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ABSTRACT: Proximity relationships between the two associated monomers of theEscherichia coliRNA
polymeraseR subunit were studied using a set of four mutantR subunits, each with a single Cys residue
at one of the naturally occurring positions (54, 131, 176, and 269). These mutantR subunits were
conjugated with the cutting reagent iron-(S)-1-[p-(bromoacetamido)benzyl]ethylenediaminetetraacetate
(Fe-BABE), and the peptide backbone was cleaved at locations near the modified Cys. Analysis of the
cleavage sites identified segments within≈12 Å of the conjugation site. These results show that, for
intermolecular cutting, segments of the subunit assembly domain (N-terminal domain) of one subunit
and the linker region between N- and C-terminal domains of the other subunit are near each other, and
the N-terminal domains of both subunits are in close proximity to one another. Intramolecular cutting
however, was observed only within an individual N- or C-terminal domain.

The Escherichia coliRNA polymerase core enzyme is
composed of twoR, oneâ, and oneâ′ subunit. This complex
enzyme is assembled in vivo and in vitro in the sequence
2R f R2 f R2â f R2ââ′ (1). Dimerization of theR subunit
is the first step of core enzyme assembly;â andâ′ subunits
cannot bind together without theR subunits. TheR2 dimer
is the first stable intermediate on the assembly pathway. Each
R subunit contains two independently folded domains, the
amino-terminal domain (NTD) and the carboxy-terminal
domain (CTD) (2, 3). Amino acid residues 20-235 of the
R NTD are involved in the formation of active enzyme
molecules in vivo (4, 5) and in vitro (6-8). On the other
hand, the 94-residue CTD contains the contact sites for
transcription factors (9-11) and the DNA upstream (UP)
element, which has transcription enhancer activity (12).
Recently the role of eachR subunit in making contact with
the rrnBP1 UP element was studied by DNA cleavage
analysis with Fe-BABE1 (13). This study showed that the
two R subunits bind to the UP element, but only oneR
subunit appears to bind to the promoter-distal region of the
UP element.

Although much information has been gained about poly-
merase function, relatively little is known about how the
subunits contact each other (14, 15). For example, low-
resolution (≈25 Å) X-ray structures of both core and holo
RNA polymerase are available (16), but these do not permit
identification of separate subunits or other molecular details.
Neither a high-resolution crystal structure nor an NMR
structure of a single intact RNA polymerase subunit has been
determined, though an NMR structure is available for theR
CTD (17), and a crystal structure is available for a large
fragment of theσ subunit (18).
Chemical approaches such as cross-linking can help fill

this void by showing which proteins in a multisubunit
complex are adjacent to each other (19). More recently, site-
directed cleavage techniques have provided precise informa-
tion on the identities of proximal residues in protein
complexes (20-22). Establishing the proximity of a single
site on one subunit to one or more sites on another adds
considerably to our understanding of the overall architecture
of a large macromolecular complex. As part of a program
to map contacts between RNA polymerase subunits we have
examined theR2 dimer, the simplest stable substructure on
the assembly pathway.
The bifunctional chelating agent Fe-BABE consists of

EDTA-Fe and a reactive group that covalently conjugates
† This work was supported by Research Grant GM25909 to C.F.M.

from the National Institutes of Health.
* Address correspondence to this author: Telephone 530-752-0936;

Fax 530-752-8938; Internet address cfmeares@ucdavis.edu.
‡ University of California, Davis.
§ National Institute of Genetics, Japan.
| Present address: Laboratory of Biomolecular Structure, National

Institute of Genetics, Mishima, Shizuoka 411, Japan.
⊥ Present address: Department of Chemistry & Biochemistry,

University of California, San Diego, La Jolla, CA 92093-0358.
∇ Present address: Institute of Cell Biophysics, Russian Academy

of Sciences, Pushchino, Moscow Region, 142292, Russian Federation.

1 Abbreviations: BABE, (S)-1-[p-(bromoacetamido)benzyl]ethylene-
diaminetetraacetic acid; biotin-HPDP,N-[6-(biotinamido)hexyl]-3′-(2′-
pyridyldithio)propionamide; CPM,N-[4-(7-diethylamino-4-methylcou-
marin-3-yl)phenyl]maleimide; Fe-BABE, iron chelate of (S)-1-[p-
(bromoacetamido)benzyl]ethylenediaminetetraacetic acid (also denotes
the chelate moiety conjugated to cysteine); HEPES,N-(2-hydroxyethyl)-
piperazine-N′-2-ethanesulfonic acid; MOPS, 3-morpholinopropane-
sulfonic acid.

1344 Biochemistry1998,37, 1344-1349

S0006-2960(97)02331-3 CCC: $15.00 © 1998 American Chemical Society
Published on Web 02/03/1998



to the free sulfhydryl groups of cysteine residues in proteins.
After addition of ascorbate and peroxide, Fe-BABE cleaves
polypeptide chains in proximity to the chelate, apparently
independent of the amino acid side chains involved (23, 24).
This reagent is useful to study protein topography, ands
because it also cleaves nucleic acid backbonessto study
contact sites between proteins and DNA (13, 25). This
methodology can be applied even to complex biological
systems such as heme-containing membrane proteins (20).
The wild-typeR subunit contains four cysteine residues,

at amino acid positions 54, 131, 176, and 269. In our study
four different single-CysR subunits, each of which contains
a cysteine residue at only one of these positions, were
constructed and used as probes. These mutantR subunits
were conjugated with the cutting reagent Fe-BABE, and
the peptide backbones in proximity to the tethered Fe-BABE
were cleaved. The polypeptide fragments were separated
by SDS-PAGE and blotted. The cleavage sites were
analyzed by comparing the fragment sizes with molecular
weight (MW) markers, which were prepared from two series
of cloned truncatedR subunits.
Since theR subunit exists as a dimer in solution, it is

necessary to distinguish betweenintersubunit cleavage and
cleavage within eachR monomer. To accomplish this,
“heterodimers” were prepared in which one monomer was
tagged with biotin at Cys-176 and the other with Fe-BABE
at one of the four Cys positions. All the fragments that could
be identified contained residue 176 (Table 1), so this allowed
fragments fromR subunits that did not contain Fe-
BABEsand therefore were produced by intersubunit
cleavagesto be identified by staining with streptavidin-
alkaline phosphatase conjugate (streptavidin-AP) (Figure 1).

MATERIALS AND METHODS

Materials. The fluorescent dye CPM was purchased from
Molecular Probes Inc. Ascorbic acid (vitamin C, microselect

grade) was purchased from Fluka and hydrogen peroxide
(Ultrex grade) was from J. T. Baker. The biotin-HPDP
reagent and streptavidin-AP were purchased from Pierce.
Broad-range protein markers for SDS-PAGE were from
New England Biolabs. All other reagents were obtained
from commercial sources and used without further purifica-
tion. Pure water (18 MΩ cm-1) was used throughout. All
lab ware was either purchased as metal-free or acid-washed
(26).
Buffers. Wash buffer consisted of 10 mM Tris-HCl (pH

8.0 at 4°C), 1 mM EDTA, and 150 mM NaCl. Buffer A
consisted of 20 mM MOPS (pH 8.0), 0.1 mM EDTA, 10
mM MgCl2, and 0.2 M KCl. Storage buffer consisted of 20
mM Tris-HCl (pH 7.6), 0.1 mM EDTA, 10 mM MgCl2, 0.2
M KCl, and 50% glycerol. Reconstitution buffer consisted
of 50 mM Tris-HCl (pH 7.8 at 4°C), 0.1 mM EDTA, 10
mM MgCl2, 0.3 M KCl, and 20% glycerol. Cleavage buffer
consisted of 10 mM MOPS (pH 7.9), 1.0 mM EDTA, 10
mM MgCl2, and 120 mM NaCl. Buffer B consisted of 50
mM Tris-HCl (pH 7.8 at 4°C), 0.1 mM EDTA, 10 mM
MgCl2, and 0.15 M KCl. Sample application buffer (5×
SAB) consisted of 62.5 mM Tris-HCl (pH 6.8), 2% (w/v)
SDS, 5% (v/v) 2-mercaptoethanol, 10% glycerol, 25 mM
EDTA, and 0.0025% (w/v) bromophenol blue.
Protein Preparation. pGEMA54C, pGEMA131C,

pGEMA176C, and pGEMA269C are overexpression plas-
mids of mutantR subunits, which contain a single cysteine
residue at position 54, 131, 176, or 269, respectively (13,
27). Each plasmid was transformed into strain BL21(λDE3).
The transformed cells were grown in LB medium containing
200µg/mL ampicillin at 37°C until OD600 ) 0.4. Expres-
sion was induced by adding isopropyl thiogalactoside (0.4
mM final) and incubating at 37°C for 2-3 h. The cells
were harvested, washed with 50 mL of wash buffer, and
stored at-70 °C. The purification of each subunit was
performed as described for the wild-typeR preparation (28).
Conjugation with Fe-BABE under Folded Conditions.

Each mutantR subunit (27µM final) was dialyzed into buffer
A and mixed with Fe-BABE (270µM final) (in dimethyl

Table 1: Fe-BABE Cleavage Sites ofR2 Dimera

protein MW terminus aa residues band intensity inter

C54R 31 965 C (47( 5)-329 s
30 999 C (54( 5)-329 w
26 393 C (92( 7)-329 s
26 830 N 1-(239( 4) s *
23 301 C (123( 4)-329 m/w
20 581 C (145( 4)-329 s/m
19 919 C (152( 4)-329 s/m

C131R 26 890 C (93( 7)-329 w
23 960 C (121( 4)-329 s
22 049 C (134( 4)-329 m
20 516 C (146( 4)-329 m/w
19 405 C (157( 4)-329 m/w

C176R 32 386 C (42( 1)-329 s *
31 781 C (47( 5)-329 s *
20 593 C (151( 4)-329 m
19 240 C (163( 4)-329 m

C269R 33 106 N 1-(294( 2) s
30 403 N 1-(269( 2) s
29 530 N 1-(265( 2) m

aMW is the size of each fragment. Terminus shows whether the
fragment contains an original C- or N-terminus. aa residues are the
residue numbers determined for each fragments. The number after the
( sign is the standard deviation. Band intensity is divided into (s) strong,
(m) medium, or (w) weak. Inter with an asterisk denotes intermolecular
cleavage. Only the most clearly indicated intermolecular bands were
included.

FIGURE 1: Fe-BABE/biotin R “heterodimers” were prepared with
one subunit containing Fe-BABE and the other containing biotin.
Three types of dimers can be formed: Fe-BABE homodimer,
biotin homodimer, and Fe-BABE/biotin heterodimer. The cleavage
reaction was performed on the mixture. Only the intersubunit
cleavage fragments from heterodimers could be visualized with
streptavidin-AP, while both intra- and intersubunit cleavage
fragments could be visualized with Coomassie blue staining. The
fragments from Fe-BABE homodimer could not be visualized with
streptavidin-AP. The biotin homodimer could not produce any
fragments.
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sulfoxide) at pH 8 (29). The final dimethyl sulfoxide
concentration was adjusted to<5% with buffer A. The
mixture was incubated at 37°C for 1 h and the excess Fe-
BABE was dialyzed away against storage buffer (4°C,
overnight).
Conjugation with Fe-BABE under Unfolded Conditions.

Each mutantR subunit (27µM final) was unfolded by
dialysis at 4°C into buffer A containing 6 M urea and mixed
with Fe-BABE (270µM final) at pH 8 and at<5% dimethyl
sulfoxide. The mixture was incubated at 37°C for 1 h. The
excess Fe-BABE was removed and theR subunits were
refolded by dialyzing against reconstitution buffer (4°C,
overnight).
Biotinylation of MutantR Subunit. The free cysteine

residue of C176R was biotinylated using biotin-HPDP, a
disulfide biotinylation reagent that reacts with the free thiol
group of cysteine. The mutantR subunit was unfolded by
dialysis into buffer A containing 6 M urea. A fresh solution
of biotin-HPDP (4 mM) was prepared in dimethylformamide.
The conjugation was carried out by incubating the C176R (27
µM final) and biotin-HPDP (270µM final) for 90 min at
room temperature. The excess biotin-HPDP was dialyzed
away against buffer A. The conjugation yield was monitored
by measuring the absorbance of pyridine-2-thione product
at 343 nm.
Exchange of Fe-BABE-Conjugated Subunit and Biotinyl-

ated Subunit. A chosen Fe-BABE-conjugated mutantR
subunit (R-Fe-BABE) and the C176R-biotinylated subunit
were unfolded in buffer A containing 6 M urea and mixed
in a 1:1 ratio. The mixture was dialyzed against reconstitu-
tion buffer at 4°C overnight to refold the proteins. This
was carried out for each of the fourR-Fe-BABE conju-
gates.
Circular Dichroism Spectroscopy.The protein samples

were prepared in pure water at 2.5µM, and the CD from
185 to 260 nm was measured in a 1 mmthick cell using a
Jasco J-600 spectropolarimeter.
Assay of Free Sulfhydryl Groups.The presence of free

Cys sulfhydryl groups before and after conjugation was
determined fluorometrically by the CPM test (29, 30).
Amino Acid Analysis.The four mutantR subunits (27µM)

were unfolded by dialysis into buffer A containing 6 M urea
and then conjugated with BABE by mixing with BABE (270
µM) and incubating for 1 h at 37°C. The excess BABE
was dialyzed away against buffer B. To convert cysteine
into cysteic acid, samples were oxidized with performic acid
prior to standard 24 h HCl hydrolysis (31). Both conjugated
and unconjugatedR samples were analyzed using a Beckman
6300 amino acid analyzer.
Mass Spectrometry.A Hewlett-Packard G2030A MALDI/

TOF mass spectrometer that employs a nitrogen laser (337
nm) was used. Samples were prepared by vacuum evapora-
tion using sinapinic acid as matrix. Spectra were generated
in positive ion mode.
CleaVage Reaction.The protein was dialyzed into cleav-

age buffer containing 10% glycerol. In general, the cleavage
buffer was a 10-50 mM HEPES or MOPS buffer. The
protein solution in cleavage buffer also contained a final
concentration of 1 mM EDTA to scavenge adventitious
metals that might cleave the peptide chains and a final
concentration of 10% glycerol to scavenge free radicals.
Simple salts are compatible, but phosphate and imidazole

inhibit cleavage. The pH of the buffer was usually between
7 and 8; however, the reaction is fairly insensitive to pH.
Ascorbate was derived from ascorbic acid by titrating to pH
7 with NaOH. Both stock solutions of ascorbate and
hydrogen peroxide (H2O2) were prepared fresh in 1 mM
aqueous EDTA prior to use. The proteins were titrated with
different concentrations of ascorbate and H2O2 in order to
determine the optimal concentrations: 1 mM ascorbate/H2O2

for 5 µM R-Fe-BABE. After addition of ascorbate and
H2O2 to the protein solution at room temperature, the reaction
was quenched within 15 s by adding 0.25 volume of 5×
SAB. The reaction then was quickly frozen in liquid N2
and stored at-70 °C.
The cleaved fragments were separated by SDS-PAGE and

blotted. Coomassie blue staining was used to visualize all
protein fragments. An affinity-purified rabbit antibody
specific for the C-terminal end ofR was used to identify the
cleavage fragments containing the original C-termini (32).
Streptavidin-AP was used to visualize the biotinylated
fragments.
Preparation of MW Markers.Two sets of MW markers

were prepared: an N-terminal truncation set and a C-terminal
truncation set. pETMA∆N20, 30, 40, 60, 100, 120, and 160
are overexpression plasmids for a series ofR subunits
truncated at the N-terminus (7). pGEMAD235 and 256 are
overexpression plasmids for a series ofR subunits truncated
at the C-terminus (6).
Oxidizing MW Markers (Control Experiment).R∆N30,

R∆N60, R∆N120, R∆N160, R1-235, and R1-256 in
cleavage buffer were titrated with Fe-EDTA, ascorbate, and
H2O2. The reaction was incubated at 37°C for 1 min and
quenched by adding 0.25 volume of 5× SAB (32), and the
effect of this treatment on protein migration distance during
SDS-PAGE was determined.
Determination of CleaVage Fragment Sizes.The conven-

tional way to determine the mass of an unknown protein by
comparison with markers on SDS-PAGE involves a plot
of log MW versus migration distance (Rm). However,
sequence-dependent variations inRm degrade the accuracy
of the results, and markers made from a nested set of
fragments of the original protein should improve accuracy
(15). Several mathematical analyses were compared using
the nested set of eight clonedR-fragment markers truncated
at the N-terminus. To obtain estimates of accuracy, each of
the eight standards was treated in turn as an unknown, whose
molecular weight was to be estimated by comparison to the
other seven. To explore gel to gel reproducibility (precision),
eight different 12% slab gels were compared. An example
is given in Supporting Information, Table 1S. To summarize,
both the conventional log MW vsRm plot (Supporting
Information, Table 1SA) and a point-to-point plot of MW
vsRm (Supporting Information, Table 1SB) allow reproduc-
ible estimates of molecular weights of “unknown” fragments,
with a precision comparable to the 110 Da mass of an
average residue (average standard deviation for the eight
proteins 78 and 100 Da, respectively). However, the
conventional log MW vsRm plot is inferior to the point-to-
point plot of MW vsRm in the accuracyof its predictions
(average error for the eight proteins 773 vs 374 Da,
respectively). It is clear thatsdue to the systematic variations
in RmsMW assignments can be highly accurate when there
are fragments with closely similar masses in the set of
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standards, but they can be inaccurate when the markers do
not have similar masses. Cleavage fragment sizes were
analyzed using a point-to-point plot of MW vsRm.

RESULTS

The proper folding of the four mutantR subunits was
confirmed by transcription activity assay (28) and circular
dichroism (CD). The CD spectra of all four mutantR
subunits, measured at 185-260 nm, were practically identical
with that of wild-typeR (data not shown).
The Fe-BABE conjugation reaction was performed on

native protein dimers first. The conjugation yield determined
by measuring residual thiol with CPM was very low (less
than 10%) for C54R, C131R, and C269R, but C176R gave a 55%
conjugation yield. CPM reacts with 100%( 5% of the
cysteine on each foldedR subunit (1 mol of Cys/mol of
protein). Fe-BABE conjugation was tried on each unfolded
protein monomer next. EachR mutant was unfolded with
6 M urea, conjugated with Fe-BABE, and then refolded.
The CPM test showed much higher conjugation yields for
all four subunits (65-70%). The proper folding of each Fe-
BABE-conjugated mutantR subunit was also confirmed by
CD (data not shown). The conjugation yield indicated by
the CPM test was in reasonable agreement with the loss of
Cys shown by amino acid analysis, and the mass spectrum
showed no doubly conjugated protein molecules.
Fragments from cleavage reactions were separated on

SDS-14%, 12%, 10%, and 8% polyacrylamide gels followed
by blotting and visualization with either Coomassie blue
staining or immunostaining specific for theR C-terminus.
Each mutantR subunit showed a different cleavage pattern
(Figure 2); the cleaved fragment bands were not present in
controls (Supporting Information, Figure 1S). By comparing
Coomassie blue staining (Figure 2A) andR C-terminal
antibody staining (Figure 2B), it is clear that some bands
are not visualized by antibody staining. These fragments
do not contain the original C-terminus; rather, they have the

original N-terminus (as confirmed by Edman sequencing)
and a new C-terminus. A protein fragment nearR1-235
(Figure 2, lane 3) for C54R (Figure 2, lane 4, arrow) and all
three dark fragment bands for C269R (Figure 2, lane 7, arrows)
were not observed by antibody staining.

The fragment sizes were determined by using two sets of
cloned, truncatedR MW markers (Supporting Information,
Figures 2S and 3S). When they contained the original
C-terminus, Fe-BABE cleavage sites were assigned by using
the nested set of N-terminal truncatedR MW markers. The
fragments containing the original N-terminus were analyzed
with a set of three C-terminal truncatedR fragments as MW
markers. As a control experiment, it was determined that
the truncatedR subunits migrate identically on SDS-PAGE
even when they have been oxidized in the presence of Fe-
EDTA, ascorbate, and H2O2. No change of migration
distance was observed on any of the truncatedR markers:
R∆N30,R∆N60,R∆N120,R∆N160,R1-235, andR1-256
(R∆N160 is shown in Supporting Information, Figure 4S).

Due to the formation of theR2 dimer, the experiments in
Figure 2 cannot distinguish whether a given cleavage event
occurred intra- or intermolecularly. To solve this problem,
Fe-BABE/biotinR “heterodimers” were prepared with Fe-
BABE on one subunit and biotin on the other (Figure 1).
When a heterodimer is cleaved, the fragments containing
biotin can be visualized with streptavidin-AP on a blot. One
fragment cut by Fe-BABE on C54R and two fragments cut
by Fe-BABE on C176R (just below the uncut band) were
visible with streptavidin-AP staining (Figure 3, lane 5,
arrows). These three bands were not present in uncut
proteins (Figure 3, lane 6). Thus, these three bands are
identified as intersubunit products. Lanes 3 and 4 in Figure
3 confirm that both Fe-BABE homodimer and Fe-BABE/
biotin heterodimer show the same cleaved fragments. The
heterodimer cleavage of C131R and C269R showed no inter-

FIGURE 2: Fe-BABE-conjugatedR subunits were cleaved with 1
mM ascorbate and H2O2. (A) The blot was stained with Coomassie
blue. (B) The blot was stained with antibody specific for theR
C-terminus (32). Lane 1, broad-range protein markers; lane 2,
N-terminal truncatedR MW markers (wt-R, R∆N20, R∆N30,
R∆N40, R∆N60, R∆N100, R∆N120, and R∆N160); lane 3,
C-terminal truncatedR MW markers (wt-R, R1-256, andR1-
235); lane 4, cleavage reaction of C54R; lane 5, cleavage reaction
of C131R; lane 6, cleavage reaction of C176R; lane 7, cleavage
reaction of C269R.

FIGURE3: Cleavage fragments of Fe-BABE/biotinR2 heterodimer
were stained with Coomassie blue (lanes 1-4) and streptavidin-
AP (lanes 5-7). (A) C54R; (B) C176R. Lane 1, broad-range protein
markers; lane 2, N-terminal truncatedR MW markers (wt-R,
R∆N20, R∆N30, R∆N40, R∆N60, R∆N100, R∆N120, and
R∆N160); lanes 3 and 7, cleavage reaction performed with 4 mM
ascorbate/H2O2 on Fe-BABE-conjugatedR without biotin; lanes
4 and 5, cleavage reaction performed with 4 mM ascorbate/H2O2
on Fe-BABE/biotin R; lane 6, no cleavage reaction performed on
Fe-BABE/biotinR. Lanes 3 and 4 confirm that the same cleavage
products were observed for Fe-BABE-conjugatedR and Fe-
BABE/biotinR subunit. Lane 7 confirms no cross-reactivity on Fe-
BABE-conjugatedR cleavage fragments with streptavidin-AP.

MappingR Subunits by Fe-BABE Cleavage Biochemistry, Vol. 37, No. 5, 19981347



subunit products (Supporting Information, Figure 5S). Cleav-
age site analysis and inter/intrasubunit assignments are
summarized in Table 1.

DISCUSSION

The great improvement of the Fe-BABE conjugation
yield in C54R, C131R, and C269R under unfolded conditions
suggests that cysteine residues at positions 54, 131, and 269
are located in hydrophobic regions because the hydrophobic
reagent CPM reacted with high yield under native conditions,
while the hydrophilic molecule Fe-BABE did not. This
may indicate that cysteine residue 176 is located in a
hydrophilic region within the folded structure of the protein.
CD spectra indicated that the conjugates refolded correctly
after removal of urea.
The determination of cleavage sites has been investigated

by several methods. Automated Edman degradation on the
cleaved fragments containing new N-termini was not suc-
cessful. Blocking of N-termini during separation and
analysis is possible (33-35). Alternatively, this resistance
of the R fragments to Edman sequencing may result from
an oxidative, rather than hydrolytic, cleavage pathway.
Although Fe-BABE is capable of hydrolytically cleaving a
peptide (36), an oxidative cleavage pathway has also been
proposed for a tethered Fe chelate (37). Whether peptide
cleavage occurs by oxidative, hydrolytic, or both pathways
may depend strongly on the orientation of chelate and peptide
backbone. The physical reach of the tethered chelate is≈12
Å; hydrolysis requires nucleophilic attack perpendicular to
the peptide plane (36), while cleavage by a diffusible species
such as hydroxyl radical is less restricted with respect to
orientation and distance.
As summarized in Table 1 and Figure 4, three intersubunit

cleavage sites and many intrasubunit cleavage sites have been
observed. Several intrasubunit cleavages occurred within the
amino acid residues 47-176, but none were observed in the
177-264 region. This suggests that residues 47-176 lie
within a highly folded structure, since Fe-BABE at Cys-54
can reach amino acid residues from near 47 through 152,
producing six cleavage sites, and Fe-BABE at Cys-131 can
reach residues from near 93 through 157, producing five
cleavage sites. The set of 19 proximity relations represented
in Table 1 is not sufficient to allow us to propose a structure
but provides constraints for structures proposed on other
grounds.
Interestingly, all cleavage sites of C269R determined in this

study are intramolecular ones. These cleavage sites are

plausible when compared to the NMR structure of theR CTD
(residues 249-326), which also contains Cys-269 (17). In
the R CTD, the distances from Cys-269 sulfur to the
backbones of Arg-265, Cys-269, and Asn-294 are 3-6 Å
(Figure 5), which are within the reach of the Fe-BABE
reagent. This is in good agreement with the study by Rana
and Meares (36), in which the human carbonic anhydrase I
peptide chain was cleaved hydrolytically at Leu-189 by Cys-
212 modified with Fe-BABE.
On the basis of the NMR structure ofR CTD, Glu-273 is

also close enough to be cleaved by Cys-269. However, this
was not observed. One explanation could be that charge
repulsion between the negative side chain of Glu-273 and
the negatively charged Fe-BABE residue forces Fe-BABE
more toward positive Arg-265 and neutral Asn-294, both of
which were cleaved. The limited number of products
observed suggests cleavage by an activated metal complex
rather than by the small, neutral, diffusible hydroxyl radical.

The R CTD is already known to form its own folded
structure (17). The limited-proteolysis (2, 3) and NMR
analysis (38) of the intactR subunit showed that at least 13
residues between Asp-236 and Glu-248 constitute a flexible
linker between the NTD and CTD. In our experiments,
intersubunit cleavage by Fe-BABE attached to Cys-54 was
observed at the N-terminal edge of this flexible linker region,
near Gln-239. This shows close proximity between the NTD
of one subunit and the N-terminal edge of the linker region
of the other. Two additional intersubunit cleavages near Ala-
42 and Leu-47 by Fe-BABE attached to Cys-176 indicate
that the middle of the NTD of one subunit is close to the
N-terminal segment of the other (Figure 6).

FIGURE4: Summary ofR subunit cleavage sites. The number below
each box indicates the number of cutting sites in that region. The
cutting sites marked Inter above the box are intersubunit cleavages.
Darkness of box corresponds to the strength of cutting, determined
from band intensity on SDS-PAGE; dark) strong, light) weak.

FIGURE 5: Intrasubunit cleavage sites of C269R marked on theR
CTD NMR structure (17).

FIGURE 6: Intersubunit cleavages of theR2 dimer. TheR2 dimer
may have either (A) a parallel dimerization domain, similar to
catabolite gene activation protein (CAP or CRP) (39), or (B) an
antiparallel dimerization domain, similar totrp repressor (40).
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It will be interesting to determine any changes in theR
cleavage pattern after assembly of the core enzyme. We
are currently extending this work to map interactions ofR
with the other RNA polymerase subunits.

ACKNOWLEDGMENT

We thank R. Mogul, S. Traviglia, and Dr. N. Fujita for
helpful discussions, Dr. B. Schlyer for assistance with CD,
and Dr. A. D. Jones for mass spectrometry. We also thank
Dr. Y. M. Lee, Dr. J. Presley, and Dr. B. Herkenrath for
helpful discussions, Edman sequencing, and amino acid
analysis.

SUPPORTING INFORMATION AVAILABLE

Table 1S, showing our error analysis for molecular weights
of R fragments by SDS-PAGE, and Figures 1S-5S,
showing various control experiments (7 pages). Ordering
information is given on any current masthead page.

REFERENCES

1. Ishihama, A. (1981)AdV. Biophys. 14, 1-35.
2. Blatter, E. E., Ross, W., Tang, H., Gourse, R. L., & Ebright,
R. H. (1994)Cell 78, 889-896.

3. Negishi, T., Fujita, N., & Ishihama, A. (1995)J. Mol. Biol.
248, 723-728.

4. Hayward, R., Igarashi, K., & Ishihama, A. (1991)J. Mol. Biol.
221, 23-29.

5. Kimura, M., & Ishihama, A. (1996)Genes Cells 1, 517-528.
6. Igarashi, K., Fujita, N., & Ishihama, A. (1991)J. Mol. Biol.
218, 1-6.

7. Kimura, M., Fujita, N., & Ishihama, A. (1994)J. Mol. Biol.
242, 107-115.

8. Kimura, M., & Ishihama, A. (1995)J. Mol. Biol. 248, 756-
767.

9. Busby, S., & Ebright, R. H. (1994)Cell 79, 743-746.
10. Ebright, R. H., & Busby, S. (1995)Curr. Opin. Genet. DeV.

5, 197-203.
11. Ishihama, A. (1997) inNucleic Acids and Molecular Biology

(Eckstein, F., & Lilley, D. M. J., Eds.) Vol. 11, pp 53-70,
Springer-Verlag, Berlin and Heidelberg, Germany.

12. Ross, W., Gosink, K. K., Salomon, J., Igarashi, K., Zou, C.,
Ishihama, A., Severinov, K., & Gourse, R. L. (1993)Science
262, 1407-1413.

13. Murakami, K., Kimura, M., Owens, J. T., Meares, C. F., &
Ishihama, A. (1997)Proc. Natl. Acad. Sci. U.S.A. 94, 1709-
1714.

14. Kimura, M., & Ishihama, A. (1995)J. Mol. Biol. 254, 342-
349.

15. Heyduk, T., Heyduk, E., Severinov, K., Tang, H., & Ebright,
R. H. (1996)Proc. Natl. Acad. Sci. U.S.A. 93, 10162-10166.

16. Polyakov, A., Severinova, E., & Darst, S. A. (1995)Cell 83,
365-373.

17. Jeon, Y. H., Negishi, T., Shirakawa, M., Yamazaki, T., Fujita,
N., Ishihama, A., & Kyogoku, Y. (1995)Science 270, 1495-
1497.

18. Malhotra, A., Severinova, E., & Darst, S. A. (1996)Cell 87,
127-136.

19. McMahan, S. A., & Burgess, R. R. (1994)Biochemistry 33,
12092-12099.

20. Ghaim, J. B., Greiner, D. P., & Meares, C. F. (1995)
Biochemistry 34, 11311-11315.

21. Zaychikov, E., Martin, E., Denissova, L., Kozlov, M., Mark-
ovtsov, V., Kashlev, M., Heumann, H., Nikiforov, V., Gold-
farb, A., & Mustaev, A. (1996)Science 273, 107-109.

22. Mustaev, A., Kozlov, M., Markovtsov, V., Zaychikov, E.,
Denissova, L., & Goldfarb, A. (1997)Proc. Natl. Acad. Sci.
U.S.A. 94, 6641-6645.

23. Rana, T., & Meares, C. F. (1990)J. Am. Chem. Soc. 112,
2457-2458.

24. Rana, T., & Meares, C. F. (1991)J. Am. Chem. Soc. 113,
1859-1861.

25. Murakami, K., Owens, J. T., Belyaeva, T. A., Meares, C. F.,
Busby, S. J. W., & Ishihama, A. (1997)Proc. Natl. Acad. Sci.
U.S.A. 94, 11274-11278.

26. Thiers, R. C. (1957)Methods Biochem. Anal. 5, 273-335.
27. Ozoline, O. N., Murakami, K., Negishi, T., Fujita, N., &

Ishihama, A. (1997)Proteins: Struct., Funct., Genet. 30,
1-10.

28. Igarashi, K., & Ishihama, A. (1991)Cell 65, 1015-1022.
29. Greiner, D. P., Miyake, R., Moran, J. K., Jones, A. D., Negishi,

T., Ishihama, A., & Meares, C. F. (1997)Bioconjugate Chem.
8, 44-48.

30. Parvari, R., Pecht, I., & Soreq, H. (1983)Anal. Biochem. 133,
450-456.

31. Matsudaira, P. (1987)J. Biol. Chem. 262, 10035-10038.
32. Greiner, D. P., Hughes, K. A., Gunasekera, A. H., & Meares,

C. F. (1996)Proc. Natl. Acad. Sci. U.S.A. 93, 71-75.
33. LeGendre, N. (1990)BioTechniques 9, 788-805.
34. Hirano, H., Komatsu, S., Kajiwara, H., Takagi, Y., & Tsuna-

sawa, S. (1993)Electrophoresis 14, 839-846.
35. Patterson, S. D. (1994)Anal. Biochem. 221, 1-15.
36. Rana, T., & Meares, C. F. (1991)Proc. Natl. Acad. Sci. U.S.A.

94, 10578-10582.
37. Platis, I. E., Ermacora, M. R., & Fox, R. O. (1993)Biochem-

istry 32, 12761-12767.
38. Jeon, Y. H., Yamazaki, T., Otomo, T., Ishihama, A., &

Kyogoku, Y. (1997)J. Mol. Biol. 267, 953-962.
39. McKay, D. B., & Steitz, T. A. (1981)Nature 290, 744-749.
40. Schevitz, R. W., Otwinowski, Z., Joachimiak, A., Lawson, C.

L., & Sigler, P. B. (1985)Nature 317, 782-786.

BI9723313

MappingR Subunits by Fe-BABE Cleavage Biochemistry, Vol. 37, No. 5, 19981349


