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ABSTRACT

Single-stranded DNA-binding proteins (SSBs) are
essential for genome stability, facilitating replication,
repair, and recombination by binding SSDNA,
recruiting other proteins, and dynamically relocating in
response to cellular demands. Using single-molecule
fluorescence resonance energy transfer (SmMFRET)
assays, we elucidated the mechanisms underlying
direct strand transfer from one locale to another,
protein exchange, and RNA interactions at high
resolution. Both bacterial SSB and eukaryotic
replication protein A (RPA) exhibited direct strand
transfer to competing ssDNA, with rates strongly
influenced by ssDNA length. Strand transfer
proceeded through multiple failed attempts before a
successful transfer, forming a ternary intermediate
complex with transient interactions, supporting a
direct transfer mechanism. Both proteins efficiently
exchanged DNA-bound counterparts with freely
diffusing molecules, while hetero-protein exchange
revealed that SSB and RPA could replace each other
on ssDNA in a length-dependent manner, indicating
that protein exchange does not require specific
protein-protein  interactions.  Additionally, both
proteins bound RNA and underwent strand transfer to
competing RNA, with RPA demonstrating faster RNA
transfer kinetics. Competitive binding assays
confirmed a strong preference for DNA over RNA.
These findings provide critical insights into the
dynamic behavior of SSB and RPA in nucleic acid
interactions, advancing our understanding of their
essential roles in genome stability, regulating RNA
metabolism, and orchestrating nucleic acid
processes.

INTRODUCTION

Single-stranded DNA-binding proteins (SSBs) such
as bacterial SSB and eukaryotic replication protein A
(RPA) are indispensable for preserving genome
stability by orchestrating DNA replication, repair, and
recombination (1,2). These proteins bind single-
stranded DNA (ssDNA) with high affinity (dissociation
constant, Kp ~ 101° M) and prevent secondary
structure formation while stabilizing intermediates
required for essential cellular processes (1,3-5).
Despite differences in structural composition, SSB in
bacteria and RPA in eukaryotes and archaea exhibit
functional similarities (6). SSB binds ssDNA
cooperatively, wrapping the strand in a protective
protein coat, whereas RPA employs its modular DNA-
binding domains in a flexible and dynamic manner,
allowing adaptation to varying DNA contexts (7-10).
Both proteins play critical roles in replication fork
stability, particularly in lagging-strand synthesis,
where their redistribution facilitates DNA polymerase
progression and ensures timely repair of damaged
regions (1,11,12).

Strand transfer and protein exchange are
fundamental to the efficient function of SSB and RPA
in dynamic cellular environments. During DNA
replication and repair, the ability of these proteins to
rapidly transfer from one ssDNA segment to another
(‘strand transfer’) or exchange with freely diffusing
proteins (‘protein exchange’) ensures that critical
processes proceed unimpeded (1,12-14). This
adaptability is essential for replacing DNA-bound
proteins during transitions in DNA metabolic pathways
and recruiting repair or recombination factors. Strand
transfer, in particular, is crucial for maintaining the
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continuity of replication forks and resolving obstacles
such as nucleic acid secondary structure or damaged
templates (11,14-16). The kinetics of strand transfer
and protein exchange provide critical insights into
these mechanisms, revealing the rate-limiting steps
and intermediate states that govern these processes
(17-21).

SSB and RPA exhibit distinct diffusion properties
integral to their functions. SSB diffuses along SSDNA
with a diffusion coefficient of ~270 nt?/s on short
ssDNA, which increases significantly (~170,000 nt?/s)
for long ssDNA under low tension (22-25). In
comparison, RPA demonstrates a higher diffusion
coefficient (~3,000 nt?/s) on short ssDNA, attributed to
its ability to dynamically rearrange its DNA-binding
domains during movement, which increases up to
~20,000 nt?/s on long ssDNA (24,26). Mechanisms
such as hopping and intersegmental transfer allow
both proteins to traverse non-contiguous SSDNA
regions, supporting efficient redistribution during
replication and repair (9,23,27). Furthermore, the salt-
dependent binding modes of SSB (e.g., transitioning
between 35-nt and 65-nt ssDNA binding modes) and
the configurational adaptability of RPA enable these
proteins to fine-tune their interactions with DNA,
facilitating strand transfer and protein exchange
(7,9,28).

Strand transfer and protein exchange are central to
SSB and RPA functionality, allowing homotypic and
heterotypic exchanges. These processes are crucial
for the replacement of DNA-bound proteins during
transitions in metabolic pathways. For example, direct
strand transfer occurs via a ternary intermediate state
where both proteins bind competing ssDNA strands
simultaneously, enabling efficient displacement
(12,29-31). Hetero-protein exchange dynamics
highlight their cooperative roles in recruiting repair
and recombination factors, while their ability to bind
RNA adds a layer of versatility (32,33). Interestingly,
while SSB and RPA are well-studied in the context of
DNA metabolism, their interactions with RNA remain
less explored. SSBs can have a similar binding affinity
for RNA and DNA (34,35) and can prevent the
formation of a DNA-RNA hybrid (36,37), yet the
dynamics and functional significance of RNA binding
remains largely unexplored. RPA also interacts with
RNA during processes such as transcription-coupled
repair, highlighting its potential roles in RNA
metabolism and cellular regulation (38-40). Exploring
these interactions could reveal novel dimensions of
their functionality, particularly in pathways where DNA
and RNA substrates overlap or compete for binding.

Despite  these  advances, the mechanistic
underpinnings of SSB and RPA strand transfer,
protein exchange, and RNA binding remain
incomplete. Here, we employ single-molecule FRET
to expand upon previous research by investigating the
direct strand transfer and protein exchange dynamics
of SSB and RPA on ssDNA and RNA. Our study
addresses key questions regarding how these
proteins undergo strand transfer between ssDNA
molecules of varying lengths and their ability to
exchange with each other on ssDNA. Additionally, we
examine the binding competition between DNA and
RNA for both proteins, providing new insights into
their roles in genome stability and RNA metabolism.
By combining kinetic measurements with mechanistic
insights, this study offers a comprehensive view of
SSB and RPA functionality, with implications for
understanding nucleic acid processing in various
cellular contexts.

MATERIALS AND METHODS
Preparation of DNA constructs

The HPLC-purified DNA and RNA oligonucleotides
(listed in Supplementary Table S1) containing biotin
for immobilization and either Cy3, Cy5, or amine
modifications were procured from IDT. Amine-
modified oligonucleotides were labeled with NHS
ester-conjugated  fluorescent dyes  following
established protocols (41). Partial duplex DNA
constructs (10 uM) were prepared by mixing a biotin-
conjugated DNA strand with its complementary strand
at a molar ratio of 1:1.2 (biotinylated:non-biotinylated).
DNA strands were annealed in T50 buffer (10 mM
Tris-HCI, pH 7.5, and 50 mM NaCl) using a
thermocycler. The mixture was heated to 95°C for 2
minutes, then gradually cooled at a rate of 2°C/min
until 40°C, followed by cooling at 5°C/min until 4°C
(42). The annealed constructs were stored at -20°C
and freshly re-annealed before use. All buffers were
prepared using Milli-Q water and filtered through 0.22
pm membrane filters.

Protein purification and labelling

SSB protein was cloned into the pRSF vector, and a
G26C mutation was introduced for labeling purposes.
To express SSB, the pRSF-SSB G26C vector was
transformed into E. coli BL21(DE3) cells. The cells
were grown at 37°C and induced with 0.5 mM IPTG
when the optical density (OD) at 600 nm reached 0.8.
They were harvested after an additional 3-hour
incubation. Cells were resuspended in lysis buffer
containing 50 mM HEPES (pH 7.5), 200 mM NacCl,
15% glycerol, 2 mM DTT, and a protease inhibitor
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cocktail. To purify SSB, the cells were thawed and
lysed by adding lysozyme (2 mg/mL), incubating on
ice for 30 minutes, followed by sonication. The lysate
was clarified by centrifugation. SSB was precipitated
by adding polyethylenimine (PElI) to a final
concentration of 0.2%. The pellet was then solubilized
in buffer containing 50 mM HEPES (pH 7.5), 500 mM
NaCl, 15% glycerol, and 2 mM DTT. SSB was further
precipitated by adding ammonium sulfate to a final
concentration of 30%. The pellet was solubilized in
buffer containing 50 mM HEPES (pH 7.5), 50 mM
NaCl, 15% glycerol, and 1 mM TCEP. The
conductivity of the sample was adjusted to 100 mM
NaCl before loading onto a HiTrap Heparin column.
SSB was eluted using a linear gradient of 100-1000
mM NacCl in the same buffer.

For labeling, a 10-fold molar excess of Cy3-maleimide
dye was added, and the reaction was incubated
overnight on ice. The reaction was quenched by
adding an excess of 1 mM DTT. Free unreacted dye
was removed using PD-10 desalting columns.
Labeled SSB was further purified using a HiLoad
Superdex-200 column pre-equilibrated with buffer
containing 50 mM HEPES (pH 7.5), 500 mM NacCl,
15% glycerol, and 1 mM TCEP. Peak fractions were
collected, concentrated, aliquoted, and stored at -
80°C. Labeling efficiency was estimated to be above
90% based on absorbance measurements.

RPA protein was purified and labeled (with MB543) as
described (9,43).

Single-molecule FRET assays

Single-molecule FRET experiments were performed
on a custom-built prism-type total internal reflection
(PTIR) inverted fluorescence microscope (Olympus IX
71) as previously described (44,45). Experiments
were conducted on quartz slides coated with
polyethylene glycol (PEG) to prevent non-specific
interactions between excess DNA, RNA, and protein.
Quartz slides and glass coverslips were pre-drilled,
washed thoroughly with methanol and acetone, and
sonicated in 1 M potassium hydroxide. Slides were
burned for 2-3 minutes, while coverslips were
sterilized by brief flaming (4-5 passes). Both slides
and coverslips were then treated with aminosilane for
30 minutes and coated with a mixture of 98% mPEG
(mPEG-5000; Laysan Bio) and 2% biotin-PEG
(biotinPEG-5000; Laysan Bio) (46).

A microfluidic sample chamber was created by
assembling the PEG/biotin-PEG coated slide and
coverslip. Stocks of annealed partial duplex DNA or
RNA (10 pM) were diluted to 15-20 pM and

immobilized on the PEG-passivated surface via biotin-
NeutrAvidin (50 pg/ml) interactions. Unbound
molecules were removed by washing with excess
buffer. SmMFRET measurements were performed in
imaging buffer containing 10 mM Tris-HCI (pH 7.5),
100 mM or 300 mM NaCl, 10% glycerol, and an
oxygen scavenging system (10 mM Trolox, 0.5%
glucose, 1 mg/ml glucose oxidase, and 4 pg/ml
catalase) to minimize photobleaching and improve
dye stability. All the smFRET measurements were
carried out at room temperature (~23°C %= 2°C). All
smFRET measurements were repeated either in the
same channel by following the regeneration methods
or in a new channel on different days (46).

SMFRET data acquisition and analysis

A solid-state diode laser (532 or 634 nm; Compass
315M, Coherent) was used to generate an
evanescent field through PTIR to excite the
fluorophores (Cy3 or Cy5). Fluorescence emissions
from Cy3 (donor) and Cy5 (acceptor) were collected
using a water immersion objective and projected onto
an EMCCD camera (Andor) via a dichroic mirror
(cutoff = 630 nm). Data were recorded with a 50 ms
frame integration time, processed with an IDL scripts
(http://www.exelisvis.co.uk/ProductsServices/IDL.asp
X) and analyzed using MATLAB scripts
(https://www.mathworks.com/). The FRET efficiency
(Errer) was calculated using Ia/(Io + 1a), where Ip and
Ila represent the intensity of donor and acceptor
respectively. FRET histograms were generated from
>4,000 molecules (21 frames from 20 short movies)
across different imaging surfaces. Alternating green
and red laser excitation (10 frames each, separated
by a dark frame) excluded donor-only molecules in
low Errer regions. Donor leakage was corrected
based on donor-only Errer values. Histograms were
normalized and fitted with multi-peak Gaussian
distributions.

Strand transfer and protein exchange

Strand transfer assays were performed using
microfluidic imaging chambers prepared as described
above (45,46). SSB or RPA proteins were first bound
to immobilized DNA or RNA constructs, followed by
the addition of competing ssDNA or RNA at varying
concentrations. FRET histograms were fitted to
Gaussian distributions, and the bound protein fraction
was calculated over time to determine binding
kinetics. For real-time smFRET measurements,
proteins suspended in imaging buffer were introduced
into the chamber via a syringe pump at a flow rate of
20 pl/s. Cy3-labeled ssDNA was added to visualize
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intermediate complex formation during strand transfer
in real time.

Protein exchange experiments were conducted
similarly to that of strand exchange. Cy5-labeled
partial duplex DNA constructs were immobilized to
ensure optimal molecule binding on the surface
(~300). Labeled SSB or RPA was added, followed by
unlabeled protein at varying concentrations.
Fluorescence signals decreased over time as labeled
proteins exchanged with unlabeled counterparts.
Short movies (2 s) were recorded at different time
intervals, and spot counts were plotted over time.
Exchange kinetics were calculated using single-
exponential decay fitting in Origin. Hetero-protein
exchange was measured similarly by introducing the
corresponding proteins into the reservoir and
monitoring Erger changes during the transition.
Kinetics were calculated from flow initiation to
complete exchange, based on FRET efficiency
changes. More than 200 single-molecule time traces
were analyzed for each condition.

RESULTS

SSB binding and direct transfer kinetics on
ssDNA

We developed a single-molecule FRET assay to
investigate the direct transfer of bound SSB between
single-stranded DNAs (Figure 1A). In this assay, we
used Cy3 (donor)- and Cy5 (acceptor)- labeled partial
duplex (pd) DNA (18 bp) containing a poly-thymine
stretch (dT+o) at the 3' end (pdTo), immobilized on a
slide by a biotin-NeutrAvidin linkage. Upon addition of
SSB (10 nM) to pdT+o in a buffer containing 300 mM
NaCl, the low-Errer peak (~0.2) corresponding to
DNA-only shifted to a high-Errer peak (~0.8),
indicating complete SSB binding (Figure 1B). The
high-Errer is consistent with previous findings that the
DNA wraps around the protein in its (SSB)es binding
mode in high salt conditions (22,28). The bound SSB
remained stable for hours even after excess unbound
SSB proteins were removed from the solution.

To assess SSB transfer between DNA strands, we
introduced competing ssDNA (60-nt poly-thymine,
dTeo) into the sample chamber containing immobilized
SSB-bound complexes. We hypothesized that the
bound protein would transfer to the competing strand,
regenerating pdT7o without a bound SSB. Over time,
the fraction of surface-tethered DNA bound by SSB,
represented by the high-Errer population, decreased,
while the low-Errer DNA-only population increased
(Figure 1B). To evaluate the efficiency of competing
ssDNA-dependent SSB transfer, we titrated dTso from

10 nM to 100 nM. Kinetic analysis was performed by
plotting the SSB-bound fraction as a function of time.
At all dTeo concentrations tested, the data fit well with
single-exponential decay curves (Figure 1C),
consistent with  pseudo-first-order kinetics as
observed in previous bulk solution kinetics studies
(29). The transfer rates exhibited a linear dependence
on dTeo concentration (Figure 1D), suggesting that
one molecule of competing ssDNA was involved in the
rate-determining step of SSB transfer. This finding
supports a direct transfer mechanism rather than a
cooperative mechanism, which would involve more
than one competing ssDNA molecule in the rate-
determining step (29). A similar mechanism was
observed with a shorter DNA (40-nt of poly-thymine,
pdTa40) bound by SSB and transferring the bound SSB
to a competing dT SSDNA in a buffer containing 100
mM NaCl (Supplementary Figure S1). The apparent
SSB transfer rate for pdT4o to dT4 (9.8 £ 0.2 x 10* M-
1 s'1) was similar to that of pdTzo to dTeo transfer (6.1
+0.1x10* M1sd),

Next, to examine the effect of competing ssDNA
length on SSB transfer, we varied the ssDNA length
from dTs to dT7o while keeping the same tethered
pdT7-SSB complex. These lengths were chosen
based on SSB's known ssDNA binding modes
(28,47). The overall transfer reaction was faster when
longer competing ssDNA molecules were used
(Figure 1E, F). Interestingly, a significant jump in the
transfer rate was observed between dTss and dTeo.
Altogether, the transfer of bound SSB to the
competing ssDNA follows pseudo-first-order transfer
kinetics and is ssDNA length-dependent.

Binding Kinetics and direct transfer of RPA on
ssDNA

Next, we investigated the direct transfer of bound
Saccharomyces cerevisiae-RPA using the same
single-molecule FRET assay (Figure 2A). The
surface-tethered partial duplex (pd) DNA contained 40
nt of poly-thymine (pdTa40) at the 3' end. Upon addition
of RPA (10 nM) to pdT4o in a buffer containing 100 mM
NaCl, the low-Errer peak (~0.3) corresponding to
DNA-only shifted to an even lower-Egrer peak (~0.1),
indicating complete RPA binding and stretching of the
bound ssDNA (Figure 2B). This binding remained
stable for hours, even after washing away excess
unbound RPA from the solution. Under these
conditions only one RNA can be bound to the ssDNA
(48).

To study RPA strand transfer, we introduced
competing dTs SSDNA into the tethered complex.
Over time, the RPA-bound Errer population
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decreased, while the DNA-only Errer population
increased (Figure 2B). Kinetic analysis was performed
by titrating dTso at various concentrations, and the
RPA bound fraction was plotted as a function of time
(Figure 2C). The data fit well with single-exponential
decay curves, consistent with pseudo-first-order
kinetics, as observed for SSB. The transfer rates
exhibited a linear dependence on the competing
ssDNA concentration (Figure 2D). A similar strand
transfer experiment was performed using the pdTzo-
RPA complex with dTeo as the competing ssDNA
under the same buffer conditions (Supplementary
Figure S2). The apparent RPA transfer rates for both
cases were nearly identical (8.6 + 0.3 x 10* M* s for
pdT4 to dT4 and 9.1 + 0.4 x 10* M st for pdT+o to
dTeo). Furthermore, a similar transfer reaction from
pdTa4o to dT4 was observed for human-RPA, with an
apparent transfer rate (8.3 * 0.6 x 10* M?! s?)
comparable to that of yeast-RPA (Supplementary
Figure S3), suggesting that yeast- and human-RPA
are nearly identical in their ability to transfer from one
DNA strand to another.

To assess the effect of ssDNA length on RPA transfer,
we varied the competing ssDNA length from dTyo to
dTeo for the tethered pdTs. We found that longer
ssDNA facilitated faster transfer (Figure 2E, F).
Interestingly, an abrupt increase in the transfer rate
was observed between dTz and dTso, suggesting that
RPA preferentially binds ssDNA longer than 20 nt
under these experimental conditions. Overall, similar
to SSB, the ssDNA-bound RPA transferred to
competing ssDNA following pseudo-first-order
kinetics, and the process displays a nonlinear sSDNA
length dependence.

Real-time SSB and RPA transfer pathway

To elucidate greater details of transfer dynamics, we
examined the single-molecule time traces. The pdTo-
SSB complex by itself showed dynamic Ergrer
fluctuation, making it difficult to clearly observe
structural dynamics induced by the competing ssDNA
(Supplementary Figure S4). Therefore, we used the
pdT4-SSB complex, which displayed a steady Errer
state in the absence of competing ssSDNA
(Supplementary Figure S4). smFRET traces of real-
time SSB transfer to the competing strand (dTao)
showed a sudden one-step drop of Errer, Which also
made it challenging to distinguish any intermediate
state that might be present (Supplementary Figure
S4). Therefore, we employed a different approach to
track the intermediate state during strand transfer by
using Cy3-labeled competing ssDNA instead of
unlabeled ssDNA (Figure 3A).

Upon addition of Cy3-labeled dTa4o (3 nM) to the pdT 4o-
SSB complex, the real-time smFRET traces showed
an initial background intensity increase (at ~10 sec)
due to labeled ssDNA diffusively present in the
evanescent field of total internal reflection
fluorescence excitation, followed by several Cy3
intensity spikes due to transient association of Cy3-
dT4 with the surface-tethered pdTs-SSB complex
until finally, the Errer changed to the DNA-alone
state, suggesting completion of transfer (Figure 3B).
Such spikes reflect the competing ssDNA transiently
interacting with the SSB-bound complex, likely
forming an intermediate complex for transfer which
fails many times prior to achieving a successful
transfer. Just before a successful transfer, we
observed a sudden intensity increase of Cy5 (due to
two Cy3 molecules transferring excitation to a single
Cy5). This signature of pre-transfer ternary complex
formation is visualized in the combined traces
synchronized at the initial moment of Cy5 intensity
increase, i.e., at the moment of Cy3-dT4 binding
(Figure 3C). The average time between binding and
complete transfer was ~0.31 sec (Figure 3D).

The strand transfer mechanism of RPA was also
examined using Cy3-labeled dTs SsDNA because,
like SSB, RPA strand transfer did not show any
intermediate Errer change when we used unlabeled
competing ssDNA (Supplementary Figure S4). Upon
addition of Cy3-labeled dT4o (3 nM) to the pdTa-RPA
complex, real-time smFRET traces revealed transient
Cy3 intensity spikes (Figure 3E, F), likely representing
transient association of competing Cy3-labeled
SSDNA with pdT4-RPA complex. Successful strand
transfer events were characterized by a sudden drop
in total intensity, due to the departure of Cy3-dTa4o-
RPA complex, and a transition of Errer to the DNA-
alone state (~0.3). Combined traces synchronized at
the binding moment showed intensity spikes followed
by intensity drops, confirming the formation of a
tripartite intermediate complex during the transfer
(Figure 3G). The average time between binding and
complete transfer was ~0.27 sec (Figure 3H). Overall,
our data showed that both SSB and RPA transfer from
one DNA to another occurs through a transient
tripartite complex containing both the incumbent DNA
strand and the competing DNA strand, and their
competition for SSB or RPA can result in multiple
failed attempts until a successful transfer.

Protein exchange dynamics of SSB and RPA on
DNA bound complexes

So far, we have used competing ssDNA to study the
direct transfer of SSB or RPA from one ssDNA to
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another. Next, we designed an smFRET assay to
guantitatively characterize the exchange of a DNA-
bound protein for a protein in solution. We applied
labeled proteins to surface-tethered partial-duplex
DNA, followed by the addition of unlabeled proteins
(Figure 4A, B). It was expected that the initial
fluorescence signal that appeared upon labeled
protein binding to DNA would disappear over time if
unlabeled proteins replaced the labeled.

After adding Cy3-labeled SSB proteins (2 nM) to the
immobilized Cy5-labeled DNA (for initial localization),
we observed on average ~300 labeled SSB molecule
spots per field of view. A reduction in the number of
fluorescent spots was observed over time following
the addition of unlabeled SSB proteins (Figure 4C).
For kinetic analysis, we quantified the number of
fluorescence spots by capturing short movies (~2 s)
sequentially at different fields of view to minimize the
contribution of photobleaching. To examine the
concentration dependence of protein exchange, we
titrated unlabeled protein concentrations from 2 nM to
15 nM (Figure 4D). The exchange rates, obtained
from single-exponential fits, showed a linear
dependence on protein concentration with the
bimolecular association rate of 4.8 (+ 0.8) 10° M s
for SSB binding to an SSB-DNA complex (Figure 4E).
Interestingly, SSB protein exchange rate was lower
for shorter ssDNA (40 nt), 3.8 (+ 0.3) 10° M s, with
a lower exchange fraction (~60%) compared to ~90%
for the longer ssDNA of 70 nt at the same protein
concentration (Supplementary Figure S5), possibly
due to a smaller landing pad size for initial binding of
SSB to a sSSDNA-SSB complex.

Similar to SSB, we found that surface-tethered DNA
bound to MB543-labeled RPA also exhibits protein-
protein exchange in a concentration-dependent
manner. (Figure 4F), but both the bimolecular
exchange rate and the exchange fraction were similar
between dT4 and dT7 sSSDNA (2.6 + 0.6 x 10° M* s?
for pdT4 and 2.7 £ 0.2 x 10° M s for pdT7o, ~80%
for pdT4 and ~75% for pdT+) (Figure 4F, G and
Supplementary Figure S5). Taken together, these
results demonstrate ‘facilitated dissociation’ where
dissociation of SSB or RPA from DNA, which is
normally very slow (Figure 4D, F), is greatly
accelerated by proteins in solution that can replace
the incumbents.

Hetero-protein exchange dynamics between SSB
and RPA on ssDNA

Both SSB and RPA are sequence-independent
ssDNA-binding proteins, and our study suggests they
can undergo homo-protein exchange when bound to

DNA (Figure 4). Next, we investigated hetero-protein
exchange between SSB and RPA. Although SSB and
RPA originate from different organisms, their DNA-
binding activities and functions are highly similar
(15,49). Observation of hetero-protein exchange
would indicate that facilitated dissociation observed in
homo-protein exchange does not require specific
protein-protein interactions between an incumbent
and a competing protein. We added SSB to
immobilized DNA, followed by the addition of RPA, or
vice versa (Figure 5A). The high-Errer peak confirmed
SSB binding to ssDNA (pdTro). Upon adding RPA, the
SSB-bound high-Eeret peak disappeared and a low-
Errer peak appeared in its place, confirming that RPA
can replace the DNA-bound SSB (Figure 5B).
Similarly, SSB replaced DNA-bound RPA, as
observed by the transition from low- to high-Egrer.

To study the exchange kinetics, the initial bound
fraction was plotted over time (Figure 5C). The overall
exchange rate of SSB-to-RPA or RPA-t0-SSB was
higher on shorter ssDNA (pdTa4o) compared to longer
SSDNA (pdT7o). We further analyzed the kinetics of
hetero-protein exchange using smFRET time traces.
For the longer ssDNA, two distinct exchange
behaviors were observed, while the shorter ssDNA
predominantly exhibited one type of behavior (Figure
5D and Supplementary Figure S6). During SSB-to-
RPA exchange, SSB-bound high-Errer states
transitioned through high-to-low Egrer dynamics as
intermediates before stabilizing at an RPA-bound low-
Errer state, marking completion of exchange.
Additionally, on longer ssDNA (dTz), a two-step
exchange was observed, suggesting that two RPA
molecules replace a single SSB molecule in a
stepwise manner (48,50). Conversely, during RPA-to-
SSB exchange, the RPA-bound low-Errer state
transitioned in one or two steps to the SSB-bound
high-Erret State. The two-step transition suggests that
two RPA molecules on the ssDNA are sequentially
replaced by a single SSB molecule. Altogether, these
results demonstrate that SSB and RPA can replace
each other on ssDNA even though they must have
evolved without an opportunity to interact with each
other, indicating that protein exchange does not
require specific protein-protein interaction.

RNA binding and strand transfer dynamics of SSB
and RPA

Although SSB and RPA primarily bind to sSsSDNA, very
few studies have reported their ability to bind RNA
(40,51), and their biological roles remain poorly
understood. Here, we investigated in detail the
binding of SSB and RPA to RNA and their associated
transfer kinetics. We designed smFRET partial duplex
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(pd) constructs similar to the DNA constructs, with an
overhang consisting of 50 nt of poly-uracil RNA
(pdrUso) (Figure 6A). Upon addition of SSB (10 nM) to
pdrUso in a buffer containing 100 mM NacCl, the low-
Errer peak (~0.2) corresponding to RNA-only shifted
to a mid-Errer peak (~0.6), suggesting that SSB
binding to RNA can also induce wrapping of RNA on
the SSB surface (Figure 6B). Similar to the
experiments with DNA, we introduced competing (50-
nt of poly-uracil, rUsg) RNA into the sample chamber
to study SSB strand transfer from bound RNA to RNA
from solution. Over time, the mid-Errer bound fraction
corresponding to SSB-bound RNA decreased, while
the low-Errer RNA-only population increased. The
bound fraction plotted over time at various rUsp RNA
concentrations (1 nM to 20 nM) fitted well with single-
exponential decay curves, consistent with pseudo-
first-order kinetics as observed with DNA (Figure 6C).
The transfer rates exhibited a linear dependence on
rUso concentration, vyielding a bimolecular rate
constant of 2.1 (+ 0.2) x 10° M s (Figure 6D).

The same RNA binding and direct strand transfer
assays were performed for RPA (Figure 6E).
Interestingly, upon addition of RPA (10 nM) to pdrUso
in a buffer containing 100 mM NaCl, unlike DNA, the
RPA-bound RNA exhibited a high-Errer state (~0.8),
indicating that RNA wraps around the RPA protein
(Figure 6F). Similar to SSB, RPA-bound RNA followed
pseudo-first-order  kinetics, with transfer rates
displaying a linear dependence on rUsy concentration
with a bimolecular rate constant of 4.3 (+ 0.4) x 10° M-
1 st (Figure 6G, H). Altogether, these results
demonstrate that both SSB and RPA bind RNA at
nanomolar concentrations and efficiently transfer to
competing RNA via pseudo-first-order kinetics,
mirroring their behavior with ssDNA.

Binding competition between DNA and RNA for
SSB or RPA

Our results showed that both SSB and RPA can bind
to DNA and RNA. Next, we investigated the binding
competition between DNA and RNA for these
proteins. To do this, we immobilized both DNA (pdT+o)
and RNA (pdrUsp) on the same surface, ensuring
nearly equal populations (Figure 7A). The Errer peaks
for DNA and RNA alone were both located in the low-
Errer region (~0.2-0.3) (Figure 7B). However, the
SSB-bound Errer peaks were clearly distinguishable,
with mid-Errer representing RNA-bound SSB and
high-Errer representing DNA-bound SSB.
Interestingly, upon adding a competing RNA strand
(rUso), the SSB-bound RNA population at mid-Errer
completely shifted to the low-Errer RNA-oNly state,
while the DNA-bound SSB population at high-Egrer

remained unchanged. Even with the addition of a high
concentration of RNA (10 uM), the SSB-bound DNA
high-Errer population was unaffected. Conversely,
the addition of sSDNA (dTeo) caused both mid- and
high-Errer peaks to shift entirely to the low-Errer
DNA- and RNA-only state, indicating complete strand
transfer of the bound protein. Therefore, although
SSB can also bind RNA, DNA outcompetes RNA in its
ability to take away SSB from DNA or RNA.

A similar competition assay was performed with RPA
(Figure 7C). RPA bound to DNA and RNA produced
well-separated low- and high-Erret peaks (Figure 7D).
The RNA-bound RPA high-Errer population
completely shifted to the low-Errer RNA-only state
upon the addition of RNA (rUso), whereas the DNA-
bound Errer population remained unaffected even
after adding 10 uM RNA. Upon adding ssDNA (dTeo),
both Errer peaks shifted completely to the original
DNA- and RNA-only state, similar to SSB. In
summary, the binding competition assays for SSB and
RPA show that, although both proteins can bind RNA,
they strongly prefer binding to DNA over RNA.

DISCUSSION

Using single-molecule FRET assays, we uncovered
fine details on how these proteins orchestrate nucleic
acid transactions with remarkable adaptability. Our
findings illuminate the competitive binding, direct
transfer, and exchange processes that enable SSB
and RPA to sustain genome stability and contend with
RNA metabolism in fluctuating cellular environments.

Mechanistic insights into strand transfer and
protein exchange dynamics

Strand transfer is a fundamental process that ensures
the efficiency and fidelity of nucleic acid metabolism,
particularly during replication, where ssDNA-binding
proteins must rapidly adapt to changing substrates
and redistribute to maintain polymerase activity
(7,15). This process enables proteins to efficiently
replace pre-bound complexes or move between
ssDNA regions without dissociating completely into
free protein intermediates. Here, we provide direct
visualization of the strand transfer mechanism,
building on prior research that extensively
characterized the ssDNA-binding behavior of SSB
and RPA proteins (Figure 3). Our findings reveal that
strand transfer in both proteins proceed through a
ternary intermediate complex, where the protein
simultaneously interacts with at least two ssSDNA
molecules. This direct transfer mechanism bypasses
the need for a protein-free intermediate, minimizing
the risk of exposing ssDNA to nucleases or other
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damaging agents. Repeated transfer attempts,
observed as transient smFRET intensity spikes,
indicate the formation of unstable intermediate
complexes that continue until incoming strand wins
the battle. This strand transfer mechanism likely
involves partial opening of the protein-DNA complex
or a flexible binding mode that accommodates
additional ssDNA. Additionally, the diffusion
properties of SSB and RPA enable them to migrate
along ssDNA (22,26,27), facilitating engagement with
competing strands. The process is highly
concentration-dependent, with strand transfer rates
increasing linearly with  competing  ssDNA
concentration, indicating that a single competing
strand is involved in the rate-determining step, and the
overall reaction rate is governed by diffusion-
controlled encounters.

Strand transfer efficiency is notably influenced by
competing ssDNA’s length, with longer strands (=60
nt for SSB and 240 nt for RPA) significantly enhancing
transfer efficiency (Figure 1, 2). Longer ssDNA
segments are likely to promote stronger protein
engagement, leading to greater destabilization of the
pre-bound complex and facilitating more efficient
transfer. These results suggest that replication forks,
which naturally generate longer ssDNA regions,
provide an optimal environment for strand transfer in
vivo. While our use of poly-thymine sequences
removed sequence specificity, it is important to note
that the efficiency of direct transfer may vary
depending on DNA sequences composition. Notably,
sequence-specific proteins such as POT1, which
share similar binding affinities with SSB and RPA, do
not undergo strand transfer (52). This observation
underscores the versatility of SSB and RPA in
adapting to different DNA substrates. Understanding
these mechanisms sheds light on how strand transfer
supports the rapid redistribution and replacement of
ssDNA-binding proteins, ensuring genome integrity
during critical cellular processes.

Protein exchange dynamics of SSB and RPA on
SSDNA

SSB and RPA are essential for maintaining nucleic
acid integrity by enabling timely protein exchange
during DNA metabolic processes. Both proteins bind
tightly to ssDNA to protect it, but they must also be
displaced efficiently to allow access for other DNA-
processing factors. This rapid protein exchange is
driven by their diffusion properties, where bound
proteins are replaced by the binding of a protein in
solution to a ssDNA segment transiently exposed by
the diffusional migration of an incumbent protein.

Previous studies have proposed that the
concentration-dependent turnover of dsDNA-binding
proteins facilitates dissociation and rapid rebinding of
proteins on DNA (53). Additionally, DNA curtain
assays have demonstrated that eGFP-tagged RPA
rapidly exchanges with untagged RPA in a
concentration-dependent manner (32,43). Consistent
with these findings, our data show that both SSB and
RPA undergo rapid exchange with freely diffusing
proteins in a concentration-dependent manner (Figure
4). Even when bound to short ssDNA substrates,
where only a single SSB tetramer or one to two RPA
monomers could bind, rapid protein exchange was
still observed, reflecting intrinsic exchange properties
of both proteins. This behavior supports the idea that
SSB and RPA can undergo rapid protein exchange,
particularly given the high intracellular concentrations
of DNA as well as SSB (~0.05-0.3 pM) and RPA (~2
KUM), which are higher than the concentrations used in
our experiments (54,55).

In addition to homo-protein exchange, SSB and RPA
also exhibit hetero-protein exchange, replacing each
other on ssDNA in a bidirectional manner (Figure 5).
This exchange demonstrates that SSB and RPA can
replace each other on ssDNA in vitro, highlighting
similarities in their DNA binding dynamics despite
originating from different organisms. Trimeric RPA
was observed to replace SSB tetramers or vice versa,
with dynamics modulated by ssDNA length, reflecting
differences in their binding strategies. Our single-
molecule time traces provided direct evidence of
hetero-protein exchange between SSB and RPA,
revealing distinct exchange kinetics. RPA-induced
SSB exchange was observed as fluctuations in FRET
intensity, while reverse exchange dynamics were not
observed, likely due to differences in the modes of
protein binding. The exchange kinetics were
dependent on ssDNA length, with longer ssDNA
showing a one- or two-step exchange process. This
offers insight into the complex interplay between
these proteins, especially when binding sites overlap
or higher-order nucleoprotein structures form.

These findings have important implications for
genome maintenance, as SSB and RPA must rapidly
adapt to changing DNA structures and respond to
challenges such as DNA damage and replication
stress (11,14,33,56). Protein exchange plays a central
role in regulating DNA and RNA dynamics, ensuring
efficient turnover of bound factors and facilitating the
recruitment of DNA-processing proteins. (14,15). For
instance, in telomere regulation, RPA is replaced by
POT1 to shift from replication to telomere protection
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(57) while in homologous recombination, RAD51
replaces RPA to promote strand invasion and repair
(32,58). Additionally, RNA-binding proteins undergo
dynamic exchange to regulate RNA stability and
processing during transcription and to modulate DNA
damage signaling by displacing inappropriate proteins
(59,60). These observations highlight the adaptability
of ssDNA-binding proteins in maintaining nucleic acid
homeostasis. The ability of SSB and RPA to undergo
both homo- and hetero-protein exchange suggests
that similar exchange-based regulatory mechanisms
could be broadly relevant across different nucleic
acid-processing pathways.

RNA interactions and functional versality of SSB
and RPA

In addition to their established roles in ssDNA
metabolism, our study reveals that SSB and RPA also
interact with RNA, undergo strand transfer to
competing RNA molecules (Figure 6). However,
competitive binding assays demonstrated a strong
preference for DNA over RNA (Figure 7), reinforcing
their primary functions in DNA transactions. This dual
functionality highlights their ability to engage with both
DNA and RNA substrates, particularly in cellular
contexts where these nucleic acids coexist. Our
findings suggest that RNA and ssDNA compete for
binding to SSB and RPA, potentially influencing key
cellular processes such as transcription-coupled
repair, RNA processing, and translation. RNA
molecules may displace DNA-bound proteins, or vice
versa, thereby modulating cellular responses to
genomic instability. The physical and functional
interaction of SSB with RNA polymerase further
supports its involvement in co-transcriptional RNA
processes (36,37). While SSB may transiently interact
with nascent RNA, its stronger preference for DNA
may limit RNA binding under many conditions. In
contrast, RPA is closely associated with R-loops in
vivo and exhibits a stronger affinity for co-
transcriptional RNA, potentially promoting the
formation of DNA-RNA hybrids or R-loops, which play
critical roles in gene expression regulation and
genome stability (38-40).

Recent studies have shown that multiple RNA- and
DNA-binding proteins can directly transfer between
polynucleotides without requiring a free protein
intermediate (30). This direct transfer capability, also
observed in our study, likely represents a general
property of nucleic acid-binding proteins. Such
mechanisms are essential for RNA-binding proteins to
recruit factors to chromatin and for DNA-binding
proteins to efficiently locate their targets on

nucleosomal DNA. Furthermore, direct transfer from
nascent RNA to DNA may explain why many DNA-
binding proteins also exhibit RNA-binding capabilities,
reducing the complexity of their search for binding
sites and enabling dynamic regulation of nucleic acid
interactions. These findings expand the functional
repertoire of SSB and RPA, demonstrating their
adaptability in managing both RNA and DNA
substrates. Their dual roles in genome and
transcriptome  maintenance  underscore their
importance in coordinating cellular processes that
require DNA and RNA interplay, especially during
transcriptional stress or genomic instability.

Broader implications and future directions

The mechanistic insights presented here enhance our
understanding of the evolutionary adaptations of SSB
and RPA to diverse cellular environments. Their ability
to mediate strand transfer, facilitate rapid protein
exchange, and interact with RNA emphasizes their
essential roles in genome stability and RNA
metabolism. The observed preference for DNA over
RNA and the context-dependent dynamics of protein
exchange suggest a finely tuned regulatory system
that responds to cellular needs. Future studies should
focus on unraveling the structural basis of these
interactions, particularly the conformational changes
during strand transfer and protein exchange.
Investigating these mechanisms under physiological
conditions, such as during transcription-coupled
repair or replication stress responses, will further
clarify their biological relevance. Exploring sequence-
specific strand transfer and RNA interactions could
reveal additional layers of functional specificity,
particularly in the context of telomere maintenance,
homologous recombination, and RNA-mediated
chromatin regulation. By integrating these insights, we
advance the broader understanding of protein-nucleic
acid interactions and pave the way for targeted
therapeutic strategies to address conditions involving

genome instability and dysregulated RNA
metabolism.
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Figure 1: SSB binding and length dependent direct transfer kinetics on ssDNA. (A) Schematic of smFRET
constructs showing a partial DNA duplex with a 70-nt poly-thymine overhang (pdT7). Sequential addition of SSB
binds to the ssDNA overhang, and competing free ssDNA (dTeo) facilitates strand transfer to regenerate the
tethered DNA. (B) FRET histograms of pdT70 before (top, light green), after SSB binding (middle, light orange),
and during SSB transfer (bottom) upon dTeo addition at the indicated time points. Time, t=30 min (top histogram)
represents the complete strand transfer of bound SSB. (C) Single-exponential fitting of the SSB-bound fraction
at varying concentrations of competing dTeo. (D) Linear fit of SSB transfer rates at different dTeo concentrations.
(E) Single-exponential fitting of SSB-bound fractions with competing ssDNA of different lengths (dT4o to dT+o at
100 nM). (F) SSB transfer rates plotted against competing ssDNA length, with a significant rate jump highlighted
by the shaded gray region.
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Figure 2: Length dependent binding kinetics and direct transfer of budding yeast RPA on ssDNA. (A) Schematic
of sSmFRET constructs with a partial duplex containing a 40-nt poly-thymine overhang (pdTa). RPA binds to
pdT4 and competing free ssDNA (dT4) induces strand transfer to regenerate the tethered DNA. (B) FRET
histograms of pdT4 before (top, light green), after RPA binding (middle, light blue), and during RPA transfer
(bottom) upon dT4o addition at indicated times. Time, t=30 min (top histogram) represents the complete strand
transfer of bound RPA. (C) Single-exponential fitting of RPA-bound fractions at different dT4o concentrations. (D)
Linear fit of RPA transfer rates at varying dT concentrations. (E) Single-exponential fitting of RPA-bound
fractions with competing ssDNA of different lengths (dT1 to dTeo at 100 nM). (F) RPA transfer rates plotted
against competing ssDNA length, with a significant rate jump highlighted by the shaded gray box.
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Figure 3: Real-time direct transfer mechanism of SSB and RPA in-between ssDNA. (A, E) Schematics showing
SSB (A) or RPA (E) transferring from tethered DNA to Cy3-labeled competing ssDNA. (B, F) Real-time smFRET
traces showing SSB (B) and RPA (F) transfer events. Arrows indicate Cy3-ssDNA flow; spikes represent transfer
attempts (gray triangles), and boxed regions show successful transfers with intensity and FRET efficiency
changes. The background intensity increases after addition of competing Cy3-labeled ssDNA. Black, red, green,
and blue lines indicate total intensity, Cy5 intensity, Cy3 intensity, and FRET efficiency, respectively. Two arrows
at the zoomed box represent the binding to successful transfer. (C, G) Combined time traces of successful
transfers synchronized at the binding event, the moment of intensity increase. The bold line is the average of
individuals. (D, H) Gaussian fits of dwell time histograms for successful transfers of SSB (D) and RPA (H), with
corresponding dwell times (At) indicated (calculated from the zoomed box, time difference between two arrows).
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Figure 4: DNA bound protein exchange dynamics of SSB and RPA. (A, B) Schematic representation of SSB (A)
and RPA (B) protein-protein exchange. Labeled proteins bound to DNA are replaced by unlabeled proteins. (C)
Representative field of view showing labeled SSB at t=0 min (top) and after exchange by unlabeled protein at
t=20 min (bottom) under green laser excitation. (D, F) Single-exponential fits of labeled protein disappearance
at different unlabeled protein concentrations for SSB (D) and RPA (F). (E, G) Linear fits of protein exchange
rates at varying unlabeled protein concentrations for SSB (E) and RPA (G).
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Figure 5: Hetero-protein exchange dynamics between SSB and RPA on ssDNA. (A) Schematic smFRET model
of hetero-protein exchange between SSB and RPA. (B) FRET histograms of pdT7 showing SSB and RPA
binding and their exchange. (C) Single-exponential fits of hetero-protein exchange (SSB to RPA and vice versa)
on pdT4 and pdT7 at 100 nM protein concentrations. (D) Real-time smFRET traces showing SSB-to-RPA and
RPA-to-SSB exchanges on pdTo, with distinct FRET transition behaviors. Dashed lines indicate the addition of
the competing protein.
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Figure 6: RNA binding and strand transfer dynamics of SSB and RPA. (A, E) Schematics of SmFRET constructs
with a partial duplex containing a 50-nt poly-uracil overhang (pdrUsp). SSB (A) or RPA (E) binds pdrUso, followed
by transfer to competing RNA (rUso). (B, F) FRET histograms of pdrUse before (top, light pink) and after (middle,
light orange) SSB (B) or RPA (F) binding, and during SSB or RPA transfer (bottom) upon rUs, addition at
indicated times. Time, t=20 min (top histogram) represents the complete strand transfer of bound SSB or RPA.
(C, G) Single-exponential fits of protein-bound fractions during RNA-induced transfer at different rUso
concentrations for SSB (C) and RPA (G). (D, H) Linear fits of transfer rates at varying rUso concentrations for
SSB (D) and RPA (H).
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Figure 7: Binding competition between DNA and RNA for SSB and RPA. (A, C) Schematic of sSmFRET
constructs with co-immobilized DNA (pdTzo/pdT4) and RNA (pdrUsp). SSB (A) or RPA (C) binds to both DNA
and RNA, with subsequent transfer to competing ssDNA (dTeo for SSB, dT4 for RPA) or rUsoe. (B, D) FRET
histograms showing DNA and RNA before and after SSB (B) or RPA (D) binding. Competing ssDNA facilitates
complete transfer of protein from RNA and DNA, whereas competing RNA transfers only RNA-bound protein.
Colors represent respective bound fractions.
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