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Abstract: The Rv1217c–Rv1218c multidrug efflux system, which belongs to the ATP-binding cas-

sette superfamily, recognizes and actively extrudes a variety of structurally unrelated toxic chemi-

cals and mediates the intrinsic resistance to these antimicrobials in Mycobacterium tuberculosis.
The expression of Rv1217c–Rv1218c is controlled by the TetR-like transcriptional regulator

Rv1219c, which is encoded by a gene immediately upstream of rv1218c. To elucidate the structural

basis of Rv1219c regulation, we have determined the crystal structure of Rv1219c, which reveals a
dimeric two-domain molecule with an entirely helical architecture similar to members of the TetR

family of transcriptional regulators. The N-terminal domains of the Rv1219c dimer are separated by

a large center-to-center distance of 64 Å. The C-terminal domain of each protomer possesses a
large cavity. Docking of small compounds to Rv1219c suggests that this large cavity forms a multi-

drug binding pocket, which can accommodate a variety of structurally unrelated antimicrobial

agents. The internal wall of the multidrug binding site is surrounded by seven aromatic residues,
indicating that drug binding may be governed by aromatic stacking interactions. In addition, fluo-

rescence polarization reveals that Rv1219c binds drugs in the micromolar range.

Keywords: Mycobacterium tuberculosis; transcriptional regulation; Rv1219c multidrug efflux regula-
tor; multidrug resistance

Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis

is responsible for the death of approximately 2 million

people each year and remains one of the most deadly

diseases.1,2 Standard treatment of TB requires 6–9

months with multiple antibiotics.3 Noncompliance to

this lengthy regimen results in relapses and selects for

multidrug resistant (MDR) and extensively drug resist-

ant (XDR) strains. MDR-TB are defined as strains

that are resistant to at least the front-line antibiotics
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isoniazid and rifampicin, and XDR-TB is defined as

resistant to rifampicin, isoniazid, fluoroquinolones, and

at least one of the injectible second-line drugs. Totally

drug-resistant TB was recently identified, indicating

that even second-line drugs can be misused and become

ineffective.4–8 Combined, the emergence of drug-

resistant TB complicates treatment, poses a significant

risk to global public health, and challenges our expecta-

tion for TB control and elimination.

Recent research indicates that multidrug resist-

ance of M. tuberculosis is linked to constitutive or

inducible expression of multidrug efflux pumps.9 Drug

efflux pumps of bacteria have been categorized into

five basic families: the ATP-binding cassette (ABC),

resistance-nodulation-division (RND), multidrug and

toxic compound extrusion, major facilitator, and small

multidrug resistance families.10 In Gram-negative

bacteria, efflux systems of the RND superfamily play

major roles in the intrinsic and acquired tolerance of

antibiotics and noxious chemicals.11 They are key

mechanisms by which these pathogens survive in the

presence of a variety of structurally unrelated, toxic

compounds unfavorable for their survival. However,

the ABC-type efflux transporters are not commonly

linked to multidrug resistance. In M. tuberculosis, the

ABC transporters Rv1217c–Rv1218c12 and Rv019413

are among the very few efflux proteins involved in

resistance to structurally diverse antimicrobials.

Roughly 2.5% of the M. tuberculosis H37Rv

genome encodes transport proteins of the ABC super-

family, but only a few of these transporters have been

characterized. Recent work demonstrated that the

ABC-type Rv1217c–Rv1218c efflux system functions

as a multidrug efflux pump, extruding a wide range

of structurally unrelated drugs, including novobiocins,

pyrazolones, biarylpiperazines, bisanilinopyrimidines,

pyrroles, and pyridones.12 Our work is focused on elu-

cidating how M. tuberculosis drug efflux systems are

regulated. We previously determined the crystal struc-

ture of the Rv3066 efflux regulator,14 which controls

the expression of the Mmr efflux pump.15 We report

here the crystal structure of the Rv1219c regulator,

which represses the transcriptional regulation of the

Rv1217c–Rv1218c multidrug efflux transport system.

The rv1219c gene is the first gene of the Rv1217c–

Rv1218c operon and encodes a 212 amino acid protein

that shares sequence homology to members of the

TetR family of transcriptional repressors. Our data

suggest that Rv1219c is a multidrug binding protein

that interacts with a variety of toxic aromatic com-

pounds, such as bisquinolinium cyclophanes, phos-

phoramidites, porphyrins, and pyridazines.

Results

Overall structure of Rv1219c
The crystal structure of the M. tuberculosis Rv1219c

transcriptional regulator was determined to a

resolution of 2.99 Å using single isomorphous

replacement with anomalous scattering (Supporting

Information Table S1 and Fig. S1), revealing that

only one Rv1219c molecule is present in the asym-

metric unit. However, a dimeric arrangement of the

regulator was found by applying a twofold crystallo-

graphic symmetry operator (Fig. 1). As a TetR-family

regulator, Rv1219c consists of two functional motifs:

the N-terminal DNA-binding and C-terminal ligand-

binding domains. Each subunit of Rv1219c is com-

posed of 10 helices (a1–a10 and a10–a100, respec-

tively). The helices of Rv1219c are designated

numerically from the N-terminus as a1 (7–23), a2

(29–36), a3 (40–47), a4 (50–74), a5 (78–86), a6

(92–104), a7 (108–130), a8 (139–160), a9 (166–188),

and a10 (194–206). In this arrangement, the smaller

N-terminal domain includes helices a1 through a3

and the N-terminal end of a4 (residues 50–60), with

a2 and a3 forming a typical helix–turn–helix motif.

However, the larger C-terminal domain comprises

Figure 1. Structure of the M. tuberculosis Rv1219c regulator.

(A) Ribbon diagram of a protomer of Rv1219c. The molecule

is colored using a rainbow gradient from the N-terminus

(blue) to the C-terminus (red). An interactive view is available

in the electronic version of the article. (B) Ribbon diagram of

the Rv1219c dimer. Each subunit of Rv1219c is labeled with

a different color (green and orange). The figure was prepared

using PyMOL (http://www.pymol.sourceforge.net). An

interactive view is available in the electronic version of the

article.
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the C-terminal end of helices a4 (residues 61–74)

through a10, and helices a8, a9, and a10 are

involved in the dimerization of the regulator.

N-terminal domain

The smaller N-terminal domain of Rv1219c shares

considerably high sequence and structural similar-

ities with the other TetR family members.16 This is

evident through protein sequence alignment that

residues 7–60 of Rv1219c possess 25%, 24%, and

31% amino acid identity to TetR,17 QacR,18 and

Rv3066,14 respectively. In addition, superimposition

of the Ca atoms of this N-terminal region, between

residues 7 and 60, with those of AcrR19 and

Rv306614 results in overall rms deviations of 3.1 and

3.2 Å.

Perhaps, the most striking difference between

the structures of Rv1219c and other TetR members

is its large center-to-center distance, which is

approximately 64 Å, between the two N-termini of

the dimer (Fig. 1). This center-to-center distance is

by far the longest among all known structures of the

TetR-family regulators. The corresponding distances

between the two recognition helices of the DNA-

binding domains are 35, 39, and 42 Å in the apo

forms of TetR,17 QacR,18 and AcrR.19 Given that the

separation between two successive major grooves of

a B-form DNA is 34 Å, the large center-to-center dis-

tance of Rv1219c may allow this regulator to span

three consecutive major grooves of the promoter

DNA.

C-terminal domain

The C-terminal domain of Rv1219c consists of six a

helices (a4–a10), with helices a4, a5, a7, a8, and a9

forming an antiparallel five-helix bundle (Fig. 1).

Like QacR, the dimerization surface mainly com-

prises helices a8 and a9, although helices a6 and a7

are also involved in the formation of the dimer.

These helices make contacts with their counterparts

to stabilize the dimerization. It should be noted that

helix a10 of the C-terminal end of Rv1219c forms a

long arm feature. This feature is unique in Rv1219c

and was not found in other members of the TetR

family. The elongated helical arm extends its length

to the next subunit of the regulator and is anchored

into the deep groove created by helices a50 and a90.

Presumably, this long arm and deep groove within

the dimer are engaged to generate an interlocking

system, securing the dimerization state of Rv1219c.

The interlocking system may also allow the two

N-terminal DNA-binding domains of the dimer to

shift away from each other while still maintaining

the dimeric form of the regulator. Although the

C-terminal region displays no primary sequence con-

servation among members of the TetR family, the

overall structure of the C-terminal domain of

Rv1219c exhibits topological similarity to those of

AcrR,19 Rv3066,14 EthR,20,21 QacR,18 and CmeR.22

The crystal structure of Rv1219c also revealed

that the C-terminal a-helical bundle of each subunit

of the regulator forms a large internal cavity, with

an internal volume of �802 Å3. Superimposition of

the C-terminal domain of Rv1219c with that of QacR

indicates that this large internal cavity overlaps

with the multidrug binding pocket of QacR.18 Thus,

this cavity, assembled by helices a4–a9, presumably

creates a substrate-binding site of the regulator. The

interior of the cavity is surrounded by several aro-

matic residues, including W81, Y91, W113, Y123,

F154, Y174, and Y186 (Fig. 2). These residues may

interact with the bound substrate via aromatic

stacking and hydrophobic interactions.

Electrophoretic mobility shift assays

The organization of the genetic locus containing the

rv1219c gene is depicted in Figure 3(A). Based on

the genetic organization and preliminary ChIPSeq

data from the TB Systems Biology Consortium, it

was likely that Rv1219c regulated itself and down-

stream genes via binding of multiple sites. To

demonstrate direct transcriptional regulation, we

performed electrophoretic mobility shift assays

(EMSA) using probes that comprised the intergenic

region upstream of rv1219c and intragenic regions

immediately upstream of the rv1218c gene that corre-

sponded to additional ChIP-seq peaks [Fig. 3(A)]. We

observed a concentration-dependent shift of the

Figure 2. The C-terminal multidrug binding site. The seven

aromatic residues (W81, Y91, W113, Y123, F154, Y174, and

Y186) that surround the interior of the multidrug binding cav-

ity of Rv1219c are in yellow sticks. The cationic residue K69,

which is thought to be important for interacting with the

bound drug, is in magenta stick. The top three Rv1219c sub-

strates are also included (red, UCL 1684; orange, (S)-(1)-N-

(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a0]dinaphthalen-4-

yl)-dibenzo[b,f]azepine; blue, phthalocyanine).
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Rv1219c probe and the two Rv1218c probes [Fig. 3(B)].

Therefore, Rv1219c directly regulates expression of

Rv1219c and the Rv1217c–Rv1218c transporter. The

affinity of Rv1219c for the probe encompassing the

rv1219c promoter was greatest, shifting completely

upon addition of 1 lM Rv1219c. The Rv1218-1 and

Figure 3. Rv1219c binds to promoter regions of rv1219c and upstream of the rv1218c gene. (A) A schematic depicting the

DNA probes used in electrophoretic mobility shift assays (EMSAs) to examine the promoter region of rv1219c and rv1218c. (B)

EMSAs were performed using 12 nM Dig-labeled probe and the indicated micromolar concentrations of protein. An arrow

denotes the shifted probes. (C) The reverse complement sequence of rv1219c-rv1218c region. The stop codon of rv1220c is

underlined, the start codons of rv1219c and rv1218c are bold and underlined. The 142 bp intergenic region between rv1220c

and rv1219c is in lowercase, coding sequences are in upper case. Indirect repeats were identified in each of the probes using

the MEME algorithm. The high-affinity binding site in the rv1219c promoter probe is highlighted in green. The low-affinity

Rv1219c binding motifs in the rv1218-1 and rv1218-2 probes are highlighted in blue and yellow, respectively. (D) EMSAs were

performed using 12 nM Dig-labeled probe and the indicated micromolar concentrations of protein. An arrow denotes the shifted

probes. Synthetic oligonucleotide duplexes comprising the high affinity binding site plus eight nucleotides on either side (74 bp

total) were used as probes.
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Rv1218-2 probes did not completely shift even upon

addition of 10 lM Rv1219c. Rv1219c bound the

Rv1218-2 probe better than the Rv1218-1 probe, sug-

gesting that high-, medium-, and low-affinity binding

sites exist. We identified indirect repeats in each of the

probes that are likely binding sequences for Rv1219c

[Fig. 3(C)]. To demonstrate the minimal binding motif

for Rv1219c, 74 bp oligonucleotide duplexes corre-

sponding to the indirect repeat encompassed by probe

Rv1219c were synthesized [Fig. 3(D)]. This probe

shifted upon addition of purified Rv1219c protein. A

mutated 74-mer oligo was also synthesized with muta-

tions within the indirect repeat. The mutated probe

shifted with reduced efficiency compared to the wild-

type probe [Fig. 3(D)]. Combined these data provide

strong evidence that Rv1219c recognizes the indirect

repeat in the Rv1219c promoter [green highlight, Fig.

3(B)]. Our EMSA data suggest that Rv1219c regulates

its own expression and the rv1219c operon primarily

through the high-affinity binding site highlighted in

green in Figure 2(C). The additional medium and

low-affinity binding sites highlighted in yellow and

blue in Figure 3(C), respectively, allow Rv1219c to fur-

ther modulate the expression of rv1218c.

Rv1219c–DNA interaction
The binding affinity of the 58-bp DNA sequence [in

Fig. 3(C), green] within the rv1219c promoter region

for the Rv1219c regulator was determined using iso-

thermal titration calorimetry (ITC), which obtained

the binding affinity constant, KA, of 1.2 6 0.1 3

1026 M21. The enthalpic (DH) and entropic (DS) con-

tributions for this binding are 4.8 6 0.1 kcal mol21

and 44.1 cal mol deg21 (Fig. 4). Interestingly, the

molar ratio for this binding reaction based on ITC is

one Rv1219c dimer per ds-DNA.

Rv1219c–drug interactions
The Rv3066 multidrug efflux regulator14 binds sev-

eral dyes, fluorescence polarization was used to

examine if Rv1219c can also bind these dyes, includ-

ing rhodamine 6G, ethidium, and safranin O. We

found that Rv1219c interacts with rhodamine 6G,

ethidium, and safranin O with KD values of 4.6 6

0.5, 32.4 6 7.4, and 42.4 6 7.6 lM, respectively (Fig.

5 and Supporting Information Fig. S2). These data

also suggest that the Rv1219c protein binds these

molecules with a simple binding stoichiometry of 1:1

protomer-to-drug molar ratio. Further study is

needed to confirm this protein-to-drug binding ratio.

Virtual ligand library screening

To elucidate the nature of protein–ligand interac-

tions in the Rv1219c regulator virtual ligand screen-

ing was performed using the large internal cavity

formed by the C-terminal domain of Rv1219c as a

substrate binding cavity. We used AutoDock Vina23

to screen small molecules in the DrugBank24 and

ZINC25 libraries. Vina23 uses the iterated local

search global optimizer algorithm, which results in

predicted binding free energies for these compounds

ranging from 213.8 to 120 kcal mol21. Of the

70,000 screened compounds, the best predicted sub-

strate for Rv1219c was the bisquinolinum cyclo-

phane compound UCL 1684 ditrifluoroacetate, which

is a potassium channel blocker, with a predicted

binding free energy of 213.3 kcal mol21. Supporting

Information Table S2 lists the top 11 substrates,

which have the lowest predicted binding free ener-

gies, for the Rv1219c regulator.

As our fluorescence polarization data showed

that Rv1219c binds rhodamine 6G, ethidium, and

safranin O, Vina23 was also used to examine how

these dyes interact with the regulator. These dyes

also bind within the multidrug binding pocket of the

protein. The predicted binding free energies for

these dyes are 28.3, 28.1, and 27.8 kcal mol21,

respectively. These free energies suggest that

Rv1219c binds the substrates listed in Supporting

Figure 4. Representative isothermal titration calorimetry for

the binding of the 58-bp DNA to Rv1219c regulator. (A) Each

peak corresponds to the injection of 10 lL of 200 lM 58-bp

DNA in buffer containing 10 mM Na-phosphate (pH 7.5) and

100 mM NaCl into the reaction cell containing 10 lM

Rv1219c in the same buffer. (B) Cumulative heat of reaction

is displayed as a function of the injection number. The solid

line is the least-square fit to the experimental data, giving a

KA of 1.2 6 0.1 3 1026 M21. The molar-to-molar ratio of

dimeric Rv1219c:58-bp ds-DNA is 1:1.
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Information Table S2 more strongly than these dyes.

Interestingly, Vina suggests that Rv1219c uses the

same binding mode to interact with these drugs and

dyes.

Discussion

With the rising incidence of MDR-TB, it is increas-

ingly important to understand the mechanisms

underlying resistance to multiple antibiotics in this

pathogen. The crystal structure of Rv1219c provides

direct information about how this regulator interacts

with its inducing ligands. The surface of the

Rv1219c multidrug binding cavity has several famil-

iar aromatic and hydrophobic residues that are crit-

ically important in other multidrug binding proteins.

These residues produce a hydrophobic environment

for substrate binding in the C-terminal regulatory

domain.

AutoDock Vina23 was used to study how

Rv1219c binds a variety of drugs, and demonstrated

that the large cavity of the multidrug binding site of

each Rv1219c monomer can accommodate many dif-

ferent classes of drugs (Fig. 2). Surprisingly, the top

substrate for Rv1219c was the positively charged

heterocyclic bisquinolinium cyclophane UCL 1684

potassium channel blocker. The next top three sub-

strates belong to the classes of phosphoramidite, tet-

rapyrrole, and organophosphorous, suggesting that

these small molecules may also be the substrates of

the Rv1217c–Rv1218c multidrug efflux pump. These

top compounds are either cationic or neutral

molecules. In each case, the bound drug was com-

pletely buried within the multidrug binding site of

the Rv1219c protomer, and strong aromatic stacking

interaction was observed between the bound drug

and regulator. The docking study also indicates that

residues I63, L73, W81, Y91, Y123, L146, F154,

Y174, and Y186 are important for providing hydro-

phobic and aromatic stacking interactions with these

drugs.

As fluorescence polarization experiments dem-

onstrate that Rv1219c binds rhodamine 6G, ethi-

dium, and safranin O in the micromolar range, we

also used Vina23 to model the interactions between

these positively charged dyes and the regulator. The

binding affinities of these dyes by Rv1219c are much

weaker than those of the top Rv1219c substrates.

However, all these dyes and top Rv1219c substrates

are bound within the same multidrug binding site

with a similar binding mode, suggesting that the

process of induction by these ligands is similar.

A distinguishing feature of multidrug binding

proteins that bind cationic drugs is the presence of

buried acidic glutamates or aspartates in the ligand

binding pockets. This was clearly demonstrated by

the structures of the QacR18,26 and Rv306614 regula-

tors. A similar characteristic for the TetR-family reg-

ulators that recognize negatively charged

antimicrobials has also been observed with TtgR27

and CmeR.28 In this case, positively charged histi-

dines or lysines within the ligand-binding pockets

are critical for the binding. In the case of Rv1219c,

the predicted substrates are either neutral or posi-

tively charged. Thus, we expected a buried acidic

residue was needed to participate in binding the

substrate. Unexpectedly, the binding crevice of

Rv1219c does not contain any glutamate or aspar-

tate. The only charged residue found within the

multidrug binding cavity is the cationic lysine K69

(Fig. 2). Based on the docking results with the posi-

tively charged UCL 1684 and neutral phthalocya-

nine ligands, this lysine residue is within 4.8 and

3.1 Å away from these bound ligands. It is likely

that K69 is responsible for providing electrostatic

interaction for the binding. However, neutralization

of the formal charge of the bound ligand may not be

a prerequisite for drug recognition. Intriguingly,

there are three methionines, M85, M95, and M116,

seemingly coordinating with each other within this

hydrophobic binding cavity. These three methionines

form a triad, similar to the periplasmic heavy metal

binding site of the CusA efflux pump.29–31 It is possi-

ble that these three methionines may cooperate to

create a metal binding site within the multidrug

binding cavity. The crystal structures of Rv1219c

bound with a variety of ligands will be crucial for

further understanding of how this regulator recog-

nizes multiple antimicrobials.

Figure 5. Representative fluorescence polarization of

Rv1219c. The binding isotherm of Rv1219c with safranin O,

showing a KD of 42.4 6 7.6 lM. Fluorescence polarization is

defined by the equation, FP 5 (V 2 H)/(V 1 H), where FP

equals polarization, V equals the vertical component of the

emitted light, and H equals the horizontal component of the

emitted light of a fluorophore when excited by vertical plane

polarized light. FP is a dimensionless entity and is not

dependent on the intensity of the emitted light or on the con-

centration of the fluorophore. mP is related to FP, where 1

mP equals one thousandth of a FP.
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The structural similarity of the N-terminal

domains of members of the TetR family suggests a

similar mode of interaction with target DNAs. It is

known that the separation between two consecutive

major grooves of B-DNA is 34 Å. Based on the apo

structure of Rv1219c, the two DNA recognition

regions of the dimer are separated by 64 Å. There-

fore, it is possible that the Rv1219c dimer is capable

of spanning three successive major grooves of the

double helix when it binds its IR. Rv1219c likely

represses the transcription of rv1217c–rv1218c by

binding to the high-affinity IR sequence in the pro-

moter region of the efflux operon and the lower

affinity sites immediately upstream of rv1218c. It is

striking that the promoter probe contains a perfect

IR that spans 58 bp [Fig. 3(C), green]. MEME analy-

sis of the three probes defined a consensus binding

motif corresponding to this IR that was also present

in the Rv1218-2 probe. However, the putative bind-

ing site in the Rv1218-2 probe is degenerate

(CGATCTGACCGCGCACGCCAGG), which may

explain reduced binding of Rv1219c to the Rv1218-2

probe relative to Rv1219 probe in the EMSAs.

The control of TB has been compromised by the

increasing proportion of infections due to drug-

resistant strains, which are growing at alarming

rate. Thus, there is a need to develop new

approaches for the treatment of TB. Elucidating the

structures and functions of efflux pumps and regula-

tors of M. tuberculosis should enable researchers to

explore novel avenues to combat the disease. It has

been observed that the expression level of the

Rv1217c–Rv1218c multidrug efflux pump is signifi-

cantly increased in clinically isolated MDR-TB

strains in comparison with that of the wild-type

H37Rv M. tuberculosis.32 In this article, we have

reported the crystal structure of the Rv1219c regula-

tor, which controls the expression level of Rv1217c–

Rv1218c. The available of this crystal structure may

allow us to rationally design agents that block the

function of this regulator and diminish the expres-

sion of the multidrug efflux pump, which in turn

heightens the sensitivity of this pathogen to

antimicrobials.

Materials and Methods

Cloning of rv1219c

The rv1219c ORF from genomic DNA of M. tubercu-

losis strain H37Rv was amplified by PCR using the

primers 50-CCATGGGCCGTTCAGCCGATCTGACC-30

and 50-GGATCCTCAGTGATGATGATGATGATGG

CCGACATGTGCTTCTCC-30. The corresponding PCR

product was digested with NcoI and BamHI,

extracted from the agarose gel, and inserted into

pET15b as described by the manufacturer (Merck

KGaA, Darmstadt, Germany) to generate a product

that encodes a Rv1219c recombinant protein with a

6xHis tag at the C-terminus (Rv1219c-His6). The

recombinant plasmid (pET15bXrv1219c) was trans-

formed into DH5a cells and the transformants were

selected on LB agar plates containing 100 lg mL21

ampicillin. The presence of the correct rv1219c

sequence in the plasmid construct was verified by

DNA sequencing.

Expression and purification of Rv1219c

Briefly, Rv1219c-His6 was overproduced in Escherichia

coli BL21(DE3) cells carrying pET15bXrv1219c. Cells

were grown in 6 L of Luria Broth (LB) medium with

100 lg mL21 ampicillin at 37�C. When the OD600

reached 0.5, the culture was treated with 1 mM iso-

propyl-b-D-thiogalactopyranoside (IPTG) to induce

Rv1219c expression, and cells were harvested within 3

h. The collected bacterial cells were suspended in 100

mL ice-cold buffer containing 20 mM Na-HEPES (pH

7.2) and 200 mM NaCl, 10 mM MgCl2, and 0.2 mg

DNase I (Sigma–Aldrich). The cells were then lysed

with a French pressure cell. Cell debris was removed

by centrifugation for 45 min at 4�C and 20,000 rev

min21. The crude lysate was filtered through a 0.2 lm

membrane and was loaded onto a 5 mL Hi-Trap Ni21-

chelating column (GE Healthcare Biosciences, Pitts-

burgh, PA) pre-equilibrated with 20 mM Na-HEPES

(pH 7.5) and 250 mM NaCl. To remove unbound pro-

teins and impurities, the column was first washed

with six column volumes of buffer containing 50 mM

imidazole, 250 mM NaCl, and 20 mM Na-HEPES (pH

7.5). The Rv1219c protein was then eluted with four

column volume of buffer containing 300 mM imidazole,

250 mM NaCl, and 20 mM Na-HEPES (pH 7.5). The

purity of the protein was judged using 12.5% SDS-

PAGE stained with Coomassie Brilliant Blue. The

purified protein was extensively dialyzed against

buffer containing 100 mM imidazole, 250 mM NaCl,

and 20 mM Na-HEPES (pH 7.5), and concentrated to

12 mg mL21.

For the SeMet-Rv1219c-His6 protein expression,

a 10 mL LB broth overnight culture containing E.

coli BL21(DE3)/pET15bXrv1219c cells was trans-

ferred into 60 mL of LB broth containing 100 lg

mL21 ampicillin and grown at 37�C. When the

OD600 value reached 1.2, cells were harvested by

centrifugation at 6000 rev min21 for 10 min, and

then washed two times with 10 mL of M9 minimal

salts solution. The cells were re-suspended in 60 mL

of M9 media and then transferred into a 6 L pre-

warmed M9 solution containing 100 mg mL21 ampi-

cillin. The cell culture was incubated at 25�C with

shaking. When the OD600 reached 0.4, 100 mg L21

of lysine, phenylalanine, and threonine, 50 mg L21

isoleucine, leucine, and valine, and 60 mg L21 of

L-selenomethionine were added. The culture was

induced with 1 mM IPTG after 15 min. Cells were

then harvested within 15 h after induction. The
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procedures for purifying SeMet-Rv1219c were identi-

cal to those of the native protein.

Crystallization of Rv1219c

All crystals of the Rv1219c-His6 were obtained using

hanging-drop vapor diffusion. The Rv1219c crystals

were grown at 4�C in 24-well plates with the follow-

ing procedures. A 2 lL protein solution containing 12

mg mL21 Rv1219c protein in 20 mM Na-HEPES (pH

7.5), 250 mM NaCl, and 100 mM imidazole was

mixed with a 2 lL of reservoir solution containing

5% Jeffamine M-600, 0.1 M Na-citrate (pH 5.6), and

0.6 M NaCl. The resultant mixture was equilibrated

against 500 lL of the reservoir solution. Crystals

grew to a full size in the drops within 2 weeks. Typi-

cally, the dimensions of the crystals were 0.2 mm 3

0.2 mm 3 0.2 mm. Cryoprotection was achieved by

raising the glycerol concentration stepwise to 25%

with a 5% increment in each step. Crystals of the

tungsten derivative were prepared by incubating the

crystals of Rv1219c in solution containing 5% Jeff-

amine M-600, 0.1 M Na-citrate (pH 5.6), 0.6 M NaCl,

and 1 mM (NH4)2W6(l-O)6(l-Cl)6Cl6 for 24 h at 25�C.

Data collection, structural determination,

and refinement
All diffraction data were collected at 100 K at beam-

line 24ID-E located at the Advanced Photon Source,

using an ADSC Quantum 315 CCD-based detector.

Diffraction data were processed using DENZO and

scaled using SCALEPACK.33 The crystals of Rv1219c

belong to the space group I432 (Supporting Informa-

tion Table S1). Based on the molecular weight of

Rv1219c (23.18 kDa), the asymmetric unit is expected

to contain one regulator protomer with a solvent con-

tent of 22.56%. The heavy-atom derivative was iso-

morphous with the native crystal (Supporting

Information Table S1). Six tungsten cluster sites

were identified using HySS as implemented in the

PHENIX package.34 Single isomorphous replacement

with anomalous scattering was used to obtain experi-

mental phases using the program MLPHARE.35,36

The resulting phases were subjected to density modi-

fication by RESOLVE37 using the native structure

factor amplitudes. Density modified phases were good

enough to allow us to visualize the secondary struc-

tural features of the molecule. These phases were

then subjected to density modification and phase

extension to 2.99 Å-resolution using the program

RESOLVE.37 The resulting phases were of excellent

quality that enabled tracing of most of the molecule.

In addition, the selenomethionyl-substituted (SeMet)

crystal data were used to help in tracing the mole-

cules by anomalous difference Fourier maps where

we could ascertain the proper registry of SeMet resi-

dues. The full-length Rv1219c protein consists of

eight methionine residues and all these eight

selenium sites were identified in each protomer of the

protein. After tracing the initial model manually

using the program Coot,38 the model was refined

against the native data at 2.99 Å-resolution in

PHENIX,34 leaving 5% of reflections in Free-R set.

Iterations of refinement using PHENIX34 and CNS39

and model building in Coot38 lead to the current

model, which consists of 205 residues with excellent

geometrical characteristics (Supporting Information

Table S1).

Electrophoretic mobility shift assays

Rv1219c-His6 was purified from E. coli lysates using

Talon resin (Novagen). Probes were amplified from

the H37Rv genome using the primers listed in

Supporting Information Table S3. Synthetic probes

were synthesized with the following sequences: WT-

TAATTCGGCGAGCAGACGCAAAATCGCCCTGAAC

CGTGCGTTCCAGGGCGATTTTGCGTCTGCTCGGC

AAAGTT; mutant- TAATTCGGTATACGCTACGAGC

ATCTATATGAACCGTGCGTTCTATACGCTACAGGG

CGATTATAGGCAAAGTT. All probes were labeled

with Digoxigenin using the Roche DIG Gel Shift kit.

For EMSA analysis, 12 nM Dig-labeled probe and

the indicated micromolar concentrations of protein

were incubated for 45 min at room temperature in

the Roche binding buffer modified by the addition of

0.25 mg mL21 herring sperm DNA, and 0.75 lg

mL21 poly(d[I-C]). All reactions were resolved on a

6% native polyacrylamide gel in TBE buffer, trans-

ferred to nylon membrane, and DIG-labeled DNA–

protein complexes detected following the manufac-

turer’s recommendations. Chemiluminescent signals

were acquired using an ImageQuant LAS 4000 (GE).

Isothermal titration calorimetry

We used ITC to examine the binding of the DNA

sequence [highlighted in green in Fig. 3(C)] to the

purified Rv1219c regulator. Measurements were per-

formed on a VP-Microcalorimeter (MicroCal, North-

ampton, MA) at 25�C. Before titration, the protein

was thoroughly dialyzed against buffer containing

10 mM Na-phosphate pH 7.2 and 100 mM NaCl.

The protein concentration was determined using the

Bradford assay. The protein sample was then

adjusted to a final concentration of 10 lM. DNA

solution consisting of 200 lM 58-bp ds-DNA in 10

mM Na-phosphate pH 7.2 and 100 mM NaCl was

prepared as the titrant. The protein and ligand sam-

ples were degassed before they were loaded into the

cell and syringe. Binding experiments were per-

formed with the protein solution (1.5 mL) in the cell

and the DNA as the injectant. Ten-microliter injec-

tions of the ligand solution were used for data

collection.

Injections occurred at intervals of 240 s, and the

duration time of each injection was 10 s. Heat trans-

fer (lcal s21) was measured as a function of elapsed
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time (s). The mean enthalpies measured from injec-

tion of the ligand in the buffer were subtracted from

raw titration data before data analysis with ORIGIN

software (MicroCal). Titration curves were fitted by

a nonlinear least squares method to a function for

the binding of a DNA to a macromolecule. Nonlinear

regression fitting to the binding isotherm provided

us with the equilibrium binding constant (KA 5 1/

KD) and enthalpy of binding (DH). Based on the val-

ues of KA, the change in free energy (DG) and

entropy (DS) were calculated with the equation: DG

5 2RT lnKA 5 DH 2 TDS, where T is 273 K and R

is 1.9872 cal K21 mol21. Calorimetry trials were also

performed in the absence of Rv1219c in the same

experimental conditions. No change in heat was

observed in the injections throughout the experiment.

Fluorescence polarization assay for ligand

binding affinity

Fluorescence polarization was used to determine the

binding affinities of a variety of Rv1219c ligands,

including rhodamine 6G, ethidium bromide, and

safranin O. The experiment was done using a ligand

binding solution containing 10 mM Na-phosphate

(pH 7.2), 100 mM NaCl, and 1 lM ligand (rhodamine

6G, ethidium bromide, or safranin O). The protein

solution consisting of Rv1219c in 10 mM Na-

phosphate (pH 7.2), 100 mM NaCl, and 1 lM ligand

(rhodamine 6G, ethidium bromide, or safranin O)

was titrated into the ligand binding solution until

the polarization (P) was unchanged. As this is a

steady-state approach, fluorescence polarization mea-

surement was taken after a 5-min incubation for

each corresponding concentration of the protein and

bile acid to ensure that the binding has reached equi-

librium. All measurements were performed at 25�C

using a PerkinElmer LS55 spectrofluorometer

equipped with a Hamamatsu R928 photomultiplier.

The excitation and emission wavelengths were 526

and 555 nm for rhodamine 6G, 483, and 620 nm for

ethidium, and 520 and 587 nm for safranin O. Fluo-

rescence polarization signal (in DP) was measured at

the emission wavelength. Each titration point

recorded was an average of 15 measurements. Data

were analyzed using the equation, P 5 {(Pbound 2

Pfree)[protein]/(KD 1 [protein])} 1 Pfree, where P is

the polarization measured at a given total protein

concentration, Pfree is the initial polarization of free

ligand, Pbound is the maximum polarization of specifi-

cally bound ligand, and [protein] is the protein con-

centration. The titration experiments were repeated

for three times to obtain the average KD value.

Curve fitting was accomplished using the program

ORIGIN (OriginLab Corporation, Northampton, MA).

Virtual ligand screening using AutoDock Vina
AutoDock Vina was used for virtual ligand screening

of a variety of compounds. The docking area was

assigned visually to cover the internal cavity of the

Rv1219c monomer. A grid of 35 Å 3 35 Å 3 35 Å with

0.375 Å spacing was calculated around the docking

area for all atom types presented in the DrugBank and

ZINC libraries using AutoGrid. The iterated local

search global optimizer algorithm was used to predict

the binding free energies for these compounds.

Protein Data Bank accession code

Coordinates and structural factors for the structure

of Rv1219c have been deposited at the RCSB Protein

Data Bank with an accession code 4NN1.
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