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Abstract

Tyrosyl-DNA phosphodiesterase 1 (TDP1) is an ubiquitous DNA repair enzyme present in yeast,
plants and animals. It removes a broad range of blocking lesions at the ends of DNA breaks. The
catalytic core of TDP1 consists in a pair of conserved histidine-lysine-asparagine (HKN) motifs.
Analysis of the human TDP1 (hTDP1) crystal structure reveals potential involvement of additional
residues that shape the substrate binding site. In this biochemical study, we analyzed four such
conserved residues, tyrosine 204 (Y204), phenylalanine 259 (F259), serine 400 (S400) and
tryptophan 590 (W590). We show that the F259 residue of hTDP1 is critical for both 3’- and 5’-
phosphodiesterase catalysis. We propose that the double -1 interactions of the F259 residue with
the -2 and -3 nucleobases serve to position the nucleopeptide substrate in phase with the active
site histidines of hTDP1. Mutating Y204 of hTDP1 to phenylalanine (Y204F), as in fly and yeast
TDP1 enzymes, had minor impact on TDP1 activity. In constrast, we find that S400 enhances 3’-
processing activity while it suppresses 5’ -processing activity, thereby promoting specificity for 3'-
substrates. W590 is selectively important for 5”-processing. These results reveal the impact of
conserved amino acid residues that participate in defining the DNA binding groove around the
dual HKN catalytic core motif of TDP1, and their differential roles in facilitating the 3- vs 5”-end
processing activities of hTDP1.
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Introduction

Tyrosyl-DNA phosphodiesterase 1 (TDP1) is a DNA repair enzyme ubiquitously present in
eukaryotes including yeast, plants and metazoans, which is capable of cleansing 3"-DNA
blocking ends both in the nuclear and mitochondrial genomes [1-8]. For example,
phosphotyrosyl linkages resulting from aborted topoisomerase I-DNA cleavage complexes
(TOP1cc) are repaired by TDP1 [9,10]. Other blockages removed by TDP1 include 3’-
phosphoglycolate ends generated by the anticancer drugs bleomycin, alkylating agents and
oxygen radicals [11,12]. TDP1 also acts as nucleosidase, though less efficiently, by
removing 3’-nucleoside [4], chain terminating anticancer and antiviral nucleosides (cytosine
arabinoside, acyclovir, abacavir, AZT) [13-16]. Additionally, both human and yeast TDP1
enzymes are capable of excising the 5”-phosphotyrosyl bonds resulting from aborted
topoisomerase 11-DNA cleavage complexes (TOP2cc) [11,17], an activity normally
displayed by the structurally and mechanistically unrelated TDP2 enzyme [2,18]. The yeast
TDP1 has a more pronounced 5’-diesterase activity than human TDP1, compensating for the
lack of yeast TDP2 orthologue [2,17,19]. The importance of TDP1 in resolving the TOP1-
associated DNA lesions and 3”-blocking lesions has prompted the search for inhibitors
particularly to be used in conjunction with TOP1 inhibitors and other anticancer agents that
introduce DNA breaks [20].

The biological and medical importance of TDP1 was brought to light by the discovery of a
functionally disruptive active site His493Arg mutation in patients with spinocerebellar ataxia
with axonal neuropathy (SCAN1) [21]. A neurological phenotype has also been described in
flies with genetic inactivation of 7DPI (Glaiki?) [22] and in mice with double-inactivation of
Tap1 and Atm [23]. The neuroprotective role of TDP1 has been ascribed to the critical
function of TDP1 in removing 3’-blocking lesions that form as a result of DNA oxidative
lesions and abortive TOP1cc in neurons [6,7,22,23].

TDP1 catalyzes phosphodiester hydrolysis at 3’-ends of DNA at least 4-bases long [24],
which is consistent with co-crystal structure of TDP1 with DNA [25]. TDP1 also efficiently
acts on double-stranded substrates with blunt ends or gaps [13,26]. It catalyzes the
hydrolysis of phosphotyrosyl linkages in cofactor-independent manner (no metal or
nucleotide cofactor as energy source). Sequence analysis and subsequent evaluation of
mutations at conserved residues have placed TDP1 within the phospholipase D superfamily
of enzymes, pointing to the organization of its catalytic site and its molecular mechanism of
action [27]. TDP1-catalyzed hydrolysis can be summarized in two phosphoryl transfer steps
through two HKN motifs, which form the enzyme catalytic pocket: H263-K495-N516 and
H493-K265-N283 [2,25,28] (see Figs. 1-5 of the current study). In the first step, H263 acts
as a nucleophile attacking the 3’-phosphate, displacing the TOP1 tyrosine while forming a
covalent TDP1-DNA adduct. In the second step, H493 of the second HKN motif performs
base-catalyzed hydrolysis of the phosphoramide intermediate, releasing the competent TDP1
and free 3"-phosphate DNA [20]. This mechanism is substantiated by crystal structures of
TDP1 [25,28] and accounts for the molecular mechanism of the H493R SCAN1 mutation
[21,29].

DNA Repair (Amst). Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiselev et al.

Page 3

In addition to elucidating the details of the catalytic site, the crystal structures of hTDP1
point to the potential roles of other conserved residues in substrate binding [25,28,30,31]
(Fig. 1). Among those residues, phenyl-Ca dihedral of F259 changes from 64° (PDBID
1QZQ) to 108° (PDBID 1NOP) upon substrate binding; this rotation allows for phenyl
group to stack with the nucleobases at —2 and —3 positions [25,30] (see Fig. 3D and E).
Other potentially important residues revealed by the crystallography studies include S400,
which participates in substrate binding in the proximity of the cleavage site by engaging the
substrate phosphodiester groups, as well as Y204 and W590, which form a narrow passage
separating the DNA and TOP1-derived peptide binding regions (Fig. 1A and B) [25]. All
three residues are conserved across multiple species (Fig. 1C).

In this study, we analyze the impact of the above-mentioned four residues that shape the
substrate binding site: Y204, F259, S400 and W590. We examined the biochemical activities
of each hTDP1 mutant in an attempt to discern their importance and role in the cleavage of
different substrates with 3’- and 5”-blocking ends. This work represents a biochemical
approach to probe the enzymatic function of previously untested conserved TDP1 amino
acid residues and the mechanisms of substrate recognition and conversion. Our conclusions
regarding the mechanistic role of the F259 residue are consistent with an independent study
[31] published while ours was under review.

2. Materials and methods

Oligomeric DNA substrates were obtained from Midland Certified Reagent Co. (Midland,
TX): 14B, 5'-GATCTAAAAGACTT-pBiotin-3"; 14abB, 5'-GATCTAAAAGA-ab-ab-T-
pBiotin-3’, where ‘ab’ is abasic site; 14Y, 5 -GATCTAAAAGACTT-pY-3”; Y18dA, 5’-Yp-
TCCGTTGAAGCCTGCTTT-3"dA-3". The 5’-phosphotyrosine substrate DNA with
internal 32P label (Y40P, 5'-Yp-TCCGTTGAAGCCTGCTTT-32p-
GCGCAGCTAGCGGCGGATGGCA) was prepared as previously reported [11] and
annealed to complementary oligonucleotide
TGCCATCCGCCGCTAGCTGCGCAAAGCAGGCTTCAA allowing for 4 nucleotide
overhang on the 5”-end of the labeled strand, Y40P was used as a double-stranded substrate
[11]. TDP1 mutants were expressed in BL21 cells and purified as described [13,32].

TDP1 cleavage reactions were conducted as previously described [11,20]. 5"-32P-labeled
DNA substrate (1 nM) was incubated with TDP1 (five 10-fold dilutions from 100 nm to 10
pM for reactions with N14 B and N14abB; nine 2-fold dilutions from 2 nM to 8 pM for
reactions with 14Y; and five 3-fold dilutions from 1 uM to 10 nM for reactions with Y18dA
and Y40P) for 15 min (for reactions with 14B, 14abB, 14Y) or 30 min (for reactions with
Y18dA and Y40P) at room temperature in a buffer containing 50 mM Tris HCI, pH 7.5, 80
mM KCI, 2mM EDTA, 1 mM DTT, 40 pg/ml BSA and 0.01% Tween-20. Reactions were
terminated by the addition of 1 vol of gel loading buffer [99.5% (v/v) formamide, 5 mM
EDTA, 0.01% (w/v) xylene cyanol, and 0.01% (w/v) bromophenol blue]. Samples were
subjected to a 16% denaturing PAGE and gels were exposed after drying to a
Phospholmager screen (GE Healthcare). Gel images were scanned using a Typhoon 9500
(GE Healthcare) and densitometry analyses were performed using the ImageQuant software
(GE Healthcare).
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3. Results

3.1. Impact of residues Y204, F259, S400 and W590 on TDP1 3’-phosphodiesterase

activity

We selected four residues Y204, F259, S400 and W590 based on previous structural studies
which showed their contribution in shaping the walls of the substrate binding site (Fig. 1A
and B) and their conservation across species (Fig. 1C). Y204 is conserved as tyrosine or
phenylalanine across all species; F259 and S400 are highly conserved except in yeast
saccharomyces cerevisiae, and the W590 residue is conserved in vertebrates and plants (Fig.
1C).

Based on the published TDP1 co-crystal structures [25,28], we posited that the Y204F
mutation would eliminate the possibility of hydrogen bond formation between the substrate
-1 nucleobase and the Y204 tyrosine hydroxyl group, and that mutating the hTDP1
tryptophan 590 residue to phenylalanine (W590F) would broaden the channel between the
peptide and DNA portions of the substrate binding site, allowing for greater mobility and
flexibility of the substrate at the site of cleavage (Fig. 1B and see Fig. 6). Enzymatic assays
with 3’-phosphotyrosyl DNA were performed to test the impact of these residues on
substrate conversion.

TDP1-catalyzed 3”-end processing was not affected by either the Y204F or W590F
mutations (Fig. 2), indicating that any potential interactions formed by Y204 with the
substrate nucleobases are dispensable, and spatial restriction placed by bulky W590 residue
is not a necessary prerequisite for efficient 3" -phosphodiesterase catalysis. These results
indicate that despite conservation (Fig. 1C), mutating Y204 and W590 to phenylalanine has
limited or no impact on 3”-end substrate recognition and binding. This observation is in line
with the fact that TDP1 is highly efficient at removing chemically diverse lesions from 3’-
phosphate ends [4,11,13,33].

The aromatic side chain of F259 is relatively distant (circa 13 A) from the pair of HKN
catalytic sites of TDP1 (highlighted in yellow in Fig. 1A and B) [25], but is conserved across
species (Fig. 1C). As revealed in the crystal structure of TDP1 in complex with the substrate
GTT segment (PDB ID 1NOP) [25], the F259 aromatic ring is sandwiched between the -3
and -2 nucleobases of the substrate (Figs. Figure 1A and Figure 3D). These interactions
pack tightly against each other as all the atoms of the F259 aromatic ring are within 5 A of
the atoms of the —3 and -2 nucleobases. As shown in Figs. Figure 1A and Figure 3D, the -3
and -2 nucleotides clamp around the F259 side chain and form a -1t stacking network. On
the other hand, in the TDP1 structure without substrate (PDB 1D 1QZQ) [28], the aromatic
ring of the F259 residue rotates to minimize the exposed hydrophobic area (Fig. 3E). To
determine whether TDP1 catalytic competency could be adversely affected by
compromising the t-rt stacking between F259 and the —3 and -2 nucleobases, we tested the
activity of TDP1 after replacing the F259 aromatic ring with an alanine residue (F259A
mutant). Fig. 2 (panels A & C) shows that the catalytic efficiency of hTDP1 is negatively
affected by the F259A mutation as over 10-fold higher concentration of the F259A mutant
enzyme was required to produce the same amount of 3’-tyrosyl substrate hydrolisys as WT.
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Together with a parallel independent study [31], these results demonstrate the importance of
the F259 residue for optimum 3’-processing activity.

The fourth residue tested here is the conserved S400 residue, which is placed deeper in the
DNA binding groove (Fig. 1B), interacting with the phosphodiester group bridging the -1
and -2 nucleobases (Fig. 1A) [25]. Fig. 2 shows that mutating S400 to alanine (S400A) led
to a decrease in 3’-hydrolysis, reflecting the importance of this residue, as suggested by
crystallographic studies of TDP1 [25] and conservation of S400 among different organisms
(see Fig. 1C).

Together, these experiments show that, in the context of 3"-end DNA processing, the
catalytic competency of hTDP1 is highly dependent on the residues responsible in holding
the DNA portion of the substrate in place, i.e. F259 and S400. It is worth noting that the
interactions formed by F259 and S400 do not entail any sequence specificity; S400 interacts
with the phosphate of the DNA backbone and F259 stacks against nucleobases without
forming any other interactions to specific nucleobase features. By contrast, residues Y204
and W590, which shape the substrate channel around the 3”-phosphotyrosyl junction, do not
act as critical determinants for the 3" -processing activity of hTDP1.

3.2. Critical role of DNA stacking interactions of the F259 residue for positioning the DNA
substrate in the catalyic site of TDP1

To further establish the importance of the rt-rt stacking of F259 between the -3 and -2
bases of the substrate (Fig. 3D) [31], we introduced two abasic sites at positions —3 and —2
of the 3’-tyrosyl substrate (Fig. 3B). This alteration, which eliminates m-rt stacking of the
F259 residue, decreased the catalytic activity of hTDP1 almost as much as mutating F259 of
hTDP1 to alanine (F259A) in the context of the normal DNA substrate (Fig. 3A and C).
Introducing the abasic site-containing substrate in addition to the F259A mutation slightly
further reduced the catalytic hydrolysis (Fig. 3C). It should also be noted that no additional
cleavage by TDP1 at the abasic sites was observed, contrary to a previous report [34].

These experiments demonstrate the critical role F259 plays in positioning the DNA substrate
in the TDP1 catalytic cleft through m—t interactions with the —2 and -3 bases of the
substrate. They also highlight the conformational change in the side chain of F259 observed
in crystallographic studies, in which the F259 side chain was observed to rotate to minimize
the exposed hydrophobic area in the crystal structure without DNA substrate [28] (Fig. 3,
compare panels D & E).

3.3. Selective impact of residues Y204, S400 and W590 on the 5’-phosphodiesterase
activity of hTDP1

In addition to cleansing 3’-end blockages, TDP1 is capable of hydrolyzing 5’-
phosphotyrosyl conjugates arising from stalled TOP2cc [11,17]. To assess the 5'-
phosphodiesterase activity of our four TDP1 mutants, we first performed experiments with a
previously described DNA substrate [11] containing a 5 -phosphotyrosyl group in addition
to 3’-end linked to the 3 -adenosine analog, cordycepin, Y18dA (Fig. 4A). This substrate
has the advantage of allowing simultaneous assessment of 3’- and 5’ -phosphodiesterase
activities of TDP1 (Fig. 4B and C). The previously reported [11] cleavage scheme of such
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substrate (5”-Y-p-18nt-p-3"dA = Y18dA) taking into account both 3’- and 5”-end processing
abilities is shown in Fig. 4B. Hydrolysis of the 3"-cordycepin linkage results in a 3’-
phosphate product, Y18P, and cleavage of the 5’-tyrosine yields the 5"-phosphate, P18P
product. Products Y18P or P18dA migrate similarly on sequencing gels [11] and appear as a
merged band P18dA/Y 18P (Fig. 4C). Subsequent hydrolysis produces the same
oligonucleotide product with phosphates at both DNA ends (P18P). Hence, both TDP1 3’-
and 5’-phosphodiesterase activities (3'-PD and 5’-PD; Fig. 4A) are required for the
generation of P18P.

Formation of the doubly hydrolyzed product, P18P was used to assess the 5’-end processing
ability of our 4 mutant hTDP1 enzymes [11]. The representative experiment shown in Fig.
4C demonstrates that the F259A mutant is unable to catalyze 5’-hydrolysis, and therefore
catalytically deficient for both 3’- and 5"-DNA phosphodiesterase activities (Fig. 4C). The
partial deficiency of the S400A mutant (Fig. 4C and D) is consistent with its defective 3’-
processing activity (see Fig. 2B).

Mutations of the two residues (Y204F and W590F) forming the groove of the substrate
binding site next to the phosphotyrosyl residue (see Fig. 1A and B) gave notable results. The
Y204F mutant despite being somewhat deficient in generating the P18P product (Fig. 4C
and D) was nethetheless capable of efficiently clearing the starting substrate (Y18dA) (Fig.
4C and D). Mutation of W590 to phenylalanine while inconsequential for 3”-processing (see
Fig. 2B) abolished processing of the 5"-end by TDP1 (Fig. 4C and D). These results show
the importance of interactions beyond the known HKN motifs and DNA binding groove for
selective processing of 5’-tyrosyl-DNA substrates by TDP1.

To unambiguously delineate the 3’- from 5’-phosphodiesterase activities of the mutant
hTDP1, experiments were conducted with an internally-labeled 5’ -phosphotyrosyl substrate
('Y40P) containing 3’-phosphate end, which is resistant to TDP1 end-processing activity
[33] [11] (Fig. 5A). Such substrate is subject to 5’ -phosphodiesterase activity only and
produces only one product upon 5’-tyrosine cleavage (P40P) [11].

Consistent with conclusions made from the experiments with the Y18dA experiments (see
Fig. 4), WT and Y204F TDP1 hydroziled Y40P to the single PA0P product by removing
tyrosine from the 5”-end (Fig. 5B). Also, incubation of F259A and W590F with Y40P did
not yield any product (Fig. 5B and C), once again demonstrating the lack of 5'-
phosphodiesterase activity of the W590F and F259A mutants.

Notably, S400A TDP1 was capable hydrolyzing the single 5’-substrate Y40P to a much
greater extent then the WT, completely processing the entire pool of substrate at highest
concentrations of S400A TDP1 tested (Fig. 5B and C). These results demonstrate a
previously unanticipated role of the S400 residue in selectively promoting the 3’-
phosphodiesterase activity of hnTDP1 over its 5'-phosphodiesterase activity.

4. Discussion

By mutating conserved residues that shape the substrate binding groove of human TDP1, we
reveals the importance of specific interactions between TDP1 and its DNA substrates
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beyond the two canonical HKN catalytic motifs (see Fig. 1A and B). The interactions of the
four residues probed in the present study, Y204, F259, S400 and W590 are detailed and
annotated in Fig. 6. Notably, none of the interactions involve the nucleobases, which is
consistent with the broad range of activity of TDP1 for different substrates [1-4,17,24].

Here, we propose that the -1 interactions between the phenylalanine residue F259 and the
-3 and -2 nucleotides act as a locking mechanism to pair the TDP1 catalytic histidines with
the substrates for both 3~ and 5’-processing. Coincidentally, during the preparation of the
present report, an independent study confirmed the importance of the w-m stacking
interactions of F259 with the —2 and -3 bases of the substrate for optimum 3’-
phosphodiesterase activity of hTDP1 [31]. In that report, the authors show selective
photocrosslinking of TDP1 to its substrate by incorporating 5-iodouracil (51dU) at different
positions of the DNA substrate. For both the —2 or —3 incorporated substrates, the substrate
was found to form covalent crosslink to F259, highlighting the close interactions of F259
with the =2 and —3 nucleobases. Consistent with this result, we show here that removing the
-2 and -3 nucleobases reduces 3’-processing to the same extent as removing the aromatic
residue F259 of TDP1 (see Fig. 3). It is plausible that this molecular recognition mechanism
is a key determinant of the selectivity of TDP1 for DNA substrates rather than
phosphodiesterase activity against non-nucleic acid substrates (as is the case of the related
phospholipase D enzymes). This type of interaction is reminiscent of the DNA locking
mechanism used by the TATA-binding protein (TBP), which utilizes stacking interactions of
two pairs of phenylalanines to rig the DNA conformation and stabilize the TBP-TATA box
complex [35]. Analogous substrate positioning control also applies to protein substrates,
such as the 19S proteasome catalytic system, in which the cleavable peptide bond is placed
at the heart of the catalytic site by positioning substrate amino acid side chains in specificity
pockets [36].

The reduction in 3”-end processing by mutating the serine 400 residue of hTDP1 to alanine
(S400A) (see Figs. 2 and 4) is consistent with the presence of a hydrogen bond between
S400 and the non-bridging oxygen atom of the phosphate joining —1 and -2 nucleobases of
the substrates [25] (Fig. 6). Hence, TDP1 engages its substrates by a network of interactions
involving hydrogen bonds beyond the HKN catalytic motifs. Serine 400, which is a
previously untested residue and highly conserved across species (see Fig. 1C), appears to
participate in the critical network of interactions, anchoring the phosphodiester backbone of
TDP1 substrates for processing blocking lesions at the 3"-end of DNA breaks. Such
anchoring is essential with respect to 3”-phosphodiestrease activity, selectively promoting
the 3’-phosphodiestrease activity over 5’-phosphodiesterase activity of hTDP1. This could
be explained by the fact that S400 binds and coordinates the substrate through hydrogen
bond to the phosphodiester group between —1 and -2 nucleotides. The coordination of the
phosphate by S400 likely restrics the conformation of the DNA substrate backbone. While
such anchorage is optimal for 3’-phosphodiesterase activity, it has the opposite effect for the
5’-phosphodiesterase activity of hTDP1. Removal of this phosphodiester coordination and
relaxation of the backbone restriction in the S400A mutant potentially enhances the binding
of substrate for 5"-end hydrolysis. Hence, we conclude that the S400 residue drives the
selectivity of hTDP1 for 3’- over 5’-phosphodiesterase activity.

DNA Repair (Amst). Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiselev et al. Page 8

The selective defect in 5”-end processing activity of the W590F mutants is notable. The
W490F aromatic residue is situated across the Y204 aromatic residue, and both form a
groove above the HKN catalytic residues near the target residues to be removed by TDP1
(see Fig. 1, yellow shading, and Fig. 6). Y204 forms two hydrogen bonds with the terminal
(=1) nucleobase while W590 forms Van der Waals interactions with that same terminal
nucleobase (Fig. 6). Hence, the Y204F and W590F mutations were predicted to increase the
size of the peptidic groove where TDP1 accommodates its nucleoprotein substrates. The
lack of impact of the Y204F and W590F mutations on the 3”-processing activity of hTDP1
may be due to the many other interactions between TDP1 and its substrate with 3”-end
lesions, which suffice for TDP1 3’-processing activity. The selective impact of the W590F
mutations on the 5’-processing activity of hTDP1 might reflect the fact that hnTDP1 is
markedly less active against 5"-tyrosyl vs. 3’ -tyrosyl substrates [11], and that the 5'-
processing reaction has to accommodate a substrate with opposite polarity with respect to
the target phosphodiester bond. We speculate that minimizing the substrate interactions
around the Y204F and W590F substrate groove at the junction between the DNA product
has a greater impact on enzyme activity toward its less preferred 5"-end substrates.

While it seems that the hydrogen bond between S400 and phosphate needs to be disrupted
for 5”-end cleavage to proceed efficiently, the Van der Waals interactions and spatial
restriction provided by bulky W590 become crucial for retention of the 5”-phosphotyrosyl
linkage within the catalytic site. Co-crystallization studies are warranted to elucidate the
specific interactions of TDP1 with 5"-end substrates.
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C Y204
TDP1.human 178 YNS-GALHIKDILSPLFGTLVSSAQF FDVDWLVKQYP--PEFRKKPILLVHGDKREA 234
TDP1.mouse 179 YNS-KALHIKDILSPLFGTLVSSAQF FDVDWLIKQYP--PEFRKNPILLVHGDKREA 235
TDP1l.chicken 173 ¥YNS-GALHIKDILSPLFGTLVSSAQF IDVAWLVRQYP--QEYRKKPLLIVHGEKRES 229
pol.fly 164 HSEPLSITLQEILDESLGEIESTVQI VDIGWLLGHYYF-AGILDKPLLLLYGDE==~ 219

TDPl.A.thaliana 156 ANT----SCVSINDVIEGDVVAAILS VDIDWLMSACP---KLANIPQVMVIHGEGDG 208
Tdpl.yeast.SP 105 PVN---VKLYSVYVPMWGTHHSKIM FKDDSCQIVIHT---ANLVEPDWIGMSQAIFK 158
Tdpl.yeast.SC 97 GEVEDMITLKDIFGTET--LKRSILF YELDFLLRQFHQNVENITIVGQKGTIMPIEA 154

F259
TDP1.human 235 KAHLHAQAKPYENISLCQAKLDI THHTEMMLLLYEEG-LRVVIHTSNLIHADWHQKT 293
TDP1.mouse 236 KADLHAQAKPYANISLCQAKLDI THHTEMMLLLYEEG-LRVVIHTSNLIREDWHQKT 294
TDP1.chicken 230 KAELLAQARPFENISFCQAKLDI THHTKMMLLLYEEG-LRVVIHTSHNLIAEDWHQKT 288
Tdpl.£fly 220 SPELLSIGKFKQQVTAIRVKMPTPEATSHTKMMFLGYSDGSMRVVISTANLYEDDWHNRT 279

TDPl.A.thaliana 209 RQEYIQRKKP-ANWILHKPRLPISEGTHHSKAIFLVYPRG-VRVVVHTANLIHVDWNNKS 266
Tdpl.yeast.SP 159 TPLLYPKANDSLSTSSVPEYGNPSKIRKHEGSLDIKDDRN---CDIIDVDSAFENFKHKS 215
Tdpl.yeast.SC 155 RAMDATLAVILKKVKLIEITMP-PEASHHTKLIINFYDNGECKIFLPSHNFTSMETNLPQ 213

*

$400 :
TDP1.human 380 KDHASSMPNAESWPVVGQFSEBVGSLGAD ESKWLCSEFKESMLT 422
TDPl.mouse 381 QAHAPSTPKGECWPIVGQFSSIGSLGPD ESKWLCSEFKDSLLA 423
TDP1l.chicken 376 KDHASSIPAQESWPVVGQFSSIGSLGAD GSKWLCSEFQESLVA 418
Tdpl.fly 369 AKHAAPIDDR--IPVVCQSSSIGSLGAN VOAWIQQDFVNSLKK 409
TDPl.A.thaliana 360 QECIFDREFRR-SPLIYQFSSLGSLDEK WLAEFGNSLSSGITE 401
Tdpl.yeast.SP 289 KMLEKDSKKDEKTKFEESDIEISQCSSM GSFGPKQEYIAELTD 331
Tdpl.yeast.SC 296 GTSASDTAKHYLCQTSSIG! SRARDENLWTHLMIPLFTGIMSPPAKDTAGRKKAEILP 355
W590
TDP1.human 566 ---PMATFPVPYDLPPELYGSKDRPWIWNIPYVKAPDTHGNMWVPS 608
TDP1.mouse 567 ---PTASFPVPYDLPPELYGSKDRPWINNIPYVKAPDTHGNMWVPS 609
TDP1l.chicken 564 ---SATSFPVPFDLPPERYGSKDQPWINNIPYTSAPDTHGNMWVPS 606
Tdpl.fly 551 ---GVPAFPLPYDVPLTPYAPDDKPFLMDYLQG 580

TDPl.A.thaliana 562 DLPEIISLPVPYQLPPKPYSPEDVPWSHDRGYSKK-DVYGQVWPR 605
Tdpl.yeast.SP 493 --KRVIGVRMCWDFPPVEYEDKDEIWSBVINRTDK-DWLGYVWPPNW 536

Tdpl.yeast.S5C 513 ---NPTHVAVPFTLPVIPYDLAEDEC RHEND 544
* *

Fig. 1.
Structure of TDP1 (surface representation). A: with the substrate (sticks and mesh

representation) (PDB ID 1NOP); B: with the substrate removed to expose the corresponding
binding cavity. The catalytic HKN maotifs are shown as yellow surface. Residues examined in
this study and shaping the catalytic cavity are shown in green; C: sequence alignment
highlighting the four residues examined in the present study, and high conservation of the
Y204, F259 and S400 amino acid residues of TDP1.
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Fig. 2.
Enzymatic hydrolysis of 3’-phosphotyrosyl substrates by hTDP1. A: Schematic

representation of substrate (14Y) conversion into product (14P). B: Quantification of the
processing of the 3’-tyrosyl substrate by hTDP1 WT, Y204F, F259A, S400A, and W590F.
Each point on the graph represents the mean (n = 3) + standard deviation. C: Representative
gel showing hydrolysis of 14Y by TDP1 F259A mutant.
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Enzymatic hydrolysis of 3’-phosphotyrosyl substrates containing abasic site at positions —2
and -3 by hTDP1 WT and F259A. A-B: Schematic representation of the substrates above
representative gels showing hydrolysis of normal substrate (14B) (A) and substrate with
abasic sites at =2 and —3 positions (14abB) (B);C: Quantification of substrate processing by
the WT and F259A TDP1 enzyme. Each point on the graph represents the mean (n = 3) +
standard deviation. D-E: Structure of TDP1 (grey surface) in the vicinity of F259 (green
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surface) in presence (PDBID: 1NOP) and absence (PDBID: 1QZQ) of DNA oligonucleotide
(wire mesh).
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Fig. 4.

Processing of the 5”-tyrosyl/3’-cordycepin substrate by hTDP1 WT, Y204F, F259A, S400A,
and W590F.A: Scheme of the hydrolyzable bonds, structure and labeling convention for the
dual substrate and products. B: Stepwise mechanism of the 5’- and 3”-phophodiesterase
(PD) activities of TDP1. Products P18dA and Y 18P have indistinguishable electrophoretic
migrations and appear in the same band on the gel (see panel C). C: Representative gel of
the dual substrate processing. The substrate was incubated for 30 min at 25 °C with each
TDP1 mutant in a series of three-fold dilutions, starting from the highest concentration of 1
uM. D: Quantification of the 5”-product formation by hTDP1 WT and the mutants, each
point on the graph represents the mean (n = 3) * standard deviation. Invisible bars for
standard deviations are within symbol size.
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Fig. 5.

Pr?)cessing of the 5’-tyrosyl substrate by hTDP1 WT, Y204F, F259A, S400A and W590F.A:
Scheme of the hydrolyzable bond, structure and labeling of the 5" substrate and product. B:
Representative gel of the substrate processing. The substrate was incubated for 30 min at 25
°C with each TDP1 mutant in a series of three-fold dilutions, starting from the highest
concentration of 1 pM. C: Quantification of the product formation by hTDP1 WT and the
mutants. Each point on the graph represents mean (n = 3) * standard deviation. Invisible bars
for standard deviations are within symbol size.
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Fig. 6.
Summary of the atomic interactions and functional importance for the four residues

examined in the present study: Y204, F259, S400 and W590. Specific interactions and role
on 3’- vs. 5”-processing are noted in parenthesis for each residue (see text for details).
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