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ABSTRACT: The RNA polymerase core enzyme ofEscherichia coliis composed of 2R, 1â, and 1â′ subunits.
Previously we mapped theR-R, R-â, andR-â′ contact sites on theR subunit. Here we analyzed theR
subunit contact sites on theâ subunit by using various experimental approaches: (i) comparison of the
proteolytic cleavage map between the unassembled freeâ subunit and theR2â complex; (ii) analysis of
the binary complex formation between His6-tagged intactR subunit and various truncatedâ fragments;
and (iii) analysis of the complex formation between theR subunit and various His6-taggedâ fragments.
The results altogether indicate that two regions of theâ subunit are involved in the full activity ofR
binding, that is, the primary contact site between residues 737 and 904 and the secondary region with
assembly control activity downstream from residue 1138. All of theR subunit-â fragment binary complexes
identified in this study were found to bindâ′ subunit and form pseudo-core complexes, indicating that
the regions ofâ involved in R subunit contact also participate in interaction with theâ′ subunit.

The RNA polymerase holoenzyme ofEscherichia coliis
composed of the core enzyme with the subunit composition
of R2ââ′ and one of seven different species of theσ subunit.
The core enzyme carries all of the enzymatic activities for
RNA polymerization, but theσ subunit is required for the
recognition of promoters and accurate initiation from the
promoters. The core enzyme is assembled sequentially both
in vitro and in vivo in the order: 2R f R2 f R2â f R2ââ′
(premature core)f E (active core) (reviewed in ref1). Since
the â andâ′ subunits do not form stable binary complexes
under isolated states (2) [these two subunits contact each
other in the assembled RNA polymerase], theR subunit is
considered to play a key role in the RNA polymerase
assembly by providing the contact surfaces for bothâ and
â′ subunits. In the assembled core enzyme, oneR subunit
contacts with theâ subunit while the otherR makes direct
contact with theâ′ subunit (3).

Genetic and biochemical studies indicated that the subunit-
subunit contact sites onR, including the sites forR
dimerization and the contact sites with theâ andâ′ subunits,
are all located within the amino(N1)-terminal domain (NTD)
down to residue 235 (4-6), whereas the carboxy(C)-terminal
domain (CTD) is involved in transcription regulation through

direct interactions with class-I (orR contact) transcription
factors and DNA UP elements (ref5; also reviewed in refs
7-9). These two functional domains form independent
structural domains (10-13), each being connected by a long
flexible linker (14). Previously, we performed detailed
mapping of theR-R, R-â, andR-â′ contact sites on theR
subunit by making a number ofR mutants with deletion,
insertion, and Ala substitution mutations (15-17). The
contact sites withinR dimers were further analyzed by
mapping the cleavage sites inR by a chemical protease
conjugated at various positions of theR subunit (18).

On the contrary, relatively little is known on the subunit-
subunit contact sites on the two large subunits,â andâ′. In
this report, we describe the map ofR subunit contact sites
on theâ subunit determined using two approaches: analysis
of the proteolytic cleavage pattern of the unassembled free
â subunit and the intermediate subassemblyR2â complex;
and analysis of the complex formation between variousâ
fragments and the hexahistidine (His6)-taggedR subunit or
between various His-taggedâ fragments and the intactR
subunit. The results herein described generally agree with
the recent findings by Wang et al. (19), who analyzed theR
subunit contact site on theâ subunit by limited proteolysis
of theR2â complex and binding assay ofâ fragments to the
N-terminal domain ofR subunit. These authors proposed that
the primary contact site is located in the C-terminal-proximal
region of theâ subunit. However, we propose that the
primary and tight contact site ofR subunit is located in the
central portion ofâ polypeptide and the C-terminal-proximal
region is needed as the secondary and possibly regulatory
site for either efficient binding of theR subunit or stabiliza-
tion of theR-â contact.
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All of the â fragment-R binary complexes isolated in this
study were able to bindâ′ subunit leading to form pseudo-
core complexes, suggesting that theâ′ subunit contact site-
(s) on theâ subunit is(are) located near theR contact sites.

EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids.pGEMEX-1 (Prome-
ga) is used as an expression vector of foreign proteins inE.
coli as fusions with the phage T7 gene 10 segment. For the
construction of expression vector pGET of intact proteins
without the fusion, pGEMEX-1 (Promega) was treated with
BglII andHindIII to remove a segment of the phage T7 gene
10 sequence and then aBglII-HindIII fragment from pET21b
(Novagen) containing multi-cloning sites and the T7 pro-
moter was inserted between theBglII and HindIII sites.

For the construction of plasmid pPNE2017, anEheI-SspI
fragment of therpoBC operon was inserted, after addition
of BamHI linker sequence at both ends, into pET3a vector
at theBamHI site. For the construction of pGETBC [theâ
andâ′ expression plasmid], therpoBC BamHI fragment was
re-isolated from pPNE2017 and inserted into theBamHI site
of pGET (see above). For the construction of pGETB [theâ
expression plasmid], pGETBC was digested withSphI and
SacI to remove therpoCcoding sequence. Because thisSphI-
SacI digestion resulted in truncation of therpoB sequence
at its C-terminal-proximal region, the missing region was
amplified by PCR using a pair of 5′ and 3′ primers with the
sequence of (5′)GTCTGACGTGAACGGTC(3′) and (5′)-
CCTGTTTGAGCTCGAATTACTCG(3′), respectively, and
the PCR product was treated withSphI andSacI and ligated
into pGETBC betweenSphI and SacI. For construction of
pGETB-CH6 [the expression plasmid of His6-tagged â
subunit at its C-terminus], a sequence encoding His6-tag was
PCR-amplified using the above 5′ primer and a 3′ primer
with the sequence of TGTCGAGCTCTTAGTGGTGGTG-
GTGGTGGTGCTCGTCTTCCAGTTCG and, after treat-
ment withSphI andSacI, inserted into pGETB betweenSphI
andSacI.

For the construction of expression vectors for variousâ
fragments fused to His6-tag, eachrpoB fragment was isolated
by treatment with various restriction enzymes, as described
in Table 1, and inserted into pET21 at the respective multi-
cloning sites, as specified in Table 1, located downstream
of the T7 promoter. All of the insertion sites except for the

SacI site were blunt-ended by treatment with T4 polymerase
or S1 nuclease as to match the reading frame and to introduce
His6-tag at the C-terminus of each fragment.

Purification of R, â, and â′ Subunits, andâ Fragments.
SubunitsR, â, andâ′ were expressed using pGEMA185 (6),
pGETB (see above), and pGETC (see above), respectively.
E. coli BL21(DE3) was used for expression ofR andâ, while
E. coli JM109(DE3) was used for expression ofâ′ because
pGETC failed to transform strain BL21(DE3). Fragments
of theâ subunit were expressed in strain BL21(DE3) using
the respective expression plasmids constructed as above. The
intact â and â′ subunits and the recombinantâ fragments
were all recovered in inclusion bodies of cell extracts. The
proteins were solubilized with a dissociation buffer (50 mM
Tris-HCl, pH 8.0, at 4°C, 0.2 M KCl, 10 mM MgCl2, 1
mM EDTA, 10 mM dithiothreitol (DTT), 20%(v/v) glycerol,
and 6 M urea) and centrifuged at 100000g for 2 h at 4°C.
The supernatant was subjected to DEAE-TOYOPEARL
650M (TOSOH) column chromatography, and proteins were
eluted with a linear gradient of 50 mM to 0.5 M NaCl in
TGED (10 mM Tris-HCl, pH 8.0, at 4°C, 5%(v/v) glycerol,
0.1 mM EDTA, and 0.1 mM DTT) containing 6 M urea.
The eluate was then fractionated by Hi-trap Heparin (Phar-
macia Biotech) column chromatography. The purified sub-
units were dialyzed against a storage buffer (10 mM Tris-
HCl, pH 7.6, at 4°C, 10 mM MgCl2, 0.2 M KCl, 0.1 mM
EDTA, 1 mM DTT, and 50%(v/v) glycerol) and stored at
-30 °C until use.

Reconstitution of theR2â Complex and Core Enzyme.
Reconstitution ofR2â complex and core enzyme was carried
out as described in Fujita and Ishihama (20). Isolatedâ or â
fragments were mixed with purifiedR (R:â molar ratio)
2:1) or a mixture ofR andâ′ subunits (R:â:â′ molar ratio
) 2:1:1) in the dissociation buffer. Urea was removed by
dialysis against the standard reconstitution buffer (50 mM
Tris-HCl, pH 8.0, at 4°C, 0.3 M KCl, 10 mM MgCl2, 10
µM ZnCl2, 0.1 mM EDTA, 1 mM DTT, and 20%(v/v)
glycerol).

Trypsin CleaVage. Limited proteolysis by trypsin was
performed according to Negishi et al. (11). In brief, the
isolatedâ subunit (0.13 mg/mL) or theR2â complex (0.20
mg/mL) in a cleavage buffer (40 mM Tris-HCl, pH 7.8, 40
mM KCl, and 5% glycerol) were preincubated at 37°C for
3 min and then subjected to trypsin cleavage at an input
trypsin-â subunit ratio of 1:3000 (w/w). After incubation for
5 min at 37 °C, the reaction was terminated by adding
phenylmethylsulfonylfluoride (PMSF) at a final concentration
of 5 mM.

Determination of N-Terminal Amino Acid Sequences.
N-terminal amino acid sequences ofâ fragments were
determined as described by Negishi et al. (11). In brief,
proteins in gels were blotted onto PVDF (poly(vinylidene
difluoride))-type supports (ProBlott, Applied Biosystems) and
the membranes were stained with Coomassie brilliant blue
R-250. Stained protein bands were cut from the membranes
and directly subjected to Edman degradation analysis using
an Applied Biosystems model 491 Protein Sequencer.

Ni2+-NTA Agarose-Binding Assay.Batch-mode Ni2+ af-
finity chromatography was performed as described in Tang
et al. (21). In brief, 1 nmol ofR and 0.5 nmol each ofâ (or
â fragments) andâ′ subunit were mixed together in the
dissociation buffer and then subjected to reconstitution as

Table 1: Construction of Expression Plasmids forâ Fragments

plasmid
rpoB

segmenta
insertion site
on pET21db

pETB[1-1318]-CH6 NdeI-SphI NdeI-XhoI
pETB[1-1138]-CH6 NdeI-NruI NdeI-XhoI
pETB[1--936]-CH6 NdeI-NruI NdeI-XhoI
pETB[1-736]-CH6 NdeI-HpaI NdeI-HpaI
pETB[1-434]-CH6 NdeI-EcoRV NdeI-XhoI
pETB[445-1342]-CH6 EcoRV-SacI NcoI-SacI
pETB[737-1342]-CH6 HpaI-SacI NcoI-SacI
pETB[737-1138]-CH6 HpaI-NruI NcoI-XhoI
pETB[737-936]-CH6 HpaI-NruI NcoI-NotI
pETB[937-1342]-CH6 SacI-NruI NheI-SacI
pETB[937-1138]-CH6 NruI-NruI NheI-XhoI
pETB[1014-1342]-CH6 PVuII-SacI NcoI-SacI
a TherpoB gene was treated with the indicated restriction enzymes.

b The isolatedrpoB fragments fused with the sequence for His6-tag
were inset into pET vector between the indicated enzyme sites.
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described but in the absence of DTT. To the reconstituted
subunit mixture, 0.2 mL of Ni2+-NTA agarose (Qiagen)
previously equilibrated with buffer D (50 mM Tris-HCl, pH
7.9, at 4°C, 0.1 mM EDTA and 5%(v/v) glycerol) plus 5
mM imidazole was added and incubated for 30 min at 4°C.
Agarose beads were washed with 0.3 mL of buffer D plus 5
and 25 mM imidazole, and then the proteins were eluted

with 0.3 mL of buffer D plus 200 mM imidazole. Each
fraction was analyzed by 7.5% SDS-PAGE.

RESULTS AND DISCUSSION

Limited Proteolysis of the Isolatedâ Subunit. The â
subunit ofE. coli RNA polymerase consists of 1342 amino
acid residues and contains a total of 170 potential cleavage

FIGURE 1: Tryptic cleavage of theâ subunit. (A) Isolatedâ subunit (130µg/mL) was treated at 37°C with 0.043µg/mL of trypsin in a
cleavage buffer (40 mM Tris-HCl, pH 7.8, at 37°C, 40 mM KCl and 5% glycerol). At various times indicated, aliquots of 20µL were
subjected to SDS-7.5% PAGE. Proteins were blotted onto PVDF membranes followed by staining with Commassie blue R-250. The
bands are designated on the basis of the molecular weight estimated from the migration distance on SDS-PAGE. The shaded components
represent those identified only for theâ subunit but not for theR2â complex (see Figure 3). (B) Stained protein bands on PVDF membranes
were cut out and subjected to N-terminal amino acid sequencing according to Negishi et al. (11). From the N-terminal amino acid sequences,
the tryptic fragments indicated in panel A are aligned along the sequence of theâ subunit. The sites of C-terminal ends were estimated
from the fragment sizes and the location of potential cleavage sites by trypsin. Major products are shown by wider bars. Theb58/b57
fragments are the most abundant products after prolonged treatment with trypsin.
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sites by trypsin. Limited digestion of the isolatedâ subunit
was carried out at various trypsin concentrations and for
various times. Figure 1A shows a time-dependent change in
the cleavage pattern. The major cleavage products are
designated on the basis of apparent molecular size estimated
from the mobility on SDS-PAGE (the fragments with
symbolsb and ab represent those derived from the freeâ
subunit and theR2â complex, respectively, while the numbers
following the symbols represent the molecular sizes estimated
from the migration distance on SDS-PAGE). After analysis
of the N-terminal amino acid sequences, the sites of trypsin
cleavage were determined for all of these major tryptic
fragments, while the C-termini of these fragments were
estimated from the fragment sizes and the location of
potential trypsin cleavage sites. Figure 1B shows the loca-
tions of major tryptic fragments thus estimated along the
primary sequence ofâ subunit (the major fragments as
identified by staining intensity are shown by wider bars).

The initial trypsin cleavage takes place at residues R540/
R542, R687, and R706 in the central part ofâ subunit (Figure
1B), generating N-terminal fragmentsb58/b57,b80, andb83,
and C-terminal fragmentsb98, b73, andb70. In the case of
assembled core enzyme, the most sensitive sites for tryptic
cleavage of theâ subunit are located at either R905 or K909
(22), but the cleavage at these sites of isolatedâ subunit
was found to take place only after the initial cleavages,
indicating that the conformation ofâ subunit is different
between the unassembledâ subunit and that assembled in
the RNA polymerase.

Identification of the N-Terminal Structural Domain.
Among the N-terminal fragments generated by a single and
the first cut by trypsin, the fragmentsb58/b57 are relatively
resistant to trypsin even after prolonged incubation and
become the most abundant component at 120 min (see Figure
1A), indicating that the N-terminal segment forms a protease-
insensitive structural domain. After N-terminal sequencing,
the b58/b57 was found to be the fragments from residue 1
down to about residues 528-542. The N-terminal fragments
(b140, b123, b106, b96-2, b83, b80, andb61/b62) larger
than b58/b57 disappeared in a time-dependent manner.
Besides theb58/b57 fragment, an N-terminal fragmentb52
with the sequence of residues 11 to 465/470, lacking short
segments from both N- and C-termini ofb58/b57 (see Figure
1B), increased concomitantly with the increase in time of
trypsin treatment, indicating that this fragment is a secondary
product generated from the larger N-terminal fragments. The
level of thisb52 fragment was lower than those of the major
fragmentsb58/b57 (see Figure 1A).

The N-terminalb58/b57 domains include the regions A,
B, and C conserved amongâ homologues from not only
prokaryotic but also eukaryotic RNA polymerases (23, 24)
and the N-terminal-proximal dispensable region (the dispens-
able region I) between the conserved regions B and C (25).
However, no specific function has yet been identified for
these N-terminal-proximal regions, except that the region B
is one of the four regions forming the binding site of
rifampicin (26) and a short deletion in the region C leads to
a decrease in the binding activity of RNA polymerase to
DNA (27).

Identification of the C-Terminal Structural Domain.In the
initial period of trypsin cleavage, we identified at least six
C-terminal fragments,b98 (cleaved at 540/542),b96-1

(cleaved at 548),b73 (cleaved at 687),b70 (cleaved at 706),
b63 (cleaved at 758), andb48 (cleaved at 903) (Figure 1A).
These fragments except forb96-1 retain theâ-subunit
C-terminal sequence for 10-15 min of the incubation (see
below). These C-terminal fragments except forb48 include
the conserved regions F, G, H, and I and the C-terminal-
proximal dispensable region (the dispensable region II)
between regions G and H (28, 29). The catalytic site for RNA
polymerization is believed to include regions H and I because
the initiation nucleotides and 3′ ends of the nascent RNA
can be cross-linked to these regions (30, 31). These C-
terminal large fragments (b98, b96-1, b73, b70, andb63)
are, however, unstable and rapidly degraded until 15 min
(Figure 1A). Concomitantly with the decrease of these large
C-terminal fragments, fragmentb55 (cleaved at 801) and at
least three smaller fragments,b46,b45, andb36, all carrying
the same N-terminal sequence (after residue 904), increased
in a time-dependent manner, suggesting that these smaller
fragments are generated by the secondary cleavage within
the C-terminal-proximal region. Within the range of analysis,
the smallest C-terminal fragmentb36 (residues 904-1223/
1234) appeared at 30 min of the trypsin digestion and stayed
at least until 120 min (see Figure 1A).

The protease-sensitive central part of theâ subunit between
residues R540/R542 and R801 includes the conserved regions
D and E. It should be worthwhile to note that the binding
sites for rifampicin (32, 33), streptolydigin (34), priming
substrates (30, 35), and the stringent factor ppGpp (36, 37)
are all clustered in this protease-sensitive and supposedly
surface-exposed region. Furthermore, one of the two contact

FIGURE 2: Isolation of C-terminal fragments of theâ subunit. The
â subunit with His6-tag at its C-terminus (lane 2) and theR2â
complex containing the His6-tagged â subunit (lane 3) were
prepared as described in Materials and Methods. Both theâ subunit
(lanes 4-6) and theR2â complex (lanes 7-9) were subjected to
tryptic digestion under the same conditions as described in Figure
1, and then mixed with Ni2+-NTA agarose resin. After being washed
with a buffer containing 6 M urea, the resin-boundâ fragments
were eluted with an elution buffer containing 200 mM imidazole.
Fractions were analyzed by SDS-7.5% PAGE: I (lanes 6 and 7),
input samples; F (lanes 4 and 9), flow-through fractions; E (lanes
5 and 8), fractions eluted with imidazole. The resin-bound fragments
are shown on the right side (see Figure 3 for the identification of
ab fragments) while the location of fragments generated from the
His6-taggedâ subunit are indicated on the left side (see Figure 1
for the identification ofb fragments).
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sites of theσ70 subunit onâ is also located in this region
(38). Accordingly a number of mutations affecting transcrip-
tion pausing and termination have been mapped in this
region, mostly overlapping with the rifampicin-binding site
(39, 40), and some RNA polymerase mutants which are
unable to support bacterial growth carry mutations in these
regions (41).

Limited Proteolysis of the His6-Taggedâ Subunit.To
identify the fragments carrying the C-terminal sequence of
â subunit down to the terminal amino acid residue, we
prepared theâ subunit fused to the His6 tag at the C-terminus
and carried out limited trypsin digestion experiments for the
purified His6-taggedâ subunit under the same conditions as
above. After trypsin treatment, C-terminal fragments with

FIGURE 3: Trypsin cleavage of theR2â complex. (A) Reconstituted and purifiedR2â complex (200µg/mL) was treated at 37°C with 0.043
µg/mL trypsin in a cleavage buffer (40 mM Tris-HCl, pH 7.8, at 37°C, 40 mM KCl and 5% glycerol). At various times indicated, aliquots
of 20 µL were subjected to SDS-7.5% PAGE. Proteins were blotted onto PVDF membranes followed by staining with Commassie blue
R-250. The bands are designated on the basis of the molecular weight estimated from the migration distance on SDS-PAGE. The shadowed
components represent those identified only for theR2â complex but not for theâ subunit (see Figure 1). (B) N-terminal amino acid sequences
were determined for the major tryptic products according to Negishi et al. (11). From the N-terminal amino acid sequences, the tryptic
fragments are aligned along the sequence of theâ subunit. The sites of C-terminal ends were estimated from the fragment sizes and the
location of potential cleavage sites by trypsin. Major products are shown by wider bars.
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the His6 tag were bound to Ni2+-NTA agarose resin and the
resin-bound proteins were washed with a buffer containing
6 M urea to remove associated fragments of theâ subunit,
and then eluted with imidazole. At least six fragments were
isolated (Figure 2, lane 5). From the N-terminal sequences,
five were found to correspond tob98, b73, b70, b63, and
b48 (see Figure 1B), confirming that all these five fragments
represent the products generated by the initial cleavage ofâ
subunit with trypsin.

By using the His6-taggedâ subunit, we identified one more
C-terminal fragment, which migrated between His-tagged
b63 andb48 (Figure 2, lane 5). The corresponding C-terminal
fragment without His6-tag might overlap with the major
N-terminal fragmentb58/b57 on SDS-PAGE (see Figure
1A). Otherwise the C-terminalb57 fragment might be rapidly
converted intob55 after the secondary cleavage within the
C-terminal-proximal region (see Figure 1B).

Limited Proteolysis of theR2â Complex.TheR2â complex
is the stable intermediate in both in vitro and in vivo
assembly of the RNA polymerase (1). As an attempt for
determination of the contact site(s) ofR subunit on theâ
subunit, we reconstituted theR2â complex from isolated
individual subunits. The reconstutedR2â complex is fully
active in forming theR2ââ′ core enzyme with the catalytic
activity of RNA polymerization (1, 20). We carried out
limited trypsin digestion of the isolatedR2â complex, and
the time-dependent change of SDS-PAGE patterns is shown
in Figure 3A (the fragments derived from theR2â complex
are all indicated by the symbolab followed by the apparent
molecular weights). The origins of tryptic fragments were
identified by the N-terminal sequencing. TheR subunit is
less sensitive to trypsin thanââ′ subunits in the assembled
core enzyme (42) and under isolated states (11). Although
all fragments migrating slower than theR subunit on SDS-
PAGE should therefore be derived from theâ subunit, we
confirmed the origin of each fragment by N-terminal
sequencing.

Figure 3B shows the location of the major fragments ofâ
subunit derived from theR2â complex along the map ofâ
subunit. A significant difference was observed in the cleavage
pattern between the isolated freeâ subunit and theâ subunit
within the R2â complex (compare Figure 1 and Figure 3),
in particular in the central part. The initial tryptic cleavage
sites R758 and R801 for the unassembled freeâ subunit
became resistant in theR2â complex, implying that these
sites are protected from trypsin digestion by binding of the
R subunit. The levels ofab73 (residues 688-1342) andab70
(residues 707-1342) are also lower than those ofb73 and
b70, suggesting that the sites 687 and 707 of theâ subunit
in theR2â complex also became less sensitive to trypsin than
in the unassembled freeâ subunit. Instead the cleavage at
residues R1223/K1234 was enhanced in theR2â complex,
suggesting that the extreme C-terminal part became sensitive
to trypsin. As in the case ofb58/b57 (residues 1/11-503/
529) derived from the freeâ subunit, the N-terminal
fragmentsab58/ab57 (residues 1/11-503/529) were resistant
to trypsin digestion.

For identification of the C-terminal fragments generated
by the initial trypsin cleavage, we also carried out limited
digestion of theR2â complex consisting of His6-taggedâ.
After affinity absorption of the trypsin-treatedR2â complex
to Ni2+-NTA resin under the denatured conditions, we

identified three fragments (ab98, ab73, andab70) which
correspond tob98, b73, andb70, but failed to detect other
two fragments corresponding tob63 andb57 (see Figure 2,
lane 8). This observation confirms our prediction that the
two sites, residues R758 and R801, become resistant to
trypsin digestion after theR2â complex formation.

The results altogether suggest that (i) theR subunit
associates at the central part ofâ subunit (including R758
and R801) and thereby this region is protected from tryptic
digestion; and (ii) the association ofR at the central portion
alters the extreme C-terminal portion sensitive to trypsin.
The putativeR subunit contact site includes the conserved
region F and its upstream sequence. However, it is not
excluded yet that theR binding at a site other than the central
part induces the conformational change inâ so as to make
the central part resistant to trypsin digestion.

Formation of Binary Complexes between the His6-Tagged
R Subunit and Variousâ Fragments.To confirm the above
interpretation, we examined the formation of binary com-
plexes between the intactR subunit and variousâ fragments.
For this purpose, we isolated theR subunit with His6-tag at
its C-terminus as described previously (17) and combined it
with a mixture of trypsin-treatedâ subunit fragments under
the denatured condition. The addition of His6-tag at C-
terminus does not interfere with the assembly activity of
wild-type R subunit [however, someR mutants become
inactive in the assembly by the addition of His-tag (17)] and
with the enzymatic activity of assembled core enzyme.

FIGURE 4: Complex formation between the His6-tagged intactR
subunit and variousâ fragments. Trypsin-treatedâ subunit (80µg)
was mixed with the purified His6-tagged R (60 µg) in the
dissociation buffer. After removal of urea by dialysis against the
standard reconstitution buffer, the mixture was mixed with Ni2+-
NTA affinity resin. The resin-bound proteins were eluted with
increasing concentrations of imidazole: lane 1, the applied sample
(trypsin-treatedâ subunit plus His-taggedR); lane 2, unbound
fraction; lane 3, 5 mM imidazole eluate; lane 4, 25 mM imidazole
eluate; lane 5, 200 mM imidazole eluate; lane 6, trypsin-treatedâ
subunit. The locations of major tryptic fragments of theâ subunit
are shown on right, while those of marker proteins are shown on
left.
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Mixtures of the His6-taggedR and variousâ fragments in
the denaturation buffer containing 6 M urea were dialyzed
under the same condition as that employed for theR2â

complex formation in vitro (20); R-â fragment complexes
thus formed were isolated by Ni2+-NTA affinity chroma-
tography.

FIGURE 5: Formation of theR2â andR2ââ′ complexes using the His6-taggedâ fragments. Each of the purified His6-taggedâ fragments (0.5
nmol each) was mixed with either theR subunit (1 nmol) [lanes 1-4] or a mixture of theR (1 nmol) andâ′ (0.5 nmol) subunits [lanes 5-8]
in the dissociation buffer. After removal of urea by dialysis against the standard reconstitution buffer, the subunit mixtures were mixed with
Ni2+-NTA affinity resin. Proteins were eluted with increasing concentrations of imidazole: lanes 1 and 5, the applied samples; lanes 2 and
6, unbound fractions; lanes 3 and 7, 5 mM imidazole eluate; lanes 4 and 8, 200 mM imidazole eluate. Arrowheads on the left indicate the
R subunit, while stars on left indicate the position of His6-taggedâ subunit fragments. Dots on right indicate the migration position of the
â′ subunit.

1352 Biochemistry, Vol. 38, No. 4, 1999 Nomura et al.



All of the N-terminal fragments ofâ upstream from the
initial cleavage sites failed to form binary complexes with
the R subunit and were recovered in the unbound flow-
through fractions (Figure 4). On the other hand, the C-
terminal large fragments,b98 (residues 541/543-1342),
b96-1 (549-1306/1328),b73 (688-1342), andb70 (707-
1342) (see Figure 1B), all including the putativeR-contact
site in the central part ofâ predicted from the tryptic cleavage
experiments (see above), were recovered in the complex
fractions, which were eluted only in the presence of high
concentrations of imidazole (Figure 4, lane 5). None of these
â subunit fragments were found to bind to the Ni2+-NTA
resin in the absence ofR subunit. These results indicate that
the primary contact site(s) on theâ subunit with theR subunit
is(are) located in the C-terminal half at a site(s) downstream
from residue A707.

Formation of Binary Complexes between theR Subunit
and His6-Taggedâ Fragments.To confirm this result and
to narrow down theR contact site onâ, we also carried out
the same type of binary complex formation experiment, but
using the intactR subunit and His6-taggedâ fragments. For
this purpose, a set of expression plasmids was constructed,
which overexpressed a total of 15 recombinantâ subunit
fragments, that is, six C-terminal truncated fragments, five
N-terminal truncated fragments, and four internal fragments,
each containing a C-terminal His6-tag (see Figure 6 for the
map of fragments). All of these His6-tagged â subunit
fragments were purified from inclusion bodies of the
expressed cell extracts in the presence of urea and mixed
with the purifiedR subunit under the denatured condition.
Binary complexes formed after renaturation were isolated
by Ni2+-NTA affinity chromatography and analyzed by

SDS-PAGE. The elution patterns from Ni2+- NTA affinity
columns are shown in Figure 5.

One large N-terminal fragmentâ(1-1318) and two
C-terminal fragments,â(445-1342) and â(737-1342),
formed the binary complexes with theR subunit. The
efficiency of binary complex formation of theseâ fragments
was as high as that of the intactâ subunit, indicating that
the primary contact site forR is located downstream between
residues 737 and 1342. On the basis of the tryptic cleavage
maps, we predicted theR contact site on theâ subunit is
located in the central part including residues R687, R758,
and R801 (see above), but the fragmentâ(737-936) alone
was apparently inactive in the formation of a stable complex
with the R subunit. Likewise, the fragmentâ(937-1342)
alone was inactive in the binding ofR subunit. Thus, a
sequence(s) ofâ downstream from R937 was considered to
be required for the tight binding of the primary contact site
of â with R. We then tested the possible influence of theâ
sequence downstream from the residue R937 on the binding
of R subunit.

A low level of theR-binding activity was detected for the
fragmentâ(737-1138), but its activity was less than one-
tenth of the level ofâ(737-1342) (see Figure 5), indicating
that the sequence downstream 1139 including the region I
influences theR-binding affinity of â. Since theâ(1-1318)
is fully active inR binding, this secondary site forR binding
should be located downstream from residue A1139 but
upstream from G1318. The involvement of two separate
regions in the stable binding ofR subunit toâ is supported
by the finding that, by mixingâ(737-935) andâ(937-
1342), the full activity ofR binding was regained (see Figure
5). Since only the central part ofâ is protected from the

FIGURE 6: The subunit-subunit contact sites on theâ subunit. Fragments of theâ subunit examined for the binding assays withR andâ′
subunits are shown along the map of intactâ subunit. The activities of the complex formation with eitherR subunit (R-â fragment
complexes) or bothR and â′ subunits (R-â fragment-â′ complexes or peudo-core complexes) are indicated for each of the indicatedâ
fragments (O, active; X, inactive). We propose two contact regions on theâ subunit with theR subunit. Reservation is made for the
possible involvement of the conserved region H (see text).
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proteolytic cleavage afterR binding, we propose that theâ
region between residues A1139 and G1318 plays a regulatory
role inR binding, for instance, by making a transient contact
with R at an intermediate step during theR2â complex
formation or by promoting proper folding of the central part
of â as to expose the primaryR contact site. The involvement
of the extreme C-terminal region downstream from residue
A1139 may be related to the increase in protease sensitivity
at residue K1234 after association withR (compare Figures
1 and 3).

Location ofR Subunit Contact Site(s) on theâ Subunit.
Taken all of our observations together and as shown in Figure
6, we propose that (i) the primary contact site ofR subunit
on theâ subunit is located at the central portion between
residues N737 and R936 including the conserved regions F
and G; and (ii) the extreme C-terminal region between
residues A1139 and G1318, including the conserved region
I and the putative catalytic center for RNA polymerization
(30, 31), plays a regulatory role in the binary complex
formation. The intermediate region between these two
domains forR assembly may not be involved in this process
because at least parts of this region (the dispensable region
II) can be deleted without affecting the assembly and function
of RNA polymerase (29). At present, however, we cannot
exclude possible involvement of the conserved region H in
a step ofR subunit assembly.

After analysis ofâ fragments with the binding activity to
the His6-taggedR, Wang et al. (19) reported that a C-terminal
fragment of theâ subunit downstream from residue 643 is
able to bind the N-terminal assembly domain fragment ofR
subunit (RNTD). The two sites, one between residues N737
and R936 and the other between residues A1139 and G1318,
determined in this study for the stable binding of full-sized
R subunit are both included in this C-terminal half of theâ
subunit. However, they also propose that the primary contact
site is located in a C-terminal-proximal part between residues
G907 and A1245. The discrepancy might be due to the
difference in the assay of binary complex formation between
R andâ fragments. For instance, Wang et al. (19) used excess
amounts of theâ fragments while we used a stoichiometric
molar ratio of 2:1 forR-â. For the complex isolation from
Ni2+-NTA resin, they used an elution buffer containing 0.5
M NaCl, while we used the imidazole buffer without NaCl.
The addition of high concentrations of salt in the elution
buffer may strengthen the association ofR subunit-â
fragment complexes.

Here we demonstrated that two separate regions of theâ
subunit are required for the full activity ofR binding.
Functional sites within the RNA polymeraseâ subunit
including both the active sites for RNA polymerization and
the contact sites for subunit-subunit assembly are all
comprised of two segments that are not contiguous in the
primary sequence. One possibility is that the binding ofR
subunit induces the gathering of these two separated regions
into a single functional site. For instance, the region D-E
located upstream of this primaryR subunit contact site with
the binding activity of substrates could be assembled into a
single functional site as to be closely located with the H-I
regions with the putative catalytic site for RNA polymeri-
zation (34). Likewise, the close contact of two separate
sequences located upstream and downstream of the primary

R contact site may form a single contact site with theσ70

subunit (38).
Location ofâ′ Subunit Contact Site(s) on theâ Subunit.

As an attempt to identify theâ′ subunit contact site(s) onâ,
the assembly activity of the core enzyme was examined for
variousâ fragments in the presence of bothR andâ′ subunits.
Pseudo-core complexes consisting ofR, â fragment, andâ′
were formed forâ(1-1318), â(445-1342), andâ(737-
1342), which all retain nearly the full activity ofR binding
(data not shown). The level of pseudo-core complex forma-
tion is much lower forâ(737-1138) in agreement with its
low level activity of R binding. Thus, we conclude that the
primary contact site ofâ′ subunit onâ is located close to
the R-subunit contact site, indicating that the binding sites
for R andâ′ subunits form a single and the same structural
domain. After binding of theâ′ subunit, the conformation
of â subunit is further modulated as to render the central
part around R540/R542 resistant to trypsin, and concomi-
tantly, the most sensitive sites for tryptic cleavage of theâ
subunit in the assembled RNA polymerase are shifted to
R905/K909 (22).

The intrinsic functions of RNA polymerase subunits are
exposed in a stepwise manner along the assembly of subunits
(1). A systematic search for the activities of the pseudo-
core complexes containing variousâ fragments, such as the
activity of RNA polymerization and the binding activities
of σ subunits, promoter DNA, priming nucleotides, rifampi-
cin, and streptolydigin, might be worthwhile to get further
insight into the functional map ofâ subunit.
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