1750-1765 Nucleic Acids Research, 2023, Vol. 51, No. 4
https:Ildoi.orgl10.1093/narlgkad037

Published online 6 February 2023

Mechanism of strand displacement DNA synthesis by
the coordinated activities of human mitochondrial

DNA polymerase and SSB

Ismael Plaza-G.A."'’, Kateryna M. Lemishko':, Rodrigo Crespo?, Thinh Q. Truong?,
Laurie S. Kaguni?, Francisco J. Cao-Garcia “2, Grzegorz L. Ciesielski 34" and

Borja Ibarra “1:%"

'Instituto Madrilefio de Estudios Avanzados en Nanociencia, IMDEA Nanociencia, Faraday 9, 28049 Madrid, Spain,
2Departamento de Estructura de la Materia, Fisica Térmica y Electrdnica, Universidad Complutense de Madrid, Pza.
de Ciencias, 1, 28040 Madrid, Spain, 3Department of Chemistry, Auburn University at Montgomery, Montgomery, AL
36117, USA, “Department of Biochemistry and Molecular Biology and Center for Mitochondrial Science and
Medicine, Michigan State University, East Lansing, MI 48823, USA and ®Nanobiotecnologia (IMDEA-Nanociencia),
Unidad Asociada al Centro Nacional de Biotecnologia (CSIC), 28049 Madrid, Spain

Received July 18, 2022; Revised December 16, 2022; Editorial Decision January 10, 2023; Accepted January 12, 2023

ABSTRACT

Many replicative DNA polymerases couple DNA repli-
cation and unwinding activities to perform strand dis-
placement DNA synthesis, a critical ability for DNA
metabolism. Strand displacement is tightly regulated
by partner proteins, such as single-stranded DNA
(ssDNA) binding proteins (SSBs) by a poorly un-
derstood mechanism. Here, we use single-molecule
optical tweezers and biochemical assays to eluci-
date the molecular mechanism of strand displace-
ment DNA synthesis by the human mitochondrial
DNA polymerase, Poly, and its modulation by cog-
nate and noncognate SSBs. We show that Poly ex-
hibits a robust DNA unwinding mechanism, which
entails lowering the energy barrier for unwinding
of the first base pair of the DNA fork junction, by
~55%. However, the polymerase cannot prevent the
reannealing of the parental strands efficiently, which
limits by ~30-fold its strand displacement activity.
We demonstrate that SSBs stimulate the Poly strand
displacement activity through several mechanisms.
SSB binding energy to ssDNA additionally increases
the destabilization energy at the DNA junction, by
~25%. Furthermore, SSB interactions with the dis-
placed ssDNA reduce the DNA fork reannealing pres-
sure on Poly, in turn promoting the productive poly-
merization state by ~3-fold. These stimulatory effects

are enhanced by species-specific functional interac-
tions and have significant implications in the replica-
tion of the human mitochondrial DNA.

INTRODUCTION

Human mitochondrial DNA polymerase, Poly, is the main
polymerase responsible for replication and repair of the mi-
tochondrial DNA (mtDNA) (1,2). Poly is a heterotrimeric
holoenzyme that consists of a catalytic subunit (PolyA)
and a dimeric accessory subunit (PolyB), Figure 1A (1,3).
Pathogenic mutations in the genes encoding both the cat-
alytic and accessory subunits have been identified in associ-
ation with numerous human diseases (4). The catalytic sub-
unit exhibits a finely tuned balance of polymerase (pol) and
3’-5’ exonuclease (exo) activities that ensures efficiency as
well as fidelity of DNA synthesis (3,5-7). Poly also exhibits
DNA strand displacement activity, in which the holoen-
zyme displaces downstream DNA encountered during syn-
thesis. This activity is relevant for replication through sta-
ble secondary structures (8—10), maintenance of the D-loop
DNA structure at the origin of replication of the heavy
strand (11), and removing RNA/DNA primers in coordi-
nation with primer processing factors (nucleases, helicases
and/or mtSSBs) (12-14). As in the case of other replica-
tive DNA polymerases (DNApols) (15-17), strand displace-
ment DNA synthesis is usually limited to a few nucleotides
(13,18-21). According to previous single-molecule manipu-
lation studies on related DNApols, the regression or rean-
nealing pressure of the DNA fork during strand displace-
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Figure 1. Experimental set up. (A) Schematic of Poly (PDB: 3IKM) and mtSSB (PDB: 3ULL) at the DNA fork. Poly holoenzyme is composed by the
catalytic subunit, Poly A (dark green) and a dimer of the accessory subunit, PolyB, (light green). mtSSB (grey) binds the displaced ssDNA as a tetramer.
(B) In the optical tweezers, a single DNA hairpin (559 bp) is tethered between two functionalized beads and held at constant tension (f). One strand of the
hairpin is connected to the bead in the optical trap (red cone) through a ~2.6-kb dsDNA handle via digoxigenin-antibody connections (red dots). The other
strand is attached to a bead on a micropipette by biotin-streptavidin linkages (blue dot). The dsDNA handle includes a 3’ end for polymerase loading,
and the 5° end of the hairpin includes a poly-(dT)3p site for SSB binding. At constant tension, strand displacement DNA synthesis by Poly (or Polyexo-)
increases the end-to-end extension of the hairpin (Ax). Experiments were performed without and with several concentrations of cognate and noncognate
SSBs (grey) in solution. In A) and B) red arrow indicates the 5’ to 3’ direction of DNA polymerase translocation along the hairpin. (C) Representative
experimental traces of Poly (2 nM) without (light green) and with (olive) mtSSB (50 nM) in solution (f = 6 pN). (D) Representative experimental traces
of Polyexo- (2 nM) without (magenta) and with (purple) mtSSB (50 nM) in solution (f = 6 pN). Traces were displaced along the time axis for clarity of

display.

ment would inhibit polymerization-driven forward motion
and promote the partition of the primer to the exo domain
(22,23). Under these conditions Poly is prone to enter an
idling state, during which it undergoes intramolecular cy-
cles of excising and adding a single nucleotide (6,20). In
fact, mutations impeding the exo activity of Poly stimulate
the strand displacement activity of the holoenzyme (20,24).
Excessive strand displacement by Poly exo-deficient vari-
ants has been linked with the formation of double stranded
breaks during mtDNA replication and development of
progeroid phenotypes (18,21,25). These findings imply that
the strand displacement activity of Poly is intrinsically re-
stricted. On the other hand, studies on other related DNA
replication systems (26,27) would subject that the ability of

Poly to couple DNA synthesis and unwinding may pro-
vide the driving force necessary to open the DNA helix dur-
ing leading strand DNA replication. Therefore, under these
conditions, the holoenzyme partners within the replisome,
the mitochondrial single-stranded DNA-binding protein
(mtSSB) and the DNA helicase (Twinkle) (28-30), are ex-
pected to decrease the propensity of Poly to idle at the fork
junction (or favor its DNA unwinding activity).

Despite the putative relevance of the ability of Poly to
couple DNA synthesis and unwinding activities for mtDNA
replication, little is known about the kinetics and mechanis-
tic aspects of this reaction and it’s modulation by proteins
partners, such as the mtSSB. Human mtSSB is essential for
mtDNA synthesis in vitro and in vivo (9,30,31). It binds
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ssDNA in a sequence independent manner (32,33) and
forms the central nucleo-protein complex substrate upon
which the mitochondrial polymerase must act (9,34). Al-
though Poly and mtSSB appear not to interact physically
(35), mtSSB can stimulate the primer-extension activity of
Poly by imposing an optimal organization of the DNA tem-
plate (8,36). In other DNA replication systems SSBs have
been shown to stimulate the strand displacement activity
of DNApols (15,16,37-39). However, the effect of mtSSB
on the strand displacement activity of Poly, a situation in
which the two proteins bind to opposite strands of the DNA
fork (Figure 1), remains largely unexplored.

Here, we present single-molecule manipulation optical
tweezers assays, supported by ensemble biochemical experi-
ments, to quantify the intrinsic strand displacement mecha-
nism of Poly and its modulation by mtSSB. We compare the
real-time kinetics of the wild-type holoenzyme Poly with
that of an exo deficient variant, DjogsA/EsA (Polyexo-)
(40), in order to determine the contribution of the exo re-
action on the strand displacement activity (without inter-
ference of idling events). Overall, our results show that Poly
presents a robust DNA displacement mechanism that is lim-
ited by reannealing of the parental strands, which shifts
its activity equilibrium towards the exo state. We demon-
strate that mtSSBs use two key mechanisms to stimulate
the strand displacement DNA synthesis by Poly;i.e. mtSSB
binding to the displaced ssDNA imposes additional desta-
bilization energy on the DNA junction, which increases the
pause-free rate, and reduces the DNA fork regression pres-
sure on the holoenzyme. This, in turn decreases the resi-
dence time in the pause state per nucleotide. Interestingly,
additional experiments with non-cognate Escherichia coli
(EcoSSB) and phage T7 (gp2.5) SSBs revealed that species-
specific interplay between the two mitochondrial partners
may be critical under suboptimal mtSSB concentrations or
stress conditions. Our results shed new light on the mech-
anism by which accessory proteins, such as SSBs, can en-
hance strand displacement DNA synthesis.

MATERIALS AND METHODS
Proteins and DNA constructs

Recombinant catalytic subunits (Poly A) of wild-type and
mutant (Dj9gA/E0A) Polyexo-variants were prepared
from SfY cells (41). The accessory subunit of the holoen-
zyme (Poly B) was prepared from bacterial cells (41). The
catalytic and the accessory subunits were combined in a 1:3
molar ratio to reconstitute the holoenzyme. Recombinant
mtSSB was prepared from bacterial cells as described pre-
viously (36). Recombinant EcoSSB and Sequenase© were
purchased from Thermofisher. TTDNAp was purchased
from NEB. Recombinant gp2.5 was purchased from LSBio
and Monserte Biotechnology. The hairpin construct was
synthesized as described previously (23). The construct con-
sists of a 2686 base pairs (bp) DNA ‘handle’ (pUCI19 vector,
Novagen) labeled with digoxigenin at one end, a 5° (dT)ss
end functionalized with biotin, and a 559 bp stem capped by
a (dT)4 loop. The final hairpin construct contains a unique
3’ end loading site for the DNA polymerase. The hairpin
stem sequence is described in (23) and contains a 75% AT
bp. Considering the free energy formations of AT and GC

bp on naked DNA as AGar ~ 1.5 kgT and AGgc ~ 2.9
kg T (under ionic conditions similar to those used in this
work) the average free energy of bp formation of the hair-
pin stem was AGyp ~ 1.8 kg7 (42). For primer extension
experiments, we used a gapped DNA template, consisting
of ~900 nucleotides (nt) of single-stranded DNA (ssDNA)
flanked by ~3550 bp dsDNA handles labeled with biotin
and digoxigenin, as described in (43) (Supplementary Fig-
ure S1).

Optical tweezers experiments

We used a miniaturized counter propagating dual-beam
optical tweezers instrument (44) to manipulate individual
DNA hairpins tethered between a streptavidin-coated bead
(2.1 wm, Kisker Biotech) immobilized on top of a mi-
cropipette and an anti-digoxigenin-coated bead (3.0 pm
diameter, Kisker Biotech) held in the optical trap, Figure
1B (45). Proteins were introduced inside the flow cell af-
ter dilution in the replication buffer containing 50 mM
Tris pH 8.5, 30 mM KCI, 10 mM DTT, 4 mM MgCl,, 0.2
mg/ml BSA and the four dNTPs (50 wM). Unless other-
wise indicated, DNApols were diluted to 2 nM in the reac-
tion buffer containing the indicated amounts of SSBs. Poly-
merase exchange experiments were performed in a mixture
of 2 nM Poly or Polyexo- and 1 or 2 nM T7DNAp. For
proper interpretation of the effect of mechanical tension on
strand displacement activities, we performed independent
measurements of the effect of tension on the primer exten-
sion replication kinetics of Poly (8) and Polyexo- (Supple-
mentary Figure S1) holoenzymes. Primer extension activ-
ities of Polyexo- diluted to 2 nM in the replication buffer
were recorded on the gapped DNA construct, as described
elsewhere (8,43). In all cases, data was monitored at 500 Hz
at 22 £ 1°C using a feedback loop to maintain a constant
force or constant mechanical tension on the DNA. Force
ranged explored were 1-11 picoNewtons (pN) in strand dis-
placement assays and 1-16 pN in primer extension assays.
The trap stiffness calibrated for 3.0 wm beads was k =
0.135 £ 0.0043 pN nm~!.

Bulk biochemical experiments

Poly strand displacement processivity and fork residence
time assays in bulk were carried out in the replication buffer
on a forked DNA substrate resembling the organization of
the hairpin used in optical tweezers (Supplementary Infor-
mation (SI) and Supplementary Figure S2).

Data analysis

Processivity.  The number of replicated nucleotides (pro-
cessivity) in individual strand displacement assays was ob-
tained by dividing the increase of the tether extension (Ax
in Figure 1B) by the change in extension at a given ten-
sion accompanying during each catalytic step the genera-
tion of one new bp and one SSB-free or SSB-bound single-
stranded nucleotide. The number of nucleotides incorpo-
rated in primer extension assays were obtained by dividing
the change in tether extension by the change in extension
due to the conversion of one single-stranded nucleotide into
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Table 1. Apparent detachment rates (k,s) and maximum number of replicated nucleotides (N¢) measured in strand displacement bulk assays. AGij,,/ M
are the minimum values of the free-parameters yielded by least squared error fits of strand displacement model to pause-free velocity data. K(0) and d are
the values of free-parameters of Eq. 1 obtained upon fitting the tension dependent average residence times in pause state data (7),(f)) with the least mean
squared error. T,(f), average residence times at pause state at the indicated tensions (superscript). In all cases, uncertainties are shown as standard errors

kogr (s71) (bulk) Nt (bulk) AGi(kpT)/ M K(0) d(nm) T,(f) (snt™)
Poly (6.26 + 0.05) x 1073 37 £ 15 0.90 £ 0.10 /1 24 +3 14 4+ 04 3.10 + 0.50%PN
Poly mtSSB (8.21 + 0.14) x 1073 108 + 42 1.40 £ 0.04 /1 1043 12403 1.23 + 0.4200N
Poly EcoSSB (3.28 £ 0.04) x 1073 >150 1.38 £ 0.11 /1 NA. NA. 0.4 + 0.1°°N
Polyexo- (7.78 + 0.29) x 1073 69 + 17 1.00 £ 0.10 /1 1342 12 4+ 04 1.22 + 0.28%N
Polyexo- mtSSB (8.80 + 0.50) x 1073 >150 1.23 4 0.05/1 NA. NA. 0.23 + 0.03%PN
Polyexo-EcoSSB (4.04 £ 0.05) x 1073 >150 1.39 + 0.06 /1 NA. NA. 0.20 & 0.04%PN

its double-stranded counterpart at a given tension (46,47).
The extension of the dSDNA was approximated with the
worm-like chain model for polymer elasticity with a persis-
tent length of P = 53 nm and stretch modulus S'= 1200 pN/
nm (48). The average extensions per nucleotide as a function
of tension of free-ssSDNA and ssDNA bound to mtSSB-,
EcoSSB- or gp2.5-, under experimental conditions identical
to those used in this work, were reported by us previously
(8,49-51).

Average replication rates with and without pauses. The av-
erage replication rate at each tension (¥ pean(f)) was deter-
mined by a line fit to the traces showing the number of
replicated nucleotides versus time. The final average rate
at each tension was obtained by averaging over all of the
traces taken within similar tension values (£0.5 pN). Aver-
age replication rate without pauses at each tension (pause-
free velocity, V(f)) was determined with an algorithm that
computes the instantaneous velocities of the trajectory, av-
eraging the position of the holoenzyme along the DNA over
sliding time windows, as described previously (8). Tension
dependent pause-free velocities were fitted to the strand dis-
placement model described in SI and (52).

Average residence time at the pause state per nucleotide.
The intrinsic flexibility of ssDNA together with the slow
average strand displacement rates of the mitochondrial
holoenzymes used in this work hindered the accurate iden-
tification of pause events (8). Nevertheless, identification of
pause-free velocities (V(f)) allowed us to calculate the aver-
age residence time at the pause state per nucleotide at each
tension, Tp( f), as the difference between the average total
residence time per nucleotide (7;( ) = 1/ Viean(f)) and the
residence time in the active state (7,( f) = 1/ V(f)). The ten-
sion dependencies of Tp( f) of each polymerase under study
were fitted with Eg. 1.

Moving probabilities. Tp(f) can be expressed in terms of
moving probability (MP(f)), or the probability of finding
the holoenzyme moving through the DNA hairpin as a
function of tension. MP(f) was calculated as the ratio be-
tween the average replication rates with and without pauses
at each tension, M P(f) = Viean(f)/ V(f), which is equivalent
to MP(f) = T,(f)/ T«(f) (see SI and (52)).

Maximum average processivities. In the absence of ten-
sion were estimated by multiplying the average residence
time each holoenzyme spends at the fork (calculated from

single turn over bulk experiments, 1/k,, Table 1) by their
corresponding average velocities in the absence of tension,
Vinean(0). The latter value was assessed from values of 7(0)
and 7p(0) obtained from the fits to the data with the strand
displacement and 2-state models, respectively, V},q,(0) =1/
(T,0)+ T,(0)).

RESULTS
Single-molecule strand displacement DNA synthesis assays

We used optical tweezers to follow the strand displacement
DNA synthesis activity of Poly holoenzyme (2 nM) and its
exo deficient variant, Polyexo- (Dj9sA/Es00A, 2n1M), on in-
dividual DNA hairpins, in the absence or presence of vary-
ing concentrations of mtSSB, EcoSSB, or gp2.5, Figures 1A
and B (Materials and Methods). Strand displacement activ-
ities were monitored at constant mechanical tension below
12 pN. In the absence of the holoenzyme, the hairpin re-
mained stably closed below 12 pN, even in the presence of
either SSB in solution. In the presence of the holoenzyme
(and 50 wM dNTPs) the end-to-end distance between the
beads increases gradually as the mitochondrial holoenzyme
replicates through the hairpin stem converting each DNA
bp unwound to 1 dsDNA bp and 1 ssDNA or ssDNA-
SSB bound nucleotide (nt) (Figures 1B-D and Materials
and Methods). We note that mechanical tension applied to
the complementary strands of the hairpin modulates the
strand displacement kinetics of replicative DNApols (22,23)
and the binding properties of SSBs to ssDNA (51,53-55).
Therefore, tension constitutes a useful variable to interro-
gate the interplay between these two proteins at the fork
during active DNA synthesis.

At the lowest tensions that allowed detection of activ-
ities, ~3 and ~6 pN for Polyexo- and Poly, respectively,
both holoenzymes replicated ~200 nt (Figures 1C and D),
which contrasted with the maximum processivity measured
for each holoenzyme in bulk single turn over assays, 37 & 15
nt for Poly and 69 £ 17 nt for Polyexo- (Figures 2B and
S2, Table 1). These results suggested that the replication
traces measured in the optical tweezers may correspond to
the consecutive action of several holoenzyme molecules that
would exchange at the DNA fork. We tested this possibil-
ity using a ‘competitor polymerase method’ described pre-
viously (56,57). This method uses a mixture of DNA poly-
merases with similar affinities for the DNA but different ki-
netic rates. In this approach, sudden variations in the instan-
taneous replication rate can be readily attributed to the ex-
change of DNA polymerases at the DNA fork. For these ex-
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Figure 2. Polymerase exchange is not rate limiting. (A) Representative strand displacement traces of Poly and Polyexo- with competitor T7DNApol in
solution in the absence and presence of mtSSB (50 nM). Exchange of Poly and Polyexo- by TTDNAp was monitored as fast exo events (blue arrow)
not observed in the absence of T7TDNAp in solution (Figures 1C and D). Displayed traces were taken at the lowest tension (f) at which activity could be
detected in each condition. (B) For all plots. First column (Bulk) shows the maximum number of replicated nucleotides obtained in single turn-over bulk
experiments (Supplementary Figure S2). The second and third columns show the average number of replicated nucleotides measured in optical tweezers
assays in the presence (y/T7 and y-/T7) and absence (y, y-) of T7TDNApol in solution at the lowest detection tension in each case. Bulk Polyexo- mtSSB
data does not include error bar because the enzyme generated full length product (150 nt) in each experiment. The average number of nucleotides replicated
by Poly and Polyexo- as a function of tension in the absence and presence of T7TDNApol are shown in Figure S3. (C) Tension dependent average strand
displacement rates (velocity, nt s=!) of Poly and Polyexo- in the absence and presence of mtSSB without and with competitor T7DNApol in solution.
The similarities between the average rates of Poly (and Polyexo-) before exchange with TTDNAp with those measured in the absence of TTDNAp suggest
that the polymerase exchange reaction is not rate limiting. Polymerase exchange events at /> 8 pN are shown in Figure S3. For all figures error bars show

standard errors.

periments, we used the bacteriophage T7 DNA polymerase
(T7DNAp) as a competitor and reporter. This polymerase
shares high structural and sequence homology with Poly A
and almost identical DNA binding affinity (~3 nM) (58,59).
However, at the DNA fork (at /' < 8§ pN) T7TDNAp does
not exhibit strand displacement synthesis on its own, and
instead exerts fast, processive exonucleolysis, which was de-
tected as a continuous decrease in the end-to-end distance
of the DNA as the hairpin reanneals (22). These charac-
teristic exo events, which were not observed for the mito-
chondrial holoenzymes in the absence of TTDNAp at any
tension, were used as reporters to identify the exchange of
Poly or Polyexo- actively replicating the DNA with com-

peting T7DNAPp in solution in the absence or presence of
mtSSB, Figure 2A. Supplementary Figure S3 shows detec-
tion of exchange events at /' > 8 pN.

At a molar ratio of two mitochondrial:one phage holoen-
zymes, ~80% of Poly and Polyexo- replication traces (in the
absence and presence of mtSSB) were interrupted by long
exo events at the lowest detection tension for each holoen-
zyme or holoenzyme/mtSSB couple (Figure 2A). These re-
sults indicate that the mitochondrial holoenzyme at the
DNA fork exchanged with TTDNAp in solution. Before the
exchange with TTDNAp, the average processivities of Poly
and Polyexo- (in the absence and presence of mtSSB), were
2-3 times shorter than those in the absence of TTDNAp
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and approached those measured in the bulk single turnover
assays (Figure 2B). These results suggest that in the
absence of T7DNAp, replication traces, such as those
shown in Figures 1C and 1D could correspond to the con-
secutive activity of 2-3 mitochondrial holoenzymes that
may exchange at the DNA fork. We further tested that
the effects of TTDNAp competition on the processivities
of Poly and Polyexo- were apparent up to ~10 pN (Sup-
plementary Figure S3). Remarkably, we observed that in
the presence of TTDNAp the average strand displacement
rates of Poly and Polyexo- (with and without mtSSB) be-
fore exchange with T7TDNAp were identical to those mea-
sured in the absence of T7TDNAp in solution at all ten-
sions, Figure 2C. These observations indicate that poly-
merase exchange at the fork is not rate limiting and does
not contribute significantly to the kinetics of the frequent
pause events characteristic of the replication traces (Fig-
ures 1C and 1D). Overall our results are in excellent agree-
ment with previous bulk studies suggesting that Poly can
exchange with Poly variants in solution during primer ex-
tension DNA synthesis conditions (60) and single-molecule
reports from polymerase exchange kinetics in other DNA
replication systems (24,56).

Poly and Polyexo- present identical fork destabilization en-
ergies

Our bulk single turn-over assays showed that Polyexo-
presents a strand displacement activity higher than that of
Poly (~69 versus ~37 nucleotides, respectively, Figure S2,
Table 1). In the optical tweezers the strand displacement
activity of Polyexo- was detected consistently at tension
lower than that of Poly (~3 versus 6 pN, respectively) and
at all tensions presented faster average velocities than the
wild-type holoenzyme (Figure 2C). Overall these data are in
agreement with preliminary bulk studies suggesting a higher
efficiency of strand displacement synthesis by the mutant
variant (13,18,20,21). To further investigate the differences
in the strand displacement activities of the two holoen-
zymes, we measured the effect of mechanical tension (or
mechanical destabilization of the DNA fork) on the moving
and pause kinetics of each holoenzyme through the DNA
fork.

To examine the impact of mechanical destabilization of
the fork on the moving kinetics (or moving state) we cal-
culated the strand displacement rates without pauses, or
pause-free velocity, at all tensions, Figure 3A (Materials
and Methods). For both polymerases, pause-free velocity
increased with tension continuously towards values found
during primer extension conditions (Figure 3A and Sup-
plementary Figure S1C), indicating that DNA unwinding is
the rate limiting step of the reaction. Pause-free velocity was
~12% faster for Polyexo- than for Poly, in agreement with
the difference between the maximum primer extension rates
of each holoenzyme (Supplementary Figure S1C). Next, we
fit the tension dependent pause-free velocity of each holoen-
zyme to a model (referred as strand displacement model)
to calculate the interaction energy of the holoenzyme with
the DNA fork. This model is an extension of the theo-
retical framework described by Betterton and Julicher to
quantify the ‘unwinding activeness’ of nucleic acid helicases
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adapted to the case of replicative DNA polymerases (SI)
(23,52,61,62). According to the strand displacement model,
the pause-free strand displacement rate is governed, among
other factors, by the average stability of the base pairs of
the DNA fork ahead of the polymerase (A Gj,), and the re-
duction of this free energy by the interaction energy of the
polymerase with the fork, AGj, (and the range on this in-
teraction, M), and the mechanical tension applied to the
DNA, A Gy (SI). These considerations are in agreement with
recent studies showing that the presence of replication pro-
teins close to the DNA fork increases the breathing kinetics,
or decreases the base pair stability, of the fork junction (63—
65). According to (42), the average free energy of bp for-
mation of our hairpin stem can be estimated as AGp,~1.8
kg T (Materials and Methods), while AGy can be obtained
from DNA elasticity (SI). Therefore, the interaction energy
of the polymerase with the fork, AGj,, and the range on
this interaction, M are the only two free-parameters of the
model. These parameters were fixed by least squares fits
of the model to the pause-free velocity values of Poly and
Polyexo-, Figure 3A. The fits yielded AG;,,,= 0.9 £ 0.1 kg T
and M = 1 for Poly, and AG;;,,= 1.0 £ 0.1 kgT and M =1
for Polyexo- (Table 1). We note that the model assumes
that effective interaction energy of the holoenzyme with the
dsDNA fork junction (AGj,) decreases equally the bind-
ing energy of A-T and G-C base pairs. These results in-
dicated that both holoenzymes decrease the activation en-
ergy of the nearest bp of the fork equally by ~1 kg T. There-
fore, other factors should account for the different ability
of each holoenzyme to perform strand displacement DNA
synthesis.

Poly spends longer times in a non-productive state than
Polyexo-

Next, we studied the effect of the mechanical destabiliza-
tion of the fork on the pause kinetics of each holoenzyme
by quantifying the effect of tension on their average resi-
dence times in pause state per nucleotide, 7p( /) (Methods).
Note that 7p(f) includes pause frequency and duration.
The results showed that Tp(f) was higher for Poly than
for Polyexo- and for both holoenzymes decreased exponen-
tially with tension towards values found during primer ex-
tension (Figure 3B). Previous studies on strand displace-
ment DNA synthesis proposed that reannealing of the
newly unwound bases (the fork regression pressure) would
pause polymerase advancement by competing for template
binding and promoting partition of the primer end from the
pol to the exo sites (22,23,66). In the case of Polyexo-, the
intramolecular transfer of the primer end (6) to the inactive
exo site does not lead to excision and the primer returns in-
tact to the pol site, favoring DNA synthesis. Conversely, in
Poly, the intramolecular transfer of the primer end to the
exo site favors the excision of the newly incorporated nu-
cleotide, effectively rendering the holoenzyme prone to idle
at the fork in recurrent pol and exo events (20). We note
that we did not detect exo events of Poly at any tension,
suggesting that this reaction, and/or associated idling, in-
volves few nucleotides not resolved by our current resolu-
tion limit. Therefore, although different in nature, the events
triggered by the fork regression pressure on each holoen-
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Figure 3. Effect of tension on Poly and Polyexo- strand displacement kinetics. For all plots: Poly green symbols (N = 80), Polyexo- magenta symbols
(N = 71). Error bars show standard errors. (A) For both holoenzymes pause-free velocities (nt s—!) increased with tension continuously towards values
measured during primer extension (Figure S1C). Green and magenta lines are the fits of the strand displacement model (SI) to Poly and Polyexo- data,
respectively. (B) Tension dependencies of the average residence times at the pause state per nucleotide (7),(f), s nt~!). Green and magenta lines are the fits
to Poly and Polyexo- data, respectively, with a two state model (Eq. 1). Grey box show average T, (f) values measured under primer extension conditions in
the absence of mtSSB, Figure S1D and (16). (C) Diagram illustrating the two-state model in which the holoenzyme alternates between moving and pause
or non-productive states during the strand displacement reaction. In the moving state, two template nucleotides (brown and blue) are bound to the po/ site
and the holoenzyme advances through the dsDNA destabilizing partially the first base pair of the junction (in red) with interaction energy of AGj, ~1
kg T per dNTP incorporation step. In the absence of tension, the regression pressure of the dsDNA fork outcompetes the holoenzyme for the template (two
headed arrow), which shifts the equilibrium towards the pause or non-productive state strongly (K(0) >1, Table 1) and restricts the probability of finding
Poly and Polyexo- in the moving state to ~4 and 12%, respectively (SI). Application of tension (f) to the hairpin decreases the rewinding kinetics and/or
favors the unwinding of first ~2 bp of the fork (), which shifts the equilibrium towards the moving state.

zyme would be detected as pauses under our experimental On one hand, extrapolation of the fits to 0 pN revealed
conditions. In a simplified two-state scenario, in which each that the average residence times at pause state per nucleotide
holoenzyme alternates between a moving and a pause states in the absence of tension, 7p(0), of Poly and Polyexo-
(Figure 3C), the effect of tension on the average residence were 3.10 £ 0.50 s nt™' and 1.22 4+ 0.28 s nt™!, respec-
time in pause state per nucleotide during strand displace- tively (Table 1). These Tp(0) values were ~30 and ~10 times
ment can be quantified as (SI): higher than those during primer extension (~0.1 s nt~! for
’ both holoenzymes (8), Figure 3B and Supplementary Fig-

K (0)e /¢ ure S1D), showing that stability and/or regression pressure

Tr ()= W ey of the DNA fork has a strong effect on increasing 7p(0).

In terms of moving probabilities, the 7p(0) values indicate
where, K(0) is the equilibrium constant of the transition that the probabilities of finding Poly and Polyexo- moving

between moving and pause state during strand displace- ~ through the DNA hairpin are as low as ~4 and ~12%, re-
ment in the absence of tension. f'is the mechanical tension spectively (Materials and Methods, SI). This data is in line
that promotes the mechanical destabilization of the hairpin. with the higher efficiency of the strand displacement syn-
d is the tension-induced conformational change along the  thesis by the mutant variant (20).

pulling coordinate that shifts the equilibrium towards the On the other hand, the values of the tension-induced con-

moving state and V(f) is the tension dependent pause-free formational change that shifts the equilibrium towards the
velocity defined by the strand displacement model described =~ moving state (d) obtained from the fits were very similar
above (SI). The two free variables, K(0) and d, were fixed  for Poly and Polyexo- 1.4 & 0.4 and 1.2 & 0.4 nm, respec-
upon least-squares fitting of Eq. (1) to Tp(f) data, Figure  tively (Table 1). This conformational change is concomitant
3B and Table 1. with release of ~4 nt along the pulling coordinate or the

€202 Iudy g uo sasn (AVN) PLUPE 8p Bwouginy pepisieAlun Aq 9/2820./0S .1 /v/1LG/o101He/ieu/wod dno-dlwapede//:sdjy woly papeojumod



unwinding of the first ~2 bp of the DNA fork. This result
is in agreement with a mechanism in which destabilization
of the ~2 first bp of the DNA fork by tension diminishes
the fork regression pressure and creates two template nu-
cleotides that could be accommodated at the polymerase
template-binding pocket (67) shifting equilibrium towards
the moving state, Figure 3C.

Differential effects of mtSSB on Poly and Polyexo- strand
displacement activities under mechanical tension

Next, we aimed to investigate the effect of mtSSB inter-
action with the displaced strand on the tension depen-
dent strand displacement replication kinetics of Poly and
Polyexo- variants. We tested the effects of 5, 50 and 100
nM mtSSB, which under our current experimental condi-
tions have been shown to cover respectively ~85%, ~98%
or are expected to oversaturate individual ssDNA molecules
stretched under mechanical tension (51).

In the case of Poly, 5 nM mtSSB favored detection of
activities at slightly lower tensions (~4-5 pN), decreased
T,(4pN) by 2-3-fold with respect to conditions in the ab-
sence of mtSSB, but did not alter pause-free rates, Fig-
ures 4A and B. Increasing mtSSB concentration to 50 nM
promoted the strand displacement activity of Poly more
strongly; it dropped the minimum tension required to detect
individual activities to lower values, ~3 pN, stimulated the
pause-free rates by a ~25% at all tensions, and decreased
1,(3pN) by ~2-3 times with respect to conditions in the
absence of mtSSB (Figures 4A and B).

In the case of Polyexo-, 5nM and 50 nM mtSSB had both
strong stimulatory effects on the strand displacement activ-
ity of the variant at tension below 5 pN; mtSSB dropped
the minimum tension required to detect individual activi-
ties, from ~4 to ~2 pN, increased the average pause-free
velocity by ~25%, and decreased T,(2pN) by ~4 times,
with respect to the values predicted by the strand displace-
ment and the two-state models for conditions in the ab-
sence of mtSSB (Figures SA and B). At the lowest tension
(~2 pN), these stimulatory effects resulted in a higher num-
ber of replicated nucleotides and faster average replication
rates than in the absence of mtSSB (Figures 2B and C). In-
terestingly, as tension increased to 4-5 pN mtSSB lost the
ability to decrease the residence time at pause state (7,( f))
of the mutant holoenzyme (Figure 5B) and in turn, to stim-
ulate the activity of the mutant variant (Figures 2C and
S3). Moreover, at 50 nM mtSSB tension above ~5-7 pN
was detrimental for Polyexo- activity; under these condi-
tions the average replication rates (with and without pauses)
were lower and the residence times at pause state were signif-
icantly higher than those measured in the absence of mtSSB
(Figures 5A and B).

Further increase of mtSSB concentration to 100 nM
resulted in lack of stimulation and further inhibition of
Poly and Polyexo- strand displacement activities, Figure
S4. These results are in line with previous bulk biochemi-
cal assays that showed deleterious effects of oversaturating
mtSSB concentrations on the DNA synthesis activity of the
human mitochondrial holoenzyme (36).

Overall, our results show that mtSSB stimulates the
strand displacement activity of both holoenzymes by favor-
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ing detection of strand displacement activity at lower forces,
increasing pause-free rates and decreasing the time at non-
productive or pause state. These stimulatory effects resulted
in a higher number of replicated nucleotides than in the ab-
sence of mtSSB, which at the lowest tensions (~2 and ~3
pN) agree well with those measured in bulk assays 108 £ 42
and >150 nt for Poly and Polyexo respectively (Figure 2B,
and Table 1). Interestingly, the real-time kinetics of each
holoenzyme responded to the combined effect of mtSSB
concentration and tension differently, Polyexo- being more
prone to stimulation by lower mtSSB concentrations (10-
fold) but also to inhibition by tension.

Species specific effects favor strand displacement DNA syn-
thesis

To determine whether the stimulation of the tension depen-
dent strand displacement activities of Poly and Polyexo-
by mtSSB depend on their coordination at the fork, or re-
sult from a passive binding of SSB to the displaced strand,
we assessed the kinetic parameters of these two holoen-
zymes in the presence of various concentrations of ho-
mologous EcoSSB and heterologous phage T7 SSB, gp2.5.
EcoSSB shares significant sequence and structural homol-
ogy to mtSSB (68,69). Both proteins bind preformed ss-
DNA as tetramers with similar affinities (Kp ~2 nM) and
footprints (number of nucleotides wrapped per tetramer)
(32,33,46,51,70-72). In contrast, the multifunctional gp2.5
is organized as a dimer, shows smaller ssDNA binding foot-
print and lower affinity for ssDNA (Kp ~0.8 wM) than
mtSSB and EcoSSB (73,74). EcoSSB and gp2.5 present in-
trinsically disordered acidic C-terminal tails that mediate
interactions with other proteins including some of their re-
spective replisomes (71,75). An analogous C-terminal tail is
absent on mtSSB.

Bulk biochemical assays show that saturating concentra-
tions of EcoSSB stimulated the strand displacement proces-
sivity of Poly and Polyexo- in a way similar to that mea-
sured for its mtSSB homolog (Supplementary Figure S2,
Table 1). However, notable differences were apparent at the
single-molecule level between the effects of the two homolo-
gous SSB proteins on the real-time kinetics of each holoen-
zyme. At the lowest concentration (5 nM), EcoSSB did not
have significant effects on the initiation force, tension de-
pendent average rates (with and without pauses) and times
at pause states of both holoenzymes (Figure 6A—F). These
results contrast with the stimulatory effects of 5 nM mtSSB
on the strand displacement kinetics of the two holoenzyme
variants (Figures 4 and 5). The increase of EcoSSB concen-
tration to 50 nM stimulated the activity of the two holoen-
zymes significantly at tension below 6—7 pN (Figure 6A—
F). Under these conditions, the minimum tensions required
to detect activities decreased (to ~3 and ~1 pN for Poly
and Polyexo-, respectively), and the average rates of the
two holoenzymes increased as a consequence of stimula-
tion of the pause-free velocities (~25% increase) and the de-
crease of the time at pause state per nucleotide (2-4 times).
However, above 6-7 pN EcoSSB (50 nM) lost the ability
of decreasing T,(f) of both holoenzymes (Figures 6C and
F). This effect of tension on 7),(f) is similar to that mea-
sured for Polyexo- in the presence of mtSSB. However, it
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Figure 4. Effect of mtSSB on the tension dependent strand displacement kinetics of Poly. (A) 50 nM (N = 40) but not 5 nM (N = 20) mtSSB stimulated
the pause-free velocity of Poly at all tensions. Green lines correspond to the fits of the strand displacement model to data in the absence and presence of
mtSSB. (B) 5 and 50 nM concentrations of mtSSB decreased average residence time at pause state per nucleotide (7),(f), s nt~!) of Polvy at all tensions. Grey
box shows average T),(f) values obtained under primer extension conditions in the absence of mtSSB (16). Green lines are the fits of two-state model (Eq.
1) to data in the absence and presence of mtSSB. mtSSB binding to the displaced strand decreases ~2-3 times the average residence time of Poly at a pause
or non-productive state. For both figures error bars show standard errors. Inset shows the intersection of the fits with the Y-axis. (C) Diagram illustrating
the two-state model in the presence of mtSSB. Poly alternates between moving and pause or non-productive states. In the moving state, two template
nucleotides (brown and blue) are bound at the pol active site and the holoenzyme-mtSSB complex destabilizes partially the first base pair of the DNA
hairpin with interaction energy a ~40% higher than in the absence of mtSSB (A Gy, ~1.4 kg T per dNTP incorporated). In addition, mtSSB decreases the
fork regression kinetics (represented by a two-headed arrow), which in turn, increases the probability of finding the holoenzyme at the moving state from
~4 to ~12% (SI). Even in the presence of mtSSB, the equilibrium is shifted towards the pause or inactive-state (Kssg(0) > 1, Table 1). Destabilization of
~2 base pairs () of the DNA junction by application of mechanical tension (f) is required to shift the equilibrium towards the moving state.

was not observed in the case of the wild-type holoenzyme Polyexo- (especially at high tensions), Figure 6J-L. These
in the presence of mtSSB. Interestingly, EcoSSB (50 nM) results showed again that the strand displacement activity
did not present inhibitory effects on Polyexo- activity at of Polyexo- is more sensitive to the combined effect of ten-
high tensions (Figure 6D—F). As in the case of high mtSSB sion and SSB than Poly.

concentrations, no stimulation or inhibition of the strand Although effects of SSBs on the two holoenzymes at hand
displacement activities of both holoenzymes was measured differ in details, the results generally showed that at con-
with 100 nM EcoSSB at high tensions (f > 8 pN), Supple- centrations ~10 to 20 times lower than those of noncog-

mentary Figure S4. nate SSBs, mtSSB has greater ability to stimulate the strand
In the case of non-cognate heterologous gp2.5, bulk bio- displacement kinetics of the two Poly variants under me-
chemical assays showed that the phage SSB stimulated the chanical tension. These results argue that efficient strand

processivity of Poly but not that of Polyexo- (Supplemen- displacement DNA synthesis entails a specific interplay be-
tary Figure S2). At the single-molecule level, only the high- tween the holoenzyme and the mtSSB. Notably, the lack of

est gp2.5 concentration used in our experiments (100 nM) stimulation and/or inhibition of Polyexo- average strand
had significant effects on the activity of the two holoen- displacement rate by the three SSBs under study at tensions
zymes, probably reflecting the lower affinity of this protein above ~5 pN, suggest that under mechanical stress condi-
for ssDNA. Under these conditions, gp2.5 did not favor the tions the mutant holoenzyme cannot correctly couple with
detection of Poly and Polyexo- activities at tensions signif- these SSB proteins during strand displacement replication.
icantly lower than those in the absence of SSB (Figure 6G— Finally, we sought to determine whether our observa-
L). However, gp2.5 (100 nM) stimulated the pause-free ve- tions of the behavior of mitochondrial holoenzymes in re-
locities of Poly to the extent similar as in the cases of 50 sponse to various SSB proteins and tension can be extrap-
mM mtSSB and EcoSSB, but did not decrease the residence olated to other polymerase-SSB systems. To this end, we
time at pause state of the wild-type variant at any tension, measured the effects of cognate (gp2.5) and non-cognate

Figures 6H and I. In contrast, gp2.5 (100 nM) did not stim- (mtSSB and EcoSSB) SSBs on the kinetics of the strand
ulate and even inhibited the strand displacement activity of displacement replication by the wild-type (T7DNAp) and
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Figure 5. Effect of mtSSB on the tension dependent strand displacement kinetics of Polyexo-. Effects of 5 nM (N = 44) and 50 nM (N = 78) mtSSB
on the tension dependent (A) pause-free velocity, and (B) average residence times at pause state per nucleotide (7),(f), s nt~1) of Polyexo-. Both mtSSB
concentrations stimulated the strand displacement activity of Polyexo- below 4-6pN. However, the stimulatory effects diminished above 4-6 pN. Even
more, as tension increased above ~8 pN, 50 nM mtSSB had detrimental effects on the pause-free rates (A) and residence times at pause state per nucleotide
(B) of the mutant holoenzyme variant. In (A) magenta and pink lines correspond to the fits of the strand displacement model to the tension dependent
pause-free rates in the absence and presence of 5 nM mtSSB, respectively. In (B), the magenta line is the fit of the two-state model (Eq.1) to the tension
dependent average residence time at pause state per nucleotide in the absence of mtSSB. Grey box shows the average 7),(f) values measured under primer
extension conditions in the absence of SSB, Figure S1. For (A) and (B) error bars show standard errors. (C) Diagram illustrating the effect of tension on the
moving-pause state equilibrium of Polyexo- in the presence of mtSSB. At tension f'< 4 pN, Polyexo- would alternate between moving and pause state with
an equilibrium constant (Kssp(f < 4pN)) leading to a residence time in the pause state ~3-4-times shorter than that in the absence of mtSSB. Application of
tension above 4 pN promotes the release of ssDNA nucleotides from the mtSSB (brown and blue), which in turn could decrease its ability to counteract the
fork regression kinetics. Under these conditions, the mutant holoenzyme would alternate between moving and pause states with an equilibrium constant
similar to that in the absence of mtSSB (K(f'> 4 pN)). In both situations, mtSSB binding energy and kinetics would help the holoenzyme to destabilize the
first base pair of the DNA fork (A Gy, ~ 1.4 kg T per ANTP incorporated). Mechanical destabilization of the ~2 first base pairs (d) of the DNA junction
by tension (f) will further shift the equilibrium towards the moving state in the two situations.

the exo-deficient (Sequenase©) variants of phage T7 DNA Quantification of SSB effects on strand displacement kinetics
polymerase under increasing mechanical tensions (SI and
Supplementary Figure S5). Overall, the effects of cognate
and non-cognate SSBs on the tension dependent kinet-
ics of strand displacement replication by T7TDNAp and
Sequenase© were in line with those measured on the mi-
tochondrial holoenzymes. Together, these results confirmed
that 1) cognate SSBs are more efficient than non-cognate
SSBs in promoting pause-free velocities and decreasing time
at pause state during stand displacement reaction, and ii)
both cognate and non-cognate failed to decrease the resi-
dence times at the pause state characteristic of the exo defi-
cient variants at high tensions.

Under conditions favoring strand displacement replica-
tion, cognate and non-cognate SSBs promoted the pause-
free velocities of the mitochondrial holoenzyme vari-
ants to a similar extent, by ~20-25%. We fitted these
data sets to the strand displacement model to quan-
tify the energetic contribution of SSBs to DNA unwind-
ing. Least square fits yielded similar values of the DNA
fork interaction/destabilization energies of AGj,~ 1.4
kgT (M = 1) for all holoenzyme-SSB couples (Table 1):
Poly/50nM mtSSB (Figure 4A), Polyexo-/5nM mtSSB
(Figure 5A), Poly/50nM EcoSSB (Figure 6B), Polyexo-
/50nM EcoSSB (Figure 6E), and Poly /gp2.5 (Figure 6H).
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Figure 6. Effects non-cognate SSB on Poly and Polyexo- tension dependent strand displacement kinetics. (A—C) 5 nM EcoSSB had no apparent effects on
the strand displacement kinetics of Poly (N = 28). In contrast, 50 nM EcoSSB (N = 32) stimulated pause-free velocity at all tensions (B), and the average
rates (A), and residence times at pause state, 7,,(f), (C) below 5 pN. (D-F) 5 nM EcoSSB (N = 27) had no significant effects on the strand displacement
kinetics of Polyexo-, whereas 50 nM EcoSSB (N = 42) stimulated the pause-free velocity at all tensions (E), and the average rates (D) and residence time at
the pause state (F) at tension below 5 pN. (G-I) gp2.5 (100 nM, N = 15) stimulated the pause-free velocities of Poly to a similar extend than 50 nM mtSSB
and EcoSSB (H), but did not decrease the residence time at pause state of the wild-type holoenzyme at any tension (I). (J-L) gp2.5 (100 nM, N = 17) did not
stimulate the strand displacement kinetics of Polyexo- and was inhibitory at tension above ~8 pN. Lines correspond to the fits of the strand displacement
model to the pause-free data (B, E, H, K) and Eg. 1 to the residence time at pause state data (C, F, I, L). Grey boxes show the average 7),(f) values obtained
during primer extension conditions in the absence of SSBs (Figure S1 and (16)). For all plots error bars show standard errors.
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These results imply that, under conditions that allow stim-
ulation of pause-free velocities, cognate and noncognate
SSBs contribute non-specifically an extra ~0.4 kg7 to de-
crease the activation barrier of the first bp of the fork during
the strand displacement activities.

Next, we quantified the contributions of SSBs to decrease
the residence times at the pause state(s) (7p(f)) by fitting
to the two-state model (Eg. 1) the Tp(f) values of Poly
in the presence of 5 or 50 nM mtSSBs (Figure 4B). Note
that these were the two only conditions where an SSB de-
creased the Tp(f) of the holoenzyme at all tensions. The
fits yielded the equilibrium constant between pausing and
polymerization (K(0)) and the magnitude of the conforma-
tional change that shifts equilibrium towards moving state
(d) in the presence of mtSSB (Table 1 and Supplementary
Table S2). Extrapolation of the fits to 0 pN indicated that 5
and 50 nM mtSSB decreased the average residences time at
pause state in the absence of tension by ~2.5-fold. On the
other hand, the values of d that resulted from the fits were
identical for both mtSSB concentrations, ~1.2 nm (Table
1). This conformational change indicates that, as in the ab-
sence mtSSB, unwinding of the first ~2 bp of the DNA fork
by tension is necessary to shift the equilibrium towards the
moving state. Note that the fit of Poly Tp(f) data in the
presence of mtSSB (5 nM) to Eq. 1 explained well the ef-
fect of non-cognate EcoSSB (50 nM) on the 7p(f) at ten-
sions below ~6 pN, Supplementary Figure S4C. Above this
tension, EcoSSB had no longer an effect on the 7p(f) of
Poly. Similarly, cognate and non-cognate SSBs lost their
ability to decrease the residence time at the pause state of
Polyexo- at tension higher than ~5 pN (Figures 5B, 6F
and L). This effect limited the number of data points that
changed with tension continuously and therefore, hindered
consistent fits with the two-state model (£g. 1). Neverthe-
less, from the data at the lowest tension (~1-2 pN) we infer
that cognate and non-cognate SSBs lowered the 7p(f) of
Polyexo- ~4-fold, with respect to the values predicted by
the fit of the two-state model to data in the absence of SSB.
As mentioned above, previous single molecule experiments
suggested DNA fork regression pressure (or regression ki-
netics) as the main factor that pauses the polymerase ad-
vance through dsDNA and therefore, increases 7p(f). We
next performed additional single-molecule experiments to
check the consequence of SSBs binding to ssDNA on the
reannealing rate or regression kinetics of the DNA hairpin.
These experiments showed that all three SSBs (50 nM) de-
creased the reannealing rate of the complementary strands
of the hairpin by ~100- to 1000-fold, Figure S6, as previ-
ously shown for other SSBs proteins (76,77). These results
explain, at least in part, the significant effect of SSBs on
decreasing the average residence time that the holoenzyme
spends in pause state.

The values of V(0) and Tp(0) predicted by fits of the
strand displacement and the two-state models (£g. 1) to the
single-molecule data (Figures 3-5, Table 1), together with
the residence times at the DNA fork of each holoenzyme
determined in bulk (1/k,, Table 1), can be used to estimate
maximum average processivities in the absence of tension
(Methods). These calculations yielded values of 49 + 8 nt
for Poly, 91 + 28 nt for Poly with mtSSB (50 nM), and
92 + 19 nt for Polyexo-. Remarkably, given the differences
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between bulk and single-molecule approaches, these values
are within error with the maximum number of replicated
nucleotides measured in bulk studies, 37 + 15 for Poly,
108 =+ 42 for Poly with mtSSB, and 69 £ 17 for Polyexo-
(Figure 2B, Table 1), supporting the models used to explain
the data.

Finally, we note that cognate and non-cognate SSB pre-
sented stimulatory effects on T7TDNApol and Sequenase©
strand displacement kinetics of the same magnitude as
those measured on the mitochondrial holoenzymes (Sup-
plementary Figure S5 and Supplementary Table S1).

DISCUSSION

In this study, we demonstrated that Poly and its exo defi-
cient variant (D19gA/EpA) present substantial strand dis-
placement DNA synthesis and provided further insights
into the mechanisms by which mtSSB assisted this reac-
tion. Upon initiation of the strand displacement reaction,
the two mitochondrial holoenzymes decreased the activa-
tion energy of the nearest bp of the fork equally, by AG,,
~1 kgT per dNTP incorporated, indicating that the in-
trinsic strand displacement mechanism of Polvy is indepen-
dent from its exo activity. According to current models of
the mechanism of coupling DNA synthesis with unwind-
ing, the sharp bending of template (~90°) induced char-
acteristically by DNA polymerases within their polymer-
ization domains (67,78) would impose mechanical stress at
the DNA fork junction, which in turn lowers the energy
barrier for DNA unwinding during each nucleotide incor-
poration cycle, Figure 3C (22,23,27,52). Under our experi-
mental conditions, the AG;,; of the mitochondrial holoen-
zyme is ~45% lower than the average stability of the next
bp of the hairpin, AG,(0pN) ~1.8 kg7 (SI). According to
the strand displacement model, in the absence of tension
the strand displacement rate depends on the difference be-
tween AGy,(OpN) and A Gy, (SI). Therefore, the fact that
AGyy(0pN) is significantly higher than AG;, explains the
slower pause-free strand displacement rate of the holoen-
zyme (V(0pN)) as compare to the rate of primer extension
over ssDNA template, i.e. ~6 versus ~24 nt s~ !, respectively
(Supplementary Figure S1).

The moderate effect of bp stability of the strand displace-
ment rate (~4-fold reduction) cannot explain the extended
residence times of the holoenzyme variants in pause or non-
productive states, which in the absence of tension are 30-
(for Poly) and 10- (for Polyexo-) times longer than dur-
ing primer extension conditions. These long residence times
at pause state constitute the main event limiting the elon-
gation phase of the strand displacement replication. Pre-
vious single-molecule studies suggested that the principal
factor that pause the advance of the polymerase through
the DNA fork is the fork regression pressure, which out-
competes eventually the pol active site for binding to the
template, Figure 3C (22,23,66). Previous structural stud-
ies showed that the active site of Poly, and other related
DNA polymerases, bind ~2 template nucleotides stably
(67,78,79). In agreement with these observations, fits of Egq.
(1) to Tp(f) indicate that mechanical unwinding of ~2 bp
of the DNA fork rescues the holoenzyme from the pause
state. These results suggest that application of tension de-

€202 Iudy g uo sasn (AVN) PLUPE 8p Bwouginy pepisieAlun Aq 9/2820./0S .1 /v/1LG/o101He/ieu/wod dno-dlwapede//:sdjy woly papeojumod



1762 Nucleic Acids Research, 2023, Vol. 51, No. 4

creases the fork regression pressure on the holoenzyme, and
releases ~2 template nucleotides which could be accommo-
dated back at the template-binding pocket favoring in this
way DNA synthesis (Figure 3C). The loss of the template by
the holoenzyme against the fork regression pressure will in-
duce the intramolecular kinetic partitioning of the primer
between pol and exo sites (22,23,66). This process would
have differential effects on the kinetics of Poly and its exo-
deficient variant. The active exo site of Poly will lead to re-
moval of one or few, newly incorporated nucleotides from
the primer (20), while in the case of Polyexo-, the frayed
primer end will return intact to the po/ site (5,6). In prac-
tice, because individual exo events are below our current
resolution limit, they would be included in the pause kinet-
ics of wild-type Poly, resulting in significantly higher 7p( f)
values compared to the Polyexo-. Indeed, this is consistent
with our observation that Poly spends 2-3 times longer res-
idence times at the pause state per nucleotide than the exo
deficient variant (Figure 3B) and is generally ~3-fold less
likely to be found in the moving state (Materials and Meth-
ods). This observation, in turn, also explains the higher pro-
cessivity (2-3-fold) of Polyexo- on the dsDNA hairpin (note
that the two enzymes have similar dissociation rates from
DNA, Table 1).

Our work shows that mtSSB has a strong stimulatory ef-
fect on Poly and Polyexo- strand displacement activities.
‘We note that, in contrast to other SSBs, mtSSB lacks the C-
terminal tail required for inter-protein cooperativity (71,80)
and to date; there is no experimental evidence for cooper-
ative binding of mtSSB to ssDNA (33). Therefore, we can
rule out cooperative binding of mtSSB to the displaced ss-
DNA as a potential factor that promotes strand displace-
ment activity of the mitochondrial holoenzyme. In addi-
tion, mtSSB did not affect the apparent dissociation rates
of Poly and Polyexo- from the DNA fork (Supplementary
Figure S2 and Table 1) therefore; stimulation cannot be at-
tributed to increased residence times on the DNA fork. Ac-
cording to our data, the stimulatory effects of mtSSB on the
strand displacement activities of the mitochondrial holoen-
zymes can be attributed to two main mechanisms: increas-
ing the pause-free rates and decreasing the residence time at
pause state per nucleotide.

On the one hand, mtSSB stimulated the pause—free rate
(~25%) by decreasing the energy barrier for the unwind-
ing of the first bp of the DNA fork, by additional ~0.4
kg T (Figure 4C). This contribution is in excellent agreement
with the average binding energies per nucleotide measured
for mtSSB under similar experimental conditions (51,55).
Overall, stimulation of pause-free velocities depended on
SSB concentration but not on the external mechanical ten-
sion exerted to the system. On the other hand, at the lowest
tension, mtSSB decreased the residence times in the non-
productive or pause state (7p( f)) of Poly and Polyexo- by
~2-4 times, respectively. This stimulatory effect is stronger
than that on the pause-free velocity, which makes it the main
factor promoting the strand displacement activity of the
holoenzyme. The cause of this stimulatory effect could be
attributed, at least in part, to the reduction of the DNA
fork reannealing rate (regression kinetics) imparted by SSB
binding to ssDNA (Supplementary Figure S6). Remark-
ably, the stimulatory effect of SSB on 7p( f) faded away as

tension raised to ~5 pN, specially for Polyexo- in the pres-
ence of cognate and non-cognate SSBs and Poly with non-
cognate SSBs. Previous single-molecule manipulation stud-
ies showed that mtSSB wraps 35 nt of the displaced strand
when binding is couple to DNA replication (51) however,
mechanical tension applied to the SSB-ssDNA complexes
promotes the gradual unwrapping of ssDNA nucleotides
from the SSBs, which affects the SSB binding footprint on
ssDNA (51,55). Taken together, these results suggest that:
1) the binding energy and kinetics but not the binding foot-
print or wrapping mode of mtSSB to/on ssDNA are rele-
vant to stimulate pause-free velocities. ii) On the contrary,
the binding footprint of the SSB (and/or its physical prox-
imity to the fork junction), would be relevant to counter act
the fork regression kinetics on the holoenzyme, or in other
words, decrease the strong competition between the DNA
fork and the holoenzyme for template binding (Figures 4C
and 5C).

Generally, mtSSB stimulated pause-free velocities and
decreased time at pause state of Poly and/or Polyexo- at
concentrations 10-times lower than those of non-cognate
SSBs. These results suggest that a specific interplay between
the two mitochondrial partners is relevant for efficient DNA
synthesis at the fork. Because the mitochondrial holoen-
zyme and SSB do not interact physically (35), coordination
of their activities at the DNA fork could rely on functional
interactions. For example, we found that local electrostatic
repulsion between the two proteins facilitates primer exten-
sion over a sSDNA template (8). Future studies will help to
identify the nature of and the specific residues responsible
for the functional interplay between these two mitochon-
drial proteins. Remarkably, cognate and non-cognate SSBs
stimulated the tension dependent strand displacement ki-
netics of T7TDNApol and Sequenase© in ways similar to
those found on Poly (Supplementary Figure S5), suggesting
that our findings on mitochondrial DNA replication system
could be extrapolated to related DNA replication systems.

The potent strand displacement or DNA unwinding ac-
tivity of the mitochondrial holoenzyme and its enhance-
ment by mtSSB likely has significant physiological impli-
cations. (i) The bp destabilization energy of Poly is sim-
ilar or even higher to that reported for replicative heli-
cases previously (0.05-1.6 kg T (62,81,82)) arguing that the
holoenzyme may contribute substantially in promoting ac-
tive DNA unwinding when assemble into the replisome.
However, its poor ability to counter act the fork regression
pressure (which restricts its moving probability through ds-
DNA to 4%) suggests that during leading (or H-strand)
DNA synthesis a critical role of the mitochondrial heli-
case Twinkle may be to prevent fork regression pressure
on the holoenzyme, ensuring robust DNA replication. A
distribution of labor between these two enzymes has been
proposed for other DNA replication systems (17,26,37,83).
(i1) Because strand displacement activity is inversely related
to polymerase slippage (15), the strand displacement abil-
ity of Poly would generally favor its fidelity by decreas-
ing the probability of deletions (and/or insertions) during
replication of the lagging or L-strand of the mtDNA. (iii)
Poly-mtSSB coupling would be relevant for the processing
of primers at the origins of replication of the mtDNA; i.e,
generating long flaps upon reaching the origins of the two
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mtDNA strands, enabling their further processing by dedi-
cated nucleases (84). In this context, the substantial strand
displacement activity of Polyexo- in the presence of mtSSB
would generate excessively long flaps precluding their pro-
cessing by the associated nucleases and, in turn, maturation
of mtDNA. 4) Reports to date indicate that ~95% of all
the mtDNA synthesis events initiated at the origin of repli-
cation (i.e. Oy) are terminated prematurely at the termina-
tion associated sequence (TAS), likely due to the absence of
mtDNA helicase Twinkle (24). In this scenario, Poly would
reside at the fork junction (the end of the D-loop, near TAS)
accompanied only by the displaced strand-bound mtSSB,
which resembles our study model. It is therefore possible
that strand displacement activity is exerted at TAS. The
likely occurrence of strand displacement mtDNA synthe-
sis at TAS under physiological conditions is supported by
the fact that in mice expressing the Polyexo- variant (which
presents a more potent strand displacement activity) a ds-
DNA stretch terminated at TAS (i.e. 7S DNA) is signifi-
cantly longer compared to that in the presence of wild-type
Poly (24). Interestingly, the mice exhibit progeroid pheno-
type with accumulation of mtDNA deletions (85), pointing
out again to the deleterious effects of excessive strand dis-
placement activity under physiological conditions.
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