ISSN : 0974 - 7435 Volume 9 Issue 1

LioSechn o/oyy

A Tudian Goarnal
—==> FyLL PAPER

BTAIJ, 9(1), 2014[19-28]

Development and validation of thiolactone peptide mimics to
antagonize agr-quorum sensing system in Saphylococcus aureus

S.Adline Princy *, T.Naveen Kumar, V.Praveen Krishna, D.Bharath, R.Vinoth Kannan
School of Chemical and Biotechnology, SASTRA Univer sity, Thanjavur, Tamilnadu-613 402, (INDIA)
E-mail : adlineprinzy@biotech.sastra.edu

KEYWORDS

Saphylococcus aureus;
Peptidomimetics;
Competitiveinhibition;
Neutrophils;
Lymphocytes.

ABSTRACT

Saphyl ococcus aureus variants evolved viaa group specific/ non-group
specific interaction of atwo component system, histidine-kinase receptor,
AgrC and autoinducing peptide, AIP. In consistent to this report, our
primeinterest wasto develop and validate aglobal inhibitor against these
variants using peptidomimetic approach. Asone of theAlPvariant (AIPII)
also reported to show weak activator of its own and crossinhibitor of the
others, itsresponse domain (macrocyclic ring) wastheoretically substituted
with the aminoacids (glycine, phenylalanine, isoleucine, tyrosine) that
had earlier showed significant in inhibiting virulence effect of
S.aureuskeeping constant the conserved residue, cysteine. The AlP-11
mimics, mAIP-11 [1] and mAIP-11 [2] that showed the best glide score on
docking with the protein AgrC variants individually were synthesized to
confirmitshiological competitive mode of action in the presence of 100nM
of natural AP of its respective groups using reporter strains. The mAIP-
I1[1] was further validated in invivo rat protection test and the
histopathological studies showed the infiltration of neutrophils in the
infected region among diseased groups, wherein treated groupstheregion
consists of predominantly lymphocytes and angiogenesis, a clear
confirmation of healing process. Thus we conclude the peptidomimetic
approach would be a promising approach to design a global inhibitor to
inhibit virulence genes among S.aureus variants.

© 2014 Trade ScienceInc. - INDIA

INTRODUCTION

Saphylococcus aureus, agram-positive, human
pathogen, isrespons blefor nosocomial infections. Its
infection rangesfromlocal colonization to metastatic
infection, such asendocarditis, septic arthritis, and toxic
shock syndromeetc. Saureusinfectioninvolvespri-
maxrily production and secretion of toxinsthat damages

or completely lysethe host tissue. They a so produce
enzymeswhichinterferewith the host immune system
e.g. adenosine synthase (AdsA) responsible for the
conversion of adenosine monophosphate to adenos-
ine, asit helps Saureusto evade phagocytic clearance
of host immune system* cell surface adhesion pro-
teins, “Microbial surface components recognizing ad-
hesvematrix molecules’ (MSCRAMM) help them to
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attach to and protect themselves against the host>4,
Theneed of anew therapeuticsagainst Saureusinfec-
tionisduetoitsincreaseresistanceto antibiotics, so
targeting virulence genesor biofilm could beamore
potent and promising way of treating thisnosocomial
infections. Targeting Saureusinfection using anti-viru-
lent drug strategy could be primarily accomplished on
blocking theglobal regulator agr, activatedin response
to secreted autoinducing peptide (AIP). The
autoinducing peptideservesasligand, inturn regul ates
theexpression of virulencefactorsonitsinteraction to
thesigna receptor, AgrC. The Receptor-Ligand inter-
actioninitiatesand drivesthe class cd Two-component
sgnaling pathway to dlicit thesignal responseto estab-
lish pathogenesis. In Saureustheinter strainsrecep-
tor-ligandi.e. (receptor-auto inducer) pair show con-
Sderablesequencevariaions, asitisclassfied intofour
groups®. Surprisingly, homologousinteraction of AIP
— receptor induces agr response, whereas heterol o-
gousinteraction inhibit agr gene expressiont® asitin-
volves. Thusinhibitioninvolvesrepression of certain
virulence genes of the groups without affecting the
growth, termed asbacteria interference.

Theagr locus containstwo divergent promoters,
P2 and P3. The P2 operon consists of four genes (agrA-
D) encoding cytosolic, transmembrane and extracel lu-
lar componentsof thetwo component sysem. TheagrD
genes encodes a propeptide, processed and secreted
out extracd lularly asmatureautto inducing peptide(A1P)
through AgrB, an integral membrane protein. The
binding of AlPtotheAgrC, histidine-kinasereceptor, a
transmembraneprotein, resultsin autophosphorylation,
subsequently trans-phosphorylation of AgrA occurs,
that inturn activate the transcri ption from the promot-
ers P2/P3 promoter”8, The P3 operon consists of
RNAIII,

effector of agr and RNAIII transcript is respon-
siblefor theup regulation of virulent genesand down
regulation of surface proteing™.

Structural activity analysis had revealed that
derivates of Autoinducing peptides, lactoneor lactam
analog of AIP-II formed by replacing the thiol actone
bond changed theintragroup activationretainingitscross
inhibitory activity to other groups®® and less modifi-
cation or completeremoval of thetail part of AIPcan
lead to the generation of global inhibitor of theagr re-
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sponse. In the existing report of our laboratory, that
aminoacidssuch asglycine, phenylaniane, isoleucine,
and tyrosine had some adverse effect oninhibition of
S.aureusgrowth and virulence™. Henceforthinthis
study we attempted a peptidomimetic strategy, modi-
fying theAlIP-11 in substituting thoseaminoacidsat all
possible combination to €l ucidate the mechanism of
competitiveinhibitionwith naturd AIR. Thecompetitive
peptide mimic will bevalidated throughinvitro and
invivo studies, to identify aglobal anti-virulent agent
for Saureus.

MATERIALSAND METHODS

Bacterial strainsand growth conditions

Saureusgroups| (RN6390B), Il (SA502A), 11
(RN8463), each consist of agr P3-blaZ (B-lactamase)
fusion plasmid and agr Null (RN6911) weregifted by
Dr.Richard. PNovick and arelistedinTABLE 1. Cdlls
weregrownintryptic soyabroth (TSB), with shaking
a 37°C. Overnight cultures were routinely maintained
inTSB andthed antswere prepared using TSB supple-
mented with 1.5% of agar.

TABLE 1: Saureusstrains

Strain Description sRoifrgre
RNG3gos 29 group | with P3-blaz (- (1019
lactamase) fusion plasmid
sasopa  29r group I with P3-blaz (- [10, 19, 20]
lactamase) fusion plasmid
RN84g3 29 group Il vy|th P3—bng (B- (1019]
lactamase) fusion plasmid
RN6911 RN6390B with agr locus (1049]

replaced with tetM.

Computational studies
Protein prediction and modelling

Sequences of the proteinsagrC1, agrC2, agrC3
and agrC4 were retrieved from NCBI (agrC1 -
Y P_001332979; agrC2 - YP_001442613; agrC3 -
Y P_044054; agrC4 - ABB29292) in FASTA format.
Theretrieved sequences were compared to study the
positionsof aminoacidsusing dignment software. NCBI
BLAST wasperformed to search of smilar sequences
with crystal structure. Sincethe crystal structuresfor
those sequences of search werenot availableinthepro-
tein databank, threading was preferred over homology
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moded ling. Thenumber and lengthsof thevariousloops
and spanning segmentswere predicted using thetrans-
membrane prediction software’s TMHMM-TOP 2.0
and OCTOPUS. The sequences were given to the
LOMETSsditethat collects high scoring target to tem-
plate alignmentsfrom 10 threading programsnamely
PPA, SAM-TO2, SP3, PRC, MUSTER, HHsearch,
PROSPECT?2, FFAS, FUGUE and SPARKS. The
model with the highest confidence score of the 10 and
satisfying the aignment requirementsas per thetrans-
membrane software prediction (OCTOPUS) wascho-
sen.

Ligand preparation

The 604 AlIP-1I mimic sequenceswereformulated
through permutationsand combinationsin partialy and
completely substituting thefour amino acidswith gly-
cine, tyrosine, phenylaanineandisoleucinea al posi-
tions other than the cystel ne residues (conserved) of
theAlP-I thiolactonering removing thetail portion™2.
The structures were drawn using ACD Chemsketch
softwareand the 3D structure of ligand were prepared
using LigPrep product of Schrodinger.

Docking studies

The prepared ligandswere docked into the active
siteof the protein model s (receptors) of Staphyl ococ-
cus auerus agrCl, agrC2, agrC3, and agrC4 using
GLIDE (Grid-based Ligand Docking with Energetics)
moduleof Schrodinger!**4, Thegridswere generated
around the residual amino acidsfrom 101-109in the
second loop of agrC1, agrC3 and agrC4, and from
42-50residual amino acidsinthefirst loop of agrC2,
definesthe spacefor theligand to get bound with the
protein model. The prepared ligands (604) were split
into 6 sets, and each set was docked against the mod-
dledagrC1usngHTV Sdocking (High Throughput Vi-
sual Screening), whichwas used for screening avery
largenumber of ligands. Based ontheir best glide score
top tenligandsfrom each set wereshortlisted, thenthe
shortlisted moleculeswere docked using SP docking
(Standard Precision Docking). Theglide scoreobtained
from SP, scrutinized thetop fiveligand moleculesthat
wasfurther analysed by eXtraPrecision (XP) Docking.

Synthesisof Al P-11 mimics
AIP-11 mimic peptideswere synthesized by astan-

dard solid-phase Fmoc (N-(9-fluorenyl)
methoxycarbonyl) method usngaThuradMed TET-
RAS synthesi zer (GenScript, USA). Fmoc solid-phase
peptide synthesis was employed to build linear pep-
tides. Peptide synthesized from its C-terminus by
sepwiseadditionof aminoacids Initidly, thefirst Fmoc-
amino acid was attached to aninsoluble support resin
viaan acidlabilelinker. After deprotection of Fmoc on
treatment with piperidine, the second Fmoc-amino acid
iscoupled utilizing apre-activated speciesor insitu
activation, after the desired was synthesized, theresin
bound peptide was deprotected and cleaved.

Activation and inhibition assay
Preparation of Al Pcontaining super natant

S.aureus strains (RN6390B, SA502A, and
RN8463) weregrown in Tryptic soyabroth with shak-
ing 37 °C for 9 hours starting with an inoculum of ap-
proximately 1x10° cellml in 200 ml of broth. Cells
wereremoved by centrifugation at 4 °C, and the super-
natant wasfiltered (0.22um filter, Millipore)i*2. Thefil-
trate was|yophilised and then dissolved in phosphate
buffer of pH 6.4, stored in-80 C and used asasource
natura AlPfor competitiveinhibition study.

B — Lactamase activation assay

Assay were performed using the groups I
(RN6390B), 11(SA502A), I11(RN8463) where these
reporter Saureus strains each containing an agr P3-
blaZ (B-lactamase) fusion plasmid. The cells were
grown on Tryptic soya broth to mid-exponential
phasd?, To the cultured cdllsvarying concentration of
AIP supernatant or varying concentration of AlP-II
mimic peptidea oneor varying concentration of AlP-I1
mimic peptidein presence of fixed concentration of
100nM of Al P containing supernatant were added. In-
cubate for 180minutes and 3-lactamase assay was
performed™®.EC_ andIC,_, valuesare determined us-
ingSigmoida dose-response curveusing Prism (Graph
pad). All assayswere performed at least in triplicates.
Invivowistar rat protection assay

TheAlP-1l mimic peptides (MAIP-11 [1], mAIP-II
[2] ) that showed competitively inhibition of itsown
and other strainswith respect to its natural AIPwas

further vdidated through invivorat protectiontest. Mid-
exponentia phase culturesof either RN6390B (agr 1)
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or SA502A (agr 11') or RN6911 (agr null) grownin
Tryptic soyabroth centrifuged, and the bacteriawere
resuspended in physiological saline+10mM sodium
phosphate (pH7.4) at approximately 10° cells per mi
and stored oniceuntil use. Wistar rats (6 to 8 weeks
old) wereinjected S.C intheflank areawith approxi-
mately 10° colony-forming unitg'®. A synthetic prepa
ration of theAlIP-11 mimic peptide (4xIC,, ) dilutedin
phosphate buffer pH 6.4 weresmultaneoudy injected
with thebacteriafor five of the L0RN6390B animals
and fiveof the 10 SA502A animas. Animalsinjected
with salineand RN6911 (agr Null) werekept as con-
trol. Theanimal sare observed for ten days. After ten
days haematol ogy, histopathol ogy and biochemical pa-
rameter wereanayzed.

Haematology

TheBlood sampleswere collected by retro orbital
puncturein heparinized tubesand immediately used for
determination of White Blood cells. Thetotal WBC
count was estimated us ng haemocytometer (Neubauer
Chamber). For differentia counting, asmall drop of
blood was applied on one end of aclean glass slide
using adry micropipette. A second didewaskept over
it at 45° and the blood drop is smeared over the length
of theglassdide. Thenit wasdried beforestainingwith
Leishmann gtain and thedidewaswashed gently inrun-
ning water, dried and examined under microscope, the
cellswerecounted and differentiated.

Biochemical parameters

Blood sampleswere collected in test tubes once
it got clotted, the serum was separated by centrifuga-
tion at 2500rpm, 4 °C and analysed for various bio-
chemica parameter (Albumin, AST,ALP-AMPALT,
Glucose, Creatinine, Total Protein, Urea, Uric acid
and Triglycerides) to e ucidate the significant changes
in an automated biochemical analyser ( Biosystem
A15).

Satistical analysis

For comparison of total WBC, Lymphocytes, Neu-
trophilsand Biochemica parametersamong thevari-
ousdiseasad (Control) and treatment groups, theMean
+ SEM were obtained for each group in experiment,
twoway andyssof variancewith Turkey’s multiple com-
parison wereapplied.
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RESULTSAND DISCUSSION

Sructure activity studies on the AIP-I1 mimics
group specificinteraction withAgrC

604 AIP-I1 mimics were formulated using four
amino acidsGlycine, Phenyldanine, Isoleucineand Ty-
rosine as reported to have anti-virulent property™.
Docking themimicsagainst theproteinmodelsAgrCl,
2, 3and 4 revealed that mAIP-I1 [1] and mAIP-11 [2]
have an appreciable binding, were sel ected based on
their docking scorein comparison withthenaturd AlPs
of their respectivegroupsand withnatural AIP-11 (Fig-
ure1). Theinteraction pattern (Figure 2) showed the
amino acidresiduesof AgrC1 (Ile-200, Phe-167) and
AgrC2 (Phe-41, Leu-44, Arg-202, Ala-203, Leu-265)
form hydrogen bond with mAIP-11 [1], whereas the
amino acidresiduesof AgrC1 (Lys-105, Thr-197, lle-
200, GIn-202) and AgrC2 (Asp-196, Asp-197, Asn-
264, Leu-265) form hydrogen bond to bind mAIP-I1
[2]. InAgrC3 (Tyr-102, Tyr-168, and Glu-207) and
AgrC4 (Tyr-102) formshydrogen bond with mAIP-1
[1], whereasin AgrC3 (Tyr-102, Tyr-200) and AgrC4
(Tyr-102, Val-104) forms hydrogen bond with mAIP-
[2].

Biological activity studies

Biological activity studieswere carried out using
the synthesized peptidesmAIP-11 [1] and mAIP-11 2]
wheretheactivity of thedrugswerecorrdated withthe
expression of B-lactamase reporter genein AgrC vari-
ants. Studies conducted onAgrC 1,2,3 strainsusing
mAIP-11 [1] showed (Figure 3) that the level of ex-
pression of B-lactamase induced in each strainin the
presence of 100nM natura AlPs of respectivestrains
islow when compared to -lactamase expressionin-
duced by mAIP-11 [1] alonein each strain. InAgrC1
strain, we observed that thelevel of expression of 3-
lactamase induced by mAIP-11 [1] had better inhibi-
tory activity against activation by natural AIP1. How-
ever, inAgrC2 andAgrC3 dtrains, theindividud effect
of mAIP-11 [1] on expression of -lactamase waslow,
withincreasein the concentration of mAIP-11 [1]; its
level of expression ishigh when compared to the ex-
pression of B-lactamase induced by their respective
natura AlPs. Consideringthelevel of expression of 8-
lactamase waslow inthe presence of 100nM of natural
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Figurel: Comparison of the docking scor e of peptidesagainst their group specificinteraction of histidinekinaser eceptor
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Figure2: Interaction of AlP-11 mimicsgroup specifically against Agr C1(Top) and Agr C2(Bottom) a)mAl P-11 [1] and b)mAI P-
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AIPII and natura AIPIII of their respective strains,
thuswe could provethat mAIP-II [ 1] hassome appre-
ciable inhibitory effect towards AgrC2 and AgrC3
grains. Smilarly, studiesconducted with mAIP-11 [2]
also showed similar resultswherethelevel of expres-
sion of B-lactamase iINAgrCl and AgrC2inthe pres-
ence of 100nM of respective natural AIP had better
inhibitory activity whereasin AgrC3, thelevel of ex-
pression was high when compared to the effect pro-
duced by Natural AIPIII, althoughincreasein concen-
tration of MAIP-11 [2] decreasesthe -lactamase ac-
tivity to someextent. ThelC_ valuesof mAIP-I1 [1]
and mAIP-11 [2] in the presence of 100nM Natural
AlP’s of respective strains were determined and tabu-

a)
0.006 .
-+ No Inhibitor
- mAIP-II [1]
% 0.004 —— 100nM of Natural AIP | +mAIP-I [1]
[m]
o
3 S SN S
0.0024 = .
g
0.000 r . . : .
0 1 2 3 4 5
Log { mAIP-II [1] ).nM
c)
0.0047 —— No inhibitor
B mAIP-11 1]
= ?_,_._!_;__-1 —— 100nM of Natural AIP Il +mAIP-II [1]
a e
o0 002‘4"‘}‘{—{-—;-[7\:{_]
i
g n.nn14
0.000 .
0 1 2 3 4
Loy ( mAIP-11[1] ),nM
e)
0.006 -
] -s- No Inhibitor
. APIIM1
£ 0004 e g—* - 100nm of Natural AIP Il +APIIM
a
o [:imf—]
£ 0.0024
0.000 ,
0 5

1 2 3 4
Log { mAIP-II [1] ), nM

lated (TABLE 2). Since mAIP-II [1] seemsto have
better inhibitory activity inal threevariantsof Saureus
compared to mAIP-11 [2], that hasonly towardsAgrCl
and AgrC2 variants, further invivo studieswere per-
formed with mAIP-11[1].

Animal studiesm

Animal studieswere conducted using control ani-
mal streated with saline; diseased model swere gener-
ated by injectingwith gpproximately 10° cellsof AgrC1
and AgrC2 variantsand treatment group injected with
variantsof Saureusalongwith mAIP-II [1]. After 10
days, the body weights were cal culated and the ani-
mal swere sacrificed, the spleen weight of each animal

b)
0.0064
i "
_ —— No Inhibitor
E 5 004 mAIP-Il [2]
=] — 100nM of Natural AIP | + mAIP-1 [2]
e} ;—1—[—;—;_}_1_1
= -
£ 0.0024
=
0.000 . , . .
0 1 2 3 4 5
Log ( mAIP-1l [2] ). nM
d)
0.004 5
—— No Inhibitor
_ mAIP-Il [2]
£ 0.0031 5 —~ 100nM of Natural AIP Il +mAIP-1I [2]
- —
(=]
o 0.002
<
E 0.001
0.000 .
1 2 3 4
Log ( mAIP- [2]), nM
f)
0.0081 —— Mo Inhibitor
R mAIP-II [2]
£ 0.006+ —~ 100nM of Natural AIP Ill +mAIP-Il [2]
a
O 0004e——fnl, a0 g
= i
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Log (m AIP-I1 [2] }, nM

Figure3: Doseresponsecurvefor activation of b-lactamasereporter genein AgrC Group cells. a@),c) & €)areAgrCl, 11 &
[11 cellswereincubated with varyingmAIP-11 [1] aloneor varying mAI P-11[1] and afixed concentr ation of RespectiveAlPat
100nM.b),d),& f)yareAgrClI, Il & |11 cdlswereincubated with varyingmAIP-I1 [2] aloneor varyingmAIP-11 [2] and afixed
concentration of respectiveAlPat 100nM The Natural AlP concentration-responsecurveisshown for comparison (No
Inhibitor) in each respectiveAgr C groups. Datawer e collected asb-lactamaseactivity (VmaxOD/min), and areshown at each
concentration + SEM. unless otherwise visible; error bars are contained within the confines of the symbol
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TABLE 2: Activation and I nhibition by Al P’s and AIP-II mimics

ECso Activation 1 Cso Inhibition
Peptide S.aureus Group S.aureus Group
I [l I 1 [l
mAIP-I1 [1]
o:(pH
S
S 12uM 550nM 476nM
PN
S
mAIP-11 [2]
>\_<_@
18nM 276nM 157nM

o] OH
HO =
:\szH NH O NH,
HN s o= 3 - -
HO! = =
OH =
N\
OH

was noted. The Total WBC count data (Figure 4)
showed that thereisanincreasein WBC level among
diseased group and the treated group shows lesser
WBC count. Thisdatais corroborated with therela-
tionshi p between mean body weight and spleenindex
of eech group (Figure5), showsanincreaseinthespleen
weight among the diseased group (AgrC Null, AgrC1
and AgrC2). In accordanceto thisdata, the diseased
modelsshowed an elevateinthe WBC count, whereas
the treatment group (AgrCl+mAlP-Il [1] and
AgrC2+mAlP-11[1]) showed low spleen weight with
low WBC count. Neutrophils playsan important role
inamplifying and sustai ning neutrophil sresponseinthe
siteof infection to promote abscessformation and bac-
teria dearance™®. Study conducted™ inmurinemodel
of infectiousdermatitis, induced by Saureus, reveded
theimportance of neutrophils, that neutrophilsdepleted
mice devel oped ul ceration that wasnot healed and in
control minor skinlesonwasobserved. Inthisstudy all
normal group animal streated with sdinehad notissue
reaction, whereas among di seased groups, chronic-ac-
tiveinflammation (moderateto severetissue) reaction
was observed, that predominantly consists of neutro-
phils (Figure 6a) and plasmacells, which formmicro
abscess (Figure7). Thisisaclear indication of active
immune responseto theforeign body injected (induc-
tion of disease). Usually neutrophils are predominant
during theearly hoursof diseaseand their lifetimewill
bewithinafew daystoweeks®. Animd groupstrested
withmAIP-I1[1] showed chronicinflammation— (mod-

eratetissuereaction), whichisdominated by lympho-

»
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Figure4: Variation in WBC count among Treatment Groups
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Figure6: Differential count of Blood samplescollected from treatment a) % Neutrophilsb) % Lymphocytes
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Figure7: Photomicrograph showstheinflammatory infiltration in skin of Saureuscontrol a) Agr Cl and b) Agr C || abscess

with predominant neutrophils(N), c) and d) aretreated groupsshows predominant lymphocytes(L) and Angiogenesis(A)

cytes (Figure 6b) and macrophages, and granulation
tissuewith angiogenesis(Figure 7), with macrophages
playing therole of mediator. Theformation of granula-
tiontissuewith angiogenesisisthehalmark of thehedl-
ing process, inwhich proliferation of new blood vessals
from existing vesselsare seen with the presence of fi-
broblasts and collagen particles®. ThusmAIP-11 [1]
had suppressed the virulence of Saureusvariants, as
thetreated groupswere healed at the early stage than

thediseased groups. Biochemicd parameter andyssof
serum samplesof thenormal, diseased and mAIP-11 [1]

treated group anima s(Figure8) showed that thereisno
ggnificant differenceintheliver markerlevds(ALP-AMP,
AST,ALT, andAlbumin), kidney marker levels(Cresti-
nine, uricacid and urea) glucoseandtriglycerideleves, a
sign of nokidney and liver damage and the proven the
drugiseffectiveand do not dicit any toxic effect onthe
hosts. Astheinvitroandinvivoresult arein consistent to
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Saline, 7] Agr Null, ] AgrCl, [II]] AgrC2, AgrC1+mAIP-II [1], Y AgrC2+mAIP-11 [1].

Figure8: Comparison of Serum Biochemical Parameter sof Wigtar ratsin treatment groups. ValuesareM ean + SEM (n=3)
Difference between * Vs Saline, #VsNull aresignificant (P<0.05)

prove that mAIP-1I [1] would be a better molecule to
down regulatetheglobd regulator to dodgethevirulence
effect influenced by Saureusindiseased host.

CONCLUSION
The peptidomimetic gpproach of designing potentia
competitiveinhibitor, mAIP- 11 [1] to globally dodge
virulence hasprovided anew approachinthetreatment
of Saureusinfection evidenced through our invitroand
invivo studiesto globally inhibit the Saureusvariants.
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