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Influence of the AgrC-AgrA Complex on the Response Time of
Staphylococcus aureus Quorum Sensing
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The Staphylococcus aureus agr quorum-sensing system plays a major role in the transition from the persistent to the virulent
phenotype. S. aureus agr type I to IV strains are characterized by mutations in the sensor domain of the histidine kinase AgrC
and differences in the sequences of the secreted autoinducing peptides (AIP). Here we demonstrate that interactions between the
cytosolic domain of AgrC (AgrCc,,,) and the response regulator domain of AgrA (AgrAgy) dictate the spontaneity of the cellular
response to AIP stimuli. The crystal structure of AgrCg,,, provided a basis for a mechanistic model of AgrC-AgrA interactions.
This model enabled an analysis of the biochemical and biophysical parameters of AgrC-AgrA interactions in the context of the
conformational features of the AgrC-AgrA complex. This analysis revealed distinct sequence and conformational features that
determine the affinity, specificity, and kinetics of the phosphotransfer reaction. This step, which governs the response time for
transcriptional reengineering triggered by an AIP stimulus, is independent of the agr type and similar for agonist and antagonist
stimuli. These experimental data could serve as a basis on which to validate simulations of the quorum-sensing response and for
strategies that employ the agr quorum-sensing system to combat biofilm formation in S. aureus infections.

Multiple pore-forming toxins, immune evasion factors, and
adhesins contribute to acute and chronic Staphylococcus au-
reus infections in humans (1). The expression of most of these
virulence factors is controlled by the accessory gene regulator
(agr), a two-component regulatory system in S. aureus (2). The
sequence composition of the autoinducing peptide (AIP) with a
five-member thiolactone ring provides a basis on which to distin-
guish between different S. aureus strains, also referred to as agr
types I to IV. The interaction of the AIP with AgrC, a membrane-
bound histidine kinase, regulates the catalytic activity of AgrC.
Mutations in AgrC across S. aureus strains of different agr types
are confined to the ectodomain. This observation is consistent
with experimental data that suggest that the signal recognition
mechanism is confined to the extracellular and membrane-asso-
ciated components (3). The subsequent steps of signal transduc-
tion involve phosphorylation of AgrA by AgrC, followed by the
interaction of phosphorylated AgrA with cognate promoters to
trigger agr-dependent reengineering of the transcriptional profile.
This step incorporates signal amplification due to AgrA-induced ex-
pression from the P2 promoter and expression of RNAIII, a down-
stream effector that regulates the expression of virulence factors and
other transcriptional regulators (4). Prominent changes in the tran-
scriptional profile induced by AgrA include the expression of the
characterized immune response suppressors o and 3 phenol-soluble
modulins (5). The production and secretion of the AIPs involve the
action of the permease AgrB on the AgrD propeptide (6).

The sensor module of AgrC (residues 1 to 205) contains six
membrane-spanning helices. The cytoplasmic histidine kinase
component (residues 206 to 430) has two subdomains—a mem-
brane-proximal dimerization and histidine phosphotransfer
(DHp) subdomain and the catalytic and ATP binding (CA) sub-
domain to which it is flexibly connected (7). AgrC is a dimeric
protein and is activated by trans autophosphorylation upon the
recognition of an AIP stimulus (8). AgrA has two domains. The
response regulator domain of AgrA (residues 1 to 130; AgrAgy
here) is connected with the DNA binding domain (residues 147 to
238) by a flexible linker. The transient nature of AgrC-AgrA inter-
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actions is a significant barrier to obtaining a structural model that
can explain AIP-dependent transcriptional regulation. Thus, de-
spite extensive biochemical characterization, the conformational
rearrangements leading to autophosphorylation of AgrC and the
subsequent phosphotransfer to AgrA remain unclear. The tempo-
ral variations in these steps of intracellular signal transduction are
relevant, as AgrC-AgrA interactions are also governed by changes
in the cellular concentrations of these proteins induced by AIP
stimuli. The crystal structure of the catalytic domain of AgrC pro-
vided a template for a mechanistic model by which to rationalize
the initial steps of intracellular signal transduction. This model
and the biochemical characteristics of the AgrC-AgrA interactions
reveal details of the intracellular signal transduction mechanism
in S. aureus that ensures temporal fidelity in the cellular response
to a quorum-sensing stimulus.

MATERIALS AND METHODS

S. aureus strains. S. aureus methicillin-sensitive clinical isolates of all of
the types, i.e., 559 (agr type I), 1437 (agr type II), 1039 (agr type III), and
368 (agr type IV) (9), were obtained from an S. aureus repository main-
tained by Gayathri Arakere. The agr null mutant (RN6911) was used as a
reference strain in this study (10). The agr types of these strains were
confirmed by multiplex agr typing (11) and sequencing of agr operon
genes (data not shown).

Cloning, expression, and purification of recombinant cytosolic
AgrC and AgrA. Several PCR primers were designed to obtain expres-
sion constructs for AgrC [AgrCp, AgrCey,, and AgrC ,s4 450)] and
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AgrA (the entire protein is also referred to as AgrA;, and the response
regulator is referred to as AgrApy) in the pET expression vectors
pET28a and pET22b (Novagen, Inc.). Site-directed mutagenesis of
AgrCeyy, (AgrCe,,,Y251W) was performed with partially overlapping
primers. These AgrC and AgrA constructs (see Table SAI in the sup-
plemental material) contained a hexahistidine tag at either the N or
the C terminus and could be overexpressed in Escherichia coli
Rosetta(DE3)pLysS cells (Novagen) at 20°C upon induction with 0.5 mM
isopropyl-B-p-thiogalactopyranoside (Gold Biotechnology, Inc.). All
protein samples were purified by nickel-agarose affinity chromatography
(Ni-IDA; GE Healthcare), followed by gel filtration chromatography
(HiPrep 16/60 Sephacryl S-200; GE Healthcare). Fractions containing the
target protein were loaded onto a gel filtration column equilibrated with
20 mM Tris-HCI (pH 8.5)-200 mM NaCl-5% glycerol. The proteins were
eluted from the column and concentrated to up to 10 mg/ml in the case of
AgrCe,,, and to up to 1 to 2 mg/ml in the cases of AgrAg; and AgrAy.

In vitro phosphorylation of AgrC. Autophosphorylation of AgrCc,,
was examined as described previously (12), with minor modifications.
Briefly, purified AgrCc,,, (1 to 2 pM) was preequilibrated in 50 mM
Tris-HCI (pH 7.2)-50 mM KCI-5 mM MgCl, in a final reaction volume of
100 pl for 10 min at 25°C. The autophosphorylation reaction was initiated
by adding aliquots (5, 15, 25, 100, and 300 uM) of [y->*P]ATP (specific
activity, 2,500 Ci/mmol; BRIT, Hyderabad, India). Twelve-microliter ali-
quots were removed at different times (1, 10, 20, 30, 40, 50, 80, 100 and
300 s), and the reaction was quenched by the addition of 5X SDS sample
buffer (2.5% SDS, 25% glycerol, 125 mM Tris-HCI [pH 6.8], 200 mM
dithiothreitol, 0.0025% bromphenol blue). Samples were analyzed with-
out heating by 12.5% SDS-PAGE. The gels were dried and subjected to
autoradiography. These experiments were repeated in triplicate, and the
extent of phosphorylation was analyzed by phosphorimaging. The inten-
sities were plotted against time, allowing the rates of phosphorylation to
be calculated as initial rates from the progress curves. The amount of
phosphorylated AgrCc,,, (AgrCe,,~P) was quantified by using a stan-
dard curve generated with known concentrations of [y->*P]JATP. Initial
rates were calculated from linear regression plots of [AgrCq,,,~P] versus
time. The kinetic parameters (K,, and K_,) (12-15) were obtained by
fitting the kinetic profile with a nonlinear regression program (GraphPad
Prism).

Phosphotransfer between AgrC,,, and AgrA. Phosphorylation of
AgrCe,,, was performed as described earlier. The excess [y->*P]ATP was
removed with a microspin column (Millipore, Inc.). Five micromolar
phosphorylated AgrC,,, wasadded to 15 uM AgrAg; and 15 pM AgrAgg
in phosphorylation buffer (50 mM Tris [pH 7.2], 100 mM KCI, 5 mM
MgCl,). The reaction mixture was incubated at 25°C, and samples (12 pl)
were removed at different times, quenched with 3 .l of 5X SDS sample
buffer, and visualized by 15% SDS-PAGE. The phosphorylated protein
was visualized by phosphorimaging. A plot of the recorded intensities
against time was used to determine the rate constants of kinase activity.

Quaternary structure of AgrCc,, and AgrAy;. The quaternary as-
sociation of these proteins was analyzed by size exclusion chromatog-
raphy (Superdex 200-10/300GL; GE Healthcare). The concentration
of AgrCe,,, used for size exclusion chromatography was ca. 40 pM.
These experiments were also performed in the presence of 2 mM Mg-
ATP. Size exclusion chromatography of AgrAp; (ca. 40 nM) was also
performed without a phosphate donor, as well as in the presence of 10 mM
acetyl phosphate. Dynamic light scattering (DLS) experiments were per-
formed at 20°C on a Viscotek-802 DLS instrument. The concentration of
AgrCe,y,, was varied from 0.25 to 2.5 mg/ml, whereas AgrAg; was used at 0.7
to 2.5 mg/ml in these experiments. The AgrCg,, protein was in 20 mM
HEPES (pH 7.5)-200 mM NaCl, while AgrA;; was in 20 mM HEPES (pH
7.5)-500 mM NaCl-10% glycerol. A phosphate donor (acetyl phosphate)
was used to obtain phosphorylated AgrA. The data were analyzed with Om-
nisize 3.0 software.

Crystallization and structure determination. Initial screening for
crystallization conditions was performed with Hampton and Molecular
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Dimension screens with different expression constructs of the cytosolic
domain of AgrC. Crystals of the sensor kinase domain of AgrC could be
obtained from the AgrC,,, construct at 20°C by the microbatch method
(1:1 paraffin and silicone oil mixture; Hampton Research, Inc.). A drop
containing 1 pl of protein solution (15-mg/ml concentration) and 1 pl of
a solution containing 0.2 M ammonium acetate, 0.1 M trisodium citrate
dihydrate (pH 6.0), 36% 2-methyl-2,4-pentanediol, and 200 mM sodium
potassium tartrate yielded crystals with dimensions of 0.3 by 0.3 by 0.2
mm in 3 to 4 weeks. The crystals were flash frozen in liquid nitrogen for
data collection at 100K. Although different ligands [Mg-ATP and the ATP
analogues adenylyl imidodiphosphate and adenylyl (8,y-methylene)
diphosphate] were used for cocrystallization with AgrC constructs, these
crystals could not be improved.

AgrC crystals diffracted up to 2.24 at a synchrotron source (BM14
beam line at the European Synchrotron Radiation Facility, Grenoble,
France). The images were processed with iMOSFLM (16) and scaled with
SCALA (17). Phase information was obtained by molecular replacement
with the sensor histidine kinase of Thermotoga maritima (Protein Data
Bank [PDB] code 2C2A) as a search model with Phaser (18), and the
initial model was built with Buccaneer (19). The model was refined with
Refmac5 from the CCP4 suite of programs (20), and the fit of the model to
the electron density was examined with Coot (21). The topology and
parameter files for ligands were generated with the PRODRG server (22).
The model was validated with PROCHECK (23). All of the figures illus-
trating this molecule were prepared with PyMOL (Schrodinger, LLC).

Molecular modeling and docking of AgrAg on AgrCe,,,. The crystal
structure of the cytosolic domain of AgrC formed the basis of the con-
struction of a model of AgrC (AgrCy; ). This involved modeling of the
dimerization domain that precedes the ATP binding domain of AgrC.
This hybrid model formed the basis for a dimer of AgrCc,,, (with the
RosettaDock suite) and was aided by a comparison with the T. maritima
HKS853 structure (PDB code 3DGE). The model of AgrAy was obtained
from the Phyre server, which used Salmonella enterica serovar Typhimu-
rium CheB (PDB code 1A20) as a template.

Fluorescence studies. Fluorescence studies of AgrCe,,, and AgrAg;,
were performed on a Jasco FP6300 fluorimeter at 25°C. The spectrum of
the denatured protein was obtained by incubating the AgrCc,,,Y251W
protein sample in 8 M urea. In these control experiments, 5 uM
AgrCe,,,Y251W mutant was incubated in a buffer containing 8 M urea,
20 mM HEPES (pH 7.5), and 200 mM NaCl for 30 min. The excitation
wavelength was set to 280 nm with a slit width of 2.5 nm, while the emis-
sion spectrum was recorded from 300 to 400 nm at a slit width of 10 nm.
Each recording was an average of three scans. An identical experiment
was performed with 4 wM AgrAp;. The kinetics of the association of
AgrCe,,Y251W with AgrAg; was examined by steady-state fluores-
cence with excitation at 280 nm and the emission wavelength set at 344
nm. In these experiments, 0 to 80 wM AgrA;,; was titrated against
4 pM AgrCe,,,Y251W in 20 mM HEPES (pH 7.5)-200 mM NaCl-10
mM MgClL,—5% glycerol. The fraction of AgrAg titrated against
AgrCey Y251W [F(x)] was calculated with the equation F(x) = [Y(x) —
Yinbound)/ Yoound — Yunbound)> Where Y(x) is the fluorescence signal of
AgrCe,,Y251W at an AgrAy; concentration of X, Y, ,poung 18 the fluores-
cence signal of the protein in the absence of AgrAg;, and Yy .4 is the
fluorescence signal of the protein at saturating concentrations of the
AgrAp, protein. The fraction bound was analyzed with the ligand binding
nonlinear regression equation (GraphPad prism software) F(x) = Y(x) +
lal(a X ¢)], where F(x) is the fraction of AgrCe,,Y251W titrated against
AgrAgg, Y(x) is the maximum fraction of AgrCe,,,Y251W in AgrAgy, a is
the dissociation constant (K,;) of the AgrC-AgrA complex, and c is the
concentration (M) of AgrAy,.

SPR spectroscopy experiments. The kinetics of the interaction be-
tween AgrCc,,, and AgrA was examined by surface plasmon resonance
(SPR) spectroscopy (BIACORE 2000; GE Healthcare). The purified
AgrAp, or AgrAyy protein was immobilized on a CM5 chip (BIACORE;
GE Healthcare) at a surface density of 12 ng/mm?. Various concentrations
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of AgrCe,,, were the analytes in these experiments. The first panel of the
CMS5 chip served as a control. SPR spectroscopy experiments were per-
formed with 50 mM HEPES buffer (pH 7.5), 150 mM NaCl, 10 mM
MgCl,, and 5% glycerol. These experiments were also repeated in the
presence of 2 mM ATP. Similar experiments were performed with
AgrCe,,Y251W as an analyte. Binding constants were obtained with the
BIAevaluation software (BIACORE; GE Healthcare). This software deter-
mines the association and dissociation constants of the analyte (A) and
ligand (B) by fitting experimental data to a 1:1 interaction model. The rate
of complex formation during analyte injection is given by d[AB]/dt =
k,[A][B] — k4[AB], where k, and k, are the association and dissociation
rate constants. The dissociation rate of the ligand-analyte complex at the end
of the injection is d[AB]/dt = —k4[AB]. If the total ligand (B) is assumed to be
involved in complex formation (measured in response units, then the rate
equation can be written as dR/dt = k,CR_,,, — (k,C + k4)R. An important
assumption is the steady state, wherein the net rate of complex formation
becomes zero: k,CR,,,,c = (k,C + ky)R. Setting R = R, (the equilibrium
response level) and expressing k,/k4 as equilibrium association constants re-
sults in the final equation R, = (K,CR,,,,,)/(K,C + 1). A plot of R, against
the analyte concentration (C) provides an estimate of K,. The inverse of K,,
the equilibrium dissociation constant (K,), is reported here.

qRT-PCR analysis of AIP-induced activation and inhibition. For
monitoring of the activation of the agr regulon, RNA was isolated from S.
aureus cultures (24). Cells were harvested at the 1-, 3-, 5-, and 7-h time
points; suspended at 1:2 in RNA-Later reagent (Qiagen); and further in-
cubated at room temperature for 5 to 10 min before centrifugation and
storage at —80°C. To study AIP-induced inhibition, all agr (I, II, III, and
IV)-type cultures were grown overnight. The culture supernatants were
subsequently passed through 0.2-pum filters as described earlier (24). Each
agr-type isolate was grown for 3 h before adding the cross-inhibiting cul-
ture supernatant (from the other three S. aureus agr types) in a 1:1 ratio
and grown further for 4 h at 37°C. Cells were harvested at the 5- and 7-h
time points after the addition of supernatants. Samples were resuspended
in 200 .l of buffer containing 3,000 pg of lysozyme, 6 p.g of lysostaphin,
and 10 pg of proteinase K in Tris-EDTA buffer (30 mM Tris-HCI [pH
8.0], 1 mM EDTA). RNA was isolated with the RNeasy minikit (Qiagen).
One microgram of RNA was converted to cDNA with the QuantiTect
reverse transcription kit (Qiagen). Twenty nanograms of cDNA per reac-
tion was used for quantitative real-time PCR (qRT-PCR) with the Bio-
Rad 1Q5 system. The primers used to amplify target genes are listed in
Table SA2 in the supplemental material. Gyrase A (gyrA) was used as the
internal control. The relative transcriptional levels of target genes were
determined by the 2~ *4" method (25) by using the values from the 1-h
time point as a control for activation and those from the 3-h time point as
a control for inhibition experiments.

Hemolysin assays. The protocol for the hemolysin assays was adapted
from that of Sakoulas et al. (26). S. aureus cultures grown in tryptic soy
broth (TSB) were streaked perpendicular to the RN4220 strain on sheep
blood agar (SBA) plates and incubated at 37°C for 24 h and then at 4°C for
24 h to trigger a cold shock response. To inhibit hemolysis, overnight
cultures were inoculated at a 1:1,000 dilution and grown for 3 h before
cross-inhibiting supernatants were added to the cultures and they were
grown further for 4 h. Five percent SBA plates were overlaid with 2 ml of
lyophilized (20X concentrated) and filter-sterilized supernatants. When
the plates were dry, the strains were streaked onto plates containing cross-
inhibiting supernatants and incubated at 37°C.

Immunoprecipitation of AgrA from S. aureus lysates. AgrA pull-
down assays were performed with antibodies raised against AgrA in rab-
bits. Cell pellets from 50-ml S. aureus cultures of each agr type were grown
and suspended in 3 ml of lysis buffer (50 mM Tris [pH 7.5], 150 mM NacCl,
1 mM MgCl,, 0.1 mM EDTA, 0.1 mM EGTA, 0.1 mM NaF, 0.1 mM
Na;VO,, 0.5 mM phenylmethylsulfonyl fluoride, 200 wg/mllysozyme, 0.1
mg/ml lysostaphin, 20 pg/ml DNase, 10 pg/ml RNase, 15 pg/ml protease
cocktail inhibitor) for 30 min at room temperature. The lysates were cen-
trifuged at 7,000 rpm for 10 min at 4°C, and the supernatants were sub-
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TABLE 1 Diffraction data and refinement statistics

Parameter Value?
Diffraction data
Wavelength (A) 0.97895
Resolution range (A) 34.81-2.2
Unit cell parameters (A) 67.3,67.37, 101.99
Space group P4;2,2

355,542 (31,207)
12,556 (1,080)

Total no. of reflections
No. of unique reflections

Completeness (%) 100 (100)
Multiplicity 28.3(28.9)
Wilson B factor (A?%) 30.8
Rinerge (%) 10.5 (67.4)
<Io(D)> 23.1(6.1)
Refinement
Ryt (%)° 19.6
Riee (%)° 22.5
No. of residues 148
No. of solvents 55
No. of ligands 5
B factors (A?)
Protein 42.77
Water 62.91
Ligand 70.51
RMS deviations in bond:
Length (A) 0.0065
Angle (°) 1.137
Model Ramachandran plot
Favored region (%) 95.83
Allowed region (%) 4.17
Qutliers (%) 0

“ Ruerge = 2t 2 [L(hkl) — <I(hkD)>|/2;,; 3; I,(hkl), where I,(hkl) is the intensity of
the ith reflection and <I(hkl)> is the average intensity.

v Rcrys! = Ehkl'Fobsl - |Fcalc|/2th|Fobs|'

¢ R Was calculated the same way as R, but by using 5% of the data that were
excluded from the refinement calculation.

@ The values in parentheses are for the outer shell.

sequently ultracentrifuged at 60,000 rpm for 50 min at 4°C to collect the
cytosolic fractions. Five milligrams of lysate at each time point was incu-
bated with 20 pl of N-hydroxysuccinimide (NHS)-activated Sepharose
beads coupled to AgrA antibodies for 30 min at 4°C and washed with lysis
buffer (50 mM Tris [pH 7.9], 150 mM NaCl, 1 mM MgCl, 0.1 mM EDTA,
0.1 mM EGTA, 0.1 mM NaF, 0.1 mM Na,VO,) before elution with 15 p.l
of 2 M NaCl. The eluates were separated by 15% SDS-PAGE, electroblot-
ted onto a polyvinylidene difluoride membrane, and probed with AgrA
primary antibodies (1:1,000) and horseradish peroxidase-labeled goat an-
ti-rabbit IgG (1:3,000) secondary antibodies. Immunoblots were devel-
oped with ECL (enhanced-chemiluminescence) reagent (Biosource).

RESULTS

Crystal structure of the cytosolic domain of AgrC. Extensive
screening of recombinant protein constructs (see Table SA1 in the
supplemental material) with various lengths yielded diffraction
quality crystals of AgrCe,,,. The data collection and refinement
statistics are compiled in Table 1. The phase information for this
structure was obtained by molecular replacement with the T. ma-
ritima sensor kinase (PDB code 2C2A) as a search model (27).
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Analysis of the diffraction data and subsequent biochemical anal-
yses of AgrCe,,, crystals suggested that these crystals contained an
18-kDa fragment of AgrC,,,, perhaps because of in situ proteol-
ysis in the crystallization drop. While we were successful in crys-
tallizing the intact cytosolic domain in the case of another AgrC
construct [AgrCi,s4_430)], these crystals diffracted to a lower reso-
lution (see Fig. SA1 and Table SA3 in the supplemental material).
Also, the polypeptide stretch corresponding to the dimerization
helix and the catalytic histidine residue (His-239) could not be
modeled in the experimental maps because of poor electron den-
sity. The subsequent structural description is thus restricted to the
CA domain of AgrCe,.

The CA domain (residues 278 to 430) of AgrCc,,, has a six-
stranded B-sheet (B1 to B6) stacked against four helices (a1 to a4)
(Fig. 1A). This domain is broadly similar to the ATP binding do-
mains of proteins belonging to the GHKL superfamily of ATPases
including TM0853 (PDB code 2C2A), PrrB (PDB code 1YS3),
DesK (PDB code 3EHG), CheA (PDB code 1159), and PhoQ (PDB
code 1ID0) (28). However, in the ATP binding domain of AgrC,
the B1 strand is part of a B-sheet formed with five other 3 strands.
This differs from other reported structures, wherein the first 8
strand of the ATP binding domain forms a linker between the
dimerization and ATP binding domains. This 3-sheet forms the
back wall of the ATP binding cavity. The polypeptide that covers
the nucleotide binding pocket, also referred to as the ATP lid, is
tethered between two hydrophobic clusters (27). Sequence and
structural comparisons reveal that AgrC has a shorter lid in the
ATP binding pocket than other characterized ATP binding do-
mains. In the conformation seen in AgrCe,, helices a3 and a4
are located at the entrance of active site. The positioning of these
helices is likely to hinder substrate binding. The orientation of
these helices is different from other substrate-bound ATP binding
domains (for example, PDB code 2C2A) (Fig. 1B; see Fig. SA2 in the
supplemental material) (27) as well as the apo domain structures
(PDB code 1YS3). In this context, it is worth noting that although
AgrCe,,, could be crystallized only in the presence of ATP, the exper-
imental maps did not reveal electron density for ATP.

Autophosphorylation of AgrC. A time course reaction with
AgrCe,,, in the presence of different concentrations of [vy-
>2P]ATP at 25°C suggested a first-order reaction for the first 5 min,
followed by a saturation phase over the next 20 min (Fig. 2A). The
phosphorylated protein was stable for more than 1 h at 25°C (Fig.
2B). At the initial stage, the autophosphorylation reaction is first
order in ATP and the dependence of k,,,, on the ATP concentra-
tion was half maximal, at 40 = 2 M (K,1p). The overall apparent
pseudo-first-order rate of autophosphorylation, K., (K,pe,) is
0.11 = 0.002 min !, which is similar to that of other histidine
kinases, such as S. aureus WalK (13), Streptococcus pneumoniae
WalK (29), Bacillus subtilis NarQ (30), and S. aureus Vra$S (31).

Phosphotransfer kinetics. Incubation of AgrCe,,~P with
AgrA revealed a rapid transfer of the phosphoryl group to AgrA
(Fig. 2C); indeed, 50% of the phosphoryl group was transferred
within a minute of the initiation of the reaction. A 3-fold excess of
AgrA was maintained in these phosphotransfer experiments. The
estimated pseudo-first-order rate constant of the phosphotransfer
during the initial period at room temperature is 0.068 = 0.001s ™"
The phosphotransfer kinetics support the hypothesis that trans-
membrane signal transduction is almost instantaneous, involving
low affinity, transient AgrC-AgrA interactions. The rapid phos-
photransfer is also consistent with a recent study that suggests that

August 2014 Volume 196 Number 15

Characterization of AgrC-AgrA Interactions

rapid phosphotransfer rates can be correlated with histidine ki-
nase response regulator specificity and governs fidelity in two-
component systems (32, 33). As hypothesized by the molecular
model, these interactions involve only the receiver domain of
AgrA. Indeed, the phosphotransfer from AgrCe,,,~P to a shorter
construct of AgrA containing only the receiver domain (AgrAgy)
is similar to that of AgrAy, (Fig. 2D).

AgrCe,,,-AgrAgy interactions. The crystal structure of AgrCe,,
provided a basis for a mechanistic model of the AgrCe,,-AgrAgg
complex. In this model, the arrangement of the AgrCc,, dimer
was modeled on T. maritima HK853 (PDB code 3DGE) (34, 35)
(Fig. 3A). The response regulator was subsequently placed by in
silico docking trials with the RosettaDock suite (36). In this struc-
tural arrangement, AgrAygy, is stacked on the dimerization helices
of AgrC (Fig. 3A). This model is consistent with both the confor-
mational constraints for phosphotransfer and the observation
that the interaction between a shorter construct of AgrCe,,, (con-
taining only the ATP binding domain) with AgrA reduces drasti-
cally irrespective of ATP concentrations (data not shown). The
molecular model of the complex thus incorporates the finding
that both subdomains of AgrCg,,, are required for AgrA interac-
tions and the C-terminal DNA binding domain of AgrA does not
directly interact with AgrCc,,. The discrimination between cog-
nate and noncognate response regulator interactions is governed
by the sequence and structural features at the interface between
the histidine kinase and response regulator (32, 34). The AgrC-
AgrA interface suggested distinct sequence characteristics that
dictate the interaction specificity in this complex (see Fig. SA3 and
SA4 in the supplemental material). Several hydrophobic residues
from AgrC are involved in AgrA interactions. These include
Val242,1le244, Leu245, and Leu248 in the polypeptide stretch that
extends beyond Tyr251. The segments of AgrA that interact with
AgrC, on the other hand, incorporate polypeptide segments on
either side of Asp59. While these are conserved in AgrA types I to
IV, substantial variations are seen in other response regulators.
The influence of these sequence variations on specificity was ex-
perimentally examined with two noncognate response regulators,
VraR and LytR (see Fig. SA5 in the supplemental material). The
interaction between AgrC and these two response regulators was
examined by SPR spectroscopy. Assays to evaluate the phospho-
transfer between AgrC and these two noncognate response regu-
lators were also conducted by using the same procedure adopted
for the cognate AgrC-AgrA complex. The poor binding affinity
and kinetics of phosphotransfer between AgrC and these two re-
sponse regulators are consistent with the notion that sequence
features enforce specificity in AgrC-AgrA interactions.

The extent of the interaction interface between AgrC and AgrA
in the molecular model was also examined by fluorescence spec-
troscopy. There are no tryptophan residues in either AgrC or
AgrA. The introduction of a tryptophan residue at the AgrCe,,,-
AgrAgy interface thus provided a strategy by which to examine
AgrC-AgrA interactions by fluorescence spectroscopy. The cata-
lytic histidine residue (His-239) in AgrC is located in one of the
dimerization helices. On the basis of the AgrCe,-AgrAgz com-
plex model, Tyr-251, located on the same helix as His-239, was
mutated to Trp (see Fig. SA6 in the supplemental material). The
far UV circular dichroism spectrum of the AgrCe,,,Y251W mu-
tant was similar to that of AgrC,,, (see Fig. SA7 in the supple-
mental material). We note that introduction of the tryptophan
residue near the catalytic histidine did not substantially alter the
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FIG 1 Conformational features of AgrC. (A) The ATP binding domain in the crystal structure of AgrC (PDB code 4BXI). Residues 389 to 393 could not be
modeled in the electron density map (shown by a discontinuous line). (B) Structural superimposition of the ATP binding domain of AgrC and a representative
ligand-bound ATP binding domain (TM0853; PDB code 2C2A; in gray). The lid of the ATP binding site adopts a conformation in AgrC that is different from that
in other characterized domain structures in the apo- and ATP-bound forms. (C) AgrC sequence conservation across staphylococci. For this representation of
sequence conservation on a structural model, the transmembrane segment of AgrC (residues 1 to 206) was modeled by using Acetabularia acetabulum rhodopsin
AR2 (PDB code 3AMS6) as a template in the LOMETS program (51). Mutations in the seventh transmembrane helix (inset) result in loss of specificity to
self-activating peptides (3). The dimerization domain (residues 206 to 278) was modeled on the basis of T. maritima HK853 (PDB code 3DGE) by using the Phyre
server (56). This figure was generated with ConSurf (52).

phosphotransfer kinetics (see Fig. SA8 in the supplemental mate-  trations of AgrAg; (0to 80 uM) against 4 pM AgrCe,,,Y251W was
rial) or binding affinity, as estimated by SPR spectroscopy (see Fig.  performed. Fluorescence emission was monitored at 344 nm. Flu-
SA9 in the supplemental material). The fluorescence spectrum of  orescence intensity saturation could be achieved by the addition of
the AgrCc,,,Y251W mutant protein showed an emission maxi- 60 pWM AgrAg, (Fig. 3E). The K, for the AgrCc,, Y251W-AgrAg,
mum at 344 nm (Fig. 3D). A titration involving various concen- interaction was estimated to be 20.62 = 2.98 wM, and that in the
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FIG 2 Kinetic parameters of phosphorylation and phosphotransfer. (A) The time course reaction used to calculate the initial rates of AgrC,,,~P formation at
different ATP concentrations. (B) Reaction velocity-versus-[ATP] curve for AgrC autophosphorylation. The kinetic parameters of this reaction are reported in
the text. (C) Data used to calculate the kinetic parameters of the phosphotransfer reaction between AgrCc,,, and AgrAg; . (D) Comparison of phosphotransfer
to AgrAyy and phosphotransfer to AgrAy, . The error bars represent standard deviations of five independent measurements.

presence of 2 mM ATP was estimated to be 9.02 = 2.0 uM. While
these interaction parameters also suggest that ATP influences
AgrC-AgrA interactions, the differences between the binding af-
finities derived by fluorescence spectroscopy with the SPR spec-
troscopy-derived parameters are likely due to differences in buffer
composition.

Influence of ATP on AgrC,,,-AgrAgy interactions. SPR spec-
troscopy experiments were performed to evaluate the interaction
between AgrCc,,, and AgrA (both AgrAg; and AgrAgy) with and
without ATP. Phosphorylation governs AgrC-AgrA interactions.
We note that the interaction between AgrCc,,, and AgrAy; (K, of
0.35 M) is influenced by the presence of ATP (K, of 0.15 wM)
(Fig. 3B and C and Table 2). Identical measurements with the
AgrA response regulator (AgrAgy) revealed a similar change upon
the addition of ATP (involving a change in the K, from 0.91 to
0.53 pM; Table 2; see Fig. SA10 in the supplemental material).
These results are consistent with the model of the complex de-
scribed earlier, which suggests that AgrAzy dominates AgrCe,,-
AgrA interactions. SPR spectroscopy experiments were also per-
formed by immobilizing AgrCc,, on a CM5 chip. In these
experiments, different concentrations of AgrAg; were used as ana-
lytes. The Kp, of 0.19 pM for AgrCe,,,-AgrAg interactions in this
experiment is similar to that observed with immobilized AgrAg,
(see Fig. SA11 in the supplemental material).

Phosphorylation induces AgrA dimerization. In vivo studies

August 2014 Volume 196 Number 15

of AgrC suggested that AIP interaction does not influence the
dimerization of AgrC,,,, whereas trans autophosphorylation is
AIP stimulus dependent (8) (also reproduced in this study; see Fig.
SA12 in the supplemental material). Upon phosphorylation, AgrC
transfers the phosphate to the response regulator AgrA, which
triggers downstream signal transduction. The oligomeric status of
AgrA and changes in the quaternary arrangement of AgrA upon
phosphorylation were examined by size exclusion chromatogra-
phy and DLS experiments. AgrAg, is predominantly a monomer
with a small dimeric component. The effect of phosphorylation on
AgrA was examined by incubating this protein with 10 mM acetyl
phosphate. In vitro phosphorylation of the response regulator by
acetyl phosphate has proven to be immensely useful in dissecting
the signal transduction mechanism in bacterial two-component
systems. Indeed, acetyl phosphate-induced phosphorylation of
AgrA revealed that phosphorylation influences the promoter
specificity of AgrA (37). In this study, we noted that phosphory-
lation changes the oligomeric association of AgrA. The elution
profile of AgrAy, in the presence of 10 mM acetyl phosphate re-
vealed that most of the monomeric species were converted into
the dimeric form. The mass spectrometric data on the eluted pro-
tein also suggest that 10 mM acetyl phosphate is sufficient to phos-
phorylate AgrA (see Fig. SA13 in the supplemental material). This
finding of phosphorylation-induced dimerization was also con-
firmed by DLS experiments (Fig. 4).

jb.asm.org 2881

1sanb Aq 9T0Z ‘9T Jaquiadaq uo /6io wse ql//:dny woly papeojumod


http://jb.asm.org
http://jb.asm.org/

Srivastava et al.

2
(B) ©
1501 — 6uM . — 6uM
. M 200 . — M
‘-. — 3uM 150- / —3uM
‘.- — 1uM %!
=} 5 =}
g / x g 1097 \—\\
2 s0{ SN ; :
2 H & 2 504 /
@ 3 R @ § ~——
] ‘///\ [} B
& 04 - & p
r 04 L
-53 L} L} L} L} T T 1 -50 T ) T L} T L] 1
50 0 50 100 150 200 250 300 50 0 50 100 150 200 250 300
Time (sec) Time (sec)
D) - E) |,
i o,
= o "’*. +AgrC-Y251W E s
'z & %, 0AgrC-Y251W (8M Urea) 2
Q 9" ”' ‘g 0.4
- al + * g
k= 60 & -, E
[ 0.
g 0 20 40 60 80
3 [AgrA] pM
§ 40 # .,
8 ...... =
= 8 08
8 i
20 T T T T 1 3 -
300 320 340 360 380 400 o -
Wavelength (nm) [t S e S S A
[AgrA] pM

FIG 3 Phosphorylation influences AgrC,,,-AgrA interactions. (A) Model of AgrCc,,-AgrAgy interaction. The interacting residues in AgrCe,,, and AgrA are
shown in more detail in Fig. SA3, SA4, and SAS5 in the supplemental material. (B) SPR spectroscopy experiments were performed by immobilizing AgrAy, ona
CMS5 chip. Different concentrations of AgrCe,,, were used as analytes. (C) AgrCe,,,-AgrAy, interactions in the presence of 2 mM ATP. (D) To quantify
AgrC-AgrA interactions, Tyr-251 at the interface of AgrCand AgrA (inset highlighted in panel A) of AgrCc,,, was mutated to a tryptophan residue. The emission
spectrum (300 to 400 nm) of AgrCc,,,Y251W (5 M) suggests that the tryptophan fluorescence is sensitive to the conformation of AgrCc,,- (E) To monitor the
interaction of AgrC with AgrA, 4 uM AgrCe,,, Y251 W was titrated with increasing concentrations of AgrAg; (0 to 80 wM) and fluorescence emission at 344 nm
was monitored (estimated K, 20.62 = 2.98 uM). (F) ATP influences AgrCq,,,-AgrA interactions. Fluorescence titration in the presence of 2 mM ATP resulted
ina K, 0f9.02 = 2.0 uM (error bars represent standard deviations; n = 6).

Transcriptional and phenotypic responses to AIP stimuli. agr regulon in different S. aureus agr types in the presence of ago-
The correlation between the expression of genes in the AgrA regu-  nist and antagonist AIPs. qRT-PCR for selected genes in the agr
lon and the cellular levels of AgrA was examined. This formed the regulon was performed at different phases of S. aureus growth.
basis for the evaluation of changes in the expression of genesinthe ~ The S. aureus growth curve suggests that the time points of 3, 5,

and 7 h correspond to the early exponential, exponential, and

postexponential phases of S. aureus growth (1). RNA was isolated

TABLE 2 Parameters of AgrCc,,, interaction with AgrA obtained from at these time points, and 1 pg of RNA was converted to cDNA for
SPR spectroscopy quantitative PCR analysis. The expression of these genes differed
Avg conen(10~7 M) = SD among the four clinical isolates. However, in all of the cases, we

noted that agrA expression was induced by 3 h and peaked there-
after. This pattern of induction was strongly correlated with the
AgrCeyio 3.54 % 0.39 9.15=3.11  expression of agrC and less so with agrB (data not shown). The

Analyte AgrAp, AgrAgg

AgrCey, + ATP 1.54 £ 0.45 228 £ 1.02  expression of agrD also followed a similar profile, where the level
AgrCey, Y251W 1.26 + 0.44 3042087 gocreased by 7 h (Fig. 5A).
AgrCey,Y251W + ATP 0.81 = 0.27 1.20 + 0.53

The protein levels of AgrA from S. aureus cell lysates was esti-
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FIG 4 Quaternary association of AgrAg,;. (A) Phosphorylated AgrAy,; is a dimer in solution. Shown is the size exclusion profile of AgrA;; on a Superdex
200-10/300GL column (GE Healthcare) (calibration shown in the inset). Phosphorylated AgrA was obtained by incubating this protein in 10 mM acetyl
phosphate. (B) DLS measurements performed at different concentrations (0.3 to 2.0 uM) of AgrAy, in the presence or absence of acetyl phosphate are consistent
with the size exclusion results. The error bars represent the standard deviations of three measurements with different protein preparations.

mated by immunoprecipitation at different time points and was
consistent with qRT-PCR analysis. The protein level peaked at 5h
(exponential phase; Fig. 5A) and decreased thereafter in all of the
clinical strains examined in this study (see Fig. SA14 in the sup-
plemental material). This finding suggests that degradation of
AgrA is not likely to influence the amplification step of the quo-
rum-sensing response. The levels of exotoxins and surface binding
proteins could also be correlated with the expression level of agrA.
We noted that RNAIII (8-hemolysin) levels were induced by 3 h
and increased rapidly thereafter (Fig. 5A). The expression level
was highest at 5 h in all of the strains and increased further in
strains 559 (agr type 1), 368 (agr type IV), and 1039 (agr type I1I).
The a-hemolysin (hla) levels in strain 1437 were low compared
with those of RNAIII, a finding that is consistent with the obser-
vations on S. aureus 772 (38) (Fig. 5A). The expression of surface
binding proteins like protein A (spa) is also consistent with earlier
reports that spa levels were inversely correlated with the expres-
sion of genes in the agr operon (Fig. 5A) (39). These observations
were also examined by using an agr null strain (RN6911). A com-
parison of the expression levels of RNAIII and spa in agr type 1
(559) and agr null (RN6911) strains revealed that AgrA dominates
RNAIII expression and thereby Hla levels, whereas spa levels re-
main unaffected (see Fig. SA15 in the supplemental material). In
the case of AIP-induced inhibition, we note that the expression of
all of the genes examined was downregulated in a similar time
frame (less than 2 h) by antagonistic AIP stimuli (Fig. 5B; see Fig.
SA16 in the supplemental material). Put together, the expression
analysis results revealed that temporal fidelity in AIP-induced
transcriptional responses is independent of the S. aureus agr type.
Furthermore, AgrA degradation does not appear to influence in-
tracellular signal transduction.

Hemolysin assays were performed to examine the time taken
for secreted toxins to manifest a virulence phenotype upon AIP
induction. All four S. aureus agr types were streaked onto 5%
blood agar plates overlaid with concentrated culture supernatants.
The effect of secreted exotoxins (a-, 3-, and 8-hemolysins) could
be visualized by a clear zone around the streak. While the zone of
inhibition is clearly visible at the 10-h time point in the control
assays, AIP induction (antagonist stimulus) causes a delay of 3 to
5 h in this process (Fig. 5C; see Fig. SA17 in the supplemental
material). This finding is consistent with qRT-PCR data that sug-
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gest that hemolysin levels are highest at the 7-h time point. This
assay suggests that cross inhibition caused by antagonist AIPs in-
volves a similar time frame for different AIPs (corresponding to
different agr types).

DISCUSSION

The first step in quorum sensing involving the recognition of an
AIP has been demonstrated to be localized primarily in the extra-
cellular receptor domain of the histidine kinase AgrC. The finding
that AgrC is a dimer, regardless of AIP binding or phosphoryla-
tion, provided an impetus for a mechanistic model that could
rationalize how differences in AIP recognition lead to differences
in intracellular responses (8). The temporal fidelity of the intra-
cellular signal transduction mechanism remains less clear. Fur-
thermore, recent studies have revealed that other environmental
triggers also influence the quorum-sensing response. For exam-
ple, redox stimuli regulate AgrA activity (40) and the stability of
RNAIII depends on CshA activity (41). These observations sug-
gest that the sequence of events that precede the AgrA-induced
phenotypic switch from persistent to virulent bacteria is more
elaborate than hitherto anticipated. In this context, it is worth
noting that phosphorylation dictates AgrA-DNA interactions
(42). Phosphorylated AgrA binds the P3 promoter that governs
RNAIII expression.

The crystal structure of AgrCe,,, provided a basis on which to
model the transient step of AgrCe,-AgrAgg interaction. This
step is likely to govern the rate at which the signal information is
transferred from the extracellular to the intracellular milieu. The
structure of the ATP binding domain of AgrC revealed that the lid
of the ATP binding pocket adopts a conformation that is distinct
from that of other reported ATP binding domains, regardless of
ATP binding (27). Although speculative, our suggestion is that the
mobility of the ATP binding lid influences conditional kinase ac-
tivity. This is also likely to contribute to the differences between
constitutively active histidine kinases (31) and kinase activity trig-
gered by environmental stimuli (8). The model of the AgrCc,,,-
AgrA complex provides a basis on which to rationalize specificity
in the histidine kinase-response regulator interactions in the agr
system. There are 16 two-component systems encoded by the
chromosomal DNA of S. aureus (43). Strain-specific variations, in
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FIG5 (A) Effects of agonistic stimuli on the transcriptional levels of genes in the agr regulon. S. aureus clinical isolate 1437 (agr type IT) was grown at 37°C in TSB,
and cells were harvested at 3, 5, and 7 h. The mRNA levels of genes in the Agr regulon (agrA, agrC, RNAIII, hla [a-hemolysin], and spa [surface protein A]) were
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FIG 6 Schematic representation of the stages of the S. aureus agr quorum-sensing mechanism. This compilation, including the definition of steps I to V, is based
on previous reports (8, 37, 53, 54). The focus of this study (inner dotted circle) is the intracellular signal transduction step regulated by the AgrC,,-AgrA
complex. The binding affinity for the AgrCc,,,-AgrA interactions (including the effect of phosphorylation), as well as the enzyme kinetic parameters, rationalizes
the spontaneity in triggering an intracellular response to an AIP stimulus. The signal amplification (larger circle) is slower, with a time frame of ca. 5 h. It is at this
stage where the effect of the stability of RNAIII (half-life, >45 min [55]) is likely to be important. Our data (Fig. 5) suggest a linear AgrA concentration increase
at both the mRNA and protein levels. This finding supports a mathematical model placing AgrA expression in a leading position before that of other genes in the

agr regulon.

addition to plasmid-encoded two-component systems, are also
likely, thereby increasing the number of these signal transduction
modules in S. aureus. While we do not have comprehensive data to
suggest that AgrA is the sole cognate receptor for phosphotransfer
from AgrC, sequence features support specificity in AgrC-AgrA
interactions. Comparisons of the sequences of AgrC and other
histidine kinases and of AgrA and other response regulators in S.
aureus suggest that sequence features are likely to enforce fidelity
in kinase-response regulator interactions (33). Indeed, no inter-
action or phosphotransfer between AgrCe,,, and the two noncog-
nate response regulators VraR and LytR was seen. A rapid phos-
photransfer step is also an indicator of specificity in histidine
kinase-response regulator interactions. A recent study of Myxo-
coccus xanthus two-component systems demonstrated a 5,000-
fold-difference between the phosphotransfer rates of cognate two-
component pairs and other response regulators (32). While the
phosphotransfer step between cognate histidine kinase-response
regulator pairs was rapid (within 1 min) in vitro, nonspecific phos-
photransfer was seen only upon prolonged incubation. This in
vitro finding on the phosphorylation and phosphotransfer steps in

the agr system could also form the basis for further in vivo analysis.
Investigations of the in vivo biochemistry of the E. coli PhoB-PhoR
two-component system, for example, provided a route by which
to evaluate the role of histidine kinase-response regulator interac-
tions in the fidelity of intracellular signal transduction. These
studies also revealed a direct role for the binding affinity between
the kinase and response regulator domains—a weaker interaction
between E. coli PhoR and a mutant form of the response regulator
PhoB could be correlated with higher, nonrobust phosphoryla-
tion (44).

The mechanistic steps involved in AIP-induced phenotypic
changes are summarized in Fig. 6. The first step, i.e., recognition of
AIP by the AgrC ectodomain and the subsequent transmission of
this information to the catalytic histidine kinase domain, has been
characterized earlier. The sensor domain of AgrC is also the least
conserved in the agr operon across S. aureus strains. The intracel-
lular components, however, reveal extensive sequence conserva-
tion. (Fig. 1C). A corollary to this observation is that the intracel-
lular steps in signal transduction and the response time for the
change in the phenotype of S. aureus are likely to be independent

quantified. The error bars represent standard deviations of triplicates, and fold changes in expression are on a log scale. The inset shows the immunoprecipitation
of AgrA from S. aureus cell lysates at different time points. Freshly purified recombinant AgrA was used as the control. (B) Effect of antagonistic stimuli on the
transcriptional levels of genes in the agr regulon. The expression of agrA, agrC, RNAIII, hla, and spa was monitored after cells were subjected to antagonistic
stimuli. In this representative illustration, clinical isolate 1437 (agr type IT) was grown until the early exponential phase (3 h). Supernatants from S. aureus 559 (agr
type I), 1039 (agr type I1I), and 368 (agr type IV) were added to the cultures, and they were grown further before the isolation of cells at 5 and 7 h. For clarity, the
agr types are represented as I, II, III, and IV. (C) Effects of antagonistic stimuli on hemolysis. S. aureus strain 1437 was streaked onto 5% blood agar plates
containing AIPs of other agr types. The clearance zones provide a measure of hemolysis. The effect of AIPs on hemolysis was visually monitored by comparison
with blood agar plates without AIPs. These findings on the effects of agonist and antagonist stimuli were consistent across all of the clinical strains examined in
this study (see Fig. SA17 in the supplemental material).
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of the agr type. Potential sources of variability, however, are the
phosphorylation-induced dimerization of AgrA and the stability
of this protein. These hypotheses were examined in this study. The
AgrCey,-AgrA interactions were experimentally examined by
SPR spectroscopy (Fig. 3B and C) and fluorescence spectroscopy
(Fig. 3D to F). A mechanistic interpretation was greatly aided by a
model of the AgrC-AgrA complex. This model describes the first
step in intracellular signal transduction (stage III in Fig. 6). We
note that this interaction is dependent on the ATP concentration.
That these surfaces are indeed buried upon AgrC-AgrA interac-
tions could also be validated by fluorescence assays wherein tryp-
tophan was used as a site-specific reporter. Despite extensive ef-
forts, we were unable to determine the intracellular concentration
of active, phosphorylated AgrA. Nevertheless, we could determine
that AgrA is not degraded in the time course of the studies to
evaluate AIP-induced transcriptional reengineering. The kinetics
of AgrC-AgrA interactions, coupled with the poor stability of the
phosphorylated Asp residue in AgrA, suggest that this step is nec-
essarily rapid to ensure fidelity of signal transduction. The next
step in the intracellular cascade involves the direct interaction of
phosphorylated AgrA with promoter elements to induce or re-
press mRNA levels. The tight coupling of this stage with the earlier
phosphotransfer step suggests that these two steps in the cascade
are unlikely to differ across S. aureus strains.

Studies attempting to mathematically model the agr quorum-
sensing mechanism suggest that upregulation of AgrA production
is a limiting factor in ensuring that a homogeneous population of
S. aureus cells achieves an upregulated state (45). Mathematical
models of this system incorporate conditions to simulate a spa-
tially homogeneous environment or to evaluate inhibition in a
nonhomogeneous system (46, 47). One finding is that AgrA ex-
pression is present in a leading position on an earlier time scale
than other proteins. While this squarely places the AgrC-AgrA
complex in a controlling role, it is worth noting that the assump-
tion of fast, switch-like behavior is an intrinsic feature of mathe-
matical models of quorum-sensing mechanisms in general (48).
Furthermore, these models describe distinct subloops (pictorially
represented in Fig. 6). Jabbari and coworkers have suggested that
each subloop in the quorum-sensing system is likely to play a
distinct role. The upregulation of AgrA, followed by AgrC, in par-
ticular, acquires significance in a spatially homogeneous popula-
tion model wherein a few cells are upregulated earlier than others
(45). The data presented in this report serve to correlate these
two-component system mathematical models with experimental
observations. The phosphorylated response regulator, with a
higher affinity for the P3 promoter, ensures temporal fidelity.
Other models involve constitutive phosphorylation by kinases.
Signal transduction in this case is the phosphotransfer from the
response regulator to the receptor. In this case, the dephosphoryl-
ated response regulator can function as an activator (46). One
factor with the potential to alter these mathematical models is that
the phosphorylation cascade may vary within and between strains
(49). Our studies involving analysis of the cellular concentration
and stability of AgrA, qRT-PCR analysis, and estimation of the
levels of secreted toxins suggest that the response time is indepen-
dent of the agr type or the nature of the AIP stimulus. These
findings suggest that variations in the response time are likely only
in the case of cross talk between the agr signal transduction mech-
anism and other signaling pathways. An example of this is the
regulation of AgrA activity by redox stimuli, wherein oxidized
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AgrA isinactive, leading to the termination of the signal transduc-
tion events initiated by AIP binding (40, 50). This feature is
likely to be conserved across S. aureus strains because of the
conservation of the disulfide-forming cysteines in AgrA. Pheno-
typic variations can thus be localized to the stability of RNAIII.
This is governed by CshA-mediated degradation. However, the
extent of the variation induced by this mechanism remains to be
examined.

To summarize, the intracellular AgrC-AgrA complex determines
the temporal fidelity of a transcriptional response to an AIP stimulus.
This interaction, involving distinct steps of oligomerization and con-
formational changes, is conserved across S. aureus strains. Varia-
tions in the response time and extent of the cellular response can
thus be attributed to environmental stimuli and the conditional
stability of the effector molecule of the agr system, RNAIIL.
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