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ABSTRACT: RapA, a prokaryotic member of the SWI/SNF protein superfamily, is an integral part of the RNA
polymerase transcription complex. RapA’s function and catalytic mechanism have been linked to nucleic acid
remodeling. In this work, we show that mutations in the interface between RapA’s SWI/SNF and double-
stranded nucleic acid-binding domains significantly alter ATP hydrolysis in purified RapA. The effects of
individual mutations on ATP hydrolysis loosely correlated with RapA’s nucleic acid remodeling activity,
indicating that the interaction between these domains may be important for the RapA-mediated remodeling
of nonproductive transcription complexes. In this study, we introduced a model system for in vitro
transcription of a full-length Escherichia coli gene (slyD). To study the function of RapA, we fractionated
and identified in vitro transcription reaction intermediates in the presence or absence of RapA. These
experiments demonstrated that RapA contributes to the formation of free RNA species during in vitro
transcription. This work further refines our models for RapA function in vivo and establishes a new role in
RNA management for a representative of the SWI/SNF protein superfamily.

Escherichia coli has served as a primary model system for the
study of enzymes involved in RNA synthesis. A textbook
example of polymerase function, the E. coli core RNA polymer-
ase formed by the R2ββ0ω subunits is capable of transcription
elongation and termination (1). Proteins called sigma factors
(1-3) associate with the core enzyme and allow the resulting
complex, termed the RNA polymerase holoenzyme, to bind
DNA in a sequence-specific manner and initiate transcription
from loosely homologous promoter sequences on the E. coli
chromosome. Each sigma factor controls multiple groups of
promoters; e.g., the key growth-related and housekeeping genes
in E. coli are under control of σ70 (4), the rpoD gene product.
Approximately one-third of the core E. coli RNA polymerase
molecules in a given cell form a high-affinity, stoichiometric
complex with σ70 under normal growth conditions; the R2ββ0ω
and R2ββ0ωσ

70 enzyme species display a number of distinct
properties and can be chromatographically separated (5, 6).
Apart from the sigma factors and relatively small proteins
(which are unlikely to displaymechanistically complex enzymatic
activities), the key known interactors of the E. coli RNA
polymerase established through biochemical studies areNusA (7,
8) and RapA (6, 9). NusA, an essential RNA-binding protein in
E. coli, has been described in the existing literature as a
transcription elongation factor and a cofactor of antitermina-
tors (10-13). The function of RapA (also known as HepA), the

first identified bacterial representative of the SWI/SNF protein
superfamily, is not fully understood. Under most conditions (in
liquid cultures), rapA deletion has little or no effect on cell
growth (6, 14), protein expression [as judged by two-dimensional
electrophoresis (M. V. Sukhodolets, unpublished results)], UV
sensitivity (14), or mutation rates (14). This apparent lack of a
pronounced rapA effect in vivo points to functions other than
general regulation of transcription, as proposed for RapA’s
eukaryotic counterparts. However, rapA deletion results in a
unique phenotype, rendering bacteria incapable of efficient
growth on agar plates in high salt (15). In vitro, RapA promotes
multiround transcription in a salt concentration-specific fash-
ion (15, 16). Salt selectivity is therefore a shared feature of RapA
effects observed in vivo and in vitro. Our recent work presented
multiple, independent lines of evidence indicating that RapA
binds and remodels RNA during transcription (17). This study
also indicated that noncanonical DNA-RNA complexes such as
DNA-RNA triplexes, the formation of which is enhanced in
high salt (17), could represent potential substrates for RapA, and
we proposed that remodeling of noncanonical nucleic acid
complexes could be the primary function of RapA and its
homologues in vivo (17). A recently reported, 3.2 Å resolution
structure of RapA was used to construct a putative structural
model for a RapA-nucleic acid complex, suggesting that RapA
is capable of simultaneous interactions with both double-
stranded and single-stranded nucleic acids (18). This is consistent
with the proposed role of RapA in the remodeling of noncano-
nical nucleic acid complexes.

In this work, we construct several new RapA mutations,
focusing on the RapA domain harboring SWI/SNF homology
motifs IV-VI (herein termed the SWI/SNF domain) and its
interface with the domain containing the putative double-
stranded nucleic acid template (dsT) binding site (17, 18), and
studied their effect on RapA’s ATP hydrolytic and nucleic acid
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remodeling activities. We demonstrate a significant effect of the
mutations in this region on RapA’s ATP hydrolytic and nucleic
acid remodeling activities. The effects of individual mutations on
ATP hydrolysis loosely correlated with RapA’s nucleic acid
remodeling activity in in vitro transcription, indicating that the
interaction between the SWI/SNF and dsT binding domains may
be important for the RapA-mediated remodeling of nonproduc-
tive transcription complexes.

In this study, we have tested, for the first time in studies with
RapA, the effects of RapA on the transcription of a model full-
length E. coli mRNA containing intact 50- and 30-nontranslated
sequences. The results presented herein are in accord with our
existing model, in which RapA aids RNA polymerase in the
displacement of nascent RNA from transcription complexes. We
show that this enzymatic activity of RapA is unique and cannot
be mimicked by other RNA binding proteins with a demon-
strated ability to promote transcriptional cycling, such as S1 (19).
In this work, we further develop our methods for fractionation
and identification of in vitro transcription reaction intermediates.
Using a nondenaturing (as well as a previously developed
semidenaturing) method of separation of the in vitro transcrip-
tion reaction intermediates, we demonstrate that RapApromotes
the formation of non-DNA-bound or non-aggregated RNA
species during transcription. Thiswork further refines ourmodels
for RapA function in vivo and, taken together with our previous
study, establishes a new role in RNA management for a
representative of the SWI/SNF protein superfamily. This finding
not only improves our understanding of the fundamental process
of transcription but also brings a fresh perspective to studies
demonstrating links between mutations in human SWI/SNF
genes and cancer (20-24).

MATERIALS AND METHODS

Enzymes. In this study, we have further improved the
procedure for the isolation of native E. coli RNA polymerase
and its accessory proteins. The modified procedure, in general
reminiscent to that described in ref 25, results in improved purity
of the isolated proteins and complexes. The key changes,
in comparison with the protocol described in ref 25, included
(a) the utilization of two different FPLC1 instruments [a classic
(now discontinued) FPLC system (Pegasus Scientific), set up in
the cold room to carry out the initial, single-stranded DNA
chromatography stage, and an ACTA FPLC system (GE
Healthcare) set up and operated at room temperature via
Unicorn software during the final chromatography stages
(however, the Superloops were placed on ice during the Mono
Q column loading stage)], (b) the utilization of self-prepared
(calf thymus) single-stranded DNA-Sepharose 4B instead of
commercially available DNA-agarose, to improve flow rates,
(c) scaling down the procedure to 25-35 g of E. coli MG1655
cells per purification and using a Mono Q 5/5 column to achieve
more uniform loading of the column, and (d) increasing the
length (>2-fold) of the Superdex 200 column during the final,
gel exclusion chromatography stage. The schematic for the
procedure is shown inFigure S1Bof the Supporting Information;

the detailed protocol will be described elsewhere. Recombinant,
His-tagged wild-type andmutant RapA proteins were purified as
described in Figures S1C and S2 of the Supporting Information.
Wild-type recombinant S1 and NusA were isolated as previously
described (25).
PCR and DNA Purification. DNA encompassing the slyD

operon was amplified fromMG1655 E. coli chromosomal DNA
using MS696 (50-ATTGTAAGCTTCCCGGGGAAACGC-
CACCGCCACATTATTGAGGCG) and MS697 (50-CCGA-
AAGTGGATCCCGGGGCCCGGCCTGTCAGGCGCAG-
GATTCAATGGCG) DNA primers and the Expand High
Fidelity PCRkit (RocheDiagnostics). Reactions were conducted
as suggested by themanufacturer; the extension timewas 2min at
72 �C. Because our previous work implied the possibility of
noncanonical interactions between nucleic acids in transcription,
we tested different methods for purification of PCR-generated
DNA templates to rule out potential impurity and/or conforma-
tional heterogeneity in the isolated DNA; the amplified DNA
used in key experiments was purified by FPLC, as described in
Figure S1 of the Supporting Information, using a custom-packed
0.3 mL Source Q column. Following DNA amplification, the
reaction mixture was diluted 4-5-fold with purified water (KD
Medical, molecular biology grade) and injected onto the column.
The reaction products were eluted with a linear gradient of NaCl
(from 0 to 1M) in 20 mL of TGED buffer [0.01MTris-HCl, 5%
glycerol, 0.1 mMEDTA, and 0.1 mM dithiothreitol (pH 7.5)], as
shown inFigure S1 of the Supporting Information. The amplified
slyD DNA, confirmed by agarose gel electrophoresis (Figure
S1A, inset) and DNA sequencing during the primer extension
experiments (Figure 4A), was precipitated with 7-8 volumes of
ethanol; air-dried pellets were then dissolved in purified water to
the concentrations indicated below.
In Vitro Transcription. In vitro transcription reactions were

conducted in either buffer D [20 mM Tris-acetate, 10 mM
magnesium acetate, 50 mM potassium acetate, and 1 mM

FIGURE 1: In vivo effects of the rapA deletionmutation. (A) Kinetics
of the growth of E. coliMG1655rapAþ and MG1655rapA- cells on
LB agar plates containing elevated concentrations of sodium chlor-
ide. (B) Effects of KCl and LiCl on the growth of the two strains
on LB agar.

1Abbreviations: CTP, cytidine 50-triphosphate; ds, double-stranded;
FPLC, fast protein liquid chromatography; GTP, guanosine 50-tripho-
sphate; PAGE, polyacrylamide gel electrophoresis; PCR, polymerase
chain reaction; PEI, polyethylenimine; PBS, phosphate-buffered saline;
PBST, PBS-Tween; RNAP,RNApolymerase; ss, single-stranded; TBE,
Tris-borate-EDTA; TLC, thin layer chromatography; UTP, uridine 50-
triphosphate.
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dithiothreitol (pH 7.9)], buffer C [50 mM Tris-HCl, 10 mM
MgCl2, 100 mM NaCl, and 1 mM dithiothreitol (pH 7.9)], or
buffer B [50 mMTris-HCl, 10 mMMgCl2, 200 mMNaCl, and 1
mM dithiothreitol (pH 7.9)]; the transcription buffers are speci-
fied in the figure legends. In our preliminary studies, we found

that the slyD mRNA was more efficiently synthesized in vitro
in buffer D than in the previously utilized buffer B (17). Since
buffer D is widely used as a standard buffer for a large number
of bacterial restriction endonucleases and includes potassium
and acetate (both key ions in E. coli), we switched to buffer D
as a more “physiological” buffer for in vitro transcription with
linear DNA templates containing the slyD operon. Typically, 14
μL in vitro transcription reaction mixtures included 1.4 μL of
10� reaction buffer, 2-4 μL of purified linear DNA template
containing the slyD operon (20-90 μg/mL in purified water), or
1-2 μLof supercoiledDNA template pCPGt3te (26) (0.3-0.4μg/
μL in purified water), 2 μL of purified RNA polymerase
holoenzyme (0.07-0.2 mg/mL in 1� TGED buffer, unless
indicated otherwise in the figure legends), 0.5-4 μL of purified
recombinant RapA (RapA concentrations are specified in the
figure legends), and purified water (KD Medical, molecular
biology grade) in a volume of 12 μL. In vitro transcription
was initiated by the addition of 2 μL of rNTP mix containing
ATP, GTP, CTP, UTP, and either [R-32P]ATP or [R-32P]UTP
(1.4 mM each) (MP Biomedicals). Reaction mixtures were
incubated for 15 min at 37 �C unless indicated otherwise.
Transcription reactions were terminated by the addition of an
equal volume (14 μL) of stop solution [50% glycerol, 50 mM
EDTA, and 0.1%bromophenol blue (pH 7.5)], and 8 μL aliquots
of the reaction mixtures were analyzed (without boiling, unless
indicated otherwise) on either nondenaturing or semidenaturing
polyacrylamide gels. Semidenaturing (0.4 mm thick, 38 cm long)
gels were cast using the SequaGel kit (National Diagnostics); the
exact polyacrylamide concentrations are specified in the figure
legends. Under semidenaturing conditions (Figure 5), increasing
the gel thickness and reducing the sample volume led to a
significant reduction in the yields of RapA-RNA and RNA
polymerase-RapA-RNA complexes; we therefore believe that
the complexes in question are not fully denatured by urea in the
matrix of a 0.4 mm thick gel during the course of these
separations. Gels were typically run at 20-30 W on a Gibco
BRL S2 sequencing gel apparatus until bromphenol blue reached
the bottom of the gel, unless indicated otherwise. Nondenaturing
(1 mm thick, 32 cm long) gels containing 1� TBE (KDMedical)
were cast using ProtoGel polyacrylamide mix (National Diag-
nostics). After electrophoresis on aGibco BRL SA apparatus, X-
ray films (F-BX810, Phenix Research Products) were exposed to
“wet” gels covered with plastic wrap. With Kodak BioMax MS
screens, typical exposure times were 8-40 h at -80 �C.
Primer Extension Experiments. Primer extension reaction

mixtures (20 μL) included 2 μL of 10� M-MuLV reverse
transcriptase reaction buffer, 6000-10000 cpm (32P) of end-labeled

FIGURE 2: Effect of the mutations in RapA’s SWI/SNF domain and its interface with the putative double-stranded nucleic acid binding domain
on the ATP hydrolytic activity of RapA. (A and B) Positions of the selectedmutation sites in the RapA structure. For the sake of clarity, only the
backbone of the RapA structure (18) is shown; the mutated amino acids are shown as spheres. Panel B also shows the hypothetical positions of a
double-stranded nucleic acid template (dsT; a cross-sectional view is shown) and a single-stranded nucleic acid template (ssT). The dsT
position (17, 18) is determined solely on the basis of modeling using the SsoRad54-DNA complex (47) as a template; no available data
conclusively rule out RNAas a dsT. ssT binding byRapA’s SWI/SNF domain is also supported by themodeling data (18). The compositemodel
shown in panel Bwas constructed as described by Shaw et al. (18), essentially bymapping theATP and nucleic acid binding sites (both single- and
double-stranded DNA) from available crystal structures of the ternary PcrA-ATP-DNA and binary SsoRad54-DNA complexes onto the E.
coli RapA structure (PDB entry 3DMQ), followed by manual adjustment and energy minimization. (C and D) Mutations in the interface of
RapA’s putative dsT binding and SWI/SNFdomains significantly alter its ATPhydrolytic activity. ATPase assayswere conducted in bufferD, as
described in Materials and Methods. Representative PEI-cellulose plates illustrating the ATP hydrolysis by the wild-type and mutant RapA
proteins are shown inpanelC.Kinetic parameters (KmandVmax) summarized in panelDwere obtained fromthe initial velocityofATPhydrolysis
vs the ATP concentration plots (shown at the top) using Prism 5 (GraphPad). The parameters were calculated assuming classic Michaelis-
Menten kinetics. NDmeans not detectable. (E) Effect of the core RNA polymerase on the ATP hydrolytic activity of the wild-type and mutant
RapA proteins. ATPase assays were conducted in buffer D, as described inMaterials andMethods. Reactions without (lanes 1, 3, 5, 7, and 9) or
with 2 mol of the purified core RNA polymerase per mole of RapA (lanes 2, 4, 6, 8, and 10) are shown. Quantitated results of the experiment are
shown below; data represent the average of two independent sets of experiments.

FIGURE 3: Effect of the mutations in RapA’s SWI/SNF domain and
its interface with the putative double-stranded nucleic acid binding
domain on RapA’s transcription stimulatory activity. In vitro tran-
scription reactionswith the supercoiledDNAtemplate pCPGt3te (26)
containing theT7A1 promoterwere conducted in buffer C for 60min
in the absence (lane 1) or presence of 0.36 μMrecombinant wild-type
(lane 2) or mutant RapA proteins (lanes 3-5) as described in
Materials and Methods. Supercoiled DNA template at 0.032 μg/μL
and purified RNA polymerase holoenzyme at 0.023 μg/μL. Follow-
ing the addition of stop solution, the reaction mixtures were dena-
tured by boiling and the 32P-labeled RNA transcripts were
fractionated on 8% SequaGel (National Diagnostics). Quantitated
results of the experiment are shown at the bottom; data represent the
average of two independent sets of experiments.
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DNA primer MS702 (50-CGCGCCAACAGCGACATCAAA-
TTTGTCGCC), 2 μL of dNTP mix [containing dATP, dGTP,
dCTP, and dTTP (1 mM each)], 2 μL of M-MuLV reverse
transcriptase (New England Biolabs, 200000 units/mL), 4 μL of
purified RNA from in vitro transcription reactions conducted as
described above, and purified water in a final volume of 20 μL.
Reaction mixtures were incubated for 30 min at 37 �C, reactions
terminated, andmixtures analyzed as described above for in vitro
transcription reactions. Labeling and gel purification of the
DNA primer MS702 were performed as previously described
for end-labeled RNA probes (17). Dideoxy-DNA sequencing
was conducted as described elsewhere.
Mutagenesis. The QuikChange site-directed mutagenesis kit

(Stratagene) was used to construct the described RapA muta-
tions. Primers LZ1 (50-CAGCATCAGTGGCTGGTAGAA-
ATGCTGGCCGCTTTCAACCTGCGCTTTGCGCTATTT-
GAT) and LZ2 (antiparallel to LZ1) were used to construct the
RapA R221A/R222A double mutation. Primers BY3 (50-GAG-
CAGCGTATTGGTCGTCTGGATGCTATCGGCGCGGC-
GCACGATATTCAGATCCATGTG) and BY4 (antiparallel
to BY3) were used to construct the RapA R599A/Q602A
mutation, and primers BY5 (50-GCTATTAAAGTCTCCGG-
CATTATGGGCGCAGCTGCAAGTGCGGAAGATCGT-
GCTCGCGATATGCTC) and BY6 (antiparallel to BY5)

were used to construct the RapA R457A/K458A mutation.
Following amplification with mutagenic primers and DpnI
digestion of the template DNA [pQE32-RapA (17)], aliquots of
the reaction mixtures were used to transform XL10-Gold Ultra-
competent Cells (Stratagene). Plasmid DNAs from individual
clones were purified and analyzed. The constructs were con-
firmed by DNA sequencing. The expression of full-length RapA
in individual clones was also verified by SDS-PAGE-Western
blot using RapA-specific antibodies (14). The purified plasmids
carrying the constructed mutation(s) were then retransformed
into M15/pRep4 E. coli competent cells (Qiagen), and the His-
tagged RapA protein was overproduced and purified as de-
scribed above.

Western blottingwas carried out as follows. Following electro-
phoresis, proteins were transferred onto either Immobilon-P
(Millipore) or Hybond-P (Amersham Pharmacia Biotech) mem-
branes (with similar results) in Mini-PROTEAN 3 Trans-Blot
modules (Bio-Rad), typically, at 40-60V overnight.Membranes
were blocked with 5% blotting grade blocker (Bio-Rad, catalog
no. 170-6404) in PBST (Calbiochem, catalog no. 524653) for 30-
60min and incubated with primary antibodies (typically, a rabbit
serum at a dilution of 1/1000 to 1/5000 in 1� PBST containing
1%blotting grade blocker) for 1-5 h at room temperature on an
orbital shaker. Following three 5 min washes with 1� PBST,

FIGURE 4: Mapping of the transcription initiation site(s) at theE. coli slyD operon. (A)Determination of the transcription start site(s) at the slyD
operon. Primer extension reactions (lanes 1 and 6) resulting from extension of theDNAprimerMS702 (seeMaterials andMethods) byM-MuLV
reverse transcriptase fromthe slyDmRNAtemplate(s) synthesized invitro.Lanes 2-5 showtheDNAsequencing ladder, the result of extensionof
the same primer by TaqDNA polymerase. (B) Conserved elements (magenta and yellow boxes) and the transcription start sites (green boxes) of
the slyD P1 and P2 promoters. slyD P1 and slyD P2 promoters are aligned against several well-studied E. coli promoters. (C) The slyD operon’s
conserved elements and the transcription start sites are shown on the coding DNA strand folded into the hypothetical lowest-energy secondary
structure; the template strand is not shown. (D)Nontranslated 50-terminus of the slyDmRNAoriginating at the P2 promoter. The lowest-energy
secondary structure is shown. The red arrowhead points to the 50-terminus of the slyDmRNAoriginating at the P1 promoter. (E) Effect ofRapA
on transcription at the slyD operon. In vitro transcription reactions were conducted as described in Materials and Methods. Medium-duration
(15min) reactions (lanes 1 and 2) and long-duration (60min) reactions (lanes 3 and 4) were conducted in the presence or absence of excess (1 μM)
wild-type RapA. Primer extension analysis of the RNAs synthesized in vitro was conducted as described in Materials and Methods. Note that
RapA has little or no effect on P1-driven transcription but has a positive (4-5-fold) stimulatory effect on transcription initiated at P2. The
quantitated levels of reverse-transcribed RNAs are shown at the right.
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FIGURE 5: RapA contributes to the formation of free (non-DNA-bound or non-aggregated) RNA during in vitro transcription. Fractionation and
identification ofRapA-specific intermediates under semidenaturing conditions. (A) Formation ofRapA-specific complexes in the in vitro transcription
system with linear DNA templates encompassing the E. coli slyD operon. In vitro transcription reactions without effectors (lanes 1 and 5) or with
1 μM purified recombinant RapA (lanes 2 and 6), 1 μM purified recombinant S1 (lane 3), or 1 μMRapA and 1 μM S1 (lane 4) were conducted as
described inMaterials andMethods, and the reaction productswere separated on 6%SequaGel (NationalDiagnostics). Reaction conditions: bufferD
(see Materials and Methods); purified 965-nucleotide linear DNA template containing the slyD operon (PCRMS696/697), 7 nM; RNA polymerase
holoenzyme, 20 nM.Reactionmixtures not denatured byboiling are shown in lanes 1-4; reactions in lanes 5 and 6 are identical to those in lanes 1 and 2
except that the samples were subjected to a 1 min boiling step followed by placement on ice after the addition of stop solution. RNA polymerase-
RapA-transcript complexes are denoted with red arrowheads. The panels at the right show the identification of the in vitro transcription reaction
intermediates throughacombinationofuniform [32P]RNAlabelingand immunoassays.Followingelectrophoresis,X-ray filmswereexposed towetgels
to visualize 32P-labeledRNA transcripts.Next, the contents of the gels were electroeluted ontoHybond-Pmembranes (AmershamPharmacia Biotech)
for immunoassays, first with RapA-specific and next with RNA polymerase-specific antibodies (sequentially, using the same membrane, after the
RapA-specific antibodies had been stripped). (B) Identification of DNA-bound complexes formed during in vitro transcription with linear DNA
templates encompassing the slyDoperon through selective 32P labeling ofRNAorDNA. In vitro transcription reactionswithoutRapA (lane 1) orwith
1 μMpurified recombinant RapA (lane 2) were conducted as described inMaterials andMethods. Reactions in lanes 3 and 4 were similar to those in
lanes 1 and 2 except that 32P end-labeled DNA template and “cold” rNTP mix were used; the experimental design is illustrated by the schematics
above.The invitro transcription reactionproductswere separatedon4.5%SequaGel (NationalDiagnostics). (C)Kineticsof the formationof free (non-
DNA-bound or non-aggregated) RNA polymerase-transcript complexes in the presence of RapA. In vitro transcription reactions were conducted as
described inMaterials andMethods in the absence ofRapA (lanes 1, 3, 5, 7, 9, and 11) or in the presence of 1μMwild-type recombinantRapA (lanes 2,
4, 6, 8, 10, and 12), and the reaction products were resolved on 5% SequaGel (National Diagnostics). Reaction conditions: buffer D; purified
965-nucleotide linear DNA template containing the slyD operon (PCR MS696/697), 25 nM. The RNA polymerase holoenzyme concentrations are
indicated in the figure. The RNA polymerase-RapA-transcript intermediate (red arrowhead), the RapA-RNA adduct (green arrowhead), and the
DNA-bound transcript (blue arrowhead) are also indicated. (D) Titration with purifiedRapA of in vitro transcription reactionmixtures with the slyD
operon. Reactions were conducted in buffer D, as described in Materials and Methods, and the reaction products were resolved on 4.5% SequaGel
(National Diagnostics). Reaction conditions: linear DNA template (PCR 696/697), 40 nM; RNA polymerase holoenzyme, 50 nM. The RNA
polymerase-transcript intermediate (red arrowhead), the RapA-RNA adduct (green arrowhead), and the DNA-bound transcript (blue arrowhead)
are indicated. The panels at the right confirm the identity of individual complexes; the bands containing 32P-labeled RNA transcript (highlighted by
rectangle frames A and B) were dissected from the gel and homogenized in ∼200 μL of Laemmli sample buffer in Eppendorf tube-size disposable
homogenizers. Following precipitation of the polyacrylamide slurry by centrifugation, the supernatants were analyzed on silver-stained SDS gels. The
reference lane contained the 1:1 RNA polymerase holoenzyme-RapA complex. RapA, σ70, and the large RNA polymerase subunits are indicated; a
silver-stained 7% SDS-polyacrylamide gel is shown. Yellow arrowheads (R) indicate RNA, which was also visualized by silver staining.
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membranes were incubated with secondary antibodies [a donkey
anti-rabbit Ig-horseradish peroxidase conjugate (Amersham
Pharmacia Biotech), typically at a dilution of 1/2000 to 1/
16000 in 1� PBST containing 1% blotting grade blocker] for
30-60min. Following three 5minwasheswith 1� PBST and two
or three brief washes with water, the membranes were incubated
for 30 s with 2-4 mL of SuperSignal West Pico Chemilumines-
cent Substrate (Pierce, catalog no. 34080), briefly drained, and
placed in plastic wrap; X-ray films (Phenix Research Products,
F-BX810) were then exposed to the luminescent membranes.
ATPase Activity Assays. ATPase activity assays were

performed by measuring the amount of [R-32P]ADP released
from [R-32P]ATP. Either buffer D or buffer C was used as a
reaction buffer, with similar results; reaction buffers are specified
in the figure legends.Reactionmixtures (10μL) contained 1 μLof
the 10� reaction buffer, 0.3-0.5 μg of purified RapA, 50-1600
nM cold ATP, and 500-3000 cpm of [R-32P]ATP (MP Biome-
dicals, catalog no. 32007U). Following incubation at 37 �C
(typically for 60 min, unless indicated otherwise in the figure
legends), 1.5-3 μL from each reaction mixture was spotted on a
PEI-cellulose plate (Analtech, catalog no. 206016), and chroma-
tography was conducted in 1 M LiCl and 1 M formic acid.
Following chromatography, the plates were covered with plastic
wrap, and X-ray films (Phenix Research Products, F-BX810)
were exposed to the TLC plates.
E. coli Strains. The previously constructed MG1655rapA-

E. coli strain (14) was used in this work.

RESULTS

Functional Significance of RapA for Bacterial Growth.
Although the rapA gene is not essential in E. coli (14), rapA
deletion results in a unique phenotype manifested as the inability
ofE. coli to growefficientlyonLBagar containing 1MNaCl (15).
We recently explained this phenotype in light of our newly
rendered model for RapA function in the remodeling of non-
canonical DNA-RNA complexes in transcription (17), the
formation of which is enhanced in high salt (17). To study this
phenotype further, we (a) analyzed the kinetics of growth of
E. coli MG1655rapAþ and MG1655rapA- strains on LB agar
plates in the presence of NaCl and other salts and (b) compared
growth efficiencies of the two strains on agar plates with those in
liquid media. Kinetic experiments indicated a pronounced effect
of rapAon cell growth atg0.5MNaCl. Prolonged incubations of
the plates (20-40 h) containing 0.5-0.75 M NaCl resulted in
significant differences in colony size between the two strains
(Figure 1A). The effects were more pronounced on LB agar
plates than on SOC agar or Superbroth agar plates (data not
shown). The effect of salts other than NaCl on the growth of the
two strains in plated cultures is illustrated in Figure 1B. Inter-
estingly, the growth defect associated with the rapA deletion
mutation was not evident in the liquid media, under otherwise
similar conditions, but was seen only in plated cultures. As an
alternative means of increasing the intracellular ionic strength in
liquid cultures, we monitored the kinetics of growth of the rapAþ

and rapA- strains in the presence of polyethylene glycol. How-
ever, these experiments consistently showed little or no difference
in growth rates between the two strains, even at relatively high
polyethylene glycol concentrations (data not shown).
Alterations of ATP Hydrolytic and Nucleic Acid Remo-

deling Activities of RapA by Mutations in the Interface

between RapA’s SWI/SNF and dsT Binding Domains. We
sought to extend previously developed in vitro assays for analysis
of the function of individual domains in RapA. Our primary
focus was the RapA domain harboring SWI/SNF homology
motifs IV-VI (herein termed the SWI/SNF domain), because of
its obvious significance in defining the SWI/SNF protein super-
family. Studies with distant homologues of RapA have indicated
that coordinated, ATP-driven reorientation of the SWI/SNF
domain with respect to the double-stranded nucleic acid binding
domainmay enable translocation of SNF2 enzymes along nucleic
acids (27, 28). We therefore sought to genetically alter the
interface of the two domains inRapA (Figure 2A,B) to determine
the effect of such modifications on RapA’s ATP hydrolytic and
nucleic acid remodeling activities. With this aim, we constructed
and purified two mutant RapA proteins (each carrying a double
mutation): RapAR599A/Q602A [this conserved amino acid pair is
located within the section of RapA’s SWI/SNF domain facing
the dsT binding domain (Figure 2A,B)] and RapAR221A/R222A

[this moderately conserved arginine tandem is positioned in the
section of RapA’s dsT binding domain facing the SWI/SNF
domain (Figure 2A,B)]. Each double mutation, on the basis of
available structural data (18), should result in destabilization of
the interaction between RapA’s dsT binding and SWI/SNF
domains. The purification of both mutant proteins is described
in the Supporting Information (Figure S2A,B). The second set of
mutations targeted a potential single-stranded nucleic acid bind-
ing site withinRapA’s SWI/SNF domain. Recent work indicated
that RapA’s SWI/SNF domain could be involved in binding
single-stranded nucleic acids (18). The model of the RapA-
nucleic acid complex introduced by Shaw et al. suggests that the
loop within RapA’s SWI/SNF domain carrying a conserved
tandem of positively charged amino acids [R457/K458
(Figure 2A,B)] may be involved in this interaction (18). We
therefore constructed and purified a RapA mutant carrying
alanine substitutions at these two amino acid positions
[RapAR457A/K458A (Figure S2C of the Supporting Information)].

Mutations in the interface of RapA’s dsT binding and SWI/
SNF domains altered ATP hydrolysis by purified RapA, as
expected. The RapAR599A/Q602Amutation abolished ATPase
activity in purifiedmutantRapA [Figure 2C,D; the solubility and
yields of RapAR599A/Q602A were comparable to those seen with
wild-type RapA (Figure S2B,D)]. In contrast, the RapAR221A/
R222Amutation resulted in an increase in ATPase activity in the
purified protein (Figure 2C,D); the effect was primarily due to an
increase in kcat (Figure 2D). Because this is the first case to date in
which aRapAmutation resulted in an increase inRapA’s specific
ATPase activity, we conducted multiple, side-by-side purifica-
tions of wild-typeRapA andRapAR221A/R222A; during the course
of these trials, we consistently observed higher specific ATPase
activities with purified RapAR221A/R222A (a representative side-
by-side comparison of specific ATPase activities in proteins
obtained in an independent set of purification procedures is
shown in Figure S3 of the Supporting Information). The RapA
R457A/K458A double mutation had little or no effect on ATP
binding (Km,ATP) and hydrolysis (Figure 2D). This result is
expected and is consistent with the predicted position of these
amino acids in the section of RapA’s SWI/SNF domain opposite
from the putative ATP binding site (18).

Next, we monitored ATP hydrolysis by wild-type and mutant
RapA proteins in the presence or absence of ssRNA, a
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(ds)RNA-DNA hybrid, and dsDNA. There was no apparent
effect of these nucleic acids on the rates of RapA-mediated ATP
hydrolysis (Figure S4 of the Supporting Information). This result
is in accord with previously reported data indicating little or no
modulation of RapA’s ATPase activity by nucleic acids (6) [in
contrast to the Rad54 homologue from Sulfolobus solfataricus
(SsoRad54), theATPase activity ofwhich is stimulated by nucleic
acids (29)]. Because it was reported that RNA polymerase exerts
a stimulatory effect on the kcat of the RapA ATPase (6), we also
monitored the ATP hydrolysis by wild-type and mutant RapA
proteins in the presence or absence of RNA polymerase. We
found that RapAR221A/R222A (the specific ATPase activity of
which was comparable to that of wild-type RapA in the presence
of the polymerase) was insensitive to the stimulatory effect of the
polymerase (in Figure 2E, compare lanes 3 and 4 to lanes 5 and
6). ATP hydrolysis was detectable in reaction mixtures contain-
ing RapAR599A/Q602A in the presence of the polymerase, an
apparent partial recovery of the ATP hydrolytic function in the
RapAR599A/Q602A-core enzyme complex (in Figure 2E, compare
lanes 3 and 4 to lanes 7 and 8). The RapAR457A/K458A double
mutant mimicked the behavior of wild-type RapA (in Figure 2E,
compare lanes 3 and 4 to lanes 9 and 10).

Next, we compared the transcription stimulatory activities
of the constructed RapA mutants with that of wild-type
RapA. In this set of experiments, we used an extensively
characterized supercoiled DNA template (pCPGt3te) containing
the T7A1 promoter (26; also see refs 15-17 ). In the case of
RapAR221A/R222A and RapAR599A/Q602A, the effects of the muta-
tions on the transcription stimulatory activity correlated with
those on ATP hydrolytic activity (i.e., there was little or no
transcription stimulatory effect in the presence of excess
RapAR599A/Q602A, and there was a transcription stimulatory
effect comparable to or exceeding that of wild-type RapA in
the case of RapAR221A/R222A) (Figure 3). RapAR457A/K458A was
largely ineffective in promoting transcriptional cycling under
these conditions (in Figure 3, compare lanes 2 and 5), even
though its ATP hydrolytic activity was comparable to that of
wild-type RapA (Figure 2C,D).
Selection and Characterization of aModel System for in

Vitro Transcription of a Complete E. coli Gene. To date, the
effects of RapA on the synthesis of relatively long and less
structured (i.e., more physiologically relevant) RNAs have not
been thoroughly studied. This apparent shortcoming of our
previously used model systems prompted us, in this work, to
focus on the effects of RapA on the transcription of a complete
E. coli model gene possessing intact 50- and 30-nontranslated
sequences. Although a number of model systems for in vitro
transcription of E. coli genes have been described, they did not
fully meet our selection criteria, which included requirements for
(a) a robust promoter resulting in a relatively high copy number
of the translated protein product, (b) a transcribed gene con-
stituting an independent transcription translation unit (to avoid
polar effects in genetic studies), (c) the exhibition of a relatively
benign enzymatic activity by the translated protein, and (d) a size
of e1 kb (to facilitate the analysis of DNA-bound transcription
complexes on polyacrylamide gels). After some preliminary
work, we selected the E. coli slyD gene, which encodes a
21.2 kDa protein bearing the same name [referring to the
observation that mutations in the slyD gene result in sensitivity
to lysis by bacteriophage (30)]. SlyD is an abundant protein
chaperone with demonstrated peptidyl-prolyl cis-trans isomer-
ase (rotamase) activity (31-33) and is a frequent contaminant

during the metal affinity resin purification of His-tagged pro-
teins (34-36). Indeed, we identified SlyD by mass spectrometry
during the purification of recombinant RapA (Figure S1C of the
Supporting Information, bottom panel). During the course of
our preliminary work, we (a) amplified and purified DNA
containing the slyD gene and its promoter and confirmed its
ability to support a promoter-specific RNA polymerase tran-
scriptional activity (see Figures 5 and 6) and (b) mapped the slyD
promoter(s) and determined the exact transcription sites for the
RNA polymerase holoenzyme by the primer extension method
(Figure 4). Primer extension indicated two distinct transcription
start sites, both, conventionally, A’s (Figure 4A; the nontrans-
lated 50-termini of the slyDmRNAsare shown inFigure 4D). The
tandem slyD promoters (denoted P1 and P2) share homology
with known E. coli promoters (Figure 4B). Primer extension
experiments indicated little or no non-promoter-specific initia-
tion during in vitro transcription (Figure S5 of the Supporting
Information). We also (c) determined the approximate position
of the slyD gene’s transcription terminator (loosely mapped to
the tandem hairpins located immediately downstream from the
slyD gene) (Figure S6 of the Supporting Information); the
efficiency of termination in vitro at this intrinsic slyD terminator
was consistently high (>80%; Figure S6 of the Supporting
Information). Taken together, these results are consistent with
the existing E. coli databases, which indicate that the slyD gene is
transcribed and translated independently. In summary, the PCR-
generated DNA templates encompassing the slyD operon met
most of our criteria, so we proceeded to the experiments
addressing the effects of RapA.
Effect of RapA on Transcription of the slyD Gene in

Vitro and Identification of theReaction Intermediates. (i)
Semidenaturing Fractionation of in Vitro Transcription
Intermediates. In our previous work, semidenaturing fractiona-
tion of in vitro transcription complexes was instrumental for the
detection of RapA-transcript and RNA polymerase-RapA-
transcript intermediates (17). We here used a similar approach to
test what effect (if any) the addition of purifiedRapAwould have
on synthesis of the slyD mRNA. In the absence of RapA, RNA
polymerase produced little or no detectable non-protein-bound
or non-aggregated transcripts in the samples not denatured by
boiling (Figure 5A, lanes 1 and 3). In contrast, reaction mixtures
containing RapA consistently yielded non-DNA-bound or non-
aggregated RNA (Figure 5). Next, we tested whether S1, the
RNA binding ribosomal protein capable of stimulating tran-
scriptional cycling [likely, via cooperative interaction with nas-
cent RNA in a cotranscriptional manner (19)], could mimic the
observed activity ofRapA.These experiments showed that excess
S1 failed to promote an RNA release similar to that seen with
RapA (resulting in the transcript’s appearance as non-DNA-
bound or non-aggregated species in gel-fractionated reaction
mixtures) (in Figure 5A, compare lanes 2 and 3). On low-percent
(<5%) polyacrylamide gels, we were able to discriminate clearly
between DNA-bound and non-DNA-bound transcripts through
selective 32P RNA or DNA labeling (Figure 5B). The kinetics
experiments demonstrated the RNA displacement at early (5
min) time points (Figure 5C, lanes 7 and 8). An increase in the
RNA polymerase/DNA template molar ratio, while boosting
the overall yield of the transcript, promoted the formation of
large complexes incorporating nascent RNA. Nevertheless,
the activity of RapA was also apparent at late time points
under these conditions (Figure 5C, lanes 3-6). Titration of the
in vitro transcription reaction mixtures with purified RapA and
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identification of the RapA-specific reaction intermediates are
shown in Figure 5D.

(ii) Nondenaturing Fractionation of in Vitro Transcrip-
tion Intermediates. To rule out the possibility that the presence
of urea accounted for the observed RNA displacement, we
conducted PAGE-based fractionations of the in vitro transcrip-
tion mixtures under nondenaturing conditions (in the absence of
urea) (Figure 6A). The ability of RapA to displace 32P-labeled
RNA from transcription complexes or aggregates was apparent
on nondenaturing gels (Figure 6A); however, a loss of definition
in the separation of individual complexes was apparent under
nondenaturing conditions.

Next, we compared wild-type RapA with mutant RapA
proteins side by side in in vitro transcription reactions with
DNA templates containing the slyD operon (Figure 6B). In
general, the effects of wild-type andmutantRapAproteins on the
levels of free (non-DNA-bound or non-aggregated) slyDmRNA
observed under these conditionswere comparable to those seen in
in vitro transcription studies with supercoiled DNA template
containing the T7A1 promoter [in which the reaction products
were fractionated in the presence of urea (Figure 3)].

We conducted nondenaturing (G-25 Sephadex cartridge-
based) purifications of nonproductive transcription complexes
containing 32P-labeled RNA transcript (Figure 6C, right panels)
and tested their stability in the presence or absence of RapA and
ATP. These experiments indicated an ATP-dependent reduction
in the levels of DNA-bound or aggregated RNA in the presence
of RapA (Figure 6C, graph).

DISCUSSION

RapA, a prokaryotic representative of the SWI/SNF super-
family, was identifed through biochemical studies as a subunit of
theE. coliRNApolymerase complex (6, 14). In vitro, excessRapA
promotesmultiround transcription (15, 16). To investigateRapA’s
nucleic acid substrate specificity and the mechanism of its tran-
scription stimulatory activity, our group analyzed nucleic acid
binding and remodeling activities of RNA polymerase-RapA
complexes (17). In this work, we sought (i) further advances in
genetic analyses of RapA (specifically, to extend genetic ap-
proaches to understanding the explicit functions of individual
RapA domains), (ii) further development of biochemical methods
for trapping functionally significant transcriptional intermediates,
and (iii) to introduce a model system for in vitro transcription of a
complete E. coli gene for future biochemical and genetic studies.
Functional Significance of RapA. To obtain additional

insights into rapA function in vivo, we have further studied
the E. coli (MG1655) rapA deletion strain. Importantly, we
demonstrate that the pronounced slow-growth phenotype result-
ing from the rapA deletion mutation is seen only in plated (but
not in liquid) cultures. We speculate that this may be due to the
E. coli cell’s improved ability to utilize its ionic pumps in liquid
media to lower the intracellular salt concentration (thus reducing
the potentially negative impact of salt-induced interactions
between nucleic acids). To date, this is the first study demonstrat-
ing that the distinct slow-growth phenotype associated with the
rapA deletion mutation can be observed at physiological osmo-
larity (Figure 1B). On the basis of this evidence, we argue that the
perception of rapA as a gene that contributes only marginally to
E. coli physiology may not be fully correct.
RapAMutagenesis. RapAmutations described in this work

targeted the interface ofRapA’s putative double-stranded nucleic

template (dsT) binding and SWI/SNF domains and the cluster of
positively charged amino acids within RapA’s SWI/SNF domain
(R457/K458), a tentative single-stranded nucleic acid binding site
[and a possible binding site for an RNA strand invading duplex
DNA in our model for RapA function (17)] (Figure 2B, ssT).
Mutations at the interface of RapA’s dsT binding and SWI/SNF
domains altered RapA’s ATPase activity (Figure 2C,D). These
results are consistent with the predicted position of RapA’s ATP
binding site at the interface of the two aforementioned do-
mains (18). The constructed mutations also altered the transcrip-
tion stimulatory activity of RapA and its ability to displace RNA
from transcription complexes. In general, the effects of individual
mutations on ATP hydrolysis correlated with RapA’s transcrip-
tion stimulatory activity, indicating that the interaction between
the SWI/SNF and dsT binding domains may be important for
RapA-mediated remodeling of nonproductive transcription com-
plexes. The significant negative effect of the R599A/Q602A
double mutation [in the recently reported RapA structure (18),
these two amino acids are in close proximity to one another] on
ATP hydrolysis and the concomitant loss of the protein’s
transcription stimulatory activity may be due to a general
relaxation of the structure of the SWI/SNF domain (as a result
of the loss of an internal stabilizing link) and its expansion into
the ATP binding cleft. Remarkably, interaction with RNA
polymerase enabled partial restoration of RapAR599A/Q602A’s
ATP hydrolytic function; this result may point to the possibility
of reorientation of RapA’s SWI/SNF domain with respect to the
(putative) double-stranded nucleic acid binding domain, as pro-
posed for the SsoRad54 protein (27). The effect of the R221A/
R222A mutation, which generated a protein with transcription
stimulatory activity exceeding that of wild-type RapA (albeit,
insensitive to RNA polymerase regulation), also seems to support
the notion that the stimulation of RapA’s ATP hydrolytic activity
by RNA polymerase may involve reorientation of RapA’s SWI/
SNF domain with respect to the double-stranded nucleic acid
binding domain.
Effects of RapA on in Vitro Transcription of the slyD

mRNA. In this work, we developed an in vitro transcription
system utilizing a complete model E. coli gene (slyD). We
monitored the in vitro synthesis of slyDmRNA and fractionated
in vitro transcription reaction intermediates (identified through a
combination of selective 32P labeling and immunoassays) by
PAGE. Our data unambiguously demonstrate that RapA pro-
motes the formation of non-DNA-bound or non-aggregated
RNA species during in vitro transcription (Figures 5 and 6).
This result is in accord with the results of our previous study
utilizing supercoiled DNA templates and an all-native-enzyme
system (17). Under most conditions, RapA promoted the for-
mation of (non-DNA-bound) RNA polymerase-transcript
complexes. Previously reported RapA-transcript complexes
were also detected during the course of this study (e.g., see
Figure 5C,D). It seems unlikely that the formation of non-DNA-
bound or non-aggregated RNA species in the presence of RapA
was due to a general increase in the yield ofRNA. (i)Generally, in
this set of experiments (Figures 5 and 6), we avoided extended
incubations of the in vitro transcription mixtures to minimize
potential contributions of RapA to transcriptional cycling. (ii)
RapA promoted the formation of the non-DNA-bound or non-
aggregated transcript (effectively redistributing RNA in the
system) under conditions in which there was clearly no increase
in the transcript yield in the presence of RapA (for example, see
lanes 3-6 of Figure 5C). (iii) The experiments with the purified



Article Biochemistry, Vol. 48, No. 33, 2009 7803

nonproductive transcription complexes (Figure 6C) also indicate
that RapA contributes to transcript release. Under most experi-
mental conditions, little or no free (non-RNA polymerase-bound
or non-aggregated) slyD mRNA was generated during in vitro
transcription in the absence of RapA, perhaps pointing to

mechanistic limitations in the in vitro synthesis of longer, less
structured RNAs.
Function(s) of RapA. The homology of RapA to SWI/SNF

proteins and more distant DEAD/H family helicases (37, 38)
points to roles in nucleic acid remodeling. RapA’s status as an

FIGURE 6: RapA contributes to the formation of free (non-DNA-bound or non-aggregated) RNAduring in vitro transcription. Fractionation of
transcription complexes under nondenaturing conditions. (A) RapA promotes the formation of non-DNA-bound or non-aggregated RNA. In
vitro transcription reactions were conducted for 30 min at 37 �C. Reactions 1-3 in buffer D and reactions 4-6 in buffer B (see Materials and
Methods). Other components: purified 965-nucleotide linear DNA template containing the slyD operon (PCR MS696/697), 25 nM; RNA
polymerase holoenzyme, 50 nM.TheRapA:RNApolymerase holoenzymemolar ratios are indicated in the figure. Following the addition of stop
solution, the reactionproductswere fractionatedon5%ProtoGel (NationalDiagnostics) containing 1�TBE (KDMedical), using 0.5�TBEas a
running buffer; denaturation of the reaction mixtures by boiling was omitted. (B) Effect of the constructed mutations on RapA’s nucleic acid
remodeling activity. In vitro transcription reactions similar to those described for panel A were conducted in the presence or absence of 8 mol of
wild-type ormutantRapApermole ofRNApolymerase holoenzyme (50 nM). Reaction products were fractionated by nondenaturing PAGEon
8%ProtoGel, as described for panel A. The graph shows the quantitated levels of total 32P-labeledRNA (blue columns) and non-DNA-bound or
non-aggregated RNA (red columns). Data represent the average of two independent sets of experiments. (C) Effect of RapA on the stability of
purified nonproductive transcription complexes in the presence or absence ofATP.An in vitro transcription reaction similar to that described for
lane 1 ofpanelAwas conducted (in the absence ofRapA). Following a 30min incubation, the reactionmixturewas diluted to 40μLwith ultrapure
water (KDMedical) and applied to aMicroSpinG-25 column (AmershamPharmacia Biotech) pre-equilibrated with ultrapure water. Following
centrifugation for 2 min at 700g, approximately 40 μL of flow-through was recovered (typically containing 3000-8000 cpm of 32P). To test the
stability of the purified complexes, 10μL reactionmixtures containing 1� bufferC, 500-800 cpmof transcription complexes purified as described
above, 1mMATP (if present), and 0.2 μMpurifiedRapA (if present) orNusA (if present, as a control) were incubated for 30min at 37 �C.Next, 4
μL of stop solution was added to each reaction mixture, and the amount of 32P-labeled RNA retained in the complexes was determined after the
samples were fractionated by PAGE on 5% ProtoGel; electrophoresis was conducted as described for panel A. The quantitated data (bottom
panel) represent the average of two independent experiments.
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accessory RNA polymerase subunit (6, 14, 15, 17) indicates that
this nucleic acid remodeling activity is likely linked to transcrip-
tion. In accord with this, RapA promotes the disruption of
noncanonical DNA-RNA complexes (putative DNA-RNA
triplexes) in an ATP-dependent manner (17). RNA is a likely
substrate of RapA, based on multiple, independent lines of
evidence summarized in our recent work (17). In that study, we
proposed that RapA could track DNA along with the RNA
polymerase core enzyme to disrupt noncanonical DNA-RNA
complexes (17). The salt selectivity of RapA’s in vivo and in vitro
activities supports this model for RapA function.

The results presented herein indicate that RapA contributes to
the formation of free (non-DNA-bound or non-aggregated)
RNA species during transcription. RNA polymerase without
RapA failed to efficiently generate slyD mRNA from linear
DNA templates containing the E. coli slyD operon. Our recent
studies suggested that nonproductive interactions by nascent
RNA could represent a key obstacle to continuous transcrip-
tional cycling (19) (also see ref 17). In the latter work, we
proposed that noncanonical complexes between dsDNA and
transcript RNA (such as dsDNA-RNA triplexes) could form
during transcription and impede the activity of “trailing” RNA
polymerase molecules. The formation of putative dsDNA-
ssRNA triplexes is supported by a classic work by Roberts and
Crothers (39), as well as several recent studies (17, 40, 41). RapA-
mediated displacement of relatively long transcripts from DNA
(as observed in this study under nondenaturing conditions
(Figure 6) argues that RapAmay possess an independent nucleic
acid remodeling activity. The possibility that relatively long
transcripts could be wrapped around DNA (in a fashion less
orderly than that found in a conventional Hoogsteen triplex) as a
result of the polymerase’s tracking of a helical, linear DNA
molecule has been previously considered (42). RapA could
disrupt these noncanonical DNA-RNA complexes by either
riding with the polymerase while trawling the RNA [Figure 7A,
model A1 (the “minesweeper” model)] or acting as a dsDNA-
ssRNA topoisomerase (model A2; schematic not shown). Well-
documented, nonproductive ternary complexes in which nascent
RNA’s 30-end is extruded (43-45) also could represent potential
substrates for RapA. RapA could contribute to RNA release by
either extracting the misaligned RNA or transporting the poly-
merase along DNA (thus acting as a translocase), both scenarios
resulting in realignment of the core enzyme’s active site with the
30-end of the RNA (Figure 7B, model A3) and subsequent RNA
release. Finally, the possibility of RapA disrupting complexes
formed between transcripts synthesized on different DNA mo-
lecules (“in trans”) (model B; schematic not shown) also cannot
be entirely ruled out.

Both this study and our preceding work point to RNA as a
substrate of RapA. It is therefore interesting to question whether
the RNA-directed activities of RapAmay overlap to some extent
with those of Rho, an extensively studied RNA binding protein
with established roles in transcription termination (for a review
and a complete set of references, see ref 46), particularly in light of
Rho’s known ATP-dependent helicase activity with respect to
DNA-RNAhybrids and its demonstrated ability to enhance the
release ofRNA from transcription elongation complexes. Testing
RapA and Rho side by side may shed new light on the functions
of these two proteins and is likely to be a part of our future studies
of E. coli transcription.

In summary, in this work we (a) reported in vivo data
demonstrating the functional significance of the rapA gene under

physiological osmolarity, (b) introduced and characterized a
model system for the in vitro synthesis of E. coli slyD mRNA
and further developed techniques for nondenaturing fractiona-
tion of transcription intermediates, and (c) described several new
mutations inRapA’s SWI/SNFdomain and its interface with the
(putative) double-stranded nucleic acid template binding do-
main. The RapA R221A/R222A and R599A/Q602A mutations
described in this study (both of which resulted in alterations in
RapA’s ATPase activity with no apparent effect on protein
folding or solubility) represent a valuable asset for future studies.
Bothmutant proteins, alongwith the ribosomal protein S1, could
serve as controls for ATP-dependent and ATP-independent
RapA activities. Finally, (d) in this work, we further refined
our models for RapA function in vivo. Our future studies will
address the mechanistic aspects of RapA’s enzymatic activity in
terms of its compatibility with one or more of the models
proposed herein. We will also conduct genetic studies designed
to identify potential rapA interactors in E. coli.
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FIGURE 7: Models explaining possible mechanisms of RapA-
mediated redistribution of RNA during in vitro transcription. See
the text for a detailed discussion of the proposed models. (A) In
model A1, RapA lifts theRNA transcript fromDNA’smajor groove
and/or unwraps RNA from DNA in a processive manner. (B) In
model A3, RapA dissociates nonproductive ternary (DNA-RNA
polymerase-RNA) complexes with the extruded 30-end of RNA by
either extracting themisalignedRNAor transporting the polymerase
along DNA; both activities could contribute to the redistribution of
RNA in the system and reinitiation of transcription.
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SUPPORTING INFORMATION AVAILABLE

Six additional figures. This material is available free of charge
via the Internet at http://pubs.acs.org.
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