Nucleic Acids Research Advance Access published November 17, 2015
Nucleic Acids Research, 2015 1
doi: 10.1093/nar/gkv1225

Binding dynamics of a monomeric SSB protein to
DNA: a single-molecule multi-process approach
Michael J. Morten1 , Jose R. Peregrina1 , Maria Figueira-Gonzalez1 , Katrin Ackermann1,2 ,
Bela E. Bode1,2 , Malcolm F. White1,* and J. Carlos Penedo1,3,*
1

Biomedical Sciences Research Complex, University of St Andrews, St Andrews, Fife KY16 9ST, UK, 2 EaStCHEM
School of Chemistry and Centre of Magnetic Resonance, University of St Andrews, St Andrews, Fife KY16 9ST, UK
and 3 SUPA School of Physics and Astronomy, University of St Andrews, St Andrews, Fife KY16 9SS, UK

Received August 27, 2015; Revised October 27, 2015; Accepted October 29, 2015

INTRODUCTION

Single-stranded DNA binding proteins (SSBs)
are ubiquitous across all organisms and
are characterized by the presence of an OB
(oligonucleotide/oligosaccharide/oligopeptide)
binding motif to recognize single-stranded DNA
(ssDNA). Despite their critical role in genome
maintenance, our knowledge about SSB function is
limited to proteins containing multiple OB-domains
and little is known about single OB-folds interacting
with ssDNA. Sulfolobus solfataricus SSB (SsoSSB)
contains a single OB-fold and being the simplest
representative of the SSB-family may serve as
a model to understand fundamental aspects of
SSB:DNA interactions. Here, we introduce a novel
approach based on the competition between Förster
resonance energy transfer (FRET), protein-induced
fluorescence enhancement (PIFE) and quenching
to dissect SsoSSB binding dynamics at singlemonomer resolution. We demonstrate that SsoSSB
follows a monomer-by-monomer binding mechanism
that involves a positive-cooperativity component
between adjacent monomers. We found that SsoSSB
dynamic behaviour is closer to that of Replication
Protein A than to Escherichia coli SSB; a feature
that might be inherited from the structural analogies
of their DNA-binding domains. We hypothesize that
SsoSSB has developed a balance between highdensity binding and a highly dynamic interaction
with ssDNA to ensure efficient protection of the
genome but still allow access to ssDNA during vital
cellular processes.

In all cellular organisms, the genome is organized as a double stranded DNA helix (dsDNA) with the nucleotide bases
carrying the genetic information sequestered in the interior
of the double strand, protected from damaging agents (1).
To provide access to genomic information during vital cellular processes such as DNA replication, transcription, recombination and repair, dsDNA must be unwound to produce single stranded DNA (ssDNA) (2). Although transient
exposure of the genetic information is crucial for cell survival, the presence of ssDNA intermediates increases the
possibility of chemical and physical damage, thus compromising genome stability (2,3). To preserve ssDNA integrity
and still facilitate DNA processing, single-stranded DNA
binding proteins (SSBs, also known as Replication Protein
A, RPA, in eukarya) interact with DNA in a sequenceindependent manner (4). In addition to protecting ssDNA
from degradation, the high affinity of SSBs has also been
exploited by nature to detect DNA damage (2, 5–8), melt
dsDNA (5–7) and to recruit other proteins to ssDNA stimulating their biochemical activity and the overall efficiency of
DNA processing pathways (9–12). The vital roles of SSBs in
genome maintenance and cell survival are reflected in their
universal expression throughout all kingdoms of life (3, 13–
15), as well as their inclusion in some viral proteomes (15).
In recent years, there has been also an increasing interest
in the biotechnological potential of SSBs (16). A number
of studies have reported the use of SSBs, mostly of thermophilic origin due to their higher stability, to improve the
efficiency and specificity of the polymerase chain reaction
(PCR) (17, 18).
Although very little conservation has been found
at sequence level, SSB proteins across all domains of
life exhibit some evolutionary traits since their high
affinity for ssDNA comes largely from the presence

* To

whom correspondence should be addressed. Tel: +44 1334 463106; Fax: +44 1334 463104; Email: jcp10@st-andrews.ac.uk
Correspondence may also be addressed to Malcolm F. White. Tel: +44 1334 463432; Fax: +44 1334 463104; Email: mf2@st-andrews.ac.uk

Present addresses:
Michael J. Morten, School of Chemistry, The University of Glasgow, Joseph Black Building, University Avenue, Glasgow G12 8QQ, UK.
Maria Figueira-Gonzalez, Faculty of Chemistry, University of Santiago de Compostela, E-27002, Spain.

C The Author(s) 2015. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Downloaded from http://nar.oxfordjournals.org/ at St Andrews University Library on November 23, 2015

ABSTRACT

2 Nucleic Acids Research, 2015

Here, we have taken advantage of the single-OB organization of SsoSSB and use a novel single-molecule
fluorescence-based multi-process approach to delineate, for
the first time, the dynamics of individual OB-folds interacting with ssDDNA. Using Alexa647-labelled SsoSSB (A647SsoSSB) and Cy3-labelled ssDNA, we show that the close
positioning of the labelled monomers on the ssDNA leads
to a range of photophysical events including Förster resonance energy transfer (FRET), protein-induced fluorescence enhancement (PIFE) and acceptor quenching within
the same single-molecule trajectory that can be exploited to
dissect SSB dynamics. FRET has been extensively used as a
molecular ruler to measure conformational changes within
biomolecules and biomolecular interactions (37), whereas
the increase in the quantum yield of fluorescent molecules
due to the presence of proteins in the close proximity (PIFE)
has been recently exploited as a method to investigate
binding dynamics. Through a combination of ensembleaveraging fluorescence techniques and single-molecule measurements, we further demonstrate that each of these processes can be unambiguously assigned to a specific binding step during the DNA-coating process, thus allowing us
to visualize in real-time the binding mechanism at single
monomer resolution. Using this approach, we determine
that monomeric SsoSSB is the functional species interacting
with single-strand DNA in solution and observe evidence
for a significant degree of cooperative interaction between
adjacent SSB monomers along the DNA strand. Taken together, our results strongly indicate that SsoSSB binding to
ssDNA is a highly dynamic process taking place following
a monomer-by-monomer association mechanism involving
a key cooperative step between adjacent monomers.
MATERIALS AND METHODS
Protein expression and purification
Wild-type SSB and variants A114C from S. sulfolobus were
transformed by addition of glycerol stocks of DNA to 50
l of C43 competent cells, plated on to agar plates containing kanamycin and incubated overnight at 37◦ C. A single colony was extracted and grown overnight in LB broth
with kanamycin (35 g/ml). IPTG was introduced to a final
concentration of 0.4 mM to induce expression of SSB for a
further 4 h being agitated at 37◦ C. The cells were pelleted
by centrifugation (Beckmann, JLA 8.1000 rotor) at 4◦ C,
5000 rpm for 20 min and frozen at −20◦ C until required.
Lysis buffer was used to re-suspend the thawed pellet up
to a volume of 50 ml and immediately sonicated (Soniprep
150, MSE (UK) Ltd) at 4◦ C. The pellet was heat treated at
70◦ C for 20 min and the denatured proteins were precipitated by centrifugation (Beckman, JA 25.50 rotor) at 4◦ C,
20 000 rpm for 20 min. The supernatant was diluted with
an equivalent volume of buffer A (20 mM Tris–HCl (pH
7.40), 1 mM ethylenediaminetetraacetic acid (EDTA) and 1
mM Dithiothreitol (DTT)) to reduce the NaCl concentration below 250 mM and filtered (Millex, 0.22 m). The solution was passed through two 5 ml heparin-sepharose column (GE healthcare) equilibrated with buffer A and eluted
off the column along a concentration gradient of buffer B
(20 mM Tris–HCl (pH 7.40), 1 mM EDTA and 1 mM DTT
and 1M NaCl) and the protein was collected in fractions.
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of a distinctive and commonly shared ‘OB-fold’ motif
(oligonucleotide/oligosaccharide binding fold) (19, 20). As
observed in the crystal structures of human (20) and fungal RPA (21), Escherichia coli SSB (EcoSSB) (22, 23), and
archaeal SSB (24), these OB-fold domains comprise ∼100
amino acids and are typically organized as a five ␤ sheet barrel (25, 26). The presence of a structurally conserved SSB
binding fold across all domains of life suggest that SSBs
are derived from a common evolutionary ancestor protein
through gene duplication, merging and reshuffling events
(25). In addition to this ubiquitous N-terminal OB motif,
many SSBs have a C-terminal flexible tail that is thought to
function as recognition sequences for protein–protein interactions (25–27).
The subunit composition and oligomeric state of SSB
proteins, show remarkable variability over the three domains of life (4). The oligomeric state of bacterial SSB proteins is exemplified by the homotetrameric organization of
the EcoSSB, which has served as the prototypical SSB protein for many years (22, 23). In EcoSSB each monomer encodes for a single OB-fold, but exceptions to this arrangement include SSBs composed of two OB-folds per monomer
and acting as homodimers in Deinococcus-thermus genera
(28). Outside of the bacteria, SSBs exhibit quaternary structures ranging from the heterotrimeric organization of the
eukaryotic RPA (29) to the dimeric and monomeric forms
of several bacteriophage and viral SSB (15, 30). An heterotrimer OB scaffold with four DNA-binding OB domains
is present also in euryarchaea such Pyrococcus furiosus (31).
In contrast, the SSB from the crenarchaeote Sulfolobus solfataricus (SsoSSB) shows a single RPA-like OB domain and
a C-terminal tail resembling that of EcoSSB (24, 32). It has
been demonstrated that SsoSSB can specifically melt double helices carrying a range of lesions including mismatches,
adducts and photoproducts (6). Such potential to discriminate in vitro between damaged and non-damaged DNA suggests a potential role for SsoSSB in sensing DNA damage.
The C-terminal tail of SsoSSB has been shown to mediate
interactions with RNA polymerase (11), reverse gyrase (33)
and the NurA nuclease (12).
In recent years, the study of the interaction between SSB
proteins and ssDNA using single-molecule techniques has
emerged as an unique method to provide information not
accessible by any other approach (26, 34, 35). Most of these
studies have focused on characterizing the transition dynamics between the different binding modes of EcoSSB
(34–36) to DNA using single-molecule fluorescence resonance energy transfer assays (sm-FRET) (37). Although
these studies have provided remarkable insights into how
the binding modes of bacterial SSBs dynamically interconvert depending on nucleotide length and environmental
conditions, they have focused on SSB proteins containing
multiple OB-fold domains. Therefore, the interaction mechanism between monomeric SSBs and ssDNA remains unclear and this raises the question of how much of our current knowledge from multimeric SSBs is preserved down to
the single OB-fold level. This is important because in addition to RPA as the major SSB protein in eukaryotes, SSBs
containing a single OB-fold have recently been discovered
and shown to play a critical role in genomic stability and
the repair of double strand breaks (9, 38).

Nucleic Acids Research, 2015 3

The fractions containing protein were concentrated down
to below 10 ml and passed through a HiLoad 26/60 Superdex 200 size exclusion column (GE Healthcare) equilibrated with gel filtration buffer. To remove any remaining
impurities, the protein was passed through a 5 ml sepharose
column (GE Healthcare) equilibrated with buffer A, and
eluted off with buffer B. The protein concentration in each
fraction was monitored using UV-vis adsorption at 260 nm
and an extinction coefficient of 12660 M−1 cm−1 and proteins peaks were investigated using a SDS-PAGE gel (Invitrogen, 200 V for 35 min).
SsoSSB labelling and purification

DNA labelling and purification
Oligonucleotides were purchased from Integrated DNA
Technologies, with 5 biotin and 3 amino group modifications. Succinimidyl ester derivatives of the fluorophores
Cy3, Alexa647 (GE Healthcare) and Alexa 488 (Invitrogen) were used according to the manufacturer’s protocol.
Initially, the dry pellet of DNA was dissolved in deionized
water to a concentration of 25 g/l. A total of 4 l of this
solution were added to 7 l of deionized water and 75 l
of labelling buffer (0.1 M sodium tetraborate, pH 8.5) and
incubated at room temperature overnight. The DNA was
precipitated by adding 10 l of 3M of sodium acetate and
absolute ethanol was added, gently mixed and incubated
overnight at −20. The mixture was then spun at 13 000 rpm
for 1 h. The supernatant was removed and the pellet dissolved in 50 mM Tris–HCl pH 7.5. The DNA was separated
from any unbound dye using a denaturing polyacrylamide
gel 12% with 7 M urea, 300 l of APS (ammonium persulfate) and 30 l of TEMED. The gel was run for 1 h in Tris
borate/EDTA buffer (TBE) before the DNA was loaded in
50% of formamide at 18 W with a set temperature threshold
of 25◦ C. Following electrophoresis the band was cut from
the gel, transferred to a vial and chopped and re-suspended
in 400 ml 50 mM Tris pH 7.5. The DNA was incubated

Ensemble fluorescence
Ensemble experiments were performed in 50 mM Tris–HCl
pH 7.6, 10 mM KCl, 5% glycerol, 0.1 mg/ml bovine serum
albumin with 5–50 nM DNA substrate. Fluorescent titrations were performed on a Varian Cary Eclipse Fluorescence Spectrophotometer (Varian Inc., Palo Alto, USA) exciting the Cy3 at 550 nm, the Alexa647 at 640 nm and the
tryptophan residues at 295 nm. PIFE titrations were carried
out at 20◦ C and 65◦ C to determine the influence of temperature. FRET and acceptor quenching titrations were performed at 20◦ C. UV-vis spectra were recorded on a Varian
Cary 50 Bio UV-visible Spectrophotometer (Varian Inc.,
Palo Alto, USA). PIFE, FRET and acceptor quenching
isotherms where analysed as described in Supplementary
Methods section.
Single-molecule measurements
Single-molecule FRET and PIFE measurements were performed using a prism-type total-internal reflection (TIR)
microscope (Olympus IX71). The sample was excited by
a 50 mW CW laser operating at 532 nm (Crystalaser).
The detector was a back-illuminated Ixon EMCCD camera (Andor, Belfast). Data were acquired in imaging buffer
(50 mM Tris–HCl (pH 8.0), 50 mM NaCl, 6% (w/w) glucose, 1% 2-mercaptoethanol, 0.1 mg/ml glucose oxidase
(Sigma) and 0.02 mg/ml glucose catalase (Sigma), 1 mM
Trolox. Measurements were carried out at room temperature (20◦ C) with frame integration times of 50 ms unless
stated otherwise. Images were processed using IDL and data
analysis was performed using laboratory-written routines in
Matlab as previously described (41). Apparent FRET efficiency after background correction, Eapp was calculated by
(IA /[IA +ID ]), where IA and ID are the fluorescence intensities of donor and acceptor, respectively. Single-molecule
histograms were calculated using the first 15 frames of each
trajectory. For the analysis of the photobleaching rate of
Alexa Fluor 647, A647-SsoSSB was encapsulated in 100 nm
diameter small unilamellar vesicles (SUV) prepared using
the extrusion method as described previously (40). Vesicles
were prepared by mixing eggPC and 16:0 biotinyl cap PE
in 1:100 molar ratio in chloroform followed by 2 h evaporation in a dessicator and rehydration in a buffer (10 mM Tris–
HCl, pH 7.5, 150 mM NaCl and 1 mM EDTA) containing
400 nM of A647-SsoSSB. The mixture was then extruded
through 100 nm diameter pores (Avanti Mini Extruder) to
form SUVs, store at 4◦ C and used within 1 week.
RESULTS
SsoSSB binding to ssDNA monitored by protein-induced fluorescent enhancement (PIFE)
It is well known that the emission intensity of cyanine
and related dyes (i.e. Cy3, Cy5, DY547), positioned on a
nucleic acid sequence, may become significantly increased
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To allow site specific labelling of SsoSSB with fluorescent
or spin labels, a cysteine was introduced at residue 114
using site-directed mutagenesis. This was performed using
standard protocols (QuikChange, Stratagene). The purified
A114C SSB mutant was labelled with Alexa Fluor 647 C2
maleimide (Life Technologies) according to the manufacturer’s instructions. Unlabelled and labelled proteins were
separated by eluting the mixture through a SP-Sepharose
High Performance 26/10 affinity column as described in the
Supplementary Methods section. The labelling efficiency
was checked by MALDI-TOF mass spectrometry and UVvis spectrometry and a value of 99% was obtained. To increase the yield of the labelling reaction, the SSB was unfolded by adding 8 M urea to the labelling mixture thus
exposing the reactive thiol. This was diluted down to 2 M
urea with buffer A so the protein could re-fold before passing through the affinity column. Purified A114C SsoSSB
was also labelled with 1-Oxyl-2,2,5,5-tetramethylpyrroline3-methyl) a thiol-specific methanethiosulfonate spin label
MTSSL (Toronto Research Chemicals) to yield the spinlabelled A114R1 SsoSSB as described in the literature (39).

overnight wrapped in aluminium foil in a shaker. The DNA
was then spun at 13 000 rpm for 10 min and the supernatant
retrieved using a micro spin column. The concentration was
measured on Cary Varian UV-vis spectrophotometer.
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tions, the majority of traces (>90%) showed Cy3-intensity
levels that were stable over relatively long periods of time
(∼1 min) and the cumulative single-molecule histogram displayed a single Gaussian with a narrow width distribution
(Figure 1E). In addition to confirming that DNA alone does
not exhibit signal fluctuations, these data were taken as a
reference to quantify the magnitude of the PIFE effect induced by protein binding. Upon addition of 1 nM SsoSSB,
the fluorescence signal normalized to the lower intensity
value of the unbound state showed dynamic fluctuations to
a Cy3 emissive state with a ∼2-fold higher brightness (Figure 1d and Supplementary Figure S2a).
A higher frequency of fluctuations between these two
states was observed when the concentration of protein was
increased to 10 nM, suggesting that they arise from binding and dissociation events of SsoSSB proteins (Figure 1D
and Supplementary Figure S2b). To investigate whether
these events were due to monomers or multimeric species
of SsoSSB present in solution we carried out a range of fluorescence assays using either mixtures of labelled and unlabelled SsosSSB or only labelled SsoSSB. We did not observe any variation in fluorescence anisotropy when A647SsoSSB was titrated with unlabelled protein and we did not
detect any FRET signal between a mixture of A647-SsoSSB
and Cy3-SsoSSB. To ensure that the absence of interaction
was not due to the relative low concentration of SsoSSB required in fluorescence methods, we developed an electron
paramagnetic resonance (EPR) assay using SsoSSB carrying a 1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) spin label at the same position as the fluorescent dye (see ‘Materials and Methods’ section for details). The EPR experiments using up to 100 M of spin labelled SsoSSB failed
to provide any evidence for multimeric species formed in solution as discussed later in this section (Supplementary Figure S3). Thus, we concluded that the observed PIFE events
arise from the association and dissociation dynamics of individual SsoSSB monomers to the ssDNA.
At 50 nM concentration of SsoSSB, the normalized intensity traces displayed a single emission level with a constant 2-fold enhancement (Figure 1D). We interpreted this
as evidence for the BidC12 Cy3 strand becoming completely
coated with SsoSSB monomers. In contrast to the behaviour observed for RecA binding to ssDNA (42), no discrete fluctuations between two emission levels, caused by
the stepwise association of one or two monomers to the
BidC12 Cy3 strand, were detected at any concentration of
SsoSSB. This suggests that either the binding dynamics of
two monomers is faster than our time resolution (33 ms),
or the binding of a second monomer of SsoSSB to the
BidC12 Cy3/(SsoSSB) complex induces a minimal change
in the micro-viscosity of the medium surrounding the Cy3
dye. The normalized cumulative histograms for more than
1000 molecules obtained at each concentration of SsoSSB
confirmed the behaviour observed from individual intensity
traces (Figure 1E). The relative contribution of the singlemolecule histogram representing a 2-fold enhancement in
Cy3 intensity increased as a function of SsoSSB concentration, reaching a value of 86% of the total at 50 nM SsoSSB.
Interestingly, a comparison of the Gaussian distributions
corresponding to the populations of unbound and bound
ssDNA revealed a remarkable increase in their full width
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when proteins bind in their close proximity (42). This effect, termed PIFE, has been attributed to local variations
in the viscosity of the medium surrounding the dye that alter their cis-trans isomerization mechanism. In recent years,
the application of PIFE at single-molecule level (smPIFE)
has emerged as a complementary technique to Förster resonance energy transfer methods (smFRET). In addition
to the advantage of bypassing protein labelling, PIFE provides a means to monitor the time-dependent variation
in intermolecular distance between a fluorescently labelled
oligonucleotide and a protein in the short distance range (0–
3 nm), where FRET methods are rather insensitive. PIFE
has already been employed to investigate filament-forming
proteins such as RecA (42) and enzymes such as BamHI
(42) and Fen1 (43).
Here, we employed PIFE to monitor the interaction between SsoSSB and a 12-mer dC single-strand sequence labelled at the 3 position with Cy3, referred to hereafter as
(dC12 Cy3). We have chosen a 12-mer ssDNA because it is
well within the distance range of PIFE and therefore an
increase in the emission of Cy3 is expected upon SsoSSB
binding (Figure 1A). To demonstrate this in bulk solution,
we performed an equilibrium titration of dC12 Cy3 with
SsoSSB at 10 mM KCl and 20◦ C (Figure 1B). Although
the majority of biophysical studies characterizing SSB proteins, particularly at single-molecule level, have been carried
out at room temperature (44), even for thermophilic species
such as Thermus SSB (36); we also carried out a PIFE titration at 65◦ C (Supplementary Figure S1), which is closer
to the optimal growth temperature of S. solfataricus (75–
80◦ C). As we increased the concentration of SsoSSB, we observed, at both temperatures, a similar 2-fold increase in the
emission intensity of the Cy3 spectra due to SsoSSB binding
in close proximity to the dye. The binding isotherm in Figure 1C was fitted to a Hill binding model (Equation S1) (45)
yielding a dissociation constant (KD ) of 9 ± 1 nM, which
is very good agreement with values previously reported at
room temperature for SsoSSB (32) and archaeal RPAs (46).
This confirms also that the presence of the Cy3 label at the 3
end of dC12 Cy3 does not significantly affect SsoSSB binding. From the fitting we obtained a Hill coefficient of 1.8 ±
0.2, implying the interaction of more than one protein with
the ssDNA with a significant degree of positive cooperativity between them. Similar positive cooperativity with Hill
coefficient values close to the one reported here have been
described for the oligomeric RPA1 from Methanosarcina
acetivorans (47). Fitting the binding isotherm obtained at
65◦ C yielded <2-fold increase in the dissociation constant
(15 ± 1 nM) and a Hill coefficient value (1.4 ± 0.2) that suggest a certain degree of cooperativity operating also at high
temperatures. Based on the similar behaviour obtained at
both temperatures, we decided to continue the characterization of SsoSSB exclusively at room temperature.
We next used a prism-based TIR microscopy approach to
gain further insights into the binding dynamics of SsoSSB
to dC12 Cy3 at single-molecule level using PIFE. For this,
we introduced a biotin moiety to the 5 end of the single strand DNA (BidC12 Cy3) to act as an anchoring point
to streptavidin-coated quartz slides. Intensity traces of
surface-immobilized Cy3-labelled DNA were initially measured in the absence of SsoSSB (Figure 1D). At these condi-
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at half maximum (FWHM). The FWHM changed from a
value of 0.4 for BidC12 Cy3 alone (Figure 1E, bottom panel)
to 1.1 for the histogram of the BidC12 Cy3/(SsoSSB)2 complex centred at a PIFE value of ∼2 (Figure 1E, top panel). In
addition to the intrinsic flexibility of the ssDNA, we speculate that such increase might also reflect a loose organization of the SsoSSB monomers on the BidC12 Cy3 strand,
with some arrangements inducing a substantially higher increase in local viscosity. To investigate this further, we employed site-directed mutagenesis to generate and purify a
SsoSSB variant (A114C) and labelled this cysteine residue
with the spin label MTSSL for pulsed electron-electron double resonance (PELDOR) measurements (Supplementary
section) (48, 49). The MTSSL-labelled SsoSSB did not produce any PELDOR modulation in the absence of ssDNA,
even at a protein concentration of 100 M (Supplementary Figure S3). The analysis of the modulation depth of
the EPR signal (50) indicates that ∼90% of the SsoSSB was
monomeric in the absence of DNA. The increase in the
modulation depth and the broad distribution of distances
observed upon addition of 50 M ssDNA (Supplementary

Figure S3) supports a model where up to ∼40% of SsoSSB
monomers associate next to each other only when they associate on the same ssDNA.
Adjacent binding of dye-labelled SsoSSB monomers to short
ssDNA fragments results in complete quenching of the fluorescence emission
To probe the binding mechanism in further detail, we decided to explore the use of dye-labelled SsoSSB proteins
to monitor the stepwise association of SsoSSB monomers
to surface-immobilized unlabelled ssDNA substrates. The
A114C SsoSSB variant was labelled at this cysteine residue
with Alexa Fluor 647 (A647) (Supplementary section) and
an ensemble titration of A647-SsoSSB at increasing concentrations of the dC12 strand was carried out. As shown in
Figure 2A, we observed a progressive decrease in the quantum yield of Alexa Fluor 647 upon addition of ssDNA,
reaching an 80% quenching value at 300 nM concentration of SsoSSB. We interpreted this as evidence that the
adjacent assembly of A647-labelled SsoSSB monomers in
the dC12 strand brings the Alexa Fluor 647 fluorophores
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Figure 1. SsoSSB binding to a 12-mer single-strand DNA monitored by protein-induced fluorescence enhancement (PIFE). (A) Molecular modelling of
SsoSSB monomers (see Supplementary section for details) bound to a 12-mer Cy3-labelled single strand. (B) Fluorescence emission spectra of the Cy3
fluorophore inserted at the 3 termini of a 12-mer dC sequence as a function of SsoSSB concentration. The fluorescence spectrum in the absence of SsoSSB
was normalized to unity at the wavelength of the maximum and taken as a reference to calculate the relative increase in emission intensity at each SsoSSB
concentration. (C) Relative variation in emission intensity of Cy3 normalized with respect to the emission intensity obtained in the absence of SsoSSB
in a background of 10 mM KCl. Values represent the average of three experiments and are given as mean ± s.e.m. Solid line indicates the non-linear
squares fit to Equation S1 as described in the Supplementary section. KD and Hill coefficient values of 9 ± 1 nM and 1.8 ± 0.2 were obtained, respectively.
(D) Representative single-molecule trajectories of Cy3 emission intensity obtained at the indicated concentrations of SsoSSB with 50 ms integration time.
SsoSSB association and dissociation can be observed as PIFE events in the single molecule trace. The raw Cy3 intensity in the absence of DNA has been
normalized to unity and this has been taken as the signal reference for the single-molecule trajectories to quantify the relative increase in Cy3 intensity due
to SsoSSB binding. Corresponding single-molecule PIFE histograms for each trace are also shown on the right panels. (E) Cumulative single-molecule
histograms and Gaussian fitting (solid lines) of normalized Cy3 intensity built from >1000 molecules at each concentration of SsoSSB.
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into close proximity to favour a self-quenching mechanism.
Self-quenching has been already used to monitor the formation of aggregates between Cy3-labelled peptides (51) and
self-quenching between tetramethylrhodamine (TMR) dyes
has also been used in ensemble and single-molecule studies
to monitor intramolecular conformational changes in proteins and nucleic acids (52). The binding isotherm for A647SsoSSB was fitted to the Hill binding model described by
Equation S1 (Figure 2B). We obtained a dissociation constant of 22 ± 1 nM and a Hill coefficient of 1.4 ± 0.2,
suggesting again that the adjacent binding of two SsoSSB
monomers exhibits a significant degree of positive cooperativity.
To test that the observed quenching was indeed caused
by the adjacent binding of two SsoSSB monomers on the
ssDNA strand, we repeated the titration of A647-SsoSSB,
but this time, replacing the dC12 strand by a dT6 strand
that can only accommodate a single monomer. No significant quenching was observed for dT6 even when the concentration of SsoSSB was increased well beyond that previously employed to titrate the dC12 strand (Supplementary
Figure S4a and b). To rule out the possibility that the lack
of quenching was due to a compromised binding affinity
for short ssDNA fragments, we carried out an experiment
using the intrinsic fluorescence of tryptophan as a reporter
of binding. As shown in the crystal structure, SsoSSB contains two tryptophan residues in the OB-fold domain, Trp56
and Trp75, that are important for ssDNA binding (24). Fluorescence titration of these tryptophan residues has been
previously used to report the binding affinities of wild-type
SsoSSB for different lengths of ssDNA (24, 32). In our case,
when a solution of wild-type SsoSSB was titrated with 6mer DNA, in a similar range of concentrations as those used
for A647-SsoSSB, we observed a progressive quenching of
the tryptophan emission upon excitation at 290 nm (Supplementary Figure S5a and b). The binding isotherm was
fitted to a Hill model as described by Equation S1 (Supplementary section) to yield a dissociation constant of 143 ±
95 nM (Supplementary Figure S5b), indicating that SsoSSB
can indeed bind the 6-mer ssDNA fragment although with
a lower affinity than to a 12-mer fragment. We speculate

that this decrease in affinity might be due to the instability
of the complex formed in a fragment whose length is near
the footprint of the SsoSSB. We also tested whether the observed quenching was caused by the dye present on the adjacent protein or by the protein itself. For this, we carried
out a similar titration as that shown in Figure 2 but using
a mixture of A647-SsoSSB and unlabelled protein in a ratio 1:10, respectively. At these conditions we only observed
12% quenching of the emission of the Alexa Fluor 647 dye
(Supplementary Figure S6). Overall, these data confirm the
presence of an efficient self-quenching mechanism of Alexa
Fluor 647 dyes located in adjacent SsoSSB monomers, a
feature that we have exploited later in this work to interpret
the SsoSSB binding dynamics at single-molecule level.
Intermolecular ensemble-FRET characterization of SsoSSB
interaction with single-strand DNA
In the previous sections, we demonstrated that the association of SsoSSB with the ssDNA strand influences the emission properties of Cy3 labelled ssDNA and A647-labelled
SsoSSB and leads to the appearance of PIFE and quenching
processes in their respective complexes with unlabelled partners. Using this knowledge and the fact that Cy3 and Alexa
Fluor 647 dyes constitute a donor/acceptor pair commonly
used in FRET assays (37, 41), we combined both fluorescent labels within the same complex to generate an intermolecular FRET assay that can provide complementary information to that obtained by PIFE and quenching. In the
context of SSB proteins, FRET-based assays have been crucial to elaborate a molecular level understanding of EcoSSB
(34–36) and human RPA function (53), the dynamics of filament formation by RecA (54) and the organization of mutiprotein complexes on DNA substrates (43, 55).
We therefore re-examined the binding properties of
A647-SsoSSB by ensemble-FRET using similar experimental conditions and the same DNA strand, dC12 Cy3, used for
the PIFE studies (Figure 1B and C). In the absence of A647SsoSSB, the fluorescence emission obtained with excitation
at the maximum of the donor absorption band (547 nm)
showed the characteristic band of the Cy3 donor centred at
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Figure 2. Fluorescence quenching as a reporter of adjacent binding between Alexa647-labelled ssoSSB monomers. (A) Fluorescence spectra of Alexa647labelled SsoSSB as function of increasing concentrations of a 12-mer dC single-stranded DNA. (B) Percentage of quenching of Alexa647 intensity as a
function of ssDNA concentration in a background of 10 mM KCl. Values represent the average of three experiments and are given as mean ± s.e.m. Solid
line indicates the non-linear squares fit to Equation S1 as described in the Supplementary section. KD and Hill coefficient values of 20 ± 1 nM and 1.3 ±
0.2 were obtained, respectively.
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ing the quenching and PIFE assays, these results confirm a
certain degree of positive cooperativity for the binding of
the second monomer to the 12-mer DNA.
Conformational changes in ssDNA induced by SsoSSB binding
Ensemble-FRET has also been extensively used to investigate the structural distortion of the ssDNA strand upon
binding to SSBs containing multiple OB-folds (34–36). For
this, the variation in the end-to-end distance of ssDNA between unbound and SSB-bound ssDNA has been taken as a
parameter to determine the protein binding mode, but such
analysis is still lacking for SsoSSB. Thus, to evaluate the organization of SsoSSB proteins coating a ssDNA strand, we
have engineered a 39-mer ssDNA labelled at the 3 - and 5 termini with Cy3 and Cy5 (Cy5dC39 Cy3), respectively. By
positioning the Cy3-Cy5 FRET pair at both ends of the
ssDNA, variations in the efficiency of the FRET process
as a function of added protein provide a measure of relative changes in the conformation of the ssDNA induced by
SsoSSB. The 39-mer ssDNA was also chosen to ensure a
sufficiently long DNA fragment so that any potential multimeric species that could wrap the ssDNA could be stably
formed, as observed for EcoSSB (34, 36).
In the absence of SsoSSB, the fluorescence spectrum of
Cy5dC39 Cy3 in a background of 10 mM KCl shows a predominant band at short wavelength due to the Cy3 donor
and a much smaller peak corresponding to the sensitized
emission of the Cy5 acceptor (Figure 3C). Using the RatioA method (41) (Supplementary section), we calculated a
FRET efficiency (EFRET ) of ∼0.08, which is very close to
the value of 0.1 reported for a Cy5dT40 Cy3 strand at 20
mM KCl (57). A slightly lower value for the FRET efficiency at lower ionic strength is justified on the basis of wellknown influence of mono- and divalent metal ions screening
the negative changes on the nucleic acid backbone. Using a
Förster distance (R0 ) of 60 Å for the Cy3/Cy5 pair, as reported in the literature (37, 41), a value of EFRET ∼ 0.08
corresponds to an inter-dye distance (R) of ∼90 Å. Upon
addition of increasing concentrations of SsoSSB, the FRET
efficiency progressively decreased as reflected by the relative
decrease in the emission of the Cy5 band with respect to
the Cy3 peak (Figure 3c), and reached a saturation value
of EFRET ∼ 0.02 at 780 nM SsoSSB and 10 mM KCl (Figure 3D). This corresponds to an inter-dye distance of R ∼
114 Å for the SsoSSB coated Cy5dC39 Cy3 strand. This increase in end-to-end distance is in contrast to the behaviour
observed for the different binding modes of SSBs such as
E. coli (22) and RPA (20, 21), where wrapping the ssDNA
around the multimeric structure results in a shortening of
the dye-to-dye distance and an increase in FRET efficiency.
Dissecting the interaction between SsoSSB and ssDNA using a combination of quenching, PIFE and FRET singlemolecule events
We next examined by single-molecule FRET the binding
dynamics of A647-SsoSSB to a 20-mer ssDNA labelled at
the 3 -end with Cy3 using a TIR microscope. To allow immobilization of the ssDNA on the quartz slide, we introduced an additional biotin group at the 5 end of the ssDNA
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560 nm (Figure 3A). As the concentration of A647-SsoSSB
protein was increased, we observed a progressive decrease
in the donor emission band and a concomitant increase in
the emission band of the acceptor species centred at 660 nm
(Figure 3A). We assigned this as evidence of the donor and
acceptor species coming into close proximity and triggering
an efficient energy transfer process between the two partners within the complex. The efficiency of inter-molecular
energy transfer as a function of added A647-SsoSSB was
evaluated by quantifying the decrease in the donor intensity
using Equation S2 (Supplementary section) and fitting the
corresponding binding isotherm to the Hill binding model
(Figure 3B). We obtained values for the dissociation constant and the Hill coefficient of 24 ± 2 nM and 1.8 ± 0.2,
respectively. These values are in good agreement with those
previously obtained when using PIFE and acceptor quenching (Figure 1B and C).
Surprisingly, despite the close positioning of the FRET
pair that could be expected on the 12-mer strand, the FRET
efficiency increased only to a moderate value of E∼0.35
(Figure 3B). To understand the reason for this low FRET
efficiency, we modelled the dC12 Cy3/(Alexa647SsoSSB)2
complex taking into account the position of the dyes and
using the crystallographic structure of the RPA70:ssDNA
complex as a template (see details in Supplementary section). Although the model constitutes only a simplified approximation to the structure of the complex in solution, it
allowed us to confirm that an A647-SsoSSB binding near
the Cy3 on the ssDNA results in an approximate average
inter-dye distance of 35–37 Å (EFRET ∼ 0.8–0.9) (Supplementary Figure S7), whereas binding near the unlabelled
end of the ssDNA yields a distance ranging from 65 Å to
69 Å (EFRET ∼ 0.28–0.36), depending on the relative orientation of the SsoSSB on the ssDNA (Supplementary Figure
S7). From this, it is clear that a random distribution of one
monomer or two monomers bound to the ssDNA should
result in a higher FRET efficiency than that experimentally
obtained (EFRET ∼ 0.35). In fact, if we take into account
that the increase in quantum yield of the Cy3 donor due to
PIFE (Figure 1B and C) will further increase the Förster
distance (R0 ), we will expect an experimental FRET efficiency higher than that predicted assuming a constant R0
∼ 60 Å. From the experiments using Alexa Fluor 647 and
unlabelled ssDNA described before, we know the adjacent
binding of two monomers induces a pronounced quenching of the Alexa Fluor 647 dye. Therefore, the low FRET
values observed can be interpreted assuming the stepwise
binding of one monomer leading to FRET, followed by
a second monomer that leads to acceptor quenching and
places the acceptor in a FRET-inactive state. This scenario
is reminiscent of the well-known transient blinking of cyanine dyes and derivatives generated by transitions to FRET
inactive states including triplet and radical anionic energy
levels (56). Although the exact nature of the Alexa Fluor
647 inactive state in the complex dC12 Cy3/(Alexa647)2 requires further investigation, the variation in Eapp and Cy3
intensity was well fitted assuming a two-site model (Equation S3) that accounts for the stepwise association of two
monomers to the ssDNA. We obtained values of 37 ± 4
nM and 2.8 ± 1 nM, for the binding of the first and the
second monomer, respectively. As previously reported us-
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(BidC20 Cy3). In the absence of SsoSSB, the single-molecule
trajectories displayed stable Cy3-intensity signals until photobleaching occurred (Figure 4A) and we calculated a Cy3
lifetime before photobleaching of ∼55 s (kbleaching = 0.018
± 0.002 s−1 ) (Supplementary Figure S8) at 200 W/cm2 of
excitation power. This value for the photobleaching rate
is very similar to that reported in the literature using the
same oxygen scavenger system (58). Upon addition of a
3 nM concentration of A647-SsoSSB, the trajectories displayed short-lived anti-correlated transitions between the
intensity signals of the donor and acceptor fluorophores,
whilst the total intensity remained constant across the entire trajectory (Figure 4B and Supplementary Figure S9a).
The single-molecule FRET traces obtained from the corresponding intensity signals (see details in Supplementary
Materials and Methods) showed rare transitions from a
very low FRET value (Eapp ∼ 0.1), which we assigned to the
unbound ssDNA state, to a very high value (Eapp ∼ 0.8–0.9)
representing the binding of A647-SsoSSB to the BidC20 Cy3
strand that brings the FRET pair in close proximity. This
assignment is supported by the increase in the population
of the high-FRET state observed when the concentration

of SsoSSB increased to 30 nM (Figure 4C and Supplementary Figure S9b). From the analysis of the dwell times of
the low- and high-FRET states, we extracted the association and dissociation rates at each concentration of SsoSSB
investigated (Figure 4D). The binding rate showed a 16-fold
increase from a value of 0.13 ± 0.04 s−1 at 0.3 nM to 2.14 ±
0.06 s−1 at 30 nM concentration, whereas the dissociation
rate remained mostly constant within the error with values
ranging from 4.52 ± 0.03 to 6.34 ± 0.01 s−1 . To confirm
that the observed transitions from high to low FRET were
due to dissociation events and not caused by Alexa Fluor
647 photobleaching, we calculated the photobleaching rate
of A647-SsoSSB monomers. For this we used the extrusion
method to encapsulated the protein within a 100 nm diameter eggPC vesicle (40). The vesicle was then immobilized
in a quartz slide to directly image the dye using a 633 nm
excitation wavelength. We obtained an average lifetime of
A647-SsoSSB of ∼15 s before photobleaching (kbleaching =
0.07 ± 0.01 s−1 ) (Supplementary Figure S8). This value is
∼60× slower than the dissociation rate of a single A647SsoSSB monomer from ssDNA (4.52 ± 0.03 s−1 ) and con-
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Figure 3. SsoSSB binding to ssDNA and associated conformational changes monitored by intra- and intermolecular FRET. (A) Intermolecular FRET
assay to monitor Alexa647-labelled SsoSSB binding to 12-mer dC ssDNA strand labelled with the FRET donor Cy3. The fluorescence spectra of Cy3 and
Alexa647 was collected in the range 555–800 nm upon excitation of the donor at 547 nm as function of increasing concentrations of Alexa647-SsoSSB.
(B) FRET binding isotherm and normalized Cy3 donor intensity as a function of SsoSSB concentration. Plotted values represent the average of three
experiments and are given as mean ± s.e.m. Solid lines represent the non-linear squares fit to a Hill model (see Supplementary section for details). (C)
Intramolecular FRET assay to monitor conformational changes in a 39-mer dC ssDNA induced by SsoSSB binding. Fluorescence spectra of Cy3 and
Alexa647 normalized at the maximum of the Cy3 emission band (565 nm) in the absence and presence of 600 nM SsoSSB are shown. (D) Variation in the
RatioA value as a function of SsoSSB concentration. RatioA values were calculated as described in the Supplementary section and represent the average
of three experiments. The solid lines indicates the results from a non-linear squares fit to Equation S1 as described in the Supplementary section. KD and
Hill coefficient values of 174 ± 20 nM and 1.4 ± 0.2 were obtained, respectively.
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firmed our assignation of the transitions as resulting from
binding dynamics and not dye photophysics.
Concentrations higher than ∼30 nM of A647-SsoSSB
that would enhance the probability of SsoSSB monomers
associating at adjacent sites on the ssDNA, would also increase the background signal and compromise the spatial
separation between immobilized species that is essential for
single-molecule experiments. Therefore, we decided to reduce the length of the ssDNA to 12-mer (BidC12 Cy3) to
encourage such events at concentrations of A647-SsoSSB
still compatible with single-molecule imaging. Representative single-molecule trajectories obtained for the binding
of 10 nM A647-SsoSSB to BidC12 Cy3 are shown in Figure 5a and b. In addition to anticorrelated fluctuations between donor and acceptor intensities (Figure 5a and b, upper panel), reflecting variations in FRET efficiency (bottom
panel), we also observed variations in donor and total intensity signals (Figure 5A and B, middle panel) that most likely
arise from quenching and PIFE events. A comparison of the
single-molecule trajectories obtained at 10 nM SsoSSB and
150 mM KCl revealed a lower binding frequency and a substantial reduction in the formation of S4 states (Supplementary Figure S10). Although an analysis of the influence of
ionic strength on the binding dynamics of SsoSSB requires
a more detailed investigation, a similar effect has been ob-

served previously for other multimeric SSBs and has been
interpreted on the basis of a decrease in the binding affinity
for ssDNA at high ionic strength (4, 16, 19, 34, 36).
Through the analysis of 500 single-molecule trajectories
at 10 nM SsoSSB and 10 mM KCl, we identified four distinct single-molecule behaviours as shown from Figure 6A–
D. The first state, S1, represents ssDNA with no SsoSSB
bound and it is characterized by the presence of intensity only from Cy3 and no FRET signal (Figure 6A). The
second group, S2a includes anticorrelated fluctuations between the donor (Cy3) and acceptor (Alexa Fluor 647) signals (Figure 6B, left panel) with the total emission intensity remaining constant (Figure 6B, middle panel). This corresponds to FRET events as usually observed in singlemolecule FRET, and in the context of SsoSSB binding, they
can be assigned to monomers interacting with the ssDNA
at positions relatively distant to the Cy3 location for PIFE
to have a significant impact. This differs from the behaviour
reported in the middle panel of Figure 6B (state S2b), where
the anticorrelated fluctuation of the Cy3 and Alexa Fluor
647 intensities is accompanied by a concomitant increase in
the total intensity for the same time period. We reasoned
that these S2b states arise from protein binding events taking place at PIFE-distance from the Cy3 donor. The proximity of the protein induces an increase in the quantum
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Figure 4. Real-time single-molecule intermolecular FRET measurements of SsoSSB binding to a 20-mer ssDNA (BidC20 Cy3). The DNA was labelled
at the 3 terminus with the Cy3 donor and immobilized on the quartz slide using biotin-streptavidin interactions. SsoSSB was labelled with Alexa647 as
FRET acceptor (A) Single-molecule donor and acceptor trajectory (upper panel), total intensity (middle panel) and FRET trace (bottom panel) obtained
in the absence of SsoSSB. Photobleaching of the Cy3 donor occurred at ∼11 s. (B) Representative single-molecule binding dynamics of Alexa647-SsoSSB
to the BidC20 Cy3 ssDNA. Anti-correlated fluctuations in the donorand acceptoremission signals (upper panel) are indicative of SsoSSB association and
dissociation events. The corresponding PIFE and FRET trajectories are shown in the middle and bottom panel, respectively. (C) Representative singlemolecule donor and acceptorintensity trajectory showing the binding dynamics of SsoSSB to BidC20 Cy3 obtained at 30 nM concentration of Alexa647labelled SsoSSB (upper panel). PIFE trajectory (middle panel) and FRET trace (bottom panel) are also shown. (D) Bar plot showing the association (kON )
and dissociation (kOFF ) rates in s−1 obtained for Alexa647-SsoSSB binding to BidC20 Cy3 at the indicated concentrations of SsoSSB. Rates and associated
errors were obtained from the fitting of the single-molecule dwell-time histograms to a mono-exponential decay function.
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yield of the Cy3 dye by PIFE, resulting in a faster rate of
energy transfer (higher R0 ) and a more efficient population of the acceptor (55, 59). To investigate if the proximity of the bound monomer to the Cy3 dye was responsible
for the difference between the S2a and S2b states, we increased the ionic strength to 150 mM KCl. At these conditions, the fragment of the ssDNA that was not occluded by
the bound monomer should adopt a collapsed conformation, thus placing the dye in close proximity to the SsoSSB
and potentially allowing a more efficient PIFE process. Representative traces obtained at these conditions are shown in
Supplementary Figure S10. We observed that the majority
of high-FRET states showed a high Cy5 emission which is
characteristic of S2b states involving very efficient FRET
and PIFE processes. This result confirms that the formation of S2b states only takes place from SsoSSB monomers
binding near the Cy3 or when the ssDNA is able to adopt a
collapsed state. We conclude that the PIFE mechanism induced by SsoSSB requires a much closer positioning to the
fluorophore than that observed for other proteins such as
RecA (42).

Monomeric SsoSSB is the functional unit recognizing ssDNA
Using the above classification to interpret the binding dynamics, we next carried out a single-molecule titration of the
surface-immobilized 12-mer strand as a function of SsoSSB
concentration (Figure 7). At 0.05 nM concentration of
SsoSSB protein (Figure 7A), the trajectories are dominated
by the S1 state (donor only signal) with rare fluctuations to
the S2a/b state displaying a high FRET value (Eapp ∼0.9–
1.0). Because the acceptor dye is located on the SsoSSB protein, these bursts of FRET signal are indicative of A647SsoSSB binding to the immobilized BidC12 Cy3 strand. The
duration of these FRET bursts was very short, lasting in
average for less than 0.5 s, suggesting a very transient interaction between SsoSSB monomers and the ssDNA. When
the concentration of SsoSSB protein was increased by 10fold (0.5 nM), the frequency of fluctuations between S1 and
S2a-b states increased significantly (Figure 7B and Supplementary Figure S11), thus confirming our assignation of being caused by SsoSSB binding to form BidC12 Cy3/(A647-
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Figure 5. SsoSSB binding to a short ssDNA segment leads to singlemolecule trajectories showing coexisting FRET, PIFE and acceptor
quenching events. (A) Representative single-molecule trajectory showing
the effect that SsoSSB binding to a surface-immobilized 12-mer ssDNA
labelled at the 3 end with Cy3 (BidC12 Cy3) has on the donor and acceptor intensities (upper panel), the PIFE signal (middle panel) and the FRET
efficiency (bottom panel). Panels on the right show the single-molecule histograms for the corresponding trajectory displayed on the left. (B) Singlemolecule trajectories and corresponding histograms obtained at identical
conditions as those described for (A) but showing additional rare events
(marked with an asterisk). As shown in panel (A), the majority of PIFE
events formed quickly following a high-FRET state and only a small percentage (panel B, marked with asterisk) was observed to directly emerge
from a non-FRET state (no protein bound).

The S3 state includes single-molecule states showing no
emission from the acceptor but with the Cy3 emission level
and the total intensity displaying a ∼2-fold increase with
respect to the unbound state (Figure 6C). We assigned this
state to the formation of BidC12 Cy3/(A647-SsoSSB)2 complexes. In this complex, the proximity of SsoSSB to the
donor increases its quantum yield by PIFE and the presence
of two SsoSSB monomers adjacent to each other quenches
the emission of the Alexa Fluor 647 dye, as shown by ensemble methods.
The last state, S4, corresponds to donor and acceptor
intensity levels similar to those described for state S3, but
the formation of this state always takes place from S1 (no
SsoSSB bound) instead of S2 (Figure 6D, left panel). The
observation of direct S1→S4 transitions could be explained
either by considering the association to the ssDNA of A647SsoSSB dimers pre-formed in solution or if the second
monomer binds to the ssDNA at a faster rate than our timeresolution (33 ms), or a combination of both. The frequency
of the S1→S4 transitions changed very little with the concentration of SsoSSB and reached a maximum contribution
of ∼17% of the total number of transitions observed at the
highest concentration of SsoSSB investigated. Our singlemolecule data do not allow us to assign this contribution
to a small fraction of dimers formed in solution or to the
fast association of a second monomer. However, the lack
of EPR modulation depth observed in the absence of ssDNA, even at concentrations of SsoSSB in the micromolar region (Supplementary Figure S3), led us to conclude
that S1→S4 transitions most likely arise from the association of the second monomer at a rate beyond our time
resolution. Overall, FRET and PIFE have been previously
employed in separate single-molecule experiments and also
within the same trajectory to characterize protein–DNA interactions (42, 43). However, our data constitute the first example of using the direct competition between FRET, PIFE
and quenching within each trajectory to reveal dynamic information that otherwise will be inaccessible; a feature that
might be useful for the analysis of other complex DNA–
protein interactions.
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SsoSSB) complexes of 1:1 stoichiometry. At this concentration, we detected occasional fluctuations between S2a-b
to S3 states, the latter representing the association of two
SsoSSB monomers on the BidC12 Cy3 strand (Figure 7B,
middle panel). The frequency of these fluctuations increased
considerably at 2.5 nM concentration of SsoSSB (Figure 7C
and Supplementary Figure S12) and the average lifetime of
the S3 state was ∼10-fold longer than the S2a-b state (∼3–
5 s). A further 4-fold increase in SsoSSB concentration resulted in a higher frequency of S2a/b→S3 transitions (Figure 7D and Supplementary Figure S13), which supports our
assignation of the S3 state representing Bi-dC12 Cy3/(A647SsoSSB)2 complexes.
Importantly, the majority of the BidC12 Cy3/(A647SsoSSB)2 complexes originated following the sequence
S1→S2a-b (monomer)→S3 (dimer) and therefore by consecutive monomer by monomer association to the 12-mer
strand. Our finding of monomeric SsoSSB as the functional
unit dynamically interacting with the ssDNA agrees with a
recently reported equilibrium study using cross-linking experiments (60) and with the crystal structure of the OB-fold
from SsoSSB (24). SsoSSB behaving mostly as a monomer

in solution is further supported by the lack of EPR modulation depth observed at a concentration of SsoSSB of 100
M (Supplementary Figure S3) and agrees with recently
reported size-exclusion chromatography, nuclear magnetic
resonance (NMR) and multi-angle laser light scattering
data (60) where SsoSSB remained monomeric even at the
millimolar range of SsoSSB concentrations required for
NMR (60).
Quantifying SsoSSB binding dynamics to ssDNA
The combination of different photophysical processes
(FRET, PIFE and quenching) within the same singlemolecule trajectory allowed us to unambiguously assign
each dynamic event and determine the binding kinetics as
a function of SsoSSB concentration. In Figure 8A, a representative single-molecule trajectory is shown defining all
the kinetic rates required to fully determine the binding dynamics to a 12-mer ssDNA. To quantify the association
and dissociation kinetics, we determined the dwell times of
states S1 to S4 and built cumulative single-molecule dwelltime histograms from >300 trajectories to extract the ki-
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Figure 6. Dissecting the binding mechanism of SsoSSB to ssDNA using a single-molecule multi-process approach. Each single-molecule event (FRET,
PIFE and acceptor-quenching) observed in the binding trajectories was assigned to an specific interaction between SsoSSB and the 12–mer ssDNA as
described in panels (A–D). (A) S1-state: no-FRET state corresponding to unbound Cy3-labelled DNA. Single molecule trajectories displayed emission
only from the donor (green) (left panel). (B) S2-state: high-FRET state formed by monomer binding to the ssDNA resulting in SsoSSB:ssDNA complexes
of 1:1 stoichiometry. This state is characterized by an anti-correlated transition between donor (green) and acceptor (dark red) emission. Depending on
the relative positioning of the bound monomer with respect to the Cy3, the total intensity might remain constant (S2a) or exhibit an increase due to PIFE
(S2b). (C and D) Formation of ssDNA:(SsoSSB)2 complexes takes place by incorporation of a second monomer to a previously formed SsoSSB:DNA
complex (pathway S3). This pathway is characterized by the transition from a high-FRET state (S2 state) to a no-FRET state where the Cy3 intensity, and
the total intensity, has increased by 2-fold due to PIFE, but there is no emission from Alexa647 because of quenching between adjacent SsoSSB monomers.
Some events leading to the formation of ssDNA:(SsoSSB)2 complexes (pathway S4) are faster than the time resolution of our EMCCD camera (33 ms)
and appear as a single-step transition involving a PIFE-induced increase in Cy3 and total intensity emission (panel D).
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netic rate for each transition. The average dwell time of the
unbound state ( S1 ), which corresponds to the inverse of
the pseudo-first order association rate for the first bound
monomer, kS1→S2 , was extracted at the different SsoSSB
concentrations from the single-molecule histograms of the
S1 state (no SsoSSB bound) (Figure 8B). As one would expect for a binary reaction, kS1→S2 was concentration dependent and showed ∼7-fold increase from 0.05 ± 0.02 s−1
(mean ± s.e.m) at 0.05 nM to 0.35 ± 0.04 s−1 at 10 nM (Figure 8B). A linear fit of kS1→S2 against the concentration of
SsoSSB yielded a bimolecular association rate constant between the 12-mer strand and the first bound monomer of
0.032 nM−1 s−1 (Figure 8D). Also as expected, the dwell
time of the high FRET S2a-b state ( S2 ) (Figure 8C), which
corresponds to the inverse of the dissociation rate of a single bound monomer, kS2→S1 , was independent on the protein concentration with values of 1.72 ± 0.05 s−1 at 0.5 nM
and 1.80 ± 0.01 s−1 at 10 nM concentration of SsoSSB (Figure 8c). Using these values, the calculated dissociation constant for the first monomer bound (KD M1 ) was 54 ± 2 nM
at 10 mM concentration of KCl. This dissociation constant
is close to the 37 nM value obtained by ensemble-FRET
methods assuming a two-site binding model (Figure 3B).
The pseudo-first order association rate for the second
monomer, kS2→S3 , was extracted from the monoexponential fitting of the single-molecule dwell time histograms of
the S2a-b state (Supplementary Figure S14). kS1→S2 showed
only a moderate 2-fold increase from 1.7 ± 0.1 s−1 at

0.05 nM to a value of 3.4 ± 0.2 s−1 at 10 nM concentration of SsoSSB, yielding a bimolecular association rate of
0.16 ± 0.03 nM−1 s−1 (Figure 8D). This value is ∼5-fold
higher than the association rate observed for the first bound
monomer (0.032 nM−1 s−1 ), suggesting that binding of the
second monomer is favoured at DNA sites adjacent to an
already bound monomer. The photobleaching rate of Cy5
and derivatives is known to be strongly enhanced at high
incident laser power (58). Thus, to rule out the possibility
that the loss of acceptor emission observed for S2→S1 and
S2→S3 transitions was significantly contributed by acceptor photobleaching events, we carried out a comparison of
the binding dynamics at 2.5 nM concentration of SsoSSB
and two excitation conditions differing by more than an order of magnitude in incident laser power (40 W/cm2 and 400
W/cm2 ). The rates obtained for S2→S1 and S2→S3 transitions were very similar between both excitation conditions
(Supplementary Figure S15). This confirms our assignation
of both transitions as being a result of SsoSSB binding dynamics and not photobleaching events.
In contrast to the behaviour observed for
BidC12 Cy3/(A647-SsoSSB) complexes, single-molecule
transitions representing the dissociation of one of the
two SsoSSB bound monomers from BidC12 Cy3/(A647SsoSSB)2 complexes were very unusual (<5%) at all the
concentrations of SsoSSB investigated. These rare transitions from doubly- to singly-bound ssDNA states were
characterized either by the recovery of the FRET signal
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Figure 7. Real-time single-molecule measurements of SsoSSB binding to a 12-mer ssDNA as a function of SsoSSB concentration using an inter-molecular
FRET assay. DNA was labelled at the 3 end with Cy3 and at the 5 end with a biotin moiety. SsoSSB was site-specifically labelled with Alexa647 as
acceptor. Representative single-molecule intensity trajectories of Cy3 and Alexa647 are shown (upper panels) together with the PIFE (middle panel) and
the FRET efficiency trajectories (bottom panel) at the indicated concentrations of SsoSSB (A: 0.05nM; B: 0.5 nM; C: 2.5 nM and D: 10 nM). Singlemolecule population histograms for each FRET and PIFE trajectories are also shown in the right panels. Solid lines represent the corresponding fit of each
population to a Gaussian distribution.
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or by a stepwise decrease in Cy3 emission (Supplementary
Figure S16). We interpreted the low percentage of S3→S2ab transitions detected as evidence that both monomers
dissociate simultaneously, or sequentially, but with the
dissociation of the first monomer being quickly followed
by the second monomer at a rate faster than our time resolution (33 ms). Our data do not allow us to discriminate
between both scenarios, but we can still determine a lower
limit for BidC12 Cy3/(A647-SsoSSB)2 disassembly leading
to uncoated ssDNA (kS3→S1 ) if we assume a single-step dissociation. For this, we fitted the single-molecule dwell-time
histogram of the S3 state at each SsoSSB concentration to a
mono-exponential decay function (Supplementary Figure
S17). kS3→S1 was independent on SsoSSB concentration
and showed an average value of 0.31 s−1 (Figure 8D). This
rate is ∼6-fold slower than the rate obtained for the dissociation of the BidC12 Cy3/(A647-SsoSSB) complex (∼1.75
s−1 ), suggesting that the arrival of a second monomer at
an adjacent site confers a significant degree of stability.
Using the values obtained for the association of the second
monomer (kS2→S3 ) and the single-step disassembly of

the BidC12 Cy3/(A647-SsoSSB)2 complex, we extracted
a dissociation constant for the second monomer (KD M2 )
of ∼2 nM, indicative of a significant degree of positive
cooperativity for this process. This dissociation constant is
again very close to the value obtained by ensemble-FRET
for an identical dC12 strand assuming a two-site binding
model (∼2.8 nM).
Although the formation of the S4 state from S1 is a lowpopulated binding pathway, accounting for only ∼9–17% of
the total number of binding events, we determine the kinetics of this process for comparative purposes. The pseudofirst order association rate, kS1→S4 , at each concentration of
SsoSSB was obtained from the fitting of the single-molecule
dwell-time histograms of S1 states leading to the formation
of S4 states (Figure 8E and Supplementary Figure S18a).
S1→S4
kD
exhibited a very small change from 0.085 ± 0.008 s−1
at 0.05 nM to a value of 0.16 ± 0.03 s−1 at 10 nM concentration of SsoSSB. From the linear fitting of kS1→S4 against the
concentration of SsoSSB, we obtained a bimolecular rate
constant of 0.006 ± 0.002 nM−1 s−1 (Figure 8E). This value
is 5-fold slower than rate obtained for S1→S2 transitions
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Figure 8. Single-molecule rate analysis of the association and dissociation steps involved in SsoSSB coating of a ssDNA strand. (A) Schematic of the
dwell-time ( ) assignation of each individual single-molecule state for SsoSSB binding to a 12-mer ssDNA strand. Single-molecule dwell-time histograms
for the association (B) and dissociation (C) of the first bound monomer obtained using a surface-immobilized 12-mer dC single-strand DNA labelled with
Cy3 and Biotin (BidC12 Cy3) at the indicated concentrations of Alexa647 labelled SsoSSB. The association rate (kS1→S2 ) was determined from the dwelltimes of the S1 state (no protein bound) and the dissociation rate (kS2→S1 ) was measured as the time a single SsoSSB monomer was bound to the ssDNA
and therefore in a high-FRET state (see main text for details). Solid lines represent the results from fitting the dwell-time histograms obtained at each
SsoSSB concentration to a mono-exponential decay function. (D) Dependence of the pseudo-first order rates for firsrt (dark red) and second monomer
association (green) as a function of SsoSSB concentration. The off rate of the first monomer is also shown (blue). The off rate for the first monomer
was independent of SsoSSB concentration, while the pseudo-first order rate for the first and second monomer association showed a linear dependence
with SsoSSB concentration. For the association rates (dark red and green), the solid lines represent linear fits to yield the second-order association rate
constant. (E) Association (orange) and dissociation (black) rates obtained at the indicated concentrations of SsoSSB for the low-populated S1→S4 and
S4→S1 transitions (S4 pathway, see main text and Figure 6 for details). The solid line represents a linear fit to extract the second-order rate constant.
Kinetic rates obtained for the dissociation of ssDNA:(SsoSSB)2 complexes formed following the S3 pathway (purple) (see main text and Figure 6 for
details) are also shown with their associated errors.
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(0.032 nM−1 s−1 ) and ∼25-fold slower than the rate obtained for the formation of the S3 state from S2 (0.16 nM−1
s−1 ). The rate of S4 to S1 disassembly, kS4→S1 , was independent of protein concentration and exhibited a value of 0.33
s−1 (Figure 8E and Supplementary Figure S18b). This magnitude is remarkably similar to that obtained for S3 states
formed by sequential incorporation of SsoSSB monomers
(0.31 s−1 ). From these values we obtained a dissociation
constant for the S4 state (KD ) of ∼57 nM.
As summarized in the scheme in Figure 9, our kinetic
analysis confirmed that S. solfataricus is predominantly a
monomer in solution and indicate that the interaction between SsoSSB and ssDNA is a highly dynamic process that
takes place by sequential monomer-to-monomer association to the nucleic acid sequence.
DISCUSSION
In this study, we have used a combination of photophysical processes to characterize the interaction between S.
solfataricus single-strand binding protein (SsoSSB) and ssDNA molecules at the ensemble and single-molecule level.
Our motivation for this work was dual. Firstly, most of our
knowledge of the interaction between single-strand binding
proteins and ssDNA is limited to proteins carrying multiple OB-fold domains and very little is known at the single
OB-fold level (34–36, 38, 46, 47). Here, the single OB-fold
organization of S. solfataricus SSB provided an unique platform to fill this gap (60). Secondly, we aimed to expand
the range of single-molecule assays to monitor the interaction between SSBs and ssDNA. To date, the majority of
single-molecule studies on SSBs relied on monitoring conformational changes in a FRET-labelled ssDNA to indirectly report the binding of SSB proteins (34–36). Furthermore, to facilitate the incorporation of the FRET pair and
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Figure 9. Proposed kinetic model for the interaction of SsoSSB with
single-stranded DNA. The cartoon depicts the sequential monomer-bymonomer binding to the SsDNA and the corresponding rates for each
step extracted from single-molecule measurements. A low-populated kinetic pathway involving the incorporation of the first monomer to the ssDNA followed by the second monomer at a rate faster than our time resolution (33 ms) is also shown (see main text for details).

the biotin moiety required for surface-immobilization, these
studies have been restricted to overhang DNA structures.
However, it is known that the conformation of the singlestranded DNA is altered by the presence of the dsDNA–
ssDNA junction, particularly for short ssDNA fragments,
where the duplex DNA excludes the single-stranded DNA
chain from its vicinity (61). Due to its intermolecular character, our single-molecule approach reports directly the association of SSB proteins and facilitates the use of only
single-stranded DNA fragments. The destabilizing activity
at ss-dsDNA junctions reported for certain SSBs such as
EcoSSB (4, 5) and Deinococcus radiodurans SSB (10) also
imposes additional limitations in the use of overhang structures when the primary focus is the protection and stabilization mechanism associated to ssDNA coating by SSBs. Our
approach bypasses this limitation and provides a complementary strategy to those assays based on intramolecular
FRET. In contrast to most studies on protein–DNA interactions that have employed smFRET and smPIFE in separate single-molecule experiments, we demonstrate, for the
first time, the use of both approaches combined with acceptor quenching within the same experiment in a single trajectory. We found this multi-process approach to be a more
powerful strategy that allows to unambiguously assign a
particular single molecule signal (FRET, PIFE and quenching) to an specific interaction of SsoSSB monomers with the
ssDNA. In the future, this multi-process approach could be
easily adapted to investigate the filament nucleation, polarity and coating mechanism of other nucleic–acid interacting
proteins.
Our ensemble (Figures 1–3) and single-molecule data
(Figures 4–8) indicate that two SsoSSB monomers can be efficiently accommodated in a 12-mer ssDNA with nanomolar affinity. Despite its thermophilic character, the dissociation constants differ by <2-fold between room temperature
(9 ± 1 nM) (Figure 1A) and 65◦ C (15 ± 1 nM) (Supplementary Figure S1), suggesting a very moderate temperature dependence. The tight association and binding site size
agrees with the observed stoichiometry of 4–5 nt of ssDNA
per SsoSSB monomer determined using gel electrophoresis and tryptophan quenching for ssDNA molecules of different length (32), and more recently, by chemical crosslinking and NMR (60). Interestingly, in contrast to early
reports on the oligomeric state of SsoSSB in solution and
bound to DNA (62), no evidence for the formation of
oligomeric structures was found from these studies (60).
The lack of PELDOR modulation in the absence of DNA,
even at SsoSSB concentrations near 100 M, additionally
confirms that SsoSSB exists mostly as a monomer in solution and that the SsoSSB monomers only associate next to
each other when they bind to the same DNA substrate (Supplementary Figure S3). Our single-molecule measurements
using Alexa647 labelled SsoSSB and a 12-mer surfaceimmobilized Cy3-labelled single-stranded DNA provided
additional insights into the dynamics of the association process (Figures 5 and 7). With the exception of a 17% of events
leading to the complete coating of the 12 mer ssDNA in a
single step (S1→S4 transitions), the most commonly observed sequence of events to coat the 12-mer strand followed the order: no-FRET→high-FRET→PIFE and acceptor quenching, corresponding both transitions to the se-
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protein binding as suggested for PriB (67) and FOXK1a
(70), and indeed several lines of evidence from the X-ray
crystal structure of SsoSSB suggested that this might be the
mechanism operating for SsoSSB (24). According to this
model, cooperativity is likely to result from a reduced entropic penalty for binding to an adjacent occupied site. This
protein-induced entropy reduction is caused by a decrease
in the number of available conformations of the remaining
ssDNA region of the complex compared to ssDNA alone.
A comparison of the association and dissociation rates
obtained here for SsoSSB with those reported at similar
experimental conditions for SSB homotetramers from E.
coli (68) and Mycobacterium tuberculosis (69) and the heterotrimeric RPA (70) provided new insights regarding the
functional dynamics of monomeric versus multimeric SSBs.
The association rate obtained for an SsoSSB monomer
binding to open ssDNA was 0.032 nM−1 s−1 , which is ∼30fold lower than the near diffusion-limited association rates
of 1.1 nM−1 s−1 reported for EcoSSB binding to (dT)70
(71) or 70-fold lower than the values of 2.1 nM−1 s−1 and
1.6 nM−1 s−1 reported for the association of human RPA
to (dT)30 and (dT)12 (72), respectively. We speculate that a
lower association rate for SsoSSB may result from a higher
relative steric hindrance from the C-terminal tail or may be
caused by the monomeric structure of the protein itself and
the subsequent absence of ‘avidity effects’ present in multimeric proteins. The agreement of the dissociation constant
extracted from single-molecule data with that obtained by
ensemble methods and with values previously reported (32)
rules out the presence of surface-immobilization artifacts
influencing the association dynamics. An association rate
of 7.9 × 103 M−1 s−1 has recently been reported for an archaeal nucleic acid binding protein from Nanoarchaeum equitans (NeqSSB) (73). NeqSSB shares a 14% identity and a
32% sequence similarity with SsoSSB and potentially functions also as a monomer. However, in contrast to SsoSSB,
NeqSSB showed very poor discrimination between singleand double stranded DNA (73).
In addition to slight differences in the association dynamics, the most significant difference between SsoSSB and
EcoSSB lies on the dissociation rate. EcoSSB has been
shown to dissociate very slowly, with a rate of 0.0059 s−1
at similar salt concentrations as those employed here. This
value is ∼300-fold lower than the dissociation rate obtained for the SSoSSB–DNA complex (1.75 s−1 ) and ∼50fold slower than the rate obtained for the disassembly of
the ternary complex (SSoSSB)2 –DNA (0.3 s−1 ). Interestingly, a fast protein release from the ssDNA is closer to
the behaviour observed for RPA, where a rate of 8.6 s−1
was obtained using a (dT)12 ssDNA substrate (72). Such a
short substrate can only support the interaction with the
second and third OB-folds of RPA, termed DBD-A and
DBD-B (74). This first-stage interaction of RPA with singlestranded DNA has been shown to occlude ∼ 8 nt and displayed a dissociation constant of ∼50 nM, which is strikingly similar to the value obtained here for the association
of the first SsoSSB monomer to a 12-mer ssDNA (54 nM).
In a second stage, DBD-C and DBD-D RPA domains interact with the neighbouring ssDNA to occlude ∼ 30 nt with
a dissociation constant (∼0.05–1 nM) close to the 2 nM
value obtained for the cooperative association of an adja-
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quential association of the first and second monomer, respectively. This suggests that monomer-by-monomer association is the predominant pathway for the dynamic assembly of SsoSSB proteins onto the ssDNA.
The absence of a multimeric functional form of SsoSSB
is also supported by our intramolecular ensemble-FRET
assay using a ssDNA length (39 nt) that can accommodate multiple SsoSSBs (Figure 3C and D). Using a similar assay and an overhang DNA structure containing a
(dT)70 single-stranded DNA region, three wrapping configurations of (dT)70 around the multimeric EcoSSB have been
described: (SSB)65 , (SSB)35 and a low populated (SSB)35b
state (63). Each of these configurations was characterized
by a distinct high-FRET state corresponding to different
degrees of shortening of the end-to-end distance. In contrast, for (dC)39 and SsoSSB, we observed a continuous decrease in the end-to-end distance even at SsoSSB concentrations close to 1 M (Figure 3d). This observation can
be justified assuming a model where the accumulation of
SsoSSB monomers on the ssDNA next to each other leads
to an overall stretching of polymer and thus a decrease in
the FRET efficiency. When compared to other SSB proteins extensively studied at single-molecule level such as the
above EcoSSB (34, 63), but also DrSSB (28) or human RPA
(53), our data confirm SsoSSB as the only known member
of the OB-fold family that exists and functions in solution
as a monomer.
Interestingly, PIFE (Figure 1C), acceptor-quenching
(Figure 2B) and FRET (Figure 3B) assays performed separately at ensemble level revealed a significant degree of cooperativity between adjacent monomers as indicated by Hill
coefficient values between 1.4 and 1.8. Positive cooperativity has been previously observed for the (SSB)35 binding
mode of EcoSSB where two tetramers bind adjacent to each
other on the ssDNA (63), for phage T4 SSB gp32 that has a
similar binding size (∼7 nt) to SsoSSB (64, 65) and for Klesiella pneumoniae SSB (66) and Salmonella enterica Serovar
Typhimurium LT2 (67). The cooperative character of the
interaction between adjacent SsoSSB monomers with the
ssDNA was reinforced by analysing the binding dynamics
at single-molecule level. Compared to the association (0.032
nM−1 s−1 ) and dissociation rates (∼1.75 s−1 ) obtained for
the first monomer, the values corresponding to the second
monomer were 5-fold faster (0.16 nM−1 s−1 ) and 6-fold
slower (0.31 s−1 ), respectively. This indicates that cooperativity effects influence both the association rate constant
and the lifetime of the complex. From these values we calculated a dissociation constant of ∼2 nM, ∼25-fold lower
than the value of 54 nM obtained for the first monomer,
confirming that SsoSSB is more likely to bind adjacent to
an already bound SsoSSB monomer than to open DNA.
The presence of a certain degree of cooperativity was already predicted from isothermal calorimetry measurements
(24). From a structural perspective, positive cooperativity
can arise from the formation of direct interface contacts between the nearest neighbours, such as the L45 loop contacts
observed by X-ray crystallography for the (SSB)35 binding
mode of EcoSSB (23), the arginine-mediated interaction
motif in Thermus SSB (68) or the LAST motif in the T4
gp32 SSB protein (69). Cooperativity can also result from
distortion of the adjacent DNA conformation induced by
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