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The accessory gene regulatory (agr) operon of the opportunistic human
pathogen Staphylococcus aureus is a prime pathogenesis factor in this
bacterium. The agr operon consists of two transcription units, RNAII and
RNAIII, which are transcribed from divergent promoters, P2 and P3,
respectively. RNAII encodes a quorum-sensing system, including AgrA, the
master transcription activator of the agr operon. RNAIII is the effector RNA
molecule that regulates the expression of many virulence genes. Owing to
the atypical spacer lengths of P2 and P3, it is widely considered that
transcription from P2 and P3 only occurs in a strictly AgrA-dependent
manner. Here, using a fully native S. aureus in vitro transcription system, we
provide the first molecular and mechanistic characterisation of the
regulation of transcription initiation at the agr operon. Surprisingly, the
results demonstrate that RNA polymerase (RNAp) can interact with P2 and
P3 equally well in the absence of AgrA. However, formation of a
transcription-competent open promoter complex (RPo) occurs more readily
at P2 than at P3 when AgrA is absent. Reducing the atypical P3 spacer
region length to the optimal length of 17 nucleotides significantly improves
promoter activity by facilitating the isomerisation of the initial RNAp–P3
complexes to RPo, and the extended −10-like element of P3 is required for
optimal promoter activity. AgrA increases the occupancy of both promoters
by RNAp and thereby increases the amount of transcription initiated at P2
and P3. However, the AgrA-mediated effect on transcription initiation is
more prominent at P3 that at P2. The effect of AgrA at P2 and P3 appears to
be restricted to events leading to the formation of RPo. The relevance of
AgrA-independent and AgrA-dependent transcription initiation at P2 and
P3 is presented in the context of our current understanding of the role of the
agr operon in the pathobiology of S. aureus.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Staphylococcus aureus is an important and oppor-
tunistic pathogen that is capable of causing a diverse
range of human infections. The pathogenesis of S.
aureus is very complex. The expression of virulence
factors is controlled in a temporal and cell-density-
dependent manner and is affected at multifactorial
levels by a number of global regulatory systems.1–3
Early in infection, the expression of cell-surface-
associated virulence factors is up-regulated,
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Abbreviations used: agr, accessory gene regulator;

RNAp, RNA polymerase; RPo, open promoter complex;
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allowing the bacterium to attach to host tissues and
to evade the host immune response. When the
concentration of S. aureus cells at the site of infection
increases, the expression of cell-surface-associated
virulence factors is down-regulated, and the expres-
sion of secreted virulence factors is up-regulated.1,2,4
It is widely accepted that the accessory gene
regulatory (agr) operon, which encodes a quorum-
sensing system and a pleiotropic regulatory RNA
molecule, plays a central role in orchestrating the
temporal and cell-density-dependent expression of
the S. aureus virulon. S. aureus strains in which the
agr operon is disrupted are significantly less virulent
than the isogenic wild-type strain and show a
decreased ability to synthesise secreted toxins and
enzymes.5
The agr operon is conserved throughout the genus

Staphylococcus, expressed from divergent promoters
P2 and P3, and subject to regulation at the
transcriptional level (Fig. 1a).7 The P2 transcript

RNAII encodes the quorum-sensing system and
consists of four proteins: AgrA, AgrB, AgrC and
AgrD. AgrD is a pro-autoinducing peptide (AIP),
which is processed and secreted by the transmem-
brane protein AgrB. AgrA and AgrC are members of
a two-component system in which AgrC is the
transmembrane receptor histidine kinase and AgrA
is the DNA binding response regulator. The cell-
density-dependent accumulation of AIP is sensed by
AgrC, which undergoes autophosphorylation upon
binding AIP. Phosphorylation of AgrA by AgrC
allows AgrA to bind to a pair of direct repeats
located in the agr operon intergenic region (agr IR),
the ∼115-bp region that separates the P2 and P3
promoters.6 Phosphorylated AgrA is the master
transcription activator of the agr operon, which
contains an amino-terminal CheY-like domain and a
carboxyl-terminal DNA binding domain that be-
longs to the LytTR protein family.8 The P3 transcript
RNAIII is the pleiotropic effector of the agr operon,

RNAII:agrA-DRNAIII

P2

P3
AgrD

AgrB

AgrC

AgrA
P

agr IR

AIP

(a)

(b)
P3 probe

(20)
CACATCTCTGTGATCTAGTTATATTAAAACATGCTAAAAGCATTTATTTTCCAATTTTTCTTAACTAGTCGT
GTGTAGAGACACTAGATCAATATAATTTTGTACGATTTTCGTAAATAAAAGGTTAAAAAGAATTGATCAGCA

-10P3 -35P3+1

(18)

TAAAGGATGTCAATCCGTTATATTACTATTTTCTAACATGATTTAGCATATTACTGTCACTCCTCTCACCAC
ATTTCCTACAGTTAGGCAATATAATGATAAAAGATTGTACTAAATCGTATAATGACAGTGAGGAGAGTGGTG

-10P2-35P2

+1

TTTTTATTCTTAACTGTAAATTTTTTTATGTTAAAATATTAAATACAAATTACATTTAACAGTTAAGTATTT
AAAAATAAGAATTGACATTTAAAAAAATACAATTTTATAATTTATGTTTAATGTAAATTGTCAATTCATAAA

P2 probe

Fig. 1. The S. aureus agr operon. (a) Schematic representation showing the cell-density-dependent expression of the agr
operon in S. aureus (see the text for details). (b) The sequence of agr IR from S. aureus strain NCTC8325. The consensus −10
and −35 hexamers of the P2 and P3 promoters are shown in boldface; the lengths of the promoter spacer regions and the
transcription start site (at +1) are indicated. At the P3 promoter, the signature TGmotif of the extended −10-like element is
boxed. Highlighted in grey are the regions footprinted by AgrA, and the boxed arrows indicate the imperfect repeats that
represent the AgrA binding sites.6 The sequences and boundaries of the P2 and P3 promoter probes used for the native gel
shift and short RNA synthesis assays in Figs. 3 and 4 are also indicated.
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which modulates the expression of virulence genes
generally at the translational level. RNAIII facilitates
the expression of genes encoding secreted virulence
factors (e.g., by countering a translation-blocking
mRNAsecondary structure9),whereas the expression
of genes encoding cell-surface-bound virulence fac-
tors is repressed (e.g., by an antisense base-pairing
mechanism10); RNAIII also encodes δ-haemolysin at
its 5′-end.11 It is widely accepted that transcription
initiation from the P3 promoter occurs in an RNAII-
dependent manner and thus strictly relies upon
AgrA. In support of this view, in S. aureus infection
models and in vivo expression studies, the transcrip-
tion of RNAII temporally precedes the transcription
of RNAIII. A steady increase in RNAII transcription
is seen during exponential growth, followed by a
rapid increase in RNAIII transcription, concomitant
with a cell-density-dependent expression of the agr
operon.12
Notably, unlike in most bacterial promoters where

the optimal spacer region that separates the con-
served −35 and −10 hexanucleotide elements is 17
nucleotides in length,13–15 the P2 and P3 promoters
are atypical in that the spacer regions are 18 and 20
nucleotides in length, respectively. Shortening the
P3 promoter spacer sequence by 3 nucleotides has
been shown to increase the activity of the mutant P3
promoter significantly above that of the wild-type
P3 promoter in vivo.9 Therefore, it is possible that
RNA polymerase (RNAp) is unable to productively
interact with and utilise the P2 and P3 promoters in
the absence of AgrA, which, in principle, could
compensate for the suboptimal organisation of the
agr operon promoters (especially P3). However, we
also note the presence of an extended −10-like
element at the P3 promoter (indicated by the
characteristic TG nucleotides at positions −14 and
−15, respectively; Fig. 1b), which often contributes
to additional contacts with RNAp at promoters with
nonoptimally placed −35 elements.16,17 Intriguingly,
Xiong et al. reported that AgrA-independent (i.e., in
S. aureus cells in which agrA is inactivated)
transcription from the P3 promoter can indeed
occur in S. aureus cells in the context of a rabbit
endocarditis infection model.12 Conversely, since
the P2 promoter better matches the consensus than
does the P3 promoter, it is formally possible that
AgrA-independent transcription (hereafter referred
to as basal transcription) can also occur at the P2
promoter. In support of this view, Novick et al.
proposed that basal transcription from the P2
promoter could ensure the constant presence of
low levels of AgrA and AgrC, which would be
sufficient to respond to the signals that up-regulate
transcription from the P2 and P3 promoters.18
Furthermore, basal transcription from the P2 pro-
moter may also provide sufficient AgrA for expres-
sion of virulence genes independent of the
expression of the agr operon. Consistent with the

latter view, a direct role for AgrA in the activation of
leuckocidal phenol-soluble modulin genes (psmα
and psmβ) in an RNAIII-independent manner has
been reported.19
Since the agr operon is an integral part of an

exceedingly complex regulatory network, which
controls the expression of the S. aureus virulon, the
use of in vivo methodologies has imposed con-
straints on the study of the molecular mechanisms
that underlie transcription regulation at the agr
operon promoters P2 and P3. Compounding this
problem are the strain-to-strain variations observed
for the level of expression of the agr operon in many
in vivo studies and the fact that much of our
knowledge on the expression of the agr operon is
derived from the laboratory strain of the RN6390
lineage, which has a mutation in the rsbU global
regulatory gene.20–24 Importantly, as yet, it is not
known (i) whether RNAp can productively interact
with the P2 and P3 promoters in the absence of
AgrA; (ii) how the P2 and P3 promoter activities
(both in the absence and in the presence of AgrA)
compare; (iii) whether the extended −10-like ele-
ment at the P3 promoter contributes to promoter
activity; and (iv) why shortening the P3 spacer
region to the optimal length of 17 nucleotides leads
to increased P3 promoter activity in vivo. In this
study, we have developed a fully native S. aureus in
vitro transcription system to address the above
questions. The relevance of the results we have
obtained is presented in the context of the current
understanding of the contribution of the agr operon
to the pathobiology of S. aureus.

Results

A fully native S. aureus in vitro transcription
system for studying transcription regulation at
the agr operon

To study how transcription initiation at the agr
operon is regulated at the molecular level, we
developed a fully native S. aureus in vitro
transcription system. Bacterial RNAp consists of
a five-subunit catalytic core (α2ββ′ω; abbreviated
as E), which needs to associate with a dissociable
sixth subunit (σ subunit) to form the RNAp
holoenzyme (Eσ), which is capable of promoter-
specific transcription initiation. S. aureus core
RNAp was prepared from exponentially growing
S. aureus strain NCTC8325 cells using a single
immunoaffinity purification step. As shown in
Fig. 2a, the S. aureus catalytic core was purified to
N95% homogeneity using this procedure (lane 2).
The primary housekeeping σ factor in S. aureus,
[6His]σA, was expressed in Escherichia coli and
purified to N95% homogeneity by single-step
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nickel-affinity chromatography (Fig. 2a, lane 3). In
contrast to a previous study that reported
difficulty in obtaining recombinant AgrA in
soluble form,6 we established a simple protocol
to purify soluble [6His]AgrA from E. coli (Fig. 2b;
see Materials and Methods). Promoter templates
for the in vitro transcription assays were generated
by introducing a DNA fragment containing agr IR
into plasmid pLSR25 between the EcoR1 site and
the HindIII site to generate pJRP2+P3 (Fig. 2c).
RNAp molecules that initiate transcription from
the P2 and P3 promoters will terminate at the λ
oop terminator, located downstream of the EcoR1
and HindIII sites, respectively (Fig. 2c). In order to
distinguish between the transcripts synthesised
from the P2 promoter and the transcripts synthe-
sised from the P3 promoter, we organised pJRP2+P3
such that the leftward transcript from the P2
promoter terminates 143 bp beyond the HindIII
site and the rightward transcript from the P3
promoter terminates 135 bp beyond the EcoR1
site. Thus, pJRP2+P3 can be used as a template in in
vitro transcription assays to simultaneously moni-
tor transcription initiation from the P2 and P3
promoters of the agr operon. Similarly, pJRP2 and
pJRP3 were generated by introducing a DNA
fragment between the EcoR1 site and the HindIII
site in pLSR, in which either the P2 (pJRP3)
promoter or the P3 (pJRP2) promoter was missing
(Fig. 2c).

S. aureus EσA can productively interact with the
agr operon promoters P2 and P3 equally well in
the absence of AgrA

The initiation of transcription in bacterial pro-
moters is a multistep process that begins with the
binding of RNAp to the promoter DNA to form the
initial RNAp–promoter complex, the closed pro-
moter complex (RPc). In most bacterial promoters,
the competitor (heparin)-sensitive RPc is short-lived
at 37 °C and is only experimentally tractable at
b4 °C.26,27 The transcription-competent open pro-
moter complex (RPo), which occurs via several
RNAp–promoter complex intermediates, is the
predominant RNAp–promoter complex at 37 °C
(in most bacterial promoters). In the RPo, promoter
DNA strands are locally “melted out” (typically
between position −10 and position +3 with respect
to the transcription start site at +1), and the template
strand is positioned in the catalytic cleft of RNAp. A
hallmark feature of the RPo is that it is significantly
more heparin resistant than the RPc. Inspection of
the nucleotide sequences at the −10 and −35
elements of the P2 and P3 promoters indicates that
5/6 and 4/6 of the −10 and −35 nucleotides,
respectively, are conserved at the P3 promoter.
Similarly, 6/6 and 4/6 of the −10 and −35
nucleotides, respectively, are conserved at the P2
promoter. However, considering that the P3 pro-
moter spacer region length deviates from the
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Fig. 2. A fully native S. aureus in vitro transcription system. (a) Image of a 10% (wt/vol) SDS denaturing
polyacrylamide gel showing the purity of S. aureus core RNAp (lane 2) and recombinant [6His]σA subunit (lane 3). The
migration positions of the β, β′, α and [6His]σA subunits are indicated. The ω subunit, which migrates at an apparent
molecular mass of approximately 12 kDa, has run “off” the bottom of the gel shown on the left. To the right of the figure, a
lane (lane 2′) containing the S. aureus core RNAp sample from lane 2 of an SDS denaturing polyacrylamide gel
electrophoresed for a shorter time is shown, and the migration position of the ω subunit is indicated. (b) Image of a 12.5%
(wt/vol) SDS denaturing polyacrylamide gel showing the purification of [6His]AgrA (S, soluble cell fraction; I, insoluble
cell fraction; FT, flow-through from the Ni column; W, wash fraction; 1–9, peak fractions of elution from the Ni column).
The migration position of [6His]AgrA is indicated. (c) Schematic representation of the plasmids used as templates for the
in vitro transcription assay.
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optimal (17 nucleotides) by 3 nucleotides and that
the P2 promoter spacer length deviates from the
optimal by only 1 nucleotide, it would seem that the
P3 promoter is a weaker promoter than the P2
promoter. Since many transcription activators im-
prove promoter occupancy and/or usage by RNAp,
and considering the atypical spacer length of the P2
and P3 promoters, we initially wanted to determine
how well, if at all, EσA can interact with the P2 and
P3 promoters in the absence of AgrA. We used a
native gel shift assay to monitor the binding of EσA

to 93 bp and 96 bp of 32P-labelled DNA fragments
carrying the P2 (spanning the sequence from −81 to
+12 with respect to the +1 site; hereafter called the
P2 probe; Fig. 1b) and P3 (spanning the sequence

from −80 to +16; hereafter called the P3 probe; Fig.
1b) promoter sequences, respectively, as a function
of EσA concentration. The assays were conducted at
b4 °C to minimise the conversion of the EσA–
promoter complexes (RPc) into the RPo and there-
fore to enrich for the RPc. Results show that, under
these conditions, EσA is able to bind to the P2 and P3
probes equally well (Fig. 3a). Similar results were
obtained when the assays were repeated at 37 °C
(Fig. 3b). Control experiments in which [6His]σA

was omitted from the reaction confirmed that the
EσA–promoter complexes detected at b4 °C and
37 °C were [6His]σA dependent (data not shown;
Fig. 3c). Since the P2 and P3 promoters potentially
compete for EσA in the native context of the agr

Fig. 3 (legend on next page)
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operon, we challenged the EσA–promoter com-
plexes formed on the 32P-labelled P2 and P3 probes
(at 37 °C) with a∼10-fold molar excess of unlabelled
“cold” versions of the P2 and P3 probes to determine
if EσA prefers one promoter over the other when
both are available at the same time. As shown in Fig.
3d, challenging the EσA–32P–P2 complex with either

excess “cold” P2 or excess “cold” P3 probes results
in a similar decrease (by ∼90–95%) in the amount of
the initial EσA–32P–P2 complexes formed (compare
lanes 3 and 4). Similar results were obtained in the
converse experiment in which the EσA–32P–P3
complex was challenged with either excess “cold”
P3 or excess “cold” P2 probes (Fig. 3d, lanes 5–8).

Fig. 3. The binding of EσA to the P2 and P3 promoter probes. (a) An autoradiograph of a 4.5% (wt/vol) native
polyacrylamide gel showing the binding of EσA to the P2 (lanes 1–5) and P3 (lanes 6–10) promoter probes as a function of
EσA concentration. The experiment was conducted at b4 °C. The migration positions of unbound P2/P3 promoter probes
and EσA–P2/EσA–P3 complexes are indicated. The amount of promoter DNA bound by EσA is expressed as a percentage
(% C) of the total DNA present in the reaction. In at least two independent experiments, the data obtained fall within 10%
of the % C value shown. (b) As in (a), but the experiment was conducted at 37 °C. (c) As in (a), but the reactions were
conducted at 37 °C in the absence (lanes 1 and 3) and in the presence (lanes 2 and 4) of [6His]σA, at a final concentration of
100 nM S. aureus core RNAp. (d) As in (a), but the reactions were conducted at 37 °C. The EσA–P2 (lane 2) and EσA–P3
(lane 6) promoter complexes were challenged with either excess unlabelled (“cold”) P2 (lanes 3 and 8) or P3 (lanes 4 and 7)
promoter probes (see the text for details). (e) The figure is organised as described above. The EσA–P2 (lanes 1, 2, 5 and 6)
and EσA–P3 (lanes 3, 4, 7 and 8) promoter complexes formed at b4 °C (lanes 1–4) and 37 °C (lanes 5–8) were challenged
with heparin (lanes 2, 4, 6 and 8). Promoter complexes formed in the absence of heparin are shown for comparison (lanes
1, 3, 5 and 7). (f) An autoradiograph of a 20% (wt/vol) urea-denaturing polyacrylamide gel showing DNA melting with
EσA–P2 promoter complexes formed at 37 °C. Lane 1 contains a KMnO4-treated P2 promoter probe (with 5′ 32P-end-
labelled template strand). In lane 2, which contains the EσA–P2 promoter complex, the KMnO4-reactive thymine residues
are marked by arrows. The promoter sequence from positions −13 to +12 of the P2 promoter is shown at the top of the
autoradiograph, with the reactive thymine residues marked with asterisks. The transcription start position at +1 is
indicated. To the right of the autoradiograph, traces of lanes 1 and 2 are shown, and the positions of the KMnO4-reactive
thymines are indicated. (g) An autoradiograph of a 20% (wt/vol) urea-denaturing polyacrylamide gel showing synthesis
of the short RNA products GpAGG (from P2) and GpAU (from P3) at 37 °C (indicated by the arrow, where the underlined
nucleotides are 32P labelled). The schematic representation of the reaction is shown at the top of the gel image (see
Materials and Methods and text for details). In control lanes 2–4, the promoter template, dinucleotide and σA,
respectively, are omitted from the reaction. (i) As in (g), but the reaction was conducted at b4 °C. (h) An autoradiograph of
a 20% (wt/vol) urea-denaturing polyacrylamide gel showing the ability of S. aureus core RNAp (in the absence of σA) to
extend the RNA in the MS probe (schematic representation shown on the right) by 1 nucleotide using [α32P]UTP at 37 °C
and b4 °C (left).
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As expected, the addition of heparin destroyed
most of the EσA–promoter complexes formed at
b4 °C (Fig. 3e, lanes 1–4). Surprisingly, the EσA–
promoter complexes formed at 37 °C were not
resistant to heparin challenge (Fig. 3e, lanes 5–8).
Since RPo formation is often very inefficient on short
promoter templates, we repeated the heparin
challenge reactions at 37 °C using longer (−173
and +87 for the P2 promoters, and −163 and +66 for
the P3 promoters) versions of the P2 and P3
promoter probes. As observed above with the
short P2 and P3 probes, EσA–promoter complexes
formed equally well on the long P2 and P3 probes,
yet these complexes were not detectably more
heparin resistant than the ones formed on the
short P2 and P3 promoter probes (data not
shown). Since the promoter DNA strands within
the RPo are locally melted approximately between
position −10 and the +1 site, we used potassium
permanganate (KMnO4) to detect DNA melting
within EσA–P2 and EσA–P3 promoter complexes
formed at 37 °C under our experimental conditions.
As shown in Fig. 3f, we detected clear KMnO4
reactivity at the template strand thymines at
positions −6 and −4 and weak KMnO4 reactivity
at position +1 within the EσA–P2 promoter com-
plex, thus suggesting that DNA melting (indicative
of RPo formation) has indeed occurred within EσA–
P2 promoter complexes in the absence of AgrA.
Interestingly, no KMnO4 reactivity is detected at the
thymines at either the template or the nontemplate
strand within the EσA–P3 promoter complex (data
not shown). Therefore, it is possible that the RPo
does not form or accumulates slowly at the P3
promoter in the absence of AgrA; alternatively, the
RPo formed at the P3 promoter could be unstable
and therefore short-lived to detect DNA melting by
KMnO4 probing. In order to directly establish
whether RPo formation occurs at 37 °C under our
experiment conditions (and also to distinguish the
RPc and RPo without the use of heparin or chemical
probes), we used an assay that directly reports
transcriptionally proficient DNA melting and RPo
formation. The assay, hereafter referred to as the
short RNA synthesis assay (which we routinely use
to measure RPo formation by E. coli Eσ70),28,29
measures the ability of EσA to synthesise a
dinucleotide-primed RNA product from the P2
and P3 promoters. As shown in Fig. 3g, the addition
of the dinucleotide GpA (which complements
positions −1 and +1 of the P2 template strand; Fig.
1b) and [α-32P]GTP (which complements position
+2 of the P2 template strand; Fig. 1b) to the EσA–P2
complexes formed at 37 °C results in the synthesis of
the short RNA product GpAGG, thus indicating the
presence of the RPo within the EσA–P2 complexes
formed at 37 °C. Similarly, the addition of the
dinucleotide GpA (which complements positions +2
and +3 of the P3 template strand; Fig. 1b) and

[α-32P]UTP (which complements position +4 of the
P3 template strand; Fig. 1b) results in the synthesis
of the short RNA product GpAU, thus indicating the
presence of the RPo within EσA–P3 complexes
formed at 37 °C (Fig. 3g). The synthesis of GpAGG
and GpAU from the P2 and P3 promoters, respec-
tively, is highly specific, as it strictly depends upon
the presence of all the components (σA, promoter
probe and dinucleotide) required for the promoter-
specific short RNA synthesis (Fig. 3g, lanes 2–4). As
expected, at b4 °C, no short RNA synthesis from the
P2 and P3 promoters is detected (Fig. 3h), indicating
that, as expected, the RPo is not detectably present
within EσA–P2/EσA–P3 complexes formed under
these conditions. Control experiments established
that S. aureus RNAp retains catalytic activity at 4 °C.
In these assays, we used a minimal nucleic acid
scaffold (Fig. 3i; hereafter referred to as the MS
probe30) to measure if S. aureus RNAp (in the
absence of σ, since the MS probe does not contain
consensus promoter sequences) can extend the 7-
nucleotides-long RNA in the MS probe by one
position using [α32P]UTP (Fig. 3i). The radiolabelled
8-nucleotides-long RNA product can then be ana-
lysed by urea-denaturing PAGE. As expected, S.
aureus RNAp is able to extend the RNA in the MS
probe by one position when the reaction is con-
ducted at 37 °C (Fig. 3i). Similarly, when the reaction
is conducted at b4 °C, S. aureus RNAp retains
catalytic activity and is able to extend the RNA in the
MS probe (albeit with a∼7-fold lower efficiency than
at 37 °C). Since EσA can form promoter complexes at
b4 °C (Fig. 3a) and appears to retain catalytic activity
at b4 °C (Fig. 3h), we confidently conclude that the
RPo is not present within the P2 and P3 promoter
complexes formed at b4 °C. Overall, the native gel
binding assay and the short RNA synthesis assay
unequivocally demonstrate that, despite the atypical
spacer lengths of the P2 and P3 promoters, EσA can
productively interact with both agr operon pro-
moters equally well in the absence of AgrA.
However, it appears that the RPo formed at the P3
promoter is less stable and/or accumulates at a
slower rate than the RPo formed at the P2 promoter
(see later text).

The extended −10-like element is required for
optimal P3 promoter activity

We extended the short RNA synthesis assay to
determine whether the extended −10-like element of
the P3 promoter has a role in EσA binding and
promoter activity. Based on previous mutagenesis
analyses of E. coli extended −10 promoters,17,31
which revealed that changing the signature TG
sequence to AC leads to loss of promoter activity,
we constructed a mutant version of the P3 promoter
(hereafter called P3-AC) in which the TG motif at
positions −14 and −15 was changed to AC. Initially,
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we conducted a native gel shift assay at b4 °C with
32P-labelled P3 and P3-AC promoter probes to
determine how well EσA formed the RPc on both

promoter probes. As shown in Fig. 4a, EσA is able to
bind to both promoter probes equallywell under our
experimental conditions. Next, we measured the

Fig. 4 (legend on next page)
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amount of GpAU synthesised from the P3 and P3-
AC promoter probes as a function of EσA concen-
tration. As shown in Fig. 4b, the activity of the P3-AC
promoter is reduced by ∼2-fold when compared to
the wild-type P3 promoter at all the EσA concentra-
tions tested. We conclude that the extended −10-like
element at the P3 promoter is required for optimal
promoter activity.

Shortening spacer length at the P3 promoter
facilitates the isomerisation of the initial EσA–P3
complexes to RPo

The optimal spacing of 17 nucleotides between the
consensus −10 promoter element and the consensus
−35 promoter element ensures that RNAp can
productively and efficiently use a promoter. At the
agr operon promoters, AgrA is thought to compen-
sate for the suboptimal spacer length by distorting
the DNA upon binding to specific sites located
immediately upstream of the consensus −35 element
(Fig. 1b), thereby ensuring that the −35 and −10
consensus promoter elements are appropriately
spaced for optimal activity.32 In other words,
AgrA could activate transcription from the P2 and
P3 promoters by facilitating RPc and RPo formation
by reducing the spacer length, thereby enabling
RNAp to better “serve” the promoters. In support of
this view, Morfeldt et al. reported that reducing the
P3 spacer length by 3 nucleotides significantly
increases the activity of the P3 promoter in vivo

and renders the mutant promoter insensitive to
activation by AgrA in vivo.9 To investigate the
molecular basis by which P3 promoter activity is
increased upon shortening of the spacer length, we
used the short RNA synthesis assay to determine
whether variants of the P2 and P3 promoters
(hereafter called P2-17 and P3-17) with an optimal
spacer length of 17 nucleotides are more active than
the respective wild-type versions. Initially, we
measured the amount of GpAU synthesised from
the P3 and P3-17 promoter probes as a function of
EσA concentration. Results shown in Fig. 4c unam-
biguously reveal that the P3-17 promoter activity is
∼5-fold higher than P3 activity at all the EσA

concentrations measured. Reducing the P2 promoter
spacer length to 17 nucleotides did not lead to any
detectable increase in the amount of GpAGG
synthesised (Fig. 4c). We conducted native gel shift
assays at b4 °C using 32P-labelled P3 and P3-17
promoter probes to test whether increased promoter
activity is a consequence of increased promoter
occupancy (therefore, increased RPc formation) by
EσA. Results shown in Fig. 4d indicate that, despite
marked differences in promoter activity, EσA binds
to the P3 and P3-17 promoter probes equally well
under our experimental conditions. We next
extended the short RNA synthesis assay to
determine if (i) the RPo formed at the P3-17 promoter
is more stable than the RPo formed at the wild-type
promoter, and/or (ii) RPo accumulates faster on the
P3-17 promoter than on the wild-type promoter. For

Fig. 4. The binding of EσA to mutant variants of the P2 and P3 promoter probes. (a) An autoradiograph of a 4.5% (wt/
vol) native polyacrylamide gel showing the binding of EσA to the P3 (lane 2) and P3-AC (lane 3) promoter probes. The
experiment was conducted at b4 °C. The migration positions of unbound P3 promoter probes and EσA–P3 complexes are
indicated. The amount of promoter DNA bound by EσA is expressed as a percentage (% C) of the total DNA present in the
reaction. In at least two independent experiments, the data obtained fall within 10% of the % C value shown. (b) An
autoradiograph of a 20% (wt/vol) urea-denaturing polyacrylamide gel showing synthesis of the short RNA product
GpAU from the P3 and P3-AC promoters as a function of EσA concentration (indicated by the arrow, where the
underlined nucleotides are 32P labelled). The experiment was conducted at 37 °C, and the schematic representation of the
reaction is shown at the top of the gel image (see Materials and Methods and text for details). The fold amount (xF) of the
GpAU RNA product synthesised by EσA on P3-AC with respect to the GpAU RNA product synthesised from P3 is given
at the bottom of the gel (nd=not determined). In at least five independent experiments, the data obtained fall within 10%
of the xF value shown. (c) As in (b), the top part of the figure, an autoradiograph of a 20% (wt/vol) urea-denaturing
polyacrylamide gel, shows the synthesis of the short RNA product GpAU from the P3 and P3-17 promoters as a function
of EσA concentration. At the bottom, an autoradiograph of a 20% (wt/vol) denaturing polyacrylamide gel showing the
synthesis of the short RNA product GpAGG from the P2 and P2-17 promoters is shown. (d) As in (a), an autoradiograph
of a 4.5% native polyacrylamide gel showing the binding of EσA to the P3 (lane 2) and P3-17 (lane 3) promoter probes at
b4 °C. (e) As in (b), an autoradiograph of a 20% (wt/vol) urea-denaturing polyacrylamide gel showing the stability of RPo
formed at P3 and P3-17 as a function of time following challenge with heparin. Heparin was added to RPo for the times
indicated, and the schematic representation of the reaction is shown at the top of the gel image (seeMaterials andMethods
and text for details). The graph at the bottom of the gel image shows the amount of GpAU synthesised from the P3 (black
diamonds) and P3-17 (grey triangles) promoters at the indicated time points after heparin challenge, expressed in terms of
fold decrease (xF) from the t=0 time point (which indicates the amount of GpAU synthesised from the RPo present in the
reaction at the time that heparin was added). (f) As in (b), an autoradiograph of a 20% (wt/vol) urea-denaturing
polyacrylamide gel showing the time-dependent accumulation of RPo at P3 and P3-17 measured in terms of the short
RNA product GpAU synthesised from the P3 and P3-17 promoters. The schematic representation of the reaction is shown
at the top of the gel image (seeMaterials andMethods and text for details). The graph at the bottom of the gel image shows
the amount of GpAU accumulation with time from the P3 (black diamonds) and P3-17 (grey triangles) promoters,
expressed in terms of arbitrary transcription units (ATU).
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(i), we challenged the RPo on the P3 and P3-17
probes with heparin and measured the fraction of
RPo surviving the heparin challenge as a function of
time. Results shown in Fig. 4e suggest that the RPo

formed at P3-17 is only slightly more stable than the
RPo formed at thewild-type P3 promoter. For (ii), we
measured the time-dependent accumulation of the
GpAU transcript synthesised from P3 and P3-17. As

Fig. 5. In vitro transcription initiation from the P2 and P3 promoters in the absence of [6His]AgrA. (a) An
autoradiograph of a 10% (wt/vol) urea-denaturing polyacrylamide gel showing transcripts synthesised from pJRP2+P3 in
the absence of [6His]AgrA under single-round transcription conditions (see schematic representation at the top of the gel
image, as well as the text, for details) and as a function of EσA concentration. The amount of transcripts synthesised is
expressed in terms of arbitrary transcription units (ATU). (b) As in (a), but the reactions were conducted under multiple-
round transcription conditions (see schematic representation at the top of the gel image, as well as the text, for details). (c
and d) As in (b), but the reactions were conducted using pJRP2 and pJRP3, respectively. (e) Graph showing the stability of
the AgrA-independent RPo formed at the P2 (filled circles) and P3 (empty circles) promoters in the context of pJRP2+P3,
pJRP2 or pJRP3. Autoradiographs of 10% (wt/vol) urea-denaturing polyacrylamide gels, fromwhich the data in the graphs
are derived, are shown at the top of each corresponding graph and labelled as in (a). For (a)–(e), an identical trend in the
amount of transcripts synthesised from the P2 and P3 promoters was observed in at least three independent experiments.
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shown in Fig. 4f, the results suggest that the initial
rate of RPo formation is significantly faster on the P3-
17 promoter than on the wild-type P3 promoter even
though the equilibrium for both promoters is
reached at the same time. Overall, it seems that
reducing the P3 spacer length to the optimal length
of 17 nucleotides markedly improves the ability of
the initial EσA–promoter complexes to isomerise to
the RPo.

EσA displays higher basal in vitro transcription
activity from the P2 promoter than from the P3
promoter

Having established that S. aureus RNAp can form
the RPo at both agr operon promoters in the absence
of AgrA, we performed in vitro transcription assays
using the promoter templates described in Fig. 2c to
determine the basal P2 and P3 promoter activity
when the promoters are available to EσA in their
native back-to-back divergent context. Initially, re-
actions were conducted as a function of EσA

concentration using pJRP2 + P3 as the promoter
template and under conditions where only a single
round of transcription can occur (see Materials and
Methods). As shown in Fig. 5a, the amount of
transcripts originating from the P2 promoter is
consistently ∼15-fold to 20-fold higher than the
amount of transcripts originating from the P3
promoter under these conditions. Similar results
were obtained when the assays were conducted
using pJRP2 or pJRP3 as the promoter template (data
not shown). Since EσA can interact with P2 and P3

equally well to form the RPc, the in vitro single-
round transcription results seem to indicate that RPo
formation at the P3 promoter may occur more
slowly than at the P2 promoter in the absence of
AgrA. Alternatively, the RPo formed on the P3
promoter is unstable and rapidly dissociates upon
exposure to heparin under the single-round tran-
scription conditions (see Materials and Methods and
schematic representation in Fig. 5a). To experimen-
tally address these possibilities and to better reflect
the conditions found in vivo, we repeated the in vitro
transcription assays in the absence of the competitor
heparin, a condition that allows multiple rounds of
transcription to occur. In these assays, the amount of
transcripts originating from the P2 and P3 pro-
moters is measured as a function of time at a fixed
EσA concentration at which a good occupancy of
both P2 and P3 promoters by EσA is observed (see
Materials and Methods and schematic representa-
tion in Figs. 5b and 3b). As shown in Fig. 5b–d,
under these conditions, the time-dependent accu-
mulation of transcripts originating from the P3
promoter is detected at a much slower rate than
from the P2 promoter. Next, we measured the
stability of the RPo that evidently forms at both
promoters in the absence of AgrA. To do this, we
allowed the RPo to accumulate at the P2 and P3
promoters for 5 min and exposed the reaction to
heparin for various lengths of time (t=0 min, 5 min,
10 min and 20 min, where t=0 indicates the amount
of RPo present before the addition of heparin to the
reaction). As shown in Fig. 5e, the RPo formed at P3
is markedly less stable than the RPo formed at the P2

Fig. 5 (legend on previous page)
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promoter in the absence of AgrA in the context of
pJRP2+P3, pJRP2 and pJRP3. Overall, the results from
the in vitro transcription assays are consistent with
the short RNA synthesis assays and demonstrate
that EσA can form the RPo, albeit with different
efficiencies, at both agr operon promoters in the
absence of AgrA. Notably, however, the data from
both assays clearly show that EσA has the potential
to initiate transcription from the P3 promoter
independently of AgrA. Yet, the higher basal
transcription activity from the P2 promoter detected
in the in vitro transcription assays indicates that RPo
formation is more efficient at P2 than at P3 in the
absence of AgrA. It also seems that the RPo formed
at the P2 promoter is more stable than the RPo
formed at the P3 promoter in the absence of AgrA. It
also appears that—judging from the results with
pJRP2 and pJRP3—RPo formation at the P2 promoter
does not detectably influence the ability of EσA to
form the RPo at the P3 promoter (see Discussion).

The effect of AgrA on transcription initiation
from the P2 and P3 promoters

We next examined the effect of AgrA on transcrip-
tion initiation from the P2 and P3 promoters. AgrA
has been demonstrated to bind to specific sites located
upstream of the P2 and P3 consensus promoter
regions with low affinity in the unphosphorylated
form.6 In vitrophosphorylation ofAgrA,which can be
achieved using small phosphodonors such as acetyl
phosphate, evidently increases the affinity of AgrA
for the specific sites located upstream of the P2 and P3
consensus promoter regions (Fig. 1b).6 Therefore, we
used acetyl phosphate to phosphorylate [6His]AgrA
in vitro and conducted short RNA synthesis assays
using P2 and P3 probes as promoter templates to
determine the effect of AgrA∼P on transcription
initiation. In these assays, AgrA was always pre-
incubated with acetyl phosphate (for 30 min at room
temperature) prior to addition of EσA to the reaction.
As shown in Supplementary Fig. 1, surprisingly,
[6His]AgrA∼P seems to antagonise efficient tran-
scription initiation from the P2 and P3probes. Control
reactions established that the presence of acetyl
phosphate alone is sufficient to inhibit EσA activity
under our experimental conditions (Supplementary
Fig. 1), and similar results were obtained when we
replaced S. aureus EσA with E. coli Eσ70 (data not
shown); this observationwas not investigated further.
Since there is a growing body of evidence that the
unphosphorylated state of a two-component re-
sponse regulator exists in dynamic equilibrium
between unphosphorylated (i.e., inactive) and
phosphorylated-like (i.e., active) conformations,33,34
we considered whether unphosphorylated [6His]
AgrA at high concentrations is sufficient to affect
transcription initiation from the agr operon pro-
moters P2 and P3. Indeed, native gel shift assays

using 32P-labelled P2 and P3 probes with high
concentrations of unphosphorylated [6His]AgrA
revealed a pattern of migration that is identical
with the previously published pattern of migration
of DNA bound to phosphorylated AgrA.6,19 The two
bands (C1 and C2) detected for unphosphorylated
[6His]AgrA binding to the P2 and P3 probes are
identical with those previously observed by Koenig
et al.6 and Queck et al.19 and thus most likely
represent two conformers of unphosphorylated
[6His]AgrA in the “active conformation”. Further-
more, in vitro phosphorylation of [6His]AgrA with
acetyl phosphate only slightly increased the affinity
of [6His]AgrA for the 32P-labelled P2 and P3 probes
under our experimental conditions (data not shown).
Next, we conducted multiple-round in vitro tran-
scription assays in the presence of 1 μM and 2 μM
AgrA under conditions that support maximum basal
multiple-round transcription activity from the P2
and P3 promoters (as in Fig. 5b). Judging from the
amount of P2 and P3 probes shifted by unpho-
sphorylated [6His]AgrA (Fig. 6a), we estimate the
“effective” concentration of [6His]AgrA in the
“active conformation” in the transcription reactions
to be approximately 10–20 nM. As shown in Fig. 6b
and c, we detect a ∼9-fold to 14-fold increase in
transcripts synthesised from the P3 promoter in the
context of pJRP2+P3 and pJRP3. Interestingly, under
these conditions, the increase in transcription initi-
ation from the P2 promoter is marginal (by ∼1.5-
fold to 2-fold) when compared to the basal
transcription activity from the P2 promoter. Control
reactions with a DNA binding mutant form of [6His]
AgrA ([6His]AgrAH169A)32 indicate that the apparent
increase in P3 promoter activity is specific for the
presence of [6His]AgrA (Fig. 6b, lane 4). Overall, the
results unambiguously demonstrate that recombi-
nant [6His]AgrA, albeit in the unphosphorylated
form, can activate transcription from the P3 pro-
moter but has little detectable effect on the P2
promoter under these assay conditions (but see later
text). Even though the effect of unphosphorylated
[6His]AgrA is unambiguous and specific, we would
like to emphasise that the use of unphosphorylated
[6His]AgrA may not fully reflect the conditions
encountered in vivo, and this fact should be taken
into consideration when interpreting the results.
Nevertheless, the ability of unphosphorylated AgrA
to activate transcription represents a valuable
technical “tool” for gauging the mechanism by
which AgrA could activate transcription from the
P2 and P3 promoters of the agr operon.

Occupancy of the agr operon promoters P2 and
P3 by EσA is increased in the presence of AgrA

We conducted experiments to determine the
mechanism by which [6His]AgrA activates tran-
scription. The proximity of the AgrA binding sites in
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Fig. 6 (legend on next page)
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agr IR to the −35 consensus promoter regions of the
P2 and P3 promoters (Fig. 1b) suggests that the effect
of [6His]AgrA on transcription initiation from P2
and P3 could involve the recruitment of EσA (to the
P2 and P3 promoters). Therefore, we conducted
native gel shift experiments with 32P-labelled
versions of the P2 and P3 probes to determine if

[6His]AgrA improves the ability of EσA to occupy
either of the P2 and P3 promoters. As shown in Fig.
6d, the EσA–P2 and EσA–P3 promoter complexes
migrate at a slightly higher position than the faster-
migrating [6His]AgrA–P2/[6His]AgrA–P3 com-
plex, C1, on the native gel (Fig. 6d, lanes 4, 7, 13
and 16). However, when [6His]AgrA and EσA are

Fig. 6. The effect of [6His]AgrA on transcription initiation from the P2 and P3 promoters. (a) An autoradiograph of a
4.5% (wt/vol) native polyacrylamide gel showing the binding of [6His]AgrA to 32P-labelled P2 and P3 promoter probes.
The migration positions, C1 and C2, of the [6His]AgrA–P2/[6His]AgrA–P3 complexes are shown (see the text for details).
The amount of P2 and P3 promoter probes in complex with [6His]AgrA–P2/[6His]AgrA–P3 is expressed as a percentage
(% C) of the total DNA present in the reaction. In at least three independent experiments, the data obtained fall within 10%
of the % C value shown. (b) An autoradiograph of a 10% (wt/vol) urea-denaturing polyacrylamide gel showing
transcripts synthesised from pJRP2+P3 in the presence of [6His]AgrA under multiple-round transcription conditions (see
schematic representation on the right of the gel image, as well as the text, for details) in the presence of 1 μM and 2 μM
[6His]AgrA and at a 2 μM concentration of the [6His]AgrA H169A DNA binding mutant variant of AgrA. The fold
increase in transcripts synthesised from the P2 and P3 promoters (xF P2 and xF P3, respectively) in the presence of [6His]
AgrA, with respect to the reaction where no [6His]AgrA (lane 1) is added, is shown at the bottom of the gel image. (c) As
in (b), but the assay was conducted using pJRP2 and pJRP3. (d) An autoradiograph of a 4.5% (wt/vol) native
polyacrylamide gel showing the binding of EσA, in the presence and in the absence of [6His]AgrA, to the P2 and P3
promoter probes. The reaction components present in each lane are indicated, and the migration positions of the [6His]
AgrA–P2/[6His]AgrA–P3 and EσA–P2/EσA–P3 complexes are shown (see the text for details). (e) As in (b), but the assay
was conducted as a function of EσA concentration. The fold increase in transcripts synthesised from the P2 (xF P2) and P3
(xF P3) promoters in the presence of [6His]AgrA, with respect to the corresponding reactions where no [6His]AgrA (lanes
1–4), is added is shown at the bottom of the gel image. (f) As in (b), but the assay was conducted under single-round
transcription conditions, and [6His]AgrA was added (conditions I–III; see the text for details) to the reaction at different
stages, as indicated in the schematic representation shown on the right of the gel image. (g) As in (b), but heparin was
added to the transcription-competent promoter complexes for the times indicated at the top of the gel image (see
schematic representation on the right of the gel image, as well as the text, for details). The transcripts synthesised from the
P2 and P3 promoters at the indicated time points in the absence (lanes 1–3) and in the presence (lanes 4–6) of [6His]AgrA
are shown at the bottom of the gel image and are expressed in terms of arbitrary transcription units (ATU). In at least two
independent experiments, an identical trend in the amounts of transcripts synthesised from the P2 and P3 promoters was
observed for this experiment. For (b)–(f), in at least three independent experiments, the data obtained for the xF P2 and/or
xF P3 values fell within 10% of the values shown.
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preincubated and added to the P3 probe, as
expected and consistent with the in vitro transcrip-
tion assays (Fig. 6b and c), a significant increase (by
∼5-fold to 8-fold at 10 nM EσA) in the occupancy of
the P3 promoter by EσA is detected (Fig. 6d, lanes
13–15). Surprisingly, and in contrast with the results
from the in vitro transcription assays (Fig. 6b and c),
[6His]AgrA also appears to increase (by ∼6-fold to
8-fold) the occupancy of the P2 promoter by EσA

(Fig. 6d, lanes 4–6). The increased binding of EσA to
the P2 and P3 probes in the presence of [6His]AgrA
is particularly evident at lower EσA concentrations,
where EσA–P2 and EσA–P3 promoter complexes are
barely detected (Fig. 6d, compare lanes 4–6 and 13–
15 with lanes 7–9 and 16–18).
Based on the results obtained so far, we considered

that an effect of [6His]AgrA on transcription initiation
from the P2 promoter could be better detected at
lower concentrations of EσA where P2 promoter
occupancy (by EσA) is limiting. Therefore, multiple-
round in vitro transcription assays were conducted in
the presence of [6His]AgrA as a function of EσA

concentration. As shown in Fig. 6e, at low concentra-
tions (25 nM) of EσA, a moderate (∼6-fold increase
over basal transcription activity) increase in the
number of transcripts originating from the P2
promoter is detected. As expected, a relatively more
significant increase (∼16-fold over basal transcription
activity) in the amount of transcription initiated from
the P3 promoter is detected in the presence of [6His]
AgrA at the lower EσA concentration. Overall, we
conclude that [6His]AgrA improves the occupancy of
P2 and P3 promoters by EσA and consequently
increases the amount of transcripts synthesised from
each promoter.

AgrA does not have any profound effect on the
stability of the RPo formed at the P2 or
P3 promoters

Since the effect of [6His]AgrA is more pronounced
at the P3 promoter, we next wanted to determine
which step during transcription initiation at the P3
promoter is affected by AgrA. To do so, we
conducted single-round in vitro transcription assays
in which [6His]AgrA was added to the assay at
various stages of the reaction. Since transcription
initiation from the P3 promoter under single-round
transcription conditions is barely detectable, the
assays were conducted using 200 nM EσA in order
to better quantify the difference in the amount of
transcripts synthesised (from the P3 promoter) in the
absence and in the presence of [6His]AgrA. Under
these conditions, some basal transcription activity
from the P3 promoter is detected (Fig. 6f, lane 1).
Results reveal that the presence of [6His]AgrA has an
overall positive effect on transcription initiation at
the P3 promoter, regardless of the order of addition
(Fig. 6f). The effect of [6His]AgrA seems highest

under condition II, when [6His]AgrA is preincu-
bated with EσA prior to the addition of pJRP2+P3
(Fig. 6f, lane 3). However, we do not exclude the
possibility that, under condition I (when [6His]AgrA
is preincubated with pJRP2+P3 prior to the addition
of EσA; lane 2) and condition III (when [6His]AgrA is
added to the EσA–promoter complexes; lane 4), the
dissociation of [6His]AgrA–promoter and EσA–
promoter complexes, respectively, could revert to a
scenario that eventually reflects condition II. In
contrast, and as expected, there does not appear to
be an order of addition effect of [6His]AgrA on
transcription from the P2 promoter under the assay
conditions used (Fig. 6f).
Next, we wanted to determine if the effect of [6His]

AgrA is restricted to events leading to RPo formation
or if [6His]AgrA influences the stability of the RPo
formed at the P2 and P3 promoters. For a direct
assessment of the effect of [6His]AgrA on the stability
of RPo, promoter complexes, preformed on either P2
or P3 (on pJRP2+P3), were exposed to heparin for
various amounts of time prior to the addition of
ribonucleoside triphosphates to the reaction to allow
RNA synthesis to occur (see schematic representation
in Fig. 6g). Reactions were conducted in the absence
and in the presence of [6His]AgrA, which, when
present, was always preincubated with EσA prior to
the addition of pJRP2+P3 to the reaction (as under
condition II of Fig. 6f). In Fig. 6g, t=0 min reflects the
amount of heparin-resistant transcription-competent
promoter complexes formed at the P2 and P3
promoters at the time of heparin addition. In the
absence of [6His]AgrA, just a 5-min exposure of the
RPo at P2 to heparin results in a marked decrease in
the amount of transcripts synthesised (Fig. 6g,
compare lanes 1 and 2). Consistent with earlier results
(Fig. 6e), under these conditions, transcripts initiated
from the P3 promoter are barely detected and are only
seen in the presence of [6His]AgrA (Fig. 6g, compare
lanes 1 and 4). When the heparin challenge reactions
were conducted in the presence of [6His]AgrA, a∼2-
fold increase in transcripts originating from the P2
promoter (over basal transcription activity) is detected
at t=0 min. However, the presence of [6His]AgrA
appears to have no profound effect on the stability of
the RPo formed at the P2 and P3 promoters (Fig. 6g,
compare lanes 2 and 3 with lanes 5 and 6). Overall, it
seems that the effect of [6His]AgrA on transcription
initiation from the P2 and P3 promoters is restricted to
steps leading to RPo formation. Once the RPo has
formed, [6His]AgrA appears to have no detectable
effect on the longevity of these complexes under the
assay conditions used here.

Discussion

In this study, we have developed a fully native S.
aureus in vitro transcription system to investigate
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how transcription initiation is regulated at the agr
operon promoters P2 and P3 at the molecular level.
Despite the atypical spacer lengths of the agr operon
promoters, especially the P3 promoter, the results
from the in vitro analyses unambiguously indicate
that EσA can form transcription-competent promot-
er complexes at both agr operon promoters in the
absence of AgrA, the master transcription activator
of the system. Therefore, it seems that EσA can
productively interact with the P2 and P3 promoters
in an AgrA-independent manner despite the atyp-
ical spacer lengths. However, the efficiency with
which EσA initiates transcription from the P2 and P3
promoters varies in the absence of AgrA: The
number of RPo formed at the P2 promoter is
significantly higher than the number of RPo formed
at the P3 promoter, which seems to accumulate at a
much slower rate, and the RPo formed at P3 is
significantly less stable than the RPo formed at the
P2 promoter. The higher basal transcription activity
at the P2 promoter is not surprising, since this
promoter better matches the consensus than the P3
promoter. The agr operon promoters display a back-
to-back arrangement. At divergent promoters with a
back-to-back arrangement, activity in one promoter
may (and often does) result in either a positive or a
negative effect on the activity of the other
promoter,35,36 and vice versa. For instance, the
binding of RNAp to one promoter may change the
DNA topology so that it antagonises or facilitates
the binding of RNAp to the other promoter. Judging
from the rate and amount of P2 and P3 transcripts
synthesised from pJRP2+P3, pJRP2 and pJRP3 (Fig.
5b–d), it appears that activity at the P2 promoter
does not detectably influence activity at the P3
promoter. Therefore, it is formally possible that
divergent transcription initiation can occur simulta-
neously from both agr operon promoters.
Clearly, the regulatory events that govern tran-

scription initiation from the agr operon P2 and P3
promoters are very complex. Even though transcrip-
tion regulators of the SarA protein family have a role
in regulating P2 and P3 promoter activity,2,3 the
basal transcription activity of P2 and P3 promoters,
as demonstrated in this study, is likely to be of
regulatory significance for S. aureus and may help in
understanding the molecular basis of results
obtained from many in vivo studies. The basal
transcription activity of P2 and P3 provides exper-
imental support for the idea proposed by Novick
et al. that the higher basal transcription activity at the
P2 promoter may help ensure that the RNAII-
encoded quorum-sensing system is always readily
available to enable the S. aureus cells to rapidly
mount a change in virulence gene expression as the
cell density increases at the site of infection.
Similarly, the higher basal transcription activity at
the P2 promoter could also ensure that AgrA is
available for the RNAIII-independent regulation of

(virulence) gene expression. Such genes, for exam-
ple, include the leuckocidal phenol-solublemodulins
psmα and psmβ that are regulated by AgrA directly
binding to the promoter region of these genes.19 In
addition, the existence of other genes in S. aureus that
directly depend on AgrA for activation cannot be
excluded. Consistent with the latter view, genome-
wide expression analyses have revealed the exis-
tence of several metabolic genes in S. aureus for
which AgrA (but not RNAIII) appears to be
indirectly required.19 Furthermore, the apparent
basal transcription activity at the P3 promoter
observed in vitro may also provide a molecular
explanation for the RNAII-independent (i.e., in cells
in which agrA is inactivated) expression of RNAIII in
S. aureus cells in the context of a rabbit endocarditis
infectionmodel.12 Overall, the results presented here
provide the first direct experimental evidence for the
basal transcription activity of P2 and P3 promoters.
We suggest that the higher basal transcription
activity at the P2 promoter is of regulatory signifi-
cance and potentially could represent an alternative
RNAIII-independent route to couple virulence gene
expression to the environmental and metabolic
status of the cell at specific infection scenarios.
The presence of AgrA, despite being in the

unphosphorylated form, has an overall positive
and specific effect on transcription initiation from
the P2 and P3 promoters. The effect of AgrA is more
prominent at the P3 promoter than at the P2
promoter. However, as mentioned above, we do
not exclude the possibility that AgrA in its phos-
phorylated form has a more pronounced effect on
transcription initiation from the P2 (and P3) promot-
er. Nevertheless, the results obtained with the
unphosphorylated form of AgrA provide useful
insights into the mechanism by which AgrA might
activate transcription from the P2 and P3 promoters:
In the agr IR, the binding sites for AgrA at the P2 and
P3 promoters overlap the −35 consensus promoter
region;6 therefore, the agr operon promoters resem-
ble a class-II-like promoter.37 In class II promoters,
the transcription activator not only facilitates the
binding of RNAp to the promoter to increase RPc
formation (by increasing the binding constant of the
interaction between the RNAp and the promoter)
through a classical recruitment mechanism but also
facilitates, in some cases, the conversion of the RPc
into the RPo (by increasing the rate constant for the
isomerisation of the RPc to the RPo).37 Our results
indicate that AgrA increases promoter occupancy by
RNAp and, as a consequence, facilitates RPo
formation at both promoters of the agr operon.
Therefore, it seems that AgrA increases the binding
constant of the interaction betweenRNAp and the P2
and P3 promoters. However, since RNAp can bind
both promoters equally well in the absence of AgrA,
despite basal transcription initiation occurring at a
much slower rate from the P3 promoter (compared
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to the P2 promoter), we suggest that AgrA could also
increase the rate constant for the isomerisation of the
P3-dependent RPc to the RPo. The AgrA-induced
distortion of the DNA upon binding, as observed in
the crystal structure of AgrA bound to a 16-bp DNA
fragment,may indeed support a view inwhichAgrA
contributes to the conversion of the RPc into the RPo
by facilitating DNA strand separation and/or
thereby by compensating for the suboptimal spacer
length of the P3 promoter.32 Consistent with the
latter view, AgrA is unable to detectably increase the
amount of transcripts synthesised from the P3
promoter with the optimal spacer length of 17
nucleotides (Supplementary Fig. 2); thus, a role for
AgrA in compensating for the atypical spacer length,
especially at the P3 promoter, is indeed plausible.
Furthermore, the results presented in Fig. 4e and f
indeed imply that the activity of the P3 promoter
with the optimal spacer length (P3-17) is increased as
a consequence of the increased isomerisation of the
initial EσA–promoter complexes to the RPo. Thus,
we do not exclude the possibility that AgrA makes
different sets of contacts with RNApwhen activating
transcription from the P2 and P3 promoters, simi-
larly to that observed for the E. coli catabolite
activator protein38 in class II promoters.39 However,
the effect(s) of AgrA on transcription initiation at
the P2 and P3 promoters appears to be restricted to
events leading to the formation of the RPo.
However, we cannot exclude the possibility that
the [6His]AgrA-dependent RPo formed at the P3
promoter is so unstable that any effect of [6His]
AgrA would be obscured. Intriguingly, the order of
addition experiments with AgrA indicates that the
highest increase in AgrA-activated transcription
initiation from P3 occurs when AgrA and EσA are
preincubated. This observation, although as yet
experimentally unsupported, hints at the possibility
that AgrA could prerecruit RNAp, and activation
of the agr operon promoters by AgrA could involve
a pre-recruitment-like mechanism.40
In summary, the role of the agr operon in S. aureus

biology appears not to be limited to the expression
and regulation of the S. aureus virulon but also
extends to controlling the expression of genes with
several physiological functions.19 AgrA, the master
transcription activator of the agr operon, belongs to a
family (LytTR family) of relatively poorly charac-
terised transcription regulators that are mostly
involved in the activation of virulence genes (exam-
ples include Pseudomonas aeruginosaAlgR,Clostridium
perfringens VirR, Streptococcus pneumoniae BlpR and
Enterococcus faecalis FsrA).8,41,42 The results of this
study have demonstrated, for the first time, that
transcription initiation can occur from the agr operon
promoters P2 and P3 in an AgrA-independent
manner. The results also provide the first molecular
insights into how AgrA might control transcription
initiation at the agr operon in S. aureus. Additional

experiments in our laboratory are currently in
progress to further dissect the mechanism by which
(phosphorylated) AgrA activates transcription at the
agr operon and the role of the SarA family of
transcription regulators in this process. Importantly,
the results of the current study further highlight the
agr operon and AgrA as sites where intervention
could be clinically attractive.

Materials and Methods

Plasmids, proteins and promoter probes

The genes encoding AgrA (agrA) and σA (rpoD) were
PCR amplified (using primers JRagrA-F and JRagrA-R for
agrA, and primers JRrpoD-F and JRrpoD-R for rpoD;
Supplementary Table 1) from S. aureus strain NCTC8325
and cloned into the E. coli overexpression plasmid
pET28b+ (Merck Biosciences) to produce pJR28-[6His]
agrA and pJR28-[6His]rpoD, allowing both proteins to be
overexpressed as amino-terminal hexa-histidine-tagged
fusion proteins in E. coli strain BL21(DE3). For protein
overexpression, E. coli strain BL21(DE3) containing pJR28-
[6His]rpoD was grown at 37 °C. At OD600 (optical density
at 600 nm)∼0.4, the cells were temperature shifted to
25 °C for 30 min, and the expression of [6His]σA was
induced with 1 mM IPTG. The cells were harvested after
3 h at 25 °C. E. coli strain BL21(DE3) containing pJR28-
[6His]agrAwas grown at 37 °C without induction, and the
cells were harvested at OD600∼1.2. [6His]AgrA and
[6His]σA were purified to N95% homogeneity by a
single-step nickel-affinity chromatography on an AKTA
FPLC system according to the manufacturer's instructions.
Briefly, for single-step nickel affinity chromatography,
cells were lysed in a buffer containing 25 mM sodium
phosphate (pH 8), 0.5 M NaCl and 5% (vol/vol) glycerol
(buffer Ni), and centrifuged to remove cellular debris. The
supernatant was then loaded onto a nickel-affinity
chromatography column (5-ml Hi-Trap chelating HP
column; GE Biosciences). The column was washed with
5 vol of buffer Ni+30 mM imidazole, and the bound
proteins eluted with a 30-ml linear gradient of 30–300 mM
imidazole in buffer Ni. S. aureus core RNAp was purified
from exponentially growing S. aureus strain NCTC8325
cells (harvested at OD600∼0.5) by immunoaffinity chro-
matography on a homemade column packed with 2 ml of
resin containing the polyol-responsive monoclonal anti-
body 8BR13 (Neoclone).43 The procedure used for
immunoaffinity chromatography with 8RB13 followed
the protocol described by Thompson and Burgess.44
Briefly, the cell pellet was resuspended in lysis buffer
[10 mM Tris–Cl (pH 7.5), 15 mM MgCl2, 50 mM KCl,
5 mM ethylenediaminetetraacetic acid (EDTA), 10 mM
2-mercaptoethanol and 1 tablet of protease inhibitors
(Roche) per 100 ml of lysis buffer] and mechanically lysed
using a French Press system. The cell lysate was centri-
fuged, and the nucleic acids and proteins in the supernatant
were precipitated by adding polyethyleneimine (PEI)
(Sigma) to a final concentration of 0.6% (vol/vol) PEI.
Core RNAp was eluted from the PEI pellet with 1 M NaCl
and precipitated with 35 g of ammonium sulfate per 100 ml
of solution. The ammonium sulfate pellet was dissolved in
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TE buffer [50 mM Tris–Cl (pH 7.9) and 0.1 mM EDTA] and
loaded onto a 2-ml 8RB13 immunoaffinity column
equilibrated with TE buffer. After a wash with TE buffer
+0.15 M NaCl and 0.5 M NaCl, the core RNAp was slowly
eluted with elution buffer containing 40% (vol/vol) 1,2-
propanediol and 0.7 M ammonium sulfate. All proteins
were stored in storage buffer [10 mM Tris–Cl (pH 8),
50 mMNaCl, 0.1 mM EDTA, 1 mMDTT and 50% (vol/vol)
glycerol] in aliquots either at −20 °C (short-term storage) or
at −80 °C (long-term storage). Plasmids pJRP2+P3, pJRP2 and
pJRP3 used as templates in the in vitro transcription assays
(see the text) were generated by PCR amplifying 267-bp
(representing the whole agr IR using primers pJRP2+P3-F
andpJRP2+P3-R; see Fig. 1b and Supplementary Table 1), 225-
bp (representing positions −163 to +54 of the P2 promoter
region with respect to the transcription start site at +1 using
primers pJRP2-F and pJRP2+P3-R; see Fig. 1b and Supple-
mentary Table 1) and 205-bp (representing positions−178 to
+25 of the P3 promoter region using primers pJRP2+P3-F and
pJRP3-R; see Fig. 1b and Supplementary Table 1) DNA
fragments from S. aureus strain NCTC8325 incorporating
EcoR1 and HindIII restriction sites and cloning into plasmid
pLSR25 (see the text for details). The short promoter probes
(P2 and P3 probes; Fig. 1b) used in the native gel shift assays
were prepared using commercially synthesised (Invitrogen)
oligonucleotides, as previously described.45 The long pro-
moter probes (P2long and P3long) were generated by PCR
amplifying 240-bp (representing positions −163 to +66 of
the P3 promoter region using primers P3long-F and pJRP3-
R; Supplementary Table 1) and 261-bp (representing
positions −173 to +87 of the P2 promoter region using
primers pJRP2-F and P2long-R; Supplementary Table 1)
DNA fragments using pJRP2+P3 as template.

Native gel shift assays

Ten-microlitre binding reactions were set up in reaction
buffer [40 mM Tris–acetate (pH 7.9), 100 mM NaCl, 20 mM
MgCl2 and 0.2 mM DTT] using EσA and/or [6His]AgrA at
the concentrations indicated in the figures and in the text
(EσAwas reconstituted in situby incubating a∼4-foldmolar
excess of σA with S. aureus core RNAp in reaction buffer for
5min at 37 °C). The 32P-labelled promoterDNAwas present
at a final concentration of 20 nM. Where indicated, heparin
was present at a final concentration of 100 μg/ml. The
reactions were incubated either at b4 °C (on ice) or at 37 °C
(see the text for details), stoppedwith native gel loading dye
[reaction buffer+50% (vol/vol) glycerol and 0.05% (wt/vol)
bromophenol blue] and resolved on a 4.5% (wt/vol) native
polyacrylamide gel. For the reactions incubated atb4 °C, the
gel was prechilled, and electrophoresis was performed in an
iced water bath; for the reactions incubated at 37 °C, the gel
was prewarmed, and electrophoresis was performed in a
water bath set to 37 °C. The dried gel was visualised and
quantified using a FLA-5000 PhosphorImager. The se-
quences of the P2 and P3 promoter probes used for the
native gel shift assays are shown in Fig. 1b and Supple-
mentary Table 1.

KMnO4 footprinting

The binding reactions for KMnO4 footprinting were
conducted as described above at 37 °C. KMnO4 (final
concentration, 4 mM) was added to the reaction for

1 min before the reactions were stopped with 50 mM
2-mercaptoethanol (final concentration). The DNA was
extracted through a phenol–chloroform extraction step
and precipitated with 0.3 M sodium acetate (pH 5.2) and
ice-cold 70% (vol/vol) ethanol for 2 h at −20 °C. The
precipitated DNA was allowed to air dry, resuspended in
distilled water and treated with 10% (vol/vol) piperidine
for 30 min at 90 °C. The reactions were rapidly cooled and
precipitated with 0.3 M sodium acetate (pH 5.2) and 70%
(vol/vol) ice-cold ethanol (as described above). The
precipitated DNA was further washed twice with 70%
(vol/vol) ice-cold ethanol and air dried. The recovery of
DNA was determined by dry Cerenkov counting, and
DNA was resuspended in an appropriate volume of
distilled water. Equal numbers of counts were loaded onto
a 10% (wt/vol) urea-denaturing polyacrylamide gel. The
dried gel was visualised and quantified using a FLA-5000
PhosphorImager.

Short RNA synthesis assays

The binding reactions for the short RNA synthesis
assays were conducted as described above. The final
concentrations of 0.5 mM GpA dinucleotide primer and
3 μCi of [α-32P]UTP (for P3) or [α-32P]GTP (for P2) were
added to the reaction and incubated at 37 °C for 5 min to
allow short RNA synthesis to occur. The reaction was
stopped with stop dye [3% (wt/vol) xylene cyanol, 3%
(wt/vol) bromophenol blue and 20 mM EDTA in 10 ml of
deionised formamide] and resolved on a 20% (wt/vol)
urea-denaturing polyacrylamide gel. The dried gel was
visualised and quantified using a FLA-5000 Phosphor-
Imager. The sequences of the P2 and P3 promoter probes
used in the short RNA synthesis assay are shown in Fig. 1b
and Supplementary Table 1.

RNAp catalytic activity assays

The reactions for the RNAp catalytic activity assays at
4 °C and 37 °C were conducted exactly as described above
and as shown in the schematic representation in Fig. 3i
using the S. aureus core RNAp (in the absence of σA) and
the minimal scaffold probe30 as DNA template for the
reaction (which was formed exactly as described above for
the promoter probes used in the native gel binding assay
using the DNA and RNA oligonucleotides shown in Fig.
3i). The reactions were stopped with stop dye and
resolved on a 20% (wt/vol) urea-denaturing polyacryl-
amide gel. The dried gel was visualised and quantified
using a FLA-5000 PhosphorImager.

In vitro transcription assays

The binding reactions for the in vitro transcription
assays were conducted as described above; however,
pJRP2+P3, pJRP2 or pJRP3 was used as promoter template.
The in vitro transcription assay was conducted as
described by Wigneshweraraj et al.45 Briefly, EσA and
the promoter template were incubated at 37 °C for 5 min to
allow the RPo to form. In the single-round transcription
assay, RNA synthesis was initiated by adding an elonga-
tion mix (0.5 mM ATP, CTP and GTP; 0.25 mM UTP;
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0.75 μCi of [α-32P]UTP; and 100 μg/ml heparin) and
incubating the reaction for a further 5min at 37 °C.Heparin
was omitted from the elongationmix in themultiple-round
transcription assays. The reactions were stopped with stop
dye and resolved on a 10% (wt/vol) urea-denaturing
polyacrylamide gel. The dried gel was visualised and
quantified using a FLA-5000 PhosphorImager.
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2011.06.018
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