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ABSTRACT: We have used UV-laser mediated cross-linking, DNase | footprinting and KNMe&ztivity

to probe the interaction between T7 RNA polymerase (RNAP) and a consensus promoter during the early
stages of transcription. In a binary complex formed in the absence of substrate on a supercoiled plasmid,
direct contacts were observed on the template (T) strand at positidiis —5, and +3 and on the
nontemplate (NT) strand at position8. These contacts lie within the DNase | cleavage footprint from
positions—21 to+11 on the T strand and from positiord7 to+16 on the NT strand and straddle sites

of enhanced reactivity of thymines to KM@t position—3 on the T strand and position2 on the NT

strand. Use of supercoiled plasmid templates has allowed the mapping of contacts in the initiation region
of the promoter in the binary complex for the first time. Upon addition of GTP, T7 RNAP enters a
reiterative mode of synthesis, producing a ladder of poly(G) products. Under these conditions the
downstream contact on the T strand switched from positi8rio +4 and+5 while the contact at position

—17 was maintained. Under conditions in which the synthesis of transcription products is limited to 6
nucleotides, only the contact at positierii7 on the T strand was preserved. A comparison of these
results with the interaction oEscherichia coliRNA polymerase at théac promoter reveals strong
similarities in the manner in which these polymerases recognize their promoters.

Although the DNA-dependent RNA polymerase (RNAP)  subject for structurefunction studies. A key point of interest
encoded by bacteriophage T7 consists of a single subunit, itis how the polymerase interacts with its 17 bp promoter
is able to carry out all of the steps in the transcription cycle during recognition and initiation.
as the more complex multisubunit RNAPs found in prokary- A variety of methods have been used to probe T7 RNAP
otic and eukaryotic cells (for review see r8f Moreover, DNA interactions during promoter binding on linear tem-
many of the events in the transcription cycle are remarkably plates. Due to a low affinity, previous investigators were
similar for these two classes of enzyme. In the initial phase, unable to obtain a DNase | footprint of T7 RNAP on its
both enzymes must recognize and bind to the promoter andpromoter in the absence of substradeg). However, foot-
melt open the duplex DNA template at the initiation site. printing reactions carried out with methidiumpropyl-Fe(ll)
As for the bacterial RNAP, transcription by T7 RNAP under more favorable ionic conditions showed protection of
involves two separate phases. During the first phase, thethe promoter region from residues21 to —3 (6—8).
enzyme forms an initiation complex that in the presence of Hydroxyl radical footprinting with Fe(l-EDTA revealed
NTPs undergoes repeated cycles of abortive transcription ina well-defined pattern of protection predominantly on one
which short RNA products are continuously synthesized and face of the DNA helix 9). Curiously, the initiation region
released. A transition occurs after the synthesis o7 of the promoter was not protected in the binary complex in
nucleotides (nt) of nascent RNA, resulting in the formation these studies, even though this region of the promoter must
of a stable, highly processive elongation complex. presumably be melted open prior to or during initiation. In

Due to its structural simplicity and the availability of the presence of the first nucleotides, the stability of the
crystallographic date( 3), T7 RNAP represents an attractive RNAP—promoter complex is increased and a DNase |

footprint could be detected (5, 10). Under these conditions
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closed form is thermodynamically favoret?( 13). This may Laser Irradiation. Plasmid DNA pPK3 (5 nM) was
account for failure on the part of previous investigators to incubated with 8500 nM T7 RNA polymerase in transcrip-
observe RNAP-promoter contacts in the initiation region tion buffer containing Tris-HCI (20 mM), pH 7.9, NaCl (10
on linear templates. The rapid formation of an unstable openmM), MgCl, (5 mM), and Tween 20 (0.05%) for 15 min at
complex does not usually correspond to a rate limiting step, 37 °C. When present, nucleoside triphosphates (NTPs) were
which under optimal conditions occurs later in the pathway added to a final concentration of 0.4 mM each. Samples to
(12, 13). The stability of the binary complex is affected by be irradiated (10uL) were placed in a thermostatically
the topological state of the DNA and is greatly enhanced on controlled Eppendorf tube. High-intensity laser light with a
templates in which collapse of the melted region is inhibited fundamental wavelength of 1064 nm was generated by a Nd:
(e.g., on supercoiled templates or on partially single strandedYAG laser. Two frequency doubling crystals generated 512
promoters) {2—16). Taking advantage of these observations, and 266 nm polarized light. The latter wavelength was
we here characterize binding and initiation complexes formed selected using a series of dichroic mirrors and directed onto
by T7 RNAP on supercoiled plasmid templates. the sample. Irradiation was performed with a single 5 ns
In our studies, we have applied techniques that allow not energy pulse of 20 mJ (3.5 10° W-m™2).
only identification but also quantification of such interactions.  Primer ExtensionFive microliters of the irradiated sample
The first method, UV laser cross-linking of the polymerase and 0.4uL of 17 or 19 nt primers (500 nM) were heated to
to the DNA, probes intimate contacts between the DNA and 95°C for 5 min in a primer extension buffer containing Tris-
the polymerase (within van der Waals radi})7¢20). HCI (50 mM), pH 8.0, MgC} (10 mM), and DTT (1 mM)
Previous photochemical cross-linking studies using psoralenand abruptly cooled on ice for 2 min. The primers- (5
to map contacts between T7 RNAP and single-stranded DNA AAATAGGCTTATCACGAGG-3 for the T strand and'5
or a T7 promoter were general in nature and lacked precisionGCGTTGGCCGATTCATT-3for the NT strand) hybridized
due to the long arm of psoralen (8 A) and the occurrence of to the plasmid 58 bases upstream and 63 bases downstream,
multiple reactive positions in the promot&1( 22). We also respectively, from the starting site of transcription.
used DNase | protection and differential reactivity to  Extension was performed after addition of 2Qnit of
potassium permanganate (KMgOThe former reports the  Klenow fragment (1 unit/mL, Amersham Pharmacia Biotech)
occupancy of the DNA by the polymerase, allowing easy and a complete set of deoxyribonucleoside triphosphates (4
titration of a given promoter site. The latter detects exposure mM; Amersham Pharmacia Biotech) at 48 for 15 min.
of the 3—6' double bonds of thymine residues that may result The Klenow fragment was inactivated by heating for a further
from helical strain, for example, as a result of partial strand 10 min at 65°C, and the DNA was precipitated with ethanol,
separation. washed and dried; the pellet was resuspended jith Bf
These methods have revealed contacts of the RNAP withloading buffer: formamide (80%), EDTA (40 mM), xylene
the initiation region during promoter binding and changes cyanol (0.1%), and bromophenol (0.1%). Samples were
in the nature of these contacts during the early stages ofseparated on 8% polyacrylamide denaturing gels containing
initiation. A comparison of these results with those obtained urea (8 M) and visualized by autoradiography. Quantification
for Escherichia coliRNAP using similar methods reveals was carried out by Phosphorimager densitometry (Molecular
important similarities in the manner in which these quite Dynamics).
different enzymes carry out the early stages of promoter In the presence of nucleoside triphosphates, extraneous
binding and initiation. bands appear which obscure the extension pattern of the
template strand at the start site of transcription. This artifact
EXPERIMENTAL PROCEDURES is due to the hybridization of the abundantly synthesized
T7 RNAP PreparationT7 RNA polymerase was overex- abortive products and may be avoided by treatment with
pressed from cultures dE. coli BL21 carrying plasmids  RNase H (Boehringer Mannheim) prior to primer extension.
pDL19 or pBH161 23). These plasmids encode RNAPs with The synthesis of abundant transcription products in the
a hexa-His tag at the N-terminus, allowing a single-step presence of all four ribonucleoside triphosphates provided
purification by absorption on a Rli column and elution in  high concentrations of RNA strands which in turn served as
Tris-HCI (20 mM), pH 7.9, NaCl (50 mM), imidazole (200 templates for primer extension, thus producing a high density
mM), and Tween 20 (0.05%p8). Polymerase was stored of labeled bands downstream of the start of transcription.
at—20°C in 50% glycerol. The concentration of the purified The corresponding primer extension pattern were conse-
enzyme was determined using a molar extinction coefficient quently impossible to interpret on the NT stand.
at 280 nm of 1.4x 10° M~ cm™* (24). The specific activity DNase | Footprinting. T7 RNAP (100 nM) and the
was generally of the order of 310 000 units/mg in transcrip- plasmid pPK3 (5 nM) were incubated in footprinting buffer
tion buffer containing Tris-HCI (40 mM), pH 8, NaCl (10 containing Tris-HCI (40 mM), pH 8.0, NaCl (10 mM),
mM), MgCl, (6 mM), spermidine (2 mM), DTT (4 mM),  MgCl, (6 mM), and Tween 20 (0.05%) with or without
and Tween 20 (0.05%), which is close to the theoretical nucleoside triphosphates (0.5 mM) for 15 min at’87prior
maximum for a preparation in which all enzyme molecules to the addition of DNase | (0.5 mg/mL). The reaction was
are active 23, 25). allowed to proceed for 20 s and stopped with an equal
Plasmid PreparationPlasmid DNA pPK3 (Karasavas and volume of phenol and EDTA to a final concentration of 2.5
McAllister, in preparation) was prepared by alkaline lysis mM. The aqueous phase was isolated and the DNA was
from E. coli HB101 and purified on an anion-exchange precipitated with ethanol in the presence of glycogen (20
cartridge (Nucleobond). Where appropriate, pPK3 was ug) and sodium acetate (0.3 M). The pellet was washed with
linearized by digestion at an uniqufllll site with the 70% ethanol and resuspended in buffer. Primer extension
corresponding nuclease (New England Biolabs). was carried out as described above, and samples were loaded



4950 Biochemistry, Vol. 38, No. 16, 1999 Place et al.

onto an 8% acrylamide denaturing gel and analyzed as Tstrand NT strand
above. 7 RNAP T

KMnQ, Footprinting T7 RNAP (100 nM) and the plasmid T arand - T srand
pPK3 (5 nM) were incubated for 15 min at 3T in , ,
footprinting buffer with or without nucleoside triphosphates ” T- 20
(0.5 mM) prior to the addition of KMn®(8 mM). When an
used, the chain terminator-8eoxy-CTP (0.05 mM) was Boo- s

added instead of CTP. The reaction was allowed to proceed
for 1 min at 37°C and was quenched by the additionta$
volume of3-mercaptoethanol (14.7 M; Sigma). The sample
was filtered on a Sephadex G50 column (Boehringer Mann-
heim), dried, and redissolved in the primer extension buffer. ~
Primer extension, gel electrophoresis, and analysis were
performed as described above. -10
Transcription.Transcription was carried out in footprinting
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nM) at 37°C with different mixtures of nucleoside triphos- 15 - /-.17-» ' i A
phates (0.5 mM) containing 2 mCi ofif*?P]GTP (66 nM) == A
and was stopped after 15 min by the addition of an equal 20 ‘ i = L
volume of loading buffer: formamide (80%), EDTA (40 - .i ¢ - +10
mM), xylene cyanol (0.1%), and bromophenol (0.1%). <2 l l
RESULTS 1 2 3 4

Photoreactiity of Polymerase- Promoter Complexesdn FIGURE 1: Primer extension pattern on irradiated DNA in plasmids

the present study, a plasmid carrying a T7 promoter was and in complexes with RNA polymerase. Complexes formed

; : 3 . between T7 RNA polymerase (100 nM) and supercoiled templates
incubated with T7 RNA polymerase under defined conditions (5 "M) were irradiated using a UV laser as described in Experi-

and exposedota 5 nspulse of high-energy radiation (266  mental Procedures. Primer extension was carried out, again as
nm, 20 mJ containing 20 photons per pulse). The photo- described in Experimental Procedures, and the products were
reactivity of bases leads to intramolecular alterations of the separated by electrophoresis on 8% (w/v) polyacrylamide denaturing
DNA (for example to the formation of pyrimidine dimers) gels and identified by comparison to a sequencing reaction using a

: : dideoxy chain terminator (data not shown). The numbers indicate
and the formation of covalent bonds between the protein andthe modified base that results in termination of primer extension.

excited bases20, 26, 27). However, due to rapid decay of | anes: 1 and 2, extension of primer annealed to the template strand;
the excited state, cross-linking occurs only if the residues in 3 and 4, extension of primer annealed to the nontemplate strand; 1
the protein are within distances corresponding to van der and 3, irradiated DNA; 2 and 4, irradiated DNA in the presence of
Waals radii of the activated base. To identify positions on T/ RNA polymerase. Bases are numbered according to their
. L - position with respect to the start site (broken arrow). The corre-
the DNA at which cross-linking has occur.r.ed, DNAroteln sponding sequence is included adjacent to the gel with the consensus
complexes were denatured under conditions that retain thepromoter boxed.
cross-link, and each strand of the DNA was used as a
template for primer extension by the Klenow fragment of allows transcription to be extended to defined positions in
DNA polymerase. Previous results indicate that the primers the presence of appropriate mixtures of substrates, and the
are extended to a position immediately before the site of the stability of these complexes has been determined (Karasavas
cross-link @6). To facilitate discussion, we identify the and McAllister, in preparation). Binding of T7 RNAP in the
resulting bands by the inferred position of the modified base, absence of substrates resulted in an increased intensity of
rather than by the position at which DNA polymerase the bands at A17, G-5, and C-3 and a decreased reactivity
terminates. at G-7 and T-15 on the template strand (Figure 1). The
In the experiments that follow, two types of signals may intrinsic photoreactivity of the bands at positiord7 and
be observed. In the first, cross-linking of the protein results —5 (in the absence of RNAP) is very low. Their enhancement
in the appearance of a new band that is not observed in theis thus likely to result from direct contacts between the
absence of RNAP. These bands are attributed to directenzyme and the DNA. The decreased reactivity at psotions
contacts between the enzyme and the DNA, resulting in the —15 and —7 is attributed to the close approach of the
formation of a covalent cross-link which blocks subsequent polymerase. The spacing of the contacts at positiehs/—
primer extension. In the second case, the presence of thel5 and—7/—5 suggests that they may be on the same face
RNAP leads to an increase or decrease in the inherentof the DNA helix. The increased intensity of the band at
photoreactivity of a base (already visible in the absence of position+3 is also likely to result from a direct contact at
the RNAP). These changes may result either from the that position (see below).
formation of a cross-link (resulting in an increase in signal  The observed changes on the NT strand occurred at bases
intensity) or from changes in photoreactivity due to a close already possessing an intrinsic photoreactivity. Pyrimidine
approach to the base (resulting in either an increase or adimer formation took place between-18 and 717, T-8
decrease in signal intensity). and C-7, and C-5 and T-4. Those signals decreased in
UV laser cross-linking was carried out using the super- the presence of RNAP while the reactivity resulting from
coiled plasmid pPK3 as a template. The consensus promotedimer formation between €9 and T8 increased. There
in this plasmid has been placed in a sequence context thatvas also a general increase in intensity at positiohs+2,
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=-70000 +——T+T T T T T T Tk NTPs. The sequence at this promoter starts with GGGAGACU.

~21-19-17-15-13-11 -9 -7 -5 -3 -1 1 3 The products were labeled withof?P]GTP and resolved by
electrophoresis on 20% (w/v) polyacrylamide denaturing gels.
Lanes: 1 and 2, transcription in the presence of GTP alone (lane

FiGURE 2: Phosphorimager quantification of the intensity of the 1 1S an overexposed view of lane 2); 3, GTP and ATP; 4, GTP,
bands of the type shown in Figure 1 in the presence of increasing ATP, and CTP; 5, all four NTPs. Note that under these conditions

amounts of T7 RNA polymerase. The relative pixel density of high molecular mass major products do not enter the gel (not
certain bands remains unaffected by the presence of RNA poly- shown). The lengths of the transcripts and their base composition
merase. Chosen reference bands were at positict on the are indicated.

template strand ane-10 on the nontemplate strand. The pixel fynction of increasing RNA polymerase concentration. For
density of this position (e.g., positior13) for all lanes was all the positions shown, an apparéatof 50 + 10 nM was

compared to that of the naked DNA, and the resulting ratio was . . .
used to multiply other positions in each lane. Pixel density on the €Stimated. Taken together, the results of the UV irradiation

ordinates refers to the difference between these values at any giverexperiments suggest that the major van der Waals contacts
RNA polymerase concentration and that for the DNA alone. (A) made by the polymerase occur on the template strand at bases
Template strand:@&) 0 nM RNA polymerase; @) 10 nM RNA —17, -5, and+3. The increased signals at8 and Gt1,

B%Q::gggz 23 gg :&A F?l{l\lﬁ ppocl);/ynTeerZ,Se?; g) 155% ?1,\|\//|| ENQ G+2, and G+3 on the nontemplate strand may also represent

polymerase;¥) 200 nM RNA polymerase. (B) Nontemplate strand:  contacts at these positions.
(®) 0 nM RNA polymerase;®) 20 nM RNA polymerase;l) 50 Photoreactiity of Transcribing Complexe3he sequence

nM RNA polymerase; ) 80 nM RNA polymerase;£) 150 nM that lies just downstream from thel start site in pPK3
RNA polymerase; 4) 500 nM RNA polymerase. The inserts show (GGGAGACT...) allows transcription to defined positions

the variation of the normalized intensity of selected bands with . o : . .
respect to increasing concentrations of RNA polymerase. Normal- " the presence of limiting mixtures of ribonucleoside

ization was carried out by relating the given pixel density to the triphosphates. In the presence of GTP alone, the polymerase
fited asymptote assuming a hyperbolic relationship between may extend to positior-3, but due to slippage of the nascent
intensity and RNA polymerase concentration. RNA on the three C residues in the T strand from positions
+1 to+3, the enzyme abundantly produces a ladder of poly-
and+3; the bases at these positions are guanines, which argrG) products 214 nt in length 29) (Figure 3). In the

Base position

known to have an inherent photoreactivit®8). A small presence of GTP and ATP the major product is the expected
increase in photoreactivity was also observed in the bases6 nt RNA, and in the presence of GTP, ATP, and CTP the
flanking this region. major product is 7 nt. (The faster migration of the latter

The intensity of all these signals on both strands was products relative to the 6 and 7 nt poly(rG) products is
dependent on RNA polymerase concentration over the rangepresumably due to the influence of base composition on
0—500 nM (Figure 2). The data of Figure 2 were quantified migration in this gel systen30)].
using Phosphorimager analysis (Molecular Dynamics), and In the presence of GTP alone, the positioth7 contact
the relative pixel density was plotted in the inserts as a onthe T strand observed in the binary complex is maintained,
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Ficure 4: Primer extension pattern on the template strand of [ge——
irradiated plasmid DNA alone or in complexes with RNA poly- B = == G =
merase under limiting conditions of NTPs. Lanes 1, DNA alone; - -
2, DNA and RNA polymerase; 3, DNA, RNA polymerase, and ..-
GTP (0.4 mM); 4, DNA, RNA polymerase, GTP (0.4 mM), and i e e o

ATP (0.4 mM). Primer extension products were resolved by

electrophoresis on 8% (w/v) polyacrylamide denaturing gels. Bands FiIcure 5: DNase | footprinting experiments on supercoiled DNA

of interest are marked by arrows and numbered with respect to thein the presence of T7 RNA polymerase and initiating nucleotides.

start site of transcription. Free DNA and DNA in complexes with RNA polymerase were
digested by DNase | as described in Experimental Procedures and

but the contacts at positions5 and+3 are lost and two cleavage sites were revealed by primer extension. The patterns of

new signals appear atf# and C+5 (Figure 4). A general- digetstionl C;f thte teé“P'?te Strggd Lare ShoiNn icrjl éanglﬁAhnF thez

; o ; i nontemplate strand in lanes-60. Lanes: 1 and 6, alone;

ized decrease in |ntenS|t)'/.for most other bgnds is also and 7, DNA and T7 RNA polymerase: 3 and 8, DNA. T7 RNA

observed under these conditions due to absorption of the Iasebmymerase and GTP; 4 and 9, DNA, T7 RNA polymerase, GTP,

light by free nucleotides. On the NT strand there were no and ATP; 5 and 10, DNA, T7 RNA polymerase, GTP, ATP, and
observed changes in photoreactivity in the presence of GTPCTP. The double arrow indicates the position of the promoter and
(data not shown). the broken arrow the position and direction of the starting site.
Upon addition of GTP and ATP, the positierL7 contact Important reactive bands are numbered according to the position
. - of the corresponding bases with respect to the starting site.
on the T strand was maintained, but all contacts in the
initiation region from positionst-3 to +5 were lost (Figure In agreement with previous observations, a stronger
4). The addition of CTP did not alter the pattern (data not footprint was obtained in the presence of GTP (Figure 5).
shown). No changes were observed on the NT strand (dataUnder these conditions, however, the positiohs band on
not shown). Thus, a distinct upstream promoter contact is the T strand vanished while cleavage at positiehl was
maintained during the early stages of abortive initiation, in considerably enhanced, and upstream protection extended to
agreement with prior observations using hydroxyl radical position—23. When GTP and ATP were added, the footprint
footprinting (7, 9). from —23 to +11 was maintained. However, the intensity
Probing of PolymerasePromoter Contacts by DNase |  of the +11 band decreased and cleavage at posiid®
Footprinting. Previous attempts to perform DNase footprint- was restored (Figure 5). In the presence of GTP, ATP, and
ing of T7 RNAP on linear DNA in the absence of substrate CTP, protection was less pronounced on the promoter, but
were unsuccessful, possibly due to the weak binding of the overall pattern of digestion was similar to that seen for
polymerase under these conditiods12, 13, 16). However, GTP+ ATP. Protection of the promoter was abolished when
the use of a supercoiled DNA template enhances the stabilitya complete mixture of nucleotides was added, consistent with
of RNAP—promoter complexesld). To visualize potential polymerase moving away from the promoter under these
DNase l-induced nicks on a supercoiled template, we againconditions.
used primer extension, as DNA polymerase stops elongation On the NT strand, in the absence of substrate, protection
at a position that is opposite to thé-rtucleotide at the  was centered on the starting site and covered the DNA from
cleavage site. positions —17 to +16. The weak intensity of the bands
We identify the DNase | cutting positions by indicating upstream of positior-17 is due to more aggressive digestion
the base which is'go the cleaved phosphodiester bond.  of this particular sample with DNase | and was not observed
In the absence of substrate, we observed protection fromin other experiments (data not shown). Protection was
positions—21 to+11 on the T strand and enhanced cleavage stronger when GTP or GT# ATP were added (Figure 5).
at position—10 (Figure 5). Less protection of the promoter region was observed in the
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Ficure 7: Comparison of the interaction of T7 RNA polymerase
with supercoiled or linearized plasmids containing the promoter
region. Primer extension was performed on the template strand.
Lanes: 16, UV laser irradiated sample;—12, KMnQO, attack;

1-3 and 79, supercoiled plasmid;46 and 16-12, linearized
plasmid; 1, 4, 7, and 10, DNA alone; 2, 5, 8, and 11, DNA and T7
RNA polymerase; 3 and 6, DNA, T7 RNA polymerase, and GTP:
9 and 12, DNA, T7 RNA polymerase, GTP, ATP, and CTP. The
arrows indicate the position relative to the start site of transcription
of important reactive sites.

In addition to changes in KMnQOsensitivity within the

described in Experimental Procedures, and cleavage sites werd?fomoter region, other differences were also observed in the

revealed by primer extension. Lanes:-3, template strand;-610,

downstream region. Thus, in the presence of GTP and ATP,

nontemplate strand; 1 and 6, DNA alone; 2 and 7, DNA and T7 changes were observed at positief29 on the T strand and

RNA polymerase; 3 and 8, DNA, T7 RNA polymerase, and GTP;
4 and 9, DNA, T7 RNA polymerase, GTP, and ATP; 5 and 10,
DNA, T7 RNA polymerase, GTP, ATP, and CTP. KMpnO

+30MH31 on the NT strand, and when GTP, ATP, and CTP
were present, hyperreactivity was observed at thymirikk,

hyperreactive sites are marked by arrows and numbered accordingt 13, +22, and+29 on the T strand and at8, +18, and

to their position relative to the start site of transcription. The TATA
box region is indicated next to the gel.

+25 on the NT strand. However, when the experiments were
performed using '3dCTP as a chain terminator, these

presence of GTP, ATP, and CTP. The intensity of the bands hyperreactivities were no longer present, while the thymines

from positions—17 to —25 was considerably and reproduc-
tively increased in the presence of GRPATP or GTP,

in the TATA sequence remained hyperreactive (data not
shown). We conclude that the spurious downstream KMnO

ATP, and CTP. In the presence of all four nucleotides, the hyperreactivities were likely to result from complexes that
pattern was obscured downstream of the starting site (datahad extended beyond positiorts7 due to substrate con-
not shown) due to an artifact of primer extension (see tamination or to base misincorporation.

Experimental Procedures).

Probing of T7 RNAP-Promoter Complexes with Potas-
sium Permanganat&MnQO, has been used to probe single-
stranded regions of duplex DNA and/or regions in which
access to the'56' double bond in the pyrimidine ring of
thymine is in some way enhancedlj. Primer extension
allows visualization of these modifications, as Klenow

Interaction of T7 RNA Polymerase with Linear Templates.
The pPK3 plasmid was linearized, and the experiments were
repeated. In the absence of nucleotides no specific signals
due to the presence of the protein were observed by DNase
I (not shown), UV laser, or KMn@footprinting (Figure 7),
probably reflecting the poor affinity of the polymerase for
this long linear template. Nevertheless, in the presence of

terminates at the base either opposite the modified thymineGTP, the photofootprinting pattern already observed with

or one base prior to the modificatioX). Incubation of
supercoiled templates with KMnQvithout RNAP showed

supercoiled plasmid was restored (Figure 7) and all the
characteristics of an abortive complex synthesizing small

residual reactivity unique to thymine residues (Figure 6). In poly(G) transcripts were present. The permanganate hyper-
the absence of substrate, RNAP enhanced modificationreactivity at positions—3 present in an initiation complex

within the promoter region at positions3 on the T strand

on a supercoiled template (Figure 7, lanes 8 and 9) appears

and—2 on the NT strand. This pattern was observed in the only in the presence of GTP or GTP/ATP/CTP (Figure 7,

presence of GTP, GTP, and ATP or GTP, ATP, and CTP lane 12) on a linear template. These findings indicate that
(Figure 6) but disappeared in the presence of all four supercoiling thermodynamically stabilizes the open complex
ribonucleoside triphosphates (data not shown). as does the addition of the first nucleotides.
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DISCUSSION major grooves on the opposite face. A similar argument could
be made for the DNase | hypersensitivity sites observed
In binary complexes formed on supercoiled DNA UV laser petween positions-25 and—27 whenE. coli RNA poly-
cross-linking reveals major contacts on the template strandmerase binds at thec UV5 promoter. (c) An analogy can
at positions—-17, —5, and+3 and on the nontemplate strand also be drawn with the binding of cyclic AMP receptor
at position+8 (Figure 8). These four contacts are thus protein (CRP) to its target DNA, as CRP contacts DNA in
signatures of the binary complex and lie within the DNase two consecutive major grooves and bends the DNA toward
| footprint which delimits the global occupancy of the the protein, thus considerably widening the opposite minor
promoter as being from positions21 to+11. We assume  groove. The curvature is due to a kink of°4fetween the
that these signals represent the major populated species undefdjacent bases TG in the consensus sequeteThe hy-
the conditions used. perreactive DNase | sites for T7 arfiEl coli polymerases
Even though T7 RNAP anH. coliRNAP are structurally  are also located at TG steps, suggesting that a similar distor-
dissimilar and recognize different promoter sequences, theytion might exist at these positions in the respective promoters.
are functionally related. It is thus of interest to compare the  The upstream promoter contact at positieh7 lies at the
results reported here with those obtained with the bacterial extreme edge of the region defined by the consensus se-
enzyme using similar methods (Figure 2p(31—34). We quence. This base is moderately conserved among T7 pro-
note that all direct contacts between T7 RNAP and its moters, and substitution of other nucleotides at this position
promoter occur within the consensus region from positions does not greatly diminish promoter strength. Thus, we
—17 to+6 (Figure 8). This is paralleled in the situation with  identify a contact at positior17 that, although not involved
E. coli RNA polymerase at théac UV5 promoter, where  in promoter specificity, is a characteristic of the final binary
contacts are found mainly within the two consensus hexamerscomplex. This contact is located in the upstream major
at positions—35 and—10 (Figure 8), irrespective of the fact  groove facing the polymerase (Figure 8). It is accompanied
that althoughE. coli RNA polymerase interacts across four by a change in the geometry of the major groove as revealed
DNA helix turns, T7 RNA polymerase interacts across two by a decrease in thymine dimer formation between bases
helix turns. —17 and—18 on the NT strand. In thiac UV5 promoter,
Transposition of these data to a three-dimensional repre-a strong UV cross-link is made at positierB4 (26). This
sentation provides further insight into the organization of contact is also located in a major groove facing the poly-
these two nucleoprotein complexes. The respective promotersmerase and is adjacent to decreased thymine dimer formation
are depicted as canonical B-form DNA from two viewpoints between T35 and 736 (Figure 8), again indicating a major
orientated at 180with respect to each other in Figure 8. groove oriented intrusion. In this respect, the nature of the
This choice of orientation is based upon the results of contact at position-34 is similar to the contact at position
experiments using ethylation interference and protection —17 in the T7 promoter, possibly reflecting a common
toward cleavage by FEEDTA (9, 32, 35). Both polymerases  function. We suggest that the polymerases use these major
predominately view a single face of their respective promot- groove contacts as important anchorage points, working in
ers (untwisting of the putative open region around positions synergy with downstream contacts in or around the putative
—5 to +2 for T7 and—10 to +4 for lac perturbs the local  locally melted regions in initiation complexes.
DNA structure such that the orientation of the contacts within  All previous studies of binary complexes formed by T7
this interval and downstream is ambiguous). If, however, we RNAP with its promoter failed to detect RNAfromoter
limit our analysis to that part of the DNA which we know is  contacts downstream of positier3, even though this region
duplex in the final open complexes, then it is striking that must be melted open prior to or during initiation. The results
the contacts at positions17 and—8 for T7 RNAP and in this study reveal these contacts for the first time and
position —34 for E. coli RNAP are located in the major demonstrate changes in the nature of the contacts during the
groove facing the polymerase. In neither case are contactsearly stages of initiation. Sousa and co-workers demonstrated
observed on the opposite face. that formation of an open complex, while rapid, is thermo-
On a straight double-stranded helix, the distance separatingdynamically disfavored on linear templatels3).
the extreme border of the footprints, as revealed by DNase As we and others had shown that the stability of binary
I, appears to be greater than the size of the T7 RNA complexes is greater on templates in which the collapse of

polymerase. Such was also the caseHorcoli RNAP. In the open complex is less favored (i.e., on partially single-
this instance it was shown that the DNA sequence was bentstranded promoters or on supercoiled templates), we chose
and wrapped around the polymera86é-41; cf. also ref42 to study the properties of RNAMpromoter complexes on

for RNA pol Il). In agreement with a hypothesis made by supercoiled plasmid templates. However, we have also
Sousa 2), we postulate that the same type of distortion is performed similar analyses on linear templates. At concen-
also induced by T7 RNA polymerase binding on the trations of RNAP that give saturating signals at positions
following grounds: (a) recent observations by Martin —17 and +3 supercoiled templates, no corresponding
(personal communication) using gel shift assays have signature was obtained on linear templates, nor were thy-
provided physical evidence for bending of the promoter upon mines reactive toward KMnQin the putative open region
binding of the polymerase. (b) DNase | cleavage is enhanced(Figure 7).

whenever there is widening of the corresponding minor In the binary complex on a supercoiled template, T7
groove @3), and we observe a DNase | hypersensitive site RNAP makes contacts at positionss and+3 on the T

at position —10. A strong bend here would place the strand. These contacts straddle the putative melted region
corresponding minor groove at the outside, such that the defined by endonuclease sensitivigh). In contrast, at the
enzyme could contact at positiorsl7 and—8 through the lac UV5 promoter,E. coli RNAP makes contacts predomi-
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Ficure 8: (Upper panel) Summary of contacts between the T7 (I)Enebli (1) RNA polymerases and their respective T7 dad UV5

promoters on a two-dimensional projection of the DNA helix. Bases are numbered with respect to the start point of transcription; the strand
on the left is the template. Symbolk)increased photoreactivityy) decreased photoreactivity; () ) decreased pyrimidine dimer formation;
(®) KMnO,4 hyperreactivity; @) DNase | hypersensitivity;&) DNase | protection. (Lower panel) Three-dimensional representation of the

contacts between the T7 (A, C) aid coli (B, D) RNA polymerases and their respective T7 consensudaattl/5 promoters. The DNA

was drawn in a B-form using the Insight Il software on a Silicon Graphics station. The template strand is white and the nontemplate strand
is blue. Sequences shown are the same as those presented in the upper panel from p83itiorss. Panels A and B represent that side

of the helix of the promoter facing the polymerase; panels C and D represent the same sequence rotafed g i&Qical line indicates

the +1 start site of transcription. Color code for the bases: red, increased photoreactivity; green, decreased photoreactivity and decreased

pyrimidine dimer formation; orange, KMn{hyperreactivity. Color code for the phosphates: yellow, DNase | hypersensitivity.
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nantly within the melted region and on the NT strand (ref REFERENCES

19 and references therein). It is noteworthy that KMnO
sensitivity is also confined to this region (i.e., positioi2
on the NT strand and position3 on the T strand for T7
RNAP and positionst1, +2, —8, —9, and—11 on the T 2.
strand forE. coliRNAP) (Figure 8). This reactivity is located

at the TATA box and close to the starting site. There is
clearly a substantial difference in the relative size of the two
putative open regions. The manner in which the two enzymes
nucleate and maintain the melted regions may therefore
involve different mechanisms.

Specific recognition of the promoter by T7 RNAP involves
interactions between amino acids in the specificity loop
(residues 742773) and the base pairs from positiond1 8
to —8 (45, 47). On the basis of the functional groups
involved, it has been proposed that T7 promoter recognition
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