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Helicases are motor proteins that couple conformational changes
induced by ATP binding and hydrolysis with unwinding of
duplex nucleic acid'?, and are involved in several human dis-
eases. Some function as hexameric rings®, but the functional form
of non-hexameric helicases has been debated>'°. Here we use a
combination of a surface immobilization scheme and single-
molecule fluorescence assays—which do not interfere with bio-
logical activity—to probe DNA unwinding by the Escherichia coli
Rep helicase. Our studies indicate that a Rep monomer uses ATP
hydrolysis to move toward the junction between single-stranded
and double-stranded DNA but then displays conformational
fluctuations that do not lead to DNA unwinding. DNA unwinding
initiates only if a functional helicase is formed via additional
protein binding. Partial dissociation of the functional complex
during unwinding results in interruptions (‘stalls’) that lead
either to duplex rewinding upon complete dissociation of the
complex, or to re-initiation of unwinding upon re-formation of
the functional helicase. These results suggest that the low
unwinding processivity observed in vitro for Rep is due to the
relative instability of the functional complex. We expect that
these techniques will be useful for dynamic studies of other
helicases and protein—-DNA interactions.

Two single-molecule approaches have been used to visualize
DNA unwinding by the highly processive E. coli RecBCD helicase/
nuclease'"'* with resolutions up to 100 base pairs (bp)'>. However,
many helicases display only limited processivity in vitro, so methods
with higher base-pair resolution are desired. We have used the
single-molecule fluorescence resonance energy transfer (FRET)
technique'™'® to measure structural changes of DNA upon the
action of E. coli Rep helicase. Not only could we detect DNA
unwinding with =10-bp resolution, but we also were able to observe
events that are difficult to examine in bulk solution, such as stalls,
rewinding of the DNA duplex and re-initiation of unwinding by a
stalled enzyme—-DNA complex.

To probe the initiation of DNA unwinding with maximum
sensitivity we used an 18-bp or 40-bp duplex with a 3'-(dT), tail
with a donor (Cy3) and an acceptor (Cy5) fluorophore attached to
the junction between single-stranded DNA (ssDNA) and double-
stranded DNA (dsDNA) (DNA I and II, Fig. 1i). DNA molecules
were specifically immobilized to a polymer-coated surface'’, and
were imaged using an evanescent field microscope'®. We then
rapidly (<<0.2s) delivered a solution containing both Rep and
ATP, and recorded the time records of unwinding via FRET (Fig.
1i). Before unwinding begins, the distance, R, between the two dyes
is small (Egrgr = 15 Epger = 1/[1 + Ip/I4] is an approximation for
FRET efficiency, 1/([1+ (R/Ry)°], where I, and I, are intensities
for donor and acceptor respectively and Ry = 6 nm). As the DNA is
unwound, the time-averaged R increases (Eprgr decreases). If the
DNA is fully unwound, the donor strand diffuses away from the
surface and the fluorescence signal abruptly disappears, clearly
marking the completion of unwinding. In contrast, dissociation
of the helicase during unwinding can lead to rapid DNA rewinding
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(Efrer — ~ 1). The elimination of only one component among
ATP, Rep and Mg*" or the replacement of ATP by its poorly
hydrolysed analogues (adenosine 5'-[vy-thio]triphosphate or
adenosine 5'-(B,y-imido)triphosphate) abolished all unwinding
signals.

After adding Rep protein, which is a monomer in the absence of
DNA'®, and ATP, a characteristic time elapsed before unwinding was
initiated. Its average, 7y, is inversely proportional to [Rep] (above
20nM) and the rate of unwinding initiation thus determined is
1.2x10°M~!s™! (Fig. 1j), close to the value of (1.5%0.1)X
10° M~ !s™! measured in bulk solution’. Once initiated, unwinding
of the 18-bp duplex proceeds quickly to completion (Fig. 1a, b). The
duration of the unwinding events, an average of 0.4 * 0.2, is also
consistent with bulk-solution values determined using DNA with
and without dye labels'®"*. Therefore, neither DNA immobilization
nor dye attachment significantly affects DNA unwinding. The
characteristics of 18-bp unwinding are independent of [Rep],
hence unwinding probably results from the action of a well-defined
entity. Several intermediate Epggr values, indicative of partially
unwound intermediates, could be resolved during unwinding.
Complete unwinding of a 40-bp duplex takes longer, about 1s if
uninterrupted (Fig. 1c, d); however, stalls (defined as interruptions
in the Eprgr decrease which persist for longer than 1 s) are observed
in ~70% of the 40-bp unwinding events (see Fig. le-h, and
discussion below). Before signal termination, the Epggr for the
40-bp duplex drops to lower values than for the 18-bp duplex,
probably because the time-averaged R reaches larger values before
complete unwinding.

In order to correlate the unwinding data with the DNA-binding
properties of Rep, we designed DNA III (Fig. 2), which should be
sensitive to changes in the time-averaged conformation of the
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Figure 1 FRET assay for single DNA unwinding. a—h, Single DNA unwinding time records
(100-ms hins) typical of four distinct patterns: complete unwinding of 18 bp (a, b),
complete unwinding (c, d), stall and DNA rewinding (e, f), and stall and unwinding
re-initiation (g, h) of 40 bp. When unwinding is completed (a—d, g-h), the donor strand
quickly diffuses away, abruptly terminating the signal. i, The experimental scheme (see
text). j, The rate of unwinding initiation (the inverse of time between the delivery of enzyme
with ATP and the unwinding initiation, averaged over >50 events for each [Rep]) versus
[Rep]. A linear fit and bulk-solution values'® are shown.
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ssDNA tail induced upon Rep binding. In the absence of ATP, we
observed two binding conformations of the Rep monomer/DNA
complex, with little specificity for the ss/dsDNA junction (Sup-
plementary Information Figs I and II).

In the presence of ATP, if [Rep] < 2nM, DNA unwinding rarely
occurs (experiments with DNA I did not detect any unwinding).
Hence, under these conditions, we can probe the conformations of
DNA III induced by Rep binding. Individual time traces showed
brief bursts of fluctuations (Fig. 2a and Supplementary Information
Fig. III) that we interpret as reflecting Rep monomer binding,
conformational fluctuations, and dissociation. Our interpretation is
based on the following observations. (1) The average burst duration
(~4s) is independent of [Rep], and matches the monomer dis-
sociation rate (~0.24s~ ') measured in bulk solution'. (2) The
number of bursts per second is linearly dependent on [Rep] with a
slope of 0.7X 10’ M~ !'s™! (Supplementary Information Fig. III),
slightly lower than the bulk solution rate constant
(~2%x10’M~'s™ 1) for monomer binding to ssDNA (dTy).
This difference is understandable, as intermediate steps appear
necessary between the Rep monomer binding and the observation
of the burst (see below), and the steps involved in ssDNA transloca-
tion may not occur with unit probability. (3) The reciprocal
experiment where biotinylated Rep (Rep-BCCP) monomers were
immobilized with DNA III (without biotin) and ATP in solution
showed similar fluctuations (~3 s average duration; Fig. 2b) when
DNA binds to the Rep-BCCP monomer, indicating that the fluctu-
ations are not caused by interactions of multiple monomers. In a
separate experiment using DNA I (without biotin) and immobilized
Rep-BCCP, no unwinding was observed, whereas the DNA binds
transiently to the protein for the same average duration.

ATP hydrolysis appears necessary to observe these bursts, as they
were not observed when ATPyS (with almost identical binding
kinetics to ATP, but 500 X lower hydrolysis rate; ref. 20) were used.
No such fluctuations were observed with AMPPNP, or with an
ATPase deficient mutant RepK28I in the presence of ATP*'. They
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Figure 2 ATP-dependent, junction-specific fluctuations of Rep monomer. a, A burst of
E rrer fluctuations (circled) is caused by enzyme binding to surface-immobilized DNA Il
and conformational fluctuations (33-ms bins). b, A burst is observed when DNA Il (minus
biotin) molecules bind to a surface-immobilized, biotinylated Rep (Rep-BCCP) monomer.
Fluorescence signal is detectable only during the burst (100-ms bins). Also shown is a
typical trace obtained from immobilized DNA Il only (grey) for comparison. Accompanying
cartoons illustrate Rep monomer conformational fluctuations with either DNA or protein
immobilized.
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appear specific for a 3'-ss/dsDNA junction because a DNA molecule
possessing the same 18-bp duplex but with a 5'-(dT), tail did not
show such bursts. Combined with the evidence that PcrA, a
structural homologue of Rep, can translocate as a monomer along
ssDNA with a 3’ to 5' directional bias at a rate of ~50basess '
(refs 9, 22), and our bulk-solution observation that Rep monomers
appear able to move with the same directionality at a faster rate
(C. Fischer, J. Hsieh and T.M.L., unpublished results), we interpret
the fluctuations as the end result of Rep monomer’s translocation
toward the junction. Further evidence that a burst occurs after
translocation (as opposed to reflecting translocation itself, which
would be too fast to be observed here) is obtained from data on the
effect of [ATP] and tail length (Supplementary Information Fig.
1I1).

These fluctuations appear futile—that is, they do not lead to DNA
unwinding, as experiments with DNA I under the same conditions
did not detect unwinding. Therefore, DNA unwinding is not a
simple consequence of a Rep monomer’s ability to translocate along
ssDNA toward the junction, where it might trap ssDNA formed
transiently at the junction via thermal fraying of the duplex. Instead,
there is a slow, rate-limiting step required for initiating DNA
unwinding after monomer positioning near the junction.

We considered two possibilities for this rate-limiting step. The
first is that the Rep monomer must undergo slow conformational
transition(s) to a functional monomeric helicase. In this case, once
binding near the junction is saturated, the unwinding initiation rate
should remain constant even at increased [Rep]. The second
possibility involves additional protein binding. Then, the unwind-
ing initiation rate would depend on [Rep] even after the junction is
saturated; a linear dependence would be expected if two monomers
are required, and so on. Saturation of the ss/dsDNA junction by a
monomer indeed occurs at [Rep] =20nM (DNA III showed
continuous fluctuations similar to the fluctuations within a burst
shown in Fig. 2a, probably because a new monomer occupies the
junction as soon as the junction becomes unoccupied by the
previous one; Supplementary Information Fig. IV). But the
unwinding initiation rate continues to increase linearly with
[Rep] up to 400 nM (Fig. 1j), favouring the second model. There-
fore, the rate-limiting step for DNA unwinding initiation involves
the interaction of more than one Rep monomer (our data are
consistent with two, but future experiments, using for example dye-
labelled proteins, will directly address this question), independently
confirming conclusions based on pre-steady-state single-turnover
kinetic studies performed in bulk solution'’.

Our single-molecule study further indicates that the Rep mono-
mer indeed uses ATP hydrolysis to position itself near the ss/dsDNA
junction, in agreement with the main evidence suggesting that a
PcrA monomer has helicase activity>®**, yet DNA unwinding is not
initiated until the interaction with additional protein(s) activates
the unwinding. The present work also provides a more sensitive test
for monomer activity because partial unwinding of a small fraction
of DNA molecules (<3%) would be very difficult to detect in a
bulk-solution stopped-flow study, whereas even transient unwind-
ing would be detectable from single molecules. In addition, the
DNA does not need to be incubated with proteins in the absence of
ATP, which is necessary for measuring the early phase of unwinding
in bulk solution. We can therefore rule out concerns that a Rep
monomer/DNA complex may exist in an inactive form that cannot
be rescued by adding ATP afterwards.

The single-molecule studies reported here offer insight into why
Rep and many other helicases display only limited unwinding
processivities in vitro. We observed frequent stalls of the Rep helicase
during the course of unwinding a 40-bp duplex (DNA II in Fig. 1).
Over two-thirds of the DNA-unwinding events resulted in stalls
(Fig. le-h) which, in most cases, led to complete DNA rewinding
(Fig. 1e, f). The average stall duration was ~4 s, longer than the time
it takes to unwind the duplex without a stall (~1s, Fig. 1c, d), but
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close to the dissociation timescale of a Rep monomer bound at a
ss/dsDNA junction (~4s) measured via ATP-dependent, junction-
specific fluctuations (Fig. 2a). This suggests that the stalls occur as a
result of partial dissociation of a functional helicase, and that the
DNA re-anneals only when the remaining bound monomer, which
is unable to continue unwinding, dissociates.

This interpretation is further supported by the observation that a
fraction of the stalled complexes can re-initiate unwinding, result-
ing in completion of unwinding (Fig. 1g, h). Re-initiation was not
observed in the absence of free Rep protein (that is, Rep in solution,
but not associated with any DNA), and the fraction of stalled
complexes that re-initiate unwinding increases with increasing
concentration of free Rep (Fig. 3a). Hence, the interaction with
additional Rep protein(s) appears to be responsible for the restart of
stalled complexes. The fraction of stalled complexes that re-initiate
unwinding also increases with increasing [ATP] (Fig. 3b). There-
fore, an ATP-hydrolysis-driven process, potentially ssDNA translo-
cation of another monomer towards the stall site, may promote
functional helicase reassembly.

Overall, our analysis suggests that the limited processivity
observed for Rep helicase in vitro is due to the relative instability
of the functional helicase complex during unwinding. Such instabil-
ity may contribute to the low unwinding processivities observed for
many other helicases in vitro. In vivo, the relative instability of the
helicase complex may enable the regulation of the unwinding
activity via other factors that stabilize the complex. For Rep,
$X174 gene A protein in vivo enables Rep to unwind at least
7,000 bp processively®®. Our observation of stalled monomers also
rules out the possibility that a Rep monomer can unwind DNA
processively once a functional multi-Rep complex has initiated
unwinding.

The cartoon in Fig. 3c summarizes our current view. After
binding to a 3’ ssDNA tail, a Rep monomer hydrolyses ATP to
translocate (3" to 5') towards the ss-dsDNA junction. The mono-
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Figure 3 Mechanism of unwinding stall and re-initiation. a, Fraction of stalls recovered
versus the concentration of free Rep (filled squares). The open square represents the
observation that no stall recovery occurred if the unwinding is initiated by adding ATP and
trap DNA (5 wM dT4) onto immobilized DNA Il incubated with 200 nM Rep. Afit to the data
according to (A[Rep])/(B + [Rep)) is also shown (A = 0.2, B=10.4nM). Its saturation
may imply the presence of other necessary steps or conformational changes that compete
with dissociation. b, Fraction of stalls recovered versus [ATP]. At least 100 stalls were
analysed for each condition in a and b. ¢, Unwinding mechanism.

640

© 2002 Nature Publishing Group

mer displays futile conformational fluctuations either until it
dissociates or until additional monomer(s) binds to form a func-
tional helicase that can then initiate unwinding. Unwinding stalls
occur if the functional helicase partially dissociates, leaving a
monomer at the junction that cannot unwind, thus preventing
DNA rewinding; unwinding can resume only if a functional helicase
reassembles at the stall site. Future experiments using fluorescently
labelled proteins may be able to observe the coupling between the
protein conformational changes and unwinding activity by simul-
taneously measuring them on single DNA molecules.

Methods

DNA preparation

5'-Cy5-GCCTCGCTGCCGTCGCCA-3' biotin and 5'-TGGCGACGGCAGCGAGGC-
Cy3-(T)29-3" for DNA L, 5'-Cy5-GCCCTGCTGCCGACCAACGATGGTTACATTCCC
GCTGCTG-3' biotin and 5'-CAGCAGCGGGAATGTAACCATCGTTGGTCGGCAG
CAGGGC-Cy3-(T),0-3" for DNA II. For DNA I, the second strand of DNA I is replaced
by 5'-TGGCGACGGCAGCGAGGC-(T),9-Cy3-T-3'. Cy3 and Cy5 were incorporated in
phosphoramidite forms, and biotin was added as BiotinTEG CPG (all three from Glen
Research) during oligonucleotide synthesis. DNA was gel purified and annealed in a buffer
containing 10mM Tris , 0.5M NaCl , pH 8.0.

Protein preparation

Wild-type Rep and Rep-BCCP were purified as described. Construction of Rep-BCCP is
described in Supplementary Information Fig. II legend. The Stopped-flow fluorescence
unwinding signal" for Rep-BCCP reaches saturation at [Rep-BCCP] = 200 nM and
showed an unwinding stepping rate, assuming 4-bp step size, of 11.5 + 0.5s~ ', in
agreement with 14.3 = 1.1s™ ' for wild-type Rep'’.

Single-molecule measurements

Quartz slides were treated with an amino-silane reagent, Vectabond (Vector), and then
incubated with polyethylene glycol (PEG, Shearwater Polymers, containing 20% methoxy-
PEG-succinimidyl succinate and 0.25% biotin-PEG-OCH,CH,-CO,-NHS) in 0.1 M
sodium bicarbonate (pH 8.3) for 3 h. Streptavidin solution (0.2 mgml ") was applied and
washed away before addition of biotinylated DNA solution (10-50 pM, Tris 10 mM, NaCl
50 mM, pH 8). Adsorption of Rep protein was reduced by >1,000 X on this surface,
compared to bovine serum albumin (BSA)-coated or bare glass, and solution Rep
activities were faithfully reproduced. Rep-BCCP was immobilized similarly (details in
Supplementary Information Fig. II). Single-molecule measurements were done at room
temperature in a buffer containing 20 mM Tris (pH 7.5), 6 mM NaCl, 1.7 mM MgCl,, 10%
glycerol, 0.1 mgml ™" glucose oxidase, 0.02 mgml ™" catalase, 1% 2-mercaptoethanol and
3-9% w/w glucose.
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Eukaryotic chromosomes are organized inside the nucleus in
such a way that only a subset of the genome is expressed in any
given cell type, but the details of this organization are largely
unknown'. SATB1 (‘special AT-rich sequence binding 1’), a
protein found predominantly in thymocytes®, regulates genes
by folding chromatin into loop domains, tethering specialized
DNA elements to an SATB1 network structure’. Ablation of
SATBI1 by gene targeting results in temporal and spatial mis-
expression of numerous genes and arrested T-cell development,
suggesting that SATBI1 is a cell-type specific global gene regula-
tor®. Here we show that SATB1 targets chromatin remodelling to
the IL-2Ra (‘interleukin-2 receptor ) gene, which is ectopically
transcribed in SATB1 null thymocytes. SATBI recruits the his-
tone deacetylase contained in the NURD chromatin remodelling
complex to a SATB1-bound site in the IL-2Ra locus, and mediates
the specific deacetylation of histones in a large domain within the
locus. SATBI1 also targets ACF1 and ISWI, subunits of CHRAC
and ACF nucleosome mobilizing complexes, to this specific site
and regulates nucleosome positioning over seven kilobases.
SATBI1 defines a class of transcriptional regulators that function
as a ‘landing platform’ for several chromatin remodelling
enzymes and hence regulate large chromatin domains.

SATBI1 forms a three-dimensional network structure in mouse
thymocyte nuclei®. It specifically binds to double-stranded DNA
with a specialized ATC sequence context that readily becomes base-
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unpaired in supercoiled DNA*”®. Such base unpairing regions
(BURs) are important elements of matrix attachment regions”.
SATBI regulates genes located as much as ~50 kilobases (50kb)
away from the attached sites. In SATB1 null thymocytes, which
arrest at the CD4"CD8™" double positive stage, the normal SATB1-
bound genomic loci are detached and associated genes are dysre-
gulated’. What is the mechanism that connects SATBI function in
nuclear organization to transcription? We tested a hypothesis that
the SATBI1 network provides assembly sites for chromatin remodel-
ling and modifying factors involved in gene regulation and other
nuclear functions’. ATP-dependent chromatin remodelling factors
use the energy gained by ATP hydrolysis to alter nucleosome array
structures™'®'". Histone modifying enzymes are involved in both
transcriptional activation (such as histone acetylation) and repres-
sion (for example, histone deacetylation)®.

Using DNA affinity chromatography designed to purify SATBI,
we investigated whether chromatin remodelling and modifying
factors specifically co-purify with SATB1. We compared elution
profiles of extracts prepared from wild-type and SATBI1 null
thymocytes (4/4 and —/—, respectively). A BUR containing a
core unwinding element found in a matrix attachment region 3’ of
the immunoglobulin heavy chain (IgH) enhancer was multimerized
and used to make a DNA affinity column to purify SATBI. In order
to trap non-specific A + T-rich and other DNA binding proteins,
thymocyte extracts were first loaded onto a mutated (Mut) BUR
column that has lost the unwinding propensity, but retains the
A 4 T-rich feature. The flow-through of this column was applied
onto the wild-type (WT) BUR column. As shown in Fig. 1a (middle
panel, lanes, SM, Mut, WT), SATB1 flows through the mutant
BUR affinity column and is almost completely retained in the
wild-type BUR column'?. SATB1 was eluted from this column by
0.4-0.8 M [Na™t]. We asked whether the NURD (nucleosome re-
modelling and histone deacetylase) complex co-purifies with
SATBI1. The NURD complex has been implicated in transcriptional
repression of several genes', and contains ATP-dependent remod-
elling enzyme Mi-2 (relative molecular mass 240,000; M, 240K),
histone deacetylase 1 (HDACI; 62K) and 2 (HDAC2; 55K), histone
deacetylase associated co-repressor mSin3A (160K) and MTA-2
(70K)'*¢, In addition, we monitored the presence of nucleo-
some-dependent ISWI-ATPase (140K), and ACF1 (180K), both
subunits of the ACF and CHRAC complexes (reviewed in ref. 17).
These complexes are known to mobilize nucleosomes to reorganize
nucleosomal arrays over large distances in vitro'’. However, nothing
is known about their in vivo function, and whether they are targeted
to specific sites. In the fractions that contained SATB1, the NURD
complex subunits Mi-2, mSin3A, MTA-2, HDAC1 and HDAC2 and
CHRAC/ACF complex subunits ACF1 and ISWI, were also detected
(Fig. la, top panel). These chromatin remodelling factors were
retained on the BUR column via SATBI, as none of these proteins
were retained when SATBI1 deficient extracts were applied (Fig. 1b,
top panel). Mi-2, ACFI, mSin3A, ISWI, MTA-2, HDAC1 and
HDAC2 proteins were present at roughly the same abundance in
a SATBI deficient thymic extract as the wild-type extract (Fig. la, b,
SM, Mut and WT lanes). Apparently, chromatin remodelling factors
that co-purified with SATB1 represent a subfraction of each of these
factors present in thymocytes, as these proteins were also found in
the flow-through fraction of the BUR affinity column (Fig. 1a, lane
WT). Poly (ADP-ribose) polymerase (PARP), another BUR-bind-
ing protein'® found in both wild-type and SATB1 null thymocyte
extracts, was retained in the BUR affinity column (Fig. 1a, b, bottom
panels), indicating that the affinity column used for both extracts
was active. The data also indicate that unlike SATB1, a BUR-binding
protein such as PARP is not sufficient to recruit chromatin remod-
elling factors to sites of the specialized DNA context. The elution
profile of chromatin remodelling factors did not exactly match that
of SATB1. One explanation could be that these factors associate with
SATBI less strongly than SATB1 to DNA. Co-elution of chromatin
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