Single-Molecule Study Reveals a
Complex E. coli RNA Polymerase
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Introduction

RNA polymerase (RNAP) is the enzyme
responsible for catalyzing the DNA-direct-
ed synthesis of RNA chains and is thus a
key player in the expression of the
genetic information encoded in DNA. In
the past, a great deal has been learned
about the dynamics and kinetics of this
complicated process, often by analyzing
the RNA transcripts using gel electropho-
resis. It is known that RNAP is absolutely
processive and can transcribe thousands
of base pairs (bp) in a single binding
event. Yet, along the way, it often paus-
es" it can “drop” into conformational
states that are off the main elongation
pathway,”? and it may move along the
DNA in a nonmonotonous manner.?! At
times, studying transcription seems like
the Herculean fight against the many
heads of Hydra—one question is an-
swered only to be replaced by two new
ones.

New techniques can provide a different
angle on the investigation of transcrip-
tion and may provide novel and comple-
mentary information to previous experi-
ments and possibly address questions
that could not be asked before. One such
approach is the study of individual mol-
ecules (as opposed to many molecules in
a bulk), which has progressed to the point

[a] Dr. M. Guthold

Department of Computer Science, Department
of Physics & Astronomy, and Department of
Chemistry

University of North Carolina

Chapel Hill, NC 27599 (USA)

Fax: (+1)919-962-0480

E-mail: guthold@cs.unc.edu

Prof. Dr. D. A. Erie

Department of Chemistry

University of North Carolina

Chapel Hill, NC 27599 (USA)

=

CHEMBIOCHEM 2001, 2, 167-170 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

single molecules

- transcription - transferases

where the dynamics of single enzymes
can be investigated. A single-molecule
study of the transcription process by
Davenport etal. in Carlos Bustamante's
lab™ was recently published in Science.
This study will be reviewed here and will
be used to reflect on the progress of
studying the dynamics of individual RNAP
molecules.

Single-molecule experiments were on
the fringe just a few years ago and many
researches doubted whether they could
provide useful data that could be incor-
porated into and compared with the
existing body of knowledge. Proponents
argued that single-molecule experiments
provide additional information that may
be averaged out in or inaccessible to bulk
experiments. Doubters contended, how-
ever, that for this new information to be
meaningful, it is crucial that it be com-
pared with bulk experiments. In other
words, averaging of data obtained on
single molecules must match the results
of bulk experiments. Davenport and co-
workers accomplish both; they obtain
novel and exciting insights into transcrip-
tion by single-molecule experiments, and
they compare the single-molecule results
to data obtained from traditional bulk
experiments.

Brief history of single-molecule studies on
RNAP

Before going more into the details of the
study by Davenport etal. it is appro-
priate to give a brief history of single-
molecule studies of the transcription
process. There are four important previ-
ous studies that led to Davenport's
report. Studying the dynamics of individ-
ual RNAP molecules started in the early
nineties when Schafer etal. in J. Gelles’

lab followed the shortening of the down-
stream arm of a transcribed piece of DNA
by optical microscopy.”! In these studies,
the RNAP of a stalled RNAP-DNA elon-
gation complex was anchored to a glass
slide, while the DNA, which had a 40-nm
Au colloid attached to the downstream
end, was free to float in solution. As
nucleoside triphosphates were added,
the Brownian motion of the bead, as
observed with video microscopy, de-
creased, indicating that RNAP was pulling
the downstream end of the DNA (for
more technical details see also ref.[6]).
This study was a great technical accom-
plishment but it did not yet provide much
insight into the mechanism of transcrip-
tion. The next breakthrough followed
when Yin etal. measured the force re-
quired to stall RNAP by using an optical
trap.” Interestingly, they found that RNAP
exerted a greater force during RNA syn-
thesis than classic motor proteins such as
kinesin and myosin. In the third study,
Wang et al.®! measured force vs. distance
curves by using an optical trap that had a
feedback mechanism to keep the position
of the bead in the trap at a predefined
displacement (position clamp). They
found that forces less than the stall force
of 14 pN did not significantly affect the
rate of transcription. This result indicates
that enzyme translocation along the DNA
is not the rate-limiting step to RNA syn-
thesis.® Significantly, no other technique,
at present, could be used to address this
question. These results showed that sin-
gle-molecule studies could, in fact, pro-
vide new insights into the mechanism of
transcription. In the fourth study,® Yin
etal. investigated the mechanism of
termination by using the tethered-bead
technique of the first study.® To assure
that their data were consistent with bulk
solution experiments, they also compared
the termination efficiency found in the
single-molecule studies with those deter-
mined from bulk solution experiments.
The single-molecule termination experi-
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ments revealed that those RNAP mole-
cules that terminated also paused at the
terminator, while those that did not
terminate did not pause. These data
indicate that intrinsic terminators func-
tion by a nonequilibrium process in which
terminator efficiency is determined by the
relative rates of nucleotide addition and
pause state entry (see also Figure 3) and
that termination is not in direct competi-
tion with transcript elongation.””!

When reviewing the brief history of
single-molecule studies on RNAP, the
contributions by two Japanese groups,
though mainly concerned with the gen-
eral interactions of RNAP and DNA,
should not go unmentioned. In these
studies, fluorescence microscopy was
used to observe the interactions of fluo-
rescently labeled RNAP with DNA. Kabata
etal." employed superintensified fluo-
rescence microscopy to visualize the
movement of RNAP over combs of im-
mobilized bacteriophage lambda DNA (\-
DNA). A fraction of the RNAP molecules
was seen to deviate from the direction of
bulk flow and to move along the extend-
ed DNA molecules. This observation sug-
gests that RNAP can slide along non-
specific stretches of DNA. Harada et al.l'
used internal reflection fluorescence mi-
croscopy to observe the dissociation and
association events of RNAP with different
regions of a single A-DNA molecule,
which was suspended in laser tweezers.
For AT-rich regions, fast and slow dissoci-
ation constants of 3.0s™' and 0.6657"
were determined, respectively; for GC-
rich regions, a fast dissociation rate of
8.4 57" was measured.

The set-up of Davenport etal® im-
proved on the technology of the previous
studies. In the first and fourth study,”
the spatial resolution was low because of
the unconstrained Brownian motion of
the bead. In the other two studies, which
employed optical traps,”® there was
significant laser damage to the RNAP
because a powerful laser is required to
measure the forces exerted by RNAP. To
circumvent these problems, Bustamante’s
laboratory developed the experimental
set-up shown in Figure 1. Using this set-
up, laser damage is limited because the
laser trap is only used for assembling the
stalled complex between two polystyrene
beads. During the experiment, the laser is

168

Flow ——p

I

(1 II Plpette
Figure 1. Experimental set-up used in the study by
Davenport et al.”” Stalled elongation complexes
were trapped between two polystyrene beads with
biotin - streptavidin linkers. Assembly was aided by
holding one bead on a micropipette by applying
suction and the other bead with a laser trap.
Subsequently, the laser trap was switched off to
avoid laser-induced damage and a controlled force
was exerted on the polymerase by applying flow.
Flow also limited the Brownian motion of the bead,
making the measurement more accurate. x = end-
to-end distance of the DNA molecule; L = contour
length of the DNA molecule. (Reprinted with per-
mission from ref. [4]. Copyright © American Associ-
ation for the Advancement of Science, 2000.)

switched off, and one bead is held in a
static position by suction on a micro-
pipette and the other bead, which is
attached to the downstream end of the
DNA, floats freely in solution. To improve
the resolution, flow was used to minimize
Brownian motion. In addition, the flow
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can be used to exert a controlled force on
the DNA. This set-up permitted the
researches to follow transcription for up
to 3000 bp with a relative position error of
about 21 bp and an absolute position
error of about 60 bp.

Discussion of the major findings
Transcription is highly irregular

The most interesting discoveries in the
studies of Davenport and co-workers
concern the dynamics of transcription.
In particular, it was found that individual
RNAP molecules move along the DNA
template in a highly irregular, nonmono-
tonous manner (Figure 2). Not only does
RNAP often pause in the middle of tran-
scription, but it also moves along the DNA
at highly variable rates between pauses.
As can be seen in the insets of Figure 2,
RNAP molecules appear to catalyze RNA
synthesis at a given rate for an extended
stretch of DNA and then seem to switch
rates randomly and slowly. However, it
has to be noted that the data were low-
pass filtered (f=0.067 Hz; t =15 s), which
tends to smooth out edges and makes
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Figure 2. Transcription by a single RNAP molecule. Plot of the contour length as a function of time and of the
transcription rate as a function of the template position (insets). Transcription was carried out against a force
of 8 pN (A) and 2 pN (B), respectively. Several pauses and drastic changes in rate can be clearly seen. Note that
the distance data were low-pass-filtered (0.067 Hz) before a time derivative was taken to obtain the
transcription rate. This implies that pauses shorter than the filtering duration (15 s) are not detected. (Reprinted
with permission from ref. [4]. Copyright © American Association for the Advancement of Science, 2000.)
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transitions less rapid. Thus, the apparent
slow rate of interconversion may be due
to the relatively long filter time (15 s) used
in the data analysis and not a property of
RNAP.

Surprisingly, the rates did not appear to
depend on the DNA sequence, although
to fully confirm this statement more
molecules at a resolution higher than
21 bp should be analyzed in the future.
Such heterogeneity was never seen be-
fore in single-molecule studies of RNA
polymerase. Furthermore, plotting the
averaged peak rates of single molecules
yields a bimodal distribution with two
distinct peaks at 5.5 and 9.1 bps~' (see
Figure 3A of ref.[4]). A similar bimodal
distribution was also obtained by plotting
all peak rates without averaging over
molecules.”? These results suggest that
RNAP may assume (at least) two distinct
conformations during transcription: one
that catalyzes synthesis slowly and the
other rapidly. A similar suggestion was
put forth previously to explain the bulk
elongation kinetics of RNA polymera-
se Il.h2

Analysis of pauses

There were nine locations where the
polymerase molecules were found to
have a high propensity to pause. Consis-
tent with bulk studies,!*™ the efficiency
of pausing was less than 100%. This
finding supports the notion that pauses
are off the main pathway, because if
pauses were on the main pathway, pause
efficiency would necessarily be 100%. In
addition, it was observed that the poly-
merase often entered into an arrested
state at these pause sites, indicating that
pausing may be an intermediate state
between an actively elongating state and
an arrested state. This result is consistent
with bulk solution studies that found that
arrested states were at least two kinetic
steps off the main synthesis pathway."?!

Interestingly, there is a direct correla-
tion between the number of times that an
RNA polymerase molecule paused and
the inverse of its average peak rate. There
are two interpretations for this observa-
tion. As the authors suggest, this result
could mean that a slower transcribing
RNAP molecule is more likely to pause
than a faster one. Alternatively, it could
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mean that a particular RNAP molecule is
slower because there are more pauses,
especially short pauses that may have
been filtered out in the analysis. Consis-
tent with this alternative interpretation,
the highest peak rates are seen when the
pauses are the furthest apart; that is,
there appears to be a correlation between
the peak synthesis rate and the distance
between pauses (Figure 2). Thus, cause
and effect of this correlation are not
cleanly separated; that is, it is not entirely
clear whether the rate appears slower
because there are more pauses or that
the slower rate causes more pausing. This
question should be revisited with an
instrument that has higher temporal and
spatial resolution.

The effect of force on a transcribing
polymerase

While the effect of force on the rate was
tested before,® the effect of force on
pausing was not. Forces up to 15pN,
which is the stall force, had neither an
effect on the average transcription rate,
as previously observed,® nor an effect on
pausing. In contrast, it was found that
force did have an effect on arrest. Apply-
ing a force between 9-15 pN increased
the probability that RNAP would enter
into an arrested state from a pause state.
It, thus, appears that external force can
increase the rate of conversion of a
paused state into an arrested state;
whereas, the rate of conversion of an
elongating state to a paused state is not
affected by force.

Summary of results and tentative model
of transcription

By using an integrated optical-trap/
flow-control video microscopy system to
investigate individual RNAP molecules,
Davenport etal. observed the following
characteristics of transcription. 1) RNAP
can switch randomly between (at least)
two different rates, and these rates are
not correlated to the template position. 2)
The pause efficiency is less than 100 %,
suggesting that paused complexes are off
the main pathway (see also refs. [13 - 15]).
3) The pause efficiency is not related to
the pause half-life, further corroborating
the fact that pauses are off the main
pathway. 4) There is a direct correlation

between the frequency of pausing and
the inverse of the transcription rate. RNAP
molecules transcribing at a faster rate
seem to be less likely to pause than those
transcribing at a slower rate, suggesting a
kinetic competition between transcrip-
tion and pausing. Note, however, the
caveat about cause and effect pointed
out above. 5) The more often an RNAP
molecule pauses, the more likely it is to
become arrested. 6) The longer an RNAP
molecule remains in a pause, the more
likely it is to become arrested. 7) Arrest
occurs at pause sites, suggesting that
arrest and pausing are related. 8) A force
of up to 15 pN neither affects the rate of
transcription nor increases the probability
or duration of pausing. 9) A force be-
tween 9 and 15 pN increases the proba-
bility of arrest for molecules that were
already paused.

The kinetic model suggested in Fig-
ure 3 is consistent with the above results.
In this model, RNAP can proceed along
the template in a fast or slow state. It is
important to note, however, that these
studies do not have sufficient resolution
to be certain that synthesis occurs on the
slow path, because if RNAP catalyzed
synthesis only on the fast pathway but
spent much of its time in any off-path
state, it would appear to be catalyzing
synthesis slowly. We suggest synthesis
along the slow state as a formal possibil-
ity. In this model, RNAP molecules poten-
tially can populate four states (the fast,
slow, paused, or arrested state) at each
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Figure 3. Proposed kinetic mechanism for tran-
scription. The different states are denoted by sub-
script letters: f=fast state, s =slow state, p =
paused state, a= arrested state. i— 1, i, and i+ 1
denote template positions. The arrows represent
rates. The slow state is shown in gray because the
evidence for the existence of this state is circum-
stantial. It is important to note that the rates
towards pauses and arrests can greatly vary at
different template positions. Moreover, our suggest-
ed model is consistent with the available data, but
these data do not conclusively prove this mecha-
nism.
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template position (see also refs. [2, 16]).
There is strong evidence that the paused
state is a kinetic intermediate between
the elongation states and the arrested
state, and that pausing competes kineti-
cally with elongation (findings 2, 3, and 4
listed above). The model in Figure 3 is also
consistent with the single-molecule study
on termination® that showed that a
paused state is an intermediate between
an actively elongating complex and ter-
mination (findings 5, 6, and 7). For this
latter case, the arrested state would be
replaced with termination. Finally, it is
important to note that the model pro-
posed in Figure 3 is consistent with the
data from Davenport etal® and Yin
etal,” but the data do not prove the
model. For instance, it cannot be ruled
out that the fast molecules go directly to
a paused state instead of going through a
slow state first, giving rise to the question
whether the slow state even exists.

Future questions

These studies have just scraped the sur-
face of the possibilities of single-molecule
studies on RNAP and other molecules. It is
certain that optical microscopy and other
single-molecule techniques such as atom-
ic force microscopy (AFM)!'” 8 will con-
tinue to expand our understanding of
transcription and other biological proc-
esses. The data discussed here have
opened more new questions than an-
swered old ones, which is to be expected
for a young and active field. The most
obvious questions that would benefit
from single-molecule experiments are
raised here. Which factors affect the rates
of transcription elongation, pauses, and
arrest? Is there a “selection process” in
which slow complexes are more likely to
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pause and become arrested and thus are
more exposed to transcriptional regula-
tion and proofreading factors? What
happens to arrested complexes in the
presence of GreA and GreB, both of which
are proteins that have been shown to
increase the fidelity of transcription??
What are the effects of the RNA transcript
length and the presence of hairpins on
pausing™ ' and termination 712%

Future instruments may be able to
achieve single-base-pair resolution (a fac-
tor of 20 better than the current resolu-
tion). With such instruments, questions
about the single-nucleotide addition cy-
cle, inchworming,® and backtracking®"
could be addressed—and most likely are
currently being worked on in several
laboratories. However, being able to
obtain single-base resolution is insuffi-
cient. The technique needs to advance to
the point where large populations of
molecules can be examined with relative
ease, so that the obtained results can be
averaged and compared with those of
bulk experiments. Finally, combining bulk
solution studies with statistics on large
populations of single molecules in con-
junction with computer modeling stud-
ies, such as the one done by Matsuzaki
etal.,”? should provide great insights
into the mechanism of transcription elon-
gation.!?
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