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ABSTRACT: Electrophoretic mobility shift (bandshift) phasing analysis and rotational variant topological
analysis were performed on initiation complexes formed on the bacteriophage lambda PR promoter. Both
the open complex and an abortive complex containing a short RNA primer extending to+3 were
characterized. The two methods were used to analyze a series of constructs containing tandemly repeated
copies of the PR promoter, with the repeat length increased in single base pair increments to progressively
change the rotational setting of adjacent copies. The phasing effect observed in bandshift analysis of
open complexes formed on this set of constructs provided qualitative evidence for the presence of a bend.
Subsequent rotational variant topological analysis confirmed this and quantified the overall bend angle in
the open complex as well as in the+3 abortive complex: a bend of 49° ( 7° was measured for the open
complex, while a bend of 47° ( 11° was measured for the+3 complex, i.e., the two bends are the same.
However, the topological results are not consistent with extensive superhelical wrapping of DNA on
either complex as has been proposed. The two complexes do differ in the size of the transcription bubble:
the open complex contains a 10.4( 0.1 bp bubble, while that of the+3 complex is 12.2( 0.1 bp, a
result consistent with “DNA scrunching” during the onset of transcription. A model for the overall path
of the DNA in the open complex is presented that is consistent with the measured bend angle. Measurement
of both bubble size and overall bend angle complements the results of crystal structures in providing an
enhanced description of the solution structures of the intact initiation complexes.

Substantial progress has been achieved in structural
analysis of the transcription machinery. Particularly impres-
sive has been the advance in our understanding of the
structure of the central component in transcription, RNA
polymerase. Thus crystal structures have been determined
that provide atomic detail of eukaryotic and prokaryotic RNA
polymerases and their various complexes with DNA that
model the enzyme open complex and elongation complex
stages [reviewed recently in (1)]. No structure of the open
promoter complex is available yet.

However, while these structures afford us unprecedented
detail of the structure of RNA polymerase in several steps
of transcription, the structures are at present incomplete. Thus
only short segments of DNA are visualized in the crystallized
complexes, and numerous questions remain concerning
whether these structures represent functional states of the
enzyme in solution. Moreover, crystallography necessarily
describes a static structure that can be significantly affected
by crystal packing, particularly with respect to the DNA
component. Complexes of proteins with long DNA are
particularly difficult to crystallize due to the flexible bulky
nature of double-stranded DNA. One question that remains

derives from the fact that there is as yet no description of an
intact transcription bubble in crystal structures of either an
open complex or an elongation complex. Although some
crystals of elongation complex by RNA polymerase II
contain transcription bubble, its structure is not resolved due
to the high flexibility of DNA or a dynamic nature of
protein-DNA interaction in the bubble area and in the
duplex DNA located upstream from the bubble. Moreover,
these structures are necessarily incomplete: the length of
DNA (30 bp) visualized in cocrystals obtained to date is too
short to reveal much about how the DNA may be wrapped
on the surface of the polymerase.

A variety of approaches that study the structure of intact
complexes in solution provide information that can comple-
ment the crystallographic results. Approaches such as nu-
clease protection assays indicate that polymerase interacts
with an extensive stretch of DNA. Thus a number of studies
of complexes at multiple prokaryotic promoters indicate that
polymerase interacts with as much as 70-90 bp of DNA in
the open complex [reviewed in (2)]. The fact that this length
of DNA is considerably greater than the diameter of RNA
polymerase led to the proposal that the DNA is wrapped on
the surface of the polymerase in a manner similar to that of
the nucleosome, with the most of the wrapping taking place
with the upstream DNA [(3), reviewed in (2, 4)]. Unfortu-
nately there are no detailed structural studies available that
would provide a comprehensive description for the overall
path of such wrapping.
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One solution methodology that provided an important early
clue about the wrapping that exists in the nucleosome is DNA
topology. When a nucleosome binds to DNA and then that
DNA is closed into a circle, the changes in DNA wrapping
and duplex screw caused by nucleosome binding result in a
change in the topological linking number of the circle relative
to similarly treated bare DNA (5-8). The linking number
quantifies the number of times one strand passes over the
other in a DNA circle [reviewed in (9-11)]. A left-handed
superhelical wrap will result in a linking number change
(∆L1) of -1, i.e., the linking number of the DNA circle will
be reduced by one. In addition, unwinding the DNA duplex
by one turn will also cause a change of-1. The linking
number change is readily quantified by electrophoresis of
the purified DNA in an agarose gel. This ability of the
methodology to quantify changes in both wrapping and
duplex screw contributed significantly to our understanding
of nucleosome structure well before crystal structures (12,
13) were available.

These advantages of the topological method led to its use
in the study of the transcriptional open complex formed when
RNA polymerase binds to DNA. The linking number change
measured for polymerase bound to a specific promoter ranged
from -1.0 to-1.7 (14-17). As reviewed in the accompany-
ing paper (18), the change of-1.7 was interpreted as
evidence for superhelical DNA wrapping [(14), also reviewed
in (4) ]. Thus chemical probe experiments (19-22) indicate
that the open complex contains a bubble of about 12 bp, or
unwinding of about one duplex turn, which corresponds to
a linking number change of about-1. It was reasoned that
the remaining-0.7 of the-1.7 measured reflects wrapping
of 0.7 turn of left-handed superhelix on the complex surface
(14). However, the results of other topological studies (15,
17) do not lead to a prediction of wrapping; they find a
linking number change closer to-1, which is near the value
predicted for the bubble observed in the chemical probe
studies. Thus in these cases there is no “excess”∆L of -0.7
that can be assigned to left-handed superhelical wrapping.
However, it is important to realize that the precision of the
measurements in all of these studies is limited by the analysis
of just one promoter copy [reviewed in (18)]. Moreover, the
presence of additional promoters in the DNA circle used
complicates the measurement in some of the studies. To
address these uncertainties, this topological change is
measured with a higher precision in the current study. This
and the accompanying study (18) achieve this higher
precision by (1) increasing the magnitude of the linking
number change through the use of constructs containing 10
tandemly repeated promoter copies and (2) removal of the
vector promoters from the circle so that the entire linking
number change derives from the promoter of interest, i.e.,
the “background” linking number change is eliminated.

Bending of the DNA onto the polymerase into a wrap is
indicated by the results of several other approaches to
analyzing open complexes. Thus gel electrophoretic analysis
of an open complex formed either at the end or in the middle
of a linear DNA fragment (termed circular permutation)
indicates that the DNA may be bent (23, 24), although this
method cannot distinguish the difference between bending

and increased flexibility (25, 26). Moreover, microscopy
studies of complexes adsorbed to a surface observe a
reduction in the contour length of DNA upon formation of
an open complex, a result that has been interpreted to indicate
extensive wrapping of DNA on the polymerase (27-29).
However, the fact that the complex is adsorbed to a surface
complicates the interpretation of such studies (30). Moreover,
these methodologies for analyzing bending can provide only
an approximation of the extent of the bend.

Rotational variant analysis is a topological method that
can not only detect but also quantify DNA bending in both
free DNA and DNA in a complex in solution (31-35). This
method analyzes the linking number change induced by
formation of a protein complex on a series of plasmid
constructs in which the spacing of tandem protein binding
sites is systematically varied in 1 bp increments. This method
has been described in detail previously [the reader is directed
in particular to Figure 1 in (31) as well as the review in
(32)]. A brief explanation of the method follows: if we
consider the example of a protein that bends the DNA of its
binding site by 90°, binding the protein to a segment of DNA
containing four tandem repeats of the site will cause the
segment to form a square for some repeat length, which we
will designate C bp. Binding the protein to a segment
containing fourC + 1 bp repeats will result in formation of
a right-handed, squared superhelix. A DNA circle containing
that segment will undergo a linking number change of+1
(relative to a similarly treated bare DNA) if the protein is
bound in the presence of topoisomerase. Conversely, a circle
containing fourC - 1 bp repeats will form a left-handed
superhelix, causing a linking number change of-1. This
abrupt change from-1 to+1 as the repeat length progresses
throughC bp will progressively drop to 0 as further increases
in the repeat length are made toC + 5 bp: this will form a
zigzag structure that will cause no linking number change
(it is not superhelical but planar). Further increments of single
bp insertions will result in the left-handed superhelix atC
+ 9 bp repeat to give-1, at which point the abrupt change
to +1 will repeat forC + 11 bp. A plot of linking number
change versus repeat length will exhibit a “sawtooth” shape,
with the amplitude of the sawtooth directly reflecting the
number of repeats times the bend angle. The function relating
linking number change to repeat length has been derived (31,
34), and this is fitted to the data to obtain the bend angle.
There are several advantages of this rotational variant method
for measuring DNA bend angles. The measurement derives
from first principles, requiring no comparison to standards
of known bend angles such as has been attempted using gel
electrophoretic methods. In addition, the method measures
the bend angle of an active complex in solution. Rotational
variant analysis has been applied to measurement of the bend
angle induced by binding of the catabolite gene activator
protein (31) as well as the intrinsic bend caused by the
presence of an A-tract (33-35).

In the present study this rotational variant analysis is
applied to both the open complex and the+3 abortive
complex formed at the lambda bacteriophage PR promoter
(λPR). A circle containing ten tandem copies of the promoter
is used to measure, with high precision, both the bend angle
and the bubble size of the initiation complexes. No additional
vector-derived promoters are present, thereby avoiding a
complication of some earlier studies. The results provide

1 Abbreviations: λPR, the bacteriophage lambda PR promoter;∆L,
DNA topological linking number change.
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insight into multiple aspects of the initiation process. The
accompanying paper (18) describes a companion study that
analyzes the transcription bubble in the open and abortive
complexes.

MATERIALS AND METHODS

Plasmid Construction. A set of plasmids was generated
in which each plasmid contains 5 tandem repeats of a
fragment containing theλPR promoter, with the repeat length
increasing in 1-2 bp increments. The nomenclature is of
the general form pPRnnn, with nnn designating the repeat
length in base pairs. The methodologies for constructing these
plasmids are variations of those described previously (31-
33, 36) and a brief description follows. A master PCR
template was first generated by producing a fragment con-
taining theλPR promoter using PCR with primers LPR5
(5′GTCGCCCGAGCTAGATGCTGACTCATTGTCCCT-
ATCACCGCAAGGGAT) and LPR3 (5′GGTGGCGGC-
CGCTCTAGAACTAGTGGATCCCTATTCCATACAAC-
CTCC) in combination withAlwNI-cleaved plasmid pDW205
(kindly provided by Dr. R. Landick) as template. The 150
bp PCR product was then gel purified. This master template
contains theλPR promoter from-73 to+1 [significantly, it
includes sequences to-60, which is the promoter sequence
that has been used in the extensive characterization ofλPR

complexes by footprinting studies from the Record laboratory
(3, 37-41)], followed by a sequence in which the first C is
at C32 (see Figure 1A). The downstream end of the master
template contains sequence complementary to that of the
SKA set of rotational variant primers (32, 33). This master
template was then incubated in a series of PCR reactions
containing primer LPR5 (which contains the appropriateAVaI
sequence) and various SKA primers. This generated a set of
fragments in which the distance between theAVaI sites varied
between 145 bp and 157 bp. These fragments were cloned
into T-vector (Promega), and the fragment containing the
λPR promoter was purified from a clone of each repeat length.
Tandem repeats of each length fragment were then cloned
into theAVaI site of pCLAV (31) using the initiator fragment
procedure (36). This resulted in no more than trimer repeats
for any of the fragments. Since much higher repeat numbers
have been obtained with other sequences (31, 32, 36), it was
surmised that the presence of large numbers of activeλPR

promoters was detrimental to the cell. This was addressed
by inserting a copy of the gene for the lambda repressor into
pCLAV to generate pCLAR as the recipient plasmid for the
oligomerization procedure. To construct pCLAR, a fragment
containing the lambda repressor gene was excised from
pDW205 by digestion withEcoRI, blunt-ending by Klenow
DNA polymerase, and finally digesting withPstI. This was
cloned into pCLAV that had been digested withNdeI, blunt-
ended, and cleaved withPstI, to generate pCLAR. Use of
pCLAR in the oligomer cloning procedure allowed the
isolation of clones containing 5 repeats ofλPR. Clones
containing 5 repeats and in single base increments were
obtained for pPR143 through pPR157 (the last 3 digits
designate the repeat length), with the exception of the 150
bp repeat length. To increase the number of repeats in a circle
to 10 as well as to eliminate vector promoters, theApoI/
PstI fragment containing theλPR repeats was purified from
each pPRnnnplasmid and ligated to generate a head-to-head
dimer circle, designated cPRnnn (see Figure 1B). Finally,

PCR mutagenesis was used to add aBpu10I site between
the SphI and ApoI sites (see Figure 1B) so that theApoI/
PstI dimer circle could be specifically nicked withNb.Bpu10I
to allow for closure of circles by ligation (see below). This
was done for a subset of the of the pPR rotational variants,
which were then termed pNPRnnn (pNLPR145, 146, 147,
148, 149, 151, 154, 156, and 157).

Bandshift Analysis. For Figure 2A, pPR157 (10 nMλPR)
was cleaved withSphI andPstI (see Figure 1B), after which
it was incubated with RNA polymerase holoenzyme (20 nM)
(Epicentre) for 15 min at 37°C in 20 mM Tris, 50 mM NaCl,
10 mM MgCl2, 1 mM dithiothreitol, 0.1 mM ethylenedi-
aminetetraacetic acid (EDTA), 10% glycerol, and 0.1 mg/
mL acetylated BSA. Samples were fractionated by electro-
phoresis in a 2% agarose in TAE buffer (40 mM Tris, 20
mM acetic acid, 1 mM EDTA, pH 8.0). For Figure 2B, each
plasmid in the set of rotational variant plasmids was digested
with ApoI, PstI, and SmlI, after which the sample (5 nM
λPR) was incubated as with RNA polymerase (20 nM).
Heparin (Sigma) was then added to 0.2 mg/mL and the
sample was further incubated for 15 min at 37°C. Finally,
a sample of the digested bare DNA was added to serve as a
bare DNA reference on the gel. All samples were then
fractionated by electrophoresis in either a 0.6% or 3.0%
agarose gel in TAE buffer. The relative mobility was
calculated as the distance migrated by the band corresponding
to theApoI/PstI fragment occupied by 5 polymerases divided
by that of the bare fragment.

Topological Analysis. A typical binding reaction (20µL)
involved incubating the indicated amount of histidine-tagged
RNA polymerase holoenzyme (42) with the appropriate
Nb.Bpu10I-nicked DNA circle (2.6 nM, 26 nMλPR) in 10
mM K-Hepes (pH 7.5), 150 mM NaCl, 0.1 mM EDTA,
0.033 mM NAD (Sigma), 10% glycerol, 0.1 mg/mL acety-
lated BSA (NEB), and 10 mM MgCl2 for 10 min at 37°C.
For+3 abortive initiation complexes the oligoribonucleotide
GCAUG (0.066 mM, Dharmacon) was added at this point
and the incubation was continued for 10 min at 37°C.
Analysis of the radioactively labeled primer using size
exclusion chromatography confirmed its stable binding to
RNA polymeraseλPR (not shown). This was followed by
the addition ofEscherichia coliligase (260 U/mL) and a
further incubation of 20 min at 37°. Samples were then
phenol extracted and ethanol precipitated, followed by
fractionation by electrophoresis in an 0.6% agarose gel in
the presence of 0.022µg/mL ethidium bromide in TBE buffer
(89 mM Tris-borate, 2 mM EDTA, pH 8.2). In some cases
(e.g., Figure 3A) a short second dimension was run in the
presence of 0.1µg/mL ethidium bromide/TBE to separate
the topoisomers from the nicked and linear species on the
diagonal. From this point, data analysis was performed as
described previously (31, 32, 35): the gel was stained in
ethidium bromide and scanned (FMBio), after which the
profile of each topoisomer distribution was obtained (Mul-
tiAnalyst, BioRad) and its center (corresponding to its mean
linking number) was determined. The large linking number
change in these complexes meant that resolution of the bare
DNA distribution required different gel conditions (0.25µg/
mL chloroquine diphosphate rather than 0.022µg/mL
ethidium bromide. The linking number change was then
measured by relating the topoisomer registers of the two
samples via a series of “connector” samples. These were
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generated by relaxation of bare DNA samples in the presence
of increasing concentrations of chloroquine diphosphate, after
which they were resolved on gels containing appropriate
chloroquine concentrations (33). The difference between the
two samples was then quantified by counting the topoisomer
spots between the centers of the two distributions. This
difference between the mean linking number of the sample
ligated in the presence of polymerase and that ligated in its
absence is the polymerase-induced linking number difference,
i.e., ∆L ) L+RP - Lbare. The equation relating∆L to repeat
length was fitted to the data set to obtain the bend angle
(31-33, 35), a process that is described briefly here. The
linking number change contribution per interbend segment
is composed of two components (further discussed in
Results). One component, termed∆LSH, is the linking number
change contribution per interbend segment that is due to the
superhelix formed by successive bends, and varies with the
repeat distance:

HereB is the bend angle induced by protein binding.æav is
the dihedral angle between successive bends. It depends on
binding site repeat length and the helical repeat length of
the DNA duplex (DNA screw), and contains a term for
torsional flexibility of the interbend DNA [see (33) for further
discussion]. The second component, termed∆LI [also termed
I in (31, 32)], is the linking number change intrinsic to the
monomer unit (e.g., the twist contribution in a single open
complex that derives from unwinding the duplex during
bubble formation), and as such does not vary with repeat
length. The linking number change for a given construct is

wheren is the number of repeats in the construct. This is
the general equation for a circle containingn contiguous
repeats, which will containn - 1 dihedral angles. In the
special case here for cPR and cNPR (Figure 1), the repeats
are arranged in two blocks of 5, which results in 10 repeats
and 8 dihedral angles. Thus for these constructs,∆L )
(8)∆LSH + (10)∆LI. This function was fitted to a plot of∆L
versus repeat length. Each data set (28 data points for the
open complex, 30 data points for the+3 complex) was made
up of results from at least three separate experiments. Fit
results not discussed in results follow: The fit values for
the DNA screws were similar (10.63( 0.02 for the open
complex and 10.66( 0.02 for the+3 complex), but the
values for the torsional flexibility of the repeat unit DNA
[termed “σ” in (32, 35) and defined as the standard deviation
of the rotation per bp] differed: a value of 6.9 was obtained
for the open complex, while 4.7 was obtained for the+3
complex. This is seen as a steeper slope in the plot of the
+3 complex at the crossover point (about 149 bp repeat
length), compared to that of the open complex [see (31, 32,
35) for discussion of this feature]. This indicates that the
DNA of the repeat unit appears to be slightly stiffer in the
+3 complex than in the open complex, but, as discussed
previously (35), it is not a highly sensitive indicator of
torsional stiffness in this system.

RNA polymerase complexes contain multiple bends
[reviewed in (2, 4, 43)]. The rotational variant method

measures the overall bend angle induced upon protein
binding, i.e., the sum total of the composite bends. Indeed,
the initial demonstration of the method measured the overall
bend in solution of a complex of the catabolite gene activator
protein (CAP) with its binding site (31). X-ray crystal-
lographic analysis demonstrated that this overall bend is a
composite of two sub-bends (44). A second rotational variant
analysis of a composite bend analyzed the overall bend
composed of 5 phased adenine tracts (A-tracts) that were
approximately coplanar. Details of the relationship of the
composite bends and the overall bend with respect to the
rotational variant measurement have been discussed (33). To
summarize, the method measures the overall bend, which is
the sum total of the composite bends. If these bends are not
coplanar, there can be a contribution to the linking number
change intrinsic to the repeat unit, a quantity termedI in the
CAP rotational variant study (31) and termed∆LI here (see
above). The measurement in the CAP complex wasI )
-0.067 ()∆LI). This small amount of negative∆LI is likely
negative writhe (-∆WI) deriving from the left-handed
superhelical path of the two sub-bends observed in the crystal
structure.

RESULTS

Generation of Rotational Variant Constructs of theλPR

Promoter. A series of DNA circles containing tandem repeats
of the λPR promoter was created in order to analyze the
topological properties of transcription complex formation at
the promoter. Features of these circles are shown in Figure
1. A fragment containing theλPR promoter, and terminated
by AVaI sites, was generated by PCR as described in
Materials and Methods. An example containing a 157 repeat
length between theAVaI sites is illustrated in Figure 1A.
This AVaI-digested fragment was ligated into a vector at the
identicalAVaI site using the initiator fragment strategy (36)
to generate a plasmid containing 5 head-to-tail copies of the
fragment. Since the footprint of polymerase in an open
complex covers∼90 bp (2), repeat lengths in excess of this
should be sufficient to avoid steric interference between
adjacent complexes. On the other hand, the DNA repeat
length needs to be short enough to ensure that the intervening
free DNA has sufficient torsional stiffness to communicate
the rotational positions of successive complexes. A previous
study (31) demonstrated that∼70-80 bp beyond the
footprint is effective for this, so repeat lengths in the range
of 140-160 bp were used for these polymerase studies. It
was found that the host cell would tolerate no more than 5
copies ofλPR per plasmid (see Materials and Methods), so
the ApoI/PstI fragment was isolated from the plasmid and
ligated to form a dimer circle (Figure 1B) containing 10
copies ofλPR (note that the head-to-head arrangement does
not affect the topological measurements in this study, since
a superhelix formed by one of the 5-repeat blocks retains its
handedness, and therefore its linking number contribution,
regardless of its orientation). Treatment of this circle with
the nicking enzymeNb.Bpu10I results in a circle with two
nicks that can be ligated to achieve topological closure. Thus
the linking number change induced by transcription complex
formation can be measured by forming the complex on the
nicked circle followed by ligation, after which the purified
DNA can be compared with that ligated under identical
conditions but in the absence of polymerase. In order to

∆LSH ) (arccos[cos(B/2)cos(æaV/2)])/π - æav/2π

∆L ) L+RP - Lbare) (n - 1)∆LSH + (n)∆LI
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quantify the bend angle induced by transcription complex
formation, a series of such circles, termed rotational variants,
was generated (33) containing repeat lengths that increase
in increments of 1-2 bp. Tandemly repeated copies are
required for bend angle measurement by the rotational variant
method (32), but the presence of 10 copies also amplifies
the signal of a single promoter by 10-fold, permitting
measurement of the linking number change per promoter
with high precision. This, as well as the elimination of vector
promoters, allows measurement of the linking number change
per promoter to be performed with higher precision than was
possible in earlier studies (14, 15, 45).

Bandshift Analysis of Open Complexes Formed on the
Tandemly Repeated Copies ofλPR. Figure 2A shows the
results of electrophoretic bandshift analysis (46) that was
used to develop conditions for open complex formation,
monitor occupancy of the tandemly repeated promoter copies,
and ensure the absence of binding to nonpromoter sites in
the sequence. ThePstI/SphI fragment containing the five
copies ofλPR was excised from pPR157 and incubated with
RNA polymerase to form open complexes, followed by
separation of the complexes by electrophoresis in an agarose
gel. The left lane in Figure 2A shows the result of an
incubation reaction that contained a subsaturating amount
of polymerase. A series of 6 bands is visible. The highest
mobility band exhibits the mobility of the bare DNA
fragment and thus represents the unoccupied DNA fragment.
The 5 bands of progressively lower mobility represent
occupancy of 1 to 5 promoter copies, respectively. The right
lane of Figure 2A shows a sample incubated with a higher
amount of polymerase that results in the occupancy of all 5
sites. The single band demonstrates full occupancy of the 5
promoters with no nonspecific binding elsewhere in the
DNA. This establishes conditions for specific saturation of
the 5λPR copies.

Bandshift Analysis of the Rotational Variant Set. With
binding conditions established for the open complex, the
bandshift analysis was then applied to the full set of rotational
variants to determine if evidence for polymerase-induced
DNA bending could be detected. If a DNA site is bent, then
a fragment that contains tandem repeats of that site will
migrate more slowly in gel electrophoresis when the bends
are incis than when they are intrans[reviewed in (47, 48)].
This “phasing effect” has been observed for intrinsic bends

(49, 50) as well as protein-induced bends (25, 51, 52) in
complexes analyzed in acrylamide gels. Unfortunately, the
complex containing 5 bound polymerases (∼3 MDa) does
not enter acrylamide gels, although it does enter a 2% agarose
gel (Figure 2A). However, it has been proposed that
electrophoresis in agarose gels does not detect bending (53,
54), although a subsequent study demonstrated that higher
concentration agarose gels can detect curvature in bare DNA
(55).

To evaluate these findings for the transcription complex,
open complexes were formed under conditions of subsatu-
rating polymerase on theApoI/PstI fragments (see Figure
1B) of each of the rotational variant. The samples were then
fractionated by electrophoresis in 0.6% (Figure 2B, upper
panel) and 3.0% (Figure 2B, lower panel) agarose gels. The
0.6% gel shows no detectable mobility variation with repeat
length for any of the occupancy species. However, the 3.0%
gel shows a marked variation in the mobility of the
5-occupied complex with repeat length. The mobility of the
5-occupied complex becomes progressively reduced as the
repeat length increases from 143 bp, becoming maximally
retarded at 148 and 149 bp. Then, as the repeat length is
increased further, the mobility increases. A quantitative
description of these results is shown in Figure 2C, where
the relative mobility is plotted for each repeat length. These
normalized data show the maximum reduction in mobility
occurs at 148.5 bp. This is the repeat length at which
successive polymerase-induced bends are expected to be in
cis (47, 48). The beginning of the reduction occurs initially
at 145 bp and then recurs at about 155 bp, indicating a phase
of about 10-11 bp. This is as expected for the insertion of
individual base pairs of DNA duplex with a screw of 10-
11 bp/turn. Accordingly, the zigzag structures, i.e., those in
which successive bends are intrans, occur at repeat lengths
of about 144 bp and 154 bp (see model structures at the
bottom of Figure 2B). An independent indication of poly-
merase-induced bending is the distinct band splitting and
broadening in the subsaturated species in the 3.0% gel. Thus
the 5-occupied band is noticeably sharper than the bands of
lower occupancy in the 3.0% gel (although not in the 0.6%
gel), and numerous of the subsaturated bands are split into
sub-bands (e.g., the splitting of the 3-occupied band in 157).
Splitting of subsaturated species such as that seen in the 3.0%
gel has been interpreted to indicate polymerase-induced

FIGURE 1: Constructs. A. Sequence of the 157 bp repeat unit of the rotational variant plasmid pNPR157. TheλPR transcriptional start site
is indicated, and upstream sequence is included to-73. The sequence of the primer SKA12 (32, 36) used to generate this repeat lies at the
right end, while primer used at the left end (LPR5) was specifically made for theλPR sequence and was the same for the complete series
of λPR rotational variants (see Materials and Methods). B. A diagram of cNPRnnn (nnn refers to the number of bp in the repeat and ranges
from 143 bp to 157 bp), a circle formed by head-to-head ligation of two copies of a fragment excised byPstI and ApoI digestion of the
plasmid pNPRnnn. The locations of the 10 repeats of the promoter fragment are shown, as are theSphI andBpu10I sites. The precursor to
pNPRnnn is pPRnnn, which is nearly identical except that it lacks theNb.Bpu10I site.
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bending due to a “circular permutation” effect in multisite
constructs that are partially occupied by polymerase (24).

This is to our knowledge the first demonstration by phasing
analysis of DNA bending in the open complex. These
findings extend those of circular permutation studies (23,
24), which indicated that formation of open complex either
bends the DNA or increases its flexibility. Phasing analysis
such as that performed here does not suffer from this
interpretation ambiguity (25, 56), so the results here provide
the first direct gel electrophoretic demonstration that the open
complex bends the DNA rather than simply increases its
flexibility. In addition to this, these results identify the repeat
length that forms thecis structure and that which forms the
trans structure. These are important preliminary results for
the topological studies described below.

Measurement of the Bend Angle in a Transcription
Initiation Complex by Topological Analysis.While the gel
methods such as mobility anomaly described above are
effective at demonstrating the presence of a bend or increased
flexibility, they are not able to measure the actual bend angle
(47). For this purpose, topological analysis of the rotational
variant set of constructs (31, 32) was used. In order to
increase the sensitivity and specificity of the method, a head-
to-head dimer circle (Figure 1B) was constructed from a
repeat-containing fragment of each rotational variant plasmid
(see Materials and Methods). The nickable, 157 bp repeat
version of such a circle, cNPR157, contains 10 copies of
λPR arranged in two blocks of 5 tandemly repeated promoters
per block (see diagram in Figure 1B). Figure 3A shows the
topological effect of formation of open complexes on one
such circle.Nb.Bpu10I-nicked cNPR149 was incubated with
increasing amounts of RNA polymerase to form open
complexes, after which DNA ligase was added to seal the
nicks. The DNA was then extracted and fractionated by
electrophoresis in an agarose gel containing sufficient
ethidium bromide to resolve the closed circular DNA as a
series of topoisomers. These are indicated by the dashes at
the right side of the gel in Figure 3A. Lanes a-f show little
difference in the centers of the respective topoisomer
distributions, indicating that all samples are near the satura-
tion point of the 10λPR copies in the circle. Lane g contains
a “connector” sample (33) that permits measurement of the
difference in linking number units between the center of the
topoisomer distribution (mean linking number) of each
sample and that of the sample ligated under identical
conditions but in the absence of polymerase (analyzed on a
separate gel; see Materials and Methods). This quantifies the
polymerase-induced linking number difference (∆L ) L+RP

- Lbare) for the open complex.
This difference is plotted in the graph on the right of Figure

3A. It confirms that the progressively higher concentrations
of polymerase used in the gel in Figure 3A (left panel)
generate a mean linking number that becomes slightly more
negative with increasing polymerase, but it also shows that
they are all dramatically more negative than that of the bare
DNA. The value for∆L at saturating polymerase concentra-
tion was determined by fitting a hyperbola function to the
data (solid line, Figure 3A, right panel). The analysis yielded
a value of-9.84( 0.05, which corresponds to-0.98/open
complex. This is substantially less negative than the previ-
ously obtained value of-1.7 per open complex (14). This
discrepancy will be discussed later.

FIGURE 2: Bandshift analysis. A. Bandshift gel (2% agarose) of
open complexes formed on a linear fragment excised by digestion
of pPR157 withPstI andSphI (see Figure 1B). The sample in the
lane on the left was incubated with a limiting amount of RNA
polymerase in order to reveal the bandshift species corresponding
to increasing occupancy by polymerase. The number of polymerases
bound is indicated at the left of the lane. The sample in the channel
at the right was incubated with a high level of polymerase,
generating a single band occupied at all 5 sites. B. Bandshift gel
analysis of rotational variant fragments. Rotational variant plasmids
(pPR143 to pPR157) were each digested withApoI and PstI to
excise a fragment containing the 5λPR binding sites (see Figure
1B). Each fragment was then incubated with a subsaturating amount
of RNA polymerase to form open complexes, after which heparin
was added along with a small amount of the originalApoI/PstI
fragment to serve as a bare DNA mobility marker. The samples
were then fractionated by electrophoresis in agarose gels. The top
panel shows a 0.6% agarose gel. At the side of the gel are indicated
the mobilities of the bands corresponding to occupancy by 0 through
5 polymerases, while beneath is indicated the repeat length in bp.
It can be seen that there is virtually no variation mobility of the
5-occupied band with repeat length. The lower panel shows the
same samples fractionated in a 3.0% agarose gel. In contrast to the
0.6% gel above, the mobility of the 5-occupied band varies
periodically with repeat length. The minimum mobility (148-149
bp) is predicted to represent thecisstructure, drawn to approximate
scale below the gel. The maximum mobilities occur at about half
a duplex turn on either side (∼143 bp and 154 bp) of the minimum
mobility and are predicted to represent thetransstructures. C. Plot
of relative mobility versus repeat length for the 5-occupied band
in the 3.0% agarose gel in Figure 2B. Relative mobility is the
distance migrated by the 0-occupied band divided by that of the
5-occupied band. These results are representative of those from 7
independent experiments. Minimum mobility (corresponding to the
maximally bent structure) occurs at 148.5 bp, while maximum
mobility (corresponding to the extended, zigzag structures) occur
about half duplex turn in either direction at∼143 and∼154 bp.
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Having established conditions for measuring the linking
number change of the open complex formation in the 10-
site circle at saturation, a similar analysis was performed on
a set of circles with other repeat lengths. The result of such
an analysis is shown in Figure 3B. Each repeat length circle
was incubated with an amount of polymerase sufficient to
effectively saturate the 10 sites with open complexes. A
sample was then removed and combined with the ribonucle-
otide GCAUG to form a complex containing an RNA
oligonucleotide extending to+3. This corresponds to a+3
abortive complex [reviewed in (2)]. These two initiation
complex versions of each circle were then incubated with
DNA ligase to covalently close the circle, after which the
extracted DNA was fractionated by electrophoresis in an
agarose gel. There are 3 lanes in the gel (Figure 3B) for
each repeat length circle. The left lane contains the connector
used to relate the distribution to that of the same circle ligated
in the absence of polymerase and analyzed on a separate
gel (see above). The center lane contains the open complex
sample, while the right lane contains the+3 abortive sample.
It is immediately apparent from this gel that for all repeat
lengths, the center of the topoisomer distribution of the+3
sample is about 1.5 topoisomer spots higher in the gel than
that of the open complex. This means that the addition of
GCAUG to the open complex has caused the mean linking
number of the circle to decrease by about 1.5 linking number
units in all repeat lengths.

A quantitative representation of the data is shown in Figure
3C. Here the initiation complex-induced linking number
change (∆L ) L+RP - Lbare) for each repeat length was
calculated by using the connector to relate the mean linking
number of the sample to that of the sample ligated as bare
DNA. The average∆L values from multiple experiments are
plotted versus repeat length in Figure 3C. A complete
description of this type of plot is presented elsewhere [see
especially Figure 1 of (31) and a review in (32)]. To explain
briefly, if the repeat unit is bent upon binding polymerase,
the systematic increase in the repeat length will generate a
family of superhelices with progressively changing pitch.
This produces a plot that periodically exhibits an abrupt rise,
followed by a more gradual decrease, i.e., a plot that exhibits
a “sawtooth” appearance (for reference, a complex in which
the DNA remains straight after binding will generate no
superhelices and a straight horizontal plot will result). The
center of the abrupt rise is the repeat length at which the
hand of the superhelix changes from left to right (the
“crossover point”), while the amplitude of the plot reflects
the magnitude of the bend the angle. This sawtooth appear-
ance is observed in data Figure 3C for both the open complex
(circles) and the+3 abortive complex (squares) and dem-
onstrates that both complexes bend the promoter DNA upon
formation. The center of the relatively abrupt rise, i.e., the
superhelix crossover point, occurs at a repeat length of about
149 bp for both the complexes, and is the repeat length at

FIGURE 3: Topological analysis. A. Samples ofNb.Bpu10I-nicked cNPR149 (2.6 nM, 26 nMλPR; see Figure 1B) were incubated at the
following ratios of RNA polymerase toλPR: a, 6.8; b, 8.5; c, 10.1; d, 13.5; e, 15.2; f, 16.9. Each was then incubated with DNA ligase to
close the circle, after which the DNA was extracted and fractionated by two-dimensional electrophoresis in an agarose gel. The first dimension
(top to bottom) contained 0.022µg/mL ethidium bromide in TBE, while the second dimension (left to right) contained 0.1µg/mL ethidium
bromide in TBE and was run just long enough to separate the topoisomers from the nicked and linear fragments on the diagonal. Lane g
contains the connector sample that relates the topoisomer linking number register here to that of DNA ligated in the absence of polymerase
that was fractionated on a separate gel (see Materials and Methods). The mobilities of individual topoisomers are indicated at the right of
the gel. The polymerase-induced linking number change (∆L) was determined as the difference between the mean linking number of each
DNA sample and that of DNA ligated without polymerase bound (see Materials and Methods). These values were plotted in the graph at
the right. A hyperbola function was fitted to the data (solid line). This yields a value of∆L ) -9.84( 0.05 for the ten copy construct at
saturation, or-0.984( 0.005/open complex. B. Topological analysis of polymerase complexes. Samples ofNb.Bpu10I-nicked cNPRnnn
were incubated with a saturating concentration of RNA polymerase to form an open complex. A sample was then removed and further
incubated with the oligonucleotide GCAUG to form a+3 complex. All samples were then incubated with DNA ligase, as described in part
A above. The purified DNAs were then fractionated by one-dimensional electrophoresis in an agarose gel. There were three samples for
each indicated repeat length. The left sample was the connector used to relate the register of the experimental samples to that of a sample
ligated in the absence of polymerase. The middle sample was incubated with polymerase to form open complex. The right sample involved
forming open complex followed by addition of the oligoribonucleotide GCAUG to form the+3 abortive complex. C. The polymerase-
induced linking number change (∆L) is plotted versus repeat length in the left panel. The symbols are open complex (circles) and+3
abortive complex (squares). The error bars represent the standard deviation of at least three independent experiments. The solid lines are
the results of fitting the equation relating linking number change to repeat length (see Materials and Methods).
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which the successive bends are incis. This in turn agrees
well with the finding of the open complex bandshift analysis
in Figure 2C that thecis repeat length is between 148 and
149 bp. Thus both the bandshift analysis and the topological
analysis of the rotational variants indicate that the open
complex bends the promoter DNA when it forms, and the
rotational variant analysis further demonstrates that the DNA
is bent in the+3 abortive complex as well.

The magnitudes of the two bends as well as other structural
parameters were quantified by fitting the equation relating
∆L and repeat length to the two sets of data [see Materials
and Methods; (31-33, 35)]. These fits are the solid lines
through the two respective data sets in Figure 3C. The bend
angle of the open complex obtained from the fit was 49° (
7° while that obtained for the+3 complex was 47° ( 11°,
i.e., the bend angles are the same for the two complexes.

The analysis of the data in Figure 3C also provides a
measurement of the transcription bubble. As described above
and elsewhere (31-33, 35), the value of the bend angle
derives from the component of the linking number change
that varies with repeat length. We term this variable portion
of the linking number change∆LSH (for a single interbend
segment, see Materials and Methods) to reflect its origin in
the progressively changing superhelices that result from
changing the repeat length when the DNA is bent. This is
the portion that generates the sawtooth shape of the curve,
the amplitude of which is proportional to the bend angle.
The remainder of the linking number change is a part that
does not change with repeat length, which we term∆LI here
(for a single repeat, see Materials and Methods). The total
linking number change for a given repeat length is the sum
of these repeat-length-dependent and -independent compo-
nents. It follows that the total linking number change equals
the repeat-length-independent component when the repeat-
length-dependent component equals 0. This is the case when
the bending is in a plane (as opposed to a superhelix) because
planar bending does not contribute a linking number change
(9). This occurs at the crossover point (coplanar bends in
cis, at 148.9 bp for RPo), and half a duplex turn away when
the bend are in the zigzag form (coplanar bends in trans, at
154.2 for RPo).∆LI is the linking number change intrinsic
to the individual repeat unit, and in the case of the open
complex its predominant cause is the twist change that occurs
with unwinding of the duplex upon transcription bubble
formation [see (18) for a detailed discussion].∆LI determines
the vertical displacement of the respective curves in Figure
3C. Note that for these open and abortive complexes, the
major component of the linking number change is∆LI. This
can be seen directly in Figure 3C: the downward displace-
ment of the curve (representing∆LI) for the open complex
is about-10, while the amplitude of the variation of the
curve (representing∆LSH) is only about 0.5. This means that
the contribution of the bubble to the linking number change
is always much greater than that of the bend, which means
that studies of the bubble (18) can be performed with any
of theseλPR rotational variant constructs.

The distinct offset of the two respective topoisomer
distributions for each repeat length in the original data (Figure
3B, discussed above) and the vertical separation of the plots
of the two complexes in Figure 3C are due to the fact that
the open and+3 abortive complexes have different values
of ∆LI, and thus different sizes of bubble. For open complex,

n∆LI ) -9.83 ( 0.06 (standard deviation from the fit),
which calculates to-0.983 ( 0.006 per complex and
corresponds to a transcription bubble of 10.4( 0.1 bp. This
agrees reasonably well with estimates from alternative
methods reported in the literature (see below). In contrast,
the +3 abortive complex value ofn∆LI ) -11.45( 0.13
calculates to-1.145 ( 0.013 per complex, which corre-
sponds to a transcription bubble of 12.2( 0.1 bp. This
indicates that the addition of the RNA oligonucleotide to
+3 extends the 3′ end of the bubble while the 5′ end remains
stationary, resulting in a net expansion of the bubble. These
and other features will be discussed further below.

DISCUSSION

The results in this study are relevant to several aspects of
the solution structure of the transcription initiation com-
plex: an overall DNA bend, DNA wrapping on the poly-
merase surface, and DNA bubble formation. These will be
discussed in turn below.

An overall DNA bend in the transcription initiation
complex was detected using two methods: phasing analysis
of the open complex bandshift, and rotational variant analysis
of both the open complex and the+3 complex. Bending in
the open complex has been suggested previously using
version of circular permutation analysis of bandshifts in
acrylamide gels (23, 24, 57, 58), but this method is unable
to distinguish between bending and increased flexibility of
DNA induced by complex formation angle (47).

Our bandshift phasing analysis (Figure 2B) resolves this
ambiguity: the phase-dependent variation in electrophoretic
mobility demonstrates that there is a bend in the open
complex. None of the gel electrophoretic methods can
reliably determine the bend angle (33, 47), but this phasing
analysis provides important preliminary information for the
method that is able to measure bend magnitude, rotational
variant analysis. Specifically, the bandshift phasing analysis
determines the repeat length at which successive open
complex bends are incis. This is the repeat length for the
crossover point from left-handed to right-handed superhelix
in the rotational variant analysis. The fact that both methods
independently identify that same repeat length (148-149 bp)
for this point strongly supports the validity of each method
for detecting a bend in the open complex. Moreover, the
topological analysis extends this to demonstrate a bend in
the +3 complex as well.

As described above, a unique strength of the rotational
variant method is its ability to quantify the bend angle from
first principles, avoiding the need for reference to bend
standards, and to do this for active complexes in solution
(31, 32). This method measures an open complex bend of
49° ( 7°, while that measured in the+3 abortive complex
is 47° ( 11°. Thus the two complexes bend DNA to the
same extent, although they differ in bubble size, a finding
that is discussed in detail in the accompanying paper (18).
The equivalence in bend angle for the open and abortive
complexes indicates that the overall path of the DNA changes
little when transcription begins, with the primary change
being DNA “scrunching” (18). The measurement in the+3
complex is to our knowledge the first detection and direct
measurement of the bend angle in an abortive initiation
complex. The bend angle obtained for the open complex
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agrees with that of another solution method which used
electrooptics to measure a bend of 45° ( 5° (30).

The possibility of DNA wrapping on the surface of
polymerase, initially indicated by the footprinting data (2),
means that the total bending could be considerably greater
(27) than that measured by the rotational variant method here.
Thus the 49° bend measured could reflect a bend ofN ×
(360°) + 49° or N × (360°) - 49° (whereN is the integer
number of superhelical wraps). However, this ambiguity can
be resolved by considering∆LI. As discussed above, the bend
angle value derives from∆LSH, while the linking number
change inherent to the individual repeat is∆LI. Overall,∆LI

reflects changes in DNA wrapping (a change in topological
writhe, or∆WI) and duplex screw [a change in topological
twist, or ∆TI, with ∆LI ) ∆TI + ∆WI, see (31, 32)] upon
protein binding. In the case of polymerase, it is the sum of
the change due to superhelical wrapping on its surface (∆WI)
and the change in duplex screw due to unwinding to form
the transcription bubble (∆TI).

As discussed in the introduction, chemical probe experi-
ments indicate that about 1 turn of duplex is unwound during
the formation of the transcription bubble (19-22). This
would be expected to result in∆LI ) ∆TI ) -1 in the open
complex, a value that is essentially the same as the value of
∆LI ) -0.983( 0.006 measured here for the open complex.
This indicates that there is no extensive superhelical wrapping
(since∆WI ) 0) induced upon open complex formation. If
the 49° bend observed here actually represented a superhe-
lical wrap that is 49° short of a full turn [e.g., Figure 8 in
(27)], i.e., 360° - 49°, then this would contribute a writhe
change of about 0.9 [)(360 - 49)/360]. This would be
negative if the superhelical wrap were left handed, in which
case∆LI ) ∆TI + ∆WI ) (-1) + (-0.9) ) -1.9. This
would be positive if the superhelical wrap were right handed,
thus ∆LI ) ∆TI + ∆WI ) (-1) + (+0.9) ) -0.1. The
measured value of value of∆LI ) -0.983( 0.006 agrees
with neither, indicating that the DNA does not wrap
extensively in a superhelix on the surface of the polymerase.
Thus the value measured for∆LI eliminates simple models
of nucleosome-like, superhelical wrapped DNA [e.g., as
proposed in Figure 8 in (27)]. The explanation for the
substantial evidence for wrapping in the open complex
[reviewed in (4)] must be that most of the wrapping is not
superhelical [see also a detailed discussion in (18) on this
point relative to earlier topological measurements of the open
complex (14)].

Crystal structures indicate a bend considerably greater than
the ∼50° bend that we measure here in the open complex.
While there are no crystal structures of an intact open
complex, crystal structures of elongation complexes exhibit
a 90° bend into the polymerase in the region of the active
site (59-61). If this bend is also present in the open complex,
a possible path of the complex DNA that incorporates our
finding of a ∼50° bend is presented in Figure 4. Here the
90° bend can be seen at the leading end of the transcription
bubble. The DNA upstream of the bubble contacts the 3/4
domains of theσ subunit, at which point the DNA bends
back to contact the C-terminal domains of the twoR subunits
(29, 62-64). This results in an overall bend of 50° as
measured in this study, but, as diagrammed, the bend is in
the opposite direction from the 90° bend at the active site.
This is of course a simplified diagram, e.g., the two DNA

bends are shown to be in one plane, but this is only for ease
of demonstration and is not meant to imply that they are
necessarily planar in the actual structure. However, it demon-
strates how the 90° bend in the active site portion of the
DNA observed in the crystal structure may be just one of
multiple bends that result in the overall bend of 50° measured
here. It will of course be of interest to determine the overall
path of the open complex DNA as well as how that path
may change upon conversion to an elongation complex.
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