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ABSTRACT:. Gene transcription is regulated through the interactions of RNA polymerase (RNAP) with
transcription factors, such as the bacteriaproteins. 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 sucthadysine-
labeledo protein is then used to cleave the polypeptide backbones of the RNAP proteins at exposed
residues adjacent to thebinding site. We used targeted protein footprinting to compare the areas near
which 679, %4, 638, oF, NusA, GreA, and omega bind to the protein subunit&stherichia coliRNAP.

The o proteins and NusA cut sites in similar regions of the two large RNAP subyhéed’, outlining

a common surface. GreA cuts a larger set of sites, whereas omega shows no overlap with the others,
cutting only thes’ subunit at a unique location.

Many processes important for the development and other protein at exposed residues adjacent to its binding site
survival of organisms involve the binding of regulatory (Figure 1). The cleavage of nucleic acids with lysine-labeled
proteins to large macromolecular complexes. To understandproteins has also been describéd®). Because lysines are
these molecular events, the questions to be addressed begioommon residues on the surfaces of most proteins, this new
with identifying proteir-protein or proteir-nucleic acid methodology makes it straightforward to label any number
contacts. Chemical cleavage with tethered reagents hasof proteins, allowing many different complexes to be studied
proved to be particularly well suited for mapping sites in in parallel. This technique was first used to explore those
macromolecular complexe$-3). The focus of the present  regions of thes’® binding site on core RNAP that had not
investigation, the RNA polymerase (RNAP) B§cherichia been accessed by cutting reagents attached to single-cysteine
coli, illustrates the power of this approach. Core RN,  mutants. Targeted protein footprinting by lysine-labeiéd
noncovalent complex of four proteina/33'), binds to one provided information equivalent to a large set of single-
of several differento proteins to form the holoenzyme cysteine mutants. This has led us to explore and compare
(a86'0). Each distincto directs RNAP to a characteristic  the interactions of several different proteins with RNAP.
promoter site on DNA. Shortly after RNA synthesis begins,  An important feature of targeted protein footprinting is
o is released and other regulatory proteins such as NUsAthat a macromolecule boundanysite on the lysine-labeled
can bind to the transcription comple#)( protein should be cleaved. This requires that the molecules

The binding sites of regulatory proteins on core RNAP in 5 ysine-labeled protein preparation contain cutters located
are not well understood, primarily due to a lack of experi- 4t diverse sites, such that the entire surface of the lysine-
mental tools. We have recently developed an efficient |apeled protein is collectively reached by cutting reagents
method, targeted protein footprinting, for mapping regions (rigure 1). The crystal structures of several proteins reveal
near the binding site of one protein on anoth). (This  that lysines are distributed over their surfaces, with the
involves attaching cutting reagents randomly to lysine ayerage lysine-amino group about 12 A away from the
residues on a protein’s surface and then using this lysine-corresponding group on its nearest neighboring lysine. We
labeled protein to cleave the polypeptide backbone of the mqgify the native lysine side chains of a chosen protein with

— the cutting reagent iron§-1-(p-bromoacetamidobenzyl)-
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Ficure 1: General approach for mapping protejprotein 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 (Il). This is
achieved experimentally with a collection of lysine-labeled protein
molecules, with each molecule containing one cutting reagent at a
different location (lll). Since the side chairamino 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 12 cutting reagents attached, and modification can be
accomplished with only moderate loss of biological activify. (
Upon activation, the tethered iron chelate (2IT-FeBABE) cleaves
the adjacent segments of proteins and nucleic acids.

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 reference$1{18). The
bovine serum albumin (BSA) used for control experiments
was purchased from Pierce. The RNAP binding proteins were
conjugated with the cutting reagent, FeBABEJ), 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(®Icm) was used for
all experiments.

2IT-FeBABE Conjugationthe conjugation reactions were
performed as described)(to obtain -2 chelates per
protein. Briefly, a protein (550 uM) was exchanged into a
nonnucleophilic buffer (10 mM MOPS, pH 8, 100 mM NacCl,
0.1 mM EDTA, 5% glycerol) by gel filtration. FeEBABE 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 3 for 1 h, and excess reagents
were removed by gel filtration. Glycerol was added to 50%,
and the conjugates were stored-at0 °C. Conjugation yields
were estimated according to fi&fThe concentrations of the
resulting conjugates were determined by a Bradford dye-
binding assay (Bio-Rad).

Proximity Cleasage 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 NacCl, 10 mM Mgg£l
1 mM EDTA, 10% glycerol) for 15 min at room temperature
(8 uL 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 peroxideull each) were added
to final concentrations of 4 mM. The reaction was allowed
to proceed for 1 min, followed by the addition of 2:b of
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Ficure 2: Three examples of lysine-labeled proteins: thé
fragment B) at the top, GreA g) in the center, and an antibody
Fab fragment at the bottoni@). Blue segments of the ribbon are
lysine residues. To depict the surface coverage of each 2IT-FeBABE
lysine-labeled protein preparatiod)( spheres with radius 18 A
(the reach of the cutting reagent) are superimposed on all the lysine
€-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 surfaceot covered by the spheres are shown in
green; molecules are oriented to emphasize these.

5x sample application buffer [62.5 mM TridClI, 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].
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The samples were frozen in liquid nitrogen and stored at A. Beta
—70°C. ’

Analysis of Cut SitesThe cleavage fragments were 123 456780910112
separated by SDSPAGE, electrophoretically blotted onto
poly(vinylidene difluoride) (PVDF) membrane, and visual- i .mg. -
ized with affinity-purified antibodies against the termini of 8371—— - . =
the core enzyme subunits, 5, and /', as described by 634 [~ w

Greiner et al. 20). The sizes of the fragments, in terms of aad = _RET= g 5-3 =
residue numbers, were determined by comparison to markers — 403t——== - an . -
-

created by 2-nitro-5-thiocyanobenzoic acid (NTCB) and 310} o —

cyanogen bromide (CNBr) digests of the core enzy@® ( .
and measured using a Fluor-S Multiimager with Quantity 239 - -
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 B. Beta Prime

each fragment, and then these values were averaged to yield 1 2 34567 8 9 1011 12
a measure of the overall precision for eitifeor j'.

RESULTS AND DISCUSSION

Regions within the different regulatory proteins that are 813l
involved in core RNAP binding have been previously
identified, but there is less information about the comple-
mentary sites on the much larges3s’ core. The core 4831
binding site ofo’® has been studied previously with tech- 365
niques such as chemical cross-linkig2), FEEDTA foot- B = vo g
printing (20, 23), and chemical cleavage with reagents - ' .-
tethered at specific residuesa@® mutants 21). Cross-linking 27—
has revealed subunrisubunit proximity, but the locations 197
of cross-links are rarely identified. FeEDTA footprinting has Fcure 3: Analysis of targeted protein footprinting by SBS
been used to study the binding of° to o843, but is PAGE, western blotting, and visualization with specific antibodies
et e s e o N e T iy i g Comens
gilss'zir?lsq Important to .no?e th"?‘t FeEDTA footprlntlng cannot of a6’ with lysine-labeled proteins: Ianeg:% BSA-2IT- FeBA?BE;
guish between binding sites and conformational changes,;na 4,079-2|T-FeBABE: lane 5,05%2IT-FeBABE; lane 6,0%-
Tethered cutting reagents attached to engineered single2|T-FeBABE: lane 7¢E-2IT-FeBABE: lane 8, NusA-2IT-FEBABE:
cysteine mutants af® have been used to identify sites on lane 9, GreA-2IT-FeBABE; lane 10, omega-2IT-FeBABE. Lane
azB' proximal to the location of each cutter, without inter- 11 is untethered FEEDTA cleavage of the core enzy20g (ane

P ; 12 is cleavage with FeBABE conjugated to the single cysteine
ference from weak binding or conformational chang®h.( residue 396 gf @70 mutant, 396@73 FgeBABE o). Thegresi()j/ue

Targeted protein footprinting is an efficient technique for nympers for some of the NTCB and CNBr marker fragments are
comparing regions near binding sites, allowing the presentindicated on the left.

survey of several regulatory proteins. It should be noted that
the actual residues at the binding interface would not be smallest sigma proteim® (~20 kDa), responds to extracy-
revealed by this experiment; tethered reagents are nottoplasmic stress by activating transcription of heat shock
expected to cut within the binding site. However, tethered proteins. The cut sites produced by lysine-labelédare
reagents can cut sites withir20 A of their tether, revealing  located in or neap regions C, D, and E and i regions C
spatial proximity. and D.c%8, a key factor during the transition from exponential
Figure 3 shows experimental results from cleavage of the growth to the stationary phase, shows cut sites in the same
B andf' subunits with lysine-labeled proteins. No cleavage regions and also in region B and near G and H@nd in
products were observed on tlesubunit. BSA was also  region B of8". The primary sigma factas™, which directs
conjugated with 21T-FeBABE to demonstrate the specificity the majority of gene transcription during exponential growth,
of the cleavage. The lysine-labeled BSA, which does not shows the same cuts a¥ ando*, with additional cuts near
bind core RNAP, did not cleave it (Figure 3, lane 3). For S region G and3’ region A.
comparison, the unbound, nonspecific cutting reagent ¢ which responds to nitrogen deprivation, is structurally
FeEDTA (Figure 3, lane 11) produces a large number of and functionally distinct from the’® family, which includes
fragments, in contrast to the limited cutting patterns of 2IT- ¢ and o (25). Lysine-labeledo®* cuts regions of core
FeBABE lysine-labeled proteins. RNAP similar to thes"® family. Even thoughs®* has almost
Figure 4 shows the locations of the cut sites along the N0 sequence homology to tié° family, it evidently binds
polypeptide sequences of suburfitandf’. Primary structure ~ Within reach of the same region on core RNAP.
segments labeled with capital letters are conserved sequences, The NusA protein, which is involved in regulating RNA
common to RNA polymerases in many organisi2é)(The elongation, cuts in the same regions of b@tandj' as the
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Ficure 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 te®eesidues fofs and+11 for 5’ (21); the precision ist5 residues for both. The primary
sequences, conserved regions, rifampicin binding regions (Rif), and chloroplast and archaebacterial split sites (SS) ¢f anbhese
indicated along the horizontal axes. The shading of these boxes corresponds to the intensity of the clNs#@s&s a summary of cut

sites produced by the sigma proteins and NusA.

o factors. This is consistent with evidence that NusA and cut sites in the same regions of bgthand ', outlining a
0’0 bind competitively to RNAP 4). common surface. All these proteins are involved in the
GreA is a transcription elongation factor that induces control of gene expression, as is GreA, which also cuts in
transcript C|ea\/age in stalled Comp]exes_ Lysine_|abe|ed GreASim”ar regions. We infer that these proteins bind within reach
producess cut sites similar to the other proteins but also Of the active site of RNA polymerase. The omega protein
has two unique cuts negrresidues 244 and 260. Lysine- evidently binds elsewhere.
labeled GreA produces son® cuts similar to the other On 3, o/NusA cut sites are intense and clustered around
proteins but makes a unique cutfhregion F. The binding  the rifampicin binding regions. Rifampicin inhibits RNAP,
of streptolydigin, which inhibits RNA elongation, is affected and mutational analysis of the residues located in the
by mutations in this regior2@). In eukaryotic RNA polym- rifampicin binding site indicates that they comprise part of
erase Il, mutations in the corresponding region F affect the the catalytic centerg). These cut sites are also just outside
binding ofa-amanitin, which inhibits nascent RNA cleavage the conserved motif NADFDGD, which is involved in
by transcription elongation factor Sli27). The crystal chelating the active center Mig(30). Theses/NUsA regions
structure of GreA shows that it consists of two distinct do- are distinct from the segments gfimplicated in binding
mains. The coiled-coil N-terminal domain juts out 45 A in  the a subunit [residues 737904 and downstream of 1138
solution and plays a direct role in the transcript cleavage re- (31)].
action. The Iysine-labeled N-terminal domain of GreA should On theﬁ' subunit, intens@/NusA cut sites lie primari]y
be within reach of the active site of RNAP and capable of in region C. These cut sites are clustered betyeesidues
cleaving similar regions of RNAP as the sigma factors. The 201-477; mutant3’ proteins lacking this region retain the
globular C-terminal domain is required for GreA blndlng to ability to form the core enzyme but cannot bind(32).
RNAP. The lysine-labeled C-terminal domain of GreA is Recently, theo—p' interaction was mapped to a peptide
likely to have produced the unique cut sitefhregion F.  containings’ residues 266309 by affinity techniques3Q).
The omega protein binds to and copurifies with RNAP Further, residues located f#i region C are homologous to
but has no established function. Omega can be cross-linkecthe DNA-binding cleft of DNA polymerase 12d). ¢ also
to ' but notf (28). Lysine-labeled omega does not ¢gut  cuts §' region D; ' regions A-B, E—F, and G-H are
but produces unique cut sites neg#rregion E, where a  involved in binding a3, but regions C and D are not
chloroplast split site is located. The large subunits of bacterial necessary (A. Katayama, N. Fujita, and A. Ishihama,
RNA polymerase remain functional after cleavage at chlo- submitted for publication).

roplast split sites, with one exceptio2d): a defect in Targeted protein footprinting is a powerful tool for

promoter clearance results from cleavagefoft the site mapping interactions within macromolecular complexes and

near where lysine-labeled omega cuts. for comparing the binding sites of several proteins to a
Aside from minor differences, lysine-labele€?, 6%, ¢%8, common target. Because it (1) reports on proximity to the

of, and NusA (collectively referred to agNusA) produce protein of interest, (2) surveys practically the entire surface
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of each cutting protein, and (3) provides a straightforward 14.
readout of sequence positions cleaved on the target macro-
molecules, this approach is a valuable adjunct to other

techniques for studying macromolecular architecture. The 4
concept can be extended by using other cutting reagents with
longer or shorter ranges or with different attachment sites. 17.

Because its chemistry is versatilg4], this technique can
be utilized to study proteinnucleic acid interactions as well.

We envision that it can be applied generally to other complex

systems.
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