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ABSTRACT: PEB3 is a glycoprotein adhesin from Campylobacter jejuni whose structure suggested a role
in transport. We have investigated potential ligands for PEB3 and characterized their binding properties
using biophysical methods in solution and by X-ray crystallography. A thermal aggregation assay of
PEB3 with a library of physiological compounds identified three possible ligands [3-phosphoglycerate
(3-PG), phosphoenolpyruvate (PEP), and aconitate], which stabilized wild-type PEB3 but did not stabilize
either a PEB3 form containing two mutations at the ligand-binding site, TI38A/S139A, or a second PEB3
mutant, K135E, at a site ~14 A away. Fluorescence titration experiments and cocrystal structures with
various ligands were used to characterize the binding of 3-PG, PEP, and phosphate to PEB3. Further, a
C. jejuni growth experiment in minimal medium supplemented with 3-PG showed that this molecule
enhances the growth of wild-type C. jejuni, but not of the PEB3 mutants. Crystallographic analysis of
PEB3 complexes revealed that the Ser171—GIn180 region in the presence of 3-PG or other phosphates
is helical and similar to those of other transport proteins, but it is nonhelical when citrate is bound. The
KI135E mutation resulted in expression of a more highly glycosylated form of PEB3 in vivo, and its
crystal structure showed the conformation of the first two residues of the glycan. On the basis of our
findings, we suggest that PEB3 is a transport protein that may function in utilization of 3-PG or other

phosphate-containing molecules from the host.

Campylobacter jejuni adhesin PEB3 (Cj0289c¢) is one of
more than 30 proteins that have been shown to be N-
glycosylated in vivo by the pgl system (I, 2). The oligosac-
charyltransferase PgIB of this system attaches a heptasac-
charide to Asn90 of PEB3, which is within the consensus
sequon sequence, D/E-X-N-X-S/T (2). Crystallographic
studies of PEB3 (3) showed that its sequon is located within
a surface-exposed loop, suggesting that PgIB could modify
Asn90 when PEB3 is in its folded state. The structure also
showed that PEB3 contains a centrally located ligand-binding
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cleft that was occupied by a citrate molecule from the
crystallization medium. Citrate is unlikely to be PEB3’s
natural ligand since another gene, ¢j0203, has been identified
to encode a citrate transporter in the genome of C. jejuni
(4). The overall structure of PEB3 is that of a dimer and is
similar to those of other type II periplasmic transport proteins
(3). The closest structural homologues of PEB3 are trans-
porters for molybdate/tungstate, sulfate, and ferric iron,
suggesting the natural ligand would be a di- or trianion or
cation. Alternatively, the ligand-binding site might recognize
a cell surface molecule on a host cell to provide adhesion.
In the case of C. jejuni PEB1a, the protein has both adhesin
and transport capabilities (5), so a similar dual function is
also possible for PEB3. However, no experimental data have
so far been reported in support of PEB3 functioning as a
transporter, or of possible ligands that could originate from
host cells.

To identify potential ligands for PEB3 in its role as either
an adhesin or a transporter, we applied two recently
developed techniques that permitted the interrogation of
relevant compound libraries. These were a glycan microarray
for the adhesin role (6) and a protein stabilization (7)) assay
with a library of physiologically relevant ligands (7, 8). The
latter study reveals that PEB3 recognizes 3-phosphoglycerate
and other molecules found in intermediary metabolism of
cells, including those of eukaryotic hosts. Fluorescence
spectroscopy was used to characterize the binding properties
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of phospho ligands to PEB3, and the structures of its
complexes with 3-phosphoglycerate and other ligands were
determined by X-ray crystallography. These structures
showed a significant conformational difference in the
Ser171—GIn180 region of the binding site compared to the
previously determined citrate complex. We further show that
the 3-phosphoglycerate ligand enhanced the growth of C.
Jejuni in a minimal medium, while cells with PEB3 binding
site mutants were unaffected. Our findings therefore suggest
that one biological role for PEB3 may be to facilitate the
growth of C. jejuni within host cells by transporting
phosphorylated compounds from the cytoplasm into the
bacterium. We also determined the structure of an inactive
mutant of PEB3, KI135E, which was more completely
glycosylated than the wild type when reintroduced into C.
Jjejuni, and the disaccharide portion of the glycan could be
seen in the crystal structure.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis of PEB3. The ¢j0289c¢ gene of
C. jejuni 11168 cloned with a C-terminal Hiss tag (3) was
mutagenized using a two-stage mutagenesis protocol. For-
ward and reverse PCR primers both containing the desired
mutation were used in separate PCRs in conjunction with
the 5" and 3’ gene primers to generate two overlapping gene
fragments. Both PCR products were then used as a template
in a third PCR with the primer pair designed to generate a
full-length peb3 product without the periplasmic leader
sequence and a six-His tag at the 3" end of the gene. Full-
length mutagenized PCR products were subsequently cloned
and verified by sequence analysis. A single mutation, K135E,
and a double mutant, TI38A/S139A, were constructed using
the following primer pairs: Peb3 T138A/S139A, GGAAA-
GAGCAATGCTGCTGGAACTGGAG (forward) and CTC-
CAGTTCCAGCAGCATTGCTCTTTCC (reverse); PEB3
KI135E, CCTGAAGGTGCTGGAGAGAGCAATACT-
TCTGG (forward) and CCAGAAGTATTGCTCTCTCCAG-
CACCTTCAGG (reverse).

Expression of Proteins in Escherichia coli. Wild-type and
mutant proteins were overexpressed in E. coli AD202 cells
from a 1 L culture and lysed by mechanical disruption in 10
mM HEPES buffer (pH 7.5). Protein extracts were clarified
by centrifugation (27000g for 30 min at 4 °C), and cell debris
was discarded. Total membrane and soluble protein fractions
were obtained from clarified cell extracts by centrifugation
(100000g for 60 min at 4 °C). Following adjustment of the
lysate to 500 mM NaCl and 50 mM imidazole, wild-type
and mutant proteins were purified from the soluble fractions
by IMAC as previously described (3).

Genetic Manipulations of PEB3 in C. jejuni. Construction
of allelic replacements was performed in three stages. The
kanamycin resistance gene from pUC4K (GE Healthcare)
was liberated from the plasmid as a Sall fragment. The peb3
structural gene and its 3" downstream region were amplified
from C. jejuni NCTC 11168 by PCR using Expand poly-
merase as described by the manufacturer (Roche Diagnos-
tics). The C. jejuni peb3 allele was mutagenized using a two-
stage PCR mutagenesis protocol as described above. PCR
products were used as template with the primers 5'-
GCTAGCTAGGCATGCATGAAAAAAATTAT-
TACTTTATTTGGTGCATG-3’ (forward), 5’-GCTAGCTAG-
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GTCGACTTAGTGATGGTGATGGTGATGTTCTCTCCA-
GCCGTATTTTTTAAAAATTTC-3’ (His6x reverse) to gen-
erate full-length, mutated peb3 K135E with a Hisq tag, for
protein purification purposes, at the 3" end of the gene, and
5'"-GCTAGCTAGGTCGACTTCTCTCCAGCCG-
TATTTTTTAAAAATTTC-3" to generate peb3 T138A/
S139A with no His tag, since the construct bearing this
double mutation was intended for use in allelic exchange
only and not for subsequent glycoprotein purification pur-
poses. The primers for the peb3 downstream flanking
sequence (3" end) of the coding sequence were 5'-GCTAGCTAG-
GTCGACACCTTCATACACGCTTTTTAGCGTGTATTC-
3 and 5-GCTAGCTAGGAATTCCCATAAACT-
TCTAATTTTTCAAGATTAAATG-3'. The plasmid construct
for the gene replacement was assembled in the following
steps. The pUCI18 vector was digested with Sphl and Sall
and purified for use as a cloning vector. A single fragment
ligation was performed with the mutagenized peb3 (Sphl-
and Sall-digested) and the pUC18 vector (Sphl/Sall). Once
this construct was verified by sequence analysis of the
mutagenized peb3 insert, the 3’ flanking sequence (Sall/
EcoRI-digested) was inserted into the Sall/EcoRI-digested
plasmid construct containing mutagenized peb3 in a second
single-fragment ligation. Following verification of the result-
ing construct, the kanamycin resistance marker was inserted
between the structural gene and the 3’ flanking sequence.
The recombinant plasmids were propagated in E. coli DH12S
and introduced into C. jejuni NCTC 11168 by electropora-
tion. Mutant clones were screened for kanamycin resistance
and subsequently verified by PCR from genomic DNA
followed by sequence analysis.

Preparation of Wild-Type and Mutant PEB3 Glycopro-
teins. Wild-type and K135E mutant C. jejuni cells bearing
Hisg purification tags from two plates of overnight growth
were resuspended in 10 mL of Mueller Hinton (MH) broth
and used to inoculate 1.5 L of MH medium. Cultures were
grown under microaerophilic conditions at 37 °C for 24 h
with shaking at 120 rpm. Bacterial cells from 6 L of culture
medium were harvested by centrifugation (10000g for 15
min at 4 °C) and immediately frozen at —75 °C. Frozen cell
pellets were thawed on ice in 0.2 M glycine-HCI buffer (pH
2.2) and proteins extracted for 30 min with gentle stirring.
Protein extracts were clarified by centrifugation (27000g for
30 min at 4 °C), adjusted to pH 7.5, and dialyzed against
500 mM NaCl, 10 mM HEPES buffer (pH 7.5), and 50 mM
imidazole. Mutagenized PEB3 protein was subsequently
purified by IMAC as described above and analyzed by
SDS—PAGE followed by immunoblotting with an SBA—alkaline
phosphatase reagent to identify glycosylated proteins, as
previously described (7).

Identification of Ligands by Differential Static Light
Scattering (DSLS)". Ligand binding was detected by moni-
toring the increase in the thermostability of proteins in the
presence of ligands, using StarGazer technology (Harbinger
Biotech) to monitor protein aggregation by DSLS (8). Protein
samples (50 uL) at 0.4 mg/mL were heated from 27 to 80
°C at a rate of 0.5 °C/min in clear-bottom 384-well plates
(Nunc, Thermo Fisher Scientific) in 50 uL of 100 mM Hepes

! Abbreviations: Bac, 2,4-diamino-2,4,6-trideoxy-D-Glc; DSLS, dif-
ferential static light scattering; PDB, Protein Data Bank; L-PL,
L-phospholactate; 3-PG, 3-phosphoglycerate; PEP, phosphoenolpyru-
vate.
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(pH 7.5) and 150 mM NacCl, with a final concentration of
the test compound of 1 mM. Protein aggregation was
monitored by capturing images of scattered light every 30 s
with a charge-coupled device camera. The pixel intensities
in a preselected region of each well were integrated to
generate a value representative of the total amount of
scattered light in that region. These total intensities were then
plotted against temperature for each sample well and fit to
the Boltzman equation by nonlinear regression. The point
of inflection of each “denaturation” curve was identified as
T,e, (aggregation temperature). The increase in stability of
the protein in the presence of a ligand is shown as AT,g,.
The physiological compound library containing 163 com-
pounds was prepared as previously described (8).

Ligand Titrations by Intrinsic Fluorescence. In the crystal
structures of PEB3 without any added ligand, the ligand-
binding site was found to be occupied by phosphate
following overnight dialysis against 20 mM HEPES (pH 7.4)
and 150 mM NaCl. However, phosphate was evidently
replaced by citrate under the crystallization conditions that
included 0.2 M diammonium hydrogen citrate, which showed
a citrate molecule bound to PEB3 (3). To ensure that
phosphate was removed from the ligand-binding site, 5 mL
of PEB3 (3 mg/mL) was dialyzed twice against 2 L of 20
mM HEPES (pH 7.4), 150 mM NaCl, and 0.1 M diammo-
nium hydrogen citrate. Next, to remove the citrate, the PEB3
sample was subjected to another cycle of extensive dialysis
against 20 mM HEPES (pH 7.4) and 150 mM NaCl, and
this preparation was used for the fluorescence experiments.
Ligand binding assays by intrinsic protein fluorescence
emission were performed using excitation at 290 nm and
monitoring emission at 338 nm using a Spex Fluorolog 1681
spectrometer (Horiba Jobin Yvon Inc., Edison, NJ). The final
volume change following addition of ligand was 3.1%.
Ligand stock solutions were prepared at 5, 50, and 500 mM
in Zeno-pure water and titrated into a 17 uM protein solution
to a final ligand concentration of 2 mM. To confirm that the
observed fluorescence signal changes were specific for PEB3,
a 7.5 uM BSA solution was used as a control with a final
concentration of each ligand of 2 mM. Data were fit to the
equation ¥ = X(Tyx — To)/(Kg + X) + T, where Y is the
fluorescence intensity, X is the ligand concentration, 7T,y iS
the maximum fluorescence, 7} is the minimum fluorescence,
and Kj is the dissociation constant. Fitting was performed
with MicroCal OriginPro version 7.0.

Effect of Ligands on Bacterial Growth. Growth experi-
ments were performed as described for the Asp/Glu trans-
porter, PEB1a (5). Liquid cultures of wild-type PEB3 and
the two mutants were grown microaerobically at 120 rpm
in either MH medium or the defined minimal medium
MEM-a containing deoxyribonucleotides but no phenol red
(Invitrogen). Overnight starter cultures grown in MH medium
were used to inoculate triplicate, 1 mL samples of MEM-a
containing 0, 1, or 5 mM 3-PG and 0.1 mM FeSO,. After
growth at 37 °C for 20 h, the absorbance of the cultures
was measured at 600 nm with a model 40 Fisher Scientific
cell density monitor (Fisher Scientific).

Cocrystallization and Structure Determination. Crystals
of PEB3 with or without ligands were grown by hanging-
drop vapor diffusion at 20 °C. Each drop contained 2 uL of
protein (8—14 mg/mL) in buffer [20 mM HEPES (pH 7.4)
and 150 mM NaCl] mixed with 2 uL of reservoir solution
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[18% (w/v) polyethylene glycol 3350 and 0.2 M diammo-
nium hydrogen citrate], a slight modification of the original
conditions (3). To obtain PEB3 crystals in the absence of
bound citrate, the 0.2 M diammonium hydrogen citrate was
replaced with 0.2 M ammonium acetate in the reservoir. For
cocrystallization of PEB3 with various ligands, the 0.2 M
diammonium hydrogen citrate was replaced with 0.2 M
sodium phosphate, 0.2 M aconitate, 0.2 M PEP, or 0.2 M
3-PG in the drop, while keeping 0.2 M diammonium
hydrogen citrate in the reservoir solution. All ligand solutions
were adjusted to pH 5—5.5 prior to crystallization. This
cocrystallization strategy was only successful in producing
cocrystal structures of PEB3 with phosphate and 3-PG. To
obtain additional complexes, PEB3 crystals grown in the
presence of ammonium acetate were soaked in 2 mM
aconitate or 2 mM PEP. Crystals of the glycosylated K135E
mutant were grown in the original 0.2 M diammonium
hydrogen citrate conditions (3). Due to the limited quantity
of glycosylated, mutant protein available, cocrystallization
or soaking with other ligands was not attempted.

Crystals were cryo-protected in reservoir solution supple-
mented with 15—20% (v/v) glycerol, picked up with a nylon
loop, and flash-cooled by direct immersion of the crystals
into liquid nitrogen. X-ray diffraction data were collected
using either a Rigaku 007 Microfocus generator equipped
with a HTC imaging plate detector (Molecular Structure
Corp.) or at the 31-ID (SGX-CAT) beamline at the Advanced
Photon Source (Argonne National Laboratory, Argonne, IL).
Data sets were processed either using d*TREK (9) and Scala
of the CCP4 suite (10) or using HKL2000 (/7). The
structures were determined by molecular replacement using
AMoRe (12), using the coordinates of C. jejuni PEB3 (PDB
entry 2HXW) as the search model. The structures were
refined using REFACS5 (/3) alternating with model building
using COOT (/4). Data collection and final refinement
statistics are presented in Table 1, along with the RCSB
Protein Data Bank (/5) accession codes.

Thermal Stability of Glycosylated PEB3. A fluorescence
microplate reader [FluoDia T70, Photon Technology Inter-
national (Canada), London, ON] was used to measure the
thermal stability of glycosylated K135E PEB3, and nong-
lycosylated K135E and wild-type PEB3, using binding of
the fluorescent dye SYPRO Orange (Invitrogen) (7, 8, 16, 17).
Both proteins were prepared in 20 mM HEPES (pH 7.4) and
150 mM NacCl and used at a final concentration of 2 uM in
the presence of 1 x SYPRO Orange. Fluorescence excitation
was performed at 465 nm and the fluorescence emission
recorded at 590 nm at 1 °C temperature increments from 23
to 75 °C. The resulting data were analyzed using the
Levenberg—Marquardt nonlinear regression algorithm (Oc-
tave, http://www.octave.org). The inflection point (apparent
T.,) was determined by fitting the data to the equation f{7T)
=A+ (B — A1 + exp(Tn — T)/C], where A is the
fluorescence minimum, B is the fluorescence maximum, C
is the rate of fluorescence change around the inflection point,
and T is the temperature.

RESULTS

PEB3 Mutants. Two mutant forms of the protein were
prepared for expression in E. coli and C. jejuni. One mutant
had changes in two binding-site residues, TI38A/S139A,
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Table 1: X-ray Data Collection and Refinement Statistics
3-PG L-PL phosphate KI135E
Data Collection Statistics
space group P2, P2,2,2, P2,2,2, P2,
collection facility HTC ID31 1ID31 ID31
cell dimensions
a (A) 61.92 62.23 62.42 49.58
b (A) 85.70 79.24 79.65 101.96
c (A 100.17 99.05 98.39 56.81
o (deg) 90.00 90.00 90.00 90.00
p (deg) 90.04 90.00 90.00 108.9
y (deg) 90.00 90.00 90.00 90.00
z 4 8 8 4
resolution (A) 449-22 43.9—-1.7 18.7—1.6 20—2.0
wavelength (A) 1.54 0.98 0.98 0.98
no. of observed reflections 310901 394978 430841 121375
no. of unique reflections 51009 54648 65094 35349
average redundancy 6.1 72 6.6 3.4
completeness (%) 96 100 99.2 98
Ryym” 0.065 0.083 0.067 0.085
I/o(I) 19.5 11.6 15.8 17.1
Wilson B-factor 30.0 17.0 15.0 26.1
Refinement Statistics
resolution (A) 449-22 43.9—-1.7 18.7—1.6 20—2.0
Ry (%)” 19.6 21.9 21.7 21.6
Riwee (%0)° 22.6 24.2 23.1 23.5
B-factor (A?)
protein 24.4 12.9 12.5 35.0
ligand 22.8 12.6 8.6 39.6
solvent 28.1 21.8 22.4 454
glycan 51.2
Ramachandran plot
allowed 100 100 100 99.8
generously allowed 0 0 0 0.2
disallowed 0 0 0 0
root-mean-square deviation
bonds (A) 0.004 0.003 0.003 0.006
angles (deg) 0.90 0.82 0.80 1.10
PDB entry 3FIG 3FI7 3FIM 3FIR
“Rym = 2llops — Lugl/ Zlavg. " Ryok = 2lFops — Feac/ZFops. € Riee = Ruyorcs €xcept for a random test set of 5% of reflections not included in the
refinement.

found to be critical for citrate recognition (3). The other
mutant, K135E, was originally made prior to the structural
work in an attempt to create a second glycosylation sequon
at Asn137. Lys135 was subsequently shown to be ~14 A
from the citrate-binding site (3) and not in contact with the
ligand. For in vitro experiments with ligands, the two mutants
were expressed with C-terminal Hise tags in E. coli. For in
vivo experiments, the wild-type peb3 gene in C. jejuni was
replaced with the Hisg-tagged form of K135E PEB3 or a
T138A/S139A version without a His, tag.

Ligand Screening Using a Glycan Array. To identify
possible cell surface glycans that might be recognized by
PEB3 in its adhesin capacity, screening of Alexa Fluor-
labeled PEB3 with a glycan array was carried out at the Core
H facility of the Consortium for Functional Glycomics. Only
one glycan exhibited reproducible binding with PEB3, a
mannose 6-phosphate compound [deposited on the CFG site
(6)]. This result was the first indication that PEB3 might have
specificity for ligands containing phosphate moieties. Blotting
experiments were therefore performed with representatives
of the two types of eukaryotic glycoproteins that contain
Man-6-P, i.e., lysosomal proteins and GPI-anchored proteins.
However, both of these glycoproteins showed no reactivity
with PEB3 (data not shown). Though it has been reported
that PEB3 can bind to sulfated glycosaminoglycans (/8),
PEB3 showed no reactions with any of the sulfated oligosac-

charides on the array, and sulfated component sugars of
glycosaminoglycans also failed to stabilize the protein (see
Screening for PEB3 Ligands by DSLS). Since PEB3 is a
basic protein with a calculated plI of 9.3, the interaction with
glycosaminoglycans may be charge-dependent and nonspecific.

Screening for PEB3 Ligands by DSLS. Screening wild-
type PEB3 against a library of physiological ligands resulted
in identification of two ligands that significantly stabilized
PEB3 at a concentration of 1 mM, namely, 3-phosphoglyc-
erate (3-PG) and aconitate. The effect of these ligands on
Ty was evaluated in more detail by titrating PEB3 with them
(Figure 1A). Individual binding assays were also conducted
with citrate, Man-6-P, diphosphoglycerate, phosphoenolpyru-
vate (PEP), and GalNAc 4- and 6-sulfates. Confirmatory
experiments were also carried out with the PEB3 mutants
K135E and T138A/S139A. The results showed that (a) citrate
and Man-6-P were not behaving as ligands in this assay, (b)
PEP acted as a ligand, and (c) the three active compounds,
3-PG, aconitate, and PEP, did not stabilize either of the two
mutant proteins up to 5 mM. These mutant proteins
themselves exhibited only small differences in 7, compared
to the wild type (62 °C), with values of 58 °C for K135E
and 60 °C for the T138A/S139A protein. Therefore, the lack
of thermal stabilization was not due to major changes in the
intrinsic properties of the mutant proteins.
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FIGURE 1: Thermal aggregation and fluorescence assays of PEB3
ligand binding. (A) Titration of 3-PG (O), PEP (O), and aconitate
(+) against PEB3 evaluated by DSLS. (B) Effect of 3-PG (O), PEP
(O), and phosphate (A) on the intrinsic fluorescence emission of
PEB3.

Fluorescence Assay for Ligand Binding. Addition of either
3-PG, PEP, or phosphate resulted in a significant increase
in the intrinsic fluorescence emission of PEB3 (Figure 1B).
Titrations to determine the K, of these ligands were carried
out after dialyses were performed to remove adventitious
ligands, e.g., the phosphate that was observed in the PEB3
structure where no ligand had been added (see below).
Titration of PEB3 with 2—20 mM citrate did not show any
change in protein fluorescence emission (data not shown).
To eliminate the possibility of nonspecific fluorescence
changes being caused by these ligands, the fluorescence
emission of BSA was also measured with the ligands at a
final concentration of 2 mM, and no fluorescence emission
change was observed. The calculated Ky values for 3-PG,
PEP, and phosphate based on these data were 187, 195, and
382 uM, respectively. In the case of aconitate, fluorescence
quenching of PEB3 was observed, and a control experiment
with BSA showed an even greater quenching effect, indicat-
ing that aconitate binding is nonspecific. Two other anions
were tested; molybdate also quenched the intrinsic fluores-
cence, while sulfate had a lower affinity than phosphate, 670
uM. In the absence of crystallographic data, it cannot be
assumed that this weak binding was at the same site,
however.

Effect of 3-Phosphoglycerate on Bacterial Growth. Ad-
dition of 5 mM 3-PG to C. jejuni cultured in minimal

Biochemistry, Vol. 48, No. 14, 2009 3061

0.5 1 §
0.4 1 %
.

\ 1mM 3:PG

. oy
0.3 1 §
.
lA(-il)Onm §
0.2 - \
.
.
0.1 - §
.
.
-

FIGURE 2: Effect of 3-PG on the growth of C. jejuni. The wild-
type form of PEB3 and the two mutants were grown in minimal
medium with 0, 1, or 5 mM 3-PG for 24 h at 37 °C, in triplicate.

medium gave an ~2.5-fold enhancement of growth (Figure
2). Control experiments with the two PEB3 isogenic mutants,
K135E-Hisg and T138A/S139A, showed no enhancement of
growth in the presence of 3-PG, with the final culture
densities very similar to that of the wild type in the absence
of the ligand.

Crystal Structures of PEB3—Ligand Complexes. All of the
PEB3—ligand complexes exhibited good density for the
expected ligand. However, in the case of aconitate, the
electron density indicated the presence of a phosphate ion
rather than that of aconitate. For the “ligand-free” crystals
grown from ammonium acetate, we expected no bound
ligand; however, clear electron density consistent with a
bound phosphate ion was observed, suggesting that this
ligand must have copurified with the protein. Structures of
PEB3 without added ligand or with aconitate are essentially
the same as that of PEB3 crystallized in the presence of
phosphate and will not be described further. Structures were
obtained for PEB3 cocrystallized with 3-PG, PEP, or
phosphate and refined against data to 2.2, 1.7, and 1.6 A
resolution, respectively (Table 1). In the case of PEP, we
originally interpreted the electron density to be consistent
with this ligand. However, more careful analysis of the
electron density for the ligand revealed it to be inconsistent
with the expected sp2 geometry about the C2 atom for PEP,
appearing instead to have sp3 geometry. We therefore
conclude that this complex contains bound L-phospholactate
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FiGURE 3: Comparison of PEB3 structures. (A) Stereo image of PEB3 bound to 3-PG (wheat) showing the helical structure in the
Ser171—GIn180 region in comparison to that of wild-type PEB3 (PDB entry 2HXW) bound to citrate (green/blue). The enlarged region
below shows the details of the Ser171—GIn180 region, i.e., the a-helical conformation in the presence of bound 3-PG or extended conformation
in the presence of bound citrate, and the different positions of the hydrophobic side chains. (B) Binding site details of the complexes of

PEB3 with 3-PG, citrate, L-PL, and phosphate.

(L-PL) rather than PEP, and consistent with this, trace
amounts of L-PL were identified by NMR in the commercial
PEP preparation we used.

The main difference between these complexes and phos-
phate species from the previously determined structure of
the PEB3—citrate complex is in the conformation of the

region of residues 168—183, which now contains an o-helix
for residues 171—180 rather than an extended loop (Figure
3A). While no changes in the backbone conformation of other
parts of PEB3 occur, significant rotations of the side chains
of Trpl86 and Trpl192 reorganize the hydrophobic area
adjacent to the region of residues 168—183 and the side chain
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of Argl26 moves significantly to maintain a hydrogen bond
with the carbonyl group of GIn182. In this conformation,
the bottom of the ligand-binding crevice is narrow, and 3-PG
and L-PL fit very tightly. The phosphate is anchored by two
hydrogen bonds to Serl71 located in the first turn of the
o-helix.

As in other periplasmic transport proteins, the ligand-
binding site is formed between the two subdomains of PEB3
and is defined by several loops between secondary structural
elements, namely, Pro27—Gly28, Gly54—Pro55, Asn137—Gly140,
Pro169—Gly172, and the side chains of Trp189 and Trp192
from an a-helix (Figure 3). The phosphate group of each of
these phosphate-containing ligands occupies the same site
at the bottom of a deep cleft, formed predominantly by Pro27,
Gly28, Thr138, Ser139, Serl171, and Trp192, and forms four
direct and four water-mediated hydrogen bonds involving
both backbone and side chain atoms. The direct hydrogen
bonds involve the side chains of Thr138 and Ser139 and the
side chain and carbonyl of Serl171 located in the first turn
of an o-helix (Figure 3B). The side chain of Trp192 forms
a water-mediated hydrogen bond to the phosphate group.
This site appears to be a preferred binding site for a
negatively charged group. The remaining part of 3-PG or
L-PL fills the rest of the cleft and points toward the solvent.
We note that the N-terminus of the 171—180 helix is
proximal to the phosphate moiety of the bound ligands,
resulting in a favorable dipole effect that would assist in
stabilizing their negative charge and potentially play a role
in ligand binding (79).

In the PEB3—citrate complex, one of the citrate carboxylic
groups occupies the same site as the phosphate and engages
some of the same residues, Gly28, Thr138, and Ser139, but
the bulkiness of the citrate, with an extended hydroxyl group,
is not compatible with the narrow binding site (Figure 3C)
and would clash with the backbone of GInl72 in a helical
conformation of the 171—180 segment. However, citrate fits
well into a site created when the 171—180 segment forms a
loop. This loop is stabilized by additional hydrogen bonds
with citrate involving the backbones of Asn170 and Ser173
as well as the side chain of Ser173. Apart from interactions
with the ligand, both conformations of the 168—183 region
form many van der Waals and hydrogen bond contacts with
neighboring parts of the protein. Thus, this segment of the
protein is relatively flexible and can attain at least two
conformations in the presence of different ligands.

To investigate whether the 171—180 a-helix is preserved
in the absence of bound ligand, we obtained crystals of PEB3
in the absence of added ligand or citrate. Inspection of
electron density maps for data from these crystals showed
that the ligand-binding site was occupied by a phosphate ion,
acquired during cell growth or protein purification. Attempts
to obtain the crystal structure of PEB3 in the absence of any
bound ligand, i.e., after treatment with higher concentrations
of citrate to remove the phosphate, were unsuccessful.

Structure of the KI135E Mutant in its Glycosylated Form.
The Ty, experiments showed only a minor decrease in the
thermal stability of the K135E mutant but a loss of its ability
to bind 3-PG and PEP. When the K135E mutant peb3 gene
was reintroduced into Campylobacter, the expressed protein
showed a level of glycosylation at Asn90 of >90%, compared
to the level of ~50% normally observed for PEB3 (/). The
crystal structure of the K135E glycoprotein was therefore
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determined, crystallized from the solution containing 0.2 M
diammonium hydrogen citrate (3). The KI35E mutant
showed the same overall structure as the previous PEB3—citrate
complex (Figure 4A), with a root-mean-square deviation
(rmsd) between the refined models of the dimers of 0.22 A.
The conformation of the Vall68—Alal83 loop is the same
in wild-type PEB3 and in the K135E glycosylated form of
the protein. In particular, the conformation of the loop
containing the N-glycosylated residue, Asn90, was not
affected by attachment of the glycan. The first two sugar
residues of the glycan, GalNAcal,3-diAc-Bac, could be fitted
to the electron density linked to Asn90 (Figure 4A).

The mode of citrate binding is the same as previously
observed (3). The carboxylic group attached to CH2 (CG)
of citrate occupies the same site as the phosphate and forms
hydrogen bonds with the same residues, Gly28, Thr138, and
Ser139. The citrate stabilizes the Vall68—Alal83 loop by
forming additional hydrogen bonds involving the backbones
of Asnl70 and Ser173 as well as the side chain of Ser173.

Lys135 is ~14 A from the bound ligand and makes no
direct contacts with it. Changing Lys135 to Glu alters the
dimer interface (Figure 4B), where Lys135 makes a hydrogen
bond to Asp84 of the second monomer. There are also
bridging water molecules rigidifying the interface, involving
the carbonyls of Alal33 and Gly134. In the K135E mutant,
the glutamate moves away from the other monomer, and as
no bridging water molecules are observed, this interface
region is weakened. The mutation also results in a small
movement of the backbone of Prol30—Gly134. These
residues are in contact with Vall68 and Prol69 at the
beginning of the flexible 168—183 region. We conclude that
these small readjustments in structure affect the conforma-
tional preferences of the 168—183 region toward the loop
conformation, where phospho ligands would lose two or three
hydrogen bonds, in the KI135E mutant as compared to the
wild type, thereby decreasing their binding affinity. It follows
that dimerization plays a subtle but important role in
influencing the conformational preferences of the ligand-
binding region of PEB3.

Effect of Glycosylation on Stability. In T,,, measurements
using a SYPRO Orange binding assay, the K135E glyco-
protein exhibited a stabilization of 4.7 °C as compared to
the nonglycosylated K135E, i.e., 60.3 and 55.6 °C, respec-
tively. The nonglycosylated K135E was slightly less stable
than the wild-type PEB3, 57.2 °C (Figure 5).

DISCUSSION

To seek ligands of PEB3, we used both a glycan
microarray and DSLS. The glycan microarray has been
previously used to identify cell surface ligands for bacterial
and fungal adhesins (6, 20, 21), but it did not identify a
candidate carbohydrate for a PEB3 surface receptor. The only
binding was to Man-6-phosphate, although glycoproteins
containing this sugar did not bind to PEB3, and it did not
stabilize the protein against thermal aggregation. It has not
been determined whether the adhesin property of PEB3 is
also a function of the central ligand-binding site or of a
second region on the molecule. Tests with sulfated Gal and
GalNAc species, including the glycan array and DSLS,
showed no binding, which suggests that the binding site for
phosphates does not function as a recognition site for cell
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A

FIGURE 4: Structure of the glycosylated K135E mutant. (A) The wild-type PEB3—citrate complex (gold) and the K135E citrate complex
(green) are shown superimposed, with the first two sugar residues of the heptasaccharide glycan, GalNAca1,3-Bac, covalently attached to
Asn90 in K135E. The enlarged portion shows the two sugars fitted into the electron density. (B) Superimposition of the K135E citrate
complex and the wild-type 3-PG complex, with the dimer interface H-bonding pattern. H-Bonds formed with the adjacent subunit of the
dimer via Ser83” and Lys135 are not present when this residue is mutated to Glu.

30 40 50 60 70
Iemperature (-C)

FIGURE 5: Effect of glycosylation on thermal stability. The thermal
denaturation behavior of the glycosylated K135E mutant () was
compared with that of unglycosylated K135E (M) and wild-type
PEB3 (A), in a fluorescent dye binding assay.

surface-sulfated glycans. Interaction experiments with PEB3
and sulfated glycans such as heparin and other glycosami-
noglycans (/8) are made difficult by the high pI of PEB3,
calculated to be 9.3, which leads to strong ionic interactions.
PEBla shares with PEB3 the dual roles of adhesion and
transport, in this case transport of Asp and Glu, and its cell
surface receptor is also unknown (5).

DSLS has proven to be an effective way to identify ligands
for proteins of unknown function (7, 8, 22). Of the potential
ligands that we found by this method, 3-PG appears to be

biologically relevant, based on its enhancement of the growth
of wild-type C. jejuni cells in minimal medium. We therefore
propose that PEB3 may function as part of a transport system
for 3-PG or other phosphate-containing metabolites, though
our combined experiments do not prove this function
unequivocally. A transport role for PEB3 was previously
suggested on the basis of the similarity of its structure to
those of other periplasmic type II transporters (3). PEB3 may
enhance the growth of C. jejuni within host cells by assisting
in the uptake of this valuable metabolite from the cytoplasm.
This proposal is consistent with the behavior of C. jejuni
cells lacking PEB3, indicating that PEB3 plays a greater role
in colonization than it does in adhesion (/8). A transporter
for 3-PG has been reported in Salmonella typhimurium (23),
but it appears to be of a different structural type than PEB3,
as are the several phosphoglycerol transporters that are
known (24).

The binding constants determined for the three ligands,
3-PG, PEP, and phosphate (~200—400 uM), are weaker than
the values usually reported for periplasmic transport proteins,
which can be below 1 M. The Cys transporter Cj0982 has
a Ky of 0.14 uM (25), and the Asp/Glu transporter PEBla
has K, values of 0.5 and 0.79 uM for Asp and Glu,
respectively (5). The K, values for trivalent ion transporters
are higher; e.g., the E. coli molybdate transporter that is
structurally homologous to PEB3 has a Ky of 3 uM for
molybdate and 7 uM for tungstate (26). Given the limited
number of compounds we screened, it is possible that some
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FIGURE 6: Sequence comparisons of PEB3 with PEB2, E. coli Paa, and V. cholera ActC (30). The alignment was performed with ClustalW?2
(36) and formatted using ESPript (37). The level of sequence identity between PEB3 and Paa is 52% and between PEB3 and AcfC 49%.
The structural elements of PEB3 are shown above the alignment, except for the 171—180 helix which is indicated below the alignment and
labeled alpha-10. The glycosylated Asn and the three mutated residues are shaded. The accession numbers for the sequences shown are as
follows: Cj_PEB3, gil112359657; Ec_Paa, gil77377457; Vc_AcfC, gil1100875; and Cj_PEB2, gil112360112.

high-affinity ligands were not included in these assays and
remained undetected. However, the intracellular concentra-
tions reported for 3-PG are relatively high, e.g., 0.3 gmol/g
of wet weight for liver cells, with inorganic phosphate levels
more than 15-fold higher (27), while concentrations in red
cells range from 118 (28) to 500 uM (29) for 3-PG and are
23 uM for PEP (28). Therefore, the binding properties of
PEB3 are sufficient to bind these metabolites in the cytoplasm
of host cells for transport into colonizing C. jejuni bacteria.
We did not examine 2-phosphoglycerate, the intermediate
compound between 3-PG and PEP in cellular metabolism,
but it is also a candidate ligand for PEB3; its cellular level
is similar to that of PEP (29). L-PL is not a normal cellular
component.

Comparison of PEB3 structures bound to various ligands
showed that the Vall68—Alal83 region assumes two dif-
ferent conformations. In the presence of citrate, this region
forms an irregular loop as shown both previously (3) and in
this study. Here, we have shown that in the presence of
phospho ligands, this segment adopts an o-helix encompass-
ing residues 171—180.

This helix increases the overall degree of structural
similarity of PEB3 to other type II transport proteins such
as the molybdate (PDB entry IWOD) and sulfate (PDB entry
1SBP) transporters. However, the later are monomeric
proteins, while PEB3 is a dimer. Ligand-free structures for
these transporters have not been reported, so it cannot be
determined if they also undergo similar ligand-dependent
conformational changes. It is possible that the flexibility of

the 168—183 segment may have a functional role in
delivering ligand to the transmembrane component of a
transport complex; i.e., a change in its conformation induced
by association with the transmembrane protein component
could aid release of the ligand for transport.

The ligand binding properties of the T138A/S139A mutant
differ from those of the wild type in that, as shown by DSLS,
fluorescence, and in vivo bacterial growth experiments, they
have lost the ability to bind phospho ligands. This was
expected for the T138A/S139A PEB3 mutant and confirmed
that these side chains make crucial interactions with the
phosphate group. Since the key residues of the PEB3 ligand-
binding site, Thr138 and Ser139, are preserved in the
sequences of two proteins whose homology to PEB3 was
previously reported (30), the EPEC E. coli adhesin Paa (30)
and Vibrio cholerae colonization factor AcfC (31), these
proteins may also transport the same ligand(s). In contrast,
PEB2, while showing sufficient homology to indicate that it
also has the structure of a periplasmic transport protein,
differs in the residues predicted to line the ligand-binding
site and in the 171—180 helix region (Figure 6). The third
member of the PEB group of major C. jejuni antigens, PEBla
is a transporter for Asp and Glu (5), and its crystal structure
showed it is also in the type II family (32). However, it is a
monomeric protein and more distant in sequence homology,
being <20% identical to either PEB3 or PEB2. PEB2 and
PEB1a do not have any glycosylation sites, though another
transporter protein, Cj0982c, specific for Cys (25), is
glycosylated on an exposed sequon loop (2, 3).
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The second mutation, K135E, affects the ligand binding
characteristics of PEB3 by disruption of the dimer interface.
The high level of glycosylation of this mutant when
expressed in C. jejuni gave a sufficiently homogeneous
preparation for successful crystallization of the glycoprotein.
Its structure showed that glycosylation had very little effect
on the structure of the protein, including the loop that
contains the bound glycan at Asn90. However, glycosylation
did stabilize the protein against thermal denaturation by 4.7
°C as compared to unglycosylated K135E PEB3 (Figure 5).
While the glycan may therefore be stabilizing the loop around
Asn90 in its preferred orientation, it projects away from the
protein surface, and there are no H-bonds between the first
sugar moiety and the peptide, unlike the structures of some
eukaryotic glycoproteins (33). The key residues of the
sequon, D-F-N%0-V-S (2), remain exposed on the molecule’s
surface, and as predicted from this feature of the structure
of the nonglycosylated protein (3), the folded form of the
protein could be glycosylated in vitro by the oligosaccha-
ryltransferase, PgIB, with its donor heptasaccharide lipid (M.
Feldman and M. Ielmini, personal communication). Only the
first two residues of the heptasaccharide, GalNAca1,3-diAc-
Bac, could be fitted to the electron density; however, this is
the first crystal structure obtained for a bacterial N-linked
glycoprotein, and only a few bacterial O-linked glycoprotein
structures are known, e.g., Neisseria gonorrheae pilin (34)
and Flavobacter heparinum chondroitinase B (35).
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