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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 extendifi@ twere
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 tHe3 abortive complex: a bend of 4% 7° was measured for the open
complex, while a bend of 44 11° was measured for th&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 1Gi40.1 bp bubble, while that of thé-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 structuralderives from the fact that there is as yet no description of an
analysis of the transcription machinery. Particularly impres- intact transcription bubble in crystal structures of either an
sive has been the advance in our understanding of theopen complex or an elongation complex. Although some
structure of the central component in transcription, RNA crystals of elongation complex by RNA polymerase Il
polymerase. Thus crystal structures have been determinedtontain transcription bubble, its structure is not resolved due
that provide atomic detail of eukaryotic and prokaryotic RNA to the high flexibility of DNA or a dynamic nature of
polymerases and their various complexes with DNA that proteir—~DNA interaction in the bubble area and in the
model the enzyme open complex and elongation complex duplex DNA located upstream from the bubble. Moreover,
stages [reviewed recently ii)]. No structure of the open  these structures are necessarily incomplete: the length of
promoter complex is available yet. DNA (30 bp) visualized in cocrystals obtained to date is too

However, while these structures afford us unprecedentedshort to reveal much about how the DNA may be wrapped
detail of the structure of RNA polymerase in several steps on the surface of the polymerase.
of transcription, the structures are at present incomplete. Thus A variety of approaches that study the structure of intact
only short segments of DNA are visualized in the crystallized complexes in solution provide information that can comple-
complexes, and numerous questions remain concerningment the crystallographic results. Approaches such as nu-
whether these structures represent functional states of theclease protection assays indicate that polymerase interacts
enzyme in solution. Moreover, crystallography necessarily with an extensive stretch of DNA. Thus a number of studies
describes a static structure that can be significantly affectedof complexes at multiple prokaryotic promoters indicate that
by crystal packing, particularly with respect to the DNA polymerase interacts with as much as-20 bp of DNA in
component. Complexes of proteins with long DNA are the open complex [reviewed iR)]. The fact that this length
particularly difficult to crystallize due to the flexible bulky  of DNA is considerably greater than the diameter of RNA
nature of double-stranded DNA. One question that remains polymerase led to the proposal that the DNA is wrapped on
the surface of the polymerase in a manner similar to that of

' This work was supported in part by grants from the National the nucleosome, with the most of the wrapping taking place
Institutes of Health (GM49988 and GM56216). with the upstream DNA R), reviewed in 2, 4)]. Unfortu-
aeas pesponaing author. E-mail: llutterl@hfhs.org. Tel: 313-916- nately there are no detailed structural studies available that

* Henry Ford Hospital. would provide a comprehensive description for the overall

8 Frederick Cancer Research and Development Center. path of such wrapping.

10.1021/bi7012883 CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/19/2008




1886 Biochemistry, Vol. 47, No. 7, 2008 Tchernaenko et al.

One solution methodology that provided an important early and increased flexibility 25, 26). Moreover, microscopy
clue about the wrapping that exists in the nucleosome is DNA studies of complexes adsorbed to a surface observe a
topology. When a nucleosome binds to DNA and then that reduction in the contour length of DNA upon formation of
DNA is closed into a circle, the changes in DNA wrapping an open complex, a result that has been interpreted to indicate
and duplex screw caused by nucleosome binding result in aextensive wrapping of DNA on the polymerasgr{29).
change in the topological linking number of the circle relative However, the fact that the complex is adsorbed to a surface
to similarly treated bare DNAS~—8). The linking number complicates the interpretation of such stud&3.(Moreover,
quantifies the number of times one strand passes over thehese methodologies for analyzing bending can provide only
other in a DNA circle [reviewed in9—11)]. A left-handed an approximation of the extent of the bend.
superhelical wrap will result in a linking number change Rotational variant analysis is a topological method that
(ALY of —1, i.e., the linking number of the DNA circle will  can not only detect but also quantify DNA bending in both
be reduced by one. In addition, unwinding the DNA duplex free DNA and DNA in a complex in solutior8{—35). This
by one turn will also cause a change ofl.. The linking method analyzes the linking number change induced by
number change is readily quantified by electrophoresis of formation of a protein complex on a series of plasmid
the purified DNA in an agarose gel. This ability of the constructs in which the spacing of tandem protein binding
methodology to quantify changes in both wrapping and sites is systematically varied in 1 bp increments. This method
duplex screw contributed significantly to our understanding has been described in detail previously [the reader is directed
of nucleosome structure well before crystal structud® ( in particular to Figure 1 in31) as well as the review in
13) were available. (32)]. A brief explanation of the method follows: if we

These advantages of the topological method led to its useconsider the example of a protein that bends the DNA of its
in the study of the transcriptional open complex formed when binding site by 90, binding the protein to a segment of DNA
RNA polymerase binds to DNA. The linking number change containing four tandem repeats of the site will cause the
measured for polymerase bound to a specific promoter rangedsegment to form a square for some repeat length, which we
from —1.0 to—1.7 (14—17). As reviewed in the accompany- will designate C bp. Binding the protein to a segment
ing paper 18), the change of—1.7 was interpreted as containing fourC + 1 bp repeats will result in formation of
evidence for superhelical DNA wrappind.f), also reviewed a right-handed, squared superhelix. A DNA circle containing
in (4) ]. Thus chemical probe experimeni(-22) indicate that segment will undergo a linking number changetdf
that the open complex contains a bubble of about 12 bp, or(relative to a similarly treated bare DNA) if the protein is
unwinding of about one duplex turn, which corresponds to bound in the presence of topoisomerase. Conversely, a circle
a linking number change of aboutl. It was reasoned that containing fourC — 1 bp repeats will form a left-handed
the remaining-0.7 of the—1.7 measured reflects wrapping superhelix, causing a linking number change—f. This
of 0.7 turn of left-handed superhelix on the complex surface abrupt change from1 to+1 as the repeat length progresses
(14). However, the results of other topological studi&s, throughC bp will progressively drop to 0 as further increases
17) do not lead to a prediction of wrapping; they find a in the repeat length are made@o+ 5 bp: this will form a
linking number change closer tol, which is near the value  zigzag structure that will cause no linking humber change
predicted for the bubble observed in the chemical probe (it is not superhelical but planar). Further increments of single
studies. Thus in these cases there is no “excatsif —0.7 bp insertions will result in the left-handed superhelixCat
that can be assigned to left-handed superhelical wrapping.+ 9 bp repeat to give-1, at which point the abrupt change
However, it is important to realize that the precision of the to +1 will repeat forC + 11 bp. A plot of linking number
measurements in all of these studies is limited by the analysischange versus repeat length will exhibit a “sawtooth” shape,
of just one promoter copy [reviewed iag)]. Moreover, the with the amplitude of the sawtooth directly reflecting the
presence of additional promoters in the DNA circle used number of repeats times the bend angle. The function relating
complicates the measurement in some of the studies. Tolinking number change to repeat length has been derB&d (
address these uncertainties, this topological change is34), and this is fitted to the data to obtain the bend angle.
measured with a higher precision in the current study. This There are several advantages of this rotational variant method
and the accompanying studyl8) achieve this higher  for measuring DNA bend angles. The measurement derives
precision by (1) increasing the magnitude of the linking from first principles, requiring no comparison to standards
number change through the use of constructs containing 10of known bend angles such as has been attempted using gel
tandemly repeated promoter copies and (2) removal of theelectrophoretic methods. In addition, the method measures
vector promoters from the circle so that the entire linking the bend angle of an active complex in solution. Rotational
number change derives from the promoter of interest, i.e., variant analysis has been applied to measurement of the bend
the “background” linking number change is eliminated. angle induced by binding of the catabolite gene activator

Bending of the DNA onto the polymerase into a wrap is protein 81) as well as the intrinsic bend caused by the
indicated by the results of several other approaches topresence of an A-tracB8—35).
analyzing open complexes. Thus gel electrophoretic analysis In the present study this rotational variant analysis is
of an open complex formed either at the end or in the middle applied to both the open complex and the3 abortive
of a linear DNA fragment (termed circular permutation) complex formed at the lambda bacteriophage PR promoter
indicates that the DNA may be bert3 24), although this (APg). A circle containing ten tandem copies of the promoter
method cannot distinguish the difference between bendingis used to measure, with high precision, both the bend angle
and the bubble size of the initiation complexes. No additional

1 Abbreviations: APr, the bacteriophage lambda PR promot, vector-derived promoters are present, thereby avoiding a
DNA topological linking number change. complication of some earlier studies. The results provide
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insight into multiple aspects of the initiation process. The PCR mutagenesis was used to adB@d0l site between

accompanying papel®) describes a companion study that

the SpH and Apd sites (see Figure 1B) so that tiAgpad/

analyzes the transcription bubble in the open and abortive Pst dimer circle could be specifically nicked witkb.Bpu.Ol

complexes.

MATERIALS AND METHODS
Plasmid ConstructionA set of plasmids was generated

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 pNPRn (pNLPR145, 146, 147,
148, 149, 151, 154, 156, and 157).

in which each plasmid contains 5 tandem repeats of a Bandshift AnalysisFor Figure 2A, pPR157 (10 nMPg)

fragment containing th&Pz promoter, with the repeat length
increasing in 2 bp increments. The nomenclature is of
the general form pPRhn, with nnn designating the repeat

was cleaved wittfsph and Pst (see Figure 1B), after which
it was incubated with RNA polymerase holoenzyme (20 nM)
(Epicentre) for 15 min at 37C in 20 mM Tris, 50 mM NacCl,

length in base pairs. The methodologies for constructing thesel0 mM MgCh, 1 mM dithiothreitol, 0.1 mM ethylenedi-

plasmids are variations of those described previoudly-(
33, 36) and a brief description follows. A master PCR

aminetetraacetic acid (EDTA), 10% glycerol, and 0.1 mg/
mL acetylated BSA. Samples were fractionated by electro-

template was first generated by producing a fragment con- phoresis in a 2% agarose in TAE buffer (40 mM Tris, 20

taining the APz promoter using PCR with primers LPR5
(5GTCGCCCGAGCTAGATGCTGACTCATTGTCCCT-
ATCACCGCAAGGGAT) and LPR3 (%5GTGGCGGC-
CGCTCTAGAACTAGTGGATCCCTATTCCATACAAC-
CTCC) in combination withAlwNI-cleaved plasmid pDW205
(kindly provided by Dr. R. Landick) as template. The 150

mM acetic acid, 1 mM EDTA, pH 8.0). For Figure 2B, each
plasmid in the set of rotational variant plasmids was digested
with Apd, Pst, and Sml, after which the sample (5 nM
APr) 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 “%7. Finally,

bp PCR product was then gel purified. This master template a sample of the digested bare DNA was added to serve as a

contains thelPg promoter from—73 to+1 [significantly, it
includes sequences t660, which is the promoter sequence
that has been used in the extensive characterizatidfPpf

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

complexes by footprinting studies from the Record laboratory calculated as the distance migrated by the band corresponding

(3, 37—41)], followed by a sequence in which the first C is

to theApd/Pst fragment occupied by 5 polymerases divided

at C32 (see Figure 1A). The downstream end of the masterby that of the bare fragment.
template contains sequence complementary to that of the Topological AnalysisA typical binding reaction (2@L)

SKA set of rotational variant primer82, 33). This master

involved incubating the indicated amount of histidine-tagged

template was then incubated in a series of PCR reactionsRNA polymerase holoenzymet?) with the appropriate

containing primer LPR5 (which contains the appropriatel

Nb.BpuOl-nicked DNA circle (2.6 nM, 26 nM.Pg) in 10

sequence) and various SKA primers. This generated a set oinM K-Hepes (pH 7.5), 150 mM NaCl, 0.1 mM EDTA,

fragments in which the distance betweenAel sites varied

0.033 mM NAD (Sigma), 10% glycerol, 0.1 mg/mL acety-

between 145 bp and 157 bp. These fragments were clonedated BSA (NEB), and 10 mM MgGlfor 10 min at 37°C.
into T-vector (Promega), and the fragment containing the For+3 abortive initiation complexes the oligoribonucleotide
APr promoter was purified from a clone of each repeat length. GCAUG (0.066 mM, Dharmacon) was added at this point
Tandem repeats of each length fragment were then clonedand the incubation was continued for 10 min at 7.

into theAval site of pCLAV (31) using the initiator fragment

Analysis of the radioactively labeled primer using size

procedure 6). This resulted in no more than trimer repeats exclusion chromatography confirmed its stable binding to
for any of the fragments. Since much higher repeat numbersRNA polymeraseiPr (not shown). This was followed by

have been obtained with other sequen&ds32, 36), it was
surmised that the presence of large numbers of adffe

the addition ofEscherichia coliligase (260 U/mL) and a
further incubation of 20 min at 37 Samples were then

promoters was detrimental to the cell. This was addressedphenol extracted and ethanol precipitated, followed by
by inserting a copy of the gene for the lambda repressor into fractionation by electrophoresis in an 0.6% agarose gel in
pCLAYV to generate pCLAR as the recipient plasmid for the the presence of 0.02&/mL ethidium bromide in TBE buffer

oligomerization procedure. To construct pCLAR, a fragment (89 mM Tris-borate, 2 mM EDTA, pH 8.2). In some cases
containing the lambda repressor gene was excised from(e.g., Figure 3A) a short second dimension was run in the

pDW205 by digestion witliecaRl, blunt-ending by Klenow
DNA polymerase, and finally digesting witbst. This was
cloned into pCLAV that had been digested wiNldd, blunt-
ended, and cleaved witRst, to generate pCLAR. Use of
pPCLAR in the oligomer cloning procedure allowed the
isolation of clones containing 5 repeats OPr. Clones

presence of 0.kg/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 previously3(, 32, 35): the gel was stained in
ethidium bromide and scanned (FMBIo), after which the
profile of each topoisomer distribution was obtained (Mul-

containing 5 repeats and in single base increments weretiAnalyst, BioRad) and its center (corresponding to its mean
obtained for pPR143 through pPR157 (the last 3 digits linking number) was determined. The large linking number
designate the repeat length), with the exception of the 150 change in these complexes meant that resolution of the bare
bp repeat length. To increase the number of repeats in a circleDNA distribution required different gel conditions (0.25/

to 10 as well as to eliminate vector promoters, o/
Pst fragment containing théPr repeats was purified from

mL chloroquine diphosphate rather than 0.028/mL
ethidium bromide. The linking number change was then

each pPRnnplasmid and ligated to generate a head-to-head measured by relating the topoisomer registers of the two

dimer circle, designated cPRn (see Figure 1B). Finally,

samples via a series of “connector” samples. These were
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generated by relaxation of bare DNA samples in the presencemeasures the overall bend angle induced upon protein
of increasing concentrations of chloroquine diphosphate, afterbinding, i.e., the sum total of the composite bends. Indeed,
which they were resolved on gels containing appropriate the initial demonstration of the method measured the overall
chloroquine concentration83). The difference between the bend in solution of a complex of the catabolite gene activator
two samples was then quantified by counting the topoisomer protein (CAP) with its binding site31). X-ray crystal-
spots between the centers of the two distributions. This lographic analysis demonstrated that this overall bend is a
difference between the mean linking number of the sample composite of two sub-bend44). A second rotational variant
ligated in the presence of polymerase and that ligated in itsanalysis of a composite bend analyzed the overall bend
absence is the polymerase-induced linking number difference,composed of 5 phased adenine tracts (A-tracts) that were
i.e., AL = Lirp — Lpare The equation relating\L to repeat approximately coplanar. Details of the relationship of the
length was fitted to the data set to obtain the bend angle composite bends and the overall bend with respect to the
(31—33, 35), a process that is described briefly here. The rotational variant measurement have been discu&dTo
linking number change contribution per interbend segment summarize, the method measures the overall bend, which is
is composed of two components (further discussed in the sum total of the composite bends. If these bends are not
Results). One component, term&tsy, is the linking number  coplanar, there can be a contribution to the linking number
change contribution per interbend segment that is due to thechange intrinsic to the repeat unit, a quantity terrhadthe
superhelix formed by successive bends, and varies with theCAP rotational variant study3() and termed\L, here (see

repeat distance: above). The measurement in the CAP complex Wwas
—0.067 EAL)). This small amount of negativ&L, is likely
ALgy, = (arccos[codb/2)cosfp,,/2)])m — ¢, /2n negative writhe £AW) deriving from the left-handed
superhelical path of the two sub-bends observed in the crystal
HereB is the bend angle induced by protein bindiggy is structure.

the dihedral angle between successive bends. It depends OEQESULTS
binding site repeat length and the helical repeat length of
the DNA duplex (DNA screw), and contains a term for Generation of Rotational Variant Constructs of thEg
torsional flexibility of the interbend DNA [se&) for further Promoter A series of DNA circles containing tandem repeats
discussion]. The second component, termég[also termed of the APz promoter was created in order to analyze the
I in (31, 32)], is the linking number change intrinsic to the topological properties of transcription complex formation at
monomer unit (e.g., the twist contribution in a single open the promoter. Features of these circles are shown in Figure
complex that derives from unwinding the duplex during 1. A fragment containing th&Pg promoter, and terminated
bubble formation), and as such does not vary with repeatby Aval sites, was generated by PCR as described in
length. The linking number change for a given construct is Materials and Methods. An example containing a 157 repeat
length between théwal sites is illustrated in Figure 1A.
AL =L gp— Lpge= (N — 1)ALgy, + (MAL, This Aval-digested fragment was ligated into a vector at the
identical Aval site using the initiator fragment strateg36]
wheren is the number of repeats in the construct. This is to generate a plasmid containing 5 head-to-tail copies of the
the general equation for a circle containingcontiguous fragment. Since the footprint of polymerase in an open
repeats, which will contaim — 1 dihedral angles. In the  complex covers-90 bp @), repeat lengths in excess of this
special case here for cPR and cNPR (Figure 1), the repeatshould be sufficient to avoid steric interference between
are arranged in two blocks of 5, which results in 10 repeats adjacent complexes. On the other hand, the DNA repeat
and 8 dihedral angles. Thus for these construats, = length needs to be short enough to ensure that the intervening
(8)ALsy + (10)AL,. This function was fitted to a plot okL free DNA has sufficient torsional stiffness to communicate
versus repeat length. Each data set (28 data points for thethe rotational positions of successive complexes. A previous
open complex, 30 data points for th& complex) was made  study @1) demonstrated that~70—-80 bp beyond the
up of results from at least three separate experiments. Fitfootprint is effective for this, so repeat lengths in the range
results not discussed in results follow: The fit values for of 140-160 bp were used for these polymerase studies. It
the DNA screws were similar (10.68 0.02 for the open  was found that the host cell would tolerate no more than 5
complex and 10.66t 0.02 for the+3 complex), but the  copies ofAPr per plasmid (see Materials and Methods), so
values for the torsional flexibility of the repeat unit DNA the Apd/Pst fragment was isolated from the plasmid and
[termed ‘0" in (32, 35) and defined as the standard deviation ligated to form a dimer circle (Figure 1B) containing 10
of the rotation per bp] differed: a value of 6.9 was obtained copies ofAPk (note that the head-to-head arrangement does
for the open complex, while 4.7 was obtained for th@ not affect the topological measurements in this study, since
complex. This is seen as a steeper slope in the plot of thea superhelix formed by one of the 5-repeat blocks retains its
+3 complex at the crossover point (about 149 bp repeat handedness, and therefore its linking number contribution,
length), compared to that of the open complex [k 82, regardless of its orientation). Treatment of this circle with
35) for discussion of this feature]. This indicates that the the nicking enzymé\b.BpuOl results in a circle with two
DNA of the repeat unit appears to be slightly stiffer in the nicks that can be ligated to achieve topological closure. Thus
+3 complex than in the open complex, but, as discussedthe linking number change induced by transcription complex
previously @5), it is not a highly sensitive indicator of formation can be measured by forming the complex on the
torsional stiffness in this system. nicked circle followed by ligation, after which the purified
RNA polymerase complexes contain multiple bends DNA can be compared with that ligated under identical
[reviewed in @, 4, 43)]. The rotational variant method conditions but in the absence of polymerase. In order to
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' : Pstl
Avall
CCCGAGCTAGATGCTGACTCATTGTCCCTATCACCGCAAGGGATAARATATCTAACACCGTGCGTGTTGACTATTTTACCTCTGGCGGTGATAATGGTTGC

1l ~-====o-- tommm————— tommm————— tommm————— temmm————— tmmmm————— R tommm————— Frmmm————— Frmmmm———— + 100
GGGCTCGATCTACGACTGAGTAACAGGGATAGTGGCGTTCCCTATTTATAGATTGTGGCACGCACAACTGATAAAATGGAGACCGCCACTATTACCAACG
Start
Avall
Bpu101 Bpu101
ATGTAGTAAGGAGGTTGTATGGAATAGGGATCCACTAGTTCTAGAGCGGCCGCCACCCCCGAG Apo |
101--------- Fommmmmmo- e e Fommmmmmo- Fommmmmo- +--- 163

+
TACATCATTCCTCCAACATACCTTATCCCTAGGTGATCAAGATCTCGCCGGCGGTGGGGGCTC

Ficure 1: Constructs. A. Sequence of the 157 bp repeat unit of the rotational variant plasmid pNPR15P; THa@scriptional start site

is indicated, and upstream sequence is included#8. The sequence of the primer SKA132(36) used to generate this repeat lies at the
right end, while primer used at the left end (LPR5) was specifically made fotRhesequence and was the same for the complete series
of APy rotational variants (see Materials and Methods). B. A diagram of eiRhnnrefers 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 exciBad byd Apd digestion of the
plasmid pNPRnn The locations of the 10 repeats of the promoter fragment are shown, as &gftlamd BpulOl sites. The precursor to
pNPRnnis pPRinn which is nearly identical except that it lacks thé.Bpul0l site.

quantify the bend angle induced by transcription complex (49, 50) as well as protein-induced bend®5( 51, 52) in
formation, a series of such circles, termed rotational variants, complexes analyzed in acrylamide gels. Unfortunately, the
was generated3@) containing repeat lengths that increase complex containing 5 bound polymerases3(MDa) does
in increments of +2 bp. Tandemly repeated copies are not enter acrylamide gels, although it does enter a 2% agarose
required for bend angle measurement by the rotational variantgel (Figure 2A). However, it has been proposed that
method 82), but the presence of 10 copies also amplifies electrophoresis in agarose gels does not detect bens&ng (
the signal of a single promoter by 10-fold, permitting 54), although a subsequent study demonstrated that higher
measurement of the linking number change per promoter concentration agarose gels can detect curvature in bare DNA
with high precision. This, as well as the elimination of vector (55).
promoters, allows measurement of the linking number change  To evaluate these findings for the transcription complex,
per promoter to be performed with higher precision than was open complexes were formed under conditions of subsatu-
possible in earlier studied 4, 15, 45). rating polymerase on thapd/Psi fragments (see Figure
Bandshift Analysis of Open Complexes Formed on the 1B) of each of the rotational variant. The samples were then
Tandemly Repeated Copies Ar. Figure 2A shows the  fractionated by electrophoresis in 0.6% (Figure 2B, upper
results of electrophoretic bandshift analysi)(that was panel) and 3.0% (Figure 2B, lower panel) agarose gels. The
used to develop conditions for open complex formation, 0.6% gel shows no detectable mobility variation with repeat
monitor occupancy of the tandemly repeated promoter copies,length for any of the occupancy species. However, the 3.0%
and ensure the absence of binding to nonpromoter sites ingel shows a marked variation in the mobility of the
the sequence. ThEst/Sph fragment containing the five  5-occupied complex with repeat length. The mobility of the
copies ofiPr was excised from pPR157 and incubated with 5-occupied complex becomes progressively reduced as the
RNA polymerase to form open complexes, followed by repeat length increases from 143 bp, becoming maximally
separation of the complexes by electrophoresis in an agaroseetarded at 148 and 149 bp. Then, as the repeat length is
gel. The left lane in Figure 2A shows the result of an increased further, the mobility increases. A quantitative
incubation reaction that contained a subsaturating amountdescription of these results is shown in Figure 2C, where
of polymerase. A series of 6 bands is visible. The highest the relative mobility is plotted for each repeat length. These
mobility band exhibits the mobility of the bare DNA normalized data show the maximum reduction in mobility
fragment and thus represents the unoccupied DNA fragment.occurs at 148.5 bp. This is the repeat length at which
The 5 bands of progressively lower mobility represent successive polymerase-induced bends are expected to be in
occupancy of 1 to 5 promoter copies, respectively. The right cis (47, 48). The beginning of the reduction occurs initially
lane of Figure 2A shows a sample incubated with a higher at 145 bp and then recurs at about 155 bp, indicating a phase
amount of polymerase that results in the occupancy of all 5 of about 16-11 bp. This is as expected for the insertion of
sites. The single band demonstrates full occupancy of the Sindividual base pairs of DNA duplex with a screw of-10
promoters with no nonspecific binding elsewhere in the 11 bp/turn. Accordingly, the zigzag structures, i.e., those in
DNA. This establishes conditions for specific saturation of which successive bends aretians, occur at repeat lengths
the 5P copies. of about 144 bp and 154 bp (see model structures at the
Bandshift Analysis of the Rotational Variant Seéfith bottom of Figure 2B). An independent indication of poly-
binding conditions established for the open complex, the merase-induced bending is the distinct band splitting and
bandshift analysis was then applied to the full set of rotational broadening in the subsaturated species in the 3.0% gel. Thus
variants to determine if evidence for polymerase-induced the 5-occupied band is noticeably sharper than the bands of
DNA bending could be detected. If a DNA site is bent, then lower occupancy in the 3.0% gel (although not in the 0.6%
a fragment that contains tandem repeats of that site will gel), and numerous of the subsaturated bands are split into
migrate more slowly in gel electrophoresis when the bends sub-bands (e.g., the splitting of the 3-occupied band in 157).
are incisthan when they are itrans[reviewed in 47, 48)]. Splitting of subsaturated species such as that seen in the 3.0%
This “phasing effect” has been observed for intrinsic bends gel has been interpreted to indicate polymerase-induced
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A. bending due to a “circular permutation” effect in multisite
- constructs that are partially occupied by polymeras8. (
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 studigs, (
24), which indicated that formation of open complex either
bends the DNA or increases its flexibility. Phasing analysis
0 - such as that performed here does not suffer from this
interpretation ambiguity25, 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
O o O PP length that forms theis structure and that which forms the
FATET 1A : gy trans structure. These are important preliminary results for
hnﬁhﬁiﬂ:- ::.::,H',:_,._-,.‘_'E— 1 313 the topological studies described belovx_/. o
Eilid | & g : ' : s> _l\_/leasurement of the Bend' Angle in a Transcr|pt|on
i Initiation Complex by Topological AnalysigVhile the gel
. mEE methods such as mobility anomaly described above are
Q 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 constructs3y, 32) was used. In order to
C I increase the sensitivity and specificity of the method, a head-
i to-head dimer circle (Figure 1B) was constructed from a
P repeat-containing fragment of each rotational variant plasmid
(see Materials and Methods). The nickable, 157 bp repeat
i - . version of such a circle, cNPR157, contains 10 copies of
- et APr arranged in two blocks of 5 tandemly repeated promoters
15 per block (see diagram in Figure 1B). Figure 3A shows the
142 144 146 148 150 152 154 156 158 topological effect of formation of open complexes on one
REPEAT LENGTH (bp) such circle Nb.Bpu.Ol-nicked cNPR149 was incubated with
FiIGURE 2: Bandshift analysis. A. Bandshift gel (2% agarose) of Increasing amounts of RNA polymerase to form open
open complexes formed on a linear fragment excised by digestion complexes, after which DNA ligase was added to seal the
of pPR157 withPst and SpH (see Figure 1B). The sample inthe nicks. The DNA was then extracted and fractionated by

lane on the left was incubated with a limiting amount of RNA  glectrophoresis in an agarose gel containing sufficient

polymerase in order to reveal the bandshift species corresponding;.: 4: : :
to increasing occupancy by polymerase. The number of polymerasesethldlum bromide to resolve the closed circular DNA as a

bound is indicated at the left of the lane. The sample in the channel S€ries of topoisomers. These are indicated by the dashes at

at the right was incubated with a high level of polymerase, the right side of the gel in Figure 3A. Lanesfshow little
generating a single band occupied at all 5 sites. B. Bandshift gel difference in the centers of the respective topoisomer
analysis of rotational variant fragments. Rotational variant plasmids distributions, indicating that all samples are near the satura-

(pPPR143 to pPR157) were each digested wiftol and Pst to - . S . .
excise a fragment containing theiBx binding sites (see Figure Lo Point of the 101Px copies in the circle. Lane g contains

1B). Each fragment was then incubated with a subsaturating amount@ “connector” sample3@) that permits measurement of the

of RNA polymerase to form open complexes, after which heparin difference in linking number units between the center of the
was added along with a small amount of the origiAglo/Pst topoisomer distribution (mean linking number) of each
fragment to serve as a bare DNA mobility marker. The samples sample and that of the sample ligated under identical

were then fractionated by electrophoresis in agarose gels. The top diti but in the ab f ol lvzed
panel shows a 0.6% agarose gel. At the side of the gel are indicated®Onditions but in the absence of polymerase (analyzed on a

the mobilities of the bands corresponding to occupancy by 0 through Separate gel; see Materials and Methods). This quantifies the
5 polymerases, while beneath is indicated the repeat length in bp.polymerase-induced linking number differened (= Lirp
It can be seen that there is virtually no variation mobility of the — |, 3 for the open complex.

5-occupied band with repeat length. The lower panel shows the o ; ; : :
same samples fractionated in a 3.0% agarose gel. In contrast to th This difference is plotted in the graph on the right of Figure

0.6% gel above, the mobility of the 5-occupied band varies BA. It confirms that the progressively higher concentrations
periodically with repeat length. The minimum mobility (14849 of polymerase used in the gel in Figure 3A (left panel)

bp) is predicted to represent this structure, drawn to approximate  generate a mean linking number that becomes slightly more
scale below the gel. The maximum mobilities occur at about half negative with increasing polymerase, but it also shows that

a duplex turn on either side-(L43 bp and 154 bp) of the minimum : :
mobility and are predicted to represent trensstructures. C. Plot they are all dramatically more negative than that of the bare

of relative mobility versus repeat length for the 5-occupied band DNA. The value forAL at saturating polymerase concentra-
in the 3.0% agarose gel in Figure 2B. Relative mobility is the tion was determined by fitting a hyperbola function to the
distance migrated by the 0-occupied band divided by that of the data (solid line, Figure 3A, right panel). The analysis yielded
5-occupied band. These results are representative of those from 7 \,31ue 0f—9.84 4+ 0.05. which corresponds t60.98/open

independent experiments. Minimum mobility (corresponding to the A . . .
maxﬁna”y bempstructure) occurs at 148%' (bp, th;Ie ma?(imum complex. This is substantially less negative than the previ-

mobility (corresponding to the extended, zigzag structures) occur OUsly obtained value of-1.7 per open complexL@). This
about half duplex turn in either direction at143 and~154 bp. discrepancy will be discussed later.
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Ficure 3: Topological analysis. A. Samples Nb.Bpu.Ol-nicked cNPR149 (2.6 nM, 26 nMPx; see Figure 1B) were incubated at the
following ratios of RNA polymerase téPgr: a, 6.8; b, 8.5; ¢, 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 0.02&)/mL ethidium bromide in TBE, while the second dimension (left to right) containeg@rhL 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 chamgde (vas 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 —9.84 + 0.05 for the ten copy construct at
saturation, or-0.984+ 0.005/open complex. B. Topological analysis of polymerase complexes. SamésByful 0l-nicked cNPRnn
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 formt& 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-ti8eabortive complex. C. The polymerase-
induced linking number change@\L) is plotted versus repeat length in the left panel. The symbols are open complex (circlesBand
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 humber change to repeat length (see Materials and Methods).

Having established conditions for measuring the linking A quantitative representation of the data is shown in Figure
number change of the open complex formation in the 10- 3C. Here the initiation complex-induced linking number
site circle at saturation, a similar analysis was performed on change AL = L.gp — Lpard fOr each repeat length was
a set of circles with other repeat lengths. The result of such calculated by using the connector to relate the mean linking
an analysis is shown in Figure 3B. Each repeat length circle number of the sample to that of the sample ligated as bare
was incubated with an amount of polymerase sufficient to DNA. The averagé\L values from multiple experiments are
effectively saturate the 10 sites with open complexes. A plotted versus repeat length in Figure 3C. A complete
sample was then removed and combined with the ribonucle-description of this type of plot is presented elsewhere [see
otide GCAUG to form a complex containing an RNA especially Figure 1 of31) and a review in32)]. To explain
oligonucleotide extending té-3. This corresponds to &3 briefly, if the repeat unit is bent upon binding polymerase,
abortive complex [reviewed in2f]. These two initiation the systematic increase in the repeat length will generate a
complex versions of each circle were then incubated with family of superhelices with progressively changing pitch.
DNA ligase to covalently close the circle, after which the This produces a plot that periodically exhibits an abrupt rise,
extracted DNA was fractionated by electrophoresis in an followed by a more gradual decrease, i.e., a plot that exhibits
agarose gel. There are 3 lanes in the gel (Figure 3B) for a “sawtooth” appearance (for reference, a complex in which
each repeat length circle. The left lane contains the connectorthe DNA remains straight after binding will generate no
used to relate the distribution to that of the same circle ligated superhelices and a straight horizontal plot will result). The
in the absence of polymerase and analyzed on a separateenter of the abrupt rise is the repeat length at which the
gel (see above). The center lane contains the open complexhand of the superhelix changes from left to right (the
sample, while the right lane contains th& abortive sample.  “crossover point”), while the amplitude of the plot reflects
It is immediately apparent from this gel that for all repeat the magnitude of the bend the angle. This sawtooth appear-
lengths, the center of the topoisomer distribution of #&# ance is observed in data Figure 3C for both the open complex
sample is about 1.5 topoisomer spots higher in the gel than(circles) and thet3 abortive complex (squares) and dem-
that of the open complex. This means that the addition of onstrates that both complexes bend the promoter DNA upon
GCAUG to the open complex has caused the mean linking formation. The center of the relatively abrupt rise, i.e., the
number of the circle to decrease by about 1.5 linking number superhelix crossover point, occurs at a repeat length of about
units in all repeat lengths. 149 bp for both the complexes, and is the repeat length at



1892 Biochemistry, Vol. 47, No. 7, 2008 Tchernaenko et al.

which the successive bends arecis. This in turn agrees  nAL, = —9.83 + 0.06 (standard deviation from the fit),

well with the finding of the open complex bandshift analysis which calculates t0—0.983 + 0.006 per complex and

in Figure 2C that theis repeat length is between 148 and corresponds to a transcription bubble of 1&.4.1 bp. This

149 bp. Thus both the bandshift analysis and the topological agrees reasonably well with estimates from alternative

analysis of the rotational variants indicate that the open methods reported in the literature (see below). In contrast,

complex bends the promoter DNA when it forms, and the the +3 abortive complex value afAL, = —11.45+ 0.13

rotational variant analysis further demonstrates that the DNA calculates to—1.145 + 0.013 per complex, which corre-

is bent in the+3 abortive complex as well. sponds to a transcription bubble of 1222 0.1 bp. This
The magnitudes of the two bends as well as other structuralindicates that the addition of the RNA oligonucleotide to

parameters were quantified by fitting the equation relating +3 extends the'3nd of the bubble while the Bnd remains

AL and repeat length to the two sets of data [see Materialsstationary, resulting in a net expansion of the bubble. These

and Methods; 3133, 35)]. These fits are the solid lines and other features will be discussed further below.

through the two respective data sets in Figure 3C. The bend

angle of the open complex obtained from the fit was 49 DISCUSSION

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 abov

and elsewhere3(—33, 35), the value of the bend angle discussed in turn below

derives from the component of the linking number change '

that varies with repeat length. We term this variable portion ~An overall DNA bend in the transcription initiation
of the linking number changALsy (for a single interbend complex was detected using two methods: phasing analysis

segment, see Materials and Methods) to reflect its origin in of the open complex bandshift, and rotational variant analysis

the progressively changing superhelices that result from Of both the open complex and tHe3 complex. Bending in -
changing the repeat length when the DNA is bent. This is the open complex has been suggested previously using

the portion that generates the sawtooth shape of the curve,"erSiO” _of circular permutation anal_ysis of ba_ndshifts in
the amplitude of which is proportional to the bend angle. acrylamide gels23, 24, 57, 58), but this method is unable

The remainder of the linking number change is a part that to distinguish between bending and increased flexibility of

does not change with repeat length, which we tévimhere DNA induced by complex formation anglé?).
(for a single repeat, see Materials and Methods). The total Our bandshift phasing analysis (Figure 2B) resolves this
linking number change for a given repeat length is the sum ambiguity: the phase-dependent variation in electrophoretic
of these repeat-length-dependent and -independent compomobility demonstrates that there is a bend in the open
nents. It follows that the total linking number change equals complex. None of the gel electrophoretic methods can
the repeat-length-independent component when the repeatt€liably determine the bend angl&3 47), but this phasing
length-dependent component equals 0. This is the case whe@nalysis provides important preliminary information for the
the bending is in a plane (as opposed to a superhelix) becauséethod that is able to measure bend magnitude, rotational
planar bending does not contribute a linking number change variant analysis. Specifically, the bandshift phasing analysis
(9). This occurs at the crossover point (coplanar bends in determines the repeat length at which successive open
cis, at 148.9 bp for RP0), and half a duplex turn away when complex bends are inis. This is the repeat length for the
the bend are in the zigzag form (coplanar bends in trans, atcrossover point from left-handed to right-handed superhelix
154.2 for RPo)AL, is the linking number change intrinsic  in the rotational variant analysis. The fact that both methods
to the individual repeat unit, and in the case of the open independently identify that same repeat length (1289 bp)
complex its predominant cause is the twist change that occursfor this point strongly supports the validity of each method
with unwinding of the duplex upon transcription bubble for detecting a bend in the open complex. Moreover, the
formation [see18) for a detailed discussionAL, determines  topological analysis extends this to demonstrate a bend in
the vertical displacement of the respective curves in Figure the +3 complex as well.
3C. Note that for these open and abortive complexes, the As described above, a unique strength of the rotational
major component of the linking number changels. This variant method is its ability to quantify the bend angle from
can be seen directly in Figure 3C: the downward displace- first principles, avoiding the need for reference to bend
ment of the curve (representirfgl,) for the open complex  standards, and to do this for active complexes in solution
is about—10, while the amplitude of the variation of the (31, 32). This method measures an open complex bend of
curve (representingLsy) is only about 0.5. This means that  49° 4 7°, while that measured in thé3 abortive complex
the contribution of the bubble to the linking number change is 47 4+ 11°. Thus the two complexes bend DNA to the
is always much greater than that of the bend, which meanssame extent, although they differ in bubble size, a finding
that studies of the bubblel§) can be performed with any  that is discussed in detail in the accompanying paf8).
of thesedPx rotational variant constructs. The equivalence in bend angle for the open and abortive
The distinct offset of the two respective topoisomer complexes indicates that the overall path of the DNA changes
distributions for each repeat length in the original data (Figure little when transcription begins, with the primary change
3B, discussed above) and the vertical separation of the plotsbeing DNA “scrunching” 18). The measurement in the3
of the two complexes in Figure 3C are due to the fact that complex is to our knowledge the first detection and direct
the open andt-3 abortive complexes have different values measurement of the bend angle in an abortive initiation
of AL,, and thus different sizes of bubble. For open complex, complex. The bend angle obtained for the open complex

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

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 bendNofx
(36C°) + 49° or N x (360°) — 49° (whereN is the integer
number of superhelical wraps). However, this ambiguity can
be resolved by consideringL,. As discussed above, the bend
angle value derives from\Lsy, while the linking number
change inherent to the individual repeat\is;. Overall, AL,
reflects changes in DNA wrapping (a change in topological
writhe, or AW,) and duplex screw [a change in topological
twist, or AT, with AL, = AT, + AW, see 81, 32)] upon
protein binding. In the case of polymerase, it is the sum of
the change due to superhelical wrapping on its surfAdg )
and the change in duplex screw due to unwinding to form
the transcription bubbleAT,).

As discussed in the introduction, chemical probe experi-
ments indicate that about 1 turn of duplex is unwound during
the formation of the transcription bubbld9—22). This
would be expected to result kL, = AT, = —1 in the open
complex, a value that is essentially the same as the value o
AL, = —0.983+ 0.006 measured here for the open complex.
This indicates that there is no extensive superhelical wrapping
(sinceAW, = 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 0.95(360 — 49)/360]. This would be
negative if the superhelical wrap were left handed, in which
caseAL, = AT, + AW, = (—1) + (—0.9) = —1.9. This
would be positive if the superhelical wrap were right hande
thus AL, = AT, + AW, = (—1) + (+0.9) = —0.1. The
measured value of value &L, = —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 fal, eliminates simple models
of nucleosome-like, superhelical wrapped DNA [e.g., as
proposed in Figure 8 in2(7)]. The explanation for the
substantial evidence for wrapping in the open complex
[reviewed in @)] must be that most of the wrapping is not
superhelical [see also a detailed discussionl®) on this
point relative to earlier topological measurements of the open
complex (L4)].

d,

o
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50°

Downstream
DNA

Ficure 4: Possible internal arrangement of open complex DNA.
On the left is shown a schematic diagram of the open complex,
including the C-terminal domains of the two subunits (red),
domains 3 and 4 of the subunit (pink), the remainder of the
subunit (yellow), the active center (blue) the remainder of the
polymerase (gray) and the DNA (black) including the transcription
bubble. The path of the DNA results in-a50° overall bend as
easured in this study. On the right is shown this DNA path
superimposed on the holoenzyme structi§8) from which has
been removed thg' subunit to allow visualization of the active
center.

' is removed to see
the active center (blue)

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 90bend 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 Beasured
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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