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ABSTRACT

Single-stranded DNA-binding proteins (SSBs) play a
key role in genome maintenance, binding and orga-
nizing single-stranded DNA (ssDNA) intermediates.
Multimeric SSBs, such as the human mitochondrial
SSB (HmtSSB), present multiple sites to interact with
ssDNA, which has been shown in vitro to enable
them to bind a variable number of single-stranded
nucleotides depending on the salt and protein con-
centration. It has long been suggested that different
binding modes might be used selectively for differ-
ent functions. To study this possibility, we used op-
tical tweezers to determine and compare the struc-
ture and energetics of long, individual HmtSSB-DNA
complexes assembled on preformed ssDNA and on
ssDNA generated gradually during ‘in situ’ DNA syn-
thesis. We show that HmtSSB binds to preformed ss-
DNA in two major modes, depending on salt and pro-
tein concentration. However, when protein binding
was coupled to strand-displacement DNA synthesis,
only one of the two binding modes was observed un-
der all experimental conditions. Our results reveal a
key role for the gradual generation of ssDNA in mod-
ulating the binding mode of a multimeric SSB pro-
tein and consequently, in generating the appropriate

nucleoprotein structure for DNA synthetic reactions
required for genome maintenance.

INTRODUCTION

Single-stranded DNA-binding proteins (SSBs) are com-
ponents of every nucleic acid transaction that requires
single-stranded intermediates. They bind preferentially to
single-stranded DNA (ssDNA) with high affinity and in
a sequence independent manner, protecting ssDNA from
degradation and at the same time, defining the nucleopro-
tein substrate upon which other proteins must act (1). More-
over, SSB proteins interact physically with a broad array of
genome maintenance proteins, targeting them to their sites
of activity and stimulating their biochemical functions (2).
The vast majority of SSB proteins present multiple sites to
interact with ssDNA (i.e. OB folds) (3,4), which enable them
to interact in vitro with a variable number of nucleotides de-
pending on the experimental conditions (2). As shown for
the Escherichia coli SSB (EcoSSB), these binding modes are
reversibly interconvertible depending on the salt concentra-
tion and type, as well as protein binding density on the ss-
DNA (5-7).

Mitochondrial SSB (mtSSB) is a hallmark of replicating
mitochondrial nucleoids; it is required to maintain the copy
number of mtDNA (8-10) and plays crucial roles during
the initiation (11,12) and elongation phases of mitochon-
drial DNA replication, covering the parental heavy strand
and interacting functionally with the other components at
the replication fork (13-17). In addition, mtSSB has been
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shown to facilitate packaging of mtDNA into nucleoid-like
structures (18), modulate the level mtDNA transcription
(19) and may be involved in the process of DNA repair
(20). Thus, mtSSB is essential for mitochondrial function
and in turn, for cell viability. Human mitochondrial SSB
(HmtSSB) binds ssDNA as a tetramer composed of four
identical 16 kDa subunits, with each subunit containing an
OB-fold (21). The overall folding of the HmtSSB tetramer
resembles that of EcoSSB, with which it shares a number of
conserved residues within the amino-terminal region (22).
Fluorescence titration study on polydT of HmtSSB showed
apparent binding-site sizes of 50-70 nt per tetramer between
50 mM and 2 M NaCl (23), suggesting that the human pro-
tein may undergo salt-dependent binding mode transitions
similar to those observed with EcoSSB. It has been sug-
gested that because the properties of these wrapping modes
differ significantly, they may be used preferentially in var-
ious DNA metabolic processes (2,7,24,25). Although indi-
rect support for this proposal has been published (26-31),
to date there is no direct experimental evidence to support
which if any of these binding modes is selected preferentially
when binding is coupled to the gradual generation of ss-
DNA during a DNA metabolic process, such as DNA repli-
cation.

Single-molecule force spectroscopy studies have proven
useful to investigate the site size, equilibrium constants and
energetics of the binding of various SSB proteins to ssDNA
(32-37). Here, in order to determine the role of DNA syn-
thesis in specifying the mode of HmtSSB binding to ss-
DNA, we used optical tweezers to measure and compare
the elastic and energetic properties of long nucleoprotein
complexes, either assembled on preformed ssDNA or as-
sembled ‘in situ’ during synthesis at a dsDNA fork. The dy-
namics of long nucleoprotein—-DNA complexes is especially
relevant when studying HmtSSB, because long ssDNA in-
termediates may accumulate transiently during replication
of the mitochondrial genome (38). Modeling of the force
extension curves (FECs) of individual nucleoprotein com-
plexes revealed the protein-binding mode, i.e. the average
number of nucleotides wrapped per tetramer: when assem-
bled on preformed ssDNA molecules, HmtSSB can bind
to the ssDNA in two major modes, which depend on salt
and protein concentration. However, when protein binding
was coupled to DNA synthesis, only one of the two binding
modes was observed under all experimental conditions. Our
results reveal a key role for the gradual release of ssDNA
during DNA synthesis in regulating the HmtSSB binding
mode and consequently, on generating the appropriate nu-
cleoprotein structure for subsequent replication of the dis-
placed strand. Similarly, the progressive release of ssDNA
during other DNA metabolic processes is expected to regu-
late the binding modes of prokaryotic and eukaryotic SSB
proteins that expose multiple OB folds.

MATERIALS AND METHODS

Proteins and DNA constructs

Recombinant HmtSSB protein was prepared from bacterial
cells as described previously (39,40). Bacteriophage Phi29
DNA polymerase was purified as described elsewhere
(41). The DNA hairpins were prepared as follows. The

main unwinding stem of the hairpin was synthesized
by polymerase chain reaction amplification of a 2500
bp DNA segment of the bacteriophage Phi29 genome
and subsequently digested with EcoRI and Sall re-
striction endonucleases. The Sall end was ligated to a
self-annealing oligonucleotide forming a penta-loop (5'-
TCGAGCAGATGCAGCAATAACGTGCATCTGC-3").
The EcoRI end was ligated to a 30 bp dsDNA linker
labeled with biotin at the 5'-end and with digoxigenin at
the 3’-end. The final length of the hairpin construct is 2540
bp. Digoxigenin labeling was described elsewhere (42,43).
To measure protein binding and the corresponding FECs
at 300 mM NaCl and 50 mM NaCl/4 mM MgCl,, the hair-
pin was modified to include a 2686 bp DNA handle (pUC19
vector, Novagen, digested with Pstl and BamHI restriction
endonucleases) between the linker and digoxigenin label. To
determine the binding of HmtSSB during DNA synthesis,
the latter hairpin was modified further to include an abasic
site at the penta-loop that forms the end of the hairpin.

Optical tweezers experiments

We used a counter propagating dual-beam optical tweezers
instrument (44) to manipulate individual DNA hairpins
tethered between an optically trapped anti-digoxigenin-
coated bead and a streptavidin-coated bead immobilized
on top of a micropipette. To measure HmtSSB binding to
preformed ssDNA, the DNA hairpin was mechanically
opened by gradually applying increasing force to the ends
of the complementary strands. Unwinding of the hairpin
was performed in the presence of 250 nM oligonucleotide
complementary to the region at the apex of the hairpin (5'-
GCCGATGCACGTTATTCGTGCATCGGCTCG-3).
Once the hairpin was opened (F ~19 pN), hybridization
of the oligonucleotide at the apex generated a large kinetic
barrier to hairpin re-annealing when tension is released,
providing a method to measure the force-extension curve
for the resulting 5080 ssDNA (45). The oligonucleotide
binds specifically to the apex of the hairpin and contributes
<0.6% to the final length of the molecule. Therefore, we
considered it has no significant effect on the final extension
of the FECs. After washing out the oligonucleotide, the
HmtSSB protein was introduced inside the flow cell after
dilution to 5, 10, 50, 100 or 200 nM in the appropriate
reaction buffer. The reaction buffers contained 50 mM
Tris—HCI, pH 7.5, 2 mM Dithiothreitol (DTT) and 10, 50,
100 or 300 mM of NaCl and 4 mM MgCl, when indicated.
To determine the DNA unwrapping and protein detach-
ment forces, the nucleoprotein complexes were assembled
as described above using 10 or 100 nM of HmtSSB diluted
in reaction buffers containing 10, 50 or 300 mM of NaCl,
50 mM NacCl plus 4 mM MgCl, or 300 mM NaCl plus 4
mM MgCl,.

To determine the binding of HmtSSB during DNA syn-
thesis, reactions were performed in buffers containing 50
mM Tris—HCI, pH 7.5, 2 mM DTT, 50 mM NaCl, 4 mM
MgCl,, 50 wM dNTPs, 2 nM Phi29 polymerase in the pres-
ence of 5, 50, 100 or 200 nM HmtSSB.

Both, HmtSSB binding to preformed ssDNA and to
ssDNA gradually generated during DNA synthesis were
monitored at 60 Hz at 22 4+ 1°C in the ‘constant force feed-

0202 Jequieoa(] gz Uo Jasn pLpe|\ 8p Bwouoiny pepisiaAlun Aq 099908€//£Z./Z L/Sy/elonie/ieu/wod dno olwspeoe//:sdiy wolj papeojumo(



back’ mode, in which the distance between the beads was
adjusted to maintain a constant tension in the DNA (F = 3
4 1 pN). In all cases, after completion of the binding reac-
tion, the excess of HmtSSB was washed out from the cham-
ber with the corresponding reaction buffer. Finally, the FEC
of the HmtSSB-DNA complex was obtained by pulling the
complex at a rate of 200 nm/s. Overall we tested over 30
different experimental conditions and collected 5-10 FECs
per condition.

Data analysis

The FECs of bare ssDNA were fit with the freely-jointed-
chain model (FJC) and the extensible worm-like-chain
models (XWLC) of polymer elasticity (46) (Figure 1 and
Supplementary Figure S1). The amount of secondary struc-
ture formation on the ssDNA as a function of mechanical
tension at each salt type and concentration was calculated
according to Bosco et al. (45) (Supplementary Figure S2).
The extension per nucleotide of the free sSDNA, Xispna (F)
in Equation (1), was obtained directly from the experimen-
tal FECs of the ssDNA at each salt type and concentra-
tion. The total extension of hybrid molecules containing ds-
DNA and ssDNA segments is given by the sum of the exten-
sions of their dSDNA and ssDNA portions at each tension
(33,42) (Supplementary Figure S3).

Calculation of the HmtSSB-ssDNA wrapping free energy.
The average work to unwrap 1 nt from each tetramer, AG,,,
in pN-nm, was converted to kg7 units (Boltzmann constant
multiplied by the absolute temperature) using the relation-
ship kg7 = 4.11 pN-nm at 25°C, which corresponds to the
energy contribution from thermal fluctuations.

Calculation of the DNA synthesis rate. The number of nu-
cleotides incorporated by the Phi29 DNA polymerase as
a function of time was obtained by dividing the observed
distance change between the beads by the average change
in extension at a given tension accompanying the genera-
tion of one new base pair and either one free nucleotide (in
the absence of HmtSSB) or one HmtSSB-bound nucleotide
(43) (Supplementary Figure S8). The average rates were de-
termined by a line fit to the traces showing the number of
replicated nucleotides versus time.

RESULTS

Force extension curves of HmtSSB-DNA complexes assem-
bled on preformed ssDNA molecules vary with solution con-
ditions

We first studied the mechanical properties of individual
protein—-DNA complexes assembled on preformed ssDNA
molecules. We used the optical tweezers to unwind a sin-
gle DNA hairpin of 2540 bp in the presence of a 30-mer
oligonucleotide complementary to the loop region of the
hairpin, Figure 1A (see ’Materials and Methods’ section).
Once the hairpin is fully unwound (F ~19 pN), the specific
annealing of the oligonucleotide to the loop region prevents
the re-winding of the hairpin as tension is released, provid-
ing a method to measure the FEC of the resulting 5080-nt
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long ssDNA (Supplementary Figure S1) (45). After wash-
ing out the oligonucleotide, HmtSSB diluted in an appro-
priate reaction buffer was passed inside the flow cell (see be-
low). We monitored at low constant forces (~3 £ 1 pN) the
end-to-end distance change of the tethered ssDNA as the
HmtSSB protein bound to and organized the ssDNA (AX,
Figure 1B). This low force range was chosen to minimize the
potential effect of mechanical tension on the wrapping state
of the ssDNA around the HmtSSB tetramers (33). Once
equilibrium was reached (when no further distance changes
were observed, Figure 1B), excess HmtSSB was washed out
of the flow cell (so that no protein rebinding is then ex-
pected) and tension was initially decreased to zero and then
increased to 30-40 pN, in order to obtain the final FEC of
the HmtSSB-DNA complex (Figure 1C).

Because the HmtSSB binding mode may depend on salt
and protein concentration (23,39), the nucleoprotein com-
plexes were assembled in reaction buffers containing vari-
able levels of NaCl (10, 50, 100 and 300 mM), NaCl and
MgCl, (50 and 4 mM, respectively) and HmtSSB concen-
trations (5, 10, 50, 100 and 200 nM). We then tested ~25
different combinations, each presenting a specific ratio of
HmtSSB and salt concentration ([SSB]/[NaCl]), which is a
measurement of the number of protein tetramers per ion
in solution. For all experimental conditions, the stretch-
ing FECs of the HmtSSB-ssDNA complexes displayed an
entirely different extension as compared to the absence of
protein, resulting from the organization of the ssDNA by
HmtSSB. Their overall shape depends on the salt concentra-
tion and type and on HmtSSB concentration (Figure 1C).
As described previously in bulk studies, we did not observe
any evidence supporting HmtSSB aggregation under our
current experimental conditions (39,47).

We note that for conditions that shortened significantly
the end-to-end distance of the ssDNA at low tension (300
mM NaCl or 4 mM MgCl,, Figure 1C and Supplementary
Figure S2), we included a long dsDNA handle of ~1 pm
on the 3’-end of the hairpin (see ’'Materials and Methods’
section) to prevent non-specific protein-DNA-bead inter-
actions that might interfere with the determination of the
FECs. The dsDNA handle does not affect the elastic prop-
erties of the ssDNA (33,42) (Supplementary Figure S3). At
the highest protein concentration used in this work (200
nM), mammalian mtSSBs proteins do not bind dsDNA
(48).

Forces promoting overall DNA unwrapping and protein de-
tachment

Evaluation of the intrinsic elastic properties of the
HmtSSB-ssDNA complexes is required to determine the
HmtSSB-ssDNA binding mode under each experimental
condition. Although contained within the FECs, this in-
formation is combined with DNA unwrapping and protein
detachment events that take place as tension is increased
(33,34). To determine the forces promoting DNA unwrap-
ping (£,) and protein detachment (F,), and to identify the
region of the FECs that reflect the intrinsic elastic prop-
erties of the complex, we performed the following exper-
iments. Individual protein—-DNA complexes, assembled as
described above under varying salt and protein concentra-
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Figure 1. Binding of HmtSSB to preformed ssDNA molecules. (A) Schematic of the experimental setup. The complementary strands of a DNA hairpin
(2540 bp) were tethered between an optically trapped bead (gray) and a bead on top of a micropipette (black) (Materials and Methods). Mechanical
unwinding of the DNA hairpin in the presence of a 30-mer oligonucleotide (Oligont, red line) complementary to the loop end prevents re-winding of the
hairpin at low forces, providing a method to manipulate long ssDNA molecules. At constant force (~3 pN), wrapping of ssDNA by HmtSSB decreases the
distance between the beads (Ax). The final product of the reaction is a 5080-nt long ssDNA-HmtSSB complex. Alternatively, a DNA hairpin containing a
dsDNA handle at the 3’ end was used to measure the FECs at 300 mM NaCl and 50 mM NaCl/4 mM MgCl, (Materials and Methods). (B) Independent
traces showing the change in extension (Ax in nm/nt) with time due to protein binding to the ssDNA (50 nM HmtSSB and 50 mM NacCl). Traces were
shifted along the time axis for clarity of display. (C) Experimental FECs of protein-DNA complexes assembled under varying protein concentrations, salt
concentrations and type. For all panels red and blue curves correspond to the stretching FECs of protein-DNA complexes assembled at the indicated
protein concentrations (nM). Two FECs per protein concentration condition are shown. Light red and light blue curves correspond to the initial ssDNA
FECs under each condition. Dashed black line corresponds to the WLC model for ssDNA elasticity with a persistence length of 0.75 nm and stretch

modulus of 800 pN.

tions (see "Material and Methods’ section), were subjected
to a series of stretch-relax cycles in which force was in-
creased by 1-2 pN in each consecutive cycle (Supplemen-
tary Figure S4).

Under all experimental conditions, the stretching and re-
laxing FECs were reversible for tensions below 5 £ 1 pN
(Figure 2A, left curve); above these force values hystere-
sis events were observed. The minimum force triggering
the overall unwrapping (£,) was determined as the average
force value above which the stretch-relax cycle presented
hysteresis, but consecutive stretching cycles exhibited the
same, original extensions (Figure 2A, central curve). Be-
cause these experiments were performed in the absence of
free protein in solution, the recovery of the initial stretching
cycle indicates there is no net protein detachment, whereas
the presence of hysteresis indicates that overall unwrapping
is significant at tensions around F,, The minimum force that
begins to promote protein detachment (F,;) was determined
as the average force value above which consecutive stretch-
ing cycles show different extensions. When force is increased
above Fy, the second stretching cycle is longer than the first,
indicating that several HmtSSB tetramers have detached
from the ssDNA (Figure 2A, right curve).

Analysis of the stretch-relax cycles showed that both
F, and F; increase as the [SSB]/[NaCl] ratio increases
(Figure 2B and Supplementary Figure S4). A fit to the
data with a two-state function indicates that a change in
the [SSB]/[NaCl] ratio from ~0.5-10° to 1-10° increased
abruptly the values of F, and F; (Figure 2B). At low
protein concentrations and/or high NaCl concentrations
(lowest [SSB]/[NaCl] ratios) overall unwrapping and pro-
tein detachment begin at force values of F, ~6 pN and
F; ~8 pN, respectively, whereas as protein concentration
increases and/or NaCl concentration decreases (highest
[SSB]/[NaCl] ratios), unwrapping and detachment events
are separated by a wider force range, F,, ~9 pN and F; ~14
pN, respectively. Interestingly, the values obtained for F,
and F; agree well with the average forces reported previ-
ously to unwrap and detach a single EcoSSB tetramer from
ssDNA, 3-8 pN and ~10 pN, respectively (33,34). These
similarities suggest strongly that for both SSBs mechanical
tension has a very similar effect on the overall organization
of the DNA around the protein tetramer. We note that for
all experimental conditions stretching forces above 3040
pN are required to detach all HmtSSB tetramers from the
ssDNA (Supplementary Figure S4).
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Figure 2. Determination of DNA unwrapping (F,) and protein detach-
ment (F,) forces. (A) Representative (not sequential) stretch—relax cycles of
a HmtSSB-DNA complex assembled at 50 mM NaCl/100 nM HmtSSB.
For all plots, after initial stretching (red curve or P1) the force was relaxed
back to ~0 pN (black curve or R) and then was increased again (blue curve
or P2) to a force 1-2 pN above the initial stretching force. Under all ex-
perimental conditions, the FECs exhibit a reversible region (P1= R= P2).
Above a critical force (see below), hysteresis between the stretching and
relaxing curves was observed (highlighted in green and purple). Hystere-
sis is indicative of DNA unwrapping when the stretching curves have the
same extension (P1= P2+ R) and of protein detachment when the sequen-
tial stretching curves show different extensions (P1 P2+ R). Schematic of
the expected events along the pulling axis (F) is shown on top. HmtSSB is
represented as a brown tetramer. (B) Dependencies of F, (open blue sym-
bols) and F; (black symbols) on the [SSB]/[NaCl] ratio. Red symbols rep-
resent data obtained under reaction conditions containing 50 mM NaCl
plus 4 mM MgCl,. F,, and F; were obtained from the analysis of the areas
of hysteresis (Supplementary Figure S4). Error bars represent standard er-
ror (s.e.). Solid lines represent a fit to the data with a two-state function
(Supplementary Figure S4).

In composite, these experiments indicate that within the
0-5 pN force range, the FECs reflect the intrinsic mechan-
ical properties of the protein—-DNA complexes at each ex-
perimental condition. The absence of hysteresis within this
force range, even at salt type and concentrations promoting
the formation of secondary structure on ssDNA (Supple-
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mentary Figure S2), supports the conclusion that HmtSSB
removes all or most of the salt-induced secondary structure
from the ssDNA and that the protein—-DNA complexes are
at equilibrium. Elimination of salt-induced hysteresis of in-
dividual, long ssDNA molecules by E. coli SSB binding has
also been reported recently (32).

Salt and protein concentration modulate the HmtSSB bind-
ing mode to preformed ssDNA molecules

To determine the specific organization of the protein-DNA
complexes assembled on preformed ssDNA molecules
based on the above results, we fit the reversible portion in the
0-5 pN range of all the FECs taken under each experimen-
tal condition (N ~200, see ’Materials and Methods’ section)
with the following model (49). Because to date there is no
experimental evidence of cooperative binding by HmtSSB
to ssDNA, the model considers that the protein could load
randomly along the DNA template and both covered and
non-covered ssDNA segments may coexist along the poly-
mer. Within the 0-5 pN force range, the DNA ends en-
tering and exiting the protein tetramer are expected to oc-
cupy opposite sides of the HmtSSB tetramer and maintain
their orientation along the pulling coordinate (see below).
In this case, in order to compute the polymer extension,
it is possible to describe an effective protein-DNA com-
plex as if it were a mixture of two independent polymers, as
shown in Figure 3A. Therefore, at equilibrium, the exten-
sion per nucleotide of the protein—-DNA complex at each
force, Xeomplex(£), 1s given by the sum of the extensions of
the ssDNA covered by HmtSSB proteins, X ,..,(F), plus any
portion of protein-free ssSDNA, Xispna (F), weighted by the
ssDNA coverage (8 ):

Xcomplex(F) =4 Xprot(F) + (1 - B)XSSDNA(F)» (1)

where § is the fraction of nucleotides bound by HmtSSB
and (1 — 8) is the fraction of free nucleotides. On one hand,
to determine the contribution of the protein-free ssDNA re-
gion, (1 — §) Xsspna (F), to the final extension of the nucleo-
protein complex, the average extension per nucleotide of the
free ssDNA, Xipna(F), was obtained directly from the ex-
perimental FECs of the ssDNA measured under each exper-
imental condition (Supplementary Figure S2). In this way
the effect of salt type and concentration on Xgpna(F) was
considered at the relevant force range (Supplementary Fig-
ure S2). On the other hand, the contribution of the protein-
covered region to the final extension was modeled using the
FIC for polymer elasticity (46). The FJC model assumes
that each HmtSSB tetramer—-DNA complex behaves as a
rigid rod, with a Kuhn length, L4, equal to the end-to-end
distance of the ssDNA wrapped around a tetramer. Then,
the extension per nucleotide of the protein-covered region
is described as:
ks T
> ] )

Len F L,
Xoror(F) = = [coth( : “S) -
Nnt kBT F Lends

where Ny is the average number of nucleotides occluded by
each tetramer and coth(F Lengs/kg T) — kg T/ F Lengs 1S the
Langevin function of F Leygs/kg T and accounts for the
average alignment of the tetramers with respect to the di-
rection of the external force (F), Figure 3A. As shown in
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Figure 3. HmtSSB binding modes to preformed ssDNA molecules. (A) Schematic representation of the effective organization of HmtSSB-DNA complex
(see main text); individual HmtSSB tetramers are shown as a group of four spheres. The extension of the protein-DNA complex under force, Xcomplex
(F), is given by the sum of extensions of the protein-bound, 8- Xprot(F) and unbound, (1-3)- Xspna (F), sections of the complex (Equation 1), where § is the
fraction of ssDNA covered by the protein. Ny, blue line, is the average number of wrapped nucleotides per tetramer. L g5 is the effective physical size of
an individual tetramer—DNA complex, 5< L.pgs< 8 nm. For a fixed Leygs, fits to the equilibrium FECs of the protein-DNA complex with Equation (1)
rendered the values of Ny and § for all experimental salt and protein concentrations. (B) Dependence of Ny (nt/ tetramer) on HmtSSB concentration
([SSB] nM) for all salt conditions studied (Lepgs= 6 nm). (C) Dependence of Ny on the [SSB]/[NaCl] ratio for Leygs= 6 nm. (D) Dependence of ssDNA
coverage (8) on the [SSB]/[NaCl] ratio for Lepgs= 6 nm. For (B), (C) and (D) error bars represent s.e. and red symbols represent the data obtained for
complexes assembled in the presence of 50 mM NaCl plus 4 mM MgCl, (which are relevant for Figure 4). Two statistically different Ny values prevail,
indicating that HmtSSB can bind to preassembled ssDNA in a low (HmtSSBy light blue area) and a high (HmtSSBy, light red area) site size binding
modes. Colored areas represent the site sizes (and standard deviations) of each binding mode after averaging the site sizes values obtained for each Lepgs
(Table 1). Supplementary Figure S7 shows the Ny and § values obtained with L¢pgs= 5, 7 and 8 nm.
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the previous section, mechanical tension affects very sim-
ilarly the overall organization of ssDNA around EcoSSB
and HmtSSB tetramers. Based on this experimental obser-
vation, we considered that within the force range studied (0-
5 pN) the DNA ends occupy opposite sides of the HmtSSB
tetramer, as reported in a recent force spectroscopy study
on a single EcoSSB-(dT);y complex (33) (Figure 3A). There-
fore, the value of L.,4s should be within the crystallographic
size of the HmtSSB tetramer, 5 < Leygs < 8 nm (21). For a
fixed Lengs, the fits to the FECs rendered the average number
of nucleotides wrapped per tetramer (Ny;) and the protein
coverage, 8, for all measured experimental conditions. Fits
to individual FECs are shown in Supplementary Figure S5.

Interestingly, for each L.,gs, two statistically different
Ny values prevailed depending on salt and protein con-
centrations, indicating that HmtSSB can bind to preassem-
bled ssDNA in at least two different binding modes; a low
site-size, HmtSSBr, and a high site-size, HmtSSBy, bind-
ing modes (Figure 3B and C, Supplementary Figure S6
and Table S1). Similar to the behavior described for the
EcoSSB (7,50,51), the low site-size binding mode dominates
at the lowest NaCl concentrations studied (10 mM) and/or
highest [SSB]/[NaCl] ratios ([SSB]/[NaCl] > 0.5-1-10°),
while the high site-size mode prevails at the highest NaCl
concentrations (300 mM) and/or lowest [SSB]/[NaCl] ra-
tios ([SSB]/[NaCl] < 0.5-1-10°). At intermediate and near
physiological salt concentrations the binding mode depends
mainly on the HmtSSB concentrations, with the HmtSSB
mode prevailing at protein concentrations higher than ~50—
100 nM. Therefore, as expected for a protein that can bind
to a long ssDNA in two modes, the lower site-size mode
is favored at high protein-binding densities, because more
protein can be bound to the ssDNA in this mode. We
note that the average number of nucleotides wrapped per
tetramer (V) in each binding mode depends on the Leygs
values considered in the fits (Figure 3B and Supplemen-
tary Figure S7). All possible values for N, in each bind-
ing mode are summarized in Table 1. According to our re-
sults, on average and for all L¢,qs, HmtSSB binds ~30%
fewer nucleotides per tetramer in the HmtSSB; binding
mode than in the HmtSSBy binding mode. The average
values obtained for N, are compatible to the apparent
binding-site sizes on poly(dT) oligonucleotides as a func-
tion of salt concentration described previously in bulk stud-
ies for HmtSSB (50 and 70 nt/tetramer) (23), Drosophila
melanogaster mtSSB (68—120 nt/tetramer) (52) and EcoSSB
(35 and 65 nt/tetramer) (50) (Table 1).

Our data also show that at the highest [SSB]/[NaCl] ra-
tios the HmtSSB occupies >90% of the ssDNA molecule
and it is thus, expected to form long protein clusters
along the DNA under conditions in which binding in the
HmtSSB; mode prevails (Figure 3D). By contrast, the pro-
tein coverage decreases to ~70% at the lowest [SSB]/[NaCl]
ratios in which the HmtSSBy binding mode dominates
(Figure 3D). In contrast to Ny, protein coverage does not
significantly change with the Le,qs values considered in the
fits (Supplementary Figure S7).
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Table 1. Average number of nucleotides wrapped per tetramer in each
binding mode for different L, values

Lengs =5NM  Lopgs =6 MM Lgygs =7 NN Lgpgs =8 nm

Preassembled ssDNA | 43£15 53127 5021 57118

NaCl 5520 6721 75422 84122

Preassembled ssDNA 31+3 39+4 5047 59+9
NaCl+MgCl2

53+16 60£10 73£12 89+16

DNA synthesis 3412 4414 5415 6315

NaCl+MgCl2 3242 44+2 53+3 63£3

For all experimental conditions, the upper and lower rows show the av-
erage site sizes (nt/tetramer) corresponding to all data taken above and
below [SSB]/[NaCl] = 0.5-1-10°, respectively (Figure 3C and Supplemen-
tary Figure S7). Error shows standard deviations. For each L¢,qs value,
when binding is assayed on preassembled ssDNA the average site-sizes are
statistically different, representing the low (HmtSSBy, light blue) and the
high (HmtSSByy, light red) site-sizes binding modes. Instead, for each Lepgs
values, when binding occurs during DNA synthesis the average site-sizes
are not statistically different, and are fully compatible with the low site-size
binding mode. A detailed statistical analysis of the differences between the
reported site sizes is shown in Supplementary Table S1.

Co-replicational binding of HmtSSB to ssDNA promotes the
low site-size binding mode for all experimental conditions
studied

Motivated by the pivotal role of HmtSSB during mtDNA
replication, we designed a set of experiments to determine
whether a specific HmtSSB binding mode is used preferen-
tially when the ssDNA is gradually generated in the 5'-3'
direction during the process of DNA synthesis. For these
experiments we used the DNA hairpin containing the ds-
DNA handle, which provides a free 3’-end for DNA poly-
merase loading, modified with an abasic site at the loop end
(Figure 4A and see ’Materials and Methods’ section). Ex-
cept for the abasic modification, this is the same hairpin we
used to measure HmtSSB binding to preassembled ssDNA
in the presence of MgCl, (50 mM NaCl/4 mM MgCl,).
For replication of the hairpin we chose the bacteriophage
Phi29 DNA polymerase because its properties as a hy-
brid polymerase-helicase (53,54) allows synthesis through
the full length of the hairpin without dissociation, until it
reaches the abasic site located at the end loop, which in-
hibits further replication of the displaced strand (43) (Fig-
ure 4A and Supplementary Figure S8). Strand displacement
synthesis was performed at 50 mM NaCl/4 mM MgCl,
and increasing HmtSSB concentrations (5, 10, 50 and 200
nM), at forces ~3 pN. After completion of DNA synthe-
sis and before measuring the resulting FECs the excess of
free HmtSSB in solution was washed out of the flow cell.
Interestingly, individual DNA synthesis trajectories did not
show significant pauses and/or sudden distance changes,
either with or without HmtSSB in solution, suggesting a
gradual binding of HmtSSB to the ssDNA as it is released
at an average rate of ~30 nt/s (Figure 4B and Supplemen-
tary Figure S8). The final product of the reaction is a hybrid
DNA molecule containing 5226 bp of dsDNA and 2540 nt
of ssDNA that becomes covered gradually by the HmtSSB.
Representative FECs of protein—-DNA complexes obtained
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Figure 4. Co-replicational binding of HmtSSB to ssDNA. (A) Schematic of the experimental set-up. The DNA hairpin containing a dSDNA handle (2686
bp) was modified with an abasic site at the loop apex (red star) and attached between the beads in the optical tweezers (see 'Materials and Methods’
section). Strand displacement DNA synthesis activities were performed using the Phi29 DNA polymerase (green triangle) and initiated at F~3pN in the
presence of varying HmtSSB (brown tetramer) concentrations. As replication proceeds the displaced ssDNA strand is gradually covered by the HmtSSB.
Strand displacement synthesis terminates at the abasic site, yielding a hybrid DNA molecule with 5226 bp of dsDNA and 2540 nt of ssDNA gradually
covered by the HmtSSB (see also Supplementary Figure S8). After subtraction of the dsDNA contribution (Supplementary Figure S3), fits with Equation
(1) to the equilibrium FECs of the protein-DNA complexes obtained under these conditions rendered, for a fixed Leqs, the values of the average number
of wrapped nucleotides per tetramer, Ny and the fraction of ssDNA covered by the protein (§) for all HmtSSB concentrations. (B) Independent replication
traces without (black) and with (green) HmtSSB in solution (50 nM). Each trace represents the real-time change in distance (~30 nt/s) associated with the
full replication of the hairpin at F~3 pN. (C) Dependence of Nyion HmtSSB concentration for Le,gs= 6 nm. Colored areas represent the approximated
average site sizes (see Figure 3). (D) Dependence of ssDNA coverage (§) on HmtSSB concentration for Leygs= 6 nm. For (C) and (D) green symbols
represent the NVpand § values obtained for protein-DNA complexes assembled during DNA synthesis and red symbols represent the Nyand § values for
complexes assembled on preformed ssDNA. For both conditions the salt concentration was 50 mM NaCl/4 mM MgCl, and the HmtSSB concentration
5, 10, 50 100 or 200 nM. For all plots error bars represent s.e. See Supplementary Figure S7 for Ny and § values obtained with Leygs = 5, 7 and 8 nm.

under these conditions are shown in Supplementary Figure wrapped per tetramer (N,) and the protein coverage (§)
S8. do not change with the protein concentration. Instead, in

For these experiments, the extension per nucleotide of the
ssDNA protein-covered region at each force (Xcompiex (F) in
Equation 1) was obtained by subtracting from the total ex-
tension of the molecule the extension of the dSDNA por-
tion at each force (Supplementary Figure S3). As described
above, for a fixed Lepgs, fits with Equation (1) to the 0-5 pN
region of these FECs rendered the average number of nu-
cleotides wrapped per tetramer (V) and the protein cov-
erage (8) for all protein concentrations. In sharp contrast
to the results obtained under the same protein concentra-
tions and salt type (4 mM MgCl, and 50 mM NaCl) on
preassembled ssDNA, the average number of nucleotides

all cases, HmtSSB binds preferentially in the low site-size
binding mode, HmtSSBy, covering almost entirely the re-
leased ssDNA (8 ~95%, Figure 4C and D). Identical be-
haviors were observed for Le.,qs values between 5 and 8 nm
(Supplementary Figure S7). The average binding site-sizes
obtained for each L.,gs are summarized in Table 1. These
results indicate that the unidirectional and gradual release
of ssDNA at a rate of ~30 nt/s ultimately determines the
wrapping mode of HmtSSB along the nascent ssDNA at
the experimental conditions under study.
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Figure 5. HmtSSB-ssDNA binding energy. Gibbs energy required to un-
wrap | nt from each HmtSSB tetramer as a function of NaCl concentration
(mM), AG,,(in kg T/nt, see ’Materials and Methods’ section), for 5 (black),
50 (blue), 100 (magenta) and 200 (cyan) nM HmtSSB. Red line represents
a linear fit to the data taken at 10, 50, 100 and 300 mM NaCl (R? = 0.84,
slope = —0.001 £ 0.0001 kg 7/(nt-M)). Red and green symbols show the
AG,values for protein-DNA complexes assembled at 50 mM NaCl plus 4
mM MgCl; on preformed ssDNA (red) or during DNA replication (green)
at 5, 10, 50 and 200 nM HmtSSB concentrations. Error bars represent s.e.

HmtSSB—ssDNA binding energy

The FECs reflect the work required to extend the protein—
DNA complexes, and thus can be used to calculate the
HmtSSB-ssDNA wrapping energy. To calculate the average
Gibbs energy required to unwrap 1 nt from each tetramer
(AG,,), the area between the protein-bound and the relaxing
free ssDNA FECs was divided by the total number of nu-
cleotides, and corrected by the protein coverage values cal-
culated previously for each experimental condition. The re-
laxing curve was used instead of the stretching free ssDNA
curve to avoid the energetic contribution of long-range ss-
DNA secondary structure induced by salt (32) (Supplemen-
tary Figure S2). Under our experimental conditions (pH =
7.5 and 22°C) and within our experimental error, AG,, does
not depend on HmtSSB concentration (Supplementary Fig-
ure S9). However, AG,, decreases linearly with NaCl con-
centrations from AG,,~0.7 + 0.1 kgT/nt at 10 mM NaCl
to 0.4 + 0.1 kg 7/nt at 300 mM NaCl (Figure 5).
Interestingly, the presence of 4 mM MgCl, (50 mM NaCl
plus 4 mM MgCl,) decreases AG,, by ~30%, AG,, ~0.45
kg T/nt (Figure 5). The decrease of AG,,with salt concentra-
tion and type highlights the importance of electrostatic in-
teractions to stabilize the HmtSSB-ssDNA complexes and
reflects the higher affinity of Mg?* over Na* ions for the
ssDNA. The AG,, values found for HmtSSB (AG,, ~0.4—
0.7 kgT/nt) are within the range but significantly higher
than those reported for EcoSSB protein under similar ex-
perimental conditions, where AG,, is ~0.13-0.42 kgT/nt
(32-34). These differences may be due to an increased num-
ber of aromatic residues in the HmtSSB protein (16 for the
HmtSSB versus 13 for the EcoSSB), which may favor hy-
drophobic interactions with ssDNA bases and/or the fact
that the mitochondrial protein lacks the flexible acidic C-
terminus of EcoSSB, which may provide additional steric
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hindrance and electrostatic repulsion for ssDNA binding
by EcoSSB (5). However, as binding affinities can only be
meaningfully compared under identical solution conditions
(7), we cannot rule out that the observed differences in AG,,
between the two proteins may arise from the different exper-
imental conditions used in each study. We did not observe
significant differences in AG,, for either binding mode (Sup-
plementary Figure S9).

DISCUSSION

We used optical tweezers and theoretical modeling to in-
terrogate the structure and energetics of different binding
modes of HmtSSB to long, preformed ssDNA molecules
and to determine the prevailing binding mode when pro-
tein binding is coupled to a DNA metabolic process, such
as DNA replication, in which gradual ssDNA generation
and protein binding occur concomitantly.

Despite the uncertainty of the end-to-end distance of the
DNA wrapped around each tetramer (5 nm < Lgpgs < 8
nm), our data indicates clearly that HmtSSB protein binds
preferentially in at least two statistically different modes to
long, preformed ssDNA molecules depending on the pro-
tein and salt concentration (Table 1 and Supplementary Ta-
ble S1): the low site-size binding mode or HmtSSB and the
high site-size binding mode or HmtSSBy. On average, the
HmtSSBy. binding mode binds ~30% fewer nucleotides per
tetramer than the HmtSSBy binding mode. We note that at
conditions close to where the transition between modes oc-
curs, we cannot discern the coexistence of the two binding
modes along the same ssDNA molecule (i.e. [SSB]/[NaCl]~
0.5-1-107%, Figure 3C and Supplementary Figure S6).

Interestingly, the salt and protein concentration depen-
dencies found in our work for the HmtSSBy binding mode
are strikingly similar to those described for the EcoSSB
low site-size binding mode (EcoSSB3s), suggesting that the
HmtSSBy may be the structural equivalent of the EcoSSB3s
mode. For example, HmtSSBy , prevailed at the lowest NaCl
concentrations (10 mM) and at the highest protein bind-
ing densities as described previously for EcoSSB3s (2,7). In
contrast, HmtSSBy binding mode found in our work pre-
vails at the highest NaCl concentrations (300 mM) and at
the lowest protein binding densities, indicating that it may
be the structural equivalent of the EcoSSB high site-size
binding mode (EcoSSBgs or EcoSSBsg), which prevails at
identical salt and protein concentrations (2,7). In fact, if the
lowest Lengs value (Lengs= S nm) were to reflect the actual
structural organization of the protein-DNA complex (as
explained in Supplementary Figure S7), the average bind-
ing site sizes expected for HmtSSB; and HmtSSBy, ~31
and 53 nt/tetramer, respectively, would be remarkably sim-
ilar to those described for EcoSSB3;5s and EcoSSBs¢ (Table
1). We note that as force is likely shifting the DNA ends
toward the opposite sizes of the tetramer (33), the actual
average number of nucleotides wrapped per tetramer in the
absence of force would probably be higher than reported for
both binding modes.

Our data also indicates that at conditions favoring the
lower site-size binding mode, HmtSSBy, the protein cov-
ers ~90% of ssDNA, which is about 20% more than un-
der conditions favoring the higher site-size binding mode
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HmtSSBy (compare Figure 3C and D). Interestingly, pre-
vious transmision electron microscopy (TEM) and atomic
force microscopy (AFM) studies on EcoSSB-DNA com-
plexes showed qualitatively a similar coverage behavior
for the EcoSSB binding modes (28,55,56): EcoSSB3s pro-
duced ‘smooth-contoured’ protein—-DNA complexes ho-
mogeneously covering the full length of ssDNA, while
EcoSSBgs appeared distributed along the DNA in ‘beads’
leaving free ssSDNA gaps. Together with the similar bio-
chemical and structural properties between HmtSSB and
EcoSSB, these results suggest that the same principle is fol-
lowed in bacteria and mitochondria of higher organisms
to perform the function of ssDNA binding during DNA
metabolic processes.

Interestingly, we also observed that under near-
physiological salt conditions (including MgCl,), in
which protein binding to ssDNA is coupled to replication
of a dsDNA fork, the HmtSSBr, binding mode is selected
over the HmtSSBy mode for all HmtSSB concentrations
studied. A possible explanation for this result is that
the gradual generation of ssDNA limits the amount of
ssDNA available at any time, increasing the effective
protein concentration (or in other words, increasing the
HmtSSB to ssDNA binding stoichiometry) which in turn,
favors the low site-size binding mode. Replication of the
mitochondrial genome proceeds in vivo at a rate of ~10
nt/s (12), which is comparable to the DNA synthesis rate
measured in our experiments (~30 nt/s). Therefore, it
is tempting to speculate that the described effect of the
gradual release of ssDNA on the HmtSSB binding mode
would also occur during in vivo replication of the mtDNA.
The HmtSSB concentration in vivo ranges from 19 nM
to 762 wM, depending on physiological conditions and
cell type (15,57,58). Our data show that if binding were
to occur on free or preformed ssDNA, HmtSSB would
bind in the HmtSSBy mode under conditions in which
HmtSSB concentrations are <50 nM and in the HmtSSB|,
mode at conditions where protein concentrations are >50
nM (Figure 3B and Supplementary Figure S6). However,
because binding to ssDNA is expected to occur coupled
to DNA replication, according to our data the slow rate
of the mtDNA replication reaction in vivo would ensure
binding of HmtSSB in the low site-size mode under all
different physiological conditions and cell types. According
to our results (Figure 4D) and to previous AFM images
on mouse mitochondrial replicative intermediates (59) this
binding mode is expected to result in almost full cover-
age of the parental heavy strand, providing the optimal
substrate organization for its subsequent replication by
the mitochondrial replicative holoenzyme, Poly. Notably,
stimulation of Poly activity by HmtSSB has been shown
recently to depend on the overall structure of the HmtSSB-—
ssDNA complexes (39). To date there is no experimental
evidence for cooperative binding of the HmtSSB to the
ssSDNA (note that HmtSSB lacks the C-terminal tail of
EcoSSB that is required for inter-tetramer cooperativity
(5)), suggesting that cooperative binding may not be
required for HmtSSB to cover entirely the ssDNA molecule
in the low site-size binding mode. Furthermore, the low
average work required to unwrap | nt from each tetramer
under physiological conditions, AGw ~0.45 kg T/nt, would

facilitate the sequential unwrapping of the ssDNA template
from the HmtSSB tetramer by Poly.

In this study, we used a heterologous system (hmtSSB
and Phi29 phage DNA polymerase) and therefore, modu-
lation of the binding mode by specific polymerase—SSB in-
teractions is not expected. In fact, HmtSSB does not stim-
ulate the strand displacement activity of the Phi29 DNA
polymerase (Supplementary Figure S8). At the mtDNA
fork HmtSSB interacts functionally with both the DNA
polymerase and replicative helicase enhancing their activ-
ities (10,13,14,16,17). The nature of these interactions is
not well understood and their possible role in modulating
the HmtSSB binding mode remains to be addressed. Our
data suggests that the HmtSSBy binding mode may pre-
vail during mtDNA replication. However, we cannot ex-
clude the possibility that HmtSSBy, may be favored under
other DNA metabolic processes generating ssDNA either
at a much faster rate or involving specific protein—protein
interactions.

SSB proteins are central players in genome biology. Bac-
terial and eukaryotic SSBs have multiple binding modes
that may be used selectively in different cellular processes.
Our results indicate that under physiological conditions,
the gradual generation of ssDNA during DNA synthesis
may play a key role in modulating the binding mode of the
HmtSSB to the displaced ssDNA. Similarly, it is tempting
to speculate that the gradual release of ssDNA during other
DNA metabolic processes may regulate the binding modes
of other SSB proteins that expose multiple OB folds. Our
characterization of the elastic properties of single HmtSSB-
DNA nucleoprotein complexes provides the basis for future
mechano-chemical, single molecule studies of the human
mtDNA replication machinery.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We are grateful to Prof. M. Salas laboratory (CBMSO-
CSIC) for generously providing the Phi29 DNA polymerase
and to Juan P. Garcia Villaluenga (UCM) for useful discus-
sions.

FUNDING

Spanish Ministry of Economy and Competitiveness
[MAT2015-71806-R to JR.A-G, F1S2010-17440, FIS2015-
67765-R to FJ.C., BFU2012-31825, BFU2015-63714-R
to B.L.]; Spanish Ministry of Education, Culture and
Sport [FPU13/02934 to JJ., FPU13/02826 to E.B-H.];
National Institutes of Health [GM45925 to L.S.K.];
University of Tampere (to G.L.C.); Programa de Finan-
ciacion Universidad Complutense de Madrid—Santander
Universidades [CT45/15-CT46/15 to F.C. ]. Funding for
open access charge: Spanish Ministry of Economy and
Competitiveness [BFU2015-63714-R].

Conflict of interest statement. None declared.

0202 Jequieoa(] gz Uo Jasn pLpe|\ 8p Bwouoiny pepisiaAlun Aq 099908€//£Z./Z L/Sy/elonie/ieu/wod dno olwspeoe//:sdiy wolj papeojumo(



REFERENCES

1

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Kornberg,A.A.B.T.A. (1992) DNA Replication 2nd edn. W.H.

Freeman and Company, NY.

Shereda,R.D., Kozlov,A.G., Lohman,T.M., Cox,M.M. and Keck,J.L.
(2008) SSB as an organizer/mobilizer of genome maintenance
complexes. Crit. Rev. Biochem. Mol. Biol., 43, 289-318.

. Flynn,R.L. and Zou,L. (2010)

Oligonucleotide/oligosaccharide-binding fold proteins: a growing
family of genome guardians. Crit. Rev. Biochem. Mol. Biol., 45,
266-275.

. Murzin,A.G. (1993) OB (oligonucleotide/oligosaccharide

binding)-fold: common structural and functional solution for
non-homologous sequences. EMBO J., 12, 861-867.

. Kozlov,A.G., Weiland,E., Mittal,A., Waldman,V., Antony.E.,

Fazio,N., Pappu,R.V. and Lohman,T.M. (2015) Intrinsically
disordered C-terminal tails of E. coli single-stranded DNA binding
protein regulate cooperative binding to single-stranded DNA. J Mol.
Biol., 427, 763-774.

. Kuznetsov,S.V., Kozlov,A.G., Lohman,T.M. and Ansari,A. (2006)

Microsecond dynamics of protein-DNA interactions: direct
observation of the wrapping/unwrapping kinetics of single-stranded
DNA around the E. coli SSB tetramer. J. Mol. Biol., 359, 55-65.

. Lohman,T.M. and Ferrari,M.E. (1994) Escherichia coli

single-stranded DNA-binding protein: multiple DNA-binding modes
and cooperativities. Annu. Rev. Biochem., 63, 527-570.

. Maier,D., Farr,C.L., Poeck,B., Alahari,A., Vogel,M., Fischer,S.,

Kaguni,L.S. and Schneuwly,S. (2001) Mitochondrial single-stranded
DNA-binding protein is required for mitochondrial DNA replication
and development in Drosophila melanogaster. Mol. Biol. Cell, 12,
821-830.

. Ruhanen,H., Borrie,S., Szabadkai,G., Tyynismaa,H., Jones,A.W.,

Kang,D., Taanman,J.W. and Yasukawa,T. (2010) Mitochondrial
single-stranded DNA binding protein is required for maintenance of
mitochondrial DNA and 7S DNA but is not required for
mitochondrial nucleoid organisation. Biochim. Biophys. Acta, 1803,
931-939.

Farr,C.L., Matsushima,Y., Lagina,A.T. 3rd, Luo,N. and Kaguni,L.S.
(2004) Physiological and biochemical defects in functional
interactions of mitochondrial DNA polymerase and DNA-binding
mutants of single-stranded DNA-binding protein. J. Biol. Chem., 279,
17047-17053.

Van Tuyle,G.C. and Pavco,P.A. (1985) The rat liver mitochondrial
DNA-protein complex: displaced single strands of replicative
intermediates are protein coated. J. Cell Biol., 100, 251-257.
Clayton,D.A. (1982) Replication of animal mitochondrial DNA.
Cell, 28, 693-705.

Farr,C.L., Wang,Y. and Kaguni,L.S. (1999) Functional interactions
of mitochondrial DNA polymerase and single-stranded
DNA-binding protein. Template-primer DNA binding and initiation
and elongation of DNA strand synthesis. J. Biol. Chem., 274,
14779-14785.

Korhonen,J.A., Gaspari,M. and Falkenberg,M. (2003) TWINKLE
Has 5’ ->3' DNA helicase activity and is specifically stimulated by
mitochondrial single-stranded DNA-binding protein. J. Biol. Chem.,
278, 48627-48632.

Miralles Fuste,J., Shi,Y., Wanrooij,S., Zhu,X., Jemt,E., Persson,O.,
Sabouri,N., Gustafsson,C.M. and Falkenberg,M. (2014) In vivo
occupancy of mitochondrial single-stranded DNA binding protein
supports the strand displacement mode of DNA replication. PLoS
Genet., 10, ¢1004832.

Oliveira,M.T. and Kaguni,L.S. (2011) Reduced stimulation of
recombinant DNA polymerase gamma and mitochondrial DNA
(mtDNA) helicase by variants of mitochondrial single-stranded
DNA-binding protein (mtSSB) correlates with defects in mtDNA
replication in animal cells. J. Biol. Chem., 286, 40649-40658.
Williams,A.J. and Kaguni,L.S. (1995) Stimulation of Drosophila
mitochondrial DNA polymerase by single-stranded DNA-binding
protein. J. Biol. Chem., 270, 860-865.

Bogenhagen,D.F., Wang,Y., Shen,E.L. and Kobayashi,R. (2003)
Protein components of mitochondrial DNA nucleoids in higher
eukaryotes. Mol. Cell. Proteomics, 2, 1205-1216.

19.

20.

21.

22.

23.

24.

25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nucleic Acids Research, 2017, Vol. 45, No. 12 7247

Barat-Gueride,M., Dufresne,C. and Rickwood,D. (1989) Effect of
DNA conformation on the transcription of mitochondrial DNA. Eur:
J. Biochem., 183, 297-302.

Wong,T.S., Rajagopalan,S., Townsley, .M., Freund,S.M.,
Petrovich,M., Loakes,D. and Fersht,A.R. (2009) Physical and
functional interactions between human mitochondrial
single-stranded DNA-binding protein and tumour suppressor p53.
Nucleic Acids Res., 37, 568-581.

Yang,C., Curth,U., Urbanke,C. and Kang,C. (1997) Crystal structure
of human mitochondrial single-stranded DNA binding protein at 2.4
A resolution. Nat. Struct. Biol., 4, 153-157.

Raghunathan,S., Ricard,C.S., Lohman,T.M. and Waksman,G. (1997)
Crystal structure of the homo-tetrameric DNA binding domain of
Escherichia coli single-stranded DNA-binding protein determined by
multiwavelength x-ray diffraction on the selenomethionyl protein at
2.9-A resolution. Proc. Natl. Acad. Sci. U.S.A., 94, 6652-6657.
Curth,U., Urbanke,C., Greipel,J., Gerberding,H., Tiranti,V. and
Zeviani,M. (1994) Single-stranded-DNA-binding proteins from
human mitochondria and Escherichia coli have analogous
physicochemical properties. Eur. J. Biochem., 221, 435-443.
Lohman,T., Bujalowski,W. and Overman,L. (1988) E. coli single
strand binding protein: a new look at helix-destabilizing proteins.
Trends Biochem. Sci., 3, 250-257.

. Overman,L.B. and Lohman,T.M. (1994) Linkage of pH, anion and

cation effects in protein-nucleic acid equilibria. J. Mol. Biol., 236,
165-178.

Bhattacharyya,B., George,N.P., Thurmes, T.M., Zhou,R., Jani,N.,
Wessel,S.R., Sandler,S.J., Ha, T. and Keck,J.L. (2014) Structural
mechanisms of PriA-mediated DNA replication restart. Proc. Natl.
Acad. Sci. US.A., 111, 1373-1378.

Carlini,L.E., Porter,R.D., Curth,U. and Urbanke,C. (1993) Viability
and preliminary in vivo characterization of site-directed mutants of
Escherichia coli single-stranded DNA-binding protein. Mol.
Microbiol., 10, 1067-1075.

Griffith,J.D., Harris,L.D. and Register,J. 3rd (1984) Visualization of
SSB-ssDNA complexes active in the assembly of stable RecA-DNA
filaments. Cold Spring Harb. Symp. Quant. Biol., 49, 553-559.
Morrical,S.W. and Cox,M.M. (1990) Stabilization of recA
protein-ssDNA complexes by the single-stranded DNA binding
protein of Escherichia coli. Biochemistry, 29, 837-843.
Muniyappa,K., Williams,K., Chase,J.W. and Radding,C.M. (1990)
Active nucleoprotein filaments of single-stranded binding protein and
recA protein on single-stranded DNA have a regular repeating
structure. Nucleic Acids Res., 18, 3967-3973.

Wessel,S.R., Marceau,A.H., Massoni,S.C., Zhou,R., Ha,T.,
Sandler,S.J. and Keck,J.L. (2013) PriC-mediated DNA replication
restart requires PriC complex formation with the single-stranded
DNA-binding protein. J. Biol. Chem., 288, 17569-17578.

Bell,J.C., Liu,B. and Kowalczykowski,S.C. (2015) Imaging and
energetics of single SSB-ssDNA molecules reveal intramolecular
condensation and insight into RecOR function. Elife, 4, e08646.
Suksombat,S., Khafizov,R., Kozlov,A.G., Lohman,T.M. and
Chemla,Y.R. (2015) Structural dynamics of E. coli single-stranded
DNA binding protein reveal DNA wrapping and unwrapping
pathways. Elife, 4, e08193.

Zhou,R., Kozlov,A.G., Roy,R., Zhang,J., Korolev,S., Lohman,T.M.
and Ha,T. (2011) SSB functions as a sliding platform that migrates on
DNA via reptation. Cell, 146, 222-232.

Hatch,K., Danilowicz,C., Coljee,V. and Prentiss,M. (2008)
Measurement of the salt-dependent stabilization of partially open
DNA by Escherichia coli SSB protein. Nucleic Acids Res., 36,
294-299.

Pant,K., Karpel,LR.L., Rouzina,l. and Williams,M.C. (2004)
Mechanical measurement of single-molecule binding rates: kinetics of
DNA helix-destabilization by T4 gene 32 protein. J. Mol. Biol., 336,
851-870.

Pant,K., Karpel,LR.L., Rouzina,l. and Williams,M.C. (2005) Salt
dependent binding of T4 gene 32 protein to single and
double-stranded DNA: single molecule force spectroscopy
measurements. J. Mol. Biol., 349, 317-330.

Robberson,D.L. and Clayton,D.A. (1972) Replication of
mitochondrial DNA in mouse L cells and their thymidine kinase(-)
derivatives: displacement replication on a covalently-closed circular
template. Proc. Natl. Acad. Sci. U.S. A., 69, 3810-3814.

0202 Jequieoa(] gz Uo Jasn pLpe|\ 8p Bwouoiny pepisiaAlun Aq 099908€//£Z./Z L/Sy/elonie/ieu/wod dno olwspeoe//:sdiy wolj papeojumo(



7248 Nucleic Acids Research, 2017, Vol. 45, No. 12

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Ciesielski,G.L., Bermek,O., Rosado-Ruiz,F.A., Hovde,S.L.,
Neitzke,0.J., Griffith,J.D. and Kaguni,L.S. (2015) Mitochondrial
single-stranded DNA-binding proteins stimulate the activity of DNA
polymerase gamma by organization of the template DNA. J. Biol.
Chem., 290, 28697-28707.

Oliveira,M.T. and Kaguni,L.S. (2016) Comparative purification
strategies for Drosophila and Human mitochondrial DNA replication
proteins: DNA polymerase y and mitochondrial single-stranded
DNA-binding protein. In: McKenzie,M (ed). Mitochondrial DNA:
Methods and Protocols. Springer, NY, pp. 211-222.

Lazaro,J., Blanco,L. and Salas,M. (1995) Purification of
bacteriophage Phi29 DNA polymerase. Methods Enzymol., 262,
42-50.

Ibarra,B., Chemla,Y.R., Plyasunov,S., Smith,S.B., Lazaro,J.M.,
Salas,M. and Bustamante,C. (2009) Proofreading dynamics of a
processive DNA polymerase. EMBO J., 28, 2794-2802.

Morin,J.A., Cao,F.J., Lazaro,JM., Arias-Gonzalez,JR.,
Valpuesta,J.M., Carrascosa,J.L., Salas,M. and Ibarra,B. (2012)
Active DNA unwinding dynamics during processive DNA
replication. Proc. Natl. Acad. Sci. U.S.A., 109, 8115-8120.

Smith,S., Cui,Y. and Bustamante,C. (2003) Optical-trap force
transducer that operates by direct measurement of light momentum.
Methods Enzymol., 361, 134-161.

Bosco,A., Camunas-Soler,J. and Ritort,F. (2014) Elastic properties
and secondary structure formation of single-stranded DNA at
monovalent and divalent salt conditions. Nucleic Acids Res., 42,
2064-2074.

Smith,S., Finzi,L. and Bustamante,C. (1992) Direct mechanical
measurements of the elasticity of single DNA molecules by using
magnetic beads. Science, 258, 1122-1126.

Longley,M.J., Smith,L.A. and Copeland,W.C. (2009) Preparation of
human mitochondrial single-stranded DNA-binding protein.
Methods Mol. Biol., 554, 73-85.

Li,K. and Williams,R.S. (1997) Tetramerization and single-stranded
DNA binding properties of native and mutated forms of murine
mitochondrial single-stranded DNA-binding proteins. J. Biol. Chem.,
272, 8686-8694.

Jarillo,J., Morin,J.A., Beltran-Heredia,E., Villaluenga,J.P., Ibarra,B.
and Cao,F.J. (2017) Mechanics, thermodynamics, and kinetics of
ligand binding to biopolymers. PLoS ONE, 12, ¢0174830.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Bujalowski,W. and Lohman,T. (1986) Escherichia coli single-strand
binding protein forms multiple, distinct complexes with
single-stranded DNA. Biochemistry, 25, 7799-7802.

Lohman,T.M. and Overman,L.B. (1985) Two binding modes in
Escherichia coli single strand binding protein-single stranded DNA
complexes. Modulation by NaCl concentration. J. Biol. Chem., 260,
3594-3603.

Thommes,P., Farr,C.L., Marton,R.F., Kaguni,L.S. and Cotterill,S.
(1995) Mitochondrial single-stranded DNA-binding protein from
Drosophila embryos. Physical and biochemical characterization. J.
Biol. Chem., 270, 21137-21143.

Rodriguez,l., Lazaro,J.M., Blanco,L., Kamtekar,S., Berman,A.J.,
Wang,J., Steitz, T.A., Salas,M. and de Vega,M. (2005) A specific
subdomain in phi29 DNA polymerase confers both processivity and
strand-displacement capacity. Proc. Natl. Acad. Sci. U.S.A., 102,
6407-6412.

Kamtekar,S., Berman,A.J., Wang,J., Lazaro,J. M., de Vega,M.,
Blanco,L., Salas,M. and Steitz, T.A. (2004) Insights into strand
displacement and processivity from the crystal structure of the
protein-primed DNA polymerase of bacteriophage phi29. Mol. Cell,
16, 609-618.

Chrysogelos,S. and Griffith,J. (1982) Escherichia coli single-strand
binding protein organizes single-stranded DNA in nucleosome-like
units. Proc. Natl. Acad. Sci. U.S.A.,79, 5803-5807.

Hamon,L., Pastre,D., Dupaigne,P., Le Breton,C., Le Cam,E. and
Pietrement,O. (2007) High-resolution AFM imaging of
single-stranded DNA-binding (SSB) protein-DNA complexes.
Nucleic Acids Res., 35, e58.

Takamatsu,C., Umeda,S., Ohsato,T., Ohno,T., Abe,Y., Fukuoh,A.,
Shinagawa,H., Hamasaki,N. and Kang,D. (2002) Regulation of
mitochondrial D-loops by transcription factor A and single-stranded
DNA-binding protein. EMBO Rep., 3, 451-456.

Wang,Y. and Bogenhagen,D.F. (2006) Human mitochondrial DNA
nucleoids are linked to protein folding machinery and metabolic
enzymes at the mitochondrial inner membrane. J. Biol. Chem., 281,
25791-25802.

Brown,T.A., Cecconi,C., Tkachuk,A.N., Bustamante,C. and
Clayton,D.A. (2005) Replication of mitochondrial DNA occurs by
strand displacement with alternative light-strand origins, not via a
strand-coupled mechanism. Genes Dev., 19, 2466-2476.

0202 Jequieoa(] gz Uo Jasn pLpe|\ 8p Bwouoiny pepisiaAlun Aq 099908€//£Z./Z L/Sy/elonie/ieu/wod dno olwspeoe//:sdiy wolj papeojumo(



