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ABSTRACT

Class-ll AP-endonuclease (XthA) and NAD*-
dependent DNA ligase (LigA) are involved in
initial and terminal stages of bacterial DNA base
excision repair (BER), respectively. XthA acts on
abasic sites of damaged DNA to create nicks with
3'0H and 5’-deoxyribose phosphate (5'-dRP) moi-
eties. Co-immunoprecipitation using mycobacterial
cell-lysate, identified MtbLigA-MtbXthA complex
formation. Pull-down experiments using purified
wild-type, and domain-deleted MtbLigA mutants
show that LigA-XthA interactions are mediated
by the BRCT-domain of LigA. Small-Angle-X-ray
scattering, ">N/'H-HSQC chemical shift perturbation
experiments and mutational analysis identified
the BRCT-domain region that interacts with a
novel 104DGQPSWSGKP;13 motif on XthA for
complex-formation. Isothermal-titration calorimetry
experiments show that a synthetic peptide with
this sequence interacts with MtbLigA and disrupts
XthA-LigA interactions. In vitro assays involving
DNA substrate and product analogs show that
LigA can efficiently reseal 3'OH and 5'dRP DNA
termini created by XthA at abasic sites. Assays and

SAXS experiments performed in the presence and
absence of DNA, show that XthA inhibits LigA by
specifically engaging with the latter’s BRCT-domain
to prevent it from encircling substrate DNA. Overall,
the study suggests a coordinating function for XthA
whereby it engages initially with LigA to prevent the
undesirable consequences of futile cleavage and
ligation cycles that might derail bacterial BER.

INTRODUCTION

Mycobacterium tuberculosis is a deadly human pathogen
that can survive for years in the human host. This is partly
attributed to its ability to repair DNA damage caused
by exposure to the hostile oxidative environment present
within the host cell (1-3). In the absence of a mismatch
repair (MMR) pathway in the mycobacterium, the non-
canonical MMR by EndoMS/NucS (4,5) or DNA base ex-
cision repair (BER) pathway assumes importance for coun-
tering host-inflicted oxidative DNA damaging responses
(6,7). BER is a multi-step process initiated by the recogni-
tion and removal of damaged DNA bases by DNA glyco-
sylases (8-10), to generate non-coding, abasic sites which
can block DNA replication and transcription if left un-
processed (11,12). Subsequently, Class IT AP-endonucleases
cleave the phosphodiester backbone of DNA at the abasic
sites (13,14). The repair process is then completed by the
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concerted action of downstream enzymes, including DNA
polymerase that fills in the nucleotide(s) and DNA ligase
that seals the nick (15). It has been reported in higher eu-
karyotes that proteins are recruited and exchanged at the
damaged site following a strict hierarchy which is controlled
by specific protein-protein interactions (16).

Class II AP-endonucleases are multi-functional pro-
teins that act on duplex DNA as a 3'-5 exonuclease, 3'-
phosphodiesterase and 3’-phosphatase (17). These activities
are important for maintaining numerous cellular functions
(18). Generally, deletion/knock-down of AP-endonuclease
family proteins leads to increased sensitivity to DNA dam-
aging agents in both prokaryotes and ecukaryotes (19—
22). Further, mutations in mycobacterial AP endonuclease
(XthA) compromises the survival of mycobacterium within
its host (23). AP-endonucleases hydrolyses the phosphodi-
ester bond on the 5’ end of the abasic site, generating a 3" hy-
droxyl (3’OH) terminus for extension by a DNA polymerase
and a 5’ terminus with a 2’deoxyribose 5’ phosphate residue
(5dRP) to be removed by an AP lyase. AP-endonucleases
functionally interact with several BER components to reg-
ulate the pathway as shown in eukaryotes (24). APE]1 is the
counterpart of XthA, and its knockout has been shown to
be lethal in mice (25). Human APEI1 stimulates the activi-
ties of DNA glycosylase (26-29) and FLAP-endonucleases
(FEN1) (30) for more efficient BER initiation. APEI also
modulates AP lyase and polymerase activities of DNA poly-
merase 3 (31-33). Further, AP-endonuclease interacts with
proliferating cell nuclear antigen (PCNA), suggesting that it
has a coordinating role in BER (30,34,35). These activities
are drawing attention to its potential as an emerging target
for various human diseases.

BER terminates with the action of a DNA ligase, which
catalyses the formation of phosphodiester bonds between
5’-phosphoryl and 3’-OH termini within a DNA strand (36—
39). NAD"-dependent DNA ligase (LigA) is essential in
bacteria and has a modular architecture with a nucleotide
binding domain (AdD-Ia and Ib), an oligomer binding
fold (OB), a zinc finger and helix—hairpin—helix domain
(Zn-HhH) involved in nicked-substrate binding and a C-
terminal BRCT domain (40,41). On the other hand, the
human counterpart viz. DNA ligase I has low sequence
similarity with LigA, and the organization of the domains
is quite different (42) (Supplementary Figure S1 A). The
BRCT domain of LigA plays an important role in mak-
ing direct interactions with substrate DNA thereby allow-
ing LigA to encircle its substrate for catalysis (43—47). In
line with these reports, our previous study showed that the
BRCT-deleted MtbLigA exhibited reduced ligase activity
compared to the full-length protein, reaffirming that the
BRCT domain is important for efficient DNA binding and
ligation (48). In eukaryotes, the BRCT domain, via specific
protein-protein interactions, acts as a DNA damage sig-
nal transducer element that conveys signals from the dam-
age sensors to other components of DNA repair machinery
(49,50).

Other important protein interactions governing BER in
eukaryotes include those between human DNA glycosy-
lase and FLAP-endonuclease (FEN-1) (51), DNA poly-
merase and DNA ligase (52) and other BER components
with XRCCI1 (53,54) or PCNA (34,55-57). This suggests

that various steps of BER are regulated by multiple protein—
protein interactions whereby components of the BER ma-
chinery receive and relay DNA substrates or products se-
quentially to the next appropriate enzyme. This could be es-
sential for preventing exposure of DNA intermediates to the
detrimental action of nucleases, recombination events, etc.
While several crucial participants of mycobacterial BER,
like DNA glycosylase MtbNei (58-61), MtbXthA (62-64),
DNA polymerase (65,66), the DNA sliding B-clamp (67,68)
and MtbLigA (48,69,70), have been studied in isolation, the
protein-interaction network in mycobacterium, and bacte-
ria in general, is relatively unexplored.

‘We have earlier reported that MtbXthA-MtbB—clamp in-
teractions exist and also that these are mediated by DNA
(63). Here, we have identified interactions between MtbX-
thA and MtbLigA that are involved in the initial and termi-
nal stages of bacterial BER respectively. The complex for-
mation between the two proteins is mediated specifically by
a newly identified motif in MtbXthA that interacts with the
BRCT domain in MtbLigA. The interaction of XthA with
LigA inhibits the latter’s activity. We have also shown that
LigA can efficiently act on the product of XthA activity to
ligate it. Our results suggest that XthA engages with the C-
terminal BRCT domain of LigA to prevent ‘futile’ ligation
of the former’s product till an AP-Lyase is recruited to re-
move the 5-dRP moiety.

MATERIALS AND METHODS

Cloning, expression and purification of MtbLigA, MtbLigA
variants and MtbXthA

Full-length His-tagged MtbLigA and its deletion mutants
MtbLigAl, MtbLigA2, MtbLigA3 and BRCT domain
alone, were cloned, expressed and purified to homogeneity
as previously described by our laboratory (48,69,70). Mt-
bLigA mutants with hexa-histidine tag, viz. MtbLigA G141,
MtbLigA%%?!T and MtbLigA%%*V, were generated using
appropriate primers (Supplementary Table S1) and full-
length pET21d-MtbLigA construct as the template (48),
as per earlier reported protocols (71). Mutant proteins
were also expressed and purified as described above. The
clone constructs were expressed in Escherichia coli BL21
(DE3) cells (Novagen) and grown in LB medium contain-
ing 0.1 mgml~! ampicillin to A4 0.5, followed by 0.2-0.5
mM isopropyl B-D-thiogalactopyranoside (IPTG) induc-
tion for 16 h at 20°C. The cells were harvested by centrifu-
gation at 6000 rpm and pellets were resuspended in Buffer
A (50 mM Tris—HCI pH 8.0, 200 mM NaCl and 2mM im-
idazole, I mM PMSF and 0.2mgml~! lysozyme, DNase
I) and sonicated. The homogenate was centrifuged at 12
000 rpm for 30 min and the clarified cell lysates were ap-
plied to pre-equilibrated nickel NTA column (Amersham
Biosciences). The proteins were eluted using 300 mM imida-
zole in Buffer A. The eluted fractions containing the protein
of interest were pooled and concentrated up to 4-6 mg/ml
and subjected to pre-equilibrated (20 mM Tris—HCI pH 8.0,
100 mM NaCl) 1 ml MonoQ 5/5 columns on AKTA prime
(GE Biosciences). Following four column volumes washes
with equilibration buffer, a NaCl gradient in 20 mM Tris—
HCI pH 8.0 was used to elute the proteins. The resultant



fractions were pooled, concentrated and applied over a Su-
perdex 200 size exclusion chromatography (SEC) column
(GE Biosciences) in a buffer containing 50 mM Tris—HCl,
pH 8.0, 150 mM NaCl, 5% (v/v) glycerol. Fractions were
pooled, concentrated and analysed on 12% SDS-PAGE.

6XHis-tagged and GST-tagged MtbXthA and its cat-
alytic dead mutant E57A/D251A have been cloned, ex-
pressed and characterized in our lab as reported earlier
(62,63). A GST-tagged triple-mutant, MtbXthA'P (S110A,
KI111L, G112A), was generated using specific primers (Sup-
plementary Table S1) and pGEX-MtbXthA construct as
the template (63) using standard protocols (71). All ex-
pression constructs were sequenced to verify their in-
tegrity. Overexpression and purification of recombinant
MtbXthA /variant proteins was carried out as explained
above with minor modifications in cell lysis buffer (40 mM
Tris—-HCI pH 8.0, 500 mM NacCl, 0.1% N-lauryl sarcosine,
10 mM imidazole, I mM PMSF and 0.2 mgml~! lysozyme,
DNase I).

Anti-sera generation and co-immunoprecipitation (Co-IP)

Antibodies against purified MtbLigA and MtbXthA were
generated by subcutaneous immunization of BALB/c mice
and female NZ rabbit, respectively (experiments approved
by the Animal Ethics Committee, CSIR-Central Drug Re-
search Institute, Lucknow, India). Protein (200 n.g) in Fre-
und’s complete adjuvant (1:1 v/v) was given as primary im-
munization followed by two booster doses of 100 pg each in
incomplete adjuvant. Ten days after the second booster, the
animals were bled to obtain polyclonal antiserum. Specifici-
ties of the antisera were checked by immunoblotting of M.
tuberculosis cell lysate.

In vivo interaction between MtbLigA and MtbXthA was
analysed by co-IP according to previously published proce-
dures with some modifications (63). Briefly, exponentially
growing cells of M. tuberculosis (H37Rv) were harvested,
resuspended and lysed in 1.5 ml of buffer (50 mM Tris—
HCI pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Nonidet
P-40, 0.5% Sodium deoxycholate and 0.01% SDS). To re-
move any DNA mediated mode of interaction between the
proteins, the mycobacterial cell extract was pre-treated with
DNase I (15 units) at 25°C for 45 min. 50 wl slurry of pro-
tein A sepharose (GE Healthcare Biosciences) was washed
twice with PBS (50 mM sodium phosphate, pH 7.5, 150
mM NaCl) and incubated on a rotary shaker with 25 pl of
anti MtbLigA antibody. In control experiments MtbLigA
antiserum was not added to the beads. Each reaction was
washed twice with PBS followed by two washes using 0.2
M tri-ethanolamine, pH 8.0. The antibody was then cross-
linked to protein A with dimethyl pimelimidate (Pierce)
according to the manufacturer’s protocol. After equilibra-
tion of the antibody-conjugated protein A sepharose with
TEN buffer (50 mM Tris—HCI pH 8.0, 5 mM EDTA, 150
mM NacCl), 1 ml aliquot of mycobacterial cell extract (60
mg/ml) was added and incubated for 4 h at 4°C on a ro-
tary shaker. The beads were washed thrice with TEN buffer
and the complexes were eluted from beads using 0.1 M
glycine, pH 2.5. Samples were neutralized with Tris—HCI
pH 8.0 and run on 12% SDS-PAGE for western blotting us-
ing anti-MtbLigA and anti-MtbXthA antisera. Goat anti-
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mice/goat anti-Rabbit HRP conjugated were used as sec-
ondary antibodies and signals were detected using an en-
hanced chemiluminescent substrate (Thermo Fischer) and
captured by X-ray film (GE Healthcare).

In vitro GST pull down assays

5 wM purified His-tagged MtbLigA, MtbLigA mutants
(MtbLigAl, MtbLigA2, MtbLigA3 or BRCT) respectively,
were incubated with GST-tagged MtbXthA in 500 pl of
assay buffer (50 mM Tris—=HCI pH 7.5, 50 mM NacCl, 2
mM DTT, 10% glycerol) at 4°C for 3 h. The proteins were
then mixed with 50 wl of glutathione sepharose beads (GE
Healthcare) with constant rotation at 4°C for 1 h. The beads
were then washed thrice with assay buffer containing 0.1%
Triton X-100. Subsequently beads were boiled in 50 wl of
1 x Laemmli buffer and the pulled-down protein complexes
were run on 12% SDS-PAGE followed by immune blotting.
The blot was probed using anti-His and anti-GST antibod-
ies (Santa Cruz Biotech), respectively.

Size exclusion chromatography of complexes

MtbXthA-MtbLigA complex was prepared by mixing
equimolar ratio of MtbXthA and MtbLigA in a buffer con-
taining 50 mM Tris pH 8.0, 200 mM NaCl and 2 mM beta-
mercaptoethanol, in absence or presence of nicked DNA
substrate (S1). Complexes were incubated for at least 3-4
h on ice prior to SEC analysis. For MtbLigA-MtbXthA-
nicked DNA complex, equimolar ratio of both the proteins
were incubated on ice for 2 h and then S1 was added fol-
lowed by further incubation for 30 min on ice such that the
final molar ratio becomes 1:1:1. SEC was performed using
Superdex 200 increase GL 10/30 column (GE Healthcare)
in the same buffer in which complexes were made. The col-
umn was calibrated using blue dextran (to determine void
volume) and standards Aprotinin (6.51 kDa, 1.3 nm), Ri-
bonuclease (13.7 kDa, 2.4 nm), Ovalbumin (44 kDa, 4.4
nm), Aldolase (158 kDa, 6.62 nm), and Ferritin (440 kDa,
7.99 nm) of known molecular weights and Stoke’s radii (Ta-
ble 1, Supplementary Figure S2D, E).

Small angle X-ray scattering

SAXS experiments were performed at BM29, ESRF
(Grenoble, France). SAXS measurements were carried out
for MtbXthA, MtbLigA and MtbXthA-MtbLigA. Stud-
ies were also carried out on MtbLigA and MtbXthA-
MtbLigA in complex with 27-mer nicked DNA (S1) at
equimolar protein/DNA concentrations. The complex was
formed by mixing the equimolar concentration of protein-
protein/protein—-DNA and then centrifuged for 5 min at
10,000 rpm to exclude any aggregated participants. Data
were acquired at protein concentrations: 5.3 mg/ml for Mt-
bXthA, 1.3 mg/ml for MtbLigA, 2.5 mg/ml for MtbLigA-
nicked DNA complex, 2.5 mg/ml for MtbXthA-MtbLigA
complex and 2.0 mg/ml for MtbXthA-MtbLigA-nicked
DNA complex. All proteins were in buffer containing 50
mM Tris pH 8.0, 200 mM NaCl and 2 mM BME. Data
collection was performed at 10°C and 10 frames of 1 s
for samples were collected. (Table 2). Buffer scattering was
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Table 1. Size exclusion chromatography of proteins and complexes

Theoretical molecular weight Average molecular weight Stoke’s radii
Protein/protein complex (kDa) (kDa) by SEC (nm) 260/280 ratio
MtbXthA 35 39.81 2.67 0.51
MtbLigA 77 121.04 4.02 0.57
BRCT domain 11 22.30 2.14 0.53
MtbLigAl 66 115.80 391 0.56
MtbXthA+BRCT domain 46 45.68 2.79 0.54
MtbXthA+MtbLigA 112 106.45 3.83 0.59
MtbLigA+Nicked DNA 101 112.27 3.19 0.82
MtbXthA+MtbLigA+Nicked DNA 136 103.20 3.79 1.03

The 260/280 ratios were measured by nanodrop for eluted fractions.

measured to generate buffer subtracted intensity profiles.
Data was processed using Primusqt implemented in AT-
SAS 2.8.1. The forward scattering intensity /) and radius
of gyration R(g) were estimated using AUTOGNOM which
was also used to evaluate the molecular size by plotting
pair-distance distribution functions (PDDF). P(r) of scat-
tering data is the representation in real space and reflects
the particular particle’s shape. P(r) approaches zero at its
maximum dimension Dmax. AUTOGNOM results were
used to generate 10 independent ab initio models through
DAMMIF.

To generate the full-length model of MtbLigA, we mod-
elled OB domain and HhH domain using E. coli. LigA
(PDB: 20WO) and BRCT domain was modelled by using
Phyre2, using the structure of the BRCT domain from Hu-
man replication factor C large subunit 1 (PDB ID: 2EBU)
as a template, which has 99.9% confidence and 99% cov-
erage. Then all the domains were subjected to ensemble
optimization modelling in EOM online software against
SAXS data (72) to generate full length extended and closed
forms of MtbLigA. For MtbXthA and MtbLigA com-
plex, we docked the proteins using Cluspro (73). For Mt-
bLigA + nicked DNA and MtbXthA + LigA + nicked
DNA complexes, we built models on the basis of SAXS
generated beads models in COOT (74) and their scatter-
ing was calculated and superimposed on SAXS scattering
by using Supcomb (75) and Crysol (76). The model vali-
dation statistics is summarized in Supplementary Table S2.
The models were subsequently superimposed using SUP-
COMB. Figures were generated using PYMOL v0.99rc6/
Chimera 1.10.1.

Isothermal titration calorimetric analysis

Isothermal titration calorimetry (ITC) was performed on
a MicroCal VP-ITC calorimeter (GE healthcare) and data
analysis was done using Origin 7.0 software with Microcal
add-on package. Proteins were purified as described above,
concentrated and extensively dialyzed in 50 mM HEPES-
Na pH 8.0, 200 mM NaCl and 2 mM BME. For peptide
titrations, 0.4 mM of test peptides (i) DGQ (DGQPSWS-
GKP) (ii)) YDV (YDVAHVGFD) were titrated in to 0.05
mM of protein (BRCT domain). Injections of 10 wl of sub-
strate solution were added from a computer-controlled mi-
cro syringe at 3 min intervals into the protein solution (cell
volume = 1.43 ml) with stirring at 394 rpm. Experimental
data were fitted to a theoretical titration curve using soft-
ware supplied by Microcal, with A H (binding enthalpy kcal

mol~1), K, (association constant) and n (number of bind-
ing sites per monomer), as adjustable parameters. All ex-
periments were performed with ¢ values 1 < ¢ < 200, the
quantity ¢ = K, M where M, is the initial macromolecule
concentration. Control experiments were performed for all
the peptides and appropriate values subtracted from the fi-
nal data sets. The calibration kit (supplied by manufacturer)
was used to calibrate the instrument. Thermodynamic pa-
rameters were calculated from the Gibbs free energy equa-
tion.

ISN/TH-HSQC NMR chemical shift perturbation (CSP)
studies

Isotopically enriched '*N-labeled BRCT domain was ex-
pressed in minimal media consisting of vitamins and var-
ious salts and was purified as described above. Titration
studies were carried out in uniform N labelled BRCT
protein samples (~0.2 mM) and unlabelled XthA (~2
mM). The titration study was performed by adding aliquots
of purified XthA to N labelled BRCT protein from
BRCT:XthA ratio of 1:0, 1:0.2, 1:0.4, 1:0.6, 1:0.8 up to satu-
ration level of 1:1 ratio. The "N/ H-HSQC spectra were ac-
quired at each titration point keeping all other experimental
parameters constant. The NMR construct had an inadver-
tently introduced V667A conservative mutation. The pH of
sample was monitored during titration and there were no
significant changes in the pH till the end of the experiment.
Chemical shift perturbations of the BRCT:XthA complex
were determined from the deviation between peak position
of the free and the complexed peak in the N/'H-HSQC
spectra of the BRCT-domain.

Surface plasmon resonance (SPR)

SPR experiments were carried out using Biacore 3000, GE
Healthcare. The surface of CMS5 sensor chip was acti-
vated with N-hydroxy succinimide (NHS, 0.05 M)/ N-ethyl-
N-(diethylaminopropyl) and carbodiimide (EDC, 0.2 M).
The GST antibody (sc-80998, Santa Cruz Biotech) was
immobilized by amine coupling to the activated surface
at concentration of 200 wg/ml in 10 mM sodium acetate
buffer at pH 5.0 to a density of 8000 response units. Af-
ter antibody immobilization the surface was blocked us-
ing ethanolamine at pH 7.4 and 50 mM NaOH was used
as the regeneration solution. The GST-tagged MtbXthA
and MtbXthAP were used as a ligand and diluted in run-
ning buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM
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MtbLigA+Nicked MitbXthA+LigA+Nicked

MtbXthA MtbLigA ds-DNA MtbXthA+LigA ds-DNA
SASBDB ID SASDDDS SASDDNO9 SASDDV9 SASDEW3 SASDEX3
Data collection parameters
X-ray source BM29,ESRF BM29,ESRF BM29,ESRF BM29,ESRF BM29,ESRF
Detector Pilatus 1D Pilatus 1D Pilatus 1D Pilatus 1D Pilatus 1D
Wavelength (nm) 0.081 0.081 0.081 0.081 0.081
Exposure time per frame Is ls ls Is ls
No. of frames collected 10 10 10 10 10
Concentration (mg/ml) 5.3 1.3 2.5 2.5 2.0
Measurement temperature (°C) 10 10 10 10 10
Structural parameters
1(0) [from Guinier] 13.63+0.012 10.86+£0.11 14.540.13 197.66+0.46 8.15+0.073
Rg (nm) [from Guinier] 2.3740.00 5.2240.08 4.49+0.07 6.244+0.02 4.52+0.45
1(0) [from P(r)] 13.54+0.012 10.82 14.50 201.6+0.479 8.317+0.099
Rg (nm) [from P(r)] 2.35+0.003 5.20+0.06 4.49+0.06 6.66+0.0213 4.788+0.089
Dmax (nm) 7.3 16.7 14.79 23.86 17.06
Modeling parameters
Symmetry P1 P1 P1 P1 P1
Anisotropy Unknown Unknown Unknown Unknown Unknown
Modelling iterations 10 10 10 10 10
Chi? 0.5765 0.79 0.64 1.02 0.8048

EDTA, 0.005% v/v Surfactant P20) at concentration of
about 80 pwg/ml (~2.28 wM) and injected over one flow
cell of the anti-GST Ab-coated sensor chip at 5 pl/min
until 6000 response units of ligand was immobilized. The
His-tagged MtbLigA and BRCT domain, MtbLigAG6!41,
MtbLigAG%2! MtbLigAS9V were injected respectively as
the analyte at concentrations ranging from 0, 0.164, 0.329,
0.658, 1.32 and 2.63 pM. The 0.164 M concentration
was replicated twice in each experiment. A second flow cell
served as a reference to account for bulk-shift responses and
minor, nonspecific interactions with the anti-GST that was
subtracted from the binding response. The kinetic experi-
ment was run using application wizard of binding through
the capturing molecule. Binding for 120 secs after end of
each injection was measured at different analyte concentra-
tions which were injected for 3 min at flow rate of 20 p.1/min.
Complete regeneration of surface was achieved with single
30 s injection of 50 mM NaOH. Sensograms were processed
using BIA evaluation software version 4.1.1 (GE Health-
care). The steady state equilibrium constant (Kp) was de-
termined by fitting the data to a 1:1 Langmuir isotherm.

Fluorescence measurements

Complex disruption assay. MtbXthA was labelled with
Oregon green 488 maleimide (MtbXthA®Y) while BRCT
domain of MtbLigA was labelled with Alexa flour 555 C2-
maleimide (BRCTAF) using a protein labelling kit (7hermo
Scientific). The degree of labelling was found to be three flu-
orophores per MtbXthA and two fluorophores per BRCT
domain, respectively as determined by following the manu-
facturer’s instructions. Interaction between the two labelled
proteins was monitored by fluorescence resonance energy
transfer (FRET). The donor MtbXthA®S (0.2 wM) and ac-
ceptor BRCTAF (2 wM) were incubated in 500 wl FRET
buffer (50 mM HEPES-Na pH 8.0, 50 mM NaCl, 2 mM
DTT, 8 mM MgCl, and 0.5 mM EDTA) for 30 min on ice
followed by measurement at room temperature using Cary
Eclipse Fluorescence spectrophotometer (Agilent Technolo-

gies). Samples were excited at 488 nm and emission spectra
were recorded from 495 to 600 nm. The complex disrup-
tion was tested by adding respective peptides and monitor-
ing any change in the FRET efficiency. FRET efficiency (E)
was calculated by; £ = 1 — Fd’/Fd where Fd’ is the emission
intensity of the donor in the presence of acceptor and Fd is
the emission intensity of the donor alone. The peptides used
in the study include (i) DGQ (DGQPSWSGKP) (ii)) YDV
(YDVAHVGEFD) and (iii) Control peptide IGQFDLFGYV)

MtbLigA enzyme assays. The standard reaction mix-
ture for in vitro ligation assay (20 wl) contained 10 nM
DNA substrate (L1/L2, Supplementary Table S3) and 5
nM MtbLigA/MtbLigAl/LigA-K123A in 50 mM Tris—
HCI (pH 7.8), 10 mM MgCl,, 5 mM DTT and 50 pM
NAD™". Where indicated, the mentioned concentration of
MtbXthA/ mutant ES7TA/D251A MtbXthA, was included
in the reaction mixture. Reactions were assembled on ice,
incubated at 37°C for 3 min, and quenched by adding 10
wl stop solution (98% formamide, 10 mM EDTA, 0.15%
bromophenol blue). Samples were heated for 5 min at
100°C and chilled on ice before loading. Reaction products
were resolved on 12% polyacrylamide gels containing 8 M
urea. Gels were scanned using Image Quant LAS 4000 and
band intensities were measured and quantified using Im-
ageQuantTL 8.1 software. For monitoring the effect of Mt-
bLigA on true incised abasic site containing nicked DNA,
the DNA substrate L3 (1 nM) was first incubated with 1
unit of uracil DNA glycosylase (Thermo Fisher) for 30 min
at 37°C following manufacturer protocol.

MtbXthA enzyme assays. A standard reaction mixture
for AP-endonuclease activities (20 wl) contained 40 mM
Tris—-HCI (pH 7.8), 50 mM NacCl, 10 mM MgCl,, 2 mM
DTT, 27 uM NAD™, 100 g ml~! BSA, 10 nM DNA sub-
strate (N1, Supplementary Table S3) and 10 nM MtbX-
thA protein. Where indicated mentioned concentrations of
MtbLigA/MtbLigAl/LigA-K123A and BSA, were added
together with MtbXthA. Reactions were assembled on ice,
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incubated at 37°C for 10 min and quenched by adding 10
wl stop solution (98% formamide, 10 mM EDTA, 0.15%
xylene cyanol and 0.15% bromophenol blue). Samples were
heated for 5 mins at 100°C and chilled on ice before loading.
Reaction products were resolved on 12% polyacrylamide
gels containing 8 M urea. Gels were scanned using Image
Quant LAS 4000 and band intensities were measured and
quantified using ImageQuantTL 8.1 software.

Protein-DNA binding assay by electrophoretic mobility shift
assay. Duplex DNA substrate L1/N1 (10 nM) was incu-
bated with different concentration of MtbLigA/MtbXthA
(0, 0.01, 0.03, 0.1, 0.3, 1, 3, 10 wM) in binding buffer (10
mM Tris pH 7.8, 10 mM NaCl, 2 mM MgCl,, 1 mM DTT,
20 mM EDTA, 2% glycerol and 0.1 mg ml~! BSA) at room
temperature for 1 h in a total reaction volume of 20 pl.
For accessing the binding of MtbXthA to DNA substrate,
EDTA was included in the buffer to prevent metal-ion de-
pendent incision activity. After incubation, 8 pl of loading
buffer (15% glycerol, 0.1% bromophenol blue) was added
and the complexes were analysed by 6% native PAGE in
0.5x TBE buffer. Gels were scanned using Image Quant
LAS 4000, bound DNA and free DNA were quantified by
densitometry using the ImageQuantTL 8.1 software (GE
Healthcare). The bound fraction was calculated as: inten-
sity of protein-bound probe over the sum of the protein-
bound and the free probe intensities, respectively. The frac-
tion of DNA bound in each reaction was plotted versus the
concentration of protein. The data were fitted using Prism
software and non-linear regression to obtain the Kp. The
fraction of DNA bound in each reaction was plotted versus
the concentration of protein:

Fraction bound = By * X/ (Kp + X)

where X is the protein concentration, B,y is the maximum
binding and Kp is the dissociation constant.

RESULTS

Co-immunoprecipitation of MtbXthA and MtbLigA from
mycobacterial cell lysate suggests that they form a complex
in vivo

We hypothesized that LigA might interact with XthA in
mycobacteria/ bacteria based on reports involving human
DNA ligase I and AP-endonuclease (77). In order to as-
sess this, antibodies were raised against purified MtbLigA,
which detected a specific band in M. tuberculosis lysate (Fig-
ure 1A, a). Protein A beads conjugated with anti-MtbLigA
antibody were used to immunoprecipitate LigA along with
any in vivo interacting proteins from DNAse I treated my-
cobacterial cell lysate. Co-immunoprecipitation of MtbX-
thA was detected by immunoblotting with anti-MtbXthA
antibody in the fraction precipitated with anti-MtbLigA
(Figure 1A, b, lane 2), while no signal was detected in the
precipitates from the negative control where anti-MtbLigA
antibody was excluded from the reaction (Figure 1A, b, lane
1). The same blot was stripped and re-probed with anti-
MtbLigA antibody to confirm the immuno-precipitation
(Figure 1A, c, lane 4). The specific signals for MtbLigA were
absent in the negative control where anti-LigA antibody was
not added to the reaction (Figure 1A, c, lane 3).

C-terminal BRCT domain of MtbLigA mediates complex
formation with MtbXthA

LigA has a multi-domain architecture with the adenylation
domain at the N-terminal end and the BRCT domain at
the C-terminal end (Figure 1B). To determine the site of
the physical interactions between MtbXthA and MtbLigA,
we created deletion mutants of MtbLigA as follows: BRCT
alone, BRCT deleted (MtbLigA1l), BRCT and HhH do-
mains deleted (MtbLigA2), and BRCT, HhH and OB-fold
domains deleted (MtbLigA3). Recombinant His-tagged
full-length (FL) or domain deletion mutants of MtbLigA
and GST-tagged MtbXthA were purified (Supplementary
Figure S2A). As MtbXthA and MtbLigA are DNA bind-
ing proteins, steps (detailed in the Methods section) were
taken to prevent co-purification of any bound DNA which
was verified by UV-vis spectrophotometry (Supplementary
Figure S2, B). We performed in vitro GST pull-down assays,
where GST-MtbXthA (Figure 1C, a) or GST alone (Fig-
ure 1C, b) were respectively incubated with His-tagged FL
MtbLigA or the domain deletion mutants before being pre-
cipitated by GST-binding glutathione beads. Immunoblot-
ting of the pulled-down complexes with anti-His antibody
showed a specific co-precipitation of the FL MtbLigA with
GST-MtbXthA (Figure 1C, a, lane 1), while none of the do-
main deletion mutants were co-precipitated (Figure 1C, a,
lanes 2—-4). Interestingly, the LigA BRCT domain alone was
also pulled-down by GST-MtbXthA (Figure 1C, a, lane 5).
No co-precipitation of any complexes was observed with
GST alone (Figure 1C, b, lanes 1-5). These results show that
the BRCT domain of MtbLigA mediates interactions with
MtbXthA.

Next, the respective interactions of MtbLigA and BRCT
domain with MtbXthA were quantitatively analysed by sur-
face plasmon resonance (SPR). GST-MtbXthA was immo-
bilised on a GST-coated CMS5 chip onto which His-tagged
MtbLigA and BRCT-domain were respectively passed as
analytes. MtbXthA binds to MtbLigA and the BRCT-
domain respectively with similar equilibrium dissociation
constant, Kp, of 6.77e"® M and 7.14e~% M, respectively
(Figure 1D I, II, Supplementary Table S4). The latter re-
sults suggest that the interaction between MtbXthA and
MtbLigA is primarily mediated by the BRCT-domain. The
result is additionally supported by the fact that the BRCT-
deleted LigA mutant does not interact with MtbXthA (Fig-
ure 1C a, lane 2).

We also performed size exclusion chromatography (SEC)
of the individual proteins and their complexes (Figure 2A
and Supplementary Figure S2 D, E and F). The molecu-
lar mass and Stoke’s radii were calculated using standard
proteins (Supplementary Figure S2 D, E; Table 1). Frac-
tions corresponding to the peaks were collected and anal-
ysed by SDS-PAGE (Figure 2A). MtbXthA, elutes with
an apparent molecular weight 39.8 kDa (Figure 2A, green
peak), while MtbLigA elutes at ~121.04 kDa (Figure 2A,
orange peak). When the two proteins were mixed together,
MtbLigA and MtbXthA co-eluted in the molecular mass
range ~106.5 kDa (Figure 2A, purple peak). The UV-Vis
spectra of the eluted peaks show the absence of any con-
taminating DNA (Supplementary Figure S2B). The BRCT
deleted MtbLigA1 mutant failed to interact with MtbXthA
as both proteins eluted separately (Figure 2A, blue peaks)
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Figure 1. Interactions between MtbLigA and MtbXthA and identification of regions involved in the interaction. (A) Antisera generation and physiological
interactions between MtbLigA and MtbXthA. (A) To check specificity of raised antisera, immunoblots of Mtb cell lysate were probed with anti-MtbLigA
antibody. (B, C) Co-IP was performed by precipitating Mycobacterium tuberculosis (H37Rv) cell lysate with anti MtbLigA Ab immobilized on protein A
beads. No anti MtbLigA Ab was immobilized on protein A beads in control (b, c: lanes 1, 3). The co-precipitates were detected by western blot analysis
using MtbXthA Abs (b: lane 2). The blot was also probed with anti MtbLigA Ab (c: lane 4) to detect immuno-precipitated MtbLigA. (B) Diagrammatic
representation of domain architecture of MtbLigA and schematics showing various domain deletion mutants of MtbLigA used in this study. Sub-domains
of Ta and Ib of adenylation domain are shown in purple and teal. Oligonucleotide binding (OB) domain is shown in pink, Zinc finger domain (Zn-HhH) is
shown in beige and BRCT domain is shown in (Yellow), respectively. (C) GST pull down assay to probe MtbLigA-MtbXthA interactions. (A) GST-tagged
WT MtbXthA was incubated with His-tagged wild type WT MtbLigA (lane 1) or LigA domain deletion mutants MtbLigA1 (lane 2), MtbLigA2 (lane 3),
MtbLigA3 (lane 4), BRCT domain (lane 5) or (b) GST alone and mixed with glutathione sepharose beads. The immunoblot analysis of the pulled down
complexes was carried out using appropriate antibodies as detailed in Materials and Methods. (D) Interaction analysis of proteins by surface plasmon
resonance (SPR). MtbXthA-GST (~2.28 wM) was immobilized as ligand on the chip coated with GST antibody and (I) His-tagged MtbLigA or (II)
BRCT domain were passed as the analyte with concentration ranging from 0, 1.64e~7 1.64e=7 3.29¢~7, 6.58¢~7, 1.32¢~¢ and 2.36e~% M. The Kp values
were determined by fitting the data to 1:1 Langmuir isotherm using Biaevaluation software 4.1.1.

with no shift evident in their individual elution volumes. In- Dmax 16.7 nm (Figure 2C (i), Supplementary Figure S3B).

terestingly, purified BRCT domain (Supplementary Figure
S2F) co-eluted with MtbXthA (Figure 2A, red peak). These
results indicate that, a DNA independent binary complex
forms between MtbXthA and MtbLigA, and that this in-
teraction is mediated by the BRCT domain of the latter.

Structural characterization of MtbXthA—MtbLigA complex

To get an insight into the structure of the MtbXthA-
MtbLigA complex, small-angle X-ray scattering (SAXS)
was used to first characterize the solution behaviour of in-
dividual proteins MtbXthA and MtbLigA. While MtbX-
thA behaved as a globular protein with a radius of gyration
(Rg) 2.3740.00 nm and Dmax 7.3 nm (Figure 2B, Supple-
mentary Figure S3A and Table 2), MtbLigA adopted an
extended conformation with large Rg 5.22+0.08 nm and

All the domains of MtbLigA (AdD, OB, HhH and BRCT
domain) were found to be present in the extended confor-
mation in the bead model generated using DAMMIF (Sup-
plementary Figure S3B and F(i)). The ab initio 3D bead
model generated for MtbLigA using the SAXS data showed
that the extended structure of MtbLigA fits the SAXS en-
velope derived from the average bead model with a nor-
malized spatial discrepancy (NSD) of 2.93 by SUPCOMB
(Supplementary Figure S3B, Table 2 and Supplementary
Table S2).

The SEC analysis estimated a stoichiometric ratio of
1:1 interaction between MtbXthA-MtbLigA, therefore we
studied the behaviour of MtbXthA-MtbLigA complex in
solution at equimolar ratios. MtbXthA-MtbLigA complex
appeared multi-domain and flexible in nature with 6.66
+ 0.02 nm Rg values and large Dmax 23.86 nm (Figure
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Figure 2. Structure and dynamics of proteins/complexes. (A) Size exclusion chromatographic analysis. SEC profile of proteins/complexes as indicated.
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angle X-Ray scattering (SAXS) envelope of protein and complexes fitted with homology models. (B) MtbXthA alone (C) (i) Apo MtbLigA: SAXS re-
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complex (ii) forms. The central cavity is seen lost and Ia, HhH and BRCT domains are in close vicinity surrounding DNA compared to apo MtbLigA
structure. (D) MtbXthA+MtbLigA binary complex: The complex has ‘extended’ conformation where MtbLigA BRCT domain interacts with MtbXthA.
The interaction interface is marked with dotted circle. (E) MtbXthA-MtbLigA-DNA ternary complex. SAXS shows MtbLigA only ‘partially closed’
around DNA as compared to MtbLigA-DNA complex. The BRCT domain is seen interacting with MtbXthA with interaction interface marked by dotted
circle. (F) Normalized Pairwise interatomic distance distribution P[r] function of MtbXthA, MtbLigA and MtbXthA+MtbLigA complex demonstrates
an increase in Dmax value for the complex. (G) Normalized Pairwise interatomic distance distribution P[r] function for MtbLigA+DNA and MtbX-
thA+MtbLigA+DNA. (H) Pictorial representation of MtbLigA ‘extended’” and ‘compact’ conformations around nicked DNA substrate in absence and
presence of MtbXthA as revealed by SEC and SAXS analysis of individual components or protein complexes.



2D, F, Supplementary Figure S3C and Table 2). The Kratky
plot for the MtbXthA-MtbLigA complex was parabolic
(Supplementary Figure S3C, iii purple) and the linearity of
Guinier plot at lower ¢ values suggests that the protein com-
plex was devoid of any aggregation (Supplementary Figure
S3C, ii). The x? values obtained for the experimental data
and the SAXS profile calculated from the modeled struc-
ture supports the quality of the complex model (Table 2).
Importantly, the interaction interface in the SAXS model
shows that the extended MtbLigA engages with MtbXthA
through its BRCT domain (Figure 2D).

MtbXthA, MtbLigA forms a ternary complex with nicked
DNA

The incision by MtbXthA at an abasic site creates a nicked
DNA intermediate on which downstream proteins includ-
ing MtbLigA act to repair the DNA damage. We there-
fore wanted to study the interaction between the two pro-
teins in the presence of nicked DNA. We first performed
SEC analysis of MtbLigA incubated with a nicked DNA
substrate analog (S1). The apparent molecular weight of
the DNA-LigA complex was ~112.27 kDa with a re-
duced Stoke’s radii of 3.19 nm compared to MtbLigA
alone (4.02 nm) (Figure 2A, yellow dotted peak and Ta-
ble 1). The UV-Vis spectral analysis of the eluted peak
shows the presence of DNA in the complex (Supplemen-
tary Figure S2B, red dotted). The result suggests that Mt-
bLigA likely adopts a compact conformation in the pres-
ence of DNA. However, in the presence of MtbXthA, the
Stoke’s radius of the tri-complex increases to 3.79 nm in-
dicating that inclusion of MtbXthA results in the forma-
tion of a larger oligomeric complex. (Figure 2A, red dotted
peak). Both MtbXthA and MtbLigA were detected in SDS-
PAGE analysis of the fraction from eluted peaks, indicat-
ing the complex formation between the two proteins (Fig-
ure 2A). The UV-Vis spectra of the eluted peak also con-
firmed the presence of DNA in the fraction volume (Sup-
plementary Figure S2B, magenta). The SEC results over-
all show that MtbXthA-MtbLigA-DNA forms a ternary
complex.

To get an insight into the structure of this ternary com-
plex by SAXS we first determined the structural dynamics
of MtbLigA binding to nicked DNA.

SAXS analysis of apo and DNA-bound MtbLigA identifies
extended and compact conformations of MtbLigA respec-
tively

We carried out SAXS analysis of MtbLigA in the presence
and absence of nicked DNA substrate (S1) (Figure 2C, 1
& 11). The full-length model of MtbLigA was built for the
analysis using crystal structures of homologs and structures
solved by our group as templates (details in Methods). The
pairwise distance distribution function P(r) demonstrated a
reduction in the Dmax from 16.7 nm (open, extended con-
formation of apo MtbLigA, Figure 2F, orange) to 14.79
nm indicating a closed/ compact conformation, (Figure 2G,
salmon). This was accompanied by a decrease in the radius
of gyration (Rg) from 5.20 to 4.49 nm in the presence of
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nicked DNA substrate, suggesting a DNA induced confor-
mational change in LigA (Table 2). The comparative Kratky
analysis at lower ¢ values of scattering profiles of both data
sets reveal the globularity attained by LigA in the presence
of the nicked S1 (Supplementary Figure S3D, iii) as was also
suggested by SEC data above. All samples were monodis-
persed and free from aggregation as determined by Guinier
analysis (Supplementary Figure S3B, ii and D, ii).

The bead model generated using DAMMIF shows the
presence of various domains of apo MtbLigA (AdD, OB,
HhH and BRCT domain) in the extended conformation
(Supplementary Figure S3F) where the distance between
the AdD domain and HhH is prominent (2.5 nm) and cen-
tral cavity is about 4.3 nm wide. Interestingly, SAXS data for
MtbLigA-nicked DNA complex supports a ‘toroid’ shaped
model. Conformational changes in the local spatial disposi-
tion of domains around the nicked DNA resulted in reduc-
ing the distance between Ia and HhH domains and a loss of
the central cavity (Figure 2C, i and ii, Supplementary Figure
S3F i and ii). The BRCT domain also rearranges and gets in
close vicinity of Ia sub-domain compared to apo MtbLigA,
contributing to the compact architecture. Comparison of
SAXS model of MtbLigA-DNA complex (fitted with ho-
mology structure) with template crystal structures (20WO,
1DGS), suggests a rotation of nearly 170° from Y324 as
the centre of rotation (Supplementary Figure S3F, iii). The
adoption of a compact conformation by MtbLigA may be a
requisite for stabilizing its interaction with substrate DNA
as suggested in earlier reports (43,78).

Structure and dynamics of MtbXthA-MtbLigA—nicked
DNA ternary complex

We next analysed the MtbXthA-MtbLigA complex in the
presence of nicked DNA substrate (S1) using SAXS (Fig-
ure 2D & E). The addition of DNA into the MtbXthA—
MtbLigA complex introduced disorder at near g, values
as reflected by Kratky plot of the complex (Rg 4.52+0.45
nm) (Supplementary Figure S3E, iii, teal). Ternary com-
plex exhibits a reduced Dmax (17.06 nm) compared to the
binary MtbXthA-MtbLigA complex (23.86 nm) indicating
adoption of more compact structure (Figure 2E and Table
2). While the Kratky plot for MtbXthA-MtbLigA complex
was parabolic (Supplementary Figure S3C, iii), inclusion of
DNA in the complex resulted in an upward trend in the plot,
towards higher angles reflecting increased disorder (Supple-
mentary Figure S3E, iii). The SAXS model of ternary com-
plex showed an interaction between MtbXthA and BRCT
domain of MtbLigA. In contrast to the compact conforma-
tion adopted by MtbLigA in its complex with nicked-DNA,
it adopts a relatively extended conformation while interact-
ing with XthA, both in the presence and in the absence of
nicked DNA. The linearity of Guinier plot at lower q values
suggests that the proteins and complexes were devoid of any
aggregation (Supplementary Figure S3E, ii). The x 2 values
obtained for the experimental data and the SAXS profile
calculated from the modelled structure supports the quality
of the modelled complex (Table 2). A schematic representa-
tion of the SEC and SAXS results is shown in Figure 2H.
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Identification of a conserved MtbXthA motif and MtbLigA
residues that mediate MtbXthA-MtbLigA interactions

It is clear from the above results that the C-terminal BRCT
domain of MtbLigA interacts with MtbXthA. Correspond-
ingly, we examined the SAXS derived MtbXthA-MtbLigA
model to identify the potential region on MtbXthA in-
volved in mediating the interactions of the complex. An
examination of the interaction interface showed that the
BRCT domain of MtbLigA engages with an amino acid
stretch 1o4sDGQPSWSGKP, ;3 in MtbXthA (Figure 3A).
We then designed a peptide corresponding to the interac-
tion interface region in MtbXthA and performed Isother-
mal Titration Calorimetry (ITC) to determine its binding
with the BRCT domain of MtbLigA. The test peptides used
were: DGQ (;04DGQPSWSGKP3) located on the inter-
action interface and a control YDV (;5YDVAHVGFDyg;3),
present on an adjoining loop in proximity but away from
the interaction interface. The DGQ peptide bound to BRCT
domain with apparent K4 2.47 wM, while the YDV peptide
showed minimal interactions (Ky 88.49 wM) (Figure 3B and
C). Peptides titrated against only the buffer did not show
any non-specific binding of peptides (Supplementary Fig-
ure S4A and B). The thermodynamic analysis of DGQ pep-
tide binding suggests the occurrence of favourable hydrogen
and hydrophobic interactions (Supplementary Table S5).
We next performed peptide mediated disruption assays
against the MtbXthA-BRCT complex. Fluorescently la-
belled MtbXthA®Y and BRCTAF (Alexa fluor labelled)
were used to monitor complex formation using FRET
(Figure 3D). FRET between MtbXthA®® (donor) and
BRCTAF (acceptor) was measured in the absence (Figure
3E-F; purple) and presence of peptides (DGQ-orange and
YDV-green). Inclusion of DGQ peptide in the reaction
mixture resulted in a marked decrease in FRET indica-
tive of inhibition of MtbXthA-BRCT complex formation
(orange), while the peptide YDV resulted in a poor de-
crease in FRET efficiency (green). No reduction in FRET
was observed on inclusion of a negative control peptide
(IGQFDLFGYV) (grey). The above data suggests that the
sequence motif, (sDGQPSWSGKP,;3 in MtbXthA is im-
portant for forming a complex with MtbLigA. To fur-
ther probe the role of this motif in mediating complex
formation, we mutated the ;s DGQPSWSGKP| 3 motif in
XthA to 14DGQPSWALAP; ;3 (this interaction-defective
mutant will be referred to as MtbXthA®). We found that
MtbXthAP exhibited ten-fold lower binding affinity with
LigA (Kp 6.13¢~7 M, Figure S5A) compared to the wild-
type XthA with MtbLigA (Kp 6.77¢~® M, Figure 1D). We
also mutated three conserved glycine residues, viz. G614,
G621 and G639, of the BRCT-domain of MtbLigA (Sup-
plementary Figure S6D). These glycine residues are part
of the interaction interface with MtbXthA as suggested
by SAXS (Figure 3A). A previous study involving E. coli
LigA (47) had suggested that the corresponding glycines
in the E. coli enzyme are located at transitions from or-
dered secondary structures to loops, leading to significant
local changes in the BRCT-domain. The analogous LigA
BRCT-domain mutants, MtbLigA G4l MtbLigA®%*!! and
MtbLigA%%*V were accordingly generated to probe the
effects of disrupting the BRCT-domain interaction inter-

face. We then used SPR to check the binding affinity of
wild-type XthA with LigA mutants. Relatively poor bind-
ing was observed between MtbXthA and MtbLigA9¥V
(Kp 2.77¢"® M), while moderate binding was observed
with MtbLigA%** and MtbLigA%%!! (Kp 7.81e”7 M
and 1.54e~7 M, respectively) (Supplementary Figure SSB—
D, Supplementary Table S4). Importantly, MtbXthA®
and MtbLigAY%*V exhibited very weak interactions (Kp
9.01e~® M) (Supplementary Figure SSE). The mutational
results support the SAXS-derived model of the MtbXthA—
MtbLigA complex and the protein-protein interaction in-
terface.

We then carried out "N/'H-HSQC chemical shift per-
turbation (CSP) studies using purified MtbXthA and
SN labelled BRCT-domain to further characterise the
MtbXthA-BRCT interaction interface. Changes to the
chemical shifts, either for 'H or >N or both, were observed
for several residues of the BRCT domain (Supplementary
Figure S6A). The sequence-specific resonance assignment
identified residues in the BRCT domain interface that un-
dergo flexible/ allosteric changes upon binding with Mt-
bXthA (Supplementary Figure S6C). Significant changes in
the average chemical shift (Ddavg) were observed for BRCT-
domain residues V619, T620, S622, 1L623, D629, K632,
E633, T650, N651, V653, A655, G656, V671, E676 and
L683 (Supplementary Figure S6A, B and C), many of which
are also conserved (Supplementary Figure S6D). The above
residues are part of the interaction interface as suggested
by the SAXS-derived model (Figure 3A, close-up view) and
agree well with the mutational analysis.

Overall, the above results support that MtbXthA-
MtbLigA  interactions are mediated by the
104aDGQPSWSGKP; ;3 motif of MtbXthA with a spe-
cific interaction interface of the BRCT-domain of LigA.

MtbXthA inhibits the ligase activity of MtbLigA

Human APEI stimulates the activity of human DNA ligase
I on a nicked substrate while inhibits the latter’s activity on
nick-THF substrates (product mimics of APE1) (77). De-
spite differences in domain organization, primary sequences
and cofactor specificity between LigA (NAD*-dependent)
and DNA ligase I (ATP-dependent) and also between XthA
and APE1 (Supplementary Figure S1), we investigated if
analogous functional interaction occurs between bacterial
counterparts. We therefore investigated the functional sig-
nificance of MtbXthA-MtbLigA interactions. Ligation ac-
tivity of MtbLigA was monitored using a 5'-FAM labelled
duplex DNA substrate (L1) containing a single stranded
nick (Supplementary Figure S7A). The effect of MtbXthA
on the in vitro ligation activity of MtbLigA was tested. In-
cubation of the DNA substrate in the presence of limiting
concentration of MtbLigA alone resulted in 75% DNA liga-
tion (Figure 4A, lane 3). However, the titration of MtbXthA
into the reaction resulted in a progressive decrease in the lig-
ation activity (Figure 4A, lanes 4-10). Notably, MtbXthA
on its own had no effect on the nicked substrate (Figure 4A,
lane 2).

Nicked-DNA is known to be a weak substrate of XthA
for its 3’-exonuclease activity (62). We therefore probed
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whether MtbXthA activity could oppose that of MtbLigA.
However, we found that titration of a catalytically inactive
mutant of MtbXthA, ES7TA/D251A (62), into the ligation
assay also led to a similar decrease in ligation as seen by
wt-MtbXthA (Figure 4B).

We then analysed whether there was mutual competi-
tion between MtbXthA and MtbLigA to bind to the nicked
DNA substrate using gel shift assays (Figure 4C). We found
that MtbLigA binds nicked DNA with Kp ~60 nM, while
surprisingly MtbXthA did not form any stable detectable
complex with nicked DNA, indicating that it may require
additional factors to facilitate binding.

As shown by the SAXS experiments described earlier,
when MtbXthA engages with MtbLigA, it prevents the lat-
ter from encircling the DNA substrate and keeps it in a rel-
atively extended conformation (Figure 2E). It has been re-
ported that complete encircling of DNA substrate by LigA
is required for effective ligation (43). We hypothesise that
this is prevented by XthA which directly engages with the
BRCT-domain of LigA, thus leading to the observed in-
hibition of ligation activity. This is further supported by
the fact that the LigA-interaction defective XthA mutant,
MtbXthAP, did not affect LigA-activity on nicked DNA
(Figure 4D).

MtbXthA prevents the ‘futile’ ligation activity of MtbLigA
at incised abasic sites

Next, we were interested to see if mutual regulatory in-
teractions exist between the two proteins. We evaluated
the effect of MtbLigA on the activity of MtbXthA. We
have shown earlier that MtbXthA is a multifunctional en-
zyme, possessing a major AP-endonuclease activity and
also several other activities like, 3'-5 exonuclease, 3’ phos-
phatase activities etc. (62). We analysed the effect of Mt-
bLigA on the AP-endonuclease activity of MtbXthA us-
ing a 5-FAM labelled apurinic/ apyrimidinic DNA (AP-
DNA) substrate (N1) (Figure 5A, top) that has an abasic
site analog, tetrahydrofuran, incorporated into it. While,
the incubation of MtbXthA alone resulted in 70% DNA
cleavage (Figure 5A, lane 3), the titration of MtbLigA into
the reaction resulted in a progressive decrease in product
formation, (lanes 4-10). In the absence of MtbXthA, Mt-
bLigA on its own had no effect on the AP-DNA substrate
(lane 2).

Earlier reports suggest that macromolecular crowding
may affect an enzymatic reaction. To rule out that this in-
hibition is due to a non-specific effect of macromolecular
crowding, we monitored the effect of BSA, at concentra-
tions similar to LigA, on the AP-endonuclease activity of
MtbXthA, and found that it exerted no effect (Supplemen-
tary Figure S7B). To rule out that the inhibition may be
due to direct binding of MtbLigA to the AP-DNA, sub-
strate of MtbXthA, we performed gel shift assay. While we
had previously shown that MtbXthA possesses high affin-
ity for AP-DNA (62,63), MtbLigA did not form a complex
with THF containing AP-DNA (N1) (Supplementary Fig-
ure S7C). We next tested the effect of the BRCT-deleted
mutant of MtbLigA (MtbLigAl) on the AP-endonuclease
activity of MtbXthA. BRCT lacking MtbLigAl itself has
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severely compromised DNA binding (48) and ligation ac-
tivity (Supplementary Figure S7D) compared to full length
MtbLigA. The deletion of the BRCT domain possibly ren-
ders MtbLigA unable to encircle and bind its DNA sub-
strate effectively to carry out ligation (43,46). We found that
increasing presence of MtbLigA1 had no effect on the AP-
endonuclease activity of MtbXthA (Figure 5B). The inhibi-
tion of endonuclease activity only by full-length MtbLigA
and not by the MtbLigA1 mutant indicates that the BRCT
domain is crucial for the regulation of MtbXthA activity by
MtbLigA. We thought that this may be facilitated by Mt-
bXthA’s interaction with BRCT domain of LigA. Thus, we
checked endonuclease activity of MtbXthA'® mutant in the
presence of LigA. Unexpectedly, we also observed reduc-
tion in incision activity of MtbXthA® mutant in the pres-
ence of full-length MtbLigA (Supplementary Figure S§A),
suggesting that the apparent reduction in activity of MtbX-
thA in the presence of LigA is independent of interactions
between the proteins and might be attributed to the action
of MtbLigA on the reaction product of XthA activity.

To analyse the role of the ligase activity of MtbLigA on
the inhibition of MtbXthA’s AP-endonuclease activity, we
tested the effect of the catalytically inactive mutant of Mt-
bLigA (LigA-K123A) (Supplementary Figure S8B). Inter-
estingly, the mutant LigA-K123A did not show any inhibi-
tion of the AP-endonuclease activity of MtbXthA (Figure
5C, lanes 4-10). This suggests that the intrinsic ligase activ-
ity of MtbLigA is responsible for the observed inhibition of
MtbXthA AP endonuclease activity. This result was in con-
trast with our earlier observation that MtbLigA does not
bind to THF containing AP-DNA.

The above results led us to conjecture that instead of the
intact AP-DNA, MtbLigA may be acting as a ligase on
the incised, nick-containing AP-DNA that is obtained as
a product of MtbXthA AP-endonuclease activity. This lig-
ation would be a direct reversal of the MtbXthA endonu-
clease activity and would essentially be a futile step during
AP-site DNA repair process. Indeed, such a step, if allowed
by the cell, would be futile and potentially derail BER it-
self. To probe this conjecture, MtbLigA activity on an in-
cised abasic DNA was tested. We measured the ligation ac-
tivity of MtbLigA using a nicked duplex DNA substrate
(L2) containing a 5p-THF instead of a 5phosphate moi-
ety at the nick (Figure 6A, top). We found that MtbLigA
could ligate the nicked AP-DNA (Figure 6A, lanes 2-10).
We further evaluated the ability of MtbLigA to ligate a ‘true
product’ of abasic site incision by using a mimic DNA sub-
strate (L3), generated by treating a nicked DNA containing
5'-uracil at the nick with E. coli uracil DNA glycosylase,
which removes the uracil base and creates a 5'-dRP residue
(Figure 6B, top). Incubation of L3 with increasing concen-
trations of MtbLigA resulted in a progressive increase in
the ligated product (Figure 6B, lanes 2—10). This indicates
that MtbLigA can effectively reverse the action of the AP-
endonuclease activity of MtbXthA at the abasic site in AP-
DNA by resealing the nick the latter creates (Figure 6C). In-
terestingly, this ligation activity of MtbLigA on nicked AP-
DNA is also inhibited by the presence of MtbXthA (Figure
6D) indicating that MtbXthA coordinates and checks futile
ligation activity of MtbLigA.
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of £3 was obtained for the % DNA cleavage.

DISCUSSION

Protein-protein interactions are critical for cellular pro-
cesses. Often, the behaviour of individual proteins is widely
modulated/ regulated when they act as part of complexes.
We are characterizing prokaryotic BER complexes and
their roles in the overall DNA repair process. Recently,
we had identified DNA-mediated interactions between the
Mtbp-clamp and MtbXthA (63). An earlier report (77) re-
garding interactions between human APE1 and DNA Lig-
ase I spurred our search for similar interactions, if they ex-
ist, in prokaryotes. It intrigued us because of the large differ-
ences in sequence and domain organization between human
DNA Ligase I and bacterial LigA (Supplementary Fig-

ure S1A). On the other hand, the domain organization of
XthA and APE1 are quite similar, except for ~60-residue N-
terminal extension in APE1 (Supplementary Figure S1B).
The pull-down assays involving Mtb lysate and also the
assays involving recombinant purified proteins establish the
existence of MtbXthA-MtbLigA interactions. Given the
conserved nature of the proteins, we believe that these in-
teractions are conserved in bacteria in general. The muta-
tional analysis involving deletion of domains of LigA and
checking for their roles in mediating interactions with XthA
establishes that BRCT-domain of LigA is important for in-
teracting with XthA. In higher eukaryotes, BRCT domains
mediate various protein interactions as also in BER (79-82).
However, to our knowledge, this is the first report to show
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that the BRCT domain of LigA mediates a protein—protein
interaction in bacteria.

An important global difference between APE1 and XthA
lies in an ~60-residue N-terminal extension in APEI com-
pared to XthA. APEI is known to interact with other
proteins like the XRCCI1-DNA Ligase III complex, via
residues lying in its N-terminal disordered segment (81).
Sequence alignment and in silico homology modelling
showed that such an N-terminal extension is absent in Mt-
bXthA (Supplementary Figure S1, B) (63). We had ear-
lier identified a protein interacting peptide (PIP) motif
on XthA that is involved in interactions with the Mtbp-
clamp (63). On the other hand, the SAXS derived struc-
ture of the MtbLigA-MtbXthA complex ruled out the
PIP motif (Protein Interaction Peptide in clamp) in inter-
actions and instead revealed an interaction interface with
significant sequence conservation in MtbXthA (Supple-
mentary Figure S9A). The ‘DGQ’ peptide derived from
the interacting region, was able to specifically disrupt the
MtbLigA-MtbXthA complex and also exhibited binding to
the BRCT-domain of LigA as shown by ITC experiments.
Disruption of jop4sDGQPSWSGKP, ;3 motif in MtbXthA re-
sulted in reduced ability to form a complex with MtbLigA
as enunciated by the mutational analysis. Correspondingly,
NMR-CSP and mutational analysis involving LigA BRCT-
domain identified important residues for mediating interac-
tions with MtbXthA. The latter results further support the
SAXS-identified interface that mediates the interactions be-
tween the two proteins. Therefore, XthA has at least 2 pro-
tein interacting regions suggesting a coordinating role for
it in BER (Supplementary Figure S9B). This is analogous
to the reported roles of APE1 in coordinating the activities
of Flap endonuclease 1 and DNA ligase I, amongst other
roles (77). A key differentiator is that APEI reportedly in-
teracts through the N-terminal unstructured extension with
protein partners.

MtbXthA acts at the 5'-side of the AP-site and generates
a nicked DNA with 3'-OH and 5'-dRP moieties at the in-
cised termini. The 5-dRP moiety is then removed by an
AP-Lyase to generate suitable DNA ends for further pro-
cessing (83). While, ATP ligases like T4 DNA ligase and
DNA Ligase I, are active on DNA substrates with 5 incised
AP-site as an AP-Lyase (83), no such activity has been yet
been reported for bacterial LigA. On observing that Mt-
bLigA does not exhibit affinity for abasic DNA but could
still inhibit MtbXthA in AP-endonuclease assays, we hy-
pothesized that MtbLigA does so by interacting with the in-
cised abasic DNA intermediate generated by MtbXthA. In-
terestingly, we found MtbLigA could efficiently ligate nicks
adjacent to 3’-OH and 5'-THF or 5-dRP DNA termini.
Therefore, the detected inhibition of the MtbXthA AP en-
donuclease activity by MtbLigA can be attributed to re-
ligation of the incised abasic DNA generated by MtbX-
thA. This represents direct reversal of the action of MtbX-
thA at the abasic site and can derail BER itself. The result
is strengthened by our observation that both catalytically
inactive LigA-K123A mutant (capable of binding DNA),
and the inefficient BRCT-deleted MtbLigA, did not affect
the respective AP-endonuclease activity of MtbXthA and
MtbXthA® mutant, demonstrating that the observed de-

crease in AP-endonuclease activity of MtbXthA was due to
the intrinsic ligation activity of MtbLigA.

The present work suggests a novel coordination in my-
cobacterial BER pathway orchestrated by MtbXthA to pre-
vent futile ligation. As supported by SAXS, it does so by
physically engaging with the BRCT-domain of LigA and
thereby prevents it from encircling the DNA substrate. Our
previous study showed that B-clamp increases the affinity
of MtbXthA for its substrate (63). Since 3-clamp acts as a
scaffold protein that recruits protein participants to the site
of damage, we speculate that the B-clamp stays at the dam-
age site with MtbXthA till an AP-Lyase (as yet unidenti-
fied) is recruited to remove the 5'-dRP moiety. This would
result in the release of MtbXthA from the damage site and
facilitate the action of DNA polymerase and ligase to re-
sume their normal functions. It is important to note that the
MtbXthA-MtbLigA interaction abrogates ligation activi-
ties against both nicked DNA substrate, and the ‘product’
of XthA activity. In contrast, APE1 enhances the activity
of DNA Ligase I against nicked substrates and inhibits the
activity against substrates that mimic a reduced abasic site
(77). The authors hypothesized that the binding of DNA
ligase I to THF-containing substrates is blocked by APE1
while it permits access to nicked DNA substrates, thereby
enhancing the efficiency of eukaryotic BER overall and at
the same time prevents unwanted ‘futile’ ligation. However,
the exact mechanisms by which human APEI stimulates or
restricts DNA ligase I activity needs to be investigated.

Overall, our results suggest that it is important to inhibit
the activity of LigA during earlier steps of BER to prevent
futile cycles of substrate cleavage and ligation. In mycobac-
teria (and possibly bacteria in general), this is coordinated
by XthA which engages with the BRCT-domain of LigA to
keep it in a relatively extended conformation. This prevents
LigA from encircling the substrate DNA and consequently
from acting detrimentally against any DNA substrate dur-
ing the initial steps of BER (Supplementary Figure S9C).
It is remarkable that the control of unwanted ligase activ-
ity in the initial steps of BER is apparently a necessity and
is enforced by eukaryotes and prokaryotes despite scant se-
quence similarity and different domain organization of the
respective enzymes.
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