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Abstract
The advent of new technologies allowing the study of single biological molecules continues to
have a major impact on studies of interacting systems as well as enzyme reactions. These
approaches (fluorescence, optical and magnetic “tweezers”), in combination with ensemble
methods, have been particularly useful for mechanistic studies of protein-nucleic acid interactions
and enzymes that function on nucleic acids. We review progress in the use of single molecule
methods to observe and perturb the activities of proteins and enzymes that function on flexible
single stranded DNA. These include single stranded (ss)DNA binding (SSB) proteins,
recombinases (RecA/Rad51) and helicases/translocases that operate as motor proteins and play
central roles in genome maintenance. We emphasize methods that have been used to detect and
study the movement of these proteins (both ATP-dependent directional and random movement)
along the ssDNA and the mechanistic and functional information that can result from detailed
analysis of such movement.
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INTRODUCTION
Single-stranded (ss)DNA is an essential transient intermediate in genome maintenance
processes such as DNA replication, repair and recombination. In fact, the accumulation of
ssDNA as marked by ssDNA-specific proteins is often a sign of trouble as observed in
cancer cells. Multitudes of DNA binding proteins associate with ssDNA to carry out their
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Acronyms
FRET: Fluorescence (Förster) resonance energy transfer
SSB: Single stranded DNA binding protein
RPA: Replication Protein A
smFRET: FRET at the single molecule level
dsDNA: double stranded DNA
ssDNA: single stranded DNA

Key Terms
Helicase translocation: ATP powered directional motion of a helicase protein on DNA or RNA lattice
Kinetic step size: the average number of nucleotides moved between repeated rate-limiting steps in the translocation cycle
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functions and thus compete for access to ssDNA (Figure 1), and precise spatio-temporal
coordination of their activities on ssDNA is likely to be essential in maintaining genome
integrity.

Single stranded DNA binding (SSB) proteins are the first responders when ssDNA is
generated. They bind selectively and with high affinity to ssDNA, protecting ssDNA from
degradation and facilitating recruitment of other proteins to their sites of function (121;
139). During homologous recombination, RecA/Rad51 proteins are recruited to SSB-coated
ssDNA to form a filament, which then undergoes strand exchange with a homologous
double stranded (ds)DNA(8; 65). DNA helicases are ATP-dependent motor proteins that
unwind dsDNA into single strands and translocate on ssDNA to remove DNA-bound
proteins such as RecA/Rad51(126). There are many elementary questions about the
intermediate steps in the mechanisms of action of these proteins that remain unanswered.
The traditional tools used to study these processes have not always been entirely adequate
for the given task. For example, high-resolution structural tools provide only incomplete
snapshots whereas ensemble biochemical and biophysical tools often do not possess
sufficient resolution or clarity due to population averaging.

The ability to manipulate and monitor single biological molecules is revolutionizing modern
biological inquiry, allowing us to look at elementary biochemical reactions with
unprecedented precision and clarity (40; 60; 138). In this review, we discuss novel insights
that single molecule measurements have provided on the properties of ssDNA and some
proteins and enzymes that function on ssDNA including SSB/RPA, RecA/Rad51 and
helicases, and the interplay among these proteins (Figure 1). There is a growing list of
ssDNA-specific proteins beyond what is covered in this review, for example VirE2(21; 39)
and MutL(99) which have also been studied at the single molecule level. The diverse single
molecule methods that make these studies possible include single molecule fluorescence
resonance energy transfer (smFRET)(44), optical tweezers(7), magnetic tweezers(127),
tethered particle tracking(33), single fluorophore tracking(118), flow stretching(10) and
nanopores (62). In most single molecule studies, DNA or proteins are immobilized to a
surface to allow sufficiently long observation times and are often modified with fluorescent
labels or other types of tethers. Therefore, it is essential to compare single molecule results
with those obtained in bulk solution whenever possible. The information generated from
ensemble studies is invaluable in designing and interpreting single molecule experiments.

SINGLE STRANDED DNA
Unlike dsDNA, ssDNA is highly flexible and does not generally form well-defined
secondary structures by itself. In the absence of internal base pairing, ssDNA is a random
polymer, most commonly modeled as a freely jointed chain or worm-like chain. In the
worm-like chain model, angular correlation between tangential vectors, t1 and t2, at two
different points along a polymer (Figure 1) is lost once the distance between the two points
exceeds the persistence length, Lp. Lp for ssDNA is in the range of 1-3 nm, depending on
salt concentration, and is much shorter than that of dsDNA which is about 50 nm. Three
single molecule methods have been used to characterize the polymeric properties of ssDNA
at the single molecule level. In the first method, a donor fluorophore and an acceptor
fluorophore are attached to the ends of a ssDNA and FRET between the two fluorophores
reports on the time-averaged distance between the two ends(90). This method can readily
provide information on the properties of ssDNA as a function of sequence, ionic conditions,
length of ssDNA and temperature (90). In general, ssDNA becomes more compact (higher
FRET) as the salt concentration increases, due in part to the partial screening of electrostatic
repulsion between the negatively charged phosphates in the backbone chain, in addition to
direct binding of cations to the ssDNA due to its polyelectrolyte nature (106). Recently, a
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microfluidics based smFRET analysis was applied to look at ssDNA conformations under
hundreds of different conditions (63). Fluorescence correlation spectroscopy, where the
changes in diffusion coefficient are used as a readout, has also been used to examine ssDNA
conformations (29).

In a second method, ssDNA is stretched using single molecule mechanical manipulation
methods such as optical or magnetic tweezers (25; 141) and atomic force microscopy (17) so
that the ssDNA extension is precisely controlled as a function of applied force. Secondary
structures formed by internal base pairing within long heteropolymeric ssDNA makes it
distinct from a classical self-avoiding polymer especially at low forces (25). Although
earlier data were explained using a freely jointed chain model(85; 141), more recent studies
are consistent with a worm like chain model (90; 117), which is also true for
ssRNA(119).The difference in the polymeric properties of ssDNA vs. dsDNA can also be
used to monitor the activities of enzymes that convert dsDNA into ssDNA (e.g.,
helicases(26), exonucleases(70; 136), displacement synthesis by a reverse transcriptase(80))
or ssDNA into dsDNA (DNA polymerases(72; 85; 141) and DNA annealing proteins (112)).
The internal force in ssDNA can be measured by a combination of FRET and magnetic
tweezers and it was proposed that ssDNA can be used as a force sensor (125). A third
method uses atomic force microscopy to directly image ssDNA deposited on a mica surface
to obtain information about flexibility, assuming that mica adsorption does not perturb the
structure and captures the projection of its solution conformations(107). Direct imaging
approaches have been used for many years in electron microscope studies of dsDNA
conformation (34).

ssDNA with variable base composition can form secondary structures due to internal base
pairing. Canonical Watson-Crick base pairing stabilizes hairpin structures, typically of
limited duplex stem length, and the microsecond/millisecond dynamics of opening and
closing have been studied using fluorescence correlation spectroscopy(12). For long stems,
the hairpin is almost always in the closed state in solution and a force in the unzipping
direction needs to be applied to observe the opening/closing dynamics at equilibrium (78;
140), which can reveal the properties of the transition state. Polyadenylate (both RNA and
DNA) can also form secondary structures due to helical stacking of its adenine bases and its
interconversion between its disordered and helical states can be slowed down sufficiently
inside a biological nanopore so that the structural transitions of ss poly(rA) can be measured
in real time via changes in current through the nanopore(76).

SINGLE STRANDED DNA BINDING PROTEINS
SSB proteins are essential in nearly all organisms, playing central roles in genome
maintenance (16; 83; 88; 121). SSB proteins bind with high affinity and specificity to
ssDNA intermediates to protect them from degradation and destabilize inhibitory secondary
structures within the ssDNA. SSB proteins also regulate the activities of other proteins by
direct binding to bring them to their sites of action on DNA (121).

SSB proteins from different organisms can differ in structure and assembly state, although
all possess oligosaccharide/oligonucleotide binding folds (OB-folds) that contain the ssDNA
binding site (91). The bacteriophage T4 gene 32 protein (gp32) (61; 120) and bacteriophage
T7 gene 2.5 protein (gp2.5) (51) exist as monomers and dimers, respectively, whereas E.
coli SSB is a stable homotetramer (103; 104). The main eukaryotic SSB, called RPA is a
heterotrimer (11; 55; 139). Most bacterial SSB proteins are homotetramers containing one
OB-fold per monomer (see for example (15; 115; 116)). The mitochondrial SSB proteins
from yeast and human (133; 142) are structurally similar to E. coli SSB.
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E. coli SSB protein
Due to its homotetrameric nature and the resulting four potential ssDNA binding sites E. coli
SSB can bind to long ssDNA in multiple modes. Three major ssDNA binding modes,
(SSB)35, (SSB)56 and (SSB)65, have been identified where the subscripts denote the average
number of ssDNA nucleotides occluded per SSB tetramer (13). The relative stabilities of
these binding modes depend on salt concentration, cation and anion type and valence (13;
81) as well as protein to DNA ratio (14; 20; 41; 113). In the (SSB)65 mode (Fig. 2a), ~65
nucleotides of ssDNA wrap around all four subunits of the tetramer. In the (SSB)35 mode,
favored at low salt and high SSB to DNA ratios, ~35 nucleotides of ssDNA interact with an
average of two subunits of the tetramer (13; 41; 81). The electron densities for the four C-
terminal tails (residues 113-177) are not observable in any of the crystal structures (103;
104), suggesting that these are disordered. The last 8-10 amino acids in these C-termini
serve as the primary sites to which more than a dozen other proteins bind to SSB (121) (see
Fig. 2c).

Single molecule force studies of SSB-ssDNA interactions
Single molecule force spectroscopy has been used to study a number of proteins that bind
either dsDNA, ssDNA or both (24; 46; 47; 79; 97; 98; 123; 124), focusing on the ability of
these proteins to destabilize duplex DNA.

Stretching of dsDNA molecules with optical tweezers has been used to study the kinetics
and thermodynamics of gp32 and gp2.5 binding to ss and dsDNA (97; 98; 123; 124 ). In
these experiments the force needed to melt dsDNA was monitored as a function of protein
concentration and pulling rate and models were used to estimate site sizes, association rates
and equilibrium constants for protein binding to ss and dsDNA. Single molecule magnetic
tweezers experiments were used to study the ability of gp32 and E. coli SSB proteins to
prevent rezipping of two complementary DNA strands (46; 47). It appears that both proteins
act by binding to ssDNA and inhibiting reformation of duplex DNA (rezipping) (46). A
recent study combining smFRET and optical tweezers showed that ssDNA unraveling from
an E. coli SSB tetramer begins at forces ~1 pN, and dissociation of SSB from the ssDNA
occurs in the range from 7 to 12 pN (148).

The eukaryotic replication protein A (RPA) is a heterotrimer that can potentially use its
multiple ssDNA sites (up to 5 OB folds) to regulate its ssDNA binding activity (11; 55; 68;
139). The ability of human RPA (hRPA) to bind to transient ssDNA bubbles formed within
negatively supercoiled dsDNA has been studied using magnetic tweezers (24). At constant
force (0.5 pN) the association kinetics are strongly dependent on salt with binding rate
decreasing five-fold as [NaCl] increases from 30 to 90 mM. No binding is observed above
120 mM NaCl, consistent with the idea that DNA breathing (ssDNA bubble formation),
required for hRPA nucleation, is suppressed at this salt concentration. The association and
dissociation kinetics were also studied as a function of supercoiling leading to the
conclusion that hRPA can relieve the torsional stress on negatively supercoiled dsDNA.

smFRET studies E. coli SSB-ssDNA binding modes
At moderate to high NaCl concentrations SSB binds (dT)70 in its (SSB)65 mode forming a
1:1 molar complex in which ssDNA wraps around the tetramer interacting with all 4
subunits such that two ends of the ssDNA are in close proximity (shown in Fig. 2a and c and
in cartoon form in Fig. 2b). At lower NaCl concentrations (< 0.2M) a single (dT)70 can bind
two SSB tetramers each in the (SSB)35 binding mode. The end to end distance of the (dT)70
differs for each of these complexes as well as free (dT)70. Hence a (dT)70 labeled at each
end with a pair of fluorophores (e.g., Cy3 and Cy5) for FRET measurements can be used to
study the kinetics of SSB-(dT)70 binding and the transitions between its different binding
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modes (66; 67; 69; 113) (see Fig. 2d). The fully wrapped (SSB)65 mode is characterized by
high FRET values (~0.8, Fig. 2e,) whereas the (SSB)35 mode displays intermediate FRET
(~0.2, Fig. 2e). Analysis of smFRET traces of the type shown in Fig. 2e, showed that the
interconversion rates between the two modes vary as much as 200-fold for only a four-fold
change in NaCl concentration (113). Deletion of the acidic C termini on the SSB tetramer,
the sites of binding of several proteins involved in DNA metabolism, shifts the equilibrium
towards the (SSB)35 mode, suggesting that interactions of proteins with the SSB C terminus
may regulate the binding mode transition and vice versa.

Direct observation of SSB diffusion along ssDNA
SSB proteins are believed to function mainly on the lagging strand during DNA replication,
coating the ssDNA template before it is replicated. The fact that SSB proteins and E. coli
SSB in particular bind with very high affinity to ssDNA with a very low rate of dissociation
would appear to make it difficult for them to be recycled, moved or rearranged on the DNA.
However, early ensemble studies (67; 69; 109) suggested that E. coli SSB may be capable of
diffusive movement along ssDNA and direct transfer between DNA sites (67).

Diffusion along ssDNA of E. coli SSB in its (SSB)65 binding mode has been directly
demonstrated using smFRET (114). SSB was pre-bound to ssDNA labeled with donor (Cy3)
and acceptor (Cy5) fluorophores separated by 68 nucleotides (all dT), but containing a 12
nucleotide extension (see Fig. 3a). FRET fluctuations in the millisecond time range were
observed even in the absence of free SSB in solution indicative of SSB movement over the
80 nucleotide ssDNA region. However, these FRET fluctuations were totally suppressed
when the ssDNA region was limited to 68 nucleotides (Fig. 3a), the occluded site size of the
SSB tetramer in its (SSB)65 binding mode. As a further demonstration of this diffusion,
three color smFRET was employed where an SSB tetramer was labeled on one subunit with
a fluorescence donor (one Alexa555 per SSB tetramer), whereas two different acceptor
fluorophores, Cy5 and Cy5.5, were positioned at the ends of a (dT)130 ssDNA (Fig. 3b).
Rapid and anti-correlated fluctuations in the Alexa555/Cy5 and Alexa555/Cy5.5 FRET
efficiencies clearly demonstrated that an SSB tetramer could diffuse from one end of the
(dT)130 to the other. Hidden Markov analysis of the data provided an estimate of an apparent
step size of 3 nucleotides for SSB tetramer diffusion with a diffusion coefficient of 270
(nucleotides)2 s−1 (37°C).

The recognition that E. coli SSB can diffuse along ssDNA provides an explanation for its
ability to transiently destabilize DNA secondary structures such as hairpins. A DNA hairpin
within a ssDNA will transiently undergo spontaneous melting of the base pairs at the base of
the hairpin. An SSB tetramer can then diffuse onto the transiently melted ssDNA regions
and thus prevent reformation of the hairpin region. In fact, it has been known (64) that SSB
can facilitate the formation of a stable filament of RecA protein on natural ssDNA (i.e.,
ssDNA capable of forming hairpin structures), yet the mechanism for this was unclear.
smFRET experiments (114) showed that an SSB tetramer bound to a ssDNA ahead of a
growing RecA filament could be pushed directionally and facilitate the melting of the
hairpin and thus remove the inhibitory effects of the hairpin on RecA filament formation.

Mechanism of SSB diffusion along ssDNA
Although the ability of an SSB tetramer to diffuse along ssDNA was clearly demonstrated
using single molecule approaches (114), the mechanism by which an SSB tetramer can
undergo a rapid migration along ssDNA remained unclear when considering its extensive
ssDNA interactions (~65 nt) and high DNA affinity. A rolling mechanism had been
suggested (67; 69; 109) that utilizes the closed wrapping of ssDNA around the tetramer (see
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Fig. 4a), but an alternative possibility was that the ssDNA can “slide” relative to the SSB
protein surface (see Fig. 4b).

Zhou et al. (148) used an approach that combined single molecule fluorescence with force
measurements to differentiate between a rolling and a sliding mechanism. In these
experiments an SSB tetramer labeled with Alexa555 (donor) was bound to a (dT)70
containing a Cy5 (acceptor) attached to either the end (Fig. 4c, scheme 1) or the middle
(Fig. 4d, scheme 2). A DNA of this length (5 nucleotides longer than the SSB tetramer
occluded site size) provided room for some SSB diffusion (114). If a rolling mechanism
were operative, only the end segments of the DNA in scheme 1 would be expected to move
relative to the SSB and show FRET fluctuations, whereas the middle regions of the DNA in
scheme 2 should show little movement. However, FRET time traces for both experiments
showed anti-correlated donor-acceptor fluctuations of similar amplitudes (Fig. 4c and Fig.
4d) strongly suggesting a sliding rather than a rolling model. At the same time no
fluctuations were observed for similarly labeled ssDNA substrates with a total length of 40
or 51 nucleotides indicating that SSB diffusion is eliminated if the length of the ssDNA is
shorter than the SSB tetramer binding site size (65 nucleotides).

A further test for a sliding mechanism was performed by applying tension to the ends of the
ssDNA in order to gradually disrupt the ssDNA wrapping around the SSB tetramer that is
required if a rolling mechanism is operative. However, the diffusion-induced FRET
fluctuations persisted even up to ~5 pN forces (Fig. 5a) where the ssDNA unwrapping is
nearly complete. Further analysis suggested that a “reptation” mechanism is likely for SSB
sliding. In this mechanism (see Fig. 5b) a thermally activated ssDNA bulge forms at one end
of the ssDNA that enters the SSB tetramer and this bulge propagates along the SSB surface
via a random walk until it either returns to where it started rendering no net movement, or
emerges on the other side, leading to diffusion of the SSB tetramer by one step (3-4
nucleotides) along the ssDNA. Interestingly, the binding of RecO protein to the C-terminal
tails of SSB did not eliminate the ability of SSB to diffuse along the ssDNA although it does
reduce the diffusion rate.

RecA/Rad51
In bacteria, RecA forms a right-handed helical filament on ssDNA generated as an
intermediate during repair of DNA breaks. The filament searches for a homologous dsDNA
and catalyzes a strand exchange reaction where the original ssDNA within the RecA
filament replaces the homologous strand in the duplex(8; 65). RecA-mediated recombination
is a complex process with several transient reaction intermediates and single molecule
assays are well-poised to probe such complex reactions. Most single molecule studies of
RecA and its eukaryotic homolog, Rad51, have been carried out using dsDNA(23; 37; 48;
50; 75; 108) despite the fact that the physiologically relevant RecA/Rad51 filament
assembles on ssDNA. This is partly because of the technical difficulty in preparing long
ssDNA required for such studies and also because RecA filament formation on dsDNA
recapitulates most properties of the ssDNA filament because RecA interacts primarily with
one of the two strands in the duplex.

Filament dynamics
The rate-limiting step in RecA/Rad51 filament assembly is the nucleation process (Fig. 6a).
Basic details such as the number of protein monomers that are needed to nucleate the
filament, and also the unit of filament extension and disassembly, remained controversial. In
recent smFRET experiments using various lengths of poly(dT), it was found that ssDNA of
at least 17 nt is required for RecA filament formation(59). Combined with the binding
stoichiometry of 3 nt per RecA monomer, it was proposed that 4-5 monomers form the

Ha et al. Page 6

Annu Rev Biophys. Author manuscript; available in PMC 2013 July 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nucleation cluster. Another study visualized the initial assembly of fluorescently labeled
RecA protein on long dsDNA (~50 kbp)(37) and found that the initiation rate increases with
the 4th power of the RecA concentration, also suggesting cooperative binding of 4-5
monomers is needed to nucleate a filament. Subsequent single molecule studies of both
RecA and Rad51 also showed the nonlinear dependence on concentration, consistent with
2-5 monomers in a nucleation cluster(50; 89; 134). In the crystal structure of a ssDNA-
bound RecA filament that was finally determined in 2008, researchers used the trick of
covalently fusing 4 or 5 RecA monomers which gave rise to a stable crystal in complex with
ssDNA, also supporting the notion that 4-5 RecA monomers are needed, and probably
sufficient to form a filament-like structure(18). RecA filament assembly on short ssDNA has
also been used to demonstrate novel single molecule confinement technologies such as a
porous nanocontainer(22) and an electrokinetic trap (30). Confining RecA and ssDNA
inside a small 100 nm diameter vesicle showed that RecA filament rebinding to ssDNA after
its dissociation is two orders of magnitude faster than de novo nucleation, suggesting that
when a RecA nucleation cluster dissociates from the DNA, it does not immediately break
apart into monomers(22).

Once a filament nucleates, the RecA filament grows primarily in the 5’ to 3’ direction while
ATP hydrolysis causes RecA filaments to shrink from the 5’ end (Fig. 6a) (6). However, the
unit of extension was not known (monomer, dimer or higher order assemblies). smFRET
data and hidden Markov analysis (87) provided direct evidence that the unit for extension
and shrinkage is one monomer. Moreover, it was shown that the filament directionality is
caused by the 10 fold difference in the monomer binding rates at the two ends whereas the
dissociation rate is the same(59). A single color fluorescence detection experiment using
protein-induced fluorescence enhancement also supports RecA binding to and dissociation
from a filament as a monomer (54). Although Rad51 is expected to behave in similar ways
to RecA, there is presently no consensus in the directionality of Rad51 filament
formation(49) but recent studies are more consistent with the 3’ to 5’ direction, which would
be opposite to that of RecA(4; 110). Indirect evidence based on Rad51 filament dissociation
from long dsDNA supports the notion that the unit for disassembly is a monomer(135), and
magnetic tweezers studies of Rad51 filament formation directly detected monomeric
extension through a stepwise twisting of the DNA(5). Although the emerging consensus
supports the RecA/Rad51 monomer as the unit of filament growth and shrinkage, some
single molecule studies suggested indirectly that the extension occurs in oligomers (89;
134).

RecA/Rad51 filaments undergo conformational changes during the ATP binding and
hydrolysis cycle without protein dissociation and rebinding, and these changes have been
visualized at the single DNA level by following the lengthening and shortening of
dsDNA(50; 108) or ssDNA(59). In general, ADP filaments are shorter than ATP filaments.

Homology search
Once a RecA/Rad51 filament forms on ssDNA, it needs to find its target, the homologous
sequence within a dsDNA (Fig. 6b). This process has drawn the interest of many researchers
because the task is akin to finding a needle in a haystack and is further complicated by the
mismatch in length: ATP-bound filaments are about 50% longer than dsDNA of the same
number of base pairs. One attractive possibility is that the filament may scan the dsDNA by
a sliding mechanism until the homologous sequence is found. In fact, many proteins are
known to slide on dsDNA or ssDNA which may be important for their function. However,
no such sliding has yet been observed during homology search by RecA/Rad51 and an
experimental test of mechanisms for homology search does not support sliding(1). In a
recent smFRET study measuring strand exchange of short DNA (tens of base pairs in
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length), it was found that the homology search was essentially complete within the time
resolution of the experiment, 30 ms(105) but homology searches on long DNA have not
been observed directly.

Strand exchange
Once a region of homology is located, the strand exchange reaction ensues whereby the
ssDNA forms base pairs with its homologous strand within the duplex. Magnetic tweezers
studies followed the real time progress of the reaction via the change in overall extension of
the DNA (35; 132) yielding a key insight that the synapse size remains constant (~80 bp)
during the reaction. This observation suggested that as additional segments of the incoming
ssDNA are incorporated into the heteroduplex product, the RecA filament concurrently
dissociates via ATP hydrolysis (132). A more recent smFRET study(105) examined the
reaction with a higher spatio-temporal resolution (a few bp and 30 ms resolution) and
provided kinetic evidence that the initial synapse between an incoming filament and dsDNA
is about 14 bp in length and the base pairing exchange to form a longer joint molecule
occurs in 3 bp increments (Fig. 6b), which matches the number of ssDNA nucleotides
bound by each RecA monomer as seen in the crystal structure. The bp exchange propagated
at a surprisingly high rate of ~ 180 bp/s, which would explain why the presumed 3 bp steps
could not be seen. Although the reaction probed was at a local level of less than 20 bp, this
was much faster than the 2 bp/s determined from the magnetic tweezers experiments (132).
The difference may lie in the length scale: on a much longer length scale, the overall
reaction slowed down substantially(105), potentially due to initial synapse formation
occurring at multiple positions as suggested by a four-color smFRET study(71)

HELICASES
Helicases participate in virtually all cellular processes that involve DNA and RNA
metabolism (56; 126). The most fundamental activity for all DNA helicases is
‘translocation’, the ability to move directionally along nucleic acids as a motor protein.
Translocation is essential for many critical functions such as DNA unwinding, protein
displacement form DNA, Holliday junction branch migration, and chromatin remodeling(84;
126).

Helicases/translocases are motor proteins since translocation is powered by ATP hydrolysis.
For example, the non-hexameric helicases Rep, UvrD and PcrA translocate with 3’ to 5’
directionality along ssDNA(84). As a result, unwinding of double stranded (ds)DNA is
facilitated if it has a 3’ ssDNA tail, although translocation alone is not always sufficient for
DNA helicase activity(84). Most helicases that function to unwind DNA at a replication fork
are hexameric (101). These ring-shaped helicases have six binding sites for ATP and their
intersubunit coordination adds another layer of complexity that further challenges our
abilities to understand their mechanisms. Rapid developments in single molecule tools have
contributed to our understanding of how these enzymes catalyze DNA unwinding (10; 26;
28; 45; 58; 102; 128; 145). Here, we focus on several interesting findings concerning
ssDNA translocation of DNA helicases and how translocation activity is coupled to DNA
unwinding.

Repetitive helicases
In 2005, smFRET analysis of the E. coli Rep helicase, labeled with Cy3, moving on a
ssDNA labeled with Cy5 (Fig. 7a), showed that the monomeric translocase can repetitively
translocate on the same stretch of ssDNA without full dissociation and rebinding (92) (Fig.
7b). This repetitive shuttling may keep the ssDNA free of unwanted proteins such as RecA
and prevent potentially unregulated recombination events. In further studies this repetitive
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behavior was observed during translocation or unwinding on both RNA and DNA for
helicases from various organisms including bacterial, human and viral. Examples include
PcrA translocation on ssDNA(100), human BLM unwinding of dsDNA(144) and HCV NS3
unwinding dsDNA(93). In addition, the human viral RNA sensor RIG-I, which possesses an
RNA helicase domain, can translocate repetitively on dsRNA, the first example of a
helicase-like motor protein moving on dsRNA in the absence of unwinding(94). These
findings show an amazing capability of these enzymes to undergo movement along and
transfer between different positions along a nucleic acid substrate without full dissociation.
There are exceptions however. No evidence of repetition has been found for hexameric
helicases so far, and archaeal XPD helicase did not show repetition during ssDNA
translocation(52). Table 1 summarizes the helicases for which repetitive translocation has
been observed and their potential biological functions.

A helicase reels in DNA
PcrA is a 3’ to 5’ helicase so most previous studies were performed on duplex DNA with a
3’ ssDNA tail. However, when PcrA and ATP were added to a surface-tethered duplex DNA
with a 5’ ssDNA tail, PcrA translocated in the 3’ to 5’ direction while maintaining contact
with the duplex DNA, thereby reeling in the 5’ ssDNA tail and extruding a ssDNA loop
(100) (Fig. 7c). This activity could be seen as a gradual increase in FRET between the donor
and acceptor fluorophores linked to the ends of ssDNA followed by a sudden FRET
decrease, and many repetitions of such cycles were observed (Fig. 7d). This structure-
specific binding and translocation-coupled looping resulted in efficient dismantling of RecA
filaments on ssDNA even at nanomolar PcrA concentrations. A similar binding to a 5’ tailed
dsDNA and translocation-coupled ssDNA looping, although less robust, was also observed
for UvrD (131). Despite the similarity in sequence and structure, the repetitive translocation
mechanism for PcrA appears different from that of Rep, which may be due to the differences
in affinities for the duplex DNA.

ssDNA Translocation mechanism: step size
An understanding of the mechanism of ssDNA translocation requires knowledge of the step-
size of the translocating enzyme. There have been several definitions of step sizes (84). The
chemical step size is the number of nucleotides translocated per ATP hydrolyzed, whereas
the kinetic step size (2) is defined as the average number of nucleotides moved between
repeated rate-limiting steps in the translocation cycle. A chemical translocation step size of 1
nucleotide per ATP has been directly measured for PcrA (27), UvrD (130) and BLM (43)
and is consistent with inferences from structural data (95). Basically, the enzyme can be
viewed as an inchworm with two moving parts, i.e., two RecA-like domains. When an ATP
binds to the crevice between the two domains, the inchworm contracts. When the product of
ATP hydrolysis is released, the inchworm expands. If the relative DNA binding affinities of
the two RecA-like domains can be precisely coordinated during contraction and expansion,
one can achieve directional translocation. Such coordination was demonstrated
computationally based on the PcrA-DNA co-crystal structures with and without ATP(146)
but thus far no experiments have resolved these single nucleotide steps directly during
translocation. Ensemble transient kinetic studies have led to the proposal that UvrD and
PcrA monomers translocate with a kinetic step size of ~ 4 nt (96; 130). Combined with the
chemical step size of 1 ATP/nucleotide translocated it was proposed that PcrA and UvrD
translocate via a non-uniform stepping mechanism where it moves about 4 nt very rapidly
using 1 ATP per nt, then pauses momentarily before taking the next four steps(130).

The kinetic step size could be examined using single molecule methods for PcrA due to its
unusual propensity to undergo multiple rounds of repetitive looping during translocation.
Since the looping repeated hundreds of times without full dissociation of PcrA (Fig. 7d), a
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histogram of time periods Δt of each cycle, could be compiled from one molecule only (Fig.
7e). By fitting the Δt histogram to the Gamma distribution, (Δt)n–1e–kΔt, Park et al could
determine n, the number of steps needed to complete one cycle of translocation over N nt of
ssDNA, and k, the rate of each step(100). n values exceeding 30 were obtained when N was
40, supporting a kinetic step size smaller than 1.5. Interestingly, a significant variation in the
values of k was observed between single PcrA molecules that persisted during the
observation time of several minutes (termed ‘static disorder’). As a result, the Δt histogram
built from multiple single molecules is significantly broader, causing a decrease in the
apparent n value, leading to an inflation of the kinetic step size to ~ 3 nt. Therefore, it is
possible that the apparent larger kinetic step size determined from analysis of ensemble
kinetic studies, which explicitly assumed that all enzymes have the same reaction rate, is an
overestimation due to the presence of ‘static disorder’. Future ensemble studies need to
consider the consequences of molecular heterogeneity which appears ubiquitous in single
molecule observations. It should be noted, however, that the effect of rate heterogeneity on
the estimation of a kinetic step size should be negligible if the true number of steps, n, is
small, for example less than 7 or so. This is because the Δt histogram is already broad even
without heterogeneity and the effect of molecular heterogeneity on the relative width
becomes insignificant. Hence, it remains that reports of kinetic step sizes larger than unity
performed on short DNA substrates need further tests using high-resolution single-molecule
tools.

Coupling between translocation and unwinding
How is the translocation activity coupled to DNA unwinding? ssDNA translocation activity
alone is not necessarily sufficient for DNA unwinding as demonstrated for Rep, UvrD and
PcrA helicases (84). One classification of unwinding mechanisms is as either passive or
active (82) (9). By definition, a purely passive helicase does not interact with the duplex
DNA but rather uses its directional translocation activity to stabilize the transient ssDNA
formed through thermal fraying of the duplex end and thus prevent reannealing of the open
base-pairs. In contrast, an active helicase participates in the destabilization of the DNA
duplex. As a result, a fully active helicase should be able to unwind a dsDNA substrate as
fast as it translocates on ssDNA.

Recent single-molecule mechanical studies examined this issue and found that HCV NS3
(19) and E. coli RecQ helicases (86) are mostly active, T4 hexameric helicase mostly
passive (77) and T7 hexameric helicase somewhere in between(58). In these studies,
unwinding rate as a function of applied force was a main observable and its comparison to
the translocation rate was a critical element of the mathematical models used. Although
ssDNA translocation itself was not directly observed, the available data indicate that
translocation rate is independent of the force applied on ssDNA. A potential factor that may
influence the coupling between translocation and unwinding is the interaction between the
helicase and the excluded strand, i.e. the strand that is complementary to the tracking strand
on which the helicase translocates. smFRET studies revealed dynamic interactions between
the excluded strand and the archael MCM helicase(111), which likely involves ssDNA
wrapping on the surface of this hexameric enzyme(38), akin to ssDNA wrapping around
heptameric Rad52 (42; 53). Interactions with the excluded strand were also reported for E.
coli hexameric helicase DnaB(36).

Helicase conformational changes
Various structural changes, large and small, have been observed in crystal structures of
helicases but how binding of DNA controls these movements and ATP (and its hydrolysis)
during helicase function are only beginning to emerge(57; 74). Thus far, two types of
helicase conformational changes have been visualized at the single molecule level. The first
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is movement of a regulatory subdomain called 2B in Rep, UvrD and PcrA. The 2B
subdomain has been observed in two major orientations called open and closed in various
crystal structures and subsequently in ensemble studies (summarized in Ref. (57)) and
functional roles of these conformations remain controversial (57; 74). In smFRET studies,
the 2B and another domain called 1B were stochastically labeled with a donor and an
acceptor such that the closed form shows high FRET and the open form low FRET. During
repetitive shuttling by Rep, the 2B subdomain was observed to close gradually when a Rep
monomer translocated along ssDNA toward a physical blockade such as streptavidin or a
dsDNA that it cannot unwind as a monomer(92). In contrast, the monomeric PcrA
translocase maintains an open conformation while it is reeling ssDNA on a 5’-tailed
DNA(100), suggesting that the 2B subdomain can access different conformations that affect
its function. Second, relative movements between two RecA-like domains were visualized
also using smFRET for an RNA helicase(129). Interestingly, the closure of the crevice
between the two domains required simultaneous binding of an RNA strand and an ATP,
showing cooperativity.

INTERPLAY AMONG PROTEINS
RecA vs helicase

DNA helicases can function as anti-recombinases, by removing the recombinases (Rad51
and RecA) from ssDNA (4; 137). Repetitive shuttling of a helicase on the same stretch of
ssDNA is an attractive mechanism to enhance the anti-recombinase activity because a single
binding event can result in an efficient localization of the helicase to a DNA structure and
can keep the region clear of recombinases. smFRET studies indeed showed that a Rep
translocase shuttling on ssDNA can prevent RecA filament formation(92) and that a PcrA
translocase reeling in a 5’ ssDNA tail can remove a pre-formed RecA filament(100). In
these studies, it was critical to include free RecA in solution to examine helicase-driven
RecA removal because a RecA filament can spontaneously disassemble upon ATP
hydrolysis. A curious observation that an ATPase-deficient mutant of PcrA can remove a
RecA filament from ssDNA may be attributed to the fact that in their studies free RecA was
not included(3).

SSB vs. RecA
smFRET data showed that a growing RecA filament can push SSB along ssDNA very
efficiently, and in fact at the speed of filament growth, showing that a bound SSB does not
present a significant barrier(59). The demonstration of SSB diffusion on ssDNA provides an
elegant mechanism wherein a small stretch of ssDNA freed up by SSB diffusion might
allow RecA monomer binding at the end of an extending RecA filament(114). In this way,
RecA filament growth can rectify a random walk by SSB, making SSB repositioning and
removal much more rapid.

Helicase vs. SSB
In principle, a similar rectification of a diffusing SSB may apply to a translocating helicase.
However, this has not been experimentally tested yet for E. coli SSB. For an archael RPA
and an XPD helicase, single molecule fluorescence analysis indicated that a translocating
helicase may bypass an RPA bound to ssDNA without full dissociation of RPA(52). Further
studies are necessary to test if this type of interplay operates for other helicase/SSB pairs and
to understand the mechanism of bypass or removal. On the methodological side,
accumulation of fluorescently labeled SSB has been used to monitor helicase unwinding
activities from single DNA molecules (31).

Ha et al. Page 11

Annu Rev Biophys. Author manuscript; available in PMC 2013 July 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FINAL THOUGHTS
Observing movements on long ssDNA

Technical difficulties have limited direct fluorescence imaging of proteins on DNA to
dsDNA or short ssDNA. In particular, single protein movements on ssDNA have been
imaged almost exclusively using smFRET. However, FRET is insensitive to distances
beyond about 10 nm and, for this reason, is not adequate for studies of protein movements
on longer ssDNA. Because thousands of nucleotides of ssDNA can be generated during
DNA replication and repair in vivo, there is a need to develop methods that can image
multiple proteins on a long ssDNA as has been demonstrated for proteins on dsDNA(32).
Recent technical developments in multi-color fluorescence imaging in combination with
optical tweezers should facilitate research in this direction and should enable visualization of
the consequences of an encounter between two diffusing SSB tetramers or between a
translocating helicase and an SSB protein.

Proteins on G-rich DNA
G-rich sequences can form various G-quadruplex structures in vitro and in vivo. There are
many single molecule studies that revealed the conformational diversity and mechanical
stabilities of G-rich DNA (21; 73; 122; 143; 147). Many proteins that can recognize G-rich
DNA in its single stranded form or in its folded G-quadruplex form have been identified.
Because G-rich DNA displays dynamic transitions between the folded and disordered forms
which may be bound by proteins such as SSB/RPA, RecA/Rad51 and helicases, it will be
exciting to probe protein movements on G-rich DNA.
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SUMMARY POINTS

-Wealth of novel insights is emerging from single molecule studies of proteins that
function on single stranded DNA.

-SSB protein's diffusion on single stranded DNA was directly observed and its sliding-
via-reptation mechanism was proposed.

-SSB protein's diffusion can melt secondary structures transiently and provide a
mechanism for rapid reposition and removal by other proteins moving on DNA.

-Single molecule mechanical studies have revealed the detailed kinetic mechanism of
SSB and RecA/Rad51 proteins binding and dissociation from double stranded and single
stranded DNA.

-Single molecule studies revealed the size of the nucleation cluster for RecA/Rad51
filaments.

-Emerging consensus is that RecA/Rad51 filaments extend and shrink in monomeric
units.

-Single molecule studies have revealed repetitive movements of helicases on the same
stretch of DNA.

-Molecular heterogeneity can mask the true kinetic step size of DNA translocation or
unwinding.
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Figure 1. Proteins on ssDNA
ssDNA is depicted as a black line. (Center) tangential vectors (t1 and t2) along the contour of
ssDNA are correlated if the two points are closer than the persistence length (1-3 nm for
ssDNA). (Top) RecA or Rad51 forms a right-handed helical filament on ssDNA. ATP binds
to the interface between two adjacent proteins. RecA/Rad51 filaments are negatively
regulated by some helicases and can efficiently remove SSB proteins bound to ssDNA
during their extension (gray arrows). (Bottom right) A helicase can use ATP hydrolysis to
translocate directionally on ssDNA. (Bottom left) SSB/RPA binds and protects ssDNA. For
E. coli SSB, ssDNA wraps around the tetrameric protein. SSB can stimulate RecA filament
formation by removing DNA secondary structures. The consequence of an encounter
between a translocating helicase and an SSB protein is an open question.
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Figure 2. Structure and dynamics of E. coli SSB/ssDNA complexes
(a) Model of an SSB tetramer bound to 65 nt of ssDNA (SSB)65 mode) (red) based on a
crystal structure(104). (b) Cartoon depiction of an SSB tetramer wrapped by ~ 65 nt of
ssDNA. (c) SSB has four C-terminal extensions that bind other proteins. (d) smFRET
scheme for monitoring SSB binding to a 70 nt ssDNA. When a single SSB tetramer binds in
its (SSB)65 mode, the donor and the acceptor are in close proximity, yielding high FRET.
When an additional SSB tetramer binds to the same ssDNA with both tetramers in the
(SSB)35 mode, a lower FRET value results. The DNA is tethered to a polymer-passivated
surface, and extensive comparison to bulk solution data showed that fluorescence labeling
and surface tethering did not perturb the reaction. (e) smFRET time traces showing
switching between (SSB)65 and (SSB)35 modes induced by dissociation and binding of a
second SSB tetramer (Figures adapted from Ref. (113).
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Figure 3. smFRET fluctuations arising from diffusional migration of E. coli SSB on ssDNA
(a) –(Top) Rapid fluctuations between several FRET states are observed due to diffusion of
an SSB tetramer on an 81 nucleotide ssDNA; (bottom) when the available ssDNA is limited
to 69 nucleotides by forming a duplex with the 12 nucleotide extension, the FRET
fluctuations are severely reduced reflecting less protein diffusion; (b) – anti-correlated
FRET time traces from a three color experiment showing SSB tetramer diffusion (Donor
(Alexa555)-labeled SSB bound to a (dT)130 DNA labeled at each end with acceptors (Cy5
and Cy5.5) Figures adapted from Ref. (114).
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Figure 4. smFRET studies support a sliding model for SSB diffusion on ssDNA
(a) -Rolling mechanism for SSB diffusion. One end of the wrapped ssDNA could partially
dissociate from the SSB resulting in an available site on the SSB to which the free ssDNA at
the other end can bind. There would only be relative movement between the donor (green)
on the SSB surface and the acceptor (red) on the ssDNA if the acceptor is near the DNA
end, but not the midsection. (b) - Sliding mechanism for SSB diffusion. The entire ssDNA
(65 nt) moves relative to the SSB protein surface during sliding, hence relative movement
between the donor and acceptor should occur for all acceptor positions on the DNA. (c) and
(d) - Representative single-molecule time traces of donor(Alexa555) and acceptor(Cy5)
intensities and the corresponding FRET efficiencies show the same level of FRET
fluctuations regardless of the acceptor (Cy5) position on the DNA. Figures adapted from
Ref. (148).
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Figure 5. A combined smFRET-force experiment supports a reptation mechanism for SSB
sliding on ssDNA
(a) - SSB diffusion persists even with ssDNA under tension. SSB diffusion-induced FRET
fluctuations continue for forces up to 5 pN. Magenta arrows indicate SSBf dissociation
events. (b) - a reptation (sliding-with-bulge) mechanism for SSB diffusion is proposed to
occur by nucleating a thermally activated bulge that propagates via a random walk around
the SSB surface. The bulge diffuses back and forth over the entire SSB surface, and if it
emerges on the other side, the SSB moves along the ssDNA by one step (~3 nucleotides).
The arrows represent the DNA movements and the cyan asterisk represents a single
nucleotide position on the DNA. The asterisk-marked position on the ssDNA will move
relative to the protein surface. Figures adapted from Ref. (148).
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Figure 6. Dynamics of RecA filament formation and strand exchange reactions
(a) RecA filament formations on ssDNA is nucleated by the binding of a RecA oligomer,
likely between 4-5 monomers(37; 59), and is extended rapidly in monomer un units mainly
in the 3’ direction with a 10 times slower extension in the 5’ direction(59). In the steady
state, RecA monomers can dissociate from both ends as monomers upon ATP
hydrolysis(59). (b) RecA-ssDNA filament binds to a homologous dsDNA forming an initial
synaptic complex (< 14 bp in length), then propagates rapidly in 3 bp increments while
undergoing base pair exchange. The outgoing ssDNA displays dynamic interactions with the
resulting RecA-dsDNA filament and its removal is facilitated by SSB. Finally, RecA
dissociates from the heteroduplex product, completing the reaction (Adapted from Ref.
(105)).
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Figure 7. Repetitive ssDNA translocation of Rep and PcrA
(a) A donor-labeled Rep monomer translocates on an acceptor-labeled DNA in the 3’ to 5’
direction. (b) Initial binding of Rep is detected as a sudden increase in fluorescence. This is
followed by a gradual increase in the acceptor intensity (red) and a concomitant decrease in
the donor intensity (green) due to Rep translocation on ssDNA. The protein then snaps back
to the initial low FRET state and repeats the cycle until protein unbinding or photobleaching
of the donor terminates the fluorescence signal. (c) A cartoon showing how a PcrA
monomer can anchor itself to a ds/ssDNA junction and use its ssDNA translocation activity
to reel in a 5’ ssDNA tail. Once it runs off the tail end it can re-initiate the repetitive looping
cycle from the junction. (d) Representative smFRET time traces of repetitive ssDNA
looping (256 cycles) induced by a single molecule of PcrA. Δt denotes the time interval of
each cycle. (e) Δt histogram from a single PcrA molecule showing 256 cycles of looping. A
fit to the Gamma distribution gives the number of hidden steps, n=33.6, for 40 nt ssDNA
(red), supporting a single nt kinetic step size. A forced fit with a fixed n value of 10 to
mimic a 4 nt kinetic step size gives a much poorer fit (blue). Figures were adapted from Refs
(92; 100).
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Table 1

Helicases showing Repetitive translocation/unwinding

origin Repetition observed Repetition mechanism Functional implications

Rep Bacterial ssDNA translocation Blockade-induced 3’ capture Prevention of RecA filament formation

UvrD Bacterial ssDNA translocation Duplex-anchored looping and release Removal of RecA filament

PcrA Bacterial ssDNA translocation Duplex-anchored looping and release Removal of RecA filament

NS3 Viral dsDNA unwinding Holding on to unwound strand Unknown

RIG-I Human dsRNA translocation unknown Viral RNA recognition and signaling

BLM Human dsDNA unwinding Strand switching Unknown
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