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ABSTRACT RNA polymerase core enzyme of Escherichia
coli is composed of two a subunits and one each of the b and
b* subunits. The C-terminal domain of the RNA polymerase
a subunit plays a key role in molecular communications with
class I transcription factors and upstream (UP) elements of
promoter DNA, using the same protein surface. To identify
possible differences in the functional roles of the two a
subunits, we have developed a reconstitution method for
hybrid RNA polymerases containing two distinct a subunit
derivatives in a defined orientation (‘‘oriented a-het-
erodimer’’). The binding sites of two a C-terminal domains on
the UP element DNA were determined by hydroxyl radical-
based DNA cleavage mediated by (p-bromoacetamidobenzyl)-
EDTAzFe, which was bound at Cys-269 on the UP recognition
surface of one or both a subunits. The results clearly indicated
that the two a subunits bind in tandem to two helix turns of
the rrnBP1 UP element, and that the b*-associated a subunit
is bound to the promoter–distal region.

Escherichia coli RNA polymerase holoenzyme is composed of
core enzyme with the subunit structure a2bb9 forming the
catalytic unit for RNA polymerization and one of the multiple
species of s subunit, which provide promoter recognition
activity. The core enzyme is assembled in vivo and in vitro in
the sequence 2a3 a23 a2b3 a2bb9 (reviewed in ref. 1). The
a subunit, consisting of 329 amino acid residues, plays a key
role in RNA polymerase assembly. The N-terminal region
from residue 20 to 235 is necessary and sufficient for enzyme
assembly in vitro (2–5) and in vivo (6, 7). On the other hand,
the C-terminal region, 94 residues long, plays a key role in
molecular communications with class I transcription factors
(reviewed in refs. 8–10), including cAMP receptor protein
(CRP) (11–13), MarA (14), OxyR (15, 16), OmpR (12), Rob
(17), SoxS (18), TyrR (19), and GalR (20) [transcription
factors that require the C-terminal domain of RNA polymer-
ase a subunit, directly or indirectly, for action are designated
as class I factors (9)]. The C-terminal domain of a is also
involved in interactions with the promoter upstream (UP)
element, which has transcription enhancer activity (21–24).
The N-terminal region of a subunit for RNA polymerase

assembly and the C-terminal region for transcription regula-
tion form structurally independent domains, which are con-
nected by a protease-sensitive flexible linker (25, 26). The
tertiary structure of the C-terminal domain from residue 235
to the terminus (residue 329), as revealed by NMR (27),
implied that the same protein surface is involved in contact

with both a set of class I factors and the rrnBP1 UP element
DNA. Systematic mutagenesis of the C-terminal regulatory
domain showed that, even though these protein factors and UP
DNA sequences interact with the same protein surface, the
individual amino acid residues forming this surface differ
subtly in importance for activation as between CRP and theUP
element (28). Nevertheless, among the amino acid residues
constituting the contact surface, Arg-265 was found to play a
major role in response not only to the protein factor but also
to the DNA element.
In the assembly of RNA polymerase, the two molecules of

a subunit are considered to play different roles, with one
adjacent to the b subunit and the other to the b9 (1, 7). In terms
of subsequent function, however, the role of each a subunit
remains to be elucidated. For instance, it is not yet known
whether one or both of the a subunits are required for
molecular contacts with protein factors and UP DNA se-
quences, and if both are required, whether each a subunit plays
a different role in the process leading to transcription activa-
tion or repression. To investigate the functional role of each a
subunit in transcription regulation, we have developed a
method to reconstitute hybrid RNA polymerases containing
two different a subunits in a defined orientation with respect
to contact with the two large subunits, b and b9. Using the
hybrid RNA polymerases containing ‘‘oriented a-het-
erodimers,’’ we studied the role of each a subunit in making
contact with the rrnBP1 UP element by analysis of DNA
cleavage caused by free radicals, which were generated by
(p-bromoacetamidobenzyl)-EDTAzFe (FezBABE), attached
to the UP contact surface of one or both a subunits.

MATERIALS AND METHODS
Plasmids. A list of plasmids used in this work is presented

in Table 1. Plasmid pGEMAX185 (11), encoding a under the
control of T7 promoter, was modified to make pGEMAX190
by site-directed mutagenesis in two points: (i) two BamHI sites
were introduced into pGEMAX185 before and after the rplQ
gene, and a segment between the two BamHI sites was then
deleted to remove rplQ; and (ii) a single EcoT22I site was
introduced, overlapping codons 1 and 2 of rpoA. For produc-
tion of a proteins with hexahistidine (His6) tags, a sequence
including six histidine codons was inserted at this EcoT22I site.
Starting from pGEMAX190, a number of expression plasmids
for a derivatives were constructed. pGEMA(45A)-H6 was
constructed by inserting into pGEMAX190 a PCR product
generated using pETMA-R45A (5) as the template and a 59
primer including the EcoT22I and His6-tag sequences, whereas
pGEMACD235(45A)-H6 was also constructed by inserting a
PCR product generated using pETMA-R45A as a templateThe publication costs of this article were defrayed in part by page charge
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and the same 59 primer, but with a 39 primer including a TAA
stop codon at position 236.
For construction of the plasmid pET-a-HA for production

of a-WT with the influenza hemagglutinin (HA) nonapeptide
tag at its C terminus, a DNA duplex formed from two synthetic
oligonucleotides (XBHA-UP with sequence TCGAGTATC-
CGTATGATGTCCCCCAGTATGCGTGAG and XBHA-
LOW with sequence GATCCTCACGCATAGTCGGGCA-
CATCATACGGATAC), including a sequence for the HA tag
and having XhoI and BamHI termini at the 59 and 39 ends,
respectively, was inserted into pLAW2-H6 (7), which had
previously been treated with XhoI and BamHI. The XbaI–
BamHI fragment, including the rpoA-HA sequence, was iso-
lated and inserted into pET-21a (Novagen) between its cor-
responding sites. Plasmid pGEMA(45A)-H6-HA encoding
[45A]a with an His6 tag at the N terminus and an HA tag at
the C terminus was constructed by replacing the EcoRI–
BamHI fragment of pET-a-HA with the corresponding frag-
ment from pGEMA(45A)-H6. On the other hand, the expres-
sion plasmid, pLA-R45A-H6, of C-terminal His6-tagged
[45A]a under the control of lpp-lac promoter was constructed
from pETMA-R45A after substitution of its XbaI–HindIII
fragment by the corresponding fragment of pLAW2-H6. All
plasmid constructions were checked by DNA sequencing.
Isolation of RNA Polymerase Complexes Containing His6-

Tagged a Subunits. The expression plasmids for His6-tagged
a derivatives were transformed into E. coli HN198 (rpoA1).
Expression of the plasmid-encoded a subunits and preparation
of the cell lysates were carried out essentially as described by
Kimura and Ishihama (7). To isolate protein complexes con-
taining His6-tagged a subunits, the cell lysates were directly
subjected to affinity chromatography on a Ni21-charged ni-
trilotriacetic acid (NTA)-Sepharose (HiszBind resin, Novagen)
column. The elution buffer contained 300 mM of imidazole.
Reconstitution and Purification of RNA Polymerases with

Oriented a Heterodimers. a-WT, b, b9, s70, and all a deriv-
atives were expressed and purified as described (5, 11, 28).
Core enzymes containing various combinations of a het-
erodimers were reconstituted by mixing 5- to 10-fold molar
excess of His6-tagged [45A]a with a, b, and b9 at a molar ratio
of 1:1:1 in the dissociation buffer [50 mM TriszHCl, pH 8.0 at
48Cy1 mM EDTAy10 mM DTTy10 mM MgCl2y0.2 M KCly
20% (volyvol) glycerol] containing 6 M deionized urea. The
mixtures were then dialyzed against the reconstitution buffer
[50 mM TriszHCl, pH 8.0 at 48Cy1 mM EDTAy1 mMDTTy10
mMMgCl2y0.3MKCly20% (volyvol) glycerol] to remove urea
and the premature core enzymes thus formed were activated
by incubation for 30 min at 308C. The activated samples were
diluted with 2 vol of TGED buffer [10 mM TriszHCl, pH 8.0
at 48Cy5% (volyvol) glyceroly0.1 mM EDTAy0.1 mM DTT]
and applied to a Protein Pak G-DEAE column (Waters)

equilibrated with TG buffer [10 mM TriszHCl, pH 8.0 at
48Cy5% (volyvol) glycerol] containing 0.1 M NaCl. Core
enzymes thus assembled were separated from unassembled
subunits by elution with a linear gradient of 0.1–0.7 M NaCl
in the same buffer. Core enzyme fractions were pooled and
applied onto a Ni21-affinity column [HiTrap-chelating column
(Pharmacia) or Ni-NTA (Qiagen, Chatsworth, CA)]. The
column was washed successively with 10 3 bed volumes of
washing buffer [50 mM TriszHCl, pH 8.0 at 48Cy0.2 M NaCly5
mM imidazoley5% (volyvol) glycerol]. RNA polymerases were
eluted by 6 3 bed volumes of elution buffer [50 mM TriszHCl,
pH 8.0 at 48Cy0.2 M NaCly0.5 M imidazoley5% (volyvol)
glycerol] and concentrated by step-wise elution from a DEAE
column in an HPLC system or through centrifugal ultrafiltra-
tion [Centricon-100 filter units (Amicon)]. Holoenzymes were
prepared bymixing the purified core enzymes and 4-fold molar
excess of purified s70 at 308C for 20 min.
Protein–Protein Cross-Linking. Cross-linking of holoen-

zymes with dimethyl suberimidate (DMS) was carried out in 50
mMHepes (pH 8.0), 0.3 M KCl, 0.1 mMEDTA, 0.1 mMDTT,
5% (volyvol) glycerol at a protein concentration of 0.06mgyml.
DMS was dissolved immediately before use in 50 mM Hepes
buffer (30 mgyml), and the pH was readjusted to 8.5. After
addition of the freshly prepared DMS solution (10 ml) to
sample solutions (final volume, 60 ml), the mixture was incu-
bated at room temperature for 5 min, and the reaction then
quenched by addition of 17 ml of 5 3 SDSygel loading buffer.
Proteins were separated by electrophoresis on SDSy8% poly-
acrylamide gels and then transferred from the gel onto a
poly(vinylidene difluoride) membrane using a semi-dry trans-
fer apparatus (Bio-Rad). RNA polymerase subunits on the
membrane were detected using antibodies against a, b, b9, s70,
and influenza virus HA nonapeptide, and visualized using an
enhanced chemiluminescence Western blotting detection sys-
tem (Amersham). Anti-HA antibody was purchased from
Boehringer Mannheim.
Conjugation of RNA Polymerases with FezBABE. Two a

derivatives, [269C]a with a single cysteine at residue 269 (O.
Ozoline, K.M., T. Negishi, and A.I., unpublished work) and
[45A269C]a (R45A derivative of [269C]a), was used for
conjugation with FezBABE. Conjugation was initiated by
mixing 500 ml of a 90 mMprotein solution in 20 mMMops (pH
8.0 at 378C), 10 mM MgCl2, 0.2 M KCl, 0.1 mM EDTA, 6 M
urea with 25 ml of an 18 mM FezBABE solution in dimethyl
sulfoxide. The reaction was carried out at 378C for 1 h and then
terminated by adding 500 ml of 1 M TriszHCl. Unconjugated
FezBABE was removed by overnight dialysis at 48C against 500
ml of the dissociation buffer without DTT. The conjugated a
derivatives were stored at 2808C until needed. The hybrid
RNA polymerase carrying FezBABE on the b9-associated a

Table 1. Plasmids used

Plasmid Protein Source

pGEMAX185 Wild-type a Ref. 11
pGEMAX190 Wild-type a This work
pGEMACD235 a-235 Ref. 11
pETMA-R45A [45A]a Ref. 5
pGEMA(45A)-H6 [45A]a with His6 tag This work
pGEMACD235(45A)-H6 [45A]a235 with His6 tag This work
pET-a-HA a with HA tag This work
pGEMA(45A)-H6-HA [45A]a with His6 and HA tags This work
pGEMA269C [269C]a Unpublished work*
pGEMA(45A)269C [45A269C]a This work
pLAW2 Wild-type a Ref. 13
pLAW2-H6 Wild-type a with His6 tag Ref. 7
pLA-R45A-H6 [45A]a with His6 tag This work

HA, hemagglutinin.
*O. Ozoline, K.M., T. Negishi, and A.I.
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was reconstituted by mixing aWT, [45A269C]azFe, b, and b9 in
a molar ratio of 1:3:1:1.
FezEDTA-Mediated Cleavage of DNA. Mixtures of 32P-end-

labeled DNA fragments and FezBABE-conjugated RNA poly-
merase (20 nM) were incubated at 378C for 10 min in 50 ml of 10
mM TriszHCl (pH 7.8 at 378C), 3 mMmagnesium acetate, 1 mM
EDTA, 50 mM NaCl, 25 mgyml BSA, 10% (volyvol) glycerol.
DNA cleavage was initiated by the addition of sodium ascorbate
(final 2 mM), followed by incubation at 378C for 20 min. The
DNA was extracted with phenolychloroform, precipitated with
ethanol, and analyzed by electrophoresis on 6% polyacrylamide
gel containing 8 M urea. Bands were visualized with Bioimage
Analyzer BAS2000 (Fujix, Tokyo). The template used was the
XhoI(2160)–HindIII(150) fragment of pSL9 carrying the
rrnBP1 promoter region from 288 to 150 (29), which was
32P-labeled on the upper strand at its 59 XhoI end.

RESULTS
Theoretical Background and Experimental Approach. The

a subunit of E. coli RNA polymerase is composed of two
structural domains, each carrying distinct functions (reviewed
in refs. 8 and 9). The N-terminal domain plays a key role in
RNA polymerase assembly by providing the contact surface
for a dimerization and the binding of b and b9 subunits,
whereas the C-terminal domain plays a regulatory role in
transcription by providing the contact surface for transcription
regulatory factors including many trans-acting protein factors
and cis-acting DNA elements.
The RNA polymerase core enzyme consists of two mole-

cules of the a subunit and one molecule each of the b and b9
subunits. The two a subunits are considered to contact the
other subunits differentially and thus to play different roles in
RNA polymerase assembly and plausibly also in transcription
regulation (1, 6). The elucidation of the role of each a subunit
requires a strategy to distinguish between the two a subunits
within the assembled RNA polymerase. For this purpose, we
have developed a system to reconstitute RNA polymerase
containing two different a derivatives in a defined arrange-
ment. The method is based on the following findings: On the
N-terminal domain of the a subunit, the b and b9 subunit
assembly sites are located in two different places. The b
binding sites are located at two positions, one at residues 45–48
and the other around residue 80, whereas the b9 binding sites
are also located at two positions, one around residue 80 and the
other at residues 173–200 (3–5, 7, 30). An amutant having the
Arg-45-Ala substitution, hereafter designated as [45A]a, re-
tains the ability to dimerize but cannot form a2b complex (5).
This mutant a can, however, be assembled in vivo into RNA

polymerase. Fig. 1 shows theNi21-affinity column chromatogram
of extracts of cells harboring plasmid pLAW2, pLAW2-H6, or
pLA-R45A-H6 for expression of wild-tpe a, His6-tagged wild-
type a or His6-tagged [45A]a subunit, respectively. Both wild-
type (lane 3) and mutant (lane 4) His6-tagged a subunits were
retained on the column and eluted with a buffer containing 300
mM imidazole, whereas wild-type a without His6 tag was recov-
ered in the flow-through fraction (lane 2). Two large subunits, b
and b9, were recovered in the column-bound fractions for not
only His6-tagged wild-type (lane 3) but also His6-tagged [45A]a
(lane 4), indicating that the assembly-defective mutant a was
assembled in vivo intoRNApolymerase by forming heterodimers
with the chromosome-coded wild-type a. In fact, the [45A]a
subunit was assembled in vitro into core enzyme by mixing with
wild-type a subunit (see below). In the core enzyme containing
the a heterodimer, it is expected that the a-WT associates with
theb subunit but themutant [45A]a, being defective inb contact,
binds to the b9 subunit.
To obtain pure preparations of such hybrid RNA poly-

merases, free from a-WT homodimers and containing differ-
ent species of the a subunit in defined orientations (oriented
a-heterodimer), we carried out the mixed reconstitution using

the [45A]a mutant with an His6 tag at its N terminus and
a-WT, and isolated the hybrid RNA polymerase by Ni21-
affinity column chromatography. An exposed hexa-histidine
stretch in a protein molecule immobilizes it on a Ni21-chelating
resin (31, 32). This strategy has already been successfully
applied for the isolation of RNA polymerase having the His6
tag on a at either N or C terminus (7, 33).
Reconstitution of Hybrid RNA Polymerases. For construc-

tion of the hybrid RNA polymerases containing one wild-type
and one C-terminally truncated a in both of the possible
orientations, we carried out mixed reconstitution using two
combinations of a subunits: a-WT plus a mutant a carrying
both C-terminal deletion of 94 residues and Arg-to-Ala sub-
stitution at residue 45 ([45A]a235) and a-235 plus full-length a
with R45A mutation. In both cases, the a derivatives carrying
the R45A mutation should become associated with the b9
subunit. The first reconstitution mixture included one a-WT
and oneHis6-tagged C-terminally truncated a-235 with [45A]a
mutation, and should yield a hybrid enzyme in which a-WT is
associated with the b subunit and a C-terminally truncated a
is associated with b9 (hereafter designated as ab-a235b9). The
second mixture included a-235 and [45A]a-His6, and should
yield the hybrid enzyme a235b-ab9. None of the a derivatives
carrying the [45A] mutation used in this study were able to
form RNA polymerase in the absence of intact helper a
subunit (data not shown), but all a heterodimers were assem-
bled into complete enzyme as efficiently as a-WT homodimer
(data not shown).
The RNA polymerase preparations produced in this way

contained, after purification by DEAE column chromatogra-
phy, two different species of core enzyme, one containing a
homodimers and the other containing a heterodimers with an
His6 tag. By Ni21 column chromatography we could purify the
RNA polymerases containing a heterodimers. To prevent
their possible contamination by molecules containing a ho-
modimers due to aggregation of the core enzyme, which is
favored at low salt concentrations, the enzyme purification was
carried out at 0.2MNaCl concentration. Elution profiles of the
Ni21 column chromatography are shown in Fig. 2. All RNA
polymerase without the His6 tag was recovered in the flow-
through and wash fractions (Fig. 2, lanes 2 and 3), and none in
the eluted fraction (Fig. 2, lane 4). On the other hand, the
a235b-ab9 hybrid RNA polymerase carrying the His6 tag at the
N terminus of [45A]a bound to the Ni21 column, and was
recovered in the eluted fraction (Fig. 2, lane 8). The ab-a235b9

FIG. 1. Assembly of mutant [45A]a into RNApolymerase. Extracts
of E. coli cells expressing wild-type a (lane 2), His6-tagged a (lane 3),
or His6-tagged mutant [45A]a (lane 4) were fractionated by chroma-
tography on Ni21-chelating columns. Bound proteins were eluted with
a buffer containing 300 mM imidazole and fractionated by SDSy9%
PAGE. The gel was stained with Coomassie brilliant blue.
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hybrid RNA polymerase with His6 tag at the N terminus of
[45A] a235 was also isolated by the same procedure (data not
shown). The binding ability of the hybrid enzymes to the Ni21
column was, however, not high under the conditions employed,
and approximately one-half of the His-tagged enzymes were
eluted in the flow-through and wash fractions (Fig. 2, lanes 6
and 7). Possibly, the His6 tag associated with the N terminus
of the a subunit is partially buried in the assembled core RNA
polymerase. We also subjected the purified core enzymes to
Ni21 column chromatography after the addition of s70 subunit.
The holoenzymes carrying the His6 tag at one a N terminus
were recovered in the eluted fraction, but the holoenzyme
without the His6 tag did not bind to the Ni21 column (data not
shown).
Subunit Composition of the Hybrid RNA Polymerases. As

one way to assess the purity of the hybrid RNA polymerases,
we have determined the stoichiometry of the two types of a
subunit in the final RNA polymerase preparations. As stan-
dards, we used both native core enzyme that had been purified
from E. coli cells by repeated chromatography on phospho-
cellulose columns, and reconstituted core enzyme containing
a-235 that has been purified by repeated chromatography on
DEAE columns in a HPLC system. The test samples and
standards were subjected in parallel to SDSy12% PAGE and
stained with Coomassie brilliant blue (Fig. 3A). The intensity
of each stained band was quantified by using a PDI-imaging
analyzer (PDI Imaging Systems, Huntington Station, NY) and
the amounts of the a subunits were calculated after normal-
izing their intensities against those of the bb9 subunits (Fig.
3B). Because the relative intensities of intact a and a-235 were
almost the same between ab-a235b9 and a235b-ab9, we con-
clude that both of the hybrid enzymes contain the two different
a subunits in a stoichiometry of 1:1.
Although [45A]a by itself is completely defective in b subunit

binding (5), it has not yet been concluded that [45A]a might
regain the ability to associate with b subunit after forming a
heterodimer with a-WT. To examine the orientation of the two
a subunits within the reconstituted hybrid RNA polymerases
directly, we performed protein–protein cross-linking experiments
using the reagent DMS. To discriminate between the a subunits
in the hybrid enzymes, we added a tag of influenza virus HA
nonapeptide sequence (HA tag) at the C terminus of wild-type

or [45A] a subunit, and then reconstituted two types of hybrid
core enzyme, aHAb-[45A]ab9 and ab-[45A]aHAb9. The core
enzymes were converted into holoenzymes by adding excess s70

subunit and treated for cross-linking with DMS. After SDSy8%
PAGE,Western blotting using specific antibodies against a,b,b9,
and s70 was carried out to identify the cross-linked products.
Using anti-a antibody, at least two novel protein bands were
detected at the molecular mass of about 80 kDa and above 205
kDa (Fig. 4, lanes 2–4). From the results ofWestern blotting with
antibodies specific for b (Fig. 4, lanes 9–11), b9, and s70 (data not
shown), and taking the molecular mass of each subunit into
account, we concluded that the complexes, labeled a-a and a-b
in Fig. 4, are products of cross-linking between two amonomers
(a dimer) and between amonomer and b subunit (a-b complex).
However, no detectable a-b9 cross-link was observed. The fate of
the HA-tagged a subunit was then analyzed using anti-HA
antibody. The cross-linked a-b complex band fromDMS-treated
aHAb-[45A]ab9 (Fig. 4, lane 8), but not that fromab-[45A]aHAb9
(Fig. 4, lane 7), was found to cross-react with anti-HA antibody.
Thus, it was confirmed that the [45A]amutant does not associate
with the b subunit.
Identification of Contact Sites on the UP Element by the

Hybrid RNAPolymerases.TheUP element, an AT-rich stretch
of about 20 bases in length located upstream of certain
promoters, has transcription-enhancing activity and is recog-

FIG. 2. Subunit composition of the reconstituted RNA poly-
merases. A hybrid RNA polymerase with the subunit composition
a235b-ab9 was reconstituted from isolated b, b9, [45A]a with the His6
tag, and a-235 subunits. Reconstituted wild-type core enzyme (lanes
1–4) and the hybrid enzyme (lanes 5–8) were subjected to Ni21 column
chromatography as described. An aliquot of each fraction was analyzed
by SDSy10% PAGE and Coomassie brilliant blue staining. Lanes: 1
and 5, the samples loaded; 2 and 6, f low-through fractions; 3 and 7,
wash fractions; 4 and 8, fractions eluted with imidazole.

FIG. 3. Stoichiometry of the two a subunits in the reconstituted
RNA polymerases. (A) Reconstituted and purified RNA polymerase
core enzymes with various combinations of a subunits were analyzed
by electrophoresis on an SDSy10% polyacrylamide gel and stained
with Coomassie brilliant blue. Lanes: 1 and 2, wild-type core enzyme
isolated from E. coli cells; 3 and 4, the reconstituted core enzyme
carrying a-235 homodimers; 5 and 6, the hybrid core enzymes con-
taining a heterodimers in the defined orientations indicated above the
lanes. The amounts of core enzyme analyzed were: lanes 1, 3, 5, and
6, 1 mg; lanes 2 and 4, 2 mg. (B) Band intensities of the full-length a
[a(1–329)] or a-235 [a(1–235)] subunits were quantified and normal-
ized against those of bb9 subunit bands. The value of 100% represents
2 mol of a subunits per mol each of b and b9 subunits.
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nized by the C-terminal domain of the a subunit (21). To
determine the binding sites of the C-terminal domains of the
two a subunits on the rrnBP1 UP element DNA, we employed
DNA affinity cleavage by a reagent attached to a specific site
on proteins (34–36). In this study, a hydroxyl radical-based
DNA cleavage moiety, FezBABE (refs. 37 and 38; Fig. 5A) was
linked to Cys-269 on the a subunit.
The wild-type a subunit has four cysteine residues, three in

the N-terminal assembly domain (residues 54, 131, and 176)
and one in the C-terminal regulatory domain (residue 269).
The three cysteine residues in the N-terminal domain could be
removed without interfering with the RNA polymerase as-
sembly or transcription activities (O. Ozoline, K.M., T. Ne-
gishi, and A.I., unpublished work). Both NMR and site-
directed mutagenesis studies indicate that Cys-269 is located
on the UP element recognition helix of the a C-terminal
domain, the side chain of Cys-269 being partly involved in
interaction with the UP element (22, 27, 28). The a derivative
[269C]a, having only one cysteine residue (Cys-269) remain-
ing, with alanine substituting for all the other three cysteine
residues in the N-terminal domain, was used for site-specific
conjugation of FezBABE to the a subunit. Isolated mutant a
subunit was first alkylated at Cys-269 with FezBABE, and the
modified a subunit was then used for reconstitution of the
RNA polymerase. Since the EDTA linker arm of FezBABE is
about 12 Å long (Fig. 5A) and the hydroxyl radicals produced
diffuse within an effective range of about 10 Å (39), the DNA
cleavage reaction should be confined to a region located within
a distance of about 22 Å from Cys-269 on the a C-terminal
domain. Moreover we performed the DNA cleavage reaction
in the presence of 10% glycerol, a known hydroxyl radical
scavenger, which improved the resolution of cleavage (34).
We prepared two forms of modified RNA polymerase, one

carrying FezBABE on a single a subunit and the other carrying
FezBABE on both a subunits. To introduce FezBABE on to
just one of the two a subunits within RNA polymerase, we
alkylated the a derivative, [45A269C]a (an R45A derivative
carrying a single cysteine only at position 269), with FezBABE
and then reconstituted hybrid RNA polymerase from a mix-
ture of purified a-WT, [45A269C]a-FezBABE, b, and b9. This
combination yielded the hybrid enzyme carrying FezBABE
attached at Cys-269 of the b9-associated a subunit. As shown

in Fig. 5B, the RNA polymerase modified by FezBABE on the
C-terminal domains of both a subunits cleaved two separate
regions; region I from 243 to 240 and region II from 263 to
254, of the rrnBP1 promoter (Fig. 5B, lane 2). On the other
hand, the hybrid RNA polymerase having FezBABE only on
the b9-associated a subunit cleaved only region II, and not
region I (Fig. 5B, lane 1). These results indicate that the two
a subunits of the RNA polymerase bind in tandem to the UP
element of rrnBP1, and the b9-associated a appears to bind to
the promoter–distal region of the UP element.

DISCUSSION
We have developed a new method for reconstitution of hybrid
RNA polymerases containing a heterodimers in defined ori-
entations with respect to the two large subunits, b and b9. Our
success was based on a combination of the use of a mutant a
subunit defective in b binding with the attachment of an His
tag to this mutant a, which still retains the ability to bind to the
b9 subunit. The hybrid RNA polymerases thus constructed are
considered to retain their subunit arrangement during storage
and transcription cycles because: (i) the assembly process in

FIG. 4. Western blotting of the reconstituted RNA polymerases
cross-linked with DMS. The reconstituted RNA polymerase holoen-
zymes were treated withDMS and fractionated by SDSygel electrophore-
sis. Gels were treated for immunostaining using anti-a (lanes 1–4),
anti-HA (lanes 5–8), and anti-b (lanes 9–11) antibodies. Lanes 1, 2, 5, 6,
and 9, holoenzyme with a-WT; lanes 3, 7, and 10, hybrid holoenzyme
having b9 subunit-associated HA-tagged a (ab-[45A]aHAb9); lanes 4, 8,
and 11, hybrid holoenzymes with b subunit-associated HA-tagged a
(aHAb-[45A]ab9). Lanes 1 and 5 include the control unmodified samples.
Subunit monomers (a and b) and cross-linked subunit complexes (a-a
and a-b) are shown on the left, whereas the migration positions of
molecular weight marker proteins are shown on the right.

FIG. 5. DNA cleavage by RNA polymerase-bound FezBABE. (A)
Structure of FezBABE and its conjugation to a cysteine residue in
RNA polymerase a subunit. The length of the reagent is about 12 Å.
(B) DNA cleavage by the RNA polymerase having FezBABE at
Cys-269 of the a subunit. A DNA fragment, 32P-end labeled on the top
strand of rrnBP1, was incubated with RNA polymerase reconstituted
from FezBABE-conjugated a subunits and then subjected to DNA
cleavage by adding sodium ascorbate. Lanes: 1, DNA cleavage by the
hybrid RNA polymerase modified by FezBABE only on the b9-
associated a subunits [ab-a(Fe)b9]; 2, DNA cleavage by the RNA
polymerase having both a subunit FezBABE modified [a(Fe)b-
a(Fe)b9]; 3, control reaction using wild-type RNA polymerase; 4,
control reaction without RNA polymerase; 5, A1G-specific Maxam–
Gilbert sequence. The nucleotide sequence shown at the bottom
represents the top strand of rrnBP1. Asterisks show the main cleavage
sites. (C) Cleavage patterns in B were scanned with a Bioimage
Analyzer BAS2000 (Fujix).
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vitro is virtually irreversible at the steps of a dimerization and
a2b complex formation (1); (ii) the [45A]a mutant is com-
pletely inactive in b binding even if it is dissociated from the
assembled RNA polymerase (5); (iii) a known temperature-
sensitive assembly-defective a mutant carries the rpoA112
mutation (40, 41), which leads to Arg-to-Cys substitution at the
same residue (42), supporting the notion that Arg-45 plays a
critical role in b binding; (iv) the exchange of a subunits
between different forms of reconstituted RNA polymerase
does not take place in vitro (43); and (v) protein–protein
cross-linking experiments using DMS detected no rearrange-
ment of assembled subunits (this paper).
Extensive studies have been made to analyze the molecular

interactions between the a subunit and class I transcription
factors and between a and DNA UP elements (for examples
see refs. 8, 9, 21, 25, and 28). Several lines of evidence including
mutant studies, DNA footprinting, cross-linking experiments,
and biophysical measurements indicate direct contacts be-
tween the a subunit and transcription factors. The tertiary
structure of the a C-terminal domain supports most, if not all,
of these previous genetic and biochemical observations (27).
One major problem that remained unsolved was the role each
of the two individual a subunits plays in RNA polymerase
assembly and transcription regulation. The new reconstitution
method developed in this study provided us with a valuable
tool for identification of the specific functions associated with
the individual a subunits in RNA polymerase. In this study we
have used a hybrid RNA polymerase containing oriented a
heterodimers, in conjunction with the DNA cleavage mediated
by the small protein-bound cleaving agent FezBABE, to map
the two a subunits on the rrnBP1 UP element.
By DNase I footprinting experiments, the a subunit binding

site on the rrnBP1 UP element is known to be located
approximately between base pairs240 and260 relative to the
transcription start site (21, 22, 28). It has been believed that the
two a C-terminal domains bind in tandem to two helix–turns
of DNA. The results of hydroxyl radical-mediated DNA cleav-
age produced by FezBABE, which had previously been linked
to Cys-269 on the UP element contact surface of the a
C-terminal domain, now indicate that the two a C-terminal
domains are aligned in a defined order on the UP element
DNA, the b 9-associated a being positioned at the promoter-
distal half site. The observed a-DNA interaction is specific
because FezBABE-modified RNA polymerase did not cleave
DNA when it bound to a mutant rrnBP1 without the UP
element (data not shown).
The reconstitution of hybrid RNA polymerases with ori-

ented a heterodimers and the conjugation of specific probes at
particular residues on the a subunit could together be useful
for the identification of molecular contacts between RNA
polymerase and trans-acting protein factors with transcription
activation or repression activities. As specific probes, we have
so far successfully employed those giving fluorescence (O.
Ozoline, N. Fujita, K.M., and A.I., unpublished work) or
generating cleavage activities toward target DNA or associated
proteins (this paper).
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