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Visualization of Single Molecules of RNA
Polymerase Sliding along DNA

Hiroyuki Kabata, Osamu Kurosawa, Ichiro Arai, Masao Washizu,
Stefanie A. Margarson, Robert E. Glass, Nobuo Shimamoto*

Transcription requires that RNA polymerase binds to promoters buried in nonspecific
sites on DNA. The search for promoters may be facilitated if the polymerase slides along
the molecule of DNA. Single molecules of Escherichia coli RNA polymerase were
visualized, and their movements on immobilized bacteriophage A and T7 DNAs were
examined. Deviating from drifts by bulk flow, about 40 percent of the enzyme molecules
moved along the extended DNA. The results provide direct evidence for sliding as a
mechanism for relocation of the enzyme on DNA.

I addition to simple dissociation and as-
sociation, two mechanisms—intersegment
transfer and sliding—have been proposed
for translocation of a protein molecule from
one site on DNA to another (I, 2). The
former is supported by the identification of
an essential intermediate in which a protein
oligomer makes contact with two separate
sites on a DNA molecule (3). In contrast,
only indirect evidence for the latter mech-
anism is available from kinetic studies of
bacterial repressors (1, 4, 5), nucleases (6),
a methylase (7), and DNA polymerases (8).
Moreover, the presence of sliding was con-
flictingly concluded for a repressor (4, 9).

In the initiation of transcription, E. coli
RNA polymerase holoenzyme (subunit
composition of a,,BB’c) (10) binds to pro-
moters on DNA; sliding has been suggested
as a mechanism for promoter searching in
kinetic studies (11, 12). We developed a
visual examination for the putative sliding
motion of a holoenzyme molecule. The
principle of single-molecule dynamics has
been successfully applied in the study of
motor proteins (13).

To detect sliding as a linear movement,
we extended DNA in a common orienta-
tion between aluminum electrodes on a
glass slide by dielectrophoresis (14), form-
ing “DNA belts” (Fig. 1A). The belts were
retained after the electric field was cut off
because the DNA molecule was anchored
to the surface at both ends with avidin (Fig.
1B). The belt was 2 to 3 wm thick, with a
concentration of 10 to 300 pg/ml (15). If
the association rate constant of holoenzyme

and immobilized DNA is 10° M~! 571, as
previously reported for free DNA (12), one
binding event would require a residence
time of 0.2 to 6.0 s in the DNA belt; this is
quicker than the bleaching of fluorophore
attached to holoenzyme as follows.

We visualized a single holoenzyme mol-
ecule by conjugating it with rhodamine-
avidin (16) by means of the Fab fragment of
immunoglobulin G (IgG) recognizing the
COOH-terminus of the B’ subunit (17).
The antibody is known to preserve the
transcription activity of holoenzyme (18).
The enzyme solution was injected between
the cover slip and the slide so that 2 to 10
molecules of enzyme were detected at each
injection in a single view covering 90-um
stretches of both DNA belts. Bulk flow
occurred on injection and carried the pro-
tein molecules into the belt.

The observed movements were indistin-
guishable from random Brownian motion
when bulk flow was slower than 0.5 wm/s.
In the presence of faster bulk flow tilting
relatively to the stretched DNA, the move-
ments were classified into one of five char-
acteristic modes: (i) translocation longer
than 3 pm in parallel with the fixed DNA
(£10°); (ii) vertical jumping more than 3
pm; (iii) translocation shorter than 2 um
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10 wm =—

side view

Fig. 1. DNA belts. (A) DNA was stretched in
parallel by dielectrophoresis and (inset) fixed
with the avidin molecules adsorbed onto the
surface (19). (B) Fluorescence image of the A
DNA belts visualized with ethidium bromide
after a few rounds of the assay. Electrodes (E)
and glass surface (G) are denoted, and the
DNA belts are indicated with dihedral arrows.

for more than 10s; (iv) translocation longer
than 3 um in parallel with bulk flow (+30°)
and not classified into (i), (ii), or (iii); and
(v) any others (Fig. 2).

Most traces were mode (iv) either out-
side the DNA belt (Fig. 2A, left) or with
bulk flow faster than 100 wm/s and were
explained as a simple drift superimposed by
Brownian motion. In contrast, modes (i)
through (iii) were observed only in the belts
with moderate bulk flow giving a residence
time longer than 0.5 s (Fig. 2A, right).
Moreover, these modes disappeared when
the DNA binding site of holoenzyme was
blocked with heparin or a free fragment of
DNA and were not found in the move-
ments of anti-B’ IgG possessing no DNA
binding sites (Table 1). Therefore, the
binding to the fixed DNA caused modes (i)

Table 1. Modes of movements in A DNA belts and effects of heparin and a free DNA. Numbers of
modes were counted for all traces in the belts with bulk flow rate of 1 to 20 um/s. A trace containing
modes (i) through (iii) was counted as each of the three even when it contained other modes. A trace
containing only mode (iv) was counted as (iv), and that containing (iv) and (v) or just (v) was counted
as (v). Holoenzyme labeled with Fab (30 pM) was preincubated at 37°C for 1 hour with 30 nM
heparin or a 239-base pair DNA containing A pg at position 134.
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Distribution (%)

E. coli RNA polymerase

Mode anti &' 19G
alone heparin free DNA
(i) Sliding 39 2 13 4
(i) Jumping 7 1 0 0
(iii) Promoter binding 6 2 1 0
(iv) Simple drift 20 79 66 86
(v) unidentified 28 16 22 10
Total number of samples (148) (132) (203) (247)
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tﬁrough (iii), and mode (i) may be sliding
along DNA. The observed requirement of
DNA binding activity excluded the alter-

Fig. 2. Movements of fluo-
rescently visualized E. coli
RNA  polymerase mole-
cules. (A) Superimposed
images. The A DNA mole-
cules were horizontally ori-
ented as indicated with a
dihedral arrow. White arrow
shows the direction of bulk
flow. The blurring of a spot,
attributed to mode (ii), was
also seen. (B) Absolute val-
ues of averaged direction
and velocity for each 3-um
translocation. The DNA
were fixed at 0°, and the
modes are marked. The
right molecule (solid line)
but not the left (broken line)
showed sliding in the belt.
(C) Assignment of the
movements. (D) Holoen-
zyme trapped on immobi-
lized T7 AD111 DNA (dihe-
dral arrow) is marked with
white arrowheads. (E) Loca-
tions of 111 molecules in
mode (i) on T7 DNA. Ar-
rows indicate the positions
of T7A1 promoter.
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native possibility that mode (i) was a drift
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Fig. 3. Sliding movements in T7 DNA belts. (A) The images are superimposed until the time (in
seconds) indicated in each panel. (B) Analysis of upper (solid line) and lower (broken line) traces

similar to Fig. 2B.
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mode with moderate flow, twice as frequent
as the simple drift (Table 1), confirming
sliding was a true activity of the enzyme.

Mode (ii) occurred near the electrode
edges (Fig. 2, A and C) where a maximum
of 15% of DNA was looped or vertically
oriented (15). It may be explained as slid-
ing along such nonparallel DNA. Mode
(iii) tends to occur near the ends of T7
ADI111 DNA (Fig. 2, D and E) or at a
position one fourth of the length of A\
DNA, consistent with the binding to the
major promoters.

In Fig. 3, two enzyme molecules started
sliding from putative promoters, drawing
traces ending in mode (iii) near promoters
in the other belt, suggesting sliding partic-
ipates in promoter search. Interestingly, the
velocities usually decreased during sliding
(Fig. 3B), indicating friction between the
enzyme and DNA. Such friction was
masked by Brownian motion in case of slow
flow (Fig. 2B). The two molecules in Fig. 3
changed their directions at different mo-
ments, again indicating sliding is not drifts
following a bulk flow with changing direc-
tions. Therefore, sliding is a mechanism for
relocation of the enzyme on DNA.
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Nucleosome Disruption by Transcription
Factor Binding in Yeast

Randall H. Morse*

Studies in vivo and in vitro have shown that the packaging of DNA into chromatin can affect
gene expression. Here, binding of the yeast transcriptional activator GAL4 to DNA in
chromatin has been investigated in vivo with a yeast episome. A positioned nucleosome
thatis presentin cells grown in glucose and contains a single GAL4 binding site is disrupted
by GAL4 binding in galactose. GAL4 can also bind to DNA in chromatin when the carboxyl-
terminal activation domain of GAL4 is either masked by GAL80 or is absent. These results
show that a transcription factor can bind to its site in vivo in what would appear to be a

repressive chromatin structure.

The incorporation of promoter elements
into nucleosomes in vitro prevents tran-
scription initiation, probably by occlusion
or deformation of sequences recognized by
specific trans-acting factors (1). Some fac-
tors, such as nuclear factor-1 (NF-1) and
heag shock factor, do not bind well to
nucleosomal DNA in vitro (2, 3). Howev-
er, other factors, such as the glucocorticoid
receptor and GAL4, can bind and form
ternary complexes with histone-bound
DNA (4, 5). The RNA polymerase III
transcription factor TFIIIA can bind to a
positioned nucleosome in vitro, but only
when the histone NH,-terminal regions are
acetylated or absent (6).

Nucleosomes may also affect transcrip-
tion initiation in vivo (7). In both the
mouse mammary tumor virus promoter
and the yeast PHOS5 gene, binding sites for
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transcriptional activators are located with-
in positioned nucleosomes. In both cases,
indirect evidence suggests that specific
mechanisms are required to allow those
factors access to their binding sites (2, 8).

The well-characterized minichromo-
some TRP1ARSI1 and its derivatives have
been used to manipulate chromatin struc-
ture in yeast such that binding sites for
trans-acting factors are included in or
excluded from positioned nucleosomes (9—
11). T have used this approach to investi-
gate binding of the transcriptional activa-
tor GAL4 to its binding site when it is
positioned within a nucleosome. A single
copy of a near-consensus 17-base pair (bp)
binding site for GAL4 was introduced into
the DNA sequence normally located near
the center of the stably positioned nucle-
osome I of a TRP1ARS]1 derivative (9, 10)
to create the yeast episome TA17A80
(12). This plasmid was introduced into
yeast cells, where it was maintained at
>10 copies per cell. The chromatin struc-
ture of TA17A80 was assayed by the indi-
rect end-label technique (13). In this
technique, sites susceptible to micrococcal
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nuclease cleavage in chromatin and in
naked DNA are mapped relative to a
common restriction site. Regions that are
protected in chromatin, but not in naked
DNA, and which encompass 140 to 160
bp, are assumed to represent positioned
nucleosomes (9).

When yeast cells harboring TA17A80
were grown in glucose, positioned nucle-
osomes were detected on the plasmid (Fig.
1, left panel, lanes labeled glucose). Nu-
cleosome I contains the GAL4 binding
site and is immediately adjacent to posi-
tioned nucleosome II. This structure was
expected because GAL4 does not normally
bind to its site in glucose, primarily be-
cause the GAL4 gene is repressed (14).
When cells harboring TA17A80 were
grown in galactose, new micrococcal nu-
clease cleavage sites were observed in the
nucleosome containing the GAL4 binding
site, as well as in the neighboring nucleo-
some II (Fig. 1, left panel, lanes labeled
galactose). This suggests that when cells
harboring TA17A80 are grown in galac-
tose, GAL4 is able to compete successfully
with histones for occupancy of its binding
site, resulting in the perturbation of a
region of chromatin spanning two nucle-
osomes. This interpretation is supported
by the finding that a control plasmid,
TAAS8O, lacking the GAL4 binding site in
nucleosome I, showed no change in the
structure of this nucleosome between cells
grown in glucose and galactose (Fig. 1,
right panel). Nucleosome II appears less
well positioned in TAA80 than in
TA17A80, as evidenced by the incom-
plete protection of the cleavage in this
region of TAA80; the reasons for this are
not understood.

To determine whether GAL4 could
activate transcription when its binding
site is incorporated in a positioned nucle-
osome, I fused a 400-bp fragment encom-
passing nucleosomes I and II of TA17A80
to a B-galactosidase reporter gene (15).
This construct, carried on a single-copy
(CEN) plasmid, was introduced into yeast
cells, which were assayed for B-galacto-
sidase activity in the presence of glucose
and galactose (Table 1). Activity was very
low in glucose and strongly induced in
galactose. The induced level of expression
was not increased in the presence of a
2-pm-based plasmid containing the GAL4
gene, indicating that maximal binding
and transcription are achieved with nor-
mal wild-type levels of GAL4 protein.
Micrococcal nuclease cleavage patterns of
this plasmid were consistent with nucleo-
some | incorporating the same DNA se-
quence as in TA17A80 in cells grown in
glucose; growth in galactose results in
enhanced cleavage in this region (Fig. 2,
arrow) as well as near the border of this
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