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ABSTRACT: Chemical and enzymatic probing (footprinting) of the reactivity of the promoter DNA backbone 
is applied to characterize two binary open complexes, RP,j (-Mg2+) and RP,2 (+Mg2+), formed by 
Escherichia coli RNA polymerase (Eu70) at the A.PR promoter. We report that HO. detects major differences 
in backbone reactivity between RP,1 and RP,;? in the open region from -4 to -I- 1 relative to the transcription 
start site. Deoxyribose sugars at positions -4 to $1 of the t (template) strand react with HO- in RP,;! but 
are relatively protected in W,I. Binding of Mg2+ to convert RP,1 to RP,2 therefore increases the reactivity 
of two negatively charged footprinting agents [Mn04-; Suh, W.-C., Ross, W., & Record, M. T., Jr., 
(1993) Science 259, 358-361; and Fe(EDTA)2-/HO~] at the start site and is required for binding of the 
negatively-charged initiating nucleotides to the polymerase and the t strand at the start site. We propose 
that these effects result from binding of two Mg2+ ions to the catalytic carboxyls in the nucleotide binding 
sites. Except for the key region on the t strand at the start site, the promoter DNA of both RP,I and RP,;? 
is continuously protected from DNase I and hydroxyl radical (HO.) cleavage between the - 12 and $25 
promoter positions. Protection in the upstream region, extending from -13 to about -70, is periodic, 
with an 11 base pair periodicity indicative of binding of polymerase to a single face of the DNA helix. 
Since the backbone of approximately 6-7 of every 11 base pairs are protected, binding may involve a 
relatively deep surface groove of Ea70. Major enhancements of HO. and DNase I cleavage at -38 and 
-48 suggest bending-induced distortion of the double helix, consistent with a model in which the upstream 
region of the promoter DNA is wrapped around Ea70. Mg2+ binding in the RP,1 -, RP,;! conversion 
causes changes in the extent of the HO- enhancements. Structural models for the two open complexes 
at APR are discussed and compared in the context of RP,2 (+Mg2+) at different promoters. 

Kinetic studies of the formation of the final binary open 
complex (RP,2) between Escherichia coli RNA polymerase 
(Eu70) and thejlPR promoter first suggested the existence of 
an intermediate open complex (RP,l) and indicated that -3 
Mg2+ ions are required for the transition from RP,1 to RP,2 
(Suh et al., 1992). Neither negative supercoiling nor 
increased temperature is sufficient to drive this conversion 
in the absence of Mg2+ at mM concentration (Suh et al., 
1993). This specific requirement for Mg2+ uptake in the 
RP,I - RP,;? conversion contrasts with the nonspecific 
competitive role of cations (including Mg2+) in two preceding 
steps which affect the local phosphate charge density of 
promoter DNA. 

-3Mg2+ 

\ 

-12Na+(or - 6Mg2+) -8Na+(or - 4Mg2+) 
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KMn04 probing in the presence and absence of Mg2+ 
showed that the two complexes differ in the extent of DNA 
base accessibility in the melted region surrounding the 
transcription start site (+l; Suh et al., 1993). A key 
difference between the two complexes is that the’start site 
base on the t (template) strand is accessible to Mn04- in 
RP,2 but not in RP,,. Do these differences result from Mg2+ 
binding at the start site? Does Mg2+ binding have effects 
distant from the start site? Does Mg2+ binding affect 
structure andor local charge densities in the Eo70-promoter 
complex? What differences in accessibility of the DNA 
backbone exist between the two complexes? To address 
these questions, we have employed HO- and DNase I to 
footprint the n (nontemplate) and t strands of the DNA 
backbone in both open complexes. 

Factors Affecting DNase I and HO .Reactivity (Footprint- 
ing) at a Site. The amount of reaction at a site in a fixed- 
time footprinting assay is determined by (i) the intrinsic rate 
constant for reaction with a fully accessible site, (ii) the 
fractional accessibility of a site, and (iii) the local concentra- 
tion of the reagent at the site. In general, reactivity is reduced 
relative to free DNA; this reduction is termed “protection”. 
At a limited number of sites, reactivity is increased relative 
to free DNA; these increases are termed “enhancements”. 
Important considerations involved in a structural interpreta- 
tion of the HO. and DNase I footprints are described below. 

Intrinsic Reactivity. DNase I binds in the minor groove, 
contacting a total of six phosphates (two from one strand, 
four from the other) over six base pairs (bp) (Suck et al., 
1988). DNase I cleaves the phosphodiester bond of a site 
at sequence-specific rates, leaving 5’-phosphate and 3’- 
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hydroxyl ends (Stryer, 1988). Hydroxyl radicals are 
produced by the Fenton reaction between Fe(EDTA)2- and 
H202 (Price & Tullius, 1992). Hydroxyl radicals scavenge 
a hydrogen atom from the sugar ring; subsequent elimination 
of the DNA nucleoside leaves 5'- and 3'-phosphate ends 
(Price & Tullius, 1992). HO. cuts all positions of unbent B 
DNA with little sequence specificity. 

Accessibility (Steric Effects). DNase I, which is -40 8, 
in diameter (Leblanc & Moss, 1994), provides a lower 
resolution footprint than HO- because of steric effects. 
DNase I, but not HO-, may be sterically excluded from water- 
accessible positions. If Fe(EDTA)2- and/or H202 are 
excluded from a site, then the extent of reaction is expected 
to be limited by the short lifetime of HO.. Decreased cutting 
by both HO. (Price & Tullius, 1992) and DNase I (Drew & 
Travers, 1984) has been observed at A,, tracts where the 
width of the minor groove is thought to be reduced [reviewed 
in Travers (1989)l. 

Local Concentration of Reagent (Charge Effects). Eu70 
binding may locally neutralize or reinforce the high negative 
charge density of the DNA backbone, affecting local 
reactivity of both HO* and DNase I. The active site of DNase 
I is positively charged; three arginine side chains interact 
directly with an octanucleotide in a crystallized complex 
(Suck et al., 1988). Fe(EDTA)2- and ascorbate are nega- 
tively charged. A local reduction in negative charge density 
near the DNA backbone should increase the local concentra- 
tions of Fe(EDTA)2- and ascorbate, and hence of hydroxyl 
radicals (Lu et al., 1990; Zhong & Kallenbach, 1994), while 
decreasing the local concentration of the DNase I active site. 

Interpretation of Enhancements. In co-crystals of DNase 
I with an octanucleotide (Suck et al., 1988), DNase I binding 
in the minor groove increases the minor groove width by 3 
A, inducing a 21.5" bend toward the major groove. This 
result is consistent with the observation [reviewed in Travers 
(1989)l that DNase I preferentially cleaves sites located in 
bent DNA with a widened minor groove. For example, the 
crystal structure of a CAP-DNA complex reveals that two 
DNase I hypersensitive sites are located in the widened minor 
groove at -40" kinks (Schultz et al., 1991). DNase I 
enhancements are therefore interpreted as sites of local 
bending toward the major groove. Enhancements of HO- 
cleavage in RNA polymerase-promoter complexes have not 
previously been discussed. We propose that they result from 
greater steric accessibility and/or local reductions in negative 
charge density of the DNA backbone at the outwardly 
directed surface of a protein-induced bend. 

MATERIALS AND METHODS 

Enzymes and Chemicals. E. coli K12 RNA polymerase 
holoenzyme (Eu'O) was purified in this laboratory by existing 
methods [Burgess and Jendrisak (1975), as modified by 
Gonzales et al. (1977)l and stored in Eu70 storage buffer 
[50% glycerol, 10 mM Tris (pH 7.5 at 4 "C), 100 mM NaC12, 
0.1 mM dithiothreitol (DTT), 0.1 mM EDTA] at -70 "C. 
This preparation was determined by filter binding to be 
approximately 25% active; concentrations cited below refer 
to active holoenzyme. Magnesium chloride hexahydrate 
(purity 99.995%) was from Aldrich (Milwaukee, WI). Other 
chemicals were analytical grade. 

Buffers. Binding buffer (BB) contains 10 mM potassium 
HEPES (pH 7.5),50 mM NaC1,O.l mM EDTA, 1 mM DTT, 
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100 pglmL bovine serum albumin and, when indicated, 10 
mM MgC12. The concentration of the MgC12 stock was 
verified by inductively coupled plasma emission spectroscopy 
(Leeman Lab, Inc. plasma spectrometer, UW Chemistry 
Department). TBE contains 89 mM Tris base, 89 mM boric 
acid, and 2 mM EDTA. Alkaline formamide loading buffer 
contains 85% formamide, 10 mM NaOH, 1 mM EDTA, 
0.1 % xylene cyano1 (XC), and 0.1 % bromophenol blue 
(BPB). Urea loading buffer consists of 8 M urea, 0.5 x TBE, 
0.05% XC, and 0.05% BPB. 

APR Promoter DNA. The JPR promoter (-60 to +20) is 
contained on plasmid pBR81. A previous description of 
pBR81 (Suh et al., 1993) is incorrect. An 80 bp synthetic 
APR cassette was inserted into the HpaI and SalI sites of 
pBend 5 (Zwieb & Adhya, 1994) with transcription directed 
toward the SalI site. The EcoRV-Sal1 fragment from the 
resulting plasmid (pBR8O) was ligated into the corresponding 
sites on pBluescript I1 SK(-) (Stratagene, LaJolla, CA) to 
make pBR8 1. 

pBR81 was purified using a maxi kit by QIAGEN, Inc. 
(Chatsworth, CA) and digested with BssHII, which cleaves 
at positions $77 and -226 relative to +l. The BssHII 
fragment was labeled at the 3' end of the n strand with 
[a-32P]dCTP using Sequenase DNA polymerase (USB, 
Cleveland, OH) and alternatively at the 5' end of the t strand 
with [Y-~~PIATP using T4 polynucleotide kinase after 
dephosphorylation with CIP. Uniquely end-labeled, 187 bp 
fragments were generated by digestion with SmaI, which cuts 
at position - 110 of APR. The APR containing fragments were 
separated from unwanted fragments by 5% polyacrylamide 
gel electrophoresis, band excision, and elution. They were 
purified and concentrated using Elutip-d columns (Schleicher 
and Schuell, Keene, NH). 

Formation of Open Complexes. APR-containing DNA 
fragments (187 bp) were incubated at 25 "C for 20 min with 
a 10-60-fold excess of Eu70 in 20-40 p L  of BB with or 
without 10 mM MgC12. Based on ethidium bromide dot 
quantitation (Selden & Chory, 1987) of representative 
labelings, the DNA concentration in these experiments was 
approximately 0.5 nM. 

Backbone Cleavage with HO-. Fe(EDTA)2- was prepared 
< 2  min before starting the reactions by mixing equal 
volumes of 120 mM ammonium iron (11) sulfate and 240 
mM NaZEDTA (pH 8) solutions. Exactly 15 s after addition 
of heparin (final concentration 5 pglmL) to the Ea70- 
promoter complexes, reagents for HO- footprinting were 
added over a 15 s period in the following order: sodium 
ascorbate to 1 mM, H202 to 0.03%, and Fe(EDTA)2- [final 
concentrations 9 and 18 mM for Fe (11) and Na2 EDTA, 
respectively]. After a 2 min incubation at 25 OC, HO* were 
quenched by the addition a thiourealEDTA solution (final 
concentrations 9.5 mM thiourea and 1.7 mM EDTA). The 
DNA was ethanol-precipitated in the presence of 10 pg of 
glycogen, washed once with 200 pL  of ice-cold 90% ethanol, 
and resuspended in 5- 15 p L  of alkaline formamide or urea 
loading buffer. 

Three experiments were performed in the "single-hit'' 
regime ( < l  scission per DNA molecule). Control experi- 
ments were performed in which Eu70 storage buffer was 
substituted for Because glycerol quenches HOW, the 
final glycerol concentration must be (3%. Therefore, the 
maximum Eu70 concentration is limited by the 50% glycerol 
in the storage buffer. 
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the absence of Mg2+, and RP02, formed in the presence of 
10 mM Mg2+ (Figure 1A). Figure 1 is representative of three 
experiments. The pattern of cleavage of the uncomplexed 
DNA is quantitatively similar in both the presence and 
absence of Mg2+ (data not shown). Phosphorimager analyses 
demonstrate two major differences between the footprints 
of the DNA backbone in RP,I and RP02: (i) At the start site 
(-4 to + l )  of the t strand, the extent of protection of the 
backbone from reaction with HO* is significantly reduced 
in RPo2 relative to RPoI, although these positions in RP,2 
remain less reactive than in uncomplexed DNA. Phospho- 
rimager analysis of the gel shown in Figure 1A is displayed 
in Figure 1B. (ii) On the t strand in RPol, reproducible 
enhancements of backbone cleavage relative to free DNA 
are observed at positions -35 to -38 and -47 to -49; the 
extent of enhancement is similar in the two regions. On the 
same strand in RP02, the extent of enhancement is much 
greater than in RP,I at position -38, whereas the enhance- 
ments decrease significantly at positions -47 to -49 (Figure 
2). No reproducible enhancements were observed on the n 
strand. 

In addition to the above-mentioned specific features of 
RP01 or RP02, other features of the HO. footprints are 
common to both complexes (Figure 4). For RP02, many of 
these features are directly comparable to those previously 
noted for other promoters; no previous comparison of the 
HO. footprints of RPol and RP02 has been published. The 
HO* footprints of both complexes extend from at least -70 
to +24. Both the open and initial transcribed regions are 
continuously protected from -19 to $24 on the n strand 
and from - 12 to +24 on the t strand (with the exception of 
positions -4 to +1 in RP02). In the upstream region, from 
- 13 to -70, moderately protected regions separate strongly 
protected regions from regions which are weakly protected, 
unprotected, or even enhanced. The backbones of ap- 
proximately 6-7 out of every 11 nucleotides are strongly 
or moderately protected from HO. cleavage. This periodic 
pattern of protection spans five helical turns with a periodicity 
similar to that of the DNA helix (-11 bp). Positions of 
relative maxima (and also of relative minima) in the 
protection pattern are offset by about 3 bp between the t 
and n strands. 

DNase I Footprinting. No significant differences were 
observed between the DNase I footprints of RPol and RP02 
in three independent experiments (cf. Figure 3). Features 
of the DNase I footprints are also summarized in Figure 4. 
These features are similar to those of footprints observed in 
Mg2+-containing buffers at other promoters (see Discussion). 
The most striking feature of the DNase I footprints are 
reproducible enhancements at -38 and at -481-49 on the 
t strand and -43, -45, and -46 on the n strand. The 
enhancement at -38 is much stronger than the others. 

The DNase I footprints extend from -57 to +20 and from 
-52 to +25 on the t and n strands, respectively. Like the 
HO* footprints, the DNase I footprints show continuous 
protection in the downstream region and periodic protection 
in the upstream region. Except at the upstream end of the 
footprints, binding of Eu70 protects more of the promoter 
DNA from DNase I attack than from HO., giving a pattern 
of continuous protection broken occasionally, in the upstream 
region, by one to five partially protected, unprotected, or 
enhanced sites (see Figure 4 for a comparison of the DNase 
I and HO. footprints). 

Backbone Cleauage with DNase I. DNase I requires Mg2+ 
cofactor to hydrolyze the phosphodiester bonds of DNA; 
Ca2+ exhibits a marked synergistic effect with Mg2+ (Melgar 
& Goldthwait, 1968). To obtain the footprint of RPol 
(-Mg2+), complexes formed in the absence of Mg2+ were 
probed with DNase I at 0.5 mM MgC12,OS mM CaC12,60- 
150 ng1mL DNase I for 10 s at 25 “C. KMn04 footprinting 
[performed as in Suh et al. (1993)l showed that these 
concentrations of Mg2+ and Ca2+ did not cause significant 
conversion of RP,I to RPo2 under the conditions of our assay. 
For probing RPo2, a DNase I stock containing Ca2+ was 
added to complexes formed in the presence of 10 mM Mg2+ 
(final concentrations 0.5 mM CaC12 and 40-100 ng/mL 
DNase I) and incubated at 25 “C for 10 s. DNase I digestions 
were stopped by the addition of EDTA and sodium acetate 
to final concentrations of 35 and 320 mM, respectively. 
Phenol (100 pL) was added immediately, and samples were 
vortexed and placed on ice until all reactions were finished. 
The aqueous phase was diluted to 100 p L  with 0.3 M sodium 
acetate and prepared for gel loading as for the HO. reactions. 

Control experiments were performed for both the +Mg2+ 
and -Mg2+ conditions by the protocol described above 
except that Eu70 storage buffer was substituted for Eo70. Two 
experiments were performed in the “single-hit” regime. 
Figure 4 (below) was based on the two “single-hit’’ experi- 
ments and a third experiment exceeding the “single-hit” limit 
which nevertheless was consistent with the two “single-hit” 
experiments. Reported DNase I cleavage sites refer to the 
phosphodiester bond involving the 3’-hydroxyl and the 5‘- 
phosphate of the nucleotide, respectively, for the n and t 
strands. 

Gel Analysis of DNA Cleauage Products. Samples were 
heated to 90 “C for 3-10 min, and 10 000-30 000 cpm 
(Cerenkov) per lane were applied to an 8% or 10% 
denaturing polyacrylamide gel (19: 1 w/w acrylamidehis 
acrylamide, 7.2-8 M urea, 0 . 5 ~  TBE) with dimensions 40 
cm x 33 cm x 0.4 mm. Gels were electrophoresed at 
2000-2500 V for 2-4 h, dried, autoradiographed with 
Cronex Lightning Plus intensifying screen overnight at -70 
“C, and analyzed with a Molecular Dynamics, Inc. (MD, 
Sunnyvale, CA) phosphorimager. G+A sequencing was 
performed as described by Maxam and Gilbert (1980). 

Phosphorimager Analysis. Semiquantitative evaluation of 
the protectiodenhancement of cleavage of each residue was 
made by comparison with control lanes lacking Graphs 
compared here have been normalized for small differences 
in gel loading using the Image QuaNT program (MD, version 
4.1). Normalization was based on the two-dimensional 
distribution of the intensities of three or more consecutive 
bands outside of the footprint region. Both upstream and 
downstream bands were considered, and the normalization 
was performed using bands which minimized the observed 
enhancements. All normalizations were checked visually by 
overlaying footprint and control lane traces (e.g., Figure 2 
below). These overlays were created by importing the graph 
coordinates from Image QuaNT into Microsoft Excel and 
adjusting the data set by the appropriate normalization factor. 

RESULTS 

HO. Footprinting. HO- was used to obtain high-resolution 
footprints of the DNA backbone of both the t and n strands 
in two Eu~O-APR binary open complexes: RP,I, formed in 
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FIGURE 1: (A) Representative HO* footprints of the APR-EcJ~O complex. For both the t and n strands, representative HO* cleavage patterns 
of free promoter DNA in the absence (lanes 3 and 9) and presence (lanes 4 and 10) of Mg2+ and of the open complexes RP,, (-Mg2+) 
(lanes 5 and 11) and RP02 (+Mg2+) (lanes 6 and 12) at 25 "C are shown. (G -I- A)-sequencing (Maxam & Gilbert, 1980; lanes 2 and 8) and 
uncut DNA controls (lanes 1 and 7) were performed for both strands. (B) Increased accessibility of the transcription start site in RPO2 vs 
RP01. The HO* footprints in Figure 1A were quantified using a Molecular Dynamics phosphorimager. The scans of RP,I and RP02 were 
compared for both the t (lanes 5 and 6) and n (lanes 11 and 12) strands. 

DISCUSSION 

Unique Features of RP,] and the Conversion to RP,2. 
Conversion of RP,] to RP,2 at APR requires the uptake of 
-3 Mg2+ ions (Suh et al., 1992). We have exploited this 
requirement in order to footprint these two open complexes 
individually and to compare their structural properties. In 
this section, we consider our novel HO. and DNase I 
footprinting data in the context of previous KMnO4 data (Suh 
et al., 1993) on RP,] and RP,2 at APR and structural data on 
Ea70 and other polymerases (referenced below) to develop 
a model for the events accompanying Mg2+ binding to form 
the final binary open complex (RP,2) on the path to 
transcription initiation. 

In RP,], the sugar-phosphate backbones of both DNA 
strands in the vicinity of the start site are strongly (moderately 
at -2) protected from both HO* and DNase I (Figures 1A 
and 3). However, many of the pyrimidine bases on both 
strands in this region are at least somewhat reactive to 
Mn04-, which reacts with unpaired or distorted pyrimidines 
(Hayatsu & Ukita, 1967; Borowiec et al., 1987). In particular 
the -4, -3, and (to a lesser extent) +2 thymines on the n 
strand and the -8, -9, and -11 thymines and the -12 
cytosine on the t strand exhibit some reactivity with Mn04- 

in the absence of Mg2+. Suh et al. (1993) concluded that 
the reactive bases in the region immediately upstream of the 
start site (from at least -3 to - 12) were unpaired and were 
incompletely protected from Mn04- by interactions with 
Ea70. Thymines, at -7 and -10 on the n strand are 
unreactive, suggesting that they may be unpaired but 
protected by Ea70. 

Upon uptake of -3 Mg2+ ions (Suh et ala, 1992), the -4 
to +1 backbone and the +1 thymine on the t strand become 
accessible to HO* (Figure 1) and Mn04-, respectively, and 
the Mn04- reactivity of already reactive pyrimidines in- 
creases. Because in RT,] the +1 thymine is unreactive and 
the +2 thymine is only weakly reactive, and because the 
increase in Mn04- reactivity in the conversion to RP,2 is 
large at these positions, Suh et al. (1993) concluded that the 
bases at the start site (+l ,  +2) became unpaired in a 
conformational change accompanying Mg2+ binding. Al- 
ternatively, if the weak reactivity of the +2 thymine in RP,, 
signifies that this position is unpaired but partially protected 
by Ea70, then the entire region (+2 to - 12) may be unpaired 
in RP,,. In this case, the increased reactivity to Mn04- at 
positions + 1 and +2 in RP02 may result from increased steric 
access of the reagent and/or an increase in the local 
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Template strand 

l l d  -Mg2+ 
- -RNAP 
- +RNAP 

+Mg2+ 
- -RNAP 

-38, -39 --+RNAP 

FIGURE 2: Differences in enhancements of HO* cleavage in RPol 
and RP02. Each footprint lane was compared with its respective 
control lane lacking Ea70. For the t strand, the RPol and RP02 
footprints (light lines) are compared with their respective uncom- 
plexed DNA control (heavy lines) lacking or containing Mg2+. 

concentration of the reagent accompanying the binding of 
Mg2+. 

The existence of two crucially important Mg2+ binding 
sites near the start site can be inferred by analogy to structural 
studies on other polymerases. In the E. coli DNA poly- 
merase Klenow fragment, rat DNA polymerase p, HIV 
reverse transcriptase, and T7 and T7/T3 RNA polymerases, 
a cleft between finger- and thumb-like structures (described 
as the palm of a hand) contains two aspartates and, in some 
cases, a third carboxylate residue, which serve as sites for 
complexing two Mg2+ ions (Pelletier et al., 1994; Steitz et 
al., 1994). Two homologous aspartates are invariant among 
three families of DNA-dependent DNA polymerases (pol I, 
pol a, and pol p), RNA-dependent DNA and RNA poly- 
merases, and the single-subunit RNA polymerases (Delarue 
et al., 1990). Candidates for analogous sites on Ea70 have 
been identified by cross-linking studies and mutational 
analysis; aspartates 460, 462, and 464 on p' and glutamatcs 
1272 and 1274 on p appear to be involved in nucleotide 
binding and may serve as sites of Mg2+ complexation (A. 
Goldfarb and A. Mustaev, personal communication). 

Sousa et al. (1993) propose that a catalytic pocket on T7 
RNA polymerase contains the two invariant aspartates and 
that this pocket is located near the 4-1 site during transcrip- 
tion initiation. A similar pocket on Ea70 may surround the 
-4 to +1 nucleotides on the t strand. In addition to the 
carboxylate residues implicated in nucleotide (and possibly 
Mg2+) binding, histidine 1237 and lysine 1065 (Mustaev et 
al., 1991) and lysine 1234 or 1242 (Grachev et al., 1989) of 
p and region 3 of a70 (Severinov et al., 1994) are reported 
to be part of the catalytic center and may also lie in the 
catalytic pocket. In a model where the conversion from RPOl 
to RP02 results from charge effects alone, local negative 
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FIGURE 3: Representative DNase I footprints of the ~ZPR-ECT~O 
Complex . For both the t and n strands, representative DNase I 
cleavage patterns of free promoter DNA in minimal (0.5 mM, lanes 
2 and 7) and 10 mM (lanes 3 and 8) Mg2+ and of the open 
complexes RPol (lanes 4 and 9) and RP02 (lanes 5 and 10) at 25 "C 
are shown. (Gi-A)-sequencing ladders are shown in lanes 1 and 6. 

charge density due to the Ea70 carboxylates and DNA 
phosphates may be localized in this pocket in RP,], excluding 
Fe(EDTA)*- and Mn04-. Because they react with Mn04-, 
n strand thymine bases at -4 and -3 (and perhaps +2) are 
evidently outside of the region of high local negative charge 
density. The positively charged DNase I active site must 
be sterically excluded from cutting the +1, -2, -3, and -4 
positions on the t strand in RP,1. 

If two Mg2+ ions bind near +1 in the conversion to RP02 
(as shown in Figure 5 ) ,  then it is possible that increases in 
local concentrations of Fe(EDTA)2-/HO* and Mn04- are 
entirely responsible for the increases in backbone and base 
reactivity at the start site. However, a conformational change 
in the EO~~-LPR complex probably accompanies Mg2+ 
binding, increasing the steric accessibility of HO* and Mn04- 
(and nucleotides) to the start site. The reduction of local 
negative charge density resulting from Mg2+ binding may 
also facilitate binding of the initiating nucleotide(s) by 
increasing the local concentration of the these oligoanions 
at the start site. 

In addition to the changes in HO- protection at the start 
site, changes in the HO* protection pattern distant from the 
start site are observed. At positions of enhancements 
(---38, -48) corresponding to DNA bends, HO*, but not 
DNase I, exhibits a significant change in reactivity in the 
conversion to RP02. While DNase I detects similar amounts 
of enhancement of these positions in both complexes (Figure 
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Summary Of DNase I And HO. Footprints 

J ..... DNase I . 
-70 -60 -50 -40 -30 -20 -10 +1 +10 +20 +30 

HO* 
t strand 
DNase I 

. .  . .  HO* r r i . 8  7..n.i :.n.-, rn.! :.J .... 
n strand GGATCCTCTAGAGTTGGAT~ATATCT~CACCGTGCGTGTTGACTATTTTACCTCTGGCGGTGATMTGGTTGCATGTACTAAGGAGGTTGTATGTCGACCTCGAGGG 

J ..... 
DNase I q I I I r, ,.... 

-70 -60 -50 -40 -30 -20 -10 +l +10 +20 4 0  . 
HOD 

t strand 
DNase I 

FIGURE 4: Summary of DNase I and HO- footprints of RP,, and RP,2 at dPR. The protection pattems of the triplicate DNase I and HO. 
footprinting experiments are summarized in relation to the lZPR sequence. HO- and DNase I protections are respectively illustrated above 
and below the sequence of each strand. Protections are divided into two categories, moderate and strong, represented by lower and upper 
level steps, respectively. Enhancements are shown as arrows: small, medium, and large arrows indicate weak, moderate, and strong 
enhancements, respectively. Dotted lines refer to positions where some inconsistency in the triplicate results was observed; the behavior 
observed in two of the three trials is represented. Dotted lines immediately above the sequence (no step) indicates that the position was 
unprotected or weakly protected in two experiments but moderately protected in the third. The -10 and -35 regions of the promoter are 
shown in bold. 

3 ) ,  the HO. enhancements from -47 to -49 in RP,l decrease 
in the conversion from RP,l to RP,2, while the enhancement 
at -38 increases significantly (Figure 2). Since the stoi- 
chiometry of Mg2+ binding (uptake of -3 Mg2+ ions; Suh 
et al., 1992) may exceed that expected at the start site (2 
Mg2+), it is possible that binding of an additional Mg2+ ion 
near -38 accompanies increased bending at this position, 
resulting in the large enhancement of HO. reactivity (Figure 
5) .  The effects of Mg2+ binding and increased bending could 
compensate to yield no effect on DNase I reactivity; 
increased steric access might compensate for decreased 
coulombic attraction. The reduction of HO. enhancement 
at -47 to -49 may be caused by a conformational change 
in which local bending is reduced, decreasing steric acces- 
sibility to the sites. The conformational perturbation may 
also iwrease the local density of phosphates, increasing the 
local negative charge density and decreasing the local 
concentration of HO.. 

Several related studies exist in other systems. Kuwabara 
and Sigman (1987) interpreted a Mg2+-dependent increase 
in 1,lO-phenanthroline copper reactivity at positions -3 to 
-6 of l a ~ U V 5 - E o ~ ~  complexes as a transition from a closed 
to an open complex. Meier et al. (1995) probed T7 Al-  
Thermotoga maritima RNA polymerase complexes with 
Os04 bipyridine and saw a conversion similar to that 
observed by Suh et al. (1993). Straney and Crothers (1985, 
1987) reported gel shift and footprinting evidence for two 
different lacUV5 -Eo70 open complexes in Mg2+; the 

relationship of these complexes to those studied here is 
unclear. 

Features Common to Both RP,, and RPQ While back- 
bone contacts in RP,1 have not previously been studied, 
backbone contacts in RP,2 (binary open complexes in the 
presence of Mg2+) have been studied at many promoters. 
DNase I and HO. footprinting features that are similar 
between RP,, and RP,2 at APR (Figure 4) are also common 
features of RPo2 complexes at other promoters. The principal 
conserved features have been incorporated into Figure 5 and 
are as follows: (1) continuous protection including and 
downstream of the - 10 region, ( 2 )  periodic variation in the 
degree of protection upstream of the -10 region, (3) the 
approximate position of the division between the regions of 
periodic and full protection, (4) enhancements of cleavage 
at several promoter-specific positions, and ( 5 )  the ap- 
proximate upstream and downstream footprint boundaries. 
We expect that RP,l complexes at other promoters will 
exhibit these characteristics. The implications of conserved 
features 1-5 on the structure of the E ~ ~ ~ - p r o m o t e r  com- 
plexes are discussed below. 

The promoters included in the following discussion are 
as follows: DNase I footprinting, lac U V 5  (Kovacic, 1987; 
Carpousis & Gralla, 1985; Kolb et al., 1993; Spassky et al., 
1985), rrnB P1 (Newlands et al., 1991; Ross et al., 1993), fd 
PVIII (Hofer et al., 1985), T7 A3 (Kovacic, 1987), groE, 
rpoD PHS, and dnaK P2 (Cowing & Gross, 1989); hydroxyl 
radical footprinting, groE, rpoD PHS, and dnaK P2 (Mecsas 
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-38 

-48 

FIGURE 5:  2D Model for the.;1P~-Ea’~ open complex (RP,2). The model was drayn approxipately to scale: 18 A = I cm. ;lPR promoter 
DNA was positioned on a cartoon protein of the approximate dimensions (160 A x 100 A) determined by Darst et al. (1989). In the 
upstream region, four DNA bends result in the wrapping of DNA around the protein. The small arrows show intrinsic DNA bends at An/Tn 
tracts; the large arrows show protein-induced bends. Spheres (not drawn to scale) indicate possible binding sites for the three Mg2+ ions 
(Suh et al., 1992) taken up in the conversion from RP,, to RP,2. An approximately 45” bend is included at + 1  based on the study of 
Meyer-Almes et al. (1994). 

et al., 1991), rmB P1 (Newlands et al., 1991), merR and 
merT (O’Halloran et al., 1989), lac UV5 (Kolb et al., 1993), 
and T7 A1 (Schickor et al., 1990). 

(1) Backbone protection in the downstream region is 
continuous except at the start site. Most of the DNA 
backbone on both strands is strongly protected from cleavage 
by both HO* and DNase I in the downstream region (-- 10 
to +25, or a total of -70 nucleotides). For APR and the 
promoters cited above, DNase I footprints show complete 
or partial protection on both strands at virtually every position 
in this region; HO* footprinting shows complete protection 
at every position on the n and t strands except promoter- 
specific sites on the t strand in the vicinity of the start site. 
The details of HO* accessibility of the t strand backbone 
near the start site appear to be promoter-specific. At APR, 
the t strand is partially accessible from -4 to +1 in RP,2 
but not RP,,. Similarly, the t strand at PmerR and PmerT [Ea7’ 
binds at PmerT only in the presence of the activator MerR 
and Hg(II)] is slightly accessible to HO* from -3 to -1 
and from -3 to + 1, respectively, in the presence of 2 mM 
Mg2+ (O’Halloran et al., 1989). [Unpublished experiments 
on APR (W.-C. Suh and M. T. Record, Jr.) indicate that 
incomplete conversion of RP,, to RP,2 occurs at this Mg2+ 
concentration.] The T7 A 1 promoter shows significant HO* 
reactivity from -7 to +2 on the t strand in an open complex 
in the absence of Mg2+ (Schickor et al., 1990). For 
complexes of Ea32 with various heat shock promoters [groE, 
rpoD PHS, and dnaK P2 (Mecsas et al., 1991); rpoD PHS 
showed anomalous reactivity at -21 and for Eo70 at rrnB 
P1 (in the presence of ATP, CTP; Newlands et al., 1991), 
complete protection of the start site on both strands is 
observed in the presence of 10 mM Mg2+. 

(2) Backbone protection is periodic in the upstream region. 
The periodicity of HO* protection observed in the upstream 
region of RPR is a general feature of HO* footprints of a70 

(and 03*) promoters (references cited above). The period of 
this repeat is, on average, 1 1 f 2 bp, similar to the 10.5 bp 
helical repeat of B DNA. This period indicates that Ea70 is 
binding to one side of the DNA helix (Tullius et al., 1987). 
An -3 bp offset in the footprint patterns between the n and 
t strands indicates residues which are located across the 
minor groove from one another (Tullius & Dombroski, 
1986). 

An important feature of the HO* protection pattern that 
has not previously been discussed is the large number of 
positions per helical turn that are protected. For APK, 6-7 
out of each 11 bp are either strongly or moderately protected 
from HO- cleavage. Qualitative examination of published 
HO* footprints (cited above) indicate that, on average, at least 
5 out of every 1 1  bp are strongly or moderately protected. 
One possible interpretation of this result is that periodically 
spaced protrusions from the protein surface, such as the 
helix-turn-helix motif of 0 7 0  believed to interact with the 
-35 region (Siegele et al., 1989; Gardella et al., 1989), 
interact with one side of the DNA helix. Such protrusions 
from the surfaces of Cro protein (Mondragon & Harrison, 
1991) and R repressor (Beamer & Pabo, 1992) cause a 
periodic HO- protection pattern similar to, but shorter than, 
that observed in the upstream region of APR (Tullius & 
Dombroski, 1986). A second interpretation, which we favor, 
is that the DNA lies in an extensive groove on the surface 
of the polymerase molecule. The crystal structure (at 3.1 A 
resolution) of the nucleosomal core histone octamer shows 
grooves which are thought to bind the nucleosomal DNA 
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proposed in this study. It is possible that the bend angle 
observed by Rees et al. is actually 360" + 54" = 394O, 
resulting from DNA wrapping similar to that which we 
prop0 se . 

(5) Upstream and downstream boundaries of the footprints. 
The downstream boundaries of the HO. and DNase I 
footprints of APR (+24 and +25, respectively) are similar to 
the 4 - 2 0  boundaries observed for the promoters cited above 
(except T7 Al ,  whose HO* boundary is +33). The upstream 
boundaries, -57 by DNase I and --65 by HO., are within 
the -45 to -65 range of upstream boundaries observed by 
both HO. and DNase I footprinting for the promoters cited 
above (except -73 for lacUV5 by HO.; Kolb et al., 1993). 
HO. protection beyond the region of the DNase I footprint 
is unexpected, but not unprecedented. Other examples of 
DNA binding proteins whose HO. footprints extend beyond 
their DNase I footprints are the nucleosome (Hayes et al., 
1990) and the Xenopus transcription factor TFIIIA (Vrana 
et al., 1988). The extended HO- footprint may result from 
one or both of the following scenarios: (i) Local protein 
positive charge density on the upstream end of the DNA- 
binding site on Eo70 could decrease DNase I reactivity while 
increasing HO. reactivity; (ii) binding of DNase I may 
competitively displace weak Ea70-DNA contacts in this 
region. 

CONCLUSIONS 

Because the negative charge and small size of Fe(EDTA)2- 
(i.e,, HO.) are comparable to the charge and size of the RNA 
nucleotide substrates, we have used HO- as a probe of 
nucleotide access to the DNA of APR-Eo~O complexes. HO- 
probing indicates that access of the initiating nucleotide(s) 
to the DNA start site increases in the conversion from RPO1 
to RP,2. We propose that the binding of two Mg2+ ions near 
the start site plays a key role in making the start site 
accessible to the initiating nucleotide(s), either by inducing 
a conformational change in the complex and/or 
by reducing local negative charge density. In the upstream 
promoter region, we speculate that binding of a third Mg2+ 
ion near the -38 position may locally reduce negative charge 
density and induce a change in two protein-induced DNA 
bends (at --38 and -48). These protein-induced bends, 
in combination with two intrinsic bends, appear to wrap the 
APR promoter DNA around Eo70 in both RPol and RP,2. 
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