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ABSTRACT Escherichia coli RNA polymerase (RNAP) «
subunit serves as the initiator for RNAP assembly, which
proceeds according to the pathway 2a — a; — a8 — a2 BB’
— azB'c. In this work, we have used hydroxyl-radical
protein footprinting to define determinants of « for interac-
tion with B, B’, and o. Our results indicate that amino acids
30-75 of a are protected from hydroxyl-radical-mediated
proteolysis upon interaction with g (i.e., in a;f, aBp’, and
azBB' o), and amino acids 175-210 of « are protected from
hydroxyl-radical-mediated proteolysis upon interaction with
B’ (i.e., in a2BB’ and a;BB' o). The protected regions are
conserved in the o homologs of prokaryotic, eukaryotic,
archaeal, and chloroplast RNAPs and contain sites of sub-
stitutions that affect RNAP assembly. We conclude that the
protected regions define determinants of « for direct func-
tional interaction with B8 and B’. The observed maximal
magnitude of protection upon interaction with B8 and the
observed maximal magnitude of protection upon interaction
with B’ both correspond to the expected value for complete
protection of one of the two a protomers of RNAP (i.e., 50%
protection). We propose that only one of the two « protomers
of RNAP interacts with B and that only one of the two a
protomers of RNAP interacts with g'.

Escherichia coli RNA polymerase holoenzyme (RNAP) has
subunit composition a;BB’o (for review, see ref. 1). RNAP a,
the smallest subunit (329 amino acids), performs at least three
critical functions:

() RNAP a serves as the initiator for RNAP assembly,
which proceeds according to the pathway 2a — a; — a8 —
azBB’ — axBp’ o (for review, see ref. 2).

(i) RNAP « participates in promoter recognition, making
direct sequence-specific a~DNA interactions with promoter
upstream elements (ref. 3; for review, see refs. 4 and 5).

(iii) RNAP « participates in transcriptional activation, re-
pression, and elongation, making direct protein—protein inter-
actions with activators, repressors, and elongation factors (refs.
6-9; for review, see refs. 4 and 5).

RNAP a consists of two independently folded domains: an
N-terminal domain required for RNAP assembly (amino acids
8-235) and a C-terminal domain required for interactions with
promoter upstream elements, activators, repressors, and elon-
gation factors (amino acids 249-329) (refs. 10 and 11; for
review, see refs. 4 and 5).

The a N-terminal domain, by itself, is able to dimerize and
to be assembled into RNAP (6, 12-14). Therefore, the a
N-terminal domain must contain determinants for dimeriza-
tion, for interaction with B, and, possibly, for interactions with
B’ and 0. Amino acid substitutions and insertions at amino
acids 45, 48, and 80 of a block formation of «,8 but do not
block formation of a;, indicating that these amino acids may
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be part of the determinant for interaction with B (15-18).
Analogously, amino acid substitutions and insertions at amino
acids 86, 173, 180, and 200 of a block formation of «,BB’ but
do not block formation of a,B, indicating that these amino
acids may be part of the determinant for interaction with g’
(17, 18).

The a N-terminal domain (but not the a C-terminal domain)
is conserved in the a homologs of prokaryotic, eukaryotic,
archaeal, and chloroplast RNAP (5). An amino acid substitu-
tion at the position equivalent to amino acid 40 in the a
homolog of yeast RNAP II (RPB3) blocks interaction with the
8 homolog (RPB2) and results in a conditional-lethal growth
phenotype (19), and amino acid substitutions at the positions
equivalent to amino acids 40, 41, 44, 45, 54, and 59 in the «
homolog of yeast RNAP I and III (RPACA40) result in lethal
or conditional-lethal growth phenotypes (20), suggesting that
determinants for RNAP assembly may be conserved.

The genetic and sequence-comparison results, by them-
selves, do not distinguish between amino acids of a involved
directly in interactions with 8 and B’ and amino acids of «
involved solely in maintaining the proper conformation of a.
In this work, we have used a biochemical method—i.e., hy-
droxyl-radical protein footprinting—to define determinants of
«a for interaction with B, B’, and o.

Our procedure for hydroxyl-radical protein footprinting has
three steps: (i) we 3*P-end-label the protein of interest [using
an introduced recognition site for heart-muscle protein kinase
(HMPK); methods in ref. 21]; (i) in parallel reactions, we carry
out hydroxyl-radical-mediated cleavage of the 3*P-end-labeled
protein and of the 33P-end-labeled protein in complex with a
ligand (methods in refs. 22 and 23; description of cleavage
chemistry in refs. 24-27); and (iii) we analyze the cleavage
products by denaturing PAGE followed by PhosphorImager
analysis. Binding of the ligand decreases polypeptide-
backbone solvent accessibility at residues it contacts, protect-
ing against hydroxyl-radical-mediated cleavage at residues it
contacts and, therefore, resulting in a gap in the “ladder” of
cleavage products. The location of the ligand binding site can
be read out directly from the location of the gap in the ladder
of cleavage products.

MATERIALS AND METHODS

Preparation of a3, a3, o3BB’, and o3pp’e. pHTT7f1-
NHKe, which encodes an N-terminally hexahistidine-tagged,
N-terminally HMPK-tagged o derivative (MHHHHHHR-
RASVA, followed by amino acids 2-329 of ) under control of
the bacteriophage T7 gene 10 promoter, was constructed from
pHTT7f1-NHa (28) using site-directed mutagenesis (29). The
a derivative was overproduced in E. coli (procedures in ref. 28),
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was purified using nondenaturing batch-mode metal-ion-
affinity chromatography on Ni**-NTA-agarose (Qiagen; pro-
cedures in ref. 28), and was 33P-end-labeled in a reaction
containing (300 ul) 60 uM « derivative, 500 units of HMPK
catalytic subunit (Sigma, catalog no. P2645), 1 uM [y**P]JATP
(70 Bq/fmol; Amersham), 10 mM Tris"HCI (pH 7.9), 150 mM
KCl, and 6 mM dithiothreitol (1 h at 37°C).

a3B, a3BB’, and a>BB’ o were prepared by addition of excess
B, B and B, or B, B, or ¢’ under denaturing conditions,
followed by dialysis into nondenaturing conditions and batch-
mode metal-ion-affinity chromatography (procedures essen-
tially as in ref. 30), followed by gel-filtration chromatography
on Superose-6 (Pharmacia) (procedures as in ref. 31 except
that dithiothreitol and glycerol were omitted from the running
buffer).

Preparation of a3C, a3, a3Bp’, and o5°BB’ o. pHTT711-
NHaK, which encodes an N-terminally hexahistidine-tagged,
C-terminally HMPK-tagged a derivative (MHHHHHH, fol-
lowed by amino acids 2-329 of a, followed by RRASVA) under
control of the bacteriophage T7 gene 10 promoter, was con-
structed from pHTT7f1-NHa (28) using site-directed mu-
tagenesis (29). The a derivative was overproduced, purified,
33pP-end-labeled, and assembled into higher-order complexes
by the procedures of the preceding section.

Hydroxyl-Radical Protein Cleavage. Reaction mixtures con-
tained (10 up: 4 pM a3, a3, a3BB’, a3pB’ o, a5C, a3CB,
a3°BB’, or a3°BB’ o (1 Bq/fmol), 2 mM EDTA, 1 mM (NHy),-
Fe(IT)(SO4)2, 1 mM H,0,, 20 mM sodium ascorbate, 10 mM
Mops'-NaOH (pH 7.2), S mM Tris'HCI, 125 ml NaCl, 2 uM
ZnCl,, and 1% glycerol. Reactions were initiated by addition
of EDTA and (NHs),Fe(II)(SO4), [as a freshly prepared
solution containing 20 mM EDTA and 10 mM
(NH,),Fe(II)(SO4)], H20,, and sodium ascorbate. Reactions
were terminated after 30 min at 25°C by addition of 5 ul 3X
loading buffer [150 mM Tris-HCI, pH 7.9/36% glycerol/12%
SDS/6% 2-mercaptoethanol/0.01% bromophenol blue], and
products were analyzed by tricine SDS/PAGE (22, 32) fol-
lowed by PhosphorImager analysis (Molecular Dynamics
model 425B PhosphorImager).

Residue-Specific Protein Cleavage. Reaction mixtures for
methionine-specific cleavage contained (20 ul; pH adjusted to
2 with 1 M HCI): 3 uM a3 or o3 (1 Bq/pmol), 500 mM CNBr,
and 0.4% SDS. Reactions were terminated after 20 min at 25°C
by lyophilization and addition of 50 ul 1X loading buffer.
Reaction mixtures for lysine- and glutamic acid-specific cleav-
age contained (60 ul) 30 nM a3 or &3¢ (1 Bq/pmol), 0.2 ug of
endoproteinase Lys-C (Promega) or 0.5 ug of endoproteinase
Glu-C (Sigma), 8 M urea, and 50 mM Tris-HCI (pH 9.0).
Reactions were terminated after 15 min at 25°C by addition of
30 ul of 3X loading buffer followed by boiling.

Data Analysis. Phosphorimager intensities were integrated
across full lane widths and plotted versus electrophoretic
mobilities using IMAGEQUANT (Molecular Dynamics). Inten-
sity plots were aligned, correcting for lane-to-lane gel distor-
tions, using ALIGN [available on request; written in BASIC and
running under LABWINDOWS (National Instruments)]. Aligned
intensity plots were imported into SIGMAPLOT (Jandel), back-
grounds were subtracted, cleavage and gel-loading efficiencies
were normalized, data from multiple lanes were averaged,
electrophoretic mobilities were converted into residue num-
bers (residue numbers as in wild-type a), and difference plots
were calculated, using DIFFPLOT (available on request; written
in SIGMAPLOT transform language). Cleavage and gel-loading
efficiencies were normalized using, for each pair of aligned
intensity plots, the modal ratio from a histogram of pixel-by-
pixel intensity ratios (excluding the portions of the aligned
intensity plots corresponding to uncleaved full-length protein).
This method of normalization assumes that a significant
fraction of intensities is unaffected by interaction with the

Proc. Natl. Acad. Sci. USA 93 (1996) 10163

ligand of interest. This assumption appears to be valid for
interaction of o3 and 3 with B, B/, and o.

During electrophoresis, cleavage products shorter than ~40
amino acids were lost, and cleavage products 90-100% of
full-length were not well resolved (Fig. 1). Therefore, differ-
ence plots were calculated excluding the extreme N and C
termini [amino acids 1-20 and 285-329 in experiments using a3
(Ficg. 2); amino acids 1-40 and 295-329 in experiments using
a3~ (Fig. 3)].

RESULTS

For this work, we have constructed a plasmid encoding an «
derivative having an N-terminal HMPK recognition site and
hexahistidine affinity tag, and we have overproduced, purified,
and ¥3P-end-labeled the a derivative. Starting with the 3P-
end-labeled a derivative (a3), we formed homogeneous a3,
a3Bp’, and a3BB’c complexes by addition of excess B, excess
B and B’, or excess B, B’, and o, respectively, followed by
metal-ion-affinity chromatography (cf. refs. 28 and 30). For
each complex, we then performed hydroxyl-radical-mediated
cleavage and compared the cleavage pattern to that with a%
alone (Fig. 1).

To facilitate objective comparison, we developed and used
software for quantitative data acquisition and analysis. The
software aligned bands, subtracted backgrounds, corrected for
cleavage and loading efficiencies, and averaged data from
multiple lanes. The software then prepared “difference plots,”
comparing averaged data for each complex (@3B, o3BB', and
a3BB'o) to averaged data for a3 alone (Fig. 2). The resulting
difference plots exhibited good reproducibility and low back-
ground noise (Fig. 24). Essentially identical difference plots
were obtained in experiments using four preparations of a%
(data not shown) and also in parallel experiments using an a
derivative radiolabeled at its C terminus (a5; Fig. 3).

Determinants of « for Interaction with B: 3B versus af.
Fig. 2B compares the cleavage pattern with the a3B complex
to that with a3 alone. Addition of B results in protection of the
region corresponding to amino acids 30-75 of a. The protec-
tion exhibits a reproducible fine structure, with strongest
protection at amino acids 30-55 and 65-75. The maximum
magnitude of protection is 52 = 3% (normalized difference of
—1.1 = 0.1 in Figs. 2B Right and 3B Right); within error, this
is equal to the expected value for complete protection of one
of the two a* subunits of a3 (50%). We conclude that
addition of B reduces polypeptide-backbone solvent accessi-
bility in the region corresponding to amino acids 30-75 of a,
and we propose that $ directly contacts this region.

Determinants of « for Interaction with g’: a3Bp’ versus a3.
Fig. 2C compares the cleavage pattern with the 388’ complex
to that with a3 alone. There are two protected regions. The
first protected region corresponds to the region protected by
B in the a3B complex (cf. Fig. 2 B and C). Neither the
boundaries nor the fine structure of the protected region
change. We conclude that addition of B’ does not substantially
alter the interactions made by B. The second protected region
is observed only upon addition of B’ (cf. Fig. 2 B and C). The
second protected region corresponds to amino acids 175-210
of a and exhibits a reproducible fine structure, with strongest
protection at amino acids 175-185 and 195-210. The maximum
magnitude of the second protection is 47 = 7% (normalized
difference of —0.9 *+ 0.3 in Figs. 2C Right and 3C Right); within
error, this is equal to the expected value for complete protec-
tion of one of the two a* subunits of a3BB’ (50%). We
conclude that addition of B’ reduces polypeptide-backbone
solvent accessibility in the region corresponding to amino acids
175-210 of a, and we propose that B’ directly contacts this
region.

Determinants of « for Interaction with o: a3Bp’ o versus
o3, Fig. 2D compares the cleavage pattern with the a388'c
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Hydroxyl-radical protein footprmtmg data for a3 (A4), azBB (B), and azBB’'c (C). Molecular weight markers were generated by

residue-specific cleavage of denatured a3 under single-hit conditions using CNBr, endoproteinase Lys-C, and endoproteinase Glu-C [specific for
methionine, lysine, and glutamic acid, respectively (33)] (D Left). Hydroxyl-radical cleavage sites were assigned by interpolation (D Right).

complex to that with a3 alone. There are two protected reglons
The first corresponds to the region protected by B in the a38 and
asBp’ complexes, and the second corresponds to the region
protected by B’ in the a3’ complex (cf. Fig. 2 B-D). For each,
neither the boundaries nor the fine structure change. We con-
clude that addition of o does not substantially alter the interac-
tions made by B and B’. There are no additional protected regions
observed only upon addition of o (cf. Fig. 2 C and D). Therefore,
we tentatively conclude, in agreement with ref. 23, that o does not
contact . We emphasize that this conclusion must be considered
tentative, since our analysis excludes the extreme N and C termini
of a and since our threshold for significance of effects may
exclude weak contacts. McMahan and Burgess (34) have reported
that o can be crosslinked to a within RNAP. However, the
crosslinking results indicate proximity—not necessarily direct
contact (34).

DISCUSSION

Our results indicate that amino acids 30-75 of « are protected
from hydroxyl-radical-mediated proteolysis upon interaction
with B (Figs. 2 B-D, 3 B-D, and 44), and amino acids 175-210
of a are protected from hydroxyl-radical-mediated proteolysis
upon interaction with g’ (Figs. 2 C and D, 3 C and D, and 44).

Five regions of « are conserved in a homologs of prokary-
otic, eukaryotic, archaeal, and chloroplast RNAP: regions A,
B, C, D, and E (Fig. 4B). Strikingly, the segments of a most
strongly protected by B (amino acids 30-55 and 65-75) cor-
respond nearly exactly to regions A and B, and the segments
of a most strongly protected by B’ (amino acids 175-185 and
195-210) correspond nearly exactly to regions C and D (cf. Fig.
4 A and B). We propose that, in all organisms, regions A and
B constitute the determinant for interaction with the 8 ho-
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FiG. 2. Hydroxyl-radical protein footprinting: comparison of a3
versus a3 (averaged data for 6 lanes versus averaged data for six lanes)
(A), a3Bversus a3 (B), a3BB' versus a3 (C), and a3BB’ o versus a3 (D).
(Left) Corrected Phosghorlmager intensities for the complex under
study (solid line) and a3 (dashed line). Positions at which the corrected
PhosphorImager intensities for the complex under study and a3 differ
by at least 33% are marked with vertical ticks (decreases) or points
(increases). (Right) Difference plots. Difference plots show (I — I42+)/I
versus residue number, where I is the corrected intensity for the
complex under study, and I+ is the corrected intensity for a3.
Complete protection of one of the two a protomers in the complex
under study would result in a value of —1.

molog, and regions C and D constitute the determinant for
interaction with B’ homolog. [The remaining conserved re-
gion, region E, contains a potential leucine zipper (35). We
speculate that region E constitutes the primary determinant
for dimerization.]

Substitution of amino acid 45, 48, or 80 of a blocks inter-
action with B (refs. 15-18; see also refs. 19 and 20), and
substitution of amino acid 86, 173, 180, or 200 of « blocks
interaction with B’ (17, 18). The segments of « most strongly
protected by B and B’ contain, or are immediately adjacent to,
all except one of these sites.

The correspondence between the hydroxyl-radical protein
footprinting results and the sequence-comparison and genetic
results strongly suggests that the regions of a protected by B
and B’ are involved in direct, functional interaction with g and

B

Experiments with monoclonal antibodies directed against «
indicate that the two a protomers of RNAP occupy noniden-
tical environments (36). The observed maximal magnitude of
protection upon interaction with B and the observed maximal
magnitude of protection upon interaction with B’ both corre-
spond to the expected value for complete protection of one of
the two a protomers of RNAP (50% protection; normalized
difference of —1 in Figs. 2 B-D Right and 3 B-D Right). We
propose that only one of the two a protomers of RNAP
interacts with B8 and that only one of the two a protomers of
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FiG. 3. Hydroxyl-radical protein footprinting: comparison of a3¢
versus a3C (averaged data for six lanes versus averaged data for six
lanes) (A4), a5CB versus a3C (B), a3 BB’ versus a3C (C), and o5 BB’
versus a3~ (D). The difference plots for the C terminally radiolabeled
a derivative a3C are identical within error to the difference plots for
the N-terminally radiolabeled « derivative a3.

RNAP interacts with B'. Preliminary work involving construc-
tion of “heteromeric-a” RNAP (prepared in mixed reconsti-
tutions using a and an a derivative defective in interaction with
B, a and an a derivative defective in interaction with B’, or «
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F1G. 4. (A) Summary of results. (B) Comparison of sequences of
a homologs in prokaryotic RNAP (E. coli a), chloroplast RNAP
(maize a), eukaryotic RNAP I (Saccharomyces cerevisiae RPAC40),
eukaryotic RNAP II (S. cerevisiae RPB3), eukaryotic RNAP III (S.
cerevisiae RPACA40), and archacal RNAP (Haloarcula marismortui
Rpa) (citations in ref. 5). Five regions are conserved in all « homologs:
A-E. Prokaryotic and chloroplast a homologs contain a C-terminal
region involved in promoter recognition and transcriptional regulation
(3-9); this region is not conserved in eukaryotic and archaeal «
homologs.
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and an «a derivative defective in interaction with both g and B')
supports this proposal and further suggests that it is the same
a protomer that interacts with g and B’ (W. Niu and R.H.E,,
unpublished data).

The reagents and procedures of this report should be
generalizable to analysis of interactions of a with fragments of
B and B’ (37) and to analysis of interactions of a with DNA,
activators, repressors, and elongation factors (3-9). In princi-
ple, the procedures of this report should be generalizable to
analysis of any multiprotein or nucleoprotein complex.

We thank M. Carey, R. Hori, and T. Tullius for discussion. This work
was supported by National Institutes of Health Grants GM50514 to
T.H. and GM51527 to R.H.E.
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