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ABSTRACT

Prokaryotic RNA polymerases are capable of efficient, continuous synthesis of RNA in vivo, yet purified polymerase-DNA model
systems for RNA synthesis typically produce only a limited number of catalytic turnovers. Here, we report that the ribosomal
protein S1—which plays critical roles in translation initiation and elongation in Escherichia coli and is believed to stabilize
mRNA on the ribosome—is a potent activator of transcriptional cycling in vitro. Deletion of the two C-terminal RNA-binding
modules—out of a total of six loosely homologous RNA-binding modules present in S1—resulted in a near-loss of the ability of
S1 to enhance transcription, whereas disruption of the very last C-terminal RNA-binding module had only a mild effect. We
propose that, in vivo, cooperative interaction of multiple RNA-binding modules in S1 may enhance the transcript release from
RNA polymerase, alleviating its inhibitory effect and enabling the core enzyme for continuous reinitiation of transcription.
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INTRODUCTION

Prokaryotic RNA polymerases are capable of continuous
synthesis of RNA in vivo, yet purified polymerase-DNA
model systems for RNA synthesis typically produce only
a limited number of catalytic turnovers. At near equimolar
Escherichia coli RNA polymerase/template DNA ratios—
even with relatively strong E. coli promoters such as tac and
rrnBP1—in vitro transcription reactions typically produce
an average of one to two catalytic turnovers under most
experimental conditions (for example, see Sukhodolets
et al. 2001). Inhibitory RNA polymerase–transcript interac-
tions present a potential obstacle for continuous transcrip-
tional cycling, with each individual cycle including
transcript initiation, elongation, and termination. A num-
ber of studies have indicated that elongating E. coli RNA
polymerase–transcript complexes are very stable but are
destabilized at specific transcription terminators (Berlin
and Yanofsky 1983; Wilson and von Hippel 1995; Mooney
et al. 1998; Gusarov and Nudler 1999; Yarnell and Roberts
1999). The hexameric ATP-dependent factor Rho has been
shown to promote transcript release from the polymerase
at certain terminators (Richardson and Conaway 1980;

Shigesada and Wu 1980; for review, see Richardson 2002,
2003). The inability of RNA polymerase to disengage from
DNA (in different reaction contexts) may also hinder
transcriptional cycling. The transcription-repair coupling
factor Mfd and the major E. coli sigma factor (s70) have
been shown to destabilize core RNA polymerase–DNA
complexes (Arndt and Chamberlin 1988; Selby and Sancar
1993, 1994). Furthermore, it has recently been proposed
that RapA, a bacterial homolog of eukaryotic SWI/SNF
proteins, may alter the configuration of DNA to allow
release of the polymerase, resulting in enhanced transcrip-
tional cycling (Sukhodolets et al. 2001, 2003). Inhibitory
DNA–RNA interactions during transcription may hinder
elongation and/or reinitiation of transcription as well.
There is ample evidence for the formation of DNA–RNA
duplexes during transcription (Zaychikov et al. 1995;
Komissarova and Kashlev 1998; Sidorenkov et al. 1998;
Korzheva et al. 2000). It has also been suggested that DNA–
RNA complexes in which the RNA is wrapped around the
DNA are formed during transcription (Drolet et al. 2003).
The formation of noncanonical DNA–RNA complexes such
as DNA–RNA triplexes (Roberts and Crothers 1992)—
which can be promoted by relatively high salt concentra-
tions (Morvan et al. 1997) and influenced by the compo-
sition of the DNA and RNA backbone (Roberts and
Crothers 1992; Ivanov et al. 2003)—also cannot be ruled
out. In an in vitro system, these structures could hinder
reinitiation of transcription, as well as transcript elongation.
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Here we report that the ribosomal protein S1—which
plays critical roles in translation initiation (Tzareva et al.
1994) and elongation (Potapov and Subramanian 1992) in
E. coli and is believed to stabilize mRNA on the ribosome
through interaction with a pyrimidine-rich region up-
stream of the Shine-Dalgarno sequence of mRNA (Boni
et al. 1991, 2001; Sengupta et al. 2001; Komarova et al.
2002)—is a potent activator of transcriptional cycling in
vitro. Deletion of the two C-terminal RNA-binding/S1-
modules—out of a total of six loosely homologous RNA-
binding modules present in S1 (Bycroft et al.
1997)—resulted in a near-loss of the ability of S1 to
enhance transcription. However, the mutant protein
retained the ability to bind transcript RNA, suggesting that
the transcription-stimulatory effect is more than a mere
sequestering of RNA in the in vitro transcription system.
Taken together, our results demonstrate significant stimu-
lation of in vitro transcription by S1, an abundant cellular
protein belonging to the translational apparatus.

RESULTS

S1 promotes transcriptional cycling

S1 was originally identified as one of the
proteins loosely associated with the
ribosome, and ribosome preparations
often have been reported to contain
less-than-stoichiometric amounts of S1
(Subramanian and van Duin 1977).
Free S1 has also been identified as a part
of the bacteriophage Qb replication
complex (Inouye et al. 1974; Wahba
et al. 1974). Earlier we reported copur-
ification with E. coli RNA polymerase
of stoichiometric amounts of S1
(Sukhodolets and Garges 2003). These
studies suggested a role of S1 beyond
that in the ribosome. Here, we report
the results of a detailed study of the
effect of purified S1 on E. coli RNA
polymerase transcriptional activity on
DNA templates incorporating the ex-
tensively characterized bacteriophage
T7A1 promoter (Dayton et al. 1984;
Reynolds et al. 1992; Daube et al. 1994;
Susa et al. 2002).

Figure 1A shows a typical transcrip-
tion-stimulatory effect resulting from
the addition of purified native S1 to
in vitro transcription reactions. With
native S1, half-maximal transcription
stimulatory effect was observed in the
100–200 nM protein concentration
range (Fig. 1B). Although S1 showed

a mild transcription-stimulatory effect in the presence of
low to moderate concentrations of the DNA competitor
heparin—a polyanion and DNA analog that is known to
disrupt the relatively weak nonspecific RNA polymerase–
DNA interaction and to inhibit DNA binding to the
polymerase (Walter et al. 1967; Kadesch et al. 1980; Schlax
et al. 1995)—a further increase in heparin concentration
virtually abolished the effect (Fig. 1C). Because excess
heparin is known to inhibit reinitiation of transcription
(resulting in a ‘‘single-round’’ transcription reaction), this
result indicates that the transcription-stimulatory effect of
S1 resulted primarily from an increase in the number of
completed transcriptional rounds, referred to here as
enhanced transcriptional cycling.

Back-to-back comparison of the transcription-stimulatory
activities of S1 with that of RapA, an RNA polymerase-
associated ATPase, and a member of the SWI/SNF super-
family (an excess of which was shown to promote
transcriptional cycling; see Sukhodolets et al. 2001), revealed
that the magnitude of the transcription-stimulatory effect
of S1 generally superseded that of RapA (Fig. 2).

FIGURE 1. The ribosomal protein S1 enhances transcriptional cycling. In vitro transcription
reactions with supercoiled DNA template pCPGltr2 (Reynolds et al. 1992) were carried out as
described in Materials and Methods. (A) Kinetics of the transcription-stimulatory activity of
S1. Reactions were carried out in the presence or absence of 0.2 mM purified native S1. The
position of the T7A1 promoter-generated transcript RNA terminated at a specific transcription
terminator (ltr2) is indicated. (B) The yields of T7A1/ltr2 transcript plotted as a function of
native S1 concentration. In vitro transcription reactions were carried out in the presence of
50 mM NaCl (open symbols) and 100 mM NaCl (closed symbols). (C) The transcription-
stimulatory effect of S1 is abolished in the presence of high concentrations of the DNA
competitor heparin. The reaction conditions were as described in Materials and Methods, with
the exception that heparin was added to some of the reactions along with the rNTP premix. In
vitro transcription reactions were performed in the absence (open boxes) or in the presence
(solid boxes) of 0.2 mM purified native S1.
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Order-of-addition experiments revealed that once the
product RNA level reached the initial plateau, the addition
of S1 failed to stimulate transcription significantly further
(Fig. 3A). Increasing the RNA polymerase/DNA molar ratio
reduced the magnitude of the effect (Fig. 3A). Because in
our previous study with RapA the transcription termina-
tion and/or post-termination events were identified as
likely rate-limiting steps for continuous transcriptional
cycling (see Sukhodolets et al. 2001), the apparent similar-
ity of the transcription-stimulatory activity of S1 and RapA
prompted us to explore the effect of S1 on the efficiency of
transcription termination. These studies suggested only a
marginal (two- to threefold) (Fig. 3B, graph) enhancement
of termination efficiency in the presence of S1: The levels of
runoff RNA and RNA transcripts terminated at specific
terminators were up-regulated to a comparable extent by
S1 (Fig. 3B), with native and recombinant S1 showing
similar transcription-stimulatory properties (Fig. 3B). Lin-
ear DNA templates showed S1-stimulatory effects similar to
those seen with supercoiled DNA templates (Figs. 1, 3;
Sukhodolets and Garges 2003).

To determine whether nonproductive complexes formed
during the course of in vitro transcription reactions
resulted from the inability of RNA polymerase to initiate
new rounds of transcription or the inability of the DNA
template to support the reaction, purified RNA polymer-
ase–DNA complexes obtained after the fractionation of in
vitro transcription reaction mixtures carried out to the
initial plateau in the transcript production were concen-
trated and tested again for their transcriptional activity

under various conditions. In the presence of rNTPs,
purified RNA polymerase–DNA complexes failed to show
transcriptional activity even in the presence of challenger
DNA templates (Fig. 4, lanes 1,2,5,6). At the same time, the
DNA template present in purified RNA polymerase–DNA
complexes supported a robust promoter-specific transcrip-
tional activity in the presence of supplemental (trans) RNA
polymerase holoenzyme (Fig. 4, lanes 3,7). Moreover, the
activity of the DNA template thus reused in the transcrip-
tion reaction increased significantly after treatment with
RNase H, suggesting the formation of potentially inhibitory
DNA–RNA complexes (Fig. 4, cf. lanes 3 and 7).

S1 interacts with the transcription complex

Our next objective was to monitor the binding of S1 to
functional RNA polymerase–RNA–DNA complexes in
comparison to its binding to isolated components of the
transcription complex, such as transcript RNA, DNA, or
RNA polymerase. Entire in vitro transcription reactions,
carried out to a steady state, or mixtures of the purified
enzymes or enzymes and nucleic acids were passed through
a Superdex 200 HR column, and the content of the column
fractions was analyzed (Fig. 5). This technique allowed for
the separation of free S1 from S1 bound to high-molecular
weight fractions (Fig. 5A–C). This set of experiments
demonstrated that S1 interacted with high affinity with
high-molecular weight fractions presumably containing the
DNA-bound transcription complexes and their subassem-
bly components (resulting from gel-filtration) (Fig. 5A,B).
Greater than 50% of the entire amount of S1 present in the
samples showed characteristic mobility shifts, interacting
with high-molecular weight fractions (Fig. 5B,C). This
extent of recruitment of S1 into protein–nucleic acid
complexes could not be achieved by substituting an in
vitro transcription premixture of RNA polymerase, DNA
template, and rNTPs with various combinations of in-
dividual reaction substrates/products (Fig. 5D,E,F, and data
not shown). However, RNA or RNA polymerase alone
produced detectable S1 mobility shifts suggestive of both
S1–RNA and S1–RNA polymerase interactions (Fig. 5E,F).

The transcription-stimulatory activity of S1 is more
than a mere sequestering of RNA in the in vitro
transcription system

Because it was suggested that the C-terminal RNA-binding
modules in S1 participate in mRNA binding (Sillers and
Moore 1981) and the N-terminal RNA-binding modules
in rRNA binding (Giorginis and Subramanian 1980;
Subramanian 1983), we mutagenized the C-terminal part
of S1, sequentially deleting the C-terminal 78 and 221
amino acids (Fig. 6A; see Materials and Methods) to test if,
and to what extent, alteration of the transcription-stimulatory
activity of S1 would correlate with RNA binding. The

FIGURE 2. Back-to-back comparison of the transcription-stimulatory
activity of S1 and RapA. Reactions with ptac1617 (Sukhodolets et al. 2001)
(A) and pCPGltr2 (B) supercoiled DNA templates were carried out in the
presence of 2.1 mM S1 and 2.4 mM RapA. RNA polymerase/DNA
template ratio and concentrations and conditions for in vitro transcription
reactions were as described earlier (Sukhodolets et al. 2001). Promoter-
specific transcripts resulting from in vitro transcription reactions carried
out in the presence of 100 mM NaCl (top) and 200 mM NaCl (bottom)
are shown.

Enhancement of transcriptional cycling by S1
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transcription-stimulatory properties of purified wild-type
S1 and the two mutant proteins were tested. The disruption
of a single C-terminal RNA-binding module in S1 pro-
duced only a marginal effect on its ability to activate
transcription in vitro (Fig. 6B). However, the loss of an
additional protein segment, encompassing the second
C-terminal RNA-binding domain, nearly abolished the
transcription-stimulatory activity of S1 (Fig. 6B). Because

D335–556 S1 showed a near-complete
loss of transcription-stimulatory activity
even when taken in excess of 1 mM,
we tested wild-type S1 and D335–556 S1
back-to-back in EMSA assays with pu-
rified T7A1/ltr2 RNA (Fig. 6C). The
titrations of the purified T7A1/ltr2
RNA with wild-type S1 and D335–556
S1 indicated that the 50% saturation of
RNA with protein was reached at z10–
30 nM and 100–200 nM, respectively
(depending on the running conditions
and the type of gel apparatus). Further-
more, the D335–556 S1 mutant demon-
strated S1–RNA binding patterns that
were distinctly different from those of
the wild-type S1 (Fig. 6C).

DISCUSSION

Known properties of the ribosomal pro-
tein S1, such as weak, reversible ribo-
some binding, high-affinity binding at
the 59-termini of mRNAs, its docu-
mented role as a component of the Qb

RNA bacteriophage replicase, and copu-
rification of stoichiometric amounts
and possible interaction of S1 with
RNA polymerase, suggest that it func-
tions at the interface of transcription
and translation. While previous studies
have identified S1 as a translation-re-
lated RNA-binding protein, the results
presented in this paper point to the
possibility that S1 interacts with tran-
scription complexes in a manner that
potentially benefits the transcriptional
apparatus.

The addition of purified S1 to in vitro
transcription reactions greatly increased
the yield of RNA transcripts. (1) The
sensitivity of the transcription-stimula-
tory activity of S1 to heparin, (2) its
reduction upon increase of the poly-
merase/DNA template molar ratio, and
(3) the lack of transcription-stimulatory
effect at early time-points indicate that

the transcription-stimulatory effect results primarily from
enhanced transcriptional cycling. Our binding studies,
meant to determine the specific elements of the transcrip-
tional apparatus targeted by S1, suggested that the tran-
script and possibly RNA polymerase are targeted, with the
relative irreversibility of nonproductive transcription com-
plex formation suggesting a relatively fast engagement by
S1 of nascent RNA as it emerges from the RNA channel in

FIGURE 3. Effect of delayed addition of S1 to in vitro transcription reactions and the effect of
S1 on the efficiency of transcription termination. (A) The delayed addition of S1 to in vitro
transcription reactions results in greatly reduced transcription-stimulatory activity. The
quantitated results of two independent, parallel experiments are shown. Reactions in lanes 1
(open columns) and 2 (black columns) are similar to those in lanes 5 and 10 of Figure 1A; in
lane 3 (hatched columns), purified native S1 was added 30 min after the initiation of the in
vitro transcription reaction, and the reactions were incubated at 37°C for an additional 60 min.
The reactions were performed with an approximately fivefold (see Materials and Methods) or
25-fold molar excess of RNA polymerase over the supercoiled pCPGltr2 DNA template. The
RNA polymerase/DNA template molar ratios are indicated. Incubation of RNA polymerase
alone at 37°C up to 90 min produced no significant reduction in the enzyme’s activity. (B)
Mild stimulation of the transcription termination efficiency in the presence of 0.3 mM purified
native S1 (lanes ‘‘N’’) or 0.6 mM recombinant His-tagged S1 (lanes ‘‘R’’). RNA transcripts
terminated at specific terminators (T) and runoff RNA transcripts (R) are indicated. The
quantitated results of the experiment are shown on the right; open and black columns show the
magnitudes of the S1-mediated transcriptional activation for RNA transcripts terminated at
specific terminators and runoff RNA transcripts, respectively. The linearized plasmid DNA
templates used in this experiment were pAR1707 (1), pCPGtrpA+ (2), pCPGT3Te (3), and
pCPGltr2 (4). DNA templates carried the T7A1 promoter followed by a defined transcription
terminator downstream (the type of terminator is apparent from the plasmids’ names); all
four templates are described in Reynolds et al. (1992).
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RNA polymerase. This engagement could prevent the RNA
synthesized de novo from forming RNA–DNA or RNA–
RNA polymerase interactions potentially inhibitory to
transcription. Purified S1 failed to unwind DNA–RNA
duplexes (in the presence or absence of ATP and/or Hfq;
the protein also showed a lack of ATPase activity; data not
shown), indicating a relatively passive role for S1 in interaction
with RNA polymerase–RNA complexes during transcription.

The disruption of a single RNA-binding module at the
extreme C terminus of S1 produced only a marginal effect
on its transcription-stimulatory activity, whereas the de-
letion of two adjacent RNA-binding modules virtually
abolished it. The solubilities of both S1 mutants were
similar to that of the wild-type protein, and the ability of
truncated S1 to bind RNA suggested no increased protein
misfolding compared with wild-type S1. This near-loss of
transcription-stimulatory activity in the D335–556 S1
mutant was likely due to altered configuration of the
D335–556 S1–RNA complex rather than the protein’s lack
of RNA-binding activity. Although deletion of the two
C-terminal RNA binding modules in S1 likely affects the
overall configuration of the S1 molecule, the fact that S1
lacking two C-terminal RNA-binding modules is capable
binding RNA is important. Other studies also reported

FIGURE 4. Inactivation of RNA polymerase rather than the DNA
template is the principal reason for poor transcriptional cycling in in
vitro transcription reactions with supercoiled DNA. Five microliters
of 500 mM Tris-HCl, pH 7.5, 20 mM MgCl2, 1 M NaCl were mixed
with 25 mL of purified water, 5 mL RNA polymerase holoenzyme
(1.2 mg/mL), 5 mL pCPGltr2 supercoiled DNA (0.89 mg/mL) with
the T7A1 promoter and ltr2 terminator, 10 mL of 53 rNTP mix
containing 1 mM each of ATP, GTP, CTP, and UTP, and 0.01 mCi of
[a32P] UTP. Following a 30-min incubation at 37°C, the entire 50-mL
reaction mixture was passed through a Superdex 200 HR 10/30
column pre-equilibrated with TGED buffer containing 100 mM NaCl;
0.5-mL fractions were collected. Aliquots of 250 mL from fractions
containing the DNA-bound transcription complexes were concen-
trated to z25 mL using Microcon-10 concentrators (Amicon), and 3-
mL aliquots of the resulting purified RNA polymerase–DNA complex
were used in in vitro transcription reactions, performed as described
in Materials and Methods, with the exception that RNA polymerase
and the DNA template were omitted. When indicated, RNA poly-
merase holoenzyme was added to a final concentration of 0.05
mg/mL; pRLG1617 supercoiled DNA template with the ribosomal
rrnBP1 promoter and T1T2 terminator (Ross et al. 1990) to 0.08
mg/mL; and RNase H (New England Biolabs), 5 U per 20 mL reaction.
A representative result of two independent experiments is shown.

FIGURE 5. S1 interacts with transcription complexes. (A) Top: the
A280 profile resulting from size-separation of an in vitro transcription
reaction mixture on a Superdex 200 HR 10/30 column. The super-
coiled pCPGltr2 DNA template (Reynolds et al. 1992) used in this set
of experiments carried the T7A1 promoter and ltr2 terminator. The
individual components of the reaction were identified as described in
Materials and Methods. Bottom: S1 and RNA polymerase subunits
in the fractions were also identified by Western blot analysis using
S1-specific and core RNA polymerase-specific antibodies. (B,C) The
in vitro transcription reactions were similar to those described in
Materials and Methods, with the exceptions that 0.243 (12 mL)
reactions were utilized here, and the reactions contained 0.2 mM
purified native S1. The reaction ingredients are indicated at the right.
S1 in the Superdex 200 HR 10/30 column fractions is visualized here
and below by immunoblotting with S1-specific antibodies. (D) 0.2 mM
S1 plus pCPGltr2 supercoiled DNA (0.089 mg/mL). (E) In vitro
transcription reactions similar to those described above were carried
out and, after a 30-min incubation at 37°C, 4 U of RNase-free DNase
(Promega) was added to the mixtures to digest the DNA template.
Following another 30-min incubation at 37°C, the reactions were
deproteinized by phenol extraction, and the aqueous phase was
precipitated with ethanol. The RNA pellet was redissolved in 12 mL
of 13 TB containing 0.2 mM purified native S1, and the binding
experiments were performed as described in Materials and Methods.
The substitution of DNase with a DNase/RNaseH mixture in the
above purification procedure produced similar S1–RNA binding
patterns, suggesting that DNA–RNA hybrids are unlikely to play
a major role in the interaction of S1 with transcription complexes
(data not shown). (F) 0.2 mM S1 plus 1.3 mM RNAP holoenzyme. In
a similar binding assay, D335–556 S1 showed no detectable complex
formation with the polymerase. (G) 0.24 mM S1.
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RNA binding by truncated forms of S1 (for examples, see
McGinnes and Sauer 2004; Okada et al. 2004); taken
together, these results suggest relatively autonomous,
‘‘domains-on-a-string’’-like RNA-binding activity of in-
dividual RNA-binding modules in S1. Excess D335–556
S1 consistently failed to show the high-magnitude tran-
scription-stimulatory activity of wild-type S1 (typically
resulting in >5-fold increase in the yield of promoter-
specific transcripts [see Fig. 3B, graph]), suggesting that
simple RNA binding does not translate into high-magnitude
transcriptional enhancement. The patterns of protein–RNA
complexes formed by wild-type S1 in EMSA gels (where
the elongated shapes of shifted protein–RNA complexes
suggest conformational heterogeneity) are almost certainly
due to the engagement of multiple RNA binding modules
in protein–RNA interaction. Our results indicate that
the region between amino acids 335 and 478 is critical
for manifestation of the transcription-stimulatory activity
of S1. We speculate that, in vivo, cooperative interaction of
multiple RNA-binding modules in S1 may enhance tran-
script release from RNA polymerase, alleviating its in-
hibitory effect on RNA polymerase and possibly the DNA
template and enabling the core enzyme for continuous
reinitiation of transcription (Fig. 7). The reported complex
formation between S1 and the transcription termination

factor NusA (Venkatesh and Radding 1993) and the
specific binding of S1 to boxA transcriptional antitermina-
tor RNA (Mogridge and Greenblatt 1998) are also consistent
with S1 acting at the termination and/or post-termination
stage of the transcription cycle.

In vivo, a moderate overexpression of wild-type S1 or
either of the two deletion mutants from plasmid vectors in
the rpsA+ background was tolerated by the bacterial cells,
although both mutations caused a slight growth defect
(data not shown). S1 is an essential protein in E. coli
(Kitakawa and Isono 1982; Sorensen et al. 1998; Sukhodolets
and Garges 2003), and the problems inherent in the
analysis and interpretation of in vivo data meant to dis-
tinguish S1 function(s) associated with transcription or
translation have been pointed out earlier (Sukhodolets and
Garges 2003). Thus, the small differences in growth rates
resulting from overproduction of the wild-type and mutant
S1 proteins in the rpsA+ bacterial strains could very well be
the result of altered translation.

In a series of independent experiments we size-fraction-
ated lysates obtained from bacterial cells lysed under mild
conditions and monitored the S1 levels in the fractions.
These experiments demonstrated that <50% of S1 was as-
sociated with ribosomal, high-molecular weight (>240 kDa)
fractions (data not shown), suggesting that there is likely

FIGURE 6. Alteration of the transcription-stimulatory activity of S1 by deletion mutations at the protein’s C terminus. (A) Schematic
illustrating the modular composition of S1. (B) Effects of C-terminal deletion mutations on the in vitro transcription-stimulatory activity of S1.
The transcription-stimulatory activities of the wild-type and mutant S1 proteins are plotted as a function of protein concentration. In vitro
transcription reactions were carried out as described in Materials and Methods. (C) The RNA-binding activity of wild-type S1 versus that of
D335–556 S1. The gels show titrations of purified labeled T7A1/ltr2 RNA with purified recombinant S1 proteins; the S1 concentrations are
indicated. EMSA experiments were carried out as described in Materials and Methods.
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to be a substantial fraction of free S1 that may be available for
interaction with elements of the transcriptional apparatus.

The previously reported stimulation of transcriptional
cycling by the RNA polymerase-associated SWI2/SNF2
homolog RapA (Sukhodolets et al. 2001) mimics the effect
of S1, hinting that both S1 and RapA may rely on protein–
RNA interaction to enhance transcription. This interpreta-
tion does not contradict the previously proposed general
model explaining the transcription-stimulatory effect of
RapA (Sukhodolets et al. 2001). We speculate that, in vivo,
the transcription-stimulatory activities of the two proteins
may be manifested under different physiological conditions.

In summary, we propose that free S1 may play a role in
minimizing nonproductive mRNA interactions in tran-
scription complexes in vivo. Because S1 is known to bind
at the 59-termini of mRNAs and is critically involved in
translation initiation, we also propose that during the
cycling process the nascent mRNA–S1 complex recruits
S1-free ribosomes (according to the orthodox model, S1 is
perceived as an integral part of the ribosome subassembly,
rather than an mRNA-associated protein adaptor), while
keeping the process coupled to transcription by maintain-
ing its contact with RNA polymerase.

MATERIALS AND METHODS

Proteins

The E. coli RNA polymerase holoenzyme was purified as described
(Sukhodolets and Jin 1998) with the exception that the final
product was subjected to an additional purification step—gel-
filtration on either Superose 6 HR 10/30 or Superdex 200 HR
10/30 columns. Chromatography was performed as previously
described (Sukhodolets and Garges 2003). The native and recom-
binant ribosomal S1 proteins were was also obtained as described
(Sukhodolets and Garges 2003).

In vitro transcription

The 16-mL pre-incubation mix in 50 mM Tris-HCl, pH 7.5, 2 mM
MgCl2, 0.5 mg/mL BSA, and 100 mM NaCl (unless indicated

otherwise) (transcription buffer, or TB) typically contained 20–30 nM
supercoiled or linear DNA template, 120 nM RNA polymerase
holoenzyme, and S1 (if present) at the concentrations indicated in
the figure legends. Following a 15-min pre-incubation at 37°C,
transcription was initiated by the addition of 4 mL of 53 rNTP
mix containing 1 mM each of ATP, GTP, CTP, and UTP and
0.02–0.05 mCi of either [a32P] UTP or [a32P] ATP. After
incubation at 37°C for 60 min, unless indicated otherwise,
20 mL of loading solution (0.25 M EDTA, 50% glycerol, 0.1%
Bromphenol Blue) was added to each reaction mixture, followed
by the addition of 40 mL of formamide, heating at 90°C for 2 min,
and z3-min incubation on ice. Aliquots of 6 mL were then
analyzed on 8% sequencing gels. The gels were autoradiographed
using BioMax MR2 film and scanned on a PhosphorImager
(Molecular Dynamics) to quantitate the levels of transcript RNA.

S1 mutagenesis

Truncated fragments of the rpsA gene were amplified from
pQE31S1 using the primers MS73 (Sukhodolets and Garges
2003) / MS134 (59-CGTCGATGCATGCGGATTATTACAGGTAA
CCTTCAACGCCGTCAGCCAGT) (S1D478–556) or MS73/MS135
(59-CGTCGATGCATGCGGATTATTAGATATCCAGAACCATA
ACTTCCACTACA) (S1D335–556). The amplified DNA frag-
ments (digested with BamHI and SphI) were then cloned into
the BamHI and SphI restriction sites of the expression vector
pQE31 (Qiagen). The protein products expressed from both
plasmids (pQE31S1D478–556 and pQE31S1D335–556) were ver-
ified by immunoblotting using S1-specific antibodies, and the
mutant proteins were isolated as previously described for
recombinant wild-type His-tagged S1 (Sukhodolets and Garges
2003).

Electrophoretic mobility shift assay (EMSA)

S1—at the concentrations specified in the Figure Legends—and
the 32P-labeled purified RNA probe (typically 500–1000 cpm/20-mL
binding reaction) were mixed in 13 TB. The binding reactions
were incubated for 15 min at room temperature, and 5 mL of
loading buffer (50% glycerol supplemented with 0.05% Brom-
phenol Blue) was added to each binding reaction. Aliquots of 2–
8 mL were then analyzed on 8% polyacrylamide gels in either 0.53
or 0.253 TBE buffer. The gels were dried and exposed to BioMax
ML film (typically for 6–18 h at –70°C) using BioMax MS screens.

Purification and analysis of nonproductive
transcription complexes

Five microliters of 500 mM Tris-HCl, pH 7.5, 20 mM MgCl2, 1 M
NaCl were mixed with 25 mL of purified water, 5 mL RNA
polymerase holoenzyme (1.2 mg/mL), 5 mL pCPGltr2 supercoiled
DNA (0.89 mg/mL), 10 mL of 53 rNTP mix containing 1 mM
each of ATP, GTP, CTP, and UTP, and 0.01 mCi of [a32P] UTP.
Following a 30-min incubation at 37°C, the entire 50-mL reaction
mixture was passed through a Superdex 200 HR 10/30 column
pre-equilibrated with TGED buffer containing 100 mM NaCl;
0.5-mL fractions were collected. The fractions were concentrated
and assayed as described in the legend to Figure 4. To visualize
nucleic acids and proteins in the purified transcription complexes,
aliquots of z125 mL from each fraction were also concentrated

FIGURE 7. Cooperative binding of RNA polymerase-associated
transcript RNA by multiple RNA-binding modules in S1 may effec-
tively strip transcript from RNA polymerase, alleviating its inhibitory
effect. RA and RB denote independent RNA-binding segments in S1
which may incorporate one or more individual RNA-binding or
‘‘S1’’-modules (defined as described in Bycroft et al. 1997).
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to z10 mL using Microcon-10 concentrators (Amicon); 10 mL of
23 Laemmli sample buffer was then added directly into each
concentrator, and the recovered 20-mL aliquots from the indicated
fractions were analyzed on silver-stained 10% SDS-PAGEs. Auto-
radiographs indicating the position of [a32P] UTP-labeled tran-
script RNA were obtained after exposing the silver-stained protein
gels to BioMax ML X-ray film. The z277-nt T7A1/ltr2 transcript
was visualized by both silver staining and 32P-labeling. The RNA
polymerase–DNA complexes thus isolated typically retained 20%–
30% of s70, the presence of which is critical for promoter-specific
transcription. The amounts of s70 retained by the DNA-bound
polymerase were estimated from comparison of the quantitated
s70/a ratios in the DNA-bound polymerase with those in the
input enzyme. The presence of DNA in the fractions was apparent
due to their T7A1 promoter-specific activity in the absence of an
added DNA template, as well as other criteria. Three independent,
parallel experiments were performed. Experiments performed with
or without BSA in the transcription buffer produced similar results.

Gel filtration-based study of the interaction of S1 with
RNA or RNA polymerase–RNA complexes

In vitro transcription reactions or mixtures of purified enzymes
(or enzymes and nucleic acids) were prepared in a total volume of
12 mL in 13 TB (the final enzyme concentrations are specified in
the legend to Fig. 5). Following pre-incubation for 30 min at 37°C,
the entire reaction was injected onto a Superdex 200 HR 10/30
column (Amersham Pharmacia) pre-equilibrated with TGED
buffer (10 mM Tris-HCl, pH 8.0, 5% glycerol, 0.1 mM EDTA,
0.015 mg/mL dithiothreitol) containing 0.1 M NaCl. The column
was run at a flow rate of 0.5 mL/min; 0.5-mL fractions were col-
lected. After completion of each individual run, the volumes of the
fractions were reduced to z10 mL using Microcon 30 microcon-
centrators (Amicon), each concentrated fraction was mixed with an
equal volume of 23 Laemmli sample buffer, and approximately
half of the content of each fraction was analyzed by SDS-PAGE,
followed by immunoblotting of the fractions with S1-specific or
core RNA polymerase-specific polyclonal antibodies, as seen in
Figure 5. Each binding experiment was repeated at least twice.
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