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Helical filaments driven by linear molecular motors are antici-
pated to rotate around their axis, but rotation consistent with the
helical pitch has not been observed. 14S dynein' and non-claret
disjunctional protein (ncd)’ rotated a microtubule more effi-
ciently than expected for its helical pitch, and myosin rotated
an actin filament only poorly’. For DNA-based motors such as
RNA polymerase, transcription-induced supercoiling of DNA*
supports the general picture of tracking along the DNA
helix’. Here we report direct and real-time optical microscopy
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measurements of rotation rate that are consistent with high-
fidelity tracking. Single RNA polymerase molecules attached to
a glass surface rotated DNA for >100 revolutions around the
right-handed screw axis of the double helix with a rotary
torque of >5pNnm. This real-time observation of rotation
opens the possibility of resolving individual transcription steps.

Linear movement of a single molecule of RNA polymerase
relative to DNA has been observed directly, during transcription®”
and during a one-dimensional diffusional search for a
promoter®'®'". To observe relative rotation between RNA polymer-
ase and DNA, we employed an optical microscopy technique based
on the tethered-particle method® (Fig. 1a). A DNA template, 4,971
base pairs (1.7 wm) long and containing one strong promoter
(T7A1), was constructed (Fig. 1b). Transcription was initiated in
a bulk solution in the absence of UTP, such that the polymerase
stalled at the adenine at the +20 position (A20), before the thymine
at +21 position'?. The stalled polymerase was attached to a glass
surface (Fig. 1a), and a magnetic bead of diameter 850 nm coated
with streptavidin was attached to the downstream end of the DNA
where nine nucleotide residues were biotinylated. Then, all four
nucleoside triphosphates (NTPs) were added to allow further
transcription. In a similar system with a non-magnetic bead, Schafer
et al.® observed highly ‘processive’ (moving over a long distance
without detachment) threading of DNA through RNA polymerase,
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Figure 1 Observation of DNA rotation by RNA polymerase. a, Observation system (not to
scale). The magnetic bead was pulled upwards by a disk-shaped neodymium magnet, to
which a conical iron piece was attached to enhance the magnetic force. Magnetization
was vertical and did not prevent bead rotation. Daughter fluorescent beads served as
markers of rotation. b, The DNA template. Numbers above are from the T7 D111
sequence. Rotation assay started from position +20. The magnetic bead was attached to
the nine biotins. Shaded ends denote primers for the polymerase chain reaction. ¢, d,
Snapshots of rotating beads at 133-ms intervals at NTP concentrations of 50 M (€) and
2.5 uM (d). Grey part at the centre, a magnetic bead visualized with transmitted light;
moving white spot, a daughter fluorescent bead or probably its aggregates. Diagrams
show their relative positions. Blue arrowheads indicate completion of a turn. Red diagrams
show moments of anticlockwise rotation due to torsional brownian fluctuations of DNA;
these were less noticeable at high [NTP], presumably because supercoiling had reduced
the effective tether length. Image size, 2.4 x 2.4 pm?.
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visualized as progressive reduction in the range of the brownian
motion of the end bead. We also confirmed this. The high proces-
sivity, however, does not necessarily imply precise helical tracking.
RNA polymerase might occasionally allow DNA to rotate freely
within the active site to relieve torsional stress. Or, the polymerase
might allow transient, straight backward slippage of DNA without
rotation, while imposing helical rotation for forward movement.
This would lead to overwinding. For forward movement, RNA
polymerase might bring in DNA several base pairs at a time, in
which case tracking of the double helix is not required.

We thus attempted to observe rotation directly by decorating the
end bead with smaller fluorescent beads. We pulled the magnetic
bead upward at ~0.1 pN with a magnet for two reasons: to confine
the rotation in a horizontal plane, and in the hope of restraining the
DNA from supercoiling, which would interfere with torque trans-
mission to the end bead. Up to a few per cent of beads in an
observation chamber rotated continuously (Fig. 1¢, d), invariably
clockwise when viewed from top in Fig. la. Threading a right-
handed double helix of DNA through RNA polymerase will, in a
simple mechanism, produce clockwise rotation. Not all beads
rotated, some being stuck on the glass surface; others fluctuated
in both directions, presumably being attached to nicked DNA or
tethered to an inactive polymerase. Below we report only on those
beads that made at least five revolutions in one direction. When
NTPs were absent, unidirectional rotation was not observed.

Time courses of rotation of individual beads are shown in Fig. 2.
Most curves do not start at time zero, because we had to search over
several fields of view before finding a continuously rotating bead.
The curves are also shifted upwards to give the impression that all
beads started rotating at time zero. In fact we could confirm this
only for three cases. Generally the rotation was slower at lower NTP
concentration, [NTP], although variations among beads were large.
Extremely slow beads, among those examined under the same
[NTP], often carried large aggregates of fluorescent beads. Rotation
rate also varied with time. Thin parts of the curves in Fig. 2 indicate

250 y y [NTP]
1mM
200 uM

100 pM

o Y

Revolutions

2,000 2,500

1,500

1,000
Time after NTP addition (s)
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Figure 2 Time courses of bead rotation at various [NTP]. Rotation angles (clockwise
positive) were estimated from images as in Fig. 1c, d by centroid analysis'’. Thin lines
indicate portions that were excluded in the estimation of rotation rates in Fig. 3. Arrows
show the portions shown in Fig. 1c, d.
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pauses in the bead rotation; we define a pause as a time interval
longer than 50 s during which a bead fluctuated no more than *2
revolutions (this was less well defined at low [NTP]). Observation
was terminated after a pause, or after complete immobilization for
>30s, or when the bead tore off and floated into solution. For our
DNA template with the full transcript length of ~4,500 bases, the
expected number of revolutions is 4,500/10.4 (base pairs per turn of
DNAP); that is, ~ 430. At least ~180 consecutive revolutions have
been observed (an orange curve in Fig. 2), suggesting that thousands
of base pairs can be transcribed without extensive rotational
slippage.

To compare with the rate of rotation, we measured the rate of
RNA elongation in solution, and on individual molecules of RNA
polymerase on the glass surface® (see Supplementary Information).
As summarized in Fig. 3, the two methods gave consistent results
(dark versus light green symbols), indicating that surface attach-
ment did not alter the elongation kinetics. The elongation rate
divided by 10.4 will be the rotation rate if the polymerase faithfully
tracks the DNA helix. Indeed, this seemed to be the case at [NTP]
below ~20 uM, as seen in red circles in Fig. 3 (also see legend for the
purple curve). Although the scatter in rotation data is large, we
believe that data showing faster (and longer) rotation are more
reliable, because anything that attaches or touches the bead impedes
rotation (aggregates of fluorescent beads, DNA, and so on). These
data support high-fidelity tracking, but we cannot dismiss the
possibility of underwinding by a factor of up to ~2. Extensive
overwinding is unlikely.

The apparent saturation of rotation rate in Fig. 3 is explained if
the maximal torque of RNA polymerase, I, is already reached at
the observed maximal rotation rate of ~0.2 revolutions per second
(r.p.s.). To rotate a bead of diameter D = 850 nm in bulk water at
this speed, a torque I' = 2w([0.2r.p.s.]€ = 2.4pNnm is required,
where £ = D’ is the rotational frictional drag coefficient and
7 (= 107 pNnm™s) is the viscosity of water. The drag is higher
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Figure 3 Comparison of rotation and transcription rates. Purple diamonds, rotation rates
for individual beads, estimated as the total number of revolutions, A, in the thick portion of
a curve in Fig. 2 divided by time; symbol size e N'"2. Red circles, rotation rates at
indicated [NTP] averaged with weights o A error bars, root mean square of weighted
residuals. Dark green circles, elongation rates in solution; light green squares, elongation
rates for individual RNA polymerase molecules on the glass surface (see Supplementary
Information). Dark green curve, fit with V= V5 [NTP)/(INTP] + K;,) where

Viax = 22 nucleotides s~ and Ky, = 250 wM. Purple curve, fit to purple diamonds with
rotation rate rgiven by' 1/r= n/V+ T, 1/V is the time for elongation reaction where n
nucleotides are added per revolution; Ty is the time required to rotate the bead against
friction; n= 8.7 = 3.7 nucleotides per revolution (7 = 10.4 for precise helical tracking)
and Tt = 0.21 + 0.81.pss.
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near the glass surface'. Pulled at ~0.1 pN by the magnet, the
bead centre will be ~1.1 wm from the surface at the initial DNA
length of ~1.5 wm (ref. 15). The effective £ at this height is ~130%
of the bulk value, and approaches 300% as the bead comes down
towards the surface'. DNA itself must also rotate, with a similar
magnitude of £. Altogether, the required torque will be >5 pN nm.
Flexible DNA cannot sustain this much torque and collapses by
supercoiling, which is expected to occur at the critical torque
I'. = 6pNnm under ~0.1 pN of tension". At high [NTP], beads
often rotated steadily without lateral fluctuations, suggesting that
extensive supercoiling had made the effective tether length approxi-
mately equal to zero. The beads may then touch the surface, further
increasing the effective £. Presumably, balance between this high
drag and I, is reached at ~0.2 r.p.s. ( = [, /27E = T in Fig. 3
legend), resulting in saturation. I',,, must be >5pNnm, but is
unlikely to exceed the 40 pNnm which F;-ATPase produces by
converting available energy almost entirely to rotation'®”. An
alternative explanation for the slow rotation at high [NTP] might
be extensive rotary slippage in RNA polymerase at [NTP] > 20 uM.
However, simple slippage is unlikely to result in the saturation
behaviour, and the transcription obeyed simple Michaelis—Menten
kinetics—indicative of an [NTP]-independent mechanism.

In summary, our results indicate that RNA polymerase rotates
DNA by tracking its right-handed helix, that the polymerase does so
over thousands of base pairs, and that the polymerase can produce
>5pNnm of torque. Whether RNA polymerase rotates around
DNA or vice versa is an issue in vivo’, but our experiment with fixed
RNA polymerase cannot answer this problem. Some uncertainty
remains in the degree of tracking fidelity, but several beads made
many revolutions at the rate commensurate with precise helical
tracking. Although the mechanism of tracking is yet unknown,
genuine rotary motors may also employ tracking as the rotary
mechanism. In the bacterial flagellar motor'®", the rotor consists of
circularly arranged identical subunits. Driving units are also circu-
larly arranged, but one unit suffices to produce efficient rotation”. A
single unit may thus track along the rotor subunits thereby causing
rotation. In the F;-ATPase in which an asymmetric rotor rotates in
120° steps', the tracking mechanism is unlikely.

We expect that the RNA polymerase rotation reported here could
provide a means of resolving individual steps of transcription.
Transcription of one base will produce a linear translocation of
0.34 nm (ref. 13), which is extremely difficult to resolve. However,
accompanying rotation is as much as 35°, and should in principle be
detectable. The main problem is torsional brownian motion of
DNA, which has to be averaged out. A tag much smaller than the
850-nm bead (and shorter DNA) is needed for averaging within a
reasonable time. Determination of the orientation of a tiny tag is

feasible, even of a single fluorophore®®.

Methods
Materials

Escherichia coli RNA polymerase holoenzyme was purified” and supplemented with excess
o-subunit. The DNA template for transcription was prepared from T7 D111 DNA*, by
polymerase chain reaction with an upstream primer for segment 128—162 (in the T7
coordinate) and downstream primer for 4999-5098 (Fig. 1b). The downstream primer had
been biotinylated at 9 sites at ~10-base intervals. Before use, the template was treated with
T4 DNA ligase at 0.1 mM ATP for 30 min at room temperature to remove nicks. Stalled
transcription complex'” was prepared by incubating 0.3 M RNA polymerase and 0.3 nM
DNA in buffer A (20 mM TrisCl pH 8.0, 20 mM NaCl, 14 mM MgCl,, 0.1 mM EDTA, 14 mM
2-mercaptoethanol, 1.5% (w/v) glycerol, 20 pgml™" acetylated BSA, 250 pM ApU
dinucleotide) containing 100 M each of ATP, GTP and CTP for 3 min at 30 °C.
Fluorescent, carboxylated microbeads (20 nm, excitation 580 nm, emission 605 nm,
Molecular Probes) were amino-derivatized with ethylene diamine in the presence of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). The microbeads and Biotin-X
cadaverine (Molecular Probes) were conjugated to 850-nm carboxylated magnetic beads
(Seradyn) with EDC, and streptavidin was bound to the biotinylated magnetic beads'".
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Transcription on the glass surface

A flow chamber'” was made of two coverslips, which had been sonicated in water, stored in
methanol, and dried by setting fire to the methanol. 5 wl of stalled complex in buffer A was
mixed with 50 pl of buffer B (20 mM Tris-acetate pH 8.0, 130 mM NaCl, 4 mM MgCl,,
0.1 mM EDTA, 0.1 mM DTT, 20 pg ml™" acetylated BSA and 80 wg ml™" heparin), infused
into the flow chamber, and incubated for 5 min. Further treatments were infusion of
2mg ml ™ a-casein in buffer B for 2 min; washing with buffer B; infusion of beads in buffer
C (buffer B minus BSA and heparin, plus 1 mgml™" a-casein) for 15 min; washing with
buffer B plus 1 mM biotin; then washing with buffer B. Transcription was started by
infusing NTPs and 0.5% (v/v) 2-mercaptoethanol in buffer B.

Microscopy

Samples were observed at 23 + 2 °C on an Olympus IX70 inverted microscope with a 100x
oil-immersion objective. Magnetic beads were illuminated with a halogen lamp obliquely
from above through a ring-shaped optical-fibre assembly. Fluorescent daughter beads
were imaged with standard epi-fluorescence optics. Superimposed bright-field and
fluorescence images were projected on a silicon-intensified target camera (C2400-08
Hamamatsu Photonics) and recorded on a video tape. A conical magnet was placed above
the sample to pull the beads (Fig. 1a). Vertical pulling force was calibrated by tethering the
magnetic beads with 16-pwm-long N-phage DNA and measuring the amplitude of
brownian motion". The force varied among beads and was 0.05-0.2 pN.
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