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RNA polymerase (RNAP) moves along DNA while carrying out transcription,
acting as a molecular motor. Transcriptional velocities for single molecules of
Escherichia coli RNAP were measured as progressively larger forces were applied
by a feedback-controlled optical trap. The shapes of RNAP force-velocity curves
are distinct from those of the motor enzymes myosin or kinesin, and indicate
that biochemical steps limiting transcription rates at low loads do not generate
movement. Modeling the data suggests that high loads may halt RNAP by
promoting a structural change which moves all or part of the enzyme backwards
through a comparatively large distance, corresponding to 5 to 10 base pairs. This
contrasts with previous modeis that assumed force acts directly upon a single-

base translocation step.

RNA polymerase (RNAP) carries out an es-
sential step of gene expression, the synthesis
of an RNA copy of the template DNA. Each
RNA molecule is synthesized in its entirety
by a single molecule of RNAP moving pro-
cessively along the template. Movement is
powered by the free energy liberated as ap-
propriate nucleoside triphosphates (NTPs)
are joined to the 3'-end of the nascent RNA
chain, pyrophosphate (PP,) is released, and
the growing transcript folds (/). During tran-
script elongation, Escherichia coli RNAP
progresses along DNA at speeds >10 nucle-
otides per second (at 25°C), and generates
considerable force (>14 pN) (2). RNAP is
thus a true motor protein, akin to cytoskeletal
motors of the myosin, kinesin, or dynein
families. Enzyme movement has been char-
acterized in vitro using light or scanning-
force microscopy techniques capable of de-
tecting movement by single molecules (2—4),
and transcription complexes have been ma-
nipulated using forces supplied by an optical
trap (2). By determining the micromechanical
properties of RNAP and correlating this in-
formation with results from biochemical ki-
netic studies, we hope to shed light on the
mechanism of transcript elongation.
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A central unresolved feature in the RNAP
mechanism is the nature of the reaction steps
that lead to movement (/, 5). Such steps can
be characterized by applying mechanical
loads opposing forward motion: provided that
the external forces are not so large as to
disrupt enzyme structure, this manipulation
will tend to perturb selectively the rates of
translocation steps. The relationship between
applied force F and steady-state velocity V' is
therefore a fundamental characteristic of the
enzyme mechanism itself. F-V relationships
have been determined for three biological
motors: ensembles of myosin in contracting
muscles (6), single molecules of kinesin
moving along microtubules (7), and the rota-
ry engine that spins bacterial flagella (8).
Here, we report high-resolution measure-
ments of the F-V relationship for E. coli
RNAP. The shapes of the F-V curves imply
that translocation steps do not limit transcrip-
tion rates when loads are low. Moreover, the
curves are consistent with a class of models
where translocation steps entail motions
through unexpectedly large distances along
the template (corresponding to 5 to 10 base
pairs), either in the form of conformational
changes taking place within the enzyme itself
or as translational motions of the enzyme
complex with respect to the DNA.

Experimental Design

The experimental geometry of our previous
study (2) employed a fixed optical trap to
exert a variable force on a microscopic bead
attached to the downstream end of a DNA
template [Fig. 1A; see also figure 1 of (2)].
As a bead is pulled from the trap center (by
RNAP fixed to a coverglass surface and ac-
tively transcribing at the opposite end of the
DNA tether), an optical restoring force builds
up until it just balances the force exerted by

RNAP, at which point transcriptional progress
stops, often reversibly. This arrangement is
conducive to static measurements of the stall
force, once motion has ccased, but is less
well-suited to making dynamic measure-
ments of force and velocity, because DNA
stretches under changing loads and elasticity
varies as the tether length changes during the
experiment. The series compliance of the
elastic linkage must be taken into account to
derive the displacement of the RNAP with
respect to the DNA from records of bead
position. To meet this challenge, we devel-
oped a feedback-controlled instrument that
optically clamps the position of a bead in the
trap and facilitates rapid, accurate measure-
ments of force (9).

Figure 1, A through C, demonstrates the
performance of the instrument in its open-
loop mode (feedback inactive), recording the
displacement of a bead held in a weak trap of
fixed stiffness and subjected to variable force
(10). Transcriptional elongation rates were
comparable to those reported earlier (gener-
ally, ~2 to 5 nm/s) (3). In closed-loop mode
(Fig. 1, D through F), elongation proceeds at
low trap stiffness until the clamp limit is
reached and the feedback circuit is triggered.
Thereafter, the bead position is actively
maintained as the trap stiffness, which is
proportional to force at this position, rises to
compensate. Two representative stalls are
shown (/7). After the first stall was complet-
ed and the clamp released, the elasticity
stored in the DNA tether abruptly pulled the
bead forward by an additional ~50 nm. Force
was then reduced by moving the optical trap
position (at t = 46 s), but transcription did not
resume for another ~30 s, indicating that the
transcription complex had entered into some
kind of inactive state (discussed below). A
second stall was produced after transcription-
al activity resumed, and the feedback was
enabled once the bead had been allowed to
travel ~25 nm beyond the clamp limit. The
abrupt response at this point illustrates the
elasticity of the tether. In either case, tran-
scription stalled at a trap stiffness of 0.25 to
0.29 pN/nm, corresponding to a force of 30 to
35 pN (12).

Force and Velocity Measurements

Once trap properties are calibrated and ad-
justments are made for series compliance, it
is possible to convert measurements of bead
displacement and trap stiffness directly into
records of time-varying force and RNAP po-
sition along the template, and thercby into
RNA transcript length (/3). Figure 2 shows
such scaling for motion in both low-load
(0 < F < 5 pN, open-loop; Fig. 2, A and B)
and high-load (5 < F < 50 pN, closed-loop:
Fig. 2, C and D) regimes. In general, RNAP
moved under low loads at an average velocity
of 16 nucleotides per second (for 1 mM
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NTPs; 1 wM PP)) or 7 nucleotides per second
(for I mM NTPs: 1 mM PP,). All single-
molecule records displayed periods of steady
transcriptional elongation interrupted by
pauses., during which tension was maintained
but clongation ceased, lasting from ~1 to
10 s (arrows; Fig. 2, B and D). Transcription-
al pauses of comparable durations are also
detected at negligible loads in conventional
biochemical studies of transcription in solu-
tion (/4). After algorithmic deletion of paus-
es. records showed the elongation rate to be
remarkably constant (/5), up to external
loads ncarly sufficient to stall the complex
(Fig. 2, C and D).

The distribution of stall forces is obtained
from the maximum loads supported with the
position clamp active (Fig. 3, A and B). In the
presence of saturating NTPs and 1 uM PP,
the stall force was ~25 pN. Raising the PP,
concentration to | mM slowed the mean elon-
gation rate at low force by 2.3-fold and yield-
ed a stall force of ~23 pN, which is not
significantly different. This change reduces
the estimated free energy AG for the RNAP
condensation reaction by mass action from
-7.2 to -3.1 kcal/mol (2). Assuming that
every reaction cycle carries RNAP forward
on average by a single base unit, the fraction
of free energy converted into mechanical
work near stall is estimated at ~44% (at 1
mM PP, or ~18% at | uM PP)) (/6). In this
respect, RNAP resembles kinesin, which ex-
pends roughly half its available free energy as
mechanical work near stall (/7).

From adjusted records of force and veloc-
ity as functions of time (Fig. 2, C and D), we
derive single-molecule F-V curves, an exam-
ple of which is shown (Fig. 4A). Remarkably,
the shapes of these curves were highly con-
vex, in contrast to muscle, which follows a
concave (hyperbolic) F-V relationship (6), or
kinesin, which is fairly linear (7). Velocity
remained nearly independent of load out to a
significant force, approaching stall (/§).
Pausing introduces characteristic notches in
F-V curves, as the velocity transiently drops
to zero with no change in the applied load.
Pause-induced notches do not reflect the
clongation process per se, but a secondary
process presumably correlated with se-
quence. Thus, pauses complicate the analysis
of force-velocity data. We took two ap-
proaches to deal with these: (i) we averaged
them out, combining F-V data from individ-
ual complexes (a procedure that succeeds
only if pauses are infrequent and occur at
random), or (i1) we artificially removed them
from individual records, by means of an al-
gorithm that deletes segments during which
the average velocity dropped below some
predefined threshold. Both methods produced
similar results. The large heterogeneity of
forces produced by RNAP (Fig. 3) and con-
siderable variation in elongation rates at low

loads (3, 19) further complicate analysis.

To combine multiple single-molecule F-V
curves, we first parameterized these in terms
of v, a dimensionless velocity (normalized to
the unloaded speed V), and f, a dimension-
less force (normalized to the force at half-
maximal velocity F ), before averaging.
This procedure is justified in light of a large
class of tightly coupled enzymatic mecha-
nisms for elongation, all of which lead to the
simple functional form v(f) = 1/(1 + & '),
which depends only on a single free param-
eter, a (see Appendix). Averaged f-v curves
were determined for two concentrations of
PP, (Fig. 4, B and C). From the fitted values
of x and (F,,,), a “characteristic distance” &
over which load acts can be computed, ac-

cording to & = k,T In(a)XF, ,) (Appendix,
Eq. 9). Experimental estimates for 8 arc in-
evitably subject to error, primarily through
their logarithmic dependence on «. Here, &
ranged from ~5 to 10 base pairs (Fig. 4). The
physical interpretation of this distance de-
pends on the biochemical model invoked.

Comparisons with Theory

The model we favor, which draws support
from recent biochemical work, interprets a
mechanical stall as an elongation-incompe-
tent state branching off the main reaction
pathway (Appendix, Eq. 6), reached in a
load-dependent manner (20). One specific in-
stance of an elongation-incompetent state,
among several known to exist (27), would be
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Fig. 1. Comparison of open- and closed-loop trapping modes to observe translocation by RNAP. (A)
Cartoon illustrating the experimental geometry with the position clamp inactive (not to scale). A
ternary complex consisting of RNAP (green ellipsoid), the DNA template (red), and a nascent RNA
chain (green) is fixed to a coverglass surface inside a flow cell. A polystyrene bead (blue sphere),
attached to the transcriptionally-downstream end of the DNA, is captured and held under low
tension by the optical trap (pink gradient). Subsequent displacement of the bead, x (arrow), is
detected interferometrically. As transcription proceeds, DNA is drawn through the polymerase,
pulling the bead from the trap center (intersection of dashed blue lines) at successive times ¢ ,, t ,,
t,, and so forth. (B) Displacement versus time for low loads. Once the bead moved through the
usable range of the interferometer (~150 nm), the trap was manually repositioned closer to the
polymerase, at the times indicated (arrows). Note the variability in speed caused by transcriptional
pausing. In this experiment, applied force at the maximum displacement was ~4 pN, well below
the RNAP stall force. (C) Corresponding trap stiffness (0.03 pN/nm, invariant in this mode). (D)
Position clamp active. Initial configuration is identical to (A). During the interval t,~t,, RNAP draws
the bead from the trap until the clamp limit is reached (gray dashed line) and activates the
feedback circuit. Thereafter (at t,, t,, ...) laser intensity is servo-controlled to prevent displace-
ment. (E) Displacement versus time. The clamp limit was set to 121 nm and activated during the
intervals indicated (arrows). For the first stall, the clamp was triggered automatically when the limit
was reached (t = 16 s) and maintained until after stall. Upon release, the bead position jumped
because of stored elastic energy in the tether (¢ = 40 s). The trap was manually repositioned for
a second run (t = 46 s). Here, the bead was allowed to proceed somewhat beyond the limit, and
the clamp was triggered manually (t = 97 s). (F) Corresponding change in stiffness. During the first
stall, stiffness rose from 0.03 to 0.29 pN/nm (35 pN). During the second stall, stiffness rose from
0.03 to 0.25 pN/nm (30 pN). Experimental conditions: 1 mM NTP (each), 1T uM PP,
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for RNAP to stop RNA synthesis and slide
backward a short distance along the template
(5 to 10 base pairs, or ~2 to 3 nm), yet
maintain register between RNA and DNA.
Subsequently, upon reduction of load, the
enzyme would slide forward by the identical
distance and resume transcription at the next
template site. This sequence corresponds pre-
cisely to what has been proposed for one type
of transcriptional pause and subsequently ob-
served in at least one case (22, 23): the
scenario is roughly analogous to backing up,
then advancing, a stuck zipper. If this inter-
pretation holds, then the application of an
external load causes RNAP to enter a bio-
chemical state similar to-—perhaps identical
with-—a transcriptional pause. Consistent
with this, not all complexes stalled by the
force clamp started up immediately upon re-
duction of load; in a significant fraction of
cases, motion began after a variable lag, rang-
ing from (O to 30 s (Fig. 1F), a time compa-
rable to the lifetimes of certain transcriptional
pauses. An alternative possibility is that
RNAP moves bidirectionally on the template
through a distance corresponding to 8 before
committing to a load-dependent translocation
step, which results in the addition of one
nucleotide to the nascent RNA chain (Appen-
dix, Eq. 5). Although these models differ in
significant details, they have three essential
features in common. First, their reaction
schemes are tightly coupled; the enzyme car-
ries out one condensation reaction per base
pair moved along the DNA. Second, they

involve large-scale movements of the enzyme
associated with mechanical stalling; the sharp
drop in velocity as force approaches stall is
incompatible with a load-dependent step with
o ~ 1 base patr. Thus, the data are inconsis-
tent with a simple model wherein force acts
only by blocking a step that moves the en-
zyme by a single base pair. Third, the convex
shapes of F-V curves arise because the rate-
limiting biochemical transition is not load-
dependent over most of the force range (24).

Two theoretical treatments of RNAP elon-
gation have recently been published which
manifest these very same general features
(25, 26) and also generate convex F-V rela-
tionships, in agreement with preliminary data
from our work (27). In one, conformational
changes taking place within a flexible RNAP
molecule cause it to alternate between
stressed and relaxed states, deforming by a
variable distance corresponding to 0 to 8 base
pairs (26). In the other, the 3'-end of the
RNA undergoes thermal fluctuations against
a physical barrier represented by the enzyme
catalytic site; rectification of this random mo-
tion, driven by the free energy of nucleotide
condensation, produces a “Brownian ratchet™
that can exert significant force (25). In such
models, the enzymatic turnover remains rel-
atively independent of increases in force until
the load-dependent transition slows to the
point where it requires a time comparable to
one or more other rates (25). Beyond this
force, speed drops precipitously. Although
their microscopic mechanisms are distinct, in
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Fig. 2. Transcription at low and high loads. (A) Force produced by RNAP and (B) the corresponding
length of the RNA transcript versus time at low load (open-loop mode). Transcript size was
computed from the corrected displacements of beads, as described. The trap was repositioned
manually at the times indicated [arrows (A)] to maintain the bead within detection range;
displacement records were concatenated at these points. Transcriptional pauses of varying duration
occur [arrows (B)]. (C) Force and (D) corresponding transcript length at high load (closed-loop
mode). Force increased until the complex stalled at ~23 pN. Original traces (thin lines) contain
transcriptional pauses [arrows (D)], which were deleted by an editing algorithm (thick lines) (75).

Experimental conditions: T mM NTP, 1 uM PP,.

certain limiting cases both treatments become
equivalent to the class of mechanisms con-
sidered in the Appendix.

Determining whether RNAP moves by a
Brownian ratchet. conformational change. or
some other means and elucidating the reac-
tion pathway of the mechanism will require
detailed knowledge not only of the biochem-
ical steps catalyzed by the enzyme, but also
of its mechanical states. Of particular interest
will be sequence-specific aspects ot RNAP
behavior (transcriptional pausing. stalling,
and arrest), as well as the response of the
transcription complex to cofactors involved
in initiation, termination, antitermination, and
so forth. We anticipate that single-molecule
experiments will continue to supply new in-
sights into the behavior of this fascinating
enzyme.

Appendix: One-Parameter F-V Analysis

Several classes of mechanochemical models
lead to F-V relations of the general Boltz-
mann form

VU(] + A4)

V(F) = i+ Aexp(}:a//\’nr)

(n
where V is the velocity at zero load. 8 is a
characteristic distance, and 4 is a dimension-
less constant that determines the degree to
which either mechanical or biochemical
events limit the enzymatic cycle at vanishing
load: biochemical transitions are rate-limiting
for 4 << 1, whereas mechanical transitions
become limiting when 4 = 1. The simplest
class of models yielding Eq. | involves a
sequence of reversible reactions between N

Number

5 15

25 35
Force (pN)

5 15

25 35
Force (pN)

Fig. 3. Histograms of RNAP stall force. (A) Stall
force distribution for 1 mM NTP, 1 uM PP,
Average force was 25.0 = 1.7 pN (mean *
SEM; n = 29). (B) Stall force distribution for 1
mM NTP, 1 mM PP,. Average force was 22.9 +
1.9 pN (n = 16). The difference in values is not
significant (t test, P = 0.44).

45 55

30 OCTOBER 1998 VOL 282 SCIENCE www.sciencemag.org




intermediate states, tollowed by a single irre-
versible reaction, a mechanical transition that
carrics polymerase from one site to the next

bk ko K
| €22 <00 <> N — ] (2)
/‘\ ko> k\\‘

In this scheme, the translocation rate ky is
governed by Arrhenius/Eyring  kinetics:
henee. it depends exponentially on the height
of the energy barrier between the two sites
(Fig. 5). The application of an external load,
F. raises the barrier by /A and slows the rate
according to
kn =

kY exp(—-FA/kyT) (3)

From the differential equations describing the
pathway in Fq. 2, it can be shown that the
overall time to complete an enzymatic cycle,
7. 15 a sum of two times, one which is inde-
pendent of force and the other which increas-
es exponentially with force

T = T, + T exp(FAKLT) (4

The reciprocal of Eq. 4 leads directly to an
expression for velocity that is equivalent to
Eq. 1. For this class of models, the distance &
in Eq. | corresponds to A, the distance from
the initial site to the position of the barrier
maximum (Fig. 5).

A sccond class of models also takes the

form of the reaction pathway in Eq. 2. How-
ever, in this class, one among the states | to
N is actually a load-dependent composite of
two sequential substates that are in rapid
equilibrium and located at adjacent physical
sites along the DNA (28). (In fact, the earlier
requirement for an irreversible reaction lead-
ing from state N may now be relaxed some-
what. The condition & ,’/:) << exp(—Fd/
Nk, T). where the bars denote a geometric
mean over the N states, suffices.) For a tran-
sition from the composite state to proceed,
the enzyme must occupy the forward-most of
the two sites. Thus, the rate of enzyme
progress is proportional to the relative occu-
pancy of the forward and rearward sites, p , /
p » which varies exponentially with their rel-
ative energies as

P

14
The constant K determines the zero-load equi-
librium between forward and rearward sub-
states. As before, it can be shown that the
average time to complete a cycle is a sum of
terms independent of load and exponentially
dependent upon load, once again leading to the
same functional form as Eq. 1. However, for
this particular class of models, & is now identi-
fied with «, the physical distance between the
forward and rearward sites on the DNA (Fig.

= Kexp(-FdikyT) (5)

Fig. 4. Individual molecule and
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ships for RNAP. (A) Example ofa £
single-molecule F-V curve, de- 2 30f
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5). (In neither this scheme nor in the previous
one is d restricted to represent the distance
subtended by a single base pair; integral multi-
ples of this distance are permitted.)

A third class of models leading to Eq. 1
involves fully reversible reactions, plus an
elongation-incompetent (“halted”) state p
branching off the main pathway, the transi-
tion to which is load-dependent

N < |

(6)

The pathway of Eq. 6 shows statc p arising
directly from state 2, but the location of this
branch point is arbitrary and causes no loss
of generality, because state labels are arbi-
trary and may be permuted. The force de-
pendence in Eq. 6 arises because the rate to
enter the halted state &, and the rate to
return to the main pathway & | both obey
Arrhenius behavior
k, = /\"‘”’ exp(FAk,T)

P
and

k, = k" exp[-F(d = A)/kyT)

» ; (7)
The average number of visits to state p rises
linearly with &, and the average time delay
per visit is 1/k . The total delay that the
enzyme experiences because of the halted
state is proportional to & /k , and thus to
exp(Fd/k,T). This exponentially dependent
delay, when combined with other biochemi-
cal waiting times that arc independent of
force, again leads to Eq. I, with 8 = . For
this class of models, the distance d character-
izes the physical extent of the conformational
change between the competent and incompe-
tent states and need not correspond to an
integral multiple of base pairs.

Equation 1 may be used to derive a useful
scaling formula, permitting data from indi-
vidual RNAP molecules manifesting differ-

Free
energy

Reaction
coordinate

Fd-8] ]

Fig. 5. Schematic energy diagram, depicting a
single barrier between two potential wells sep-
arated by distance d. The barrier is a distance A
from the initial site, where RNAP (sphere) be-
gins its cycle. The application of an external
load, F, alters the potential by the amounts
indicated (dotted line, initial; solid line, final).
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ent speeds or forees, or both, to be normal-
ized and therefore compared. For example,
the random orientation of molecules on the
surface with respect to the direction of the
applied load 1n this assay may represent one
cause of heterogeneity in stall force (29).
Alternatively, individual molecules might
display different unloaded rates, V,, but nev-
ertheless, the relative biochemical and me-
chanical contributions to the kinetics (identi-
fied with constant 4) might remain the same.
Moreover, small differences in 8 are expo-
nentially magnified, generating significant
differences in stall forces between otherwise
similar complexes. To normalize away heter-
ogeneity, we divide Eq. 1 by the maximum
velocity, yiclding a dimensionless velocity. v
V 1 + 4

YT T 1+ Aexp(Fd/kyT)
We also consider the force |, at which the
velocity drops to half-maximal in Eq. |

kT, (1 + 2A> kT
3 U B

(8)

Fyy =

In(a)
"N
where ¢« = 4 "' and the approximation holds

because A < 10 * for our data. We define the
dimensionless force f as

. _F3
f*FF”‘kBﬂn(zT) (10)

and recast Eq. | in terms of the new variables
as
1 + 4 1
MU= T dexp(find) T+
exp(—fInd) 1+ a
(1D
where a is the single free parameter remain-
ing in this f-v relation. Using this normal-
ization scheme, one can rescale and aver-
age experimental data from a heteroge-
neous ensemble of RNAP complexes and
test the fit. Given the general nature of Eq.
11, it may prove applicable to a variety of
mechanoenzymes.
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the geometry as the angle of the DNA changes with
respect to the plane of the coverglass during short-
ening of the tether.

11. Complexes with initial tether lengths >500 nm mov-
ing at unloaded speeds >3 nt/s and that reached the
clamp limit were selected for analysis. With the
clamp active, a stall was operationally defined as
beginning at the point where the velocity dropped
below -~ 1.5 nucleotides per second (the experimental
drift limit) for more than 10 s. To minimize any
sticking of DNA tethers to the coverglass surface,
these experiments were conducted in flow chambers
treated with blocking proteins, as described (2, 3, 9).

12. We reported previously an RNAP stall force of at
least 14 pN. Several lines of evidence suggested that
this number may underestimate the actual value (2).
First, about 20% of beads drawn by RNAP complexes
were not stopped at the fixed laser powers used and
escaped from the trap, permitting only a lower bound
of 15 to 20 pN to be placed on their stall force.
Second, long-term exposure to high levels of laser
light damaged a significant proportion of complexes,
leading to irreversible stalls (that is, movement that
did not recover when the laser power was subse-
quently reduced). Third, many stalls happened
abruptly, as the force increased beyond some thresh-
old, whereas a minority of stalls took place more
gradually [see figure 2C of (2)]. This suggested that
the stall force might be a function of the particular
nucleotide sequence being transcribed. Because force
mounted slowly as RNAP traversed comparatively
long segments of DNA (typically ~500 base pairs or
more), an abrupt stall might correspond to the en-
zyme reaching a point on the template with a lower
intrinsic stall force than its previous positions. As-
suming this interpretation to be correct, stall force
data acquired for slowly developing loads (at low trap
stiffness) would tend to produce biased estimates,
preferentially sampling lower values. The feedback
system developed here was designed to circumvent
these difficulties (Fig. 1D). Once a moving bead
reaches a displacement corresponding to some preset
limit, the intensity of the laser light is actively servo-
controlled (by means of an acousto-optic modulator)
to prevent further motion. This clamps the bead at
the limit (9), an arrangement that affords several
advantages. First, photodamage is minimized; the
trap light intensity is kept as low as possible until it
becomes necessary to increase it, reducing the overall
exposure of RNAP to the laser light by an estimated
factor of five relative to earlier work. Higher peak
powers are achieved without subjecting molecules to
sustained exposure. As a result, all moving beads are
now stalled without escaping from the trap. Second,
the dynamic response of the system is dramatically
improved. Force can be recorded with millisecond
resolution (2, 9), and RNAP can be halted within a
matter of seconds, 5- to 40-fold faster. Because the
DNA tether can be readily pretensioned by the opti-
cal trap, the elastic compliance is decreased. With a
taut, -~3-kbp DNA tether, bead equilibrium position
can be determined with a precision of ~2 nm, cor-
responding to ~6 base pairs, with 50 ms time reso-
lution (or better). Third, the rapid response of the
feedback system stalls the enzyme before it travels as
far, leading to a less biased sampling of stall force
along the template.

13. Records of bead position were converted to DNA
contour length by a variation of the method de-
scribed (9), taking advantage of the fact that many
transcription complexes stopped permanently on the
DNA template at the end of experimental runs. Com-
plexes with final tether lengths >300 nm were se-
lected for analysis. With the bead held in the trap, the

15.

16.

17.
. Transcriptional velocity was computed from compli-

20.

21

microscope stage was moved in a preprogrammed
fashion, and both the length and elastic properties of
the residual tether were measured directly. Using
both the final tether length and the force-extension
relationship for the DNA molecule, in combination
with time records for bead displacement and trap
stiffness from the earlier experimental run, the mo-
tion of RNAP along the DNA template required to
produce such records could be computed. Computed
displacements were converted directly to transcript
size by assuming that no slippage occurred and that
one base pair corresponds to 0.338 nm [W. Saenger,
Principles of Nucleic Acid Structure (Springer-Verlag,
New York, 1988)].
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Pauses were removed by applying a threshold tem-
plate to the velocity data, V(t), and deleting those
intervals during which average speed (computed as
described) fell below 50% of the template value at
any given time. The remaining portions of the record
were then concatenated to form a new record. The
threshold template function was fixed in advance for
each run and consisted of two sequential linear seg-
ments: one constant, the next tapering linearly from
this constant value to zero at some fixed point in the
record. The amplitude of the constant, the slope of
the linear taper, and the fixed intercept point were
chosen empirically. Taken together, the two line
segments roughly approximate the shape of V(t)
curves. In principle, it is impossible to distinguish
between transient transcriptional pausing and me-
chanical stalling in the limit that complexes are
halted by an external load, based solely on velocity
data. Furthermore, uncertainties due to noise and
drift make it difficult to ascertain exactly when
stall is achieved (77). For these reasons, the shapes
of F-V curves are poorly determined near their
x-intercepts (zero velocity).

The calculated efficiencies neglect energetic contri-
butions from RNA folding.
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. The large heterogeneity in stall force may reflect several

contributions. (i) Complexes were oriented randomly on
the surface with respect to the direction of the applied
load, and the dependence upon angle may be signifi-
cant; (i) Stall forces may depend on the template
sequence; (iii) Heterogeneity may exist in the properties
of nominally identical RNAP molecules.

In principle, elongation by RNAP can be arrested by
any of a variety of physical mechanisms. (i) The
applied load could reversibly halt progress, via mech-
anochemical coupling in the enzyme; (i) the load
could place the enzyme in a transcriptional pause
state; (iii) the load could temporarily inhibit the
enzyme, placing it in a state that is biochemically
distinct from a pause; or (iv) the enzyme could
become irreversibly damaged, either directly by
the applied load or by exposure to the laser light.
In these and earlier experiments (2), both revers-
ible and irreversible stalls were found, and revers-
ible stalls required the same average force within
error as irreversible stalls, suggesting that most
damage occurred subsequent to stall. Distinguish-
ing among mechanisms (i) through (iii) is nontrivial
and will require additional biochemical, as well as
mechanical, data.
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