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ABSTRACT: The properties of the DNA bubble in the transcription open complex have been characterized
by topological analysis of DNA circles containing thec UV5 promoter or the PR promoter from
bacteriophage lambda. Topological analysis is particularly well suited to this purpose since it quantifies
the changes in DNA duplex geometry caused by bubble formation as well as by superhelical DNA wrapping.
The duplex unwinding that results from bubble formation is detected as a reduction in topological linking
number of the DNA circle, and the precision of this measurement has been enhanced in the current study
through the use of 8 or 10 promoter copies per circle. Several lines of evidence indicate that the linking
number change induced by open complex formation is essentially all due to bubble generation, with very
little derived from superhelical wrapping. Accordingly, the linking number change lofi7 measured

for thelac UV5 promoter indicates that the size of tlae UV5 bubble is about 12.3 base pairs, while the
change 0of-0.98 measured for the lambda PR promoter indicates that the lambda PR bubble is 10.3 base
pairs. It was also found that the presence or absence of magnesium ion had little effect on the value of
the linking number change, a result that resolves the uncertainty associated with use of chemical probes
to study the effect of magnesium on bubble size. Finally, the magnitude of linking number change increases
progressively when the @nd of a transcript is extended &2 and+3 in an abortive initiation complex.

This indicates that the transcription bubble expands at its leading edge in the abortive complex, results
that confirm and extend the proposal of a DNA “scrunching” mechanism at the onset of transcription.
These results are relevant to several models for the structure of DNA in the functional open complex in
solution, and provide an important complement to the structural information available from recent crystal
structures.

Transcription initiation is a process that occurs via multiple template and short nascent RNA [reviewed recen8, (

steps as illustrated by the minimal scheme although a crystal structure of the open promoter complex
has yet to be described. However, while the crystal structures
R+ P<—— RPc—— RPi—— RPo of elongation complexes reveal unprecedented detail, the

extent to which they represent the structures of active

The process begins with RNA polymerase (R) binding to a complexes in solution remains unknown, and they as yet do
promoter (P) to form a “closed” complex (RPc, also termed not provide a full description of the complex DNA,(5).
I,), after which it converts to an intermediate complex (RPi, For example, the cocrystals to date contain a length of DNA
also termed J) and finally to an open complex (RPo) thatis considerably less than that which footprinting studies
[reviewed in (, 2)]. The open complex is the active complex indicate is associated with the polymerase in the open
for initiation of transcription, and its formation is ac- complex in solution. Furthermore, none of the crystal
companied by the denaturation of a discrete section of structures contain a complete transcription bubble. Finally,
promoter to form a transcription “bubble”. The various none of the crystallography data provides information of the
intermediates in the process have been characterized indynamics of the bubble structure exhibited in solution.
solution by kinetic analysis as well as by structural ap-  This issue has been addressed by numerous complemen-
proaches such as chemical and enzymatic footprinting. Thetary methods that have been used to characterize the solution
most detailed structural information for several of these structures of complete transcription complexes. One such
complexes has come from the impressive progress made insolution method that has been widely used to analyze the
the characterization of the crystal structures of RNA poly- intact transcription bubble is chemical probe analysis. Thus
merase alone and in the elongation complex containing direct evidence for the opening of 404 bp of promoter
DNA during open complex formation comes from the use
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region of reactivity in the absence of magnesium was number change, e.g., a single left-handed superhelical turn
observed to be about8.0 bp and not encompass the start also induces a linking number change-of.0. The linking
site, while in the presence of magnesium the reactivity number difference is readily quantified by electrophoresis
expanded to at least 15 bp and encompassed the start sitef the two DNA samples in an agarose gel.
(10—12). It was concluded that there are two forms of open  Early topological studies of polymerase complexes did not
complex, with the one in the presence of magnesium analyze specific known prokaryotic promoters, leading to
competent for transcription initiation. an uncertainty about polymerase occupancy due to the
However, while the chemical probe approach has proven inability to demonstrate promoter saturation by titration
very useful in determining the location and estimating the analysis 81—34). Such saturation was demonstrated in an
size of the bubble, there are a number of uncertainties analysis of open complex formation at the UV5 promoter,
associated with the interpretation of the results: (1) Although where Amouyal and Buc36) concluded that complex
the chemical probes used do react preferentially with formation induced a linking number change ofl.7.
denatured DNA, other distortions of the duplex can also Chemical probe result¥(8, 21, 22) predicted that bubble
result in reactivity. Thus the method is not strictly specific formation would induce a change of only—1. Following
for a transcription bubbleld, 13, 14). (2) The reacted bases from the nucleosome example in which the linking number
represent only a small fraction [e.gs5% (15)] of the change contains contributions from both duplex winding
complexes, raising an uncertainty about whether this small change and superhelical wrappir@p), Amouyal and Buc
fraction is representative of the total population of complexes proposed that the excess0.7 linking number change
[this common problem is discussed 6f]. (3) The reagents  represents a left-handed superhelical wrap of about 0.7 turn
used can react with residues on the polymerase, leading to(35). This has been widely cited as some of the earliest
its inactivation (3, 17). This raises a question about whether evidence for wrapping of DNA on the polymerase surface
the results represent the active complex or an inactive, and[reviewed in @7)].
perhaps distorted, completq, 18). (4) Portions of poly- There are some difficulties with this interpretation of these
merase can protect nucleotides that are part of the bubbleresults. First, the presence of several additional promoters
from reaction with the probel@—22), leading to incorrect  in the plasmids meant that tHac UV5 contribution was
conclusions about the size, existence, or location of the only a minor portion of the total polymerase-induced linking
bubble. (5) Incomplete sampling of the sequence due to thenumber change, i.e., there was a substantial “background”
base specificity of many reagents makes a precise determi-due to additional promoters. This, coupled with the use of
nation of bubble size difficult. (6) Different reagents can give only a single copy of théac UV5 promoter, limited the
different results on the same promoter, leading to opposite precision of the measurement. Second, similar studies of
conclusions about the presence of a bubB®.((7) If the other promoters38, 39) obtained smaller changes that were
bubble is dynamic, i.e., “breathes”, then reactivity will tend closer to the—1 predicted by the chemical probe studies,
to represent the most open extent of the breathing. This leadd.e., values that do not represent an excess @7 linking
to an overestimate of the average bubble size. (8) Factorsnumber difference that leads to invoking superhelical DNA
such as Md" can increase reactivity of negatively charged wrapping on the polymerase surface.
chemical probes such as permanganate ion by reducing ionic To address these various issues, we have developed a
repulsion of the negative phosphate groups of DIRALQ, modified topological characterization of the transcription
24—26). This can lead to the incorrect conclusion that®g  complex. The analysis is performed on DNA circles that
causes an increase in the bubble size. (9) If the nucleotidecontain multiple copies (8 or 10) of a single promoter only,
bases in the single stranded DNA are involved in stacking resulting in an amplified linking number change signal. This
interaction, it may affect their reactivity to the chemical amplification of the linking number change as well as the
probes. absence of other promoters means that the linking number
These limitations of the use of chemical probe analysis change per promoter can be measured with high precision
can be addressed through the use of other, complementanand specificity. Both théac UV5 promoter and bacterioph-
methods for structural characterization of the open complex age lambda PR promotetHz!) have been analyzed. Several
bubble in solution. DNA topological analysis is one such types of experimental results indicate that the linking number
method that has been used to provide an independentchange represents bubble formation and not superhelical
assessment of bubble size. It is a “noninvasive” method: it wrapping of DNA around the open complex. Accordingly,
characterizes the structure of an active transcription complexthe value—1.17 measured for tHac UV5 complex indicates
in solution without perturbation or inactivation of the a bubble of 12.3 bases, while the value-69.98 measured
complex. It measures the polymerase-induced change in thefor APk indicates a bubble of 10.3 bp. In addition, analysis
topological linking number, which is the number of times of APg abortive initiation complexes containing RNA tran-
one strand of the double helix crosses over the other in scripts extending to positions2 and+3 indicates that the
covalently closed circular DNA [reviewed i27—30)]. For bubble expands with increasing transcript length. Finally, it
example, if open complex formation induces a bubble of 10.5 was found that the bubble size was essentially the same in
bases, this will cause an unwinding of one turn of DNA the presence or absence of Mga finding that contrasts
duplex, i.e., a loss of one strand crossing. If the complex is with the conclusions of chemical probe studi&g, (L1). The
formed on a promoter in circular DNA which is then treated relevance of these results to structures of intermediates in
with topoisomerase, the linking number of the complex DNA the process of transcription initiation as well as the use of
will be reduced by one relative to that of similarly treated

bare DNA. In addition, wrapping of the DNA in a super- 1 appreviations: P, the bacteriophage lambda PR promotek;
helical path (chiral wrapping) will also cause a linking DNA topological linking number change; bp, base pair.
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chemical probes in bubble characterization is discussed. Theplus 0.33«g/mL chloroquine diphosphate. Topoisomers are

accompanying paper4() describes a companion study
analyzing DNA bending in the open complex and th@
abortive initiation complex.

MATERIALS AND METHODS

Plasmid ConstructionPlasmid pLU875, a plasmid con-
taining 8 copies of théac UV5 promoter, was generated as
follows. A PCR reaction employing appropriate primers with
plasmid pRLG593 K1), kindly provided by Dr. R. Landick]

positively supercoiled in the first dimension in all figures,
meaning linking number decreases with decreasing mobility.
A short second dimension was then run (left to right) in TBE
plus 0.1ug/mL ethidium bromide to separate the topoisomers
from the nicked and linear species on the diagonal. The gel
was stained with ethidium bromide and scanned (FMBio),
after which the density profile of each topoisomer distribution
was obtained (MultiAnalyst, BioRad) and its center deter-
mined [see44) for details]. Measurement of linking number

as template was used to generate a fragment containing thelifference AL) has been described previously [e.45¢

lac UV5 promoter (-59 to+100 from pRLG593) wittSpH

48), reviewed in 49)]. Briefly, the polymerase-induced

and Aval sites on the upstream end of the fragment and a linking number difference is the difference between the mean

Sal site on the downstream end. This was cleaved Bjph
andSal and cloned into pBR322 that was digested vB{it
and Sal using Stbl4 (Invitrogen) as the host. The initiator
fragment procedure4@) was used to oligomerize the 875
bp Aval fragment to generate pLU875, a construct that

linking number of the polymeraséound circle following
ligation (L+rp) and that of the circle ligated in the absence
of polymerase I(_grp), i.€., AL = Ligp — L_gp. Thermal
energy present in solution at the time of ligation results in
the generation of a distribution of topoisomers whose

contains 8 copies of the fragment. To generate the circle envelope is Gaussian, and the mean linking number of the
cLU875 (see Figure 1) containing only those 8 repeats andsample is the center of that distribution. Examples of

no vector promoters, pLU875 was digested witsd, after
which the fragment containing thel& UV5 promoters was
purified and ligated to form a 7396 bp circle. For some

densitometer traces of distributions for polymerase-bound
and bare samples are shown at the bottom of Figure 1, with
the distribution center indicated by an arrowhead. It should

experiments a single nick was introduced into cLU875 by be noted that while the linking number of a single DNA

incubation withNb.BpuOl (New England Biolabs). The
pNPRnnplasmids and the circularized cNRRhfragments
were constructed as describedQ). They comprise a

molecule is necessarily an integer, the mean linking number
is not limited to integer values since it is the center of a
distribution of integer values. Consequently the linking

“rotational variant” set that is used to measure the bend anglenumber difference is also not limited to integer values.

of APg initiation complexes, but they are also used here to

analyze the transcription bubble. Thant’ refers to the
length of a fragment containing thdPx that is present in
multiple copies in the construct, i.e.nfin’” is the repeat

The temperature analysis in Figure 2 was performed as
follows: open complexes were formed on relaxed closed
circular cLU875 or cNPR153 with a saturating level (10-
fold or greater molar excess over promoter sites) of histidine-

length. For example, pNPR149 contains 5 tandem repeatstagged RNA polymerase holoenzyme as described above but

of a 149 bp fragment containing thiP: promoter [con-
structed using the initiator fragment procedu#®)]. The

using an incubation of 15 min at 3€. Samples were then
removed and incubated with wheat germ topoisomerase |

Pst/Apd fragment containing the 5 repeats was self-ligated (100 units/mL; Promega) at the indicated temperatures for
to form cNPR149, a 2888 bp head-to-head dimer circle that 30 and 120 min (two time points were used to be certain the
contains 10 copies of thiP; promoter (see Figure 1). Only  relaxation was complete). Wheat germ topoisomerase | was
a very minor fraction of the total linking number change used in this experiment (rather than ligation as used above)
derives from the repeat-length-variable contribution [termed because of its demonstrated ability to relax DNA to comple-
ALsy and due to the contribution arising from the presence tion even at 0C (45), although this also required beginning
of a bend, discussed in detail iAQ)], so constructs with  with covalently closed DNA (the linking number change at
different repeat lengths were used interchangeably in this 37° was the same for the two methods). The extracted DNAs
bubble study. Note also that the head-to-head arrangementvere then fractionated by one-dimensional electrophoresis
of the two blocks of 5 repeats does not affect the topological in agarose gels that included the indicated concentrations of
measurements since the contribution of duplex unwinding chloroquine diphosphate to achieve optimal separation of
to linking number change is unaffected by the relative topoisomers. For any of the cNRRn (in contrast to

orientation of the two blocks of 5 promoters.
Open Complex Formation and Analysisor the titration
in Figure 1, the binding reaction involved incubating the

cLU875), the extended range of supercoil densities resulting
from the small size of the circle coupled with the 10 promoter
copies required a connector serie®),(48) to relate the

indicated amounts of histidine-tagged RNA polymerase linking number registers of the two gels shown in Figure

holoenzyme43) with Nb.Bpu.Ol-nicked cLU875 (0.11 nM,
0.88 nMlac UV5) in K-Hepes (pH 8), 137 mM KCI, 0.2
mM EDTA, 0.045 mM NAD (Sigma), 9% glycerol, 0.1 mg/
mL acetylated BSA (NEB), and 10 mM Mgg&for 5 min at

2A. The value of the linking number of bare DNA at each
temperature was obtained from a linear regression analysis
of a plot of linking number versus temperature (Figure 2C),
and this was subtracted from the value obtained for the

37 °C. ThenEscherichia coliDNA ligase (182 units/mL; sample incubated with polymerase at each respective tem-
New England Biolabs) was added, followed by a further 5 perature to obtain the linking number change. This was
min incubation at 37C. Samples were then extracted with plotted versus temperature (Figure 2D). Fitted to the data
phenol and ethanol precipitated, after which they were was a version of the van't Hoff equationAL/ALgp, =
fractionated by two-dimensional electrophoresis in an agarosel/(exp(AH/R)((1/T) — (1/Tw)))), where AL is the linking

gel. The first dimension (top to bottom in the figures) was number change at the given temperafli&), ALgpois the

in TBE buffer (89 mM Tris-borate, 2 mM EDTA, pH 8.2) linking number change of the open complékijs the gas
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constant (1.987 cal degmol*) and the enthalpyXH) and experiment because, unlike DNA ligase, it is active in the
melting temperatureTi,) are parameters. presence or absence of kg Samples were extracted with
The rate of decay of the linking number change (Figure phenol, ethanol precipitated, and fractionated by two-
3A,B) after a 37°C to 12 °C shift was determined as dimensional electrophoresis in which the TBE buffer of the
follows: open complexes were formed bib.BpulOl-nicked first dimension contained 0.022g/mL ethidium bromide
cLU875 at 37 as described above. The temperature was thenand that of the second dimension contained @gImL
reduced to 12°C, and samples were removed at the ethidium bromide.
designated times, followed by the addition®fcoli ligase
(450 units/mL) and a further incubation of 1 min. Each RESULTS
sample was then extracted with phenol and ethanol precipi- Open Complex Formation on a Circle Containing a Single
tated, after which the samples were fractionated by two- Promoter in Multiple CopiesPrevious studies that measured
dimensional electrophoresis as described for Figure 1 abovethe linking number change induced by initiation complex
A single-exponential decay function was fitted to the data. formation suffer from limited precision due to analysis of
Nick ligation is more convenient to use than topoisomerase only one promoter copyss, 38, 39) as well as the presence
relaxation for kinetic experiments because it eliminates any of other promoters in the circled$, 39). To address these
concern about incomplete relaxation. concerns, measurement precision was enhanced by amplify-
The demonstration in Figure 3D of post-shift occupancy ing the linking number change signal through the introduction
using restriction digestion protectioBQ—52) was performed of multiple, tandemly repeated copies of the promoter to be
with the 332 bpNcil/PshAl fragment (containing theac analyzed. Thus to study open complex formation atléice
UV5 promoter) purified from pLU875. Open complexes were UV5 promoter, the plasmid pLU875, containing 8 tandemly
formed on this fragment at 37C as described above, after repeatedlac UV5 promoters, was constructed using the
which half the sample was shifted to 1@ for 2 min.Hpall initiator fragment strategy4@) (see Materials and Methods).
was then added to each sample, and the incubation wasTo eliminate the complication of the presence of the
continued for an additional 2 min. Samples were then additional promoters present in the cloning vector, a fragment
extracted with phenol, precipitated with ethanol, and frac- containing only the &c UV5 repeats was generated lKgd

tionated by electrophoresis in a 7% acrylamide gel. digestion, after which the purified fragment was circularized
Demonstration of post-shift occupancy by bandshift analy- by ligation to form cLU875 (Figure 1, top left). To study
sis 63, 54) was performed using the saniécil/PshAl the APr promoter, similar methods were used to generate a

fragment. Open complexes were formed at@7after which family of circles, generally termed cNPRn (Figure 1, top
the temperature was dropped to A2 and the incubation  right), containing 10 copies of th&Pr promoter, arranged
continued for 2 min. The sample was immediately loaded as two blocks of 5 promoters in a head to head orientation
onto a 0.7% agarose gel in &:5TBE equilibrated at 12C (40). This family was constructed for measuring the DNA
followed by electrophoresis for 9 min at 250 V per 10 cm. bend angle of initiation complexes using rotational variant
An in-gel thermocouple indicated that the gel temperature analysis 40) and is composed of constructs in which the
remained at 12t 1 °C during the electrophoresis. The gel repeat lengthrinn) varies from 143 bp (cNPR143) to 157
was then stained with ethidium bromide and imaged as bp (cCNPR157).
described above. The bottom panel of Figure 1 shows a titration curve in
Analysis of Abortie Initiation ComplexesAbortive initia- which increasing amounts oE. coli RNA polymerase
tion complexes (Figure 4A) were analyzed as follows: the holoenzyme were added to singly nicked cLU875 to form
indicated oligoribonucleotide (0.066 mM, Dharmacon) was open complexes, after which the nick was ligated (see
added to open complexes preformed on the indicated Materials and Methods). DNA samples were fractionated by
cNPRnn (26 nM, 260 nM RNA polymerase), and the electrophoresis in an agarose gel to resolve topoisomers, and
sample was incubated for 10 min at 3Z [analysis using images of gels from two experiments encompassing different
of radioactively labeled GCAUG and size exclusion chro- ranges of RNA polymerase concentration are shown at the
matography confirmed its stable binding to thEz open center of Figure 1. Samples incubated in the absence of RNA
complex (not shown)]. TheR. coli DNA ligase (182 units/  polymerase (lanes a, €) show topoisomer distributions that
mL; Invitrogen) was added, followed by a further 5 min are well down the gel. These topoisomers are positively
incubation at 37C. Samples were then extracted with phenol supercoiled under the gel conditions used, with the linking
and ethanol precipitated, after which they were fractionated number decreasing with decreasing mobility. Addition of

by either one-dimensional electrophoresis (00@/mL increasing amounts of RNA polymerase in the incubation
ethidium bromide in TBE) or two-dimensional electrophore- to form open complexes causes the respective topoisomer
sis in an agarose gel as described above. distributions to move progressively up the gel (lanesdb

The effect of M@* on the open compleAL (Figure 4) f—k), indicating that open complex formation causes a
was determined as follows: open complexes were formed reduction in the linking number. Moreover, the mobilities
using the indicated amounts of histidine-tagged RNA poly- of the distribution centers are virtually equivalent over the
merase holoenzyme added to relaxed cNPR149 in K-Hepesl3-fold range of higher polymerase concentrations (lanes
(pH 7.5), 150 mM NaCl, 40 mM KCl, 0.1 mM EDTA, 10% f—k), demonstrating that the 8 promoter sites are saturated
glycerol, 0.1 mg/mL acetylated BSA, with and without and and that there is minimal nonspecific binding. The mean
10 mM MgChk. Samples were incubated 10 min at 37, linking number changeAL) is the difference in linking
after which wheat germ topoisomerase | (200 units/mL) was number units between the center of the topoisomer distribu-
added and the incubation was continued for 60 min at tion of the open complex and that of the bare DNA. This
37 °C. Wheat germ topoisomerase | was used in this difference wasAL = —9.4 + 0.1 (averaget SD for
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N. Bputo1 Nsp! hyperbolic fit of 7 points), which is—1.17 + 0.01/open
complex. This value contrasts with a previous measurement,
discussed in the introduction, efl.7/open complex3p).

Pst1 That measurement was interpreted as evidence for DNA
wrapping on the open complex because it was abau®
more than would be expected from bubble formation. In
contrast, bubble formation provides a sufficient explanation
for our measurement: the-1.17 measured in Figure 1
corresponds to a bubble of about 12 bp (at 10.5 bp/duplex

anc turn). This is in fact about the size of the bubble predicted

from chemical probe experiments (@4 bp, see above),
indicating that the linking number change directly represents
bubble formation with little contribution from superhelical

DNA wrapping (see Discussion).

Temperature Dependence of the Linking Number Change.
A temperature analysis was performed to further establish
the direct relationship between linking number change and
bubble formation implied by the results above. Chemical
probe experiments indicate that when an open complex is
formed at 37°C followed by dropping the temperature to
progressively lower values for probing, the bubble undergoes
- an abrupt collapse with a midpoint{) of about 20°C for
3 lac UV5 (21, 22). Figure 2 shows the results of a topological
g h i j k version of that experiment. Open complexes were formed

on relaxed, non-nicked circles at 3¢, after which samples
were shifted to a series of lower temperatures. Each sample

I was then relaxed with topoisomerase [topoisomerase relax-
[ 1] ation of covalently closed DNA was used here in place of
o ligation closure because it had been previously demonstrated
W that wheat germ topoisomerase | remains active down to
_ AVi 0 °C (45)], followed by analysis of the extracted DNAs by

a R RO e agarose gel electrophoresis. This analysis was performed on

Ficure 1: DNA circles and open complex titration. At the top left  cLU875 (Figure 2B) as well as cNPR153 (Figure 2A). It

is the structure of cLU875, a circle containing 8 tandem repeats of can be seen in the left panel of Figure 2A that the topoisomer

an 875 bpAval fragment that contains thiac UV5 promoter  djstributions move down the gel with decreasing relaxation

(arrows). TheAval sites are marked inside the circle. At the top : S
right is the structure of cNP#in, a circle containing 10 copies of temperature, demonstrating that the linking number of the

the AP« promoter arranged in two blocks of 5 tandem reped ( Circle containing 101Pz open complexes increases as the
Below this are shown the results of titration experiments in which temperature is lowered. However, at least part of this increase
samples of nicked cLU875 (0.11 nM, 0.88 nidc UV5) were is due to the fact that the DNA duplex of the entire circle
incubated with increasing amounts of RNA polymerase to form \inds up as the temperature is loweresb,(56). This

open complexes, after which each sample was incubatedBwith I i . .
coli DNA ligase to covalently close the circle. Purified DNAs were contribution was quantified by performing a parallel analysis

then fractionated by two-dimensional electrophoresis in an agarose©On bare DNA, the results of which are shown in _the right
gel. The first dimension (top to bottom) contained 0&FmL panel. The bare DNA results for cNPR149 from Figure 2A
chloroquine diphosphate to resolve the topoisomers as positively as well as those for cLU875 from Figure 2B are plotted in
supercoiled species, so the linking number decreases with decreasmg:igure 2C. Here it can be seen that both constructs generate

mobility (this is the case with all gels in subsequent figures as well). . . - L
A sho?tl gecond dimension (Ieftgto right) in oga‘g/ngethidium ) straight lines, as expected, with temperature coefficients that

bromide was used to separate the topoisomers from nicked and@gree with previous studieS%, 56).
linear species that remain on the diagonal. The two gels shown The results of the regression analyses in Figure 2C were
represent two separate titrations using different ranges of polymerasq,sed to provide precise values for bare DNA. These were

concentrations. The image of the ethidium-stained gel is shown. ; :
The concentration of RNA polymerase (nM) was (a) 0: (b) 5; () then subtracted from the respective values obtained from the

10; (d) 15; (€) 0; (f) 30; (g) 60; (h) 100; (i) 200; (j) 300: (k) 400. ©OPeN complex samples to give the linking number change
The mobilities of the linear monomer (LM) and linear dimer (LD) ~at each temperature. The results for the two promoters are
are indicated; the linear dimer is ligation product of tsd plotted in Figure 2D. The data for tHac UV5 construct
monomer fragments. The dashes at the right indicate the mobilitieS(ﬁ”ed symbols) show that the linking number difference is

of the topoisomers in the right gel. The upper arrowhead at the : . :
right of the left gel indicates the center of the topoisomer lost as a single abrupt transition as the temperature is lowered.

distributions of polymerase-bound sampleskf while the lower A van't Hoff equation fit yields values foil, of 19.8 +
arrowhead indicates that of the sample ligated as bare DNA (lane 0.5 °C. This value is comparable to that obtained from
€). At the bottom are scans of lane e (left scan, top of gel on left) chemical probe studie®{, 22) and thus indicates that the
and lane i (right scan), with the center of each distribution linking number change of the open complex represents

(corresponding to the mean linking number, see Materials and . . .
Methods) marked with an arrowhead. The RPo linking number bubble formation. Further support for this proposal is

difference (L) is the difference in topoisomer bands (small peaks) Provided by the resu_lts of a similar qnaly_sis of theg
between the two arrowheads, i.e:9.4 for this pair of samples. ~ promoter shown in Figure 2D: the midpoint,{ of the

«a a8 e
.
.
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Ficure 2: The linking number change following a shift down from 37. (A) Temperature dependence of ## linking number change.

Open complexes were formed on cNPR153 by incubation with RNA polymerase ‘&, 3fter which samples were transferred to the
indicated temperatures and incubated with topoisomerase | (see Materials and Methods). The purified DNAs of the samples were fractionated
by one-dimensional electrophoresis in agarose gels under the appropriate conditions to resolve closed circular DNAs as positively supercoiled
topoisomers. The ethidium stained images of the gels are shown. On the left is shown an agarose gel that was run in the presence of 3.0
ug/mL chloroquine diphosphate with polymerase-bound samples relaxed at@) @¥ 27°C; (c) 17°C; (d) 12°C; (e) 8°C. On the right

is shown an agarose gel that was run in the presence gid@BL chloroquine diphosphate with samples of bare DNA relaxed at (f)

37°C; (g) 27°C; (h) 17°C; (i) 12°C; (j) 8 °C; (k) 4 °C; (I) 0 °C. Also run on this gel were polymerase-bound samples relaxed at (m) 4

°C; (n) 0°C. The mobility of the nicked speciebl) is indicated. (B) Temperature dependence ofl#weUV5 linking humber change. A

similar analysis was performed on cLU875. Shown is an agarose gel that was run in the presengagfhD.6hloroquine diphosphate

on which was run polymerase-bound samples relaxed at (& 3{) 25°C. A second gel run in the presence of @gfmL chloroquine
diphosphate contained samples relaxed at@zhat were (c) polymerase-bound; (d) bare DNA. A third gel run in the presence of 0.3
ug/mL chloroquine diphosphate containing samples that were relaxed at{€) fi8lymerase-bound; (f) 1€, bare; (g) 17C, polymerase-

bound; (h) 17°C, bare; (i) 11°C, polymerase-bound; (j) 11C, bare; (k) 7°C, polymerase-bound; (I) 7C, bare; (m) 4°C, polymerase-

bound; (n) 4°C, bare; (0) O°C, polymerase-bound; (p) @, bare. The mobility of the lineaL( fragment is indicated. (C) Temperature
dependence of the linking number of the bare DNAs. The temperature dependence of the linking hyrobéng bare cNPR153 DNA

(results from the left gel in part A above) is plotted as open circles, while that of cLU857 (results from part B above) is plotted as filled
circles. The solid lines are the results of the respective linear regression analyses. The vertical axis has the same scale as in part D below,
i.e., it is marked in one linking number unit increments. (D) Plot of the temperature dependence of the linking number difference. The
linking number differenceAL) between the polymerase-bound (determined from A; B) and bare (determined from C) DNA samples at
each temperature is plotted for cNPR153{ promoter) (open circles, squares, and triangles, representing data from three separate
determinations) and cLU857acUV5 promoter) (filled circles and triangles, representing data from two separate determinations). The
solid lines are fits to the data (see Materials and Methods and text).

single transition is 5.5 0.5°C for AP, which is markedly
lower than that oflac UV5 and consistent with previous different enthalpy values for bubble openin§2(. The
studies ofAPr (10, 57). In addition, the difference iy magnitude of the experimental errors in the values derived
values for the two promoters is consistent with the observa- from topological analysis here indicates that the two promot-
tion that different promoters exhibit distingt, values @1, ers have comparable enthalpies of formation.
22,58, 59). Thus the results of the topological and chemical The Rate of Loss of the Linking Number Change after
probe responses to temperature change specifically agree fofemperature Downshiffhe results in Figure 2 as well as
two separate promoters and provide additional support for those of chemical probe experimengl,(22) indicate that
the proposal that the linking number change induced by openthe predominate equilibrium forms of ttec UV5 promoter
complex formation represents the opening of the transcriptionare an open complex above 3C and a closed complex
bubble. below 12°C. This information can be used to investigate a
The enthalpy AH) value obtained from the fit to thiac possible mechanism for the opening of the transcription
UV5 data was 60k 9 kcal/mol; this is intermediate to the bubble: it has been proposed that bubble opening involves

measurement methods have been found to give significantly

values obtained from kinetic [41 kcal/mo§@)] and chemical
probe [120 kcal/mol,Z2)] studies. The value fokPg was
76 £ 7 kcal/mol, which is larger than that obtained from
kinetic studies +30 kcal/mol, 61)]. However, different

using stress introduced into the DNA during formation of
the open complex precursors (RPc, RPi) to drive bubble
formation in RPo 85, 63). The physical form of this stress
could be duplex unwinding without denaturatio®4,( 65)
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Ficure 3: Kinetics of loss of linking number difference. Nicked cLU857 was incubated with RNA polymerase holoenzyméGit®7
form open complexes at thel@c UV5 promoters. Samples were then transferred tdQ@2and incubated for the indicated times, after
which DNA ligase was added and the incubation was continued for 1 min to ligate the nicked circles. The purified DNA of each sample
was then fractionated by two-dimensional electrophoresis in an agarose gel as in Figure 1. (A) An image of the ethidium-stained gel. The
samples were (a) open complex sample ligated &t before temperature drop; (b) 1 min incubation at°C2 (c) 2 min incubation at
12 °C; (d) 10 min incubation at 12C; (e) 30 min incubation at 12C; (f) bare DNA ligated for 30 min at 12C. The mobilities of
individual topoisomers of sample a are indicated at the upper left side of the gel, while those of sanfiglesindicated at the lower right
of the gel. The mobilities of the linear monomé& ) and linear dimerl(D) are indicated at the right of the gel. (B) A plot of the kinetics.
AL is the difference between the linking number of the time point sample and that of the sample of bare DNA relax&d étel2the
lane f sample). The value of the O-time point (the lane a sample, ligated°&)3¥as been corrected for the effect of the ligation temperature
difference (37°C vs 12°C) on the total DNA of the circle. The time represents the incubation time plus the 1-minute ligation time at
12 °C. The solid line is the fit of a decay function to the data, which yieldég,a= 1.2 min (C) Post-shift occupancy demonstrated by
bandshift analysis. The 332 Iycil/PshAl fragment (diagrammed at the top of Figure 3D) was incubated with RNA polymerase°& 37
to form an open complex, after which the temperature was shifted t&€ hd the sample incubated for a further 2 min. The sample was
then immediately applied to an agarose gel equilibrated &Cl2ollowed by electrophoresis for 9 min (see Materials and Methods). The
ethidium-stained gel is shown: (a) bare DNA; (b) polymerase-incubated sample. At the right are indicated the mobilities of the bandshifted
polymerase-complex (c) and bare DNA (d). (D) Post-shift occupancy demonstrated by restriction digestion protection. Thec332 bp
PshAl fragment from pLU875 is diagrammed at the tdyic{l end on left). TheHpall sites located at nt25, nt211, and nt310 from Mhal
end are indicated. Thiac UV5 start site is at nt236 and transcription is to the right, while the extent of the open complex fodfrint (
89, 90) is indicated by the dashed-line oval. This fragment was incubated with RNA polymerasé@tt@7orm an open complex, after
which half the sample was shifted to € and incubated for 2 mirHpall was then added to each sample and the incubation continued
for an additional 2 min at the respective temperatures (see Materials and Methods). The extracted DNAs were then fractionated by
electrophoresis in an acrylamide gel, which is shown at the bottom: (a) marker DNA; (b and g) untreated 332 bp fragmet, kex&87
DNA, Hpall digested; (d) 37°C sample plus polymerasklpall digested; (e) 12C bare DNA sampleHpall digested; (f) 12°C sample
plus polymerasesipall digested. The sizes of the markers in bp are indicated at the left. The bands marked with the arrowheads at the right
side of the gel are all fragments that result frétpall digestion at nt211. The 186 and 211 bp bands (marked with filled arrowheads at
right) in lanes c and e are fragments to the left of nt211 (see diagram at top) that result when that site is digested, while the 99 and 121 bp
bands (marked with open arrowheads at right) are fragments to the right.

and/or left-handed superhelical DNA wrappirgp,(66). This 1, after which the sample was shifted to 12. Samples
proposal derives from results of the analysis of the effect of were then removed at the indicated times and incubated with
supercoiling on the kinetics ofac UV5 open complex DNA ligase for 1 min, followed by fractionation of the
formation as well as wild typdac topological measure-  extracted DNA by electrophoresis in an agarose gel. The
ments: it was found that the negative linking change was image of the gel in Figure 3A shows that the topoisomer
present when the wild type complex should have been in distribution of the sample that was ligated prior to the
the closed form (RPc and RPi), i.e., prior to open complex temperature drop (lane a) exhibits the low mobility indicative
formation @5). To reinvestigate this possibility directly using of the negative linking number change of the open complex
our multicopy, homogeneous promoter system, we measuredcf. Figure 1, lanes+k). However, lowering the temperature
(Figure 3) the rate of loss of the open complex linking to 12°C causes a rapid loss of this linking number change:
number change that occurs with a temperature shift of within 2 min (1 min incubation followed by 1 min ligation)
37 °C (RPo) to 12°C [RPi, although structural distinctions of the temperature drop, most of the linking number deficit
(67) have led to this being termed “RRP as well (15)]. The of the open complex has been lost. The quantification of
equilibrium results in Figure 2 indicate that the maximal these results in the graph in Figure 3B yields aof 1.2
linking number change at 37C is virtually eliminated at min for the loss of the linking number deficit of the open
12 °C. Kinetic analysis and footprinting studies indicate that complex. This is comparable to the rate observed in chemical
RPi persistst, = 20 min, 60)] well beyond the time of  probe experiments for bubble losg/{= 3 min) (15). In
bubble collapse as measured by chemical prohings 3 contrast, polymerase remains associated with the promoter
min (15)]. Thus if the stress is retained as left-handed for an hour or more following such a temperature downshift,
superhelical wrapping in RPi following bubble collap8&)( as indicated by kinetic60) and DNase I-footprintingg8)
the loss of linking number change should take considerably studies.
longer than 3 min. To confirm that this relatively slow rate of dissociation
Figure 3 shows the rate of loss of the linking number following a temperature downshift is indeed a property of
change of théac UV5 open complex when the temperature our system as well, two methods that directly measure
is shifted from 37°C to 12°C. Open complexes were formed complex persistence were used. First, band shift analysis
by incubating polymerase with nicked cLU875 as in Figure (Figure 3C) demonstrated that polymerase is still bound after
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the linking number deficit has been lost. RNA polymerase  Linking Number Change in Abori Initiation Complexes.
was incubated at 37C to produce an open complex on a Additional support for a direct relationship between linking
332 bp fragment containing thac UV5 promoter (fragment ~ number change and the transcription bubble was obtained
diagrammed at the top of Figure 3D). The temperature was from an analysis of abortive transcription complexes. Recent
then reduced to 12C and the incubation continued for an single molecule studie$9—71) indicate that the transition
additional 2 min. The sample was immediately applied to from an open complex to an abortive complex involves an
an agarose gel equilibrated at 2, and electrophoresis was expansion of the transcription bubble. If there is a direct
performed for 9 min. Figure 3C, lane b, shows that after relationship between bubble size and linking number change,
such treatment almost all the DNA is in a single bandshifted then the linking number change induced by formation of the
complex (marked c). This indicates that RNA polymerase abortive complex should be more negative than that of the
remains bound well beyond 2 min at 1. open complex which was measured in Figures31 To
determine if this is in fact the case, open complexes were

While this bandshift result shows that polymerase remains _
bound well past 2 min, it does not show it is bound to the formed onNb.Bpul0l-nicked cNPR149. Samples were then

lac UV5 promoter, e.g., it could be bound to one of the DNA incubated with RNA oligoribonucleotides. In these condi-
ends. To demonétrét.e’ that the polymerase is bound to thetions, the oligonucleotides were bound to the active center

.. of RNA polymerase simulating the abortive products prior
promoter, a second method was used: blockage to restrlcnoqo their %isﬁociation from thg enzyme. Thg biochengical

enzyme digestion. Figure 3D (top) shows a diagram of a analysis done with the radioactively labeled RNA oligo-

332 bp fragment containing tftac UV5 promoter, with the nucleotides confirmed their binding to RNA polymerase (data

locations of 3Hpall sites indicated. The size of RNA h S I h d vitteolili
olymerase footprint (indicated by a dashed-line oval) from nots own). ampies yveret en treated \iatreoli ligase to'
b seal the nick, after which the extracted DNAs were fraction-

footprinting studies indicates that thdpall site at nt211 o
. ated by electrophoresis in an agarose gel.
should be blocked when RNA polymerase is bound at the The gel in the left part of Figure 4A shows that the

pronlmtefr. Thﬁ gelin thle Ipwefr part of Figure 3D ShOWIS the topoisomer distribution of the open complex sample (lane
(rjgsut_o Sl]fcb an a”alé/s's 0 _promoter o_ccupaﬁdplal a) has a center that is little different from that of the GUUGC
gestion of bare DNA or2 min at 37C (Figure 3D’. ane (position —1) sample (lane b). However, the center of the
¢) produces a partial digest, with cleavage at nt211 |nd|catedUGCAU (+2) sample (lane c) is about0.4 topoisomer
by frfagments of 211 _bp.and 18.6 bp (originating from th? spots higher in the gel, meaning that the formation of the
left side of the nt211 site in the diagram and marked by solid |5 o five complex here results in a linking number change
arrowheads at the right of the gel) and fragments of 121 bp of —0.4 relative to the open complex. The averag®SD)
and 99 bp (originating from the right side of nt211 in the ¢ 15 separate experiments wa®.62 + 0.21 for this+2
diagram and marked by open arrowheads at the right of thecomplex. The centers of the GCAUG-8) sample (lane d)
g(_al). When the 322 bp fragment is first incubated at’G7 and UGCAUG (3) sample (lane e) distributions are
with RNA polymerase to form an open complex atthe  egsentially equal and higher still in the gel than that of the
UVS promoter (Figure 3D, lane d), these lower bands are 1.5 complex. They exhibit a linking number change of about
absent in thedpall digest. The absence of these bands in _1 g rejative to the open complex. The average for the
the digest of the open complex demonstrates that blockagescAUG (+3) abortive complex was 1.62+ 0.19 [average
of Hpall cleavage at nt 211 detects promoter occupancy. t Sp from the rotational variant analysig) that included
Hpall digestion at 12°C for 2 min on bare DNA (Figure 28 measurements of open complex and 30 measurements of
3D, lane e) also generates the lower bands characteristic ofhe GCAUG @-3) complex].
cleavage at nt211. Figure 3D, lane f, shows the results of Equivalent results were obtained when th8 abortive
incubation with polymerase at 37C to form an open  complex was generated by transcription elongation, as shown
complex, then dropping the temperature to 32 and jn the experiment in the lower right of Figure 4A. As above,
incubating for 2 min, and finally digesting witHpall for open complex was formed (lane f), followed by binding
an additional 2 min at 12C. The lack of lower bands at UGCAU to form the+2 complex (lane g), only at this point
211, 186, 121, and 99 bp demonstrates that cleavage at nt215TP was added (lanes h, i, j) to extend the UGCAQ
blocked. This means that polymerase is still bound to the complex to the UGCAUG+3 complex. As seen above,
lac UV5 promoter aftea 2 min incubation at 12C and an adding UGCAU to the open complex causes a change of
additional 2 minHpall digestion at 12°C, an incubation  about—0.6 relative to the open complex. Extension of this
time period that results in the loss of virtually all of the to UGCAUG +3 results in a change te1.6 relative to the
linking number deficit. Thus the bandshift results (Figure open complex, which is the same as seen above for direct
3C) and the restriction digestion protection results (Figure binding of the complete UGCAUG.
3D) both demonstrate that RNA polymerase remains bound The linking number change 6£0.6 for the whole circle
at thelac UV5 promoter well beyond the time at 1 when the +2 complex is formed is—0.06/P, which
required to eliminate the linking number deficit (Figure 3B). corresponds to opening of about 0.6 bp of bubble, while the
This indicates that the loss of linking number deficit is not —1.6/circle change for the-3 complex corresponds to an
simply due to dissociation of the RNA polymerase, but opening of 1.6 bp (these numbers probably represent a lower
instead represents transition to a closed complex that is stillestimate for the bubble extension during abortive initiation
bound to the DNA. Thus measurement of the rate of loss of due to an intrinsic instability of the abortive complex, which
the linking number change indicates that it derives entirely tends to convert back to RPo by release of the RNA primers).
from bubble induction upon formation of the open complex Thus the direct relation between linking number change and
and is not present in RPc or RPi as propos&s).( the transcription bubble is further supported by this result.
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Ficure 4: Topological effects of transcription complex bubble
perturbation. (A) Analysis of abortive initiation complexes. At the
top is shown the sequence surroundingARg promoter start site,

with the A at+1 in bold. Beneath are shown the oligoribonucle-
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Moreover, it provides independent confirmation and an
extension of the conclusions of the single molecule and
FRET studies?0, 71) about the mechanism of transcription
initiation. This will be addressed further in the Discussion.
The Effect of Mg on the Transcription Bubble Size.
Kinetic analysis indicates that there are two open complexes
that form at thelPk promoter: RPol forms in the absence
of Mg?" and is a precursor to RP02, which forms in the
presence of Mg and is the open complex that initiates
transcription with addition of nucleotide triphosphat@g)(
A subsequent chemical probe study indicated a structural
difference between the two complexes: the extent of KiyinO
reactivity in the open complex formed at thEr promoter
is at least 14 bp in the presence of Mdput less than 12 bp
in its absencel(0). Similar results were obtained for other
promoters {1, 12). These results, combined with those from
kinetic studies, were interpreted to mean that thereiSa
10 bp bubble in RPol, and this is expanded to-E bp
bubble that encompasses the transcription start site in the
transition to the transcriptionally competent RPa)(
However, the interpretation of KMnQreactivity in terms
of bubble size is complicated by the possibility that
neutralization of the negative charge of the DNA phosphate
anions by M@" may increase reactivity by increasing access

otides used in these experiments, with the sequence position of eactvf the negatively charged permanganate ion to the DNA.

3 end indicated at the right. For the gel on the I&fh.BpuOl-
nicked cNPR147 was incubated with a saturating concentration of
RNA polymerase to form an open complex (see Materials and
Methods). Samples were then removed and further incubated with
the indicated oligoribonucleotides, after which all samples incubated
with E. coli DNA ligase to ligate the nick. The purified DNAs
were then fractionated by one-dimensional electrophoresis in an
agarose gel containing 0.Q&y/mL ethidium bromide. An image

of the ethidium-stained gel is shown. The following oligoribo-
nucleotides were included in the incubation with open complex (the
number in parentheses indicates the position of thend): (a) no
oligo (open complex); (b) GUUGCH1); (c) UGCAU (+2); (d)
GCAUG (+3); (e) UGCAUG (t+3). The arrowhead on the left
marks the center of the topoisomer distribution in lane a, while
that to the right marks the center of the topoisomer distribution in
lane d. The gel on the lower right represents a similar experiment
in which open complex formed on cNPR149 (lane f) was incubated
with UGCAU (lane g) to form a+2 abortive complex. This
complex was then incubated with 0.#M GTP (lane h), 1.5«M

GTP (lane i), or 3.uM GTP (lane j) to extend the oligo by one
nucleotide to generatea3 abortive complex. (BMagnesium effect

on the linking number difference. Open complexes were formed
on covalently closed, relaxed cNPR149 by incubation with RNA
polymerase at 37C in the presence and absence of magnesium
chloride, after which the complexes were relaxed with topoi-
somerase |. The extracted DNAs were then fractionated by two-

The result would be an increased extent of reactivity to
permanganate in the presence of¥lgven in the absence
of a change in bubble sizd 1, 24—26).

DNA topological analysis is particularly well suited to the
clarification of this ambiguity in the interpretation of
chemical probe experiments. The ability of topology to
measure the change in duplex rotation geometry that ac-
companies a change in bubble size can provide an indepen-
dent evaluation of the permanganate results. Importantly,
topological analysis of Mg effects on DNA structure can
be conveniently performed through the use of topoisomerase
[, an enzyme that is active in the presence or absence of
Mg?* (73). For the type of circle used here containing 10
APr copies, the permanganate result8) (would predict that
formation of open complexes in the presence ofMghould
produce a linking number change of abetit4 to—15 [AL
= (10 promoters)< (15 bp/bubble}x (=1 AL unit/10.5 bp)
= —14.3], while those formed in the absence of¥ghould
produce a linking number change of abetf to —10 [AL
(10 promoters) (10 bp/bubble)x (—1 AL unit/10.5 bp)
= —9.5]. Such a difference is readily detected, since the

dimensional electrophoresis in an agarose gel. The left panei showsPrecision of the measurement At is about+0.1 linking

the ethidium-stained image of a gel that contained 0,0@/2nL
ethidium bromide in the first dimension (top to bottom) and 0.1
ug/mL ethidium bromide in the short second dimension (left to
right). The ratio of RNA polymerase tbPr was (a) 6.8; (b) 10;

(c) 13.5; (d) 16.9; (e) 6.8; (f) 10; (g) 16.9. Sampleschwere
relaxed in the absence of magnesium chloride, while sampigs e
were relaxed in the presence of 10 mM magnesium chloride. The
dashes at the left of the gel indicate the mobilities of the
topoisomers. The arrowhead at the left of the gel indicates the
centers of the topoisomer distributions of sampleslawhile that

at the right of the gel indicates the centers of sampleg.€rhe

gel in the right panel contained 0.28/mL chloroquine diphosphate

in the first dimension and 04g/mL ethidium bromide in the short
second dimension. The samples were bare DNA relaxed in the
presence (h) and absence (i) of 10 mM magnesium chloride. The
arrowhead at the left of the gel indicates the center of the topoisomer
distribution of sample h, while that at the right indicates the center
of sample i.

number unit 48, 74).

In the experiment of Figure 4B open complexes were
formed in the presence and absence ofMdollowed by
incubation with topoisomerase I. The purified DNAs were
then fractionated by electrophoresis in an agarose gel, and
the image of the gel is shown in the left panel of Figure 4B.
Lanes a-d show samples of open complexes formed in the
presence of Mg using increasing concentrations of poly-
merase. The centers of the distributions have essentially
equivalent mobilities, indicating that the promoters are
saturated at the polymerase concentrations used. The arrow
at the left indicates this common center. Lanegieshow a
similar set of samples that were formed in the absence of
Mg?". Again, the centers of the topoisomer distributions have
essentially equivalent mobilities, indicating promoter satura-
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tion, and the arrow on the right indicates this common center change in duplex winding (twist, e.g., bubble formation) and
for these no-Mg" samples. The arrow on the left is slightly how much is due to a change in the path of the DNA duplex
lower than that on the right, indicating that the linking (writhe, e.g., superhelical wrapping of DNA on the surface
number of the plus-Mg sample is slightly higher than that  of polymerase).

of the no-Mg* sample. However, an equivalent change is  For the open complex, we propose that essentially all of
seen in the bare DNA samples (right panel of Figure 4B), the linking number change derives from duplex unwinding
an effect that derives from Mg winding up the duplex to  of bubble formation with minimal contribution from super-
produce an increase in the linking numb&B8,(75). The helical wrapping. This is based on the following reasons.
linking number difference was calculated through the use First, the linking number changes measured forldtdJV5

of connector samples to relate the register of the two different andAPs promoters both agree well with the semiquantitative
gels (see Materials and Methods). The resultantfor the estimates of bubble size from the respective probe experi-
no-Mg?* sample was—9.4 + 0.1 (average+ SD, 3 ments. Thus there is no substantial discrepancy that could
measurements), or0.94 + 0.014P. This corresponds to  be assigned to superhelical wrapping. Second, the open
a bubble size of 9.9 0.1 bp E(0.94) x (10.5)], a value complex linking number change is lost in a single abrupt
that agrees with the value of-80 bp estimated from the transition as the temperature is reduced (Figure 2), and this
permanganate measurement in the absence &f NIf). corresponds to the loss of chemical probe reactivityldor
However, theAL measured for the-Mg?" sample was-9.5 UV5 (21, 22): both methods show &, of about 20°C.

+ 0.3 (averaget SD, 3 measurements), 610.95+ 0.03/ Third, the rate of loss of open complex linking number

APr. This corresponds to a bubble size of 1&00.3 bp. change upon temperature reduction to belowTth€Figure
This is virtually the same as the no-Kigtopological value 3A,B) matches the rate of loss of chemical probe reactivity
but dramatically less than the permanganate prébg?* at lac UV5 (15), even though the polymerase remains

value of 14-15 bp (0). Thus the topological results do not associated (as RPc or RPi) with the promoter for a consider-
support the interpretation of the permanganate results thatably longer time at low temperature [Figure 3C,B0(68)].
the bubble expands significantly upon addition of ¥grhis The loss of linking number change is complete, indicating
indicates that the more extensive permanganate reactivity inthere is no remaining superhelical wrapping in the complex
the presence of Mg is likely due to an alternative effect following bubble collapse, even though footprinting results
such as neutralization of the negative charges of the DNA indicate that extensive polymeraggromoter contacts (wrap-
by Mg?" (17, 24—26) or local distortion of the duplex not  ping) remain in RPc@8). Fourth, incubating théPr open
associated with the DNA unwinding. complex with oligoribonucleotides that extend +® and
+3, as well as extending th&2 oligonucleotide to+3,

DISCUSSION results in a linking number change that is progressively more

The current study employs a modified topological proce- negative than that of the open complex. This indicates that
dure to characterize the structure of the bubble in the openthe bubble has expanded at the downstream end to accom-
and abortive promoter complexes formed Bycoli RNA modate the RNA hybrid, providing further evidence that the
polymerase. These results extend the findings of earlier linking number change quantifies bubble size. In addition,
topological studies as well as complement and clarify the as described below, the indicated increases in bubble size
results of chemical probe characterizations of the bubble. are consistent with the result of independent studies employ-
The modifications employed in the current study include the ing FRET and single molecule methodologi€&71).
use of a circle containing multiple copies of a single As described in the introduction, a previous topological
promoter. The amplification of signal that results from the study by Amouyal and Buc3g) measured a linking number
multiple copies as well as the elimination of other promoters change of—1.7 for both thelac wild type andlac UV5
from the circle markedly improves the precision as well as promoters. This is~—0.7 in excess of the-—1.0 predicted
the promoter specificity of the measurement relative to earlier by the probe experiments for the bubble, and they proposed
topological studies31—35, 38, 39). This allows a more that this apparent excess represents a left-handed superhelical
detailed interpretation of the topological data in terms of open wrap of about 0.7 turn on the polymerase surface. This is
complex structure (see below). widely cited as the first evidence for superhelical wrapping

The higher precision and specificity also mean that this in the open complex [e.g.37, 76—78)]. In addition, evidence
modified topological method is more effective in comple- was presented3p) for the existence of this wrapping in the
menting the chemical probe approach for the purpose of closed precursor (RPi, see introduction) to the open complex
providing a more detailed picture of the transcription bubble (RPo0). These findings served as the basis of a model for the
in the open complex. As described above, strengths of themechanism by which the duplex is melted in the formation
probe approach are the abilities to determine the location of the open complex: the bending energy present in the
and approximate size of a bubble, but it suffers from wrapping in RPi serves to drive the bubble opening in the
uncertainties about the precise bubble size and the possibilitytransition to RPo [§5, 63), see also{(8)].
that reactivity may result from distortions other than a bubble.  Two of the main findings in the current study eliminate
A complementing strength of the topological method is its much of the basis for this model. First, the improved
potential to quantify the change in duplex geometry resulting precision of the multicopy, single promoter system used here
from the unwinding event, and that this measurement generates a value of-1.17lac UV5 promoter. This is
represents the total population of native, active complexes. approximately equal to that expected from the results of the
However, chemical probe results can help to resolve the chemical probe experiment2], 22), and thus eliminates
ambiguity in interpreting the structural origin of the linking the basis for predicting superhelical DNA wrapping in the
number change: how much of the change is cause by aopen complex. We propose that their larger value-af7
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(35) is likely due to limited precision deriving from the it binds polymerase, no linking number change will result.
plasmids used: the measurement was of a difference ofSimilarly, bending that results in an equal number of right-
differences between two plasmids that differed in the handed and left-handed crossings will result in no change.
presence of a singléeac UV5 promoter, with the vector  Thus the substantial contacts with the surface of the
promoters in each plasmid contributing the predominant polymerase that are indicated by the various studies described
portion of the overall linking number change (i.e., measure- above will only result in a linking number change if that
ment of a small difference between two large numbers). wrapping is chiral [e.g., in the form of a superhelix; sé@].
These design problems were addressed with the multicopy, A recent footprinting study84) proposes that an inter-
single promoter constructs analyzed here. For reference, amediate initiation complex () at APr is wrapped extensively
change of-1.7/ac UV5 (35) in the 8-copy cLU875 construct  in a right-handed superhelix, but that a significant amount
here would result i\L = —13.6, a linking number change  of the footprint is lost upon conversion to open complex. If
readily distinguished from thAL = —9.38+ 0.02 that was  the remaining footprint in the open complex represents a
measured (Figure 1). Second, the kinetic analysis in Figure small amount of remaining right-handed superhelix, then it
3A,B demonstrates that the open complek is virtually would perhaps be apparent in the topology results here.
eliminated within 5 min of the temperature drop, while RPc/ Deducing this depends on how the chemical probe results
RPi persists well beyond that [Figure 3C,BO( 68)]. This are interpreted. Thus 8 to 15 bp of DNA at thie; start site
indicates that RPc/RPi does not contain superhelical DNA are reactive with permanganati), although, as discussed
wrapping on the polymerase, eliminating a left-handed wrap above, there are numerous caveats concerning quantitative
as the source of energy for unwinding the duplex in the interpretation of this reactivity in terms of bubble size. If
transition to RPo. In conclusion, the results in Figures 1 and the upper end of the range of the permanganate resul4 (
3 make unlikely a mechanism in which left-handed super- bp) does in fact represent the actual bubble size, ier
helical wrapping drives open complex bubble formati, ( AT = —14/10.5= —1.3, a value that is more negative than
63). the AL = —0.983 measured here for th€r promoter. An
One difference between our study and that of Amouyal implication of this difference is that the open complex could
and Buc is that our construct contaile UV5 upstream contain approximately 0.3 turn of right-handed superhelical
sequence te-59 while that of Amouyal and Buc extends to  wrap (thusAW = +0.3, soAL = AT + AW= —-1.3+ 0.3
—140. Singlet oxygen footprinting indicates an interaction = ~—0.983). Of course this prediction depends critically
at —90 (79), raising the possibility that the DNA could be on the reliability of the interpretation of the permanganate
pulled around to contact a site upstream-&9 to cause a  data in terms of unwound duplex, e.g., if the 10.5 bp of
wrap. However, atomic force microscop8Qj of a —146 reactivity represents the true size of unwinding, tiAéh=
lac UV5 construct does not observe contour length shortening —1.0 and no superhelical (chiral) wrapping is implied.
that is consistent with extensive wrapping. They propose that While the linking number change is not as negative as
upstream contacts indicated by cross-linking and footprinting —1.7 for either promoter, it is distinctly more negative for
results may be transient and not representative of the totalthelac UV5 promoter AL = —1.17+ 0.01, Figure 1) than
population of complexes at equilibrium. We feel that these for the APz promoter AL = —0.94 + 0.01 from Figure 1;
findings as well as those indicating that upstream interactions —0.95+ 0.03 from Figure 4;—0.983t0.006 from @0)]. It
are non-sequence-depende23)( argue that the lower is possible that the additionat0.2 thatlac UV5 exhibits
magnitude ofAL obtained here is not due to the difference relative tolPg reflects the difference in spacing between the
in far upstream sequence compared to Amouyal and Buc—35 and—10 regions of the two promoters. The spacing is
but rather to a difference in precision due to experimental a consensus 17 bp for th&s promoter, but it is 18 bp for
design. thelac UV5 promoter 86), i.e., one nucleotide longer than
The finding here that there is not the excess0.5 linking the consensus length. Thus binding th@é5 and—10 regions
number change that can be assigned to left-handed wrappindo their respective sites on RNA polymerase could require
does not rule out the possibility of wrapping on, or perhaps the lac UV5 promoter to be unwound by the equivalent of
more precisely stated, extensive contact with, the surface ofabout one additional base pair compared toifRepromoter
the polymerase. Biochemical analysis of interaction of RNA (87). This difference would translate to about0.1 in
polymerase the DNA in the open promoter complex using additional linking number change fdac UV5. This is in
DNase | footprinting, chemical probe footprinting, and reasonable agreement with the value -69.2 measured,
protein—DNA cross-linking strongly suggest that promoter especially when one considers that the sequence difference
DNA extensively contacts the surface of the enzyme in the —10 to—35 regions of the two promoters means that
[reviewed in @7)]. Microscopy studies§0—82) also suggest  the overall screws will differ to some degree. A similar
that open complex DNA may be wrapped on the surface, difference was also observed in linking nhumber measure-
although questions about the effects of adsorption of the ments of open complexes on two spacer length variants of
complexes to a surface complicates interpretation of thesethe TAC promoter §8), a study that supports the proposal
studies 83). However, these methods do not specify the path that spacer length has an effect on promoter strerith (
of the DNA in contact with the polymerase, and in particular, Overall, the findings here support an alteration in the DNA
none of these methods distinguish between wrapping thatstructure 87) to accommodate the difference in promoter
will or will not cause a change in linking number (writhe). spacing. They do not support the alternative proposal that
Only wrapping that leads to an excess of DNA duplex the structure of the polymerase is altered to accommodate
crossings of one hand over another (chiral wrapping, suchthe spacing differencesg).
as in a superhelix) will result in a linking number change  In addition to resolving issues concerning the role of
(27). For example, if promoter DNA is bent in a plane when superhelical wrapping of DNA in the open complex forma-
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tion, the results of this high precision topological measure- REFERENCES

ment system also clarify the effect of ¥gon bubble size
in the open complex (Figure 4B). The extensive use of
chemical probe analysis to detect and characterize the

transcription bubble underscores the importance of establish- 2-

ing the degree to which chemical probe reactivity describes
bubble structure. As discussed above, numerous features of
the probe reaction raise significant uncertainties about
interpretation in structural terms, but a parallel topological
analysis can resolve many of these. Thus the topological
measurements in Figure 4B indicate that the bubble size is
essentially the same in the presence and absence 8f. Mg
This indicates that the expanded permanganate reactivity at
the promoter in the presence of fd10, 11) is likely caused

by the ability of Mg"™ to mask the negative charge of

promoter DNA phosphates, and is not an indication of a >

larger transcription bubble. The topological results reported
here provide significant independent support for the concerns

raised about the ability of chemical probe experiments to 6.

unambiguously characterize the transcription bulibfeZ4—
26), thereby permitting a more informed interpretation of

future probe results. Moreover, these results indicate that the 7.

RPol1 and RPo2 transcription initiation intermediates that
have been identified by kinetic analysis are not structurally
distinguishable by bubble size as propos&0) (

Finally, the results here for abortive complexes indepen-
dently confirm and extend the conclusions of recent studies
concerning the mechanism of transcription initiation. Results
from FRET (70) and single molecule7() studies indicate
the DNA is pulled into the polymerase when the first
nucleotides of RNA are synthesized during abortive initiation.
The authors term this process “DNA scrunching”. The result
of this is an increase in the size of the transcription bubble
that reflects the extent of RNA synthesis. Revyakin et al.
(72) conclude that the bubble expands in proportion to bases
synthesized once 2 1 base are made. Thus they propose
that increases in unwinding equalltb— 2, with N equal to
the length of RNA in nucleotides. Our findings here support
and refine this proposal through an independent methodol-
ogy, DNA topology. Thus thet2 complex exhibitsAL =
—0.062 + 0.021 relative to the open complex, which
corresponds to and additional 0.650.22 bp unwound. The
+3 complex exhibitsAL = —0.160+ 0.019 relative to open
complex, corresponding to 1.68 0.20 bp unwound. Thus
the bp unwound equals the bp synthesized, independently -
confirming the results of Revyakin et alZX), but not until
+1.4 s reached. Accordingly, we would refine thg « 2"
rule of Revyakin et al.{1) to N — 1.4. Importantly, all three
studies provide consistent support for a model in which
polymerase draws the DNA into itself in the initial stages
of transcription, with the result that the transcription bubble
increases in size.
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