
Targeted Protein Footprinting: Where Different Transcription Factors Bind to RNA
Polymerase†

Stacey L. Traviglia,‡ Saul A. Datwyler,‡ Dalai Yan,§ Akira Ishihama,| and Claude F. Meares*,‡

Department of Chemistry, UniVersity of California, One Shields AVenue, DaVis, California 95616, Department of
Plant and Microbial Biology and Molecular and Cell Biology, UniVersity of California, Berkeley, California 94720, and

Department of Molecular Genetics, National Institute of Genetics, Mishima, Shizuoka 411, Japan

ReceiVed July 26, 1999; ReVised Manuscript ReceiVed September 17, 1999

ABSTRACT: Gene transcription is regulated through the interactions of RNA polymerase (RNAP) with
transcription factors, such as the bacterialσ proteins. We have devised a new strategy that relies on
targeted protein footprinting to make an extensive survey of proximity to the protein surface. This involves
attaching cutting reagents randomly to lysine residues on the surface of a protein such asσ. The lysine-
labeledσ protein is then used to cleave the polypeptide backbones of the RNAP proteins at exposed
residues adjacent to theσ binding site. We used targeted protein footprinting to compare the areas near
which σ70, σ54, σ38, σE, NusA, GreA, and omega bind to the protein subunits ofEscherichia coliRNAP.
Theσ proteins and NusA cut sites in similar regions of the two large RNAP subunits,â andâ′, outlining
a common surface. GreA cuts a larger set of sites, whereas omega shows no overlap with the others,
cutting only theâ′ subunit at a unique location.

Many processes important for the development and
survival of organisms involve the binding of regulatory
proteins to large macromolecular complexes. To understand
these molecular events, the questions to be addressed begin
with identifying protein-protein or protein-nucleic acid
contacts. Chemical cleavage with tethered reagents has
proved to be particularly well suited for mapping sites in
macromolecular complexes (1-3). The focus of the present
investigation, the RNA polymerase (RNAP) ofEscherichia
coli, illustrates the power of this approach. Core RNAP,1 a
noncovalent complex of four proteins (R2ââ′), binds to one
of several differentσ proteins to form the holoenzyme
(R2ââ′σ). Each distinctσ directs RNAP to a characteristic
promoter site on DNA. Shortly after RNA synthesis begins,
σ is released and other regulatory proteins such as NusA
can bind to the transcription complex (4).

The binding sites of regulatory proteins on core RNAP
are not well understood, primarily due to a lack of experi-
mental tools. We have recently developed an efficient
method, targeted protein footprinting, for mapping regions
near the binding site of one protein on another (5). This
involves attaching cutting reagents randomly to lysine
residues on a protein’s surface and then using this lysine-
labeled protein to cleave the polypeptide backbone of the

other protein at exposed residues adjacent to its binding site
(Figure 1). The cleavage of nucleic acids with lysine-labeled
proteins has also been described (6, 7). Because lysines are
common residues on the surfaces of most proteins, this new
methodology makes it straightforward to label any number
of proteins, allowing many different complexes to be studied
in parallel. This technique was first used to explore those
regions of theσ70 binding site on core RNAP that had not
been accessed by cutting reagents attached to single-cysteine
mutants. Targeted protein footprinting by lysine-labeledσ70

provided information equivalent to a large set of single-
cysteine mutants. This has led us to explore and compare
the interactions of several different proteins with RNAP.

An important feature of targeted protein footprinting is
that a macromolecule bound toanysite on the lysine-labeled
protein should be cleaved. This requires that the molecules
in a lysine-labeled protein preparation contain cutters located
at diverse sites, such that the entire surface of the lysine-
labeled protein is collectively reached by cutting reagents
(Figure 1). The crystal structures of several proteins reveal
that lysines are distributed over their surfaces, with the
average lysineε-amino group about 12 Å away from the
corresponding group on its nearest neighboring lysine. We
modify the native lysine side chains of a chosen protein with
the cutting reagent iron (S)-1-(p-bromoacetamidobenzyl)-
ethylenediaminetetraacetate (FeBABE) via a 2-iminothiolane
(2IT) spacer. Each tethered 2IT-FeBABE can reach 18 Å,
sufficient to extend past the nearest neighboring lysine. As
Figure 2 shows, almost complete surveillance of the surface
can be achieved for a variety of proteins (8-10). For cutting
caused by diffusible species such as hydroxyl radicals, the
reach of each tethered reagent will be even greater.

The technology described here allows for efficient screen-
ing of protein-protein interactions and makes it easy to
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assess where multiple factors bind to a common target. We
employed this new approach to determine where different
proteins bind to the RNAP core enzyme.

MATERIALS AND METHODS

Materials. RNAP and RNAP binding proteins were
purified according to literature references (11-18). The
bovine serum albumin (BSA) used for control experiments
was purchased from Pierce. The RNAP binding proteins were
conjugated with the cutting reagent, FeBABE (19), via a
2-iminothiolane (2IT) linker (purchased from Sigma). The
cleavage reactions were initiated with ascorbic acid (Fluka;
vitamin C, microselect grade) and hydrogen peroxide (J. T.
Baker; Ultrex grade). Pure water (18 MΩ cm) was used for
all experiments.

2IT-FeBABE Conjugation.The conjugation reactions were
performed as described (5) to obtain 1-2 chelates per
protein. Briefly, a protein (5-50 µM) was exchanged into a
nonnucleophilic buffer (10 mM MOPS, pH 8, 100 mM NaCl,
0.1 mM EDTA, 5% glycerol) by gel filtration. FeBABE was
added to the protein (final concentration 1.4 mM), im-
mediately followed by 2IT (final concentration 0.7 mM). The
reaction was incubated at 37°C for 1 h, and excess reagents
were removed by gel filtration. Glycerol was added to 50%,
and the conjugates were stored at-70°C. Conjugation yields
were estimated according to ref5. The concentrations of the
resulting conjugates were determined by a Bradford dye-
binding assay (Bio-Rad).

Proximity CleaVage with 2IT-FeBABE Lysine-Labeled
Proteins.The core enzyme (10 pmol) was incubated in a
1:1 molar ratio with a 2IT-FeBABE conjugate in cleavage
buffer (10 mM MOPS, pH 8, 120 mM NaCl, 10 mM MgCl2,
1 mM EDTA, 10% glycerol) for 15 min at room temperature
(8 µL total volume). The presence of 10% glycerol, a
hydroxyl radical scavenger, limits the distance a diffusible
hydroxyl radical can travel. To activate the cleavage reaction,
ascorbate and hydrogen peroxide (1µL each) were added
to final concentrations of 4 mM. The reaction was allowed
to proceed for 1 min, followed by the addition of 2.5µL of

5× sample application buffer [62.5 mM Tris‚HCl, pH 6.8,
2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) 2-mercapto-
ethanol, 0.02% (w/v) bromophenol blue, 25 mM EDTA].

FIGURE 1: General approach for mapping protein-protein interac-
tion sites by targeted protein footprinting, illustrated for RNA
polymerase (I). To characterize the interaction of a sigma protein
(blue) with core RNA polymerase, a cutting reagent should be
placed at many locations on the surface of sigma (II). This is
achieved experimentally with a collection of lysine-labeled protein
molecules, with each molecule containing one cutting reagent at a
different location (III). Since the side chainε-amino groups of lysine
residues tend to have similar reactivity, the cutting reagent can be
distributed among surface-exposed lysines. A low degree of
conjugation ensures that no single protein molecule is likely to have
more than 1-2 cutting reagents attached, and modification can be
accomplished with only moderate loss of biological activity (5).
Upon activation, the tethered iron chelate (2IT-FeBABE) cleaves
the adjacent segments of proteins and nucleic acids.

FIGURE 2: Three examples of lysine-labeled proteins: theσ70

fragment (8) at the top, GreA (9) in the center, and an antibody
Fab fragment at the bottom (10). Blue segments of the ribbon are
lysine residues. To depict the surface coverage of each 2IT-FeBABE
lysine-labeled protein preparation (5), spheres with radius 18 Å
(the reach of the cutting reagent) are superimposed on all the lysine
ε-amino groups. This is a conservative estimate that does not take
into account the flexibility of the lysine side chain. The minor
regions of the surfacenot covered by the spheres are shown in
green; molecules are oriented to emphasize these.
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The samples were frozen in liquid nitrogen and stored at
-70 °C.

Analysis of Cut Sites.The cleavage fragments were
separated by SDS-PAGE, electrophoretically blotted onto
poly(vinylidene difluoride) (PVDF) membrane, and visual-
ized with affinity-purified antibodies against the termini of
the core enzyme subunits,R, â, and â′, as described by
Greiner et al. (20). The sizes of the fragments, in terms of
residue numbers, were determined by comparison to markers
created by 2-nitro-5-thiocyanobenzoic acid (NTCB) and
cyanogen bromide (CNBr) digests of the core enzyme (21)
and measured using a Fluor-S MultiImager with Quantity
One software (Bio-Rad). The experiments were reproduced
and analyzed five times. To estimate the precision of these
assignments, the number of residues in each fragment was
measured from its mobility on each of the five blots. The
standard deviation of these measurements was calculated for
each fragment, and then these values were averaged to yield
a measure of the overall precision for eitherâ or â′.

RESULTS AND DISCUSSION

Regions within the different regulatory proteins that are
involved in core RNAP binding have been previously
identified, but there is less information about the comple-
mentary sites on the much largerR2ââ′ core. The core
binding site ofσ70 has been studied previously with tech-
niques such as chemical cross-linking (22), FeEDTA foot-
printing (20, 23), and chemical cleavage with reagents
tethered at specific residues ofσ70 mutants (21). Cross-linking
has revealed subunit-subunit proximity, but the locations
of cross-links are rarely identified. FeEDTA footprinting has
been used to study the binding ofσ70 to R2ââ′, but is
problematic with weaker binders such asσE, σ38, or NusA.
It is also important to note that FeEDTA footprinting cannot
distinguish between binding sites and conformational changes.
Tethered cutting reagents attached to engineered single-
cysteine mutants ofσ70 have been used to identify sites on
R2ââ′ proximal to the location of each cutter, without inter-
ference from weak binding or conformational changes (21).
Targeted protein footprinting is an efficient technique for
comparing regions near binding sites, allowing the present
survey of several regulatory proteins. It should be noted that
the actual residues at the binding interface would not be
revealed by this experiment; tethered reagents are not
expected to cut within the binding site. However, tethered
reagents can cut sites within≈20 Å of their tether, revealing
spatial proximity.

Figure 3 shows experimental results from cleavage of the
â andâ′ subunits with lysine-labeled proteins. No cleavage
products were observed on theR subunit. BSA was also
conjugated with 2IT-FeBABE to demonstrate the specificity
of the cleavage. The lysine-labeled BSA, which does not
bind core RNAP, did not cleave it (Figure 3, lane 3). For
comparison, the unbound, nonspecific cutting reagent
FeEDTA (Figure 3, lane 11) produces a large number of
fragments, in contrast to the limited cutting patterns of 2IT-
FeBABE lysine-labeled proteins.

Figure 4 shows the locations of the cut sites along the
polypeptide sequences of subunitsâ andâ′. Primary structure
segments labeled with capital letters are conserved sequences,
common to RNA polymerases in many organisms (24). The

smallest sigma protein,σE (∼20 kDa), responds to extracy-
toplasmic stress by activating transcription of heat shock
proteins. The cut sites produced by lysine-labeledσE are
located in or nearâ regions C, D, and E and inâ′ regions C
and D.σ38, a key factor during the transition from exponential
growth to the stationary phase, shows cut sites in the same
regions and also in region B and near G and H ofâ and in
region B ofâ′. The primary sigma factorσ70, which directs
the majority of gene transcription during exponential growth,
shows the same cuts asσ38 andσE, with additional cuts near
â region G andâ′ region A.

σ54, which responds to nitrogen deprivation, is structurally
and functionally distinct from theσ70 family, which includes
σ38 and σE (25). Lysine-labeledσ54 cuts regions of core
RNAP similar to theσ70 family. Even thoughσ54 has almost
no sequence homology to theσ70 family, it evidently binds
within reach of the same region on core RNAP.

The NusA protein, which is involved in regulating RNA
elongation, cuts in the same regions of bothâ andâ′ as the

FIGURE 3: Analysis of targeted protein footprinting by SDS-
PAGE, western blotting, and visualization with specific antibodies
against the N-terminus of subunitâ (A) or â′ (B). Marker lanes 1
and 2 are the NTCB and CNBr chemical digests ofR2ââ′. Cleavage
of R2ââ′ with lysine-labeled proteins: lane 3, BSA-2IT-FeBABE;
lane 4,σ70-2IT-FeBABE; lane 5,σ54-2IT-FeBABE; lane 6,σ38-
2IT-FeBABE; lane 7,σE-2IT-FeBABE; lane 8, NusA-2IT-FeBABE;
lane 9, GreA-2IT-FeBABE; lane 10, omega-2IT-FeBABE. Lane
11 is untethered FeEDTA cleavage of the core enzyme (20). Lane
12 is cleavage with FeBABE conjugated to the single cysteine
residue 396 of aσ70 mutant, 396C-σ70-FeBABE (21). The residue
numbers for some of the NTCB and CNBr marker fragments are
indicated on the left.
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σ factors. This is consistent with evidence that NusA and
σ70 bind competitively to RNAP (4).

GreA is a transcription elongation factor that induces
transcript cleavage in stalled complexes. Lysine-labeled GreA
producesâ cut sites similar to the other proteins but also
has two unique cuts nearâ residues 244 and 260. Lysine-
labeled GreA produces someâ′ cuts similar to the other
proteins but makes a unique cut inâ′ region F. The binding
of streptolydigin, which inhibits RNA elongation, is affected
by mutations in this region (26). In eukaryotic RNA polym-
erase II, mutations in the corresponding region F affect the
binding ofR-amanitin, which inhibits nascent RNA cleavage
by transcription elongation factor SII (27). The crystal
structure of GreA shows that it consists of two distinct do-
mains. The coiled-coil N-terminal domain juts out 45 Å in
solution and plays a direct role in the transcript cleavage re-
action. The lysine-labeled N-terminal domain of GreA should
be within reach of the active site of RNAP and capable of
cleaving similar regions of RNAP as the sigma factors. The
globular C-terminal domain is required for GreA binding to
RNAP. The lysine-labeled C-terminal domain of GreA is
likely to have produced the unique cut site inâ′ region F.

The omega protein binds to and copurifies with RNAP
but has no established function. Omega can be cross-linked
to â′ but notâ (28). Lysine-labeled omega does not cutâ
but produces unique cut sites nearâ′ region E, where a
chloroplast split site is located. The large subunits of bacterial
RNA polymerase remain functional after cleavage at chlo-
roplast split sites, with one exception (29): a defect in
promoter clearance results from cleavage ofâ′ at the site
near where lysine-labeled omega cuts.

Aside from minor differences, lysine-labeledσ70, σ54, σ38,
σE, and NusA (collectively referred to asσ/NusA) produce

cut sites in the same regions of bothâ and â′, outlining a
common surface. All these proteins are involved in the
control of gene expression, as is GreA, which also cuts in
similar regions. We infer that these proteins bind within reach
of the active site of RNA polymerase. The omega protein
evidently binds elsewhere.

On â, σ/NusA cut sites are intense and clustered around
the rifampicin binding regions. Rifampicin inhibits RNAP,
and mutational analysis of the residues located in the
rifampicin binding site indicates that they comprise part of
the catalytic center (26). These cut sites are also just outside
the conserved motif NADFDGD, which is involved in
chelating the active center Mg2+ (30). Theseσ/NusA regions
are distinct from the segments ofâ implicated in binding
the R subunit [residues 737-904 and downstream of 1138
(31)].

On theâ′ subunit, intenseσ/NusA cut sites lie primarily
in region C. These cut sites are clustered betweenâ′ residues
201-477; mutantâ′ proteins lacking this region retain the
ability to form the core enzyme but cannot bindσ (32).
Recently, theσ-â′ interaction was mapped to a peptide
containingâ′ residues 260-309 by affinity techniques (33).
Further, residues located inâ′ region C are homologous to
the DNA-binding cleft of DNA polymerase I (24). σ also
cuts â′ region D; â′ regions A-B, E-F, and G-H are
involved in binding R2â, but regions C and D are not
necessary (A. Katayama, N. Fujita, and A. Ishihama,
submitted for publication).

Targeted protein footprinting is a powerful tool for
mapping interactions within macromolecular complexes and
for comparing the binding sites of several proteins to a
common target. Because it (1) reports on proximity to the
protein of interest, (2) surveys practically the entire surface

FIGURE 4: Comparison of cut sites from targeted protein footprinting with the lysine-labeled proteins indicated along the vertical axes. The
accuracy of these assignments is estimated to be(6 residues forâ and(11 for â′ (21); the precision is(5 residues for both. The primary
sequences, conserved regions, rifampicin binding regions (Rif), and chloroplast and archaebacterial split sites (SS) of subunitsâ andâ′ are
indicated along the horizontal axes. The shading of these boxes corresponds to the intensity of the cut sites.σ/NusAis a summary of cut
sites produced by the sigma proteins and NusA.
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of each cutting protein, and (3) provides a straightforward
readout of sequence positions cleaved on the target macro-
molecules, this approach is a valuable adjunct to other
techniques for studying macromolecular architecture. The
concept can be extended by using other cutting reagents with
longer or shorter ranges or with different attachment sites.
Because its chemistry is versatile (34), this technique can
be utilized to study protein-nucleic acid interactions as well.
We envision that it can be applied generally to other complex
systems.
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