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The first structure for a member of the DUF3349 (PF11829) family of proteins, Rv0543c from Mycobacte-
rium tuberculosis, has been determined using NMR-based methods and some of its biophysical properties
characterized. Rv0543c is a 100 residue, 11.3 kDa protein that both size exclusion chromatography and
NMR spectroscopy show to be a monomer in solution. The structure of the protein consists of a bundle
of five a-helices, a1 (M1 - Y16), o2 (P21 - C33), a3 (S37 - G52), a4 (G58 - H65) and a5 (S72 - G87), held
together by a largely conserved group of hydrophobic amino acid side chains. Heteronuclear steady-state
{'H}-">N NOE, T4, and T values are similar through-out the sequence indicating that the backbones of the
five helices are in a single motional regime. The thermal stability of Rv0543c, characterized by circular
dichroism spectroscopy, indicates that Rv0543c irreversibly unfolds upon heating with an estimated
melting temperature of 62.5 °C. While the biological function of Rv0543c is still unknown, the presence
of DUF3349 proteins predominately in Mycobacterium and Rhodococcus bacterial species suggests that
Rv0543 may have a biological function unique to these bacteria, and consequently, may prove to be an
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attractive drug target to combat tuberculosis.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Approximately 1.6 million people die annually from infection
with Mycobacterium tuberculosis, the aetiological agent responsible
for the chronic infectious disease tuberculosis (TB)' [1]. Via inhala-
tion of aerosolized bacilli as droplet nuclei exhaled from coughing
infected individuals [2], almost 10 million people become newly
infected annually [1]. Indeed, it is estimated that one-third of the hu-
man population would have a positive skin test for the disease [3].
While TB is held in check by effective public health care systems
in the Western world, it is endemic in 22 “high-burden” nations
[4]. Due to the evolution of multi-drug and extremely drug-resistant
M. tuberculosis strains along with the prevalence of high human
immunodeficiency virus infections [5-7], there is a fear that the
industrialized world may lose its ability to control this disease [4].
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Consequently, it is of fundamental importance to develop a new gen-
eration of intervention strategies against TB [8].

The current TB control strategy employed by the World
Health Organization (WHO) is based on Directly Observed
Treatment and Short-course drug therapy (DOTS) [9]. In addition
to saving the lives of infected individuals, early diagnosis and
treatment of the disease interrupts transmission. A major focus
in the search for new anti-TB drug therapies is a molecular
understanding of the M. tuberculosis gene products and the inter-
action of various metabolic pathways in the microenvironment in
the host that allow M. tuberculosis to survive [4]. One highly
conserved gene product present in M. tuberculosis and other
Mycobacterium and Rhodococcus species is a small protein of
100 amino acid residues, Rv0543c. This protein contains a
“Domain of Unknown Function” that falls into the DUF3349
(PF11829) superfamily of proteins. To date there is no known
function for this protein and a structure has not been solved
for any of the DUF3349 family members. To obtain further
insights into the biological function of Rv0543c and the other
proteins in the DUF3349 superfamily, the solution structure for
Rv0543c was determined using NMR-based methods, its thermo-
stability assayed using circular dichroism spectroscopy, and the
dynamics of the protein explored by NMR spectroscopy.
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Materials and methods
Cloning, expression, and purification

The DNA coding sequence for the M. tuberculosis Rv0543c gene
was cloned into a modified pET28b vector (Novagen, Madison,
WI) upstream of the Ndel site such that the expressed protein con-
tained an N-terminal poly-histidine tag (MGSSHHHHHHSSGLVPR
GSH-). This recombinant vector was then transfected into the host
Escherichia coli bacterial strain BL21PRO (Clontech, Palo Alto, CA).
Uniformly '>N- and '°N-, '3C-labeled Rv0543c was obtained by
growing the transformed cells (37 °C) in minimal medium (Miller)
containing '>NH4Cl (1 mg/mL) and p-['3Cg]glucose (2.0 mg/mL)
supplemented with Fe,Cl; (50 pig/mL) and the antibiotics kanamy-
cin (34 pg/mL) and spectinomycin (100 pg/mL). Once the cells
reached an ODggp reading of ~0.8, the cells were cooled to 25 °C
and protein expression induced with isopropyl B-p-1-thiogalacto-
pyranoside (0.026 pig/mL). Cells were harvested 4-6 h later and
frozen at —80 °C. Following established protocols [10,11], the fro-
zen pellet was later thawed, the cells passed three times through
a French press and the cell lysate applied to a Ni-NTA affinity col-
umn (Qiagen, Valencia, CA). The fraction containing target protein
was exchanged into thrombin cleavage buffer by dialysis (150 mM
NaCl, 20 mM Tris-HCI, pH 8.4), concentrated to ~2 mL, and the
N-terminal poly-histidine tag removed by overnight incubation
with thrombin at room temperature. Using a flow rate of 1.0 mL/
min, the reaction solution was then loaded on a Superdex75 HiLoad
10/30 column (GE Healthcare, Piscataway, NJ) to simultaneously
purify the protein and exchange it into NMR buffer (300 mM Na(l,
20 mM Tris-HCl, 1.0 mM dithiothreitol, pH 7.1). The band contain-
ing Rv0543c (retention time = 81 min) was collected and the vol-
ume reduced (Amicon Centriprep-10) to generate NMR samples in
the 1-2 mM range (Lowry analysis). The SDS-PAGE analysis of the
final NMR samples showed the protein to be >~95% pure.

Optical spectroscopy

Circular dichroism data was collected on an Aviv Model 410
spectropolarimeter (Lakewood, NJ) calibrated with an aqueous
solution of ammonium bp-(+)camphorsulfonate using a 0.06 mM
Rv0543c sample in NMR buffer and in a quartz cell of 0.1 cm path
length. A thermal denaturation curve was obtained by recording
and plotting the ellipticity at 220 nm in 2.0 °C intervals from 10
to 80 °C. A melting temperature, T,, was estimated from the ther-
mal denaturation curve by taking a first derivative of the plot using
the Aviv software [12]. Steady-state wavelength spectra for
Rv0543c were recorded in 0.5 nm increments between 200 and
260 nm at 25 °C, 80°C, and 25 °C (post-heating). Each reported
steady-state wavelength spectrum was the result of averaging
two consecutive scans with a bandwidth of 1.0 nm and a time con-
stant of 1.0 s. These spectra were processed by subtracting a blank
spectrum from the protein spectrum and then automatically line
smoothing the data using Aviv software.

NMR spectroscopy and resonance assignments

Varian 750- and 600-Inova spectrometers equipped with triple
resonance probes and pulse field gradients were used to collect the
NMR data required for resonance assignments and structure deter-
mination. The NMR data, collected on 1-2 mM samples at 20 °C,
were processed with Felix2007 (Felix NMR, Inc., San Diego, CA)
and analyzed with Sparky (v3.115) [13]. Chemical shifts were ref-
erenced to DSS (DSS = 0 ppm) using indirect methods [14].

The 'H, 3C, and '°N chemical shifts of the backbone and side
chain resonances were obtained from standard two-dimensional

TH-">N HSQC, 'H-'3C HSQC, HBCBCGCDHD, and HBCBCGCDCHE
experiments and three-dimensional HNCACB, CBCA(CO)NH, HNCO,
HCC-TOCSY-NNH and CC-TOCSY-NNH experiments using Varian
Protein-pack pulse programs. Distance restraints were obtained
from a suite of three-dimensional, '*C- and '’N-edited NOESY-
HSQC experiments using a mixing time of 80 ms. Deuterium-
exchange studies were performed by lyophilizing an '°N-labeled
NMR sample, re-dissolving in 99.8% D,0, and immediately collect-
ing 'H-!°N HSQC spectra 10, 20, and 60 min after the exchange.
Steady-state {'H}-'>N heteronuclear NOE values (NOE = Is,¢/lunsat)
were measured in triplicate from the ratios of 'H-'°N HSQC cross
peak volumes in spectra recorded in the presence (Is,) and absence
(Iunsat) Of three seconds of proton presaturation prior to the '°N
excitation pulse [15-17]. Nitrogen-15 T, and T, values were mea-
sured using previously described experiments [15] with seven dif-
ferent time delays (s): 0.0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8 (T;); 0.01, 0.03,
0.05,0.07,0.09, 0.11, and 0.13, (T3). Values for T; and T, and an esti-
mate of their associated errors were obtained using the rate anal-
ysis function in Sparky (v3.115) [13] by fitting the measured peak
heights to a two-parameter exponential function, I(t) = I,exp(—t/
T;>). An overall rotational correlation time (z.) for Rv0543c was
estimated from backbone amide '°N T;/T;p ratios measured using
a modified '"H-">N HSQC experiment to record '’N-edited one-
dimensional spectra [18,19] and from the average of all the indi-
vidual amide nitrogen-15 T;/T, ratios. The steady-state {'H}-'°N
heteronuclear NOE, T;, and T data were collected at a 'H resonance
frequency of 600 MHz (20 °C).

Structure calculations

Structure calculations were performed iteratively using CYANA
(v 2.1) [20], the 'H, '3C, and >N chemical shift assignments, and
the peak-picked NOESY data as initial experimental inputs. Sixty-
six dihedral angle restraints for both Phi (@) and Psi (¥) were
introduced on the basis of the elements of secondary structure
identified in the early structural ensembles and TALOS calculations
[21]. Near the end of the iterative process 64 hydrogen bond re-
straints (1.8-2.0 A and 2.7-3.0 A for the NH-0 and N-0O distances,
respectively) were introduced into the structure calculations on
the basis of proximity in early structure calculations and the obser-
vation of slowly exchanging amides in the deuterium exchange
experiment.

The final ensemble of 20 CYANA derived structures were then
refined with explicit water [22] with CNS (version 1.1) using force
constants of 500 and 2000 kcal for the NOE and dihedral re-
straints, respectively. For the water refinement calculations the
upper boundary of the CYANA distance restraints was increased
by 1% and the lower bound was set to the vdw limit. The 15
water refined structures with the fewest and smallest unfavorable
contacts (best clash scores) were then used to calculate a mean
structure and average RMSD values to the mean structure using
the structured regions of the protein (residue M1 - G87). Struc-
tural quality was assessed using the Protein Structure Validation
Suite (PSVS, v1.3) [23]. The structural statistics are summarized
in Table 1.

Protein structure accession numbers

The atomic coordinates for the final ensemble of 15 structures
for M. tuberculosis Rv0543c have been deposited in the Research
Collaboratory for Structural Bioinformatics (RSCB) under PDB code
2KVC. The chemical shifts assignments have been deposited with
the Biological Magnetic Resonance Data Bank (BMRB) under
Accession Number 16774. Note that the non-native three residues
at the N-terminus, GSH-, are numbered sequentially starting with
G1 in the RSCB and BMRB depositions. However, here the three
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Table 1
Summary of the structural statistics for Rv0543c?.

Restraints for structure calculations

Total NOEs 1118
Intraresidue NOEs 364
Sequential (i, i + 1) NOEs 304
Medium-range (i, i +j; 1 <j < 4) NOEs 209
Long-range (i, i +j; j > 4) NOEs 241
Phi (@) angle restraints 66
Psi (¥) angle restraints 66
Hydrogen bond restraints® 64
Structure calculations

Number of structures calculated 100
Number of structures used in ensemble 15

Structures with restraint violations
Distance restraint violations >0.04 A
Dihedral restraint violation >1° 0

RMSD to mean (A)
Ordered residues: 1-87

o

Backbone N-C*-C=0 atoms 0.64 +0.08
Heavy atoms 1.14+£0.09
All atoms 1.31+0.05
Ramachandran plots summary

Ordered residues from Procheck®
Most favored regions 92.3%
Additionally allowed regions 7.5%
Generously favored regions 0.2%
Disallowed 0.0%
Global quality scores — Ordered residues® Z-score (Raw)
Procheck (all) —0.41 (-0.07)
Procheck (@, ¥) 0.90 (0.14)
MolProbity clash score —2.70 (24.60)

@ All statistics are for the 15-structure ensemble deposited in the Protein Data
Bank (2KVC) using the residues containing the structured central core (1-87).

> Obtained from 32 amide cross peaks still present 60 min after the start of the
deuterium exchange experiment: 18-Y16, G19, V28-C33, L36, V41-A45, E47-M49,
V76, E77, E79-L83.

¢ Calculated for the ordered residue, 1-87, using the PSVS program.

non-native residues are numbered sequentially with an asterisk
(G1* - H3*) and the first native residue, M4 in the RSCB and BMRB
depositions, is labeled as M1.

Bioinformatics analyses

A search for structures similar to Rv0543c in the RSCB Protein
Data Bank was performed using the DALI server (http://
ekhidna.biocenter.helsinki.fi/dali_server/) [24]. The amino acid
conservation pattern on the three-dimensional structure of
Rv0543c¢ was calculated using the ConSurf server (http://
consurf.tau.ac.il/overview.html) [25]. Using the proteins listed in
the DUF3349 (PF11829) superfamily, a multiple sequence align-
ment was performed with 10 closely related protein sequences
from genera other than Mycobacterium and Rhodococcus using the
program ClustalW2 [26]. Figures of structures were generated
using PyMOL [27].

Results and discussion
Solution structure for Rv0543c

The elution time of Rv0543c on a size exclusion column, 81 min,
and estimations of the rotational correlation time at 20 °C,
9.3+0.3 ns (modified 'H-'>N HSQC experiment) and 8.2 +2.3 ns
(T,/T, ratios), were consistent with a monomeric 11.3 kDa protein
[28]. The wide chemical shift dispersion in the nitrogen and espe-
cially the proton dimension of the 'H-'>N HSQC spectrum of
Rv0543c, shown in Fig. 1, indicates the protein adopts a stable
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Fig. 1. Assigned 'H-'5N HSQC spectrum of double-labeled Rv0543c collected at
20°C in NMR buffer (300 mM NaCl, 20 mM TrisHCl, 1.0 mM DTT, pH 7.1) at a 'H
resonance frequency of 750 MHz. Side chain resonances are indicated by solid
horizontal lines and the two unassigned cross peak are labeled with a question
mark. Not shown are the ring amide resonances for W11 (9.481 and 131.7 ppm) and
W88 (10.35 and 130.1 ppm).

folded conformation in solution. All but 6 of the 96 expected amide
resonances were unambiguously assigned in the 'H-'>N HSQC
spectrum of Rv0543c. Cross peak amides were not identified for
D53-D55, V76, L90, and E98. On the basis of the amide assignments
and extensive assignment of the '>C* and side chain proton and
carbon chemical shifts (BMRB ID 16774), an ensemble of structures
was calculated (Fig. 2A) that satisfied all the available experimental
NMR data (NOEs, chemical shifts, deuterium exchange experi-
ments, and TALOS calculations).

As summarized in Table 1, the final set of structure calculations
included 1118 interproton distance restraints (NOE data), 64
hydrogen bond restraints (deuterium exchange data), and 132
dihedral angle restraints (TALOS calculations). While the final set
of 20 CYANA derived structures contained no unfavorable steric
clashes, refinement with explicit water introduced some unfavor-
able steric clashes into the structures despite extensive efforts
adjusting the refinement parameters. In the end the 15 structures
with the best clash scores following water refinement were chosen
for the ensemble submitted to the RCSB PDB. Each member of this
final ensemble agreed well with the experimental data with no
upper limit violation greater than 0.04 A and no torsion angle vio-
lation greater than 1°. The quality of the structure ensemble was
also shown to be good using the PSVS validation software package
[23]. The Ramachandran statistics for all the residues in the ensem-
ble were overwhelmingly in acceptable space (92.3% of the (@, )
pairs for Rv0543c were found in the most favored regions and 7.5%
within additionally allowed regions) and all the structure quality
Z-scores were acceptable (greater than —5) including the final Mol-
Probity clash score of —2.70.

The final set of 15 calculated structures in the ensemble con-
verged well, as shown mathematically by the statistics in Table 1
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Fig. 2. (A) Superposition of the final ensemble of 15 structures calculated for Rv0543c. (B) Ribbon representation of the structure in the ensemble closest to the average
structure for Rv0543c color-coded using ConSurf. (C) Secondary structure diagram of Rv0543c with the o-helices drawn as red rectangles with the residue number at the
beginning and the end of each helix shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and visually by the superposition of the ordered residues in Fig. 2A.
The RMSD of the structured core of ordered residues (M1 - G87) in
the ensemble to the mean structure is 0.64 A for the backbone
atoms (N-C*~C=0) and 1.14 A for all heavy atoms. The C-terminal
region, W91-A100, is unstructured and disordered, and this is evi-
dent in Fig. 2A. A cartoon representation of a single structure is
shown in Fig. 2B along with a schematic secondary structure dia-
gram of Rv0543c in Fig. 2C. The protein consists of a bundle of five
o-helices, a1 (M1 - Y16), a2 (P21 - C33), 3 (S37 - G52), 04 (G58 -
H65) and o5 (S72 - G87), held in place by an hydrophobic core of
largely conserved amino acid side chains.

Optical spectroscopy

Circular dichroism spectroscopy was used to characterize the
structure and stability of Rv0543c over a range of temperatures
[29]. Fig. 3A shows the steady-state wavelength spectra for
Rv0543c at two temperatures. The solid blue line is the CD spec-
trum of a fresh, ~0.06 mM sample collected at 25 °C in the same
buffer used to collect NMR data for the structure calculations.
The double minimum at ~220 and ~208 nm and projected maxi-
mum at a wavelength <200 nm is characteristic of a structured
protein with significant a-helical content [29,30]. The red line in
Fig. 3A is the CD spectrum of the same sample at 80 °C. Relative
to the spectrum collected at 25 °C, the double minimum has disap-
peared and is replaced by a single, more positive minimum at
~212 nm. These observations at 80 °C indicate that Rv0543c is
more unstructured at elevated temperatures, losing most of its
o-helical character. However, the absence of an extrapolated

negative minimum at ~198 nm and a positive maximum at
~218 nm indicates that Rv0543c is not entirely random coil at
80°C and still possesses spectral properties consistent with
primarily p-sheet structure (single minimum). When the sample
is cooled back to 25 °C, the CD spectrum, indicated by the cyan line
in Fig. 3A, is almost identical to the CD spectrum collected at 80 °C
(red line). This indicates that the temperature-induced effects to
the structure of Rv0543c are irreversible.

To assay the thermal stability of Rv0543c, the ellipticity at
220 nm was measured as a function of temperature between 10
and 80 °C. Typically, a phase transition can be detected when a
structured protein becomes denatured by monitoring the increase
in the ellipticity at a specific wavelength with increasing temper-
ature [10,11,31,32]. As shown in Fig. 3B, a gradual increase in
ellipticity at 220 nm is observed up to ~56 °C followed by a more
rapid increase in ellipticity that tails-off and plateaus at ~74 °C.
Because the steady-state wavelength spectra in Fig. 3A suggest
that the protein is not entirely unstructured at 80 °C, the end
point of the temperature study in Fig. 3B likely does not represent
a fully unstructured protein but one that now contains significant
B-strand character. Beta-strands are typically more robust than o-
helices [33] and the structure that forms at high temperature
does not unfold into its native structure upon cooling to 25 °C.
While the irreversible nature of the transition means the CD data
may not be analyzed thermodynamically [32], a quantitative esti-
mation of the Ty, for this transition may be obtained by assuming
a two-state model and taking a first derivative of the curve in
Fig. 3B [12]. The maximum of this first derivative, shown in
Fig. 3C, is 62.5 °C.
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Fig. 3. (A) Circular dichroism steady-state wavelength spectra of a single sample of Rv0543c (0.06 mM) in NMR buffer collected at 25 °C (blue), 80 °C (red), and 25 °C post-
heating (cyan). (B) The CD thermal melt for Rv0543c obtained by measuring the ellipticity at 220 nm in 2.0 °C intervals between 10 and 80 °C. (C) The first derivative of the
curve in Fig. 3B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Backbone dynamics

The solution structure calculations for Rv0543c show that the
protein consists of five a-helices arranged in an ordered bundle.
Because protein dynamics often plays a role in the binding and
catalysis properties of proteins at, and around, active sites [34],
motion unique to any one of the five a-helices may have some
mechanistic consequences. Information regarding the dynamics
along a protein’s backbone can be extracted from the relaxation
properties of the amide resonances obtained from heteronuclear
steady-state {'H}-!°N NOE, Ty, and T, measurements [35,36] be-
cause internal motion affects the rate excited nuclei exchange en-
ergy with their local environment and relax. Fig. 4 is a plot of the
backbone {'H}-'°N heteronuclear NOE, Ty, and T, values measured
for Rv0543c. The average value for the heteronuclear steady-state
{'H}->N NOE, Ty, and T, is 0.77+0.11, 595+108 ms, and
77 £ 21 ms, respectively. There is no evidence that the motion of
any of the helices are significantly different from each other as
most of the relaxation values are relatively uniform through-out
the sequence. These observations suggest that the protein has re-
stricted flexibility on the sub-ns timescale [35] with the only sig-
nificant exception towards the end of the C-terminus in an
unstructured region of the protein where more rapid motion may
be expected.

Insights into biological function

To identify a possible biochemical function for Rv0543c based
on its structure, the RCSB Protein Data Bank was searched for

structures with similarities to Rv0543c using the DALI search en-
gine [24]. The best Z-scores identified by the search were only
slightly above 4.0, indicating a low structural similarity to any
other protein in the RCSB-PDB. The structures with the best
Z-scores were all DNA binding proteins, Cre recombinases. Indeed,
the 30 structures with the highest Z-scores were Cre recombinases
(1CRX-A, Z = 4.4; 1X00, Z = 4.1) bound to DNA [37,38]. Fig. 5 shows
an overlay of the structure of Rv0543c with the PDB structure that
resulted in the best RMSD (5.9 A), 1NZB-E [39], using the web pro-

Fig. 5. Superposition of the structure of Rv0543c (M1 - G90, blue) on the structure
of E. coli phage P1 Cre recombinase 1NZB-E (S38 - G128, wheat) [39] using the
program SuperPose [40]. The five o-helices for Rv0543c are labeled in black
following the scheme in Fig. 2 and the four o-helices shown for Cre recombinase are
labeled sequentially in wheat. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

* k|

10 20 30 40
Residue Number

K & *

50 60 70 80 90 100

Fig. 4. (A) Backbone {'H)-'°N heteronuclear NOE (blue), (B) T; (orange), and (C) T, (purple) values for Rv0543c collected at a 'H resonance frequency of 600 MHz (20 °C).
Proline residues in the sequence are indicated by red asterisks. The location of experimentally observed a-helices in the structure is shown in the schematic above the graph.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (A and B) PyMOL generated maps [27] of the electrostatic potentials at the
solvent-accessible surface of Rv0543c. The orientation in (A) is similar to the
orientation shown in Fig. 2B with (B) a 180° rotation about the vertical axis. (C and
D) ConSurf generated maps [25] of the conserved residues on the solvent-accessible
surface of Rv0543c. The orientation of (C and D) is identical to (A and B),
respectively. Highly conserved residues are colored magenta and pink, poorly
conserved residues are colored cyan, and residues with insufficient information are
colored yellow. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

gram SuperPose [40]. The overlaid region of 1NZB (S38 - G128)
contains four o-helices and Rv0543c (M1 - G90) contains five. It
can be seen from Fig. 5 that one of the o-helices, labeled o2 in both
molecules, superimpose fairly well. Helices a1, o3, and o4 are only

Mycobacterium tuberculosis
Janibacter sp. HTCC2649
Nocardia farcinica

Frankia alni

Tsukamurella paurometabola
Gordonia bronchialis
Clavibacter michiganensis
Kineococcus radiotolerans
Kocuria rhizophila
Corynebacterium glutamicum
Rothia mucilaginosa
Clustalw2

ConSurf

Mycobacterium tuberculosis 51

Janibacter sp. HTCC2649 58
Nocardia farcinica 52
Frankia alni 49
Tsukamurella paurometabola 59
Gordonia bronchialis 58
Clavibacter michiganensis 194
Kineococcus radiotolerans 60
Kocuria rhizophila 145
Corynebacterium glutamicum 61
Rothia mucilaginosa 58
Clustalw2

ConSurf * *

crudely in similar space with a5 from Rv0543c overlaying in part
with the C-terminal end of o1 from 1NZB.

If the biological role of Rv0543c involved binding DNA, then, as
observed for the Cre recombinases and other DNA binding pro-
teins, Rv0543c should also have a positively charged surface that
interacts with the negatively charged phosphodiester backbone
of DNA [37-39]. Fig. 6A and B illustrate the electrostatic surface
potential on the solvent-accessible surface of Rv0543c. The most
significant feature is a negatively charged surface (red) on one face
(Fig. 6A) with only a few small pockets of positively charged sur-
faces (blue), observations opposite to what would be expected if
Rv0543c was a DNA binding protein. Furthermore, ConSurf analy-
sis [25] of the structure of Rv0543c shows that the solvent-acces-
sible surface of the negatively charged areas is more conserved
than for the positively charged areas (Fig. 6C and D), suggesting
the negatively charged surface may have more functional signifi-
cance than the positively charged pockets.

Fig. 7 contains a ClustalW2 [26] sequence alignment of 10 pro-
teins in the DUF3349 superfamily that do not belong to the genera
Mycobacterium or Rhodococcus. The residues identified as con-
served by ClustalW2 and ConSurf are marked with notations on
the bottom of the alignment, and in general, they identify similarly
conserved regions of the protein. The ClustalW2 alignment identi-
fies 11 identical amino acid residues in all 10 sequences; eight
hydrophobic, one hydrophilic, one negatively charged, and one
positively charged. Twelve conserved residues are identified by
ClustalW2; 10 hydrophobic and two negatively charged. The Clu-
stalW2 identification of only one conserved negatively charged
residue in the DUF3349 family further rules out the possibility that
these proteins are involved with a DNA-binding function. Instead,
most of the amino acid conservation in the DUF3349 family in-
volves hydrophobic residues and these residues are likely respon-
sible for driving the five a-helices to adopt their tertiary fold. This
conversation of the interior of the protein is better shown in
Fig. 2B, a ConSurf color-coded ribbon representation of the

100
215
92

100
113
119
236
105
187
105
123

* A A~k ok A

* *

Fig. 7. Sequence alignment of Rv0543c with 10 other closely related sequences from genera other than Mycobacterium and Rhodococcus using the program ClustalW2 [26].
The proteins, in order are: Rv0543c, JNB_16594, nfa52480, FRAAL1463, Gbro_1053, CMS_2894, Krad_0190, KRH_23040, NCg10440, ZP_053675541.1. The residues are color
coded as follows: cyan = hydrophobic and small (AVFPMILW), red = acidic (D and E), purple = basic (K and R), yellow = hydrophophilic (STYHNCGQ). Below the alignment is
shown the position of residues that are highly conserved following ClustalW2 (x = identical, : = conserved substitutions, and . = semi-conserved substitutions) and ConSurf
[25] (scores of 9 = asterisk, 8 = caret) analysis of the sequences. The ClustalW2 analysis used only the amino acid sequence of Rv0543c and the 10 other proteins listed in Fig. 7
while the ConSurf analysis used the complete RCSB-PDB and SWISS-PROT databases. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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structure of Rv0543c, where a substantial number of the highly
conserved residues (purple and pink) are either in the interior
(much of o2) or pointing towards the interior (C-terminal of o1,
approximately half of o4 and o5) of the structure.

Conclusions

Rv0543c is a monomeric bundle of five a-helices rigidly held to-
gether by a largely conserved group of hydrophobic amino acid
side chains. With a melting temperature of 62.5 °C, the protein is
somewhat resistant to thermal denaturation. However, upon ther-
mal denaturation the protein is unable to refold into its native con-
formation. A DALI search of the protein structures in the RCSB-PDB
returned hits with low Z-scores (<4.4) and the hits with Z-scores
above 4.0 were all Cre recombinases. However, both the electro-
static surface potential and ConSurf identified conserved surface
on the solvent-accessible surface of Rv0543c are not consistent
with a DNA-binding function for the protein. Consequently, the
fold observed for Rv0543c may be unique for Rv0543c and the
other members of the DUF3349 superfamily. Associated with this
unique fold may be a unique function that still needs to be discov-
ered, perhaps a function associated with the menaquinone-biosyn-
thethic pathway since the Rv0543c gene is co-localized with genes
from this pathway on the chromosome. When a function is found,
the structure for Rv0543c presented here will assist the molecular
understanding of its mechanism and potentially speed up the con-
ception and development of new therapies to treat and control the
spread of tuberculosis if the function turns out to be vital for M.
tuberculosis survival in the microenvironment of the host.
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