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Single-stranded DNA is formed at various stages of
DNA metabolism. It is protected from degradation by
single-stranded DNA-binding proteins (SSBs). Struc-
tural variability has been observed in the quaternary
arrangement of tetrameric SSBs from mycobacteria
and other sources. Here we describe two novel crystal
forms which illustrate the extent of structural varia-
bility. Docking studies carried out with inhibitors
identified from DNA-binding assays allowed the char-
acterization of eight distinct potential binding regions or
grooves on each tetramer that circumvent structurally
variable regions. Compounds known to inhibit certain
bacterial SSBs were tested against Mycobacterium tu-
berculosis SSB (MtSSB) using DNA-binding and cellu-
lar assays. We report two compounds that inhibit
MtSSB and growth of the bacterium. Together, this
structural analysis reveals a strategy to exploit the
variability of MtSSB for the design of inhibitors to this
protein. The variability in structure of MtSSB could
contribute to its susceptibility to inhibition.

Keywords: Binding regions, crystal structure, docking,
inhibitor development, Mycobacterium tuberculosis,
structural plasticity.

MaAJoR processes of DNA metabolism such as replica-
tion, recombination and repair involve unwinding of the
double-stranded DNA (dsDNA) to form transient, single-
stranded DNA (ssDNA). In the cell, ssDNA is highly
susceptible to attack by nucleases and other chemically
reactive groups. They are also prone to form secondary
structures. Single-stranded DNA-binding proteins (SSBs)
are designed to protect vulnerable ssDNA from chemical
attacks and aberrant secondary structure formation. SSBs
are ubiquitous proteins found in viruses, archeae, bacteria
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and eukaryotes®2. Though the overall structure and function
of SSBs across all lifeforms are conserved, they share very
low sequence similarity. They bind to DNA with high affi-
nity and in a sequence-independent manner. In addition to
maintaining the chemical integrity of DNA, SSBs are also
involved in binding and controlling the function of other
proteins involved in various stages of DNA metabolism.
Most bacterial SSBs are homo-tetrameric, with each pro-
tomer containing an N- and a C-domain. The N-domain
folds into a highly conserved oligonucleotide-binding
(OB) fold responsible for coating by ssDNA, whereas the
C-terminal domain interacts with nearly a dozen other pro-
teins that together constitute the SSB interactome®*.

The structure of the 164-residue long SSB from Myco-
bacterium tuberculosis (MtSSB), determined as part of a
concerted national and international effort>%, showed the
same tertiary structure as that seen in previously charac-
terized SSBs from Escherichia coli (EcSSB)® and human
mitochondria (HMtSSB)°. The MtSSB tetramer consists
of an N-terminal DNA-binding domain and a C-terminal
disordered tail. The N-terminal domain consists of three
long p-hairpin loops extending out of a globular core
formed by a five-stranded S-barrel capped by an a-helix,
characteristic of the OB fold'!. As shown in Figure 1,
MtSSB tetramer is a dimer of dimers with molecular dy-
ads along P, Q and R. While the quaternary structures of
EcSSB and HMtSSB are comparable, the quaternary ar-
rangement of MtSSB is different from the other homo-
logues. One important feature that sets it apart from other
well-characterized SSBs is the presence of a hook-like
structure at the end of the N-domain. This peptide stretch
is largely responsible for the unique quaternary structure
adopted by the mycobacterial SSBs. In addition to the cano-
nical SSB (SSBa), a paralogous protein (SSBb) has been
found in several bacteria including M. tuberculosis.
Structures of both paralogues of SSB from M. smegmatis
and that of SSBa from M. leprae (MISSB) have also been
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determined in the laboratory!?4, The quaternary struc-
tural variability in SSBs brought forth by these studies
has been reviewed earlier®s.

Given their vital role in DNA metabolism, SSBs make
a promising drug target. The surface contour of SSBs that
contains several cavities and grooves also makes it suita-
ble to be targeted by small-molecule inhibitors. Broadly
speaking, two approaches have been adopted towards in-
hibitor development against SSBs. While one approach
aims to disrupt protein—protein interactions at the C-termi-
nal tip using peptide-like molecules, the other is aimed at
inhibiting sSDNA binding to the N-terminal domain using
small molecules®’. Recently, SSBs purified from both
Gram-positive and Gram-negative bacteria were assessed
using high-throughput screening for inhibition of DNA
binding by small-molecule inhibitors’. A few com-
pounds identified to inhibit SSBs were further validated
by EMSA in this study’. Huang et al.'8 reported the crys-
tal structure of SSB from Pseudomonas aeruginosa with
a flavonol, myricetin. It was desirable to explore the effect
of the reported compounds on MtSSB. Here we describe
results from biochemical studies and preliminary in situ
studies carried out on MtSSB with these compounds. Fur-
thermore, docking studies were carried out with compounds
identified from these functional studies to characterize
their potential binding sites on the tetramer. We also de-
scribe novel crystal forms of MtSSB identified during
these efforts, further highlighting the plasticity of the pro-
tein and susceptibility to inhibition owing to this structural
variability.

Figure 1.

Mycobacterium tuberculosis SSB (MtSSB) tetramer with its
subunits and molecular symmetry axes P, Q and R marked.
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Materials and methods
Bacterial strains and culture conditions

M. tuberculosis strain H37Rv was cultured in 7H9 broth
supplemented with 0.2% glycerol, 0.1% Tween-80 and
ADS (0.5% albumin, 0.2% dextrose and 0.085% NaCl)
with shaking at 180 rpm in a rotary shaker incubator (Lab
Therm LT-X, Kuhner, Switzerland) at 37°C.

Chemicals

Ten compounds identified as SSB inhibitors by Glanzer
et al.’” were supplied by the National Cancer Institute,
National Institutes of Health (NIH), USA. Myricetin, luteo-
lin and quercetin were purchased from Sigma-Aldrich.
Buffers and salts routinely used for protein expression
and purification were also obtained from Sigma-Aldrich
(USA). Other analytical-grade chemicals were procured
from local vendors.

Protein expression and purification

MtSSB was purified following the standard protocol for
Ni-NTA affinity chromatography using E. coli BL21
(ADE3) as host cells. In brief, competent cells were trans-
formed with the recombinant clone and transformed col-
onies were selected on an LB agar plate containing
30 mg/ml kanamycin. The transformed cells were picked
and primary and secondary cultures were grown at 37°C
using LB medium. The culture was induced at Asoo 0f 0.6
with 0.5 mM Isopropyl S-D-1-thiogalactopyranoside and
was further incubated for 6 h at 37°C. Cells were harvest-
ed by centrifugation at 6000 rpm and resuspended in
buffer 1 (30 mM Tris-HCI (pH 7.6), 1 M NaCl, 10% glyc-
erol and 10 mM imidazole). Resuspended cells were
lysed by sonication and cell debris was removed by cen-
trifugation at 14,000 rpm. The supernatant was then al-
lowed to bind to pre-equilibrated Ni-NTA resin followed
by washing with buffer Il (20 mM Tris-HCI (pH 7.6),
1 M NaCl, 10% glycerol and 30 mM imidazole). The pro-
tein fractions were eluted with a gradient (50-300 mM) of
imidazole. The eluted fractions were pooled and further pu-
rified by size exclusion chromatography using a pre-
equilibrated Superdex 200, 10/300 column in buffer 111
(20 mM Tris-HCI (pH 7.6), 300 mM NaCl and 5% glycer-
ol). Purity of the protein was confirmed by SDS-PAGE.

Electrophoretic mobility shift assay

DNA binding affinity of purified MtSSB was measured
using electrophoretic mobility shift assay (EMSA) with
two different lengths of 5’-fluorescent-tagged poly-dT
25mer and 35mer ssDNA. The 10 ul reaction mixture
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Table 1.

Data collection and refinement statistics

Form I1l (PDB ID: 7F5Y) Form IV (PDB ID: 7F52)

Space group P3,12 P6,22
Unit cell dimensions (a = b, ¢; A) 59.55, 124.98 110.04, 104.12
Resolution (A) 1.92 3.00
No. of subunits/asymmetric unit 2 2
Unique reflections 18,944 (2650) 7920 (1127)
Multiplicity 5.3(5.3) 9.8 (9.9)
Completeness (%) 96.6 (94.1) 100.0 (100.0)
UEIO) 10.9 (2.2) 8.7 (2.4)
Reym (%)1 8.8 (74.4) 18.3 (88.3)
Refinement and model statistics

Rwork (%) 1912 2484

Riree (%) 22.86 28.13
RMS deviation from ideal values

Bond length (A) 0.012 0.008

Bond angle (°) 14 1.3
Ramachandran map statistics

Favoured 93.4 85.5

Additionally allowed 3.6 11.0

Generously allowed 2.0 2.5

Disallowed 1.0 1.0

consisted of 2 uM ssDNA and increasing concentrations
of MtSSB (5-50 uM) in 20 mM Tris-HCI and 50 mM
NaCl at pH 7.6. The reaction mixture was incubated for
10 min at room temperature and for an additional 5 min
on ice before electrophoresis at 4°C. To test the affinity
of inhibitors to MtSSB, 10 pl reaction mixtures contain-
ing 20 uM MtSSB, 2 uM poly-dT 35mer ssDNA and
inhibitor concentrations ranging from 50 uM to 3.5 mM
were used. The samples were loaded onto an 8% native
PAGE in TBE buffer and visualized under UV fluoresce-
in filter in a BioRad gel documentation system. Chemical
structures of inhibitors tested are provided in the Supple-

mentary Table 1.

Resazurin microtitre assay

Minimum inhibitory concentration (MIC) of compounds
against M. tuberculosis H37Rv was quantified using
Resazurin microtitre assay (REMA). Resazurin is a redox-
sensitive dye routinely used as an indicator of cell viability.
Briefly, 100 ul 7H9-ADS was dispensed in each well of a
sterile, flat-bottom 96-well plate and serial two-fold dilu-
tions of compounds were prepared directly in the plate.
The log-phase bacteria (approximately 1 x 105 bacterial
cells/well, 100 pl) were added in triplicate. Mixtures con-
taining standard tuberculosis (TB) drugs, moxifloxacin
and rifampicin, were used as positive controls in the
assay. Wells containing no M. tuberculosis cells were used
for autofluorescence control and those containing only
cells formed an additional control. Plates were incubated
for five days at 37°C before 30 ul resazurin (0.02% wi/v
stock solution) was added. The plates were further incu-
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bated for 48 h to detect colour change (blue to pink). Flu-
orescence intensity was measured in a SpectraMax M3
plate reader (Molecular Device) in bottom-reading mode
with excitation at 530 nm and emission at 590 nm. The
intensity of the pink colour directly correlates to the
extent of bacterial growth. Per cent inhibition was calcu-
lated based on the relative fluorescence units to growth
(only cells) control. MIC was defined as the lowest con-
centration of the molecule that prevented 90% reduction
in fluorescence compared to an untreated growth control.

Crystallization and structure determination

Various crystallization conditions were screened using
commercially available screens from Hampton employing
the microbatch under-oil method. The crystallization
condition (1 ul) was mixed with an equal quantity of pu-
rified MtSSB in each drop. Diffraction quality crystals
were obtained in two conditions, namely Salt Rx-31
(3.5 M sodium formate and 0.1 M Bis-Tris propane, pH
7.0) and Crystal Screen 11-4 (35% v/v 1,4-dioxane). These
were diffracted and data were collected on an image plate
(Rigaku R-axis IV**) mounted on a Cu-K« rotating-anode
X-ray generator (RIGAKU ULTRA18) up to 1.89 A and
anoher image plate (MAR 345) mounted on a CuKa
rotating-anode X-ray generator (Bruker MICROSTAR
ULTRA I1) up to 3.00 A respectively. Diffraction data
were processed using iMosflm?®® and scaled using Scala?®
of the CCP4 suite. Matthews’?! coefficient indicated the
likely presence of two molecules, accounting for a dimer,
in the asymmetric unit in both crystal forms. The result-
ant model from Phaser was subsequently subjected to
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rigid-body refinement followed by B-factor and position-
al refinement using Refmac5 of the CCP4 suite along
with manual model-building using COOT?>24, Water
molecules were added at the later stages of refinement to
peaks corresponding to 1o and 3o in the 2F,F; and
Fo—Fc maps respectively. Table 1 presents the data collec-
tion and refinement statistics.

Docking

System preparation, modelling and initial docking calcu-
lations were performed employing the Maestro interface
of Schrodinger Suite molecular modelling package (ver-
sion 2015-4), using default parameters. Four MtSSB
models were used to carry out docking to ensure that the
variability seen in the crystal structures is sampled and
accounted for in inhibitor binding. The protein tetramer
models were prepared using the protein preparation
wizard®. Here, force-field atom types and bond orders
were assigned, missing atoms were added, tautomer/
ionization states were assigned, water orientations were
sampled and residues Asn, GIn, and His had their tauto-
mers adjusted to optimize the hydrogen-bond network. A
constrained energy minimization was then performed.
SiteMap was employed to identify potential binding sites
on the protein surface of various MtSSB models?.
Results from the various models were compared and bind-
ing sites were identified for docking. Glide XP (extra
precision) was employed for docking of compounds at
these sites using the prepared structures as the receptor?’.
Epik, included in the same software package, was used
to prepare the ligands®. Docking was performed using
default XP settings with flexible ligand sampling and
post-docking minimization.

Analysis of structures

Structural alignments were carried out using ALIGN?,
NACCESS was employed to compute buried surface are-
as®®. Interatomic and hydrogen-bond distances were cal-
culated employing CONTACTS from CCP4 (ref. 20).
Chimera and PyMOL were used for viewing and analysing
structures, and for figure generation32, Multiple sequence
alignment was performed using the Clustal Omega server
and the figure was generated using ESPript®*3*. CABS flex
2.0 server was used to generate an ensemble of structures to
model structure flexibility in different crystal forms®.

Results
Determination of ICsq value of inhibitors

DNA binding was detected at 20 uM MtSSB concentra-
tion using EMSA (Figure 2 a). Further inhibitor-binding
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studies were carried out at this protein concentration.
Thirteen compounds were tested to check their inhibitory
action against MtSSB (Supplementary Table 1). Of these,
10 were reported to variedly inhibit SSBs from different
(both Gram-positive and Gram-negative) sources, while
myricetin was shown to bind and inhibit PaSSB!"18, My-
ricetin analogues, namely luteolin and quercetin, were also
tested for inhibition of MtSSB. EMSA was used as the
assay of choice in the present study, given that a small set
of compounds was being screened. Among the tested
compounds, myricetin and purpurogallin inhibited DNA
binding to MtSSB (Figure 2b and c; Supplementary Figure
1). Inhibitory concentration (ICso) was calculated based on
the band intensities from the gel. The 1Cs values of myrice-
tin and purpurogallin were 596 and 238 uM respectively.

Effect of inhibitors on M. tuberculosis cell growth

Having tested the inhibitory activity of the selected com-
pounds on MtSSB, we evaluated their effect on M. tuber-
culosis cell growth. To this end, known TB drugs were
tested along with MtSSB inhibitors identified by EMSA
using the REMA assay. Both myricetin and purpurogallin
were able to inhibit M. tuberculosis growth with MIC
values in the range 0.125-0.25 mM and 0.06-0.125 mM
respectively. The inhibition by these two compounds was
significant, although much lower than that by moxifloxa-
cin and rifampicin (MIC values in the sub-uM range).

Crystal structures

The structure of MtSSB has been determined in the labor-
atory in two crystal forms®. All the subunits in the two
forms exhibited the globular OB-fold for the ordered
N-terminal DNA-binding domain. Three flexible g-hairpin
loops, often containing disordered residues, extended
from the globular component (Figure 3). All the subunits
were about 120 residues long. Therefore, the DNA-
binding domain may be considered to consist of residues
1-120. All the remaining residues, which make up the C-
terminal domain, are disordered. The last few residues in
the DNA-binding domain, ordered only in SSBs of myco-
bacterial and closely related species, form a hook which
plays an important role in the quaternary association. Al-
though all the subunits have similar structure, the quater-
nary structures of the molecules in the two forms exhibit
significant differences (Table 2). The molecule is located
on a crystallographic twofold axis which coincides with
the molecular dyad P in form I. Subunits A and C consti-
tute the Asymmetric Unit (ASU). Form Il has subunits A
and B from two independent tetramers in the ASU, and
the tetramers were built around the crystallographic axes
coinciding with axis Q in one and R in the other. The mole-
cule thus appeared to exhibit some variability expressed
in terms of differences in quaternary association. This

CURRENT SCIENCE, VOL. 122, NO. 3, 10 FEBRUARY 2022


https://www.currentscience.ac.in/Volumes/122/03/0281-suppl.pdf
https://www.currentscience.ac.in/Volumes/122/03/0281-suppl.pdf
https://www.currentscience.ac.in/Volumes/122/03/0281-suppl.pdf

RESEARCH ARTICLES

Table 2. Details of differences among the various crystal forms of Mycobacterium tuberculosis
SSB (MtSSB)
Details of Solvent Subunits

Form molecular symmetry content (%) comprising ASU
Form | — 1UE1 Space group — P3;2; 37.6 A C

Crystallographic dyad — P
Form Il — 1UEG tetramer 1 Space group — 12,2,2, 44.7 A B

Crystallographic dyad — R
Form Il — 1UEG tetramer 2 Space group — 12,2,2; A, B

Crystallographic dyad — Q
Form 111 Space group — P3;1, 32.7 A C

Crystallographic dyad — R
Form 1V Space group — P6:2, 52.5 A C

Crystallographic dyad — P
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Figure 2.

Electrophoretic mobility shift assays of MtSSB. (a) Analysis of dT25 and dT35 binding to 0, 5, 10, 20 and 50 uM of

MtSSB in lanes 1-5 and lanes 6-10 respectively. Analysis of release of free DNA from MtSSB + dT35 complex using (b) 0, 50, 100,
250, 500, 750, 1000 and 1500 puM of myricetin in lanes 2-9 and (c) 0, 50, 100, 250, 500, 750 and 1000 uM of purpurogallin in lanes

1-7 respectively. All gels are appropriately cropped for clarity.

variability possibly could have implications for the deve-
lopment of inhibitors. Therefore, an effort was made to fur-
ther explore the variability by growing more crystal forms
of the molecule.

The above-mentioned effort resulted in two novel
forms (111 and 1V). In both these forms, subunits A and C
are in the ASU and the tetramer is built by applying crys-
tallographic symmetry coinciding with molecular axes R
and P in forms Il and IV respectively (Figure 4). In form
111, density corresponding to residues 39-47, 89-91 and
120 is missing in one subunit, while all the residues up to
and including 120 are defined in the other subunit. In
form 1V, density for residues 40, 41 and 120 is missing in
one subunit while that for residues 41 and 42 is missing
in the other. The subunit structure in all four forms of
MtSSB is similar. The globular core of the DNA-binding
N-terminal domain is made up of a six-stranded g-barrel
capped by an a-helix. Pairwise superposition of the cores
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in all the independent subunits in the four crystal forms
yields root mean square deviation (RMSD) in the C« posi-
tion ranging from 0.23 to 0.49 A. Three loops, Liz, Lo and
Ls, extend out of the globular core. The hook region is fol-
lowed by a disordered C-terminal domain. None of the rota-
tions about the non-crystallographic twofold axes is less
than 178°. Therefore, the molecules in all the forms are
nearly 222 symmetric. The variability is primarily in the
composition of the ASUs. The flexibility of the loops is
also likely to contribute to the variability.

Insights from docking studies

Repeated efforts to prepare crystals of inhibitor complexes
of the protein were unsuccessful. However, the various
crystal forms of MtSSB encompassing different loop con-
formations and quaternary structures provided a basis to
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explore inhibitor binding computationally. Four models
were chosen to carry out docking studies, each with a dis-
tinct quaternary structure (Table 2). Thus, one tetramer
from form I, two distinct tetramers from form Il and one
tetramer from form 111 were chosen. The tetramer result-
ing from form IV is essentially the same as that from
form | and hence not used for these studies. Each model
was prepared as described earlier in the text, to ensure
uniformity across models. Each tetramer was used as a sin-
gle entity. To avoid confusion, residues were numbered as
1, 2,3, ..., 201, 202, 203, ..., 401, 402, 403, ... and 601,
602, 603, ... in subunits A, B, C and D respectively.

As described earlier, the models were first explored
through SiteMap to identify sites with favourable geomet-
ric and electrostatic features. Results obtained from the
various models were compared to identify potential bind-
ing sites on the tetramer. The SiteMaps obtained for the
four models are depicted in the Supplementary Figure 2.

Lis

29

118

Figure 3. Globular core structure of the MtSSB subunit. Locations of
the three flexible loops are indicated as dashed curves.

Form lll

Figure 4. Representation of form Ill and form IV of MtSSB crystal
structure and resultant tetramers. Subunits A and C constitute the
asymmetric unit in both forms. Subunits A and D (likewise, B and C)
are related by crystallographic dyad along R in form 11, while subunits A
and B (likewise, C and D) are related by dyad along P. Subunits are col-
oured to indicate their molecular symmetry. The three major loops pro-
truding from the globular core as well as the hook region are marked.

286

It is noteworthy that even slight differences in molecular
structure led to notable differences in the SiteMap results.
This is probably indicative of how broad the binding sites
on the SSB tetramer can be.

The identified sites were roughly related by molecular
symmetry. These roughly symmetry-related sites were
grouped as sub-sites. Thus, two sites (1 and 2) having
four sub-sites (a to d) each were identified, resulting in
eight sites per SSB tetramer. Both sites have an average
SiteScore over 0.8, an indicator that has been suggested
to accurately distinguish between drug-binding and non-
drug-binding sites?®. A third site-type was also found in
two of the models. However, this site is ill-defined com-
prising residues bridging sites 1 and 2 and was therefore
excluded from further analysis. Site 1 is located close to
the base of loop Lass in each subunit, while site 2 is near
the hook-like peptide stretches of two neighbouring
subunits (for example, subunits A and C). Figure 5 is a
schematic illustration of these sites. Ligands identified
from functional studies (myricetin and purpurogallin)
were prepared before being docked into the models, as
discussed earlier in the text. Docking was carried out in
the Glide XP mode using the eight identified sites as re-
ceptors for both molecules in a 20 A x 20 A grid box. At
site 1, the ligands were found to bind near the groove of
loop Lss with a majority of the interactions with residues
from one subunit (for example, subunit A) and a few in-
teractions with residues from the neighbouring subunit
(subunit B). At site 2, the ligand was found straddled
between two subunits, near the clamp-like structure
formed by the hook-like peptides. The resulting top two
ligand poses at each site were used for analysis and al-
lowed the delineation of residues involved in inhibitor
binding. Residues in contact with the docked ligand were
identified by examining all atoms within 4 A radius and

Figure 5. Schematic representation of the eight docking sites identified
in MtSSB. Sites 2a and 2c (likewise, 2b and 2d) lie on opposite faces of
the tetramer.

CURRENT SCIENCE, VOL. 122, NO. 3, 10 FEBRUARY 2022
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Figure 6.
a few bacterial SSBs using ClustalO and ESPript. The regions comprising sites 1 and 2 identified by docking are
marked in black and blue boxes respectively. b, The corresponding regions in all four crystal forms of MtSSB
marked as dashed circles.

further confirmed by calculating the change in buried sur-
face area of the residues with and without the docked
ligand.

Comparison of all equivalent sites in and among the
various models showed that the residues involved in
ligand binding were scattered and that the binding sites
were better described as binding regions or binding
grooves. The interactions were mostly polar in nature,
probably owing to the many hydroxyl substituents on the
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Conserved sequence and structural features of the inhibitor-binding regions. a, Sequence alignment of

inhibitors and the electrostatic nature of MtSSB. Interest-
ingly, despite the molecular symmetry of the tetrameric
SSB, it was found that neither the SiteMap results nor the
docking results followed symmetry strictly. In spite of the
scatter, it was fairly straightforward to arrive at a consen-
sus of residues that are involved in ligand binding at
these two binding regions (Table 3). A comparison of
various bacterial SSB sequences demonstrates that many
of these consensus residues comprising the binding regions
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Table 3.

Consensus of residues involved in ligand binding at various docking sites

Site A B

Cc D

1A F54, L55, R56, V98, 199 Q285, T297, V298, 1299
1B Q285, T297, V298, 1299
1C

1D

2A NI12, A34, S35, T36, R76,
R111, Y112, A113
2B N212, A234, S235, T236, R276,
R311, Y312, A313
2C V117, N118, K119, A120

2D V317, N318, K319, A320

F254, L2255, R256, T297, V298, 1299

F454, L455, R456, T497,
V498, 1499
T497, V498, 1499

T697, V698, 1699

F654, L655, R656, T697, V698,
1699
V517, N518, K519, A120

V717, N718, K719, A720

N412, A434, S435, T436,
R476, R511, Y512, A513
N612, A634, S635, T636, R676,
R711, Y712, A713

are reasonably well conserved (Figure 6 a). Mapping the
location of these residues on an ensemble of structures
corresponding to each crystal form also indicates that
they occur in the relatively less dynamic stretches of the
protein (Figure 6Db). Phe54 at site 1 is homologous to
Trp54 of EcSSB which has been suggested to be crucial
for DNA-binding. Studies on DNA-bound Bacillus sub-
tilis SSB (BsSSB) and EcSSB structures also led to the
identification of a potential ‘bridge’ interface between
neighbouring SSB tetramers®’. This bridge interface is
formed by loop Li,. Site 1 in fact lies between Li2 and the
base of L4s. Residues in and around site 1 form a part of
the bridge interface as well. Given its role in DNA bind-
ing and relatively higher SiteScore suggested by SiteMap,
it would seem that, in MtSSB, residues at site 1 may be
responsible for the inhibitor-binding affinity, while site 2
with its distinct hook may provide specificity.

Summary and conclusion

The present study builds upon the detailed structural anal-
yses we have carried out on different mycobacterial
SSBs. Several compounds which inhibit SSBs from other
bacterial species have been reported in the literature. Bio-
chemical studies showed that two of them, namely, myri-
cetin and purpurogallin, inhibit MtSSB with 1Cso values
of 596 and 238 uM respectively. They also inhibit the
growth of M. tuberculosis with MIC values in the range
0.125-0.25 and 0.06-0.125 mM respectively. This find-
ing is consistent with observations from dynamic light-
scattering experiments suggesting that these inhibitors
modulate the quaternary structure of MtSSB. The availa-
bility of the structures of three independent copies of the
MtSSB molecule distributed in two crystal forms made
the study of the binding of myricetin and purpurogallin to
the protein molecule feasible. Each subunit of the tetram-
eric protein molecule is made up of a globular core, with
three flexible hairpin loops extending from it. The flexi-
bility of the loops and subtle differences in quaternary as-
sociation endow the molecule with some structural
variability. The variability was further elaborated by
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determining the structures of two additional crystal forms
of the protein reported here.

Efforts to prepare crystals of the complexes of the pro-
tein with the compounds were not successful. However,
protein models obtained from the four crystal forms pro-
vided a structural scaffold for computationally exploring
the binding of the compounds to the protein. Two binding
sites and their symmetry equivalents could be identified.
The sites were broad and exhibited some differences
among the different models. Each of the two compounds,
when docked into the sites, exhibited some scatter in the
location among the symmetry equivalents as well as the
models. However, it was not difficult to identify consen-
sus residues involved in binding. Close examination of
the sites indicated that one of them is in a region involved
in DNA binding. The other straddles two hooks from
neighbouring subunits. It may be recalled that these
hooks are characteristic of SSBs from mycobacterial and
related species. It is possible that contribution to affinity
primarily comes from the first site, while the second site
is primarily responsible for specificity. The breadth and
variability of the sites and the scatter in the locations of
the ligands are such that the binding locations are more
appropriately described as binding regions or grooves than
as binding sites. This is not surprising as SSBs bind DNA
non-specifically. This observation is also in consonance
with the known diffusional migration of SSBs along the
DNA3®, However, the conservation of residues in the inhi-
bitor-binding regions across species gives confidence in
this approach to further develop inhibitors against MtSSBs
in a targeted manner.
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