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ABSTRACT. To initiate transcription, T7 RNA polymerase (RNAP) forms a specific complex with its
promoter DNA and melts several base pairs near the initiation site to form an open complex. Previous gel
electrophoresis studies have indicated that the promoter DNA in the initiation complex is bent [Ujvari,
A., and Martin, C. T. (2000J. Mol. Biol. 295 1173-1184]. Here we use fluorescence resonance energy
transfer (FRET) to investigate the conformation of promoter DNA in the closed and open complexes of
T7 RNAP. We have used steady state and time-resolved fluorescence approaches to measure the FRET
efficiency in a doubly dye-labeled duplex promoter and in a premelted bubble promoter. Changes in the
FRET efficiency and hence the DNA end-to-end distance changes are small when the duplex promoter
forms a complex with T7 RNAP. On the other hand, FRET changes are relatively larger when the bubble
promoter binds T7 RNAP or when initiating nucleotides are added to the duplex profiGteRNAP
complex. The shortening of DNA end-to-end distances is indicative of DNA bending in the bubble DNA
complex and in the duplex promoter complex with the initiating nucleotides. Our results are consistent
with the model in which in the absence of initiating nucleotides there is a distribution of closed and open
complexes, and the promoter DNA is bent slightly ¥40° in the closed complex but bent more sharply

by 86 in the open complex. The energetics of DNA bending suggests that a significant part of the available
free energy from promoter and polymerase interactions is utilized in DNA bending and/or untwisting.
We propose that promoter opening occurs spontaneously upon DNA bending and/or untwisting as free
energy is gained through interactions of the melted promoter with the T7 RNAP active site.

Promoter DNA bending induced by RNA polymerase proposed that this kinetic intermediate is likely the closed
(RNAP) binding has been observed in phage 8), bacteria complex in which the DNA base pairs are not melted. Both
(4, 5), yeast mitochondrigg, and eukaryotic RNAP systems  KMnO,4 modification and fluorescence studies indicated that
(7, 8). In Escherichia coliRNAP, the bending angle of the  only 15-30% of the RNAP-DNA initiation complexes with
promoter DNA characterized ranged frag#5° to 45—70° the duplex promoter are fully open in the absence of the
depending on the methods used to measure the bending anglmitiating nucleotides 12, 14). Thus, a majority of the T7
(4, 9—11). In bacteriophage T7 RNAP, gel electrophoresis RNAP—promoter DNA complexes during initiation are
analysis of the initiation complexes with DNA fragments closed rather than open. Binding of the initiating nucleotides
containing the T7 promoter consensus sequence indicated alrives the conversion of the closed complexes to the open
~40—60° bend in the promoter DNA centered around the complexes13, 15, 16). The crystal structures of T7 RNAP
start site of transcription initiationl{. On the other hand, initiation complex have provided the structure of the
modeling studies of a longer DNA into the crystal structure promoter DNA in the open complexl?, 18), but the
of the ternary initiation complex of T7 RNAP suggested an structure of the DNA in the closed complex is unknown.
overall bend of~80° in the promoter centered around the Here we have investigated the properties of the DNA in the
transcription start site and unwinding of the downstream closed and open complexes and determined whether T7
DNA by 146 (3). RNAP bends the promoter DNA equally or differently in

Kinetic studies of promoter DNA binding have indicated these complexes.
that open complex formation in T7 RNAP occurs via @ pe grycture of T7 promoter DNA in the initiation

kinetic |ntedr_med|a;[je:(hz, 13;)]; On thfe_b_a_5|s_ of 2'A'|3 fIl_Jgres- complexes was studied using the method of fluorescence

cence studies and the efiects of Initiating nucleotides, We regonance energy transfer (FRET). FRET studies have been

o . used to determine distances, to characterize DNA bending,
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time-resolved methods. Studies were carried out with both serum albumin (BSA) and 0.01% Tween 20. After each
duplex and premelted bubble promoters; the latter mimics addition of T7 RNAP, the reaction mixture was incubated
the open form of the DNA, and therefore, studies with the for 4—6 min before fluorescence measurement. Vertically
bubble promoter provide information about DNA conforma- and horizontally polarized emission fluorescence intensities
tion in the open complex. Using a combination of 2-AP (F,, and Fy, respectively) of the DNA-labeled dye were
fluorescence and FRET, we have calculated the degree ofmeasured with vertically polarized excitation. Fluorescence
promoter DNA bending in the closed and open complexes. anisotropyy s = (Fw — GRun)/(Fw + 2GFRx), was calculated
This allowed us to estimate the free energy involved in DNA with the determined grating correction fact@rThe observed
bending and opening during the formation of the open anisotropy (.9 is a function of the anisotropies of both the
complex by T7 RNAP. The study also served as a starting free DNA (ry) and the DNA in the complexry):
point for developing a solution-based real-time assay to
measure the DNA conformational changes during transcrip- Fops = Tpfp T (1 — fp) (1)
tion initiation (42).
fy is the fraction of the total DNA ([B) in the T7 RNAP-
MATERIALS AND METHODS DNA complex. The equilibrium dissociation constaki)
was determined from fitting the dependence of observed

Enzyme, Oligodeoxynucleotides, and Dye Coupliig  anjsotropy versus total T7 RNAP, [Pto egs 1 and 2.
RNAP was isolated ta>95% purity and determined to be

free from contaminating exonuclease activity. The T7 RNAP 2
concentration was determined from its absorbency value atf — Kg+[P] +[Dd - \/(Kd + [P+ D) — 4[RIID]
280 nm in 8 M urea using a molar extinction coefficient of b 2[D]

1.4 x 10°F M~ cmr? (24). T7 RNAP was stored at80 °C 2)
[in 20 mM sodium phosphate (pH 7.7), 100 mM NacCl, 1
mM Na-EDTA, 1 mM dithiothreitol, and 50% (v/v)
glycerol].

In a case where the fluorescence intensity of the DNA-labeled
dye was quenched by a fact@; f, = (rops — r1)/[Q(rp —

. . . robs) + (robs - rf)]-

Oligodeoxynucleotides were custom synthesized (Inte- Steady State FRET MeasureméiRET efficiency Errer)
grated DNA Technologies, Coralville, I1A) and PAGE puri- was determined at 26C using the (ratio) method that

fied before use. Aminohexyl linker (C6) was incorporated 4 aize5 the fluorescence of the sensitized acceptor due

at the S-terminus during DNA synthesis and reacted with @ 4, FRET 19 the fluorescence of the labeled acceptor without

succinimidyl ester of 5(6)-Alexa Fluor 488 carboxyli_c ac_id FRET (25). The sensitized acceptor fluorescence was de-
(Alexa-488 or A488) or 5(6)-Alexa Fluor 546 carboxylic acid o mined by correcting the fluorescence of donor-only DNA

(Alexa-546 or A546) (Invitrogen Molecular Probes, Portland, i, yhe spectral range of 56630 nm with excitation at 490
OR). The coupling reaction was performed by mixing the nm (e”fxa) and from the fluorescence of doneacceptor

DNA strand with a 10-fold excess of the dye molecule in .
: ; doubly labeled DNA (erng) in the same wavelength range.
200 mM sodium carbonate buffer (pH 8.0) and leaving the The integrated sensitized acceptor fluorescence due to FRET

mixture standing in the dark overnight at room temperature. ;
After the unreacted dye had been removed by gel filtration (570-630 nm) was compared to the integrated acceptor

(Biogel P-6, Bio-Rad), the labeled strand was purified from fluorescence upon direct excitation at 550 nm {8into
the unlabeled strand on a 14 to 16% polyacrylamide gel €xtract the value of (ratia)

containig 5 M urea. Concentrations of the labeled DNA A

strands and the labeling ratio (dye/DNA) were determined (ratio), = EMp — QeM,p 3)
spectrophotometrically using extinction coefficients of 71 000 A enPA

M-1cm? at 490 nm for A488 and 103 000 M cm™t at A

550 nm for A546. The dye absorbance at 260 nm was \yhereq is a normalization factor of donor fluorescence in

corrected: Area = Aobs — (A4,,CF). Ai, IS the peak  the absence and presence of FRET. The FRET efficiency,
absorbance value of the coupled dye, and CF is the corrections___.. depends linearly on the value of (raio)

factor (0.28 for A488 and 0.21 for A546). In this manner,

we were able to confirm that each DNA strand contained &L A
only one dye molecule. Double-stranded DNA was made (ratio), = EFRETd*Z—)"3+ ZXD 4)
by mixing the appropriate complementary strands in an €oxpA  €exA

equimolar ratio (for the doubly dye-labeled DNA) or with a
5% excess of the unlabeled strand (for the singly dye-labeledwhered" is the labeling ratio with the donor dye and equal
DNA), heating to 76-80 °C for 5 min, and slowly cooling  to 1 andel, €h ., andes, are the extinction coefficients

the sample to room temperature over 2 h. of the donor and acceptor at their respective excitation

Steady State Fluorescence Anisotropjiorescence an-  Wavelengths of 490 (exD) and 550 hm (exA), respectively.
isotropy was measured in an L-format scheme using a PTI The ea/eas value of 0.097 and theD,/ea,, value of 0.68
QM-3 spectrofluorimeter (Photon Technology International) were used. In the equilibrium titration of constant dye-labeled
mounted with the Glen-Thomson calcite prism polarizers and DNA with increasing concentrations of T7 RNAP, the
a thermoelectrically controlled cell holder. The equilibrium binding fraction of DNA is related to the measured energy
titration was conducted at 2T in the reaction buffer [50  transfer efficiencyE according to
mM Tris-acetate, 50 mM Na-acetate, 10 mM Mg-(acetate)
and 2 mM dithiothreitol (pH 7.5)] with 0.05 mg/mL bovine f, = (E — E/(E, — Ep) (5)
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Eo andE, are the starting and ending values, respectively. R = (8.785x 10 %)¢ok’n *J(v) A® (10)
To obtain the equilibrium dissociation constaiy, the
dependence of observed FRET efficiency versus total T7
RNAP, [R], was fit by the least-squares method to the
quadratic equation (eq 2).

Fluorescence Lifetime Decayhe fluorescence lifetime
decay was measured at Z«L on a PTI LaserStrobe
fluorescence lifetime spectrometer interfaced with a nitrogen-
pumped dye laser (PTI model GL-302 pumped by GL-3300).
The laser output at 490 nm (dye PLD481) was coupled
through fiber optics to the sample compartment and focused
on the sample in a thermoelectrically controlled cell holder.

The start and stop delays of the acquisition were set by aJ(U)’ between the donor fluorescence spectrum and the

P G535 digital delay generator (Stanford Instruments). The acceptor absorbency spectrum was calculated from eq 11.
instrument response function was detected at 490 nm using

a dilute suspension of a nondairy creamer. The fluorescence 4 414
decay at 520 nm was collected in the logarithm time mode I) = zFD(A)eA(l);L d’UzFD(’D di M “em " nm

in 500 channels with five laser shots per time point. The (11)
final decay curve reflected an average of at least six
consecutive acquisitions. Observed fluorescence decay func
tions, t), were deconvolved using a PTI Felix32 program
to yield the fluorescence intensity decay functib(t), which

was then analyzed as the sum of exponential.

The refraction indexn, was assumed to be 1.38p is the
guantum yield of the DNA-tethered donor dye in the absence
of the acceptor dye. Using quinine sulfate in 0.1 MSy

as the standard referengg, of DNA-attached A488 was
determined to be 0.84, which is smaller than the value of
0.97 determined for the free dye. The low anisotropy of
labeled A488 and A546 in the protein complex suggests a
random orientation of the doneacceptor pair attached on
DNA, which justifies?3 as a good approximation of the
relative orientation factok?. The spectral overlap integral,

where Fp(; represents the fluorescence intensity of the
attached donor in the absence of FRET at wavelehgthd
eagy is the extinction coefficient of the tethered acceptor.
The overlap integral(v) was determined to be 2.24 10°

by numerical integration wita 1 nminterval. The calculated

n Forster distancesRp) of 61.4 A for the donoracceptor pair
F(t) = Zai exp(t/t) (6) and 63.8 A for the free dye pair in solution are in good
= agreement with the reference value of 64 26)(

) L . Stopped-Flow FRETRapid assay of the effect of adding
wherec; andz; are the amplitude and lifetime, respectively, 4, injtiating nucleotide analogué8GTP on the fluorescence

of each component. Data analysis was executed with ajniensity of doubly labeled DNA preincubated with T7
nonlinear least-squares algorithm and iterative deconvolution.pnyaAp ‘was performed at 25C on a KinTek SF-2003

The goodness of fit was judged by visual inspectio_n and by stopped-flow setup (KinTek Corp., Austin, TX) equipped
the value of the reduced error parameg€r,The amplitude- \yith computer-controlled motor-driven syringes. Equal vol-
weighted fluorescence lifetime of dondtpl] was calculated umes (20uL) of preformed binary complex of 80 nM T7

according to eq 7. RNAP and 40 nM dye-labeled DNA (duplex or bubble
N N promoter) were mixed with 1 mM'3IGTP. The dead time
Tl (S an)(S o) @) of data acquisition in this system was-2 ms, and the

fluorescence signals were measured in a T-format scheme
on 1000 channels. A 520 nm band-pass filter was used to
The weighted lifetimes of the donor in the absence and collect the donor A488 fluorescence emission without
presence of acceptotp and 7pa, respectively, were then  interference from the acceptor signal, while a 570 nm cutoff
used to calculate the FRET efficienci&ger, according to filter was used to collect the acceptor A546 fluorescence.

the following equation: Approximately 16-15 shots were collected and averaged to
yield the time traces of donor and acceptor fluorescence.
Errer=1 — 1p0/7p (8) Measurements were conducted in standard reaction buffer
without BSA and detergent Tween 20.
End-to-End Distance Determinatioihe end-to-end dis- 2-Aminopurine Fluorescence Chang&he distribution of

tance of a linear DNA labeled with the doneasicceptor dye  closed and open complexes was determined through mea-
pair was calculated from a cylindrical model on the basis of surements of the fluorescence intensity of 2-AP incorporated
the helical geometry of the B-type duplex DNA in aqueous at position—4 in the template strand upon binding to T7
solution @5). Experimentally, the end-to-end distance of a RNAP (13, 16). Experiments were carried out ia 3 mL
linear or curved duplex DNA can be determined using the quartz cuvette at 26C on a FluoroMax-2 spectrofluorometer
donor- and acceptor-labeled DNA and by measuring the (Jobin Yvon-Spex Instruments S.A., Inc.). Fluorescence

FRET efficiency: intensities of 100 nM 2-AP incorporated duplex promoter
U6 or bubble promoter in the absence or presence of-300
R=R,[(1 — Errep)/Erred] 9) nM T7 RNAP were collected from 350 to 420 nm (4 nm

bandwidth) with excitation at 320 nm (2 nm bandwidth).
whereR, is the Faster radius at which 50% d-reT OCCUrS The concentration of 2-AP DNA was normalized by UV
and R is the actual B-A distance measured froferer. absorbance measurements. After the contributions from
Values ofErrer determined from the steady state and time- buffer and protein had been subtracted, the corrected 2-AP
resolved FRET methods were comparalite.was deter- fluorescence was integrated between 350 and 400 nm.
mined from eq 10. Fluorescence measurements of duplex promoter in the
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Control experiments showed that the fluorescence intensity

Table 1: Oligodeoxynucleotide Sequerfces . :
of the singly dye-labeled promoter remained unchanged upon

DNA Sequence addition of T7 RNAP. The results indicate that the observed
Duplex 22 +1 +9 fluorescence changes in the donor- and acceptor-labeled
promoter NT: 5: TAAATTAATACGACTCACTATAGGGAGACTA promoter upon T7 RNAP addition are due to energy transfer
T: 3" ATTTAATTATGCTGAGTGATATCCCTCTGAT rather than due to proteirtye interactions. The observed
Bubble | mutNT: 5 TAAATTAATACGACTCACCCGCATGAGACTA . in ERET effici indicat horteni f th
promoter T. 3 ATTTAATTATGCTGAGTGATATCCOTCTGAT increase in F efficiency indicates a shortening of the
end-to-end distance in the dye-labeled promoter DNA when

aThe dyes Alexa-488 and Alexa-546 were covalently attached to it is complexed to T7 RNAP.
the B-ends of the NT (or mutNT) and the T strand via a C6 linker to To determine the maximal T7 RNAP-induced energy

make dye-labeled strands A48BIT (or A488—mutNT) and A546- f fici doubl d sinalv dve-labeled dupl
T, respectively. The bubble promoter contained multiple mutations from transter e ICIenc_y, ou y an 5'”9 y dye-labe e_ uplex
position —4 to +2 (underlined) on the nontemplate strand. The Promoters were titrated with increasing concentrations of T7

fluorescent base 2-AP was substituted for the adenine at posidon ~ RNAP and the FRET efficiency was calculated from the
(bold) in the T strands to make 2-AP-labeled promoters (2-Ap sensitized acceptor fluorescence using the steady stateqratio)
method as detailed in Materials and Methods. In the absence

presence of 0.5 mM'2IGTP were carried out in the same of T7 RNAP, the FRET efficiency of the duplex promoter

manner. was 0.02 and it increased to a maximum value of 6.05
0.06 at saturating concentrations of T7 RNAP (Figure 1B).
RESULTS Fluorescence anisotropy changes were measured simulta-

T7 RNAP-Induced FRET Changes in the Duplex Promoter €0Usly by selectively exciting the acceptor at 550 nm and
DNA. Alexa-488 (donor) and Alexa-546 (acceptor) were Measuring its polarized emission signal at 580 nm. Both
covalently attached to the'-Bnd of the nontemplate and FRET and anisotropy changes followed the same binding

template strands, respectively (Table 1). Absorbance mea-PrOcess under equilibrium corjditions (Figure 1B). .Usi.ng the
surements confirmed that the DNA strands were labeled with [€@St-squares method, the anisotropy and FRET binding data
the dyes in a 1:1 ratio. The labeled template and nontemplateWere fit to the quadratic equation (egs 1 and 2 and eqs 5
strands were annealed to create a 31 bp duplex promoteNd 2, respectively) to obtain a T7 RNABNA Kq of 1-2

with the T7¢10 promoter sequence and dyes at the opposite™. Which is in good agreement with thigq of 4 nM
ends. This doubly dye-labeled promoter DNA was used to dgtermmed previously for Ionge_r.promoter constructs (40 bp)
investigate T7 RNAP-induced conformational changes in the With the upstream end at position22 (27, 28). Multiple
promoter DNA fragment. Figure 1A shows the steady state titrations were performed to reducg the error in th_e observed
fluorescence spectra of the duplex promoter normalized on FRET efficiency, and the medfkreris summarized in Table
the donor side in experiments that contained (i) donor-only 2.

promoter, (ii) unliganded donetacceptor doubly dye-labeled The efficiency of energy transfer obtained from the steady
promoter, and (iii) T7 RNAP-bound doubly dye-labeled state (ratio) method was further confirmed by measuring
promoter. These experiments showed that in the presencehe fluorescence lifetime decay of the donor-labeled promoter
of T7 RNAP, the fluorescence intensity of the acceptor A546 DNA both in the absence and in the presence of acceptor as
attached to the duplex promoter increased (sensitized ac-outlined in Materials and Methods. Figure 2 shows the
ceptor) relative to the free DNA. This result was confirmed fluorescence lifetime decay of A488 in the doubly dye-
further by measuring similar fluorescence changes in experi- labeled DNA with and without T7 RNAP. The donor
ments where the dye positions were interchanged on thefluorescence lifetime decay was fit to two populations as
duplex promoter or by using a different dor@cceptor pair  judged by the random distribution of residuals (small panels
such as tetramethylrhodaminélexa-647 (data not shown). in Figure 2) and the? values (Table S1 of the Supporting

12
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Ficure 1: T7 RNAP-induced FRET and anisotropy changes. (A) Steady state fluorescence emission spectra (normalized to donor fluorescence)
of the 31 bp A488- and A546-labeled duplex promoter (10 nM) in the absercand presence) of 100 nM T7 RNAP at 20C. The

emission spectrum of unliganded A488-labeled duplex DNA (A488/T) is shown for comparisor). The samples were excited at 490

nm, and emission was scanned from 500 to 630 nm. Induced FRET upon T7 RNAP binding is demonstrated by the sensitized acceptor
fluorescence peak at575 nm. (B) The fluorescence anisotropy of A549 @nd FRET efficiency®) of the duplex promoter (2 nM) were
measured with increasing T7 RNAP concentrations. Anisotropy was measured by selectively exciting the A546 label in the duplex promoter
at 550 nm and by monitoring perpendicular and parallel intensities at 585 nm. FRET efficiency was calculated from the sensitized acceptor
fluorescence using the (ratjpjnethod (Materials and Methods).
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Table 2: End-to-End Distances and DNA Bending Angles of T7 Promoter Fragients

FRET efficiency (%)
sample (ratio) lifetime R(A)® bend angle(deg)
A488NT/AB46T 22+ 22 25+ 14 (113+ 8)
A488NT/A546T+ T7TRNAP 5.5+ 3.2 6.3+ 1.9 994 74 ~5¢¢
A488NT/AB46T+ 3'-dGTP+ T7 RNAP 10.1+1.8 117414 88+ 2 79+5
A488NTmMut6/A546T 15+1.3 3.4+ 1.3 (112+ 6)
A488NTmut6/A546T+ T7 RNAP 11.0+1.1 13.0+ 0.9 86+ 2 86+5

aThe FRET efficiency of Alexa-488 and Alexa-546 dyes labeled at either end of the promoter DNAs was determined from thegmabarh
(egs 3 and 4) and from the fluorescence lifetime decay of the donor (g Bg end-to-end distances of the promoter DNAs were determined from
the averaged FRET efficiency values obtained using both the steady state and lifetime decay approaches. Results in parentheses were calculated
from <5% FRET efficiency and thus are less accuréfehe bending angle was calculated assuming a single-kink model with the bending center
at position—1 on the promoter As the FRET values are weighted averages for the closed and open complexes, botiAtdesfances and bend
angle shown here were also averaged values for the two complex forms (see the text).

A488-NT/T-A546

€ L 4
S ] [ .
o 1000 DNA only g 0 }L)“MlmfM)WﬂNlI‘MWMW{v\mﬂﬁrfﬂ/f‘”_N\W\ﬁ'”J'\V'“V'/\_f\f\f\*w\v,’ﬂ
3 €

i 40 50 60
§ 100
g 2 4 A488-NT/T-A546+RNAP
—_ 10 B g h . Ao f
5 é 0 J NWW“W‘W‘WN'[N W\’r\nﬂ’!w]lr‘W"“Vﬂﬂﬂnﬂ\l“.\w\rM“i\)”U"lwf\,\f\(\}“ ‘A\IW ‘WT
™ & 4l
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30 40 50 60 Time (ns)

Time (ns)

Ficure 2: Fluorescence lifetime decay of the dye-labeled duplex promoter. The time-resolved fluorescence decay was collected at 520 nm
with excitation at 480 nm. The decay curves of A488- and A546-labeled duplex promoter (40 nM) in the absence and presence of 200 nM
T7 RNAP are shown with the instrumental response function (IRF) curve. Smooth and continuous curves represent ideal fits to a biexponential
equation (residuals are shown in the adjacent small panels).

Information). The average excited lifetime of the donor (30—32). The dyes A488 and A546 were attached to the
attached to the duplex promoter (calculated from eq 7) opposite ends of the bubble promoter. Figure 3A shows the
becomes slightly shorter in the presence of T7 RNAP, which normalized fluorescence emission spectra of the A488- and
was used to calculate the energy transfer efficiency (eq 8). A546-labeled bubble promoter (A488nutNT/T—A546)
Table S1 shows the fitted parameters for the donor fluores-with and without T7 RNAP. The sensitized acceptor intensity
cence lifetime decay experiments, and Table 2 shows theincreased to a greater extent in the bubble promoter complex
FRET efficiency values calculated from multiple measure- than in the duplex promoter complex.
ments. Steady state and fluorescence lifetime decay experi- The bubble promoter was titrated with increasing concen-
ments provided consistent values of low-energy transfer trations of T7 RNAP, and the steady state FRET and A546
efficiency for the duplex promoter. From the FRET values, anisotropy changes were measured (Figure 3B). The energy
an end-to-end distance of113 A was calculated (eq 9) for  transfer value of the free bubble promoter is similar to that
the free duplex promoter DNA. This calculated distance is of the duplex promoter<0.02), which indicates that the
very close to the value of 115 A obtained using a model multiple mismatches do not change the end-to-end distances
that assumes a cylindrical DNA structure in agueous solution in the unliganded DNA, which has been observed previously
with a B-type helical geometry (Figure 6 legen@p(29). (33). At saturating concentrations of T7 RNAP, the FRET
The slight increase in FRET in the presence of T7 RNAP efficiency of the bubble promoter increased to 0.12. Similar
indicates a slightly shortened end-to-end distance of 99 A results of FRET changes were obtained from the fluorescence
of the duplex promoter DNA complexed with T7 RNAP.  lifetime decay of A488 attached to the bubble promoter
T7 RNAP-Induced FRET Changes in the Premelted Bubble(Table 1S). The larger FRET change indicates a shorter end-
Promoter.Several studies have indicated that the initiation to-end distance of the bubble DNA (86 A) relative to that
complex of T7 RNAP in the absence of the initiating of the duplex DNA in their respective binary complexes.
nucleotides contains a mixture of closed and open complexesBoth FRET and anisotropy titration curves in Figure 3B
that are in equilibrium that favors the formation of the closed indicate that the titrations were performed under stoichio-
complex (12—14). In the absence of the initiating nucleotides, metric conditions. This is consistent with tkg of ~5 pM
therefore, both open and closed complexes contribute to theof this six-mismatch bubble DNA4Q).
observed FRET value. To tease out the contribution of the DNA FRET Changes in the Pretranscribing Open Com-
open complex to the FRET value, we used a premelted 31plex.Initiating nucleotides have been shown to stabilize the
bp promoter fragment (bubble promoter) that has contiguousopen complex of T7 RNAP and hence drive the initiation
mismatches from position-4 to 2 (Table 1). Such a reaction to complete formation of the open compl&3, (L4,
premelted DNA promoter has been shown to be transcrip- 16). The effect of the initiating nucleotide analogu€-(3
tionally active and to mimic the open complex conformation dGTP) on FRET efficiency changes was examined with the
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Ficure 3: T7 RNAP-induced FRET and anisotropy changes in the bubble promoter and effect of the initiating nucleotide on the values of
the duplex promoter. (A) Normalized steady state fluorescence emission spectra of the doubly dye-labeled bubble promoter (10 nM) in the
absence®) and presencev) of 100 nM T7 RNAP at 20C. (B) The fluorescence anisotropy of the A546 attached to the bubble promoter

(2 nM) (O) and the FRET efficiency between the dye p#) @ttached to the bubble promoter depend on T7 RNAP concentr&@yn.
Normalized steady state fluorescence emission spectra of the doubly dye-labeled duplex promoter (10 nM) in theCjlenechpegsence

(O) of 100 nM T7 RNAP and 0.5 mM'&GTP at 20°C. (D) The dye-labeled duplex promoter (1 nM) was titrated with increasing T7
RNAP concentrations in the presence of 0.5 mMMIGTP, and the fluorescence anisotropy 6f tethered A546 and the FRET efficiency

(®) were measured. The titrations reflected by FRET and anisotropy changes in both panels B and D were performed under stoichiometric
conditions.

duplex promoter. Figure 3C shows the normalized fluores- incubated in one syringe, and 1 mM-&TP was added
cence emission spectra of A48BIT/T—A546 fully com- from a separate syringe of the stopped-flow apparatus. A
plexed to T7 RNAP with and without 0.5 MM-8GTP. The 520 nm band-pass filter was used to selectively monitor
enhancement of acceptor fluorescence intensity in the ternarydonor fluorescence from 515 to 525 nm without significant
complex with the initiating nucleotide relative to the binary interference from A546, and a second 570 nm cutoff filter
complex is clearly seen. Figure 3D also shows the A546 was used to monitor acceptor fluorescence. When the binary
anisotropy and FRET efficiency changes in the duplex complex of the duplex promoter was mixed with a solution
promoter upon titration with increasing concentrations of T7 of 3-dGTP, the donor fluorescence decreased and the
RNAP in the presence of /IGTP. The T7 RNAP complex  acceptor fluorescence increased, indicating an enhancement
with the duplex promoter is stabilized by the presence of of FRET (Figure 4A). In contrast, the binary complex of
3-dGTP as both FRET and anisotropy titration curves in the bubble promoter when mixed wittr@GTP showed no
Figure 4D are shifted to lower protein concentrations relative observable fluorescence changes due to FRET (Figure 4B).
to those curves shown in Figure 1B. The (rafiopethod These results support the idea that minimal changes occur
and the donor fluorescence lifetime decay values providedin the promoter conformation during the transition from the
a higher FRET value of 0.11 for the duplex promoter in the binary open complex to the ternary pretranscription complex.
ternary complex with 3dGTP. This FRET value is nearly Coupled Changes in 2-AP Fluorescence and FREThe
twice that of the duplex promoter complex in the absence absence of initiating nucleotides, the formation of both closed
of the nucleotide and similar to that of the binary complex and open complexes contributes to the values of FRET
of the bubble promoter. Thus, the duplex promoter in the changes. To estimate the DNA conformation in the closed
ternary pretranscription complex and the bubble promoter complex, we need to determine the contribution of the closed
in the binary complex assume the same global conformationcomplex to the measured FRET values. The distribution of
in terms of DNA end-to-end distance, and this is significantly the closed to open complexes with the 31 bp promoter used
different from the conformation that the duplex promoter in this study was determined using the same 2-AP fluores-
assumes in the absence of initiating nucleotides. cence method that was used previoudl®, (13, 16). The
3'-GTP-Induced FRET Changes in the Duplex and Bubble fluorescent adenine base analogue 2-AP was introduced in
Promoters. Stopped-flow FRET measurements were per- place of the adenine at positierd in the template strand in
formed to investigate'3IGTP-induced DNA conformational  the duplex and bubble promoters. Unstacking of the 2-AP
changes in the binary complexes of the duplex and the bubblebase in the open complex results in a large increase in the
promoters. A mixture of 40 nM A488- and A546-labeled fluorescence of 2-AP. The results summarized in Figure 5
promoter (duplex or bubble) and 80 nM T7 RNAP was show that the 2-AP fluorescence is lower in the binary
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emission intensity was measured using a band-pass filter at520
5 nm for the donor A488 (top trace) and a cutoff filter at 5#®
nm for the acceptor (bottom trace). More than 10 traces were
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FRET measurements in a stable complex with T7 RNAP.
The FRET efficiency of the duplex promoter increased only
slightly relative to that of free DNA when it formed a
complex with T7 RNAP. On the other hand, the same size
premelted promoter (a six-mismatch bubble promoter)
showed a significant increase in FRET efficiency when it
formed a complex with T7 RNAP. The presence of six
mismatches in the bubble promoter alone does not contribute
to the enhancement of FRET efficiency. When initiating
nucleotides were added, the FRET efficiency of the duplex
promoter complex increased to the extent observed for the
bubble promoter complex, whereas no such increase was seen
for the bubble promoter complex. The observed increase in
FRET efficiency was attributed to a shortening of the end-
to-end distance in the dye-labeled DNRy( ) by T7 RNAP.

On the basis of these FRET measuremédRis, values were
calculated according to eq 9 and summarized in Table 2. As
expected, free duplex promoter and bubble promoter had
similar Ro—a values. When the promoter was complexed to
T7 RNAP, but in the absence of-8GTP, theRp_a of the
duplex promoter was longer than that of the bubble promoter.
TheRp-x of the duplex promoter in the presence 68&TP

was shortened and nearly the same as that of the bubble
promoter in the binary complex. If we assume that T7 RNAP
forms a homogeneous binary complex with each of these
promoter fragments, then these results indicate that duplex
and bubble promoters generate different types of complexes
with T7 RNAP.

Previous initiation kinetics studies have indicated that T7
RNAP does not form a homogeneous binary complex with
the duplex promoterl—14, 16). The initial binding of T7
RNAP to the duplex promoter results in a mixture of closed
and open complexes. The equilibrium of this reaction favors
the closed conformation, unless initiating nucleotides are
present to stabilize the open complé8,(14, 16). A similar

collected and averaged to improve the signal-to-noise ratio. (B) gpservation was also made for the stabilization oEaaoli

The same experiment under the same conditions was carried out

with the doubly dye-labeled bubble promoter.

complex of the duplex promoter than in the bubble promoter
complex. Figure 5 also shows the same trend in the

open complex at the ribosomal RNA promoters by initiating
nucleotides34). Studies of permanganate reactivity sensitive
to single-stranded thymines in the DNA also support an
unopened state of the TATA region in a linear duplex

corresponding FRET values of the duplex and bubble Promoter in the binary complex and an open state in the
promoters. These results indicate that local (opening) andPrésence of the initiating nucleotides or when supercoiled
global (end-to-end distance) DNA deformations are smaller PNA is used 85-37). To make a homogeneous open
in the duplex promoter than in the bubble promoter complex. complex in the absence of the initiating nucleotides, par_tlally
When 3-dGTP was added to the duplex promoter complex, duPlex (pds DNA) or bubble promoters (four to eight
the 2-AP fluorescence increased and the value became clos8liSmaiched base pairs in the TATA region) are used. Kinetic
to that of the bubble promoter complex. With the assumption studies have shown that the bubb_le promoter or th_e partially
that the DNA base pairs are not disrupted in the closed duPIex promoter forms an open binary complex without the
complex and the bubble DNA forms 100% open complex, accumulation of a stable closed complex intermediag (
we estimate that only 20% of the complexes with the duplex 16)- The disruption of base pairing in the TATA region in
promoter are open complexes in the absence of the initiatingthese premelted promoters strongly disfavors the closing of

nucleotides. the initial bubble and therefore stabilizes the open complex.
Equilibrium measurements demonstrate that the premelted
DISCUSSION promoter binds to T7 RNAP with a nearly 1000-fold higher

affinity than the duplex promotei3p), indicating that T7

The FRET studies in this paper show that the end-to-end RNAP makes optimal interactions with the premelted
distance in the T7 promoter DNA fragments shortens when promoter.
the promoters bind to T7 RNAP in the initiation complex. The observed differences in tRg_a values for the duplex
Recent studies have indicated that a minimal promoter for and bubble promoter binary complexes can be explained by
tight T7 RNAP binding requires a consensus sequence fromthe presence of both open and closed complexes in the duplex
base pair—22 to —5 (27, 28). Therefore, we constructed promoter reaction and by the promoter DNA being bent to
our DNA fragments from base pair22 to 9 to carry out different extents in the closed and open complexes of T7
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Ficure 5: FRET and 2-AP fluorescence of various T7 RNARomoter complexes. The two left-most groups of bar graphs show the
FRET efficiency values for the duplex and bubble promoters in the absence and presence of T7 RNAP (Table 2) and the duplex promoter
in the presence of 0.5 mM-8IGTP, respectively. The two right-most groups of bar graphs show the relative 2-AP fluorescence intensities
of 100 nM duplex and bubble promoters in the absence and presence of a saturating concentration of T7 RN8GO(A®) and the

duplex promoter in the presence of 0.5 mMd&TP, respectively.

RNAP. Determination of the bending angle from the
relationship between the end-to-end distances of the unbent
DNA (R and bent DNA Ry) is model-dependent. Here we
use a single-kink model to calculate the DNA bending angle
(o) based on the relationshig? = L;? + L,? + 2LL, cos

o (Figure 6). The DNA lengths upstream and downstream
of the bending centerl; and L,, respectively, can be
determined from the position of the bending center and the
overall end-to-end lengtiR = L; + L,) of the free DNA.

In the free DNA, the upstream-labeled A488 and the
downstream-labeled A546 are on the opposite faces of the
helix. Modeling indicated that the downstream template

strand is untwisted by-146 in the initiation open complex . .
with a three-nucleotide RNA3}. This changes the relative ~ FGURE 6: Geometrical model for the bent DNA in the T7 RNAP

. . . : complex. The end-to-end distanci)( of an ideal linear DNA
orientation of the dyes from opposite faces in the free DNA gqp1y jabeled with a B-A pair was calculated from a cylindrical
to nearly the same face in the open complex, which model for the B-type duplex DNA in aqueous solution (typically
contributes to a shortening of the distance between the dyes20 A diameter, 3.4 A rise, and 36@er full turn) according to the
To correct for the shortening in the DNA end-to-end distance rejation R, = \/(3'4N+LLK)2+[LD2+LA2_2LDLACOS(36\H_¢)2]!
due to untwisting in the open complex, we assumed that thewhereN is the number of base pairs between the attached donor
free DNA was untwisted similarly as in the open complex. and acceptor dyes\(= 30) in the duplex DNAL,y is the D-A

i i * distance without interruption from the duplex DNA base pairs and
This provided a correctel* value of 110 A that was used estimated to & 6 A for a fully stretched C6 amino linkekp and

to compare to the measured— distances in the open | "are the normal distances from the donor and acceptor dyes,

complexes. respectively, to the helical axis, agds a constant interdye angle
From the FRET efficiency values, an end-to-end distance without base pair separation participating in the angular separation
N : that includes that of dye-attached phosphates. The valués, of

of ~86 A was CaICUIate_d fqr th_e b_L_'bble promoter bound to La, and¢ were not experimentally determined for the-B pair

T7 RNAP (Table 2), which is significantly shorter than that ysed here. On the basis of the similar labeling chemistry and

of the free DNA. A similarly shortened BA distance was  fluorescence anisotropy of the well-studied-B pair (fluorescein

calculated for the duplex promoter in thed85TP-stabilized ~ and tetramethyrhodamine}%), the following values were used:

: : ; Lo = 25 A, La = 15 A, and¢ = 220°. Using this ideal linear
complex. Applying the geometric model of DNA bending DNA model, the end-to-end distance of the doubly labeled 31 bp

described above a_nd assuming the bending center at pOSIt'or?juplex promoter was calculated as 115 A, which is close to that
—1 (1) and unwinding of the downstream DNA, we estimated from the energy transfer measurements. The end-to-end
calculated a bend angle of 865° for the bubble promoter  distance Ry) of the bent DNA in the complex of T7 RNAP was
complex and 7% 5° for the duplex promoter in the'3 determined from FRET efficiency measurements. A noncentered

dGTP-stabilized complex. Thus, the duplex promoter and Single-kink model was used to calculate the DNA bend argle,

! . - The bending center was assumed to be at positibrand flanked
bubble promoter are bept to equivalent exten'ts' in their OPeNpby 21 bp () and 9 bp (z) DNA. The bending anglex was
complexes. If the bending center was at positioh rather calculated from cos() = (Re2 — L2 — L,2)/2L4L,. To correct the
than position—1, the calculated bend values will decrease effect of strand untwistingg( in degrees) in the initiation open
by <5°. Similarly, without the DNA untwisting correction, ~ complex (see the text), the angular separation in the equation was
the calculated DNA bend angles would bel0° higher. revised to be 38 + ¢ + ¢ correspondingly. In this case, values

Overall, these results indicate that the promoter DNA is of 77 and 33 A were set fokr, andL, respectively.

sharply bent in the preinitiation open complex. with a 17 bp promoter with the downstream template DNA
Although the closed form of the promoter DNA complexed completely melted and bound in the cleft of the RNAP is

to T7 RNAP is suggested by biochemical and fluorescence likely that of the open complexl{). Using a combination

data, little is known about its structure and interactions with of 2-AP fluorescence changes and FRET efficiency changes,

T7 RNAP. The crystal structure of T7 RNAP in complex we have estimated a 20:80 distribution of the open and closed
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complexes in the T7 RNAP initiation reaction with the Experimental
duplex promoter. Knowing the FRET value of the DNA in 0 -
the open complex from studies of the bubble promoter, we
estimated after subtracting the 20% contribution of the open
complex to the observed FRET that the closed complex
FRET efficiency is~0.02. Given that the unliganded T7
promoter has an intrinsic bend ofL5° as indicated by our
FRET studies and previous gel electrophoresis studigs (
we estimated that the DNA bend induced by T7 RNAP is
<25° in the closed complex, which is significantly smaller
than the DNA bend in the open complex. Without correction
of the FRET contribution from the open complex, however, Reaction coordinate

the calculation based on the observe@05 FRET efficiency ~ FiGure 7: Energetics of bending and promoter DNA opening. The
for the duplex promoter complex will lead to an estimated proposed thermodynamic dissection of free energies into steps of

; : : bending and opening. The free energy of binding of T7 RNAP to
DNA bend angle of-50°, which would be consistent with duplex DNA, AGying, is calculated as-13.3 kcal/mol, of which

a previous result obtained through the analysis of gel 1 4 kcal/mol AGpena) is consumed on slightly bending the duplex
electrophoresis anomalies for the duplex promoter without DNA to form the closed complex (EPand 4.7 kcal/mol AGyend)
initiating nucleotides 1). Thus, DNA bending of~86° on sharply bending the DNA to form the hypothetical intermediate,
measured for the bubble promoter complex would representEP- Since the free energy difference between the open complex

. ; (ERyo) and the closed complex (BHs only 0.8 kcal/mol AGep,,
the actual bending of the promoter DNA in the open AG. = 0.8 kcal/mol), open complex formation from EB:’:l

complex. The apparent DNA bend angles:&0° calculated spontaneous event. The net energy required for promoter opening
here and 4660° from the gel electrophoresis anomali@} ( is calculated from the difference in the energies of the premelted
for the duplex promoter complex representaaarageangle DNA complex and the opened and bent DNA compleGpqs —

; T AGgp,, = —5.3 kcal/mol, where pds represents a partially double-
Wlt.h qontn.buuons from both the closed and open complexes. stranded DNA with the deletion of downstream NT strand from
This idea is supported by the result that the observed DNA joqjtion—4, andAGpgswas calculated from it of 1 pM for T7

bend angles in the duplex and bubble promoters were nearlyrRNAP (32).
the same in the presence 6f&>TP, conditions under which
the initiation complex is as predominant as the open complex. tions has been subtracted. The experimentally obsexGgd
Therefore, T7 RNAP-induced DNA bending is most signifi- can be calculated from th&y value (2 nM) of the T7
cant in the open complex, and the bend angle for the RNAP—duplex promoter complex and is equal +e11.7
pretranscribing open complex from our FRET studies is close kcal/mol. The open complex (BB b/o represents the DNA
to that obtained from structure modeling of the early initiation bent and open in the open complex) is less stabilized by 0.8
complex B). kcal/mol relative to the closed compleXAGopen= AGgp,,
From the DNA bending angles in the closed and open — AGgp) as estimated from the distribution of the two
complexes, we are able to calculate the free energiescomplexes (20% open and 80% closef),= [EPyo)/[EPd
associated with DNA bendingAGpengd according to the = 0.25). ThereforeAAGgpen = 0.8 andAGgys = 11.7 kcal/
wormlike chain modeAGyena= RTR?/2L, whereR is the mol = AGping + AGpendi+ 0.2AAGgpen IN this manner, we
gas constanf is the temperature in kelvir, is the contour estimate that\Gying equals—13.3 kcal/mol. The total penalty
length of the DNA bent by angled in radians, and the  for DNA bending is 6.1 kcal/mol; therefore, the free energy
persistence length of the DNR is ~150 bp or 50 nm38). of the hypothetically sharply bent DNA intermediate (EP
In the T7 RNAP-promoter open complex, the upstream and AGgp, is —7.2 kcal/mol. ERis therefore much destabilized
downstream DNA axes lose the continuity of their relative compared to the final Bg open complex4Ggp,, = —11.1
orientation within the region from position4 to 2 3). For kcal/mol). Thus, additional energy is gained when the melted
the closed complex, however, there is no structural informa- DNA strands in ER, interact with T7 RNAP. These
tion about the DNA conformation. Using 2%s the upper  simplified calculations indicate that a significant part of the
limit of the RNAP-induced DNA bend angle in the closed promoter binding energy is invested in DNA bending and
complex and assuming 6 bp in the bend\@penqito form base pair melting occurs spontaneously upon DNA bending.
the closed complex is calculated as 1.4 kcal/mol af@0 A group of architectural proteins such as the TATA-
The AGpenar Would be 2-3 times larger if the bend were  binding protein (TBP), the lymphocyte enhancer factor-1
confined to a smaller region, and this energy would be (LEF-1), and high-mobility group proteins (HMG) use minor
smaller if the bend were distributed over a larger region. groove intercalation of hydrophobic amino acid residues with
From the bend angle in the open compleXGpendz IS contiguous base pair steps to induce DNA bendig§).(
calculated to be 4.7 kcal/mol. Thus, the roughly estimated These architectural proteins bend DNA with remarkably large
total energy costAGpend for T7 RNAP-induced DNA angles in addition to untwisting the DNA strands and
bending is 6.1 kcal/mol. unstacking consecutive base pairs, thereby inducing opening
A simplified energetic sketch of the events that occur of the downstream DNA. T7 RNAP may use a similar
during promoter DNA binding and opening is shown in mechanism and use DNA bending energy to catalyze the
Figure 7. The intrinsic free energy of duplex promoter formation of open complex. A part of the mechanism of open
binding, AGuing, has not been measured experimentally but complex formation in T7 RNAP could involve the insertion
can be deduced from the experimentally obsern&is as of Val237 located at the tip of the intercalatifighairpin
follows. AGgs is the net energy for the duplex promoter  into the minor groove of the promoter DNA near the TATA
T7 RNAP complex after the cost of duplex DNA deforma- region @3, 17, 18). Mutational and partial deletion studies of
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the intercalatings-hairpin indicate that th@-hairpin stabi-
lizes the open complex but does not affect the kinetics of
closed complex formation3g, 40).

Structural and biochemical data suggest that T7 RNAP-
induced bending of the promoter DNA is not limited to
initiation. Structural and modeling studies suggest that the
DNA is bent during the processive elongation phase of
transcription by~40° (3). FRET results suggest that promoter
DNA bends similarly in the preinitiation complex and in the
early initiation complex at least up to the abortive synthesis
of three-nucleotide RNA3J), indicating no large structural
changes in T7 RNAP during these stefs7,(18). An
approximate pathway of DNA bending from the unliganded
promoter to the stable elongation can be described as
follows: <15° (intrinsic bend in the promoter DNA)> <40°
(closed complex)— ~83—86° (open complex)— ~80°
(early initiation complex)— unknown structure (late initia-
tion complex)— ~40° (stable elongation complex) with the
bending center shifted to the downstream end. It is also
known that the size and the position of the transcription
bubble change during the transition from the initiation phase
to the elongation phase4l). Different angles of DNA
bending indicate changes in the proteDNA contacts
during the transition. Concomitant rearrangements of the
protein structure are also known to occur in T7 RNAR (
3). Thus, it will be useful to exploit the real-time FRET assay
to probe the dynamic changes in the DNA conformation
during transcription to gain more information about the
intermediate complexes during the transition from initiation
to elongation.

SUPPORTING INFORMATION AVAILABLE

One additional table of time-resolved fluorescence lifetime
decay parameters. This material is available free of charge
via the Internet at http://pubs.acs.org.
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