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ABSTRACT KEYWORDS
L ower organisms need to communicate with each other to perform various Quorum sensing;
activities needed for their survival. Microbes have evolved in an E. coli;
astounding manner to develop tailor-made systems to enhance their SdiA;

chances of existence in harsh environmental conditions. They carry out
these mechanisms by synchronizing their actions through cell-to-cell
communications. These intra-cellular communications bring about a
molecular chain of events to spread infection through biofilm formation
and virulence. This review shines a spotlight on the entire Escherichia
coli quorum sensing network, especially with regard to SdiA. Asis apparent
from earlier studies, SdiA acts as a global regulator for E. coli quorum
sensing. We propose that by antagonizing SdiA, virulence and biofilm
formation can be contained, thus suppressing pathogenesis of E. coli. As
an extension, other Gram-negative microorganisms that have analogous
circuits to E. coli can also be constrained.
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Global regulator.

INTRODUCTION

Life’srequirementsmust beaccomplished by bacte-
riawithinthe congtantly changing environment they sur-
vivein, asaresult of which they either haveto adapt to
the conditionsor risk facing extinction. Adaptationsstem
from evol utionary or genetic changesthat sustainaspe-
ciesover alongterm. Thepreferredlifestyle of bacteria
has evolved as one favoring composite biopolymer
embedded microcoloniescaled biofilms. Biofilmsare
themgjor signalsfor theexpression of virulence. Bac-
teriacommuni catewith one another through amecha-
nism called quorum sensing (QS). Variousfunctionsare
regul ated by the QS system of Gram-negative bacte-

ria, that include plasmid conjugation in Agrobacterium
tumefaciand?, virulence gene expression in Vibrio
cholerae® and Pseudomonas aeruginosal¥, antibi-
otic production in Erwinia carotovora’® and surface
motility through swarming in Serratia liquefaciansg®
and Burkholderia cepacia”. QSisachieved with the
help of chemica moleculesproduced by the bacteria.
The chemical moleculesresponsiblefor thesignaling
system in Gram-negative bacteria are N-Acyl
Homoserine Lactones (AHLS). Thesemoleculesare
utilized asautoinducers, by almost 7% of Gram-nega-
tive bacteria within the alpha, beta and gamma
proteobacteria. These Gram-negative bacterial
autoinducersdiffer from speciesto species, by varia-
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tioninlength of the carbon chain (rangingfrom 4to 18)
and thesubdtitution at C-3 position of theacyl-sdechan
of the compound. The QS system present in Vibrio
fischeri regulates bi oluminescence produced by the
organism under certain conditiong®. Certain other
Gram- negativebacteriapossessLuxIR - type proteins
which communicatewiththeAHL signals. Thereisa
high specificity between the LuxR proteinsand their
correspondingAHL signds, and duetothisreason, they
areessentidly usedfor intragpeciescommunication. The
luxi homol ogousgene encodesfor theAHL synthetase,
and theluxR homol ogous gene encodesfor therecep-
tor, and together they compliment to establishthe QS
control mechanism. Whenthebacteria countsincreases
to aparticular quorate, thesignal moleculeisreleased
by Luxl homologue synthetase. Along withthe LuxR
homol ogousreceptors, thesigna moleculesfrom LuxI
homol ogue synthetaseform an activated complex, which
subsequently bindsto specific regulator Sitesupstream
of thepromoter. Thishbindinginturn resultsintheposi-
tive or negative regul ation of target genetranscription.
AHL pathway can be blocked either by theinhibition
or antagonism of their receptorsor by interveningwith
thebiosynthesisof AHLSs.

Bacteria quorum sensingiscontrolledviasmdl Sg-
naling molecules, throughwhichintra-cellular commu-
nication occurs, called autoinducers. Mogt autoinduction
systemsareknown to possessthree main characteris-
tics: (i) LuxR homol ogue activates the transcription of
genesindicating cdl density dependence, (ii) for anear-
lier induction of LuxR homolog dependent transcrip-
tion, conditioned medium isadded to the culture, (iii)
various LuxR homol ogues can react with anumber of
autoinducers. LuxI-type synthetase synthesi zestheAHL
signaling moleculeswhich bind to the cognate receptor
LuxR, whichfurther regulatesthe expression of target
genes. When bacteria populationislow, compound
synthesisoccursat abasa level anditisdiluted after its
diffusoninto the surrounding medium. At higher den-
gty, AHL accumulationleadstoacritica threshold con-
centration, and theAHL bindstoits cognate receptor,
and stimulation or repression of target genestakesplace.
LuxR proteinsand other similar QS proteins: (a) cog-
nate acyl-HSL smediates specific binding, (b) binding
of signa molecules leading to the conformational
changesand alterationin protein multimerization, (c)
attaching or releasing of sequence specifictarget genes,
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(d) regulation of transcription®.

UnlikeAHLSs, many bacteriauseasecond regula-
tory system (Al-2) through an uncharacterized signal
molecule, such as furanosyl borate diester. Al-2
autoinducers are found in both Gram-negative and
Gram-positivebacteria. Someexamplesamong Gram-
positive bacteriainclude Bacillus subtilis, Bacillus
anthracis, Clostridium botulinum, Saphylococcus
aureusetc. In case of Gram-negative bacteria, theex-
amplesare Haemophilusinfluenzae, Vibrio cholera,
Vibrio harveyi, Escherichia coli, Salmonella
typhimuriumetc. Al-2 molecules, unlikeAHLSs, par-
ticipatein both i ntra-speci es and i nter-species commu-
nication. Al-2 moleculesare generdly synthesi zed from
4, 5-dihydroxy-2, 3-pentadiene (DPD). Al-2 percep-
tionisdependent on an additional sensor kinasecalled
LuxQ®. LuxQand LuxN input sensor kinasesare uni-
fied at thelux geneexpression level itself, through a
singlerepressor regulator LuxQ or additiona regulator
LuxR. TheAl-2 network isfoundin nearly haf the bac-
terial species, such asVibriyo harveyi [luxSAI2 sys-
tem, and the E. coli and Salmonella LuxS system. It
beginswith S-adenosylmethionineasthe central me-
tabolite, it actsasaprecursor in both the Al-2/AHL
pathways. Lux|-like enzymes processes SAM to pro-
duceAHL dongwithatoxic product, methyladenosine,
whichisthen converted to non-toxic methylthioribose
by 5’methylthioadenosine [Schauder and Bassler,
2001]. IntheAl-2 synthetic pathway, methyltransferase
enzyme converts SAM to S-adenosylhomocysteine,
whichisconverted to dihydroxy 4, 5-dihydroxy 2, 3-
pentadione through LuxS. Thiscompound isrespon-
sible for the formation of Al-2 molecules such asa
furanosyl borate diester.

A careful analysisof the genesresponsiblefor im-
parting virulenceand biofilmformationin E. coli shows
that SdiA upregulates or downregulatesthem, asisthe
case, either directly or indirectly, ultimately leading to
desired biofilm characteristicsin theorganism.

PATHOGENICITY ISLANDS—
THEVIRULENCE FACTORY

Themagjor virulencefactorsof E. coli aretheset of
proteins transcribed by the Locus of Enterocyte and
Effacement (LEE) pathogenicity idand (PAN™. LEE
PAI isknown to secrete the typethree secretion sys-
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tem (TTSS) in E. coli, which culminatesin theforma-
tion of attaching and effacing (AE) lesionsin theintes-
tined'Y. LEE1, LEE2, LEE3 and LEE4 operonsareto-
gether responsiblefor AE phenotypeexpressionin E.
coli. It encodesfor theproteins EscC (outer membrane
protein), EscN (an ATPase) and EscF. LEE4 encodes
for ESpABD proteins. EspA isamonomer and by po-
lymerization, it formsafilament over EscF, thereby
manifesting the needl e structure needed to inject the
effector proteinsinto the host cell. Poresin the host
plasmamembraneare made by EspB and EspD, which
arerequiredforinjection™. Then, EspFisinjectedinto
the cdll whichtargetsmitochondrialeadingto cdll degth
pathway. L EE5 operon encodesfor intimin proteinsand
Tir (trand ocated intimin receptor), anintimin receptor
that hel psinthein-depth attachment withthehost. CesT,
achaperonfor Tir isaso encoded inthesame operon*2,
Theintimin receptor istrand ocated to the host and the
binding of intimin hel psin strong attachment of bacteria
tothehogt epithdium. LEEL operonconggtsof ler (LEE
encoded regulator) genes, which on binding to
autoinducersactivatetranscription of LEE3 and LEES
operons®®. LEE4 isconstitutively expressed at high
levels. LEE1 and LEE2 genes are expressed vianor-
mal transcriptionfactorss70 but LEE3 and LEES are
transcribed by alternative o factor, RpoS (634)1*Y.
From earlier studies, it hasbeen found that all the
LEE genes are regulated by QS mechanisms. LEE1
and LEE2 aredirectly QSregulated while LEE3 and
LEE5 are QSregulated indirectly viaLer (aproduct of
ler inLEEL). Other promoterstranscribed by rpoSare
also regul ated by QS mechanism (likeftsQPL1). Both
enterohaemmoragic E. coli (EHEC) and enteropatho-
genic E. cali (EPEC) shareall the above mechanisms,
except for thefact that EHEC producesshigatoxin (stx)
while EPEC do not. Quorum sensing regulator A of E.
coli (QseA) activatesthe LEE genes, whichareinturn
activated by Al-2 molecules'?. H-NS, whichisim-
portant in genesilencing, can switch off the LEE genes
by bindingtoler of LEE1. H-NSisableto bridgeor
loop extended regionsin the LEE genesthereby silenc-
ingit (H-NSispresent only in EPEC). PerA (plasmid
encoded regulator A) which isencoded in 70kb EAF
virulenceplasmid of E. coli positively regulates LEES
operon. PerC, upon expression increasesthetranscrip-
tion of LEE1 operoni*3. BipA asoincreases LEE ex-
pression by activating ler gene. GrlA and GriR areen-
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coded by grIRA operon present between the L EE genes.
GrlA activatesthe LEE expression by acting upstream
of ler genesduring transcription. But, GrlR repressthe
LEE expression by acting at the sameplace of GrlA.
SOS response genes, acommon E. coli regulon used
for itsfundamenta survival, dso controlsthe LEE ex-
pression. LexA protein tendsto repressthe LEE oper-
ons. Therefore, presenceof DNA damaging agentslike
mitomycinC (activates RecA that cleavesLexA) in-
creasesthe L EE transcription™. Integration Host Factor
adsoincreasesthe LEE expression.

MOTILITY -THEBIOFILM TRIGGER

Therearethreequorum sensing E. coli regulators
namely QseA, QseB and QseC. QseA previously
caled asb3243, isan activator of ler in LEE PAI™,
QA protein belongsto theLysR family, whichissmi-
lar to AphB of Vibrio fischeri that encodes amaster
virulencefactor. TheAl-2 produced by theluxSgene
activatesthetranscription of gqseA. QseA then activates
LEE PAI at ler gene. But QseA doesnot involveinthe
transcription of genesrespons blefor flagellaand mo-
tility. It also doesn’t influenceAl-2 synthesi§*3. Thus,
QseA, inaquorum dependent manner, regul atesthe
LEE genesof E. coli. The other regulators QseB and
QseC formatwo component system. QseB encodesa
response regulator and QseC encodesfor asensor ki-
nase*Y, They donotinvolvedirectly intheregul ation of
LEE genes. They activateflhDC, amaster regulon for
motility genes. There are three classes of flagella
regulons. Classl isfIhDC whose product upon expres-
sion activates Class2 regulon. FHigM and FliA belongto
Class2 regulonswhich encodefor hook and basal body
of flagella. It istranscribed by an aternative ¢ factor
RpoS (628). Class3 regulon consists of fliC that en-
codesfor flagellinand mot operon that codefor motil-
ity. Class3regulonisactivated by FliC™3. Thistriggers
theexpression of genesinvolvedinassembly of flagella
and matility. Also, theactivated fInDCincreasesthetran-
scription of luxS/Al-2 QS system. TheluxStranscrip-
tionincreasss, thereby producing moreAl-2 molecules.
Al-2induces mgsR (motility quorumsensing regul ator
[b3022])* and M gsR again inducesthe QseBC two
component system and crl genes™. Thusitissaidto
be positively autoregulated. Al-2 synthesized can ad so
activate gseA thereby influencing LEE PAI indirectly!€l,
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IsSR- COMMUNICATION SIGNALS
TRANSPORTER

Lsr transporters are akind of ABC transporters
that import theAl-2 moleculesinsdethecdl. IssABCD
encodesthe proteinsthat help in Al-2 uptake and they
have ATPbinding cassettes'”. It hasbeen propsed that
helpintheAl-2 modification after the uptake®. Thus
thegeneslsr ABCDFG condtitutesthelsr operon. There
aretwo other genesisrRand IsrK, that belong to the
same operon but are divergently transcribed™. They
are present adjacent to the Lsr operon. The product of
Is'R (LsrR) repressesthe transcription of thewhol e of
Isr operon anditself. IsrK product (LsrK) helpsinthe
phosphorylation of internalized Al-2 molecul e, by uti-
lizing oneATPmolecule. Then the phosphorylated-Al-
2 antagonizes LsrR thereby derepressing the lsr op-
eron and blocking LsrR activity?”. Thus, we can say
that thelsrRand IsrK genes areregulators of |sr op-
eron. But they d so have many other rolesinthecd lular
processes. Itisproposed that Al-2 internalization can
also bedone by another transporter system that works
with LsrK or theAl-2 anomerswhich arethe pre-
cursors have the capacity to bind LsrR that helpsin
variouscelular processes. Thegenesregulated by Al-
2 anomer-LsrR complex werefound using IsrRand
IsrK mutants (Li et al., 2007). Their results showed
that binding of Al-2with LR activatesthebiofilmfor-
mation viaflu genesthat transcribesantigen 43 (Ag43)
whichhelpsin cdl-cdl aggregation. Ag43dso playsa
vital roleintheinitia recognition and bindingto the
host!9. LsrR-Al-2 complex a so activates wza genes
that help inthe production of colonic acid, thereby in-
creasing the biosynthesisof extracellular polysaccha
rides (EPS) and capsular polysaccharides (CPS) that
leadsto biofilm formation. Thiscomplex playsavita
roleinactivation of smal RNA (SRNA) regulatorslike
DgrA that controlsthe acid res stance genes and other
geneslikeyheEF responsiblefor type 2 secretion sys-
tem®, |tishypothesized that LsrR, dongwithAl-2is
aglobd regulator of many genesresponsblefor biofilm
formation, but with onset of |ateexponentia phase, Al-
2 uptakeisdoneusing Lsr operon and the phosphory-
lation by LsrK tendsto block these cellular processes
by binding with LsrR competitively'®, thus switching
on and off the genes controlled by LsrR and LsrK™,
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HEMOLYSINS-THE
JACK OF VIRULENCE

E. coli a'so encodesamajor set of toxins called
hemolysins, which can cleave the human coagulation
factor and human red blood cells. It isencoded in a
largevirulence plasmid of 92kb with 100 ORF’s (Open
Reading Frames)?Y. In EHEC, thetoxinistermed as
EHEC-Hemolysinwhichisreated to a-hemolysin but
not identical toit. It issecreted from the hly operon of
theplasmid. HIyA isinjected intothe plasmamembrane
of mammdian cellswhich resultsin atlered permesbil-
ity. Thisisthemajor cause of toxicity. The other genes
hlyBCD hedpsinthetransport of HIyA anditsinjection
into themammadian cytoplasm. TolCisanother protein
encoded in chromosomethat also helpsinthe HIyA
transport. The HlyB and HIyD lieintheinner mem-
brane and Tol C liesin the outer membrane, thereby
acting astransportersinthe migration of HIyA. HIyC
and mgjorly GrlA, the product of thegenegrIRAINn-
ducestheHIyA synthesisleading to hemolysin produc-
tionf21,

katP is related to the hemolysin operon, whose
product protectsthe bacteriafrom oxidative stress. It
isabifunctional periplasmic proteinanditisalso en-
coded inthesamevirulenceplasmid (pO157in EHEC).
Theler genethat belongsto LEE PAI inducescertain
geneslikestcE inpO157 whichissilenced by H-NS*,
In EPEC the plasmid pEAF has geneslike perABC
from which PerC istranscribed, and responsiblefor
activation of LEE genesvialer induction. PerA aso
activates LEES operon and bfp (bundleforming pilus)
genesthat arepresent in the sameplasmid. H-NSalso
silencethe per ABC and bfp genes*?. DsrA, an SRNA
regulator can block H-NSsilencing of many geneshby
activating RcsA expression.

CELL DIVISION OPERON - ftsQAZ

InE. coli, ftsQAZ operon playsamgor rolein cell
division?, ftsQP1 and ftsQP2 aretwo promoterslo-
cated upstream of thisoperon. All the genesftsQ, ftsA
and ftsZ are transcribed in clockwise direction. The
concentration of FtsZ proteinincreasesduring cell divi-
sion'®, Thisoperon mainly hel psinformation of sep-
tum during cell cycle. TheftsQP1 promoter isactivated
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by RpoS an alternative o factor’?3. SdiA induces
ftsQP2 promoter and activates the ftsQAZ operon
thereby increasingcdl divison. Higher cdll divisonrate
adsoremansasacausefor biofilmformation. SdiA acts
by smplerecruitment factor torecruit RNA polymerase
to ftsQP2 promoter but in contrast to classl factors
(interaction with a- C-Terminal Domain), 6-CTD is
needed for therecruitment.

SdiA-THE MASTER
CONTROLLER

sdiA, thegenethat controlsthecell divisionwhen
amplified revea ed many new genes controlled by it.
Upon amplification, 62 genes, anongwhich 41 arere-
lated to motility and chemotaxisarereduced 3fold and
inabout 75 genes, the expression waselevated 3 fold.
Asthe SdiA dosageincreasesthetranscription of ddib-
ftsQAZ-IpxC operon increased. It also activates the
efflux pump acrABDEF genesleadingto multidrug re-
sistanceg?, It highly induces genesresponsiblefor DNA
repair making the cell resistant to drugs and DNA
damaging agents such as uvrY, uvrC, mioC and
yidAB®1, Additionaly, SdiA isthe usua suppressor of
cdl divisoninhibitorslikeMinCand MinD and hepsin
mini cell formation by increasing FtsZ yield?d. Reduc-
tioninthe SdiA expression by using conditioned me-
dium decreased the activation of ftsQP2 promoter(?”,
AHLs,which are synthesized by bacterialike Vibrio
harveyi, potentiatethe effectsof SdiA. AHL whichis
normally called asAl-1 cannot be synthesized by E.
coli duetotheabsenceof aluxl homologue. In E. coli,
indoleis produced from tryptophan using tryptopha-
nase enzyme coded by tnaA genes?!, Thoughthereis
no clear evidencefor indolebindingto SdiA, it hasbeen
proved that indolereduceshbiofilm formation, represses
the genes responsible for UMP synthesis (carB,
pyrCDF) and also controls the expression of gseB,
fInD, fliA etc., and reduces cell division in an SdiA
dependent fashion?®. MitomycinC (MMC), aDNA
damaging agent, tendsto inducethe SOSresponse (ac-
tivatesrecAto cleave LexA and hel pstranscription of
DNA repair enzymes). High copy number of sdiAaso
makesthecell resistant to MMC. SdiA, by activating
the efflux pump (acr genes), ismainly responsiblefor
the multidrug resistance properties®!. Figure 1 shows
how SdiA controlsthegeneticcircuitinvolvedinbiofilm
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formation and virulence.
THEBIGGERMOUTH - SdiA

SdiA isaprotein having 240 aminoacidswithamo-
lecular weight of 28117Da. Binding of AHLspotenti-
atlesSdiA activity by forming afavorablefolding switch.
ItisaLuxR homologuewhich helpsin AHL binding
and activating theluminescence genesin V/fischeri.
Thereforeinitialy it wasthought to detect other bacte-
ria populations(by AHL binding). [tsDNA binding
domainiscomposed of ahelix-turn-helix motif at 197-
216aaand Al binding domain at 1-171aa%Y. SdiAis
found to beaglobal regul ator of many genesrespon-
sblefor cdl divison, biofilmformation, virulencefactor
expression etc. It actsasalink between QS system 1
and QSsystem 2. SdiA mgjorly condtitutesthe QS sys-
tem 1 that respondsto variouscell signal§°3. Thelsr
operonwithlsrRand IsrK induced by the CRP com-
plex (CAMP receptor protein- CAMP complex aso
called asCAP|[catabolite activated protein] - CAMP
complex) formsthe QS system 2. SdiA primarily in-
ducestheydiV geneswhose product containsan EAL
domain protein. Thisactivation by SdiA ispotentiated
by the presence of AI-1(AHL)™. Y diV with EAL do-
main and SdiA-AHL complex together controlsthe
concentration of CAMP insidethe cell leading to the
inhibition of QS system 2 (Wel et al.,, 2001). The
CAP-cAMP complex activates both thelsr operon
and |srR gene whose product inhibitsthelsr genes.
Thus, CAMP playsavitd roleinthisactivation. Glu-
cose controls the expression of both sdiA and ydiV
genes. It ishypothesized that the QS system is acti-
vated during the cessation of glucose. Itisknown from
the proofsthat there are some factors which control
thecAMP concentrationinsidethecdl inaYdiV and
SdiA-AHL dependent manner®. Thesefactorscan
bellAdc, CpdA (hydrolysisadenylate cyclaserespon-
siblefor CAMP synthesis), cyaA genes (induces ade-
nylate cyclase synthesis) which may berdatedto Y diVv
thereby controlling cAM P concentration. Thus, wecan
say that YdiV and CAMPrelatesQS-1 and QS-2 sys-
tems, concluding that SdiA also controlsthelsr ex-
pression indirectly4,

CONCLUDING REMARKS

From the above proofs and hypotheses, it isclear
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SdiA protein of E. coli acts as the nerve centre for stimulating various genes involved in biofilm formation such as 1) qseABC
genes that transcribe QS regulator proteins, 2) flagella and motility genes, 3) cell division genes, 4) Isr operon that is involved
inAl-2 uptakeand luxSgenethat producesAl-2. Additionally, virulence genessuch as5) L EE-PAI that formsT3SS, 6) hemolysins,
7) acid resistance genes and yheEF that forms T2SS are also activated. Besides these, SdiA enervates other genes such as wza,
that forms EPS (exopolysaccharide) and CPS (capsular polysaccharide), the matrix of biofilm. During stress conditions, it also
activates genes such as sos, that also augment biofilm formation and virulence.

Figurel: Global regulator protein SdiA actsasamaster switch for biofilm formation and virulencein E. coli:

that SdiA activates and controls many genesdirectly
and some operonsindirectly. SdiA in presence of in-
doleinhibitsqseB expression®, whichinhibitsthecas-
cadefor activating theflagellaand motility genes®! and
reducingAl-2 synthesisby influencing onAl-2/luxSQS

zlogec'Aﬂofo_@ Ce—

system affecting LEE PAI genesand other genesstimu-
lated by Isr-Al-2 complex indirectly. It powerscell di-
visonand efflux pumpsdirectly asgiveninthe above
satements. Thus, itisclear fromall the evidencesthat
SdiA actsasamaster control proteinof E. coli. There-
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fore, we suggest that by antagonizing SdiA with suit-
ableagentscan control thevirulenceand biofilmthereby
controlling the pathogenesis of E. coli. Futurework
can betargeted towardsthe bigger communi cation path-
wayslike SdiA which relatesand controlsmost of the
virulence genes; henceforth diseaseslike cystitisand
other major urinary tract infections (UTIs) can be
treated.
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