
Environmental regulation operating
at the promoter clearance step
of bacterial transcription
Rakesh S. Laishram and Jayaraman Gowrishankar1

Laboratory of Bacterial Genetics, Centre for DNA Fingerprinting and Diagnostics, Hyderabad 500076, India

In vivo transcription of the Escherichia coli argO gene, which encodes an arginine (Arg) exporter, requires the
LysR-family regulator protein ArgP (previously called IciA) and is induced in the presence of Arg or its
naturally occurring antimetabolite analog canavanine. Lysine (Lys) addition, on the other hand, phenocopies
an argP mutation to result in the shutoff of argO expression. We now report that the ArgP dimer by itself is
able to bind the argO promoter-operator region to form a binary complex, but that the formation of a ternary
complex with RNA polymerase is greatly stimulated only in presence of a coeffector. Both Arg and Lys were
proficient as coeffectors for ArgP-mediated recruitment of RNA polymerase to, and open complex formation
at, the argO promoter, although only Arg (but not Lys) was competent to activate transcription. The two
coeffectors competed for binding to ArgP, and the ternary complex that had been assembled on the argO
template in the presence of Lys could be chased into a transcriptionally active state upon Arg addition. Our
results support a novel mechanism of argO regulation in which Lys-bound ArgP reversibly restrains RNA
polymerase at the promoter, at a step (following open complex formation) that precedes, and is common to,
both abortive and productive transcription. This represents, therefore, the first example of an environmental
signal regulating the final step of promoter clearance by RNA polymerase in bacterial transcription. We
propose that, in E. coli cells, the ternary complex remains assembled and poised at the argO promoter at all
times to respond, positively or negatively, to instantaneous changes in the ratio of intracellular Arg to Lys
concentrations.

[Keywords: ArgP; arginine export; bacterial transcription; gene regulation; promoter clearance]

Supplemental material is available at http://www.genesdev.org.

Received December 4, 2006; revised version accepted March 28, 2007.

All bacteria possess high-affinity transport systems for
the active uptake or import of nutrient solutes. A single
nutrient may be the substrate for more than one import
system, and it is generally accepted that these transport-
ers have provided an evolutionary advantage for bacteria
to scavenge often scarce resources from their environ-
ments (Lolkema et al. 1998; Broome-Smith et al. 1999).

In contrast to the uptake systems, far fewer nutrient
efflux systems or exporters in bacteria have been identi-
fied and characterized (Aleshin et al. 1999; Burkovski
and Krämer 2002; Eggeling and Sahm 2003). The hypoth-
esis is that the efflux systems serve as safety valves to
prevent the accumulation to toxic levels of the nutrients
in question, and this hypothesis has been validated by
genetic studies in a number of instances (Vrljic et al.
1996; Simic et al. 2001; Kennerknecht et al. 2002;
Nandineni and Gowrishankar 2004; Kutukova et al.
2005; Bucarey et al. 2006). One would also expect that

the exporters are tightly regulated (Bellmann et al. 2001;
Nandineni and Gowrishankar 2004; Trötschel et al.
2005), in order to minimize futile cycling of substrate
flux across the cell membrane.

One example of a nutrient exporter is that for arginine
(Arg), ArgO (previously designated as YggA), in Esche-
richia coli. In vivo studies with argO-lac fusions have
established that argO is under the strict transcriptional
control of ArgP (a member of the LysR family of regula-
tor proteins [Schell 1993]), and that its expression is in-
duced by 1 mM Arg as well as by its toxic analog cana-
vanine (CAN, which is a plant derived naturally occur-
ring antimetabolite) (Nandineni and Gowrishankar
2004). ArgP exists as a dimer (Hwang and Kornberg 1990;
Hwang et al. 1992; Azam and Ishihama 1999) at an esti-
mated 100–400 molecules per cell (i.e., ∼0.4–1.6 µM
monomers) (Hwang and Kornberg 1992; Azam et al.
1999).

Interestingly, the first identification of ArgP was by
Arthur Kornberg and coworkers (Hwang and Kornberg
1990, 1992; Thony et al. 1991; Hwang et al. 1992) ∼15
years ago as a protein that binds to oriC to inhibit chro-
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mosomal replication initiation in vitro, which led to it
being designated as IciA; however, argP (iciA) mutants
are viable and exhibit no replication-associated pheno-
type, so that the role, if any, of ArgP (IciA) in replication
initiation is uncertain (Thony et al. 1991; Lee et al. 1996;
Nandineni and Gowrishankar 2004; Nandineni et al.
2004). In the same context, ArgP (IciA) has also been
implicated as a transcriptional activator of the dnaA and
nrd genes involved in DNA replication, but the equiva-
lent phenotypes for argP-null mutants have not been re-
ported (Lee et al. 1996, 1997; Han et al. 1998). The sites
on DNA to which ArgP (IciA) has been shown to bind are
all AT rich, but no consensus binding sequence has as
yet been discerned (Hwang and Kornberg 1990, 1992; Lee
et al. 1996; Wei and Bernander 1996; Han et al. 1998;
Azam and Ishihama 1999).

On the other hand, both argO and argP-null mutants
are supersensitive to CAN, suggesting both that ArgP-
mediated regulation of argO is physiologically relevant
and that at least one function of ArgO is to export CAN
out of the cells (Nandineni and Gowrishankar 2004).
ArgO shares considerable sequence similarity with an-
other exporter, LysE of Corynebacterium glutamicum,
which mediates both Arg and lysine (Lys) export, and
LysE mutants of C. glutamicum have been shown to be
sensitive to excessive intracellular accumulation of Arg
or Lys (Vrljic et al. 1996; Bellmann et al. 2001). Both Arg
and Lys serve as inducers of lysE transcription, and this
regulation is mediated by the protein LsyG, which shares
sequence similarity with E. coli ArgP and is another
member of the LysR family (Bellmann et al. 2001).

In contrast to the situation with C. glutamicum lysE,
transcription of E. coli argO in vivo is completely shut
off upon addition of 1 mM Lys (Nandineni and Gowri-
shankar 2004). Lys supplementation therefore phenocop-
ies an argP mutation (Nandineni and Gowrishankar
2004; Nandineni et al. 2004), and in the presence of both
Arg and Lys, it is the Lys effect that dominates. Domi-
nant gain-of-function mutations in argP (argPd) have
been identified that confer a CAN-resistant phenotype,
associated with constitutively elevated argO transcrip-
tion and abolition of the inactivating effects of Lys
supplementation (Celis 1999; Nandineni and Gowri-
shankar 2004; Nandineni et al. 2004).

The physiological significance of Lys-mediated tran-
scriptional inactivation of argO is unclear; one sugges-
tion has been that E. coli cells have evolved to control
the ratio of intracellular Arg to Lys, rather than the ab-
solute levels of intracellular Arg, but the reason for such
regulation is not known (Nandineni and Gowrishankar
2004). Also unknown is the mechanism by which Lys
supplementation leads to the shutting down of argO
transcription. Genetic evidence suggests that ArgP along
with Lys as coeffector also down-regulates transcription
of other genes needed for NH4

+ assimilation and osmo-
tolerance in E. coli (Nandineni et al. 2004).

In this study, we have investigated the roles of ArgP in
argO transcription in vitro. Our results indicate that
whereas ArgP activates argO transcription in the pres-
ence of Arg through the process of RNA polymerase

(RNAP) recruitment (Ptashne and Gann 1997; Browning
and Busby 2004), the mechanism by which Lys addition
phenocopies an argP mutation is not simply by prevent-
ing the binding of ArgP to the argO operator but instead
by reversible trapping of the recruited RNAP at the pro-
moter in a novel molecular complex that is proficient for
neither productive nor abortive transcription. To our
knowledge, this is also the first example of an environ-
mental signal acting at the final step of promoter clear-
ance by RNAP to modulate transcription initiation.

Results

Reconstitution of ArgP-mediated regulation
of argO transcription in vitro

Toward reconstitution of argO transcriptional regula-
tion in vitro, the in vivo start site of argO transcription
was first mapped (in an argPd strain where such tran-
scription is high and constitutive) by primer extension
analysis to an A residue situated 28 bases upstream of
the predicted translation start site of the structural gene
(see Supplementary Fig. S1). A 402-base-pair (bp) region
of argO extending from −293 to +109 (relative to the start
site of transcription, taken as +1) (Fig. 1A), cloned up-
stream of the lacZ reporter gene in a single-copy-number
plasmid vector, was shown to confer identical properties
of regulated expression of �-galactosidase as that re-
ported earlier for a chromosomal argO-lac transcrip-
tional fusion (see Fig. 1B, plasmid construct designations
given in parentheses in the text below; Nandineni and
Gowrishankar 2004). Notably, there was a very low level
of �-galactosidase expression from the wild-type plasmid
in an argP mutant or in the argP+ strain grown in Lys-
supplemented medium, whereas Arg supplementation
was associated with a substantial induction of transcrip-
tion (Fig. 1B, top panel). The expression of wild-type
argO-lac was also rendered constitutive in the presence
of an argPd-S94L mutation (Fig. 1B, bottom panel). Be-
tween two alternative overlapping hexamer motifs (un-
derlined and italicized, respectively) in the octamer se-
quence TATAGTCT upstream of the argO transcription
start site (each of the motifs having the consensus in-
variant residues A at position 2 and T at position 6), the
former was shown to be the authentic −10 promoter el-
ement since site-directed alterations of the sequence to
TCTAGCCT (Pm1.1) or CCTAGTCT (Pm1.2), but not to
TATCGTCC (Pm2.1) or TACCGTCT (Pm2.2), were as-
sociated with complete loss of argO-lac expression in
the argPd strain (Fig. 1B, bottom panel).

The ArgP protein (with a C-terminal hexa-histidine
[His6] tag) was overexpressed and purified (see Materials
and Methods; Supplementary Fig. S2). Complementation
experiments established that the His6 tag did not affect
the function of the protein (data not shown). ArgP-me-
diated regulation of argO transcription was then tested
in a defined in vitro run-off transcription system using
�70-bearing RNAP holoenzyme and a linear DNA tem-
plate that encompasses the argO region from −293 to
+109 (Fig. 1C). The data obtained were consistent with
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those from the in vivo studies in that they demonstrated
(1) a basal level of argO transcription in the absence of
ArgP (Fig. 1C, lane 1), (2) substantial ArgP-dependent ac-
tivation occurring in presence of Arg or CAN but not Lys
(Fig. 1C, cf. lanes 3,5 and 1,2,4), and (3) reversal of such
activation upon addition of Lys but not of a nonspecific
amino acid such as histidine (Fig. 1C, cf. lanes 6 and 7).
Transcription from a control (phage T7 A1) promoter
was unaffected by ArgP or the coeffectors Arg and Lys
(see Supplementary Fig. S3). These findings hence estab-
lished that ArgP, as well as Arg and Lys, act specifically
and directly in regulating argO transcription.

ArgP binds to the −85 to −20 region of argO
in both the absence and presence of Arg or Lys

In an electrophoretic mobility shift assay (EMSA), ArgP
was shown to specifically bind the radiolabeled argO
fragment comprising the sequence from −293 to +109
with a Kd of 6.5 nM (monomer concentration). Binding
affinity was unaffected in presence of Arg, whereas it
was increased two- to threefold (Kd, 2.5 nM) in presence
of Lys (Fig. 2A; see also Supplementary Fig. S4).

Although a 26-bp near-perfect palindromic region from
−102 to −77 exists upstream of argO (see Fig. 1A), neither
its deletion (designated �1) nor that of an overlapping

upstream region from −115 to −90 (designated �2) led to
any significant loss of either ArgP binding to argO in
vitro (Fig. 2B) or to Arg- and Lys-modulated transcrip-
tional regulation in vivo (Fig. 1B, top panel). On the other
hand, deletion of the overlapping downstream region
from −89 to −64 (designated �3) substantially reduced
both ArgP binding (Fig. 2B) and in vivo argO-lac expres-
sion (Fig. 1B, top panel). Likewise, neither the double-
stranded 26-mer sequence from −102 to −77 nor that
from −115 to −90 exhibited binding to ArgP in EMSA,
whereas that from −89 to −64 bound the protein, albeit
very weakly, both in the absence and presence of Lys
(Fig. 2C).

Since the results above suggested that the argO regu-
latory region upstream of −89 is not required for ArgP
binding, we tested fragments with increasing length of
downstream sequence in the EMSA experiments. The
affinity of ArgP binding to the sequence from −89 to −45
remained weak, but it was higher for the fragment from
−89 to −30 and even more so for that from −89 to +5; in
the latter two cases, further increases in ArgP-binding
affinity were also observed in the presence of the coef-
fector Lys (Fig. 2D).

In DNase I footprinting experiments, there was promi-
nent protection by ArgP of the stretch from around −75
to −17 on the top strand (with intervening regions of no
protection and hypersensitivity, respectively, around

Figure 1. ArgP-mediated regulation by Arg,
Lys, and CAN of argO transcription. (A) Se-
quence of the argO regulatory region used in
this study, numbered with respect to the A
residue (in bold) representing the start site of
transcription (taken as +1). Promoter −35 and
−10 motifs and GTG triplet representing start
site of translation have lines above them. In-
verted-repeat sequence is marked by overhead
arrows. The ArgP region from around −85 to
−20 (as determined in this study) is under-
lined and bracketed. The two −10-like motifs
in the ITS are italicized. (B) In vivo argO-lac
expression, measured as �-galactosidase-spe-
cific activities (sp act), in host strain deriva-
tives with plasmid constructs carrying the
argO regulatory region, either wild-type (wt)
or with different mutations as described in
the text. The host strain for top panel data
was argP+ (except for bar at extreme left,
which was from host with argP-null muta-
tion) and that for bottom panel data was
argPd-S94L. (C) Radiolabeled in vitro tran-
scription products obtained with the 427-bp
argO template (with sequence from −293 to
+109), in reaction mixes with various addi-
tives as indicated, and subjected to electro-
phoresis on denaturing 10% polyacrylamide
gel. (RO) Run-off transcript from argO pro-
moter; (EE) end-to-end transcription product;
(His) histidine.
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−65 and −47) (Fig. 3A), and from around −85 to −25 on the
bottom strand (with a hypersensitive band at −15) (Fig.
3B), both in the absence and presence of Arg or Lys.
Small differences in band patterns for the bottom strand
(Fig. 3B) were observed between reactions done with
ArgP without coeffector (Fig. 3B, lane 3) and those with
Arg or Lys (Fig. 3B, lanes 1,2) such as, for example,
around positions −18, −50, and −135, but importantly,
there were no differences between the patterns obtained
on both strands in the presence of Arg and those in the
presence of Lys. The footprint of ArgP on argO, as deter-
mined above with DNase I digestion, was more or less
identical to that inferred from the exonuclease III diges-
tion experiments (see Fig. 6A,B, below).

Based on these observations, we tested the binding of
ArgP in EMSA to an argO fragment from −85 to −20, and
the results indicated that this fragment exhibits similar
affinities of binding to ArgP in both the absence and
presence of Lys as those of the full-length fragment from
−293 to +109 (Fig. 3C). The data therefore suggest that
most, if not all, of the important sequences or contacts
for ArgP lie within the argO region from approximately
−85 to −20 (whose sequence is underlined and bracketed
in Fig. 1A).

Significant recruitment of RNAP to argO promoter
by ArgP occurs only in the presence of either Arg or Lys

EMSA studies were then undertaken with the radiola-
beled argO sequence from −293 to +109, ArgP, and
RNAP (Fig. 4A). As earlier, with ArgP alone added, all
radioactivity was shifted to a sharp band of retarded mo-
bility, indicative of formation of a binary complex that

was stable during gel electrophoresis (Fig. 4A, lane 8). On
the other hand, with RNAP added in absence of ArgP,
only a faint retarded band representing a binary complex
of argO with RNAP was observed, but the band corre-
sponding to free probe had also become diffuse, indicat-
ing that although a substantial proportion of the binary
complex had indeed formed in solution it had then dis-
sociated during gel electrophoresis (Fig. 4A, lane 2); this
pattern remained unaffected by addition of Lys to the
mixture (Fig. 4A, lane 3).

In the mixtures containing both ArgP and RNAP, the
mobility shift patterns were determined by the presence
or absence of coeffectors. In the absence of any coeffec-
tor, the radioactivity was distributed in three bands, two
of which coincided with the pattern observed with
RNAP in absence of ArgP (i.e., corresponding to RNAP–
DNA binary complex and to its dissociation to free
DNA), while the third (intermediate) band representing
the stable ArgP–DNA binary complex displayed reduced
intensity (compared with that observed in absence of
RNAP) (Fig. 4A, lane 4). These findings indicated that, in
the absence of any of the coeffectors, RNAP competes
with ArgP for binding to argO, and that the formation of
binary complexes of argO with RNAP on the one hand
and with ArgP on the other are mutually exclusive with
no evidence for occurrence of a ternary complex.

On the other hand, in the presence of RNAP and ArgP
with any one of the coeffectors Arg, Lys, or CAN, the
pattern of distribution of radioactivity indicated that the
mobility of 100% of the argO molecules had been re-
tarded, with a prominent band that corresponded to the
ternary complex of DNA, ArgP, and RNAP leading into
a diffuse smear that terminated abruptly at the position
corresponding to the ArgP–DNA binary complex (Fig.

Figure 2. Binary interaction of ArgP with argO
regulatory region. In A–C, bands corresponding to
free DNA (F) and to DNA in binary complex with
ArgP (B) are marked. (A) Electrophoretic mobility of
radiolabeled 427-bp argO fragment with indicated
monomer concentrations of ArgP in the absence or
presence of coeffectors Arg or Lys. (B) Electrophoret-
ic mobility of radiolabeled 427-bp argO fragment
(wild type) and its deletion derivatives (described in
text) in the absence or presence of 20 nM ArgP
(monomer). (C,D) Electrophoretic mobility of radio-
labeled fragments corresponding to indicated re-
gions of argO in the absence or presence of ArgP (20
nM monomer) and Lys. Below each lane is given the
value, obtained from densitometry, for the fraction
of labeled DNA bound by the protein.
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4A, lanes 5–7); we interpret the smear as evidence for
conversion of a fraction of the ternary complex (RNAP–
ArgP–DNA) to the stable binary complex (ArgP–DNA)
during electrophoresis.

From densitometric analysis of the gel of Figure 4A
(data not shown), we estimate that at the protein con-
centrations employed (eightfold higher molar RNAP
concentration compared with that of ArgP dimer), ∼70%
of the DNA forms a largely unstable binary complex
with RNAP in either the absence of ArgP or its presence
without coeffectors, and that the remaining 30% forms
the binary complex with ArgP under the latter condi-
tions. In the presence of a coeffector, all of the DNA is
engaged in the ternary complex, which is largely stable,
since only ∼25% dissociates during electrophoresis to
the ArgP–DNA binary complex. We therefore conclude
that the coeffectors promote both the formation and sta-
bility of the ternary complex, and that the three coeffec-
tors Arg, Lys, and CAN are more or less similar to each
other in this regard.

Open complex formation by RNAP at the argO
promoter in the presence of ArgP and Lys

The finding that Lys supplementation was associated
with the absence of productive transcription despite evi-
dence for RNAP recruitment to and formation of stable
ternary complex on the argO template led us to compare
the nature of the argO–ArgP–RNAP complex obtained in
the presence of Arg with that in the presence of Lys, and
to test the possibility that RNAP is trapped at argO in
the presence of ArgP and Lys. Trapping of RNAP to a
promoter typically had been described earlier at any one
of three different steps (for review, see Hsu 2002),
namely those of isomerization from the closed to the
open complex, transition from abortive transcription (or
a moribund complex) to productive transcription, or
pausing of RNAP in the initial transcribed sequence
(ITS). These three models are exemplified by, respec-
tively, (one mode of) Lac repressor action at the lac pro-
moter (Straney and Crothers 1987), synthesis of abortive
transcripts at a variety of promoters (Hsu 2002), and the
ternary transcription complex at the phage � PR pro-
moter that serves as a substrate for modification by the �
Q protein (Roberts et al. 1998).

With both Arg and with Lys supplementation, the ter-
nary complex of ArgP and RNAP assembled on argO
(represented by the supershifted band in EMSA) exhib-
ited roughly similar patterns of heparin sensitivity (dis-
sociating to the binary complex of argO and ArgP) in the
absence of nucleoside triphosphates (NTPs) (Fig. 4B, cf.
lanes 3–6 and 7–10), and of heparin-resistance in their
presence (all four NTPs were added in the case of Lys
supplementation, but only three [ATP, UTP, CTP] in
case of Arg supplementation, in order to prevent run-off
transcription in the latter instance) (Fig. 4C, cf. lanes 2–4
and 7–9). A close examination and densitometric analy-
sis (data not shown) of the autoradiographs depicted in
Figure 4, Band C, did indicate a small but significant
accentuation of heparin sensitivity for the Lys-associ-
ated ternary complex compared with that of the Arg-
associated one, both in the absence and presence of
NTPs. For example, following heparin treatment in the

Figure 3. Determination of the ArgP-binding site on argO.
DNase I digestion patterns were determined for radiolabeled
argO fragments that had been uniquely 5�-end-labeled (as de-
scribed in Materials and Methods) on either the top strand at
−115 (A) or the bottom strand toward +109 (B), in the absence or
presence of ArgP and coeffectors Arg (A) or Lys (L). The corre-
sponding di-deoxy sequence ladder of argO is represented along-
side the numbered lanes in each of the two panels. Vertical lines
denote the regions of ArgP footprint, and nucleotide positions of
interest are also marked. (C) Comparison of electrophoretic mo-
bility of argO fragment from −85 to −20 with that of the 427-bp
fragment (from −293 to +109), in the absence or presence of ArgP
(20 nM monomer) and Lys. (F) Free DNA; (B) ArgP–DNA binary
complex. Below each lane is given the value, obtained by den-
sitometry, for the fraction of labeled DNA bound by the protein.
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absence of NTPs (Fig. 4B), a smear extending from the
region of the ternary complex band to that of the binary
(ArgP–DNA) complex was seen in the lanes for Arg
supplementation (Fig. 4B, lanes 3–5) but not in those for
Lys supplementation (Fig. 4B, lanes 7–9). These results
indicate that, in the absence of NTPs, the Lys-associated
ternary complex had completely dissociated in solution
itself upon heparin addition whereas a significant frac-
tion (20%) of the Arg-associated ternary complex had
persisted in solution and underwent dissociation only
during electrophoresis. Likewise, in the experiments in-
volving heparin addition in the presence of the NTPs
(Fig. 4C), the band patterns were suggestive of greater
instability during electrophoresis of the ternary complex
assembled in the presence of Lys (see Fig. 4C, lanes 7–9,
in which diffuse bands corresponding to the ArgP–DNA
binary complex are visible and the bands representing
the ternary complex are less intense) compared with that
in the presence of Arg (Fig. 4C, lanes 2–4). We estimate
from densitometric analysis (data not shown) that ∼25%
and <5%, respectively, of the Lys- and Arg-associated
ternary complexes assembled in the presence of NTPs
underwent dissociation during gel electrophoresis fol-
lowing treatment with heparin. Nevertheless, these data
broadly support the conclusion that the Lys-associated
ternary complex is largely resistant to heparin in the
presence of NTPs, hence rendering unlikely the possibil-

ity that RNAP trapping in the presence of ArgP and Lys
is at any step prior to formation of the open complex.

In vivo KMnO4 footprinting studies, undertaken in ri-
fampicin-treated cultures, indicated that melting of the
−10 region of the argO promoter is more prominent in
the argP+ strain than in the argP mutant (Fig. 4D, cf.
lanes 1 and 2–4; see also Supplementary Fig. S7). More
significantly, for the argP+ strain, the extent of opening
of the −10 region in cells grown with 1 mM Lys supple-
mentation (when argO transcription is inactive) was
similar to that in cells grown with 1 mM Arg supple-
mentation (when argO transcription is induced) (Fig. 4D,
cf. lanes 3 and 4). (It may be noted that the pattern ob-
served in Fig. 4D, lane 2, for the culture grown without
Arg or Lys supplementation, would represent the effects
of the endogenous amino acid pools in the cells.) These
results provided strong support for the conclusion that
RNAP is not impeded for formation of an open complex
at argO in the presence of ArgP and Lys.

A novel inactive ternary transcription complex is
assembled on the argO promoter with ArgP
and RNAP in presence of Lys

Notwithstanding the evidence above for open complex
formation at the argO promoter by RNAP in presence of
ArgP and Lys, the in vitro transcription experiments re-

Figure 4. Ternary interaction of ArgP and
RNAP with argO regulatory region. In A–C,
bands corresponding to free DNA (F), DNA in
binary complex with ArgP [B(ArgP)] or RNAP
[B(RNAP)], and that in ternary complex with
ArgP and RNAP (T), are marked. (A) Electro-
phoretic mobility of radiolabeled argO frag-
ment in the absence or presence (as indicated)
of 20 nM ArgP (monomer), 80 nM RNAP, and
coeffectors Arg, Lys, or CAN at 0.1 mM. (B)
Electrophoretic mobility experiment as in A,
in the absence of or following treatment with
heparin at 200 µg/mL for the time periods in-
dicated in parentheses. (Note that the
samples of free DNA probe preparations used
in lane 1 of A and lane 2 of B appear to have
been inadvertently contaminated with a
small amount of ArgP protein.) (C) Electro-
phoretic mobility experiment as in B, in the
presence of 0.5 mM NTPs in all reactions. (D)
In vivo KMnO4 footprinting in cultures of
argP mutant (argP−) and argP+ strain grown in
0.2% glucose–minimal A medium without
(Nil) or with 1 mM Arg or Lys supplementa-
tion as indicated, and then treated with rifam-
picin. The corresponding di-deoxy sequence
ladder of argO is represented alongside, and
the −10 region of the argO promoter as well as
the HaeIII truncation site at −80 are marked.
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vealed that the absence of run-off transcript synthesis is
accompanied also by the absence of synthesis of any
short paused or abortive products under these condi-
tions, whereas both abortive as well as full-length tran-
scripts were obtained in the presence of ArgP and Arg
(Fig. 5, cf. lanes 3 and 4). An inverse pulse labeling ex-
periment, which has been reported to be a more sensitive
means to detect the presence of moribund RNAP–pro-
moter complexes synthesizing abortive transcripts and
in which the labeled nucleotide is added at different time
points to an in vitro transcription mix already containing
all four NTPs (Kubori and Shimamoto 1996; Susa et al.
2006), also failed to detect abortive products from the
argO template in the presence of ArgP and Lys (data not
shown).

The data so far had therefore indicated that the inac-
tive transcription ensemble obtained at the argO pro-
moter in the presence of ArgP and Lys is explained nei-
ther by a defect in isomerization from closed to open
complex nor as a moribund complex that is unable to
transit from abortive to productive transcription. The
possibility was therefore considered that it represents a

paused complex in the ITS, analogous to that character-
ized in detail for the late gene promoters of the lambdoid
phages that are the substrates for action by the cognate
antiterminator Q proteins (Ko et al. 1998; Roberts et al.
1998; Marr et al. 2001), as well as for the lacUV5 and
additional promoters in E. coli (Brodolin et al. 2004;
Nickels et al. 2004). One feature that lent support to this
possibility was the presence of two promoter −10-like
hexamer motifs starting, respectively, at +5 and +18 in
the ITS region of argO (sequence motifs italicized in Fig.
1A), reminiscent of the situation in the lambdoid phage
and lacUV5 promoters, in each of which a −10-like ele-
ment in the ITS binds �70 in RNAP and leads to pausing
of the holoenzyme.

Accordingly, we mutated each of the two −10-like el-
ements of the argO ITS separately, from GATACT to
GCTACC (designated ITS-1) and from GAATAT to
GCATAC (designated ITS-2), respectively, to test
whether Lys-mediated inactivation of argO transcription
is abolished in them. The results from both in vitro tran-
scription (see Supplementary Fig. S5) and in vivo argO-
lac expression studies (Fig. 1B), however, demonstrated
that Lys supplementation in the presence of ArgP leads
to a drastic reduction in argO transcription even in the
mutants. Also consistent with these data were our find-
ings that (1) no paused transcript was detected in the
argO–ArgP–RNAP complex similar to those described in
paused complexes at the lambdoid phage promoters (Fig.
5; (2) GreB addition did not relieve the ArgP- and Lys-
mediated RNAP trapping at argO (see Supplementary
Fig. S6), contrary once again to the situation for the
lambdoid and lacUV5 promoters; and (3) KMnO4 foot-
printing in the absence of rifampicin gave a pattern simi-
lar to that with rifampicin addition (see Supplementary
Fig. S7), whereas in a model of RNAP pausing at the ITS,
the two patterns would have been expected to be differ-
ent (Ko et al. 1998). We conclude that the mechanism of
ArgP-mediated trapping of RNAP at the argO promoter
in the presence of Lys is not through pausing mediated
by the −10-like motifs in the ITS.

To delineate the position of trapped RNAP in the com-
plex, exonuclease III protection experiments were under-
taken with a pair of DNA fragments spanning the argO
regulatory region that had been 5�-end-labeled on either
the bottom strand toward +109 (Fig. 6A) or the top strand
at −115 (Fig. 6B) (to detect, respectively, the upstream
and downstream edges of protection by protein binding).
With ArgP alone, the upstream and downstream edges of
protection of argO were at approximately −80 (Fig. 6A,
lane 6) and −17 (data not shown), respectively. These
bands were visible also in reaction mixtures comprising
ArgP along with other components (Fig. 6A [lanes 2–5], B
[lanes 3–8]), suggesting the existence of a subset of mol-
ecules in binary complex with ArgP under all the other
conditions tested. In addition, another downstream edge
of protection at around +25 was observed for reaction
mixes with ArgP and RNAP in the absence of coeffectors
or with Arg (without NTPs), which represents the foot-
print of RNAP (Fig. 6B, lanes 3,4). Interestingly, an iden-
tical downstream edge of protection at around +25 was

Figure 5. Absence of short products representing paused or
abortive transcripts in argO transcription reactions with ArgP
and Lys. In vitro transcription products (abortive, run-off from
argO promoter [RO], and end-to-end [EE], as marked) from the
427-bp argO template (with sequence from −293 to +109) in
reaction mixes with various additives as indicated were sub-
jected to electrophoresis on denaturing 20% polyacrylamide gel.
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also observed for the mixes containing ArgP with RNAP
and Lys (both with and without the four NTPs added)
(Fig. 6B, lanes 5,6), suggesting that even in the Lys-asso-
ciated ternary complex, which is inactive for both abor-
tive and productive transcription, RNAP is trapped at the
step of the open complex itself or immediately thereafter.

Conversion of the Lys-associated inactive ternary
transcription complex at argO to a productive form
upon Arg addition

Finally, we tested whether the inactive transcription
complex formed in the presence of ArgP and Lys is re-
versible and can be converted to a productive form upon
Arg addition. In one approach where the chase was un-
dertaken in solution, to the preincubated mixture of
argO template (from −293 to +109) with ArgP, RNAP,
and Lys, was added the labeled substrate–heparin mix to
generate a primary reaction mix that was inactive for
transcription (Fig. 7A, lane 3). An aliquot taken from this
mix was then chased with an excess (10 mM) of Arg; the
presence of heparin in the mix ensured that new binding
of RNAP to the template did not occur following sec-
ondary Arg addition, and yet productive transcription
was obtained (Fig. 7A, lane 4); in the control experiment
in which Lys was omitted from the primary reaction
mix, the secondary addition of Arg failed to elicit pro-
ductive transcription (Fig. 7A, lane 2).

We also determined the exonuclease III protection pat-
tern that was obtained following addition of either 0.1
mM or 10 mM Arg to a solution mix of argO template
DNA (5�-end-labeled on the top strand at −115) with
ArgP, Lys (0.1 mM), RNAP, the four NTPs, and heparin.

Although the band at +25 (representing the downstream
edge of RNAP at the argO promoter) was still visible
upon chase with 0.1 mM Arg, it was abolished upon
addition of excess (10 mM) Arg (Fig. 6B, cf. lanes 7 and 8).
These data are consistent with the notion that under the
latter conditions, RNAP molecules from the entire popu-
lation of ArgP- and Lys-associated inactive ternary com-
plexes had been released to undergo productive tran-
scription.

In the second approach to test the effect of an Arg
chase, a biotinylated argO template (from −293 to +109)
was initially incubated with ArgP and RNAP in the ab-
sence or presence of Arg or Lys, immobilized on strepta-
vidin-coated magnetic beads, and treated with heparin
and the four NTPs. An aliquot of this primary reaction
mix was saved for analysis; from the remainder, the
beads and supernatant were separated, and then the
beads were washed (with Arg-supplemented transcrip-
tion buffer) and incubated (without fresh ArgP or RNAP
addition) with Arg and the four NTPs.

As expected, both run-off (argO promoter-encoded)
and end-to-end transcription products were obtained in
the total primary reaction mix (i.e., of beads and super-
natant together) containing Arg (Fig. 7B, lane 1; Supple-
mentary Fig. S8, lane 1); however, little if any of these
products was released into the supernatant under the
conditions of our experiment (Fig. 7B, lane 2), which is
consistent with data from other groups that long RNA
products are preferentially retained in the pellet after in
vitro transcription on immobilized templates (Kubori
and Shimamoto 1997; R. Sen, pers. comm.). Again as
expected, in the case of each of the total primary reaction
mixes with either Lys or no amino acid added, only the

Figure 6. Exonuclease III (Exo III) protection assays to
determine upstream and downstream edges of protec-
tion on argO by ArgP and RNAP. argO fragments that
had been uniquely 5�-end-labeled (as described in Ma-
terials and Methods) on either the bottom strand to-
ward +109 (A) or the top strand at −115 (B) were used in
reaction mixes with various additives as indicated. (A)
Arg; (L) Lys. The corresponding di-deoxy sequence lad-
der of argO is represented alongside the numbered lanes
in each of the two panels. Arrows denote protected
bands at the indicated nucleotide positions in the two
panels. Lanes 7 and 8 in B represent the reactions in-
volving chase with Arg (0.1 mM and 10 mM, respec-
tively), as described in the text.
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end-to-end transcription product (and no promoter-spe-
cific run-off transcripts) was obtained (Supplementary
Fig. S8, lanes 2,3), which too was not released into the
supernatant (Fig. 7B, lanes 4,6,8). On the other hand,
both run-off and end-to-end transcripts were observed
following secondary addition of Arg and NTPs to the
pellet fractions obtained from the primary mixes that
had contained Arg or Lys (Fig. 7B, lanes 3,7), but the
same did not occur for similarly treated pellet fractions
from the primary mix that had neither amino acid added
(Fig. 7B, lane 9). It is possible that, in the case of the
sample from the Arg-containing primary mix, at least
some of the transcripts observed were those that had
been synthesized in the primary reaction itself and re-
tained in the pellet; however, those observed for beads
from the Lys-containing primary mix must represent
new synthesis following Arg addition in the secondary
reaction. Such activation by an Arg chase could be dem-
onstrated even for complexes that had been incubated
with Lys for up to 2 h in the primary mix (data not
shown). CAN addition was also moderately effective in
eliciting run-off transcription from the argO promoter

on immobilized template first treated with Lys and ArgP
(Fig. 7B, lane 5). We conclude that the transcription com-
plex formed in the presence of ArgP and Lys is in an
inactive yet reversible state and that it can be chased
into the productive form with Arg (or CAN) addition.

Arg and Lys compete with each other for binding
to dimeric ArgP

Gel filtration and glutaraldehyde cross-linking experi-
ments established that ArgP exists as a dimer in solution
as had been shown in earlier studies (Hwang and Korn-
berg 1990; Hwang et al. 1992; Azam et al. 1999), and that
its oligomer status was unaffected in the presence of Arg
or Lys (Supplementary Fig. S9). Fluorescence spectral
changes obtained upon addition of either Arg or Lys to
ArgP indicated that the protein binds both ligands, with
Kds of ∼150 µM and 70 µM, respectively (Supplementary
Fig. S10A,B). Circular dichroism spectroscopy measure-
ments suggested that conformational change(s) are elic-
ited upon Lys binding that result in reduced content of
�-helix in the protein (Supplementary Fig. S10C).

That Arg and Lys compete for binding to ArgP was
demonstrated in reciprocal competition experiments us-
ing 14C-labeled Arg (or Lys) and an excess of cold Lys (or
Arg), as follows. In gel filtration experiments done with
ArgP mixed with either labeled amino acid alone in the
absence of competitor, elution of the label occurred in
two well-separated peaks, one corresponding to the pro-
tein eluate fraction (in the void volume), which repre-
sents the bound state of the ligand, and the other corre-
sponding to the free amino acid (Fig. 8, cf. positions of
twin peaks in D,E and that of each of the single peaks of
A–C). In presence of the heterologous cold competitor in
100-fold excess, the labeled bound fraction was markedly
reduced or absent and almost all of the label was eluted
in the fraction representing free amino acid (for both 14C-
Arg and 14C-Lys) (Fig. 8F,G). Binding of the labeled
amino acid to ArgP was competed also by 100-fold excess
of unlabeled CAN (Fig. 8I), but not by a nonspecific
amino acid such as alanine (Fig. 8H).

Discussion

A model for ArgP-mediated argO transcriptional
regulation

The model of ArgP-mediated regulation of argO tran-
scription that emerges from the results described above
is the following. In the absence of ArgP, RNAP engages
with the argO promoter to form a relatively unstable
binary complex, resulting in just a low basal level of
productive argO transcription. The ArgP dimer has a
common binding site(s) for its ligands Arg and Lys (and
probably also CAN), and is able to bind the sequence
between approximately −85 and −20 of argO to form a
stable binary complex in both its liganded and unli-
ganded states. However, the binding of unliganded ArgP
and of RNAP to the argO regulatory region appear to be

Figure 7. Arg (or CAN) chase of ArgP–RNAP–argO complex
assembled in the presence of Lys and NTPs, either in solution
(A) or on streptavidin-coated beads (B). See text for details. Un-
less otherwise indicated, ArgP was added to all reaction mixes.
Other additions were as indicated above the lanes: The primary
additives were those that were present in the initial reactions,
and the secondary additives were those that were added during
the chase step. (A) Arg; (L) Lys; (C) CAN; (RO) run-off transcript
from argO promoter; (EE) end-to-end transcription product. In
B, the fractions from the primary reaction mixes (pellet [P];
supernatant [S]; unseparated primary reaction mix [P + S]) that
were used for preparation of samples for loading on the corre-
sponding lanes of the gel are indicated. Transcription products
were resolved on denaturing 6% (A) or 10% (B) polyacrylamide
gels.
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mutually exclusive, and it is only ArgP in its ligand-
bound form that is able to cooperatively bind along with
RNAP at argO to establish formation of a stable open
complex. (It had earlier been speculated that ArgP [IciA]
contacts the �-subunit of RNAP in the process of recruit-
ing the latter to different promoters [Lee and Hwang
1997].) Whereas the open complex established by RNAP
through the mediation of Arg (or CAN)-bound ArgP is
proficient for productive transcription, that mediated by
Lys-bound ArgP is trapped in a paused and inactive state.
The latter, however, can be chased into the productive
state by competitive replacement of the Lys ligand,
which is bound to ArgP by Arg. That this model is valid
for the situation in vivo is suggested by the evidence
obtained for ArgP-dependent open complex formation at
the argO promoter in cells grown in Lys-supplemented
medium (Fig. 4D; Supplementary Fig. S7), despite the
absence of productive argO transcription under these
conditions (Fig. 1B).

Environmental regulation at the final step
of promoter escape

The argO case is thus the first known instance of an
environmental signal regulating transcription initiation

at the final stage of promoter escape (i.e., after open com-
plex formation) by RNAP. In related examples, Smith
and Sauer (1996) have described enhancement of pro-
moter clearance by a phage-encoded regulator protein
that, however, is not ostensibly modulated by any envi-
ronmental signal. The H-NS protein mediates RNAP
trapping following open complex formation at promoters
such as rrnB P1 (Schroder and Wagner 2000; Dame et al.
2002) or hdeAB (Shin et al. 2005), but without any ap-
parent environmental regulation thereof. On the other
hand, Tagami and Aiba (1998, 1999) have shown that
RNAP can form either nonproductive or productive bi-
nary open complexes at several promoters depending on
the absence or presence of cAMP-CRP (whose in vivo
concentration is determined by environmental cues), but
they have argued that the CRP–RNAP interaction is
needed only transiently prior to open complex formation
and that CRP has no role in promoter clearance. Like-
wise, GalR-mediated repression of the gal operon P1 pro-
moter (in the absence of galactose) is postulated to occur
by a mechanism involving trapped RNAP in a complex
that is an intermediate between the closed and the open
complexes (Choy et al. 1995).

When one considers RNAP holoenzyme bearing � sub-
units other than �70, activation of �54-RNAP transcrip-
tion during nitrogen limitation is achieved by increased
rates of conversion of closed to open complexes at cog-
nate promoters (Buck et al. 2000), and Lee and Gralla
(2004) have proposed that osmoresponsivity of osmY
transcription may be explained by the stimulatory effect
of potassium glutamate (which is believed to accumulate
as a cytoplasmic osmolyte in cells grown at high osmo-
larity) on the escape of �S-RNAP from the osmY pro-
moter, but this conclusion was based on findings only
from in vitro studies. Finally, environmental regulation
at the level of promoter escape has been described also in
eukaryotic RNAP II transcription, although the mecha-
nisms involved are different from that at argO (Saunders
et al. 2006).

Mechanism of ArgP- and Lys-mediated RNAP
trapping at argO promoter

The step after open complex formation at which RNAP
is trapped at the argO promoter by Lys-bound ArgP is
also different from other examples of RNAP trapping at
bacterial promoters described earlier (for review, see Hsu
2002), even as a recent report suggests that productive
transcription fails to occur from nearly one-quarter of all
RNAP-bound promoters in vivo (Reppas et al. 2006). One
mechanism of RNAP trapping previously characterized
is that involving promoter-proximal pausing of the ho-
loenzyme, which is mediated by the binding of �70 to
−10-like hexamer motifs present in the ITS region (Ko et
al. 1998; Roberts et al. 1998; Marr et al. 2001; Brodolin et
al. 2004; Nickels et al. 2004), and we have shown above
that the Lys-induced transcriptional inactivation at argO
does not fall into this category. All the other known
examples of RNAP trapping (many of which are caused
by increased affinity between promoter and RNAP) are

Figure 8. Binding studies of coeffectors to Arg. Indicated in
each chromatograph panel is the material (protein, labeled
amino acid, and/or cold competitor amino acid in 100-fold ex-
cess) that was loaded on the column. See the text for details. A
represents the plot of fluorescence intensity (in arbitrary units,
AU) in the various fractions, and B–I represent plots of radioac-
tivity measurements (in counts per min, cpm) in the fractions.
(Ala) Alanine.
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associated with increased synthesis of abortive tran-
scripts, and it has been shown in several cases that the
GreA/GreB factors are able to revert the paused complex
to the productive form (Ellinger et al. 1994; Hsu et al.
1995, 2006; Monsalve et al. 1997; Schroder and Wagner
2000; Sen et al. 2001; Hsu 2002; Liu et al. 2004; Kul-
bachinskiy and Mustaev 2006; Susa et al. 2006).

On the other hand, no abortive products were observed
for the argO promoter in the presence of ArgP and Lys,
and the GreB factor was not able to restore productive
transcription. We suggest that, under these conditions,
RNAP exists in a dormant Rip Van Winkle state after
melting of the promoter duplex at the −10 region, at a
step that precedes, and is common to, both abortive and
productive transcription. For example, deletion of the tip
of the �70 region 3.2 loop has been shown to result in
defective promoter clearance of the cognate holoenzyme
associated with reduced synthesis of abortive transcripts
(Kulbachinskiy and Mustaev 2006), and one possibility is
that Lys-bound ArgP triggers a similar, but reversible,
conformational change in wild-type RNAP in the open
complex at argO as that observed in binary open com-
plexes with the mutant holoenzyme. Since the role of
the �70 3.2 loop region in transcription initiation appears
to be to reduce the Km for binding of the second tem-
plated nucleotide to the i + 1 site of RNAP (Kulbachin-
skiy and Mustaev 2006), this model may also serve to
explain our findings (Fig. 4B,C) that the Lys-associated
ternary initiation complexes assembled on argO are
more heparin resistant in the presence of NTPs than in
their absence.

A second model, not mutually exclusive, is that the
RNAP complex at argO in the presence of ArgP and Lys
is blocked in the step of DNA scrunching, which has
recently been shown to be an obligatory prerequisite
both for abortive initiation as well as for promoter clear-
ance during productive transcription (Kapanidis et al.
2006; Revyakin et al. 2006). Additional mechanistic in-
sights into this phenomenon may come from character-
ization of the different argPd mutants described earlier
(Nandineni and Gowrishankar 2004), as well as by iden-
tification of mutations in argO and in the RNAP subunit
genes that affect Arg- or Lys-mediated argO regulation.

Physiological relevance of the argO regulatory
mechanism

Finally, what is the likely physiological importance of
this mode of argO transcriptional regulation? The an-
swer is at present unclear, but we had earlier proposed
that the ArgO exporter performs two functions in E.
coli—namely, that of exporting CAN (which is a plant-
derived naturally occurring antimetabolite), and that of
excreting Arg so as to maintain an optimal ratio of the
intracellular Arg to Lys pools (rather than simply to keep
the cytoplasmic Arg level below an arbitrary absolute
value) (Nandineni and Gowrishankar 2004). Both func-
tions are expected to be self-limited by feedback regula-
tion, since the reduction in Arg or CAN concentrations

consequent to their export through ArgO would in turn
lead to the shutoff of argO transcription.

One could speculate that, with the particular mecha-
nism of Lys-mediated regulation of argO transcription
that has been identified in this study, the cells are poised
to switch rapidly between transcription-activating and
-inactivating complexes at the argO promoter depending
upon instantaneous changes in the intracellular Arg to
Lys ratios. If, in such a situation, the ArgO exporter were
also to exhibit a rapid turnover, then the transcription
switch would result in instantaneously tunable rates of
Arg export out of the cells. Our finding that the Kd for
Arg binding to ArgP is relatively high (∼150 µM) is con-
sistent with the notion of avoidance of futile cycling of
Arg uptake and export across the cytoplasmic mem-
brane, so that Arg export would occur only when the
twin conditions of high intracellular Arg and low intra-
cellular Lys concentrations are simultaneously satisfied.

Materials and methods

In vivo argO-lac expression studies

In vivo argO-lac expression was monitored with plasmids de-
rived from the single-copy-number plasmid vector pMU575
bearing the promoter-less lacZ gene (Andrews et al. 1991), up-
stream of which the 402-bp argO fragment from −293 to +109 or
its mutant derivatives had been cloned. Mutations in argO were
generated as follows: (1) in the case of each of the base substi-
tutions, by site-directed mutagenesis using the QuikChange kit
(Stratagene) with oligonucleotide primer pairs incorporating the
mutation(s); and (2) in the case of each of the deletions, by a
plasmid-based PCR strategy as described (Rajkumari and Gow-
rishankar 2001), with a pair of outwardly reading primers de-
signed to amplify the entire plasmid except for the region to be
deleted, and with EcoRI sites incorporated in the primers to
facilitate recircularization of the deletant plasmids.

The wild-type and argP mutant host strains used were
MC4100 recA and GJ4892, respectively (Nandineni and Gow-
rishankar 2004). Wherever required, the latter strain was ren-
dered argPd by introduction of plasmid pHYD926, which carries
the argPd-S94L allele (Nandineni and Gowrishankar 2004).
Measurements of �-galactosidase-specific activity were per-
formed as described (Miller 1992), in cultures grown to mid-
exponential phase in 0.2% glucose–minimal A medium supple-
mented with Arg or Lys at 1 mM.

Radioactive chemicals and proteins for transcription
14C-labeled amino acids and 32P-labeled nucleotides were ob-
tained from BRIT or Amersham Biosciences. �70-Bearing RNAP
holoenzyme was purchased from USB Corporation, and GreB
protein was a gift from Ranjan Sen (Centre for DNA Fingerprint-
ing and Diagnostics, Hyderabad, India).

To prepare the ArgP protein, a derivative of the plasmid vec-
tor pET21b (EMD Biosciences) was constructed that carries the
PCR-amplified argP+ fragment downstream from the phage T7
promoter, such that the encoded ArgP protein bears a C-termi-
nal His6 tag provided by the vector DNA sequence. The result-
ant plasmid was transformed into a derivative of strain GJ1158
(Bhandari and Gowrishankar 1997) that expresses phage T7
RNAP from the salt-inducible proU promoter. His6-ArgP over-
production was achieved by incubation for 3 h following addi-
tion of 0.3 M NaCl and 1 mM isopropyl thio-�-D-galactoside to
a 500-mL volume of culture of the transformant grown in low-
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osmolarity medium, as described (Bhandari and Gowrishankar
1997). The protein was then purified from the cell lysate by
chromatography through a Ni-NTA column (Qiagen), using
buffer with 250 mM imidazole for elution of the bound protein
(Supplementary Fig. S2). The protein preparation was concen-
trated to ∼1 mg/mL and stored at −20°C in buffer containing 20
mM Tris-Cl (pH 8), 150 mM NaCl, 10 mM dithiothreitol, and
20% glycerol.

argO DNA fragments

The argO DNA regions that were used in the in vitro experi-
ments included the following: (1) a 427-bp fragment comprising
the argO sequence from −293 to +109 obtained by PCR with the
forward and reverse argO primers 5�-GTGCGCCTGCAGGA
ACTTGGTG-3� and 5�-GTATGCCCGGATCCATCACAAAA-
3�, respectively (residues in italics represent base substitutions
in native argO sequence, and those in bold in the two primers
correspond, respectively, to positions −293 and +109 of argO);
(2) deletion and substitution variants of the 427-bp argO frag-
ment obtained by PCR using the forward and reverse argO prim-
ers above on plasmid templates carrying the corresponding mu-
tations; (3) a 234-bp fragment comprising the argO region from
−115 to +109 obtained by PCR using the reverse primer as above
along with a 26-base primer whose sequence matches that on
the top strand of argO from −115 to −90; (4) a 94-bp fragment
comprising the argO sequence from −89 to +5 obtained by PCR
using a pair of primers corresponding to the sequences from −89
to −64 of the top strand and from +5 to −22 of the bottom strand
of argO; (5) a 45-bp fragment comprising the argO region from
−89 to −45 obtained following digestion of the 94-bp fragment
above with SspI (which cuts argO at −45); and (6) other frag-
ments such as those from −115 to −90, −102 to −77, −89 to −64,
−89 to −30, and −85 to −20, each of which was obtained by
annealing the corresponding top- and bottom-strand synthetic
oligonucleotide sequences. All but the 45-bp fragment were 5�-
end-labeled, as required, with �-32P-ATP and polynucleotide ki-
nase. For labeling of the 45-bp fragment from −89 to −45, SspI
digestion was done after PCR amplification of the 94-bp frag-
ment with the 5�-end-labeled top-strand primer.

EMSA

EMSA reactions were performed each in 20 µL of EMSA binding
buffer (10 mM Tris-Cl at pH 7.5, 1 mM EDTA, 50 mM MgCl2,
1 mM dithiothreitol, 10% glycerol, 1 mM phenylmethylsulfo-
nyl fluoride) containing (1) 5�-end-labeled argO DNA fragment
at 0.5 nM, (2) 1 µg each of bovine serum albumin and poly(dI)·
poly(dC), (3) ArgP at indicated monomer concentrations, and (4)
when required, coeffectors at 0.1 mM. After incubation for 30
min at room temperature, the complexes were resolved by elec-
trophoresis on a nondenaturing 4% polyacrylamide gel (39:1
acrylamide:bisacrylamide). In the reactions involving both ArgP
and RNAP, the labeled argO fragment was first incubated with
ArgP (at 20 nM) and indicated coeffector for 5 min at room
temperature followed by further incubations with RNAP (at 80
nM) for 30 min before being analyzed by gel electrophoresis. In
heparin challenge experiments (in the presence or absence of
NTPs at 0.5 mM, as indicated), argO–ArgP–RNAP complexes
obtained as described above were treated with heparin at 200
µg/mL and incubations continued for varying times at room
temperature prior to gel electrophoresis.

In vitro transcription

Unless otherwise indicated, single-round in vitro transcription
reactions were carried out in transcription buffer (40 mM Tris-

glutamate at pH 8, 0.1 mM bovine serum albumin, 1 mM di-
thiothreitol) as previously described (Rajkumari et al. 1996),
with some modifications. Typically, to a 5-µL volume of mix
containing the linear DNA template (10 nM), ArgP (20 nM),
�70-bearing RNAP holoenzyme (40 nM), and coeffector(s) where
indicated (0.1 mM) that had been preincubated at 37°C for 10
min was added an equal volume of labeled substrate–heparin
mix to give final concentrations of 500 µM each of UTP, GTP,
and ATP, 50 µM CTP, 200 µg/mL heparin, and 10 µCi of 32P-
�-CTP (>3000 Ci/mmol), and incubation was continued for 15
min. The reactions were stopped and the products were pro-
cessed and analyzed as described (Rajkumari et al. 1996) on
denaturing polyacrylamide gels (i.e., with 7 M urea).

For the Arg-chase experiments on immobilized template, the
argO template fragment from −293 to +109 was prepared by
PCR as described above, with the modification that the forward
argO primer used was biotinylated at its 5� end. After preincu-
bation of template with RNAP (and other additives as appropri-
ate) as above, labeled substrate–heparin mix was added together
with streptavidin-coated magnetic beads (Promega Corp.) and
the primary reaction mixtures were incubated for 15 min to
allow for immobilization of the biotinylated template on the
beads. Where indicated, the beads were then separated from the
supernatant, washed with transcription buffer containing 0.1
mM Arg (or CAN, as appropriate), and then incubated in the
chase step with freshly labeled substrate–heparin mix supple-
mented with 0.1 mM Arg or CAN for 15 min. Each of the vari-
ous preparations (i.e., the primary reaction mix before separa-
tion of beads from supernatant, the separated supernatant, and
the mix obtained following chase reaction on the pellet) was
analyzed for labeled transcription products by denaturing gel
electrophoresis as described above.

Exonuclease III protection and footprinting assays

For the exonuclease III protection assay, the 5�-end-labeled 427-
bp PCR-amplified argO fragment (comprising the sequence
from −293 to +109) was digested with PstI (whose recognition
site is present in the forward primer used in the PCR) to obtain
an argO sequence uniquely labeled at the end corresponding to
+109 (i.e., the 5� end of the bottom strand); likewise, the 5�-end-
labeled 234-bp argO fragment (with sequence from −115 to
+109) was digested with BamHI (whose recognition site is
present in the argO reverse primer used in PCR) to obtain a
fragment uniquely labeled at the end corresponding to −115 (i.e.,
the 5� end of the top strand). Exonuclease III (50 U) was added to
a 10-µL volume of transcription buffer containing either of the
labeled DNA fragments (3 nM), 20 nM ArgP (monomer), and,
where indicated, 80 nM RNAP, NTPs at 0.5 mM each, and Arg
or Lys at 0.1 mM. After incubation for 20 min at room tempera-
ture, the DNA was phenol-extracted and analyzed by electro-
phoresis on a 10% polyacrylamide gel with 7 M urea, along with
argO di-deoxy sequence ladders generated with the aid of the
argO forward or reverse primers, as appropriate.

For DNase I footprinting, the 427-bp and 234-bp argO frag-
ments uniquely labeled at the 5� ends of the bottom strand and
top strand, respectively, as described above, were each dissolved
at 0.6 nM in 50 µL of EMSA binding buffer and, where indicated,
incubated with ArgP at 20 nM (monomer) in the presence or
absence of Arg or Lys at 0.1 mM. After 30 min at room tem-
perature, each mixture was treated with 0.2 U of DNase I for 60
sec prior to addition of 50 µL of stop solution (50 mM EDTA at
pH 8, 2% sodium dodecyl sulfate). The DNA was then phenol-
extracted and electrophoresed on a 10% denaturing polyacyl-
amide gel along with argO sequence ladders generated as de-
scribed above.
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For in vivo KMnO4 footprinting, derivatives of the argP+ and
argP mutant strains carrying a multicopy plasmid bearing the
argO fragment from −293 to +109 were grown to mid-exponen-
tial phase in 0.2% glucose–minimal A medium (supplemented
with 1 mM Arg or Lys, where indicated), and treated with
KMnO4 at 5 mM for 4 min. Where required, rifampicin was
added to 100 µg/mL to the culture prior to the KMnO4 treat-
ment. Plasmid DNA prepared from each culture was first di-
gested with HaeIII (which cuts argO at −80) and then used as
template for 45 cycles of primer extension with AccuTaq DNA
polymerase (Sigma-Aldrich) in a thermal cycler, using the 5�-
end-labeled argO reverse primer described above. The extension
products were detected by phosphorimaging following electro-
phoresis on a 10% denaturing polyacrylamide gel alongside an
argO sequence ladder obtained as described above, and their
image intensities were normalized (for each lane) to that of the
extension product corresponding to the HaeIII site in the tem-
plate.

Coeffector binding studies

In a 50-µL volume of running buffer containing 20 mM Tris-Cl
(pH 8) and 100 mM NaCl, ArgP protein at 10 µM (monomer) was
incubated with 14C-Arg or 14C-Lys (250 mCi/mmol) at 0.1 mM
for 30 min at 4°C before the mixture was loaded on a 4-mL
Sephadex G-25 gravity column (Amersham Biosciences) and
subjected to gel filtration chromatography in running buffer. In
each of the 0.2-mL fractions that were collected, protein was
quantitated by fluorimetry (with excitation and emission wave-
lengths set at 295 nm and 330 nm, respectively) and radioactiv-
ity by liquid scintillation counting. In the competition experi-
ments, ArgP was first incubated with 10 mM of the indicated
cold competitor amino acid prior to addition of 14C-Arg or
14C-Lys.

Other methods

Bacterial genetic procedures were as described by Miller (1992),
and those involving recombinant DNA and gel electrophoreses
were as described by Sambrook et al. (1989). Band intensities in
gel autoradiographs were determined by densitometry (after cor-
rection for background), with the aid of the Amersham Biosci-
ences Image Quant system.
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