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Rv3868, a conserved hypothetical protein of the ESAT-6
secretion system ofMycobacterium tuberculosis, is essential for
the secretion of at least four virulence factors. Each protein
chain is �63 kDa and assembles into a hexamer. Limited prote-
olysis demonstrates that it consists of two domains joined by a
linker. The N-terminal domain is a compact, helical domain of
�30 kDa and apparently functions to regulate theATPase activ-
ity of the C-terminal domain and the oligomerization. The
nucleotide binding site is situated in the C-terminal domain,
which exhibits ATP-dependent self-association. It is also the
oligomerization domain. Dynamic fluorescence quenching
studies demonstrate that the domain is proximal to the C ter-
minus in the apoprotein and exhibits a specific movement
uponATP binding. In silicomodeling of the domains suggests
that Arg-429 of a neighboring subunit forms a part of the
binding site upon oligomerization. Mutational analysis of
binding site residues demonstrates that the Arg-429 func-
tions as the important “sensor arginine” in AAA-ATPases.
Protein NMR experiments involving CFP-10 and activity
assays rule out a general chaperone-like function for Rv3868.
On the other hand, ATP-dependent “open-close” movements
of the individual domains apparently enable it to interact and
transfer energy to co-proteins in the ESX-1 pathway.

The ESAT-6 (early secreted antigen 6 kDa) system 1 (ESX-1)
is a critical secretion apparatus inMycobacterium tuberculosis
andMycobacterium marinum, which delivers at least four vir-
ulence factors (viz. ESAT-6, CFP-10 (culture filtrate protein-
10), EspA, and EspB) to the host macrophages during infection
(1–9). ESAT-6 and CFP-10 form a tight 1:1 complex (10), and
our earlier work suggests that complex formation confers ther-
modynamic and biochemical stability (11). The proteins corre-
sponding to this secretion system are encoded by genes of RD1
(region of difference 1) (1, 2, 4) and its surrounding region,
together termed extRD1 (extended RD1) (6, 12, 13) inM. tuber-

culosis andM.marinum. RD1 genes are absent in theMycobac-
terium bovis BCG vaccine strain (14–16). A defective ESX-1
secretory apparatus prevents themutant pathogen from leaving
the infected phagocyte and spreading to neighboring cells (17).
Further work is necessary to identify the exact functions of the
individual ESX-1 genes and proteins.
The proteins encoded by the system can be broadly divided

into four groups based on the generated phenotypes upon inac-
tivation of the respective genes (13). Knocking out the pe35
gene (Rv3872) impairs the expression of ESAT-6 (Rv3875) and
CFP-10 (Rv3874) virulence factors. Inactivation of Rv3868 (the
characterization of which is reported here), Rv3869, Rv3870,
Rv3871, and Rv3877 impairs the ability of the pathogen to
secrete the virulence factors, although their expression itself
was unimpaired. It has been shown that Rv3871, a member of
the SpoIIIE/FtsKATPase family, recognizes aC-terminal signal
sequence of CFP-10 (18). Inactivation of a third set of proteins
does not impair the RD1-mediated virulence. Inactivation of a
fourth group consisting ofRv3865 andRv3866 attenuatedRD1-
mediated virulence, although the secretion of ESAT-6 and
CFP-10 factors was unimpaired.
Rv3868 is an essential component of the ESX-1 system (13) in

M. tuberculosis and in the phylogenetically closely related
strain M. marinum. However, its exact role and functions are
not characterized. Sequence and phylogeny analysis of Rv3868
shows that it is conserved among a small group of largely hypo-
thetical proteins in mycobacteria (29). Based on yeast two-hy-
brid and genetic experiments, it was proposed to interact with
CFP-10 and also with the PPE-68 protein Rv3873 (19). It has
also been hypothesized that it might mediate the formation of
the recently observed homodimers (19) and heterodimers in
the ESAT-6 and CFP-10 proteins (4, 10), a step that might
require chaperone activity. The PPE-68 protein Rv3873 is sug-
gested to be a gating component of the ESX-1 system and reg-
ulates the secretion of the ESAT-6�CFP-10 complex (6).
Rv3868, on the other hand, is hypothesized to be the chaperone
or a source of energy (ATPase activity) required for the export
of the factors. Structural and functional characterization of
Rv3868 is important to understand its role in ESX-1-mediated
secretion and to exploit its potential as a novel drug target.
Here, the protein has been shown to be a hexamer that exhib-

itsATPase activity. Each chain consists of twodistinct domains,
and their individual roles have been dissected.Mutational anal-
ysis coupled to structural modeling has led to the identification
of Arg-429 as the functionally important “sensor arginine” (20).
Its mutation abolishes conformational changes in the oligomer
and leads to a large reduction in the binding affinity of the
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substrate nucleotide. Direct interactions that were hypothe-
sized earlier with CFP-10, also as a general chaperone activity,
have been ruled out. The picture that emerges is that Rv3868
functions as a novel ATPase with a co-factor-induced “open-
close” movement. It most likely interacts with other factors of
the ESX-1 machinery to provide energy for the export of the
ESAT-6�CFP-10 virulence factors. The detailed characteriza-
tion of the protein reported here is the first for a protein from
the CbxX/CfqX (21) subfamily of AAA-ATPases.

MATERIALS AND METHODS

Phylogenetic Tree and Sequence Analysis—The sequence of
Rv3868 was downloaded from the Tuberculist site on the
World Wide Web. The multiple sequence alignment and
neighbor-joining phylogenetic tree (dendrogram) for the dif-
ferent families of proteins were calculated using the ClustalX
package (22). Sequences of proteins from different ATPase
families were downloaded from the Swissprot data base.
Cloning, Expression, and Purification of Rv3868, C-terminal

Domain, and CFP-10—The full-length Rv3868 gene from M.
tuberculosisH37Rv was amplified using the Pfx DNA polymer-
ase (Invitrogen). The C-terminal domain of Rv3868 (amino
acids 330–481) (to be called CT-Rv3868) was amplified from
the Rv3868 PCR product using the primers detailed in supple-
mental Table 1. Rv3868 was cloned into pET23a (Novagen)
using NdeI and HindIII. CT-Rv3868 was cloned into pET23a
using BamHI and HindIII. The Ct-Rv3868 open reading frame
of pET23a was mutated by a site-directed mutagenesis kit
(Stratagene) using the primers listed in supplemental Table 1.
Full-length Rv3868, CT-Rv3868, and mutants of CT-Rv3868
were expressed in BL-21 (DE3) cells (0.5 mM isopropyl 1-thio-
�-D-galactopyranoside; OD 0.6; 30 °C). The cells were har-
vested by centrifugation, resuspended in 40 ml of lysis buffer A
(50 mM Tris-HCl, 200 mM NaCl, pH 7.5), and lysed by sonica-
tion. Centrifugation at 14,000 rpm was followed by a filtration
step using a 0.22-�m filter before loading onto a 5-ml Ni-Hi
Trap column equilibrated in buffer A. The column was initially
washed with lysis buffer and subsequently with the same buffer
containing 40 and 80 mM imidazole, respectively. The proteins
were elutedwith 15ml of buffer B containing 200mM imidazole
for Rv3868 and 400mM imidazole for CT-Rv3868. The samples
containing protein were pooled and dialyzed extensively
against buffer (50 mM Tris-HCl, 200 mM NaCl, pH 7.5).
For the purification of CFP-10, the plasmid pET28b-cfp10

(11) was grown in M9 medium using (N15) ammonium sulfate
as sole nitrogen source andpurified as reported earlier (11). The
protein was dialyzed against NMR buffer (20 mMNaH2PO4, 50
mMNaCl, 0.1%NaN3, pH 6.5). About 10mg of protein could be
purified per liter of culture.
ATPase Activity Assays—ATPase reactions were carried out

in 30 �l of ATPase buffer (25 mM Tris, pH 7.6, 5 mM MgCl2) at
30 °C for different time periods. Each reaction mixture con-
tained 0.5 �Ci of [�-32P]ATP. The reaction was stopped by the
addition of 0.5 �l of 10% SDS. 1.0 �l of each reaction was spot-
ted on aTLCplate. The platewas developed in 0.5M formic acid
and 0.5 M LiCl and dried at 37 °C. The percentage of ATP
hydrolysis was calculated using the following formula.

ATP hydrolysis �%�

� �quantity of ��-32P�P/�quantities of ��-32P�P � ��-32P�ATP��

� 100 (Eq. 1)

The ATP hydrolysis value was corrected for background by
subtracting the value obtained for a reaction mixture contain-
ing no protein. Colorimetric assays (23) were performed to
determine the ATPase activity of the CT-Rv3868. Except for
specified variations, standardATPase assayswere carried out in
the assay buffer containing 50 mM Tris-HCl (pH 8.0), 20 mM

MgCl2, 1 mM dithiothreitol, 0.5 mM ATP, and 1 �g of protein
for 15 min at 37 °C. Briefly, CT-Rv3868 was added to 100 �l of
assay buffer; the reaction was carried out at 30 °C for 15 min;
and then 200 �l of dye buffer containing 6 mM ammonium
heptamolybdate, 120�Mmalachite green, 0.06%polyvinyl alco-
hol, and 4.25% sodium citrate was added. After 20 min of incu-
bation at room temperature, 200 �l from each reaction was
transferred to a 96-well plate, and the absorbance at 630 nmwas
measured. Values from control reactions performed without
protein were routinely subtracted from the respective experi-
mental data. The inorganic phosphate released was calculated
based on the absorbance standard curve established by
KH2PO4 standards. CT-Rv3868 and NT-Rv3868 was purified
by affinity chromatography to near homogeneity and used in
the assays. All assayswere repeated three times, and the average
activity is reported. Kinetic parameters,Km,Vmax, andHill coef-
ficient, were derived using Prism 4.0 (GraphPad Software, Inc.).
Limited Proteolysis and Electrospray Ionization-Mass

Spectrometry—2.0mg/ml protein was subjected to limited pro-
teolysis using trypsin at a protease/protein ratio of 1:50 and
1:100 (w/w) and incubated for different time periods at 30 °C.
The protease reaction was stopped by adding phenylmethylsul-
fonyl fluoride to a final concentration of 1 mM in the reaction
mixture, and the samples were analyzed on 12% SDS-PAGE.
Digested product was purified by gel filtration chromatography
and transferred to a polyvinylidene difluoride membrane for
N-terminal sequencing. The electrospray ionization-mass
spectrometry analysis was carried out using a MICRO-MASS
QUATTRO II mass spectrometer (Micromass, Altricem, UK).
Tryptophan and Tyrosine Fluorescence—Protein concentra-

tions of 0.5 and 1 �M for full-length and purified domains,
respectively, were used. Fluorescence spectra were recorded
using a PerkinElmer Life Sciences LS 50B instrument with sam-
ples placed in a 5-mm path length quartz cell at 25 °C. An exci-
tation wavelength of 285 nm was used, and the spectra were
recorded between 300 and 400 nm to monitor tryptophan flu-
orescence. Tyrosine fluorescence was monitored by using an
excitation wavelength of 274 nM.
Analytical Gel Filtration and Dynamic Light Scattering—Gel

filtration experiments were carried out using a Superdex 200
HR 10/300 column on an AKTA-FPLC system (GE Health-
care). The column was calibrated using molecular weight
standard markers (GE Healthcare). All experiments were car-
ried out using 50 mM Tris, pH 7.5. Other parameters like salt
and nucleotide concentrationswere varied for the experiments.
Typically, 500 �l of the sample was loaded on the column and
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run at 25 °C at a flow rate of 0.3 ml/min, with detection at 280
nm.
The relative elution volume was calculated as follows,

KAV � Ve � Vo/Vg � Vo (Eq. 2)

where Ve is the elution volume, Vo is the void volume deter-
mined by elution of blue dextran 2000 kDa, and Vg is the geo-
metric column volume. For deconvolution of gel filtration
peaks, Peakfit (Systat Software, Inc.) software was used for
determination of different oligomers in Rv3868.
The dynamic light scattering experiments were carried out

on a Zetasizer Nano ZS instrument (Malvern Instruments).
Data were acquired at 20 °C over 10 s, repeated 10 times, and
averaged. Ten such acquisitions were performed to give 1000 s
of data. The in-built softwarewas used to fit the autocorrelation
function using the cumulants method and to extract the
approximate molecular weight.
Steady-state Nucleotide Binding—Binding of nucleotides to

the proteins were determined bymonitoring the change in pro-
tein fluorescence upon the addition of ligand. Measurements
were carried out using a PerkinElmer Life Sciences LS 50B spec-
trofluorimeter, (excitation 280 nm; emission 330 nm; slit
widths 5 nm) for Rv3868 and NT-Rv3868, where tryptophan
fluorescence was followed. In the case of the CT-Rv3868, an
excitation wavelength of 274 nm was used along with a 5-nm
slit width. Tyrosine emission was followed at 304 or 340 nm for
lower order and high order oligomeric forms of the domain.
Titrations were performed at 25 °C by the addition of ATP to
0.6 ml of 50 mM Tris (pH 7.5), 50 mM NaCl, and 5 mM MgCl2
buffer containing different amounts of proteins. To avoid dilu-
tion effects, volume change during the titration was limited to
3% of total volume. Control titrations with buffer alone did not
produce any significant change in emission signal. TheKd value
was calculated, fitting the data to the Equations 3 and 4. �F is
the change in emission signal in the presence of ligand (L), and
�Fmax is themaximal change in signal. The corrected data were
fitted to the following equations using Prism 4.0 (GraphPad
Software).

�F � �Fmax�L�/Kd � �L� (Eq. 3)

�F � �Fmax � Kd�F/�L� (Eq. 4)

The binding stoichiometry of nucleotides and C-terminal
domain was determined by plotting the titration data as a mass
action plot according to the following equation.

r/�L�free � n/Kd � r/Kd (Eq. 5)

The fluorescently labeled ATP analog, N-methylanthra-
niloyl-ATP (MANT-ATP)3 (Molecular Probes) was used to
qualitatively substantiate the binding of the nucleotide to the
proteins. All spectrawere corrected for the inner filter and dilu-
tion effects. Nucleotide binding to CT-Rv3868 was followed by
the changes in MANT-ATP emission at 450 nm, (excitation
and emission wavelengths). 1 �M MANT-ATP was titrated

with increased concentrations of the protein in the
experiments.
Stern-Volmer Coefficients—Fluorescence quenching of tryp-

tophan in the presence of increasing concentrations of acryl-
amide wasmonitored by following the emission at 340 nm after
excitation at 285 nm. Samples were prepared in buffer consist-
ing of 50 mM Tris, pH 7.5, 50 mM NaCl, and 5 mM MgCl2.
Aliquots from a 2 M acrylamide stock solution were consecu-
tively added in 5 mM steps to 1 ml of reaction mixture. Experi-
ments were performed in triplets and corrected for dilution
effects. Quenching data were plotted as the ratio of florescence
in absence of quencher (F0) to the intensity in the presence of
quencher (F) against quencher concentration. The resulting
data were fit against dynamic parameters according to the
Stern-Volmer equation (24).

F0/F � 1 � �KSV � �Q�� (Eq. 6)

KSV is the Stern-Volmer constant for quenching, given by the
slope when data are plotted as F0/F versus [Q], where the latter
parameter is the concentration of the quencher.
ANS Binding—Titrations were performed to estimate the

binding affinities of the proteins to 8-anilino-1-naphthalene-
sulfonic acid (ANS). Incremental amounts of ANS were added
to a series of otherwise identical solutions of protein in buffer
(50 mM Tris, pH 7.5, 50 mM NaCl, and 5 mM MgCl2). The exci-
tation wavelengths were set to 370, and the emission wasmeas-
ured from 410 to 600 nm, respectively. For each measurement,
the fluorescence intensity was corrected by subtracting the flu-
orescence of the sample containing only ANS. The data were
plotted against the total concentration of ANS. The apparent
Kd was estimated by fitting the data to Equation 7,

F � Fmax�ANS�/Kd � �ANS� (Eq. 7)

where F is the corrected fluorescence intensity, Fmax is the flu-
orescence intensity upon saturation of the ANS binding sites,
[ANS] is the total concentration of ANS, andKd is the apparent
dissociation constant.
Glutaraldehyde Cross-linking—The cross-linking of protein

samples was carried out in the presence of 1% glutaraldehyde.
CT-Rv3868 was used in the experiments at a concentration of
0.2 mg/ml. The molecular masses of the cross-linked products
were determined by 12% SDS-PAGE.
Protein Modeling and NTP Docking—Sequence analysis led

to the identification of putative Walker A and B motifs at the
C-terminal end. A model of the putative ATP binding site was
generated by comparative modeling approaches and corre-
sponds to residues 331–481 of CT-Rv3868 (25). The
NT-Rv3868 domain model (residues 18–250) was generated
using PHYRE (available on the World Wide Web), following
the fold predictionmethod. The initial models wereminimized
using the DISCOVER module implemented in Insight II
(Accelrys).
The AUTODOCK program was used in the in silico docking

studies involving NTPs and CT-Rv3868. Partial charges were
assigned using the CVFF force field. The grid maps consisting
of 80 � 80 � 80 grid points were centered on the putative
ligand-binding site (Walker A motif). The Lamarckian Genetic

3 The abbreviations used are: MANT-ATP, N-methylanthraniloyl-ATP;
NT-Rv3868, N-terminal domain of Rv3868; CT-Rv3868, C-terminal ATP-
binding domain of Rv3868; ANS, 8-anilino-1-naphthalenesulfonic acid.
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Algorithm was used for the calculations. Docked complexes
were visualized using InsightII (Accelrys) and PyMol (26). The
oligomer was modeled by superposing the C-terminal model
structure onto the hexameric D2 domain of NSF (Protein Data
Bank code 1NSF) (27).
NMR Spectroscopy—For the NMR experiments 15N-labeled

CFP10 protein in 20 mm sodium phosphate (pH 6.5), 50 mm
NaCl, 0.1% sodium azide, and 5% (v/v) 2H2O was used as
reported in earlier experiments by our group (11). The spectra
were recorded on aVarian 600-MHz instrument equippedwith
a triple nuclei inverse probe, at 30 °C. Two-dimensional 15N-1H
HSQC spectra were recorded for the 15N-labeled CFP-10 as
well as for the 15N-labeled CFP-10-unlabeled Rv3868 protein.
The HSQC spectrum for each experiment was acquired with
1024 and 128 complex points in the 1H and 15N dimensions,
respectively.
Chaperone-like Activity Assay—The assays were carried out

using procedures similar to those described earlier (28) at 43 °C
using hen egg white lysozyme (Sigma) and porcine mitochon-
drial citrate synthase (Sigma) as test substrates.

RESULTS

Sequence and Phylogenetic Analysis—Rv3868 consists of 573
amino acids with molecular mass of �63,000 kDa. The protein
has been classified as a conserved hypothetical protein in the
data bases. Sequence analysis and the construction of a phylo-
genetic tree using the neighbor-joining method supports that
Rv3868 is a member of the CbxX/CfqX subfamily of AAA-

ATPases (supplemental Fig. 1). The
sister group of CbbX proteins are
sporulation factors (29). The related
proteins in mycobacteria like
Rv3868 have apparently acquired
alternate functions.
The Hypothetical Protein Rv3868

of M. tuberculosis Encodes a Hex-
americ ATPase—At first it was
important to probe for the ATPase
activity of the protein, if any, in view
of the Walker motifs (supplemental
Fig. 2) contained in the sequence. It
became clear from the initial color-
imetric assays that the full-length
enzyme is a weakATPase. The pres-
ence of bound nucleotide through
the purification process was ruled
out by extensive dialysis. The more
sensitive radioactive assay involving
[�-32P]ATP as a substrate was there-
fore used in subsequent experiments,
where the release of free phosphate
was found to linearly increase over
time (Fig. 1A). A Km of 0.8 � 0.1 �M
and Vmax of 139 � 8.8 fmol/min was
derived from a Michaelis-Menten
plot (Fig. 1B) following a nonlinear
regression analysis using Prism 4.0
(GraphPad Software).

Rv3868was found to be a specificATPase. TheGTPase activ-
ity under similar assay conditionswas only 20%of that observed
with ATP (Fig. 1C). The ATPase assays were also carried out in
the presence of casein, DNA, ESAT-6, and CFP-10. Casein and
DNA (30, 31) are known to variously stimulate ATPase activity
in some AAA-proteins, whereas ESAT-6/CFP-10 have been
postulated to interact with Rv3868 (19). No stimulatory or
inhibitory effects on the activity were observed in the presence
of these factors (data not shown). However, the addition of
0.3 MNaCl or 25mM EDTA abolished the activity (Fig. 1D). It is
possible that NaCl could disrupt the oligomeric associations in
the enzyme, and these were investigated subsequently. EDTA
apparently chelates out theMg2	 ions that are necessary for the
activity.
Analytical gel filtration experiments show that Rv3868 pre-

dominantly exists as a hexamer at protein concentrations up to
�3 mg/ml and elutes at a molecular mass of �380 kDa (Fig.
2A). At high concentrations, the protein forms higher order
oligomers with concomitant reduction in the hexamer popula-
tion (Fig. 2B). Dynamic light scattering experiments further
suggest that the higher oligomeric state is a not an aggregate
and that the protein exists as a multiple of hexamers (supple-
mental Fig. 3).
The quaternary associations are stabilized by ionic interac-

tions. At an NaCl concentration of �0.5 M, the protein is pre-
dominantly dimeric. Increasing the concentration to above
0.75 M resulted in the breakage of the dimers tomonomers. The
addition of ATP did not make any difference to the elution

FIGURE 1. Functional characterization of Rv3868. A, the protein was incubated with [�-32P]ATP for various
time intervals to observe the ATPase activity. The amount of ATP hydrolyzed at each time point is shown as a
percentage of the original [�-32P]ATP before incubation at 30 °C. Each point is the average of the values
obtained from three independent experiments. The insets represent the autoradiography profiles taken from
a TLC. B, Michaelis-Menten plot of ATP hydrolysis by Rv3868. C, relative NTP hydrolysis (arbitrary units) when
[�-32P]ATP and [�-32P]GTP were used as substrates of Rv3868. D, the effect of NaCl, casein, and EDTA on ATPase
activity. The first bar represents the control experiment. Inset, lanes 1–5 represent the control experiment, the
activity in the presence of 0.5 M NaCl, 5 or 10 �g of casein, and 10 mM EDTA, respectively.

Rv3868 from M. tuberculosis

DECEMBER 26, 2008 • VOLUME 283 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36535

http://www.jbc.org/cgi/content/full/M807144200/DC1
http://www.jbc.org/cgi/content/full/M807144200/DC1
http://www.jbc.org/cgi/content/full/M807144200/DC1
http://www.jbc.org/cgi/content/full/M807144200/DC1


profiles in the experiments (Fig. 2B). Similar effects were
observed in the case of guanidinium chloride, a known dis-
rupter of ionic interactions in proteins (data not shown).
Identification of a Stable N-terminal Domain—The vulnera-

bility of a protein for proteolysis depends on parameters such as
accessibility, segmental motion, and protrusions. Therefore,
limited proteolysis has been effectively used to identify struc-
tural domains in proteins, ligand-induced conformational
changes, and protein folding/unfolding (32).
The incubation of Rv3868 with trypsin gave rise to mainly

two fragments in the SDS-polyacrylamide gels (Fig. 3C). A frag-
ment of molecular mass �30 kDa was quite stable under the
digestion conditions, whereas the other fragment (�20 kDa)
degraded with time. The former fragment could be purified
from the reactionmixture by size exclusion chromatography as
a monomer (Fig. 3D) and has a molecular mass of 29.9 kDa, as
deduced from electrospray ionization-mass spectrometry. The
fragment, unlike the full-length protein, did not exhibit any

concentration-dependent self-association. Peptide sequencing
established that this fragment/domain occurs in theN terminus
of the protein with starting sequence TDRLA (Fig. 3B).
Sequence analysis (supplemental Fig. 2) had shown that only

the N-terminal stretch contains a tryptophan, whereas the
C-terminal stretch does not contain any. We could therefore
exploit this fact in later spectroscopy experiments. Subsequent
activity assays also revealed that the fragment, as expected, does
not possess any ATPase activity observed in the full-length
enzyme. The analysis therefore reveals that the N-terminal
domain is compact, accounts for approximately half the
sequence of the enzyme, and is a monomer, in contrast to the
hexameric association observed in the full-length protein.
Identification and Characterization of the ATP-binding

Domain—Fold index (33) (Fig. 3A) calculations for Rv3868 sug-
gests that residues between 330 and 481 in the C terminus con-
tain theWalkermotifs/ATP binding site and should encode for
an �18-kDa fragment (Fig. 3A).
The C-terminal domain was accordingly cloned and purified

separately. The domain associates predominantly as a dimer in
the absence of ATP and forms higher order oligomers in the
presence of the nucleotide (ATP), as deduced fromgel filtration
and glutaraldehyde cross-linking experiments (Fig. 4A). The
results suggest that the C-terminal domain is largely responsi-
ble for oligomerization.
Next, the CT-Rv3868 was tested for the ability to hydrolyze

ATP using the malachite green assay. A linear release of phos-
phate was observed during the time course of the assay (Fig.
4B). The activity was found to be maximal between 7.5 and 8.5
pH. The following parameters for the hydrolysis activity were
also deduced: Vmax of 141.2 � 12 with a Km of 73.39 � 20, Kcat
of 2.541 � 0.23, and Hill coefficient (n) of 1.40 (Fig. 4C). The
ATPase activity was found to be severalfold higher compared
with the full-length protein. It was also found to be co-operative
as suggested from the Hill coefficient.
The cooperativity was also supported by following a plot of

ATP hydrolysis versus protein concentration (Fig. 4D). The
concave plot indicates that the activity is concentration-
dependent. The specific activity increases with an increase in
the enzyme concentration until a maximal activity of 50 nmol/
min/mg. Concentration-dependent activity is suggestive of
cooperative association and has been identified for a number of
characterized NTPases, including AAA-ATPases (34).
In Silico Modeling and Docking Studies—The characteriza-

tion clearly suggests that the CT-Rv3868 is involved in oli-
gomerization. The domain also exhibits homology with the
AAA-domain present in other structurally characterized AAA-
proteins. We therefore modeled the hexameric association of
the protein based on the D2 domain of N-ethylmaleimide-sen-
sitive factor (27) (Protein Data Bank code 1NSF) (Fig. 5A). A
detailed examination of the resultant model suggested that the
binding pocket is lined by Pro-336, Gly-337, Thr-338, Lys-340,
and Arg-429, among other residues. We also carried out in
silico docking experiments with different nucleotides, includ-
ing ATP, ADP, GTP, CTP, and UTP, to examine their respec-
tive bindingmodes. TheATPmoiety has the highest affinity for
the protein, followed by GTP, and supports the experimental
results where theGTPase activity of the proteinwas found to be

FIGURE 2. Protein and salt concentration dependence of the oligomeriza-
tion in Rv3868. A, size exclusion chromatography profile of Rv3868 (�3 �M)
on a Superdex 200HR column in 25 mM Tris, 50 mM NaCl (pH 7.0), at 25 °C. The
inset represents the calibration curve of the column. B, Rv3868 at concentra-
tions of �7–15 �M (bottom) and 
15 �M (second from bottom) was incubated
for 1 h at 25 °C before centrifugation and applied onto a Superdex 200HR
column in 25 mM Tris buffer. The hexameric form is represented by I, whereas
II refers to a high order oligomeric form. The second from top and top lines
represent the elution profile in the presence of 500 and 750 mM NaCl, respec-
tively, in the same buffer. Elution volumes corresponding to the Mr of stand-
ard proteins used in calibration are indicated by arrows.

Rv3868 from M. tuberculosis

36536 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 52 • DECEMBER 26, 2008

http://www.jbc.org/cgi/content/full/M807144200/DC1


only one-third that of ATP (Table 1). The bound ATP lies in a
defined area deep within the binding site cleft, and the �-phos-
phate is proximal to the side chains of Pro-336, Gly-337, Thr-
338, Lys-340, and Arg-429 (Fig. 5B). The latter residue is from
the neighboring subunit, andwe suspected from the spatial dis-
position that itmight function as an arginine finger/sensor argi-
nine (20) that senses the presence of the nucleotide in the bind-
ing site and gives rise to associatedmechanochemical outcomes
in AAA-ATPases. The modeling results were subsequently
substantiated experimentally.
Orientation of Bound Nucleotides—We used the fluorescent

ATP analogMANT-ATP, where the fluorophore is attached to
the ribosemoiety, to probe for the orientation of the nucleotide
in the binding site. The binding of this analog close to a hydro-
philic pocket causes a decrease in the fluorescence intensity (35,
36). Indeed, a reduction in the fluorescence intensity was
observed on titration of the nucleotide analog with increasing
amounts of CT-Rv3868 (supplemental Fig. 4). An examination
of the docked ATP-CT-Rv3868 complex reveals a hydrophilic

pocket near the adenosine moiety
(Fig. 5B). Hence, the experiments
with the fluorescent ATP analog
support the orientation of the
nucleotide suggested by the docking
experiments.
Mutational Analysis and Identifi-

cation of Arg-429 as a Sensor
Arginine—We generated four
mutants of CT-Rv3868 (viz. P336A,
T338A, K340A, and R429A) based
on themodeling studies to probe for
the roles of the residues in ATP
binding and hydrolysis (Fig. 5B).
The first three mutants correspond
to those residues that belong to the
same subunit in the nucleotide
binding site, whereas the Arg resi-
due is from a symmetry-related sub-
unit of the oliogmer. Thr-338 and
Lys-340 lie close to the �-phosphate
in the docked complex. Arg-429was
chosen to examine its role as a prob-
able sensor arginine, whereas the
Pro residue was mutated to check
for possible structural effects on the
binding site architecture.
Table 2 lists the various parame-

ters of the respective mutants. The
wild-type protein has a catalytic effi-
ciency of about 577, as suggested by
the Kcat/Km ratio. The Hill coeffi-
cient of 1.4 is indicative of the posi-
tive cooperativity in CT-Rv3868.
TheP336Amutant does not seem to
distort the binding site architecture;
the catalytic efficiency as also the
Vmax is only marginally reduced in
the mutant. The Thr-338 and Lys-

340 residues apparently perform different roles in the hydroly-
sis. Thr-338 contributes to the binding, and its mutation leads
to�7-fold decrease in the binding of the substrate, as suggested
by the Km values. The catalytic efficiency also is reduced �10-
fold. The reduction in the affinity of ATP in this mutant is also
supported by the positive change in the free energy. The K340A
mutant does not affect the binding of the substrate, and the Km
is relatively unaffected, but there is an �35% reduction in the
catalytic efficiency as also the Vmax, indicating that this residue
has a rigorous role in the catalytic action as opposed to stabiliz-
ing the substrate. In the three mutations detailed above, the
cooperativity is relatively unaffected.
The R429A mutant exhibits a large increase in the Km and a

drastic reduction in the catalytic efficiency (Fig. 5C). The posi-
tive free energy change also indicates a loss in the binding of the
substrate. These parameters are similar to those seen in
the T338A mutant. An important difference is that although
the Thr mutation did not lead to loss in cooperativity, the
R429A mutation almost abolishes the cooperativity, as seen by

FIGURE 3. Domain organization and limited proteolysis of Rv3868; purification of NT-Rv3868. A, an esti-
mate of the folded regions in Rv3868 calculated using the program Fold Index. The predicted folded regions are
shown in positive values, whereas unstructured regions are shown in negative values and clearly show the
demarcation of the protein sequence into two distinct domains. B, a schematic depiction of the predicted
domain boundaries and motifs of Rv3868. C, SDS-PAGE analysis of Rv3868 digested with trypsin at a protease
to protein ratio of 1:100 (w/w) and 1:50 (w/w). Lanes 2–5 and lanes 6 –9 represent the reactions after 5, 10, 15,
and 30 min, respectively. D, size exclusion chromatography profile of Rv3868 after trypsin digestion for 30 min
(NT-Rv3868). The protein was loaded onto the column in 25 mM Tris, 50 mM NaCl (pH 7.0) at 25 °C. The inset in
D depicts the SDS-PAGE analysis of the purified N-terminal domain. Lanes 1-4 represent molecular weight
markers, the reaction after 0 min, the reaction after 30 min, and purified protein following size exclusion
chromatography, respectively.
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theHill coefficient of 1.15. Binding and release of the nucleotide
in AAA-ATPases are generally known to lead to changes in the
conformation of the oligomer and give rise to cooperative
effects. Obviously, the conformational adjustments necessary
for the binding of the nucleotide are precluded in the mutant.
These properties are consistent with the in silico prediction of
Arg-429 as a sensor arginine.
Nucleotide Binding and ATP-dependent Self-association of

theMutants—The loss in theATPbinding affinity of theR429A
mutant was further substantiated by the measurement of the
dissociation constants using fluorescence spectroscopy (Fig.
6A). We exploited the fact that CT-Rv3868 contains only 4
tyrosine residues, of which two are predicted bymodeling to be
close to the ATP binding (Fig. 4C). On the other hand, all 8 Trp
residues of Rv3868 occur in the N-terminal domain and are
quite accessible to the aqueous environment, as delineated by
experiments involving the full-length and NT-Rv3868 proteins
(supplemental Fig. 5). The affinity of ATP for CT-Rv3868 was
found to be 0.27 � 0.5 mM, whereas it reduces �4-fold in the
R429Amutant to 1.08� 0.02mM.The stoichiometry calculated
through an analysis of the Scatchard plot (Fig. 5A) was found to
be �1 ATP molecule per CT-Rv3868 chain, as expected.
The above conclusions are supported by ATP-dependent

self-association experiments. CT-Rv3868, asmentioned earlier,
exhibits ATP-dependent self-association and also shows coop-
erativity. All mutants except the Arg-429 mutant exhibit ATP-

dependent self-association, and also
the cooperativity is relatively unaf-
fected. However, the Arg mutant
loses the ability to self-associate in
the presence of ATP, and the coop-
erativity is also nearly abolished
(Table 2 and Fig. 6C).
N- and C-terminal Domains

Exhibit Relative Conformational
Changes Linked to Nucleotide
Binding—We carried out a dynamic
quenching study on the full-length
protein and the NT-Rv3868 using
acrylamide as a quencher. Thismoi-
ety, on account of its polar nature,
interacts with tryptophan residues,
which are exposed or partially bur-
ied, and leads to a quenching of the
fluorescence. This approach gives
insights into relative conforma-
tional changes between the domains
based on the quenching of the tryp-
tophan fluorescence, as also
reported earlier (37). Probing the
individual accessibility of each Trp
residue rigorously requires the
determination of kq, the bimolecu-
lar rate constant, kq � KSV � �o,
where KSV and �o are the Stern-
Volmer constant and fluorescence
lifetime, respectively. However, the
presence of 8 Trp residues impeded

the determination of �o for the individual residues. As is gener-
ally accepted, the conformational changes can alternatively be
studied by comparing the Stern-Volmer constants rather than
the bimolecular rate constants. The Stern-Volmer plots for the
NT-Rv3868 and full-lengthRv3868 in the presence and absence
of ATP are shown in Fig. 7A. The KSV for the N-terminal
domain alone is 9.37� 0.53 M�1. TheKSV corresponding to the
full-length protein in the absence of ATP is 5.12 � 0.54 M�1,
whereas it is 4.11 � 0.96 M�1 in its presence. If the KSV values
for the full-length protein and the NT-Rv3868 alone were sim-
ilar, it would suggest that the two domains in the protein are not
in close proximity, since the accessibility of the individual Trp
residues is relatively unaffected. However, the present experi-
ments represent a direct evidence for the proximity of the two
domains in the protein. A significant reduction was observed in
the KSV value for the ATP-bound enzyme compared with the
unbound form. This clearly suggests that the two domains
move closer to each other from a relatively “open” to a “closed”
conformation upon the addition of the nucleotide. From the
above results, it is straightforward to visualize that the binding
of nucleotide co-factor and its release should be accompanied
by a concomitant change in the relative spatial dispositions of
the N- and C-terminal domains.
The above results were independently corroborated by fol-

lowing the intrinsic fluorescence of theTrp residues in the pres-
ence of ATP. The addition of the nucleotide led to a reduction

FIGURE 4. Purification and functional characterization of CT-Rv3868. A, size exclusion chromatography
profiles of CT-Rv3868 in the absence (gray line) and presence of ATP (black line). The column was equilibrated
with 25 mM Tris, 50 mM NaCl, pH 7.0, (with or without 2 mM ATP) and at 25 °C. Inset, relative ATPase activity of
different forms. B, time dependence of ATPase activity of CT-Rv3868. The reactions were carried out at 30 °C for
the indicated time periods (min). C, Michaelis-Menten plot of ATP hydrolysis by CT-Rv3868. The ATPase assays
were carried out using 1.0 �g of protein and at the indicated concentrations of ATP. D, concentration depend-
ence of ATP hydrolysis was analyzed using a plot involving specific activity (pmol min�1 mg�1) versus CT-
Rv3868 concentration (�g).
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in the observed Trp fluorescence in the full-length protein. On
the other hand, the addition of the nucleotide aliquots to the
NT-Rv3868 alone leaves the observed fluorescence relatively
undisturbed. Since the Trp residues occur only in the N-termi-
nal segment,which has nonucleotide binding sites, the quench-
ing can only be presumably due to the increased proximity of
the two individual domains upon the addition of the nucleotide
and corresponding reduction in the accessibility of surface-ex-
posed tryptophan residues (Fig. 7B).

Rv3868 Does Not Interact with
CFP-10 andDoes Not Exhibit Chap-
erone-like Activity—Previously, it
was suggested that Rv3868 might
interact with CFP-10 or ESAT-6
proteins (13, 19). Other groups have
suggested a chaperone function for
the protein (6, 9, 13, 19). Since a pre-
dicted recognition motif is present
in the C-terminal segment of
CFP-10 (18), NMR studies were
undertaken to identify possible
interactions with the latter protein.
Our own earlier NMR studies have
suggested that complex formation
confers thermodynamic stability
(11). CFP-10 by itself is unstruc-
tured, as reported earlier by others
and us. The spectra show no change
in the presence of unlabeled Rv3868
both in the presence and absence of
ATP. The experiments clearly rule
out any interactions of CFP-10 and
therefore the C-terminal recogni-
tion motif with Rv3868 (supple-
mental Fig. 6).
Possible chaperone-like activities

were also probed and ruled out
using substrates like hen egg white
lysozyme and porcine citrate syn-

thase, where the possible disaggregation of the substrates in the
presence of Rv3868 was monitored spectroscopically (supple-
mental Fig. 7).
In another set of experiments, the presence of hydrophobic

patches on the surface of the protein was probed using ANS or
bis-ANS binding studies. It is known that substrate polypep-
tides bind to large hydrophobic patches on the substrate bind-
ing domains in related AAA-ATPases likeHslU, ClpA, andHsp
with chaperone/protease-like activities (38, 39). Since Rv3868
contains two domains, the N-terminal domain is expected to
have hydrophobic patches to bind to substrates if it had a chap-
erone function. The C-terminal domain, on the other hand, has
been shown to be the ATPase domain, which is also involved in
oligomerization. The binding data reveal that the N-terminal
domain has no hydrophobic patches and is compact, whereas
the full-length and ATP binding domains have similar affinity
forANS (supplemental Fig. 8). Altogether, these studies suggest
that the enzyme is not likely to have a general chaperone-like
function.However, a specific chaperone activity in the presence
of as yet unidentified co-factors and/or unknown substrate pro-
teins cannot be ruled out.

DISCUSSION

The present work represents the first detailed characteriza-
tion of a protein from the CbbX family of proteins. The protein
has been shown to be a hexamer, with each chain consisting of
two domains. The C-terminal domain is the ATPase and oli-
gomerization domain, whereas the N-terminal domain is com-

FIGURE 5. In silico modeling and mutational analysis of Rv3868. A, hexameric association in Rv3868. The
nucleotide binding sites occur at the intersubunit interfaces as in other AAA-ATPases. The arrows indicate
movement of the N-terminal domain predicted by the dynamic quenching and other experiments. The ATP-
binding site is marked by a box. B, close-up of the ATP binding site in Rv3868. The residues corresponding to the
Walker A motifs are indicated by cyan space-filled models. Two tyrosine residues (positions 439 and 466) in
the close vicinity of the nucleotide are depicted as red sticks. Arg-429, the predicted sensor arginine from the
modeling studies, is depicted as a yellow stick and is from a neighboring subunit. C, Michaelis-Menten plots of
ATP hydrolysis by CT-Rv3868 (�) and CT-Rv3868P336A (E), CT-Rv3868T338A (F), CT-Rv3868K340A (‚), and
CT-Rv3868R429A (*).

TABLE 1
In silico docking energy and relative activity (percentage) of different
nucleotides for CT-Rv3868

Activity Free energy Relative activity
kcal/mol %

ATP �9.06 100
GTP �6.8 35
UTP �5.61 NDa

CTP �5.92 ND
ADP �7.52 5

a ND, not determined.

TABLE 2
Kinetic parameters of CT-Rv3868 and its mutants

Vmax Kcat Km Kcat/Km
n (Hill

coefficient) �GATP
a

nmol/min/mg min�1 �M M�1 s�1 kcal/mol
CT-Rv3868 141.2 � 12 2.541 � 0.23 73.39 � 20 577 1.40 0.0
P336A 130.9 � 12 2.357 � 0.23 79.97 � 21 491 1.37 0.096
T338A 87.33 � 30 1.572 � 0.5 524.3 � 70 49 1.34 1.47
K340A 117.2 � 15 2.110 � 0.28 92.29 � 30 380 1.31 0.256
R429A 106.4 � 25 1.914 � 0.5 439.8 � 60 72 1.15 1.244
a �G � �RTln((Kcat/Km)mut)/((kcat/km)wt).
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pact andhas no significant sequence homology to characterized
proteins. The full-length protein is a relatively weaker ATPase
compared with the CT-Rv3868 alone. Analogous behavior has
been observed in some other AAA-ATPases (e.g. E. coli ClpB),
where the full-length enzyme hydrolyzedATPwith a lower rate
compared with the ATP binding domain alone (30). Often the
interactions of the substrate binding domain with target pro-
teins or co-factors stimulate NTPase activity in the respective
proteins (e.g. ClpB shows enhancedATPase activity in the pres-
ence of casein). The target protein of Rv3868 is conjectured to

be ESAT-6/CFP-10 or Rv3873
based on yeast two-hybrid or
genetic experiments (19). Our
reported work apparently rules out
direct interactions with the ESAT-
6/CFP-10 proteins, and their pres-
ence also does not stimulate the
ATPase activity in the assays. A gen-
eral chaperone activity was also
probed. The protein also does not
exhibit large hydrophobic patches
on the surface, which is a generally
accepted characteristic of a
chaperone.
Other groups have identified at

least four substrates of the ESX-1
system (viz. ESAT-6, CFP-10, EspA,
and EspB), and it is known that dis-
ruption of theRv3868 gene prevents
secretion of the substrates, although
their expression is not impaired (13,
14). This has led to a suggestion that
the protein affects either the trans-
location or stability of the exported
substrates. The lack of a general
chaperone activity and absence of
interactions with CFP-10 suggests
that Rv3868 probably has a role in
the translocation of the substrates
rather than their stability. This then
brings us to the question as towhich
are the likely interacting partners of

Rv3868? One possibility, based on earlier work (13, 19) against
the backdrop of the current characterization could be Rv3873, a
gating protein. The interactions of Rv3868 with the gating pro-
tein would specifically modulate the secretion of the virulence
factors, in agreement with the essential role of Rv3868 in secre-
tion, but would not affect the expression of these factors. How-
ever, more genetic work is necessary to identify and character-
ize the interactions of these potential protein partners.
The other conjectured function of Rv3868 is to transfer

energy to co-proteins of the ESX-1 system. AAA-ATPases nor-
mally translate the conformational changes effected by the
ATPase motor to other domains of the protein to effect func-
tional consequences (e.g. HslU (40) undergoes conformational
changes upon ATP binding and release to unfold proteins des-
tined for proteolysis). In the case of Rv3868, the two domains
are in close proximity upon ATP binding. The release of the
nucleotide leads to a distinct relative conformational change
between the domains where the N terminus is more accessible
to the environment. This open-close movement apparently
enables interactions with target proteins and is consistent with
the behavior of other characterized AAA-ATPases like HslU or
ClpB.
The in silico modeling and docking calculations has helped

rationalize the observed activities and also the affinity of the
protein for different nucleotides. An exciting outcome of these
studies is the identification of Arg-429 as a potential sensor

FIGURE 6. Steady-state nucleotide binding of CT-Rv3868. A, emission spectra of 1 �M CT-Rv3868 (�) and in
the presence of, for example, 0.1 mM (E), 0.2 mM (‚), 0.5 mM (f), 0.7 mM (Œ), and 1.0 mM (	) ATP, respectively.
Inset, Scatchard plot of the titration of CT-Rv3868 (Form III) and ATP according to Equation 5 to determine the
binding stoichiometry of the complex. B, steady-state binding of ATP to CT-Rv3868 (f) and CT-Rv3868R429A (�).
Data are plotted as the percentage of fluorescence change versus ATP concentration (mM). C, ATP-induced
alterations in the molecular dimension of CT-Rv3868R429A (top) and CT-Rv3868 (bottom). Shown are size exclu-
sion chromatographic profiles for proteins (black) and upon incubation with 2.0 mM ATP (gray) on a Superdex-
200 column at pH 7.0 and 25 °C. The columns were run with the same concentration of ATP in which the protein
sample was incubated. The samples were incubated for 1 h in ATP before column chromatography.

FIGURE 7. Trp fluorescence quenching studies of Rv3868 and NT-Rv3868
by acrylamide and ATP. The quenching of intrinsic fluorescence of the pro-
teins was followed after the addition of increasing concentrations of acrylam-
ide or ATP. A, fluorescence quenching observed in Rv3868 (F), Rv3868 	 ATP
(�), and NT-Rv3868 (Œ) proteins upon the addition of acrylamide. The Stern-
Volmer quenching constants (KSV) corresponded to plot slopes (Equation 6).
B, relative decrease in TRP fluorescence upon the addition of ATP in Rv3868 	
ATP 	 MgCl2 (1), Rv3868 	 ATP (2), and NT-Rv3868 	 ATP	MgCl2 (3) sam-
ples, respectively.
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arginine (20). In themodel of themonomer alone, the residue is
far from the nucleotide binding site. It comes close to the bind-
ing site of the neighboring subunit in the oligomer to form a
part of the binding site. This residue is known to play a special
role by transducing the ATP hydrolysis/binding event into a
mechanochemical outcome in AAA-ATPases. However, the
catalytic functions in the respective proteins are known to be
different, and they play a context-specific role in the ATPases.
Although the Thr-338 and Lys-340 mutants affect the binding
of the nucleotide to varying degrees, they do not disrupt the
observed cooperativity (i.e. the conformational changes in the
oligomer that occur upon ATP binding are relatively undis-
turbed). The Arg-429 mutant abolishes cooperativity and leads
to a large reduction in binding of the nucleotide, underscoring
its role as a sensor arginine.
In summary, this is the first detailed characterization of the

hypothetical protein Rv3868, a critical component of the ESX-1
pathway in M. tuberculosis. The studies suggest a possible
molecular mechanism involving co-factor-induced relative
conformational changes in the domains throughwhich the pro-
tein can interact with other proteins of the pathway. The char-
acterization, molecular modeling, and mutational analysis of
Rv3868 set the stage for the identification of novel inhibitors
that can disrupt the export of critical tuberculosis virulence
factors.
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