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ABSTRACT

Tyrosyl-DNA phosphodiesterase 2 (TDP2) reverses
Topoisomerase 2 DNA-protein crosslinks (TOP2-
DPCs) in a direct-reversal pathway licensed by
ZATTZNF451 SUMO2 E3 ligase and SUMOylation of
TOP2. TDP2 also binds ubiquitin (Ub), but how Ub
regulates TDP2 functions is unknown. Here, we
show that TDP2 co-purifies with K63 and K27 poly-
Ubiquitinated cellular proteins independently of, and
separately from SUMOylated TOP2 complexes. Poly-
ubiquitin chains of > Ub; stimulate TDP2 catalytic
activity in nuclear extracts and enhance TDP2 bind-
ing of DNA-protein crosslinks in vitro. X-ray crystal
structures and small-angle X-ray scattering analysis
of TDP2-Ub complexes reveal that the TDP2 UBA do-
main binds K63-Ub; in a 1:1 stoichiometric complex
that relieves a UBA-regulated autoinhibitory state of
TDP2. Our data indicates that that poly-Ub regulates
TDP2-catalyzed TOP2-DPC removal, and TDP2 sin-
gle nucleotide polymorphisms can disrupt the TDP2-
Ubiquitin interface.

INTRODUCTION

Tyrosyl-DNA phosphodiesterase 2 (TDP2, a.k.a TTRAP,
EAPII) is a multifunctional protein, with roles in HIV vi-
ral genome integration (1), cell proliferation (2,3), ribo-
some biogenesis (4), viral RNA processing (5), the RNA-
DNA damage response (6-8), and is a key modulator of
resistance to chemotherapeutic drugs. Knockout or RNAI
knockdown of TDP2 sensitizes cells to cancer chemother-
apeutics such as etoposide that target Topoisomerase 2
(TOP2) (9,10) and increases the frequency of genome re-
arrangements caused by inaccurate repair of the result-

ing DNA damage (11,12). TDP2 inactivating mutations
are linked to spinocerebellar ataxia, autosomal recessive
23 (SCAR23), which manifests as intellectual disability,
seizures, and ataxia, highlighting the importance of TDP2
for normal neuronal development (11,12).

Mammalian TOP2 (TOP2a and TOP2B) relieves DNA
topological strain by introducing transient double-strand
breaks (DSBs) through which another DNA duplex is
passed, then resealing the DNA break to restore genome
integrity. The strand passage reaction catalyzed by TOP2
is both essential and dangerous, as failure to complete
the re-ligation step generates DNA DSBs that are cova-
lently linked to the active-site tyrosine of TOP2 through a
S’-phosphotyrosine (5'-Y) linkage (13), which results in a
DNA lesion called a TOP2 DNA-protein crosslink (TOP2-
DPC). Chemotherapeutic drugs such as etoposide or dox-
orubicin that poison the TOP2 re-ligation step cause ac-
cumulation of TOP2-DPCs and apoptotic cell death (14).
Environmental toxicants and DNA damage also alter the
TOP2 cleavage-religation cycle causing accumulation of
TOP2-DPCs (15-17). A robust DNA damage response
(DDR) to TOP2-DPCs is essential to maintain genome in-
tegrity, and TDP2 is a rapid responder to TOP2-DPCs (10).
TDP2 displays high specificity for cleaving 5'-Y linkages,
and this activity generates unadducted 5'-phosphate DNA
ends that can be rejoined by the cellular non-homologous
end joining (NHEJ) machinery (9,10,18-20).

Like many DDR processes (21), TOP2-DPC repair
is modulated by signaling with Ubiquitin family of
post-translational modifications such as SUMO2 (Small
Ubiquitin-like Modifier 2) (10,22). The SUMO E3/E4 lig-
ase ZATTZNFSL (23 24) (poly-Zinc finger Associated with
TDP2 and TOP2) binds and catalyzes the modification
of TOP2-DPCs with SUMO2/3. In turn, TDP2 binds
SUMO2/3 through a split SUMO Interacting Motif (split-
SIM) to recruit TDP2 to DNA damage. ZATT also al-
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ters the conformation of TOP2-DPCs so TDP2 can ac-
cess and hydrolyze the 5-Y, thereby ‘licensing’ TOP2-
DPCs for repair (10). TDP2 is unique amongst the EEP
(endonuclease/exonuclease/phosphatase) family of phos-
phodiesterases in that it contains an N-terminal Ub-binding
ubiquitin-associated (UBA) domain (Figure 1A). Poly-Ub
chains are formed by linking a Ub to any of seven lysines
on another Ub, yielding seven possible types of poly-Ub,
each with different signaling consequences for DNA re-
pair (21). Caenorhabditis elegans TDP2 reportedly binds
K48 and K63 linked di-Ub (25), and biochemical analy-
sis of both human and C. elegans enzymes indicate that the
N-terminal UBA domain inhibits TDP2 catalytic activity
(18,20). However, whether poly-Ub regulates human TDP2
activity, the type of poly-Ub that is bound by TDP2, and
how poly-Ub binding is related to TDP2 interactions with
SUMO2 modified TOP2-DPC resolution is unknown.

In this work, we examined immunoprecipitated TDP2
variants with impaired SUMO2/3 or Ub-binding, and
found that TDP2 interacts with separable pools of Ubiq-
uitinated or SUMOylated proteins, with TOP2 and ZATT
present only in the SUMOylated fraction. We find that
TDP2 also associates with poly-Ub containing K63 and
K27 Ub-chain linkages, but not K48 poly-Ub, which is
usually associated with proteasomal degradation (26). The
TDP2 UBA domain binds K63-Ub chains of three or more
Ub in length, and TDP2 tyrosyl-DNA phosphodiesterase
activity is stimulated by K63-linked poly-Ub. To deter-
mine the molecular basis for the TDP2-Ub interactions,
we solved two ultra-high resolution (0.85A) X-ray crystal
structures of the human TDP2-UBA domain bound to Ub.
Combined results from small-angle X-ray scattering anal-
ysis and mutagenesis of TDP2-Ubs complexes reveal that
two Ub-interacting surfaces on the UBA domain interact
with the first and third Ub of a poly-ubiquitin chain. Col-
lectively, these results underscore a role for Ub binding in
modulating TDP2 activity and interaction with its DNA-
protein crosslink reversal pathway components.

MATERIALS AND METHODS

All chemicals were purchased from Sigma unless stated oth-
erwise.

Cell culture, western blots, and antibodies

HEK293F cells (Invitrogen) that stably express YFP, YFP-
TDP2 1-362, and YFP-TDP2 C-AE mutant were described
previously (10). HEK293F cell lines that stably express
other variants of YFP-tagged TDP2 were generated as
described, and immunoprecipitations were performed as
described (10). T121 transformed wildtype and Tdp2~/—
MEFs were previously described (10,54). The absence of
mycoplasma contamination was confirmed using Universal
Mycoplasma Detection Kit (ATCC). Protein samples were
separated by SDS-PAGE, transferred to PVDF membrane
(Millipore), and probed with antibodies using the iBind
system (Invitrogen). Antibodies used: rabbit polyclonal
anti-TDP2: Santa Cruz Biotech (sc-135214 lot# d1212),
mouse monoclonal anti-Ub: Cell Signaling Technologies
(3936, ref# 10/2014), mouse monoclonal anti-MBP: New
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England Biolabs (E8032 Lot# 0101804), rabbit mono-
clonal anti-TOP2a: Abcam (ab52934 lot# GR241638-22),
rabbit monoclonal anti-TOP2B: Abcam (ab109524, lot#
GR42963-15), mouse monoclonal anti SUMO2/3: Ab-
cam (ab81371 lot# GR3233360-1), mouse anti-GFP/YFP:
Roche (27575600, lot# 11814460001), and mouse mon-
oclonal anti-V5: Invitrogen (46-0705 lot# 1517583). Sec-
ondary antibodies: IRDYE680 anti-rabbit: LICOR (926-
68021 C51007-05) and IRDYES00 anti-mouse: LICOR
(926-32210 lot# C30109-03) were visualized with an
Odyssey Fcimager and ImageStudio software (LICOR) ac-
cording to manufacturer’s protocol.

Recombinant proteins

MBP-TDP2 (amino acids 1-362, 21-362 and 108-362) and
untagged TDP2 (amino acids 1-362 and 108-362) were pu-
rified as described (18). TDP2 N-terminus (amino acids
1-107) was cloned into pDest566 and expressed and pu-
rified similarly to wildtype TDP2, except the final butyl-
sepharose purification was replaced with anion exchange
purification on a HiTrap Q-Sepharose column (GE Life
Sciences). TDP2-UBA domain (amino acids 25-66) was
cloned into vector pMCSG9 (27), and all TDP2-UBA mu-
tants were generated with the Quickchange Mutagenesis
kit (Stratagene). Protein was expressed in BL21 Rosetta2
Escherichia coli (EMD Biosciences), with S0puM IPTG at
16°C for 16 hours. Cells were lysed by sonication in GF100
buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM Tris(2-
carboxyethyl)phosphine (TCEP)) with the addition of 1
mM phenylmethylsulfonyl fluoride (PMSF) and 1 mg/ml
(cheetah) of lysozyme. MBP-UBA proteins were affinity pu-
rified on amylose resin (New England Biolabs) and eluted
in GF100 supplemented with 10 mM Maltose, followed by
size-exclusion chromatography on a 16/60 S-200 column
(GE Life Sciences) in GF100 buffer. For crystallization and
fluorescein-labeling, the MBP tag was removed by TEV
protease digestion and the UBA domain protein was puri-
fied sequentially on a 4.6/10 Source 15Q column (GE Life
Sciences) and a 16/60 S-75 column (GE Life Sciences) in
GF100 buffer. Protein was concentrated to 2 mM using a
3K cutoff centrifugal filter (Millipore). Bovine Ub protein
(identical sequence to human protein) was purchased from
Sigma for crystallization trials or expressed from Addgene
plasmid 12647 and purified as described (28). Ub chains
were synthesized by in vitro polymerization and purified as
described (29).

Fluorescein labeling of TDP2-UBA domain protein

All reactions were done at 4°C. 100 pM TDP2-UBA
domain protein was dialyzed overnight into phosphate-
buffered saline (PBS) with 0.5 mM TCEP. 10 mM NHS-
Fluorescein in DM SO was added to UBA protein to a final
concentration of 1 mM, and the coupling reaction was al-
lowed to proceed for 2 h at 22°C in the dark. The reaction
was quenched by the addition of 100 mM Tris pH 9 and 10
mM BME for 2 hours, and unincorporated fluorescein was
removed by dialysis in GF100 for 16 h. Fluorescein labeled
UBA protein was purified on a 4.6/10 Sourcel5Q column
(GE Life Sciences). The UBA domain does not contain any
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lysine residues, therefore the only primary amine group is
the N-terminus, and this chemistry will add a single fluores-
cein to the N-terminus of the protein. Attachment of a sin-
gle fluorescein to the UBA protein was confirmed by mass
spectrometry.

In vitro pull-down assays

To 500 .l reactions in binding buffer (10 mM HEPES pH
7.5, 50 mM NaCl, 0.5 mM TCEP, 2.5% (v/v) glycerol,
0.1 mg ml~' BSA, and 0.1% (v/v) Tween-20) containing 1
wM of indicated Maltose Binding Protein (MBP) fusion or
MBP protein were added 1 wg Ub chain mixtures (Enzo
Life Sciences) for experiments in Figure 1, 1 wg in vitro-
synthesized Ub chains for experiments in Figures 5 and 6, or
1 uM TDP2 V5-tagged TDP2!%8362 for Figure 7, followed
by 20 wl of amylose resin (NEB). Reactions were mixed on
a nutator at 4°C for 2 h, transferred to a micro-spin column
(Bio-Rad), centrifuged at 1000 g for 1 min, washed with 100
wl binding buffer, eluted with 100 mM maltose, and run on
a NuPage (ThermoFisher) 4-12% Bis—Tris SDS-PAGE, fol-
lowed by immunoblotting with probes for the bait protein.

Size-exclusion chromatography with multiangle light scatter-
ing (SEC-MALS)

100 wl of protein: 10 wM TDP2, 15 uM K63-Ubs, or a mix-
ture of the two proteins were run on a 7.8 x 300 mm size-
exclusion chromatography column with 300 A pores and
5 wm particle size (Wyatt WTC-030S5) in buffer (20 mM
HEPES pH 7.5, 300 mM NacCl, 1 mM TCEP) on a HPLC
(Agilent) with a wDAWN light-scattering-diode array. Data
were analyzed with ASTRA 7.1.4.8 (Wyatt Technology) to
calculate molar mass, and plots were generated with Graph-
Pad Prism.

Synthesis of 5'-toluidylated DNA oligonucleotide

5’-[Phosphate]-AATCCGGATCCG-[Cy5]-3' DNA
oligonucleotide was purchased from Integrated DNA
Technologies and coupled to Toluidine using EDC (Sigma)
as described (19). The oligonucleotide was gel-purified
to remove unmodified precursor, and purified on a C18
sep-pak (Waters) before use in DNA binding assays.

Fluorescent polarization anisotropy (FP) assays were
performed essentially as described (30). Briefly, fluorescein—
UBA protein (30 nM) was incubated with the indicated
concentrations of Ub or Ub chains in quadruplicate (N =
4) in FP buffer (20 mM HEPES pH 7.5, 100 mM Nacl,
1 mM TCEP, 0.2 mg ml~' BSA and 5% (v/v) glycerol)
in black, flat-bottomed 96-well plates for 10 min at 22°C,
then each replicate was measured four times in a PO-
LARstar Omega microplate reader (BMG Labtech) using
excitation and emission wavelengths of 485 and 520 nm,
respectively. TDP2 DNA binding experiments used MBP-
TDP2 and K63-Ubs, and 10 nM DNA oligo (5'-[toluidyl]-
AATCCGGATCCG-[Cy5]-3") with excitation and emission
wavelengths of 620 and 670 nm. Ky values were calculated
by fitting FP data to a one-site binding model in GraphPad
Prism.

TDP2 DNA Binding EMSA

DNA oligonucleotides (5'-[phosphate]-CACCACGGTG
CCGAGG ATGACGATGAGCGCATTGTTAGATTT
CA-[Cy5]-3' and 5-TGAAATCTAACAATGCGCTCAT
CG TCATCCTCGGCACCGT-3) were annealed in 10
mM Tris pH 7.5 by heating to 75°C and slowly cooling to
room temperature. MBP-TDP2 (50 mM HEPES, 200 mM
NacCl, 10% glycerol) and K63-Ub; (10 mM HEPES pH 7.5
100 mM NaCl, 1 mM TCEP, 25% glycerol) were with 4 nM
oligonucleotides in a final reaction condition of 40 mM
Tris, 6 mM HEPES pH 7.5, 0.08 mM EDTA, 3.5% (v/v)
glycerol, 0.08 mM TCEP, 0.08 mg/ml BSA, and 30 mM
NaCl for 30 min at 22°C. DNA /protein complexes were
resolved on 0.9% agarose gels in 0.5x Tris/borate running
buffer at 4°C for 1 h (10 V/cm), and scanned on a Typhoon
RGB (GE) to visualize the Cy5 label.

Small-angle X-ray scattering (SAXS) analysis

Small angle X-ray scattering data were collected at the
SIBYLS beamline (12.3.1) at the Advanced Light Source
(Berkeley, CA). Data were processed and analyzed as de-
scribed (10). RANCH (31) was used to generate 10 000
models of the TDP2 catalytic domain (PDB entry 4GZ1,
chain A, residues 118-370 (18)) and UBA domain (crys-
tal form 1, chain B, residues 25-66) connected by dummy
atoms to represent the remainder of the protein in a ran-
dom coil conformation. A genetic algorithm implemented
in GAJOE (31) was used to select and evaluate models pools
against the SAXS curves. SAXS analysis plots were gener-
ated using Microsoft Excel.

Crystallization and structure determination of UBA-Ub

Crystals of UBA-UDb protein complex were grown using
the sitting-drop vapor diffusion method by mixing 200 nl
of precipitant with 200 nl of protein mixture (7.5 mg ml~!
UBA protein and 13 mg ml~' Ub in GF100 buffer). Crys-
tal form 1 was obtained in 200 mM potassium formate
and 14% (w/v) PEG3350, and crystal form 2 was obtained
in 150 mM magnesium formate, 200 mM potassium for-
mate, and 18% (w/v) PEG3350. Crystals grew over a period
of two weeks at 4°C, and were transferred to a cryopro-
tectant containing crystallization condition supplemented
with PEG3350 to 40% (w/v) for crystal form one and
PEG3350 to 25% (w/v) and 16% (v/v) ethylene glycol for
crystal form 2, then flash frozen in liquid nitrogen. X-ray
diffraction datasets for sulfur-SAD phasing were collected
at 105 K on the NIEHS in-house HF007 rotating anode
X-ray source with VariMax HF mirrors and a Saturn944
CCD detector (Rigaku) for anomalous diffraction datasets.
High-resolution datasets were collected at the Advanced
Photon Source on beamline 22-ID. X-ray diffraction data
were processed and scaled using the HKL.2000 suite. Ini-
tial structures were solved using sulfur-SAD phasing with
the HKL3000 suite (32,33), and iterative rounds of model
building in COOT (34) and refinement against the high-
resolution datasets with PHENIX (35) were used to pro-
duce the final models. Hydrogen atoms that did not show
peaks in an F, — F, map calculated from a model lacking
hydrogen atoms were removed for the final model. Crystal



form 2 contained electron density between chains C and D
that did not correspond to any buffer components, and was
modeled as a benzoate that was likely present in the bovine
Ub protein that was used to grow this crystal.

TDP2 5’-DNA phosphotyrosyl hydrolase activity assays

TDP2 5-Y phosphotyrosyl hydrolase assays were per-
formed essentially as described (18), with the addition of
1 mg ml~! BSA and Ub or poly-Ub chains where indicated,
yielding a final NaCl concentration of 110 mM. Reactions
using recombinant TDP2 used 1 uM DNA oligonucleotide
substrate and were performed at 22°C for 60 s. For detyro-
sylation experiments in HEK293F cell nuclear extract, 10
wl reactions contained 85 mM NaCl, 25 mM KCI, 2.5 pl
of 1/40 diluted nuclear extract, Ub chains where indicated,
and 50 nM DNA oligonucleotide substrate. Reactions were
performed at 22°C for 15 min.

Processing of Top2-DPC reactions essentially as previ-
ously performed (10), but briefly, reactions conditions for
TDP2-catalyzed hydrolysis of TOP2cc contain buffer A
(50 mM Tris pH 8, 10 mM MgCl,, 30 ug/ul BSA, and 0.5
mM DTT) supplemented with 2 mM ATP, ZATT (100 nM),
TOP2B-DPC (purification previously described, 10) and ei-
ther 10 uM K63Ub3 or buffer (10 mM HEPES pH 7.5, 100
mM NaCl, 1 mM TCEP, 25% (v/v) glycerol, 2.5 mg/ml
BSA). The addition of 100 nM TDP2 (residues 112-362
stored in 10 mM HEPES pH 7.5, 500 mM NaCl, 1| mM
TCEP, 25% (v/v) glycerol, 1 mg/ml BSA starts 60 s reaction
at 37°C. Protein bands were separated on NuPAGE 4-12%
Bis-Tris SDS-PAGE and scanned using a Typhoon9500
imager (GE). Gel bands were quantified using Image Lab
Software (Bio-Rad) and analyzed using Graphpad Prism.
Quantification graphs were produced with data from 2 repli-
cates and data were fit to a 4-parameter agonist vs response
model average + s.d.

Ub chain linkage analysis

To YFP-TDP2 immunoprecipitation eluates (containing
0.1 M glycine pH 2) 0.1 M Tris base was added to adjust
the pH to near neutral. The UbiCrest kit (Boston Biochem)
was used to selectively degrade poly-Ub containing the tar-
geted linkage type according to the manufacturer’s proto-
col. 10 pl reactions contained: 1 pl 10x DUB buffer, 4 .l
neutralized YFP-TDP2 IP eluate, 3 pnl ddH,O, and 2 pl
DUB. Reactions were incubated at 37° for 30 min, followed
by SDS-PAGE and immunoblotting with an anti-Ubiquitin
antibody. The Ub signal intensity was quantified using Im-
ageStudio software (LICOR) and normalized to control re-
actions that had no DUB added and USP2-treated samples
where all cleavable Ub has been removed. Graphs were gen-
erated using GraphPad Prism. A decrease in anti-Ubiquitin
signal following DUB treatment corresponds to the fraction
of poly-Ub containing the linkage type(s) targeted by the
DUB.

Clonogenic survival assays

Survival assays were carried out by seeding T121 trans-
formed MEFs infected with the indicated lentiviral vector
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in 100 mm dishes in duplicate for each experimental con-
dition. After 6 h, the indicated concentration of etoposide
was added and cells were incubated for 10—12 days. Dishes
were fixed and stained for manual colony counting in Crys-
tal Violet solution (0.5% (w/v) Crystal violet in 20% (v/v)
ethanol). The surviving fraction at each dose was calculated
by dividing the average number of visible colonies in treated
versus untreated dishes.

vH2AX foci analysis

Primary MEFs were infected with the indicated lentiviral
vector and grown on coverslips for 7-10 days until con-
fluency arrested. Cells were treated with 30 pM etoposide
for 30 min, washed with fresh medium and allowed to re-
pair for the indicated time. At each repair time point cells
were fixed in ice-cold methanol for 10 min at —20°C and
immunofluorescence was carried out as described (10, 54).
Briefly, cells were permeabilized (2 min in PBS-0.2% (v/v)
Triton X-100), blocked (30 min in PBS-5% (w/v) BSA) and
incubated with the primary antibody for 1 h in PBS-1%
(w/v) BSA. Cells were then washed (three times in PBS-
0.1% (v/v) Tween 20), incubated with the secondary anti-
body for 30 min in 1% (w/v) BSA-PBS, washed again as
described above, counterstained with DAPI (Sigma), and
mounted in Vectashield (Vector Labs). yH2AX foci were
manually counted (double-blind) in 40 cells for each exper-
imental condition.

RESULTS
TDP2 associates with K27- and K63-linked poly-Ub chains

To examine the interplay between TDP2, TOP2, Ub and
SUMO?2/3, we generated a panel of HEK293F cell lines
that stably express YFP-TDP2 constructs and analyzed co-
immunoprecipitated proteins by western blot (Figure 1A, B
and Supplementary Figure S1A). TDP2 associates with a
high molecular weight population of Ubiquitinated pro-
teins (Figure 1B). There are also two prominent Ubiquiti-
nated protein bands at ~75 and 85 kDa (Figure 1B, lane
11), which correspond to Ubiquitinated YFP-TDP2, as
shown by co-staining of these bands with anti-Ub and anti-
TDP2, as well as an antibody against GFP/YFP (Supple-
mentary Figure S1B). TDP2 N-terminal truncations that
lack the UBA domain (TDP2 aa 71-362 and 108-362) (Fig-
ure 1B, lanes 13 and 14) are nearly devoid of bound high-
molecular weight Ub, but retain binding to SUMO2/3 and
SUMOylated TOP2. By comparison, two TDP2 mutants
(aa 1-107 or the split-SIM ‘C-AE’ mutant (10)) that do
not bind SUMO?2/3 both retain binding to cellular poly-
Ubiquitinated proteins (Figure 1B, compare lane 11 ver-
sus 15 or 18). Furthermore, tandem affinity pulldowns
with cells that co-express Hisg-Ub or Hisg-SUMO2 with
YFP-TDP2 shows an absence of Ub-TOP2B or mixed Ub-
SUMO? chains (Supplementary Figure S1C). Thus, TDP2
interacts with poly-Ub independent of TOP2-SUMO?2/3
(Figure 1C). Under the conditions evaluated here, TDP2 is
not associated with Ub-TOP2.

Next, to delineate the types of poly-Ub linkages bound
to TDP2, we treated YFP-TDP2 immunoprecipitates with
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Figure 1. TDP2 binds poly-ubiquitin. (A) Domain architecture of TDP2. TDP2 contains an N-terminal ubiquitin-associated (UBA) domain and a C-
terminal endonuclease/exonuclease/phosphatase (EEP) catalytic domain. (B) YFP-TDP2 lysates and immunoprecipitates were separated by SDS-PAGE
and probed with the indicated antibodies. (C) TDP2 binds poly-Ubiquitinated proteins independently of SUMOylated Topoisomerase 2. (D) YFP-TDP2
immunoprecipitates were treated with de-Ubiquitinases (DUBs) that cleave poly-Ub linked through the indicated lysines, then (upper) analyzed by western
blotting for Ub. (lower) the poly-Ub signal intensity from the western blots was quantified and normalized to samples without DUB. N = 6, error bars

+ s.d. DUBs that hydrolyze K63- or K27- linked poly-Ub decrease the poly-

Ub signal, showing that TDP2 associates with both K27 and K63-linked

poly-Ub. (E) Nuclear extracts (NE) containing TDP2 hydrolyze a phosphotyrosyl-DNA (5'-Y) substrate to a 5'-phosphate (5'-P) DNA product, assayed
by denaturing PAGE. Addition of K63-linked, but not K48-linked poly-Ub stimulates this activity.

linkage-specific DeUBiquitinases (DUBs) and quantified
poly-Ub by immunoblotting (36) (Figure 1D and Supple-
mentary Figure S1D,E). Digestion with Cezanne, OTUDI,
Otulin or OTUD3 did not significantly reduce the poly-Ub
signal. Therefore, TDP2 does not bind significant amounts
of linear, K6, K11 or K48 poly-Ub. The K63-specific
AMSH DUB reduced the Ub signal by ~50%, indicat-
ing that approximately half of the TDP2 bound poly-Ub
contains K63 linkages. Trabid, which hydrolyzes K63, K29
and K33 linkages, decreased the Ub signal comparable to

AMSH, suggesting that K29 and K33 linkages are not
abundant in TDP2 immunoprecipitates. YOD1 hydrolyzes
K11, K27, K29 and K33 linked poly-Ub, and this DUB re-
duced the poly-Ub signal by ~50%. As K29 and K33 link-
ages do not appear to be present in TDP2-associated poly-
Ub, and K11 poly-Ub comprises approximately 10% of
TDP2-associated poly-Ub, we estimate the remaining 40%
of TDP2-associated poly-Ub is K27-linked. Altogether, we
conclude that TDP2 is associated with both K27-Ub and
K63-Ub in HEK293F extracts.



To test if poly-Ub regulates endogenous TDP2 activ-
ity, we monitored the cellular 5’ tyrosyl-DNA phosphodi-
esterase activity in nuclear extracts using a 5-Y substrate
(Supplementary Figure S2) in the presence or absence of
purified poly-Ub chains (Figure 1E). K48 chains, which
do not stably bind to TDP2 (Figure 1D), had little im-
pact on TDP2 activity. Conversely, the addition recombi-
nant K63 poly-Ub significantly stimulated endogenous 5
tyrosyl-DNA phosphodiesterase activity (Figure 1E). As
TDP2 is the sole source of 5 tyrosyl-DNA phosphodi-
esterase activity in mammalian extracts (54), these data sug-
gest that K63 poly-Ub regulates TDP2 catalytic activity.
Notably, we were unable to examine the interaction between
TDP2 and K27 poly-Ub as K27 poly-Ub is not currently
commercially available and enzymatic methods for its syn-
thesis have not been described.

TDP2 preferentially binds K63-linked Ubs

To further dissect the determinants of TDP2-Ub interac-
tions, we assessed binding of recombinant K48 and K63-
linked poly-Ub to Maltose-Binding Protein (MBP)-tagged
human TDP2 (Figure 2A). While mono-Ub did not sta-
bly bind to TDP2, K63 poly-Ub bound more efficiently
than K48 poly-Ub, as evidenced by an excess of unbound
K48 poly-Ub in the column flow-through and depletion of
bound K48 poly-Ub by washing with buffer. We next inves-
tigated which domains of TDP2 are required for binding
poly-Ub using a panel of TDP2 deletion mutants. While
the MBP control and the isolated EEP domain (residues
108-362) of TDP2 displayed no detectable binding, all con-
structs that contained the UBA domain (residues 25-66)
bound to K63-Ub (Figure 2B), indicating that the UBA
domain is necessary and sufficient to bind K63-Ub. To
quantify TDP2-Ub interactions, we developed a fluores-
cence polarization anisotropy (FP) assay using N-terminal
fluorescein-labeled UBA domain to measure solution disso-
ciation constants (K4) for K63-UDb chains of defined length.
The UBA domain binds mono-Ub weakly (Kq 11 pM),
while K63-Ub, binds only slightly better (K4 8.3 wM) (Fig-
ure 2C). Strikingly, K63-Ub; (K4 0.78 wM) binds TDP2 sig-
nificantly better than either mono-Ub or K63-Ub,. Like-
wise, K63-Ubs bound tightly to TDP2 in the nanomolar
range (K4 0.43 pM). We also observed trend for K48-Ub
and K11-Ub, with an increase in binding affinity for chains
>3 Ub in length (Supplementary Figure S3). Interestingly,
while the UBA domain exhibited weaker binding to K11-
Ubs, K48-Ubj actually bound slightly better than K63-Ub
chains showing that the UBA domain of TDP2 capable of
tight binding to K48-Ub, even though the full-length pro-
tein does not (Figure 2A). High affinity poly-Ub- 3 chain
interactions are likely mediated by TDP2 UBA binding to
one Ub protomer (Ub,), and a second Ub spaced 2 pro-
tomers away (Ub,.+7).

To define the stoichiometry of the TDP2:K63-Ub; com-
plex we used size exclusion chromatography coupled to
multi-angle light scattering (SEC-MALS) (Figure 2E). Both
TDP2 (MALS-MW =48 KDa, calculated-MW =41 kDa),
and K63-Ub; (MALS-MW = 30 kDa, calculated-MW =
26 kDa) were monomeric, and the TDP2:K63-Ub; com-
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plex formed with 1:1 stoichiometry (MALS-MW = 66 kDa,
calculated-MW = 67 kDa). We reasoned that a K63-Ub;
chain bound to TDP2 via the first and third Ub molecules
might be structurally distinct from previously observed ex-
tended conformations of K63-Ub chains (37). To test this,
we used Small Angle X-ray Scattering (SAXS) to compare
the solution conformations of K63-Ub; to TDP2-UBA
bound complexes. Despite the addition of extra mass from
the UBA domain, the K63-Ub;:UBA (radius of gyration,
Ry, = 25.0 A, maximum particle dimension, Dy.x = 80 A)
and K63-Uby:UBA (Ry =29.7 A, Diax = 95 A) complexes
displayed slightly compacted solutlon conformations when
compared to free K63-Ub;z (R, = 26.7 A Diax = 85 A)
and K63-Uby (R; = 32.4 A, Dmdx =115 A) (Figure 2F and
Supplementary Figure S4A D; Supplementary Table S1).
These observations are consistent with the UBA domain
binding and bridging distal Ub protomers, and suggest Ub
chain binding avidity is provided by two Ub binding sites
on a single TDP2 UBA domain.

K63-linked Ub; regulates TDP2 substrate interactions

Given the specific high-affinity interaction between TDP2
and poly-Ub, we hypothesized that K63-Ub; regulates
TDP2 interactions with DNA-protein crosslink substrates.
Consistent with the Ub-stimulated TDP2 tyrosyl-DNA
phosphodiesterase activity in extracts (Figure 1E), K63-
Ubs also stimulated recombinant TDP2 tyrosyl-DNA
phosphodiesterase activity ~1.5-fold on a 5-Y adducted
oligonucleotide with a midpoint of stimulation at 0.65 pM
(Figure 3A), which is similar to the Kd for K63-Ub; of
0.77 wM (Figure 2C). In contrast, compared to K63-Ubs,
stimulation by K48-Ubs required relatively high triubiqui-
tin concentrations, with a midpoint of 4 WM to increase
TDP2 tyrosyl-DNA phosphodiesterase activity on a 5'-Y
oligonucleotide (Supplementary Figure S4E), which is con-
sistent with weaker binding to K48-polyUb observed for
full-length TDP2 (Figure 2A).

In the presence of saturating amounts of K63-Ub;, less
TDP2 is required (1.8 nM versus 4.8 nM) to hydrolyze
50% of the 5-Y substrate (Supplementary Figure S5A),
suggesting that K63-Ub; enhances substrate binding by
TDP2. To test this directly we generated a non-hydrolysable
5'-Y substrate analog by coupling toluidine to the 5'-
phosphate of a Cy5-labeled DNA oligonucleotide, yield-
ing a 5-Toluidilated DNA (5'-Tol) with a phosphorami-
date bond (Supplementary Figure S2) that is resistant to
hydrolysis by TDP2 (Supplementary Figure S5B). Fluores-
cence polarization anisotropy binding analysis (Figure 3B)
shows that MBP-TDP2 binds 5'-Tol DNA in the presence
or absence of K63-Ubs, but has >2-fold enhanced affinity
(Kq 5.5 versus 2.4 uM) in the presence of K63-Ub;. K63
poly-Ub was reported to bind double-strand DNA over 40
bp in length (38), so we used EMSA to evaluate TDP2
binding to a 40 bp DNA containing a phosphorylated
4nt 5-overhang that characteristic of the DNA structure
in a TOP2-DPC (Figure 3C). Under these conditions, we
find that K63-Ubs does not bind DNA, but does enhance
binding of TDP2 to both single-strand and double-strand
DNA.
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Figure 2. TDP2-UBA domain binds K63Ubs with a 1:1 stoichiometry. (A) TDP2 binds K48 and K63 poly-Ub chains. Poly-Ub interaction was assessed in
binding reactions containing amylose resin, MBP-TDP2 fusion protein, and poly-Ub chains. Proteins present in the input, flow through (FT), washes, and
elution were detected by SDS-PAGE and western blotting. Ub,, indicates longer chains that are not resolved in the gel. (B) Domain analysis of TDP2. MBP-
TDP2 fusion protein constructs were assayed for binding to K63-Ub chains as in panel A. (C) Fluorescence polarization anisotropy assay. Fluorescein-UBA
protein was incubated with increasing amounts of the indicated Ub or K63-Ub chain and the FP value was measured at each concentration. Error bars,
s.d. N = 4 replicates. Data were fit to single binding-site model (solid line) to calculate Ky values £ s.e.m. (D) Model for compaction of K63-Ubs upon
binding the UBA domain. (E) Molar mass determination of proteins using size-exclusion chromatography with multi-angle light scattering (SEC-MALS)
indicates TDP2 binds Ubsz with a 1:1 stoichiometry. (F) p(r) plots calculated from SAXS scattering data of the indicated protein or protein complexes.

K63-linked Ubs regulates TDP2 activity and interactions
with TOP2 and ZATT via the UBA domain

TDP2 binds to Poly-Ub and DNA substrates through dif-
ferent domains, which raises the question of how Ub bind-
ing to the UBA domain activates EEP domain catalytic ac-
tivity. We compared the effect of K63-Ubs on the activity of
full-length TDP2 (TDP2FL) and a construct that contained
only the EEP domain (TDP2!%-32) ysing a 5-Y DNA sub-
strate (Figure 3D and Supplementary Figure S5C). K63-
Ubs stimulated the activity of TDP2FL to a level compa-
rable to that of the EEP domain, which was unaffected by
Ub. This suggests that the UBA domain of TDP2 negatively
regulates the catalytic activity, and Ub binding stimulates
activity. Rao et al. previously reported that acidic residues
N-terminal to the UBA domain bind in the active-site of
TDP2 to regulate activity of the C. elegans homolog (25).
We tested a human TDP2 truncation that lacks the equiv-
alent acidic N-terminus of human (TDP22!-362) and found
this fragment displays comparable stimulation by K63-Ubj3,
indicating that the acidic residues N-terminal to the UBA

domain are dispensable for Ub-mediated regulation of hu-
man TDP2. We then extended our analysis to test the regu-
lation of endogenous TDP2 in nuclear extract (Figure 3E),
and found that K63-Ubj stimulated TDP2 5'-Y hydrolase
activity to an even greater extent than that observed for the
purified recombinant protein (~5-fold versus ~1.5-fold).
This difference suggests that additional cellular proteins or
post-translational modification of TDP2 either stabilize the
inhibited state or further activate the Ub-bound state to en-
hance the regulatory effect of K63-Ubs.

TDP2 also hydrolyzes intact TOP2-DPCs, in a direct re-
versal pathway that is promoted through interactions with
TOP2 and SUMO?2/3, and licensed by ZATT (10). We
tested whether K63-Ub; influences interactions with these
proteins in a pull-down assay. TOP2a, ZATT and SUMO?2
bind to both TDP2FL and TDP2!%-362 (Figure 3F and
Supplementary Figure S5D). K63-Ubj; did not alter bind-
ing to SUMO2, but increased the amount of TOP2a and
ZATT that bound to TDP2FL, TDP2!%-3¢2 hinds TOP2«
and ZATT stronger than TDP2F! and binding is unaffected
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Figure 3. K63-Ubs stimulates TDP2 activity. (A) Stimulation of TDP2 catalytic activity by K63-Ubs chains. (upper) Recombinant TDP2 protein and
the indicated [K63-Ubs] chains were incubated with 5'-phosphotyrosyl DNA substrate. Detyrosylation of the DNA was monitored by denaturing PAGE.
(lower) Percent of product DNA formation on PAGE gels was plotted as a function of Ubiquitin concentration, and data were fit to a dose-response
model (solid line) to determine ECs values. Error bars, s.d. N = 3 replicates. (B) TDP2 binding to a non-hydrolyzable 5'-toluidyl, Cy5-labeled DNA
oligonucleotide was measured using fluorescence polarization anisotropy. K63-Ub3 enhances binding of TDP2 to DNA. Error bars, s.d. N = 4 replicates.
Data were fit to single binding-site model (solid line) to calculate Ky values £ s.e.m. (C) The effect of K63-Ubs on TDP2 binding to DNA was assayed
by EMSA using the indicated DNA substrates. (D) 5'-Y DNA hydrolysis catalyzed by TDP2 or TDP2 truncation mutants with 10 pM K63-Ubs where
indicated was quantified. N = 3, error bars s.d., ¥**P < 0.001 two-tailed ¢-test. (E) Stimulation of TDP2 activity in nuclear extracts of HEK293F cells by
K63-Ubs. (upper) Nuclear extract and K63-Ubs were incubated with 5'-phosphotyrosyl DNA substrate. Detyrosylation of the DNA was monitored by
denaturing PAGE. (lower) Product DNA formation on PAGE gels was plotted as a function of Ubiquitin concentration, and data were fit to a dose-response
model (solid line) to determine ECs values. K63-Ubs stimulates TDP2 activity ~5-fold in nuclear extract. Error bars, s.d. N = 3 replicates. (F) K63-Ubs
regulates the interaction between TDP2 and TOP2« and ZATT. The effect of K63-Ubs on the interaction between TOP2a, ZATT, or SUMO2 and MBP-
TDP?2 fusion proteins was assayed using an in vitro pulldown assay. The indicated bait proteins were detected by SDS-PAGE and western blotting with the
corresponding antibodies. (G) Effect of K63-Ubs on TOP2-DPC hydrolysis by the indicated TDP2 variants. (H) Clonogenic survival of T121-transformed
Tdp2~/~ MEFs complemented with the indicated vectors shows that TDP2 that lacks the UBA domain (71-362) rescues knockout cells as efficiently as
wildtype TDP2. Error bars, average + s.d. (I) Repair of DSBs measured as disappearance of yH2A.X foci following treatment with 30p.M etoposide for
30min and the indicated repair times in primary Tdp2~/~ MEFs complemented with the indicated vectors shows that TDP2 lacking the UBA domain
(71-362) rescues knockout cells as efficiently as wildtype TDP2. Average + s.d, n.s. P = 0.12, two-tailed z-test.

by K63-Ub;. Thus the K63-Ubs also regulates binding to
TOP2 and ZATT and this effect is mediated through the
UBA domain of TDP2. However, K63-Ubs does not ap-
pear to cause a further increase in activity of ZATT-licensed
TOP2-DPCs (Figure 3G).

A previous report found that TDP2 deficient DT40 cells
could not be complemented by overexpression of an N-

terminal TDP2 truncation that removed the UBA domain
(25). Given the proposed regulatory role for Ub binding, we
evaluated the functional role of the UBA domain in the cel-
lular response to etoposide in mouse embryonic fibroblasts
(MEFs). We found that Tdp2~/~ mouse embryonic fibrob-
lasts MEFs cells were similarly complemented by expres-
sion of WT or an UBA-deleted human transgene, both in
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a colony-forming assay for etoposide sensitivity and in the
disappearance of yH2AX foci after acute etoposide treat-
ment (Figures 3H and I). Overall, these results are consis-
tent with ubiquitin binding serving to tune and regulate
mammalian TDP2 activity, rather than being prerequisite
for its function.

Molecular architecture of the TDP2-UBA:poly-Ub complex

To define the molecular architecture of the TDP2-
UBA:poly-Ub complex, we crystallized the human TDP2
UBA domain in complex with mono-Ub in two crystal
forms. Crystal form 1 contains one UBA domain and one
Ub in the asymmetric unit (ASU) (Figure 4A) whereas crys-
tal form 2 has two UBA domains and two Ub molecules
per ASU (Figure 4B). Both crystal forms diffracted X-
rays to sub-Angstrom (0.85 A) resolution (Supplementary
Table S2), which provides a detailed view of the molec-
ular interfaces and allows individual atoms to be visual-
ized. Hydrogen atoms from well-ordered regions can be
observed as positive peaks in a Fo-Fc map calculated in
the absence of hydrogens (Figure 4C), and K* ions pro-
duce large peaks in an anomalous difference Fourier map
(Figure 4D).

The TDP2 UBA domain is composed of the expected
three-helix bundle UBA architecture (39), but lacks the
fourth a-helix observed in the C. elegans TDP2 variant
UBA domain (25). A comparison of the molecular inter-
faces found in our two structures reveals that two UBA-
Ub interfaces (interfaces 1 and 2, Figure 5SA and Supple-
mentary Figure S6A) are common between these unrelated
crystal forms, and other crystal-lattice interactions are not
(Supplementary Figure S6B-G). Interface 1 consists of an
interaction between helices al and o3 of the UBA domain
and the hydrophobic patch of Ub, centered on strands B3
and B4 (Figure 5B, C). UBA domains often bind Ub via
a methionine-glycine motif at the end of a1l and leucine(s)
near the end of a3 (39,40), but these residues are absent
in human TDP2 and appear to be substituted by a valine
(V35) and a phenylalanine (F62) that protrudes from o3
(Figure 5D). These residues, along with M54 and L58 form
a surface that recognizes the hydrophobic residues L8, 144,
and V70 on Ub (Figure 5B). A network of hydrogen bonds
and a salt bridge between UBA E63 and Ub R42 flanks
the hydrophobic interface (Figure 5C). Unexpectedly, we
also observe an ion coordinated between the UBA-UD in-
terface 1 in crystal form 1, as indicated a peak of 140 on
the 2F, — F. map, 13 o on the anomalous scatter map. The
CheckMyMetal (41) program validates the octahedral co-
ordination geometry and oxygen ligand bond length (av-
erage of 2.7 A) as being most consistent with binding of
potassium (K*) ion at this site (Figures 4D and 5E). The K*
ion bridges the UBA domain Y61 hydroxyl and A36 pep-
tide carbonyl with the Ub peptide carbonyl of E47 (Figure
5E). Consistent with a role for a monovalent ion in stabi-
lization of the UBA-Ub complex, a Y61F mutation desta-
bilizes binding to poly-Ub at moderate salt concentration
(Figure 5F).

Interface 2 consists of an interaction between UBA helix
a2 residues and the B1-32 turn of Ub (Figure 5G). The side
chain methyl group of a Ub Threonine residue (T9) occu-

pies a pocket formed by UBA C45, F46 and E49, and ad-
ditional Van der Waals interactions occur between Ub L73
and UBA A48 and E49. A water-mediated hydrogen bond
between Ub T9 and UBA E49 comprises the remainder of
interface 2 (Figure 5SH). With the orientation of Ubs po-
sitioned at interface 1 and 2, the closest distance between
any lysine side chain and C-terminus of the other Ub is
greater than 20 A, suggesting that these two Ubs represent
the Ub, and Ub,,+» of a bound Ubs, and the Ub monomer
that would bridge these (Ub,+) is not present in the crystal
lattices.

Mutational analysis of TDP2 UBA-UD interfaces.

We probed the contribution of interfaces 1 and 2 to poly-
Ub binding by assaying binding of K63-UDb chains to MBP-
tagged mutant UBA proteins (Figure 6), or cellular Ubig-
uitinated proteins (Figure 1B). A V35R mutation designed
to disrupt Interface 1 (Figure 6D), ablates K63-Ub binding
to MBP-UBA (Figure 6C) and also blocks binding to cel-
lular poly-Ub (Figure 1B, lane 16). Conversely, mutation of
residues involved in crystal contacts but not interfaces 1 or 2
(S37R, V42R, and S60R) do not significantly alter binding
to poly-Ub. By comparison, an R56N substitution which
is predicted to disrupt folding of the UBA domain (Figure
6E) showed reduced Ub-binding in MBP-pulldowns (Fig-
ure 6C), and was impaired for binding all lengths of Ub
chains tested (Supplementary Figure S7B).

Several non-synonymous single-nucleotide polymor-
phisms (SNPs) of TDP2 have been identified that result
in amino-acid substitutions in the both the EEP (19) and
UBA domain of TDP2 (42). We analyzed the impacts of
four SNPs: L28V, D39G, M54R and N59D. In the UBA-
Ub structure L28 is solvent exposed, D39 forms a hydrogen
bond that caps the N-terminus of helix a2, and neither of
these residues form part of interface 1 or 2. M54 forms part
of the UBA surface that recognizes the hydrophobic patch
of Ub in Interface 1, and N59 forms 2 hydrogen bonds to
Ub in interface 1 (Figure 5C). L28V, D39G, and N59D do
not have major impacts on poly-Ub chain binding (Figure
6C). However, M54R completely abolishes binding to re-
combinant poly-Ub (Figure 6C) as well as cellular poly-Ub
(Figure 1B, lane 17). Modeling of M54R in the UBA-Ub
structure shows that even the best accommodated rotamers
result in a steric clash with Ub in Interface 1 (Figure 6D).
Together, these results suggest Interface 1 is a major deter-
minant of Ub binding, and show that a human 7DP2 SNP
encoding an M54R variant disrupts the TDP2—ubiquitin
interaction.

To examine the contribution of Ub Interface 2 to TDP2-
poly-Ub interactions (Supplementary Figure S7A), we de-
signed additional UBA mutations to target Interface 2.
C45W and C45L create steric clashes with Ub L8, and
E49A disrupts through-water hydrogen bonds to Ub T9
(Figure 6F). In the FP Ub binding assay, these three In-
terface 2 mutants do not alter binding to mono-Ub or
K63-Ub,, but do impair binding to K63-Ubs, (Supple-
mentary Figure S7B). Thus Interface 2 contributes to the
enhanced affinity for K63-Ub.; over Ub,, and we con-
clude it is an important determinant of K63 poly-Ub
binding.
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Figure 4. Structures of human TDP2-UBA domain bound to Ubiquitin. (A) Structure of TDP2 UBA-Ubiquitin in crystal form 1. The asymmetric unit
contains 1 Ub and 1 UBA protein. (B) Structure of TDP2 UBA-Ubiquitin in crystal form 2. The asymmetric unit contains 2 Ub and 2 UBA protein. (C)
Electron density from crystal form 2 shown for a 2mF, — dF, map contoured at 5o (blue) and a mF, — dF, map calculated in the absence of hydrogens
contoured at +3o (green). (D) 2mF, — dF. map contoured at 5o (blue) and anomalous difference Fourier contoured at 5o (magenta).

Solution conformation of TDP2

We used Small-Angle X-ray Scattering (SAXS) to probe the
solution conformation of TDP2 and evaluate whether the
N-terminal domain interacts with the catalytic domain of
TDP2. Kratky analysis of solution scattering from TDP2F-
reveals a bell-curve that peaks but does not return to base-
line at sI> > 0.2, and is characteristic proteins with both
ordered and disordered regions. (Figure 7A). These obser-
vations are consistent with the TDP2 UBA domain being
linked to the protein via a proteolytically labile linker pep-
tide (18). Given the flexibility of the system, we used an en-
semble approach in Ensembles of Mixtures (EOM) (31) to
model the disordered segments of the N-terminal domain
of TDP2 that are not observed in the UBA domain struc-
ture (residues 26-65 of crystal form 1) or catalytic domain
structure (residues 110-362) (19). We systematically varied
the test pool size, and found that pools of 3 or more mod-
els were required for an optimal fit to the data (Figure 7B
and Supplementary Figure S8A; Supplementary Table S3).
Interestingly, a comparison of the distribution of R, values
from the models in the whole pool with those selected by the
genetic algorithm shows a bimodal distribution of models
(Figure 7B, C), suggesting that the N-terminal domain of
TDP2 may adopt two different conformations. Alignment
of the four most frequently selected TDP2 models shows
that the N-terminus is variable in position and thus quite
flexible (Figure 7D). Interestingly, for two of the models the
UBA domain is found in close proximity to the catalytic
domain (12-20 A), while the other two models position the
UBA domain further away from the catalytic domain (40—
50 A). This suggests that the flexibility of the N-terminus
enables TDP2 to exist in two conformations—one in which
the UBA domain is close to or interacting with the catalytic

domain, and the other in which the UBA domain is distal
from the catalytic domain.

We posited that direct interactions between the N-
terminal and catalytic domains could promote a more com-
pact TDP2 conformation. Therefore, we examined whether
these domains associate in trans using a V5-tagged catalytic
domain construct and MBP-tagged truncation mutants of
TDP2 (Figure 7E). Compared to an MBP control, the N-
terminal domain of TDP2 (aa 1-107) bound to the TDP2
catalytic domain, while a construct encompassing a mini-
mal UBA domain (aa 25-66) did not, suggesting residues
flanking the UBA domain (1-24 and/or 67-107) are re-
quired for this interaction. We hypothesized that higher
salt could disrupt the interaction between the N-terminal
and EEP domains and destabilize the compacted confor-
mation of TDP2. Electron pair distribution functions cal-
culated from SAXS of TDP2 in buffers ranging from 100 to
750 mM NaCl show that higher salt promotes a more ex-
tended conformation of TDP2 (Figure 7F), consistent with
salt disrupting the physical interactions that stabilize the
compact conformation. We then evaluated the solution con-
formation of TDP2 bound to K63-Ub; using SAXS and
found that it adopts an extended conformation 140 A in
length (Figure 7G and Supplementary Figure S§B-D). This
is consistent with Ubs interacting with and sequestering the
UBA away from the catalytic domain, which relieves the in-
hibitory effect of the N-terminal domain.

DISCUSSION

The DDR is a highly coordinated response that is regu-
lated by post-translational modification with both Ub and
SUMO. Understanding how TDP2 binds both of these
modifiers is critical for understanding how TDP2 is regu-
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water-mediated hydrogen bond between Ub residue T9 and UBA residue E49.

lated in response to DNA damage. MREI11 nuclease can
cleave DNA adjacent to a TOP2-DPC (43), the proteasome
or SPARTN protease can degrade the protein component
of TOP2-DPCs followed by TDP2-catalyzed 5'-Y removal
(6,44,45), or ZATT and TDP2 can directly reverse TOP2-
DPCs (10). Cells undoubtedly use post-translational modi-
fiers including poly-Ub and SUMOylation to regulate re-
pair pathway selection (21), which may be a function of

cell type, cell cycle stage, or chemotherapeutic drug dosage.
For example, proteasomal degradation of TOP2-DPCs has
only been observed at high concentrations of etoposide (25-
250 wM) (44,46-48), whereas cell death occurs at ~200 nM
(10,47). It is unclear whether proteasome-mediated TOP2-
DPC removal occurs to a meaningful extent in unchal-
lenged cells or those exposed to a therapeutic dosage of
etoposide. Therefore, in this work we examined how TDP2
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interacts with poly-Ub in unchallenged cells that are repair-
ing basal levels of TOP2-DPCs.

Here, we have shown that TDP2 binds to both poly-
Ubiquitinated and SUMOylated proteins, and these are
two independent and separate protein populations. While
it is known that TDP2 binding to SUMO?2/3 promotes re-
cruitment of TDP2 to TOP2-DPCs (10), the role of Ub-
signaling in TDP2 functions was poorly defined. It has
been speculated that TDP2 interacts with K48-Ub chains
to promote recruitment to TOP2-DPCs that are repaired by
a proteasome-mediated TOP2 degradation pathway (25).
Contrary to this hypothesis, we did not observe Ub-TOP2
in TDP2 IP samples, and find that TDP2 does not inter-
act strongly with K48 poly-UDb in cellular extracts, suggest-
ing that Ubiquitination of TOP2 is not involved in the re-
cruitment of TDP2 to TOP2-DPCs. Instead, we find that
TDP2 interacts with K27 and K63 poly-Ub, which are sig-
naling molecules that regulate the DDR (21,22). K63-Ub-3
enhances TDP2 binding to TOP2, ZATT, and DNA, and
promotes catalytic activity on 5-Y DNA (Figure §8). Over-
all, our data are congruent with the main function of poly-
Ub binding by TDP2 being a regulatory one that promotes

repair of TOP2-generated DNA damage and could function
as a check on TDP2 hydrolase activity. Therefore, TDP2
might require both SUMO2/3 and poly-Ub signals, and
this dual post-translational modifier regulatory mechanism
may also be important to prevent aberrant TDP2 hydrolase
activity.

TDP2 homologs have a conserved domain structure, with
an N-terminal UBA domain connected by a flexible linker
to the C-terminal catalytic domain. The linker region ap-
pears to be relatively conserved in length as well, suggesting
that in addition to the presence of an N-terminal UBA do-
main, the spatial arrangement and interdomain flexibility
is critical for proper regulatory control of TDP2. The regu-
latory function of the UBA domain described in this work
provides a rationale for this domain arrangement (18,20).
The UBA domain and the span of flexible residues that
link it to the catalytic domain allow sufficient mobility for
the UBA domain to engage and regulate the catalytic do-
main as well as bind poly-Ub containing K27 and K63
linkages. The UBA domain uses two interfaces to inter-
act with Ub protomers separated by one, or possibly more
Ubs within a K63-linked poly-Ub chain, and therefore pro-
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complex.

vides specificity for K63-Ub of three or more monomers
in length. As K63 poly-Ub chains play important roles in
DNA repair and non-homologous end joining (21,38,49),
the UBA domain of TDP2 could integrate TDP2 into the
K63-Ub signal network that directs repair of DSBs and
TOP2-DPCs. Recently, it was reported that N-terminally
truncated forms of TDP2 are expressed from alternative
transcription start sites, resulting in proteins with altered
cellular distribution and lacking core residues of the UBA
domain (50,51). Our data suggests that in addition to being
unable to bind poly-Ub, these truncated variants likely pos-
sess alternatively regulated tyrosyl DNA phophodiesterase
activity.

K27-linked poly-Ub is a substantial component of the
TDP2 interactome, yet K27 linkages are quite rare, rep-

resenting <0.1% of the Ub isopeptide linkages in a cell
(52). The enrichment of K27 poly-Ub in TDP2 immuno-
precipitates suggests it is important for TDP2 functions
such as recruitment to sites of DNA damage and/or activa-
tion of tyrosyl-DNA-phosphodiesterase activity. The iden-
tity of the K27 and/or K63 poly-Ubiquitinated proteins
bound to TDP2 is not known, but we can speculate as to
what they may be. A recent report (22) demonstrated that
RNF168 catalyzes poly-Ubiquitination of histones H2A
and H2AX with K63 and K27 linkages in response to
DNA DSBs generated by etoposide treatment. Since TDP2
binds both K27 and K63 poly-Ub and repairs DNA dam-
age caused by etoposide, RNF168 could be an important
source of poly-Ub that directs TDP2-mediated repair of
TOP2-DPCs.
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A comparison of our findings of human TDP2 to those
reported for Ub-binding by the C. elegans TDP2 homolog
(ceTDP2) (25) reveals a number of features that distinguish
hTDP?2 from ceTDP2, which may be attributed to species-
specific differences in TOP2-DPC repair. The UBA domain
of ceTDP2 is a variant of the UBA domain with an ad-
ditional fourth a-helix that is not conserved (Supplemen-
tary Figure S7A) in the human protein. ceTDP2 was re-
ported to bind both K48-Ub, (Ky 8 + 4 wM) and K63-Ub,
(Kq 9 + 4 uM) (25), whereas hTDP2 binds K63-Ub; with
higher affinity (0.77 wM; Figure 1E). Longer Ub chains
were not tested for binding to ceTDP2, therefore, it is un-
known if a similar linkage specificity exists for ceTDP2.
It has been proposed that ceTDP2 is a dimeric protein,
whereas hTDP2 is monomeric (Figure 2B) (18,25). Further-
more, hTDP2 can act in concert with human ZATT to di-
rectly reverse TOP2-DPCs without proteolytic processing,
while C. elegans lacks a clear ZATT homolog (10). Collec-
tively, these data suggest that although both species have
a TDP2 homolog with an N-terminal UBA domain, there
may be species-specific differences in Ub-mediated signal-
ing and TDP2 function.

In addition to being a key effector of TOP2-DPC repair,
TDP2 is a multifunctional protein that functions in several
other non-DNA repair pathways (1-5,53,55). As an impor-
tant step towards interpreting how TDP2 can participate in
Ub-mediated signaling pathways and how truncation and
mutation can alter Ub binding, we have described a com-
prehensive biochemical and biophysical analysis of the in-
teraction between the UBA domain and Ub. This work pro-
vides a template by which to examine Ub-dependent links

Nucleic Acids Research, 2020, Vol. 48, No. 11 6323

to TDP2 function in DNA repair, as well as other cellular
pathways, and how it may be altered by SNPs or expression
of mutated TDP2 variants.
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