WO 2012/ 057713PCT/ SG2011/ 000385 1 ANTI M CRCBI AL PEPTI DES The present
invention relates to antim crobial peptides, to their use as antim crobi al
agents amdot012dseiis use in the treatnent of (infectiouspClisseard®s)3ssn
particul ar infectious di seases causedlby G am positive bacteri a,

G am negative bacteria, yeast or fungi. The present invention further

rel ates to pharnaceutical conpositions and kits conprising the

antim crobial peptides and to a nethod of |ysing bacterial, yeast or fungal
cells. Antimcrobial peptides (AMPs) secreted by the innate i mune system
of various organi snms have been reported since three decades ago as the
first formof natural defensgNZIMICROBRAIVPEPTIDES al parasitic infection
[1]. To date, the primary structure of these peptides is so diverse that
nore than 1000 AMP sequences have been reported and docunented in the AWP
dat abase [Bie. prédhﬁhm@ﬁudnhelaes paeqamhﬂkesbla/l@emdée no ved use aartiatigelial pgetsur sor s
[1], often g ! rellrcaéI luy the O a{meng OP nfbé{log% dqseases 1Chgrrt?cu al tgolufs Idcsg‘e;[sl ons, such
as gI ycosyafnatlon PF dorinatiion, §/ P2 Atrodultron® 6 p0| nt am no
aci ds nut ataused Syt Gratrapdsmwe tblaeerta, dbhrysuegaatze yba@q:rmr tyeaes ooffurigheTheapreseal AMPS.

In additi an [ R ¢ sequence
t hrough pro Yen? nn%ﬂ%?pegat%ﬁgﬁ%ace err?m H’gganﬁ kﬁl cg?pn%ﬂgﬁjfra%ﬁﬁl%b 1of errin

[ 3] . Thesepeptides Meido AW@O@bﬁlmgmgtpmalmeﬁst erforgal @dnf or mat i onal structures in
aqueous or nenbrane-|ike environnments; however, they exhibit a certain
degree of generalities, such as net cationic char ge, anphiphilicity,
primarily Mmgevblﬁ@eptmes MMP9 Isecadtedclsl the inaath immbne safﬁampnﬁyms prgapisms

anti m cr oyl b@e%tﬂrer%drlteh Sl QU Sl AL 1 RN ARD el o tdx?a%frﬁbdekénZ@S%agl@t of the
m crobi al cel rane. Since nost oOf these peptides, if not t ar get
the di srupovismmsptabppssisiciiafection (1) ke dpeahe srimaysiatee 98 thessareptidends 56 cr obi al

actions, idivers t&u&%aﬁa@d 0bMAMPAMRRn &8 have Bt dofttd éhd%@lﬁ‘lﬂﬁtea hﬁmgrm?am SnEB
i nvol ved in multidr resi stance, which is an increasi n}lc;;] % difficult

phenorrenorflafaaeeazlal\sio of thesg peptiges Weéf‘p@etv%frctn? Begenprptussos [ holtsngppinieiYecul ar
ant i bi oti copfifiked”! Bl @REns H]MREenNioN EmEEHALSIROWRCh s BB cbRGos UfioaRitioh] € t 0
m crobi al resi stance as compared to convent.i onal SnﬁﬁHﬁOkﬁ}&l' (iul ar

anti m cr obfvd rza%&e?&lgtrq%simn PRIRS fping 3cids mutations o tailpr] pical DEOPEHFSed as
bl uepri nt sofftey ndtlirel dewpel Iapﬂmnbn abma Qiéptﬁlﬂi weﬂecalsabdeabecngaﬁtaslafgexr piotein

treatnment of dru Si st i i.0 t have shown
o be userareris ol auiris, itk Ribte s & behedl AMP Rab Rk fl bRt Such
AMPs | ac ksiei-iveddml’goftanadﬁmldm‘mt aasnﬁortxmumt stﬁlytstee radqueous Iot membtahgrlikzegi ns

wi th a known_natur ept . de 0 rotein sequen fo

modi fi cat iOn" and’ or ah°“p v h‘ m’%“zh%{ P By Geaieerot e“e‘gﬁies “ah Qmﬁgrﬁ%“&. al
effects, wharge afnmliumhn@' tﬂnmaulyd@zﬂetlw)ﬂ@ mytqbtabx;clb nahfoemt: samiomvasedmgrramral i an
cells. As aﬁHxﬁnrqb;ahlagtn% Cfiron %n e{n%fj tabll'iﬂaﬂcm %f NRe fugérﬁlﬁ
trial-and-erro proce ures tion, e sequences 0 Eeptldes are
of ten det enthn@d Bipcet Mestmétthﬁsebepslé@puefnmgll hmt@edilmpepil 1§ badtrsiabeglle or

di fficul tigspinel R&xBBRE lh@r? a&mkﬁae@r a%u&[l ﬁ?s%u?gest’é@ Eh%PXS(Ps c&ﬂﬁﬁéﬁum

i ncreasi ng argunent recentl Y he clinical use of AMPS with sequences
that are teswpehsgeechaispydawlvse lmnmﬁlﬁﬂm&wpest%elVdu%’e\ﬂptl%f’mavn&lbﬁﬁﬁeﬁﬁ se the

nat ural defhefdaRion RHSIsD ¥slOSH fAfeaftd tiih@RhLs tWRthPil1 i ol t@RE bRtibidties d' ngly,
it was an Obj ect of the present 1nvention to provide non-natural

synt heti c) n?fefbt/’rl%sshaém%ﬁhq“ﬁgo balesniussephlar reerpbleh Tesjstange ercefnaﬂwtow th a

br oad Spe%ﬁ%fﬁhcﬁlﬂﬁsrﬂlaﬂl%ﬁbdﬁlamdﬂﬁdu%bﬂal iRhiY [S10 0B cAdy, MRS atdVhds Widely
Furthernore, the E]'g t| des qihoul n mmmog 1|c ang prefer abl%/ have a
sel ect i vi taCPEhas g deve Peﬁé’ﬁﬁ?‘ﬁﬁ%@m“ bial agepfs {or IPFotfﬂaHneﬁb f'induce
signifi cartﬁugrxe:haﬁnmfech@ﬁnl ysi s when exposed to mammalian red bl ood cells.
The objects of the present invention are solved by a peptide having a
general fornula selected fromthe group consisting of Zn-(xxYY)n-zm,

., = ( XXYY E¥en thidgk) natuNi] AMPs/haye §hsXi Yo B us¥PikKiK) dvardemid gn{ulfpdi(yg redistadoOfe. ( YYXX or
XXYY) . - mdevelopment of such AMPs lacks in dKecs:ig_n p%ci&gs} a(ré)i(sYrK)t (s)}tsteﬁ 1.1t éxost y eg%s XXYZm

with a known natural peptide/short protein sequence, followed by modification and/or



wherein X is, at each occurrence, independently selected froman am no acid
havi ng a hydrophobic side chain; Y is, at each occurrence, independently
sel ect ed woamaaz7Aasi no aci d having a cationic side chai rCTEG2611A003881 NO
acid having a free thiol or thioether group; n is an integer nunber between
2 and 4, preferably 2 or 3; and mis, at each occurrence, independently
selected fromO and 1. 3 The term"pepti de", as used herein, is neant to
refer to an isolated peptide. The term "am no acid" incl udes natural Iy and

t | | L-. and d
nd non- <4 SRR B TER RGPV OB “HiRlte TB)° -Gt AR PRRIPE! ar

machi nery cabtogic eeffents yioards Gnantinalifo teellsn sqsaﬁdcb,r thixo pltoeéss deednes | ‘Dadbm”,

nodi fi cati.on or abo i nt.ernedi at Xis

sel ect ed frfv8lr‘r’frigh§a§lfn§%g‘ K HSieTP rPéocc?? egnc?d lofl’l_';le Squechsu%ﬁﬁee {41 ani ne
(A), valiae dfte) detphﬁtl@llb&lthﬂ‘lﬂxa‘tlﬁal(sﬁ)qendes wpn®WMngWe casecor piftibilgniofieie(M) . In a
preferred e C eUC|ne
(L) and pll‘? epﬁ@f: a)fna CSIS bn r<e|s_151 %\/I?reover rtha?Fetlls %Ih crte%y pr F%lgntci‘g'%§ti nt%ét C?I]lclll is
| euci ne (luje ofl AnMBmmthrsbmdncmeﬁntat, arg &iockloge its thoed efdiuedn AMRY wiwdd glpvmply

consi stin 0 red enbodi ment, Y is
| ysi ne (K)gor&}ranYs@lh@% a%j?e#b}gﬁsgo%@gggmfgeaz:t%%%@? I?"(‘)’E%;t agﬂ group consisting of
cysteine (C) and nethionine (M. In one enbodinent, said peptide is

sel ected fy, F LLRR) 3,
(FFRR) 4, Lﬁ%%g:%? ?LLKBS 819&:? 'oﬁ{h!e ;ﬂ%sglft n{vlellltlg@tg’ &ro(fﬁg BB) %t&r&}l ('(:)}(:25){1%%13)

C( LLKK) 30pmdesv@mlmm)g-; mumlﬁrohlab aetf vty r etffeé%omhembroasiamctp@pt@é dows

sel ected ffamuhLNE R %c&e&%ﬁg need) (FEEmgre (e K%%)@es HoliBR}e3 nor-LLKK) 3,

( LLKK) 2C, C(LLKK)2C LLKK) 2M LLKK) 3C and 4 1n_ one

embodi menimmpnegers pnd prEiGRlY dayed ARIGFIVIBE towards) %ﬂ%@l&éﬂ membragesahf- died. 1 n
one enbodiskRR not fnBce GighiBtant RS oEhdnflyisWhem &pota YEmA@alfa@ kedblgdd ceNHR, Wi t h
R being selected fromthe group consisting of H alkyl and substituted

al kyl . The objects of the present invention are also solved by a peptide as
defined alrayebjédy of dfesréent divemidhiafd solvedbyod pep@iHaving B @erehl REhEla edlectdde present
i nvention _are further solved by a peptide as defined above for use in a

met hod of f‘f’?‘é]éec%‘fﬂwﬁﬁ“snﬁgafesease. In one enbodi ment, said disease is an

i nfectious di sease, wherein, preferably, said infectious disease is caused
by G am positive bacteria, G am dggaXy¥e,-Hhacteria, yeast or fungi.

Z,-(XXYY or YYXX),
S KC

Z -(XXYY or YYXX)n/ d
an

Z,-(XXYY or YYXX), \ , (YYXX or XXYY),-Z,,
»KC - CK
Z_(XXYY or YYXX), 7 N (YYXX or XXYY),-Z_,

,
wherein

X is, at each occurrence, independently selected from an amino acid having a hydrophobic
side chain;

Y is, at each occurrence, independently selected from an amino acid having a cationic side
chain;

Z is an amino acid having a free thiol or thioether group;

n is an integer number between 2 and 4, preferably 2 or 3; and

m is, at each occurrence, independently selected from 0 and 1.



The objects of the present invention are also solved by a pharnmaceuti cal
conposition conprising a peptide as defined above. In one enbodi nent, said
phar macewpecal2/asomiposi tion further conprises at | east omeTsiGasimoesssi cal |y
acceptabl e carrier, diluent and/ or excipient. The objects of the present
invention are also solved by a nethod of |lysing a bacterial, yeast or
fungal cell, said nmethod conprising the step of exposing said cell to a
pepti de as defined above. The objects3of the present invention are further
solved by a kit conprising a peptide as defined above. The objects of the
present invention are also solved by a nethod of treatnent of an infectious
di sease, Jat armepdpadt” Campadibsieingisnfeent$d efer afanadhitadipsptelei ng an effecti ve
anount of a peptide as defined above to a person in need thereof. In one
enbodi ment, said infectious disease is caused by G ampositive bacteri a,

G am negatThv erb dahigo add” indades nanraflyiagl non-nbtutally ocverrmgiie dodiBatjnosaidd pepti de

is admnistered.topically.(e.g. in the form of I m erqbj

cr eam pas tp 8‘3 l.do?jlr%neglﬁg{nhné’ ra\éléigﬁ?)%?or?ésﬁatngarggfna’ opaélgi ith%garigg1 %!31 rﬁ?e nl?(g}s)% %Lrnéiér d

syst em calctliular Tieehiotyy ©c i apfy foed jor reteins aftervostttrapsiatimne thedifidaten grodsved by

t he use of i defined above for the manufacture of a nedi canent

for the tpgg?ﬁgﬁb!oedg%&infectious di sease. I n one enbodi nent, said

infectious disease is caused by Gampositive bacteria, Gamnegative

bacteria, 1ySastmRinkdiNat is sIfaaccppsraqﬂé gona/@&,ts@{ié% SRR (LNGsorbuSao@), of the
Igy mat nop es to h

synthetic AWPs usin erial desi rincip to mnic the a-helical
st r uct ur e alshinp\(Ps valiae (X)ephepyldanine{E), troptephde {Whand mathipmies dsharprefarred cationi ¢

anphi phi | iegbREREd 085 BeGe! S thelgoup _fasnsgﬁsgsmsucin@x%a?ﬂen@raﬁnﬁl_@&r)gmed based
on the a-helical protein folding principles, whereby the peptide carbonyl O
at om and appdielghorerreembedmentn® 15leusingf)- (i +4)t1 amino acid positions form
a paired hydrogen bond, hence introducing a regular turn every 3.6 am no
acids, and resulting in a_folded structure known as_the -he%ical

conf or mat IbANE gPogiseRte 53ith§ IRHUTEIHEH be grou constsfipm et 15%?%\@@1 Aé"i°de groups
of the hygrpphohiferearonbodiaechils iAysitd®).adj acent ith and (i+4)th positions
after each turn, a-helical folding can be enhanced, when the am no aci ds
sel ected do not belong to the helical breakers category. In order to ensure
order ed st ot dnibdlinicht, Zrigediécad float the group caBisttigafxysteihe €0)iand nextiichéneat it h
and (i+4ahg positions, a repeat primary structure containing 4 am no acids
is used ﬁ desi gning the AMPs. Furthernore, by providing the sane
cationic charge at the (i+2)th and (i+3)th positions of the peptide,

repul sive force rising from. C L: ' Si woul d

help to ngkéwt §°§gﬁt;ﬁ%i%%ﬁ%%%Pég%ﬁﬁﬁgﬁﬁgéﬁﬁggﬁhﬁﬁﬁﬁ?hﬁﬁgﬁgéy nlﬁicking

t he a- hel (KERR)f, dLERRY, GWRRYc (IR, i (EEKEKDs, (HKKfE .uFAILKIOK e IMEAKKXENYRS, whi ch

have been egt . rylc P b : =@l j.zation
(EGEOLE @(L\HK{I{%RE %MMFJ%&. HCA (e bofiARhD Saif St 1s

and/ or interaction acteria nbr an is mmcry Is ensured by
keepi ng t lsedectedt fromiithe graep P@ﬂ@iﬁwh‘zftﬁFER%bn(FERﬁ)svﬂtW%t(hé&épé[d{mxﬁ’t S

bal anced @Qﬁlé@)z@,%&%szﬁgLﬁﬁﬁé ahdWW(Laagsmange repul sive forces will
overconme the short-rangé hydrophobic i nteractions, hence unfolding the
pepti de nol ecules in solution. As such, the resulting primary peptide
struct ur e [£&H eRBodiinbR! dafdipeplidR $s £RAEBEomR thedroatif¥ohsAfAd W aci d sequence, i.e.
(XXYY)n, whereby X is a hydrophobic amno acid, Y is a cationic am no acid,
and n indicatd@iﬁﬁé\Qynber of repeat units. Since the presence of
zwitterionic noieties igg antim crobial agents reduces their effectiveness,

t he C—terninus%g%¥$he’peptides is preferably am dated in order to maintain
the high net p ¥ e chafalye refé@redthB(IIEAK)Q)) t hat was al so taken into
consideration in designing these a-helical peptides is the 6 selection of
the anino aciﬂlﬂggidges, whi chy §¥UL)r esult in different propensity towards
secondary structure faugrate¢gn. Phenyl al anine (F) and arginine (R) are known
to have indiflﬁf t/éropensify\éﬁﬂﬁlds helical formation, while |eucine (L)
and | ysi nguyd f'est dues are kno ?Qg?efé{eﬁ%]& [Pmmg;];‘)j ty to forman
aLhelix conformation. In addition to the helical tformation principles, the
design al so takes into consideration the desired end-results of having high
selectivity of the peptides towards mcrobial cells over manmal i an red

bl ood cells. In order to achieve this goal, two strategies are enpl oyed
according to the present invention. The first strategy is to vary the
nunber of repeat units (n) within the designed (XXYY)n peptide sequence in
order to yield different facial anphiphilicity of the folded a-helical

pepti des. The second strategy is to introduce an am no acid having a free
thiol group, e.g. a cysteine residue, at the term ni of the peptide
sequence, which can be used to further optim ze/broaden the antim crobial

Y N - o o o,



The peptides according to the present invention are short and can be easily
synt hesi zed at relatively |ow cost. They can be used in a variety of

appl i cat iwo=0iznsbash nedi cati on and personal care, for examsphke,/o0és8y can be
used as topical antimcrobial agents (e.g. in the formof an antim crobi al
cream paste), as system c antibiotics, or coated onto a surface of a

nmedi cal device that require anti-infective applications (such as a
catheter). The peptides according to tdhe present inventi on can be used for

| ysing ba terl aI east or fungal cells, g. in. [ I
(r econbi ng g’i’rﬁgt ey Gt ‘g/rqc tﬁV‘,‘m'yggg%]d &qu‘@ Jar© E‘B’Idf'tgé) 1?‘io?ﬂf’entl onal
comrer Ci aleht}sodimantj thdC aerlaiitus/Chtetmidi dhad/leave dle f@mniac CONEIRL itk Ribeing celeaed EasylLyse

P03750, Ready: L . R180 R1804M R1810M by Epi t
B| ot echno%ﬁ’ ?Ofpscg’%flgjlgléégﬁea%ga’}#ﬁbﬁ“g% mt ei n obt ai ned fro?/n CE: gﬁgnre

egg, for lysing the bacterial cells. The nenbrane-|lytic peptides according
to the prese V, a e _use LS nponent

st ead of T SRS Ha RAGn o a8 s 9 IR0 18 Pt b BFRRES

purifi cat |aoantorﬁ1cxbbnela;gemt ein of interest, since the peptides are mnmuch

smal | er than nost proteins. Finally, the inventors have denonstrated that
branchi ng nol ecul ar desi gn enhances antim crobial activity and reduces
undesi r ed Thenbiegtsdfsthe presedi ingention e further sobleéby p pentile podedinetsabavefoobtes over
manmal i an u??ln'eti (-)rfm'e§tm%£t 2L agvsgan also be applied to optimze nol ecul ar
structure o er ypes of macronol ecul ar antim crobials such as pol yners.
Ref erence i s now made to the figures, wherein 8 Figure 1 shows a schene

i 1T ust rat ijngnd dhoRindeRC5d &isddBS bl H&Ho&shﬁse?s@%&&x@fpr&é?mﬁ¥£1& ifddi6usa- hel i cal
peptides according to the present invention (A) CD-spectra of
exenpl ary s rﬁcelf%bsa@aemnﬁae%acwﬁa fswnaasvmhae*e% é%aSY‘B)f“ngFl gure 2A shows
the henol ytic properties of exenplary synthetic a-helical antim crobial
pepti des é‘ = 2-4 re |icates) wi.th PBS as ne atlvel control and 0.1%
Triton-X dde prtﬁ.cxf wfﬁsmmmvepi"gwre 91 itRts % APAEETET COPPRTRE i es of
exenpl ary csmmmuﬁp@elaehdﬁﬁad abatd.i m crobi al peptides using the sul fhydryl
nodi fication strategy (n = 2-4 replicates) with PBS as negative control,
and 0.1% Triton-X as positive control; Figure 3A shows SEM i nages of B.
subtilis atflt(ﬁlé érﬁtmuh&hi Odald\l\lbhdﬂmhd&&thaprlinﬁ@moﬁfmtthe‘reébnfp&p@aht teastt sneat 50

ng/ L (abov SEM i mages of E. coli after
t reat nent P %i?ﬁ?’ﬁcégpqq’i dg}l?"ﬁ?%?%excn%%f’tfl cations, C(LLKK)2C and
(LLI CK) 3C, at 250 ng/L (above MC) for 2 hours; Figure 4 shows SEM i mages
of B. sub ft [ |nc ation w LL 3 L / bove MC)
for vari ofg’ elec;%I s At it mventifm i atlsogglvﬁd% a%ge{g?%etf?}gﬁl%o ‘?"’ﬁ‘r’g %ﬁg% and
| FN-y by tfmgalnceﬁeswqotmeuhed ccmlmntgnMsjmeﬂ exgosingedajdscelttp mupeptidecaslpfigad] | CK) 3
and LPS; Ejgdre 6 shows MALDI - TOF MsS spectra of a-helical antinicrobial
peptides according to the present invention; Figure 7 shows MC
measurenents of (FFRR)2 against (A) B. subtilis and (B) C. al bicans; Figure
8 shows Mrge BRIV ?%%r@seﬁ)cf inlMGRAR faHkkr r&ﬁlrve(( aEiat SHkikihg 9 Iﬁ:?ﬁ’de( 8 C
al bi cans; Figure 9 shows M C neasurenents of FRR) 3 agai nst A) B.
subtilis &afpedpyove. al bicans; Figure 10 shows M C rreasur enents of (LLRR) 3
against (A) B. subtilis and (B) C. albicans; 9 Figure 11 shows MC
nmeasurenment s of (LLKK)3 agai nst (A) B. subtl lis and (B) C.. al hicans; Figure
12 shows NPEokesseftmseey weniqoprglse setysd bt methyd of tregtasatlﬁ qfie’ IdeHOwR) ¢,
al bi cans; diskgelrsgid Indths e¥priving tmm@tufemaisen@g an( defe £ 4ma@ioNs peplidy) asB.
subtilis ﬁnfd 8 %‘UC al bi cans; i%t)Jfre 14 shows M C neasurenents of (LLKK)4
agai nst (AP Bf‘i‘ﬂ?eésoﬁﬁ’o"e(’ €% al bi cans; Figure 15 shows M C
measur ements of C(LLKK) 2C agai nst (A) B. subtilis, (B) C albicans, and (C
and D) E _coli; ure 16 measur egent LLKK) 3C agai nst (A) B.
subtilis, Ix( Igjle emg% Frg,aﬁiéd 'E??Ho‘tsgg‘%?ﬁ%? 15) caEsegEbgl am-pogltlve I&c%erla g‘rr

negative bacteria, yeast or fungi.



Figure 17 shows M C neasurenents of C(LLKK)3C against (A) B. subtilis, (B)
C. albicans, and (C) E. coli; Figure 18A shows a schematic di agram and mass
spectra ovoloreasr716LLKK) 4, 2-arm [ (LLKK) 212, and st ar - | iPke/SiGetil1lo@kpR] 4
a-helical peptides (A); Figure 18B shows differential scanning calorinetry
spectra of linear (LLKK)4 and 2-arm [ (LLKK)2]2, illustrating
flexibility/rigidity difference of the helical backbone between the 2

pepti des (endot her mc transitions areSupwards on the y-axis); Figure 18C
shows circul ar hr0| ct.ra fJi ear (LLKK)4 . 2-arm][{.LLICK)2]2,
2nd st ar - 1 REF ERHRIS o IR pepds it Brrreesrise e A ek pHETHENEY 1 &
activity teadvpastel [n(abbtkdt)eRpadimad, saidpeptide keadin(didtdrédyRdicalty- hel i cal pepti des
in conparison to the linear (LLKK)4 peptide; Figure 19 shows a qualitative
anal ysis of antim crobial activity of the Iinear (LLKK)4, 2-arm [ (LLKK)?2]2,
and star- I'Iihk@bieétk bKKEYrebem -iehii@adre fiethed shbed by thdresediflagpegliidef assdefinedassay

( DDA) meth i agti g val of E. coli
(left) and ‘g’e farl]}geerﬁasr%farc ﬁlf;eﬁg me? ltcame"gB’ fe tre{{mentntgrhlgga%uéaﬁ%%% s, 5 hours,
and 8 hours of treatnment with star-llke a-helical [(LLICK)2]4 peptlde at

M C and 2 f |

aur eus (I’I%h?{% Q%n P gaé,ggg sa%(?%f%ﬂ !SE%g%ﬁapb i ggmf Igo(rgiuk (ﬁ%ﬁ%&a( top)

unt r eat ed negative badleria,whast erifings.cal e bars represent 100 nm Figures 21 to 26
show M C deternmination for the linear (LLI(K)4, 2-arm[(LLKIC)2]2, and
star-like [(LLICK)2]4 a-helical peptides against B. subtilis, C albicans ,
E. ar ogendde pRsent giventors, expape cthesarsonal of the synthetin SRS byneping; matereal desigshows 18
hours end-paiints &%ﬂm’thfe%lﬁﬂ&a!l Qi SSAKPE Wve@frofs thE Rbst débRE idmaRd S.
aureus (right) treated with glrowth medi um (untreated) and star-|i ke

[ ( LLKK) 2] 4Yyspt Thgesatigniqauphiphilic pgpicdes gergrdineptoytheypreseab iremion gte daignedexAVPLES

The presemhsel %H%m&ﬁalchl%rélélﬁ’fcﬁlulhé Bﬁﬁcﬂeswhérb@dh@yeﬁa@&&b&fm dhenf 8d ow ng
exarrpl es, which are neant t.0 illugtrate the present inve |onw&nd not to

Cimit it amide Aol ety bra% pa@ FERR Aqdopopiqny AT f pAfed %ds
Mat eri al s hegptinteaBeiEs eegfat Ainh e¢try B.6Mhfido RidaCar@reduftihang bdbldeditubRe, and

their fidelit S rt.her_ confirnmed via assi sted. | aser
Hocor pt i 0Pl bl oGk B At "?rﬁaf&%%e&gpﬂe REM BRGNS, Model
Aut of | ex |gkqudeSﬂ1K£]liydE@h6tﬁ¢’ltrﬁ1ﬁo hcﬁds a,t thel aGadkn) i," ams(lm positjoanafief each turn,

hydr oxyci nna a & Rurl o tested
to be rmréﬂ{ H]%aﬁf‘gé% %“tsoﬁn%’r?‘ﬁ‘fe raén\}leorgséeio aéeg "?F‘é&b‘:ﬁ?ﬁ @A&h%ﬂ/gno 4-
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microbes over mammalian cells. This strategy can also be applied to optimize molecular

structure of other types of macromolecular antimicrobials such as polymers.

Reference is now made to the figures, wherein
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Figure 1 shows a scheme illustrating the principle underlying the design of the synthetic o-
helical peptides according to the present invention (A) and the CD-spectra of exemplary
antimicrobial peptides in 25mM SDS micelles (B);

Figure 2A shows the hemolytic properties of exemplary synthetic a-helical antimicrobial
peptides (n = 2-4 replicates) with PBS as negative control, and 0.1% Triton-X as positive
control;

Figure 2B shows the hemolytic properties of exemplary synthetic a-helical antimicrobial
peptides using the sulfthydryl modification strategy (n = 2-4 replicates) with PBS as negative

control, and 0.1% Triton-X as positive control;

Figure 3A shows SEM images of B. subtilis after incubation with the peptides of three repeat
units at 50 mg/L (above MIC) for 2 hours;

Figure 3B shows SEM images of E. coli after treatment with peptides having sulfhydryl
modifications, C(LLKK),C and (LLKK);C, at 250 mg/L (above MIC) for 2 hours;

Figure 4 shows SEM images of B. subtilis after incubation with (LLKK); peptide at 50 mg/L

(above MIC) for various periods of time;

Figure 5 shows secretion of (0) IFN-o and (m) IFN-y by human peripheral blood
mononuclear cells stimulated by (LLKK); and LPS;

Figure 6 shows MALDI-TOF MS spectra of o~helical antimicrobial peptides according to the

present invention;

Figure 7 shows MIC measurements of (FFRR); against (A) B. subtilis and (B) C. albicans;

Figure 8 shows MIC measurements of (AARR); against (A) B. subtilis and (B) C. albicans;,

Figure 9 shows MIC measurements of (FFRR); against (A) B. subtilis and (B) C. albicans;

Figure 10 shows MIC measurements of (LLRR); against (A) B. subtilis and (B) C. albicans,
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Figure 11 shows MIC measurements of (LLKK); against (A) B. subtilis and (B) C. albicans;
Figure 12 shows MIC measurements of (FFRR), against (A) B. subtilis and (B) C. albicans;
Figure 13 shows MIC measurements of (LLRR ), against (A) B. subtilis and (B) C. albicans;
Figure 14 shows MIC measurements of (LLKK), against (A) B. subtilis and (B) C. albicans;

Figure 15 shows MIC measurements of C(LLKK),C against (A) B. subtilis, (B) C. albicans,
and (C and D) E. coli;

Figure 16 shows MIC measurements of (LLKK);C against (A) B. subtilis, (B) C. albicans,
and (C and D) E. coli;

Figure 17 shows MIC measurements of C(LLKK)3C against (A) B. subtilis, (B) C. albicans,
and (C) E. coli;

Figure 18A shows a schematic diagram and mass spectra of linear (LLKK)4, 2-arm

[(LLKK);]2, and star-like [(LLKK),]4 at-helical peptides (A);

Figure 18B shows differential scanning calorimetry spectra of linear (LLKK)s and 2-arm
[(LLKK),]z, illustrating flexibility/rigidity difference of the helical backbone between the 2

peptides (endothermic transitions are upwards on the y-axis);

Figure 18C shows circular dichroism (CD) spectra of linear (LLKK)4, 2-arm [(LLKK),],, and
star-like [(LLKK)2]4;

Figure 18D shows an analysis of the hemolytic activity of 2-arm [(LLKK);], and star-like
[(LLKK),]4 a-helical peptides in comparison to the linear (LLKK), peptide;

Figure 19 shows a qualitative analysis of antimicrobial activity of the linear (LLKK)4, 2-arm
[(LLKK),]5, and star-like [(LLKK).]s o-helical peptides by the drug diffusion assay (DDA)
method;
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Figure 20A shows fractional microbial survival of E. coli (left) and S. aureus (right) after 30
minutes, 1 hour, 2 hours, 5 hours, and 8 hours of treatment with star-like o-helical

[(LLKK);]4 peptide at MIC and 2 x MIC;

Figure 20B shows SEM images of E. coli (left) and S. aureus (right) treated with the star-like

peptide for 1 hour (top) or untreated (bottom), wherein scale bars represent 100 nm;

Figures 21 to 26 show MIC determination for the linear (LLKK)4, 2-arm [(LLKK),],, and
star-like [(LLKK);]4 a-helical peptides against B. subtilis, C. albicans, E. arogenes, E. coli, S.

aureus and P. aeruginosa; and

Figure 27 shows 18 hours end-point colony formation units (CFUs) of E. coli (left) and S.
aureus (right) treated with growth medium (untreated) and star-like [(LLKK),]4 peptide at
MIC, 2 x MIC, and % x MIC concentrations.

EXAMPLES

The present invention is now further described by means of the following examples, which

are meant to illustrate the present invention and not to limit it.
1. Linear antimicrobial peptides

1.1 Materials and Methods

Materials

Peptides were obtained from GL Biochem (Shanghai, China), and their fidelity was further
confirmed via matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy
(MALDI-TOF MS, Model Autoflex II, Bruker Daltonics Inc., U.S.A.), using o-cyano-4-
hydroxycinnamic acid as matrix. The purity of the peptides was also tested to be more than
95% with analytical reverse phase (RP)-HPLC. a-Cyano-4- hydroxycinnamic acid (HCCA)
was purchased from Sigma-Aldrich (Singapore) and used in saturated acetonitrile/water (1:1

volume ratio) after being re-crystallized. Sodium dodecyl sulphate (SDS) micelle solution
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(10% w/v in DI water) was obtained from 1* Base (Malaysia) and used upon dilution to the
desirable concentration range. Tryptic soy broth (TSB) powder and yeast mould broth (YMB)
powder were purchased from BD Diagnostics (Singapore) and used to prepare the microbial
broths according to the manufacturer’s instructions. Phosphate-buffered saline solution at 10x
concentration was purchased from 1st Base (Malaysia) and used after dilution to the desired
concentration. Ethanol (analytical grade, 99%) and glutaraldehyde (synthetic grade, 50% in
H,0) were purchased from Sigma Aldrich (Singapore) and used as received. B. subtilis and C.
albicans were obtained from ATCC (U.S.A.) and re-constituted according to the suggested
protocols. Red blood cells used in the experiments were obtained from rats maintained at the
Animal Handling Units of the Biomedical Research Centers (Singapore). Human peripheral
blood mononuclear cells (PBMCs) were extracted from healthy blood donors and maintained
with RPMI medium supplemented with 10% lowendotoxin fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Granulocyte macrophage-colony stimulating factor (GM-CSF) and
lipopolysaccharide were purchased from Sigma-Aldrich and used as received. Enzyme-linked
immuno-sorbent assay (ELISA) kit for human interferons alpha (IFN-¢, Cat No. 41100-1) and
gamma (IFN-y, Cat No. 41500-1) detection was purchased from PBL Interferon Source

(VCell Science, Singapore), and used according to the suggested manufacturer’s protocol.

Peptide characterization

The peptides were synthesized by the standard Fmoc-solid phase peptide synthesis protocol at
GL Biochem (Shanghai, P. R. China). The fidelity of the synthesis was confirmed via
MALDI-TOF MS and RP-HPLC techniques. An equal volume of peptide aqueous solution
(0.5 mg/mL) and a-cyano-4-hydroxycinnamic acid (HCCA) matrix solution (saturated in
acetonitrile/water mixture at 1:1 volume ratio) were pre-mixed and spotted onto the MALDI
ground-steel target plate to measure the molecular weight of the peptide. The same peptide
solution was also run through a RPHPLC (with C-18 as the stationary phase, and the mixture
of acetonitrile and water as the mobile phase with a gradient being varied from 5% to 20%
acetonitrile from 0 to 20 minutes). From the area of the chromatograms obtained, the purity of

the peptides was estimated to be more than 95%.

Circular dichroism (CD) spectroscopy
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mlxed with 100 uL of the antimicrobial peptlde solution in PBS at concentrations of 0.98,
1.95, 3.90, 7.81, 15.63, 31.25, 62.5, 125, 250, 500 mg/L. The mixture was then incubated at

37°C for 1 hour to allow for the hemolysis process to take place. At the end of incubation

time, the non-hemolysed red blood cells were separated by centrifugation at 13000g for 5
minutes. Aliquots (100 uL) of the supernatant were transferred into a new 96-well plate, and
the hemoglobin release was measured by checking the UV-absorbance of the samples at 576
nm using a microplate reader (TECAN, Switzerland). Two controls were provided in this
assay: an untreated red blood cell suspension in PBS was used as the negative control, and a
solution containing red blood cells lysed with 0.1% Triton-X was used as the positive control.
Each assay was performed in 6 replicates, and the data were expressed as means and standard
deviations of the 6 replicates. Percentage of hemolysis was calculated using the following
formula:

Hemolysis (%) = [(O.D.s7enm of the treated sample — O.D.s;enm of the negative

control)/(O.D.s76nm of positive control — O.D.s7¢nm of negative control)] x 100%.

Field emission-scanning electron microscopy (FE-SEM) analysis of bacterial cells

Bacterial cells were cultured in tryptic soy broth at 37°C under constant shaking at 100 rpm.
Similar treatments as the broth microdilution method were performed for a shorter period of
incubation to prepare the treated bacterial sample. Briefly, broth containing an antimicrobial
peptide (100 uL) was prepared at 50 mg/L (a concentration above the MIC of the peptide) and
pipetted into a 96-well cell culture plate. Microorganism was first inoculated to enter its log
growth-phase. An equal volume of microorganism solution (100 uL) was added into each
well of the 96-well plate containing the antimicrobial peptide. The concentration of
microorganism solution was adjusted to give an initial optical density (O.D.) reading of 0.1-
0.2 at 600 nm wavelength. Peptide treatment of the bacterial cells was at 37°C for 2 hours
with 8 replicates, after which all the replicates were mixed into a microfuge tube and pelleted
down at 5000g for 5 minutes. For kinetic study of the antimicrobial actions, the incubation
time with the antimicrobial agent was varied from 10, 20, 30, 40, 60, to 120 minutes.
Following the incubation, bacterial cells were then washed with PBS for three times and fixed
with 2.5% glutaraldehyde for 15 minutes, followed by washing with PBS twice. A final wash
was performed with DI water, before the bacterial cells were pelleted down and dehydrated

with a series of graded ethanol solution (30%, 50%, 70%, 95%, and 100%). Upon dehydration,
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the cells were then dried using a critical point dryer. Dried bacterial cells were then mounted
on carbon tape, sputtered with platinum coating, and imaged under a field emission scanning

electron microscope (JEOL JSM-7400F, Japan).
In vitro immunogenicity test

Human peripheral blood mononuclear cells (PBMCs) were used to test on the effect of the
peptides to induce non-specific immune response by monitoring the secretion of IFN-o and
IFN-y, two major cytokines produced by the innate immune system in its response to fight
against infections/intrusions of foreign materials. These two cytokines were selected out of
many cytokines as IFN-o has been widely accepted as the specific marker for bacterial and/or
viral infections, whereas IFN-y is known to be a more general marker resulting from immune

responses towards foreign materials.

The human PBMCs used for this immune stimulation assay were extracted from freshly
donated whole blood (from healthy donors from the National University Hospital, Singapore),
via a standard Ficoll-Hypaque density centrifugation technique. Upon extraction from the
human blood, PBMCs were re-constituted and maintained in RPMI growth medium
(supplemented with 10% FBS and 1% penicillin-streptomycin) at 37°C in the presence of 5%
CO,. To test the stimulation of IFN-a secretion by the human PBMCs after the peptide
treatment, PBMCs were seeded at 3 x 105 cells/well in a 96- well plate (100 puL/well), and the
cells were maintained with RPMI supplemented with granulocyte macrophage-colony
stimulating factor (GM-CSF) (100 ng/mL) for 48 hours prior to treatment. Priming of
monocytes with GM-CSF is known to be an absolute requirement for IFN-a secretion
stimulated by many immunogenic materials such as lipopolysaccharide. Upon 48 hours of
priming, PBMCs were treated with the designed antimicrobial peptide for 12 hours (100 uL at
concentration of 250 mg/L), after which the growth medium was taken for ELISA test to
detect the presence of any IFN-y protein in the growth medium. Similarly, in order to test on
the possibility of the antimicrobial peptide to stimulate IFN- y secretion, which may result in
an undesirable non-specific immunogenic response in vivo, PBMCs were seeded at 3 x 10°
cells/well in a 96-well plate (100 uL/well). Unlike the immune response test for IFN-q, there
is no requirement for PBMCs priming for IFN-y stimulation. The seeded PBMCs were then
treated with the antimicrobial peptide for 2 days (100 uL at concentration of 250 mg/L), after
which the growth medium was taken for ELISA test to detect the presence of any IFN-y
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protein in the growth medium. These tests were performed in triplicates, and were repeated
with a blood sample from a different donor (National University Hospital, Singapore), to
ensure the reproducibility from different blood samples. In these experiments, two controls
were used: treatment with growth medium only (as negative control), and treatment with

lipopolysaccharide (100 ng/pL) (as positive control).

1.2 Results

Peptide characterization

The structure and molecular weight of the peptides were verified by MALDI-TOF MS. Table
1 summarizes the theoretically calculated molecular weight of the peptides and their measured
molecular weights via MALDI-TOF MS (Figure 6). It can be seen that each peptide has a

measured molecular weight value that is in a very close agreement with its theoretical value.

This suggests that the peptides were successfully synthesized.

Table 1A. Peptides based on a-helix strategy and their molecular weights

Number .
(;}'lﬁtesp(e:)t lg:;:t Peptide Sequence The;;:vtlcal M;?[sv:’l:ed
2 FFRR ggggl}{q}})Ngz 123049 | 1231.37
FFRR (Fs}:é%‘fgi“éi‘}l‘“”z 1837.22 | 1839.55
3 AARR WNHZ 1380.63 | 1381.99
LLRR (LS%EIBRILIDLI%:LE;‘R'NHZ 1633.11 | 1634.74
LLKK {“SIE%KI%L%}SL)KK'NHZ 1465.03 1467.53
FFRR ggggl;lg F;}RF FRR-NH, 2443.94 2443.60
4 LLRR %S%%R%%ngLLRR‘NHZ 207181 | 217435
LLKK (LSLEIE%LNK&%KKLLKK'NHZ 194770 | 1951.07

* Measured by MALDI-TOF, apparent Mw = [Mw + H]"

Table 1B. a-Helical peptides based on sulthydryl modification strategy and their molecular

weights
Number Cysteine/Methionine Peptide Sequence Theoretical | Measured
of Repeat Modification(s) P q Mw Mw*
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Units (n)

LLKKLLKKC-NH,
(SEQ ID NO: 9)
CLLKKLLKKC-NH;,
(SEQ ID NO: 10)
MLLKKLLKKM-NH,
(SEQ ID NO: 11
LLKKLLKKLLKKC-
1 NH, 1568.18 1569.25
(SEQ ID NO: 12)
CLLKKLLKKLLKKC-
3 2 NH, 1671.32 1672.71
(SEQ ID NO: 13)
MLLKKLLKKLLKKM-
2 NH, 1727.43 1729.16
(SEQ ID NO: 14)
* Measured by MALDI-TOF, apparent Mw = [Mw + H]"

1085.51 1087.23

1188.66 1190.11

1244.76 1246.39

Circular dichroism (CD) spectroscopic studies

Most of the previously reported natural amphiphilic antimicrobial peptides adopt flexible
random structure in aqueous solutions and assemble into a more rigid o~helical structure in
the presence of a simulated membrane environment. SDS micelles can be used as a model
lipid system because a similar detergent like SDS molecules had been reported to form
micellar rings around the transmembrane helical region of a membrane protein, which were
similar to the structure of the natural bilayer membrane. In order to investigate the proclivity
of the conformational structures of the peptides in both water and membrane-like
environments, they were first tested with CD spectroscopy technique at room temperature, by
using both water and aqueous SDS micelle solution as the solvent. When water was used as
the solvating medium, none of the peptides adopted any o-helical conformations (data not
shown), while in the membrane-mimicking environment (i.e. in water containing SDS
micelles), most of the peptides tested assembled into an a~helical conformation (Figure 1). It
is hypothesized that the cationic residues of the peptides initiate the association of the
peptides onto the surface of SDS micelles through electrostatic interaction, which then allows
the folding of the peptides to occur. It can be seen that both the composition and the length of
the peptides affected the helicity of the peptide conformation (Figure 1B). Peptides having
phenylalanine as the hydrophobic residues did not show strong signal of a-helical secondary
structure in solution, which was characterized by the presence of double minima at 220 nm
and 208 nm UV-visible wavelengths. In contrast, peptides having leucine and lysine amino

acid residues were found to exhibit strong o-helical signals. By comparing the molecular
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residual ellipticity, [-8y] values of the peptides at these wavelengths, the propensity of the
peptides in forming a-helical confirmation could be arranged according to the order of
(FFRR),, (FFRR);, (LLRR);, (AARR)3, (FFRR)4, (LLKK)3, (LLRR)4, and (LLKK)4, from the
weakest to the strongest inclinations. This observation is in agreement with the widely
accepted knowledge of protein folding inclination that alanine, lysine and leucine residues
have a stronger propensity of o-helical formation, while both phenylalanine and arginine
residues have an indifferent propensity for such conformations. As such, peptides containing
amino acids having weaker propensities to form helical structure required more repeat units to
give typical o-helical CD spectra. In addition, peptides with more repeat units were also
observed to form the a-helical structures more readily when compared to the shorter peptides,
as implied by lower minimum value of the molecular elipiticy, [-Om], at 222 nm wavelength,

which has been referenced as a measure of helical fraction of proteins in solution.

Hemolytic activity of peptides

As the peptides according to the present invention are also aimed for the purpose of
biomedical applications in fighting against infectious disease, it is important to evaluate the
extent of undesirable cytotoxic effect of the peptides. In the context of antimicrobial agents,
cytotoxic effect is generally tested by analyzing the hemolytic properties of the antibiotics
against mammalian red blood cells. Table 2A summarizes the peptide concentrations that
resulted in 50% lysis of red blood cells (HCs), which were estimated from the hemolysis tests
of the peptides across a range of peptide concentrations as plotted in Figure 2A. It is desirable
that the HCs, value of the peptides are as far away as possible from the effective antimicrobial
concentration (listed in the same table). By comparing the HCsy values of the different
peptides, it is apparent that the hemolytic property of the peptides is affected by both the
number of repeat units (length of peptides), and the nature of hydrophobic/cationic residues of
the peptides. In general, peptides having 2 and 3 repeat units were not hemolytic up to 500
mg/L (the highest concentrations tested in this study), while the peptides having 4 repeat units
were highly hemolytic (> 60% hemolytic) even at low concentration of 31 mg/L (Figure 2A).
In this view, more repeat units seem to possess greater ability of penetrating and/or disrupting
cell membrane owing to the increased hydrophobicity of the longer peptide molecule, hence
exhibiting an increased hemolytic property. In addition, in view of providing free
sulfhydryl/thioether groups for bacterial membrane lysis, one of the peptides having the
highest tendency to fold into an o+helical conformation, (LLKK),, was modified by attaching
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= 3 LLI CKLLI CKLLI CKC-
= 3 CLLKKLLKKLLKKCNHZ 31 125 125 125

NH2 (SEQ ID NO 12)
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cysteine/methionine residue(s) at one or both termini of the peptides, followed by the analysis

of their corresponding hemolytic properties. The HCs values of these modified peptides are

summarized in Table 2B and Figure 2B. As can be seen, comparison between the HCso of

(LLKK); to (LLKK);C and C(LLKK);C infers that the hemolytic value was increased

dramatically.

Table 2A. Minimum inhibitory concentrations (MIC) and 50% hemolytic concentrations
(HCsp) of the synthetic a-helical antimicrobial peptides

HCs
Antimicrobial Peptide Sequence MIC (mg/L) (mg/L)
Peptides P q B. E coli C.
subtilis ) albicans

(FFRR), fSFEQ Iﬁ%Ng 2 125 >500 > 500 > 500

(FFRR);3 fSFEQ I]§ NO,F21;R-NH2 31.3 >500 125 > 500
AARRAARRAARR-

(LLRR); {‘SI}:IQ& lIDL NI &O'L. I;)RR -NH; 15.6 >500 500 > 500
LLKKLLKKLLKK-NH,

(LLKK); (SEQ ID NO: 5) 31.3 >500 125 > 500
FFRRFFRRFFRRFFRR-NH,

(FFRR), (SEQ ID NO: 6) 20 >50 > 50 ~26
LLRRLLRRLLRRLLRR-NH,

(LLRR)4 (SEQ ID NO: 7) 10 >50 >50 ~12
LLKKLLKKLILKKLLKK-NH,

(LLKK)4 (SEQ ID NO: 8) 10 >50 > 50 ~24

Table 2B Minimum inhibitory concentrations (MIC) and 50% hemolytic concentrations
(HCso) of the synthetic antimicrobial peptides with sulfhydryl modification(s)

HCso
Cysteine/Methionine Peptide Sequence MIC (mg/L) (mg/L)
Modification(s) P 9 B. E. P. C.
subtilis | coli | aeruginosa | albicans
_ LLKKLLKKC-NH,
1Cys,n=2 (SEQ ID NO: 9) 125 | >500 63 250 >2500
_ CLLKKLLKKC-NH,
2Cys,n=2 (SEQ ID NO: 10) 125 225 125 250 >2500
_ MLLKKLLKKM-NH,
2Met,n=2 (SEQ ID NO: 11) 125 | >500 500 500 >2500
LLKKLLKKLLKKC-
1Cys,n=3 NH; 16 150 16 63 ~402
(SEQ ID NO: 12)
2 Cys,n=3 %II;KKLLIU(LLKKC' 31 | 125 | 125 125 | ~82




-82 WO 2012/ 057713PCT/ SG2011/ 000385 19 (SEQ ID NG 13) 2 Met, n
M_LKKLLKKLLKKMNH2 (SEQ I D NO 14) 31 250 31 125 -158
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(SEQ ID NO: 13)
MLLKKLLKKLLKKM-
2 Met,n=3 NH, 31 | 250 31 125 | ~158

(SEQ ID NO: 14)

Minimum inhibitory concentrations (MIC) measurements

All the exemplary peptides were tested for their MIC value against Gram-positive bacteria B.
subtilis, and yeast C. albicans with a microdilution assay. Most of the peptides efficiently
suppress these microbial cells at different effective concentration levels (see Figures 7 to 17).
Table 2A summarizes the MIC values of exemplary peptides according to the present
invention. Recalling the HCsy values listed in the same table, most of the peptides with 3
repeat units have a MIC value lower than the HCsy value, implying a wider therapeutic
window, hence their potential usefulness as systemic antimicrobial agents. For example,
(FFRR);, (LLRR);, and (LLKK); peptides had MIC values of 31.3, 15.6, and 31.3 mg/L
against B. subtilis (Table 2A), respectively, and at these concentrations, less than 5%
hemolysis was observed (i.e. less than 5% mammalian red blood cells were lysed) (Figure
2A). On the other hand, for the yeast C. albicans, which is generally more difficult to kill, the
MIC values were significantly increased as compared to that for B. subtilis (i.e., 125, 500, and
125 mg/L, respectively). At the MIC levels for C. albicans, these peptides induced 12- 24%
hemolysis, except for (LLKK); which induced only about 4.2% hemolysis (Figure 2A). This
suggests a good selectivity of these peptides towards the anionic constituent of microbial cell
membranes, over the zwitterionic mammalian cell membranes. However, the (AARR);
peptide was particularly ineffective against the microbial cells due to weak lipophilicity of the
alanine residue, resulting in poor hydrophilicity/lipophilicity balance of the amphiphiles. In
contrast to the peptides with 3 repeat units, peptides designed with 2 repeat units exhibited
much weaker antimicrobial properties as it was only effective to inhibit the growth of B.
subtilis at much higher concentration of 125 mg/L, but ineffective against C. albicans (Table
2A). Similarly, the peptides with 4 repeat units also exhibit much poorer selectivity towards
bacterial cells over mammalian red blood cells, even though they were generally more
effective to inhibit the growth of microbial cells at lower concentrations than those peptides
with 3 repeat units. For example, (FFRR)4, (LLRR)4, and (LLKK)4 peptides have MIC values
of 20, 10, and 10 mg/L against B. subtilis (Table 2A), respectively. However, at these
concentrations, around 50%, 50%, and 30% of mammalian red blood cells were lysed (Figure
2A). Presumably, such poorer selectivity was encountered due to the increased

hydrophobicity and poorer facial amphiphilicity of these peptides. Figure 1A shows the

3
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Peptide synthesis, conjugation and characterization Am dated |inear (LLKX)4
( LLKKLLKKLLKKLLKK- CONH2) and 2-arm branched [ (LLKK) 2] 2
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China), and the purity was characterized to be >95%through H gh Pressure
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25 E. coli and S. aureus at -3 x 108 CFU/ nL were treated with 250 ng/L
star-like [(LLKK)214 peptide (equal volune) for 1 hr, after which, the
sanpl es wepeotkalsytsat ed and dried as descri bed above. Dsh/SE261f108d38h assay
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anal ysis (Figure 18B). Analogous to the case for polyners, lower Tg for the
2- ar m [ ( LI2KB3aR¢h2d peistar-dike stigirecitiadertidet it s backbone was rel atively |ess
rigid conpared to that of the linear (LLICK)4 peptide. The effect of the
structural design of peptide nolecules on their helical folding behavior
was furt hérl Matediaj amigMethodgur e 18C shows f ol di ng behavi or of the peptides
into a-helices upon interaction with SDS micelles used to m m c bacteri al
cel | menbrane. Generally, nore repeat units enhance the helical propensity
by vi rt ue Peptidesyrhesisconyentiopend chypderizgliannt er acti on al ong the helical
backbone that stabilizes such helical structure. Therefore, it is intuitive
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after branching (Figure 18B and 18C). Table 3. Biological activities (MC
and HC50) of linear (LLKK)4, 2-arm branched LUCK 2 2 and star-like LLKK 2 4
a-helical nevtides. Peptide MC [ng/LlI HC50 [ng/L]




B. subtilis S. aureus E. coli E. aerogenes P. aeruginosa C al bicans
(LLICK)4 (SEQID NO 8) 6.3 > 50 12.5 25 6.3
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the lysine’s side chain was used for the incoming amino acid attachment. This branching
point was introduced using Fmoc-Lys-Fmoc derivative during the solid-phase peptide

synthesis, adapted from the peptide dendrimer synthesis strategy.

Differential scanning calorimetry (DSC)

Thermal analysis of the peptides was carried out to probe molecular rigidity/flexibility, as
implied by the difference in Tg (glass transition temperature). Dried peptide (2-3 mg) was
prepared in a sealed calorimetry pan and analyzed using a TA differential scanning
calorimeter Q100 with +1 °C modulation every 60 s. Tg was determined from the second scan
at a heating rate of 3 °C/min following a slow cooling rate of 3 °C/min to remove the

influence of thermal history.

Circular dichroism (CD) spectroscopy

Secondary structure of the (LLKK)4, [(LLKK),];, and [(LLKK),]s+ peptides was analyzed in
the presence of 25 mM SDS micelles as mimic of bacterial membrane. Briefly, peptides were
prepared at 250 uM (in 25mM SDS solution), and scanned with a CD spectropolarimeter
(JASCO, J-810) at room temperature using 1.0 mm path length quartz cell. The CD spectra of
the peptide solutions were acquired after solvent subtraction from 190 to 240 nm wavelengths
at 50 nm/min scanning speed. 10 runs were performed for each peptide to reduce random
noise on the background. The acquired CD spectra were converted into the mean residue of

ellipticity by using the following equation:

6. M
g, = obs [ RW
MU0 el

where 6,, is the residue of ellipticity [deg.M™'.m™'], 6,,. is the observed ellipticity corrected
M obs

for the buffer at a given wavelength [mdeg]. Mzw is residue molecular weight, defined as
Mw/number of amino acids), and c is the peptide concentration [mg/mL], and / is the path

length [cm].
Hemolytic activity

The peptides’ hemolysis was tested in human red blood cells (hRBC). hRBCs were diluted
25% to achieve 4% concentration (v%) in phosphate-buffered saline (PBS, pH 7.4). Upon
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dilution, the blood suspension was treated with equal volume of (LLKK)4, [(LLKK),]>, or
[(LLKXK),]4 peptide solution in PBS to reach final peptide concentrations of 0-500 mg/L. The
treatment was performed inside a 37°C incubator for 1 hour, after which the mixture was
centrifuged at 1000g for 5 mins to remove the non-hemolysed blood cells. The supernatant
(100 pL) was transferred into a 96-well plate, and measured spectrophotometrically for its
absorbance at 567 nm using a microplate reader (TECAN, Switzerland) 5], PBS and 0.1%
Triton-X were used as negative and positive controls respectively. Hemolysis level was
calculated according to the following formula;

% Hemolytic = (Absorbance for Peptide treatment — Absorbance for PBS
treatment)/(Absorbance for Triton treatment — Absorbance for PBS treatment) x 100%

Minimum inhibitory concentration (MIC)

The antimicrobial effect of (LLKK)s, [(LLKK),],, and [(LLKK),]4 peptides was tested
according to the standardized broth microdilution technique against Gram-positive bacteria B.
subtilis (ATCC No. 23857), and S. aureus (ATCC No. 29737), Gram-negative bacteria E. coli
(ATCC No. 25922), E. aerogenes (ATCC No. 13048) and P. aeruginosa (ATCC No. 9027),
as well as Yeast C. albicans (ATCC No. 10231). Microbes were re-constituted from their
dried pellets obtained from ATCC according to the recommended protocols. Bacterial culture
was done in tryptic soy broth at 37°C, while yeast was cultured in yeast mould broth at room
temperature, under constant shaking at 100 rpm. Briefly, microbial suspension was first
adjusted to contain ~3 x 10® CFU/mL, by adjusting its 600 nm absorbance to be equivalent to
that of the standard McFarland 1 reference. The suspension was then diluted to contain ~3 X
10° CFU/mL. Under this condition, the O.D. reading was approximately 0.05-0.06 for
bacterial cultures, and 0.03-0.04 for yeast cultures. Equal volume (100 pL) of the microbial
suspension and the peptide solutions was mixed in a 96-well plate, and the microbial growth
was monitored by measuring the O.D. reading at 0 and 18 hours. The test was conducted for
concentrations of 0-50 mg/L for (LLKK)s peptide, and 0-500 mg/L for [(LLKK),]> and
[(LLKK),]4 peptides, because the linear peptide is highly hemolytic. MIC was reported as the
minimum concentration required for inhibiting the growth of microbial cells after 18 hours of

incubation.

Scanning electron microscopy (SEM) imaging



Next, the biological activity and selectivity of these peptides were

eval uated by neasuring their mninmuminhibitory concentrations (MCs)

agai nst awei2de/gsange of microbial cells including cliniealtlsg2ompossssant

m crobes, i.e., B. subtilis, S. aureus (Gampositive), E coli, E

aer ogenes, P. aerugi nosa (Gram negative), and C al bicans (yeast) (Figures
21 to 26). As listed in Table 1, the linear (LLICK)4peptide was efficient
agai nst nost microbes tested except f2f S aureus and C. al bicans. However,

it caused n|f| ant he onc tio arqund it

Br anchi ngEs t9rd éf”eﬁsaf‘ng fd ?g%ﬁ%&e %te ‘5\%%?? S&“ﬂ‘:“&ﬁ&ﬁ(gﬁh val ues
(2- arm [ (pkptid€@@hRvolane) Usr QI.Hr.,K'lﬂed whithTete| semllps wedeedebpisatad bl driedi 4sy

(defi ned % I—LC% %M C) of the branched peptide towards microbes was

si gni fi caffi9°f8P€ased. For exanple, selectivity of the peptides towards
E. coli was -3 for the Ilnear (LLICK)4 peptide, and > 16.1 for the 2- arm
[ ( LLKK) 2] %_ 'sg(ﬁa L tively (Table 4). Table 4. Selectivity (HC50/ M C)
of |inear (ﬁ%éf ?%1 ranched [ (LLKK)2] 2, and starlike LUCK 2 4

a- hel i cal pept i des. Peptide Selectivity (HC50/MC) B. subtilis S. aureus

E. coli EA&%&Q&%‘I@? XPl'08 %%{IHQIL &?&&)mcr:sus%le&koﬁéfﬁ s&ﬁﬁ)s,%.lc)léignsﬁé’. cgli,l\}é.A
aerogenes, P. aeruginosa, and S. aureus) (20 uL each) were spread on 1.5% LB agarose
plates and incubated for 24 hrs (for bacteria) or 48 hrs (for yeast). Disks were prepared to
contain 50 ug of (LLKK), or 500 ug of [(LLKK),]; and [(LLKK)]4 by dripping 50 uL of the
corresponding peptide solutions onto a sterile disk. Different amounts of (LLKK)s,
[(LLKK);)> and [(LLKK),]s peptides were used due to the difference in their hemolytic
properties, and were kept consistent to the highest concentrations used at the MIC tests. Disks

were air-dried for several minutes before being placed onto different zones in the agar plates.
Time-killing curve and Fractional survival tests

E. coli and S. aureus were treated at MIC and 2 x MIC concentrations with [(LLKK),]4
peptide. At various time periods (0, 0.5, 1, 2, 5, 8 and 18 hours), microbial suspensions were
diluted at 3 different dilutions and plated on 1.5% LB agar plates. Microbial colonies were
formed and counted after 24 hours of incubation (for bacteria) or 48 hours of incubation (for

yeast).
2.2 Results

A branch point was introduced at the center of a linear (LLKK)4 peptide to form 2 arms of
(LLKK), connected via a KC dipeptide (i.e. a 2-arm branched [(LLKK);], peptide), in order
to introduce flexibility into this helical molecule. The KC dipeptide served as a flexible
bending point within the 2-arm [(LLKK),]> molecule to reduce its overall rigidity. In addition,
the presence of cysteine residue at the C-terminal end of the peptide [(LLKK),], provided a
thiol group for intermolecular dimerization into a star-like [(LLKK)]s peptide based on
thermal oxidation as confirmed by MALDI-TOF/TOF analysis (Figure 18A). In order to
probe the flexibility/rigidity difference between the linear and branched peptide, glass

transition thermal analysis was conducted. Since the linear (LLKK); and 2-arm branched



31.56 VA[(LLKK)2]2 >62.5 NA > 16.1 >4 > 62.5 > 7.9 [(LLICK)2]4 >31.3
>1.3 >31.3 >7.9 >62.5 >4 Further increasing branching degree w thout

di st ur bi ngot2be/watizoni c- hydr ophobi ¢ bal ance (star-Iike [pCiisikididhdozger sus
2-arm [ (LLKK) 2] 2) enhanced anti m crobi al potency and i nproved m crobi al
selectivity for the majority of the mcrobes tested. For exanple, conpared
to the 2-arm[(LLKK)2] 2 peptide, MC of the star-like [(LLICK)2]4 peptide

agai nst E.

coli

was | ower with higher2gelectivity (MC 16 versus 31 ng/L;

Sel ectivi t[?ﬁLIﬁ()z 21 pe%ticyeg had csomT)arjégl'e ]ﬂ)oleg:llli%‘bvlve?gh% tl%ri]rdrel-all-téll\;%l fﬁexé?li'ty/rigidity of the

molecular chain could be probed by glass transition temperature () analysis (Figure 18B).
Analogous to the case for polymers, lower T, for the 2-arm [(LLKK),]» peptide suggested that
its backbone was relatively less rigid compared to that of the linear (LLKK)4 peptide.

The effect of the structural design of peptide molecules on their helical folding behavior was
further analyzed. Figure 18C shows folding behavior of the peptides into a-helices upon
interaction with SDS micelles used to mimic bacterial cell membrane. Generally, more repeat
units enhance the helical propensity by virtue of enhanced hydrogen-bonding interaction
along the helical backbone that stabilizes such helical structure. Therefore, it is intuitive that
branching of the peptide into 2-arm and star-like structures, which “breaks” the overall length
of the peptide backbone per arm, reduced the a-helical signals. In addition, the star-like
[(LLKK),]s peptide displayed almost identical folding behavior as the 2-arm [(LLKK),],
peptide, which was plausibly due to the same helical length of each arm (i.e. the same number

of amino acids forming each “arm” from the branching point to the terminal amino acid).

The undesired hemolytic activity of the peptides towards human red blood cells (hRBC) was
assessed as shown in Figure 18D. The linear peptide (LLKK)4, which was originally highly
hemolytic even at low concentrations (e.q. 50% hemolysis at ~37.5 mg/L), became much less
hemolytic when a branching point was introduced into the molecule (i.e., 2-arm branched
[(LLKK),], peptide, only ~18% hemolysis at 500 mg/L). Furthermore, the star-like
[(LLKK),]4 peptide was also only hemolytic at an acceptable level, in comparison to its
antimicrobial activities towards a wide spectrum of microbial families (Table 3). This was
possibly because of increased flexibility and reduced helical propensity of peptide molecules

after branching (Figure 18B and 18C).

Table 3. Biological activities (MIC and HC50) of linear (LLKK)4, 2-arm branched
[(LLKK)2]2, and star-like [(LLKK)2]4 a-helical peptides.

MIC [mg/L]
Peptide B. S. E. E. P. C. [I;InEISI(J)]
subtilis | aureus | coli | aerogenes | aeruginosa | albicans

(LLKK)4

(SEQID 6.3 >50 12.5 25 6.3 > 50 ~37.5

NO: 8)
[(LLKK),]» 8 >500 | 31 125 8 63 >500
[(LLKK),]4 16 400 16 63 8 125 >500
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The activity of the peptides in preventing colony formation of the microbial cells was also

studied qualitatively with a disk diffusion assay (DDA) technique. Microbes (B. subtilis, S.

aureus, E. coli, E. aerogenes, P. aeruginosa and C. albicans) were plated on agar plates at

~108 CFU/mL (20 pL) microbial suspension, and sterile disks (1: growth medium, 2: linear
(LLKK); peptide at 50 pg/disk, 3: 2-arm [(LLKK).], peptide at 500 ng/disk, 4: star-like

[(LLKK),]s peptide at 500 pg/disk) were placed accordingly on the agar plates. Different

concentration between disk 2, 3 and 4 was to account for the hemolytic properties of linear



,KC . /- CK Z.-(XXYY or YYXX).(YYXX or XXYY)n-Zm wherein X is, at each
occurrence, independently selected froman am no acid having a hydrophobic
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2. Peptide according to claim1, wherekh X is selected fromthe group
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Gram-negative E. coli and Gram-positive S. aureus were chosen as the model
microorganisms; as shown in Figure 20A, more than 50% of the cells were killed after
exposure to the peptide for 1 hour at MIC or 2 x MIC concentrations. At the prolonged
incubation time of 8 hours, the star-like peptide at both concentrations could kill more than
99.99% of the bacterial cells. Furthermore, the CFU counts at 18 hours of incubation (Figure
27) revealed that the peptide killed bacterial cells with at least 6 log reduction killing
efficiency at MIC concentration, while more than 11 log reduction killing efficiency was
observed at 2 x MIC concentration. The antimicrobial function of the star-like [(LLKK)2]4
peptide via disrupting Gram-negative E. coli and Gram-positive S. aureus cell membranes

was further confirmed via SEM imaging shown in Figure 20B.

REFERENCES

[1]  Zasloff M. Antimicrobial peptides of multicellular organisms. Nature 2002; 415:389-
39s.

[2] Wang Z, Wang G. APD: the antimicrobial peptide database. Nucleic Acids Res 2004;
32:590-592.

[3] Ulvatne H, Vorland LH. Bactericidal kinetics of 3 lactoferricins against
Staphylococcus aureus and Escherichia coli. Scand J Infect Dis 2001; 33:507-511.

[4] Diekema DJ, BootsMiller BJ, Vaughn TE, Woolson RF, Yankey JW, Emst EJ, et al.
Antimicrobial resistance trends and outbreak frequency in United States hospitals.
Clin Infect Dis 2004; 38:78-85. '

[5] Hancock RE, Patrzykat A. Clinical development of cationic antimicrobial peptides:
from natural to novel antibiotics. Curr Drug Targets Infect Disord 2002; 2:79-83.

[6] Hancock RE, Sahl HG. Antimicrobial and host-defense peptides as new anti-infective
therapeutic strategies. Nat Biotechnol 2006; 24:1551-1557.



z KC (LLKK)2 / and (LLICK)2 \, (1CKLL)2 z KC - CK/ \ (LLKK)2 /\ (KKLL)2Z2

8. Peptide according to any of the foregoing clains, wherein the

C-term nusOQot2ersmiai of said peptide is/are am dated. 9PCPSERId®o@sEor di ng
to any of the foregoing clains for use as an antim crobial agent. 10.
Peptide according to any of clains 1 to 8 for use in a nethod of treatnent
of a disease. 11. Peptide according to claim 10, wherein said disease is an
i nfectious disease. 12. Peptide according to claim1ll, wherein said

i nfectious disease is caused by Gam positive bacteria, G amnegative
bacteria, yeast or fungi. 13. Pharmaceutical conposition conprising a
peptide according to any of clains IChims8. 14. Method of lysing a
bacterial, yeast or fungal cell, said nethod conprising the step of
exposing said cell to a peptide according to any of clains 1 to 8. 15. Kit
conpri sind.a pRyptiildievag e @erdah fprinala aeigctedffroal the greuplcongst®g of

Lo (XXYY)n-Zm »

Z -(XXYY or YYXX), N
©KC

7 -(XXYY or YYXX),” .
an

Z-(XXYY or YYXX), ., (YYXX or XXYY),-Z,,
~

P KC — CK | '

Z -(XXYY or YYXX), ™ (YYXX or XXYY),Z,

;
wherein

X is, at each occurrence, independently selected from an amino acid having a
hydrophobic side chain;

Y is, at each occurrence, independently selected from an amino acid having a cationic
side chain;

Z is an amino acid having a free thiol or thioether group;

n is an integer number between 2 and 4, preferably 2 or 3; and

m is, at each occurrence, independently selected from 0 and 1.

2. Peptide according to claim 1, wherein X is selected from the group consisting of
leucine (L), isoleucine (I), alanine (A), valine (V), phenylalanine (F), tryptophan (W)

and methionine (M).

3. Peptide according to claim 2, wherein X is selected from the group consisting of

leucine (L) and phenylalanine (F).

4. Peptide according to any of the foregoing claims, wherein Y is selected from the group

consisting of lysine (K) and arginine (R).
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5. Peptide according to any of the foregoing claims, wherein Z is selected from the group

consisting of cysteine (C) and methionine (M).

6. Peptide according to any of the foregoing claims, wherein said peptide is selected from
the group consisting of (LLKK)s, (FFRR),, (FFRR)3;, (LLRR)3;, (FFRR)4, (LLRR)4,
(LLKK)4, (LLKK),C, C(LLKK)C, M(LLKK),M, (LLKK);C, C(LLKK);C and
M(LLKK);M.

7. Peptide according to any of claims 1 to 4, wherein said peptide is selected from the

group consisting of

(LLKK), \ (LLKK), \ / (KKLL),
KC / KC — CK \
(LLKK), / . (LLKK), (KKLL),
8. Peptide according to any of the foregoing claims, wherein the C-terminus/C-termini of

said peptide is/are amidated.

9. Peptide according to any of the foregoing claims for use as an antimicrobial agent.

10.  Peptide according to any of claims 1 to 8 for use in a method of treatment of a disease.

11.  Peptide according to claim 10, wherein said disease is an infectious disease.

12.  Peptide according to claim 11, wherein said infectious disease is caused by Gram-

positive bacteria, Gram-negative bacteria, yeast or fungi.

13.  Pharmaceutical composition comprising a peptide according to any of claims 1 to 8.

14.  Method of lysing a bacterial, yeast or fungal cell, said method comprising the step of

exposing said cell to a peptide according to any of claims 1 to 8.

15.  Kit comprising a peptide according to any of claims 1 to 8.



