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ABSTRACT

The TWINKLE protein is a hexameric DNA helicase
required for replication of mitochondrial DNA.
TWINKLE displays striking sequence similarity to
the bacteriophage T7 gene 4 protein (gp4), which is
a bi-functional primase-helicase required at the
phage DNA replication fork. The N-terminal domain
of human TWINKLE contains some of the charac-
teristic sequence motifs found in the N-terminal
primase domain of the T7 gp4, but other important
motifs are missing. TWINKLE is not an active
primase in vitro and the functional role of the
N-terminal region has remained elusive. In this
report, we demonstrate that the N-terminal part of
TWINKLE is required for efficient binding to single-
stranded DNA. Truncations of this region reduce
DNA helicase activity and mitochondrial DNA repli-
some processivity. We also find that the gp4 and
TWINKLE are functionally distinct. In contrast to the
phage protein, TWINKLE binds to double-stranded
DNA. Moreover, TWINKLE forms stable hexamers
even in the absence of Mg?* or NTPs, which
suggests that an accessory protein, a helicase
loader, is needed for loading of TWINKLE onto the
circular mtDNA genome.

INTRODUCTION

DNA helicases catalyze unwinding of double-stranded
DNA (dsDNA) to single-stranded DNA (ssDNA), a
process energetically coupled to nucleotide triphosphate
hydrolysis. This group of enzymes is involved in processes
assuring genome stability such as DNA replication, repair
and recombination. Pathogenic mutations disturbing
helicase function can affect these basic cellular mechan-
isms and lead to human disease, including cancer and

premature aging (1). TWINKLE is the only known DNA
helicase involved in replication of human mitochondrial
DNA (mtDNA) and mutations in the TWINKLE gene
can cause autosomal dominant progressive external
opthalmoplegia (adPEO), a neuromuscular disorder asso-
ciated with multiple deletions in mtDNA (2). TWINKLE
is a hexameric helicase that can unwind short stretches
(<20bp) of dsDNA in the 5 to 3’ direction (3). Over-
expression of TWINKLE variants containing amino acid
substitutions in the helicase active site leads to mtDNA
depletion in both human and drosophila cell lines (4,5).
Together with the mtDNA polymerase gamma (POLY)
and the mitochondrial ssDNA-binding protein (mtSSB),
TWINKLE forms a processive replication apparatus, a
replisome that can synthesize ssDNA molecules of up to
16 kb, roughly corresponding to the size of the human
mtDNA molecule (6). Homology searches revealed a
striking sequence similarity between TWINKLE and the
bacteriophage T7 gene 4 protein (gp4), a bi-functional
primase-helicase required at the replication fork of
bacteriophage T7 DNA (2).

Electron microscopy and X-ray crystallography studies
have demonstrated that gp4 assembles as both ring-
shaped hexamers and heptamers (7-9). ssDNA binds
within the central hole of the gp4 hexamer and contributes
to high processivity of translocation. The gp4 can be
divided functionally and structurally into two distinct
regions. The N-terminal part of the protein harbors a
primase domain (residues 1-245) and the C-terminal
part possesses DNA helicase activity (residues 272-566).
A 26-amino acid linker region required for hexamer
formation separates the two functional domains (10). The
C-terminal helicase domain includes the conserved
sequence motifs characteristic of the RecA/DnaB family
of replicative helicases (11) and is responsible for DNA-
dependent dTTP hydrolysis, translocation along DNA
and DNA unwinding (12). Moreover, 17 amino acids at
the very C-terminus are involved in physical interactions
between the helicase and T7 DNA polymerase (13,14).
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The N-terminal primase domain of gp4 comprises a
functional Zn> " -finger and an RNA polymerase domain
that act together to synthesize ribonucleotide primers
required for initiation of DNA synthesis. The primase
domain also stimulates primer utilization by the T7 DNA
polymerase (15).

Similar to the gp4 protein and related ring helicases,
TWINKLE forms hexameric complexes in solution (2).
TWINKLE can also be divided into three regions, an
N-terminal primase-like domain, a short linker region and
a C-terminal DNA helicase domain. Bioinformatic
analyses suggest that TWINKLE is an active DNA
primase in most eukaryotes, but that this activity has
been lost in metazoan cells (16). In support of this notion,
we have not been able to identify a primase activity in
purified human TWINKLE (unpublished data). Human
TWINKLE contains primase motifs II and I11, but has no
discernible Zn’>"-finger motif (motif I), which in gp4 is
involved in nucleotide sequence recognition as well as in
transfer of the primer to the polymerase (2,16). Also
primase motifs IV-VI are well conserved in human
TWINKLE, with the notable exception of essential
amino acids involved in binding to Mg®" ions. There-
fore, even in the absence of a primase activity, the
N-terminal region still contains many conserved primase
motifs and others have suggested that this region may play
an important role in mtDNA replication, e.g. by
stimulating primer utilization (16).

In the present article, we have investigated the role of
the N-terminal domain of human TWINKLE using
deletion mutagenesis. We also addressed the role of
TWINKY, a splice variant of TWINKLE lacking a
portion of the C-terminal helicase domain. Our results
revealed that the N-terminal domain is required for
efficient binding to ssDNA and for the DNA unwinding
activity of TWINKLE. The N-terminal domain is not
absolutely required for mtDNA replisome function, but is
needed for the formation of long DNA products.

MATERIALS AND METHODS
Recombinant proteins

TWINKLE, mtSSB, POLYA and POLyB were expressed
and purified as described previously (6). A 6x His-tagged
version of wild-type (wt) TWINKLE cloned into
pBacPAK9 was used to generate the truncated forms
of TWINKLE by PCR. Plasmids containing the A1-121,
A1-314 and TWINKY truncated genes were sequenced
and used to prepare recombinant Autographa californica
nuclear polyhedrosis virus as described in the BacPAK
manual (Clontech). The truncated versions of TWINKLE
were purified following the same protocol used for the wt
protein, with the exception that TWINKY did not bind
to the heparin and SP columns, but eluted in the
flowthrough fractions from these two columns. The
A372-684 truncated gene was cloned in pET-20b
(Stratagene) and expressed in Escherichia coli strain
BL21(DE3)pLysS. The bacterial culture was grown
a 37°C to an Agy of ~0.8 in LB medium. Isopropyl
B-p-thiogalactopyranoside was added to a final

concentration of 1mM and the cells were cultured
for three additional hours at 30°C and harvested by
centrifugation. They were frozen in liquid nitrogen,
thawed in lysis buffer [SOmM NaH,PO, (pH 8), 300 mM
NaCl, 10 mM imidazole] and incubated on ice for 30 min
in the presence of 1 mg/ml lysozyme. The cells were then
disrupted by sonication (6 x 20s) and centrifuged at
10000g for 30min. The supernatant was mixed with
2ml of Ni**-NTA matrix superflow (Qiagen) equilibrated
with buffer A [25mM Tris—HCI (pH 8.0), 10% glycerol,
protease inhibitors, 10mM B-mercaptoethanol, 0.4 M
NaCl, 10 mM imidazole) and rotated for 60 min at 4°C.
The Ni’*-NTA matrix was collected by centrifugation
(1500g for 10min), resuspended in buffer A (10mM
imidazole), poured into a column, and washed with 10
column volumes of buffer A. Protein was then eluted with
buffer A containing 250 mM imidazole and peak fractions
containing protein were combined. The A372-684 protein
was purified further on heparin and SP columns
(GE Healthcare), following the same protocol used for
wt TWINKLE. The purity of the proteins was estimated
(by SDS-PAGE and Coomassie blue staining) to be
>95%. Co-expression of wt TWINKLE and TWINKY
was performed as described earlier (17). The co-expressed
proteins were partially purified on TALON™ metal
affinity resin (BD Biosciences Clontech) (6).

Gel filtration

Oligomerization studies were performed by gel-filtration
chromatography using a Superose 12 PC 32/30 column
(GE Healthcare) equilibrated in running buffer [25mM
Tris—=HCI1 (pH 8.0), 10% glycerol, 1 mM dithiothreitol,
0.5mM EDTA and 0.4 M NaCl unless otherwise stated in
the figure legends]. The different versions of TWINKLE
(30ng) eluted from the TALON™ metal affinity resin
were loaded onto the Superose 12 PC 32/30 column in a
total volume of 200 pul and at a flow rate of 0.04 ml/min at
4°C. Fractions of 0.05ml were collected, and the protein
content (15ul of the indicated fractions) was analyzed
by SDS-PAGE and Coomassie brilliant blue staining.
A calibration curve was prepared, following the instruc-
tions of the manufacturer of the column, by running
thyroglobulin (670 kDa), y-globulin (158 kDa), ovalbumin
(44kDa), myoglobin (17kDa) and vitamin BI12
(1.35kDa), all from BioRad. Elution of marker proteins
was monitored by UV photometry (280 nm). The loga-
rithm of molecular weight was plotted against K,,, which
was calculated for each protein as follows: K,, = (V.—V,)/
(V=V,), where V. =clution volume for the protein,
V, = column void volume (0.85ml) and V, = total bed
volume (2.4 ml for Superose 12 PC 32/30).

Gas-phase electrophoretic mobility macromolecule
analysis (GEMMA)

The TWINKLE proteins were buffer exchanged by
Sephadex G-25 chromatography to a buffer containing
0.8 M ammonium acetate pH 7, ImM DTT and 0.005%
Tween-20. The proteins were diluted to appropriate
conditions for GEMMA (figure legends) and analyzed as
described previously (18).



Electrophoresis mobility shift assay

Unspecific ssDNA and dsDNA-binding affinity of
TWINKLE was assayed in an electrophoresis mobility
shift assay (EMSA) using single-stranded or double-
stranded probes. The single-stranded probes consisted of
poly-d(T) of different lengths (15-, 30- and 45-nt) labeled
at the 5-end with y-**P ATP using T4 polynucleotide
kinase. To prepare the dsDNA probes, the following
oligonucleotides were labeled at the 5'-end: ds15, 5-CTCT
AGACTCGACCG-3/; ds30, - TGGCACGACAGGTTT
CCCGACTGGAAAGCG-3; ds45, STGGCACGACAG
GTTTCCCGACTGGAAAGCGGGCAGTCAGCTCTA
G-3 and annealed with their complementary oligonucleo-
tide. Reactions were carried out in 15 pl volumes contain-
ing 10 fmol DNA template, 20mM Tris—HCI (pH 7.5),
I mM dithiothreitol, 0.1 mg/ml bovine serum albumin,
10% glycerol and TWINKLE proteins indicated in
the figure legends. Where indicated in the figure legends,
10mM MgCl,, 2mM ATP, 2mM ATPyS or 2mM ADP
were added to the reaction. The reactions were incubated
at RT for 10 min and run immediately on a 6% native
polyacrylamide gel in 1x TBE for 15min at 150 V.

ATPase activity

ATP hydrolysis by wt and truncated TWINKLE proteins
was determined in a 20pl reaction mixture containing
20 mM Tris—HCI (pH 7.5), 4.5mM MgCl,, 10% glycerol,
0.3 mg/ml bovine serum albumin, 0.7 mM ATP, 300 nCi of
[y-**P] ATP (GE Healthcare) and 250 fmol of TWINKLE
hexamer, in the presence or absence of 188 fmol M13mp18
ssDNA. Reactions were incubated for 50 min at 32°C
and terminated by the addition of 400l of a Norit A
suspension (12% in 0.1M HCIL, 10mM KH,PO,).
The mixture was vortexed briefly and then centrifuged
for 10min at 7000g. Two hundred microliter of the
supernatant was mixed with 3ml of scintillation mixture
(Ready Safe; Beckman-Coulter), and the radioactivity
was measured in a liquid scintillation counter. The
enzyme-dependent release of phosphate was calculated
by subtracting the release of phosphate in samples without
protein.

Helicase assay

The DNA substrate was prepared by annealing a 60-nt
oligonucleotide (5-ACATGATAAGATACATGGATG
AGTTTGGACAAACCACAACGTAAAACGACGGC
CAGTGCC-3) to M13mpl8 ssDNA. The 20 3'-bases
are complementary to M13mp18 ssDNA, whereas the 40
S'-bases form a 5 single-stranded tail. The reaction
mixture (15ul) contained 20mM Tris—sHCI (pH 7.5),
S5mM MgCl,, 4mM DTT, 100 pg/ml BSA, 3mM ATP,
10% glycerol, 5fmol of DNA substrate and TWINKLE
proteins as indicated in the figure legends. The reactions
were incubated at 32°C for 45min and stopped by the
addition of 3 pul stop solution [90 mM EDTA (pH 8.0), 6%
SDS, 30% glycerol, 0.025% bromophenol and 0.025%
xylene cyanol). The reaction products were separated by
electrophoresis through a 12.5% non-denaturing poly-
acrylamide gel. The gel was dried onto DE81 paper
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(Whatman) and autoradiographed overnight at —80°C
with an intensifying screen.

In vitro DNA replication

The mini-circle template for rolling-circle DNA replica-
tion was generated as previously described (19). The mini-
circle template (12.5fmol) was added to a 20 pl reaction
mixture containing 25mM Tris-HCl (pH 7.5), 10mM
MgCl,, 1mM DTT, 100 pug/ml BSA, 4mM ATP, 10%
glycerol, 100 uM dATP, 100uM dTTP, 100 uM dGTP,
10pM dCTP, 2uCi [¢-**P] dCTP and the indicated
amounts of the different replication factors. The reaction
was incubated at 37°C for 90min and terminated by
addition of 200 ul stop buffer [10 mM Tris—HCI (pH 8.0),
0.2M NaCl, 1mM EDTA and 0.1 mg/ml glycogen). The
samples were treated with 0.5% SDS and 100 pg/ml
proteinase K for 45min at 42°C, and precipitated by
addition of 0.6 ml ice-cold 95% ethanol. The pellets were
dissolved in 10pl gel-loading buffer (98% formamide,
10mM EDTA (pH 8.0), 0.025% xylene cyanol FF and
0.025% bromophenol blue). The samples were heated at
95°C for 5Smin and separated on a 0.8% denaturing
agarose gel as described previously (6). The gels were dried
onto DES1 paper (Whatman) and the replication products
were visualized by autoradiography after overnight
exposure at —80°C with an intensifying screen.

RESULTS
Deletion analysis of human TWINKLE

To determine the functional role of the N-terminal
primase-like domain of TWINKLE, we expressed and
purified a series of deleted versions of the protein
(Figure 1A). Wt TWINKLE lacked the mitochondrial
targeting sequence (amino acids 1-42), whereas the
smaller splice variant TWINKY also lacked residues
579-684 and contained four unique amino acids at the
C-terminus (2). The different truncated versions of
TWINKLE were based on published predictions of the
protein structure (16). A region of TWINKLE corre-
sponding to the Zn-binding domain in gp4 was deleted in
the A1-121 construct. The Al1-314 construct lacked
nearly the entire primase-related region, but the protein
still contained all amino acids positions associated with
adPEO causing mutations in affected patients. In A372—
684, we deleted the entire C-terminal part of the protein,
and only expressed the N-terminal primase-related
domain together with the linker region. The proteins
were expressed in insect cells (WT, A1-121, A1-314 and
TWINKY) or in bacteria (A372—684), and purified as
described for the full-length protein. The purity of the
proteins is shown in Figure 1B. The truncated proteins
were expressed at about the same levels as wt TWINKLE
and remained in solution during purification.

The hexameric structure of TWINKLE is stable
and nucleotide-independent

We used gel-filtration chromatography to determine the
oligomeric structure of TWINKLE and noted that the
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Figure 1. Deletion mutagenesis of TWINKLE. (A) Schematic repre-
sentation of the WT and mutant TWINKLE proteins used in this
study. TWINKLE consists of a primase-related N-terminal domain
(white) and a helicase domain (black), connected by a linker region
(gray). (B) Purified recombinant wt and mutant versions of TWINKLE
(0.2ng) were separated by SDS-PAGE (10%) and stained with
Coomassie blue. Lanes 1 and 7, size marker; lane 2, wt TWINKLE;
lane 3, A1-121; lane 4, A1-314; lane 5, TWINKY; lane 6, A372-684.

protein forms hexamers even in the absence of Mg?" or
ATP, and at high ionic strength (Figure 2A). This finding
contrasts with many other hexameric helicases, e.g. the
T7 gp4 protein, which requires Mg®>" or nucleotide
cofactors for stable hexamer formation (20). The finding
that TWINKLE forms stable hexamers in solution has
also recently been reported by Kaguni and coworkers (21).

The C-terminal domain of TWINKLE is needed
for hexamer formation

To investigate the role of the different TWINKLE
domains in hexamer formation, we analyzed the truncated
derivatives by gel filtration chromatography (Figure 2B
and Supplementary Data). Both Al-121 and A1-314
could form a larger complex with an apparent molecular
weight corresponding to a hexameric conformation.
The stability of the A1-314 complex was, however,
somewhat reduced since the protein peak was broader
and somewhat less defined than for the wt TWINKLE
protein. In contrast, TWINKY and A372-684 migrated
with an apparent molecular weight corresponding to
a monomeric conformation. We verified that our gel-
filtration analysis could correctly distinguish between the
different oligomeric forms of TWINKLE by using
GEMMA to estimate the molecular weight of Al-121

and A372-684. In this analysis, the observed molecular
weight for A1-121 was ~369 kDa, in nice agreement with
the predicted molecular weight of 382kDa for a A1-121
protein hexamer (Figure 3). The observed molecular
weight for A372-684 was 38 kDa, in close correspondence
to the predicted molecular weight of 36.9kDa for a
A372-684 protein monomer. Our data therefore suggest
that even if the C-terminal domain is essential for
oligomerization, the N-terminal domain also contributes
to proper hexamerization. Since TWINKY could not
hexamerize, we investigated whether it could form mixed
hexamers with TWINKLE. We co-expressed the two
proteins in insect cells and loaded them onto the gel-
filtration column. The greatest proportion of TWINKLE
eluted as a stable hexamer (Figure 2C). The majority of
TWINKY migrated as a monomer, but a very small
fraction of the protein appeared to eluate together with
the wt hexamer. We conclude that TWINKY is a
monomer in solution and unable to interact and form
higher order stoichiometric complexes with the wt
TWINKLE protein.

Interaction of TWINKLE with single-stranded
and double-stranded DNAs

We used EMSAs to study the interaction between
TWINKLE and ssDNA and dsDNA. Nucleotides, e.g.
dNMP, dNDP or dNTP, have been shown to stimulate
DNA binding by other hexameric helicases (22). We
investigated the effects of MgCl,, ATP, ATPyS and ADP
on the DNA-binding capacity of TWINKLE. To monitor
ssDNA binding, we used a 30-nt long poly-dT oligonu-
cleotide (Figure 4A). TWINKLE interacted with ssDNA
only in the presence of ATP or ATPyS, but not in the
presence of ADP. In contrast, the binding of TWINKLE
to a 30-bp dsDNA fragment was not affected by the
presence of MgCl, or nucleotides.

We investigated the minimal length of DNA required
for TWINKLE binding (Figure 4C). EMSAs were
performed with ssDNA and dsDNA probes of different
lengths (15, 30 and 45-nt) and titrations were conduced
with increasing amounts of protein. TWINKLE could not
interact with a short 15-nt ssDNA probe, but efficiently
interacted with a dsDNA probe of similar size.
TWINKLE efficiently shifted longer ssDNA and dsDNA
probes (Figure 4C). The apparent K4 was ~5nM for the
interactions observed with either a 30-nt ssDNA probe or
a 30-bp dsDNA probe.

To investigate TWINKLE interactions with ssDNA
and dsDNA further, we performed competitive DNA-
binding experiments. To stimulate ssDNA binding, all
experiments were performed in the presence of ATP. We
used a constant protein concentration and increased the
amount of unlabeled competitor DNA (Figure 4B).
Surprisingly, the ssDNA probe bound to TWINKLE
was competed off by increasing amounts of dsDNA
(Figure 4B, lanes 7-12). In contrast, the binding of
TWINKLE to the dsSDNA probe was unaffected by the
presence of increasing amounts of the ssDNA (Figure 4B,
lanes 1-6). This contrasts with the behavior of the gp4
protein, which binds tightly and preferably to ssDNA (22).
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Figure 2. Hexamerization of the TWINKLE proteins. (A) Wt TWINKLE was dialyzed for 4h in a buffer containing 0.4 M or 1.5M NacCl and its
oligomeric state was determined using a Superose 12 PC 32/30 gel-filtration column, as described in Material and Methods section, equilibrated with
buffer containing either 0.4 or 1.5M NaCl. (B) Mutant TWINKLE proteins were examined for their ability to hexamerize as described in Material
and Methods section. (C) Co-expressed wt TWINKLE and TWINKY were analyzed on a Superose 12 gel-filtration column as described in Material
and Methods section. The positions of the different versions of TWINKLE, as hexamers or monomers, are indicated with arrows at the tops of the

gels. Fraction numbers are indicated above the gels.

Finally, we monitored ssDNA and dsDNA-binding
activities for our truncated TWINKLE variants
(Figure 4D). TWINKY and A372-684 did not display
any ssDNA or dsDNA-binding activity. The lack of
DNA-binding activity is most likely explained by
the monomeric conformation of these two proteins.

Other hexameric helicases are also unable to bind
ssDNA in their monomeric state (23). The A1-314 protein
showed reduced binding to both ssDNA and dsDNA, but
the effect on ssSDNA was much more severe. The A1-121
protein bound to dsDNA with the same efficiency as wt
TWINKLE, but we observed a decrease in ssDNA
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Figure 3. GEMMA analysis of TWINKLE proteins. (A) Analysis of
the A1-121 mutant (0.05mg/ml). (B) Analysis of the A372-684 mutant
(0.025mg/ml). The buffer used for the analyses consisted of 0.4M
ammonium acetate pH 7, 0.5mM DTT and 0.0075% Tween-20. The
abscissa shows the diameter of the particles, which is correlated to the
molecular weight shown on top of each peak.

binding. Our experiments suggest that the C-terminal
helicase domain is responsible for DNA binding, but that
the N-terminal domain specifically contributes to the
ssDNA-binding activity.

ATP hydrolysis activity of the wt and truncated
TWINKLE proteins

Measurements of ATP hydrolysis were performed both in
the absence and presence of single-stranded M13 DNA.
The DNA-independent ATPase activity provides informa-
tion about the intrinsic ability of the protein to hydrolyze
ATP, whereas measurement of ATPase activity in the
presence of ssDNA reflects the DNA-stimulated ATPase
activity (23). TWINKLE has a high intrinsic ATPase
activity, which was stimulated about 2-fold in the presence
of ssDNA (Figure 5). Addition of linear dsDNA did not
stimulate the TWINKLE associated ATPase activity (data
not shown). In the absence of DNA, the A1-121 protein
hydrolyzed ATP at a rate very similar to that of the WT
protein, A1-314 showed a marked decrease in activity,
whereas TWINKY and A372-684 were completely
inactive. TWINKY and A372-684 remained inactive in
the presence of ssDNA, whereas Al-121 and
especially A1-314 displayed a reduced ssDNA-dependent
stimulation (Figure 5). The N-terminal region of
TWINKLE is apparently not absolutely required for
ATP hydrolysis, but deletions in this region have a
strong negative effect on the levels of ATPase activity
and also decrease ssDNA-dependent stimulation.
This finding is consistent with the observation that both
Al1-121 and A1-314 have a reduced affinity for
ssDNA (Figure 4D).

Helicase activity

Even if the A1-121 protein, and to lesser extent the
A1-314 protein, were still able to hydrolyze ATP, these
truncated proteins might still be defective in their ability to
use the energy of ATP hydrolysis to translocate along
ssDNA and unwind duplex DNA. Thus, we examined
helicase activity of the truncated TWINKLE proteins
(Figure 6). To prepare the substrate used in this assay, a
60-nt oligonucleotide was annealed to M13ssDNA, to
form a 20-bp duplex and a 40-nt 5'-tail. We found that the
relative unwinding activity displayed by the wt and
truncated proteins was essentially proportional to the

activities observed in the ssDNA binding (Figure 4D) and
in the DNA-dependent ATP hydrolysis reactions
(Figure 5). The Al-121 protein was able to unwind
DNA nearly as efficiently as the wt TWINKLE, whereas
the Al1-314 protein showed a significantly reduced
helicase activity. TWINKY and the A372-684 versions
were completely inactive in the DNA helicase assay.

Stimulation of POLy activity on a dSDNA template

We have shown previously that TWINKLE alone is
unable to unwind long stretches of dsDNA. We decided to
investigate the role of the N-terminal domain for DNA
synthesis on a duplex DNA template. To this end,
we formed a template for DNA replication by annealing
a 90-nt oligonucleotide to a 70-nt ssDNA mini-circle.
The template contained a replication fork for loading the
replication machinery, a 50-bp dsDNA region and a free
3’-hydroxyl terminus that could act as a primer for DNA
synthesis (Figure 7A). Once initiated, leading-strand
DNA synthesis coupled to continuous unwinding of the
double-stranded template could in principle progress
indefinitely. We have previously reported that POLy can
use the 3/-hydroxyl terminus on this mini-circle template
and initiate DNA synthesis, but that the enzyme fails to
elongate through double-stranded regions and only forms
a 110-nt product. To elongate through the dsDNA region,
the POLy requires the DNA strand unwinding activity
of the TWINKLE helicase (6). In agreement with our
previous observations, there was no DNA synthesis in
the absence of TWINKLE (Figure 7B, lanes 1, 3 and 9).
The addition of wt TWINKLE to the reaction led to a
marked increase in DNA synthesis, and allowed the
formation of ssDNA products of up to 10 kb (Figure 7B,
lane 2). The Al-121 protein was able to support DNA
synthesis at almost wt levels (Figure 7B, lane 4). In
contrast, A1-314 could only support synthesis of shorter
DNA products of ~1kb. Addition of higher concentra-
tions of A1-314 led to an increase in DNA synthesis,
but had no effect on the length of the DNA products (data
not shown). Addition of Al-314 could also severely
reduce mtDNA replication in the presence wt TWINKLE,
arguing for A1-314 being correctly folded and able to
compete with the wt protein for binding to the replication
fork (Figure 7C). Our data therefore demonstrate that
the N-terminal domain of TWINKLE is required for
full mtDNA replisome processivity. Reduced processivity
could explain why overexpression of a related mutant in
cell lines (A70-343) leads to a reduction of mtDNA copy
number and stalling of the mtDNA replication fork (5).
Finally, we investigated whether TWINKY could affect
mtDNA replisome function in vitro. As expected from
our enzymatic analysis of TWINKY, the protein could
not support mtDNA replisome function (Figure 7D, lanes
1-4). It was possible that TWINKY might affect mtDNA
replisome function in the presence of wt TWINKLE.
We therefore added increasing amounts of TWINKY to
replication reactions containing wt TWINKLE. We could
not detect any effect of TWINKY on the mtDNA
replisome activity, which argues against a functional
role for this protein isoform at the mtDNA replication
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Figure 4. Interactions of TWINKLE proteins with single-stranded and double-stranded DNAs. (A) DNA binding of wt TWINKLE was determined
by EMSA using a *?P-labeled 30-mer poly-dT ssDNA (lanes 1-6) or a 30-bp non-specific dsSDNA (lanes 7-12) as described in Material and Methods
section. Lanes 3-6 and 9-12, 10mM MgCly; lanes 4 and 10, 2mM ATP; lanes 5 and 11, 2mM ATPyS; lanes 6 and 12, 2mM ADP (B) Ten
femtomole of 3?P-labeled 30-mer ssDNA (lanes 1-6) or 30-bp dsDNA (lanes 7-12) were incubated with a saturating amount of wt TWINKLE
(200 fmol), 10 mM MgCl,, 2mM ATP and increasing amounts of unlabeled competitor DNA as indicated (0, 5, 10, 50 and 100 fmol). The protein—
DNA complexes were incubated for 10min at RT before being resolved by native 6% PAGE. (C) Binding reactions between wt TWINKLE and
ssDNA (left) or dsDNA (right) of different lengths (15, 30 and 45 nucleotides) were performed as described in Material and Methods section in the
presence of 10mM MgCl, and 2mM ATP. The percentage of bound DNA was quantified by phosphor imaging and plotted against the
concentration of TWINKLE hexamer. The results presented are the average obtained from two independent experiments. (D) Binding of wt and
mutant TWINKLE proteins to 30-mer ssDNA (left) and 30-bp dsDNA (right) were performed and quantified as in (C).
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fork (Figure 7D, lanes 5-8). In support of this notion,
overexpression of TWINKY in cell lines does not
compromise the activity of the endogenous Twinkle
protein (5).
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Figure 5. ATP hydrolysis by the WT and mutant TWINKLE proteins.
Wt TWINKLE and mutant TWINKLE proteins (250 fmol) were
analyzed for their ability to hydrolyze ATP in the absence (white
bars) and in the presence (black bars) of M13mpl8 ssDNA (188 fmol).
The average of three independent experiments is given. Each reaction
(20 ul) was incubated at 32°C for 50 min and analyzed as described in
Material and Methods section.

DISCUSSION

We have attempted to identify a primase activity
associated with the TWINKLE protein (data not
shown). Using many different approaches, analyzing
TWINKLE both in isolation and in combination with
other mtDNA replication and transcription factors, we
have so far failed to see any such enzymatic activities.
In addition, bioinformatic analysis of mammalian
TWINKLE sequences suggests that the protein has lost
important protein motifs required for primase activity
(16,24). Based on these observations, we decided to
investigate whether the N-terminal region of TWINKLE
may have other functional roles in mtDNA replisome
function that are not related to primer synthesis.
TWINKLE binds to both ssDNA and dsDNA, but the
two activities appear to be functionally distinct. Whereas
C-terminal truncations affected both ssDNA and dsDNA
binding, N-terminal truncations mainly affected binding
to ssDNA. This finding leads us to speculate that ssDNA
binding requires a larger protein surface, involving both
the N-terminal and the C-terminal part of TWINKLE,
whereas dsDNA binding is localized to the C-terminal
helicase domain. In support of this idea, TWINKLE failed
to interact with shorter pieces of sSsDNA (15 nt), but could
efficiently interact with dsDNA of similar length.
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Figure 6. Helicase activity of the wt and mutant TWINKLE proteins. (A) The DNA unwinding activities of wt and mutant TWINKLE were
measured by monitoring the amount of unwound ssDNA product (P) from the duplex DNA substrate (S) on a 12.5% non-denaturing
polyacrylamide gel. The reaction was performed as described in Material and Methods section, in the presence of increasing amounts of the
TWINKLE proteins indicated (25, 50, 100, 200 and 300 fmol). After a 45-min incubation at 32°C, the reaction products were run on a 12.5%
non-denaturating polyacrylamide gel. Lane 1, substrate heated to 100°C before loading; lane 2, untreated substrate; S, double-stranded substrate;
P, single-stranded product. (B) The helicase assay was performed exactly as in panel A and then analyzed with phosphor imaging, and the progress
of unwinding was estimated from the ratio of the ssDNA product to the substrate. The data presented here are the average of two independent
experiments. WT (filled circle), A1-121 (open circle), A1-314 (filled triangle), TWINKY (cross-mark) and A372-684 (open square).



In contrast, TWINKLE binds with similar efficiency to
longer stretches of ssDNA and dsDNA (>30nt or base
pairs).

The existence of an ssDNA-binding region in the
N-terminal region of TWINKLE has gained support
from studies of structurally related proteins. Analyses
of prokaryotic primases have identified catalytically
important basic residues that cluster around a shallow
cleft located within the catalytic core (25,26). These
residues form an elongated region with significant
electropositive potential, which is required for binding
to ssDNA. The presence of an ssDNA-binding region in
the N-terminal region of TWINKLE may also explain
why binding to ssDNA, in contrast to dsDNA binding, is
dependent on nucleotide cofactors. In the X-ray structure
of the gp4 protein, ATP binds at the interface between
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Figure 7. Rolling-circle DNA synthesis in the presence of the different
TWINKLE mutants. (A) The mini-circle template was generated as
previously described (19). The template can be efficiently replicated
by the POLy holoenzyme (white) and TWINKLE helicase (gray).
(B) The mini-circle template (12.5fmol) was incubated with constant
amounts of POLyA (100 fmol), POLyB (200 fmol), mtSSB (5 pmol) for
90min at 37°C with or without 100 fmol of the indicated TWINKLE
protein. The reaction products were analyzed on a 0.8% denaturating
agarose gel. (C) The reaction was performed as in (B). Increasing
amounts of A1-314 were added in presence of 100 fmol wt TWINKLE.
Lane 1, 0fmol A1-314; lane 2, 50fmol AIl1-314; lane 3, 100fmol
A1-314; lane 4, 200 fmolA1-314. (D) The reaction was performed as in
(B). Increasing amounts of TWINKY were added in the absence (lanes
1-4) or presence (lanes 5-8) of 100 fmol wt TWINKLE. Lanes 1 and 5,
0fmol TWINKY; lanes 2 and 6, 50 fmol TWINKY; lanes 3 and 7,
100 fmol TWINKY; lanes 4 and 8, 200 fmol TWINKY.
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two monomers. This interface is created by amino acids
from the linker region and the N-terminal part of the
helicase domain (27). In turn, the linker region interacts
directly with amino acids in the ssDNA-binding region.
This intricate web of interactions between the ATP
and ssDNA-binding regions explains why nucleotide
cofactors are required for gp4 binding to ssDNA.
Conversely, this structural organization also explains
why truncations in the N-terminal region, may affect
ATPase and DNA helicase activity in the gp4 protein (12).
It is likely that a similar arrangement exists in TWINKLE.
In support of this notion, molecular modeling of
TWINKLE suggests that the positively charged ssDNA-
binding surface is conserved (unpublished data).

The N-terminal region of TWINKLE is not absolutely
required for DNA helicase activity. The A1-314 mutant
can still hydrolyze ATP and unwind dsDNA, albeit at a
slower rate. In fact, the mutant is capable of supporting
POLy-dependent DNA synthesis on a duplex DNA
substrate. The products are shorter than those observed
for wt TWINKLE, which could be explained by the
reduced helicase activity. Interestingly, a heterologous
helicase was found to be unable to support POLy-
dependent DNA synthesis on the same template (6),
which led to the suggestion that POLy may interact
specifically with TWINKLE at the mtDNA replication
fork. In this respect, our observation that the A1-314
mutant can support POLy function is intriguing. It may
suggest that if direct TWINKLE interactions are required
for POLy function, then these interactions cannot be
absolutely dependent on the primase-like domain of the
protein.

Our analysis has also revealed efficient binding of
TWINKLE to dsDNA. Interestingly, the bacterial ring-
shaped helicase DnaB can accommodate both ssDNA and
dsDNA in its central channel. It has been shown that
DnaB requires a replication fork substrate in order to
unwind DNA in the 5-3 direction. However, in the
absence of a 3'-tail, the DnaB protein translocates from
the 5'-ssDNA tail onto the dsDNA, encircles both
strands and continues to translocate actively on the
duplex (28). A similar mechanism has been shown for
Mcm4,6,7, the putative eukaryotic replication fork heli-
case (29). The translocation on the duplex DNA has been
proposed to accomplish several functions, including
driving branch migration of a Holliday junction (30).
This suggests that the DnaB protein may be directly
involved in DNA recombination in vivo. We have shown
previously that similarly to DnaB and Mcm 4,6,7,
TWINKLE requires a fork substrate for helicase activity
(3). Furthermore, we have demonstrated in this article
that TWINKLE can bind dsDNA in addition to ssDNA.
To date, dsDNA translocation by TWINKLE has not
been reported. However, if TWINKLE is able to
translocate actively along the duplex in the 5—3’ direction,
this could confer additional functions to the helicase, for
example in DNA recombination or repair. In future
experiments, we will address these questions to clarify
the molecular function of the dsDNA-binding capacity
of TWINKLE.
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Finally, we have shown that TWINKLE forms stable

hexamers, even in the absence of Mg>" or NTP. This
stable ring structure raises the intriguing question of how
the TWINKLE protein loads onto the DNA under
normal cellular conditions, when free ends of DNA are
not available. Two different models may explain how
DNA can enter the central channel of the preformed ring-
shaped hexamer. According to the ring-opening model,
the preformed hexameric ring must open to load onto the
ssDNA, whereas in the disassembly model, helicases must
disassemble and reassemble around the ssDNA. These
mechanisms often require the presence of accessory
proteins, termed helicase loaders (31). A ring-opening
mechanism has been proposed for T7 gp4 (32). In this
model, the N-terminal primase domain of T7 gp4 initially
makes contact with DNA and acts as a helicase loader by
holding the helicase next to the DNA before the DNA is
transferred into the central channel of the hexamer. Given
the similarities that exist between TWINKLE and T7 gp4,
it will be of interest to investigate a possible role for the
N-terminal primase related domain in the loading of
TWINKLE onto DNA.
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