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" Check for updates The human mitochondrial helicase Twinkle is essential for mitochondrial DNA

(mtDNA) replication and integrity. Using biochemical and single-molecule
techniques, we investigated Twinkle’s real-time kinetics, including DNA load-
ing, unwinding, and rewinding, and their regulation by its N-terminal Zinc-
binding domain (ZBD), C-terminal tail, and mitochondrial SSB protein (mtSSB).
Our results indicate that Twinkle rapidly scans dsDNA to locate the fork, where
specific interactions halt diffusion. During unwinding, ZBD-DNA interactions
and C-terminal tail control of ATPase activity downregulate kinetics, slowing
down the helicase. Binding of mtSSB to DNA likely outcompetes ZBD-DNA
interactions, alleviating the downregulatory effects of this domain. Further-
more, we show that ZBD-DNA interactions and ATP binding also regulate
rewinding kinetics following helicase stalling. Our findings reveal that ZBD and
C-terminal tail play a major role in regulation of Twinkle s real-time kinetics.
Their interplay constitutes an auto-regulatory mechanism that may be relevant
for coordinating the mtDNA maintenance activities of the helicase.

Mitochondrial DNA (mtDNA) is maintained and replicated differently  structural and biochemical data showed that Twinkle can also exist in

from its nuclear counterpart. Twinkle is the sole replicative helicase
found in human mitochondria™. It presents strand separation activity
needed for leading strand replication. In addition, Twinkle exhibits
strand annealing, strand-exchange and branch migration activities and
is essential for organization of mitochondrial RNA granules®”’, sug-
gesting a multi-contextual role in mitochondrial nucleic acid metabo-
lism. The essential function of Twinkle is underscored by disease
variants of the helicase, which lead to alterations in the copy number
and integrity of mtDNA associated with embryonic lethality and
numerous heritable neuromuscular diseases®™.

Twinkle belongs to the superfamily 4 DNA helicases, which
assemble into ring-shaped oligomers that bind NTPs at each of the
subunits interfaces and DNA in the central channel*™. However,

other oligomeric states in solution, from broken rings to higher order
> 6-mer ring-like oligomers'?', Each subunit of Twinkle could be divided
into an N-terminal domain (NTD) and a C-terminal domain (CTD), joined
by aflexible helical linker (Fig. 1a). The CTD of Twinkle, which shares high
similarity with the CTD of the homologous bacteriophage T7 helicase”,
contains the conserved helicase and ATPase motifs'®. These motifs are
located between two adjacent CTDs, so that the binding of the NTPs
effectively connects the subunits and enables their coordinated move-
ment after NTP hydrolysis. The terminal residues of the CTD form an
unstructured tail (C-tail) with no sequence similarity with the C-terminal
tail of T7 helicase, but well conserved among most mammals”. Deletion
of the C-tail increased NTP hydrolysis"*?°, suggesting that the C-tail of
the full-length helicase provides negative regulatory function. Twinkle
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Fig. 1| Loading and diffusion of Twinkle on DNA. a (Top) Twinkle consists of an
ancestral N-terminal primase domain and a C-terminal helicase domain, connected
by a linker region. Residues (numbers) corresponding to the Zinc Binding Domain
(ZBD, orange) and the carboxyl-terminal tail (C-Tail, magenta) were deleted in the
AZBD and AC-tail variants, respectively. MTS-Mitochondrial Targeting Sequence.
(Bottom) Representation of Twinkle hexamer, with ZBD in orange and the C-tail in
magenta, prepared by superimposing AlfaFold2’° predicted monomers with T7gp4
hexamer (PDB 1EOK). b (Left) Diagram of the optical tweezers-confocal assay to
image eGFP-Twinkle (green) on individual DNA constructs containing a DNA fork
attached between optically trapped beads (Methods). (Right) Schematics of the
fork DNA construct showing the helicase loading site, (dT)so, the distance of the
fluorophore to the junction (20 bp) and the lengths of the unwinding segment
(446 bp) and dsDNA handles labeled with biotin (blue dots). ¢ Example scans
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showing separately (left) the Atto 647N-labelled fork position (red) and (right)
Twinkle diffraction-limited spots (green) on the DNA construct. d Distribution of
initial positions of eGFP-Twinkle diffraction-limited spots on the DNA constructs
showing preferential binding at the fork position (N=50, PDF considers the error
in the position of each oligomer as the standard deviation). e Representative
kymographs of eGFP-Twinkle oligomers (green) binding directly (top) or diffusing
before loading (bottom) at the fork position (in red). f Representative position vs.
time plots of eGFP-Twinkle spots show that diffusion is halted upon finding the
fork position (4 mM ATP). g Diffusion coefficients of individual Twinkle units (6 + 2
monomers) on dsDNA (green, N =39 independent Twinkle units), ssDNA (grey,

N =38, Supplementary Fig. 4) and DNA fork (red, N =21) at different ATP con-
centrations or in the presence of ATPYS. Error bars represent standard error of the
mean (s.e.). For this figure (f, g) source data are provided as a Source Data file.

NTD exhibits DNA binding activity, providing stability and uniformity to
Twinkle oligomers*?-*, Although the NTD contains primase motifs, this
function has been lost in human Twinkle due to its deficiency to bind
Mg*" in the ancestral catalytic site”. The N-terminal zinc-binding domain
(ZBD) confers ssDNA binding activity, which in the homologous T7
helicase contributes to the priming process®. In humans, however, ZBD
appears to lack three of the four conserved cysteine residues that
coordinate Zn* in the T7 helicase>", and its function remains unknown.

Twinkle binds both single-stranded and double-stranded (ds)
DNA®**% and can self-load onto single-stranded (ss)DNA circles®**?*.
Recent AFM and HS-AFM studies on human and Lates calcarifer
Twinkle (LcTwinkle) have shown that Twinkle ring-like oligomers can

switch between close-to-open conformations, allowing them to load
(and unload) onto dsDNA without the need for a dedicated helicase
loader®*”. The dual ability of Twinkle to load onto both ds- and ss- DNA
raises the question of how the helicase recognizes the DNA fork
position within the ~16 kbp long mtDNA.

Upon loading at the DNA fork, Twinkle catalyzes the unwinding of
duplex DNA in a 5’ to 3’ direction, driven by the hydrolysis of nucleo-
side triphosphate***?, Recent biochemical and single-molecule stu-
dies suggest the existence of multiple ssDNA-binding sites on the
helicase surface*>?, supporting a steric exclusion and wrapping model
for DNA unwinding®. Interestingly, Twinkle exhibits a DNA unwinding
activity limited to a few base pairs (20-40 bp)****%, which is enhanced
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to kilo base pairs processivity by its partners at the replisome**?; Poly
and the mitochondrial SSB protein (mtSSB). This behavior suggests
strong regulatory mechanisms. However, the origin of regulation and
the mechanism by which is relieved by other replication components
remain unexplored.

In this study, we combine biochemical assays with single-molecule
manipulation and visualization techniques to investigate the effects of
ATP, helicase-DNA interactions and mtSSB on the loading and real-time
DNA unwinding and rewinding kinetics of the human mitochondrial
helicase Twinkle. To assess the putative regulatory roles of the N- and
C-terminal domains, we compare the real-time kinetics of wild-type
helicase (WT) with those of truncation variants (Fig. 1a): AZBD, which
lacks the first 146 residues of the NTD (corresponding to the ZBD in the
homologous T7 helicase??), and AC-tail, which lacks 66 residues of the
unstructured C-terminal tail. The AZBD variant disrupts the stabilization
of binding to the translocation strand without significantly affecting the
ATPase activity”?, while the AC-tail variant increases ATPase activity
without altering DNA binding significantly”>*?°. Our results demon-
strate that Twinkle rapidly diffuses on long dsDNA, scanning for and
stably binding to the DNA fork. Functional loading of the helicase at the
fork (i.e., loading followed by unwinding) is facilitated by interactions
between Twinkle’s C-tail and mtSSB. During DNA unwinding, the real-
time kinetics of Twinkle are strongly autoregulated by ZBD-DNA inter-
actions and the control of ATPase activity by the CTD. Binding of mtSSB
to ssDNA competes for ZBD-DNA interactions, alleviating the inhibitory
effects of the ZBD. Furthermore, we show that the ZBD and C-tail play
critical roles in controlling DNA rewinding events, a hallmark of Twin-
kle’s activity following DNA unwinding.

Results

Diffusion of Twinkle on dsDNA facilitates fork recognition

First, we investigated how Twinkle recognizes a single DNA fork within
along dsDNA compatible with the length of the mtDNA ( - 16 kbp). We
used optical tweezers combined with confocal scanning microscopy
and microfluidics® to image the position of fluorescent Twinkle (eGFP-
Twinkle) oligomers in real-time along individual 18 kbp-long dsDNA
molecules containing a single DNA fork (446 bp), tethered under
constant tension (3 or 10 picoNewtons, pN) between two optically
trapped beads (Fig. 1b, Methods). The fork was labelled with Atto 647 N
at the 3’-end to locate its position and contains a 30 nt long 5’-ssDNA
gap to facilitate Twinkle DNA unwinding activity (Fig. 1b, c, Methods).
Of note, the DNA unwinding activity of eGFP-Twinkle was indis-
tinguishable from that of wild-type (WT) Twinkle on DNA forks with
and without Atto 647 N as evidenced by both biochemical and single-
molecule assays (Supplementary Figs. 1 and 2a).

Upon DNA attachment, eGFP-Twinkle (1nM) was flown into the
reaction chamber and detected as diffraction-limited spots on the DNA
(Fig. 1c). In the presence of ATP (4 mM), all trapped DNA molecules
contained one or several diffraction-limited fluorescent spots (Fig. 1c).
We observed a wide distribution of initial binding positions, with a
predominant peak at the DNA fork location, which constitutes only
~0.16% of the total length of the trapped DNA construct (Fig. 1d,
number of molecules, N=50). Fluorescence spots bound to the DNA
fork remained apparently static (Fig. 1e). However, those bound to the
dsDNA moved bidirectionally until they encountered the protein-free
DNA fork, where movement ceased (Fig.le, f). We confirmed that the
fluorophore does not non-specifically halt Twinkle diffusion (Supple-
mentary Fig. 2b, c). Additionally, in the absence of the DNA fork, eGFP-
Twinkle did not show preferential binding, and its diffusion was not
halted at specific positions on dsDNA (Supplementary Fig. 2d, e). These
results show that loading of the helicase at the fork can be attained
alternatively after scanning of the dsDNA.

The number of Twinkle monomers per diffraction-limited spot
was estimated by normalizing their fluorescent intensity by that of a
control eGFP-protein fusion (Methods and Supplementary Fig. 3). We

considered oligomeric assemblies containing 6 + 2 eGFPs as individual
Twinkle units, whereas multiples of this value were considered either
partial (broken rings) or higher oligomers (Supplementary Fig. 3).
Analysis of the motion of diffraction-limited spots compatible
with one unit of Twinkle revealed that they presented an average dif-
fusion coefficient on dsDNA (D) of 0.075 + 0.006 pm?/s, which cor-
responds to 0.787+0.065kb*s (4mM ATP, N=20). Dy was
independent on ATP concentration and the presence of the non-
hydrolysable ATP analog ATPyS (Fig. 1g, N =39), showing that diffusive
movement did not depend on ATP hydrolysis. D4 was also found to be
independent on tension below 10 pN (Supplementary Fig. 3f). Because
the inner diameter of Twinkle oligomers (- 6-mer) is wide enough to
accommodate dsDNA in the central channel®", we presume that the
rapidly diffusive Twinkle is topologically linked to dsDNA. In fact, the
measured Dy, values are in line with those reported for the diffusion
coefficients of other eukaryotic proteins known to encircle dsDNA,
such as the Fanconi anemia D2-1 complex® and CMG helicase®**. In
sharp contrast, Twinkle remained static at the DNA fork at all ATP
concentrations during the observation time, or eGFP-bleaching time
(~120s). The average diffusion coefficient at the fork (D) was
~0.04 kb%/s (N=21) at all ATP concentrations tested (Fig. 1g), which
probably provides a lower limit on the measurable diffusion constant
under our imaging conditions. In an independent set of control
experiments, we measured that Twinkle units also diffuse on ssSDNA
with a diffusion coefficient (D) of 0.21+0.02kb%*s (N=38, 4 mM
ATP), Fig. 1g and Supplementary Fig. 4. This rate is 5-times faster than
that of Twinkle on the DNA fork, indicating that the static binding at
the fork position is not caused by interaction of Twinkle with the
ssDNA portion of the fork. Instead, interactions with the two strands of
the DNA fork are more likely required to stall diffusion of the helicase.

Modulation of real-time DNA unwinding kinetics by ATP

We used dual-beam counter-propagating optical tweezers** to monitor
the real-time kinetics of wild-type and two deletion variants of Twinkle
on individual forked-like DNA constructs, Fig. 2a, b (Methods). DNA
unwinding traces were measured under constant tension monitoring
the increase in the end-to-end extension of the tether as each base pair
of the DNA hairpin was converted into two single-stranded nucleo-
tides, Fig. 2c (Methods). No such extension changes were observed
when assaying a Twinkle variant (K421A) defective in ATP hydrolysis
and DNA unwinding® (Supplementary Fig. 1). In many cases, unwind-
ing activities were followed by DNA rewinding, detected as a reduction
in the end-to-end length of the tether, Fig. 2c. We analyzed unwinding
and rewinding events independently and will discuss them here
sequentially.

Similar to other helicases™ *°, ATP turnover is expected to reg-
ulate the real-time kinetics of DNA unwinding by Twinkle. To investi-
gate this, we first examined the effect of varying ATP concentrations
(ranging from 0.2mM to 10 mM) on the real-time kinetics of DNA
unwinding of wild-type (WT) Twinkle (5nM, tension F=6pN, N=46,
Fig. 2d-g). Analysis of individual DNA unwinding traces revealed an
average unwinding processivity of ~40 bp, which was independent on
ATP concentration (Fig. 2d and Table 1). Processivity was not limited by
the length (559 bp) and/or specific sequence (i.e., GC clusters) of the
DNA fork (Supplementary Methods) and was consistent with previous
biochemical studies of this helicase****, The increase of ATP con-
centration stimulated the average DNA unwinding rate 5-fold, from
~0.8 bp/ s to ~4 bp/ s, Fig. 2e and Table 1. The average unwinding rate
averages out active unwinding burst with pauses, or transient inactive
states, which frequently interrupted the helicase advancement
(Fig. 1c). To discern the effect of ATP concentration on the active and
pause states, we calculated the pause-free unwinding rate* and the
pause occupancy (Methods). The latter was defined as the ratio
between the average rate and the pause-free rate and estimates the
probability of finding the helicase in a pause state. This analysis
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Fig. 2 | ATP and tension dependencies of real-time DNA unwinding kinetics.

a Schematic of optical trapping assays. A DNA fork-like construct is tethered
between two functionalized micron-sized beads. One bead is hold in the optical
trap (red cone), while the other isimmobilized on a micropipette. In the presence of
ATP, DNA unwinding is recorded as a change in tether extension (Ax) under con-
stant mechanical tension (F). The blue arrow indicates the 5’ to 3’ translocation of
the helicase along the hairpin. b The DNA construct consists of a 559 bp DNA
hairpin (sequence in Supplementary Methods) with a ~2.6-kb long dsDNA handle
labelled with digoxigenin (red dots) and a 5’-poly(dT);s labeled with biotin (blue
dot). The single stranded poly(dT);; tail serves as a helicase loading site (Methods).
¢ Representative traces of the WT Twinkle (blue), AZBD (orange) and AC-tail
(magenta) variants (F= 6 pN). DNA unwinding (increase in bp) is often followed by
rewinding (decrease in bp). Raw data (grey background) was smoothed using a low-

T46nsion (pN) Tension (pN)

pass 10 Hz filter. d-g ATP dependencies of the average unwinding processivity (d),
unwinding rate (e), pause-free velocity (f), and pause occupancy (g) for the WT
helicase (blue), and AC-tail (magenta) variant. The dotted line in (f) represents the
Michaelis-Menten fit for the pause-free velocity of WT Twinkle as a function of ATP
concentration (R*=0.89). Data in (d, g) were recorded at F= 6 pN, the minimal
tension enabling consistent activity detection across all ATP concentrations (WT,
N =46 independent activities; A-Ctail, N=36). h-k Tension dependencies of the
average unwinding processivity (h), unwinding rate (i), pause-free velocity (j) and
pause occupancy (k) for WT Twinkle (blue, N=45) and the AZBD variant (orange,
N=32).For all panels, data points represent to the average of multiple independent
measurements, and error bars indicate the s.e. For this figure (d-k) source data are
provided as a Source Data file.

showed that while the pause-free rate presented the expected sig-
moidal increase (Fig. 2f), the pause occupancy decreased almost
twofold with increasing ATP concentrations (Fig. 2g and Table 1).
These findings point to ATP binding as a strong regulator of the
characteristic high pause occupancy of Twinkle, which in turns would
modulate the unwinding kinetics of the helicase at near physiological
ATP concentrations*>*,

In line with these findings, we observed that the Twinkle
C-terminal tail deletion variant (AC-tail, 5nM), which exhibits
enhanced ATPase activity in vitro, showed similar average processivity
but a 5-times faster average unwinding rate than the WT helicase at
<4 mM ATP (N =36, Fig. 2d, e and Table 1). The deletion of the C-tail did
not affect significantly the pause-free velocity of the variant with
respect to that of the WT (Fig. 2f), showing that its increased average

unwinding rate is mainly due to a reduced pause occupancy (Fig. 2g
and Table 1). At ATP concentrations <4 mM, pause occupancy of the
AC-tail variant was about half that of the WT. Accordingly, we showed
that this variant is two- to fivefold more effective than the WT helicase
in DNA unwinding in vitro (Supplementary Fig. 5). Overall, these find-
ings suggest that the C-terminal tail hinders ATP turnover, which in
turn, would increase pause occupancy slowing down the DNA
unwinding kinetics of Twinkle.

Modulation of real-time DNA unwinding kinetics by helicase-
fork interactions

Helicase-DNA interactions are crucial for coupling ATP turnover with
DNA unwinding, and mechanical tension applied to the opposite
strands of the DNA fork influences these interactions***’. Thus, we
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Table 1| Tension and ATP concentration dependencies of
helicase activity

Tension [ATP]
No mtSSB With mtSSB No mtSSB
Average WT 37+6" 128 £14* 49+8M
unwound bp 1951 379" 44+50
AZBD 77129 84+8" 27+6%
28+ 3" 27+ 44 44 +510
AC-taill  35:6" M5 32460
29+ 7" 26+ 7" 39+710
Average WT 0.8+0.2 2.4+0.5" 0.7£0.20
velocity(bp/s) 24+0.4" 0.8+0.1" 3.6£0.6M
AZBD 28+11 23103 1.5£0.3"
2.4+0.3" 2.8+0.3" 4.3+0.200
ACtaill  37:0.9" 41£0.7 3.4+0.6"
2.9+0.9" 31£1.2% 5.0£1.410
Pause wT 0.86:0.03"  0.72:0.05"  0.90+0.08"
occupancy 0.69+0.08"  0.84+0.07"  0.62+0.05"
AZBD 0.75:0.08°  0.70£0.04"  0.80+0.06
0.73+0.09"  0.67+0.05"  0.50+0.06"
ACtail  059:0.09" 059:0.06"  0.62+0.08"
0.60+0.08"  0.67+0.07"  0.60+0.07"

Tension dependencies were measured at 4 mM ATP. Superscripts L and H denote values at
lowest and highest tensions tested, respectively, for each helicase. ATP concentration depen-
dencies were measured at 6 pN. Superscripts (1) and (10) denote values at 1 and 10 mM ATP,
respectively. Error values represent s.e. Sample sizes (N): Tension dependencies without mtSSB:
WT N=45; AZBD N =32; AC-tail N=27. Tension dependencies with mtSSB: WT N=57; AZBD
N=29; AC-tail N=18. ATP concentration dependencies: WT N =45; AZBD N = 45; AC-tail N=36.
The table summarized the average unwound nucleotides, unwinding velocities (bp/s), and pause
occupancies of the studied helicases under varying tension and ATP concentrations ([ATP]).

aimed to determine the role of Twinkle-fork interactions in DNA
unwinding by measuring the helicase’s DNA unwinding kinetics in
response to increasing mechanical tension. Measurements were per-
formed using the experimental setup described above (Fig. 2a) over a
range of constant tension below that required to unfold the hairpin
mechanically (-12 pN) at 4 mM ATP.

Individual DNA unwinding traces of WT Twinkle were detected at
a minimum tension of 5pN, with an average processivity of -40 bp
(N=45, Fig. 2h and Table 1). Interestingly, processivity was found to
decrease slightly with increasing tensions, Fig. 2h. In contrast, tension
stimulated by threefold the average unwinding rate from ~0.8 bp/s to
~2.5bp/s (Fig. 2i and Table 1). Because, tension had no significant effect
on the pause-free rate (-8 bp/s, Fig. 2j), stimulation of the average
velocity could be attributed to the effect of tension on decreasing the
pause occupancy of the helicase, from ~90% (5 pN) to ~70% (11 pN)
(Fig. 2k and Table 1). This stimulatory effect of mechanical tension
could be interpreted as if tension would disrupt helicase-fork inter-
actions that slow down the average velocity. However, we cannot
discard the possibility of tension favoring the ATPase activity of the
helicase.

To distinguish between these two possibilities, we measured the
activity of the Twinkle deletion variant AZBD, which exhibits similar
ATPase activity but reduced DNA binding compared to the WT
Twinkle'*?, Initially, we corroborated that under our experimental
conditions the DNA unwinding kinetics of AZBD depend on ATP con-
centration in a manner similar to that of the WT helicase, as expected
for this variant (Supplementary Fig. 6). Next, we measured the effect of
mechanical tension on the real-time kinetics of the variant (N=32).
Individual DNA unwinding traces of AZBD were detected consistently
at tension as low as 2 pN (3 pN lower than that required to detect WT
activity) and with an enhanced average processivity of ~-80 bp (Fig. 2h).

These results indicate that elimination of ZBD favors functional load-
ing (loading followed by initiation of DNA unwinding) at the fork and
promotes processivity. As in the case of the WT, the average pro-
cessivity of the AZBD variant decreased gradually with tension
(Fig. 2h). In addition, the average unwinding rate of AZBD was 2-3
times faster, and its pause occupancy lower, than those of the WT
Twinkle (<8pN) and they did not show any significant tension
dependencies (Fig. 2i-k). These results go in line with in vitro bio-
chemical assays showing an enhanced DNA unwinding activity of the
AZBD variant (Supplementary Fig. 5) and overall, point to the ZBD as a
source of pauses during DNA unwinding. The fact that tension did not
promote the average rate of the AZBD variant up to values found at
higher ATP concentrations, suggested that tension does not have an
effect on the ATPase activity of the enzyme. Therefore, the observed
dependency of the WT helicase average unwinding rate with tension
could be attributed to the effect of tension on affecting helicase-fork
interactions. A putative scenario compatible with our data is that
tension would disrupt the interactions established by ZBD of the WT
helicase and the DNA, which otherwise, would downregulate DNA
unwinding rate by favoring pause occupancy at near physiological ATP
concentrations.

Modulation of real-time DNA unwinding kinetics by mtSSB
mtSSB is known to stimulate the DNA unwinding activity of Twinkle
in vitro?***?°, However, the specific mechanism behind this stimulation
remains unclear. To investigate this, we measured the effect of mtSSB
(5nM) on the tension-dependent real-time kinetics of WT Twinkle and
the two variants used in this study (at 4 mM ATP, Fig. 3a, b and Table 1).
In the case of the WT (N=57), mtSSB favored the detection of DNA
unwinding activities at tension 3 pN lower than that in the absence of
mtSSB. This result indicates that mtSSB binding to the 5 ssDNA tail
favors the functional loading of the helicase at the fork. This in
agreement with the stimulation of Twinkle DNA unwinding activity by
mtSSB, as measured in our bulk biochemical assays (Supplementary
Fig. 5). At the lowest tension (2 pN), mtSSB stimulated by -3-4 times
the average processivity and DNA unwinding rate of the WT helicase
with respect to the values expected at this tension in the absence of
mtSSB, Fig. 3¢, d. The stimulus in the average velocity aligns well with
the effects of mtSSB and RPA on Twinkle and CMG DNA unwinding
rates measured previously in vitro, respectively?***. Our results showed
that the stimulation of average velocity was due to the effect of mtSSB
on decreasing the pause occupancy rather than to increasing the
pause-free velocity, which remained unaltered (Fig. 3e, f). These sti-
mulatory effects on the real-time kinetics of DNA unwinding seemed
specific to mtSSB because significant stimulation was not detected
with identical concentrations of the homologous Escherichia coli SSB,
consistent with previous bulk studies* (Supplementary Fig. 7). These
two SSB proteins share a high degree of sequence, structural, and
functional homology, including similar binding modes, and affinities
for ssDNA**", Interestingly, the stimulatory effect of mtSSB on the
helicase kinetics ceased as tension increased; stimulation was no
longer detected above -6 pN (Fig. 3¢, d, f). Tension reduces the binding
mode or binding footprint of mtSSB to ssDNA®, suggesting that the
mtSSB binding mode is relevant for stimulation of helicase activity.

In contrast, the binding of mtSSB to DNA did not favor the
detection of activities at lower tension, nor did it have a significant
impact on the DNA unwinding kinetics of the AZBD and AC-tail Twinkle
variants at any mechanical tension, compared to conditions when it
was absent (Fig. 3g-n, AZBD N=29, AC-tail N=18). Biochemical ana-
lysis further confirmed that mtSSB does not stimulate the DNA
unwinding activity of Twinkle variants (Supplementary Fig. 5d). These
results highlight the relevance of the ZBD and C-tail on mediating
functional and/or physical interactions with the mtSSB that would
facilitate functional loading of the helicase onto the DNA fork and/or
promote DNA unwinding kinetics.
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Fig. 3 | Tension dependencies of real-time DNA unwinding kinetics in the
presence of mtSSB. a Schematic of optical trapping assays with mtSSB. The
experimental setup is identical to that described in Fig. 2a, with the addition of
mtSSB (5nM, green shape) in the reaction buffer. Experiments were performed at
4 mM ATP. b Representative unwinding traces with mtSSB. Traces show the activity
of WT Twinkle (blue, F=2 pN), AZBD (orange, F=2 pN) and AC-tail (magenta,
F=6pN) variants in the presence of mtSSB. Under these conditions, only the AC-
tail exhibited significant rewinding events upon unwinding. Raw data (grey back-
ground) was smoothed using a low-pass 10 Hz filter. c-f Tension dependencies of
the average unwinding processivity (c), unwinding rate (d), pause-free velocity (e)
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and pause occupancy (f) for WT Twinkle in the absence (blue empty symbols,
N=45) and presence (solid blue symbols, N=57) of mtSSB. The shaded box
highlights the tension range where mtSSB’s stimulatory effects are most apparent.
g-j panels show same metrics as above (c-f) for the AZBD variant in the absence
(empty orange symbols, N =32) and presence (full orange symbols, N =29) of
mtSSB. k-n panels show same metrics as above (c-f) for the AC-tail variant in the
absence (empty magenta symbols, N=27) and presence (solid magenta symbols,
N=18) of mtSSB. For all panels, data points represent the average of multiple
independent measurements, and error bars indicate the s.e. For this figure (c-n)
source data are provided as a Source Data file.
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Fig. 4 | ATP and tension dependencies of DNA rewinding events. a Bar plots
shows the probability of rewinding events following unwinding for the WT helicase
(blue bars, N=46), AZBD (orange bars, N=25), and AC-tail (magenta bars, N=36)
at varying ATP concentrations. b Average rewinding/unwinding ratios for the WT
(blue symbols, N=17), AZBD (orange symbol, N = 4) and AC-tail (magenta symbols,
N=29) as a function of ATP concentration. Ratios -1 indicate that the number of
rewound bp is similar to the number unwound bp. Data for the AZBD variant is
shown only at 10 mM ATP due to insufficient rewinding events at lower ATP con-
centrations for meaningful analysis. ¢ Average rewinding velocities for the WT
(blue symbols, N=20), AZBD (orange symbol, N = 4) and AC-tail (magenta symbols,

Tension (pN)

Tension (pN)

N=25) variants as a function of ATP concentration. d Probabilities of rewinding
events following unwinding for the WT helicase (blue bars, N =45), AZBD (orange
bars, N=32) and AC-tail (magenta bars, N = 27) variants at varying mechanical
tension. e Average rewinding/unwinding ratios for the WT (blue symbols, N=15),
and AC-tail (magenta symbols, N =24) variant as a function of tension. f Average
rewinding velocities for the WT (blue symbols, N =16) and AC-tail (magenta sym-
bols, N =23) variant under varying tension. ATP dependencies were measured at
6 pN and tension dependencies were measured at 4 mM ATP. Data points repre-
sent the average of multiple independent measurements, and error bars indicate
the s.e. For this figure (b-f) source data are provided as a Source Data file.

ATP binding and ZBD-DNA interactions control

rewinding events

Single-molecule experiments revealed that many individual unwinding
traces were followed by rewinding events (Fig. 2c). We did not observe
in any case rapid or instantaneous rewinding of the DNA fork itself,
which would suggest fast helicase slippage or detachment. Interest-
ingly, significant differences were observed in the rewinding
probabilities and kinetics of the WT and helicase variants under
study, depending on ATP concentration and mechanical tension
(Fig. 4a-f).

In the case of the WT helicase, the probability of occurring of
rewinding events increased from ~35 to ~-80% with ATP concentration
(Fig. 4a, F=6 pN). These rewinding probabilities are in good agree-
ment with those reported previously for WT Twinkle at comparable
ATP concentrations by single-molecule FRET studies’. Remarkably, the
number of rewound base pairs was generally smaller than that of
unwinding. For WT Twinkle the average rewinding/unwinding ratio
(i.e., average number of rewound base pairs divided by the number of
unwound base pairs) was ~0.5 at <10 mM ATP, Fig. 4b. This ratio, along
with the average velocities of rewinding, exhibited increasing trends
with ATP concentration (Fig. 4b, c). These ATP dependencies indicate

that ATP turnover favors the rewinding events. In line with this
hypothesis is that the AC-tail variant (with augmented ATPase activity)
presented higher rewinding probabilities (-80-100%), rewinding/
unwinding ratios and rewinding rates than those of the WT at ATP
concentrations below 10mM, Fig. 4a-c. In sharp contrast, the
rewinding probability of the AZBD variant was just ~5-10% at <10 mM
ATP and only increased to 20% at 10 mM (Fig. 4a). These results indi-
cate that the ZBD domain and/or ZBD interactions with the DNA are
essential to promote rewinding events.

Interestingly, mechanical tension above 5-6 pN had no significant
effect on the average unwinding/rewinding ratios and rates, but it did
affect the rewinding probabilities of WT Twinkle and AC-tail variant
differently (Fig. 4d-f). In the case of the WT, mechanical tension
decreased the occurrence of rewinding events from 60% (5 pN) to 0%
(11-12 pN), Fig. 4d. These results suggest that mechanical tension
would disrupt WT helicase-DNA interactions relevant for rewinding. In
line with this hypothesis, we measured that the presence of mtSSB (and
E.coli SSB) inhibited the occurrence of the WT rewinding events at all
tensions, suggesting mtSSB would outcompete the WT helicase for
DNA interactions relevant for rewinding. In sharp contrast, mechanical
tension and mtSSB did not affect the rewinding probability of the
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unwinding rate. In the presence of mtSSB, interactions between the mtSSB and the
C-terminal tail facilitate functional loading of the helicase onto the fork. mtSSB
binding to the translocation strand outcompetes the inhibitory ZBD-DNA inter-
actions, enhancing functional loading, decreasing pause occupancy during DNA
unwinding, and reducing the probability of rewinding events.

AC-tail variant (Fig. 4d and Supplementary Fig. 8). These results high-
light again that elevated ATP turnover would favor rewinding events
even if helicase-DNA interactions are compromised by application of
mechanical tension to the DNA fork or outcompeted by mtSSB binding
to the DNA (Supplementary Fig. 8). Altogether, our data indicates that
helicase-DNA interactions, probably mediated by ZBD, together with
ATP binding, control rewinding events.

Discussion

Here, we presented single-molecule studies complemented by bio-
chemical assays to provide unique insights into Twinkle’s DNA fork
recognition, real-time DNA unwinding kinetics, and the regulatory
mechanisms of the ZBD and C-terminal tail in modulating helicase
activity. Table 1 summarizes the measured ATP and tension depen-
dencies, while Fig. 5 outlines our main findings. Briefly, we demon-
strate that Twinkle diffuses on long dsDNA molecules, scanning for
and stably binding to the DNA fork. Functional loading at the fork is
facilitated by interactions between Twinkle’s C-terminal tail and
mtSSB. We further reveal that Twinkle is a strongly autoregulated
helicase: its real-time DNA unwinding kinetics are slowed down by high
pause occupancy, which is governed by ZBD-DNA interactions and the
regulation of ATPase activity by the C-terminal tail. The binding of
mtSSB to ssDNA competes with ZBD-DNA interactions, par-
tially alleviating the inhibitory effects of the ZBD. Additionally, our
results indicate that the ZBD and C-terminal tail play critical roles in
controlling DNA rewinding events, a characteristic of Twinkle’s activity
following DNA unwinding.

Loading of replicative helicases onto the DNA fork is often required
for replisome assembly and therefore, a critical regulatory step in DNA
replication®™**. Our data supports that Twinkle can diffuse on dsDNA for
thousands of bp with a diffusion coefficient similar to that of other
eukaryotic proteins known to encircle dsDNA**. This diffusion con-
tributed to targeting efficiently the fork position, which represents
~0.16% of the total length of the scanned DNA. This ability would confer
to the helicase an alternative mechanism for fork recognition within the

~16 kbp long mtDNA. Twinkle remained stably bound at the fork, likely
due to its interactions with the two strands of fork structure, as our data
shows that ssDNA does not stall the helicase diffusion. Whether diffusion
on dsDNA facilitates ATP-independent Twinkle activities, such as
annealing and strand exchange, remains to be elucidated.

In addition, we demonstrate that functional loading (i.e.,
loading followed by DNA unwinding initiation) is regulated by the ZBD
and C- terminal tail of the helicase, in conjunction with the mtSSB.
Without mtSSB, truncating the ZBD allowed the helicase variant to
function at 3 pN lower tensions than the WT, suggesting that ZBD-DNA
interactions hinder functional loading. However, in the presence of
mtSSB, the WT helicase operated at significantly lower tensions, sug-
gesting that mtSSB outcompetes the restrictive ZBD-DNA interactions,
thereby facilitating functional loading. Notably, this stimulatory effect
of mtSSB was absent in the AC-tail variant, which lacks the unstruc-
tured C-terminal tail. Given that the C-terminal tail of the homologous
T7 helicase mediates physical protein-protein interactions®, our
results suggest that physical interactions between Twinkle’s C-terminal
tail and mtSSB may also play a role in promoting functional loading at
the DNA fork. These findings align with recent suggestions that mtSSB
influences the loading mechanism of Twinkle on DNA%,

Upon functional loading, Twinkle unwound DNA with average
rates (0.7-4 bp/s at 1-10 mM ATP, respectively, F=5pN) in line with
those estimated previously for this helicase in air-AFM studies®® and
similar to those of other AAA+ helicases’’. The average DNA
unwinding rate of Twinkle was dominated by the high probability of
occupancy of transient state(s) that do not support DNA unwinding
(considered as pauses in our work). Similarly, frequent pause states
have been shown to modulate the average DNA unwinding rates of
other prokaryotic and the eukaryotic replicative helicases***”. How-
ever, the origin of pauses during DNA unwinding is poorly understood.

Our results showed that truncation of the ZBD or C-terminal tail
from Twinkle decreased significantly the pause occupancy of these
variants compared to the WT (ATP<4 mM and F< 6 pN), supporting
the implication of these domains in regulating the DNA unwinding
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kinetics of the helicase. On the one hand, the differences in response to
mechanical tension between the real-time kinetics of WT and AZBD
helicases suggest that interactions between ZBD and ssDNA favor
pause occupancy. One possible explanation is that the flexible and
dynamic nature of the NTD of Twinkle™®?, where the ZBD is located,
may facilitate regulatory interactions with the two single-stranded
DNA strands at the replication fork. These interactions would be
diminished by application of mechanical tension explaining the
decrease of pause occupancy of WT with increasing tension.

On the other hand, the pause occupancy of WT and AZBD depend
strongly on ATP concentration, whereas the AC-tail variant with
enhanced ATPase activity shows no such dependency. These findings,
together with the relatively high Km value of Twinkle for ATP
(-1.4 mM)*#, point to ATP binding or exchange as a limiting factor and
the C-terminal tail of the helicase as a relevant regulatory region that
modulates ATP turnover and influences pause occupancy and DNA
unwinding kinetics. Notably, the alphafold3 prediction of human Twin-
kle in the presence of ATP, which matches the structure of LcTwinkle
bound to DNA and ATPZ, shows the C-tail of Twinkle covering the ATP
binding pocket and stabilizing the nucleotide (Supplementary Fig. 9).
The basic C-tail may function as an auto-inhibitory lid, modulating ATP
binding and exchange. This in turn, would hinder the proper coordina-
tion between ATP turnover and DNA binding by ZBD needed to couple
translocation with DNA unwinding at near physiological ATP con-
centrations. Similarly, auto inhibitory basic C-terminal domains have
been reported to hamper the activity of repair helicases®®.

Autoregulation of Twinkle’s DNA unwinding rate by its ZBD and
C-tail domains would be critical to prevent the helicase from sur-
passing the DNA polymerase when the two enzymes occasionally
decouple at the replication fork. However, this self-regulation must be
modulated by other replisome partners during DNA replication. Our
results showed that mtSSB stimulates DNA unwinding rate of the WT
helicase up to threefold, primarily by reducing the pause occupancy
during unwinding. Notably, the real-time kinetics of the WT helicase in
the presence of mtSSB were identical to those of AZBD variant in the
absence of mtSSB at low tension (2 pN). This suggests that mtSSB
outcompetes the ZBD for DNA binding, effectively releasing the
ZBD'’s restrictive regulatory effect on unwinding kinetics. The stimu-
lation was specific to mtSSB, ruling out stimulatory mechanisms based
on ‘passive’ coverage of newly generated ssDNA by the SSB, which may
otherwise facilitate fraying of the fork. Additionally, the stimulatory
effect of mtSSB decreased rapidly as mechanical tension increases.
Since tension below 12pN is known to reduce the binding
mode or binding footprint of mtSSB to ssDNA¥, these findings imply
that the mtSSB’s binding mode is critical for stimulating helicase
activity.

The WT Twinkle stalled after unwinding -40 bp of the DNA fork,
regardless of the unwinding rate. Notably, truncating the ZBD increased
the average number of unwound nucleotides by up to threefold, sug-
gesting that ZBD-DNA interactions regulate helicase processivity.
Together with previous studies indicating that Twinkle establishes
multiple contacts with the displaced strand on its surface>**?, our
findings support a model in which increasing interactions between the
ZBD, the helicase surface and the two strands of the fork generate
torsional stress or a mechanical barrier between the helicase and the
fork during unwinding. This barrier would be reached after unwinding a
specific number of bases (or establishing a specific number of helicase-
DNA interactions), regardless of the unwinding rate, explaining the
absence of correlation between unwinding rate and processivity. This
mechanism likely acts as a ‘molecular brake”, potentially decoupling
ATPase activity and/or DNA binding from motor function, thereby lim-
iting processivity and preventing excessive DNA unwinding in the
absence of other replisome factors. Importantly, mtSSB binding to the
DNA increased the processivity of the WT by up to 3 times but had no
effect on the AZBD variant. These results strongly suggest that mtSSB

competes with the ZBD for DNA interactions, alleviating mechanical
stress and enhancing the helicase processivity at the low tension.

When Twinkle stalls, partial rewinding events were typically
observed. On average the WT helicase rewound -20bp, which
contrasts with its unwinding processivity of ~40 bp (Fig. 4b, e). This
implies that rewinding stops 20 nucleotides before reaching the
primer-template junction, a length that coincides with Twinkle DNA-
binding size*. This suggest that during rewinding, the helicase tracks the
displaced strand until it encounters the dsDNA primer-template junc-
tion. Our data supports a rewinding mechanism in which, upon stalling,
helicase interactions with the two DNA strands and ATP turnover favor a
helicase-DNA conformation prone to slide back toward the primer-
template junction, pushed by the regression pressure of the fork. The
ZBD and C-tail regions would play contrasting and likely com-
plementary, roles in regulating rewinding. ZBD-DNA interactions pro-
mote rewinding, while downregulation of the ATPase activity by the
C-tail hinders this process. Additionally, the presence of mtSSB would
compete with the helicase for DNA interactions, inhibiting rewinding at
near physiological ATP concentrations. While the requirements for
rewinding resemble those of Twinkle’s ‘intermolecular DNA annealing
activity*, the two processes may be mechanistically different.

In summary, our findings demonstrate that Twinkle’s activity is
tightly autoregulated by its amino and carboxyl terminal domains.
Interactions between the ZBD and DNA along with C-terminal tail’s
control of ATP hydrolysis act as critical regulatory checkpoints, mod-
ulating the helicase’s functional loading, DNA unwinding kinetics, and
rewinding activities at the fork. While mtSSB partially alleviates this
autoregulation, it does not fully override the inhibitory effects of these
domains. Our work paves the way for future in singulo studies to
explore the real-time kinetics and regulation of Twinkle within the
human mitochondrial replisome.

Methods
Recombinant proteins
Recombinant wild-type (WT, i.e., 43-684), N- (AZBD, i.e., A146) and C-
terminal (AC-tail, i.e., 43-633) truncation variants and, the ATP
hydrolysis defective K421A mutant of the human mtDNA helicase
Twinkle were prepared from Sf9 cells™. Briefly, cells were harvested at
72 h post-infection and lysed in 25 mM Tris-HCI pH 8.0, 1 mM PMSF,
10 mM sodium metabisulfite, 2 pg/ml leupeptin, 10 mM 2-mercap-
toethanol, followed by addition of NaCl to the final concentration of
1M. The homogenate was next centrifuged, and supernatant was
diluted with an equal volume of 50 mM Tris-HCI pH 8.0, 0.6 M NaCl,
10% glycerol. Initial purification was performed over NiNTA resin and
the target was eluted with 250 mM imidazole. Peak fractions were
pooled, diluted to ionic equivalent of 150 mM NaCl, and purified fur-
ther over Heparin Sepharose equilibrated with 20 mM Tris-HCI pH 7.5,
150 mM Nacl, 10% glycerol, 0.5 mM EDTA, 1 mM PMSF, 10 mM sodium
metabisulfite, 2 pg/ml leupeptin, 10 mM 2-mercaptoethanol. Bound
protein was eluted with 0.6 and 1 M NaCl. Finally, pooled peak fractions
were loaded onto 12-30% glycerol gradients in 35 mM Tris-HCI pH7.5,
330 mM NaCl, 1 mM EDTA, 1 mM PMSF, 10 mM sodium metabisulfite,
2 pg/ml leupeptin, 10 mM 2-mercaptoethanol, and centrifuged at
37,000 rpm for 30 h at 4 °C in a Beckman SW41 rotor. Peak fractions
were pooled, frozen in liquid nitrogen, and stored in aliquots at —80 °C.
Cloning and purification of eGFP-Twinkle. The Twinkle DNA
sequence was synthesized (gBlockTM, IDT) and cloned into a pRK5
vector for mammalian expression with a C-terminal eGFP-3XFLAG-
6xHIS tag and a 3C-Prescission protease site using IVA cloning®.
Expi293FTM (ThermoFisher Scientific) cultured in Expi293FTM
Expression Medium (ThermoFisher Scientific) at 3x106 cells/mL
density were transfected with 1 ng/ml of plasmid and 6 ng/ml PeiMax®
(Linear Polyethylenimine Hydrochloride: Polysciences) as a transfec-
tion reagent after 30 min of incubation at RT. Cells were harvested 48 h
after the transfection and frozen in liquid N, for preservation and lysis.
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Frozen cells were resuspended in a ratio 1:3 (mass:volume) in Lysis
buffer (25 mM Hepes pH7.5, 500 mM KCI, 10 mM MgCl,, 5% glycerol,
2 pg/ml Aprotinine, 5pg/ml Leupeptine, 1mM Benzamidine and
0.1 mg/ml AEBSF) and fully lysed by sonication in a Vibra-Cell 75042
sonicator (BioBlock Scientific) for 5 min, with pulses ON/OFF of 3 s ON-
2 second OFF at 37% amplitude in an ice bath. Lysate was then cleared
by centrifugation at 50.000G for 1h and filtered using a 0.22 pm
syringe filter. ANTI-FLAG M2 Affinity beads (Sigma-Aldrich) were
added to the cleared lysate and incubated for at least 3h at 4° in
rotation. After the binding step, the beads were washed three times
using the lysis buffer and transferred to a SigmaPrepTM spin column
(Sigma-Aldrich in which we incubated the beads with the washing
buffer with 300 ng/pL of 3 x Flag peptide (ChinaPeptide). After 30 min,
the elution were recovered by centrifugation and frozen in liquid N,.

Preparation of eGFP-Poly holoenzyme is described in Supple-
mentary Methods®’.

Recombinant mtSSB was prepared from E. coli including gel fil-
tration step as follows®. Fraction Ilb was chromatographed on a
Superdex 75 gel filtration column equilibrated with buffer containing
50 mM Tris-HClI, pH 7.5, 8% glycerol, 150 mM KCl, 2 mM EDTA at a flow
rate of 1 ml/min at 4 °C. Fractions containing the mtSSBs were pooled
(fraction Ill) and dialyzed against buffer containing 35 mM Tris-HCI, pH
7.5, 8% glycerol, 100 mM NaCl, 2mM EDTA, 2mM dithiothreitol.
Recombinant E.coli SSB was purchased from Thermofisher.

Bulk biochemical assays
Biochemical assays are described in the Supplementary Methods.

DNA constructs for single molecule experiments

Four DNA constructs were synthetized to quantify the diffusion on
dsDNA and fork recognition by eGFP-Twinkle. (1) Biotinylated dsDNA
was generated from plasmid 89DIR.Poly-BbvCl (18709 bp)®. This plas-
mid was linearized with Sall-HF (NEB #R3138S) and the resulting ends
ligated to the complementary ends of biotinylated DNA handles
amplified by PCR® (2) dsDNA containing a single forked-like structure
was generated upon linearization of vector 89DIR.Poly-BbvClI with Sall-
HF (NEB #R3138S). Then specific locations between positions 6389 and
6452 bp of one strand of the plasmid were nicked with endonuclease
Nt.BbvCl (NEB #R0632S). The small DNA fragments between the nicked
positions were thermally denatured by raising temperature to
80 °C rendering a 63 nt ssDNA gap. Then the two protruding regions
((dN)3p) of a 446bp long stem loop were hybridized and ligated
overnight to the complementary ssDNA gap. Simultaneously, the plas-
mid ends were ligated to the complementary ends of biotinylated DNA
fragments digested with Xhol-HF. Upon ligase denaturation, the
DNA strand complementary to the section in which the hairpin was
included (6389 and 6449 bp) was nicked at several positions with
Nb.BbvCI (NEB #R0632S). In the optical tweezers, individual DNA con-
structs tethered between streptavidin beads (see below) to induce the
mechanical denaturation of the nicked region. This procedure gen-
erates a forked-liked structure with two ssDNA regions flanking a DNA
hairpin. (3) dsDNA labelled with Atto647N at position ~6400 was
obtained following the protocol described for the forked-DNA (con-
struct 2) but replacing the stem loop by a 60 nt long ssDNA oligonu-
cleotide labelled with Atto647N at the 5" end. In this case, no additional
nicking reaction was run upon ligation of the oligo. (4) Single-stranded
DNA molecules (17303 nt) were obtained in the optical tweezers upon
mechanical denaturation of a linear dsDNA, Supplementary Fig. 4. All
protocols avoid DNA purification steps and enzymes were thermally
denatured.

The fork-like DNA construct for measuring the force and ATP-
dependent unwinding kinetics of Twinkle was synthetize as
follows*>**%*, Briefly, the 3’- and 5 ends of a 559 bp stem loop were
ligated to a 2686 bp DNA handle (pUC19 DNA vector, NEB #N3041S)
labeled with digoxigenin and to a poly(dT)ss oligonucleotide (IDT)

functionalized with biotin, respectively. The poly(dT);; tail facilitates
loading of the helicase at the fork.

Buffers

Single molecule studies were carried out in the reaction buffer con-
taining 50 mM Tris pH 8.5, 30 mM KCI, 10 mM DTT, 4 or 10 mM MgCl,,
0.2 mg/ml BSA and ATP concentrations ranging from 1 mM to 10 mM.

Single-molecule fluorescence imaging and data analysis

Single-molecule imaging experiments of eGFP-Twinkle were per-
formed on an instrument that combines three color confocal fluores-
cence microscopy (488, 532, 635nm), with optical tweezers and
microfluidics (C-trap® LUMICKS). Trap stiffness was adjusted to
0.32 pN/nm in both traps. DNA-molecules were trapped between two
streptavidin-coated polystyrene beads (4.38 um diameter, Spher-
othech). The tethering of single DNA molecules was confirmed by
analyzing the force-extension curve. The DNA was then transferred to
another channel (channel 4) containing a 20 bp DNA oligo (50 nM)
complementary to the 3’-tail of the forked structure and labelled with
Atto 647 N. Next, the DNA was transfer to channel 5 (previously pas-
sivated with BSA (2 mg/ ml)), the distance between both beads was
fixed to achieve a tension of 3 or 10 pN, and then Twinkle-eGFP (1nM as
hexamer) was flown into the channel. We used the 488 nm excitation
laser for visualization of eGFP-Twinkle (emission filter of 500-525 nm)
and the 635 nm excitation laser for visualization of the fork position
labeled with Atto 647N (emission filter 650-750 nm). For confocal
images (scans) the confocal pixel size was set to 100 nm and a scan
velocity of 1um/s™. Kymographs were generated by single line scans
covering the entire DNA stretched between the two beads and the
edge of both beads. Pixel size was set to 100 nm and the illumination
time per pixel was 0.1 ms, resulting in a typical time per line of 28.1 ms.

Software and code. We used Python 3.8 with several libraries for
image processing: numpy==1.26.2, lumicks.pylake==1.0.0,
matplotilb==3.7.1, scipy ==1.10.1, pandas==2.0.1.

Trace tracking. We used the greedy algorithm®” implemented in

Pylake Python library (https://github.com/lumicks/pylake // https://
doi.org/10.5281/zenodo.4280788 to track the position (um) of indivi-
dual fluorescent spots with time (seconds). Kymograms were aligned
using the position of the beads as fiducial points. The distance in um
was converted to base pairs (bp) using the theoretical average exten-
sion per bp according to the Worm Like Chain model. Similarly, we
used the Freely Jointed Chain model of polymer elasticity to convert
the distance in um to single-stranded nucleotides. We used the interpl
MATLARB function to interpolate data in time and in position.

Determination of number of fluorophores per diffraction-
limited spot. The fluorescence background was quantified and sub-
tracted from all scan images and kymograms. We used a eGFP-labelled
version of the human mitochondrial polymerase holoenzyme (eGFP-
Poly) as a control to estimate the average number of eGFP-molecules
per Twinkle diffraction-limited spot. Poly holoenzyme is a hetero-
trimeric complex, consisting of the catalytic PolyA subunit and two
PolyB accessory processivity factors. We labelled the PolyB subunit
with eGFP. The reconstituted eGFP-Poly holoenzyme, which binds
stably to the primer-template position of the fork, provides an internal
control to determine the intensity of two eGFP molecules. This inten-
sity value was used to estimate the average number of eGFP-subunits
per Twinkle diffraction-limited spots assuming a linear increase of the
intensity with the number of eGFP molecules. First, we fit the first 50
maximum intensity data points of eGFP-Poly diffraction-limited spots
to a normal distribution to calculate the average intensity (/po) and
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standard deviation (Opory) Of two eGFPs 3.692 + 0.788 intensity units
(N=19 independent molecules). Then, an identical procedure was
used to determine the average intensity of eGFP-Twinkle (/7,) dif-
fraction limited spots and its associated standard deviation (oty). As
the fluorophore intensity increases linearly with the number of eGPF
per spot, upon determining the intensity of two eGFPs, we calculated
the number of eGFP-labeled per Twinkle spot. The associated mea-

P
2
surement error has the form: ,¢ep = \/ (ﬁ O,Tw) + (# 0,P01y>
oly

Poly

Diffusion analysis. We used the DSigma2 Est MATLAB function (https://
www.nist.gov/programs-projects/fluctuations-and-nanoscale-control-
software-archived) to estimate the Mean Squared Displacement vs time
lag (v) for each trace as: (1) =2Dt +202, where D is the diffusion coef-
ficient and o, is the location measurement error. The appropriate range
of delay times were calculated as previously published®®,

Single-molecule force spectroscopy experiments and data
analysis

A counter propagating dual-beam optical tweezers instrument®* was
used to manipulate individual DNA constructs functionalized with
biotin or digoxigenin at each end. The DNA was tethered between a
streptavidin- and anti-digoxigenin-coated polystyrene beads (3 um,
Spherotech) held on top of a micropipette and in the optical trap,
respectively. Twinkle (WT and variants) and SSB proteins were diluted
to 5nM in the reaction buffer and flown inside the flow cell. We note
that mtSSB concentrations higher than 5nM prevented detection of
single-molecule DNA unwinding activities. This finding is in line with
the deleterious effect of high mtSSB concentrations on the in vitro
activity of Twinkle***. Data was monitored at 5100 Hz at 22 +1°C
using a feedback loop to maintain a constant mechanical tension on
the DNA construct below 13pN. The trap stiffness was
k=0.135+0.0043 pN nm™ (3.0 um beads). Data was collected and
processed using custom made C++ (http://tweezerslab.unipr.it/cgi-
bin/software.pl/Search) and MatLab scripts (MatLab R2021a).

At constant mechanical tension below 12 pN (the mechanical open-
ing tension of the DNA hairpin), the extension of the DNA tether increases
(Ax in Fig. 2a) as the helicase unwinds the hairpin and generates new
ssDNA between the beads. The number of unwound base pairs (pro-
cessivity) was obtained by dividing the increase of the tether extension by
the change in extension at a given tension accompanying during each
catalytic step the generation of two new ssDNA nucleotides (or SSB-
bound nucleotides). We used the average extensions per nucleotide of
free- and SSB-bound ssDNA as a function of tension reported previously™.

The average DNA unwinding rate was determined by a line fit to
the traces showing the number of replicated nucleotides versus time.
The final average rate at each mechanical tension was obtained by
averaging over all of the traces taken at that tension. The average
replication rate without pauses (pause-free velocity) for each trace was
obtained by analyzing each trajectory with an algorithm that computes
instantaneous velocities, averaging the position over sliding time
windows"’.

The pause occupancy represents the probability of finding the
helicase in a transient, not active or pause state. The pause occupancy at
each tension (F) was calculated as Pocc(F) = (1 — Vmean(F)/V max(F)),
where Vmean(F) and V max(F) represent the average and pause-free
replication rates at each tension, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Bulk and single-molecule data generated in this study have been
deposited in the IMDEA Nanociencia Research Data repository and

can be found at https://hdl.handle.net/20.500.12614/3946. The
datasets are also available from the corresponding authors upon
request. Source data are provided with this paper.

Code availability
The code used in the current study to analyze confocal-optical twee-
zers data is available at https://hdl.handle.net/20.500.12614/3946.
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