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ABSTRACT

Mycobacterium tuberculosis evades host immune responses by colonizing macrophages. Intraphagosomal M. tuberculosis is
exposed to environmental stresses such as reactive oxygen and nitrogen intermediates as well as acid shock and inorganic
phosphate (Pi) depletion. Experimental evidence suggests that expression levels of mycobacterial protein PstS3 (Rv0928) are
significantly increased when M. tuberculosis bacilli are exposed to Pi starvation. Hence, PstS3 may be important for survival
of Mtb in conditions where there is limited supply of Pi. We report here the structure of PstS3 from M. tuberculosis at 2.3-
A resolution. The protein presents a structure typical for ABC phosphate transfer receptors. Comparison with its cognate
receptor PstS1 showed a different pattern distribution of surface charges in proximity to the Pi recognition site, suggesting

complementary roles of the two proteins in Pi uptake.
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INTRODUCTION

Tuberculosis (TB) is a widespread, severe human infec-
tious disease caused by the bacterium Mycobacterium
tuberculosis (Mtb) and is a leading cause of death and a
major sanitary concern in developing countries. Mtb is
able to prevent phagocytosis by alveolar macrophages
and to survive in the host organism even for decades
through the formation of a peculiar pulmonary structure
(called granuloma) that engulf and preserve the bacteria
in a dormant, nonvirulent state.] Under this condition
Mtb is exposed to severe stresses such as hypoxia, reac-
tive oxygen and nitrogen species, acidic stress and Pi
depletion. The survival of Mtb under Pi depletion/starva-
tion relies on the presence of phosphate-specific trans-
port (Pst) system responsible for Pi sensing and import
and ultimately for bacterial survival.2 The Pst system is
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constituted by three periplasmic PstS proteins (PstSI,
PstS2 and PstS3) responsible for binding and scavenging
extracellular Pi, by the trasmembrane proteins PstA and
PstC that form the channel for Pi entry, and by PstB that
provides energy for transport via ATP hydrolysis. All the
components of the Pst system form an adenosine-5'-
triphosphate (ATP) binding cassette (ABC) transporter
im}3)0rtant for sequestration and import of extracellular
Pi.
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In Mtb all the genes coding for the Pst complex are
coded by the Pho regulon, a global regulatory network
involved in bacterial Pi management and survival under
Pi-limited conditions. The Pho regulon is subdivided in
four clusters: the phoT cluster, the pstB-pstS1-pstCI-pstA2
cluster, the pstS2-pknD cluster and the pstS3-pstC2-pstAl
cluster.3 Variation of Pi concentrations influence the reg-
ulation of the transcription of all the above gene clusters
and determine the robust upregulation of pstS3-pstC2-
pstAl cluster following Pi starvation, being the pstS3
gene the most upregulated. Moreover, Mtb psts3 knock-
out mutant showed more susceptibility to Pi starvation
in terms of bacterial growth and metabolic activity com-
pared to wild-type Mtb.3 Together, these results under-
line the critical role of PstS3 for Mtb survival in Pi-
limited environment and possibly the important role of
PstS3 in Mtb pathogenicity.

In this study we present the crystal structure of Mtb
PstS3 at 2.3-A resolution. The structure is similar to other
homologous ABC phosphate transfer receptors. However,
peculiar surface charge distribution in proximity of the
ligand-binding site, different from the already character-
ized M. tuberculosis PstS1, lead to speculation about the
role of the two cognate proteins in Pi uptake. In addition,
we report the affinity constant of PstS3 for the phosphate
ion calculated using the thermal shift assay method.

MATERIALS AND VIETHODS
Protein Expression and Purification

The PstS3-encoding gene was cloned in the pET22 vec-
tor using the Ndel and BamHI restriction sites upstream
to a 6xHis-tag coding region. The expression vector was
transformed in E. coli Rosetta (DE3) cells (Novagen). For
PstS3 expression, the cells were grown in LB medium at
37°C, induced with a final concentration of 1 mM IPTG
at an ODgyy of 1 and incubated at 37°C for 4 h. After
centrifugation at 6000g for 15 min at 4°C the cells were
suspended in 50 mM potassium phosphate buffer, pH 7.3
(Buffer A). The cells were disrupted using a Miccra D-8
homogenizer with a PF/MIR disperging tool (ART Proz-
ess- & Labortechnik GmbH) at 23,500 min~ ! for 30 s fol-
lowed by sonication for 3 X 1 min using a Bandelin
GM?70 sonifier with SH70G/TT13 tip at output level 80%.
After another centrifugation the pellet was resuspended in
Buffer A followed by homogenization and centrifugation
as described above. Pelleted inclusion bodies were washed
with Buffer B (50 mM potassium phosphate buffer, 100
mM NaCl, pH 7.3) supplemented with 3M urea. After
centrifugation the pellet was solubilized in Buffer B in
which 8M urea and 5 mM imidazole were added. After
another centrifugation at 27,500¢ for 30 min at 4°C the
supernatant obtained was subjected to an affinity chroma-
tography on Ni-NTA Superflow resin (Qiagen). Denatured
PstS3 was eluted in a linear imidazole gradient from 5 to

300 mM imidazole. PstS3-containing fractions were
pooled and diluted to a concentration of 100 pg mL ™'
with Buffer B supplemented with 8 M urea, 5 mM imidaz-
ole, and 20 mM DTT. The protein solution was refolded
by buffer exchange on a Sephadex G25 column (GE
Healthcare) into Buffer C (25 mM potassium phosphate
buffer, pH = 7.3). The protein containing high molecular
weight fraction of this gel filtration step was collected and
subjected to another affinity purification step on Ni-NTA
Superflow resin (Qiagen). After loading the protein the
column was washed with Buffer C supplemented with 100
mM imidazole followed by an elution step using Buffer C
and 500 mM imidazole. The fractions containing pure
PstS3 protein were pooled. The protein solution under-
went another buffer exchange step on a Sephadex G25
column (GE Healthcare) into 10 mM NH,HCO;, pH =
8.0. The protein containing high molecular weight frac-
tion of this gel filtration step was collected and applied on
a preparative Superdex’™ 200 column (GE Healthcare)
using 20 mM tris, pH = 8.0 as running buffer. The
monomeric fraction of PstS3 deriving from this gel filtra-
tion was collected and concentrated using polyethersul-
fone membranes with 10 kDa cut-off (Vivaspin 20,
Sartorius stedim biotech).

Crystallization

Purified PstS3 was concentrated to 1.8 mg mL™' and
first crystallization trials were carried out using Crystal
Screen I and Crystal Screen II (Hampton), Classics Suite I
and Classsics Suite II and MBClass (Qiagen) screens. An
automated dispensing robot (Douglas Instruments) and
96-well MRC 2 Well Crystallization Plate (Swissci) were
employed for crystallization experiments. Protein/reservoir
solutions were mixed in 50/50 and 75/25 ratios with a
final drop volume of 800 nL and incubated at 20°C
against a reservoir volume of 40 pL. Crystals grew in sev-
eral conditions after few days. Small, aggregated needles
and wisps were the dominant crystal morphologies and
growth patterns. Single, intergrown crystals were obtained
in condition 22 of Hampton Crystal Screen II (0.1 M
MES monohydrate pH = 6.5, 12% w/v PEG 20000) in
50:50 protein/reservoir ratio drops. Single, brick-shaped,
diffraction quality crystals were obtained in this condi-
tions by adding NaH,PO, at a final concentration of 0.5
mM to the protein solution prior to protein crystalliza-
tion. Crystals grew to full size after 1-month incubation at
20°C. For diffraction analysis, crystals were fished, cryo-
protected with 15%(w/v) glycerol and flash-frozen in lig-
uid nitrogen for later crystallographic analysis.

X-Ray Data Collection, Structure
Determination, and Refinement

Diffraction datasets were collected on the ID29 beam-
line at the Electron Synchrotron Research Facility (ESRF)
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Table |

Data Collection and Refinement Statistics

Beamline ESRF ID29
Space group P2,

a = 36.21, b = 229.25, ¢ = 39.10;
o = 90.00, f = 100.03, y = 90.00
38.51-2.30 (2.39-2.30)

Unit cell dimensions (A), (°)

Resolution (A)

Completeness (%) 97.0 (92.8)
Multiplicity 3.0 (3.1)
Total reflections 81,631 (8227)
Unique reflections 26.706 (2635)
Mean //c(/) 5.5 (3.4)
Rmerge 0.174 (0.336)
Molecules per asymm. unit 2
Solvent content (%) 51.0
Wilson B factor (A?) 21.8

Refinement statistics
R/Rfree
R.m.s. dgviation

0.238/0.278 (0.299/0.342)

Bonds (A)/Angles (°) 0.010/1.56
Ramachandran plot
Residues in favoured 96.1 (609/634)

regions (%) (number of residues)
Residues in allowed regions (%)
(n. residues/total)
Residues in outlier regions (%)
(n. residues/total)

99.8 (633/634)

0.16 (1/634)

Statistics for the highest-resolution shell are shown in parentheses.

in Grenoble, France. Best-diffracting data collection
wedges of two isomorphous crystals grown in the same
drop were used for collection of a complete dataset. Dif-
fraction images were processed using the CCP4 software
suite.4 PstS3 crystals belonged to space-group P2, with
unit-cell parameters a = 36.21 A, b = 229.25 10\, c =
39.10 A; o = 90.00°, B = 100.03°, 7 = 90.00°. Two
monomers are present in the asymmetric unit, giving a
Matthews parameter and solvent fraction of 2.53 A’
Da ' and 51.0%, respectively. Space group P2, was
selected based on the indexing scores given by the auto-
matic indexing processes of MOSFLM and XDS, the
observed systematic absences and the favorable R, val-
ues obtained for the selected space group. Molecular
replacement was performed using PHASER® included in
the PHENIX software suite® and using the structure of
phosphate binding protein (PBP) from Escherichia coli as
the search model (Protein Data Bank ID code 2ABH).
Initial crystallographic refinement carried out with
REFMAC’ and PHENIX® gave relatively high R factor
values (0.230/0.302 for R/Rg.., respectively), suggesting a
possible data problem. Analysis of crystal twinning con-
ducted using the L-test twinning analysis of the program
TRUNCATE of the CCP4 suite? indicated the presence of
partial twinning with a twin fraction of 0.18. Structure
refinement was then performed using amplitude-based
twin refinement of the program REFMAC of the CCP4
suite.4 The program identified the twin operator L, -K,
H and a twin fraction of 0.12. The twin operator indi-
cates a rare type of pseudo-merohedral twinning occur-
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ring in monoclinic systems where a and ¢ axis are equal
or, as in the case of PstS3 crystals, close enough in length
to mimic a C-centered orthorhombic cell. However, data
processing in C222; failed due to unacceptable high
Rineas values, probably because of the insufficient length
similarities of the a and ¢ axes. Final refinement was per-
formed with phenix.refine of the PHENIX suite® using L,
-K, H as the twin law. The program calculated a twin
fraction of 0.16, and the structure was refined to final R/
Rgee values of 0.238/0.278, respectively, with good geom-
etry (Table I). The final model consists of 638 protein
residues, 179 solvent molecules and two Pi groups (one
per PstS3 molecule).

Thermal Shift Assay

The reaction mix used in the thermal-shift assay con-
sisted of the PstS3 protein diluted to a final concentra-
tion of 0.2 mg mL ™" in a buffer containing 20 mM Tris
pH = 8 and mixed with an appropriate amount of a
stock solution of 100 mM Na,HPO, pH = 8 and with
the fluorescence probe SYPRO® Orange (Sigma—Aldrich)
used at 1/4000 dilution. The final reaction volume was
20 pL. Fluorescence was recorded in a 48-well plate using
the FAM channel of a MiniOpticon™ Real-Time PCR
Detection System (Bio-Rad). The protein-ligand affinity
constant (Kyq) was calculated by measuring the
concentration-dependent effects of Pi on the protein
melting temperature (7,), as described by Matulis et al8
Data were harvested and analyzed using CEX Manager ™
Software (Bio-Rad) and SigmaPlot (Systat Software, San
Jose, CA, www.sigmaplot.com).

RESULTS

Overall PstS3 Structure

Mtb PstS3 folds into an elongated curved structure
composed of two globular a/f lobes. At the interface of
the two lobes is located the surface-exposed cleft hosting
the Pi recognition site [Fig. 1(A)]. Overall, the structure
is bent toward the ligand binding site giving to PstS3 the
typical “Venus flytrap” fold previously observed in other
phosphate ABC transporters and DING proteins.” 11
This curved fold is typical of this protein class and is the
result of the movements of the two lobes towards the Pi
binding site upon ligand binding.

Structure and sequence alignment analysis [Fig. 1(B)]
reveals that Mtb PstS3 shares high structure similarity
with Mtb PstS1 (rmsd = 1.85 A, 30% sequence iden-
tity),10 with PBP from E. coli (rmsd = 1.84 A, 31%
sequence identity)9 and with the DING protein PfluD-
ING from P. fluorescens (rmsd = 1.84 A, 28% sequence
identity).11

A major disorder features the N-terminal region of the
protein, where electron density corresponding to the first
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Figure 1

(A) Left: structure of PstS3 from M. tuberculosis. a-helices are repre-
sented with yellow ribbons; B-sheets are represented with red ribbons.
Phosphate ion is shown in sticks. Right: clockwise rotation of PstS3
structure by 90° along its major axis. (B) Sequence alignments of PstS3
with PstS1 from M. tuberculosis, PBP from E. coli, and PfluDING from
P. fluorescence. Red boxes with white characters indicate residue identity;
red characters indicate residue similarity; blue-framed characters indi-
cate similarities between groups of residues. Conserved residues that
bind phosphate ion are indicated with black circles; nonconserved resi-
dues that bind phosphate are indicated with white circles. Predicted
position of signal sequence cleavage is indicated with a black star. PstS3
secondary structure is shown on top of the sequence alignment.

50 amino acids is missing. PstS3 is an extracellular-
targeted protein bearing at the N-terminus an export
sequence and a signal sequence cleavage site between
positions 22 and 23. The PstS3 signal sequence is neces-
sary for extracellular localization of the protein and it is
cleaved wupon export. N-terminal sequencing and
MALDI-TOF analysis of the purified protein showed a

major amino acid sequence beginning at position 21
(data not shown).

Interactions of PstS3 with Phosphate

The phosphate ion is held in place by a network of 12
hydrogen bonds [Fig. 2(A,B)]. Oxydryl groups of resi-
dues Ser56 and Thr57 act as proton donor to phosphate
04 (2.95 A) and O1 (3.22 A), respectively. The main
chain NH groups of Thr57 and Ala58 form hydrogen
bonds with respectively the Pi atoms O1 (2.67 A) and
04 (2.63 A). The Argl87 guanidinium group is engaged
in hydrogen bonds with O1 (2.86 1&) and O2 (2.66 A)
Furthermore, the Pi O2 atom is hydrogen bonded to the
Thr193 main chain NH and Ovy atoms (3.08 A and 2.71
A, respectively) and to the Oy of Ser191 (2.76 A). In
total, O2 of the complexed phosphate engages in four
hydrogen bonds occurring in the rare pyramidal geome-
try already observe in PBP.? Finally, O3 receives protons
from the main chain NH of Gly192 (2.56 A) and of
Ser86 (3.09 A). Analogously to Ser56, Ser86 donates a
proton to O3 through its oxydryl Oy (2.77 A).

PstS3 Surface Charge Distribution

PstS3 presents a predominantly negatively charged sur-
face along with scattered patches of positively charged
residues [Fig. 2(C)]. This differs from what observed in
the Mtb homologous protein PstS1, where an entirely
negatively charged surface in proximity of the ligand-
binding site is observed. The difference in charge distri-
bution surrounding the Pi recognition site could influ-
ence the ligand binding kinetics of the two proteins,
leading to speculations over the role of the two proteins
in Pi uptake, as discussed later.

Determination of PstS3 Pi Affinity

We determined the affinity constant of PstS3 for its
natural ligand Pi. For this purpose we used the thermal
shift method as described by Matulis et ald

Figure 2(D) shows the change in T;, following addi-
tion of 1 mM Pi to PstS3. A significant variation of Tm
shift is observed, changing from 66.2°C of the ligand-free
protein to 78.0°C of the ligand-bound (AT, = 11.8°C).
Figure 2(E) shows the variation of PstS3 Tm caused by
addition to the protein solution of Pi at increasing con-
centrations. The calculated Ky of PstS3 toward Pi was
64.8 uM.

DISCUSSION

We report the crystal structure of the recombinant
Mtb extracellular phosphate-binding protein PstS3 puri-
fied from inclusion bodies. The overall structure and the
specific interactions of PstS3 with the phosphate ion are
very similar to that observed in other ABC transporter
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Figure 2

(A) Schematic representation of phosphate ion interactions with PstS3. (B) Balls and sticks representation of PstS3 residues interacting with phos-
phate. (C) Electrostatic surface of PstS3 (left), PstS1 (center) and PBP (right) calculated and displayed using CCP4mg. The surface potentials dis-
played scale from —0.5 V (red, negatively charged) to +0.5 V (blue, positively charged). (D) Normalized melting curves of PstS3 with and without
addition of Pi (light grey curve and black curve, respectively). (E) Variation of PstS3 Tm at increasing Pi concentration.

. PstS3 Phosphate Specificity and Selectivity
phosphate receptors of the same and other organisms,

thus allowing to draw analogies over the role of key resi- In the first reported crystal structure of the phosphate-
dues of the PstS3 recognition site in Pi specificity and transport protein PBP? the authors suggested the ability
selectivity. of PBP to bind monobasic (H,PO;) and dibasic
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(HPO?™) phosphate species. It has been later proved that
the ability of phosphate binding for PtsS3 homologous
proteins PstS1 and PBP is not greatly altered in pH inter-
vals ranging from 4.3 to 8.5, suggesting their ability to
bind monobasic and dibasic phosphate species.!2 As for
other phosphate-binding proteins of the same family, a
key role for binding monobasic and dibasic phosphate
species relies on the presence, in PstS3, of residue
Asp104. Under acidic conditions, Aspl04 is able to
accept a proton from neighbor Ser86 Ovy (3.22 A), thus
allowing the second proton to be shared between the O4
of the phosphate ion and the Oy of Ser86. The resulting
negative charge present on the two oxygen molecules O1
and O2 is complemented by the positive charge of
Argl87.

Binding of dibasic phosphate species is slightly fav-
oured under basic conditions.? In this environment, the
proton of Ser86 Oy is shared between the nonprotonated
phosphate O3 and Aspl04 O8. Thus, Aspl04 plays a
major role in PstS3 mono- and di-basic phosphate bind-
ing by accepting and/or sharing protons according to the
phosphate ions involved. The ability of PstS3 to bind
monobasic and dibasic phosphate constitutes a great
advantage for bacterial survival especially in environ-
ments where phosphate supply is limited. Moreover,
Asp104 has a key role in discriminating closely related
species such as phosphate and sulfate: both ions have a
tetrahedral geometry; however, the sulfate ion, differently
from phosphate, is not protonated and bears negative
charges, and would be repelled by the presence of the
partial negative charge of Aspl04 carboxylic group. In
PBP this conserved Asp residue has been shown to be
responsible for the discrimination of phosphate from sul-
fate by five orders of magnitude.?

PstS3 Surface Charge Distribution and
Ligand Selectivity

PstS3 structure analysis reveals a concentration of neg-
atively charged residues in proximity of the ligand-
binding site surrounded by scattered patches of positively
charged residues. This differs from what observed in
PstS1, where an entirely negatively charged surface is
observed [Fig. 2(C)]. Intuitively, the presence of negative
surface charges would discourage the approach of nega-
tive species to the phosphate recognition site, thus ham-
pering phosphate binding. However, Ledvina et al
demonstrated that local short-distant charges comple-
mentarity are more important for ligand binding than
long distance charge repulsions.!3 In support to this
theory, computational simulations conducted by Huang
and Briggs demonstrated that the scattered, positively
charges patches above and below the ligand binding
entrance site are the major contributors to ligand attrac-
tion toward the Pi recognition site.14 On the same line,
Held et al.l> used computational dynamics and model-

ling to demonstrate that the binding of the phosphate
species occur through a two-step “catch-and-select”
mechanism, where the anionic ligand species are: (1)
nonspecifically selected on the protein surface and
directed toward the ligand binding site through the pres-
ence of scattered anion attractors sparsely located on the
protein surface, and (2) specifically selected in the ligand
binding site among the various ionic species due to a
series of precise interactions. Therefore, the presence of a
negatively charged surface in combination with scattered
patterns of charged residues constitutes an advantage in
terms of substrate selectivity.

Hence, the observed differences in PstS1 and PtS3 in
the type and distribution of surface charges in proximity
to the ligand binding site suggest the complementary
role of the two proteins in binding phosphate ions fol-
lowing a mechanism determined mainly by different
ligand binding kinetics rather than by mere specificity.
This could constitute an advantage when Mtb bacteria
need to scavenge extracellular phosphate in environments
where different pH values, ionic forces and competitive
anions are present. In addition, the suggested comple-
mentary role of PstS1 and PstS3 in phosphate binding
could constitute an ever-functioning scavenging system
that may be vital for assuring a continuous supply of
phosphate and the bacterial survival in the particular
severe conditions faced by Mtb in the early stages of the
infection.
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