO,-AATTCTAATGGTGATGGTGATGGTGC-
CCAGACTCTCCCTTCACTTCCTTGATCAGCTGG, and
CTAATGGTGATGGTGATGGTGCCCAGACTCTCCCTT-
CACTTCCTTGATCAGCTGG for the 3’ half of the gene. The
resulting fragment, lacking the putative periplasmic signal
sequence, was cloned into the Ndel/EcoRI sites of a pET21a
(Novagen) plasmid for overexpression in Escherichia coli. A
hexahistidine affinity tag was fused in-frame at the C terminus
to facilitate purification by immobilized metal affinity chroma-
tography (20) followed by gel filtration chromatography
(Superdex S75 26/60). TM0322 elutes from the gel filtration
column as multiple peaks, which based on calculated hydrody-
namic radius are monomers and dimers (see Fig. 1). Protein
concentration was determined spectrophotometrically using
an extinction coefficient (€5, = 52,000 M ' cm ™) (21) calcu-
lated from the number of tryptophan and tyrosine residues in
the protein sequence.

Selenomethionine-substituted TM0322 was grown in the
E. coli methionine auxotroph B834 (Novagen). A total of 100 ml
of an overnight culture grown in TB was pelleted and resus-
pended in 4 liters of M9 minimal medium supplemented with
100 mg/liter selenomethionine. This was grown to an A, of
0.7 at 37 °C and induced by the addition of isopropyl B-p-thio-
galactopyranoside (final concentration, 1 mm), followed by fur-
ther growth at 37°C for 3—-4 h. Protein was purified as
described above for the native protein except that 5 mm dithi-
othreitol was added to all buffers.

SAXS Data Acquisition and Processing—SAXS data were col-
lected at beam line X21 at the National Synchrotron Light
Source (Brookhaven National Laboratory). The wavelength of
the beam was 1.24 A. Monomeric (see Fig. 1B, lane 7) and
dimeric (see Fig. 1B, lane 14) fractions from the gel filtration
column were concentrated to 3.0 and 1.7 mg/ml, respectively,
ina 10 mm Tris, 300 mm NaCl, pH 7.8, buffer for SAXS analysis.
Monomer, dimer, and buffer samples were exposed for 45 s at
10 °Cin a quartz flow cell at a flow rate of 28 ul/min. SAXS data
on a standard protein, hen egg white lysozyme (14.2 kDa; Acros
Organics, Morris Plains, NJ), were collected over a concentra-

NOVEMBER 21, 2008« VOLUME 283 +-NUMBER 47

Thermophilic TRAP PBP Crystal Structure

tion series in the same capillary. For the monomer and dimer,
the recorded intensities of three independent runs/sample were
averaged together after they were circularly averaged and
scaled to obtain a relative scattering intensity (/) as a function of
momentum transfer vector, g (¢ = [4msin6]/)), after subtrac-
tion of buffer scattering contributions. I, values, determined for
the monomeric and dimeric fractions relative to that of
lysozyme (22), were as expected (see Table 1).

SAXS Data Analysis—For monodisperse globular proteins, a
plot of In(I(q)) versus g*, where q'R, = 1, was linear and was fit
to Equation 1

—Rg2q?

1(q) = l,e 3 (Eq.1)

to provide an estimation of the scattering particle radius of
gyration (R,) and forward or zero angle scatter (/) from the
slope (—R;/ 3) and the y-intercept /, (Guinier analysis (23)). All
of the scattering data were analyzed in this manner using the
Primus software package (24). Indirect Fourier transformation
of the scattering data over the measured g range gives a pairwise
distribution function of interatomic vectors, P(r). The inverse
Fourier transform of I(g) yields P(r), which represents the dis-
tribution of vector lengths connecting small volume elements
within the entire volume of the scattering particle (Equation 2).

(Eq.2)

1
P(r) = (W)Jl(q)q-rsin(q-r)dq

P(r) = 0 at r = 0 A and approaches 0 at the maximum linear
dimension of the particle, D,,,,. The radius of gyration (R,) and
forward scattering (I,) were calculated from the second
moment and the start of P(r) (25), respectively, where R, is the
root mean square of all elemental volumes from the center of
mass of the particle, weighted by their scattering densities, and
I, is directly proportional to the molar particle concentration
multiplied by the square of the scattering particle molecular
weight for particles with the same mean scattering density (see
Table 1) (25). The GNOMA45 software package (26) was used for
all P(r) analyses.

Ab Initio Model Construction—Three-dimensional shapes of
the monomeric and dimeric proteins were constructed from
their respective SAXS data using the GASBOR22IQW program
(g range input for each analysis was from 0.01 to 0.04 A~ 1) (27),
by calculating the distribution of linearly connected 1.9 A
spheres (the number of spheres is set to the number of residues
in the protein) that best fit the scattering data. Each calculation
was repeated five times with different random starting points
for the Monte Carlo optimization algorithm; no predefined
shape or symmetry constraints were used. From these runs, the
predicted structure with the lowest deviation of the calculated
scattering profile from experimental data was used for interpre-
tation. To compare the SAXS-based models of monomeric and
dimeric TM0322, with the atomic structure obtained from
x-ray crystallographic data, the structures were superimposed
using the SUPCOMBI13 (28) program.

Thermal Denaturation—Thermal denaturations were deter-
mined by measuring the circular dichroism signal at 222 nm
(1-cm path length) as a function of temperature, using an Aviv
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model 202 circular dichroism spectrophotometer with 2 um
protein (12.5 mm sodium phosphate, pH 7.7, 5 mm NaCl) and
guanidinium chloride (GdmCl) at various concentrations (4.0 —
6.5 M). Protein samples were equilibrated for 15 min prior to
collecting data. Each measurement includes a 3-s averaging
time for data collection and a 60-s equilibration period at each
temperature. The data were fit to a two-state model to deter-
mine the **PT, values (29, 30). The *PPT, values in the absence
of denaturant were determined by linear extrapolation (31). A
total of 10 ligands (succinate, fumarate, maleate, ectoine, sialic
acid, xylulose, a-ketoglutarate, tartrate, glutamate, and oxalate)
were screened by monitoring ligand-induced changes in the
thermal melting transition; none of these ligands induced
changes in the *PPT  value.

Crystallization and X-ray Data Collection—TMO0322 was
crystallized by hanging drop vapor diffusion in drops contain-
ing 2 wl of 10 mg/ml protein solution mixed with 2 ul 0of 1.9 -2.3
M ammonium sulfate, 0.1 M phosphate/citrate buffer, pH 4.2,
and equilibrated against 900 ul of 1.9 —2.3 M ammonium sulfate,
0.1 M phosphate/citrate buffer, pH 4.2. Large selenomethio-
nine-substituted crystals in the P6,22 space group (a = 119 A,
b =119 A, ¢ = 427.3 A) typically grew within 3—4 days at 17 °C.
The crystals were transferred stepwise to 2.2 M ammonium sul-
fate, 0.1 m phosphate/citrate buffer, pH 4.2, incrementally sup-
plemented with glycerol in 5% steps up to 25% final concentra-
tion for cryoprotection. The crystals were mounted in a nylon
loop and flash frozen in liquid nitrogen. All of the data were
collected at 100 K at the SER-CAT 22ID and 22BM beam lines
at the Advanced Photon Source. The diffraction data were
scaled and indexed using XDS (32).

Structure Determination Methods—The structure was deter-
mined by the multiwavelength anomalous diffraction method
(33) using a three-wavelength dataset collected for a selenome-
thionine TMO0322 crystal at the selenium K/« absorption edge.
The SHELXD (34) program was used to identify 36 of a possible
44 selenium sites, corresponding to four monomers in the
asymmetric unit. The top substructure solution from SHELXD
yielded a pseudo-free correlation coefficient of 74.35% and con-
trast and connectivity parameters of 0.831 and 0.944, respec-
tively. Initial phases calculated after density modification in
SHELXE produced an interpretable electron density map. The
use of noncrystallographic symmetry aided further phase
improvement and phase extension in RESOLVE (35). The
improved phases were input into ARP/wARP (36), which was
able to trace 1214 of the total 1316 residues in the asymmetric
unit. Further manual model building was carried out in O (37)
or COOT (38), and the model was refined in REFMACS5 (39).
The final model includes four monomers and 529 water mole-
cules. The model exhibits good stereochemistry as determined
by PROCHECK (40); the final refinement statistics are listed in
Table 2. The atomic coordinates and diffraction data for the
selenomethionine TM0322 structure were deposited in the
Protein Data Bank with accession code 2HPG.

RESULTS

Cloning, Expression, and Protein Purification—ORF tm0322
in the T. maritima genome sequence (18) was postulated to
encode a TRAP-PBP of unknown function based on its

32814 JOURNAL OF BIOLOGICAL CHEMISTRY

@
A £
c
o
1000 — =
@
£
o
€
=
o
[ee]
5004
[
o
o
©
2
o
w
e}
<
0
————
0 50 100 150 200 250
Volume (mL)

B 9123456 7 8 9 10 1112 13 1415

15

10
FIGURE 1. Elution profiles of TM0322. A, gel filtration chromatogram of
TMO0322. Putative monomer and dimer peaks are indicated. B, overlaid native
(top) and SDS-PAGE gels (bottom) of Superdex S75 fractions (dashed line indi-

cates the division of the two gels); the bottom of lane 15 contains SDS-PAGE
molecular mass standards.

sequence similarity to the known R. capsulatus C4-dicarboxy-
late-binding protein and its position within a putative operon
containing ORFs homologous to other TRAP transporters. The
DNA for ORF tm0322, lacking a putative periplasmic signal
sequence (41) (residues 1-16), was amplified from T. maritima
genomic DNA by the polymerase chain reaction. The resulting
DNA fragment was cloned into a pET21a vector in-frame with
a C-terminal hexahistidine tag. Overexpression of native (in
BL21 cells) and selenomethionine-substituted protein (in B834
cells) yielded ~70 mg of pure protein/liter of culture.
C-terminally hexahistidine-tagged TM0322 was purified by
immobilized metal affinity chromatography (20) followed by
gel filtration chromatography (Superdex S75 26/60). TM0322
elutes from the gel filtration column in multiple peaks that are
assigned to monomers, dimers, and higher order assemblies
based on the calculated hydrodynamic radius (Fig. 1). Quater-
nary assemblies exceeding dimers cannot be resolved because
they elute in the void volume of the gel filtration column (>75
kDa). Comparison of native and denaturing PAGE analysis of
the eluate indicates there are at least three noncovalent popu-
lations of protein assemblies (Fig. 1). Both the monomeric
(lanes 11-15) and dimeric (lanes 7—10) fractions are homoge-
neous in the native PAGE gel; mobility shifts in the native gel
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FIGURE 2. Thermal stability of TM0322. A, thermal denaturation of TM0322 at various guanidinium chloride concentrations (ll, 4.0 v; @, 4.5 v; A, 5.0 v; ¥, 5.5
m; ¢,6.0Mm; +,6.5m). The solid lines in A are fit to a two-state model that accounts for the native and denatured baseline slopes (29, 30). B, extrapolated ®°PT, |
values of TM0322 obtained from the series of thermal melting curves at different concentrations of GAmCI. The solid line represents a linear fit to the

observations.
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FIGURE 3. SAXS intensity data and P(r) distribution for monomeric and dimeric fractions. A, SAXS intensity /() data for monomeric (black squares) and
dimeric TM0322 (gray squares). Inset, Guinier region for monomer (black squares) and dimer (gray squares). B, pairwise vector length distribution curve (Fourier
transform of /(g) data) for monomeric (black squares) and dimeric (gray squares) protein.

correlate with the peaks observed in the gel filtration chromat-
ogram (Fig. 1).

Thermal Stability—The stability of TM0322 was determined
by thermal denaturation using circular dichroism (30). In the
absence of GdmCI, no significant change in the circular dichroism
signal could be observed as a function of temperature (data not
shown). All of the subsequent measurements were carried out in
the presence of GdmCI (Fig. 2). Thermal denaturations fit a two-
state model (29, 30). The apo-protein has an apparent thermal
transition midpoint (***T,)) of 130 °C in the absence of GdmCl, as
determined by linear extrapolation of thermal denaturations
measured at different GdmCI concentrations (Fig. 2) (31).

Small Angle X-ray Scattering—The putative monomeric (Fig.
1B, lane 7) and dimeric (Fig. 1B, lane 14) fractions were con-
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centrated and analyzed by small angle x-ray scattering (Fig. 3).
Their Guinier plots are linear over a g range of 0.012—0.058 A~*
for the monomeric and 0.012—0.040 A~ for the dimeric frac-
tions, which suggests that both samples are monodisperse and
furthermore indicates R, values of 22.1 = 0.03 and 31.5 = 0.45
A for the monomeric and dimeric fractions, respectively (Fig. 3
and Table 1). The P(r) data for the monomeric protein indicates
particles with a D, of ~80 A, whereas the P(r) for the dimeric
protein has particles witha D, ,, of ~115 A (Fig. 3 and Table 1).

The GASBOR22IQW (27) program was used for ab initio
shape construction based on the best fit of a modeled set of
spheres to the I(g) scattering data. The models of monomeric
and dimeric TM0322 used 342 and 684 1.9 A radius spheres
(corresponding to the expected number of residues in each of
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TABLE 1
Summary of P(r) analysis using GNOM
I,/c
Sample Molecular mass 2 Protein R, D,
Observed Expected
kDa mg/ml A A
Lysozyme 14.2 35.0 1.0 14.6 = 0.06 45
Monomeric TM0322 37.2 90.1 91.7 3.0 22.10 = 0.03 80
Dimeric TM0322 74.4 188.5 183.4 1.7 3147 = 0.45 115

FIGURE 4. Ab initio models derived from SAXS. A, orthogonal views of the monomer SAXS model. B, orthog-
onal views of the dimer SAXS model. The dimer can be divided into two fragments (dashed line) each with
dimensions equal to that of the SAXS monomer. The amino acid spheres and water molecules (gray) are shown

in a surface representation.

the assemblies) and 234 and 611 water molecules, respectively,
based on a Fibonacci grid of 12 and 14, respectively (27); no
shape or symmetry constraints were imposed. The resulting
models are shown in Fig. 4. The monomer model has an overall
shape (~65 A X ~40 A X ~20 A) with dimensions consistent
with other TRAP-PBPs (11, 16, 17) (Fig. 4). The dimer model
has an overall shape of a three-dimensional triangle (~70 A X
~100 A X ~110 A X ~25 A) (Fig. 4). It shares little resem-
blance to aKaBP, which is an obligate dimer. The model can be
bisected into two fragments equal to those of the monomeric
SAXS model, suggesting that TM0322 assembles into a dimer
arranged differently from aKaBP (Fig. 4).

Structure Determination by X-ray Diffraction—Both mono-
meric and dimeric fractions of TM0322 were used in crystalli-
zation experiments; no crystals were obtained for the latter.
The crystal structure of TM0322 was solved by a three-wave-
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length anomalous diffraction exper-
iment (33) to a resolution of 1.90 A
using crystals of selenomethionine-
substituted protein (Fig. 5). Experi-
mental phases were determined
with SHELX (34) using 36 of 44 sele-
nium atoms from four molecules in
the crystallographic asymmetric
unit. The final model has an R of
21.3% and an R, of 23.9%. Data
collection, phasing, refinement, and
stereochemistry statistics are sum-
marized in Table 2. The program
ARP/wARP (36) was able to auto-
matically trace 1214 of the total
1316 residues in the asymmetric
unit. Further manual model build-
ing was carried out in O (37) or
COOT (38), and the model was
refined in REFMACS5 (39).

Overall Structure—TMO0322 con-
tains four monomers (residues
17-336; numbering according to
NCBI NP_228134) in the crystallo-
graphic asymmetric unit and 529
water molecules. Electron density
for an unknown ligand is present in
the binding pocket of molecule A
(see below). In each monomer resi-
dues 18-20 and the hexahistidine
tag were disordered and thus not
included in the model; in molecule
C residues 77-79 were omitted
because of disorder. 97.8% of resi-
dues have conformations that are in the favored Ramachandran
regions, whereas 99.8% are in conformations in the allowed
regions. The three Ramachandran outliers (Leu®” and Glu™
from molecule D, and Ala®? from molecule D) are found in the
disordered loops that construct the binding pocket region.

TMO0322 adopts the canonical two-domain «/f fold charac-
teristic of the PBP superfamily. Based on the ordering of its
B-strands, we assign it to be a group II PBP (Fig. 5) (15). Unlike
other group II PBPs, TM0322 has several regions of 3,, helix,
the largest being a seven-residue helix (Lys®’—Asn'®) located
adjacent to the interdomain hinge. 3, helices have previously
been observed only in group III PBPs (42). Both the N- and
C-terminal domains are a/B/a sandwiches with significantly
twisted B-sheet cores. The central B-sheets of the two domains
are similar in strand order; the C-terminal domain has an addi-

AV DN
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FIGURE 5. Overall structure of TM0322. A, stereo diagram of TM0322 colored by secondary structure (green,
B-strands; red, a-helix; blue, 3;,-helix;). Secondary structure elements that connect the two domains are indi-
cated. B, close-up view of the binding pocket region overlaid with F, — F_ electron density (blue) contoured at
2.5 . The unknown, putative a-keto acid, ligand is shown in gray ball and stick representation. Potential

hydrogen bonds (black dashed line) are indicated.

tional B-strand. The B-strands are connected by either a- or
3,0-helices (Fig. 5). The two domains are joined by a hinge
consisting of two B-strands (85 and 810) and an a-helix (a11)
(Fig. 5). Besides forming part of the hinge, «11 is a major struc-
tural component in both the N- and C-terminal domains and
spans the entire length protein molecule (almost 55 A). An
equivalent, long a-helix has been observed in other TRAP-
PBPs (11, 16, 17) and in the group III PBPs (42, 43). With the
exception of TRAP-PBPs, no other group II PBPs contain an
a-helix with a similar structural role.

Each of the four molecules in the asymmetric unit adopts a
similar overall conformation with respect to the degree of clos-
ing and twisting of their two domains. Nevertheless, the mono-
mers have a relatively high root mean square deviation (0.9 A
average for backbone atoms) with respect to each other. The
observed differences are confined mainly to the loops that form
the ligand-binding pocket of the N-terminal domain (residues
30-37 and 61-70) and the a-helix («2) and B-strand (32) that

NOVEMBER 21, 2008« VOLUME 283 +-NUMBER 47
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respectively precede and follow the
loop formed by residues 61-70 (Fig.
6). These regions are buried in the
interior of the tetramer and exhibit
high B factors; the presence of
ligand in molecule A has little effect
on the temperature factors. The
observed differences in conforma-
tion in each of the four molecules
suggest that the binding pocket
region of TM0322 is flexible (Fig. 6).

The crystallographic asymmetric
unit of TM0322 contains two non-
crystallographic symmetry axes that
divide the unit cell into dimers (Fig.
6). The interface within the A/D and
B/C dimers buries ~2,500 A? of sol-
vent-accessible surface area where
within the A/B and C/D dimers
~1,200 A? is buried (44) This sug-
gests that dimers A/D and B/C are
more stable and likely to correspond
to the dimers observed in solution.

Comparison of SAXS and Crystal-
lographic Models—The program
SUPCOMBI13 was used to superim-
pose the SAXS monomer and dimer
models onto the TM0322 crystallo-
graphic x-ray structure (Fig. 7). The
overlay of an individual monomer
from the x-ray structure correlates
well with the SAXS monomer enve-
lope shape (final SUPCOMB dis-
tance of 1.8 A using all protein
atoms in crystal structure). The
model for the SAXS dimer corre-
lates better with the crystallo-
graphic A/D or B/C dimers (final
SUPCOMB distance of 2.5 A, using
all protein atoms in crystal struc-
ture) rather than the A/B or C/D dimers (final SUPCOMB dis-
tance of 2.8 A, using all protein atoms in crystal structure). This
suggests that the solution dimer is similar to that observed in
the crystal. Furthermore, the SAXS dimer can be assembled
into a tetramer that recapitulates the crystallographic asym-
metric unit, by fitting together the concave interfaces of the
dimers (Fig. 7).

Comparison with Other TRAP-PBP Structures—Currently,
the Protein Data Bank contains the x-ray crystal structures of
four TRAP-associated PBPs (45): the monomeric SaBP (16),
the two pyroglutamic acid-binding proteins from Bordetella
pertussis (11), and dimeric «KaBP (17). PBPs from the same
group have high structural similarity even though the amino
acid similarity may be low. The amino acid sequence (~50%
similarity of TRAP-PBPs in Protein Data Bank), overall
topology, and ordering of secondary structure elements of
TMO0322 are similar with other TRAP PBPs; TM0322, how-
ever, has low structural similarity with these group members
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(2.5-3.1 A root mean square deviation of backbone atoms),
using either the apo- or ligand-bound forms of the other
TRAP-PBPs. Molecule A of TM0322 does share the most

TABLE 2
Data collection and refinement statistics
Al A2 A3
Data collection
Detector type Mar 300 Mar 300 Mar 300
Wavelength (A) 0.97167 0.97934 0.97920
Resolution (A) 30.0-1.9 30.0-1.9 30.0-1.9
Measured reflections 1365842 1406722 1365936
Unique reflections 142555 142631 142987
Mean I/a(l)* 14.7 (4.3) 130 (41)  14.1(3.7)
Completeness (%)“ 100 (100) 100 (100) 100 (100)
Ry (%)° 9.4(40.5) 102 (415) 105 (47.2)
Redundancy” 9.6 (8.4) 9.9 (8.6) 9.6 (8.3)
Phasing (20-1.9) A
SHELXE phasing statistics
Contrast/connectivity 0.831/0.944
Pseudo-free CC (%) 74.35
Refinement
Resolution (A) 30-1.9
Number of reflections 135259/7152
(working set/test set)
Repyet (%) 21.3 (31.4)
Ry, (%) 23.9 (35.3)
Number of atoms
Protein 10351
Water 529
Root mean square deviation
Bond lengths (A) 0.011
Bond angles (°) 1.25
Average B factor (A?)
Main chain 27.9
Side chain 29.1
Solvent 32.0
Protein geometry
Ramachandran outliers (%) 0.24
Ramachandran favored (%) 97.8

Rotamer outliers (%) 2.6

“ The numbers in parentheses represent values in the highest resolution shell.
? Riyee is the R factor based on 5% of the data excluded from refinement.

“ Mol.D

FIGURE 6. Conformational heterogeneity of the TM0322 binding pocket region. A, ribbon representation
colored by chain of the structural alignment of the four monomers found in the crystallographic asymmetric unit of
TMO0322. The region exhibiting large conformational heterogeneity is highlighted with a dashed line. B, surface
representation of the crystallographic asymmetric unit of TM0322. The two noncrystallographic dimers A/D and B/C
are colored in magenta and cyan, respectively. The two noncrystallographic symmetry axes that relate the symmetry
of the dimer of dimers are indicated. Axis 1, A/B and C/D; axis 2, A/D and B/C. A cut away from the interior of the
tetramer highlighting the region exhibiting large conformational heterogeneity is shown.
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structural similarity (2.5 A root mean square deviation of
backbone atoms) to the ligand-bound form of the SaBP,
where ligand is also present in one of the four molecules in
the asymmetric unit (16).

Ligand-Binding Site—C4-dicarboxylates (46), ectoine (47),
a-ketoglutarate (10), and sialic acid (16) are known to be trans-
ported by TRAP transport systems. Binding of these and five
other ligands (see “Experimental Procedures”) to TM0322 was
examined by monitoring changes in *PPT, in their presence
(48). None of the ligands tested were found to bind to TM0322
by this criterion. Consequently no exogenous ligands were
added in the crystallization trials. Nevertheless, we observed
electron density in the region where the ligand is expected to
bind based on similarity with other TRAP-PBPs. This electron
density was present in only one (molecule A) of the four mono-
mers in the asymmetric unit. We attribute the observed density
to a serendipitously bound ligand present in E. coli or the fer-
mentation broth that persists through purification (Fig. 5).
Occupancy of only one in four ligand-binding sites has also
been observed in SaBP (16).

Based on the pattern of hydrogen bond donors and accep-
tors of the amino acid side chains surrounding the observed
density, we conclude that the ligand is consistent with an
a-keto acid with an unknown substituent group. We postu-
late that the unknown substituent is a polar substituted sev-
en-membered nonplanar cyclic structure preceded by a
smaller polar R group (Fig. 5). The putative a-keto acid
group is surrounded by main chain atoms (Gly*®° and Val'®®)
that can potentially form two hydrogen bonds with the oxy-
gens of the carboxylate group. An additional hydrogen bond
can potentially be formed by a specifically bound water mol-
ecule (Wat>3') that is coordinated by three hydrogen bonds
with main chain polar atoms (Fig. 5). Adjacent to the puta-
tive a-keto acid is electron density
that is postulated to be a seven-
membered nonplanar ring struc-
ture (Fig. 5). The identity of polar
amino acids surrounding the elec-
tron density of the ring indicates
that the ring (or its R groups) is
polar; only one nonpolar amino
acid (Trp'®*) forms potential van
der Waals interactions with the
ring. Four amino acids (Asp®®,
GIn'*?, Arg®”, and Asn®**) form
an annulus of polar hydrogen
bond donors and acceptors,
which, based on distance from the
ring (3.2—4.5 A), may potentially
form hydrogen bonds with the
ring and its substituents. Next to
the putative ring there is addi-
tional electron density that could
account for an unknown polar R
group coordinated by the gua-
nidino nitrogens of Arg'®” and
Arg'”’. Because the identity of the
ligand could not be conclusively
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FIGURE 7. Superposition of SAXS and x-ray crystallographic models. A, surface representation of the mono-
meric TM0322 SAXS model overlaid with a ribbon model of the monomeric x-ray crystal structure. B, surface
representation of the dimeric TM0322 SAXS model overlaid with a ribbon model of the dimeric (molecules A/D)
x-ray crystal structure. C, the surface complementarity of the SAXS dimer model and the crystal dimer recapit-
ulates the crystallographic tetramer. Top, crystallographic dimer of molecules B/C; middle, crystallographic
dimer of molecules A/D superimposed with the SAXS dimer model; bottom, SAXS dimer model superimposed
on the tetrameric crystal structure. SAXS water molecules are represented as gray spheres.

determined, it was not included in the final model of
TMO0322.

DISCUSSION

We have carried out initial biochemical characterization,
SAXS analysis, and x-ray crystal structure determination of
ORF TMO0322, the putative PBP component of an uncharac-
terized TRAP transport system from 7. maritima. TM0322
adopts the two-domain fold that is characteristic of PBPs. It
shares the highest structural similarity with PBPs that are
associated with TRAP transport, of which TM0322 is the
only thermophilic member whose structure has been deter-
mined. Although electron density is observed for a seren-
dipitously bound ligand in one of the monomers in the asym-
metric unit, we have not been able to identify this ligand.
This ligand originates from the cytoplasm of E. coli or the
growth medium (yeast extract) and cannot be guaranteed to
correspond to the natural cognate ligand in T. maritima. The
density and the putative hydrogen-bonding pattern of the
surrounding residues are consistent with an a-keto acid with
a large R group.
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The gel filtration elution profile
and the SAXS analysis indicate that
TMO0322 assembles into a dimer in
solution. The dimer shape differs
from that of the R. sphaeroides
a-keto acid-binding protein, which
forms stable obligate dimers
through a helix swapping mecha-
nism (17). The mechanism of dimer
assembly in TMO0322 is unknown.
The dimers are stable and not in
obvious equilibrium with the mono-
meric form (the monomeric gel fil-
tration fraction does not form
dimers over time). Also absent is a
clear conformational change (such
as helix swapping). This suggests
that an unknown mechanism shifts
the equilibrium toward dimer for-
mation. We postulate that this is
accomplished via a ligand-induced
conformational change, in this
case the serendipitously bound
unknown ligand.

It has been suggested elsewhere
that quaternary structure formation
is a prerequisite for the ligand co-
transport process in PBP-mediated
TRARP transport; oligomerization is
postulated to create a channel that
forms a solvent-excluded ligand-
binding pocket important for subse-
quent transfer to transmembrane
H*/M™ transporters (17). Based on
the crystal structure of TM0322, the
SAXS model, and the elution pro-
file, we postulate that the tetrameric
assembly observed in the crystallographic asymmetric unit
could correspond to such a complex. This dimer of dimers
results in the positioning of each of the four binding pockets
into a solvent-excluded chamber in the center of the tetramer
(Fig. 6). The large tetrameric complex may also serve as a plug
to prevent ligand escape (17, 49) and to prevent uncoupled
H*/M™ transport. Future work will address the role of TM0322
quaternary assembly in its interactions with the membrane
transport machinery to gain a better understanding of PBP-
mediated transport in the TRAP system.
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