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Abstract

Tuberculous latency and reactivation play a significant role in the pathogenesis of tuberculosis, yet the mechanisms that
regulate these processes remain unclear. The Mycobacterium tuberculosis universal stress protein (USP) homolog, rv2623, is
among the most highly induced genes when the tubercle bacillus is subjected to hypoxia and nitrosative stress, conditions
thought to promote latency. Induction of rv2623 also occurs when M. tuberculosis encounters conditions associated with
growth arrest, such as the intracellular milieu of macrophages and in the lungs of mice with chronic tuberculosis. Therefore,
we tested the hypothesis that Rv2623 regulates tuberculosis latency. We observed that an Rv2623-deficient mutant fails to
establish chronic tuberculous infection in guinea pigs and mice, exhibiting a hypervirulence phenotype associated with
increased bacterial burden and mortality. Consistent with this in vivo growth-regulatory role, constitutive overexpression of
rv2623 attenuates mycobacterial growth in vitro. Biochemical analysis of purified Rv2623 suggested that this mycobacterial
USP binds ATP, and the 2.9-Å-resolution crystal structure revealed that Rv2623 engages ATP in a novel nucleotide-binding
pocket. Structure-guided mutagenesis yielded Rv2623 mutants with reduced ATP-binding capacity. Analysis of
mycobacteria overexpressing these mutants revealed that the in vitro growth-inhibitory property of Rv2623 correlates
with its ability to bind ATP. Together, the results indicate that i) M. tuberculosis Rv2623 regulates mycobacterial growth in
vitro and in vivo, and ii) Rv2623 is required for the entry of the tubercle bacillus into the chronic phase of infection in the
host; in addition, iii) Rv2623 binds ATP; and iv) the growth-regulatory attribute of this USP is dependent on its ATP-binding
activity. We propose that Rv2623 may function as an ATP-dependent signaling intermediate in a pathway that promotes
persistent infection.
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Introduction

Mycobacterium tuberculosis, one of the most successful human

pathogens, infects one-third of the world’s population, causing

nearly two million deaths per year [1]. Epidemiological data

estimate that, in the immunocompetent host, only ,10% of M.

tuberculosis infection progress to active pulmonary disease. The

remaining 90% of the infected individuals are asymptomatic, and

are generally believed to harbor latent bacilli that can reactivate to

cause tuberculous diseases, sometimes decades after the initial

infection. Recrudescence of latent bacilli contributes significantly

to the incidence of adult tuberculosis [2], yet the physiological state

of latent bacilli and the signals that promote dormancy in the host

remain incompletely defined. Understanding the dynamic inter-

action between host and pathogen during the establishment of

persistent M. tuberculosis infection will guide the design of novel

treatment for the latently infected population.

An intracellular pathogen, M. tuberculosis must possess a finely

tuned signaling network to sense and transduce complex

environmental signals, ensuring survival of the bacilli within host
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cells. Nitric oxide (NO) produced by infected macrophages and

relative hypoxia are signals likely to be encountered within

tuberculous lesions that are believed, based on in vitro studies, to

promote latency by prompting the M. tuberculosis dormancy

response. Exposure to these stimuli results in the induction of

,50 M. tuberculosis genes, designated the dormancy regulon, via

the two-component regulatory system DosR-DosS (see Table S1

for accession numbers) [3,4,5]. Among this set of genes is rv2623,

one of eight M. tuberculosis genes annotated as containing the

universal stress protein (USP) domain [6,7]. Members of this

ancient and conserved family of proteins are found in all forms of

life and can be induced by a variety of environmental stresses

[8,9]. However, the roles of USP proteins in microbial

pathogenesis are incompletely understood.

Interestingly, rv2623 is one of the most strongly induced

transcripts of the dormancy regulon [3,4,5]. Increased expression

of rv2623 was also observed following phagocytosis by macro-

phages [10] and in the lungs of chronically infected mice [11],

supporting a functional role during persistent M. tuberculosis

infection. The present study reveals that: i) deletion of rv2623

confers hypervirulence on the tubercle bacillus in animal models,

suggesting that expression of Rv2623 may be conducive to the

establishment of persistence in vivo; ii) overexpression of Rv2623

results in growth retardation of recipient strains in vitro, further

supporting a growth-regulatory role; iii) Rv2623 binds ATP; and

finally, through mutagenesis study guided by crystallographic

analysis of Rv2623 (the first such study for a tandem-domain

USP), we show that iv) the growth-regulating attribute of this M.

tuberculosis USP is linked to its ATP-binding capacity.

Results

Mycobacterium tuberculosis Rv2623 regulates growth in
vitro

An rv2623-deletion mutant of the virulent M. tuberculosis Erdman

strain was generated by specialized transduction [12]. The rv2623-

specific allelic exchange construct was delivered via recombinant

mycobacteriophage phAE159 and transformants were analyzed by

Southern blot, confirming replacement of rv2623 with the hyg gene,

which confers hygromycin resistance (Figure 1A). Aliquots of a

single knockout clone, designated as Drv2623, were stored at

270uC. Deletion of rv2623 is not likely to affect transcription of

neighboring genes, given the sequence-confirmed precise excision

of the rv2623 coding region and the gene organization at the

rv2623 locus (the downstream rv2624c is transcribed in the

direction opposite to that of rv2623) (Figure 1B).

Deletion of specific USPs in E. coli results in growth defects in

vitro [8,13,14]. For example, an E. coli strain deficient for UspA

exhibits reduced survival in stationary phase culture [14].

However, the in vitro growth kinetics of Drv2623 M. tuberculosis in

OADC-supplemented Middlebrook 7H9 or minimal Sauton’s

medium is comparable to that of wildtype Erdman up to 14 days

post-inoculation (Figure 2A). We reasoned that a potential growth-

regulating attribute of Rv2623 might be masked by functional

redundancy among the M. tuberculosis USP homologs. Indeed,

partial functional overlap has been demonstrated among the E. coli

USPs [9,15]. We therefore examined the effect of overexpression

of this USP in the rapidly growing M. smegmatis strain mc2155 [16].

As seen in Figure 2B, constitutive overexpression of M. tuberculosis

rv2623 using the multi-copy plasmid pMV261 resulted in growth

deficiency of the recipient strain both on solid medium

(Middlebrook 7H10 agar) and in the liquid medium-based BD

BACTEC 9000MB system. These results strongly suggest that M.

tuberculosis Rv2623 regulates mycobacterial growth in vitro.

Rv2623 regulates mycobacterial growth in vivo
Although USP family proteins are expressed by many bacterial

pathogens [7,8], to date, there has only been one in vivo study,

which showed that a Salmonella USP promotes virulence in mice

[17]. The observation that Rv2623 modulates mycobacterial

growth in vitro prompted us to examine the effect of this USP on

the in vivo kinetics of M. tuberculosis infection. Low dose aerosol

infection of outbred Hartley guinea pigs with ,30 CFU revealed a

clear growth advantage of the Drv2623 mutant strain relative to

wildtype. As early as 20 days post-infection, the number of M.

tuberculosis bacilli present in the lungs of Drv2623-infected guinea

pigs was ,10-fold higher (p,0.05) than those infected with

wildtype Erdman, and continued to rise, attaining a 15-fold

(p,0.001) difference by 60 days post-infection (Figure 3A). Guinea

pigs are able to control the growth of Erdman bacilli following the

onset of adaptive immunity at ,3 weeks post-infection, as evident

by the relatively stable pulmonary bacterial burden beyond the 3

week time point, yet levels of Drv2623 bacilli continued to increase

at a reduced but steady rate resulting in a rapidly progressing

infection. Moreover, Drv2623-infected guinea pigs were moribund

at 60 days post-infection, while those challenged with wildtype

Erdman remained relatively healthy, providing further evidence

that the mutant strain is hypervirulent in this model. Finally,

complementation with a single integrated copy of rv2623 expressed

from a constitutive mycobacterial promoter (Drv2623

attB::Phsp60Rv2623) abrogated the growth advantage of the

deletion mutant (Figure 3A). Also consistent with the fulminate

disease progression displayed by Drv2623-infected guinea pigs are

the more severe pathological changes observed as early as 20 days

post-infection in the lungs of these animals, as assessed by

histopathological studies, including the semi-quantitative Total

Lung Score analysis (Figure 3B and Protocol S1). Overall, the

progression of pulmonic lesions was accelerated in Drv2623-

infected animals compared to those infected with wildtype

Erdman, accompanied by more extensive necrosis and widespread

Author Summary

Mycobacterium tuberculosis poses serious threats to public
health worldwide. The ability of this pathogen to establish
in the host a clinically silent, persistent latent infection that
can subsequently reactivate to cause diseases constitutes a
major challenge in controlling tuberculosis. Our study
showed that an M. tuberculosis mutant that is deficient in a
universal stress protein (USP) designated Rv2623 fails to
establish a chronic persistent infection in animal hosts. The
mutant strain exhibits a hypervirulent phenotype as
assessed by increased bacillary growth, pathology, and
mortality in infected animals relative to the parental strain.
Consistent with this in vivo growth-regulating attribute, we
demonstrated that Rv2623, when expressed in mycobac-
teria at levels higher than that of the wild-type strain,
retards bacterial growth in vitro. Using biochemical and
biophysical analyses, including the Rv2623 crystal struc-
ture, we showed that this USP binds to ATP within a novel
ATP-binding pocket. Through targeted mutagenesis stud-
ies, we further determined that the ability of Rv2623 to
regulate bacillary growth is dependent on its ATP-binding
capacity. Our data strongly suggest Rv2623 as a critical
component that regulates the entry of M. tuberculosis into
a chronic persistent growth phase, and therefore provide
valuable insight into tuberculous dormancy and uncover
new opportunities for the development of novel anti-
tuberculous therapies.

M.tb USP Rv2623 Regulates Growth
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fibrosis. This increase in lung pathology was also largely reversed

in animals infected with the complemented Drv2623

attB::Phsp60Rv2623 strain (Figure 3B and C). Results of the

complementation experiments were further validated using a

complemented strain Drv2623 attB::Prv2623Rv2623, whose expres-

sion of the wildtype universal stress protein is driven by the native

rv2623 promoter [18] (Figure 3D and E).

In contrast to the result of the guinea pig study, we observed no

difference in the kinetics of infection between C57BL/6 mice

infected with wildtype M. tuberculosis, Drv2623, or the attB::Phsp60

Rv2623 complemented strain in a low dose aerogenic model [19],

as assessed by lung bacterial burden (Figure 4A). However, the

mouse is a relatively resistant host to M. tuberculosis, particularly in

strains such as C57BL/6 [20,21]. In fact, evidence exists that

M. tuberculosis triggers an immune response in mice that is in

excess of that required for controlling the infection [22,23]. Thus,

the hypervirulence phenotype of Drv2623 observed in the

susceptible guinea pig model could have been masked in the

C57BL/6 mice. Consequently, we examined the virulence of

Drv2623 in the relatively susceptible C3H/HeJ mouse strain [24].

Figure 1. Generation of Drv2623 M. tuberculosis strain. (A) Genomic organization of the rv2623 gene locus. Genes appear as large arrows in their
native orientation. Small arrows represent forward and reverse primers used for long range PCR. Sizes of the rv2623 deletion and hyg-insertion are
indicated. The location of the radiolabeled probe (black bar) as well as relevant Sph1 sites (S) is indicated as they pertain to the Southern blot. (B) An
autoradiograph of the Southern blot shows radiolabeled Sph1 fragments from the wild type (lane 1) and Drv2623 strain (lane 2). The sizes indicated
represent those expected for wild type and the deletion mutant.
doi:10.1371/journal.ppat.1000460.g001

Figure 2. In vitro characterization of Drv2623. (A) Growth curves of cultures inoculated (106 CFU/ml) into 7H9+10% OADC+0.05% Tween 80 (top)
and in minimal Sauton’s media (bottom); Erdman (closed boxes, solid line) and Drv2623 (open boxes, dashed line) cultures. Error bars represent the
standard error of the means; each curve is a combination of at least three independent experiments. (B) Overexpression of Rv2623 in M. smegmatis.
The top panel represents serial dilutions (1:10) of the empty vector pMV261-containing negative control strain and Rv2623-overexpressing strain
harboring pMV261::rv2623. Diluted stationary phase M. smegmatis culture was spotted (5 ml) onto solid 7H10 media supplemented with 10% OADC
and kanamycin (40 mg/mL). Photographs were taken after three days incubation at 37uC. Growth of corresponding strains in liquid medium was
assessed based on the time to detection determined using a BD BACTEC 9000MB system (bottom). The various strains were inoculated at 104 CFU/ml
in triplicates. Data shown are representative of several independent experiments. ***p,0.001.
doi:10.1371/journal.ppat.1000460.g002

M.tb USP Rv2623 Regulates Growth
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Indeed, the Drv2623 mutant was markedly more virulent relative

to wildtype Erdman M. tuberculosis following aerogenic infection,

as assessed by the mean survival time of C3H/HeJ mice infected

with these strains (62 and 25.5 days post infection for Erdman-

and Drv2623-infected mice, respectively, p = 0.0014; Figure 4B).

In agreement with the survival data, quantification of tissue

bacterial burden revealed a growth advantage for the Rv2623-

deficient mutant relative to wildtype M. tuberculosis Erdman

(Figure 4C). Manifestation of this hypervirulence phenotype

is apparent as early as 3 weeks post-infection, with the

lung bacterial burden of mice infected with Drv2623 M.

tuberculosis ,100 fold higher than that in the wildtype-infected

animals. As in the guinea pig studies, results of complementation

experiments involving the reintroduction of a single copy of

wildtype rv2623 into Drv2623 M.tuberculosis reverses the hyper-

virulence (Figure 4C) exhibited in the C3H/HeJ model,

thus indicating that the observed growth phenotype of the

tubercle bacillus deficient for the universal stress protein is

rv2623-specific. Finally, survival of Drv2623-infected mice was

also significantly reduced in another susceptible mouse strain,

C3HeB/FeJ (Figure S1). Together, the animal studies provide

strong evidence that Rv2623 regulates the growth of M. tuberculosis

in vivo: in the absence of Rv2623, the tubercle bacillus fails to

establish a chronic persistent infection, exhibiting a hypervirulent

phenotype.

Effects of environmental stress on growth of M.
tuberculosis Drv2623 in vitro

Although the functions of universal stress proteins have yet

to be completely defined, there is evidence that many USPs

play differential roles in protecting microbes against various

environmental stresses [9]. Therefore, the hypervirulence of

Drv2623 in guinea pigs and susceptible mice is intriguing; if

Rv2623 provides M. tuberculosis protection against stress, it might

be expected that the Rv2623-deficient mutant would be

attenuated in vivo. The growth kinetics and survival of the

Drv2623 strain was examined under various stress conditions,

including those likely to be present during M. tuberculosis infection.

These included oxidative stress (superoxide anion, O2
2), DNA

damage (UV irradiation, mitomycin C), heat shock (53uC), and

acidic culture (pH 4.0). The use of streptonigrin, an antibiotic

whose toxicity correlates with levels of free iron, was based on the

observation that the intracellular environment of macrophages can

induce a iron-scavenging response in mycobacteria [25], perhaps

as a means of maintaining adequate levels of this important growth

factor, and that an E. coli USP was shown to regulate iron uptake

[9]. The results showed that the mutant strain was no more

susceptible to growth inhibition than was wild type Erdman under

all of the stress conditions tested (Figure S2). These results support

the notion that it is unlikely that M. tuberculosis Rv2623 is essential

for resistance to stresses encountered in the host, which is

Figure 3. In Vivo growth of and pathology caused by Drv2623 in guinea pigs. Outbred Hartley guinea pigs given an aerosol challenge of
,30 CFU were assessed for pulmonic bacterial burden (A,D) and the severity of lung pathology (B,E). Closed box, open box, and triangle represent
guinea pigs infected with Erdman, in (A,B,D,E), Drv2623, in (A,B,D,E), and Drv2623 attB::Phsp60 Rv2623, in (A,B), or Drv2623 attB::Prv2623 Rv2623, in (D,E).
Comparing the wildtype Erdman and the Drv2623 strains: *p,0.05; **p,0.01; ***p,0.001. Comparing the Drv2623 and the Drv2623::complemented
strains (Drv2623 attB::Phsp60 Rv2623 or Drv2623 attB::Prv2623 Rv2623): +++p,0.001; +p,0.05. (C) Hematoxylin & Eosin-stained lung sections (40 days
post infection) from guinea pigs infected with Erdman (top), Drv2623 (middle), and Drv2623 attB::Phsp60 Rv2623 (bottom) M. tuberculosis. Error bars
represent the standard error of the mean.
doi:10.1371/journal.ppat.1000460.g003

M.tb USP Rv2623 Regulates Growth
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consistent with the observed in vivo hypervirulence phenotype of

Drv2623.

M. tuberculosis Rv2623 is a nucleotide-binding protein
We began a biochemical characterization of Rv2623 in order to

gain insight into the relationship between the molecular structure/

function of this USP and it’s growth-regulatory properties. M.

tuberculosis Rv2623 was expressed in E. coli and purified to

homogeneity for biochemical studies. SDS-PAGE analysis of

affinity-purified His6-Rv2623 revealed a single band that approx-

imates the predicted molecular mass of ,31.6 kDa, which was

identified by immunoblotting as Rv2623 (Figure S3). Gel filtration

analysis of native His6-Rv2623 revealed that the purified protein

exists primarily as a single species with an apparent molecular

mass of 6161 kDa; suggesting that Rv2623 is a dimer under

native conditions (Figure S3), an observation that was later

confirmed using nano electrospray ionization (nano ESI) mass

spectrometry (data not shown).

The nucleotide-binding capacity of a subset of USPs was

discovered following the observation that MJ0577, a single-

domain USP from Methanococcus jannaschii, co-purifies and co-

crystallizes with ATP [26]. On the basis of structures of ATP-

binding and non-ATP-binding USPs, a G-2X-G-9X-G(S/T) motif

was suggested to be essential for the binding of ATP [27]. The

presence of this motif in each of the two tandem USP domains of

Rv2623 [7] raised the possibility that this protein possesses ATP

binding activity. An HPLC-based examination of supernatants

from boiled samples of His6-Rv2623 demonstrated that His6-

Rv2623 co-purifies with both ATP and ADP (Figure 5). Analysis of

E. coli-expressed Rv2623 using nano ESI mass spectrometry also

demonstrated that an ATP-saturated form of dimeric Rv2623

(composed of 2 bound ATP molecules per monomer) constitutes at

least half of the purified sample (data not shown). Measurement of

the binding stoichiometry, which comprised HPLC-based quan-

tification of adenine nucleotides from the boiled supernatant and

spectral analysis of heat denatured Rv2623 following reconstitu-

tion in 6 M guanidine-HCl, yields 1.460.2 nucleotide equiva-

lents/monomer with an overall content of 8664% ATP (1464%

ADP). Thus, Rv2623 binds endogenous adenine nucleotides in E.

coli, and the association is sufficiently tight that nearly 75% of the

nucleotide binding sites are occupied upon purification. Indeed,

nucleotide did not completely dissociate from the protein following

an extensive, two-week dialysis with multiple changes against

nucleotide-free buffer (approximately 0.3 nucleotide equivalents

per monomer remain). It is conceivable that the presence of ADP

is the consequence of an Rv2623-associated ATP activity and this

putative ATPase function is currently under investigation.

The crystal structure of M. tuberculosis Rv2623: Dimer
assembly and ATP-binding capacity

To examine the biochemical mechanisms responsible for

Rv2623 function, we determined the crystal structure of wild-type

Rv2623 at a resolution of 2.9 Å. The structure reveals a compact,

2-fold symmetric dimer. Each monomer is composed of tandem

Figure 4. In Vivo growth of Drv2623 in mice. (A) C57BL/6 mice infected with various strains of M. tuberculosis via the aerosol route with a low dose
(,100 CFU) were assessed for lung bacteria burden. Wild type Erdman (closed box, solid line); Drv2623 (open box, dashed line) and the
complemented strain Drv2623 Phsp60::Rv2623 (triangle, dashed line). (B) Survival curve of C3H/HeJ mice infected via aerosol with 750–1000 CFU.
Erdman and Drv2623-infected mice are represented by solid and dashed lines, respectively. (C) Kinetics of infection, established via aerolization
(inoculum: ,1,000 CFU) of wildtype Erdman (dark), Drv2623 (dark grey), and the complemented strain Drv2623 Phsp60::Rv2623 (light grey), as assessed
by lung bacterial burden. **p,0.01; ***p,0.001.
doi:10.1371/journal.ppat.1000460.g004

Figure 5. M. tuberculosis Rv2623 is a nucleotide-binding USP.
High Performance Liquid Chromatography (HPLC) analysis of endoge-
nously bound nucleotides from purified His6-Rv2623. Nucleotides
species were identified based on their specific retention times on the
Mono Q HR 5/5 column, represented by peaks in absorbance at
260 nm, which correspond to that of nucleotide standards (not shown).
Bound nucleotides were extracted by boiling, and separated and
quantified from a standard curve that relates absorbance peak area to
the known amount of ATP injected onto the column (inset).
doi:10.1371/journal.ppat.1000460.g005

M.tb USP Rv2623 Regulates Growth
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USP domains [residues 6–154 (domain 1), 155–294 (domain2)]

that share 26% sequence identity and significant structural

homology (residues 6–154 and 155–294 comprise domains 1

and 2, respectively; interdomain rms = 2.04 Å for 140 equivalent

Ca’s). Individual domains, which consist of a twisted, five-

stranded, parallel b sheet flanked by four a helices, unite through

an antiparallel, cross-strand (b5–b10) interaction that produces a

central dyad axis between b5/b10 and a continuous, ten-stranded,

mixed b sheet in the complete monomer. Each domain possesses a

pair of conserved bab motifs (domain 1: b1-L1-a1- b2, b4-L2-a4-

b5; domain 2: b6-L3-a5-b7, b9-L4-a8-b10) that encompass four

loops (designated L1–L4) responsible for ATP recognition

(Figure 6A and C). A ‘‘U-shaped’’ ATP molecule that lies within

a cleft near the monomer surface is stabilized by 1) a cluster of

hydrophobic residues (I14, V41, H42, V116/132/261/277/281,

L136, A175) that forge the adenine/ribose-binding scaffold, 2) a

pair of conserved L1/L3 aspartates (D15-L1/D167-L3), and 3)

small phosphoryl/ribosyl-binding residues within the G-2X-G-9X-

G (S/T) motifs that comprise L2/L4 (G120/265/267/268 and

S131/276) (Figures 6A,C and 7A). Dimerization of Rv2623 occurs

along a 2-fold axis orthogonal to the intramonomer dyad and

juxtaposes ATP binding pockets from opposing monomers

(Figure 6B).

Phylogenomic analysis places Rv2623 in a Uniprot/TrEMBL

family (Q5YVE7) of 370 tandem-domain USPs, and a 113-

member subfamily (N631) that consists almost exclusively of

actinobacterial representatives (Text S1). Structure-based se-

quence alignments of both Rv2623 domains with the N631

consensus suggest that domain 2, which exhibits significantly

higher conservation than domain 1 across global and ATP-binding

subfamily consensus sequences, represents the ancestral domain

among ATP-binding USPs with tandem-type architectures.

Interestingly, the domain fold and interdomain organization

observed for Rv2623 is broadly conserved: these features are

shared among single domain USP structures, both monomeric and

dimeric, that are presently represented within the PDB. As this

manuscript was under preparation, a second, lower resolution

(3.2 Å) crystal form of Rv2623 (PDB ID 2JAX) was released for

public access. This structure is nearly identical to the present

model as demonstrated by superposition over the ATP ligands and

the monomeric and dimeric forms (rmsds are 0.57 and 0.81 for

258 and 517 matched CA’s, respectively). The differences localize

primarily to flexible loop regions (residues 44–58, 150–159) that,

while disordered in 2JAX, are partially stabilized in the present

structure by local crystal contacts.

To gain insight into the ATP-binding mode(s) exhibited by

Rv2623, the structural features of the ATP-binding pocket of

domains 1/2 were compared to the monomer fold of the

representative ATP-binding USP, MJ0577 (PDBID 1MJH) [26].

Overlay of these structures reveals very considerable similarity for

the residues that form the binding pockets and the associated ATP

molecules, for which the triphosphoryl moieties assume virtually

indistinguishable conformations. Relatively subtle structural and

phylogenetic differences that exist between the ATP-binding

pockets might nevertheless confer divergent binding and/or

regulatory properties to the tandem domains.

Generation and analysis of ATP-binding–deficient Rv2623
mutants

To explore the relationship between the putative ATP-

dependent biochemical function of Rv2623 and the growth-

regulating attribute of Rv2623, we engineered mutations within

the L1 (D15E) and b4 (G117A) conserved residues that were

predicted, on the basis of the crystal structure, to disrupt ATP

recognition (Figure 7A). In silico replacement of the b4 G117

side chain hydrogen with a methyl group suggested that any

residue larger than glycine at this position is likely to perturb

both of the conserved loop regions in contact with the nucleotide.

Similarly, extension of the D15 side chain to glutamate was

also predicted to interfere with the ATP-binding conformation

(Figure 7A). HPLC analysis of nucleotides extracted from

Rv2623D15E and Rv2623G117A revealed that the mutant pro-

teins are indeed deficient in ATP-binding, exhibiting ,34%

(p,0.001) and ,29% (p = 0.0018) of the amount of ATP

bound by wild-type Rv2623, respectively (Figure 7B). Likewise,

following an overnight incubation with [a-33P] ATP at 4uC,

the amount of protein-bound radioactivity, which represented a

very small fraction of the total ATP binding sites, was significantly

less for the mutant proteins than wild-type Rv2623 (data not

shown). Importantly, thermal denaturation profiles of wild-type

Rv2623, Rv2623D15E and Rv2623G117A demonstrated virtually

identical Tm values, implying that the native Rv2623 fold was

not destabilized by these mutations (Figure 7C). It is therefore

likely that the D15E and G117A mutations produced local

structural changes in the ATP binding loops that contributed

directly to the reduced levels of bound ATP in comparing to wild-

type Rv2623.

The growth-regulating property of M. tuberculosis
Rv2623 is dependent on its ability to bind ATP

We next sought to probe the relationship between the

nucleotide-binding capacity and growth regulation by this

mycobacterial USP. Both the D15E and G117A mutant proteins

were overexpressed in M. smegmatis mc2155 at levels equivalent to

that of wild-type Rv2623 (Figure S4). Results of these studies

demonstrated that while overexpression of wildtype Rv2623

retards the growth of the recipient strain relative to cells

transformed with vector alone, growth of the strains overexpress-

ing ATP-binding-deficient mutant Rv2623 are only minimally

affected by overexpression as assessed by spotting serial dilutions of

the cultures of the appropriate strains onto solid Middlebrook

7H10 agar (data not shown) as well as by monitoring the time to

detection using the BD BACTEC 9000MB system (Figure 8A).

The distinct effects exhibited by the wild type and the G117A and

D15E mutants defective in ATP binding suggests a direct

correlation between growth attenuation and ATP binding

(Figure 7B). To examine whether the effects of overexpression of

Rv2623 on M. smegmatis are operative in virulent M. tuberculosis, the

growth kinetics of the Erdman strain overexpressing wildtype

Rv2623, as well as the Rv2623G117A and the Rv2623D15E mutant

proteins, were evaluated in vitro using the BACTEC 9000MB

system (Figure 8B). As in the M. smegmatis studies, the results show

that overexpression of Rv2623 in M. tuberculosis results in marked

retardation of growth. Furthermore, this growth attenuation is not

observed in M. tuberculosis strains overexpressing the G117A or the

D15E mutant Rv2623 (Figure 8B). Taken together, these data

strongly suggest that the ability of Rv2623 to regulate growth of M.

smegmatis and M. tuberculosis is dependent on an ATP-dependent

process.

Discussion

Despite the significance of M. tuberculosis latency in pathogenesis,

the mechanisms by which the tubercle bacillus establishes and

maintains the latent state remain incompletely defined. Identifi-

cation of M. tuberculosis genes that are induced by hypoxia and

nitric oxide (NO) in vitro provides a framework for understanding

the physiology of dormant bacilli [3,4,5]. These genes, referred to
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as the dormancy regulon, are transcriptionally regulated by the

mycobacterial two-component system DosR-DosS under hypoxic

conditions [4]. Indeed, it has been shown that both the cognate

sensor histidine kinase DosS (a member of the dormancy regulon)

as well as an ‘‘orphan’’ kinase, DosT, functioning as redox and

hypoxia sensors, respectively; can regulate DosR activity, and that

O2, NO, and CO can modulate the activity of these two kinases

via interaction with a haem prosthetic group [28,29,30,31,32].

The biological significance of the dormancy regulon has been

underscored by in vitro studies of dosR mutants of BCG and M.

tuberculosis, which demonstrated the requirement of this transcrip-

tion factor for survival under hypoxic conditions [3,33]. Further,

upregulation of the expression of certain dormancy regulon genes

have been implicated in tuberculosis transmission as well as the

Figure 6. Structure and phylogeny of Rv2623 from M. tuberculosis. (A,B) A ribbon representation of the Rv2623 monomer (A) and dimer (B)
with bound ATP (sticks) and Mg2+ (chocolate spheres). The three, mutually perpendicular pseudo-two-fold axes of the dimer are represented by lines
with double arrows (along x, y) and a central ellipse (along z). The atoms of the bound ATP are colored cyan (carbon), red (oxygen), blue (nitrogen),
and orange (phosphorus) in (A) and (B). (C) A structure-based sequence alignment of Rv2623, the N631 subfamily consensus, Methanococcus
jannaschii protein 0577 (MJ0577), and domains 1 and 2 of Rv2623. Invariant residues in the alignment (.85% conserved in N631) are shaded in bold
red and similarities are boxed in blue but left unshaded. Regions with consensus ATP binding motifs comprising L1/L2 (domain 1) and L3/L4 (domain
2) are colored dark violet and smudge, respectively. The positions of the mutated amino acids (D15, G117) are indicated in green. The structure-based
sequence alignment was produced using ESPript and the structural representations were produced using PyMOL.
doi:10.1371/journal.ppat.1000460.g006
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virulence of the epidemiologically important W-Beijing lineage of

M. tuberculosis [34,35].

There are eight genes in the M. tuberculosis genome annotated to

encode USP family proteins [7]. We studied the M. tuberculosis USP

rv2623 because it is one of the most highly induced genes in the

dormancy regulon when bacilli are subjected to hypoxia and

nitrosative stress [3,4,5,36,37]. More important, rv2623 was also

shown to be up-regulated when the tubercle bacillus is internalized

by human and mouse macrophages [10,38] as well as in the lungs

of mice with persistent M. tuberculosis infection [11]. These latter

observations suggest that the induction of rv2623 may have

biological relevance. The precise mechanisms by which Rv2623

expression is regulated remain to be defined. Recent transcrip-

tional analysis of Rv2623, while confirming the essentiality of the

two 18 bp palindromic DosR-binding motifs that are present in

the promoter region of this gene [38] for induction of Rv2623

under low oxygen conditions, also demonstrated the presence of

additional regulatory elements within the rv2623 59-untranslated

region [18]. These results suggest that the regulation of Rv2623 is

likely complex.

The M. tuberculosis dormancy response features a dramatic

decrease in metabolic activity, resulting in a rapid decrease in

bacterial replication [39]. Therefore, it is possible that deficiency

in certain members of the dormancy regulon could result in

inability of the tubercle bacillus to enter a latent state in the

infected host, leading to unrestrained growth and thus, hyperviru-

lence. Indeed, specific members of the M. tuberculosis dormancy

regulon whose insufficiency results in a hypervirulence phenotype

have been reported [40,41]. In certain experimental tuberculosis

animal models, DosR deficiency has been associated with a

hypervirulence phenotype [41]. However, DosR deficiency has

also been reported to have no effect on M. tuberculosis virulence or

to lead to an attenuated phenotype [42,43]. The discrepancies

regarding M. tuberculosis virulence in these DosR studies are

unclear, but could be due to differences in experimental systems

employed. Insufficiency of the chaperone-like a-crystallin encoded

Figure 7. Design and stability of ATP-binding–deficient Rv2623 mutants. (A) A ribbon and stick representation of the mutation sites within
the ATP binding pocket of domain 1. Mg2+ is shown as a green sphere; dotted lines indicate hydrogen-bonding contacts; atoms that constitute ATP
are colored cyan (carbon), red (oxygen), blue (nitrogen), and orange (phosphorus). (B) The ATP-binding capacity of mutant Rv2623 was compared to
that of wild type protein following nucleotide extraction and HPLC. Data presented are derived from analysis of three independent protein
preparations. ATP binding capacity is expressed as: [(the amount of ATP bound in mutant)/(the amount of ATP bound by wild type Rv2623) * 100]. (C)
Thermal denaturation curves of two individual protein preparations of Rv2623WT (WT-1, WT-2) as compared to Rv2623G117A (G117A) and Rv2623D15E

(D15E). The data is expressed as the negative first-derivative of the fluorescence intensity as a function of temperature.
doi:10.1371/journal.ppat.1000460.g007

Figure 8. ATP binding by Rv2623 is required for its ability to attenuate growth. Growth of M. smegmatis (A) or M. tuberculosis (B)
overexpressing wild type or mutant Rv2623 inoculated at 104, 105 CFU/ml into a BD BACTEC 9000MB system; the time to detection of triplicate
cultures is indicated. While overexpression of wildtype Rv2623 attenuates mycobacterial growth, overexpression of either ATP-binding-deficient
Rv2623 mutant (Rv2623G117A or Rv2623D15E) significantly shifts the time to detection back towards that of the pMV261 vector control strain.
***p,0.001.
doi:10.1371/journal.ppat.1000460.g008
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by M. tuberculosis hspX (acr) has also been shown to be associated

with hypervirulence in a BALB/c mouse model of tuberculosis

[40].

In the present study, an rv2623 knockout mutant of virulent M.

tuberculosis Erdman fails to establish a chronic persistent infection,

displaying a hypervirulent phenotype in susceptible hosts, as

assessed by lung bacterial burden, histopathology, and mortality.

Results of the complementation studies indicate that the

phenotype is Rv2623-specific. This growth-regulating phenome-

non is echoed by the observation that ectopic overexpression of

Rv2623 results in attenuation of mycobacterial growth. Together,

these data strongly suggest that the M. tuberculosis USP Rv2623 has

the ability to regulate growth in vitro and in vivo, and is required for

the establishment of a persistent infection. Intriguingly, ectopic

overexpression of HspX by the same means employed by our

study also resulted in an attenuated growth phenotype compared

with LacZ-overexpressing controls [44], suggesting that these two

tightly co-regulated ‘‘stress’’ proteins might have similar growth-

regulatory roles during dormancy.

Bioinformatic and experimental evidence suggest that nucleo-

tide-binding capacity represents a discriminating biochemical

feature that facilitates USP protein classification. Putative

functional differences between USPs are implied by their

assignment to two subclasses: one whose members do not bind

ATP and another whose constituents bind and hydrolyze adenine

nucleotide substrates [8,26,27,45,46]. A structural comparison

between the prototypic members of the two subclasses, the non-

ATP-binding UspA homolog (H. influenzae, PDB ID 1JMV) and

the ATP-binding USP, MJ0577 (M. jannaschii, PDB ID 1MJH)

revealed that while both proteins exhibit a similar fold, conserved

glycine residues within the ATP-binding loop of the latter are

substituted with bulky amino acids that preclude ATP recognition

in the former [26,27]. The unique nucleotide-binding pocket of

this protein family is structurally distinct from those commonly

encountered in ATP-binding proteins [26,47,48]. Specific roles for

USP family proteins are just beginning to be characterized, and

early functional classifications have been informed by ATP-

binding capacity [9]. While the non-ATP-binding UspA homologs

appear to play diverse roles in promoting survival under a variety

of environmental insults [15,49,50,51], the function(s) of ATP-

binding type USPs remain unclear [9]. Based on in silico analyses,

Florczyk et al. classified Rv2623 as belonging to a novel class of

ATPases [52], although formal evidence for ATP binding by this

protein has not been reported.

This study has provided substantial biochemical and structural

evidence that M. tuberculosis Rv2623 is a bona fide nucleotide-

binding USP: i) E. coli-expressed His6-Rv2623 co-purifies with

tightly bound ATP and ADP; ii) analysis of the 2.9 Å -resolution

Rv2623 crystal structure, the first molecular model of a tandem-

type USP, reveals four ATP-bound nucleotide-binding pockets;

and iii) point mutations (D15E, G117A) within the conserved L1

(D15E) and b4 (G117A) regions of the structure, which were

predicted to disrupt nucleotide-binding, yielded mutant proteins

with attenuated ATP-binding capacity. Furthermore, given that

the attenuated growth phenotype caused by overexpression of

Rv2623 could be abrogated by mutations that interfere with the

binding of this protein to its nucleotide substrate, it is likely that the

mycobacterial growth-regulatory faculty of Rv2623 is mediated by

an ATP-dependent function.

In summary, the results of the present study have revealed that

the M. tuberculosis USP Rv2623 has the ability to regulate

mycobacterial growth, as evident by the in vivo hypervirulence

phenotype of Drv2623, which fails to establish a persistent infection

in susceptible hosts, as well as the growth attenuation observed in

mycobacteria overexpressing this USP. Thus, M. tuberculosis

Rv2623 may serve the function of promoting mycobacterial

transition into latency. The latent state allows persistence in

infected individuals of tubercle bacilli that can reactivate to cause

active disease and to disseminate when the immune status of the

host is compromised. As a result, Rv2623 may contribute

significantly to the propagation of the tubercle bacillus in the

human host and the difficulties in eradicating tuberculosis.

Mechanistically, results of the mutagenesis studies have shown

that Rv2623 regulates growth through ATP-dependent function.

Clearly, much remains to be learned regarding how the ATP-

dependent function of Rv2623 contributes to growth regulation. It

has been proposed that a nucleotide-binding USP from M.

jannaschii, MJ0577, whose ability to hydrolyze ATP is dependent

on interaction with factor(s) present in the cell extract of this

hyperthermophile [26], functions as a molecular switch much like

the Ras protein family, whose GTP hydrolysis ability is modulated

by interaction with a number of regulatory proteins [53,54,55].

The fact that E. coli-expressed Rv2623 co-purifies with ADP

as well as ATP suggests the possibility that this mycobacterial

USP, like MJ0577, is capable of ATP hydrolysis. It is there-

fore conceivable that M. tuberculosis Rv2623, as a component of

the yet-to-be defined dormancy signaling pathway(s), functions

as a molecular switch by virtue of its ATP-binding and

putative ATP-hydrolyzing properties, to mediate the establishment

of tuberculous latency. Experiments designed to investigate

the potential ATP-hydrolyzing activity of Rv2623 are currently

underway. Recent identification of the DosR-dependent

dormancy regulon [3,4,5]; the DosR-independent enduring

hypoxic response, which involves over 200 mycobacterial genes,

including those known to regulate bacteriostasis [42]; and the

demonstration that M. tuberculosis redox and hypoxia sensors can

interact with multiple ligands that differentially modulate the

activity of these important kinases [28,29,30,31,32], predict a

complex regulatory network for tuberculous latency. Elucidation

of how ATP-binding and, potentially, the hydrolysis of ATP by

Rv2623 regulate M. tuberculosis dormancy-signaling pathways will

likely illuminate the mechanisms by which the tubercle bacillus

establishes persistence.

Materials and Methods

Bacterial strains and culture conditions
Liquid cultures of M. tuberculosis and M. smegmatis strains were

grown in Middlebrook 7H9 medium (Becton Dickinson, Sparks,

MD) supplemented with 0.2% glycerol (Sigma, St. Louis, MO),

0.05% Tween 80 (Sigma, St. Louis, MO), and 10% oleic acid-

albumin-dextrose-catalase (OADC) enrichment media (Becton

Dickinson, Sparks, MD). For the determination of the number of

colony forming units (CFU) and examination of growth on solid

media, Middlebrook 7H10 agar medium (Becton Dickinson)

supplemented with 0.5% glycerol and 10% OADC was used. The

Drv2623 mutant strain was maintained in media supplemented

with 50 mg/ml hygromycin B (Roche) and cultures of comple-

mented, Rv2623-overexpressing strains contained kanamycin

(40 mg/ml). Growth was also examined in minimal Sauton’s

medium (4 g asparagine, 2 g sodium citrate, 0.5 g

K2HPO4?3H2O, 0.5 g MgSO4?7H2O, 0.05 g ferric ammonium

citrate, 60 g glycerol in 1 L of H2O supplemented with 0.05%

Tween80 and antibiotics as required). For some experiments,

growth was monitored by the BD BACTEC 9000 system (Becton

Dicinson). Stationary phase M. tuberculosis or M. smegmatis cultures

were inoculated in triplicates (105 or 104 CFU) into vials of liquid

medium containing a sensor compound that fluoresces upon
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depletion of oxygen as a result of bacterial growth. The time to

detection reflects the rate of bacterial growth.

Generation of Drv2623 mutant strain, complemented and
overexpression strains

Replacement of genomic rv2623 was performed by allelic

exchange using a specialized transducing phage delivery system as

previously described [12]. Transformants were analyzed by PCR

and Southern blot to confirm replacement of rv2623 with a

hygromycin cassette, yielding Drv2623. A complemented strain

was generated as described previously [56] by transformation of

Drv2623 with a plasmid vector that integrates at the attB site and

bears the rv2623 coding sequence under transcriptional control of

the constitutive hps60 promoter or the endogenous rv2623

promoter [18], yielding Drv2623 attB::Phsp60 Rv2623 and

Drv2623 attB::Prv2623 Rv2623; respectively. The M.tuberculosis

hsp60 promoter fusion was also used to overexpress Rv2623 via

subcloning of this region into pMV261, a non-integrating variant

of pMV361 to yield pMV261::rv2623, which is self-replicating at

3–5 copies/cell [57] (Text S1).

Response of Drv2623 mutant to stress
Log phase cultures (OD600 = 0.8–1.0) of Erdman and Drv2623

were diluted 1:10 into Sauton’s media containing various stress-

inducing chemical agents (phenazine methosulfate, streptonigrin

and mitomycin C) at the indicated concentrations or for acid stress

into 7H9+10% OADC+0.05% Tween 80 (pH = 4.0) and grown at

37uC for several days. Growth was monitored by OD600. Survival

of these strains following heat shock was compared after a shift of

log phase cultures from 37uC to 53uC and determining the

number of CFU/ml at various time points thereafter. For

irradiation with UV light, cells were plated onto solid 7H10 agar

supplemented with 0.05% Tween80 and exposed to increasing

amounts of UV energy (UV Stratalinker 1800, Stratagene).

Surviving cells were enumerated and the data are expressed as

percent survival as compared to unexposed controls. In addition,

cells were treated with the indicated concentrations of mitomycin

C for a period of 1 hour followed by determination of surviving

CFU/ml. See Figure S2 for details.

Animal infections
Outbred Hartley guinea pigs (,500 g body weight) (Charles

River Laboratories, North Wilmington, MA) were given a low

dose of M. tuberculosis using a Madison chamber aerosol generation

device calibrated to deliver ,30 CFU [58]. Guinea pigs were

sacrificed (n = 5) at 20, 40, and 60 days post infection for

histological analysis and determination of organ bacterial burden.

Histological analysis of infected tissues was performed by scoring

individual tissue sections based on criteria described in Protocol

S1.

For the murine tuberculosis model, six-to-eight-week-old mice

(Jackson Laboratories, Bar Harbor, Maine) were infected with M.

tuberculosis via aerosol (In-Tox Products, Albuquerque, NM) as

previously described [19] with ,100 CFU (C57BL/6) or 750–

1000 CFU (C3H/HeJ, C3HeB/FeJ). For CFU determination,

mice were sacrificed (n = 3) at the times indicated and portions of

the lung, liver and spleen were homogenized in PBS+0.05%

Tween 80, diluted, and plated onto solid 7H10 media.

Cloning, expression and purification of Rv2623
The coding sequence of rv2623 was PCR-amplified from M.

tuberculosis Erdman genomic DNA and subcloned into the

expression vector pQE80L (Qiagen, Inc.), which encodes an

N-terminal His6-tag, producing the plasmid pQE-rv2623 (Text

S1). Expression was carried out following isopropyl beta-D-

thiogalactoside (IPTG) induction of BL21 E. coli transformed with

pQE-rv2623. His6-Rv2623 was then affinity-purified to homoge-

neity from BL21 cell lysates using Ni-NTA agarose (Qiagen, Inc.)

according to the manufacturer’s instructions. For crystallization,

purified Rv2623 was concentrated to 12 mg/ml using a 10 kDa

Molecular Weight Cut Off (MWCO) centrifugal filter (Amicon),

and frozen at 280uC.

Gel filtration chromatography
A Superdex 200 10/300 GL column (GE Healthcare Life

Sciences) was equilibrated with Rv2623 dialysis buffer (Text S1)

and calibrated using the following molecular mass standards:

aldolase (158 kDa), bovine serum albumin (67 kDa), ovalbumin

(43 kDa), chymotrypsinogen A (25 kDa) as described in the

Amersham Pharmacia technical notes (GE Healthcare Life

Sciences). The flow rate was set to 0.15 ml/min and elution of

the protein was monitored at 280 nm.

High performance liquid chromatography (HPLC)
Nucleotides were extracted from purified Rv2623 by boiling.

Samples were then loaded onto an analytical, anion-exchange

HPLC column (AX300, Eprogen Inc. or Mono Q HR 5/5, GE

Healthcare). Samples were eluted isocratically using NaH2PO4,

pH 5.5 (AX300) or using a ammonium phosphate pH 7.0 (0.02–

1.0 M) step gradient (Mono Q) (Text S1). Nucleotides were

identified on the basis of retention time relative to nucleotide

standards, and quantified by peak area.

Stoichiometry of nucleotide binding
Following Ni affinity chromatography, His6-Rv2623 samples for

stoichiometry measurements (500 ml, 8–120 mM protein) were

attained by subjecting the Ni-purified fractions to rapid desalting

over a HiPrep Desalting 26/10 column (GE Healthcare)

equilibrated with 50 mM NaCl, 2 mM MgCl2, 10% glycerol,

20 mM HEPES pH 8.0 and/or an additional purification using a

MonoQ 10/100 GL column (GE Healthcare) equilibrated with

the desalting buffer and eluted with a linear salt gradient ranging

from 50 mM to 250 mM NaCl. Amicon centrifugal filtration

concentrators (MWCO = 30 kDa) were employed for final con-

centration steps prior to analysis. Bound nucleotide was then

released by boiling and quantified by HPLC (under the Mono Q

HR 5/5 conditions) according to the methodology described

above and Text S1. The heat-precipitated protein was subse-

quently reconstituted in 6 M guanidine HCl and its concentration

was determined by spectrophotometric measurement of the

protein peak at 280 nM and a molar extinction coefficient for

Rv2623 at 280 nm (54,640/Mcm). This extinction coefficient was

determined using a 6 M GuHCl-reconstituted (nucleotide-free)

sample of Rv2623 that had been subject to quantitative amino

acid analysis at the Yale Keck Facility. The nucleotide binding

stoichiometry was calculated as the molar ratio of the released

nucleotide to protein.

Site-directed mutagenesis of Rv2623
Single amino acid substitutions were incorporated into the

rv2623 coding region contained in appropriate expression vectors

by mismatched PCR priming (Text S1). Individual PCR reactions

were performed using either pMV261::rv2623 or pQE-rv2623

plasmid templates for mycobacterial overexpression and protein

purification, respectively. Then the pMV261:: rv2623 mutants

expression vector DNA was used to transformed into M.smegamatis
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mc2155 and the DNA of pQE-rv2623 mutants was transformed

into E.coli BL21(DE3). Thermal denaturation curves were

determined for purified wild type and mutant Rv2623 using an

IQ5 Real Time PCR Detection System (Bio-Rad) following

incubation with SYPRO Orange protein gel stain (Invitrogen)

(Text S1).

Crystallization and data collection
ATP and MgCl2 were added to final concentrations of 0.8 mM

and 1.8 mM, respectively, in the protein sample prior to

crystallization by sitting-drop vapor-diffusion at 4uC (Text S1).

Diffraction data were collected at the National Synchrotron Light

Source beamline X29A on an ADSC Q315 detector through the

Macromolecular Crystallography Research Resource (PXRR)

mail-in crystallography program. Data processing and scaling

was performed with the HKL2000 suite.

Structure determination and refinement
The structure of M. tuberculosis Rv2623, which contains two USP

domains in tandem, and whose first domain shares 25% sequence

identity with the USP M. tuberculosis Rv1636, was solved using the

molecular replacement method and a CHAINSAW-generated

search model consisting of the Rv1636 dimer (PDB ID 1TQ8

chains A, B), using a 2.9 Å, C2221 dataset (a = 173, b = 241.5,

c = 241.7). A starting polyalanine model (R/Rfree = .56/.57) of four

dimers was subject to four refinement cycles, each consisting of

multi-domain rigid-body refinement in Molrep, a single cycle of

restrained MLF refinement in Refmac5 (to obtain input FOMs for

DM), 20 cycles of phase extension in DM (as above), and manual

rebuilding of the polyalanine backbone in Coot. As R-factors

converged (R/Rfree = .40/.42), ,80% of the side chains were

positioned and the Rv2623 dimers were further rebuilt and refined

(R/Rfree = .31/.33) in CNS using high NCS restraint weights

(400 kcal/mol) with rigid-body, energy minimization, grouped

isotropic B factor, and simulated annealing refinement protocols.

ATP and Mg2+ were built within composite omit density

(calculated in CNS) during the final rebuilding/refinement cycles

conducted with relaxed NCS restraints in Arp-waters and

Refmac5, yielding final R/Rfree = 24.5/26.5. SigmaA-weighted

difference maps calculated with the refined model reveal weak,

fragmented density for a pseudotranslated copy of the Rv2623

dimer whose corresponding NCS translational vector (uvw = .500,

.012, .494) appears in the native patterson at 7.7% of the origin

peak height. Data collection and refinement statistics are

summarized in Protocol S1. The coordinates of M. tuberculosis

Rv2623 have been submitted to the protein databank (PBDID

3CIS).

Supporting Information

Figure S1 Survival curve of C3HeB/FeJ mice infected with

wildtype of Drv2623M. tuberculosis Erdman. C3HeB/FeJ mice were

infected via aerosol with a high dose 750–1000 CFU of either

Erdman or Drv2623M. tuberculosis (n = 6). The median survival

times for Erdman- and Drv2623-infected mice are 56 and 27 days

post infection, respectively (p = 0.0037). Statistical significance was

determined using GraphPad Prism version 4.0c for Mac,

GraphPad Software, San Diego California, USA, www.graph-

pad.com; ** indicates p,0.01.

Found at: doi:10.1371/journal.ppat.1000460.s001 (2.62 MB TIF)

Figure S2 Characterization of the response of Drv2623 to

environmental stress. Optical density(OD600) was used to monitor

the growth of Erdman (solid line) and Drv2623 (dashed line)

cultures in the presence of (A) superoxide anion (O2
2) following

1:10 dilution of log-phase culture into fresh Sauton’s media

containing 10 mM (triangles) or 20 mM (circles) phenazine

methosulfate (PMS) or (B) the Fe3+-dependent quinone antibiotic

streptonigrin at concentrations of 0.01 mM (triangles) or 0.1 mM

(circles). For (A,B): Untreated control cultures are represented by

square symbols. (C) Sensitivity to ultraviolet irradiation was

examined by exposing cells on solid media to the indicated

energies and determining the number of surviving bacilli. Data are

expressed as a percent survival relative to unexposed control plates

for each strain. (D) The number of surviving CFU/ml was

determined following treatment of log phase culture with

increasing amounts of mitomycin C for 1 hour at 37uC. (E)

Similarly, the number of surviving bacilli was determined

following incubation at 53uC for the indicated times. (F) Log

phase cultures were diluted 1:10 into media at pH 7.0 or pH 4.0

and grown for several days and the number of surviving CFU/ml

was monitored. Error bars represent the standard error of the

means; each is a combination of at least two independent

experiments performed in triplicate.

Found at: doi:10.1371/journal.ppat.1000460.s002 (15.14 MB

TIF)

Figure S3 Purification and gel filtration profile of His6-Rv2623.

(A) Expression and purification of His6-Rv2623. Lane 1:

Uninduced pQE-rv2623E.coli cell lysate carrying expression

construct pQE-rv2623; Lane 2: Induced pQE-rv2623E.coli cell

lysate; Lane 3 and Lane 4: Purified His6-Rv2623: 0.3 mg and

3 mg, respectively; Lane 5: Western blot probed with anti-RGS-

His antibody. Arrow indicates His6-Rv2623 (32 kDa). (B) Gel

filtration profile of purified His6-Rv2623 eluted from a Superdex

200 10/300 GL column. Molecular weight (61 kDa) was

determined based on the specific retention time corresponding

to the His6-Rv2623 peak compared to molecular weight standards.

The predicted molecular weight of Rv2623 is 32 kDa and purified

protein is representative of a dimer of Rv2623.

Found at: doi:10.1371/journal.ppat.1000460.s003 (5.69 MB TIF)

Figure S4 Relative expression level of wildtype(WT) and mutant

Rv2623 in M. smegmatis. Strains of M. smegmatis that carried

pMV261::rv2623WT, pMV261::rv2623G117A, and

pMV261::rv2623D15E overexpression plasmids were grown to late

log phase in 7H9 media supplemented with kanamycin (40 mg/

ml). The OD600 of the cultures was measured and used to estimate

the number of CFU/ml (conversion factor: OD600

1 = 36108 CFU/ml). An equivalent number of cells for each

strain were boiled for 5 minutes in denaturing sample loading

buffer and separated by SDS-PAGE. (A) Western blotting

techniques were used to detect Rv2623 in the total protein extract

from these strains using monoclonal anti-Rv2623. (B) The

immunoblot was scanned and analyzed with ImageQuant

densitometry software (Molecular Dynamics). As different

amounts of cells were boiled in different experiments, the relative

intensity of the bands is expressed as a percent of the signal

corresponding to Rv2623WT overexpression so that multiple

experiments could be combined. The error bars represent the

standard deviation and the percent of wild type Rv2623 expression

is indicated above the bars. The data indicates that mutant

Rv2623 overexpressed at similar levels compared to WT Rv2623.

Found at: doi:10.1371/journal.ppat.1000460.s004 (4.75 MB TIF)

Protocol S1 Semiquantitative scoring system for immunopa-

thology of guinea pig tissues; and Crystallography: Summary of

data collection and refinement statistics.

Found at: doi:10.1371/journal.ppat.1000460.s005 (2.82 MB

PDF)
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Table S1 Gene list and accession numbers.

Found at: doi:10.1371/journal.ppat.1000460.s006 (0.03 MB

DOC)

Text S1 Supporting materials and methods.

Found at: doi:10.1371/journal.ppat.1000460.s007 (0.03 MB

DOC)
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