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Abstract: The Lyme disease agent Borrelia burgdorferi, which is transmitted via a tick vector, is

dependent on its tick and mammalian hosts for a number of essential nutrients. Like other bacte-
rial diderms, it must transport these biochemicals from the extracellular milieu across two mem-

branes, ultimately to the B. burgdorferi cytoplasm. In the current study, we established that a gene

cluster comprising genes bb0215 through bb0218 is cotranscribed and is therefore an operon.
Sequence analysis of these proteins suggested that they are the components of an ABC-type

transporter responsible for translocating phosphate anions from the B. burgdorferi periplasm to

the cytoplasm. Biophysical experiments established that the putative ligand-binding protein of this
system, BbPstS (BB0215), binds to phosphate in solution. We determined the high-resolution (1.3

Å) crystal structure of the protein in the absence of phosphate, revealing that the protein’s fold is

similar to other phosphate-binding proteins, and residues that are implicated in phosphate binding
in other such proteins are conserved in BbPstS. Taken together, the gene products of bb0215-0218

function as a phosphate transporter for B. burgdorferi.

Keywords: ligand-binding protein; phosphate-binding protein; ABC transporter; lipoprotein; Borrelia

burgdorferi; X-ray crystallography

Introduction
Borrelia burgdorferi, the etiological agent of Lyme dis-

ease, has a complex life cycle that involves an arthro-

pod vector and mammalian hosts.1,2 As such, B.

burgdorferi must undergo dramatic adaptive changes

as it transitions between ticks and mammals.3–5

Despite this need for broad environmental adaptation,

a remarkable feature of B. burgdorferi is its small

genome and its consequent limited coding capacity for

the biosynthesis of amino acids, fatty acids, nucleo-

tides, and many other components.6 This extraordi-

narily limited biosynthetic capability mandates that

B. burgdorferi acquire many of its essential nutrients

from its diverse niches. To this end, it is predicted

that B. burgdorferi encodes as many as 50 transport-

ers, about 26% of which belong to the ATP-binding

cassette (ABC) family of transport systems.6,7

Abbreviations: BbPstS, PstS protein from B. burgdorferi;
CpPstS, PstS protein from C. perfringens; EcPBP, phos-
phate-binding protein from E. coli; LBP, ligand-binding pro-
tein; Pi, inorganic phosphate; SV, sedimentation velocity;
VcPstS, PstS protein from V. cholerae.
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Inorganic phosphate (Pi) is essential for all life

forms and participates in a wide variety of cellular

functions such as energy production, intracellular

signaling, and the biosynthesis of nucleic acids and

phospholipids. In Escherichia coli, the acquisition of

Pi occurs via two major independent systems: the

low-affinity transport system Pit and the high-

affinity phosphate transporter Pst.8 The Pit system

consists of only one transmembrane component (Pit);

driven by the proton-motive force, Pi transport

occurs when phosphate is present in excess. In con-

trast, under Pi starvation, E. coli primarily relies on

the Pst system for Pi acquisition. As a typical ABC

transporter,9,10 the Pst system is comprised of a

periplasmic Pi-binding protein, one (or multiple)

transmembrane permease(s), and an ATPase. In the

E. coli Pst operon, pstS encodes the periplasmic

substrate-binding protein (that binds Pi with high

affinity), pstB encodes the ATPase (providing energy

for the transport of Pi across the cytoplasmic mem-

brane), and PstA and PstC are permeases (that com-

prise the transmembrane channel for Pi entry).8

BLAST analyses of the B. burgdorferi genome

have revealed that B. burgdorferi may encode a

putative ABC transport system with homology to

the E. coli Pst transport system.6 This system,

named BbPst, is composed of four genes including

bb0215, -0216, -0217, and -0218. Specifically, bb0215

has been predicted to encode the periplasmic Pi-

binding protein, bb0216 and bb0217 likely encode

two permeases, and bb0218 putatively encodes an

ATPase. Despite these predictions, whether the

BbPst system is actually involved in Pi uptake has

remained unsubstantiated. Furthermore, whereas

bioinformatics can be useful for predicting ABC

transport systems,7,11,12 sequence homologies alone

often are not reliable for determining the actual

ligand(s) of a putative transport system.13–16 For

example, in the pathogenic spirochetes Treponema

pallidum, Treponema denticola, and Borrelia burg-

dorferi, an RfuABCD system was predicted to be a

sugar transport system.6,17,18 However, further

structural and biochemical investigations by us led

to the surprising finding that the RfuABCD operon

of pathogenic spirochetes actually constitutes a new

type of prokaryotic riboflavin transport system.13 To

directly investigate the function(s) of the putative

BbPst system in B. burgdorferi, we solved the three-

dimensional structure of a recombinant version of

the putative periplasmic substrate-binding protein

(BB0215), and further substantiated those data with

additional biochemical and biophysical studies. Our

combined structural, biophysical, and biochemical

data constitute compelling evidence that the BbPst

system functions as a Pi transporter in B. burgdor-

feri. The mechanism(s) by which B. burgdorferi

acquires and utilizes Pi can potentially explain the

organism’s wide host adaptation and how it survives

during potentially stressful environmental condi-

tions (e.g., during phosphate limitation).

Results

Identification of the Pst operon in B. burgdorferi
In a previous study, we identified a novel manganese

transporter, BmtA (BB0219), in B. burgdorferi.19

This protein is essential for B. burgdorferi to survive

in ticks and to infect mammalian hosts. Bioinfor-

matics analyses revealed that, in the vicinity of

bmtA, the B. burgdorferi chromosome encodes four

additional genes (bb0215, -0216, -0217, and bb0218)

that putatively constitute a ATP-binding cassette

(ABC) phosphate transport system, Pst [Fig. 1(A)].6

In the genome, bb0215 is separated from bb0216 by

92 bp, bb0216 is separated from bb0217 by 107 bp,

and an intergenic region of 3 bp is predicted

between bb0217 and bb0218. Moreover, these four

genes are oriented in the same direction, suggesting

they may form a gene operon in B. burgdorferi. To

determine whether these genes are cotranscribed,

RT-PCR was performed as previously described.20 As

shown in Figure 1(B), amplicons were amplified

from borrelial cDNA by using the primer pairs

(Table I) spanning the junctions of bb0215 and

bb0216 (lane 1), bb0216 and bb0217 (lane 2), bb0217

and bb0218 (lane 4), respectively, but not in the

amplification using RNA as the template (lane 5).

These data indicate that bb0215, bb0216, bb0217

and bb0218 are cotranscribed.

In this gene cluster, bb0215 was hypothesized to

encode a 31.1-kDa periplasmic phosphate-binding

protein PstS. The next two genes, bb0216 and

bb0217, were predicted to encode two permeases,

PstC and PstA, of 33.1 and 53.3 kDa, respectively.

Based on SOSUI analysis,21 PstC has an average

hydrophobicity of 0.84, and apparently contains

Figure 1. The bb0215 gene is co-transcribed with genes

bb0216-bb0218. (A) Schematic representation of the putative

bb0215-bb0218 operon in B. burgdorferi. Genes are shown

as thick arrows circumscribing the respective gene numbers.

The small arrows identify the primers used (see (B) and Table I).

(B) Results from RT-PCR. Lane 1, primer pair 141F and 141R;

lane 2, primer pair 142F and 142R; lane 3, primer pair 143F and

143R; lane 4, primer pair 144F and 144R; lane 5, primer pair

143F and 143R in ordinary PCR using RNA as template (no RT

control); lane 6, molecular weight markers.
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seven transmembrane a-helices. PstA was also pre-

dicted to be strongly hydrophobic (with an average

hydrophobicity of 0.59) and likely contains four

transmembrane helices. In addition, bb0218 encodes

a 29.4-kDa putative ATPase (PstB). The characteris-

tic Walker A motif [GxxxxGK(T/S)] and Walker B

motif (hhhhDE),22,23 potentially involved in ATP

binding and hydrolysis, respectively, were located in

this protein. B. burgdorferi PstB also contains the

signature sequence of the ABC superfamily of pro-

teins (LSGGQQQRLC).24,25 This sequence, also

known as the “Walker C motif,” is predicted to be

involved in ATP hydrolysis. These four structural

components, PstS, PstC, PstA, and PstB thus consti-

tute a predicted bacterial phosphate transport sys-

tem. Amino acid sequence comparisons demonstrated

that this entire gene cluster in B. burgdorferi strain

B31 was almost identical (93%) to those of the two

other borrelial strains, B. garinii PBi and B. afzelii

PKo (FLI).26,27

To assess the role of the BbPst system in B.

burgdorferi, we attempted to inactivate this system

in laboratory strains (not shown). However, all

efforts failed, suggesting that this system is essen-

tial for the growth of B. burgdorferi in vitro. This

hypothesis is also supported by two other observa-

tions. First, B. burgdorferi lacks an obvious homolog

of the Pit system.5–7,26,27 As such, the Pst system is

the only gene cluster predicted to transport phos-

phate in this bacterium. Second, a previous transpo-

son mutagenesis study28 failed to obtain a mutant

deficient in the BbPst system. Thus, both our experi-

ments and other available data imply that BbPst is

important, if not vital, for the growth of this

organism.

Purification and solution characterization of

BbPstS (BB0215) lipoprotein

As a step toward confirming the putative function of

the Pst operon in Borrelia, we cloned the gene for

BbPstS (the likely substrate-binding component).

The bb0215 gene from the B. burgdorferi chromo-

some was modified such that the amino-terminal 19

amino acids, which comprise the putative lipidation

signal for this protein, were replaced with an affin-

ity tag, a protease site, and a five amino acid vector-

derived sequence (GAMGS). We hyperexpressed this

modified gene product (rBbPstS) in the heterologous

organism E. coli. After lysing the cells, two chro-

matographic steps, and proteolysis (see Materials

and Methods), the protein was purified to homogene-

ity as assessed by SDS-PAGE (not shown).

We sought to confirm the purity and to establish

the oligomeric state of rBbPstS using sedimentation

velocity (SV) analytical ultracentrifugation. We cen-

trifuged three concentrations of rBbPstS (3, 27, and

45 lM) and analyzed the measured absorption pro-

files as a function of radius and time using the c(s)

distribution (Fig. 2).29 This data treatment detects

trace contaminants with a very high sensitivity.30

We found that the percentage of the absorbance sig-

nal in the main c(s) peak at ca. 2.5 S ranged from

99.2 to 99.9. Thus, our preparation of rBbPstS was

essentially free of detectable contaminants. We can-

not rule out the existence of contaminants having

the same sedimentation coefficient as rBbPstS, but

this possibility is unlikely.

The molar mass of rBbPstS was also examined

using SV. The refined frictional ratio (fr) of rBbPstS

ranged from 1.27 to 1.33, which is in the expected

range for a globular, hydrated protein. Given these

ratios, the diffusional scaling law used by the analy-

sis program,29 and the Svedberg equation, we calcu-

lated that the average molar mass of the protein

was 30,740 g/mol, close to the calculated value of a

monomer (29,309 g/mol) based on the known amino

acid sequence of rBbPstS. Further, the observed sed-

imentation coefficient was essentially unchanged

through more than a ten-fold change in protein con-

centration, indicating no propensity to form oligom-

ers. These data therefore demonstrate rBbPstS is a

monomer under these solution conditions.

Because phosphate anion was suspected to be the

ligand of this protein, we conducted separate SV

experiments in the presence of phosphate. As shown

in Figure 2(B), the presence of 400 lM of sodium

phosphate had no discernible effect on the sedimenta-

tion of rBbPstS. Although this result does not rule

out a conformational change upon phosphate binding,

it does eliminate the possibility that the presence of

phosphate causes changes in the oligomerization state

of rBbPstS under these experimental conditions.

Substrate-binding properties of rBbPstS
The sequence analyses performed above suggested

that BbPstS is a phosphate-binding protein. How-

ever, sequence homologies can be misleading regard-

ing ligand identity for ligand-binding proteins

(LBPs) (e.g. see Refs. 13 and 15). In order to estab-

lish the phosphate-binding activity of BbPstS, we

performed microscale thermophoresis experiments.

rBbPstS was labeled with a fluorescent dye, and its

diffusion in a thermal gradient was monitored as a

function of phosphate concentration. These experi-

ments were carried out at pH 8.5 so that most of the

Table I. Primer Sequences Used in this Study

Primer Sequence (5’-3’)

ZM141F GACAAGCTCAACTGGACAAG
ZM141R CGGCTTTGAGCGATGAAT
ZM142F TCGGGTGTTCACAGAGAAG
ZM142R AGCCTACAGAGCCTATTG
ZM143F CAGCACAATAGGCTCTGTAG
ZM143R ACCATATGCGCCAGAATCTC
ZM144F AGCAGCTATTCCCGGAATAC
ZM144R AGCCAGATGGGCCTATTAAG
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phosphate anion would be in the dibasic state. The

resulting data demonstrated that rBbPstS bound to

phosphate with a Kd of 1.2 6 0.1 lM (Fig. 3). This

dissociation constant is comparable to those obtained

using the homologous phosphate-binding proteins

from E. coli and Mycobacterium tuberculosis.31–33 As

a control, we performed similar experiments on

rBbPstS using sulfate anion as the ligand. Using the

same ligand concentrations as in the phosphate

experiment, we were unable to obtain a definitive

binding constant for SO4
22. We estimate that the

dissociation constant is at least 20-fold higher for

sulfate compared with phosphate.

The crystal structure of rBbPstS

To buttress our hypothesis that BbPstS is the

phosphate-binding protein of a phosphate-importing

ABC transporter, we crystallized rBbPstS and deter-

mined its crystal structure at a resolution of 1.3 Å

(Fig. 4; Table II). The electron-density maps resolve

amino acid residues 7–227 and 230–261 (mature-

protein numbering). The protein comprises two

domains that have similar folds (r.m.s.d. 5 3.6 Å

over 64 comparable Ca atoms). Domain I contains

residues 7–81 and 222–260, and domain II houses

residues 85–218. Both domains are respectively com-

posed of a central, five stranded b-sheet in which

four of the five b-strands are parallel. Using num-

bering that is local to the respective domains, the

overall topology of both b-sheets is b2-b1-b3-bn-b4,

where “n” represents a strand that occurs just after

a crossover from the other domain. At least two a-

helices are packed against each side of both sheets.

Additionally, there are two short spans of amino

acids (residues 82–84 and 219–221) that connect the

two domains.

Near to the connector regions is a cleft that sep-

arates the two domains and houses two sulfate

anions (Figs. 5 and 6). These tetrahedral anions

were modeled as sulfates because of the “open” dis-

position of the protein (see below) and the high con-

centration (2M) of ammonium sulfate present in the

crystallization medium. Sulfate I, so called because

it associates only with amino acids from Domain I,

has apparent hydrogen bonds to the side chains of

S15, S45, and S63 [Fig. 5(A)]. Additionally, the

main-chain amides of residues T16 and S45 have

Figure 2. Hydrodynamic behavior of rBbPstS. (A) Sedimentation in the absence of phosphate. The c(s) distributions, showing

normalized signal populations of species as a function of sedimentation coefficient, are shown for three concentrations of

rBbPstS, which are denoted in the legend. (B) Comparison of sedimentation in the absence and presence of phosphate. The

concentrations rBbPstS in both experiments was 27 lM. The components present in the respective curves are given in the

legend. All distributions have been normalized by their respective total signals.

Figure 3. Microscale thermophoretic evidence of phosphate

binding in rBbPstS. The markers represent the data points;

black circles for the phosphate data, and white squares for

the sulfate data. The black line is the fit to the phosphate

data. The sulfate data can be fitted, but the value for the

maximum Fn in this case is very uncertain; the fit is therefore

not shown here.
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apparent hydrogen bonds with this anion, as does a

water molecule (“Wat 39”). Finally, the guanidinium

group of R64 approaches the sulfate, but this side

chain has two clear conformations: one that is close

to Sulfate I, whereas the other is oriented away. Sul-

fate II, which has interactions only with Domain II,

has apparent hydrogen bonds to the side chains of

S135 and R129, and the main-chain amide atoms of

G134 and S135 appear to contribute other hydrogen

bonds [Fig. 5(B)].

The electropositive nature [Fig. 6] of most of the

cleft region accounts for the propensity of anions to

bind there. Away from the binding cleft, the surface

electrostatic potential of rBbPstS is mixed, with a

notable negative area on the side opposite to the

cleft and a positive area near to the amino-terminus

(not shown).

Comparisons with other protein structures

Comparisons of the structure of rBbPstS with those

of other proteins indicate that the protein is struc-

turally similar to the LBPs of ABC transporters.

Both DALI35 and SSM36 were used to query the Pro-

tein Data Bank for structural matches to rBbPstS.

The highest-scoring results from both searches are

LBPs; most of the top hits are known or putative

phosphate-binding proteins (e.g. 1TWY, 4EXL,

4JWO, 4GD5). Analysis of the topologies of the two

domains of rBbPstS and querying the SCOP37 data-

base indicates that this protein belongs to “Class II”

of the LBPs, using the nomenclature of Fukami-

Kobayashi et al.38 Using a more recent classification

scheme,39 rBbPstS belongs to “Cluster D-III,” a class

of LBPs that comprises proteins known to bind tet-

rahedral anions (e.g. phosphate, sulfate, and

tungstate).

The highest-scoring structural match to rBbPstS

is a protein from Vibrio cholerae (VCA0807; PDB

accession code 1TWY; no attendant publication),

which shares 31% amino acid sequence identity with

rBbPstS. A comparison of the two structures reveals

a close correspondence: for 236 comparable Ca posi-

tions, the r.m.s. deviations are 2.35 Å (Fig. 7).

Indeed, the chief difference between the structures

is that the V. cholera protein (termed “VcPstS”

herein) has a small insertion between aE and b7

(rBbPstS nomenclature) that forms a small b-

hairpin (Fig. 7).

Many LBPs are known to employ a “Venus

flytrap” mechanism for substrate binding.40,41 In the

absence of ligand, the LBP adopts an “open” confor-

mation suited to accepting the ligand. Once the

ligand has bound, the protein “closes,” i.e. the two

domains undergo rigid-body motions that bring

them closer together, with the connector regions act-

ing as a hinge. Typically, both domains participate

in binding the ligand by providing specific contacts

to the ligand. The first few structures of phosphate-

binding Cluster D-III proteins were in the closed

conformation with a copurified phosphate anion

bound.42–44 It is therefore remarkable that both

rBbPstS and VcPstS are in the open, unliganded

conformation. Indeed, the structures of both the

open (unliganded45) and closed (liganded42) forms of

E. coli phosphate-binding protein (EcPBP, an LBP

Figure 4. The crystal structure of rBbPstS. A ribbons-style

representation of the final, refined model of the structure is

shown. The b-strands are purple, the a-helices and 310 heli-

ces are green, and the regions without any regular secondary

structure are slate blue. The connector region is shown in

orange. The designations of all of the regular secondary

structural elements are shown, as are the identities of the

two domains (I and II). The amino- and carboxyl-termini are

marked “N” and “C,” respectively. The two sulfate anions

that bind near to the putative phosphate-binding site are

shown with yellow spheres denoting the sulfur atoms and red

spheres the oxygen atoms. The two distal sulfate anions

mentioned in the text are omitted from this figure for clarity.
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for phosphate) are known, and rBbPstS has a closer

structural correspondence to the open form (r.m.s.d.

of 2.98 Å over 219 comparable Ca atoms) than to the

closed (r.m.s.d of 4.05 Å over 187 comparable Ca

atoms) (Fig. 7). In the current work, no steps were

taken specifically to remove bound ligand from

rBbPstS. Thus, this protein either did not bind the

phosphate available to it in the E. coli cytoplasm or

the bound phosphate dissociated as a consequence of

the purification or crystallization procedures.

Another notable feature of this open conforma-

tion is the fact that it occurs in the presence of 2M

sulfate anion. If this anion were an effective compet-

itor for the rBbPstS binding site, it would be

expected to bind the protein at this high concentra-

tion and induce the “closed” conformation. Instead,

the open conformation prevails, and the residues

expected (by homology to EcPBP) to participate in

the binding of phosphate are divided into two half-

sites: one in Domain I and one in Domain II. Indeed,

the two sulfate anions described above (Sulfate I

and Sulfate II) respectively bind at these two half

sites (Fig. 5). Presumably, in a ligand-free rBbPstS,

a single phosphate anion binding at one of these

half sites would cause the protein to close, bringing

the two half-sites together and resulting in high-

affinity phosphate binding. The fact that this has

not occurred in the presence of sulfate may be due

to the exquisite selectivity of phosphate-binding

proteins.33,42,43

The structure of the putative phosphate-binding

LBP from Clostridium perfringens (CpPstS) exempli-

fies the closed, phosphate-bound form of this newer

class of proteins (accession number 4GD5; no attend-

ant publication). CpPstS engages every oxygen atom

in this structure’s bound phosphate anion with mul-

tiple hydrogen bonds (Table III). There is no obligate

hydrogen-bond acceptor in the binding site; in place

of EcPBP’s D56, CpPstS has S89 (Table III). Notably,

compared with EcPBP, there are extra hydrogen

bonds to O4 of the phosphate, made by S41 and S43

of CpPstS. Because in rBbPstS nearly all of these

residues are conserved (the only substitution is

Table II. Data Collection and Refinement Statistics for
BbPstS

PDB accession no. 4N13
Space group P21

Unit cell dimensions (Å)
a 32.3
b 84.6
c 42.9

a, b, g 90, 105.6, 90
Resolution (Å) 42.3–1.30 (1.32–1.30)
Completeness (%) 98.9 (98.5)
Multiplicity 5.0 (4.9)
Unique reflections 53,905 (2643)
Rsym

a 0.053 (0.465)
I/rI 29.1 (4.2)
Wilson B (Å2) 7.7
Refinement

Resolution (Å) 41.4-1.3
No. nonsolvent, non-H atoms 2,223
No. solvent atoms 135
No. sulfate atoms 20
Cutoff Fo/rFo 0
Maximum-likelihood
coordinate error (Å)

0.10

Avg. B-factors
Nonsolvent (Å2) 12.4
Solvent (Å2) 20.2

R-values
Rwork 0.138
Rfree 0.161

Ramachandran statisticsb

Outliers (%) 0.0
Most favored region (%) 97.9

r.m.s. deviations
Bonds (Å) 0.010
Angles (�) 1.3

Values in parentheses are for the highest resolution shell.
a Rsym5

P
h

P
ijIh;i2hIhij=

P
h

P
iIh;i where the outer sum (h)

is over the unique reflections and the inner sum (i) is over
the set of independent observations of each unique
reflection.
b From MolProbity.34

Figure 5. Sulfate anions bound to rBbPstS. (A) Sulfate I. (B) Sulfate II. Secondary structural elements are shown faded for

clarity. All contacts shown (black dashed lines) are less than 3.2 Å in length. Carbon atoms are colored according to the sec-

ondary structural element they emanate from (Fig. 4). Oxygen atoms are colored red, nitrogen atoms are blue, and sulfur atoms

are yellow.
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conservative, i.e. threonine to serine) and the overall

26% identity between the two proteins, we expect

that the phosphate-binding mode of rBbPstS mimics

that of CpPstS. While it is likely that at least one of

the phosphate oxygen atoms is protonated in the

CpPstS structure (crystallization occurred at pH

7.0), the positions of any protons are not evident

because of resolution of the data (1.7 Å) and the lack

of an obligate hydrogen bond acceptor. This struc-

ture shows that, despite the absence of the acidic

hydrogen bond acceptor, this class of proteins may

still bind a phosphate anion. Our solution evidence

for phosphate binding to rBbPstS also demonstrates

this point (Fig. 3).

Another distinguishing aspect of rBbPstS is its

size. At 261 amino acids (in the mature form), the

protein is 20% less massive than phosphate-binding

proteins from E. coli and M. tuberculosis. A

sequence alignment (Fig. 8) demonstrates that, com-

pared with these larger proteins, rBbPstS has dele-

tions, most of which occur in loop regions. Further,

rBbPstS lacks a C-terminal a-helix that is found in

the larger proteins. The functional consequences of

the minimization of this phosphate-binding motif

are unknown.

Discussion
In this report, our data indicate that Borrelia burg-

dorferi lipoprotein BbPstS is the LBP of an ABC

transporter that is specific for phosphate. This con-

clusion is supported by the fact that BbPstS exists

in an operon (Fig. 1) that includes other proteins

bearing sequence markers for other components of

an ABC transporter. Further, a recombinant version

of the protein binds to phosphate in solution (Fig. 3).

Finally, sequence and structural characterization of

rBbPstS show that it is structurally similar to

known phosphate-binding proteins (Fig. 7) and that

residues homologous to those that bind phosphate in

similar proteins are mostly conserved (Fig. 8). Thus,

Figure 6. Two views of the surface of rBbPstS. The solvent-

accessible surface of rBbPstS is shown, colored according

to its surface electrostatic potential. A color legend is shown

in kT units.

Figure 7. Comparisons of other structures to rBbPstS. (A) VcPstS superposed on rBbPstS. The rBbPstS molecule is light gray,

and VcPstS (PDB accession code 1TWY) is shown in darker gray. The b-hairpin that is present in VcPstS but not in rBbPstS is

circled. This view is rotated from that of Figure 4 to emphasize the position of the hairpin. (B) EcPBP superposed on rBbPstS.

The coloration of rBbPstS is as in part A, while EcPBP (open form, PDB accession code 1OIB) is shown in the darker shade.

The orientation is the same as that shown in Fig. 4. The C-terminal extension present in EcPBP but not in rBbPstS is circled.
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the evidence favors the proposed phosphate-binding

function of BbPstS.

However, this proposed function raises a salient

question: how do phosphate-binding proteins distin-

guish phosphate from sulfate? Our results demon-

strate that, at very high (i.e. nonphysiological)

concentrations, sulfate can bind at the exposed “half

sites” that are present in the open form of the pro-

tein (Figs. 4–6). Thus, an apt refinement of the

above question is: why does sulfate binding fail to

lock this phosphate-specific binding protein into the

closed, high-affinity conformation? Previously, the

presence of one or more obligate hydrogen bond

acceptors in the binding site was thought to impart

this selectivity,42,43 because, at physiological pH, the

phosphate anion should have at least one proton,

while sulfate has none. However, BbPstS does not

have any such acceptors, and the phosphate-bound

structure CpPstS demonstrates that phosphate bind-

ing is not impeded in the absence of obligate

hydrogen-bond acceptors.

Several potential answers to the open conforma-

tion of rBbPstS exist. One possibility is that a mixed

population of open and closed forms exists in the

crystallization solution, and the open form was

selected because of favorable crystal contacts. A

related possibility is that the sulfate concentration is

actually too high; the simultaneous occupancy of

both half-sites has inhibited closure of a subpopula-

tion of the protein (i.e. the population that crystal-

lized). Additionally, ionic strength has been reported

to inhibit binding to EcPBP.32 The very low pH of

the crystallization buffer (3.5) could influence the

protein’s ability to assume the closed state. Finally,

differences in size or charge density of phosphate vs.

sulfate could explain the protein’s apparent rejection

of the sulfate anion.

Whereas we cannot rule out any of the above

explanations, none seems to fully explain the lack of

closure. If sulfate binds and induces closure, the 2M

concentration would very likely ensure that the pop-

ulation of open protein is very small. Although both

half-sites have a sulfate anion in them, the sites are

not fully occupied (i.e. the best-fit occupancies were

below 1.0). Although the ionic strength of the crys-

tallization medium is quite high, presumably this

effect is due to the competition of anions for the

binding site, but sulfate anion is present at a much

higher concentration (2M vs. 100 mM) than the

second-most prevalent anion, citrate. We observed

no ionizable side chain on the surface of rBbPstS

whose protonation would impede closure. Also, the

respective sizes and oxygen charge densities of the

phosphate and sulfate anions are very similar.46

From these data and considerations, we con-

clude that further study is necessary to address the

phosphate specificity of rBbPstS and similar pro-

teins. Structural data of rBbPstS with bound phos-

phate anion would be particularly illuminating;

unfortunately, although several phosphate-

containing crystallization conditions were screened,

none have yielded diffraction-quality crystals (see

Materials and Methods). If such data can be

obtained, it seems likely that the source of the speci-

ficity will lie in geometric and chemical properties of

the anions, as was recently surmised for the phos-

phate specificity of the phosphate-binding protein

from Pseudomonas fluorescens.47,48

In conclusion, the data in this report demon-

strate that B. burgdorferi likely satisfies its meta-

bolic needs for Pi via the action of an ABC

transporter that is specific for this anion. The struc-

tural and biophysical data, coupled with data from

recent crystal structures, augment the current

knowledge of how phosphate-binding proteins

achieve their specificity. This feature of this class of

proteins is of renewed interest due to the discovery

of bacteria that can grow in milieus containing high

concentrations of similar, potentially toxic tetrahe-

dral anions.49,50

Materials and Methods

Bacterial strains and culture conditions
Infectious B. burgdorferi strain B3151 was used as

the wild-type strain throughout this study. B. burg-

dorferi was cultured at 37�C in BSK-II medium52

supplemented with 6% rabbit serum (Pel-Freez, Rog-

ers, AR). Spirochetes were enumerated by dark-field

microscopy.

Reverse transcriptase-PCR (RT-PCR)
Total RNA was extracted from B. burgdorferi strains

B31 as previously described.20 Briefly, spirochetes

were grown in BSK-II at 37�C under 5% CO2, and

Table III. Phosphate Contacts in Other Protein
Structures

Phosphate
atom

Organism

E. coli C. perfringens

Residue Atom Residue Atom
O1 T10 OG1 T42 OG1

T10 N T42 N
R135 NH2 R155 NH2

O2 S139 OG S159 OG
R135 NH1 R155 NH1
T141 OG1 T161 OG1
T141 N T161 N

O3 S38 OG S71 OG
S38 N S71 N
G140 N G160 N

O4 D56a OD2a S89 OG1
F11 N S43 N

S41 OG
S43 OG

a These two atoms are hypothesized to be involved in a
low-barrier hydrogen bond.
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harvested when bacterial growth reached a density

of 5 3 107 cells per mL. Total RNA was isolated

using Trizol (Invitrogen, Grand Island, NY) accord-

ing to the instructions. Genomic DNA was removed

from the RNA samples using RNase-free DNase

I (GenHunter Corporation, Nashville, TN). Follow-

ing digestion, RNA was further purified using a

RNeasy Mini Kit (Qiagen, Valencia, CA). For RT-

PCR, cDNA was generated from 1 mg of RNA using

the SuperScript III Platinum Two-step qRT-PCR kit

according to the manufacturer’s protocol (Invitro-

gen). The sequences of the primers used in this

report are shown in Table I.

Protein expression and purification
To produce a nonlipidated, recombinant derivative of

BbPstS in E. coli, the DNA fragment encoding amino

acid residues 2–261 (cloned without the post-

translationally modified N-terminal Cys; the number-

ing reflects the assignment of this Cys as residue 1 of

the processed protein) of BbPstS was PCR amplified

from B. burgdorferi genomic DNA using primer pairs

encoding the predicted 5’- and 3’-termini. The

“forward” primer had the sequence 5’-gaccGGATCC

AAAAATCAAGACAATGAAAAAATTGTATC-3’, and

the “backward” primer sequence was 5’-gaccAAGCTT

TTATGTTTTTATCCCTAAAAAGCCTTGTT-3’. In the

preceding sequences, the region of each primer com-

plementary to the BbPstS sequence is underlined.

The forward primer contained both a gacc overhang

(lowercase) and a BamHI site (italicized); the reverse

primer contained a gacc overhang (lowercase) and an

HindIII site (italicized). The PCR product was cloned

into BamHI/HindIII digested pProEx HTb-based

Figure 8. Structure-guided sequence alignment of phosphate-binding LBPs. The species codes are: Bb, Borrelia burgdorferi;

Vc, Vibrio cholera; Cp, Clostridium perfringens; Lb, Lactobacillus brevis; Ec, Escherichia coli; Mt, Mycobacterium tuberculosis.

The secondary structure of rBbPstS is shown above the alignment, with cylinders representing a-helices and arrows depicting

b-sheets. The residues highlighted with a gray background are those in contact with the bound phosphate in the E. coli PBP

structure (PDB accession code 1IXH). Boxes denote areas of the E. coli and M. tuberculosis proteins that are not present in the

B. burgdorferi protein.
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bacterial expression vector containing an N-terminal

His-tag (Invitrogen). The plasmid construct was con-

firmed by DNA sequencing. A verified plasmid in E.

coli XL1-Blue cells were grown at 37�C in LB

medium containing 100 mg/mL of ampicillin until the

cell density reached an A600 of 0.5. The culture was

then induced for 3 h with 0.6 mM IPTG. Cells

derived from 1 L of culture were harvested by centrif-

ugation and lysed at room temperature with gentle

rocking for 20 min using 50 mL of B-PER II (Thermo

Scientific, Lafayette, CO). The resulting suspension

was centrifuged at 25,000g for 15 min to remove cell

debris. The recombinant BbPstS (rBbPstS) was iso-

lated from the supernatant by affinity chromatogra-

phy using Ni-NTA Agarose (Qiagen). The His-tag was

removed by the proTEV Plus protease (Promega),

and the digestion mixture was purified by Ni21-affin-

ity column to remove the cleaved His-tag and His-

tagged-proTEV protease. The protein without the

His-tag was further purified by size-exclusion chro-

matography using a HiLoad 16/60 Superdex 200 prep

grade column (GE Healthcare, Pittsburgh, PA) equili-

brated with buffer A (20 mM Hepes, 0.1M NaCl, pH

7.5, 2 mM n-octyl b-D-glucoside). Peak fractions were

analyzed by SDS-PAGE. Fractions containing purified

rBbPstS (>98% homogeneity) were pooled and con-

centrated using an Amicon concentrator (Millipore,

Billerica, MA). The purified protein was stored at 4�C

in buffer A for 2 weeks. Protein concentrations were

determined spectrophotometrically using an extinc-

tion coefficient of 20,400M21 cm21 at 280 nm (calcu-

lated using the ProtParam utility of ExPASy

available at http://www.expasy.org).

Assay for phosphate binding
Microscale thermophoresis53 was used to monitor

the binding of phosphate anions to rBbPstS. First,

the protein in buffer A was labeled with the “Blue-

NHS” fluorescent dye according to the manufac-

turer’s instructions (NanoTemper, Munich, Ger-

many). The free dye was removed by passing the

labeling mixture over a small desalting column (pro-

vided by the NanoTemper) that had been equili-

brated with MST Buffer (20 mM Tris pH 8.5, 20 mM

NaCl, 0.05% (v/v) Tween 20). MST Buffer was also

used to make two stock ligand solutions: 200 mM

Na2HPO4 and 200 mM Na2SO4. A 1000-fold dilution

of these solutions (i.e. 200 lM) was used as the first

in a 1:1 dilution series using MST buffer. Thus, the

concentrations were 200 lM, 100 lM, 50 lM, etc.

Sixteen such solutions of 10 lL each were prepared.

Each of these solutions was further diluted by the

addition of 10 lL of the labeled protein at a concen-

tration of 800 nM. The resulting concentration of

protein was therefore 400 nM, and the 16 concentra-

tions of ligand that were examined were (rounded to

the nearest nM) 100, 50, 25, 12.5, 6.25, 3.125, 1.562,

0.781, 0.391, 0.195, 0.098, 0.049, 0.024, 0.012, 0.006,

and 0.003 lM. These mixtures were allowed to incu-

bate at room temperature for at least 30 min before

being subjected to thermophoresis. Each mixture

was loaded into a NanoTemper “Standard” capillary,

then was subjected to thermophoresis with an LED

power (i.e. excitation intensity) of 70% and an MST

power (i.e. strength of the temperature gradient;

about 10�C in this case) of 100%. The protocol for

each capillary was to illuminate the excitation LED

and collect data for 5 s, then illuminate the IR laser

and collect 30 s of thermophoresis data, then termi-

nate the IR illumination and collect 5 s of data. The

data are thus time-dependent fluorescence signal.

The thermophoretic signal was taken as:

Fn5
hF0i
hFf i

31000;

where Fn represents “normalized” fluorescence,

F0 is the initial fluorescence intensity, Ff is the final

fluorescence intensity, and the brackets represent

mean values taken over approximately 1 s of data.

The Fn data therefore include intensity changes due

to response of the fluorophore at the higher temper-

ature and those due to labeled rBbPstS molecules

diffusing out of the illuminated area (i.e. “positive

thermophoresis”). The Kd of the association was

obtained using the NanoAnalyze software, which

uses the equation system:

Fn5ð12mÞFn;u1mFn;b

m5
½L�tot1½P�tot1Kd 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½L�tot1½P�tot1Kd

� �2
24½L�tot½P�tot

q

2½P�tot

where m is the fraction of ligand bound to the

protein, Fn,b is the normalized fluorescence of the

bound state, Fn,u is the normalized fluorescence of

the unbound state, L is the ligand, and P is the

protein. Because the concentrations of the ligand

and protein are known, three parameters are

refined in this analysis: Fn,b, Fn,u, and Kd. The

reported Kd was the weighted average of three sep-

arate experiments, where the inverse squares of

the respective fitting errors were used as the

weighting terms.

Crystallization and X-ray diffraction data

collection
The crystallization condition was obtained by screen-

ing the purified protein against the commercial crys-

tallization screens Wizard I and Wizard II (Emerald

BioSystems, Bedford, MA) and Index (Hampton

Research, Aliso Viejo, CA) screens. Several of these

conditions contained phosphate salts as additives or

precipitants. However, no diffraction-quality crystals

resulted from the phosphate-containing trials.
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Instead, the plate-like crystals of rBbPstS were

obtained in a sulfate-containing medium: using the

hanging-drop vapor-diffusion method, they appeared

at 20�C 7 to 10 days after mixing 3 mL protein (�18

mg/mL in buffer A) and 3 mL of the precipitant solu-

tion (2M (NH4)2SO4, 0.1M citric acid, pH 3.5). The

crystals were cryoprotected in 30% (v/v) ethylene

glycol, 2M (NH4)2SO4, 0.1M citric acid, pH 3.5,

mounted into a nylon loop, flash-cooled in liquid

nitrogen, and used for data collection.

When irradiated at beamline 19-ID of the Struc-

tural Biology Center at the Advanced Photon Source

in Argonne National Laboratories, the crystals dif-

fracted X-rays to a dmin spacing of 1.3 Å. Examina-

tion of the diffraction data demonstrated that the

crystals exhibited the symmetry of space group P21,

with unit cell dimensions a 5 32.3 Å, b 5 84.6 Å,

c 5 42.9 Å, and b 5 105.6�. Further information on

the quality of the diffraction data is found in Table

II. These data were collected using a Quantum 315r

CCD detector (ADSC) and were processed using

HKL2000.54 The diffraction data were put on a posi-

tive, absolute scale using the TRUNCATE proce-

dure55 of CCP4.56

Structure determination and refinement
The structure of rBbPstS was determined using

molecular replacement. Using a hidden-Markov

search method, we queried the Protein Data Bank

for sequences matching that of rBbPstS. The best

match was the sequence of the V. cholera protein

VcPstS (accession code 1TWY). We used this

model as the template for the search model. With

a ClustalW57 alignment of the two protein sequen-

ces as a guide, we used SEAMAN (http://xray.bm-

c.uu.se/usf) to modify the model using the

following rules:

1. Homologous residues were retained.

2. At nonhomologous sites:

2.1. Positions where both side-chains were as

long as or longer than serine were changed

to serine.

2.2. Positions where the rBbPstS residue was

alanine were changed to alanine.

2.3. Positions where the rBbPstS residue was

glycine were changed to glycine.

3. The b-hairpin loop region of VcPstS was removed.

Using this modified model, a molecular-

replacement solution was readily obtained using

CNS version 1.2.58 The model was subjected to rigid-

body and simulated-annealing refinement in PHE-

NIX.59 Coot60 was used to build the missing parts of

the rBbPstS model, and subsequent rounds of posi-

tional and individual anisotropic B-factor refinement

using PHENIX allowed most of the model to be

built. Riding hydrogen atoms were employed in

refinement. The current model contains amino acid

residues 7–227 and 230–260, 135 water molecules,

and four sulfate anions. Some regions of the differ-

ence electron-density maps contain unidentifiable

features; these remain unmodeled. The final R- and

Rfree-values for the model are 0.138 and 0.161,

respectively. Other statistics regarding the model

are found in Table II.

Analytical Ultracentrifugation
Analytical ultracentrifugation was carried out as in ref.

13. Briefly, solutions of the protein (400 mL) at the ref-

erenced concentrations in Buffer A were placed in dual-

sector Epon centerpieces that were sandwiched between

sapphire windows. After 2.5 h of equilibration at 20�C,

the samples were centrifuged at 50,000 rpm in an

An50-Ti rotor. Data were acquired using absorbance

optics tuned to 280 nm. All data were analyzed using

SEDFIT (http://www.analyticalultracentrifugation.com),

and the panels of Fig. 2 were generated using GUSSI

(http://biophysics.swmed.edu/MBR/software.html).
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