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Transcription Against an Applied Force
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The force produced by a single molecule of Escherichia coli RNA polymerase during
transcription was measured optically. Polymerase immobilized on a surface was used to
transcribe a DNA template attached to a polystyrene bead 0.5 micrometer in diameter. The
bead position was measured by interferometry while a force opposing translocation of the
polymerase along the DNA was applied with an optical trap. At saturating nucleoside
triphosphate concentrations, polymerase molecules stalled reversibly at a mean applied
force estimated to be 14 piconewtons. This force is substantially larger than those measured
for the cytoskeletal motors kinesin and myosin and exceeds mechanical loads that are
estimated to oppose transcriptional elongation in vivo. The data are consistent with efficient
conversion of the free energy liberated by RNA synthesis into mechanical work.

RnNa polymerases play a critical role in
gene expression by synthesizing RNA tran-
scripts containing genetic information cop-
ied from DNA templates. The nascent RNA
chain is elongated in a chemical reaction
during which appropriate ribonucleoside
triphosphates (NTPs) are condensed with
the RNA 3’ end and pyrophosphate anions
(PP} are released. RNA polymerases move
along DNA while copying it, advancing on
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average a distance of 1 base pair (bp) (~0.34
nm along the DNA helix axis) for each
nucleotide added to the transcript [(1) but
see also (2, 3)]. In vivo, this movement
performs mechanical work against hydrody-
namic drag and other external forces (4, 5)
and therefore requires a source of free energy.
The energy is provided by the condensation
reaction itself, which is energetically favor-
able at physiological NTP and PP, concen-
trations (1). Thus, RNA polymerases may be
viewed as molecular motors that catalyze a
biosynthetic reaction while using a portion
of the excess free energy from the reaction to
perform mechanical work. Although trans-
location of RNA polymerase molecules
along DNA has been detected by microscopy
(6-8), little is known about the ability of
these enzymes to move against opposing
forces or about their energy conversion effi-
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ciencies. We report here observations of the
movement of single E. coli RNA polymerase
molecules along DNA templates. The mea-
surcments were made with a microscope-
hased  oprical trapping  interferometer (9).
Calibrated forces were applied in the direc-
tion opposing translocation by the poly-
merase to a small spherical particle (a poly-
styrene bead) attached to the DNA, while
the position of the particle was simulta-
neously measured. When a sufficiently high
torce was applied, movement by the enzyme
could be stalled, in many cases reversibly.
Our results show that this nucleic acid poly-
merase is a powerful biological motor that
can exert considerable force and may operate
with energy conversion efficiencies compa-
rable to those of prototypical mechanoen-
zymes, such as myosin and kinesin.

We conducted experiments using an as-
say developed (6, 7) to study transcriptional
clongation by single molecules of E. coli
RNA polymerase in vitro (10). Ternary
transcription complexes consisting of single
molecules of RNA polymerase associated
with a DNA template and a nascent RNA
transcript were assembled in solution, halt-
ed by NTP depletion, and adsorbed onto
the cover glass surface of a microscope flow
cell. Polystyrene beads (0.52 pm in diame-
ter) were attached to the transcriptionally
downstream ends of the DNA molecules so
that cach bead became tethered to the sur-
face by its connection through the DNA
and the polymerase. When supplied with
NTPs, up to half of the immobilized tran-
scription complexes are enzymatically ac-
tive; bead-labeled complexes display elon-
gation kinetics indistinguishable from those
of unlabeled complexes in solution (6, 7).
In a typical experiment, a transcription
complex was first located by video-en-
hanced, differential interference contrast
light microscopy. The complex was identi-
fied visually by the Brownian motion of the
bead, which was constrained by the length
of its DNA tether to a small region centered
over the attachment position of the poly-
merase (6, 7). For the studies described
here, the microscope was equipped with an
optical trapping interferometer  (“optical
tweezers” plus a position sensor) that could
exert calibrated forces up to ~100 pN on a
bead while simultancously measuring  its
displacement wich subnanometer precision
and millisecond time resolution (9, 11).
With the laser light shuttered, the optical
trap was moved to the region near the bead.
The shutter was then opened to activate
the trap, and the bead was captured. By
adjusting the trap controls, we positioned
the center of the bead directly over the
polymerase, typically at a height of ~590
nm above the cover glass surface (this par-
ticular height was chosen to bring the bead
as close as possible to the surface without
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the risk of touching during subsequent mea-
surcments). We then repositioned the trap
by moving it at a constant height along the
direction of greatest detector sensitivity
[the direction defined by the shear axis of
the Wollaston prism; see (9, 12)] until the
DNA straightened and was held under very
light tension, with the bead displaced just
30 to 70 nm from the trap center (Fig. TA).

We started transcriptional elongation of
bead-labeled complexes by exchanging the
buffer inside the flow cell with one contain-
ing NTPs. In most experiments, elongation
was begun immediately hefore  establish-
ment of the initial configuration just de-
scribed. During elongation, the template
was pulled by the stationary polymerase
molecule, developing further tension in the
DNA between the bead and the polymerase
and drawing the bead away from the rrap
center (Fig. 1B). The optical trap acts as a
nearly linear spring of stiffness «, . at-
tached to a stationary reference frame and
exerts a force F'“P on the bead (Fig. 1C).
The head adopts a position where F,_is
balanced by the force F, . exerted by the
polymerase, acting through the DNA. The
series elasticity due to the DNA, poly-
merase, and associated linkages acts as a
spring of stiffness « . By calibrating the
optical trap stiffness and determining the
displacement of the bead, we could measure
Fop and thus F . The force could be de-
termined without knowledge of the stiffness
o, which depends on the length of DNA
as well as the applied force (13).

During control experiments in which no
NTPs were added, beads remained at an
approximately fixed distance from the trap
center. Slight changes seen in the inter-
ferometer signal (mean rate ~0.3 nm ™'
toward the center of the trap) were arttrib-
utable to instrumental drift.

In elongation experiments using high con-
centrations of NTPs (I mM cach of adenosine
triphosphate, guanosine triphosphate, cyti-
dine 5'-triphosphate, and uridine 5'-triphos-
phate), 1 pM PP, and low trapping force
(laser power at specimen, 25 mW; trap stiff-
ness ., ~0.03 pN nm ') (I4), we ob-
served continuous movement of beads out to
the limit of the usable range of the trap,
located roughly 200 nm from the trap center.
Once a bead reached this limit, the trap was
manually repositioned to bring the bead closer
to the trap center so that observation could
continue (Fig. 2ZA). In five of seven elongat-
ing complexes studied in this way, beads
moved continuously to the limit withourt stop-
ping, moving at similar velocities after the
trap was repositioned. (One complex stopped
and failed to restart; another stopped for ~18
s and then continued elongation to the trap
limit.) The bead velocity, 4.3 * 1.3 nm s~
{(mean * SD) (15), was comparable to clon-
gation rates measured under similar condi-
SCIENCE  »
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tions in solution (4.4 to 6.8 nm s ") (6) and
in previous microscope experiments (4.2 +
1.7nms ') (7).

Different behavior was observed
higher trapping forces were used (laser power
at specimen, 82 to 107 mW; o0 009 o
0.12 pN nm ). In this regime, 66 of 77
clongating complexes (86%) stopped translo-
cating (stalled) once the bead encountered
the high-force region of the trap (Fig. 2, Band
C) (16, 17). To test whether stalling was
reversible, we maintained the bead at seall,
typically for 10 to 15 5, then repositioned the
trap center closer to the bead, reducing Fy,.,,.
After force reduction, 24 of the 66 stalled
complexes resumed movement, and  some
complexes could cven be sealled multiple
times this way (Fig. 2C). After recovery from
stall, the velocity of bead movement in the
low-force region of the trap was similar to that
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Fig. 1. A cartoon illustrating essential features of
the experiment (not to scale). (A) The configuration
at the start of transcriptional elongation. An RNA
polymerase molecule (green ellipsoid) is attached
to the cover glass surface of a flow cell. The poly-
merase is bound to template DNA (red) and has
begun to synthesize a transcript RNA (green). A
polystyrene bead (blue sphere) is attached to the
downstream end of the DNA and is captured and
held under slight tension by the light of the optical
trap (pink). (B) The configuration during subse-
quent transcriptional elongation. The trap center is
located on the optical axis but slightly above the
narrow waist of the focused laser beam. The poly-
merase has proceeded for some distance along
the DNA, shortening the segment between the
bead and the polymerase. The bead is pulled
away from the trap center, increasing the restoring
force of the trap. (C) The mechanical equivalent of
the experimental geometry shown in (A} and (B).
All components lie centered in a vertical plane
oriented parallel to the Wollaston shear axis.




hetore stall. The remaining fraction of RNA
polymerase molecules stalled irreversibly in
that they did not resume elongation when
Fpp was reduced. Irreversible stalling may be
attributable to one or more of several possible
causes: The polymerase may have been direct-
ly inactivared by the mechanical load, have
suffered photodamage from the laser light, or
have spontancously converted into an inac-
tive species (“transcriptional arrest”) similar
to that formed during transcriptional stalling
induced by NTD depletion (18, 19).

The simplest physical interpretation of re-
versible stalling is that it corresponds to the
situation in which F,,.,, has increased to a
level where it balances the maximal force that
the polymerase can exert (F ), and no fur-
ther progress is made. When F,
enzyme activity resumes (20). buring hoth
reversible and irreversible stalls, movement
sometimes slowed gradually during the ap-
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Fig. 2. Time courses for displacement from the
trap center and the corresponding optical force
applied to single beads driven by translocation of
an RNA polymerase molecule along DNA. Force
scales (right-hand axes) are nonlinear (74). The
zero of the time axis is arbitrary. Reactions were
conducted at 1 mM NTPs with 0.001 mM (A) or 1
mM (B and C) PP, at laser powers of 25 (A), 82 (B),
or 99 (C) mW. Vertical arrows designate times at
which the trap was repositioned to reduce the
optical force. An irreversible stall is shown in (B),
and reversible stalls {first two stalls) and an irre-
versible stall (third stall) are shown in (C).

proach to F_ ,; (for example, the third stall in
Fig. 2C), whereas in other cases movement
continued at nearly constant velocity, slowing
abruptly close to F_, (for example, the first
and sccond stalls in Fig. 2C). Transcription
complexes display differing hiochemical prop-
erties depending on the nucleotide sequence
of the DNA to which they are bound (21).
Abrupt reversible stalling may correspond to
the arrival of the enzyme at a template posi-
tion for which F_  is somewhat lower than
that of the preceding positions, producing rap-
id arrest. This interpretation also could ex-
plain why F__, values determined for multiple
stalls of a single complex often differed by
more than the experimental uncertainty in
measurement (22). It is tempting to speculate
that some sites of abrupt stalling might corre-
spond to DNA sequences that trigger cycles of
discontinuous clongation (2, 3) or “jumping.”
At such sequences, a portion of the RNA
polymerase molecule may, during a single nu-
cleotide addition cycle, move along the DNA
by ~10 bp, an axial distance of ~3.4 nm (23).
These large movements of the enzyme would
be expected, all else being equal, to give stall
forces significantly lower than those of single
base pair movements, because the free energy
available from nucleotide addition would be
applicd over a larger distance. Nucleotide se-
quence effects on behavior under mechanical
load could be studied in future experiments
through the use of DNA templates containing
homopolymer tracts or direct repeats.

The distributions of F_ ; values were
obtained at I mM NTPs with 1 uM PP,
The distributions of reversible and irrevers-
ible stall forces were statistically indistin-
guishable, with values of 13.0 = 4.0 pN
(mean = SD,n = 8) and 12.6 = 3.5 pN (n
= 14), respectively. A possible explanation
for the similarity of the distributions is that
the reversibly stalled state is a precursor of
the irreversibly stalled state. In this view,
most or all of the stalled complexes are
initially stalled reversibly, but a fraction of
these are subscquently inactivated and
therefore fail to resume elongation when
Firap 1s reduced.

F.. was also determined at two higher
concentrations of PP, (0.5 and 1 mM) with 1

Fig. 3. Stall force distributions measured from
pooled data obtained at 1 mM NTPs with 0.001,
0.5, and 1.0 mM PP.. For beads exhibiting revers-
ible stalls, only data from the first stall were includ-
ed. Laser powers (and corresponding maximum
measurable forces) of 82 mwW (15 pN), 99 mwW (18
pN), and 107 mW (20 pN) were used in 25, 33,
and 19 measurements, respectively. (A) Stacked
histogram of stall forces for irreversible (open por-
tion of bars, n = 42) and reversible (sofid portion of
bars, n = 24) stalls. (B) Histogram of estimated
lower bound of stall forces for complexes (n = 11)
that did not stall before exiting the calibrated range

mM NTPDs. Increasing the PP, concentration
to 1 mM slowed transcriptional clongation by
about twofold (24), but F |, remained nearly
constant [at 0.5 mM PP, 13.0 £ 4.1 pN (n =
5) tor reversible and 13.1 = 2.6 pN (n = 10)
for irreversible stalls; at 1.0 mM PP, 11.5 =
2.9 pN (n = 1) tor reversible and 9.9 + 3.4
pN (n = 18) for irreversible stalls]; this obser-
vation may place important constraints on
the RNA polymerase force-generation mech-
anism. In light of this result, stalls observed at
all PP, concentrations were pooled (Fig. 3A)
to generate a global distribution with mean
F..u 123 £ 35 pN (n = 24) for all
reversible stalls. We previously found  that
single immobilized  transcription complexes
exhibit a range of velocities (7). Such heter-
ogeneity among complexes may also contrib-
ute to the width of F_, distributions. The
polymerase is fixed to the glass at random and
presumably is not free to rotate. Different
spatial orientations of the polymerase with
respect to the direction of the applied force
might also cause F_; to vary from molecule
to molecule. A small fraction of the complex-
es did not stall before reaching the limit of the
usable range of the trap (Fig. 3B). The as-
sumption that these complexes would stall at
a force larger than the maximum measurable
force at the laser power used yields a lower
limit estimate of 13.6 pN for the mean revers-
ible F |, (25). Despite systematic instrumen-
tation errors for these measurements estimat-
ed at ~30% (22), the F,,, values for single
RNA polymerase molecules are clearly much
larger than are forces previously measured for
single molecules of other mechanoenzymes:
up to 6 pN for kinesin (26) and 3 to 5 pN for
myosin (27).

The cfficiency of chemomechanical en-
ergy conversion in RNA polymerase may be
defined as the fraction of the total free
energy change of the chemical RNA poly-
merization reaction (AG'PUIW) that the en-
zyme expends to perform mechanical work
against an external load. Thermodynami-
cally reversible motors are most efficient as
they approach the point of stalling. The free
energy available from the chemical reaction
varies with the PP-to-NTP concentration
ratio hecause these are the product and

1 P
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of the trap. The number below each bar represents the maximum measurable force for the laser power

used.
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reactant species, respectively. For the con-
ditions used, AG'oym ranged from -7.2
kcal mol (at 1 uM PP) o 3.1 keal
mol ' (at T wM PP} (1). Under the as-
sumption that cach NTP consumed ad-
vances the polymerase 1 bp on average
along the DNA (0.34 nm along the DNA
axis), the mean F ;) estimate corresponds
to maximal energy conversion cfficiencies
of 9,19, and 22% at 0.001, 0.9, and 1 mM
PP, respectively. These  efficiencies  are
comparable to values obtained for biologi-
cal motors such as kinesin [40 to 60% (11,
28)] or myosin [12 to 42% (27)] (29).
Nucleic acid polymerases carry out hiosyn-
thetic reactions and are not ordinarily classi-
ficd as mechanoenzymes. Nevertheless, our
results indicate that individual molecules of
E. coli RNA polymerase exert forces and op-
crate with energy conversion efficiencies that
are similar to those of prototypical mecha-
noenzymes, whose specialized function is to
generate biologically useful force and motion.
Inside living cclls, interactions hetween tran-
scription complexes and cellular structures or
DNA-hound proteins create substantial forces
that oppose the translocation of polymerases
relative to DNA (4, 5). For example, to func-
tion in opposition to loads imposed by tran-
scription-induced  supercoiling  of — plasmid
DNA in vivo, E. coli RNA polymerase must
generate forces estimated ar ~6 pN (30).
Forces of this magnitude are sufficient, for
example, to stall solitary molecules of kinesin
or myosin, but are nonetheless smaller than
the forees achieved by RNA polymerase mol-
ccules in vitro. We anticipate that further
development of optical measurements on sin-
gle transcription complexes will allow detailed
characterization of the multiple mechanical
processes (2, 3, 23) by which RNA poly-

merase moves along DNA.
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