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ABSTRACT

The virulence regulation of Staphylococcus aureus is controlled by a
complex set of genetic-level interactions which can be modeled using
existing mathematical frameworks. The different levels of regulation can
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be modeled using different systems, and are thus classified as Matifs,
Modules and Games. In this review, an overview of the regulatory
sequences and the frameworks to model them have been consolidated.
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INTRODUCTION

Saphylococcus aureus has been of immensein-
terest largely dueto the devel opment of drug-resistant
strains. Theregulaory networksand variousvirulence
factorsof S aureusare being characterized, and the
complex interconnected pathwaysare only now being
understood. These regulatory mechanisms present a
uniqueopportunity for mathematical modeling; sucha
mode will not only explaintheexisting behavior of the
system, but will aso help uspredict new functionsand
capabilitiesadongwith novel regulatory pathwaysat the
geneticaswdl asorganismd leves, withincertainred -
istic congtraints. Also, such mathematical modelswill
aid inthe correlation of population wide behavior to
organism-specific processeswithin the speciesi.e. ge-
netic regulatory pathways. Onageneral, non-specific
sca e, thedementsof thecomplex regulatory systemin
S aureus can be classified asthe virulence module.

Thismodule can beexpressed asaseriesof motifswhich
condtitutetheoveral system. Thesemoatifsaretheindi-
vidual molecular level systems, for example, theagr
locusformsamotif for aclassica TCSTS (two com-
ponent signal transduction system), or themotif for a
global virulenceregulator, amodel of the sar system.
Theinteraction between S aureus, theenvironment and
other competing organisms can be expressed asapopu-
lationlevd interactionwhichrelieson alargenumber of
externd factors. Theseinteractionscan bemodeled as
fixturewhichincludesaframework for evolutionary in-
teractionsand host pathogeninteractions. Thissystem
of motifs, modules and games¥ providesan overal
framework for considering behavior at many different
organizationd leves. Itisof our interesttofind correla-
tionsbetween thedifferent known regulatory pathways
and thetarget genes computationally, with adetermin-
istic gpproachwith the purposeof achieving certain tage
whereitspredictability can be measured for the system
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under considerationt?.

COMPONENTSOFTHE
VIRULENCE MODULE

During Saureusinfection, genesrelated to viru-
lenceexpressonor biofilmformation areexpressed and
regulated with respect to the cell concentration at the
siteof infection™®. For instance, at low cell densities,
genesfor adhesion and for biofilm formation aremani-
fested, whereas at increased cell densities, genesfor
virulencefactorsareexpressed. Themain systemre-
sponsiblefor the cell density dependent regulationis
theagr regulon. Asawhole, thevirulence modul e of
Saureuscontains regul atory sequences, genes encod-
ing a-toxin (hla), toxic shock syndrometoxin-1 (tst),
fibrinogen binding proteinA (fnbA), the sar systlemwith
SarA and itshomologsand regulation by RNAIIM. In
this section, thefunctioning of certain components of
thismodulewill beexplainedin brief tointroducethe
componentsthat will beexplainedin brief tointroduce
thecomponentsthat will betakenfor consderationwhile
expressing thesesystemsintermsof mathematicd “mo-
tifs”.

Theagr regulon

Theagr locusof Saureuswhichisresponsiblefor
the accessory generegulators, represents a Quorum
Sensing Circuit®™". The locus driven by 4 genes
agrBDCA hastwo divergently transcribed promoter
regions. AgrAC representsthe TCSTS, AgrCwhichis
thehistidinekinase sensor and AgrA being the cognate
response regul ator. agr B and agr D produce, modify
and export theAlP (Auto Inducer Peptide). At higher
cdl dengties, theAlPbindstothetransmembraneAgrC
which leadsto autophosphorylation of AgrC. The phos-
phate group isthen relocated to the AgrA which ini-
tiates transcription of the promoters P2 and P3.

Thetranscriptsof P2 and P3formthe RNAII and
RNAIII respectively which helpin regulation of wide
rangeof virulencefactors. Theexpression of agrBDCA
ismaintained at aconstant basal leve to producethe
AlPmoleculesduring early exponentia phase. Binding
of phosphorylated AgrA to theintergenomic region be-
tween P2 and P3 promotes transcription of theagr lo-
cus. Theintergenomic region containsbinding sitesfor

SarA. Expression of agr isa so dependent on glucose
concentrationand pH.

Sar locus- Sar A and homologs

Sar or the Staphylococca Accessory Regulator can
be considered as the global virulence regulator in
Saureus®d. SarA, whichwasfirstidentifiedinthislo-
cus, has been shown to have agr-dependent aswell as
agr-independent regul ation of virulencefactors. SarA
activatestheagr system by binding to theintergenic
region between theagr P2 and P3 promoters. TheSarA
up regul atesand down regulates variousvirulencefac-
tors. For example, studiesof SarA mutantshave shown
that SarA directly or indirectly transcriptiondly activates
coagulase, fibrinogen binding protein A, fibronectin
binding protein and represses a-toxin, serine protease
and lipase production.

In an agr-independent manner, it represses extra-
cellular proteases[ssp,aur,scp], collagen binding pro-
tein (cna) and activates a-hemolysin[ hla], toxic shock
syndrometoxin 1(tst) and fibrinogen binding protein A
(fnbA). Homologs of SarA have beenidentified with
conserved regions. Thehomologs SarS, SarT, SarU,
SarX and SarV, dongwith the sar repressor SarR help
inregulating the production of virulencefactors. This
regulationisachieved asthesehomologscanregulatea
particular virulencefactor and can also sometimesre-
pressanother sar homolog.

Regulation by RNAIII

Thetranscript of theagr P3 promoter isRNAIII
which has been shown to be the main regulating mol-
ecule of virulence factord'®Y, It has been proposed
that RNAIII worksas anti-repressor, binding with vari-
ous Sar homologsto either activate or repressvarious
virulencefactors. For example, it has been predicted
that RNAIII transcriptionally activates hlaexpression
by binding toitspromoter. Here Rot [repressor of toxin|
aproteinsimilar to SarA, repressesexpression of hla.
It is hypothesized that RNAIII bindsto Rot thereby
leading to expression of hla™.

Target genes

The actual targets of the seriesof regulatory net-

worksdescribed above arevarious proteinsthat aidin

virulence, cdll recognition, biofilm establishment, biofilm
degradation, and host evasion. Virulencefactorsare
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expressed during high cell concentrationswhereascell-
cdl recognitionand adhes onfactorsthat lead to biofilm
establishment areexpressed at low cell concentrations.
Factorsthat lead to biofilm degradationresultinginre-
lease of cellsared so regulated. Somevirulencefactors
are a-hemolysin(hla), toxic shock syndrometoxin 1
(tst), a-toxin, 8-toxin etc. Expression of coagulase,
serine protease, fibronectin binding protein, protein
A(spa), extracd lular proteases (ssp,aur,spa) arealso
targeted by theregulatory processes.

REGULATORY PROCESSESASMOTIFS

Thevirulencemoduleasdescribed inthe previous
section can berepresented asanetwork of functionally
distinct d ementscaled motifs. Motifscan beregarded
asequivaentsof discreet |ogic components.

Inthe context of agenetic network with complex
interactionsbetween DNA, RNA and protein, thepro-
cessof definition of amotif can beahard task dueto
thevery finedigtinctioninthefunctiondity of each com-
ponent. Inthisstudy, thefocuswill lieonthreelargely
distinct molecular systemsrepresenting dl threeleves
of biologica information: theagr regulon (DNA) and
thefunction of RNAIII (RNA), and thesar locus (pro-
tein). Thechoiceof componentsreflectsthebas c ques-
tion about the need for such amodel of virulence ex-
pression. By comparing themotifswith similar func-
tionsin other related bacteria species, we can predict
evol utionary rdationships, popul ationinteractions, pos-
sblestrategiesof surviva, etc. Inthisstudy, themotifs
described will not beanayzed with smilar components
in other species. Rather, apossiblemode with respect
toitsfunctionwill be described. By comparing motifs
based on the functionality, components of unrelated
speci es having common functions can a so be studied.
In the description of themotifs, thefocusof themodel
(i.e. thevariableunder consideration), theequilibrium
date(if any) and the dynamic properties(if any) will be
included.

Agr regulon - an oscillating bitable switch

The agr TCST S represents the quorum sensing
component, which makesthevirulence model behave
inacdl density dependent fashion. Dueto the continu-
ous, dynamic switching between the planktonic state
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and thebiofilm state, we hypothesizethat there occurs
aperiodic oscillation in the products of thevirulence
modules, asillustrated in Figure 1.
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Saturation Concentration. D- Planktonic State. E-Biofilm
state.

Figurel: Representation of hypothetical oscillationsin the
statesof an S.aureuspopulation assuminginfiniteresource
availability

A differentia equation mode for such an oscillator
can consider the oscillations of different ‘states’ asa
function of variation of concentration of AIPwithtime.
Inagmplified modd disregarding cdlular noiseandide-
dizingtheosaillationsto besnusoidd, thesysemwhen
represented graphically showsthedistinct switching
between the expression of cell surface proteins(at the
lower AP concentrations) and expression of soluble
proteinslikevirulencefactors (the peaksof thesnuso-
idsat high AlP concentrations). Thisrepresentation
completely neglectsinterferenceby other environmen-
tal sgndsandfluctuations. A modd for thequorum sens-
ing circuit in P.aeruginosa has aready been proposed
by Dockery and Keener*3. A similar framework can
be adopted for themodeling of theagr TCSTS.

The graph showsan intermedi ate concentration of
AlPwherethe switching action takesplace. Inbiologi-
ca terms, at the critical concentration, transcription of
RNAIII isupregulated. ASRNAIII increasesexpres-
sionof proteases, lipases, hemolysnsand virulencefac-
torsand decreases expression of cdll surface proteins,
fibronectin binding proteins, etc., RNA I11 actsasthe
reverse switch, forcing cellsback into the planktonic
date.
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Mathematically, RNAIIl ismodeed onrateof tran-
scription of P3, whichisdirectly proportional to anex-
ponential order of AIP concentration, abovealower
cut off concentration. Infunction, it behavesasamod-
ulewideswitch, enforcing expression of factorswhich
forcethesystemintoitsinitia state.

Here, additiond regulatory factorslikeRIP (RNAIII
inhibiting peptide) and RAP (RNAIII activating pro-
tein) and Rot (Repressor of toxin) will not beincluded
asthey do not fall under the control of theagr system.

Thissystem cand so beexpressedin Ssmpler terms
asaBoolean network. Consider theclassof virulence
factorsand biofilm degradative enzymesto represent
stateV. Also consider the class of cell surface proteins
and other binding factorsto represent state B. Let E be
the END state of the popul ation meaning ether inacti-
vation or death.

Consdering purely the switching action and ignor-
ing transcriptional and trand ationd processes, therda
tion betweenthestatevariableU (either Bor V) and R
(theRNAIII “switch’) will be:

U=R?V:B

AndasR canitsalf berelated to concentration of AR,
we can set thecritica concentration of AIPasA. Then
U={B,V,E,B",V "} /lU represents the variable
statesB, V or E or transitionsB” and V"

X={0, 1}//Theset of environmental factorsrequired
for thetwo states

Uu=B
A=0"
Cydebegin:
If (U=B)
{U=B"
A=1
R=A?1:0
u=v
}
If (U=V)
{ 1f(X)
{u=v"”
A=0
R=A?0:1
Uu=B
}
dse
U=E

}

Thusthe action of the agr regulon as a continu-
oudly oscillating bi-stable ‘switch’ can bemodd ed us-
ing asystem of differentia equations, and itsworking
can be represented as a Bool ean network.

Sar homologues: cascading switches

Thefunction of the Sar sysemisahighly regulatory
one, andit directly regulatesvirulenceexpressoninan
agr-independent aswell as dependent manner*314, In
an agr dependent manner, SarA bindstotheareabe-
tween agr promoter P2 and P3 binding site, maintain-
ing the basal level expression of agr, and repressing
particular virulencefactors. Inan agr-independent sys-
tem, the Sar homol ogsregulate the virulencefactors
and some repress another Sar homolog leading to a
complex interconnected network that regulatesexpres-
sonof virulence.

Thefunctioning of such acascade switchisnot un-
liketheworking anintegrated circuit. Likethe Inte-
grated Circuits (IC), thesar locusfunctionsasanet-
work of coordinated switchesforming aspecificlogic
network. Depending on the transcription of thelocus
and therdative concentrations of each homologue, the
pattern of virulence expression can bealtered.

Thus, it can be thought of asamulti input/output
IC, wheretheinput isthe specific rel ative concentra-
tion of each homologue, the network logic being deter-
mined by specific functioning of each protein, andthe
output being theregul ated expression of virulencegenes.

A Boolean network similar to that described for
the previous motif can be applied to the Sar system as
well, but thetarget genesare diverse, and the mode of
regulation (i.e. whether activation or repression) isfar
morecomplicated. In such asystem, feedback and feed-
forward areboth crucial and highly sensitive. Modeling
of thesar locusasalogica switching cascadewithdis-
tinct high and low states presentsaunique challenge.
Further complicationsof themodel can beintroduced
by taking into consideration the action of SarR, envi-
ronmentd fluctuationsand interactionswith other regu-
latory functions.

M otif inter actions

Thefunctioning of each motif described abovecan
result invery complex expression patterns. Thebasis
for thisisthe extreme state dependence of each motif.
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Now, when virulence factorsareregulated asaresult
of the motifsinteracting in sync with each other, the
resultinglevel sof regulaioninvolvevery high complex-
ity. Theintricaciesof such an extensiveregulatory ar-
chitecture provideasystem with arobust mechanism
of virulencemechanismover avery largerangeof in-
vivo environmental conditions. Themodeling of motif
interactions can be carried out only with alarge set of
experimentally determined data. Interactionson this
scale can be model ed as stochasti c processes*™, con-
sidering the probabilitiesof thevarious stateswith the
input parametersbeingtheinitid state of each motif as
afunctionof environmental fluctuations.

Noise generation

Any cdlular sysemishighly proneto noisesmainly
due to the presence of acomplex, diverse and con-
gantly fluctuating environment both withinthecdll and
outside of it. Inthe case of aregulatory network, the
concentrations of variousRNAsaong with their re-
spectivetrandated proteinscan vary drastically dueto
the combined effectsof al other cellular processesthat
maly or may not directly affect the network under con-
sideration. When data sets are analyzed for obtaining
variationsof levelsof factorswith time, theinherent er-
ror inthe datadue to noise cannot be neglected. The
prediction of this*“background noise” inany system can
again be model ed stochastically, but the parameters
under consideration will be many including tempera-
ture, pH, basal transcription rate and trangdlation rate,
presenceof specificinhibitorsand/or activators, inter-
actionswith other moleculesetc. Inour system, themgjor
source of noisecan betherandom burstsof AlP pro-
duction which can affect other networksin unpredict-
ableways. Thetranscription rate of al geneticfactors,
including thetranscriptiona rate of thevarious Sar ho-
mol ogs and virulencetranscriptsare under very tight
regul ation. Unantici pated induction of any of theinter-
connected pathswill push the system into statesthat
might not even beallowed in agiven model. Phenom-
enon like Stochastic Resonance*1 hasto be studied
and incorporated to understand better thefeaturesand
effectsof sub-cellular noise. A mode that incorporates
acorrection factor to reduce the effect of noise can
provideaclearer understanding of theworking of net-
work, aongwith reproducibleresults.

BioTechnology — o

POPULATIONWIDE
BEHAVIOR-GAMES

It isevident that the behavior of cultured organ-
ismsinvitroandinvivowill bevery different based
on the complexity and extent of environmental inter-
actions. In adisease causing organism like Saureus,
the environment determinesthe state of the system.
Modeling an in vivo system must take into account
the extreme high levels of extracellular noise,
Interspeci esinteractions, host interactionsaswell as
resourcelimitations.

A modd for theregulation of virulencewill incor-
poratetheinfluence of individual motifscombinedto
form distinct modul es. The crossactivation of various
pathways seen in the commonly occurring Saphylo-
coccus speciesformsthe basisfor setting the param-
etersfor interspeciesinteractions. Sincecrossactiva
tion of conserved loci takes place, it can be safe to
assume that the homologous modulein each species
hasagmilar underlyingarchitecture. Thusaninterspecies
interaction model can s mply find theinfluenceof each
modul e over the other modul e, under the given con-
straintscong dering thefoll owing input parameterssuch
&

o Cdl dengtiesof eachinteracting species.

e Initid tatesof each motif and modulein each spe-
cies.

e  Presenceof specificactivation or inhibition fac-
torsintheenvironment for each species.

e  Thespecies-specific vduesfor parametersof each
module (and each motif of each module)
Including transcriptiond andtrandationd rates, etc.

Theoutput parametersshouldinclude:

e  Find population dengitiesof each species.

1 Specific concentrationsof the productsof each
motif, with acomparisonwiththeinitial condi-
tions

2 Findly,acomparisonwiththeinitia conditions
and arepresentation of the effect of each spe-
cieson the other including typeand degree of
interactions.

Suchamode will requireagreater insight into the
possibleinteractionsinin vivo systems, but if such a
model isindeed possible, afar greater predictability of
population interactions can beachieved.
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CONCLUSION

The governance of virulence in Saphylococcus
aureusisdetermined by compositeinteraction of vari-
ousgenetic e ementswhich form aspecific genetic net-
work, which can bemode ed by using existing compu-
tational tools. Such amodel can be used not only to
predict themolecular geneticsleve regulation, but can
also be used to correl ate behavior on the population
scal ewith themolecular behavior ontheintracellular
level. Interaction between thevariousinfection-causing
speciesin vitro can aso besmulated. Thetheoretica
predictionsof thismodel can then be verified experi-
mental ly, whoseresults can then be used to strengthen
themodd further. Further, the schemeto beused, namdy
thedassficationof differentlevesasMotifs(at thebasic
geneticlevd), Modules(at thelevd of interacting gene
elements) and Games (at thelevd of interacting popu-
lations) will helpinformulating comparativeanadysesof
intracel lular pathwaysin the context of multi-species
interactions. The next stagewill beto carry out perti-
nent experimentsto validate the utility of thishypoth-
esis, whichwill inturnlead to astrengthening of the
moddl, lending it agreater predictive capability.
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