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unless otherwise noted. TPM video-enhanced light microscopy, image recording,
image processing and data analysis have been described”™”. TPM image acquisition time
was 0.5s.

x-Recognition efficiency

The DNA substrates were made by treating Ndel-linearized pBR322 or pBR322 3xF, 3H
with calf intestinal phosphatase, followed by 5'-end labelling using T4 polynucleotide
kinase and [y-*2P]ATP. Reactions were conducted at 25°C essentially as described” and
contained 25 mM Tris-acetate (pH 7.5), 1 mM Mg(OAc),, 1 mM DTT, 1 mM ATP, 1 mM
ADBP, 1.44 nM duplex DNA ends, 1.27 pM SSB and 0.4 nM active RecBCD-bio. The gels
were dried then analysed on a phosphor imager; x; recognition efficiency was taken to be
the maximum value over measurements taken at different times of 2P, /(R, — R;) where
R, and P, are the total radioactivity over background at time ¢ in the unprocessed duplex
substrate band and the long x-specific product bands, respectively. This calculation
underestimates the true recognition efficiency because an unknown fraction of the x-
specific products are further degraded during the reaction.
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RecBCD enzyme is a processive DNA helicase' and nuclease® that
participates in the repair of chromosomal DNA through homo-
logous recombination™!. We have visualized directly the move-
ment of individual RecBCD enzymes on single molecules of
double-stranded DNA (dsDNA). Detection involves the optical
trapping of solitary, fluorescently tagged dsDNA molecules that
are attached to polystyrene beads, and their visualization by
fluorescence microscopy>®. Both helicase translocation and DNA
unwinding are monitored by the displacement of fluorescent dye
from the DNA by the enzyme’. Here we show that unwinding is
both continuous and processive, occurring at a maximum rate of
972 + 172 base pairs per second (0.30 pms™"), with as many as
42,300 base pairs of dsDNA unwound by a single RecBCD enzyme
molecule. The mean behaviour of the individual RecBCD enzyme
molecules corresponds to that observed in bulk solution.

Visualization of translocation and DNA unwinding by single
DNA helicase molecules permits study of the stochastic properties
of individual molecular motors, or ‘hano-machines’, which are
obscured in the population average of steady-state, bulk-phase
measurements. To achieve such visualization, we manipulated
individual, fluorescently labelled DNA molecules by using an
optical trap, and detected their unwinding by RecBCD enzyme.
DNA substrates were constructed by attaching a biotinylated
oligonucleotide to one cohesive end of lambda (\) DNA. These
DNA molecules were attached at low density to 1-wm streptavidin-
coated, polystyrene beads. The fluorescent dye YOYO-1 was bound
to the DNA, and then RecBCD enzyme was bound to these
fluorescent DNA molecules in the absence of ATP. Under these
conditions, RecBCD enzyme binds only to the free end of the
dsDNA, and neither translocates nor unwinds the DNA until ATP is
introduced®.

These helicase—-DNA complexes were introduced into one channel
of a Y-shaped, micro-machined flow cell (Fig. 1a; and ref. 6). Helicase
reaction buffer containing ATP was introduced into the second
channel under conditions of laminar flow, creating a situation in
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which the two solutions flowed parallel to one another with
negligible mixing. The optically trapped bead appeared as a white
sphere (the result of nonspecific binding of YOYO-1 to the bead),
with an attached fluorescent DNA ‘string’ caused by flow-induced
extension of the DNA molecule away from the trapped bead>. Once
a RecBCD enzyme—DNA-bead complex was trapped, the stage was
moved to reposition this complex, from the sample side of the flow
cell across the flow boundary between solutions to the reaction side.
If a RecBCD enzyme molecule is attached at the end opposite to the
bead, then DNA unwinding will proceed from that end towards the
bead, resulting in a decreased length of duplex DNA owing to
concomitant unwinding of the dsDNA and displacement of YOYO-
1 molecules by a single translocating RecBCD enzyme; the displaced
free dye molecules possess negligible solution fluorescence (Fig. 1).

The observed unwinding of individual DNA molecules is shown
in Fig. 2. Sequential video frames from representative reactions in
the presence and absence of ATP are shown in Fig. 2a and b,
respectively (see Supplementary Information). Before movement
of the bead with the attached RecBCD-DNA complex to the
reaction (ATP) side of the flow cell, the length of the DNA remains
constant (first ~18 s of Fig. 2¢). On relocation to the reaction side of
the flow cell, a rapid decrease (0.145 ums™) in the DNA length is
observed when 1 mM ATP is present. DNA shortening is linear and
constant, with no discernible pauses for a period of ~56 s, at which
point the change in DNA length stops abruptly. (The occasional
instantaneous deviation of DNA length from the average linear
behaviour arises from movement of DNA slightly in and out of the
focal plane; similar behaviour is observed for experiments either
with or without ATP). The length remains constant for the remain-
ing 42s of this time course, suggesting that the cessation of
unwinding results from dissociation of RecBCD enzyme from the
remaining dsDNA.

The observed rate of DNA shortening (from ¢t = 18sto t = 74s)
corresponds to an apparent rate of DNA helicase movement of
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471 + 30 base pairs (bp) s~ (see Methods). The change in length of
dsDNA that occurs before RecBCD enzyme dissociates, 8.3 wm,
corresponds to 26,800 = 700 bp unwound by the single RecBCD
enzyme. In contrast, in the absence of ATP there is only a small
decrease in the apparent length of the DNA (~ 1 wm) at a rate that is
16-fold lower than the ATP-dependent reaction (—0.009 pms™
versus —0.145 wms '), This change in apparent length is enzyme-
independent, and results from a slow dissociation of YOYO-1 from
sites across the entire length of the DNA molecule that occurs when
the DNA molecule is relocated from the sample to the reaction side
of the flow cell, owing to the lower YOYO-1 concentration on the
reaction side (Fig. 2b; and data not shown). Control experiments
done in the presence of ATP, but in the absence of enzyme, produced
results identical to those obtained in the absence of ATP (data not
shown) and showed that, at longer times, a new equilibrium DNA
length was achieved (YOYO-1 elongates dsDNA by 1.1-1.2-fold;
refs 5, 6, 9). When the unwinding rate in the presence of 1 mM ATP
is corrected for the enzyme-free dissociation of YOYO-1, the
corrected unwinding rate (k&) is 443 + 30bps ™. We conclude
that this unwinding rate is due to a single molecule of RecBCD
enzyme that bound to the free dsDNA end opposite the bead, and
both translocated and unwound the DNA in an ATP-dependent
manner once the DNA entered the ATP channel. Additional
RecBCD enzyme molecules could not have contributed to the
unwinding because RecBCD enzyme binds only to blunt, or
nearly blunt dsDNA ends, with a greater than 1 million-fold
preference relative to internal sites'®'"’, and RecBCD enzyme was
present only in the sample side of the flow cell.

To confirm further that the unwinding observed was dependent
on RecBCD enzyme, we carried out assays at four additional ATP
concentrations and also at 37°C, because previous steady-state
kinetic assays showed that the rate of unwinding depends on both
of these variables'"'?. As expected, the observed rate of unwinding
increased with increasing ATP concentration (Fig. 3). In all cases,

Direction of flow

Reaction: Mg-ATP

Sample: RecBCD-
DNA-bead complexes

Syringe pump
Flow cell

translocation

Direction of flow

Streptavidin bead (1 pm)
in the optical trap
Figure 1 Visualization of DNA helicase action on individual DNA molecules. a, Syringe
pump and flow cell: the sample syringe contains helicase—DNA—bead complexes, and
the reaction syringe contains ATP. ‘X’ indicates the laser trap position, and the red arrow
indicates movement of the trapped DNA—bead complex across the boundary between
solutions. Inset, the trapped DNA with bound helicase, and its unwinding after relocation
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Stage
movement

into the reaction solution. b, Fluorescent DNA helicase assay’. A trapped and stretched,
fluorescent DNA molecule is shown. As RecBCD enzyme translocates, it both unwinds and
degrades the DNA, simultaneously displacing dye molecules (black stars). B, biotinylated
oligonucleotide.
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unwinding of dsDNA molecules was continuous and without any
detectable pausing, indicating that the helicase action of individual
RecBCD enzymes was not affected detectably by any sequence
present in the N DNA. Microscopic pausing, at the individual
base-pair level, would not be detected in our experiments because
this is beyond the temporal (33 ms per frame; hence pauses shorter
than about 10 frames, or ~330 ms, would be difficult to detect) and
spatial resolution of the assay system (a maximum of ~244 nm or
800 bp but, owing to occasional movement of the DNA out of the
focal plane, the actual resolution is lower, ~1 pm or ~3,000 bp).

a ______+ATP

Hence, there is no class of limited (10-20) specific pause sites at
which the enzyme pauses for more than a fraction of a second or so.

Although the rate of DNA unwinding by any individual RecBCD
enzyme molecule was uniform (within experimental error) on any
given DNA molecule (Fig. 2), the rate for different helicase mole-
cules deviated by 1.4—5-fold at each ATP concentration examined
(Fig. 3). However, their average behaviour at each ATP concentra-
tion was similar to that observed in both steady-state solution
experiments"' and electron microscopic assays that analysed inter-
mediates of the unwinding reaction". For example, at 250 uM ATP
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Figure 2 Unwinding of a DNA molecule by RecBCD enzyme. a, b, Selected, sequential
frames from a video recording of reactions either in the presence (a) or absence (b) of ATP
(1 mM). The direction of translocation and DNA unwinding by RecBCD enzyme is from the
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DNA end opposite the bead, towards the bead (that is, from the top of each frame towards
the bottom). Numbers at the top of each frame indicate elapsed time. ¢, Analysis of the
time courses in a and b.
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the unwinding rate for eight individual enzymes varied from a
minimum of 156 bp s~ to a maximum of 428 bp s, with an average
of 359 + 89bps". A similar behaviour was observed at each of the
four additional ATP concentrations used. Both this variation in
unwinding rate by individual helicase molecules and the unfaltering
movement could not have been discerned from steady-state experi-
ments. At present, the source of this variation is unknown; some of
the variation might be day-to-day variation or variation in the
DNA-bead preparation used, but at least a twofold variance was
observed for six molecules on the same day with the same DNA-
bead preparation. Variation in individual enzymatic activity was
observed for at least two other enzymes: lactate dehydrogenase'* and
T7 DNA polymerase®. Despite the individual variation, when the
averaged data from the unwinding of 42 DNA molecules (Fig. 3a)
were fitted to the Michaelis—Menten equation, a V., of 521 =

60bp s~ and a K&TF of 142 + 58 uM was obtained. Both values are
virtually identical to those reported from bulk-solution experi-
ments (586 = 45bps™' and 130 = 30 uM ATP, respectively'"'>!°),
In addition to being dependent on ATP concentration, the rate of
unwinding in 1 mM ATP increased twofold when the temperature
was raised to 37 °C (Table 1); this k4" (972 + 172bps™") is essen-
tially identical to that obtained from steady-state measurements
(930 = 15bp s'; ref. 11).

In addition to obtaining dsDNA unwinding rates, we directly
observed the distance travelled by an individual RecBCD enzyme
from its binding site at a dsDNA end to its point of dissociation, a
distance that directly defines the processivity of DNA unwinding
(that is, the number of base pairs unwound by a single helicase
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Figure 3 Both the rate and processivity for dsSDNA unwinding by individual RecBCD
enzyme molecules may vary, but their averages fall within ranges observed for bulk
solution. For each ATP concentration (23 °C), 4—10 DNA molecules were measured on
different days, using several different preparations. a, Unwinding rates for single RecBCD
enzyme molecules; b, processivities for the same molecules. Open circles represent
individual molecule results, and squares represent their average for a given ATP
concentration (error bars indicate the standard deviation). Data were fitted to a hyperbola
(red ling) for comparison with previously published steady-state values'.
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Table 1 Summary of DNA helicase behaviour for individual RecBCD
enzymes

Temperature ATP concentration il N

(°C) (mM) (op s~ per RecBCD)* (bp perend)t
23 0.05 161 £ 23 (5)f 6,700 = 4,300
23 0.15 224 + 166 (4) 9,600 * 3,000
23 0.25 359 + 89 (8) 22,900 * 9,500
23 0.60 386 + 71 (10) 21,300 =+ 8,500
23 1.00 502 + 243 (5) 27,000 * 9,800
37 1.00 972 £ 172 (3) 38,000 = 5,700

*The observed unwinding rate as calculated for the linear portion of plots such as those shown in
Fig. 2¢c. As the rate is determined from an individual enzyme molecule, we refer to it as kqa; it has
been corrected for the ATP-independent rate, thus k&gi'. The observed variation is the standard
deviation of unwinding rates for individual RecBCD enzyme molecules at that ATP concentration.
1N is the number of base pairs of dsDNA translocated and unwound by an individual RecBCD
enzyme molecule. The reported variation is the standard deviation of the processivity for all enzyme
molecules at a particular ATP concentration.

1 The number in parentheses indicates the number of DNA molecules used to determine the
unwinding rates and the processivities at each ATP concentration; eight molecules were examined
in the absence of ATP.

molecule per DNA binding event before dissociation) (Fig. 3b and
Table 1). The processivity varied in an ATP-dependent fashion, with
the maximum value observed at 1 mM ATP. There was a stochastic
variation in the processivity of individual RecBCD enzyme mole-
cules at any given ATP concentration (Fig. 3b). For example, at
250 uM ATP, unwinding terminated abruptly after values ranging
from 9,200 to 39,500 bp of dsDNA unwound by eight different
RecBCD enzymes. The average value is 22,900 = 9,500 bp, which is
similar to that determined previously (27,000 = 3,000 bp; ref. 1).
We fitted the processivity data from the same 40 molecules
analysed in Fig. 3a to a hyperbolic function to determine a max-
imum processivity at 23 °C of 29,670 * 4,256 bp per binding event,
with an apparent KA for processive unwinding (KXY 0f 158 + 78
M (Fig. 3b; and ref. 1). These results are similar to those reported
previously for RecBCD enzyme using both gel and fluorescence
measurements (32,000 = 1,800 bp per end, and Kx'© = 41 + 9 uM;
ref. 1). The processivity is even higher at elevated temperature,
increasing to an average of 38,000 * 5,700bp per dsDNA end-
binding event (Table 1); in fact one RecBCD enzyme molecule could
unwind as much as 42,300 bp of dsDNA. As the translocation step
size is 23 bp (ref. 17), a single RecBCD enzyme has the capacity to
take as many as 1,840 steps (translocating a total distance of 13 wm)
before dissociating when the ATP concentration is not limiting.
We have observed both the rate and processivity of dsDNA
unwinding for individual RecBCD enzyme molecules using a
single-molecule helicase assay. To our knowledge, this is the first
time that the action of individual DNA helicase molecules on
dsDNA substrates has been observed in real time. The results
obtained are consistent with and in precise agreement with
previously published reports™'"”'%, This assay has further potential
and can be used to study a variety of individual nucleic acid
enzymes: both those that simply bind to nucleic acids to effect a
conformational change (for example, the DNA strand-exchange
protein, RecA protein, that displaces fluorescent dye molecules
upon binding to dsDNA'), and those that process DNA in a
manner similar to that observed here. O

Methods

Optical trapping and fluorescence microscopy

DNA helicase reactions were performed in a two-channel, Y-shaped, micro-machined
glass flow cell® (Fig. 1) with the inlet ports connected to 1-ml syringes controlled by a
syringe pump (Model KDS 200; KD Scientific, Boston, MA). The flow cell was held in
place on a motorized stage controlled by an MSI-2000 computerized stage controller
(0.1-pm resolution; Applied Scientific Instruments). The stage was positioned in a Nikon
ES400 microscope, which was equipped for epifluorescence and modified to incorporate
an optical trap. The optical trap used an Nd:YLF infrared laser (wavelength 1,047 nm,
500 mWj Spectra Physics) focused through an oil-immersion objective lens (Plan Fluor
100x%, 1.3 N.A.; Nikon) and Immersol (518F, low fluorescence; a gift from Zeiss), to a
position 10—15 wm below the upper surface of the flow cell. The flow cell is ~4,000 wm
wide, and trapping is initially done 100-200 wm from the boundary between solutions on
the sample side of the flow cell, to ensure that a trapped complex that may have a RecBCD
enzyme molecule attached, has not been exposed to ATP. The trapped complex is moved
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~400 wm into the reaction side to ensure that the reaction occurs in a homogenous
concentration of ATP.

Fluorescent DNA—bead complexes were excited with the microscope’s high-pressure
mercury lamp using the appropriate filter set (blue filter set #11001; Chroma Technology,
Brattleboro, VT). Fluorescence images were captured by a charge-coupled device camera
(CCD-300T-IGF; Dage-MT]I, Michigan City, IN) coupled to an image intensifier (VS4-
1845; Video-Scope International, Sterling, VA), and were recorded on VHS videotape. To
increase temperature to 37 °C, the microscope stage was enclosed in a Plexiglas housing
and warm air was introduced.

DNA-bead preparation

The protocol used was modified from ref. 6. Bacteriophage N DNA (0.096 pmoles; New
England Biolabs) was biotinylated at one end by annealing and ligating a 3’-biotinylated,
12-mer oligonucleotide (50 pmoles; Operon Technologies) complementary to one of the
cohesive ends. The biotinylated N DNA (3.6-7.2 X 10® molecules total) was reacted with
1 wm, streptavidin-coated, polystyrene beads (1.92 x 10° beads total; Bangs Laboratories)
in 82 mM NaHCOj; (pH 8.0) at 37 °C for 60 min. DNA-bead complexes were immediately
transferred to a degassed solution containing 57 mM NaHCO; (pH 8.0), 30 mM dithio-
threitol (DTT), 20% sucrose and 0.2 uM YOYO-1 (Molecular Probes). Dye binding was
performed for a minimum of 60 min at 24 °C in the dark.

Single-molecule DNA helicase reactions

Before use, the flow cell was coated with either casein or BSA (100 p.g ml™). The excess,
unbound protein was washed out using 100 mM NaHCOj; (pH 8.0). For each assay the
sample syringe contained 41 mM NaHCOj; buffer (pH 8.0), 35 mM DTT, 13% sucrose,
0.133 uM YOYO-1, 2 mM magnesium acetate, 1.92 x 10° DNA—-bead complexes, and
4.6 nM RecBCD enzyme. The reaction syringe contained 41 mM NaHCOj; buffer (pH 8.0),
35mM DTT, 13% sucrose, 0.02 uM YOYO-1, 2 mM magnesium acetate, and ATP at the
correct concentration. The Escherichia coli single-stranded DNA (ssDNA)-binding protein
was not needed in these reactions because endonucleolytic cleavage of unwound ssDNA by
the associated nuclease activity of RecBCD enzyme, releases the ssDNA as fragments that
are immediately washed away in the buffer flow and, thus, do not accumulate to either
inhibit the enzyme' or affect the observed fluorescence signal’.

The RecBCD enzyme preparation used in all experiments was 100% active (data not
shown) as determined using a spectrofluorometric helicase assay''. Standard visualization
reactions were done at room temperature (~23 °C) using degassed buffers. Flow was initially
at 0.8 mlh™" for 10 min and was gradually decreased in increments of 50% to a final flow
rate 10-20 plh™" (linear flow rates of ~80—150 wms™), over a period of ~20 min.

Data analysis

Images were captured on a Power PC Macintosh computer interfaced with the VCR
through an LG-3 frame-grabber card, operating at 1 frame per 33 ms, and controlled by
Scion NIH Image v1.62¢ (Scion Corporation). Captured videos were converted into
individual, time-stamped, sequential frames (Fig. 2) to make measurements. Individual
DNA molecules were measured using the linear measurement tool of Scion NIH Image;
calibration of the microscope optics was achieved using an Objective Micrometer (Fisher
Scientific) that was marked in units of 10 pm.

The rate of DNA unwinding was calculated by measuring the observed length of DNA in
each frame of a time course and fitting the resultant data to a linear function by least
squares analysis. The resulting slope in each ATP-dependent reaction was corrected using
the slope determined in the absence of ATP; this corrected slope was multiplied by the
number of bp of A\ DNA per wm to calculate the corrected rate in units of bp s™. Under the
assay conditions used, the average length of individual, stretched, fluorescent A DNA
molecules was 14.9 wm (n = 43), which is shorter than previously published lengths™.
Those reports used a higher concentration of sucrose and were done in the absence of
magnesium ions. In our experiments, the length of a single, stretched A DNA molecule was
affected by flow rate and by the concentrations of sucrose, magnesium ions, and YOYO-1,
varying from nore than 18 wm in 20% sucrose in the absence of magnesium acetate, to
14.9 pm in 13% sucrose and 2 mM magnesium acetate (data not shown). Thus, for all
calculations, as X\ DNA is 48,502 bp in length, and the observed average length of a A DNA
molecule is 14.9 wm, the average number ofbp per pm is 48,502/14.9 = 3,255.
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Crystal structure of the transcription
activator BmrR bound to DNA

and a drug
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The efflux of chemically diverse drugs by multidrug transporters
that span the membrane' is one mechanism of multidrug resis-
tance in bacteria. The concentrations of many of these trans-
porters are controlled by transcription regulators, such as BmrR
in Bacillus subtilis’, EmrR in Escherichia coli’ and QacR in
Staphylococcus aureus’. These proteins promote transporter
gene expression when they bind toxic compounds. BmrR activates
transcription of the multidrug transporter gene, bmr, in response
to cellular invasion by certain lipophilic cationic compounds
(drugs)*>**. BmrR belongs to the MerR family, which regulates
response to stress such as exposure to toxic compounds or oxygen
radicals in bacteria’~'>. MerR proteins have homologous amino-
terminal DNA-binding domains but different carboxy-terminal
domains, which enable them to bind specific ‘coactivator’ mol-
ecules. When bound to coactivator, MerR proteins upregulate
transcription by reconfiguring the 19-base-pair spacer found
between the —35 and —10 promoter elements to allow productive
interaction with RNA polymerase”®~"2. Here we report the 3.0 A
resolution structure of BmrR in complex with the drug tetra-
phenylphosphonium (TPP) and a 22-base-pair oligodeoxynucleo-
tide encompassing the bmr promoter. The structure reveals an
unexpected mechanism for transcription activation that involves
localized base-pair breaking, and base sliding and realignment of
the —35 and —10 operator elements.
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