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ABSTRACT

The mitochondrial replicative helicase Twinkle is in-
volved in strand separation at the replication fork of
mitochondrial DNA (mtDNA). Twinkle malfunction is
associated with rare diseases that include late onset
mitochondrial myopathies, neuromuscular disorders
and fatal infantile mtDNA depletion syndrome. We
examined its 3D structure by electron microscopy
(EM) and small angle X-ray scattering (SAXS) and
built the corresponding atomic models, which gave
insight into the first molecular architecture of a full-
length SF4 helicase that includes an N-terminal zinc-
binding domain (ZBD), an intermediate RNA poly-
merase domain (RPD) and a RecA-like hexameriza-
tion C-terminal domain (CTD). The EM model of Twin-
kle reveals a hexameric two-layered ring comprising
the ZBDs and RPDs in one layer and the CTDs in
another. In the hexamer, contacts in trans with adja-
cent subunits occur between ZBDs and RPDs, and
between RPDs and CTDs. The ZBDs show impor-
tant structural heterogeneity. In solution, the scatter-
ing data are compatible with a mixture of extended
hexa- and heptameric models in variable conforma-
tions. Overall, our structural data show a complex

network of dynamic interactions that reconciles with
the structural flexibility required for helicase activity.

INTRODUCTION

During DNA replication, dedicated replicative helicases un-
wind double-stranded (ds) DNA while cognate primases
generate short DNA/RNA heteroduplexes on the lagging
strand. These heteroduplexes prime 5'—3" DNA synthesis
by a DNA polymerase. Characterization of the gene linked
to late-onset autosomal dominant progressive external oph-
thalmoplegia (adPEO) indicated that its product, Twinkle,
was the mitochondrial DNA (mtDNA) helicase (1). The C-
terminal region of Twinkle shares high similarity with the
helicase C-terminal domain (CTD) of the bacteriophage
T7 gene 4 (T7 gp4), a bifunctional primase-helicase protein
(1-3). This CTD comprises a catalytic hexamerization do-
main reminiscent of the archetypal helicase RecA, and in-
cludes the Walker A and Walker B signatures (also termed
H1 and H2, respectively) (4). In helicases and translocases,
these motifs provide the catalytic residues for the hydrolysis
of nucleoside triphosphates (NTPs), thus supplying the en-
ergy required for protein activity on DNA (4). Additional
specific signatures within the helicase (H) domain—H]1a,
H3 and H4—assign Twinkle to the SF4 family of replica-
tive DnaB-like helicases (3,5), whose members have a ring-
shaped hexameric structure (4). In general, a cleft at the in-
terface between two neighboring RecA-like domains of the
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hexamer binds the NTP, the hydrolysis of which triggers a
movement between subunits. This, in turn, leads to 5'->3"
DNA unwinding (6). Further studies confirmed the assign-
ment of Twinkle to the SF4 helicase family: functional stud-
ies with recombinant protein in vitro revealed a nucleotide
hydrolysis-dependent 5'— 3’ DNA unwinding activity (7-
9). In addition, Twinkle, the mitochondrial DNA poly-
merase y (Poly), and the mitochondrial single-stranded (ss)
DNA-binding protein (mtSSB) form a minimal replisome in
vitro (10).

Previous biophysical and EM analyses showed that Twin-
kle forms hexamers that convert to heptamers at low salt
concentrations and in the presence of Mg?* and the ATP-
analog ATPyS (5,11). Oligomeric transitions between hep-
tamers and hexamers have also been described for T7
gp4 (6,12), as well as for SF6 helicases, which include the
mini chromosome maintenance (MCM) protein complex
(present in archaea and eukarya) and bacterial HB8 RuvB,
involved in branch migration in Holliday junctions (4).
Furthermore, studies in vitro demonstrated that Twinkle
is capable of loading itself onto circular ssDNA (7,9) or
onto dsDNA bubbles (7). However, Twinkle also differs
from T7 gp4. It binds to dsDNA in the absence of nu-
cleotides, and with higher affinity than when binding to ss-
DNA (9,11,13,14). It also displays two binding sites for ss-
DNA, which have been related to its annealing ability and
suggests regulatory functions beyond replication (9).

The N-terminal domain (NTD) of Twinkle shows only
limited sequence similarity with that of T7 gp4, but dis-
plays a similar predicted overall fold (1,3) and is classified
as a prokaryotic DnaG-type primase (15). Primases of this
type contain an N-terminal zinc-binding domain (ZBD),
which binds ssDNA and detects trinucleotide patterns from
priming-sites, and an RNA polymerase domain (RPD),
which receives the priming site from the ZBD and initiates
RNA primer synthesis (16). Bacterial and phage primase
ZBDs typically contain a four- or five-stranded antiparal-
lel B-sheet with two loops at one edge, which provide four
cysteines (sometimes replaced by histidines) that coordinate
a zinc ion (17-19). RPDs vary among primases: in E. coli
DnaG (but not in T7 gp4) the RPD includes an N-terminal
subdomain that binds ssDNA, orienting it toward an addi-
tional catalytic TOPRIM sub-domain (20). The TOPRIM
subdomain is present in DnaG, T7 gp4 as well as in topoi-
somerases, nucleases and DNA repair proteins (21), and
it contains an active site with metal-coordinating acidic
residues that catalyze primer chain elongation (17,18,22).
In addition, functional studies with either T7 gp4 (23) or
DnaG (24) showed that the ZBD can interact with the RPD
from its own subunit (in cis) or with that from another sub-
unit (in frans), in either case efficiently regulating primer
synthesis.

Currently, the three-dimensional (3D) organization of a
bifunctional SF4 primase-helicase is only exemplified by the
crystal structure of a T7 gp4 natural fragment containing
only the RPD and the CTD, thus lacking the ZBD (12) (Fig-
ure 1A). In the T7gp4 hexamer, the RPD and RPD-CTD
linker of one subunit interacts with the CTD of the adja-
cent subunit, suggesting that the interaction of each sub-
unit with its neighbor coordinates the helicase and primase
activities thus the mechanism of translocation along ss-
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DNA (6). However, despite the predicted structural similar-
ity between T7 gp4 and Twinkle, the bifunctional helicase-
primase mechanism described for the former cannot be ex-
trapolated to the latter because most of the activity-related
metal-coordinating residues in both ZBD and RPD are ab-
sent in human Twinkle (1,3), thus precluding primase ac-
tivity (13). However, there is a functional requirement for
ZBD and RPD domains in Twinkle, since their partial or
complete ablation results in a dramatic decrease in helicase
activity (13,25). At the physiological level, Twinkle is essen-
tial for mtDNA copy number maintenance (25,26), which
depends on DNA replication. Furthermore, around 50 mu-
tations (and one in-frame 39-nucleotide duplication) within
the Twinkle gene are related with the aforementioned rare
diseases adPEO (1), infantile-onset spinocerebellar ataxia
(IOSCA) (27), infantile onset mtDNA depletion syndromes
(MDS) (28) and epileptic seizures (29), among others (see
Figure 1B for domain localization of disease-related muta-
tions and Supplementary Table S1 for references).

In order to examine the structural basis of Twinkle’s func-
tion and gain further insight into its dysfunction in disease,
we developed an efficient recombinant protein expression
procedure and performed electron microscopy (EM) and
small angle X-ray scattering (SAXS) studies. Our results re-
veal that the hexameric organization of Twinkle is clearly
asymmetric at the level of ZBDs and RPDs, which al-
lows for a network of diverse interactions between domains
along the oligomer, and provides the structural framework
for the polar and asymmetric processing of nucleic acids.

MATERIALS AND METHODS

Cloning, E. coli heterologous expression and purification of
recombinant Twinkle

A gene construct coding for mature Twinkle (Twin-
kle full-length, aa 43-684, UniProt Q96RRI1.1) was
cloned into vector pHARTI1201 with a C-terminal 6
histidines tag (30). Bases encoding the 5 and 3" Sfil
restriction sites were added to the genetic construct
by PCR with oligonucleotides (oligo) complementary
to Twinkle 5 end TACCATGGGCCACCTCGGCC-
GAAGGAGATATACATATGGAGACTCTCCAAGC-

CTTGG and 3 end ACTTAGTGGCCGAGGCG-
GCCGCTTTGAACGCTTGGAGGTGTC  (SIGMA).
Large-scale cultures of E. coli BL21-DE3 containing a
pG-KJE8 plasmid (TaKaRa) were induced with 1 mg/ml
L-arabinose and 6 ng/ml tetracycline, and grown at 37°C
until the culture reached an Asgs of 0.6. Twinkle protein
expression was induced with 0.25 mM IPTG o/n at 18°C.
Cells were lysed by sonication in buffer A (S0m M sodium
citrate pH 6.5, 1.5M NaCl, 50 mM L-arginine, 50 mM
L-glutamate) containing 50 mM imidazole and EDTA-free
proteinase inhibitor cocktail (Roche), and centrifuged
at 20 000 rpm (JA20 Beckman rotor) for 20min at 4°C.
The supernatant was loaded onto a Ni-NTA-affinity
chromatography column (HisTrap HP, GE HealthCare)
connected to an AKTA FPLC system at room temperature
and washed in buffer A containing 50 mM imidazole.
The protein eluted at 35% of a linear gradient of buffer B
(buffer A plus 0.5M imidazole). The elution fractions were
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Figure 1. Model, mutants and purification of Twinkle. (A) Ribbon representation of DnaG (PDB code 2AU3), the natural short form of T7 gp4 (PDB
1Q57) and the modeled Twinkle monomer. ZBD is shown in blue, RPD in magenta and CTD in gold. The DnaB interaction domain of DnaG is in gray.
(B) Representation of disease-causing mutations of human ¢/0orf2 gene on a scheme showing the Twinkle domains (IOSCA, red; adPEO, blue; MDS,
black; Perrault Syndrome, purple; Renal Tubulopathy, green) (references in Supplementary Table S1). Domains are represented with same colors as in
panel A. MTS stands for mitochondrial targeting sequence; motifs I to VI of the primase domain and motifs 1 to 4 in the helicase domain are indicated.
(C) Size exclusion chromatography profile of Twinkle produced in SF9 insect cells (see experimental procedures). The blue and red curves correspond to
the absorption at 280 and 260 nm, respectively. The peak of Twinkle is labeled with the elution volume. The fractions used for GraFix analysis are indicated

by arrows.

subsequently analyzed by 10% SDS-PAGE gels: the purest
fractions were pooled and concentrated in a 30K Da cutoff
ultrafiltrator (VIVAspin), and loaded onto a size exclusion
Superose6 10/300 column (GE-HealthCare) previously
equilibrated with buffer A. Eluting fractions were analyzed
by 10% SDS-PAGE.

Recombinant production of Twinkle in insect cells and purifi-
cation

To produce Twinkle in SF9 insect cells, a gene con-
struct coding for mature Twinkle was cloned into vec-
tor pHAR1201 as described above, except that it spanned
from aa 30 to 684. BacMagic generated Twinkle cDNA-
containing virus was first tested for protein production by
testing various volumes of virus stock in 10 ml SF9 cultures
and assaying Twinkle expression by western-blot analysis.
Based on these results all subsequent infections used 10 .l
virus per 10 ml SF9 culture. Cells were harvested 72h af-
ter infection. Cells were lysed for 15min at 4°C in buffer C
(100 mM Tris-HCI pH 7.8, 1.5 M NaCl, 50 mM L-Arginine,
50 mM L-Glutamate, 30 mM imidazole, 1% TX-100, 2
mM B-MeOH) containing EDTA free protease inhibitor
tablets, final pH adjusted to 8.0. The lysate was sonicated
(30 cycles, 1”on — 3 off) and centrifuged (3000xg) for Smin
at 4°C. The cleared lysate was bound to Ni-NTA beads
overnight at 4°C under gentle agitation and subsequently
pelleted by centrifugation (1500xg) for Smin. The pellet was
washed three times in 20-30 bed volumes with buffer D (50
mMTris-HCI pH 7.8, 1 M NaCl, 50 mM L-Arginine, 50
mM L-glutamate, 60 mM imidazole, ]| mM B-Me¢OH, ad-
justed to pH 8.0), containing 60 mM imidazole. The pro-
tein was eluted in a single step with buffer D containing
250 mM imidazole. The concentration of the eluted protein
was estimated by comparison to a standard in 7.5% SDS-
PAGE gels, concentrated with a 100K Da cutoff ultrafiltra-
tor (VIVAspin 6, GE-HealthCare), and loaded onto a size-
exclusion chromatography (SEC) Superose6 10/300 column
(GE-HealthCare) previously equilibrated with buffer E (25
mMTris- HClpH 7.8, 1M NaCl, 50 mM L-Arginine, 50 mM

L-Glutamate), final pH adjusted to 8.0. Peak fractions were
analyzed by 7.5% SDS-PAGE and stored in 10% glycerol.

Helicase activity assays

The helicase activity was assayed by radiolabel-
ing with ¥P the 5 end of a 60nt oligo of sequence
SACATGATAAGATACATGGATGAGTTTGGAC
AAACCACAACGTAAAACGACGGCCAGTGCC-3,
whose 3’ end was complementary over 20 bases to plasmid
M13(+), thus leaving a free 5" end of 40nt. The helicase
reaction was performed at 37°C for lh at increasing
concentrations of Twinkle (10, 20, 30, 60 and 100ng),
and 5 pM of plasmid M13(+), in buffer G (Tris-HCI 25
mM pH 7.5, MgCl, 4.5 mM, UTP 3 mM, NaCl 27 mM,
glycerol 10%, DTT 1 mM, L-arginine 0.1 M, BSA 0.1
mg/ml), and free oligonucleotides to prevent non-specific
interactions. The reaction was stopped by adding buffer
H (SDS 6%, EDTA 90 mM, glycerol 30%, xylene cyanol
0.25% and bromphenol blue 0.25%). Samples were loaded
onto 25% acrylamide gels, which were run at 80V for 60min
at RT with TBE 1x as running buffer. Gels were dried and
revealed using a photosensitive autoradiographic lamina
and scanned.

Gradient fixation (GraFix)

Twinkle oligomers were stabilized by using glutaraldehyde
cross-linking combined with density gradient centrifuga-
tion following the GraFix method (31). A 4.5 ml gradient
was formed with buffers I (HEPES 50 mM pH 7.5, NaCl
1 M, 10% glycerol) and J (same as I but with 30% glyc-
erol and 0.15% glutaraldehyde) by using a gradient mixer
and allowed to settle for 1h at 4°C. Thereafter, 300 g of
protein (200-300 wl) was applied on top of the gradient
and centrifuged at 95 000x g in an MLS-50 swing-out ro-
tor (Beckman Coulter) for 16h at 4°C. Subsequently, 300
wl fractions were collected and 80 mM glycine pH 8.0 was
added to quench the cross-linking.



EM sample preparation and image processing

For cross-linked and non-crosslinked Twinkle samples, neg-
ative stained grids were prepared with 2% uranyl acetate
and visualized on a JEM-1230 transmission electron mi-
croscope (JEOL Europe) at an acceleration voltage of 80
KYV. The images were taken in low dose conditions at a
magnification of 30 000X in a Gatan CCD camera, result-
ing in 2.3 A/pixel sampling. For cryo-EM data collection,
the cross-linked Twinkle oligomer was dialyzed with Milli-
pore membrane filters to remove the glycerol and decrease
the salt concentration to 100 mM. Vitrification was per-
formed using Quantifoil holey grids (with a thin carbon film
floated on) rapidly plunged into liquid ethane in a FEI Vit-
robot. The images were taken in a JEM-2200FS/CR elec-
tron microscope working at 200 KV at a magnification of 50
000X, and recorded at low-dose conditions on Kodak SO-
163 films. Micrographs were scanned with a Z/I Photoscan
scanner (Zeiss) with a step size of 7 wm, resulting in a final
pixel size of 1.4 A.

The single particles were extracted using EMAN (32) and
Spire-SPIDER package (33,34), and 2D classifications were
performed in a reference-free manner based on maximum-
likelihood methods implemented in XMIPP (35). The ini-
tial models were built based on the top (6-fold rotational
symmetry) and side (two-fold symmetry) views of the class
averages. The references for the two techniques, negative
staining and cryo-EM, were calculated independently and
converged on similar 3D density maps. The particles were
subjected to iterative refinements following the projection-
matching scheme in Spire-SPIDER. During image process-
ing several rotational symmetries were used, from C6 up to
C1, starting with 6-fold symmetry and relaxing it in a se-
quential manner. Given that one of the two domains lin-
ing the axial channel departed from strict six-fold symme-
try, during the reconstruction step of each iteration the gen-
erated asymmetric 3D volume was sliced along the z axis
and a C1 symmetry pattern was imposed in layers that con-
struct the N-terminal region whereas a 6-fold symmetry
was imposed in layers that construct the CTD region, us-
ing XMIPP tools. This approach allowed us to maximize
the signal-to-noise ratio in the final reconstructed map at
the level of the CTD region and to prevent the smearing-
out of ZBD and RPD domains. The resolution of the fi-
nal cryoEM maps was estimated at 0.15 threshold in the
Fourier Shell Correlation (FSC) calculated between maps
reconstructed from two halves of the image data sets (36).

Monomeric and oligomeric homology model building

A sequence similarity search with BLAST against the entire
Protein Data Bank (PDB) yielded the 3D structures from
T7 gp4 helicase as closest structural relatives (ZBD-RPD
primase domain, PDB code INUI; RPD and helicase do-
main, 1Q57; helicase domain, 1E0J and 1EOK, see Results
for references). However, none of these structures covers the
longest form of T7 gp4 protein. In addition, the natural
NTD of T7 gp4, especially the ZBD, is shorter than that
of Twinkle. Additional searches with the Twinkle NTD (aa
43-346) alone pointed to E. coli DnaG primase (PDB code
2AU3) as closest structural relative. Thus, we built a contin-
uous homology model of Twinkle by superposing the RPD
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domains of coordinates 2AU3 and 1Q57, thus connecting
the Twinkle-like ZBD from DnaG with T7 gp4 helicase
domain via the common RPDs. Twinkle sequence align-
ment to the 2AU3 and 1Q57 templates was guided by sec-
ondary structure prediction of the former, with PSIPREP
(37). With these structures and the alignment, a Twinkle
monomer was generated with MODELLER (version 9.13,
(38)), and this was fitted six times into the cryo-EM density.
The Twinkle heptamer for SAXS was generated by “fusing”
seven structures of DnaG (2AU3) to the seven chains of T7
gp4 1Q57, threading the sequence with MODELLER. The
Twinkle hexamer was likewise generated by using T7 gp4
1E0J CTD hexamer.

Molecular dynamics flexible fitting

The hexamer was initially fitted manually into the cryo-
EM map with Chimera (39) keeping the orientation for
the monomers as in the crystal structure (6,12). This was
appropriate for the CTD, whereas for the NTDs we car-
ried out molecular dynamics simulations with NAMD 2.9
(40) through the MDFF plug-in (41). The protonation state
of histidine residues in the initial model were predicted
with PROPKA software from the PDB2PQR package (42).
Simulations of 9ns were run with the CHARMM?27 force
field with CMAP corrections in generalized Born implicit
solvent (43,44). We performed intrinsic solvent simula-
tions with dielectric constant 1; cutoff 16A; switchlist 15A;
pairlistdist 18A; GIBS on; ion concentration 0.3M; alpha
cutoff 14A; sasa on and surface tension 0.006Kcal/ml/A2.
The first minimization step was performed with a grid scal-
ing of 0 to stabilize the initial model. Non-hydrogen atoms
were coupled to the Ugy potential derived from the cor-
responding cryo-EM density maps with a grid scaling of
0.3 kcal/mol. Simulations used restraints for secondary
structure, chirality and cis-peptides derived from the ini-
tially assembled atomic model. During the initial steps of
the simulation, symmetrical restraints was applied between
monomers, a symmetry restraint force constant k was ap-
plied, linearly increasing from 0 to 10 (Kcal/mol) /A2 Es-
sentially, the overall structure of globular domains (their
secondary structure elements and the relationship between
them) was conserved to avoid overfitting, the motions were
only allowed in linker regions, and by applying tmdk 500,
a constant which scales the harmonic force applied by the
restraint on a domain.

Small angle x-ray scattering (SAXS)

SAXS data of Twinkle in size exclusion chromatography
(SEC) buffer were recorded at 20°C at 0.3, 0.6 and 0.9 mg
ml~! in buffer A at beamline BM29 at ESRF (Grenoble,
France), covering a momentum transfer range of 0.0282 <
s < 4.525 A=!. Ten Is frames were collected for each sam-
ple. Frames w1th radiation damage were discarded automat-
ically, and buffer scattering profiles measured before and af-
ter the sample were averaged and subtracted from the pro-
tein scattering profiles by using standard protocols (45). The
forward scattering, /(0), and the radius of gyration, R,, were
calculated with the Guinier approximation assuming that,
at very small angles (s< 1.3/R,), intensity is represented
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as I(s) = I(O)exp(-(ng)2 /3). The maximum particle dimen-
sion, Dpax, and the distance distribution were calculated
from the scattering pattern with program GNOM (46). The
molecular weight of the particle was calculated by compari-
son of the forward scattering /(0) with that from a reference
solution of BSA (at 3.6 mg ml~!). In order to characterize
the conformational variability of Twinkle detected in our
SAXS studies (see Results), we first generated a model of
a monomer with program MODELLER (38), with which
we generated hexamers and heptamers (see above). Subse-
quently, by applying the structural model generation mod-
ule of the ensemble optimization method (EOM v2.0 (47))
we defined the ZBD, RPD and the helicase domain as rigid
bodies, and the connecting linkers and N- and C-terminal
segments as flexible regions, and generated 5000 models
with different conformations for the hexamers and hep-
tamers. For all these models the theoretical SAXS profile
was computed with the program CRYSOL (48) using stan-
dard parameters. From all these models/curves EOM se-
lected a sub-ensemble of five conformations that optimally
described the experimental SAXS curve. In order to have a
better description of the conformational flexibility of Twin-
kle, the optimization was performed 100 times. The same
procedure was repeated for sub-ensembles of 2, 10, 15, 20
and 50 conformations. Importantly, equivalent Rg and D,y
distributions were obtained independently of the size of the
sub-ensemble, suggesting no overfitting (see Results).

RESULTS

In order to find optimal conditions to stabilize Twinkle in
a homogeneous population with no nucleic acid bound, we
screened several chemical solutions by differential scanning
fluorimetry (49). Twinkle was consistently more stable at
high concentrations of NaCl (typically ~1M). Therefore,
by using high salt we ensured that the sample did not bind
DNA, as assessed by monitoring the ratio between the ODs
at 260 and 280 nm during all steps of purification, while the
particle maintained its oligomeric structure, as monitored
by gel filtration (Figure 1C). Activity analysis of Twinkle
in E. coli and in insect cells showed that the DNA binding
and helicase activities were indistinguishable from those of
Twinkle expressed by mammalian cells (Figure 2A).

Twinkle forms flexible hexameric and heptameric rings

To elucidate the structural organization of Twinkle, we first
carried out single-particle negative staining EM studies with
Twinkle produced in either insect cells or in E. coli. In both
cases the two-dimensional analysis of recombinant Twinkle
revealed distinct averages that display either six or seven ra-
dial densities (Figure 2B and Supplementary Figure S1), in-
dicating the coexistence of heptameric and hexameric ring-
like species. Each monomer showed one region connected to
neighboring subunits and contributing to a ring with a cen-
tral channel, while another region was exposed to the sol-
vent with variable orientations in radial arrangement (Fig-
ure 2B), thus suggesting that, in the conditions tested, Twin-
kle oligomers have flexible regions. This flexibility is rem-
iniscent of the T7 gp4 crystal structure, in which the C-
terminal segment of the RPD-CTD linker performs strong
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Figure 2. Activity and oligomers of Twinkle. (A) DNA unwinding activ-
ity of the three forms of Twinkle, expressed in SF9 insect cells (SF9, lanes
3 and 4), in E. coli (lanes 5 and 6) and in HEK mammalian cells (HEK,
lanes 7 to 9, produced as previously reported) (25), was analyzed by mon-
itoring the unwound ssDNA radiolabeled product of 60 bases from the
M13(+) ssDNA plasmid. Lane 1 contains substrate; lane 2, boiled sub-
strate; and the remaining lanes contain the indicated amounts of Twinkle
(from 30ng to 100ng). Helicase activity of Twinkle was tested in the pres-
ence of UTP, except lane 8 for the HEK cells (lane 60ng -UTP). (B) Samples
of Twinkle produced in insect cells purified by size exclusion chromatog-
raphy were analyzed by negative staining EM. The two-dimensional class
averages obtained by classification show the presence of hexamers, hep-
tamers and open rings.

contacts with the CTD of the neighboring subunit, whereas
the N-terminal linker segment allows variable orientations
of the RPDs over adjacent CTDs. This results in a loose
arrangement of all N-terminal domains with respect to the
helicase ring (12).

Cryo-EM studies show asymmetry in the N-terminal ring

Despite the initial successful classification by negative stain-
ing EM, further analysis by 3D averaging techniques such
as cryo-electron microscopy (cryo-EM) required a more ho-
mogeneous sample. SEC revealed species with different hy-
drodynamic radius, and thus heterogencous. Fractions col-
lected at the end of the SEC peak (Figure 1C), which were
expected to contain mostly hexamers, were selected for sta-
bilization by the GraFix method (31). This technique rigid-
ifies the macromolecules without inducing major structural
rearrangements, by fractionating different conformations
or oligomerization states in a density gradient of both glyc-
erol and cross-linker (31,50). An initial analysis by negative
staining of distinct GraFix-generated fractions showed that
only few contained homogeneous molecular populations.



These were mostly hexamers, and suitable for cryo-EM. No
heptamers were detected. The initial two-dimensional char-
acterization of cross-linked Twinkle showed a more uniform
diameter of the oligomers (Figure 3A) when compared with
the negatively stained free sample (Figure 2B). After pro-
cessing 12 790 particles, two types of electron density map
(at 11.6 A, cut-off of 0.15 in the FSC, Supplementary Fig-
ure S2) were calculated. One map was obtained by apply-
ing six-fold rotational symmetry to the entire particles (map
C6-C6), which, consistent with the negative-staining EM,
showed two stacked rings of different overall diameter en-
circling a central channel that widened when going from the
upper narrow ring to the lower open lobules (Figure 3B).
The upper ring was assigned to the helicase CTDs (‘TOP’
in Figure 3C; ~130 Ain diameter in panel B) and the lower
to the NTDs (‘BOTTOM’; ~160 Ain diameter). The NTDs
appeared in the form of six symmetric densities with no visi-
ble connections between them (Figure 3C). In addition, fos-
tered by the T7 gp4 crystal structure, which showed vari-
able orientations of the N-terminal domains (12), we fur-
ther broke the six-fold symmetry of the widest NTDs ring
while keeping the six-fold symmetry for the CTDs. This re-
sulted in a 3D map (map C1-C6, at estimated resolution of
12 A, Supplementary Figure S2) that showed the smaller
ring with continuous density in a six-tip star shape, which
was similar to the CTDs ring of map C6-C6 (compare Fig-
ure 3C and 3D, left panel). In contrast, in the ring attributed
to the NTDs, four extra density blobs arose connecting five
N-terminal lobules, while one NTD remained isolated (Fig-
ure 3D, central and right panels; compare with Figure 3C,
same panels). Fully asymmetric image processing for both
NTD and CTD yielded map C1 (Figure 3E) with features
similar to map C1-C6, but in the last the signal-to-noise ra-
tios were better. The sequence of slices from the N-terminal
to the C-terminal ring of the reconstructed volume further
evidenced the asymmetry of the particle (Figure 3E).

Cryo-EM-based homology modeling

In order to analyze the molecular architecture of Twinkle
oligomers within the cryo-EM maps, a homology-model
of each of the constituting domains was built. Among the
SF4 family of helicases, only partial crystal structures of
T7 gp4 have been solved by X-ray crystallography to date:
the CTD in complex with NTPs, which forms a helical fil-
ament (PDB codes 1CRO to 1CR4) (51); the CTD and
the linker in complex with a non-hydrolysable ATP ana-
log forming a hexameric ring (1E0J and 1EOK) (6); a 56-
kDa natural short form with excised ZBD, which crystal-
lized as a heptameric ring (1Q57, Figure 1A) (12); and the
isolated primase domain showing ZBD-RPD domain swap-
ping between two crystallographic partners (INUI) (17).
Separately, these structures did not enable us to build a full-
length model of Twinkle because the NTD of the latter con-
tains insertions, in particular at the ZBD (see Supplemen-
tary Figure S2). Searches with BLAST against the Protein
Data Bank (PDB; www.pdb.org) using only the sequence of
the Twinkle N-terminal region pointed to the crystal struc-
ture of DnaG primase from 4. aeolicus (PDB code 2AU3)
(24), which includes both a ZBD and an RPD, as a poten-
tial structural relative. Therefore, taking into account the
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secondary structure prediction of Twinkle, its sequence was
threaded into a chimera of the DnaG (PDB 2AU3) and T7
gp4 (PDB 1Q57) models, which were superimposed on their
respective RPDs, using MODELLER (38) (Figure 1A, see
Experimental Procedures).

Rigid-body fitting was performed against both C6-C6
and C1-C6 maps. In T7 gp4 oligomers, the NTDs are
placed on top of the CTDs from the neighboring subunit by
virtue of an extended interconnecting linker, and the same
arrangement was compatible with our cryo-EM maps of
Twinkle (Figure 4A). Since in both C6-C6 and C1-C6 maps
a six-fold symmetry had been applied to the C-terminal
ring, the CTD fit was identical in both cases and, indeed,
similar to the hexameric and heptameric structures of T7
gp4, which show similar CTD interfaces (12). However, for
the NTDs, fitting into the C6-C6 map was hampered by the
small size of the averaged reconstructed volumes. In con-
trast, NTD fitting into the C1-C6 map was better but re-
quired the introduction of inter-domain flexibility by molec-
ular dynamics (see Experimental Procedures and Supple-
mentary Figure S4). In particular, this latter fitting required
rotation of the NTDs to place four ZBDs of consecutive
subunits (ZBD1 to ZBD4) into the four extra densities. Fol-
lowing this arrangement, the four ZBDs contact the sur-
face facing the channel of a neighboring RPD (contact in
trans) while also contacting the RPD of their own sub-
unit (contact in cis), thus showing a head-to-tail interac-
tion between RPDs and ZBDs (Figure 4B and C). How-
ever, whereas the RPDs fit into well-defined density and
are arranged similarly within the helicase ring, the interven-
ing ZBDs show variable orientations (Figure 4B, left panel)
and protrude differently from the particle (Figure 4B, cen-
tral panel): ZBD2 is closest to the RPD ring, while ZBD],
ZBD4 and ZBD3 are moved outward by, respectively, 8 A
9Aand 12 A along the vertical axis. Therefore, the RPD-
ZBD contacts are not constant. No suitable density was ob-
served for ZBDS5 or ZBD6 (Figure 4B and C, left panel),
thus indicating that in two neighboring subunits the ZBDs
are highly flexible. Overall, the NTD has a stable part pro-
vided by the RPDs and a highly flexible part afforded by the
ZBDs.

SAXS studies reveal high flexibility at the inter-domain con-
nectors

To characterize the conformational dynamics of Twinkle
in solution, we conducted SAXS studies with Twinkle pro-
duced in E. coli, whose gel filtration elution profile and
negative-staining analysis were equivalent to those of pro-
tein produced in insect cells. The molecular mass estimated
by SAXS was 454K Da, which suggested the presence of a
mixture of hexamers (442 KDa) and heptamers (515 KDa).
The R, of Twinkle in solution was 69.8 A and the pairwise
distance distribution function of the curve, p(r) (Supple-
mentary Figure S5), which reflects the distribution of the
intra-molecular distances, showed a smooth decrease to-
ward a maximum distance (Dpax) of 240 A. In addition, the
Kratky plot displayed a pronounced peak that did not drop
to zero at high s values, which is consistent with a globular
protein with flexible regions (Supplementary Figure S5). In
order to explain the SAXS curve at the molecular level, hex-
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SLICES

Figure 3. Mitochondrial helicase 3D reconstruction. (A) Cryo-EM 2D classes of a crosslinked GraFix fraction (see Results) showed hexamers. (B) The
3D reconstruction applying C6 symmetry to the whole particle (C6-C6 map) shows two stacked rings, one with continuous density and the other with no
density between lobules. (C) Three views of the electron density map after applying 6-fold symmetry to the whole particle. (D) Relaxation of the symmetry
at the discontinuous ring (C1-C6 map) resulted in extra density between lobules, indicated by arrows. (E) Rendering of the 3D map without imposed

symmetry (C1) is displayed together with slices of the reconstructed volume. The sequence of slices reveals 6-fold symmetry in the C-terminal ring but open
asymmetric rings at the N-terminal region.
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Figure 4. Model fitting. (A) Segmentation of the C1-C6 map into monomers upon structural fitting based on the T7 gp4 short form structural arrangement
(12), in which each RPD contacts the C-terminal domain of the next subunit. (B) Organization of the molecular model upon flexible fitting into the C1-C6
3D map. The ZBD domains are numbered and represented in blue, RPDs in magenta and CTDs in gold. The C- (or N)-terminal domains are not depicted
in the left (or right) volume, for clarity. The vertical blue arrow symbolizes the level difference between ZBD2 and ZBD3 (12 A). (C) Left and central
volumes are segmented around one subunit with the homology model fitted in, with same colors as in B. Right, scheme showing a ZBD contacting the

RPD from its own subunit and from its neighbor simultaneously.

amers (based on T7 gp4 PDB 1E0J) and heptamers (PDB
1Q57) of the aforementioned homology model were con-
structed, but they did not fit the experimental SAXS curves
(the associated x> values were >10 in all cases). Consider-
ing the Kratky plot and previous reports suggesting flexi-
bility at the interdomain loops (5), we attributed this dis-
agreement to the absence of flexibility in our atomic models.
Therefore, we applied the ensemble optimization method
(EOM, (47)) to generate hexamers and heptamers with flex-
ible inter-domain arrangements. Two pools of 5000 hexam-
ers (based on the aforementioned C1-C6 map homology
model) and heptamers (based on a chimera model of T7
gp4 heptamer 1Q57 and DnaG primase 2AU3) were gen-
erated using RanCh (47). In these models the ZBD-RPD
linker (residues 157-161) and the N-terminal segment of
the RPD-CTD linker (residues 361-365), as well as the N-
terminal and the C-terminal tails, were defined as flexible
regions with complete conformational freedom. The EOM
genetic algorithm selected a sub-ensemble of five conforma-
tions with a hexamer/heptamer ratio of 3/2, which, collec-
tively, was in agreement (x > = 0.71) with the SAXS curve in
the complete momentum transfer range (Figure 5A). These
results substantiate equilibrium between hexamers and hep-
tamers as observed in EM. The wide R, distribution of the
EOM-selected models reflected the heterogeneity of con-
formations present in the sample (Supplementary Figure
S5). In addition, calculation of EOM sub-ensembles using a

variable number of conformations (from 2 to 50) presented
similar quality of description of the experimental SAXS
curve and, importantly, showed similar R, and Dy, distri-
butions, suggesting no overfitting of the data (Supplemen-
tary Figure S5). The representation of the five conforma-
tions sub-ensemble reveals that the helicase ring domains
are connected to highly flexible linkers that orientate the
NTDs mostly on one side of the Twinkle ring (Figure 5B).
In addition, ZBDs and RPDs also showed multiple relative
orientations toward each other. Both Twinkle models, that
from the T7 gp4 heptameric ring and that obtained by EM,
have a similar overall diameter (127 and 124 A, respectively,
Figure 5C). Both have a channel of more than 40 A that
could putatively accommodate either ss- or dsDNA, which
would be compatible with Twinkle’s function. In contrast,
EOM trials using a T7 gp4 structure-based flexible hex-
amer did not fit the SAXS data (x 2 = 1.80); note that this
structure has a ring width of 108 A, and the central chan-
nel is 18 A wide, so it could only thread an ssDNA strand
(Figure 5C). Considering the ability of EOM to detect and
quantify the flexibility of macromolecules in solution (52),
this result strongly suggested that our particles in solution
displayed a wide central channel. Overall, these results indi-
cate compatibility of the flexible structure derived from the
cryo-EM hexamer with a fraction of the population in so-
lution, the rest being compatible with flexible T7 gp4-based
heptamers. In addition, unbound Twinkle oligomer dimen-
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Figure 5. Analysis of Twinkle in solution. (A) Left lpanel: the experimental scattering-intensity curve (in black) is represented on a logarithmic scale as a
function of the momentum transfer, s = 4wsin(6) A\~ (26, scattering angle; A = 0.9919 A, X-ray wavelength). The fitted EOM (see Experimental Procedures)
curve for the mixture of flexible hexamers and heptamers (in red, x 2 = 0.71) and for the flexible gp4-like hexamer (in green, x> = 1.80) is shown. Below the
panel, residuals show respective quality of fit. (B) Top and lateral molecular representation of the sub-ensemble of two models of T7 gp4 structure-based
(1Q57, gp4 like) heptamers (right column) and three of EM-based hexamers (EM like, left) that collectively fit the data, superimposed by their CTD. ZBDs
and RPDs are represented in ribbons while CTD rings are represented as a surface; each subunit has a different color. Red dots represent the position of
C® atoms of the flexible linkers and N- and C-terminal tails. (C) Surface representations of Twinkle CTD rings based on the T7 gp4 heptamer (PDB 1Q57)
and hexamer (1E0J) and the cryo EM structure described here. Relative internal and external diameters values are represented by circles.

sions are consistent with binding of either ss- or dsDNA
through the central channel.

DISCUSSION

Our structural studies show that Twinkle forms hexamers
and heptamers of variable conformation in the presence
of high salt but in the absence of NTPs, Mg?>* or DNA.
These findings are consistent with previous reports show-
ing that both stability and flexibility of Twinkle increased
with salt concentration (11). In general, DNA-binding pro-
teins are stabilized by solutions containing high concentra-
tions of NaCl that compensate the protein electropositive

surfaces involved in contacts with the negatively charged
phosphate backbone of nucleic acids. On the other hand,
high ionic strength may disrupt electrostatic interactions
between domains, resulting in greater flexibility. This has
been illustrated for 4. aeolicus DnaG primase, in which the
ZBD and RPD, connected by a flexible linker, crystallized
at low salt conditions in a compact conformation with the
two domains docked through a hydrophilic interface (24)
(PDB 2AU3). The same authors used FRET at physiolog-
ical salt concentrations to reveal a compact form that, at
high salt, extended thanks to the flexible linker. Similarly,
the crystal structure of the T7 gp4 primase domain (PDB



INUI) showed two protomers that swap their ZBDs, which
perform electrostatic contacts with the symmetric RPDs by
virtue of a flexible extended inter-domain linker (17). For
Twinkle, flexibility of the ZBD-RPD linker was previously
suggested (5) and is hereby confirmed. On the other hand,
our combination of SEC with GraFix sub-fractionation al-
lowed isolation of stabilized hexamers with a compact ar-
rangement. This contrasts with the description of Twinkle
in solution as an ensemble of more or less extended confor-
mations. We hypothesize that a subpopulation of hexamers
was locked in their compact state by the GraFix method.
Overall, these results suggest that the inter-domain contacts
between ZBD and RPD, but also those between RPD and
CTD, are predominantly electrostatic and putatively tun-
able during the activity cycle of Twinkle, potentially under-
going structural rearrangements triggered by flexible linkers
between domains.

Structural variability in ZBDs

For an SF4 protein displaying a structural organization ho-
mologous to a bifunctional primase-helicase, the hexam-
eric model we present here includes a complete protomer
comprising ZBD, RPD and CTD. Interestingly, the ZBDs
were visible only in the absence of symmetry restraints and
in four out of six protomers, thus indicating different posi-
tions and orientations of ZBDs in the stable hexamer. Since
partial ZBD excision (construct A1-121) particularly re-
duces ssDNA binding (13), our cryo-EM model suggests
that during translocation the ZBDs may bind ssDNA from
different positions, two of them highly flexible. On the other
hand, the clustering of delocalized ZBDs at one region of
the NTDs ring or the open rings detected by negative stain-
ing suggest particles broken on one side. Notably, ring open-
ing is triggered by the NTD in T7 gp4 (53) and is required
for DNA loading (54).

Within the cryo-EM Twinkle hexamer, RPDs and ZBDs
contact in a head-to-tail manner. Contacts between RPDs
and ZBDs from different subunits are part of the transfer
mechanism of the ssDNA priming site from the ZBD to the
RPD in active primases (16). E. coli and A. aeolicus DnaGs
and phage T7 gp4 perform efficient primer synthesis by cis
and trans crosstalk between ZBDs and RPDs from differ-
ent subunits (23,24). Cis and trans ZBD-RPD contacts have
been shown by crystal structure analysis (17,24), yet they
do not involve the active sites. In our cryo-EM model, the
ZBDs contact neighboring subunit RPDs in a region facing
the channel. At the back of this region, exposed to the sol-
vent, are the amino acids that would be involved in primer
synthesis in an active primase (compare Figure 4C and Sup-
plementary Figure S6). If this contact occurred in an active
SF4 primase, ZBD and RPD active sites could interact only
by means of a small linker extension and a slight RPDs and
ZBDs reorientation.

Contacts between N-terminal and helicase domains

Progressively longer deletion of the NTD—i.e. removal
of ZBD, or ZBD and part of RPD (truncation Al-
314)—increasingly affects ATPase and helicase activities of
Twinkle, suggesting a functional or structural role of the
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NTD that influences the CTD folding and function (13). In
our hands, a Twinkle construct that contained the CTD and
the preceding inter-domain linker (A1-357) showed high
heterogeneity both in size-exclusion chromatography and
in florescence-based thermal shift assays (data not shown).
This contrasted with the homogeneity of the full-length
protein and suggested a weak contribution of the linker
to the hexamer assembly. It also contrasts with T7 gp4,
in which the linker alone stabilizes multimerization of the
CTDs (6,51). Instead, the N-terminal truncation A1-314,
which keeps the C-terminal region of the RPD, can form
stable hexamers, indicating that the RPD fragment con-
tains residues that contribute to oligomer stability (13).
This is consistent with the Twinkle EM-based oligomeric
model, which shows all RPD C-terminal regions facing the
CTDs in rather similar orientations. In particular, vicinal
RPD/CTD surfaces include motif V and VI from the RPD
and motif la and following residues to motif 2 from the
CTD (Supplementary Figure S6), which, together with the
linker, are hot-spots for disease-linked mutations (Supple-
mentary Table 1). According to previous reports (14), most
of these mutants show structural instability that could have
deleterious consequences in the long term. However, due
to the limitation of our resolution, these detailed struc-
tural observations should be taken with caution. Nonethe-
less, in T7 gp4, the contact between RPD and CTD, de-
spite being far from the active site, has shown to modu-
late the activity of the phage helicase (55), pin-pointing its
functional importance. The functions of Twinkle include
DNA translocation, which may involve structurally rele-
vant subunit-specific CTD rotations to configure the central
channel for ssDNA binding and pulling. This is the case
in T7 gp4 (6), DnaB (56) and in papilloma-virus E1 heli-
case (from SF3) (57). Based on the Twinkle EM structure,
a rotation of a CTD would affect the contact with the ad-
jacent subunit RPD. Whether the RPD/CTD interface is
disrupted or, by means of a flexible RPD-CTD linker re-
mains intact during translocation, needs to be addressed by
further research.

Heptamers, hexamers and variable central channel diameter

Studies describing hexamers and heptamers show disparate
results, possibly attributable to differences in the experimen-
tal conditions (9,11). We found both hexamers and hep-
tamers in the absence of ligands at high salt. T7 gp4 forms
hexamers when bound to nucleoside di- or triphosphate and
ssDNA, while a mixture of hexa- and heptamers appears in
the absence of DNA. An ssDNA loading mechanism was
proposed, according to which a heptamer ejects one sub-
unit when it contacts ssSDNA. This creates a gap in the ring
through which the hexamer loads the ssDNA to the inter-
nal channel (54). However, because T7 gp4 binds dsDNA,
other authors have proposed that heptamers translocate on
it (12). Our unliganded heptamer selected by SAXS shows
a wide central channel compatible with either functional
model, i.e. subunit ejection upon ssDNA detection or ds-
DNA translocation. The EM hexamer also shows a wide
channel, and could thus allocate dSDNA. However, struc-
tural studies of hexameric helicases systematically show
that, upon ssDNA binding, the ring converts to a right-
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handed spiral with a dramatic narrowing of the central
channel, which harbors ssDNA (54,56). Unliganded Twin-
kle hexamers could also undergo similar reshaping upon
binding of cofactors or ssDNA.

Twinkle is particular in binding both dsDNA and ss-
DNA but, in contrast to T7 gp4, it has higher affinity for
the former (9,11,13,14). In addition, a study analyzing the
DNA re-annealing ability of Twinkle detected a total of
three DNA-binding sites, two for ssDNA (putatively in the
central channel and on the external ring surface) and one
for dsDNA (9). Accordingly, sequence alignment (Supple-
mentary Figure S3) suggests that Twinkle’s central channel
may also contain the CTD ssDNA-binding loops found in
other SF4 helicases, and our EM model shows the RPDs
oriented so that the regions involved in ssDNA binding in
active primases (e.g. DnaG (20)) are on the outer surface
(Supplementary Figure S6). Therefore, the cryo-EM model
of Twinkle described here is also compatible with internal
and external binding sites for ssDNA reannealing.

A number of mutations in Twinkle have been found to be
associated with various pathologies, and insights into the
molecular mechanisms underlying its function in health and
disease are provided by examination of its 3D structure. In
summary, the hexamer structure revealed by EM shows a
compact arrangement, in which a ZBD and an RPD from
one subunit contact, respectively, the RPD and CTD of a
neighboring subunit. RPDs and CTDs show broadly simi-
lar arrangements, suggesting a stable, functionally relevant
contact. In contrast, the ZBDs show independent orienta-
tions, which is compatible with the asymmetric, differential
ZBD positioning required for DNA pulling. Interdomain
flexible loops allow for multiple conformations, and in so-
lution ZBD/RPD/CTD contacts are disrupted while the
hexameric ring remains intact. Taken together, our results
show that Twinkle’s 3D structure supports the high plastic-
ity needed for DNA loading and helicase activity.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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