
3464–3474 Nucleic Acids Research, 2016, Vol. 44, No. 7 Published online 22 February 2016
doi: 10.1093/nar/gkw122

Methanopyrus kandleri topoisomerase V contains
three distinct AP lyase active sites in addition to the
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ABSTRACT

Topoisomerase V (Topo-V) is the only topoisomerase
with both topoisomerase and DNA repair activities.
The topoisomerase activity is conferred by a small
alpha-helical domain, whereas the AP lyase activity is
found in a region formed by 12 tandem helix-hairpin-
helix ((HhH)2) domains. Although it was known that
Topo-V has multiple repair sites, only one had been
mapped. Here, we show that Topo-V has three AP
lyase sites. The atomic structure and Small Angle
X-ray Scattering studies of a 97 kDa fragment span-
ning the topoisomerase and 10 (HhH)2 domains re-
veal that the (HhH)2 domains extend away from the
topoisomerase domain. A combination of biochem-
ical and structural observations allow the mapping
of the second repair site to the junction of the 9th
and 10th (HhH)2 domains. The second site is struc-
turally similar to the first one and to the sites found
in other AP lyases. The 3rd AP lyase site is located in
the 12th (HhH)2 domain. The results show that Topo-
V is an unusual protein: it is the only known protein
with more than one (HhH)2 domain, the only known
topoisomerase with dual activities and is also unique
by having three AP lyase repair sites in the same
polypeptide.

INTRODUCTION

Topoisomerases are proteins found in all three domains of
life that change the topology of DNA via transient breaks
made on either one or both strands of a DNA molecule to
allow passage of either a single or a double DNA strand
through the break or swiveling of one strand around the
other. They are involved in several cellular processes, such as
transcription, replication and recombination (1–3). Topoi-
somerases are the target of several anti-cancer drugs and
antibiotics as interfering with topoisomerase activity leads
to cell death (4). Topoisomerases have been classified into

two types: type I enzymes cleave one DNA strand and pass
either a single or a double stranded (ds) DNA through the
break before resealing it, whereas type II molecules cleave
both DNA strands in concert and pass another dsDNA
through the break followed by resealing of the break.

Type I enzymes are classified into three different sub-
types: types IA, IB and IC (5). Members of one sub-type
show no sequence or structural similarities to members of
the other sub-types. Type IC topoisomerases comprise the
most recently identified family of topoisomerases (6,7). Al-
though they have many characteristics in common with
type IB enzymes (8–10), the structure elucidation of a 61
kDa fragment of Methanopyrus kandleri Topoisomerase-V
(Topo-V) (7) revealed that they form a distinct sub-type. In
addition to relaxation activity, type IC enzymes show DNA
repair activity (11,12), suggesting a close relationship be-
tween these two essential functions in hyperthermophiles.
M. kandleri Topo-V has been identified only in the archaeal
Methanopyrus genus, which is found in deep, hot vents in
the ocean (13). Topo-V is a large molecule, formed by 984
amino acids (∼112 kDa) and has optimal activity at 122◦C
and high salt concentrations (14). Topo-V shows a modu-
lar structure with a 30 kDa topoisomerase domain followed
by 24 helix-hairpin-helix (HhH) motifs arranged as 12 tan-
dem (HhH)2 domains (7,11). The topoisomerase domain
has no sequence or structural similarity to any other topoi-
somerase (7), the active site is well mapped and biochemi-
cal studies have shown that the cleavage and religation reac-
tions are similar to the ones employed by type IB enzymes
(8). In addition, single molecule studies have shown that
Topo-V relaxes DNA by controlled rotation or swiveling,
again in a similar manner to type IB topoisomerases (10).
Overall, despite their differences, type IB and IC enzymes
relax DNA using the same general mechanism, but using a
completely different structural scaffold.

The DNA repair activity of Topo-V is not as well char-
acterized as the topoisomerase activity. Previous studies
showed that Topo-V has apurinic/apyrimidinic (AP) lyase
and deoxyribose-5-phosphate (dRP) lyase activities and
that there are at least two repair active sites in the protein,
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both located in the (HhH)2 domains (11). Recently, the lo-
cation of the first repair site was identified and it was estab-
lished that Topo-V is a Class I AP endonuclease that em-
ploys a catalytic lysine to cleave 3′ to the AP site (12). The
catalytic lysine of the first repair site was identified as lysine
571. There is at least one more AP lyase site in Topo-V, but
its exact location is not known, although it has been mapped
to the last 34 kDa of the protein (11).

Here, we present studies that identified two additional AP
lyase active sites in Topo-V. The location of a second AP
lyase site was mapped to the junction of the 9th and 10th
(HhH)2 domains. The structure of a 97 kDa fragment con-
taining the topoisomerase domain as well as the first two
repair domains was solved to 2.4 Å resolution. Site directed
mutagenesis studies combined with structural analysis sug-
gest that the catalytic lysine in the second AP lyase site is ly-
sine 809. Once the first and second repair sites were removed
by mutagenesis, a third repair active site was identified and
mapped to (HhH)2 domain 12, at the C-terminus of the
protein. Further analysis shows no additional repair sites.
These studies establish that Topo-V is an unusual enzyme
with four active sites within a single polypeptide, where the
first site is involved in DNA relaxation using the topoiso-
merase active site and the other three sites are involved in
DNA repair. The combined topoisomerase and DNA re-
pair functions might be needed to survive the extreme liv-
ing conditions of M. kandleri. The presence of both DNA
repair and relaxation activities in the same polypeptide also
suggests a possible synergy between the two activities. Al-
though the way the four active sites may interact is still not
understood, it could be mediated by DNA/protein interac-
tions.

MATERIALS AND METHODS

Protein purification

DNA fragments coding for the Topo-V regions corre-
sponding to residues 1–751 (Topo-86) and residues 1–
907 (Topo-103) were PCR amplified from a plasmid con-
taining the entire Topo-V sequence (15), with added 5′
NcoI and 3′ NdeI restriction sites, and cloned into the
pET15b vector. Fragments corresponding to residues 1–
802 (Topo-91) and 1–854 (Topo-97) were obtained by
introducing stop codons at the desired position in the
full length Topo-V gene. Topo-78 (residues 1–685), Topo-
78(�RS1) (K566A/K570A/K571A, first repair site inac-
tive) and full length Topo-V were made as previously de-
scribed (11,12,15). Topo-V(�RS1) has K566, K570 and
K571 mutated to alanine in the full length backbone. Topo-
97(�RS2) was made from Topo-97 with K809, K820, K831,
K835, K846 and K851 mutated to alanine to remove the
second AP lyase site. Topo-V(�RS1�RS2) was made from
Topo-V(�RS1) with K809, K820, K831, K835, K846 and
K851 mutated to alanine to remove the first two repair
sites. Topo-103(�RS1�RS2) was made by introducing a
stop codon after residue 908 in Topo-V(�RS1�RS2). All
the lysine mutants were made by site directed mutagenesis
(Quikchange, Stratagene). For protein production, Topo-
V was transformed into Escherichia coli BL21(DE3) pLysS
cells, Topo-78 was transformed into E. coli BL21(DE3) cells
and all other fragments were transformed into E. coli BL21

Rosetta (DE3) cells. Protein induction and purification was
done according to previously described protocols (12,16).
Pure proteins were concentrated and stored in 50 mM Tris
pH 8, 250 mM NaCl and 1 mM DTT, except for Topo-97
and Topo-103 where 500 mM NaCl was used and Topo-
V where 1M NaCl was used in the storage buffer for en-
hanced protein solubility. To ensure that the proteins were
well folded, the CD spectra of all the mutants were mea-
sured (Supplementary Figure S1). The spectra show no ma-
jor changes, suggesting that the proteins are well folded and
that the changes in activity are not due to folding defects in
the mutants.

AP lyase assay

AP lyase assays were done using the same 49-mer DNA
and a similar procedure as described before (12,17). The
DNA strand containing uracil was synthesized by inte-
grated DNA technologies (IDT, Coralville, IA, USA) with
a 5′ 6-FAM (fluorescein) label. The labeled DNA strand
was annealed to equimolar amounts of the complemen-
tary strand. To produce the abasic site, the oligonucleotide
was treated with Uracil DNA Glycosylase (UDG) (NEB)
as previously described (17). The standard AP lyase assay
contained 50 mM HEPES pH 7.5, 20 mM KCl, 0.5 mM
EDTA, 2 mM DTT, 500 nM UDG-treated abasic DNA
and 2.5 �M protein, except for the full-length protein where
the protein concentration was reduced by 10-fold. Incuba-
tion was done at 65◦C for 30 min. For the Topo-97 experi-
ments, incubation was followed by treatment with 340 mM
sodium borohydride on ice for 30 min. For the Topo-V wild-
type, full length mutants and Topo-103 experiments, the
sodium borohydride step was not used. In both cases, be-
fore gel loading the samples were treated by the addition
of formamide dye (96% formamide, 10 mM EDTA) and
incubated at 75◦C for 2 min. The reaction products were
separated on a 16% denaturing polyacrylamide gel (8 M
urea). The gel was scanned using a Typhoon 9400 scanner
(GE Lifesciences) and bands were quantified using Image-
QuantTL version 5.2 (GE Healthcare). Percentage of cleav-
age was calculated as follows: (intensity of product band /
(intensity of substrate band + intensity of product band)) ×
100. For Topo-V full-length mutants, the above procedure
was modified to include a proteinase K treatment step be-
fore gel loading due to the tight binding of the full length
protein to DNA that prevented the DNA from entering the
gel.

Crystallization, data collection, and structure determination

The Topo-97 fragment was crystallized by vapor diffusion
against 0.1 M sodium acetate pH 5.5, 0.2 M NaCl and 7%
PEG 8000. The crystals were frozen by supplementing the
mother liquor with 20% sucrose as cryoprotectant. Diffrac-
tion data were collected at the Life Science Collaborative
Access Team station (LS CAT) at the Advanced Photon
Source (APS) in Argonne National Laboratory. Data col-
lection and refinement statistics are shown in Supplemen-
tary Table I. All data were processed and integrated using
XDS (18) and scaled with SCALA (19). The 2.4 Å resolu-
tion structure of Topo-97 was initially solved by molecu-
lar replacement (MR) with Phaser (20) using the Topo-61
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fragment (PDB ID 2CSB (7)) as the search model. The MR
map showed poor density for the missing portions in the
model. To improve the initial map, a platinum derivatized
crystal was used together with the Topo-61 model MR so-
lution using the program Sharp (21). The phases obtained
from the heavy atom derivative combined with the partial
model improved the electron density, showing clear electron
density for almost the entire protein. The program Bucca-
neer (19) was used to trace the model. Manual model build-
ing was done using Coot (22,23) and refinement using Ref-
mac5 (24) and Phenix (25). Electron density for almost the
entire molecule was observed with a break in the electron
density between residues 597–689. The clear side chain den-
sity in the region towards the C-terminal part of the protein
helped in the accurate placement of the amino acids after
the break in the electron density map. The final Rwork and
Rfree for the model are 19.9% and 23.8%, respectively. The
final model contains residues 2–596, 690–852 and 184 wa-
ter molecules. Analysis with Molprobity (26) shows that the
model is of excellent quality, with 97.75% of the residues
in the Ramachandran favored regions and no disallowed
residues, 98.01% of the residues have favored rotamers and
there were no poor rotamers. The model has a root mean
square deviation (RMSD) of 0.002 Å for bond lengths and
0.57◦ for bond angles.

Small angle X-ray scattering

A small angle X-ray scattering (SAXS) experiment was per-
formed using Topo-97(�RS2) at three different protein di-
lutions: 1.25 mg/ml, 2.5 mg/ml and 5 mg/ml. All data were
collected at the Dupont Northwestern Dow Collaborative
Access Team (DND CAT) beamline at the APS using a
SAXS, wide angle X-ray scattering (WAXS), medium an-
gle X-ray Scattering (MAXS) triple CCD detector system
(27) at room temperature (23◦C) using a flow cell to mini-
mize radiation damage. Data processing details are shown
in Supplementary Table II. Data for an empty flow cell as
well as buffer were collected for each experiment. Data were
collected at 12 keV (1.0332 Å) and covered the momentum
transfer range of 0.0026 < q < 2.46 Å−1 (q = 4πsinθ/λ,
where 2θ is the scattering angle). The scattering data from
the detectors were azimuthally integrated and merged re-
sulting in a one-dimensional scattering profile with respect
to q and normalized to the incident beam intensity. Scat-
tering due to the buffer was subtracted using local soft-
ware (27) and taking into account the sample concentra-
tion, which was estimated from a 280 nm absorbance mea-
surement of the sample. Further processing was done with
the ATSAS SAXS software package (28). Data from the
three concentrations were scaled together and merged to
produce a final scattering curve in the 0.010649–0.61699 q
range (Supplementary Figure S2). Analysis showed a linear
Guinier plot resulting in an Rg of 45.65 Å with Fidelity of
0.91. A Dmax for the particle of 181 Å was selected based
on the particle distance distribution function P(r) (Sup-
plementary Figure S2). Twenty ab initio models were cal-
culated using DAMMIF (29) to a q value of 0.45 Å−1 and
all models were accepted and averaged using DAMAVER
(30). The normalized standard deviation (NSD) for each of
the models used was under 0.92 Å. An envelope was gener-

ated from the bead model and the Topo-97 crystal structure
model was positioned in the envelope using Coot by man-
ually fitting the first 596 residues, followed by manual plac-
ing of residues 690–852 into the map. The manually placed
model captures the general features of the scattering profile
and the particle distance distribution function despite the
fact that no fitting to the data was performed (Supplemen-
tary Figure S2).

Figures

Figures for the atomic models were created using Pymol
(31).

RESULTS AND DISCUSSION

Identification of the second AP lyase active site of Topo-V

Topo-V is known to contain more than one DNA repair
active site (11,12). Previously, the location of the first repair
active site was mapped to the junction between the 5th and
the 6th (HhH)2 domains and a combination of structural
and biochemical studies suggested that lysine 571 is the ac-
tive site lysine in the first repair site (12). To map the sec-
ond active site, a series of deletion mutants of Topo-V in the
context of a triple mutant (�RS1: K566A/K570A/K571A)
that removes the repair activity from the first site were
constructed and tested for AP lyase activity. The deletion
mutants were constructed by removing sequentially one
(HhH)2 domain from the C-terminus of the protein based
on the location predicted by sequence analysis (15). The
deletion mutants constructed included Topo-103(�RS1)
(residues 1–907), Topo-97(�RS1) (residues 1–854), Topo-
91(�RS1) (residues 1–802) and Topo-86(�RS1) (residues
1–751) (Figure 1A). All proteins were purified to homo-
geneity and the AP-lyase activity of these mutants as well
as of the full length protein and the Topo-78 fragment were
compared. AP lyase activity using a fluorescently labeled
oligonucleotide containing a single abasic site shows activ-
ity for the full length protein and for the Topo-103(�RS1,
(HhH)2 domain 12 deleted) and Topo-97(�RS1, (HhH)2
domains 11 and 12 deleted) Figure 1B and C). The Topo-
91(�RS1) fragment, which contains (HhH)2 domains 1–9,
as well as Topo-86(�RS1) which contains (HhH)2 domains
1–8 show no AP lyase activity (Figure 1B and C). These re-
sults conclusively show that the second repair active site is
located in the vicinity of the 10th (HhH)2 domain. The lo-
cation of the second active site is consistent with previous
observations that showed that a 34 kDa C-terminal frag-
ment of Topo-V has repair activity (15).

Previously it was shown that Topo-V uses a lysine as
the nucleophile for the AP lyase activity (12), similar to
many other AP lyase repair enzymes. In the case of the
first repair site, the active site lysine was identified as
K571 (12). To narrow down the position of the active
site lysine for the second AP lyase active site, several ly-
sine mutants in the 10th (HhH)2 domain were made in
the Topo-97(�RS1) backbone and tested for activity. Se-
quence analysis and structural comparisons did not allow
unambiguous identification of a lysine candidate as there
are several lysines in the repeat and none of them exactly
match the catalytic lysine of the first Topo-V repair site
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Figure 1. Identification of a second AP lyase active site in Topo-V. (A) Schematic representation of the Topo-V protein and the various fragments studied.
The N-terminus of the protein corresponds to the topoisomerase domain (red) and is followed by 12 tandem (HhH)2 domains (small boxes). The fragments
studied were made by removing (HhH)2 domains from the C-terminus of the protein. (B) Quantification of the AP lyase activity for full-length Topo-V
and different Topo-V fragments (3 replications). All fragments were made in a backbone where the first AP lyase active site was inactivated (�RS1). All
fragments larger than 91 kDa exhibit AP lyase activity, showing that the second repair site is located in the Topo-97 fragment. The wild-type Topo-78
fragment was used as a positive control for AP lyase activity as it contains only one well-characterized repair active site. The partial cleavage of control
DNA is due to the inherent instability of abasic DNA at the temperature used for the experiments. In all cases the level of activity reported is based on
three replications and the error bars correspond to the standard error. (C) Gel illustrating experiments to locate the second AP lyase active site. The upper
band corresponds to uncleaved DNA (S) while the lower band on the gel shows the product after cleavage of the DNA at the abasic site (P). Topo-78:
wild-type 78 kDa fragment; Topo-78(�RS1): 78 kDa fragment with K566A/K570A/K571A mutations to inactivate the first repair site; Topo-V(�RS1):
full-length Topo-V with the first repair site inactivated.

or that in other AP lyases, such as Geobacillus stearother-
mophilus Endonuclease III (GS Endo III) (32) or human
8-Oxoguanine DNA glycosylase 1 (Hs Ogg1) (33). For
this reason, six lysines in this region (K809, K820, K831,
K835, K846 and K851) were individually mutated to ala-
nine. In addition, three double mutants (K809A/K820A,
K831A/K835A and K846A/K851A) were made and tested
for activity. All the single and double mutants show dras-
tic reduction in activity, but not complete loss of AP lyase
activity (Supplementary Figure S3). This is very similar to
what was observed before when the first repair active site
was identified, where single and double mutants retained
partial activity and only a triple mutant showed complete
loss of activity (12). A Topo-97(�RS1) mutant with all six
lysines mutated (Topo-97(�RS1�RS2) did show complete
loss of activity (Supplementary Figure S4), confirming that
a lysine is the catalytic residue and that the repair active site
maps to the 10th (HhH)2 domain.

Topo-V contains three AP lyase active sites

To ensure that there are no additional AP lyase sites in
Topo-V, the full length protein was mutated to remove the
first two active sites (three lysines in site 1 and six lysines in
site 2 were mutated to alanines) and tested for AP lyase ac-
tivity. This mutant protein (Topo-V(�RS1�RS2)) showed
AP lyase activity, suggesting the presence of additional AP
lyase active sites in Topo-V (Figure 2). Given the location

of the second active site, additional active site(s) can only
be located in either domain 11 or 12 or in both. To test for
the presence of the AP lyase site in the last repeat, a deletion
of the last (HhH)2 domain that will produce a variant that
spans the first 11 (HhH)2 repeats (Topo-103(�RS1�RS2))
was made using the Topo-V(�RS1�RS2) backbone. The
truncated protein showed no AP lyase activity (Figure 2),
confirming the presence of only one more AP lyase site
(third AP lyase site) at the extreme C-terminus of the pro-
tein and most likely in the last (HhH)2 domain.

Sequence analysis of the full length protein shows the
presence of several lysines in both domains 11 and 12, but
only (HhH)2 domain 12 has lysines in similar positions to
the first two AP lyase sites (Figure 4C). Of these lysines,
K912 and K918 appear to be the most likely candidates
for the active site residue as they are found in the putative
first helix of the (HhH)2 domain. In the case of K918, its
predicted location in the (HhH)2 domain matches the lo-
cation of the putative catalytic lysine in the second repair
site. Residues K912 and K918 were mutated to alanine in
the Topo-V(�RS1�RS2) backbone. Similar to what was
observed for the first and second AP lyase active sites, sin-
gle and double mutants (K912A, K918A, K912A/K918A)
showed reduced, but not complete loss of activity (Sup-
plementary Figure S5). Two additional lysines, K901 and
K904, were selected as possible residues that could con-
tribute to activity, as they are in the predicted helix imme-
diately before the region harboring K908 and K912. K904
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Figure 2. Identification of a third AP lyase active site in Topo-V. (Top)
Schematic representation of the Topo-V fragment used to identify the third
AP lyase active site. In the fragment, Topo-103, the last (HhH)2 domain
has been removed (shown shaded). (Bottom) Quantification of the AP lyase
activity for full length Topo-V and the Topo-103 fragment. The wild-type
protein with the first two active sites inactivated (Topo-V(�RS1�RS2))
retained partial activity, indicating the presence of a third repair site. The
Topo-103(�RS1�RS2) fragment, corresponding to the Topo-103 frag-
ment with the first two AP lyase active site mutated, showed no AP lyase ac-
tivity, consistent with the existence of a third active site in the last (HhH)2
domain. The wild-type Topo-78 fragment was used as a positive control
for AP lyase activity as it contains only one well-characterized repair ac-
tive site. Topo-78: wild-type 78 kDa fragment; Topo-78(�RS1): 78 kDa
fragment with three mutations to inactivate the first repair site. The partial
cleavage of control DNA is due to the inherent instability of abasic DNA
at the temperature used for the experiments. In all cases the level of activity
reported is based on three replications and the error bars correspond to the
standard error. The red dashed line corresponds to the level of cleavage of
the control DNA and serves to indicate baseline activity.

is in a similar position to K566, which is one of the lysines
that was mutated to abolish activity in the first repair site
of Topo-V (12). A mutant with four lysines mutated to
alanine (K901A/K904A/K912A/K918A) also showed re-
duced, but not complete loss of activity (Supplementary
Figure S5). For this reason, two more lysines were consid-
ered, K942 and K943, which are in a similar position to
K831 and K835. A mutant with all six lysines mutated to
alanine (K901A/K904A/K912A/K918AK942A/K943A)
show no AP lyase activity (Supplementary Figure S6), con-
firming the presence of a third AP lyase site in the protein.
Given that it has only been possible to identify the active
site lysines in the first and second active sites by a combina-
tion of structural and biochemical studies ((12) and below),
the exact identity of the active site lysine in the third repair
site remains unknown and only the general location of the
repeat(s) harboring the active site is unambiguous.

Structure of Topo-97

The structure of Topo-97 was solved to 2.4 Å resolution
by a combination of MR and heavy atom phasing (Supple-
mentary Table I). The structure can be described as formed
by three main parts: a topoisomerase domain comprising
residues 1–268, followed by the first six tandem (HhH)2 do-
mains extending up to residue 596, and finally a small, rod-
like domain, formed by three (HhH)2 domains arranged in
tandem and spanning residues 690–852 and corresponding

to (HhH)2 domains 8–10 (Figure 3). The 94 amino acids
between (HhH)2 domains 6 and 8, which correspond to
(HhH)2 domain 7 and part of domain 6, are disordered and
could not be modeled. Interestingly, in the crystal structure
of Topo-78 (residues 1–685), the model extends to amino
acid 612, almost at the end of (HhH)2 domain 6. The Topo-
78 crystal structure is almost identical to the correspond-
ing region in the Topo-97 structure (RMSD of 1.1 Å for
the main chain atoms). The absence of (HhH)2 domain 7 in
both the Topo-78 and Topo-97 crystal structures suggests
that this region may be unstructured or highly mobile. Very
weak electron density in the experimental map suggests that
the latter may be the case. A structure-based sequence align-
ment of the different (HhH)2 domains of Topo-V shows that
each (HhH)2 domain comprises around 55 amino acids,
and has key highly conserved amino acids (Figure 4) in the
first HhH motif. The disordered (HhH)2 domain 7 contains
signature amino acids for the first HhH motif, suggesting
that this disordered repeat could form an (HhH)2 domain
followed by a short, highly charged region that is present
only in (HhH)2 domain 7. It is also possible that this repeat
represents a hinge point that allows some flexibility in the
molecule by dividing the 12 tandem (HhH)2 domains into
two separate groups and that this mobility is needed to ac-
commodate DNA binding.

As expected, the topoisomerase domain of the Topo-97
structure does not show any major changes from the struc-
tures observed previously, both for the isolated topoiso-
merase domain (16) or the different Topo-V fragments con-
sisting of different number of (HhH)2 domains (Topo-44
(16), Topo-61 (7) and Topo-78 (12)). The RMSD between
the isolated topoisomerase domain (16) and the same region
in Topo-97 is 1.0 Å for all main chain atoms. Comparison
of the common main chain atoms of Topo-78 and Topo-97
gives an RMSD of 1.1 Å, whereas when only the topoiso-
merase domains in these two structures are compared, the
RMSD is 1.2 Å, showing that the two fragments have al-
most identical structure with very little change in the relative
arrangement of the topoisomerase and (HhH)2 domains.
It is not surprising that the first six (HhH)2 domains of
Topo-97 are observed in almost the same conformation as
in Topo-78; in all known structures of Topo-V fragments the
first four (HhH)2 domains are always found in the same gen-
eral conformation, suggesting structural rigidity in the way
the topoisomerase domain and the first four to six (HhH)2
domains are arranged in the absence of DNA. (HhH)2 do-
mains 8–10, which have not been observed before, fold in
a very similar manner to (HhH)2 domains 3–5 in the other
structures of fragments of Topo-V (Figure 4B). (HhH)2 do-
mains 8–10 form a short rod-like structure that extends
away from (HhH)2 domain 6, with not much space to ac-
commodate another (HhH)2 domain between domains 6
and 8, suggesting that domain 7 is not structured or oriented
in the same manner as the other tandem (HhH)2 domains.
Overall, each (HhH)2 domain is well folded and does not
share any secondary structure element, except for (HhH)2
domains 2 and 3, which share a short helix.

Calculation of the electrostatic potential on the structure
shows a spine of positive density running along one side of
the (HhH)2 domains (Figure 3 and Supplementary Figure
S7) suggesting an extended DNA binding surface but, as
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Figure 3. Crystal structure of the Topo-97 fragment. (A) Schematic diagram of the Topo-V protein. The Topo-97 fragment consists of the topoisomerase
and 10 tandem (HhH)2 domains. The last two (HhH)2 domains in the full length protein are not part of the fragment and are shown for reference only.
(B) The diagram shows a model of the Topo-97 fragment in two orthogonal views. The seventh putative (HhH)2 domain is not visible in the structure and
may represent a hinge point. For reference, the coloring of the (HhH)2 domains is similar to the one in A. (C) Electrostatic surface representations of the
Topo-97 fragment of topoisomerase V show that there is a positively charged region along one edge of the (HhH)2 domains, which may represent binding
areas for DNA. The electrostatic potential was calculated with the program APBS (37). The surface is colored with a blue to red gradient from +8 to −8
KbT/ec.

observed before (7), all the (HhH)2 domains are unlikely to
be able to engage the DNA simultaneously without local
conformational changes to align the domains on the DNA
or without large distortions in the DNA. Alternatively, it is
plausible that not all the (HhH)2 domains bind DNA and
only the ones directly involved in DNA repair bind DNA.
This last possibility is not supported by the observation that
both the topoisomerase and AP lyase activities of the pro-
tein are enhanced by the presence of increasing number of
(HhH)2 domains and that the DNA binding affinity of the
different fragments is also directly dependent on the number
of (HhH)2 domains present, suggesting that the (HhH)2 do-
mains contribute significantly to DNA binding (16). In the
absence of a structure of Topo-V in complex with DNA, it
is difficult to picture how the tandem (HhH)2 domains in-
teract with DNA.

Comparison of the structures of the (HhH)2 domains

Topo-V is unusual given the number of (HhH)2 domains
present in the protein. It is the only known protein with
more than one (HhH)2 domain in the same polypeptide.
The (HhH)2 domains of Topo-97 all conform to the folding
that has been observed previously for this type of domains
(34): two HhH motifs linked by a short helix (Figure 4A).
To compare the (HhH)2 domains in Topo-V, a secondary
structure match (SSM) alignment of all the nine structured
(HhH)2 domains in Topo-97 was performed and the super-

posed structures and the structure-based sequence align-
ment were compared (Figure 4B). All domains align well,
with an RMSD of the C� atoms varying between 1 Å and
2.2 Å. The alignment confirms that all the (HhH)2 domains
have the same overall fold, but the lengths of the helices and
loops are variable. In the case of (HhH)2 domains 2 and 3,
the linker between the two domains is not a loop, but in-
stead the last helix of domain 2 continues to form the first
helix of domain 3. For this reason, domain 2 is structurally
distinct from all the other (HhH)2 domains in the protein.
(HhH)2 domain 6 is part of the first repair site and is not
fully ordered in either the Topo-97 or the Topo-78 struc-
tures. In both structures, the first HhH motif in the (HhH)2
domain is well folded whereas the second one is only par-
tially folded.

Structure-based sequence alignment of the (HhH)2 do-
mains shows strict conservation of only two amino acids, a
leucine and an alanine, in the first and second helices, re-
spectively, of the first HhH motif (Figure 4C). In addition,
the second helix of the first HhH motif also shows a highly
conserved hydrophobic residue and a tyrosine or phenylala-
nine at the C-terminal end. The same conservation is not
observed in the helices belonging to the second HhH motif,
although a hydrophobic residue is present at the end of the
second helix of the second HhH motif. The position of the
highly conserved residues in the (HhH)2 domains of Topo-
V are consistent with the pattern of sequence conservation
that has been observed in (HhH)2 domains present in other



3470 Nucleic Acids Research, 2016, Vol. 44, No. 7

Figure 4. Similarity amongst the (HhH)2 domains in Topo-V. (A) Schematic diagram illustrating the general architecture of an (HhH)2 domain. Each
domain is formed by two HhH motifs (green and red) linked by a short helix (light blue). Topo-V is unique as it has 12 tandem (HhH)2 domains. (B)
Superposition of the nine (HhH)2 domains observed in the Topo-97 structure. The (HhH)2 domains were superposed using an SSM alignment. The
domains superpose well and in general have a similar structure. In general, adjacent (HhH)2 domains are connected by a short loop, except for domains 2
and 3, where the last helix of domain 2 extends to form the first helix of domain 3. (C) Structure-based sequence alignment of the (HhH)2 domains. The
sequences of the 9 ordered (HhH)2 domains were aligned based on the SSM superposition whereas domains 7, 11 and 12 were manually aligned based
only on sequence similarity. The alignment shows the presence of a few strictly conserved residues (red) in the first HhH motif and some highly conserved
residues (cyan) in both motifs. The catalytic lysines for the first and second AP lyase sites are marked by stars, lysines that were mutated to quantitate
activity are shown by circles. Yellow shaded areas correspond to regions whose structure is unknown. In the case of domain 6, the green shaded region
represents an area that is ordered in the Topo-78 (green), but disordered in the Topo-97 structure. Secondary structure elements are shown above as a
reference and using the same coloring as in panel A.

proteins (34). In many instances, (HhH)2 domains present
in other proteins show the presence of a GxG pattern in the
loop linking the helices in the HhH motif (34). The same
pattern is not present in most of the HhH motifs in Topo-
V, although some motifs show the presence of one glycine.
Overall, the sequence analysis shows that for Topo-V there
is a stronger amino acid conservation in the first HhH motif
compared to the second, and this conservation is consistent
with what has been observed in HhH motifs belonging to
other proteins (34). This analysis also shows that despite
minimal sequence conservation, the (HhH)2 domains are
able to maintain the same overall secondary structure.

It is interesting to note that there does not appear to be a
sequence signature in the (HhH)2 domains of Topo-V that
can be associated with AP lyase activity. The first repair site
showed some sequence similarity to the active site of AP
lyases harboring an HhH motif, such as Endo III and rat
polymerase � (Pol �), and led to the identification of K571
as the nucleophile for the reaction (12). The catalytic lysine
of the first AP lyase site of Topo-V is found in the first he-
lix of the 6th (HhH)2 domain, in a similar spatial position
to the catalytic lysine in Gs Endo III and Hs Ogg1 (12).
Based on the structure-based sequence alignment, no other
(HhH)2 domain in Topo-V has a lysine at a position corre-
sponding to K571 (Figure 4C). Domain 10, which harbors
the second repair site, and domain 12, which contains the

third repair site, do not show strong sequence similarity to
(HhH)2 domain 6 (Figure 4C). Several of the (HhH)2 do-
mains of Topo-V have a lysine at a similar position as the
one in (HhH)2 domain 10, but clearly not all these (HhH)2
domains are catalytic, as shown by the lack of AP lyase ac-
tivity in the deletion mutants.

Structure of the second repair active site

The approximate location of the second AP lyase active site
of Topo-V was identified by a combination of deletion and
site directed mutagenesis and mapped to the first helix of
the first HhH motif belonging to (HhH)2 domain 10. Even
though a lysine is expected to be the nucleophile for the AP
lyase activity, the identity of the catalytic lysine could not
be surmised from the site directed mutagenesis studies, as
removing a single lysine does not abolish AP lyase activ-
ity completely. This is similar to what was observed previ-
ously when the first AP lyase site was identified and char-
acterized (12). To narrow down the position of the active
site lysine, structural and sequence comparisons of the re-
gion around the 10th (HhH)2 domain to the HhH motif
of other AP lyases, such as Gs Endo III, Hs Ogg1, Pol �
and the region between the 5th and 6th (HhH)2 domains
of Topo-V, were performed (Figure 5A and C). For brevity,
the region connecting two (HhH)2 domains comprising the
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Figure 5. Structure of the second AP lyase active site in Topo-V. (A)
Schematic diagram of the structure of the first (left, yellow) and second
(right, orange) AP lyase active sites in Topo-V. The two active sites are lo-
cated in the (HhH)2 junctions of domains 5 and 6 and domains 9 and 10,
respectively. For simplicity, only some of the side chains are drawn. (B) Su-
perposition of the first and second AP lyase active sites. The two regions
are structurally similar, although the loop connecting the two helices is dif-
ferent due to the absence of one amino acid in the second repair site. The
catalytic lysine in the first repair site is K571, but there is no direct equiv-
alent to this residue in the second site. Instead, K809 occupies a similar
spatial position. Coloring as in A. (C) Superposition of the second repair
active site of Topo-V (orange), GS Endo III (pink) and rat Pol � (blue).
The overall structure of the three active sites is similar. Note that K809 in
Topo-V, K121 in GS Endo III, and K72 in rat Pol � are all in a similar
spatial position. K121 and K72 are the catalytic lysines in Endo III and
polymerase �, respectively, whereas K809 is the likely active site lysine of
the second repair site in Topo-V. (D) Sequence comparison of four differ-
ent AP lyase repair active sites. The structural, sequence and biochemical
analysis strongly suggest that K809 (star) is the nucleophile in the second
repair active site of Topo-V.

last helix of the first (HhH)2 domain and the first helix of
the second (HhH)2 domain including the intervening loop is
designated the (HhH)2 junction. As was seen before for the
(HhH)2 junction for domains 5 and 6 in Topo-V (12), there
is good structural similarity between the junction for do-
mains 9 and 10 (second AP lyase site of Topo-V) and the ac-
tive site of other AP lyases. Structure-based sequence align-
ment of the (HhH)2 junction of domains 5 and 6 and do-
mains 9 and 10 shows some conserved amino acids that are
also present in other AP lyases, e.g. I565/I800, G567/G802
and E574/N808 (Figure 5B and D). Interestingly, the loop
in the (HhH)2 junction is slightly different due to the pres-
ence of a proline (P569) in the first repair site that distorts
the region and makes the loops in the two (HhH)2 junc-
tions follow slightly different paths. In addition, the loop
in the (HhH)2 junction of domains 9 and 10 is one residue
shorter (GIP in domains 5–6 versus GL in domains 9–10).
In the case of the first repair site, lysine 571 was identified
as the catalytic lysine based on its structural similarity to
the catalytic lysine in other AP lyases such as Gs Endo III
and Hs Ogg1 (12). After structural alignment of the sec-
ond Topo-V AP lyase site with the first site, it is clear that
there is no lysine at an equivalent position in the second

repair site (HhH)2 junction and that many of the mutated
lysines are distant from the loop joining the two (HhH)2
domains (Supplementary Figure S7). The structural com-
parison also reveals that the spatially closest lysine to K571
is K809, which points in the same general direction. K809
of Topo-V also has the same orientation as the nucleophile
of Gs Endo III (K121) and rat Pol � (K72) (Figure 5C).
The Gs Endo III structure corresponds to that of a cova-
lent complex of protein and abasic DNA and, as expected,
K121 is directly involved in covalent bond formation with
the DNA (35). Similarly, in the complex of Hs Ogg1 with
abasic DNA (33) the active site lysine (K249) is in a similar
position to K809 in Topo-97. Additionally, the structure-
based sequence alignment shows that K809 of the second
repair site of Topo-V is in an equivalent position to rat Pol
� K72 (Figure 5C), which has previously been identified as
the catalytic lysine (36). In addition to the catalytic lysine,
several other residues are conserved in rat Pol �, Gs Endo
III and the second repair site of Topo-V (Figure 5D). Thus,
based on all these observations, K809 is the most likely nu-
cleophile in the second AP lyase site of Topo-V. A main dif-
ference between the AP lyase sites of Endo III, Ogg1, Pol �
and the ones in Topo-V is that, whereas the active site of the
former group lies within an HhH motif, in Topo-V they are
located in the junction between two (HhH)2 domains.

Comparison of the structure of Gs Endo III and Hs Ogg1
in complex with DNA and the second repair site in Topo-
V shows that Topo-V could accommodate DNA in a sim-
ilar manner as other AP lyases with only minor confor-
mational changes to prevent steric clashes (Supplementary
Figure S9). The similarity between Topo-V and other lyases
extends only to the region forming the active site, and hence
it is not likely that the way these proteins interact with DNA
is similar beyond the immediate vicinity of the active site
(12). For this reason, the superimposed structures suggest a
possible way for Topo-V to interact with DNA, but only at
a very local level.

The reason for only a partial loss of AP lyase activity
when the putative active site lysines in Topo-V are mutated
is not clear. For every repair site, several lysines in the region
had to be removed before activity was completely lost, even
though some of them are relatively far away from the active
site (Supplementary Figure S8). In the case of the first AP
lyase site of Topo-V, a sodium borohydride-trapped com-
plex was observed in all the single lysine mutants, suggest-
ing that neighboring lysines could substitute for the active
site lysine (12). This appears to be the case for the second
and third repair sites, where single mutants did not abolish
AP lyase activity completely.

Solution structure of Topo-97

In order to obtain information on the conformation of
Topo-97 in solution, a SAXS experiment was done to pro-
duce a solution envelope for the molecule. Ab initio bead
models of the molecule were obtained with the SAXS pro-
gram package ATSAS (28). Twenty models were calculated
and all showed remarkable agreement amongst themselves,
with an NSD smaller than 0.92 Å in all cases. Averaging of
all the models produced an envelope that shows an elon-
gated molecule with a longest axis of ∼160 Å (Figure 6).
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Figure 6. SAXS envelope of Topo-97 shows an elongated molecule. Two orthogonal views of the SAXS envelope with a model of Topo-97 manually fit
into the envelope. The SAXS envelope shows an elongated molecule that can accommodate the Topo-97 fragment. The model of Topo-97 based on the
crystal structure was manually fit by breaking it into two parts, one comprising the topoisomerase domain and the first six (HhH)2 domains and the second
comprising (HhH)2 domains 8–10.

The envelope clearly resembles the structure of Topo-97 al-
though with the last three (HhH)2 domains in a different
conformation. Manual fitting of the Topo-97 crystal struc-
ture to the envelope could be done by fitting separately the
region corresponding to Topo-78 and the last three (HhH)2
domains in the fragment ((HhH)2 8–10) (Figure 6). The lat-
ter were placed in a conformation that is anti-parallel to
the first six (HhH)2 domains, but a parallel conformation
was also possible. The structures of Topo-78 and Topo-97
show that there is an unobserved, and probably mobile, re-
gion centered on domain 7 and this region was used as a
hinge point between the two subsets of (HhH)2 domains.
The model captures well the main features of the SAXS data
(Supplementary Figure S2) even though there was no at-
tempt to optimize the fit to the data. It would be possible to
fit other models in the envelope by allowing extra mobility
of the (HhH)2 domains, but this would require movements
of the (HhH)2 domains relative to the topoisomerase do-
main. Since several crystal structures of Topo-V fragments
show the same relative arrangement of the topoisomerase
and (HhH)2 domains 1 to 6 (7,12,16), the Topo-78 region
of the structure was moved as a rigid body into the SAXS
envelop.

The SAXS envelope captures well the anticipated shape
of Topo-97. The full length Topo-V molecule has two addi-
tional (HhH)2 domains compared to Topo-97 and it is likely
that these two (HhH)2 domains extend away from the 10th
(HhH)2 domain. It is interesting to note that in solution the
(HhH)2 domains appear to form a long rod and not bend
sharply, as is observed in the Topo-97 crystal structure. This
suggests that the bend observed in the crystal structure is
due to a combination of the flexibility of the 7th (HhH)2 do-
main and also packing constraints in the crystal. It is thus
likely that the conformation in solution is more similar to
the one observed by SAXS. The SAXS model shows that the
active sites are all far from each other. The distance between
the topoisomerase active site and the first repair site is ∼69
Å in the Topo-78 and Topo-97 crystal structures and the
SAXS model. In the SAXS model the distance to the sec-
ond repair site from the topoisomerase active site is ∼70 Å.
This shows that the three active sites are far from each other
and it is difficult to envisage a situation where the three of
them could interact with each other easily. If there is synergy
between the active sites, it clearly has to be through changes
that affect the overall shape of the molecule. Furthermore, it
is not clear from the solution structure model how Topo-V

could interact with DNA without changes in the conforma-
tion of the protein. Understanding the way Topo-V recog-
nizes DNA lesions and changes the topology of DNA will
require structural information of a complex with DNA.

CONCLUSIONS

Topo-V is the only topoisomerase known to have more than
one catalytic activity and the only topoisomerase directly
associated with dual topoisomerase and DNA repair activi-
ties. Topoisomerases appear to play an indirect role in DNA
repair (3), a direct interaction between a topoisomerase and
a DNA repair enzyme is not known. Topo-V was known
to have at least two repair sites in addition to the topoi-
somerase active site. The experiments described here show
that it has three AP lyase active sites, bringing the total num-
ber of active sites in the polypeptide to four. It is still not
clear why this enzyme possesses two different functions that
use four active sites in the same polypeptide. Removal of the
topoisomerase site by mutation of the active site tyrosine
does not impair repair activity and the repair sites can act
independently of the topoisomerase domain (11). The con-
verse is also true, the topoisomerase domain can relax DNA
even in the absence of the repair sites (16). The presence of
the (HhH)2 domains does improve topoisomerase activity,
but this has been attributed to enhanced DNA binding in
the presence of (HhH)2 domains (16) irrespective of whether
the (HhH)2 domains carry repair function or not. These
observations suggest that the repair and topoisomerase ac-
tivities are to a large degree independent of each other, at
least under in vitro conditions. As was pointed out before
(12), the AP lyase reaction leads to the nicking of the DNA
phosphodiester backbone and hence to the release of any
torsional stress in the DNA. For this reason, it is unlikely
that the AP lyase reaction precedes the relaxation reaction
and suggests that the topoisomerase function may precede
the AP lyase activity. In this scenario, DNA relaxation by
the topoisomerase domain would facilitate efficient DNA
repair. Furthermore, it is not clear why there are three ap-
parently similar AP lyase sites performing the same reac-
tion: processing of an abasic site. Some DNA repair en-
zymes have dual functions, glycosylase and AP lyase, where
the glycosylase site recognizes and processes specific DNA
lesions to produce an abasic site that is then acted upon by
the AP lyase site. It is possible to imagine a scenario where
the different repair active sites in Topo-V process different
type of DNA lesions, but this does not appear to be the case
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based on the following observations. The structures of the
two Topo-V AP lyase active sites show a strong similarity
to the active sites of several AP lyases, including some dual
specificity glycosylases, such as human Ogg1, but the struc-
tural similarity extends only to the HhH motifs carrying the
catalytic lysine and does not extend to the regions involved
in glycosylase activity. In Topo-V, the neighboring regions
of the repair sites are also (HhH)2 domains, which are not
known to be involved in glycosylase reactions. Thus, it ap-
pears that the three repair active sites are independent AP
lyase sites. It is possible that the protein scans DNA search-
ing for lesions and that having more than one AP lyase site
is advantageous as several sites can be scanned simultane-
ously as the protein moves along. In this scenario, each of
the repair sites would scan a complementary DNA strand;
the protein could glide over the DNA scanning both strands
without having to detach itself from the DNA or move from
one strand to the other. For the latter scenario it may be
required that the (HhH)2 domains are arranged in an anti-
parallel fashion so that each AP lyase site interacts similarly
with the complementary DNA strand. The model based
on the SAXS data has the (HhH)2 domains arranged in
an anti-parallel manner and using the 7th repeat not only
as a hinge point, but as a turning point. The presence of
three AP lyase sites does not necessarily imply that the le-
sions have to be equally spaced on the DNA; the different
AP lyase sites could act on different lesions independently.
In this regard, having independent sites that scan different
strands or different DNA areas independently could make
the repair much more efficient if the incidence of lesions is
high, as it is expected in hyper-thermophiles. The presence
of three repair sites clearly suggests that M. kandleri may
need a very robust and efficient DNA repair activity, which
might be due to the extreme environmental conditions that
produce continuous DNA damage.

The location of the active sites is such that they are all
distant from each other, suggesting that there is little possi-
bility of direct interaction between them. Unless the (HhH)2
domains can re-arrange dramatically, it is not clear how the
four active sites could interact with each other. It appears
that DNA binding could trigger conformational changes in
the (HhH)2 domains to provide access to the buried topoi-
somerase active site (16). Whether these changes would
translate into some synergy between the active sites remains
to be determined. In an open conformation of the protein,
where the topoisomerase active site is not buried by the first
two (HhH)2 domains, it is easy to envision a model where
the DNA would run along the topoisomerase domain and
extend to interact with the repair sites. Another possibility
is that Topo-V could wrap around DNA, especially using
the 7th (HhH)2 domain as a hinge region, which will bring
the topoisomerase and AP lyse sites in closer proximity. In
these models, the different active sites do not have to reside
next to each other as the DNA would serve as the molecule
that links the different active sites and provides synergy.
Further experiments, including crystal structure determina-
tion of a Topo-V-DNA complex, will provide clues on how
Topo-V engages with DNA, the role of the tandem (HhH)2
domains in DNA binding, an explanation for the enhance-
ment of Topo-V activity as the number of (HhH)2 domains

increases, and the possibility of synergy between the topoi-
somerase and AP lyase activities of Topo-V.
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Coordinates for Topo-97 have been deposited in the PDB
with accession number 5HM5.
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