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Tyrosyl DNA phosphodiesterase 1 (TDP1) and DNA Ligase
Il (Ligllla) are key enzymes in single-strand break (SSB)
repair. TDP1 removes 3'-tyrosine residues remaining after
degradation of DNA topoisomerase (TOP) 1 cleavage com-
plexes trapped by either DNA lesions or TOP1 inhibitors. It is
not known how TDP1 is linked to subsequent processing and
Ligllla-catalyzed joining of the SSB. Here we define a direct
interaction between the TDP1 catalytic domain and the LigIII
DNA-binding domain (DBD) regulated by conformational
changes in the unstructured TDP1 N-terminal region induced
by phosphorylation and/or alterations in amino acid sequence.
Full-length and N-terminally truncated TDP1 are more effec-
tive at correcting SSB repair defects in TDPI null cells
compared with full-length TDP1 with amino acid substitutions
of an N-terminal serine residue phosphorylated in response to
DNA damage. TDP1 forms a stable complex with LigIII;7o_755,
as well as full-length Ligllla alone or in complex with the DNA
repair scaffold protein XRCC1. Small-angle X-ray scattering
and negative stain electron microscopy combined with map-
ping of the interacting regions identified a TDP1/Ligllla
compact dimer of heterodimers in which the two LiglII cata-
lytic cores are positioned in the center, whereas the two TDP1
molecules are located at the edges of the core complex flanked
by highly flexible regions that can interact with other repair
proteins and SSBs. As TDPland Ligllla together repair ad-
ducts caused by TOP1 cancer chemotherapy inhibitors, the
defined interaction architecture and regulation of this enzyme
complex provide insights into a key repair pathway in
nonmalignant and cancer cells.

DNA single-strand breaks (SSBs), which occur 1 to 2 orders
of magnitude more frequently than DNA double-strand breaks
(DSBs), are generated by multiple different mechanisms
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including directly by damaging agents, such as ionizing radi-
ation and reactive oxygen species (ROS), and indirectly by
DNA replication, DNA excision repair, and aberrant topo-
isomerase 1 (TOP1) activity (1-4). Although SSBs are usually
repaired rapidly, they are converted to cytotoxic one-ended
DSBs when encountered by the replication fork (5, 6). This
type of DSB, which is normally repaired by homology-
dependent DSB repair, contributes to the cytotoxicity of in-
hibitors of poly (ADP-ribose) polymerase 1 (PARP1) and
TOP1 that increase steady-state levels of SSBs in proliferating
cells (7-9). Furthermore, the identification of mutations in
genes encoding proteins involved in SSB repair, such as X-ray
cross complementing protein 1 (XRCC1), polynucleotide ki-
nase phosphatase (PNKP), aprataxin (APTX), and tyrosyl DNA
phosphodiesterase 1 (TDP1) as the causative factors in
inherited neurodegenerative diseases, indicates that unrepaired
SSBs cause toxicity in terminally differentiated neuronal cells,
presumably due to inhibition of transcription (10-15).

The repair of SSBs is usually initiated by PARP1, an abun-
dant nuclear protein that is activated to synthesize poly (ADP-
ribose) chains on itself and other proteins using NAD™ as the
substrate by binding to SSBs (16). Automodification results in
the release of PARP1 from the SSB, thereby generating a high
concentration of poly (ADP-ribose) in the vicinity of the SSB
(16). Notably, automodified PARP1 molecules serve as the
recruitment signal for SSB repair proteins, including TDP1
(17) and the DNA repair scaffold protein XRCC1 (18). A
central BRCT within XRCC1 preferentially binds to poly
(ADP-ribosylated) PARP1 (19, 20), thereby recruiting XRCC1
and other XRCC1 interacting proteins that include APTYX,
PNKP, AP endonuclease 1, DNA polymerase 3, and DNA
ligase Illa (Ligllla) to the vicinity of the SSB (18, 21-26).
While these enzymes are capable of processing and joining
SSBs with a variety of different termini, they are unable to
process 3'-phosphotyrosine adducts generated by proteolytic
degradation of covalent TOP1-DNA complexes. The cova-
lently linked tyrosine residues are predominantly removed by
TDP1, which also acts upon other 3'-modifications including
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TDP1-DNA ligase lll interaction

3’-phosphoglycolates (27-29), whereas TDP2 resolves 5'
phosphotyrosyl DNA adducts but also has weak 3’ phospho-
tyrosyl phosphodiesterase activity (30, 31). In fission yeast
unrepaired Topl-DNA adducts cause DNA damage, hyper-
recombination, and checkpoint-mediated cell cycle arrest (32).
In human cells the recruitment of TDP1 to SSBs resulting
from aborted TOP1 reactions appears to be mediated, at least
in part, via an interaction with PARP1 (17). Intriguingly,
XRCC1 localization to SSBs induced by the TOP1 poison,
camptothecin (CPT), is reduced in cells lacking TDP1 (17),
suggesting that TDP1 contributes to the recruitment of
XRCC1 and its partner proteins. Although TDP1 does not
interact directly with XRCC1, it does interact with Ligllla
(11, 33), a constitutive partner protein of XRCCI, linking
TDP1 with the other DNA repair enzymes that bind to XRCC1
and are required to complete repair of the SSB after removal of
the 3’ tyrosine (18, 21-26).

While the interactions of TDP1 with both PARP1 and
Ligllla are enhanced by DNA damage-dependent phos-
phorylation of the N-terminus of TDP1 by ataxia telangi-
ectasia mutated (ATM) kinase and DNA-dependent protein
kinase (DNA-PK) (33, 34), how they coordinate the repair of
SSBs is not understood. Furthermore, since PARP1, TDP1,
and Ligllla occur in both nuclear and mitochondrial com-
partments, whereas XRCC1 is solely nuclear (27, 35-39),
there are likely to be differences in the mechanisms by
which SSBs resulting from aborted TOP1 reactions are
repaired in these organelles. In this study, we have charac-
terized the interaction between TDP1 and Ligllla. These
results support published studies showing that this interac-
tion is regulated by phosphorylation of the noncatalytic N-
terminal region of TDP1 but contradict the conclusion that
it is mediated directly by the N-terminal 150 residues of
TDP1 (33, 34). Specifically, we show that the TDP1 catalytic
domain directly binds to the DNA-binding domain (DBD)
within the catalytic region of Ligllla, indicating that the
interaction is indirectly regulated by posttranslational
modification of the noncatalytic N-terminal region of TDP1.
Furthermore, we find that TDP1 dephosphorylation induces
large conformational changes in the N- but not the C-ter-
minal region of TDP1. Following coexpression in insect
cells, we purified and characterized Ligllla-TDP1 and
XRCC1-Ligllla-TDP1 complexes using biochemical and
biophysical approaches, including size-exclusion chroma-
tography (SEC) and multiangle light scattering (MALS).
Since XRCC1 is absent from mitochondria, the Ligllla-
TDP1 and XRCCI-Ligllla-TDP1 complexes are likely to
function in the repair of SSBs in the mitochondria and the
nucleus, respectively (18, 23, 27, 35-37, 40, 41). Although
refractory to atomic-resolution biophysical analysis because
of high flexibility and aggregation tendencies, analysis of the
Ligllla-TDP1 and XRCC1-Ligllla-TDP1 complexes by a
combination of SEC-coupled small-angle X-ray scattering
(SAXS) and negative stain electron microscopy (EM) to
define flexible biomolecular interactions (42, 43) provided
insights into their assembly architecture and conformational
dynamicity.

2 J Biol. Chem. (2021) 297(2) 100921

Results
TDP1 interacts with Liglll DBD

Previous mapping studies using the yeast two-hybrid assay
concluded that the interaction between TDP1 and Liglll« in-
volves the N-terminal 150 residues of TDP1 and a fragment of
Ligllla (residues 173-862) that lacks the N-terminal zinc
finger (ZnF) and the C-terminal BRCT domains (33) (Fig. 14).
To further refine the interacting region(s) of Liglll, we
expressed His-tagged LiglIlf, an alternatively spliced version
of Liglll that lacks the C-terminal BRCT domain of Ligllla
(44) and different His-tagged truncations of LiglIIf in E. coli.
After purification (Fig. 1B, left panel), these proteins were
examined for their ability to bind to purified insect-cell
expressed FLAG-tagged TDP1 in pull-down assays with
nickel beads. TDP1 was efficiently retained on beads liganded
by all versions of LigIIIS that contained the DBD (Fig. 1B, right
panel), one of the three domains that constitute the catalytic
region of Ligllla (45, 46) (Fig. 1A). To confirm this and the
behavior of the purified TDP1, we found that five different
His-tagged versions of the DBD had similar TDP1-binding
activity (Fig. S1A4) and, in accord with published studies (17),
TDP1 interacted with PARP1 but not XRCC1 (Fig. S1B). Thus,
we conclude that the major interaction region for TDP1 re-
sides within the DBD of LiglIla.

TDP1 phosphorylation regulates interaction with Ligllla

To map the region of TDP1 that interacts with Ligllla, we
initially purified a GST-tagged version of full-length TDP1
after expression in E. coli. In accord with studies indicating
that the interaction between Ligllla and TDP1 is enhanced by
TDP1 phosphorylation (33, 34), the binding of unmodified
GST-TDP1 to nickel beads liganded by either full-length
LigllI or the DBD was much less efficient than that of
insect-cell-expressed Flag-tagged TDP1 that is assumed to be
phosphorylated (Fig. 1C, compare lane 1 with lane 2). To
confirm that insect-cell-expressed TDP1 is phosphorylated
and that this modification enhances binding to Liglll, TDP1
was incubated with A phosphatase, a serine-threonine phos-
phatase. As expected, treatment with A phosphatase increased
the mobility of purified TDP1 (Fig. 24, compare lane 2 with
lanes 1 and 3) and reduced TDP1 binding to nickel beads
liganded by either full-length LiglIIf or only its DBD (Fig. 24,
compare lane 2 with lanes 1 and 3).

Analysis of insect-cell-expressed TDP1 by mass spectrom-
etry identified phosphorylated serine and threonine residues
throughout the protein. Serine residues 61 and 117 were the
most frequently modified residues as determined by the pep-
tide spectrum match (PSM) score (Fig. 2B and Fig. S2A).
Substitution of these residues with either Glu or Ala within the
GST-TDP1 fusion protein marginally reduced the weak LiglII-
binding activity of GST-TDP1 with the Glu substitution hav-
ing a greater effect than the Ala (Fig. S3). While previous
studies had reported that DNA-damage-dependent phos-
phorylation of Ser81 enhanced the interaction between TDP1
and Ligllla (33, 34), we did not recover a peptide encom-
passing Ser81 despite identifying peptides covering 85% of
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Figure 1. Mapping the region of Liglll that interacts with TDP1. A, domain architecture of human XRCC1, DNA Ligase I, and TDP1. B, Upper panel, input
(10%) of full-length and different Liglll domains. Lanes 1 to 6 represent Liglll full length (1-846), Liglll-Ntase-OBD (387-846), Liglll-DBD (152-390), Liglll-
AZnF (170-846), Liglll-ZnF-DBD (1-390), and Liglll-ZnF (1-136), respectively. Inmunoblotting with mouse anti-6His mAb (Abcam). Lower panel, binding of
Flag-TDP1 (10 pmol) to Ni-beads liganded by Liglll domains (10 pmol of each). Lane (*) represents 10% TDP1 input. Negative control reaction lane, Ni-NTA
beads alone with Flag-TDP1. Immunoblotting with mouse anti-Flag mAb (Sigma M2). C, Upper panel, input (10%) of GST-TDP1 and Flag-TDP1. Ni-NTA beads
liganded by Liglli (10 pmol) were used to pull down full-length Flag-TDP1, GST-TDP1, and GST-TDP1449_60s (10 pmol of each). The control lane (Control)
represents Ni-NTA beads alone incubated with GST-TDP1. Immunoblotting with rabbit anti-TDP1-C-term (Abcam).

TDP1 (Fig. S2A) and so cannot make any conclusions
regarding the phosphorylation status of Ser81 and its contri-
bution to the interaction with Ligllla. To ask whether modi-
fication of Ser81 influences the binding of TDP1 with Ligllla,
Ser81 was replaced with either Asp or Glu to mimic phos-
phorylation or Ala in the E. coli expressed GST-TDP1 fusion
protein. Surprisingly, while neither the Asp nor the Glu sub-
stitution exhibited enhanced binding, the retention of TDP1-
S81A on the nickel beads liganded by LigllIf was markedly

SASBMB

increased, reaching levels similar to the retention of phos-
phorylated TDP1 from insect cells (Fig. 2C).

The above studies using E. coli-expressed TDP1 examine
the effect of a phosphomimetic amino acid substitution within
the context of an otherwise unmodified protein, whereas TDP1
is phosphorylated at multiple sites in human cells. To examine
the effects of substitution of Ser81 with either Glu or Ala on
phosphorylation at other sites within TDP1, the mutant ver-
sions of TDP1 were expressed in and purified from insect cells.

J. Biol. Chem. (2021) 297(2) 100921 3
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Figure 2. Phosphorylation status of TDP1 modulates its interaction with Liglll. A, Upper panel, input (10%) of Flag-TDP1, Flag-TDP1 incubated with A
phosphatase, Flag-TDP1 incubated with phosphatase buffer, GST-TDP1 (Lanes 1-4) and Liglll-DBD and LigllIf (lanes 5 and 6). Pull-down assay with Ni-NTA
liganded by Ligllif (10 pmol, middle panel) and Liglll-DBD (10 pmol, lower panel). Lanes 1 to 4, immunoblotting with rabbit anti-TDP1-C-term (Abcam) and
lanes 5 and 6, with mouse anti-6His mAb (Abcam). B, identification of phosphorylation sites in insect-cell-expressed TDP1 by mass spectrometry. In the bar
diagram, peptide spectrum matches (PSM) represents the total number of times a peptide containing the indicated phosphorylated amino acid was
identified. Sites with PSM values greater than 3 are shown. Amino acid residues indicated in red were substituted in subsequent studies. C, Upper panel,
input (10%) of the indicated proteins (1 pmol of each). Lower panel, Ni-NTA beads liganded by Liglli (10 pmol) were used to pull down the indicated
proteins (10 pmol of each). Immunoblotting with rabbit anti-TDP1-C-term (Abcam).

As with wild-type TDP1, serine residues 61 and 117 were the
most frequently modified residues in TDP1-S81A and TDP1-
S81E (Fig. S2A). While there were some differences in the
minor phosphorylation sites detected, the overall patterns of
phosphorylation in the wild-type and mutant versions of TDP1
were similar (Fig. S2A). The interactions of phosphorylated
wild-type TDP1, TDP1-S81E, and TDP1-S81A with LigIll
were similar (Fig. S4). Since pull-down assays are qualitative
and the results may be influenced by the presence of the
relatively large GST domain in the fusion proteins, we exam-
ined the interaction between His-tagged versions of LiglIIl and
insect-cell-expressed TDP1 by surface plasmon resonance
(Fig. S5). Under these conditions, TDP1 wild-type and TDP1-
S81A have binding constants (KD) of 5.1 nM and 5.3 nM,
respectively, whereas the binding constant for TDP1-S81E was
8.8 nM (Fig. S5D).

Ligllla binds the catalytic C-terminal region of TDP1

While the apparently paradoxical observations with the
versions of TDP1 containing different residues at Ser81 could
be due to the Asp and Glu substitutions failing to adequately

4 | Biol. Chem. (2021) 297(2) 100921

mimic phosphorylation and/or disrupting protein structure,
we also considered the possibility that N-terminus of TDP1
regulates the interaction between another region of TDP1 and
Ligllla. To test this, we initially examined the binding of a
GST-TDP1 fusion protein lacking the N-terminal 148 residues
of TDP1. Strikingly, the specific retention of truncated TDP1
on nickel beads liganded by LiglII was much higher than full-
length TDPI1, reaching levels similar to the retention of
phosphorylated TDP1 from insect cells (Figs. 1C and 3A).
Further mapping studies identified residues 216 to 384 as the
region within the TDPI1 catalytic domain involved in the
interaction interface (Fig. 3B and Fig. S6). Substitution of
Ser563, the most frequently phosphorylated residue in the C-
terminal region of wild-type TDP1 (Fig. 2B) with either Ala or
Glu modestly reduced the low retention of full-length TDP1
(Fig. S3, compare lanes 3 and 4 with lane 2) but had no effect
on the higher retention of N-terminally truncated TDP1
expressed in E. coli (Fig. 34, compare lanes 4 and 5 with lane
1). Together, our results show that the catalytic regions of
LiglIl and TDP1 interact directly and that the noncatalytic N-
terminal region of TDP1 negatively regulates this interaction.

SASBMB
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Figure 3. Mapping the region of TDP1 that interacts with Liglll. A, pull-down assay with N-terminal truncated (A148) single amino acid mutant TDP1.
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controls (right gel) were Ni-NTA beads liganded by Liglli incubated with GST and Ni-NTA beads alone incubated with GST-TDP1. Immunoblotting with

rabbit anti-TDP1-C-term (Abcam). B, summary of pull-down assays with N-
efficiency of the interaction.

Dephosphorylation causes a large conformational change in
the noncatalytic N-terminal region of TDP1

Replacement of Ser81 with either Glu or Asp to mimic
phosphorylation did not have the effect on in vitro binding to
LiglII (Fig. 2C) predicted by published studies (33). However,
in vitro binding to LigIII was affected by the change of Ser81 or
other Ser residues phosphorylated in the N-terminal region of
insect-cell-expressed TDP1 to Ala (Fig. S3), as well as
dephosphorylation of insect-cell-expressed TDP1 (Fig. 2A).
Taken together this suggests that the direct interaction be-
tween the TDP1 catalytic domain and the Liglll DBD is
modulated by conformational changes in the unstructured N-
terminal region of TDP1 induced by phosphorylation and/or
alterations in amino acid sequence.

To visualize the conformational changes in the unstructured
N-terminal region of purified insect-cell-expressed TDP1
(Fig. S7A, lane 8) induced by dephosphorylation, we used
SAXS and MALS in line with SEC (SEC-SAXS-MALS) (43,
47-49). Both phosphorylated and dephosphorylated TDP1

SASBMB

and C- terminally-truncated versions of TDP1. Asterisks represent the relative

eluted as a single asymmetric peak (Fig. 44). MALS analysis of
these peaks shows that mass across the peaks corresponded
closely to the expected molecular mass of monomeric TDP1
(theoretical: 69 kDa, measured: ~70 kDa). However, auto-
mated Guinier calculation of the radius of gyration (R,) across
the peak revealed a significant decrease in the R, from ~34 A
at the peak to ~30 A in the tail (Fig. 44, Table 1). Taken
together, these data suggest that TDP1 adopts a mixture of
different conformational states that slowly interconvert over
the time course of the chromatography. To further analyze the
structure and dynamics of these conformational changes upon
dephosphorylation of TDP1, we used merged SAXS curves
limited to the peak of elution. As expected, the P(r) function
observed for the C-terminal catalytic fragment of TDP1 (res-
idues 149-608) was a good fit with the P(r) function calculated
from the atomic resolution structure of the TDPI1 catalytic
domain (50) with a Dmax ~65 A (Fig. 4B). In contrast, the P(r)
function for full-length phosphorylated TDP1 exhibited a long
tail indicating an extended conformation with a Dmax ~110 A

J. Biol. Chem. (2021) 297(2) 100921 5
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(Fig. 4B). The P(r) tail and Kratky Plot (Fig. S8) indicate the
presence of unfolded protein regions and suggest that the
TDP1 N-terminal region is partially unfolded. SAXS-based
multistate modeling (48, 51) of full-length TDP1 further
shows that the presence of unfolded N-terminal regions, in
both the extended and compact arrangements (Fig. 4C), is
required to fit the experimental SAXS curve (Fig. S9A). The
compact conformer reflects the folded character of the N-
terminal region, which is predicted to interact directly with the
TDP1 catalytic core (Fig. 4C). Phosphatase treatment of full-
length TDP1 resulted in a dramatic change in the P(r) func-
tion with a significant increase to a Dmax ~145 A, suggesting
opening or further unfolding of the N-terminal region
(Fig. 4B). In addition, multistate modeling predicted a higher
frequency (55% versus 20%) of the extended N-terminal region
following phosphatase treatment (Fig. 4C). As expected, the
SAXS profile of phosphorylated TDP1-S81E was similar to
that of phosphorylated wild-type TDP1 (Fig. S8), indicating a
relatively compact N-terminal region. In contrast, despite a

6 J Biol. Chem. (2021) 297(2) 100921

similar pattern of phosphorylation (Fig. S2A4), TDPI-S81A
behaved anomalously in SEC-SAXS-MALS experiments, sug-
gesting that Ser81 is a structure-controlling residue and that its
replacement with Ala results in unfolding and aggregation
(Fig. S8B). Taken together, our studies show that the extent of
folding and flexibility within the relatively unstructured non-
catalytic N-terminal region of TDP1 is influenced by
phosphorylation.

Ligllla forms stable complexes with TDP1 and XRCC1

While there is substantial evidence showing that Ligllla
forms a stable complex with XRCC1 both in vitro and in cells
(21, 43, 52), it has not been shown that LiglIla forms a stable
complex with TDP1. To address this, His-tagged Ligllla was
coexpressed with Flag-tagged TDP1 in insect cells. Fraction-
ation of the lysate by affinity chromatography with nickel
beads resulted in copurification of TDP1 with His-tagged
Ligllla. These proteins were copurified through subsequent

SASBMB
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Table 1
Structural parameters from SAXS and MALS data
. R, (&) R, (&) MW Seq. MW SAXS MW MALS

SAXS sample Donax (A) Guinier plot from P(r) Calculated (kDa) (kDa) (kDa) Model fit x>
TDP1,40_gos ~70 231+18 23.7 51 40 60 2.9
TDP1 ~110 316 + 0.3 32.3 68 73 70 1.2
TDP1* 68 72
TDP1 + A phosphatase ~140 32.0 £ 0.7 33.32 68 64 70 1.1
Liglll;79_755-TDP1 ~160 450 + 1.3 48.2 135 140 140 1.9
Liglll;79_755-TDP1* 135 124
Ligllla-TDP1 ~250 652 + 3.0 68.0 172 340 340 1.8
Ligllla-TDP1* 172 261

“ Molecular mass estimates from SEC and MALS using Superdex 200 column (see Experimental procedures).

ion exchange and gel filtration columns (Fig. S7B), yielding a
highly purified Ligllla-TDP1 complex with an apparent stoi-
chiometry of 1:1 (Fig. S7A, lane 3). In accord with the mapping
data indicating that TDP1 interacts with the Ligllla DBD
(Fig. 1B), we were able to use the same approach to purify a
complex of Ligllla lacking the N-terminal ZnF and C-terminal
BRCT domain (LigllIl;7o_755) with TDP1 (Fig. S7A, lane 4). To
confirm that the interactions of XRCC1 and TDP1 with LigllIa
are not mutually exclusive, His-tagged XRCC1 was coex-
pressed in insect cells with both Ligllla and TDP1. Fraction-
ation by affinity chromatography with nickel beads resulted in
copurification of Ligllla and TDP1 with His-tagged XRCCI.
These proteins were copurified through subsequent gel filtra-
tion (Fig. S7C) and ion exchange columns, yielding a highly
purified XRCC1-Ligllla-TDP1 complex with an apparent
stoichiometry of 1:1:1 (Fig. S7A, lane 6). The nick joining ac-
tivities of the Ligllla-TDP1, Liglll;¢_755-TDP1, and XRCC1-
Ligllla-TDP1 complexes were indistinguishable from that of
purified LiglIlf, Liglll;o_755 and Ligllla-XRCC1 (Figs. S7 and
S10A). Similarly, the ability of TDP1 to remove the tyrosine
residue from 3'-phosphotyrosine termini was not significantly
changed by complex formation with Ligllla (Figs. S7 and
S10B).

Biophysical analysis reveals the architecture of Ligllla-TDP1
complexes

Analysis of highly purified preparations of Ligllla-TDP1,
LigIIl,0_755-TDP1, and Ligllla-XRCC1-TDP1 (Fig. S7A) by
SEC revealed complex elution profiles, each with a single
major peak that eluted earlier than expected when compared
with globular protein standards (Fig. 54). While this could be
due to aggregation and/or the formation of multimers, it could
also be due to the complexes having an elongated shape,
particularly as this has been reported for XRCC1 (53), LiglII
(46), and the Ligllla-XRCC1 complex (43). We used SEC-
MALS to determine the molecular mass, shape, and stoichi-
ometry of the protein complexes (Fig. 54). In comparing SEC
with SEC-MALS (Table 1), Liglll;¢_755-TDP1 is less extended
than full-length LiglIla complexed with TDP1 but nonetheless
still elutes earlier than expected for a globular complex of its
mass (Fig. 54, Table 1). While TDP1 alone was predominantly
monomeric with a minor amount of dimerization, TDP1 and
Liglll;,0_755 formed a stable heterodimer (Table 1). The stoi-
chiometry deviates from a strict heterodimer when TDP1
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forms a complex with full-length Ligllla containing its ZnF
and BRCT domains with multimer formation possibly medi-
ated by BRCT-BRCT interactions (43, 52). Although a mo-
lecular mass could not be reliably estimated for the tripartite
complex, it eluted even earlier than Ligllla-TDP1 (Fig. 5A).

To gain insight into the shape and relative sizes of the
Ligllla-TDP1 complexes, the proteins were mildly chemically
cross-linked and imaged using negative-stain EM. Using this
high-contrast but low-resolution technique, we visualized
TDP1 alone and in complex with either Liglll;7o_755 or full-
length Ligllla (Fig. S11). Individual particles were grouped
into 2D classes (Fig. 5, B-D) and used to create 3D maps of the
TDP1-containing complexes (Fig. 5, E and F). We readily
identified the globular TDP1 (50) in complex with LiglIl;7o_755
(gold map) and docked the Liglll catalytic core domains
beginning with the interaction-mediating DBD. The 3D EM
map of the Ligllla-TDP1 complex (gray map) is consistent
with a larger multimeric stoichiometry compared with
Liglll;70_755-TDP1, as indicated by SEC-MALS. However, the
3D map could accommodate a 2:1 or a 2:2 Ligllla-TDP1
complex (the latter is modeled). Due to the modest resolution
of 28 A (Fig. S11F), we present here one possible spatial
arrangement of the Ligllla-TDP1 complex that represents the
EM map when integrating with SAXS analysis (see below). We
placed a Ligllla BRCT dimer in the center of the map (43, 52)
with two Ligllla molecules filling out the central map density.
Two molecules of TDP1 (50) were docked at the top and
bottom parts of the map adjacent to the two Ligllla DBDs.
The assembled atomic coordinates were converted into low-
resolution electron density maps and fit into their respective
experimental negative-stain EM map. The map cross-
correlations were 92% and 88% for TDP1 in complex with
the catalytic fragment and full-length Ligllla, respectively.
Therefore, our docking is consistent with the experimental
maps, although other arrangements are possible.

In parallel, we examined the solution structures of the
Ligllla-TDP1 complexes using SEC-SAXS-MALS (43, 47-49).
In accord with the SEC-MALS data (Fig. 54 and Table 1), the
molecular mass of the Liglll ;79 755-TDP1 complex was
determined to be 140 kDa, confirming a 1:1 complex between
Liglll;7o_755 and TDP1 (Fig. 6A top). Based on the SAXS pa-
rameters and P(r) function, the complex has an extended
conformation with maximal dimension of 160 A (Fig. 6B and
Table 1). To validate the Liglll;7¢_755-TDP1 architecture in
solution, we fitted the EM-derived models (Fig. 5, E and F)
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Figure 5. SEC-MALS and EM of TDP1-Liglll,70_755 and TDP-Ligllla. A, SEC-MALS analysis of TDP1 alone (blue) and in complex with Liglll;70_755 (green),
Ligllla (red), or Ligllla-XRCC1 (purple). The resultant molecular mass is plotted in the same color, where applicable. Molecular mass was not obtained for the
tripartite complex due to its void volume elution. Negative-stain EM 2D classification of TDP1 alone (B), TDP1-Liglll,70_755 (C), and TDP1-Ligllla (D) shows
homogeneous particles clustered in several orientations. The box size is indicated for each data set classification. The TDP1-Liglll;70_75s5 (E) and TDP1-Ligllla
(F) 3D maps are shown rotated relative to 0°. Based on stoichiometry derived from molecular mass determination, crystal structures of TDP1,49 ¢0s (PDB
1JY1, orange) and Liglll;79_7ss (PDB 3L2P) were docked in a 1:1 ratio (E) or a 2:2 ratio (F). The DBD (red), NTase (green), and OB-fold (yellow) domains of
Liglll;70_755 were separated to fit into the EM map and the DBD was placed adjacent to TDP1,49_60g. For full-length Ligllla, two ZnF domains (PDB 1UWO,
light blue) and its BRCT homodimer (PDB 3PC8, navy blue) were also docked. The BRCT homodimer was placed in the center of the volume as it most likely
mediates dimerization between two molecules of Ligllla.
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Figure 6. Ligllla-TDP1 flexibility in solution. A, SEC-SAXS-MALS chromatographs for Liglll;70_755- TDP1 and Ligllla-TDP1. Solid lines represent the UV 280 nm
(light blue) or SAXS signal (blue) in arbitrary units, while symbols represent molecular mass determined by MALS (cyan) and Ry values for the principal SEC peak
(blue) versus elution time. SEC-SAXS-MALS results show that Liglll;70_755-TDP1 is a homodimer and Liglll-TDP1 is heterotetramer. B, normalized P(r) functions of
Liglll;70_755-TDP1 and Ligllla-TDP1. C, SAXS derived two-state model of Liglll;70_755-TDP1 (top) and Ligllla-TDP1 (bottom) are shown in comparison to the
atomistic model derived by EM (shown in left panel). Weights of both SAXS conformers are indicated in percentage. Interaction between Liglll BRCT dimer (dark
blue) and XRCC1 is highlighted. TDP1 and Liglll catalytic core are colored accordingly. Corresponding SAXS fits for the atomistic models are shown in Figure S8.
Maximal dimension of the complexes (Dmax) determined from the P(r) functions (see panel B) is highlighted with the bars.

against solution SAXS data after the addition of missing LigIII
linkers and unfolded regions in TDP1 to the EM-derived
atomistic model (Fig. 6C) (see Experimental procedures). By
means of rigid body modeling (43, 54), we explored move-
ments of the NTase and OB-fold domains and unfolded TDP1
regions relative to the Ligllla DBD-TDP1 interacting domains.
The selected ensemble of two conformers (Fig. 6C) was a
significantly better fit than a single conformer (x*= 1.9 versus
2.4, Fig. S11) to model the SAXS data, and the ensemble shows
persistent flexibility in the ligase catalytic region as previously
reported for LiglIIp and Ligllla-XRCC1 as well as the LigIV
catalytic region (43, 46, 55-57).

For full-length Ligllla in complex with TDP1, the equal
distribution of R, values determined for individual SAXS frames
across the elution peak (Fig. 64 bottom) is indicative of a ho-
mogeneous and stable complex. This prompted us to evaluate
an overall Ligllla-TDP1 domain arrangement for the putative
tetrameric state (Fig. 6C) by fitting the EM-atomistic model
against the solution SAXS data. First, we built an initial full-
length Ligllla-TDP1 model by connecting Liglll domains
with the missing linkers and modeled terminal unfolded regions
in TDP1 (see Experimental procedures). In the first rigid body
modeling effort, we explored only the flexibility of the linker
regions with the fixed domain arrangement as predicted by EM
(Fig. 5F). The atomistic model that mimicked only linker flex-
ibility did not match the SAXS data (x*= 3.5), suggesting that
additional conformational variability of the domains is required
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to match the solution state. A multistate model, mimicking the
flexibility of the Liglll ZnF and BRCT domains that has been
reported previously (43, 46) (Fig. 6C bottom), significantly
improved the fit to the SAXS data (x*= 1.8) (Fig. S9B). In the
selected two-state model, one conformer adopts a compact
arrangement similar to the EM map, whereas a second
conformer displays an extended arrangement of the Ligllla
BRCT and ZnF domains (Fig. 6C). Taken together, the EM map
of full-length Ligllla-TDP1 agrees with the solution state model
in which homodimerization of the Ligllla BRCT domains links
two Ligllla-TDP1 heterodimers. In this relatively compact
dimer of heterodimers, the two LigllI catalytic cores are posi-
tioned in the center, whereas two TDP1 molecules are located
at the edges of the complex (Fig. 6C).

The noncatalytic TDP1 N-terminal region is not required for
repair of CPT-induced single-strand breaks

To examine the contribution of the TDP1 noncatalytic N-
terminal domain and Ser81 phosphorylation to the cellular repair
of CPT induced SSBs, wild-type TDP1, TDP1,49 g0, TDP1-
S81E, and TDPI1-S81A were expressed in TDP1~/-p537/~
MEFs following transduction with recombinant lentiviruses.
Although wild-type TDP1 and its mutant versions were
expressed at similar levels (Fig. 7A), this expression was five- to
ten-fold higher than that of endogenous TDP1 in
p53~~ MEFs. As expected, expression of wild-type TDP1 in
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Figure 7. Alkaline comet assay of CPT-treated TDP1-transduced MEF-TDP1~~ cells. A, expression of TDP1-wt, TDP1;49_g0s, TDP1-S81E, or TDP1-581A in

extracts of MEF-TDP1~

~ cells after lentiviral transduction. Upper panel, immunoblotting with rabblt anti-TDP1-C-term (Abcam). Lower panel, immunoblotting

with anti-histone H3 antibody (Cell Signaling Technology). B, alkaline comet assays of MEF-TDP1~/~ cells and the indicated derlvatlves treated with CPT for
1 h were performed as described in Experimental procedures. C, comparison of the percentage of DNA in the comet tail MEF-TDP17~~ cells and the indicated
derivatives. The results shown represent three independent experiments with at least 50 comet tail measurements for each sample. ** and **** represents

p <0.0011 and <0.0001, respectively.

TDP1™~~ p53™'~ MEFs significantly enhanced the repair of CPT-
induced SSBs (Fig. 7, B and C). A truncated version of TDP1
lacking the N-terminal 148 residues also significantly enhanced
the repair of CPT-induced SSBs, achieving levels of repair that
were close to but significantly lower than that in cells expressing
wild-type TDP1 (Fig. 7, B and C). As reported by Chiang and
colleagues (33), expression of full-length TDP1 with Ala in place
of Ser81 enhanced the repair of CPT-induced SSBs but the extent
of repair was significantly lower than that in cells expressing
either wild-type TDP1 or TDP1 lacking the N-terminal region
(Fig. 7, B and C). The repair of CPT-induced SSBs in cells
expressing TDP1-S81E was similar to that in cells expressing
TDP1-S81A (Fig. 7, B and C). Thus we conclude that, when
overexpressed, neither the noncatalytic N-terminal region of
TDP1 nor phosphorylation of Ser81 is required for the efficient
repair of CPT-induced SSBs, but it is likely that posttranslational
modification of the noncatalytic N-terminal region of TDP1
makes a larger contribution in determining the efficiency of SSB
repair when TDP1 is present at endogenous steady-state levels.
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Discussion

Given the key role of TDP1 in repair of adducts caused by
TOP1 inhibitors used in cancer chemotherapy, there is sig-
nificant interest as to how this enzyme functions and is
regulated in nonmalignant and cancer cells (58). Notably, the
noncatalytic N-terminus of TDP1 has been implicated in in-
teractions with both PARP1 and Ligllla that are regulated by
DNA-damage-dependent phosphorylation of Ser81 within
TDP1 (11, 17, 33, 34). While supporting the conclusion that
phosphorylation of the TDP1 N-terminus regulates its inter-
action with Ligllla, our results reveal a direct interaction be-
tween the Liglll DBD and the TDPI1 catalytic C-terminal
domain rather than its noncatalytic N-terminal region as re-
ported previously (11). Since TDP1 and Ligllla are both pre-
sent in the mitochondria as well as the nucleus (35, 37), it is
likely that the interaction between these proteins contributes
to the DNA repair in both these organelles. However, nuclear
Ligllla exists in a constitutive complex with the DNA repair
scaffold protein XRCC1 that is not found in the mitochondria
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(21, 36, 59) suggesting that a TDP1-Ligllla complex functions
in mitochondrial DNA repair (35, 37), whereas TDP1 interacts
with the Ligllla-XRCC1 complex during nuclear DNA repair
(11). Following coexpression in insect cells, we purified stable
TDP1-Ligllla and TDP1-Ligllla-XRCC1 complexes that were
predicted to form based on the mapping of protein—protein
interactions described in this study and the published litera-
ture (21, 44, 60, 61). Here we describe the first structural in-
sights into the complex formed between the catalytic regions
of TDP1 and Ligllla and the full-length TDP1-Ligllla com-
plex by complementary biophysical techniques (42).

DNA ligases are asymmetric, elongated, and flexible pro-
teins (45). This is due in part to the catalytic fragment that
undergoes a transition from an open, extended conformation
to a closed, clamp-like conformation when it engages a DNA
nick (46, 62), as well as to the noncatalytic regions that flank
the catalytic fragment, such as the N-terminal ZnF region of
Ligllla (43, 46). While this complicates analysis of DNA ligase-
containing complexes, we have employed SAXS and MALS in
combination with gel filtration to gain insights into the het-
erogeneity, shape, and flexibility of complexes formed by
Ligllla and XRCC1 (43). Given the contribution of the LigIlla
N-terminal ZnF region to protein flexibility and asymmetry
(43, 46) and the ability of the LigllIa C-terminal BRCT domain
to homodimerize (43, 52), we purified a TDP1-Ligllla complex
containing a version of Ligllla lacking both the N-terminal
ZnF and C-terminal BRCT domain in addition to the intact
TDP1-Ligllla complex. As expected, the truncated complex
behaved as an asymmetric heterodimer, whereas the full-
length complex exhibited evidence of oligomerization. Using
a combination of SAXS and negative-stain EM together with
atomic resolution structures of domains determined by X-ray
crystallography (46, 50), integrated models for the structure
and flexibility of truncated and full-length TDP1-Ligllla
complexes were developed in which the truncated complex is a
heterodimer and the full-length complex is a dimer of heter-
odimers linked by an interaction between the C-terminal
BRCT domains of Ligllla (43, 52). It is likely that preferential
binding to the C-terminal BRCT of XRCC1 would prevent the
Ligllla BRCT-BRCT homodimer interaction in the nucleus
(43, 52). There may be an interaction between the Ligllla
BRCT and a mitochondrial protein that prevents formation of
the dimer of heterodimers in this organelle. We were unable to
confirm that XRCC1 blocks the BRCT-BRCT homodimer
interaction because the TDP1-Ligllla-XRCC1 complex was
refractory to biophysical analysis by SAXS and EM. Notably,
the Artemis nuclease interacts with the DBD of DNA ligase IV
during V(D)] recombination and the repair of DNA DSBs by
nonhomologous end joining (63, 64). This suggests that the
binding of DNA repair enzymes to the flexible catalytic region
of DNA ligases is a critical common feature that enables the
catalytic regions of enzymes tethered within the same complex
to dynamically engage with and, if appropriate, process DNA
termini during strand break repair.

Posttranslational modifications, which regulate many
protein—protein interactions, such as those involving DNA
ligase I (65), often occur in unstructured protein regions,
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making it difficult to assess their effect on protein conforma-
tion and the protein—protein interaction interfaces. Notably,
the flexibility of relatively unstructured regions makes them
more amenable to large conformational changes induced by
posttranslational modification compared with well-folded
catalytic domains. As a relevant example, phosphorylation of
a flexible XRCCI1 region enhances its interaction with the end
resection enzymes MRE11 and CtIP providing a possible
switch between SSB repair and microhomology-mediated end
joining (66) that is enhanced in BRCA2-deficient cells (67).
Previously it has been shown that the phosphorylation status
of the noncatalytic N-terminal domain of TDP1 regulates its
interaction with Ligllla (33). Our mass spectrometry and
SAXS results show that the N-terminal domain of TDP1 is the
major site of phosphorylation and that the phosphorylation
status of this relatively unstructured region significantly alters
its conformation, with dephosphorylation increasing the
extension and dynamic flexibility of this region as well as
reducing the interaction with Ligllla. Substitutions of single
amino acid residues corresponding to phosphorylation sites
within the N-terminal region of TDP1 decreased the efficiency
of binding to Liglll, whereas removal of the entire N-terminal
region greatly enhanced the binding to Liglll. We therefore
reason that certain conformations of the dynamic N-terminal
region of TDP1 indirectly block the TDP1-Ligllla interaction,
most likely by occluding the interacting region in the catalytic
C-terminal domain of TDP1. In this allosteric regulation, the
relative distribution of the different conformations adopted by
the N-terminal region of TDP1 is likely to be extremely sen-
sitive to changes in amino acid sequence and/or charge with
multiple phosphorylation events probably favoring conforma-
tions compatible with the TDP1-Ligllla interaction.

While previous studies showed that DNA-damage-
dependent phosphorylation of TDP1 Ser81 enhanced its
interaction with LiglIla (33), we were not able to ascertain the
status of this residue in insect-cell-expressed TDP1. Although
replacement of Ser81 with a phosphomimetic residue did not
increase the binding of TDP1 to Ligllla, it is possible that the
amino acids substituted do not have the same effect on protein
conformation as serine phosphorylation. Despite being highly
overexpressed, versions of TDP1 in which Ser81 was replaced
with either a nonphosphorylatable or a phosphomimetic res-
idue as well as a version lacking the first 148 residues were not
as effective as wild-type TDP1 in complementing the SSB
repair defective MEF-TDP17”/~ cells. This indicates that the
noncatalytic N-terminal region of TDP1, while not essential,
does contribute to the repair of SSBs in vivo. Notably, based on
coimmunoprecipitation experiments with truncated versions
of TDP1, it appears that its N-terminal region interacts with
PARP1 (17), the key protein involved in sensing SSBs and
generating the poly (ADP-ribose) polymers that serve as the
recruitment factor for SSB repair factors, including XRCC1,
the partner protein of Ligllla (3). Interestingly, while XRCC1
binds to poly (ADP-ribosylated)-PARP1 (3, 67, 68), the
recruitment of XRCC1 to SSB sites is diminished in cells
lacking TDP1 even though TDP1 does not interact directly
with XRCC1 (11, 17, 33, 69). Since the XRCC1 partner protein
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Ligllla interacts with the C-terminal catalytic region of TDP1,
it is possible that TDP1 can simultaneously engage with
PARP1 and Ligllla, thereby enhancing the recruitment of
XRCC1 and partner proteins to SSBs resulting from aborted
TOP1 reactions. Further work is needed to determine how the
interactions of TDP1 with PARP1 and Ligllla are regulated by
posttranslational modifications and contribute to the repair of
SSBs in the nucleus and mitochondria.

Experimental procedures
Plasmid constructs and proteins

c¢DNAs encoding full-length LiglIla with or without a Strep-
Tactin tag, Liglll;;0_755, TDP1 with a Flag tag and Flag-6His
tag, and XRCC1 with a His-tag were subcloned into pFast-
Bac (ThermoFisher). The resultant plasmids were converted
into recombinant baculoviruses according to the manufac-
turer’s protocol. Insect Sf9 cells were infected either with a
single baculovirus or a combination of baculoviruses (70).
Liglll;79_755 and TDP1 as well as Ligllla-TDP1, Liglll;7¢_755-
TDP1, Ligllla-XRCC1, and Ligllla-XRCC1-TDP1 complexes
were purified from baculovirus-infected insect cells (70). Cell
pellets were resuspended in buffer containing 50 mM
NaH,PO,4 10 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.5%
Igepal, and cOmplete Mini EDTA-free Protease Inhibitor
Cocktail tablets (Roche) prior to sonication. Proteins were
purified from clarified cell lysates by column chromatography
as shown in Table S1.

A series of pET28a plasmids encoding different regions of
LigIII with an N-terminal his tag were constructed and verified
by Sanger DNA sequencing. Expression of the recombinant
proteins was induced in E. coli Rosetta 2 (R2L) cells with -D-
1-thiogalactopyranoside (IPTG). Cell pellets were resuspended
in 50 mM NaH,PO,, 10 mM Tris-HCI pH 8.0, 300 mM NaCl,
0.5% Igepal, and cOmplete Mini EDTA-free Protease Inhibitor
Cocktail tablets (Roche). After sonication, recombinant pro-
teins were purified from cleared lysates by nickel affinity
chromatography (HisTrap HP column, GE Healthcare). A
series of pGEX-6p-1 plasmids encoding N-terminal GST fu-
sions of full-length and truncated versions of TDP1 was con-
structed and verified by Sanger DNA sequencing. Expression
of the recombinant proteins was induced in E. coli BL21 (DE3)
cells with IPTG prior to purification of GST fusion proteins on
a GSTrap HP (GE Healthcare) column according to the pro-
tocol from the company. The GST tag was removed from the
GST- TDP1li49_60s using the PreScission protease prior to
SAXS analysis. All column chromatography was performed on
an AKTA FPLC (GE Healthcare) using UNICORN 5.0
software.

Pull-down assays

His-tagged full length and truncated versions of LiglIl were
incubated with Ni-NTA beads in binding buffer (50 mM Tris-
HCI pH 7.5, 50 mM NaCl, 5% glycerol, 0.2% NP40, 1 mM
benzamidine, and 0.2 mM PMSF) at 4 °C with rotation. After
washing with binding buffer containing 30 mM imidazole,
beads were incubated with full-length and truncated versions
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of TPD1 for 1 h at 4 °C. After washing with binding buffer
containing 30 mM imidazole, the beads were resuspended in
4x SDS-PAGE sample buffer and then were heated at 100 °C
for 5 min. Glutathione beads (Sigma Aldrich) were incubated
with the GST-tagged protein in binding buffer containing 1x
PBS, pH 7.5, 8% glycerol, 1 mM PMSF, and cOmplete Mini
EDTA-free Protease Inhibitor Cocktail tablets (Roche). The
same buffer was used to wash the GST protein-bound beads
and the beads after the pull-down. Beads were resuspended in
4x SDS-PAGE sample buffer and then were heated at 100 °C
for 5 min. Proteins released from the beads were separated by
SDS-PAGE prior to detection by immunoblotting with the
following antibodies; 6His (Abcam), GST (Abcam), TDP1
(Abcam), Anti-Flag-M2 (Sigma Aldrich).

Surface plasmon resonance

The interaction between Liglll and TDP1 was analyzed
using OpenSPR (Nicoya Life Sciences Inc) according to the
manufacturer’s guidelines. Running buffer contained 40 mM
HEPES-NaOH, pH 7.5, 200 mM NaCl, 0.5% BSA, and 0.05%
Tween-20. DNA LigllIp (50 pg/ml) was immobilized in
channel 2 of the COOH sensor by two consecutive injections
of 150 pl at a rate of 20 pl/min. XRCC1 (20 pg/ml) was then
immobilized in channel 1 (reference channel) by two consec-
utive injections of 150 pl at a rate of 20 pl/min. Finally, any
remaining active sites in both channels were inactivated by
injection of blocking agent (Nicoya Life Sciences Inc) ac-
cording to the manufacturer’s guidelines. Three different
concentrations (3.66 nM, 11 nM, and 33 nM) of analytes were
injected at 30 pl/min flow rate for each of the TDP1 variants
(WT, S81E, and S81A). In between analyte injections, signal
was allowed to return to a stable baseline before a surface
regeneration injection (150 pl) of 40 mM HEPES-NaOH, pH
7.5, 600 mM NaCl at 130 pl/min. Sensorgram traces of the
LigllI-TDP1 interactions were analyzed using the Trace-
Drawer software.

Mass spectrometry

After SDS-PAGE, the band corresponding to His-Flag-
TDP1 purified from insect cells was detected by staining
with Coomassie blue and then cut from the gel. After washing
with 50% acetonitrile, the gel slice was sent to the Mass
Spectrometry and Proteomics Resource Laboratory at Harvard
University. Gel slices were incubated with 20 mM Tris-[2-
carboxyethyl] phosphine in 25 mM triethylammonium bicar-
bonate (TEAB) for 45 min at 37°C for 45 min and then with
iodoacetamide in 25 mM TEAB for 45 min a room tempera-
ture in the dark. After sequential washing with 200 pl 100 mM
TEAB and acetonitrile, the gel slices were incubated with 20 pl
0.1% Rapi Gest reagent for 10 min and then dried in a
SpeedVac. Proteins were digested with combinations of trypsin
(0.02 pg/ml, cleavage at C-terminal side of Lys and Arg), LysC
(0.02 pg/ml, cleavage at C-terminal side of Lys), Glu-C
(0.02 pg/ml, cleavage at N-terminal side of Arg) and elastase
(0.02 pg/ml, cleavage at C-terminal side of Ala, Val, Ser, Gly,
Leu and Ile) at 37 °C overnight except for elastase (2.5 h).
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Peptides were separated and identified using Waters Nano-
Aquity liquid chromatography system coupled to an Orbitrap
Elite Hybrid Ion Trap-Orbitrap Mass Spectrometer (Thermo
Fisher). Raw data was analyzed using Proteome Discoverer
software (version 2.1.0.18, Thermo Scientific) and the human
UniProtKB database (HUMAN2016_SPonly.fasta, 20,417 pro-
teins) to identify peptide sequences. Two missed cleavages
were permitted. The database search parameters were pre-
cursor peptide mass tolerance of 10 ppm set for parent ion
search and mass tolerance of 0.6 Da was set for fragment ions.
Carbamidomethyl was set as fixed modification to cysteine and
deamidation of asparagine and glutamine as well as methio-
nine oxidation were set as variable modifications. The search
output was filtered to a false discovery rate of 1% calculated by
dividing the number of false-positive peptides identified in the
database by the number of total identified peptides. Mass
spectrometry data is available at ftp://massive.ucsd.edu/
MSV000087179/. Annotated mass-labeled MS/MS spectra of
phosphopeptides are included in Supporting information
(Fig. S2B).

Enzyme activity assay

All DNA oligonucleotides were from Integrated DNA
Technologies (IDT) except for the oligonucleotide with a 3'-
phosphotyrosine, which was from Midland Certified Reagent
Company. To make the substrate for nick ligation, oligonu-
cleotide 5-CGC CAG GGT TCT GAG CAC AGT CAC GAC-
3’ was 5'-end-labeled by T4-polynucleoide kinase (NEB) and
annealed in a thermocycler, with two oligonucleotides, (5'-
PO,-AGTAACACGACGGCCAGTGCTG-3 and 5-CAG
CACTGGCCGTCGTGTTACTGTCGTGACTGTGCTCAG
AACCCTGGCG-3') to generate a 49 nucleotide long duplex
DNA substrate with a single ligatable nick. To make the
substrate for TDP1, the 3’-phosphotyrosine modified oligo (5’
CGC CAG GGT TCT GAG CAC AGT CAC GAC-PO, Tyr
-3') was end-labeled by T4-polynucleotide kinase (NEB) and
then annealed with two oligonucleotides, (5'-PO,-AGTAA-
CACGACGGCCAGTGCTG-3' and 5-CAGCACTGGCCGTC
GTGTTACTGTCGTGACTGTGCTCAGAACCCTGGCG-3)
to make a 49 nucleotide long nicked duplex DNA substrate with a
3'-phophotyrosine modification at the nick site. The buffer for
nick ligation assays buffer contained 20 mM HEPES-NaOH
pH7.5, 100 mM NaCl, 10 mM MgCl,, 2 mM ATP, and 0.1 mg/
ml BSA. Assays measuring TDP1 activity utilized the same buffer
except for the addition of 1 mM DTT and 0.01% Triton X-100.

SEC-MALS

Molecular mass estimation was carried out using a Superdex
200 Increase 10/300 GL gel filtration column operated with an
AKTAmicro system (GE Healthcare) and connected to Dawn
HELEOS II MALS and OptiLab T-rEX online refractive index
detectors (Wyatt Technology). The system was equilibrated in
40 mM HEPES pH 7.5, 200 mM NaCl, 10% glycerol, and
0.1 mM TCEP prior to application of purified samples at
0.35 ml/min. The detectors were calibrated with BSA and data
were processed using ASTRA Version 6.1.6.5 (Wyatt
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Technology). The gel filtration column was calibrated with
protein standards of known molecular mass (Bio-Rad).

Negative-stain electron microscopy and image analysis

Gel-filtration-purified TDP1-Liglll;o_-55 and TDP1-Ligllla
complexes were each chemically cross-linked with 0.05% (v/v)
glutaraldehyde in gel filtration buffer (40 mM HEPES pH 7.5,
200 mM NaCl, 10% glycerol) on ice for 5 min in the dark. The
reactions were quenched by buffer exchange into low-salt
buffer (40 mM HEPES pH 7.5, 50 mM NaCl, 0.1 mM TCEP)
using Amicon Ultra centrifugal filters (Millipore Sigma).
Cross-linking of complexes was confirmed by SDS-PAGE.
Cross-linked complexes and gel-filtration-purified TDP1
were each diluted to ~20 nM and adsorbed onto glow-
discharged (Agar Scientific) carbon-coated copper grids
(Electron Microscopy Sciences) for 1 min. Excess liquid was
blotted off using Whatman No.1 filter paper and the grids were
stained for 1 min with 1.5% uranyl formate (Electron Micro-
scopy Sciences), followed by blotting and air drying. Micro-
graphs were collected at room temperature using a FEI Tecnai
T12 transmission electron microscopy operated at 120 keV
and fitted with a LaB6 filament. The samples were imaged at
67,000x magnification (1.65 A pixel size) using a CCD camera
(FEI Eagle 4k x 4k) with defocus values between 0.5 and 2 pm.
Images were acquired in low-dose mode using SerialEM (71).
A total of 132, 199, and 336 micrographs were collected for
TDP1, TDP1-Liglll 70 755, and TDPI1-Ligllla, respectively.
The Scipion framework (72) was used for all image analysis
following a twofold downsampling of micrographs. Particles
were selected automatically using a reference-free algorithm
(73). Initial particle sets contained 26,000, 22,300, and 45,400
particles for TDP1, TDP1-Liglll;,9_755, and TDP1-Ligllla,
respectively. Errant picks and aggregated proteins were dis-
carded through successive rounds of 2D classification using
Xmipp’s CL2D (74). Initial 3D volumes were generated by
means of a reference-free stochastic gradient descent program
(75) using 6631 and 10,430 particles for TDP1-Liglll;,q_755
and TDP1-Ligllla, respectively. 3D classification (76) began
with the initial volume low-pass filtered to 60 A and did not
employ masks or symmetry. Particles belonging to similar
majority classes were retained for 3D refinement of the prin-
ciple class (3930 and 8124 particles for TDP1-Liglll;7o 755 and
TDPI1-Ligllla, respectively). The TDPI1-Liglll;7o 755 and
TDP1-Ligllla resolutions were calculated using the gold-
standard Fourier shell correlation at the 0.5 criterion (77).
UCSF Chimera (78) was used to dock crystal structures into
the EM maps.

Small-angle X-ray scattering coupled with multiangle light
scattering in line with size-exclusion chromatography

For SEC-SAXS-MALS experiments, 60 pl contained 10 mg/
ml TDP1, 10 mg/ml of TDP1 treated with NEB Lambda
Phosphatase (see above) in 200 mM NaCl, 20 mM Tris-HCl
pH 7.5, 2% Glycerol, 2 mg/ml of TDP1,49_g0s, 3 mg/ml of
Ligllla-6his.Flag-TDP1; 3 mg/ml of 6his-Liglll;,o_755-Flag-
TDP1 in 200 mM NaCl and 40 mM HEPES pH 7.5.

J. Biol. Chem. (2021) 297(2) 100921 13


ftp://massive.ucsd.edu/MSV000087179/
ftp://massive.ucsd.edu/MSV000087179/

TDP1-DNA ligase lll interaction

SEC-SAXS-MALS data were collected at the ALS beamline
12.3.1 LBNL Berkeley, California (79, 80). The X-ray wavelength
was set at A = 1.127 A and the sample-to-detector distance was
2100 mm resulting in scattering vectors, q, ranging from 0.01
A1t0 04 A7 The scattering vector is defined as q = 41sin6/\,
where 20 is the scattering angle. All experiments were per-
formed at 20 °C and data was processed as described (43).
Briefly, a SAXS flow cell was directly coupled with an online
Agilent 1260 Infinity HPLC system using a Shodex KW802.5
column for TDP1 samples and KW804 column for Ligllla-
TDP1 complexes. The column was equilibrated with running
buffer as indicated above with a flow rate of 0.5 ml/min. In total,
55 ul of each sample was run through the SEC and 3-s X-ray
exposures were collected continuously during a 30-min elution.
The SAXS frames recorded prior to the protein elution peak
were used to subtract all other frames. The subtracted frames
were investigated by radius of gyration (Ry) derived by the
Guinier approximation I(g) = I(0) exp(~-¢* Rgz/ 3) with the limits
qR, <1.5 (Fig. S11) (81). The elution peak was mapped by
comparing the integral of ratios to background and R, relative
to the recorded frame using the program SCATTER. Nonuni-
form R, values across an elution peak represent conformational
varijability of samples. Final merged SAXS profiles, derived by
integrating multiple frames at the peak of the elution peak, were
used for further analysis including Guinier plot, which deter-
mined aggregation free state (Fig. S11). The program SCATTER
was used to compute the P(r) function. The distance r where
P(r) approach zero intensity identifies the maximal dimension
of the macromolecule (Dmax). P(r) functions were normalized
based on the molecular mass of the assemblies as determined by
SCATTER using volume of correlation Vc (82) (Table 1). The
eluent was subsequently split 3:1 between SAXS line and a se-
ries of UV at 280 and 260 nm, MALS, quasi-elastic light scat-
tering (QELS), and refractometer detector. MALS experiments
were performed using an 18-angle DAWN HELEOS II light
scattering detector connected in tandem to an Optilab refractive
index concentration detector (Wyatt Technology). System
normalization and calibration were performed with BSA using a
45 pul sample at 10 mg/ml in the same SEC running buffer and a
dn/dc value of 0.19. The light scattering experiments were used
to perform analytical-scale chromatographic separations for
molecular mass determination of the main peaks in the SEC
analysis. UV, MALS, and differential refractive index data was
analyzed using Wyatt Astra 7 software to monitor the homo-
geneity of the sample across the elution peak complementary to
the abovementioned SEC-SAXS signal validation (Fig. 54).

Solution structure modeling

The model for full-length TDP1 was built based on the
crystal structure of TDP149_60s (PDB 1JY1) and by adding
missing N- and C-terminal regions in MODELLER (83). To
model conformation flexibility of the N-terminal region (res-
idues 1-150), we performed conformational sampling using
BILBOMD (54). The experimental SAXS profiles of TDP1 and
dephosphorylated TDP1 were then compared to theoretical
scattering curves of the atomistic models generated by

14 J Biol. Chem. (2021) 297(2) 100921

BILBOMD (54) using FOXS (84, 85), followed by multistate
model selection by MultiFoXS (48, 51).

The initial atomistic model of LiglIll;,_55-6hisFlag-TDP1
was built by connecting TDP1 atomistic model (Fig. 4) and
Liglll;70_755 domains (PDB 3L2P) by flexible linkers while
preserving the relative position of domains determined by EM.
Similarly, the initial model for Ligllla-6his.Flag-TDP1 was
built as above with the inclusion of the Liglll ZnF domain
(PDB 1UWO0) and BRCT homodimer (PDB 3PC8) and pre-
serving the relative domain positions determined by EM.
Minimal molecular dynamics simulations were performed on
flexible regions in the models by the rigid body modeling
strategy BILBOMD (54) in order to optimize conformational
space of domains linkers alone or individual domains. The
selection of multistate models was performed as described
above for TDPI.

Cell culture and lentivirus particle production

Mouse embryonic fibroblast (MEF-wt and MEF-TDP17/"-
p537"") cells were a generous gift from Dr Peter McKinnon (St
Jude Hospital). Cells were grown in DMEM/Ham’s F12 (1:1
Mixture) with L-glutamine, 10% fetal bovine serum and 1%
Penicillin-Streptomycin. Nonessential amino acid (0.01%) and
S mercaptoethanol (55 pM) were added immediately prior to
use. cDNAs encoding TDP1-wt, TDP1,49_¢0s, TDP1-S81E,
and TDP1-S81A were subcloned into the pLVX-EFla-IRES-
ZsGreenl (Takara). Lentivirus particles were created in
HEK293TN cells (HEK239TN; System Biosciences) using the
pMDG envelope (Addgene) and psPAX2 (Addgene) packaging
plasmids, along with  derivatives of pLVX-EFla-
IRES-ZsGreenl. Virus particles were collected using
Lenti-X-Concentrator (Takara) and used to transduce
MEF-TDP1~~-p53~/cells.

Alkaline comet assay

After incubation with 25 yM CPT for 1 h, MEFs were
trypsinized, collected by centrifugation, and then resuspended
at 1 x 10° cells/ml in ice-cold PBS (Ca** and Mg""* free). The
cell suspension was mixed with 37 °C molten LMAgarose
(Trevigen) at a ratio of 1:10 (v/v), and then 40 pl of the mixture
was immediately pipetted onto each well of a CometSlide (20
well slide) (Trevigen). The alkaline comet assay was carried out
according to the manufacturer’s instructions. DNA was stained
with 50 pl of diluted SYBR Gold Nucleic Acid Gel Stain
(1:10,000 SYBR Gold in TE buffer) that was placed onto each
circle of dried agarose. The slides were viewed by an Olympus
X183 fluorescence microscope equipped with a DP72 camera
and cellSens Dimension imaging software (Olympus America;
ver. 1.17). The quantification done by image analysis using
Comet Analysis Software Trevigen (version 1.2) was utilized to
determine the comet tail moment, percentage of DNA in tail,
and percentage of cells with tails. Images were manually
reviewed to ensure appropriate selection of nuclei (size,
roundness, shape, and direction of tail) and to exclude over-
lapping cells and staining or processing artifacts. The mean
comet-tail moment was used to represent the result. The
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comet-tail moment represents the product of the fraction of
cellular DNA in the comet tail and the tail length with higher
values corresponding to a greater number of cellular DNA
SSBs. At least 50 cells on each slide and a minimum three
slides in each group were analyzed.

Data availability and accession numbers

Mass spectrometry raw data is available in the MassIVE
database (ftp://massive.ucsd.edu/MSV000087179/). EM maps
have been deposited in the EM databank with accession codes
EMD-23299 (Liglll,7o_755-TDP1) and EMD-23301 (Ligllla-
TDP1). SAXS data and atomistic models of TDP1, dephos-
phorylated TDPI1, Liglll;79_755-TDP1, and Ligllla-TDP1
complex have been deposited in the SASBDB with accession
codes SASDJN2, SASDJQ2, SASDJP2, SASDJS2, SASDJR2.

Supporting  information—This article contains

information.
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