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Seznam pouzitych zkratek

1-DE — jednorozmérna elektroforéza

2-DE — dvoudimenzionalni elektroforéza

AMP — antimikrobialni peptidy

APS — persiran amonny

CAPS — 3-(cyklohexylamino)-1-propansulfonova kyselina

CZE — kapilarni elekroforéza

CFU — jednotka tvofici kolonii, z anglického ,,colony - forming unit*

DIPEA — N,N-diisopropylethylamin

DMSO - dimethyl sulfoxid

DTT - dithiothreitol

ESI — ionizace elektrosprejem, z anglického ,.electrospray ionization*

FFE — volna elektroforéza, z anglického ,,free flow electrophoresis‘

Fmoc — 9-fluorenylmethoxykarbonylova skupina

HBTU — 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorofosfat
CHAPS — 3-[(3-cholamidopropyl)dimethyl-amonio]-1-propansulfonat

IPG strip — prouzek s imobilizovanym pH gradientem, z anglického ,,immobilized pH
gradient strip®

LB — Luria-Bertani

LPS — lipopolysacharid

MALDI-TOF — ionizace laserem za ucasti matrice s analyzou doby letu, z anglického
»~matrix-assisted laser desorption/ionization-time-of-flight*

MIC — minimélni inhibi¢ni koncentrace, z anglického ,,minimum inhibitory concentration”
NMP — N-methylpyrolidon

NMR — nuklearni magnetické rezonance

MS — hmotnostni spektrometrie

PAGE - elektroforéza v polyakrylamidovém gelu

PPO - profenoloxiddza

PVDF — polyvinyliden-difluoridova

Q-TOF — ,,quadrupole orthogonal acceleration time-of-flight tandem*

RP-HPLC — vysokoucinna kapalinova chromatografie na reverzni fazi, z anglického
»Reverse—Phase High Performance Liquid Chromatography*

RT-gPCR — kvantitativni polymerazova fetézova reakce v realném Case, z anglického
,»Real Time - quantitative Polymeraze Chain Reaction*

SBP — z anglického ,,storage binding protein‘

SDS — dodecylsulfat sodny

tBu — terc-butylova skupina

TEMED — N,N,N',N'-tetramethylethylenediamin

TFA — kyselina trifluoroctova

TIS — triisopropylsilan

Tricin — N-tris(hydroxymethyl)methylglycin

Tris — tris-(hydroxymethyl)-aminomethan

Dale jsou uzivany zkratky podle doporuc¢eni IUPAC-IUB. Pokud neni uvedeno jinak, jedna

se 0 aminokyseliny v L-formé.



1. Uvod

Svétova zdravotnicka organizace (World Health Organization) uvadi Ze rezistence
antibiotik nejen k 1é¢bé mikrobidlnich infekci, ale také k prevenci infekci nebo dokonce
vyzivé hospodaiskych zvifat vedlo k alarmujicimu nardstu rezistence bakterii vici
souasnym antibiotikim [1]. Antibiotika jsou pfirozené latky produkované
mikroorganismy (n€kdy i vysSimi rostlinami ¢i zivocichy), které potlacuji rist jinych
organismi. K ,,producentim® antibiotik patti bakterie, houby, fasy, lisejniky aj. V né&jaké
form¢ se antibiotika musela pouzivat jiz ve starém Egypté, protoze v mumiich se nasly
stopy tetracyklinu. Ve stiedovéku pry lidé pouzivali k 1é€bé hnisavych ran plesnivy chléb.
Skute¢ny rozvoj antibiotik vSak zacal az Flemingovym objevem penicilinu roku 1929.
Cesta od zjisténi, ze kolonie plisné Penicillium notatum na Petriho miskach brani rtstu
zlatého stafylokoka Staphylococcus aureus, vSak byla jeste velmi dlouhd. Klinicky byl
penicilin pouzit poprvé az koncem druhé svétové valky pti 1éceni zranénych spojeneckych
vojaki. Dalsi antibiotika pak jiz byla objevovana jako na bézicim pasu. S moznosti
rezistence se tehdy pfilis nepocitalo [2].

Rezistence bakterie Salmonella typhimurium k tetracykliniim vzrostla z 0% v roce
1948 k 98% v roce 1998. V roce 1998 bylo pies 30% stafylokovych bakteriémii zplisobeno
methicillin-rezistentnim kmenem bakterie Staphylococcus aureus ve srovnani s 2% v roce
1994 [3]. Kdykoli byla na trh zavedena nova antibakterialni latka, diive ¢i pozdéji se
zaCaly objevovat rezistentni kmeny. Snad nejdéle zistal zcela u¢inny vankomycin, ale ani
to jiz neplati. Kazdou hodinu zabiji bakteridlni infekce na nasi planeté okolo 1500 lidi a
z toho polovina jsou déti mladsi péti let [4]. Tato zjisténi vedou ke snaze najit nové ucinné
antimikrobidlni latky, které by nicily mikroorganismy a pfitom by se vici nim obtizné
vytvarela rezistence.

Antimikrobidlni peptidy (AMP) jsou soucasti ptfirozené (neadaptivni) imunity a
jsou diilezitou souc¢asti imunitni obrany. Jsou produkovany rostlinami, zvifaty, hmyzem a
jednobunéénymi organismy. Antimikrobidlni peptidy jsou schopné ovlivnit riist a mnozeni
jak bakterii, virt, kvasinek, a nékteré jsou schopny putsobit i na rakovinné bunky [5].
Potencidl antimikrobialnich peptid a proteini v klinické praxi zahrnuje nejen jejich

vyuziti jako antimikrobidlnich latek a vyuziti jejich synergistického Uc€inku s jiz



pouzivanymi antibiotiky, ale také jejich pouziti jako imunostimulacnich a endotoxiny
neutralizujicich latek [6,7].

Ttida hmyzu se zda byt novym, slibnym zdrojem ptirodnich latek s antimikrobialni
aktivitou. Hmyz je druhové nejpocetnéjsi skupinou zivocdichli. Odhady odborniki
o celkovém poctu hmyzich druhi na Zemi se pohybuji vrozmezi od dvou do tficeti
miliond. JestliZe uvazime rozmanitost prostiedi ve kterém hmyz Zije a mnoZzstvi patogent,
kterym je konstantné¢ vystavovdn, musi byt hmyz vybaven uUfinnym obrannym
mechanismem, ktery zajiStuje resistenci hmyzu vic¢i patogeniim. V pribéhu evoluce si
hmyz vyvinul komplexni a u¢inny pfirozeny imunitni systém zaloZeny pfedevSim na
rychlé syntéze peptidii a malych organickych molekul [8]. V poslednich letech byly pravé
z rozliénych druhli hmyzu izolovéany peptidy, které vykazovaly zajimavé in vitro aktivity
proti mikroorganismiim rezistentnim ke konven¢nim antibiotikim [9]. Pravé tyto peptidy
by se mohly stat vzorem pro tvorbu novych terapeutickych zbrani v boji s mikroorganismy.
Zaroven je za pomoci modernich biochemickych a genetickych metod (Cipy a proteomika)
vénovana velkd pozornost studiu imunitni odpovédi hmyzu. Od bezobratlych
k obratloveim mé pfirozena imunita zaraZejici podobnost coz svéd¢i o jejim spolecném

evolu¢nim ptvodu [10].

1.1. Imunitni odpovéd’ hmyzu

Hmyz patii mezi bezobratlé, plné¢ odkdzané na pfirozenou imunitu. Setkava se
s riznymi patogeny, nejenom bakteridlnimi, ale i houbami, viry, protozoy a jinymi
mnohobunéénymi parazity. Prvotni ochranna bariéra hmyzu je mechanickd, tvofena
chitinovou kutikulou - vnéj$im exoskeletonem. Také travici a dychaci tstroji, dvé hlavni
cesty vstupu infekce, jsou potaZzeny chitinovou vrstvou [11].

Vrozeny imunitni systém je u hmyzu tvofen tukovym télesem, lymfatickymi
zlazami a hemocyty. Tukové téleso je funkénim analogem savcich jater a je odpovédné
za tvorbu antimikrobialnich peptida a proteini vyluc¢ovanych do hemolymfy. Lymfatické
zlazy jsou parové organy a jejich hlavnim ptispévkem k imunité je pfedpokladana tvorba
hemocytii. Imunitni obrana je zajiStovana také bunkami povrchovych epiteli dychaciho,
traviciho a reproduk¢niho ustroji, malpigickych trubic (vyluovaci organy hmyzu) a

slinnych zlaz [12,13].



Pokud patogen vnikne do télesné dutiny hmyzu (hemocoel), je vystaven bunécné a
humoralni odpovédi. Bunééné a humoralni odpovédi jsou propojené, pficemz mnoho
humordlnich faktori ovliviiuje funkci hemocytl. Pravé tyto bunky kolujici v hemolymfe
zprosttedkovavaji bunécnou odpovéd. Cévni soustava hmyzu je oteviend, funkci srdce
zastava velka hibetni céva, kterd pumpuje krvomizu (hemolymfu) smérem k mozkovym
gangliim, odkud se hemolymfa dostava dale do celého téla. V téle hemolymfa volné
omyva vnitini organy. Humoralni odpovéd’ zahrnuje srdzeni hemolymfy (hemokoagulace),
melanizaci (tvorba cerného pigmentu melaninu napi. pfi vzniku kukly) a produkci
antimikrobialnich peptidt [14,15]. Humoralni odpovédi se dale ucastni reaktivni kyslikové

intermediaty (ROS- ,reactive oxygen species®) (Obrazek 1).
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Obrazek 1. Schéma imunitni odpovédi hmyzu prevzato z prace Royeta [16]. (ROS,
reaktivni kyselinové radikaly; PRR, ,,pattern recognition receptor; opsonizace znamena

obalovani patogenu latkami usnadiujici fagocytézu; PPO, profenoloxidaza).

1.1.1. Buné¢na odpovéd’

Bunéénou imunitni odpoveéd’ zprostfedkovavaji hemocyty, které jsou u Drosophily
klasifikovany dle morfologickych kritérii na plazmocyty, lamelocyty a krystalové bunky
(Obrazek 2). Plazmatocyty tvoii 90-95% vSech hemocytl a zastavaji obdobnou funkci jako
fagocyty u savcu, pohlcuji apoptické buiikky a usmrcené mikroorganismy. Zptsob jejich
rozpoznani nebyl doposud zcela objasnén. Lamelocyty jsou relativné velké buiky a jsou
odpovédné za enkapsulaci parazita, jez je piili§ velky na fagocytozu. Krystalové bunky

tvoii 5% hemocytli a maji tlohu pii tvorbé melaninu. Zralé krystalové buiiky produkuji



profenoloxidazu, kterou skladuji v krystalické formé v cytoplazmé, zkteré vznika

fenoloxidaza cozZ je kliCovy enzym pii melaniza¢ni kaskade [13,15].

O —

Krystalové bunky  Melanizace

Plazmocyty Fagocytoza

Lamelocyty Enkapsulace

Obrazek 2. Typy hemocytii u Drosophily a jejich funkce. Pfevzato z prace Lemaitra a

Hoffmanna [13].

1.1.2. Humoralni odpovéd’

U hmyzu je rychld humoralni imunitni odpovéd’ spusténa poranénim nebo
mikrobidlni infekci. SraZzeni hemolymfy (Obrazek 3) u hmyzu, ktery ma otevieny ob&hovy
po poranéni a napomahd chranit hmyz pfed nekontrolovatelnym rozmnozenim
mikroorganismii hemocoelu [17]. Lektiny jsou proteiny, které vdzou polysacharidové
struktury ve stén¢ patogenu, jejich plny vyznam v imunitni odpovédi hmyzu nebyl
doposud zcela odhalen [11]. Hemolektin je produktem plazmocyti a je hlavni soucasti
fibril zachytavajici hemocyty v misté poranéni. Piedpoklada se, Ze profenoloxidaza a
transglutamindza se podileji na mechanismu tvrdnuti koagulac¢ni zatky. Dal§im faktorem

ucastnicim se srazeni hemolymfy je abundantni protein Fondue [13,14,18].
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Obrazek 3. Srazeni hemolymfy u Drosophily. Obrazek pievzat z prace Lemaitra a

Hoffmanna [13].

Profenoloxidazovy systém (Obrazek 4) tvoreny kaskadou serinovych protedz je
aktivovan kontaktem vazebnych proteint s (1—3)-B-D-glukany, peptidoglykany nebo
lipopolysacharidy, hlavnimi slozkami bunéénych stén patogentd (hub a bakterii). Serinové
proteazy (napi. PPAE, profenoloxidazu aktivujici enzym) $t€pi zymogeny profenoloxidaz
na fenoloxidazy, znamé téz jako tyrozindzy. Meziprodukty reakce katalyzované
fenoloxidazou jsou toxické chinony a kyslik. Vysledkem profenoloxiddzového systému je
tvorba melaninu, ¢erného pigmentu puasobiciho spolu s kyslikem na fagocytované
patogeny, aktivaci srazecich faktorii hemolymfy, sklerotizaci kutikuly, hojeni a
enkapsulaci cizorodého materidlu [16,11]. Profenoloxiddza byla izolovdna a nésledné
charakterizovana z hemolymfy fady druhi hmyzu, napiiklad zhousenky bource
morusového Bombyx mori [19], housenky liSaje tabakového Manduca sexta [20],
octomilky Drosophila [21], larev masaiky Sarcophaga bullata [22] nebo zvcely
medonosné Apis mellifera [23]. Obranna funkce profenoloxidazy a melaninu u hmyzu byla
shrnuta Sugumaranem [24]. Dale bylo zjiSténo, Zze enzym profenoloxidaza obsahuje
sekvence podobné thiol-esterové oblasti proteini C3 a C4, které jsou soucasti
komplementové kaskddy u obratlovct [20]. V hemolymf¢ larvy Manduxa sexta byla
po stimulaci imunitni odpovédi detekovdna tvorba komplexu profenoloxidazy,
fenoloxidazy a interleukinu 1 [25]. V kutikule housenky Bombyx mori byla objevena
profenoloxidaza, kterd ma zfejmé obrannou funkci ve vnéjs§im obalu hmyzu [26]. Leclerc a
kolektiv [27] neddvno demonstrovali, ze PAEl mutant Drosophily, ktery nema
profenoloxidazu aktivujici enzym, nemé zhorSenou resistenci k mikrobidlnim infekcim.

Aktivace profenoloxiddzy tudiz neni nezbytna pro potlaceni mikrobidlni infekce
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u octomilky. Zhao a kolektiv [28] prezentovali Siroké spektrum antimikrobialnich aktivit
latek in vitro vytvotenych fenoloxidazou housenky Manduca sexta.
Antimikrobidlni peptidy jsou tvofeny v bunikach tukového télesa, v hemocytech a

epitelidlnich bunkach. Tyto peptidy se dale d€li podle naboje a struktury [11,16,8,29,30].

[p1-3-glukan| [ LPS | [ PGN]

S

PGRP/GNBP

|

SERPINY € PROTEAZY

|

| PPAE

!
PPO— PO

MELANIZACE

Obrazek 4. Schéma profenoloxidazové kaskady prevzato z prace Royeta [16] (SERPINY,
inhibitory serinovych proteaz; PPO, profenoloxiddza; PO, fenoloxiddza; PPAE,
profenoloxidazu aktivujici enzym; LPS, lipopolysacharid; PGN, peptidoglykan; PGRP,

»peptidoglycan recognition protein‘).

1.2. Antimikrobidlni peptidy

Nejveétsi skupinou antimikrobialnich peptidl jsou kationické molekuly, které jsou
velmi roz$ifené jak v zivocisné tak v rostlinné #i8i [31]. Dosud bylo charakterizovano pies
800 latek a polovina z nich byla izolovana z hmyzu [29]. Jejich spolecnou charakteristikou
je, ze obsahuji méné nez 50 aminokyselin a celkovy naboj maji od +2 do +10 v dusledeku
pritomnosti aminokyselin Lys a nebo Arg. Jejich struktura podminuje antimikrobidlni efekt
namifeny proti Gram-pozitivnim, ale také Gram-negativnim bakteriim, u kterych plsobi
pfimo na jejich membrany [5].

Anionické antimikrobidlni peptidy byly dosud izolovany pfevazné ze savcich
tkani. Do této skupiny peptidl fadime fosforylované derivaty neuropeptidovych prekurzort

(enkelytin izolovany z tké&ni skotu [32] a lidsky peptid B [33]) a skupinu molekul bohatych
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na kyselinu asparagovou (dermicidin izolovany z tkani clovéka [34]). Tyto peptidy byly
detekovany v ptipadech infekci vyvolanych Gram-pozitivnimi bakteriemi [29].

Aromatické dipeptidy predstavuji nizkomolekuldrni slouceniny jako N-B-alanyl-
5-S-glutathionyl-3,4-dihydroxyfenylananin  (5-S-GAD) izolovany zlarev masarky
Sarcophaga peregrina [35], B-alanyl-tyrozin izolovany z masatky Neobelliera bullata [4]
a p-hydroxyaldehyd kyseliny skoticové izolovany z ploskohibetky Acantholyda parki [36].

Dalsi skupinou antimikrobidlnich peptidi jsou peptidové derivaty proteind
vazajicich kyslik. Mezi né fadime derivat hemocyaninu izolovany z garnata [37], derivat
hemoglobinu nalezeny v hemolymf€ klistéte [38] a derivat lidského laktoferrinu [39].

Anionické peptidy, aromatické peptidy a derivaty proteini vazicich kyslik maji
vyznamn¢ slabsi antibakterialni i€inek nez peptidy kationické. Mechanismus jejich G€inku
se muze od kationickych peptidi a jinych antibiotik liSit, av§ak nebyl doposud zcela

prozkouman [29].

1.2.1. Kationické antimikrobialni peptidy

Kationické peptidy rozdélujeme na zaklad¢ ptevazujicich struktur do tfi tfid:
linedrni amfipatické peptidy tvotici a-helixy, peptidy bohaté na cystein tvofici disulfidové
mustky a linearni peptidy bohaté na urcitou aminokyselinu (prolin, glycin, tryptofan nebo

histidin) [40,41,42].

1.2.1.1. Linearni amfipatické peptidy tvorici a-Sroubovice
Zastupcem této tiidy jsou cecropiny — skupina 3-4 kDa velkych, line4rnich
peptidi, tvoficich dva o-helikalni segmenty (siln€ bazickd N-koncova doména a dlouhé
hydrofobni C-koncové Sroubovice) spojené kratkou smyckou (Tabulka 1). Prvni cecropin
(Obrazek 5) byl charakterizovan v 80. letech 20. stoleti u motyla Hyalophora cecropia
[43].
Dale mezi tyto peptidy fadime magainin izolovany z kiize drapatky Xenopus laevis.
Relativné novou skupinou téchto kationickych peptidii jsou buforiny (2-4 kDa) izolované
zropuchy [31], které jsou strukturné¢ podobné cecropinim. Cecropiny, magaininy a

buforiny jsou obranou proti Siroké Skale bakterii, hub a paraziti. U savci vcetné ¢lovéka
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byly izolovany a-helikalni antimikrobidlni peptidy patfici do rodiny kathelicidint, které
jsou produkovany hlavné fagocyty. Spektrum jejich ucinku je stejné jako u cecropini [44].

-

7
& U
1“1“ l‘ﬂ'-.

Obrazek 5. Trojrozmérna struktura cecropinu

1.2.1.2. Peptidy bohaté na cystein a disulfidové mistky

Do této skupiny patii velkd fada antimikrobidlnich peptidi s hmotnosti 2-8 kDa
charakteristicka pfitomnosti vice cysteinti tvoticich disulfidové mustky (Tabulka 2). Prvni
skupinou jsou mensi peptidy, které obsahuji jeden disulfidovy mustek. Patii sem thanatin
(Obrazek 6) izolovany z knézice Podisus maculiventris [45] vykazujici 40% sekvencni
podobnost s brevininem izolovanym z zabi kiize nebo ranacycliny izolované z kuze
skokana zelené¢ho Rana esculenta [46].

Dale sem patii peptidy obsahujici dva disulfidové mistky; androctonin
ze Skorpiona, tachyplesin z ostrorepa a protegrin I z prasete. Tyto 2-kDa velké peptidy

tvoti vlasenkové struktury a plisobi proti bakteriim a houbam [47].

o il __.

—_—

| -

Obrazek 6. Trojrozmérna struktura thanatinu
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Tabulka 1. a-Helikélni linedrni antimikrobidlni peptidy.

Peptid Sekvence Zdroj

Andropin VFIDILDKVNAIHNAAQVGIGFAKPFEKLINPK octomilka (Drosophila melanogaster)
BLP-1 GIGASILSAGKSALKGLAKGLAEHFAN" kunika vychodni (Bombina orientalis)
Bombinin GIGALSAKGALKGLAKGLAEHFAN" kunika zlutobtichd (Bombina variegata)
Bombolitin IKITTMLAKLGKVLAHV ¢melak (Megabombus pennsylvanicus)
Cecropin A KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK miira (Hyalophora cecropia)

Cecropin RWKIFKKIEKMGRNIRDGIVKAGPAIEVIGSAKAI bourec morusovy (Bombyx mori)
Cecropin WNPFKELERAGQRVRDAVISAAPAVATVGQAAAIARG lisaj tabakovy (Manduca sexta)
Cecropin C GWLKKLGKRIERIGQHTRDATIQGLGIAQQAANVAATARGa octomilka (Drosophila melanogaster)
Cecropin P1 SWLSKTAKKLENSAKKRISEGIAIAIQGGPR prase divoké (Sus scrofa)

Ceratotoxin A SIGSALKKALPVAKKIGKIALPIAKAALP vrtule velkohlavé (Ceratitis capitata)
Clavanin A VFQFLGKlIHHVGNFVHGFSHVFa plasténec (Styela clava)

CRAMP ISRLAGLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPE myS$ domaci (Mus musculus)
Dermaseptin 1 ALWKTMLKKLGTMALHAGKAALGAAANTISQGTQ zéba (Phyllomedusa sauvageii)
Enbocin WNYFKEIERAVARTRDAVISAG PAVATVAAATSVASa bourec morusovy (Bombyx mori)
FALL-39 FALLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES Clovek (Homo sapiens)
Lycotoxin | IWLTALKFLGKHAAKH LAKQQLSKLa pavouk (Lycosa carolinensis)
Magainin 1 GIGKFLHSAGKFGKAFVGEIMKS drépatka vodni (Xenopus laevis)
Melittin GIGAVLKVLTTG LPALISWIKRKRQQa vcela medonosna (Apis mellifera)
Misgurin RQRVEELSKFSKKGAAARRRK piskot dalnovychodni (Misgurnus anguillicaudatus)
PGLa GMASKAGAIAGKIAKVALKAL" drépatka vodni (Xenopus laevis)
Pleurocidin GWGSFFKKAAHVGKHVGKAALTHYL platyz zlaty (Pleuronectes americanus)
Styelin GWFGKAFRSVSNFYKKHKTYIHAGLSAATLLG plasténec (Styela clava)

* C-koncovy amid
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Déle sem patii velkd skupina 4 kDa velkych defensinti, které byly izolovany
z hmyzu, savct a rostlin (Obrazek 7). Defensiny u rostlin a bezobratlych obsahuji celkem
tti (hmyzi defensiny) az Ctyti (drosomycin z Drosophily a rostlinné defensiny) disulfidové
mustky a maji podobnou strukturu tvofenou o-Sroubovici spojenou s pB-listem dvéma
disulfidovymi mistky (tzv. CSaff motiv). U savcl rozliSujeme a-, B- a 6-defensiny
charakterizované antiparalelnim postavenim [-listii stabilizovanych tiemi disulfidovymi

mustky [47,48].

'8
o
&

Obrazek 7. Trojrozmérna struktura lidského B-defensinu (vlevo) a hmyziho defensinu

(vpravo).

Vroce 1999 byla definovana nova skupina cyklickych peptidi se tfemi
disulfidovymi mustky a B-listy oznacena jako cyklotoidy. Poprvé byly izolovany z rostlin,
dale i z bakterii a zivoCichu. Maji Siroké spektrum biologickych aktivit od hemolytické,
antimikrobidlni, antivirové po insekticidni a jsou také inhibitory trypsind [49].

Lysozymy ptedstavuji skupinu hydroldz, které jsou pfitomné ve vSech zijicich
organismech. Jsou to velké polypeptidy bohaté na cysteiny (cca 14 kDa) a Stépi

peptidoglykan v bunécéné stén¢ Gram-pozitivnich bakterii [50].
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Tabulka 2. Antimikrobidlni peptidy s disulfidovymi mustky.

Peptid Sekvence

Zdroj

Jeden disulfidovy mustek
Bovine dodecapeptide
Brevinin-1

Thanatin

RLCRIVVIRVCR
FLPVLAGIAAKVVPALFCKITKC
GSKKPVPIIYCNRRTGKCQRM

Dva disulfidové miistky
Androctonin
Protegrin |

RSVCRQIKICRRRGGCYYKCTNRPY
RGGRLCYCRRRFCVCVGR

T¥i disulfidové mustKky: a-defensinova rodina

Cryptdin 1 LRDLVCYCRSRGCKGRERMNGTCRKGHLLYTLCCR
HNP-1 (o-defensin) ACYCRIPACIAGERRYGTCIYQGRLWAFCC
RK-1 MPCSCKKYCDPWEVIDGSCGLFNSKYICCREK

TFi disulfidové mistky: B-defensinova rodina

B-Defensin-1 DFASCHTNGGICLPNRCPGHMIQIGCIFRPRVKCCRSW
TAP NPVSCVRNKGICVPIRCPGSMKQIGTCVGRAVKCCRKK
T¥i disulfidové miistky: hmyzi defensiny

Defensin GFGCPLDQMQCHRHCQTITGRSGGYCSGPLKLTCTCYR

Royalisin VTCDLLSKFGQVNDSACAANCLSLGKAGGHCEKGVCIC-
-RKTSFKDLWDKYF

Sapecin LTCEIDRSLCLLHCRLKGYLRAYCSQQKVCRCVQ

Vice nez tii disulfidové mistky

Drosomycin DCLSGRYKGPCAVWDNETCRRVCKEEGRSSGHCSPSL-
-KCWCEGC
Tachycitin YLAFRCGRYSPCLDDGPNVNLYSCCSFYNCHKCLARLE-

-NCPKGLHYNAYLKVCDWPSKAGCTSVNKECHLWKTGRK

tur domaci (Bos taurus)
japonska zéba (Rana brevipoda porsa)
plostice (Podisus maculiventris)

Stir tlustorepy (Androctonus australis)
prase divoké (Sus scrofa)

myS$ domaci (Mus musculus)
Cloveék (Homo sapiens)
kralik divoky (Oryctolagus cuniculus)

tur domaci (Bos taurus)
tur domaci (Bos taurus)

vazka (Aeschna cyanea)
mateti kaSiCka (Apis mellifera)

masartaka (Sarcophaga peregrina)

octomilka (Drosophila melanogaster)

ostrorep vychodoasijsky
(Tachypleus tridentatus)

17



1.2.1.3. Peptidy bohaté na urcitou aminokyselinu: prolin, glycin, tryptofan nebo
histidin

Tuto skupinu (Tabulka 3) tvofi 2-3 kDa velké peptidy s velkym zastoupenim
specifick¢ aminokyseliny, vétSinou kladn€ nabité ¢i hydrofobni. Z hmyzu byly izolovany
antimikrobidlni a antifungalni peptidy bohaté na prolin mezi néZ patii napt. drosocin a
metchnikowin z octomilky Drosophila melanogaster, pyrrhocoricin (Obrazek 8) z plostice
Pyrrhocoris apterus a metalnikowin z knéznice Palomena prasina [51]. Peptidy bohaté na
aminokyselinu glycin diptericiny [12] a attaciny [52] byly objeveny u fadu dvoukiidlich,
apidaeciny (2 kDa) a abaeciny (4 kDa) u v¢ely medonosné Apis mellifera [53]. Ze savcii
byly izolovani zastupci téchto peptidii s pfevazujici aminokyselinou histidinem jako

napftiklad histatin u clovéka [40] nebo tryptofanem indolicin u skotu [54].

Obrazek 8. Trojrozmérna struktura pyrrhocoricinu.

1.2.2. Postransla¢ni modifikace antimikrobialnich peptidi

Nékteré antimikrobidlni peptidy jsou postranslacné modifikovany a tyto modifikace
ovlivituji jejich antimikrobidlni aktivitu. Glykosylace byla popsana u peptidii bohatych
na aminokyselinu prolin mezi néz patii diptericin, drosocin a pyrrhocorricin.
Intramolekuléarni disulfidové mustky jsou charakteristické pro defensiny. Snad nejbéznégjsi
postranslacni modifikaci je amidace napf. u cecropind, apidaecini a diptericind.
V nékterych ptipadech C-koncova amidace peptidi zvySovala antimikrobialni aktivitu.
Vyskyt D-aminokyseliny byl popsan v bombininu z kuiiky zlutobtiché Bombina variegata,
pravdépodobné je diivodem ochrana pfed aminopeptiddzami. DalSimi méné castymi
modifikacemi jsou halogenace (misgurin), fosforylace serinu (enkelytin) ¢i hydroxylace

lysinu u cecropinu B [40].
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Tabulka 3. Linearni peptidy bohaté na ur¢itou aminokyselinu.

Peptid Sekvence Zdroj

Abaecin YVPLPNVPQPGRRPFPTFPGQGPFENPKIKWPQGY vcela medonosna (Apis mellifera)

Apidaecin TA GNNRPVYIPQPRPPHPRI® vcela medonosna (Apis mellifera)

Bactenecin 5 RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLRFP tur domaci (Bos taurus)

Diptericin DEKPKLILPT® PAPPNLPQLVGGGGGNRKDGFGVSVDAHQKV- moucha (Phormia terranovae)
-WTSDNGRHSIGVT® PGYSQHLGGPYGNSRPDYRIGAGYSYNF®

Drosocin GKPRPYSPRPT® SHPRPIRV octomilka (Drosophila melanogaster)

Enkelytin KRFAEPLPSEEEGES® YS® KEVPEMEKRYGGFM* tur domaci (Bos taurus)

Formaecin 1 GRPNPVNNKPT® PHPRL australsky mravenec (Myrmecia gulosa)

Histatin I DS® HEKRHHGYRRKFHEKHHSHKEFPFYGDYGSNYLYDN Clovek (Homo sapiens)

Indolicidin ILPWKWPWWPWRR? tur domaci (Bos taurus)

Lebocin 1 DLRFLYPRGKLPVPT® PPPFNPKPIYIDMGNRY bourec moruSovy (Bombyx mori)

Metchnikowin HRHQGPIFDTRPSPFNPNQPRPGPIY octomilka (Drosophila melanogaster)

PR-39 RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP prase divoké (Sus scrofa)

Prophenin AFPPPNVPGPR(FPPPNFPGPR);FPPPNFPGPP- prase divoké (Sus scrofa)
-FPPPIFPGPW FPPPPPFRPP PFGPPRFP?

Pyrrhocoricin VDKGSYLPRPT® PPRPIYNRN rumeénice pospolnd (Pyrrhocorus apterus)

Tenecin HHDGHLGGHQTGHQGGQQGGHLGGQQGGHLGGHQGGQPG-

-DGHLGGHQGGIGGTGGQQHGQHGPGTGAGHQGGYKTHGH

potemnik moucny (7enebrio molitor)

* C-koncovy amid, ° glykosylovany threonin, ¢ fosfoserin
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1.3. Mechanismus puisobeni antimikrobidlnich peptidii

Mechanismus pisobeni Uzce souvisi se schopnosti antimikrobialnich peptida
interagovat s biologickymi membranami. Peptidy bud’ narusuji jejich stabilitu a spojitost,
nebo jimi pronikaji a ovliviiuji metabolické funkce bunky. Slozeni biologickych membran
je dulezitym faktorem ovlivitujicim specifitu rozpoznani patogenu od hostitelskych bunék.

Model Shai-Matsuzaki-Huang (SMH) (Obrazek 9) vysvétluje aktivitu vétSiny

antimikrobidlnich peptidi coz bude podrobn¢ vysvétleno v dalSich kapitolach [31,55].
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Obrazek 9. SMH model plisobeni antimikrobidlnich peptidii. Obrazek pfevzat z prace
Zasloffa [31]: a, vn&j$i membrana je pokryta peptidy (,,carpeting); b, integrace peptidii
do membrany a zaroven ztencovani membrany; ¢, tvorba prechodnych dér (,,wormwhole*)
do membrany; d, pfenos lipidi a peptidii na vnitini stranu membrany; e, difuze peptidii
k intracelularnimu cili (v nékterych ptipadech); f, rozpad membrany na fragmenty, fyzické

rozruSeni membrany cilovych bunék.

1.3.1. Obecna kritéria pro puisobeni antimikrobidlnich peptida
Pro plsobeni antimikrobialnich peptidi jsou dulezité jejich konformace, ndboj,
hydrofobicita, hydrofobni moment, amfipaticita a polarni uhel. Je dilezité zdlraznit, ze

tato kritéria jsou v rovnovaze a navzdjem na sobé zavisla, zména jednoho je obvykle
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vykompenzovana zménou ostatnich. Extrémni odchylky v téchto vlastnostech mohou vést
ke snizeni antimikrobidlni aktivity a selektivni toxicity [56]. Prakticky vSechny
antibakterialni peptidy tvoii pii vazbé na membranu amfipatické struktury, nejcastéjsi
strukturou je a-Sroubovice [55].

Kationické antimikrobidlni peptidy obsahuji méné¢ nez 50 aminokyselin. Diky
pritomnosti aminokyselin lysinu nebo argininu je jejich celkovy naboj od +2 do +10 [5].
Minimalni velikost kladného naboje pro interakci peptidu s membranou patogenu, ktera je
nabita zdporn¢, je pravé +2. NizS§i hodnoty jiz nejsou dostatecné pro signifikantni
selektivitu k mikroorganismiim. ZvySovani kladného naboje antimikrobidlnich peptidi
zaménou aminokyselin mtize v ur¢itém rozsahu zvysit jejich antimikrobidlni ucinky [57].
Nékdy vsak mize zvyseni kladného naboje naopak plné potlacit antimikrobialni aktivitu a
zvysit naptiklad hemolytické u¢inky namifené proti hostitelskym buinikam [56].

Hydrofobicita, kterd je ddna procentem hydrofobnich aminokyselin v peptidovém
fetézci, se vétsinou pohybuje kolem 50%. Ptestoze je nezbytna pro efektivni membranovou
permeabilizaci, zvySovani hydrofobicity silné¢ koreluje s toxicitou vici savéim bunkam a
ztratou specifity vuci bunkdm mikrobialnim [57].

Polarni uhel vyjadfuje prostorové uspoifdaddni hydrofébnich a hydrofilnich
aminokyselin, které tvoii domény kooperujici pii permeabilizaci membrany. Polarni thel
se také ukazal byt vuzkém vztahu scelkovou stabilitou a polocasem rozpadu

membranovych pora indukovanych témito peptidy [56].

1.3.2. Specifita a selektivni toxicita antimikrobialnich peptidia

Piisobeni peptidll proti bakteridlnim infekcim chrani hostitele a proto je kladen
diiraz na selektivni ptisobeni antimikrobidlnich peptidi pouze proti patogenim, predevsim
proti bakteriim. Toto rozpoznani umoziuji rozdily ve struktufe, slozeni a
transmembranovém potencialu mezi prokaryotni (bakteridlni) a eukaryotni membranou.

Vsechny biologické membrany jsou tvofeny fluidni mozaikou fosfolipidd.
Fosfolipidy jsou amfipatické (amfifilni) povahy, to znamena ze v ramci molekuly obsahuji
soucasné hydrofobni i hydrofilni ¢ast. Bakterie jsou navic obaleny buné¢nou sténou, jejiz
slozeni se liSi u Gram-pozitivnich a Gram-negativnich bakterii a hub.

Bunééné membrany bakterii jsou bohaté na fosfolipidy s negativnim nabojem
(fosfatidylglycerol, fosfatidylserin a kardiolipin). K celkovému negativnimu néboji

prispivaji také slozky bakteridlni stény. Témito slozkami jsou fosfolipidy, glykolipidy,
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lipoproteiny a u Gram-negativnich jsou to navic lipopolysacharidy (Obrazek 10A). Naproti
tomu dvojvrstva buné¢né membrany vyssich zivoc¢ichli obsahuje ve velké mife zwitterionty
fosfatidylethanolaminu, fosfatidylcholinu, sfingomyelinu a molekuly cholesterolu, které¢
davaji membran¢ naboj neutralni (Obrazek 10B). Rozdilna distribuce jednotlivych molekul
ve vnitfni a vnéj$i strané membrany vytvaii nabojovou asymetrii, vedouci k tvorbé
transmembranového potencialu (Ay). Naptiklad normalni sav¢i buiika vykazuje Ay od —90
do —110 mV. U patogennich bakterii v logaritmické fazi rastu je to —130 az —150 mV.
Hodnota transmembranového potencidlu je dulezitym faktorem pro -elektrostatické

ptiblizovani kationického peptidu k membrané [56].
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Obrazek 10. A: Zobrazeni hlavni charakteristiky bunécného obalu Gram-negativnich
bakterii: vysoké zastoupeni negativné nabitych lipidii, anionicky charakter
lipopolysacharidi a velice zaporny transmembranovy potencidl. B: Pro slozeni
eukaryotické membrany je typické nizsi zastoupeni anionickych lipida stejné jako vysoké

procento cholesterolt. (Obrazek ptevzat z prace Mcpheeho a Hancocka [5]).

1.3.3. Molekularni mechanismus u¢inku antimikrobialnich peptidia
Prvnim krokem pfi plisobeni antimikrobialnich peptida je piibliZzeni a interakce
s buné¢nou membranou. Hnacim mechanismem jejich migrace k bakteridlni membrané

jsou elektrostatické interakce a membranovy potencidl. Nasleduje nékolik moznosti
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navozeni bunécné smrti: fatdlni depolarizace membrany, vytvafeni selektivnich kanalt
nebo ,,deér a ztrdta bunéného obsahu, aktivace destrukénich procest, jez zahrnuje
aktivace hydrolaz bunécéné stény, naruseni funkce membrany translokaci lipidii a nakonec
proniknuti peptidu k intramolekularnimu cili [31].

Peptidy, které naruSuji celistvost biomembran jsou pfevazné ze skupiny o-
helikalnich peptidi [58]. Tvorba iontoveé selektivnich kandli muize vést ke ztraté
transmembranového potencialu a tedy energetické funkce biomembrany [59]. Vétsi ,,diry™
mohou vést ke ztraté zivotn¢ dilezitych latek z cytoplazmy a zpisobuji smrt.

Vélenéni antimikrobidlnich peptidd do bakteridlni membrany paralelné
s dvojvrstvou mezi hydrofobni a hydrofilni ¢ast vytvari misto, kde se nésledné agreguji
dalsi molekuly peptidu. Po dosazeni kritické koncentrace se peptidy reorientuji za tvorby
vodivych kanall, které umoziuji inik protont a jinych iontd, popiipad¢ vétSich molekul
zbunky. To je princip mechanismii vzniku tzv. ,sudové skruze® (,barrel-stave
mechanism*) na Obrazku 11C u peptidl se strukturou B-listu nebo a-Sroubovice. Jinym
mechanismem je tvorba tzv. ,toroidniho (prstencového) poru“ (,torroidal pore
mechanism*) na Obrazku 11B u a-helikdlnich peptidi (naptf. magaininu) [56]. Ponékud
odlisny je tzv. ,kobercovy mechanismus®“ (,,carpet-mechanism) na Obrazku 11A, kdy
dochazi k agregaci peptidii viné¢ membrany a po dosazeni kritické koncentrace je membrana

prolomena [55].

“Carpet mechanism”

Obrazek 11. Mechanismus tvorby péru v membrané antimikrobidlnimi peptidy. A,
nespecificky mechanismus (rozruseni membrany napf. detergenty); B, a C, specifické
mechanismy typické pro nékteré antimikrobidlni peptidy, které takto pifenesou pies

membranu aniz by ji nevratn¢ porusili.
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Neékteré antimikrobidlni peptidy jako pyrrhocoricin, apidaecin a drosocin jsou
vSak translokovany membranou bez jejiho znatelného naruSeni. Uvnitt buiiky zpiisobuji
naptiklad inhibici bakterialniho chaperonu DnaK (,,heat shock proteinu®) [60-62]. Nekteré
peptidy siln€ narusuji syntézu DNA a inhibuji synthézu RNA a proteinti, nebo zpiisobuji
jejich nespravnou translaci (indolicin, attacin) [5,52]. Alternativné mohou antimikrobialni
peptidy slouzit k potlaceni aktivity protedz ucastnicich se zanétlivych procesii. Pfikladem
je inhibice serinové proteazy furinu histatinem 3 [63] nebo inhibice kathepsinu L

probactenecinem 5 z hovézich neutrofild [64].

1.3.4. Synergismus antimikrobidlnich peptidi

Mikrobiologické a biofyzikdlni studie vétSinou testuji biologické aktivity
jednotlivych antimikrobidlnich peptidl za tcelem minimalizace experimentalni variability.
Nicméné v pfirod¢ se antimikrobidlni peptidy nevyhnutelné vyskytuji ve smési a mizou
souCasn¢ interagovat s mikrobidlnimi patogeny. Piikladem jsou smési peptidi uvnitf
fagolysozomu nebo v extracelularnim prostoru. V roce 2001 Yan a Hancock demonstrovali

synergické piisobeni riiznych antimikrobidlnich peptidl s lysozymem [65].

1.4. Zdroje hmyzich antimikrobidlnich peptidii

Hmyz je druhové nejpocetnéjSi a nejvic rozmanitou skupinou zivocicht [8].
Existuje ptiblizn€ 800000 druhti hmyzu a asi 80% druht bylo dosud identifikovano a
klasifikovano. Hmyz se setkdva v prubéhu Zivotniho cyklu s Sirokym spektrem
mikroorganismil. UZasn4 rozmanitost a evoluéni usp&ch hmyzu dokazuje, Ze maji G¢innou
obranu proti mikroorganismtiim. V poslednich letech byly pravé z rozlicnych druhti hmyzu
izolovany peptidy, které vykazovaly zajimavou aktivitu in vitro proti mikroorganismiim
rezistentnim ke konvenénim antibiotikiim [9]. Pravé tyto peptidy by se mohly stat vzorem
pro tvorbu novych terapeutickych zbrani v boji s mikroorganismy.

Hmyz mlzeme rozd€lit na druhy, které prochazeji pfeménou nedokonalou

(hemimetabolie) a pieménou dokonalou (holometabolie).
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1.4.1. Hmyz s nedokonalou proménou

Hemimetabolie znamena, Ze mezi vajickem a dosp€lcem se jedinec vyskytuje jako
nymfa, kterd se vyviji postupnym svlékanim. Larvalni stadia se jiz podobaji dospélciim.
Jako ptiklad hemimetabolniho hmyzu muizeme jmenovat plostice (heteroptera), vazky
(odonata) a saranfata (caelifera). Z plostice ruménice pospolné Pyrrhocoris apterus

(Obrazek 12) byl izolovan antimikrobialni peptid pyrrhocoricin [66].

Obrazek 12. Pyrrhocoris apterus.

Dalsimi zastupci fadu plostic, ze kterych byly izolovany antimikrobidlni latky jsou
knézice Podisus maculiventris (Obrazek 13) a Palomena prasina (Obrazek 14). Z knéznice
travozelené Palomena prasina byl isolovan peptid metalnikowin I [67] a knézice Podisus

maculiventris byla zdrojem peptidu thanatinu o 21 aminokyselinach [45].

Obrazek 13. Podisus maculivetris. Obrazek 14. Palomena prasina.

1.4.2. Hmyz s dokonalou proménou

Holometabolie znamena, ze hmyz prochdzi ¢tyfmi stadii zivota. Mezi stadiem larvy
a imaga prochazi staddiem kukly. Béhem této metamorfézy je niCena vétSina tkani a
vytvareji se zcela nové. Nejdilezitéjsi ¢innosti larvalniho stadia je pfijem potravy a rlst.
Jakmile po nékolika svlékdnich larva doroste konecné velikosti, proméni se v kuklu.

Dokonalou preménou prochdzi nékolik fadi hmyzu: ¥ad brouci (Coleoptera, 350 000
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druhit), blanoktidli (Hymenoptera, 200 000 druhti), motyli (Lepidoptera, 165 000 druhil) a
také dvouktidli (Diptera, 150 000 druhi).

Larvy potemnika brazilského Zophobas atratus poskytly naptiklad zastupce
skupiny defensini coleoptericin [68]. Dva nové defensiny byly izolované z larev listokaze
Anomala cuprea (Obrazek 15) [69]. Z imunizované hemolymfy zastupce blanoktidlych,
vcely medonosné Apis mellifera (Obrazek 16) byly izolovany malé (2 kDa) antimikrobialni

peptidy bohaté na prolin nazvané apidaeciny [53].

7 - q
Obrazek 15. Anomala cuprea. Obrazek 16. Apis mellifera.

Studium motylt trvalo téméf padesat let nez se podafilo izolovat a
charakterizovat latky zapojené do mechanismu humordlni imunity. Bylo dokazano, zZe
mura Hyalophora cecropia (Obrazek 17), zavijeC voskovy Galleria mellonella a 1iSaj
tabakovy Manduca sexta syntetizuji jako odpovéd’ na bakterialni indukei tfi hlavni skupiny
peptidi: cecropiny (4 kDa), attaciny (20-22 kDa) a lysozymy (14 kDa) [70,71,50].

Rad dvoukiidli (Diptera) je na svété zastoupen vice nez 100 000 druhy ve 131
Celedich. Také z tadu dvouktidlych, jehoz zastupci jsou Drosophila melanogaster
(Obrazek 18) a Sarcophaga peregrina z C&eledi Drosophilidae (octomilkoviti) a
Sarcophagidae (masatkoviti) byly izolovany antimikrobialni peptidy. Dvoukiidli se
rozmnozuji az na vyjimky pohlavné a vajicka kladou pifimo na zZivny podklad.
Nejvyznamngj$imi a nejvyuzivanéjSimi ve vyzkumu antimikrobidlnich peptidi jsou praveé

¢eledi octomilkovité (Drosophilidae) a masarkovité (Sarcophagidae).

..-_:fl‘. & £

Obrazek 17. Hyalophora cecropia. Obrazek18. Drosophila melanogaster.
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U octomilky byla provedena fada studii a byly isolovany peptidy s piislusnou

antimikrobialni ¢i antifungélni aktivitou. Souhrn je uveden v Tabulce 4 [12,13,15,72,73].

Tabulka 4. Antimikrobiélni peptidy octomilky Drosophila melanogaster. Ptevzato z prace

cvwr

latky, ktera GipIn€ inhibuje rtst bakterie; nd, neidentifikovana 3D struktura.

Peptid Cilovy mikroorganismus MIC 3D struktura
Diptericin G-negativni bakterie 0,5 uM nd
Attacin G-negativni bakterie nd nd
Drosocin G-negativni bakterie 40 uM

Cecropin G-negativni bakterie 20 uM

Defensin G-pozitivni bakterie 1 uM

Drosomycin houby 100 uM

Metchnikowin houby 10 uM

V 80. letech minulého stoleti se skupina S. Natoriho zabyvala studiem masarky

Sarcophaga peregrina, organismem z Celedi masatrkovitych. Z larev této masarky byly

izolovany sarcotoxiny I, II, a IIl. Larvy byly ve tfetim instaru indukovany bakteridlni
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suspenzi Escherichia coli nebo jen hypodermickou jehlou [74]. Podle N-termindalni
sekvence byly jednotlivé typy sarcotoxini zatfazeny do tii skupin antimikrobialnich
peptidl: cecropiny (sarcotoxin I), attaciny (sarcotoxin II) a diptericiny (sarcotoxin III).
Bylo také zjisténo, ze na rozdil od sapecind jsou tyto peptidy syntetizovany v tukovém
télesu. Jejich antimikrobiadlni ucinky se pfi testovani projevily pouze v ucinku na Gram-
negativni bakterie jako Escherichia coli a Shigella sonnei [75]. Mechanismus jejich
pusobeni spociva v interakci s membranou. U sarcotoxinu I byla konkrétné zjisténa
inhibice aktivniho transportu a sniZeni koncentrace ATP [76]. Aromaticky dipeptid N-[3-
alanyl-5-S-glutathionyl-3,4-dihydroxyfenylananin (5-S-GAD) byl izolovén z larev masarky
Sarcophaga peregrina [35]. 5-S-GAD je tvofen tyrozindzou z [-alanyl-tyrozinu a
glutathionu v tukovém télese a vykazuje Gc€innost proti Gram-pozitivni i Gram-negativni
infekci. Pfedpoklada se, ze uvoliovani peroxidu vodiku touto slouc¢eninou je nezbytné
pro jeji antimikrobialni efekt [35].

Larvy masaiky Sarcophaga peregrina indukuji tvorbu sapecinu jako odpovéd’
na injekci bakteridlni suspenze nebo poranéni hypodermickou jehlou [77]. Sapecin patii
do rodiny defensinii a byl poprvé izolovan ze zarodecné bunééné linie masarky
Sarcophaga peregrina NIH-Sape-4 [78]. Jeho aktivace probiha v zarodecné linii a
ve stadiu kukly bez vnéjsiho stimulovani. Existuje piedpoklad, ze vedle antimikrobialni
aktivity méa podobnou funkci jako ristovy faktor [77]. Sapeciny vykazuji antimikrobidlni
aktivitu proti Siroké Skdle mikroorganismii. Na Gram-pozitivni bakterie jsou ucinné
priblizné dvakrat vice neZz na Gram-negativni baktérie. Sapecin interaguje s kardiolipinem
jako jednou ze slozek biologické membrany. ZvySeny obsah tohoto lipidu v membrané
vyvolava zvySenou schopnost sapecinil interagovat s membranou [79,80]. Déle byly
z bunééné linie NIH-Sape-4 izolovany dva homology sapecinu, sapecin B a C [81].
Sapecin C obsahuje stejny pocet aminokyselin jako sapecin A pii sekvencni identité 73 %.
Naproti tomu sapecin B obsahuje pouze 34 aminokyselin a vétsi podobnost ma
s charybdotoxinem, ktery byl izolovany z krevniho fecist¢ Skorpidna. Podobné jako
charybdotoxin vykazuje sapecin B mimo jiné schopnost regulovat draslikové (K) kanaly
v mozku. Sapecin B byl izolovan z moze¢ku masaiky aviak tyto kanaly (K) byly dosud
identifikovany pouze u octomilky [82].

Jestlize byly larvy masatky Sarcophaga peregrina injektovany cizorodymi
bunikami doslo k sekreci 26/29 kDa protedzy z hemocytli do hemolymfy. Tato protedza
mize prispivat k odstranéni cizorodych latek z hemolymfy [83]. Dosud izolované obranné

latky z masarky Sarcophaga peregrina jsou shrnuty v Tabulce 5.
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Tabulka 5. Vybrané obranné molekuly masarky Sarcophaga peregrina. Pievzato z prace

Natoriho a kolektivu [84].

Nazev obranné molekuly Zdroj Mr [kDa] Aktivita
Sapeciny (A, B, C) hemocyty 4 G-pozitivni bakterie
Sarcotoxin I (A, B, C, D, E) tukové téleso 3,5 G-negativni bakterie
Sarcotoxin II (A, B, C) tukové téleso 24 G-negativni bakterie
Sarcotoxin III tukové téleso 7 G-negativni bakterie
5-S-GAD tukové téleso 0,573 G-neg.,G-poz. bakterie
AFP tukové téleso 7 houby
Sarcophaga lektin tukové téleso 30-32 vaze galaktézu
Granulocytin konstitutivni 20 vaze mucin
26/29 kDa proteaza konstitutivni 26,29 posttranslacni modifikace

1.4.2.1. Masaika Sarcophaga bullata

Masarka Sedd Sarcophaga (Neobelliera) bullata Parker 1916 (Obrazky 19 a 20)
patii do Celedi masatkovitych Sarcophagidae, do tadu dvouktidlych Diptera. Jedna se
o v§eobecné zndmou, statnou mouchu o velikosti 10-20 mm. Zakladni zbarveni téla je
Sed¢, pricemz zadecek muze byt Cernobile kostkovany nebo Sedy. Polokulovité oci jsou
cervené nebo nahnédlé, celé télo je fidce kryto Cernymi Stétinami. Masatka je hojna
ve volné piirod€ i v blizkosti ¢loveka, zivi se kvétnimi Stdvami, obcas ale konzumuje
zdechliny a napadéd destovky, hlemyzdé a jiny hmyz. Snasi vajicka, ze kterych se ihned
lihnou larvy, nékterd literatura dokonce uvadi piimo zivorodost. Na tomto misté je ale
dobré si pfipomenout i jednu zvlastni vlastnost musich larev. Mohou napadat zhnisané
rany, kde se zivi pfevazné hnisem a bunéénym detritem a tak ranu cisti. Toto vyuzival
napiiklad Napoleontiv chirurg Larrey pfi tazeni do Egypta, za prvni svétové valky pak
americky chirurg Bayer a dnes tato metoda opét zazivd renezanci

(http://fotoblog.in/kat/dvoukridli-diptera).
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Obrazek 19. Sarcophaga bullata. Obrazek 20. Larvy masatky Sarcophaga bullata.

B-Alanyl-tyrozin byl objeven u masarky Sarcophaga (Neobelieria) bullata
Levenbookem a kol. [85] a Meylaersovou a kol. [4]. Byl nazyvan také sarcofagin a
pro jeho toxicky efekt proti dospélcim také paralysin [86]. Vykazuje antimikrobidlni
aktivitu proti Gram-pozitivnim 1 Gram-negativnim bakteriim v milimolarnich
koncentracich. Nejniz§i minimalni inhibi¢ni koncentrace byla stanovena na 8 mM proti
bakteriim rodu Bacillus. Déle byly stanoveny minimalni inhibi¢ni koncentrace u bakterie
Escherichia coli 30 mM, u bakterie Staphylococcus aureus 24 mM. Experimentalné bylo

zji$téno, Ze pii tiikrat vyssi koncentraci ma f-alanyl-tyrozin efekt jiz baktericidni [4].

1.5. Exprese antimikrobidalnich peptidii

Antimikrobidlni peptidy i proteiny jsou bud’ exprimovany konstitutivné nebo je
jejich exprese indukovana podnétem, kterym mize byt prinik patogenu do téla nebo
poranéni. U hmyzu s nedokonalou proménou jsou antimikrobidlni peptidy produkovany
konstitutivné a skladovany v hemocytech a pii infekci jsou uvoliiovany do hemolymfy.
U hmyzu s dokonalou proménou je transkripce antimikrobidlnich peptidi inducibilni.
Antimikrobidlni peptidy jsou pii infekci rychle syntetizovany v tukovém télesu nebo
epiteliich stieva a dychaciho ustroji [16]. Identifikace mutantu octomilky Drosophila
unéhoz se neindukuje gen kodujici antimikrobidlni peptidy vedla k objevu dvou
signaliza¢nich drah Toll a Imd, které reguluji transkripci vétSiny genidl ucastnicich se
imunitni obrany u much [87,88]. Konstitutivni exprese pied infekci se vyskytuje predevsim
v reprodukénim 1Gstroji much, zatimco larvy vykazuji zejména inducibilni expresi
v epiteliich traviciho a respiracniho traktu [89].

Pti systémové (celkové) infekci jsou antimikrobidlni peptidy a proteiny vétSinou

exprimovany v tukovém t¢lese a hemocytech. Lokalni infekce muize vyvolat expresi
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antimikrobidlnich  peptidi v  povrchovych epitelech, kter¢é jsou v kontaktu
s mikroorganismy (epidermis, travici, respiracni a reprodukéni trakt, viz. Obrazek 21)
[90,91]. Pfedbézné studie naznacuji, ze exprese gent kodujicich antimikrobidlni peptidy

v téchto tkéanich je kontrolovana Imd signaliza¢ni kaskadou [92].

Tukové téleso

e " Trachea
Travici astroji véechny AMP .
Diptericin ! \ Kutikula Drosomycin

Attacin Cecropin Drosocin
ol
A R e P o
- . . b e T o ~2 Ay

Ohlast_ust . &. Malpigické trubice
Metchnikowin .. i ; ;
. Slinné zlazy Metchnikowin
Defensin 7 i
Drosomycin Defensin

Cecropin
Obrazek 21. Mista exprese antimikrobialnich peptida v larvé Drosophily. Obrazek pievzat

z prace Tzoua a kolektivu [91].

1.5.1. Konstitutivni antimikrobialni peptidy

Mezi konstitutivni antimikrobidlni latky izolované z hmyzu patii lysozym [47].
U Drosophily je konstitutivné exprimovan drosomycin ve slinnych zlazach a samicich
spermatékach (organ samic k piijeti a uchovani spermii) a cecropin v sam¢ich ejakulacnich
trubicich. Konstitutivni exprese jednoho antimikrobialniho peptidu muize v nékterych
ptipadech zachovat rezistenci vic¢i infekci u imunodeficientniho mutanta Drosophily [93].
U masarky Sarcophaga peregrina byly charakterizovany tyto obranné latky: antifungalni
peptid (AFP), granulocytin, 26/29 kDa proteaza [84,83]. Dipeptid B-alanyl-tyrozin byl

1zolovan z masaiky Sarcophaga (Neobelliera) bullata [4].

1.5.2. Inducibilni antimikrobialni peptidy

Jestlize mikroorganismy proniknou do hemocoelu (télesnd dutina obsahujici
hemolymfu, fungujici jako ¢ast obéhového systému hmyzu) dochdzi k systémové infekci a
rychlé syntéze nckolika typli antimikrobidlnich peptidi v tukovém télisku a hemocytech.
Nekteré peptidy byly detekované v hemolymf€ piiblizné 2-4 hodiny po zacatku infekce
[94]. Geny kodujici antimikrobidlni peptidy lze rozdélit podle kinetiky aktivace do dvou

skupin jako ,,éasné* ¢i ,,pozdni* geny [95]. Navic vétSina genl kodujicich antimikrobidlni
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peptidy je ztlumena béhem 12-24 hodin. Okamzitd odpovéd na infekci zavisi na
rozpoznani mikrobidlnich molekul (tzv. PAMP, ,,pathogen associated molecular pattern®)
rozpustnymi nebo membranovymi receptory (tzv. PRR, ,pattern recognition receptor®).
Naptiklad peptidoglykan (PGN) u Gram-pozitivnich a Gram-negativnich bakterii a -1,3-
glukan hub je rozpoznavan proteinem rozpoznavajicim peptidoglykan (,,PGRPs*). Ttinact
riznych ,,PGRPs“ genii bylo objeveno v genomu Drosophily [15]. Gram-negativni
vazebné proteiny (,,GNBPs*) maji silnou afinitu k bakterialnimu lipopolysacharidu (LPS),
hlavni souc¢asti bunééné stény Gram-negativnich bakterii a B-1,3-glukanu, ktery je slozkou
bunécné stény hub [16]. Signal je dale pienesen Toll, ,,immune deficiency (Imd) a Jun
N-terminalni kindzovou (JNK) kaskddou. Tyto signalizani kaskady jsou zodpovédné

za expresi antimikrobidlnich peptida [95,13] (Obrazek 22).

1.5.2.1. Toll signaliza¢ni kaskada

Signaliza¢ni cesta Toll (,toll“ je v anglickém piekladu mytné) byla paralelné
identifikovana u savct a u octomilky Drosophila melanogaster, déale 1 u rostlin a ostatnich
zivocichl (homology sav¢ich ,,Toll-like-receptors®) [96]. VéEtSina komponent této kaskady
byla ur¢ena a upotadana do signalizacni kaskady pfi studiu dorso-ventralni (hibetni-bfisni)
organizace v embryu Drosophily [97]. Signaliza¢ni kaskada Toll je aktivovana Gram-
pozitivnimi bakteriemi a houbami. Ligand ,,Spétzle”, ktery je Stépeny serinovymi
proteazami, se navaze na Toll receptor a aktivuje tak signalizacni kaskadu. Vysledkem
kaskady je uvolnéni NF-xf3 podobného/Rel-transkripcniho faktoru Dif (,,dorsal related
imunity factor*)/Dorsal a jeho translokace do jadra, kde se spusti transkripce genu
specifického antimikrobidlniho peptidu. Oblast promotoru genti kodujicich antimikrobialni
peptidy obsahuje sekvencni element podobny savéimu NF-kf. U octomilky tato cesta
reguluje geny odpovédné za expresi antimikrobialnich peptidi proti houbam a Gram-
pozitivnim bakteriim. Hlavnimi zéstupci peptidovych skupin jsou defensin G¢inny proti
Gram-pozitivnim bakteriim a drosomycin a metchnikowin uc¢inné proti houbam

[12,91,72,89,88].

1.5.2.2. Imd signaliza¢ni kaskada

Odpovéd’ na infekci zptisobenou Gram-negativnimi bakteriemi je kontrolovana

odlisnou cestou. Imd signalizacni kaskdda se podobad sav¢i kaskadé TNF-a (,tumor
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necrosis factor-a) a vrcholi expresi antimikrobidlnich peptidd attacinu, cecropinu,
drosocinu a diptericinu, které vykazuji zna¢nou ucinnost proti Gram-negativnim bakteriim.
Imd cesta je zahdjena aktivaci peptidoglykanového rozpoznavaciho proteinu, ktery
interaguje s peptidoglykanem obsazenym v bakterialni stén¢ vysSe zminénych bakterii a

kon¢i uvolnénim Rel-transkripéniho faktoru Relish, ktery je opét translokovan do jadra a

aktivuje transkripci vyse uvedenych peptida [12,72,91,98].

Gram-positive

Gram-negative

bacteria bacteria
: v
Yeast . ......... —
Lysine-type DAP-type
peptldoglycan peptidoglycan
Necrotic O RV
= v
- -
@ d
Monomeric Polymeric
\ GNBP3 peptidoglycan peptidoglycan
l PGRP-SD
© GNBP1
Persephone . SP
erse|
P FORFER PGRP-LE
Pro- Spétzle PGRP-LCx PGRP-LCa
1y
Spitzle e '8
HEMOLYMPH PGHPALCx“‘\‘
»
Toll W PGRP-LCx
dMyDss Wi \ / U
Imd
Pole = dIAP2 RING BIR
DB dFADD
FAT BODY CELL
& dTAB2 DED DED Dredd
(R
\ dTAK1 {
Cactus / l \ Q
ORIRAY JNK .
w pathway IKKy glalt, /
Dorsal Lt
k __-—'7<
48 Drosomycin and Diptericin and
NUCLEUS other antimicrobials other antimicrobials

Obrazek 22. Model aktivace Toll a Imd signalizacni kaskad ptfevzato z prace Lemaitra a

Hoffmanna [13].

33



1.6. Exprese dalSich genii odpovédnych za imunitni odpovéd’ hmyzu

Ackoliv hlavni slozkou imunitni obrany hmyzu jsou antimikrobidlni peptidy jejichz
syntéza je indukovana infekci, celkovy pocet geni odpovédnych za imunitni odpoved’
Drosophily je daleko vétsi (,,Drosophila immune responsive genes* ¢i DIGRs). Tyto geny
zahrnuji komponenty dalSich imunitnich reakci (melanizace a srazeni), rozpoznavaci
(opsoniny) a signalizaéni molekuly, stresové faktory, transportéry zeleza a proteiny
nezndmych funkci [89]. Hlavni signalizaéni kaskady jsou Toll a Imd, ale exprese 25%
»DIGRs* je na nich nezavisla [95]. Dalsi kaskady jako je JNK a Janus kindza (JAK)-STAT
ovlivityji expresi ,,DIGRs“. U JAK-STAT cesty se predpoklada, ze ovliviiuje signaliza¢ni
molekuly imunitniho systému (cytokiny), které podporuji fagocytézu (opsoniny),
proliferaci a diferenciaci hemocytii a také se ucastni obrany proti viriim [13]. Toll, Imd a
JNK signaliza¢ni kaskady ovliviiuji krvetvorbu (Toll cesta), buné¢nou piestavbu a hojeni
ran (JNK cesta) a apoptozu (Imd cesta) [89].

Nedavné rozsahlé analyzy na urovni transkriptomu a proteomu odhalily, ze kromé
antimikrobialnich peptidii je po indukci zvySena exprese dalSich proteint a peptidi [99,
87,17,100-103]. Déle bylo identifikovano 17 ¢lentt DIM rodiny (,,Drosophila immune
molecule®) [100]. Hlavni vyzvou je pochopit pfispévek téchto imunitnich molekul
k imunitni obrané, testovani jejich specifity proti jednotlivym patogeniim a uréeni jejich
potenciadlni soucinnosti [13]. Anotace sekvence genomu dé€la z octomilky Drosophila

melanogaster vynikajici model pro studium principl pfirozené imunity.

1.6.1. Analyza zmén transkriptomu Drosophily

Se zavedenim analyzy genomu pomoci Ccipovych technologii (microarray
technology) se vyznamnym zptisobem posunula citlivost uréovani genetickych zmén.

V roce 2001 byly publikovany dvé prace De Gregoria a kol. [87] a Irvinga a kol.
[99] popisujici rozsahlou analyzu zmén genomu pii imunitni odpoveédi Drosophily pomoci
oligonukleotidovych Cipa.

Prace De Gregoria a kol. [87] popisuje analyzu u dospélych much po indukci
bakterialni suspenzi obsahujici smés bakterii Escherichia coli a Micrococcus luteus nebo
po fungalni infekci pfirozenym patogenem Beauvaria bassina. Autofti sledovali zmény 1/2,
3, 6, 12 a 48 hodin po bakteridlni infekci a 12, 24, 48 a 96 hodin po fungélni infekci.
Z 13197 testovanych gend, bylo zjisténo 230 indukovanych a u 170 byla potlacena exprese
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(Obrazek 23). Indukce byla prokazana nejen u antimikrobidlnich peptidd, ale také u genti
kodujicich rozpoznévaci proteiny (PRR), proteiny podobné komplementu, nékteré serpiny
(inhibitory serinovych protedz) a nékteré serinové proteazy, enzymy ucastnici se aktivace
profenoloxiddazy a komponenty signalizacnich kaskad Toll a Imd. Déle byly objeveny
indukované geny proteinti, u nichz se predpokladala urcita role v imunitni odpovédi. Patii
mezi n¢ naptiklad transferin, lysozomalni enzymy (kathepsin, [-galaktosiddza) a lipaza.
Potlacena byla exprese nckterych serinovych proteaz a serpind, larvalnich sérovych a

kutikularnich proteind.
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Obrizek 23. Cipova analyza imunitni odpovédi masaiky Drosophila publikovana De
Gregoriem a kol. [87]. A: Cervené jsou zndzornény indukované geny (,,up-regulated”) a
zelené geny jejichz exprese byla potlacena (,,down-regulated). (F. znamena fungalni a S.I.
»septic injury®, tj. bakterialni infekci). B: Pocet genii indukovanych po imunizace, C:
Pocet genii jejichz exprese byla indukci potlacena, D: Graf zndzornujici kolikrat byla

indukei exprese gentl potlacena (,,down-regulated*) nebo (,,up-regulated*) indukovana.
Prace Irvinga a kol. [99] popisuje analyzu odpovédi u dospélych much po indukei

suspenzi bakterii Escherichia coli, Micrococcus luteus nebo po fungalni infekci

prirozenym patogenem Beauvaria bassina. Autoii sledovali zmény 6, 12 a 48 hodin
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po bakteridlni infekci a 3 dny po fungalni infekci. Infekce Gram-pozitivnimi nebo Gram-
negativnimi bakteriemi davaly podobné vysledky. Analyza prokazala, ze 8459 gent
z 13600 gent na Cipu je exprimovano stejné u kontrolnich much. Bakteridlni a fungdlni
infekce indukovala nejméné dvojnasobné expresi 543 genil. Indukovany byly naptiklad
geny aktinu, proteinu vazajicitho kalcium, proteinit bunécné adheze, chaperond, ,heat-
shock® proteind, inhibitori enzymt, rastovych faktor, pienaseCovych proteint,
pohybovych proteind, proteini véazajicich nukleové kyseliny a strukturdlnich proteinii

(Obrazek 24).

Enzymy
(proteazy, kinazy)

Obranné nebo
imunitni proteiny

Neznamé Transportni

MNukleové kyseliny vazajici
Pohybové proteiny
Strukturni proteiny

Chaperony & "Heat
shock” proteiny

Ligand vazebné a

Ostatni prenaseCové proteiny

Inhibitory enzymu

Transkripéni faktory

Obrazek 24. Geny Drosophily indukované dvakrat a vice béhem mikrobidlni infekce

rozdélené podle funkénich skupin, pievzato z prace Irvinga a kol. [99].

Cipova analyza imunitné indukovanych hemocytli Drosophily byla publikovana
Johansonem a kol. vroce 2005 [17]. V této praci byla pouzita bunécna linie mbn-2
podobna hemocytim octomilky Drosophila melanogaster a Drosophila GeneChip firmy
Affymetrix. K indukci imunitni odpovédi byla pouzita suspenze bakterie Escherichia coli
nebo Cisty lipopolysacharid (LPS). V pribéhu infekce byla sledovana také morfologie
bun¢k. Vysledky ukazaly, Ze hemocyty reaguji odlisné pfi infekci zivymi bakteriemi a
pii indukci Casti bakteridlni stény. Z 13197 geni na Cipu bylo 4970 detekovano
v kontrolnich mbn-2 bunikach. Buniky indukované lipopolysacharidem exprimovaly 5188
genl, zatimco pii infekci bakteriemi jich bylo 4308. Exprese 387 genll byla indukovéna a
exprese 539 gent tlumena. Na rozdil od De Gregoria a kol. [87] nebyla detekovana

indukce genti enzymu aktivujicich profenoloxidazu.
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1.6.2. Analyza zmén proteomu Drosophily a jiného hmyzu

Ackoliv analyza celkové genové exprese pomoci DNA Cipli je velice U¢inny
technologicky nastroj, funkce biologickych systémti jsou piedevSim pod kontrolou
proteinl a to nejen skrze jejich mnozstvi a lokalizaci, ale také pomoci postransla¢nich
modifikaci (fosforylace, glykosylace a proteolytické Stépeni). Pro lepSi pochopeni
mechanismi biologickych pochodi je vhodné provést také proteomickou analyzu [104]
[105]. Proteomika vyuzivd kombinace 2D-elektroforézy umoziujici vizualizovat velké
mnozstvi rozdélenych proteinii a hmotnostni spektrometrie umoziujici jejich identifikaci
(Obrazek 25).

V roce 2002 byla pouzita 2D-elektroforéza ke studiu proteint australského cvrcka
Oedaleus australis [106]. V roce 2003 byly publikovany prvni prace zabyvajici se
proteomickou analyzou hemolymfy larev octomilky Drosophila melanogaster [102,107].
E. Vierstraetové a kol. [102] pouzivali ,,IPG stripy* s rozmezim pH 4-7 a identifikovali 40
proteinll a S. de Morais Guedes a kol. [107] pfi pouziti ,,IPG stripti* s rozmezim pH 3-10
identifikovali 105 proteinti. Analyzou proteomu hemolymfy komara Anopheles gambiae se
podaftilo identifikovat 28 proteinii z celkového poctu 280 proteinovych spotii na 2D gelu
[108].

Proteomickou analyzou systémové imunitni odpovédi Drosophily se zabyvaji
skupiny E. Vierstraetové a kol. [101,109,110] a F. Levyové [100,103]. Vierstraetova a kol.
indukovali larvy Drosophily injekci lipopolysacharidu (LPS) nebo sterilnim poranénim.
Pomoci techniky dvou fluorescencénich znacek (2D-DIGE) analyzovali proteiny
hemolymfy 25 minut a 4 hodin po injekci LPS a 25 minut po sterilni injekci. Identifikovali
10 rozdilnych proteinti v hemolymfé Drosophily 25 minut po indukci pouze LPS [101].
Dalsi prace této skupiny studovala pouzitim stejné techniky imunitni odpovéd po indukci
larev Drosophily Gram-pozitivni bakterii Micrococcus luteus a kvasinkou Sacharomyces
cerevisiae. Infekce pouzitim bakterie Micrococcus luteus indukovala 20 rozdilnych
proteint a infekce kvasinkou Sacharomyces cerevisiae 19 rozdilnych proteini [110].

Levyova a kol. indukovali dospélé mouchy Drosophily Gram-negativni
(Escherichia coli) nebo Gram-pozitivni (Micrococcus luteus) bakterii, ale také pfirozenym
houbovym patogenem Beauvaria bassina. Autoti analyzovali proteiny hemolymfy 6 hodin
po bakteridlni a 72 hodin po fungalni infekci a u vice nez 70-ti proteint detekovali indukci

nebo potlaceni exprese nejméné pétkrat. Mezi témito proteiny identifikovali proteazy,
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inhibitory protedz (napf. serpiny), rozpoznavaci proteiny, enzymy aktivujici
profenoloxidazu. Byly také identifikovany proteiny s potencidlni funkci v imunitni
odpovédi: protein-vazajici odorant, peptidylglycin a transferin [103]. Peptidomickou
analyzou hemolymfy indukovanych much pomoci vysokouc¢inné kapalinové
chromatografie (HPLC) a MALDI-TOF hmotové spektrometrie autofi identifikovali 28
vetSinou antimikrobidlnich peptidii a ¢lentt DIM rodiny (,,Drosophila immune molecule®)
[100].

Proteomickou analyzou bunécné linie mbn-2 podobné hemocytim octomilky
Drosophila melanogaster bylo identifikovano 24 bunécnych proteint jejichz exprese byla
indukovéna nebo potlacena po 30-ti minutach nebo 6-ti hodinach po injekci bakteridlniho
lipopolysacharidu [111].

Verleyen a kol. identifikovali pomoci 2D-nanoLC MS/MS techniky v hemolymf¢
octomilky Drosophila melanogaster 43 ,DIMs* (,,Drosophila immune induced
molecules*) 12 hodin pod indukci larev ve tfetim instaru smési bakterii Escherichia coli a
Micrococcus luteus [112].

U larev bource moruSového Bombyx mori byla provedena proteomicka studie
proteintl indukovanych lipopolysacharidem v hemolymf¢ a tukovém télesu [113]. Autofi
zjistili 24 hodin po indukci jediny signifikantné indukovany protein v tukovém télesu a
Ctyfi v hemolymf€. Jediny indukovany protein v tukovém télesu a jeden z proteint
v hemolymf¢ byl urcen jako serpin-2. Dalsi dva indukované proteiny v hemolymf€ nebyly

identifikovany a ctvrty polypeptid byl uréen jako attacin [113].
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Obrazek 25. Schéma diferen¢ni proteomické analyzy imunitni odpovédi Drosophila.

Obrazek pievzat z publikace Engstroma a kolektivu [114].
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2. Cile prace

1. Identifikace a charakterizace antimikrobialné aktivnich latek v hemolymf¢ larev

masaiky Sarcophaga bullata.

2. Analyza zmén exprese vybranych gent masarky Sarcophaga bullata za pouziti
real-time qPCR po indukci imunitni odpovédi v celém téle larev, hemocytech a

tukovych télesech.
3. Proteomicka analyza imunitni odpovédi hemocytii a bunék tukového télesa larev

masaiky  Sarcophaga bullata metodou 2D-elektroforézy a hmotnostni

spektrometrie.
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3. Material a metody

3.1. PouZity material
Luria-Bertani (LB) medium

Glycerol

Acetonitril

Trifluoroctova kyselina
Akrylamid
N,N‘-methylenbisakrylamid
Dodecylsulfat sodny

Persiran amonny

TEMED

Glycin

Proteinovy standard pro elektroforézu
Nizkomolekularni proteinovy standard
Coomassie Blue G-250
Coomassie Blue R-250

CAPS

CHAPS

IPG stripy

Jodacetamid
Fmoc-aminokyseliny

Rink Amide AM pryskyfice
2-chlorotritylova pryskyftice
DNA-free kit

RNasin

MMLYV reverzni transkriptaza
TriReagent

Tag-polymeraza

SYBRGreen

Vv v

Oxoid, UK
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Fluka, Svycarsko
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Fluka, Svycarsko
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Bio-Rad, USA
Sigma-Aldrich, USA
Fluka, Svycarsko

Fluka, Svycarsko
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Amersham Biosciences, Svédsko
Bio-Rad, USA
Novabiochem, Svycarsko
Novabiochem, Svycarsko
Novabiochem, Svycarsko
Ambion, USA

Promega, USA

Promega, USA
Molecular Research Center, USA
Promega, USA
Molecular Probes, USA

Dale byly pouzivany v laboratofi bézn¢ dostupné chemikalie v analytické Cistoté¢ dodavané

firmou Lachema, a.s. CR a Sigma-Aldrich, USA.
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3.2. Chov larev masarky Sarcophaga bullata

Pouzitym organismem byly larvy masarky Sarcophaga bullata (Parker 1916)
ve tietim instaru. Zdrojem larev pro jednotlivé pokusy byl zavedeny chov na Ustavu
organické chemie a biochemie pod vedenim pani Jarmily Titzenthalerové. Larvy (200-300
kusit) rostly na hovézich jatrech uchovanych ve specialnich aluminiovych krabickach
[115]. Pro indukci a izolaci antimikrobidlnich latek byly pouzity larvy, které ukoncily

obdobi ziru a vstoupily do obdobi toulavého chovani.

3.3. Piiprava zasobniho inokula

Pro indukci i méfeni antimikrobidlni aktivity bylo pouzito zasobni bakteridlni
inokulum. K tomuto ucelu byly pouzity kmeny bakterii v exponencialni fazi rastu
(Escherichia coli DBM 3001, Staphylococcus aureus DBM 3002 a Pseudomonas
aeruginosa DBM 3081) kultivované v Luria-Bertani (LB) tekutém médiu pii 37°C
(pro bakterie Escherichia coli a Staphylococcus aureus) nebo 28°C (pro bakterii
Pseudomonas aeruginosa) s ttepanim 5-8 hodin. Ziskané suspenze byly pfeneseny do

mikrozkumavek spolu se sterilnim glycerolem v poméru 1:1 a zamrazeny na teplotu -80°C.

3.4. Priprava kultur pro indukci

Zasobni inokulum bylo rozmrazeno pfi laboratorni teploté. Zkumavka o objemu
50 ml byla naplnéna asi 20 ml LB tekutého média a bylo pfidano inokulum. Kultivace
probihala pfi odpovidajici teploté (37°C nebo 28°C, 150 otacek/min) pfiblizn€ 5-8 hodin.
Nasledovala centrifugace ve vychlazené centrifuze pti 4°C, 3000 x g 10 minut. Supernatant
byl odstranén a peleta byla rozpusténa ve fyziologickém roztoku tak, aby vysledna

absorbance pfi vlnové délce 550 nm byla 1,5-1,8.

3.5. Indukce larev masaiky Sarcophaga bullata

Samotna indukce spocivala v injektovani 1 pl bakteridlni suspense sklenénou
kapilarou nebo v bodnuti sterilnim entomologickym Spendlikem do zadecku larvy.
Injektovanym bakterialnim kmenem byly kmeny Escherichia coli DBM 3001,
Staphylococcus aureus DBM 3002 ¢i Pseudomonas aeruginosa DBM 3081. Larvy byly
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pred injekci znehybnény ponechdnim 5-10 minut na ledu. Po injekci byly ponechany na
ledu dalSich 10 minut, aby se zamezilo nadmérnému krvéaceni z rany. Po 1/2, 3, 6, 12 nebo
22 hodinach byla z takto indukovanych larev izolovdna hemolymfa a hemocyty ¢i tukova

télesa nebo byly pouzity pro pokus celé larvy.

3.6. Izolace 7 larev masaiky Sarcophaga bullata

Celkovy postup izolace latek je pro lepsi orientaci v textu znazornén na Obrazku 28 ve

vysledkové Casti (strana 58).

3.6.1. Izolace hemolymfy z larev

Pied sbérem hemolymfy byly larvy znehybnény ponechdnim na ledu 5 — 10 minut.
Entomologickym S$pendlikem byla propichnuta hlavicka a jemnym stlacenim téla larvy
byla vymacknuta hemolymfa do vychlazené mikrozkumavky. Pocet larev zpracovanych

v jednom dni se pohyboval v rozmezi 50 — 300.

3.6.2. Izolace hemocytii z larev

Hemolymfa byla izolovéna na ledu z indukovanych a kontrolnich larev 1/2, 3, 6 a
22 hodin po indukci. Hemocyty byly odd€leny od hemolymfy centrifugaci (10 minut pfi
1000 x g a 4°C). Hemocyty byly dvakrat oplachnuty pufrem (50 mM Hepes pH 7,4 s 90

mM NaCl) a poté hluboce zmrazeny.

3.6.3. I1zolace tukového télesa z larev

Tukova télesa byla izolované z indukovanych a kontrolnich larev 1/2, 6 a 22 hodin
po indukci. Larvy byly uspany pouzitim plynného CO,. Piedni a zadni ¢asti larvy byly
odstfihnuty ntizkami. Tukova télesa byla vyjmuta z larev pod binokularnim mikroskopem a
prendéana do fyziologického roztoku na Petriho misce umisténé na ledu. Malphigické
trubice a trachee byly opatrné odstranény pinzetou. Izolace tukovych télisek provadél Mgr.

Jifi Kindl (UOCHB AV CR v.v.i.).

3.6.4. Homogenizace celych larev

Cela téla indukovanych a kontrolnich larev byla zpracovavana 3, 6, 12 a 22 hodin

po indukci. Nejméné¢ dvé larvy byly pouzity pro kazdy typ indukce a Cas. Larvy byly
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hluboce zmrazeny tekutym dusikem a poté homogenizovany na prasek tlouckem

v ptedchlazené tfeci misce.

3.7. Separace hemolymfy centrifugaci a sraZenim

V prvnim kroku byla izolovana hemolymfa odstfed’ovana 10 minut pfi 1000 x g a
4°C kvuli odstranéni zbytkl tkdn¢ a bunék (Peleta 1, Obrazek 28, stranka 58). Supernatant
1 byl pfenesen do Cist¢ zkumavky. Ve druhém kroku probihalo srazeni proteint
ze supernatantu 1 bud’ roztokem siranu amonného (nasyceni do 70 %) nebo okyselenym
methanolem (90% methanolu, 9% vody, 1% kyseliny octové) ve Ctyfnasobném piebytku.
Po dal$im odstfedéni (30 minut pii 13 000 x g, 4°C) byl supernatant 2 pienesen do Cisté
zkumavky, zatimco peleta 2 byla uskladnéna pii -70°C.

3.8. Frakcionace hemolymfy na kolonkdach Chromabond C-18

Na kolonce Chromabond C-18 (Macherey-Nagel, Némecko) byl supernatant 2
rozdélen na hydrofilni a hydrofobni frakci. Kolonka byla aktivovdna promytim roztokem
80% acetonitrilu a 0,1% trifluoroctové kyseliny v deionizované vod¢ a nasledné 0,1%
trifluoroctové kyseliny v deionizované vod€é. Objem promyvacich roztoki byl 3 x 2ml
kazdého roztoku. Déle se postup liSil podle toho, zda byl ke srdzeni pouzit siran amonny
(A) nebo okyseleny methanol (B).

A. Po srazeni siranem amonnym byl supernatant 2 zfedén deionizovanou vodou a
ihned nanesen na aktivovanou kolonku Chromabond C18. Poté se kolonka promyvala 3 x 2
ml 0,1% TFA (hydrofilni frakce). Tim byl odstranén siran amonny (odsoleni) a ostatni
hydrofilni soucasti hemolymtfy, které se nezachytily na kolonce. Pfi nasledném promyvani
kolonky 3 x 2 ml 80% acetonitrilu s 0,1% TFA (hydrofobni frakce) se uvolnily zachycené
peptidy a mens$i proteiny. Hydrofilni a hydrofobni frakce byly odpafeny na pfistroji
CentriVap Concentrator (Labconco, USA).

B. Po srazeni kyselym methanolem byl nejprve supernatant 2 vysusSen na piistroji
CentriVap Concentrator. SuSina byla rozpusténa v 0,1% TFA a byla nanesena
na aktivovanou kolonku Chromabond C18. Stejn¢ jako v pfedchozim piipadé se kolonka
promyvala 3 x 2 ml 0,1% TFA. Tim se z kolonky uvolnily hydrofilni frakce hemolymfy.
Hydrofobni frakce byla uvolnéna promyvanim 3 x 2 ml 80% acetonitrilu s 0,1% TFA.
Opét byl k odparfeni rozpoustédel pouzit piistroj CentriVap Concentrator (Labconco,

USA).
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3.9. Chromatografické metody

3.9.1. Analytické RP-HPLC

Analytické RP-HPLC bylo pouzito k porovnani sloZeni hydrofobnich a
hydrofilnich frakei ziskanych zindukovanych a neindukovanych larev. Pouzity byly
kolony Nucleosil 120 C18 (250 x 4 mm, primér &astic 5 um, Watrex, CR) pro frakce
sraZzené siranem amonnym a Vydac 218TP54 (250 x 4 mm, pramér ¢astic 5 um, Vydac,
USA) pro hydrofobni a hydrofilni frakce po srdzeni okyselenym methanolem. Na kolonu
bylo nanaSeno 40 pg frakce (20 pul z2 mg/ml). Chromatogramy byly analyzovany
softwarem CSW® (DataApex, s.r.o, CR). Pribéh gradientu acetonitrilu ve vodé s 0,1%
TFA je uveden v tabulce 6. Byl pouzit pratok 1 ml/min.

Tabulka 6. SloZeni elu¢niho roztoku pfi analytické RP-HPLC

Cas (min) 0 1 50 60 68 68 70

Acetonitril (%) 0,8 0,8 36 50 80 80 0,8

3.9.2. Preparativni RP-HPLC: izolace peptidii, menSich proteinii pop¥. frakei

Frakce ziskané promyvanim kolonky Chromabond C-18 80% acetonitrilu s 0,1%
TFA nebo pouze s 0,1% TFA byly déleny pomoci RP-HPLC na semipreparativni koloné¢
Vydac C18 (250 x 10 mm, pramér ¢astic 10 pm) pii pritoku 3 ml/min nebo analytické
koloné Nucleosil 120 C18 (250 x 4 mm, primér ¢astic 5 um) podle mnozstvi ziskaného
materidlu. Gradientova eluce byla provadéna roztokem o stoupajici koncentraci acetonitrilu
v deionizované vodé obsahujici 0,1% TFA. Slozeni elu¢niho roztoku bylo stejné jako
pii analytické RP-HPLC (viz Tabulka 6). Absorbance eluatu byla proméfovana pii vinové
délce 218 nm. Izolované peptidy, mensi proteiny a frakce byly Castecné odparovany a

lyofilizovany.
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3.10. Testovani antibakterialni aktivity

Mg¢fteni antibakteridlni aktivity je zaloZzeno na méfeni rustové kiivky jednotlivych
mikroorganismit za pritomnosti izolované frakce v porovnani s ristovou kiivkou
samotného mikroorganismu. Rustova kiivka byla vynesena do grafu jako zavislost
absorbance v rozsahu vinovych délek 420-580 nm na case. Testovani bylo provadéno
pomoci piistroje Bioscreen C (Growth Curves Ltd., Finsko).

Prace spojena s testovanim antimikrobialni aktivity byla provadéna na VSCHT

studentkou Terezou Neubauerovou pod vedenim Prof. Martiny Mackové.

3.10.1. Priprava inokula pro testovani antibakterialni aktivity

Pied kazdym testovanim bylo pfipraveno nové inokulum nasledujicim zptisobem.
Jedna mikrozkumavka byla vyjmuta z mraziciho boxu, obsah byl rozpustén a smichan
ve zkumavce s 20 ml LB média. Nasledna kultivace pti 37°C trvala 5-8 hodin. Po této dobé

byla nova kultura v exponencidlni fazi riistu a mohla byt pouzita pro testovani.

3.10.2. Priprava vzorkii z izolovanych frakei pro testovani

Vzorky peptidit byly rozpustény v LB médiu. Vzhledem ke znamé hmotnosti
jednotlivych frakci byla pro zasobni roztok peptidu zvolena takova koncentrace, aby bylo
mozno napipetovat do reakénich jamek cilené koncentrace. Vzhledem k tomu, Ze se
jednalo o nezndmé a pfedem netestované latky ziskané z hemolymfy pouze v omezeném
mnozstvi, byly koncentrace pro testovani voleny hlavné podle dostupného mnozstvi
materidlu. U indetifikovaného dipeptidu byly testovaci koncentrace zvoleny podle

minimdlnich inhibi¢nich koncetraci znamych z literatury [4].

3.10.3. Méreni antibakterialni aktivity pomoci pristroje Bioscreen C

Me¢feni antimikrobidlni aktivity je mozno zjistit nékolika zpisoby avsak pro naSe
potieby byla zvolena metoda pomoci pftistroje Bioscreen C. Hlavnimi pfednostmi jsou
malé testovaci objemy a moznost kontinudlniho sledovéani nariistu absorbance reakénich

roztokll. Najednou Ize uskute¢nit az 200 méfeni.

Principem je vyhodnocovani a porovnavani bakteridlniho rdstu v pfitomnosti

testovaného peptidu ¢i bez jeho pfitomnosti. Pokusy bez testované¢ho peptidu zde slouzi
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jako kontroly. Pokud testovany peptid ma antimikrobidlni ¢inky, dochazi v jamkéch, kde
je ptitomen, k signifikantné niz§imu nariistu nez je tomu u kontroly. Inhibice ristu je ptimo
umérna koncentraci testovaného peptidu. Minimdlni inhibi¢ni koncentrace (,,minimum
inhibitory concentration” MIC) je definovana jako nejniz$i konecnd koncentrace latky,

pfi niz nebyl pozorovan rust v exponencionalni fazi bakteriadlniho rastu.

Testované vzorky se zde pipetuji do jamek polystyrenové mikrotitracni desticky.
Jedna desti¢ka obsahuje 100 jamek a pfistroj umoziuje méfit na dvou destiCkach najednou.
Objem méfeného roztoku vjedné jamce je 330 pl. Postupem, ktery se osvédcil je
pipetovani LB média a vzorku peptidu rozpusténého v LB médiu tak, aby soucet objemil
byl roven 300 pl. Zménou poméru mezi objemem LB média a vzorku ménime koncentrace
testovan¢ho peptidu. Zbyvajicich 30 pl tvofi inokulum bakteridlnich bunc¢k. Vzhledem

k malym mnoZzstvim izolovanych frakci jsme testovali i s polovi¢nimi objemy 150 a 15 pl.

Po napipetovani vSech vzorkli, LB média a inokula se desticka vlozi do pfistroje.
Ten je propojen s pocitatem, kde se nastavi parametry méfeni. Mimo vinové délky,
kultivacni teploty a poctu méfenych jamek je zde mozné zadat i dobu experimentu a
intervaly jednotlivych odectii, v€etné michani. Pfistroj proméfuje zeslabeni prochazejiciho

zateni turbidimetricky v rozsahu vinovych délek 420 — 580 nm.

3.11. Elektroforetické metody

3.11.1. 1D-SDS-PAGE

Elektroforéza v polyakrylamidovém gelu v pfitomnosti dodecylsulfatu sodného
(SDS-PAGE) byla provadéna ve vertikdlnim systému Mini-Protean 3 (Bio-Rad) podle
Laemmliho [116]. Tloustka gelu byla 1 mm a rozméry skel 8 x 8 cm. Rozhrani
zaostfovaciho a dé&lictho akrylamidového gelu (29% akrylamid a 1% N,N’-
methylenbisakrylamid) dosahovalo asi 2 cm pod okraj gelu. Pouzivany byly 12% a 20%
délici gely.

Z roztoku vzorku o koncentraci 1 mg/ml bylo odebrano 8 pul a smichano s 8 pl
vzorkového pufru (4% SDS, 10% B-merkaptoethanol, 20% glycerol, 0,1% Brilliant Blue
G-250, 0,124 M Tris-HCI pH 6,8). Nasledn¢ byla provadéna denaturace pti 100°C po dobu
5 minut. Do jednotlivych komurek byly nandSeny roztoky vzorkl, standardy a

do prazdnych komurek vzorkovy pufr. Elektroforéza probihala ve dvou krocich. Nejprve
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po dobu 30 minut pti napéti 80 V, dalSich 50-60 minut pii napéti 120 V v elektrodovém
pufru (0,1% SDS, 0,025 M glycin, 0,192 M Tris).

Po skonceni elektroforézy byly gely fixovany po dobu 10 minut fixaénim roztokem
(10% kyseliny octové a 40% methanolu v deionizované vod¢). Po promyti deionizovanou
vodou byly gely barveny asi 15 minut roztokem Coomassie Blue R-250 (0,1% Coomassie
Brilliant Blue R-250, 45% methanolu, 10% kyseliny octové v deionizované vod¢), opét
promyty a vloZzeny do odbarvovaciho roztoku (10% methanolu, 10% kyselina octova v
deionizované vodé). Pro kalibraci byly pouZity proteinové standardy (Bio-Rad- Precision

Plus Protein unstained standards, Obrazek 26).

— 250 kD
— 150

- — 100

—— ol -

Obrazek 26. Na obrazku jsou vyobrazeny pouzité standardy pro elektroforézu

—®  ve 12% polyakrylamidovem gelu o molekulovych hmotnostech 250, 150, 100,
75, 50, 37, 25, 20, 15 a 10 kDa.

|
& I

3.11.2. Elektroforéza v Tris-tricinovém pufru

Tento druh elektroforézy je vhodny pro separaci proteinii mensich nez 10 kDa a
metoda byla popsdna Schigerem a Jagowem [117]. Pomoci tricinu, ktery je obsaZen
v elektrodovém pufru, se daji separovat peptidy od velikosti 2 kDa. Rozhrani
zaostfovaciho a prostfedniho gelu (29% akrylamid a 1% N,N’-methylenbisakrylamid)
dosahovalo asi 2 cm pod okraj gelu. Separacni gel byl 15%.

Z roztoku vzorku o koncentraci 1 mg/ml bylo odebrano 8 pl a smichano s 8 pl
vzorkového pufru (1% SDS, 4% p-merkaptoethanol, 24% glycerol, 0,02% Brilliant Blue
G, 0,1 M Tris-HCI pH 6,8). Nasledn¢ byla provadéna denaturace pti 100°C 5 minut.
Anodovy pufr (0,2 M Tris-HCI pH 8,9) a katodovy pufr (1% SDS, 0,1 M Tris, 0,1 M
Tricin) maji odlisné slozeni. Elektroforéza (s pouZzitim pfistroje Mini Protean 3) probihala
ve dvou krocich. Nejprve 30-45 minut pii napéti 30 V a dalsi 2,5-3 hodiny pii 120-140 V.

Gely byly fixovany 10 minut fixacnim roztokem. Po promyti deionizovanou vodou
byly gely barveny roztokem Coomassie Blue R-250 asi 15 minut, opét promyty a vloZeny

do odbarvovaciho roztoku.
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26,600 — Obrazek 27. Nizkomolekuldrni standardy od firmy Sigma:

17000 — == triosafosfatizomerdza z kralictho svalu (26,6 kDa), myoglobin
10— B 7 koniského srdee (17 kDa), a-laktoalbumin z hovéziho mléka (14,2
. kDa), aprotinin z hovézich plic (6,5 kDa), oxidovany hoveézi
"% inzulinovy fetézec B (3,496 kDa), bradykin (1,06 kDa).

3.11.3. Pienos proteinti a peptidii na membranu PVDF

Pro pienos proteinii byla pouzita membrana PVDF-Immobilon™-P (Sigma), ktera
byla upravena nasledujicim zptisobem: 15 sekund méacena ve 100% methanolu, 2 minuty
v deionizované vodé a 5 minut v pufru o slozeni 20 mM CAPS, 10% methanol, 0,01%
SDS, hodnota pH byla upravena pomoci NaOH na 10,3. V t¢émz pufru byly maceny 1
filtraéni papiry Extra Thick Blot Paper Criterion™" size (Bio-Rad) po dobu 5 minut a gel
z elektroforézy po dobu 15 minut. Do modulu Trans-Blot® SD (Bio-Rad) typu semi-dry
byl polozen filtra¢ni papir, pot¢ PVDF membrana, gel a nakonec opét filtracni papir. Vse
bylo uzavieno katodou. Samotny ptfenos probihal pii 4°C po dobu 2 hodin, pfi napéti 20
V a proudu 145 mA (3 mA na 1 cm?).

Membrana byla barvena 30 minut v Coomassie Blue R-250 a odbarvovana
v odbarvovacim roztoku (50 % methanol, 7 % kyselina octova v deionizované vodg).

Proteiny imobilizované na PVDF membran¢ byly podrobeny N-koncové sekvenaci
metodou Edmanova odbouravdni na zafizeni PE Applied Biosystems 491 Protein
Sequencer (Perkin-Elmer) s programem PL PVDF Protein Ing. Zdeitkem Voburkou
(UOCHB AVCR v.v.i).

3.11.4. 2D-elektroforéza

3.11.4.1. Priprava vzorku na 2D-elektroforézu

Hemocyty z 20-ti larev byly dvakrat oplachnuty pufrem (50 mM Hepes pH 7,4 s 90
mM NaCl) a poté byly builky po 1 hodinu lyzovany pii laboratorni teploté sklizecim
lyza¢nim pufrem 1 (7 M mocovina, 2 M thiomocovina, 4% CHAPS, 40 mM Tris, 65 mM
DTT, 2% amfoliny pH 9-10) [118]. MnoZstvi proteinll v lyzatu bylo ur¢eno metodou dle
Bradfordové [119]. Pro analytické gely bylo pouzito 70 ug proteinti a pro preparativni gely
400 pg.
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Bunky tukového télesa z péti larev byly homogenizovany, sonikovany a lyzovany
30 minut pii 4°C ve sklizecim lyzacnim pufru 2 (7 M mocovina, 2 M thiomocovina, 2%
CHAPS, 40 mM Tris, 65 mM DTT, 2% amfolinti pH 9-10) [120]. Poté byl lyzat tikrat
centrifugovan 30 minut pfi 16000 x g a 4°C a supernatant byl opatrné odebiran. MnoZstvi
proteint bylo ur¢eno metodou dle Bradfordové [119]. Pro analytické gely bylo pouzito 55

ug proteint a pro preparativni gely 315 pg.

3.11.4.2. I1zoelektricka fokusace

Bunééné lyzaty o ptisluSném mnozstvi proteint byly smichany s330 ul
rehydrata¢niho pufru (7 M mocovina, 2 M thiomoc¢ovina, 2% CHAPS, 50 mM DTT, 0,8%
amfolintt pH 3-10), a naneseny na 18 cm nelinearni ,,IPG stripy” pH 3-10 (Amersham
Biosciences, Svédsko) a pfevrstveny mineralnim olejem. Poté probihala 12 hodin aktivni
rehydratace pfi napéti 50 V.

Izoelektricka fokusace rehydratovanych stripti probihala s postupné zvySujicim se
napétim na piistroji PROTEAN IEF cell (BioRad, USA) po 1 hodinu pfi napsti 250 V, dale
1 hodinu pfi napéti 500 V, 2 hodiny pti 1000 V a nakonec pii 10000 V po dobu nutnou
k dosazeni 70000 Vh.

3.11.4.3. Elektroforéza v gradientovém gelu

Fokusované stripy byly ekvilibrovany 30 minut v roztoku, ktery obsahoval 7 M
mocovinu, 20% glycerol, 2% SDS, 0,05 M Tris-HCI pH 8,8 a 2% DTT s bromfenolovou
modii. Volné thiolové skupiny byly 30 minut alkylovany v tomtéz roztoku, ktery misto
DTT obsahoval 2,5 % jodacetamid.

Poté byly ekvilibrované stripy pfipevnény na gradientovy SDS-polyakrylamidovy
gel (8-16% se 4% zaostiovacim gelem, 19 x 22 cm) pomoci ,,ReadyPrep Overlay* agarozy
(BioRad, USA). Druhy rozmér SDS-PAGE probihal v PROTEAN II XL systému (BioRad,
USA) v elektrodovém pufru (0,025 M Tris, 0,192 M glycin s 0,1% SDS) po 1 hodinu
pfi proudu 16 mA na gel a pfiblizné po 9 hodin pii 24 mA na gel dokud bromfenolova
modf nedoséhla spodni strany gelu. Poté byly gely vyjmuty a barveny bud’ stfibrem
postupem podle Bluma modifikovanym Rabilloudem [121] nebo koloidni Coomasie

Brilliant Blue [122].
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3.11.4.4. Analyza 2D geld

Gely byly prevedeny do digitdlni podoby kalibrovanym denzitometrem (Bio-Rad,
USA) v rozliseni 400 dpi. Obrazky byly zpracovavany programem PDQuest Advaced 8.0.1
2D Gel Analysis Software (Bio-Rad). Pro vytvofeni analytického souboru byly pouzity
vzdy ¢&tyfi gely z kazdého typu experimentu (napiiklad tukova téliska z E.coli
indukovanych versus neindukovanych larev v ¢asovém intervalu 6 hodin). Obrazky byly v
programu upraveny na stejnou velikost. Ve vytvoreném analytickém souboru (,,match-set™)
byly programem detekovany proteinové skvrny (spoty) a vzajemné ptifazeny ve skupinach
geli. Kvantifikace spotii byla normalizovdna na intenzitu vSech detekovanych spotl v
daném gelu. Pfifazeni proteinovych skvrn bylo manualné kontrolovdno a v piipadé
nutnosti upraveno. Pro detekci velkych spotii s nepravidelnym tvarem byla vyuzita funkce
umoziujici vybrat obrys skvrny a kvantifikovat ji jako celek. Rozdiln¢ exprimované
proteiny byly vyhledavany na zdkladé¢ minimalné dvojnasobného rozdilu mezi intenzitami
skvrn v porovndvanych analyzovanych souborech gelii s 95% pravdépodobnosti (p < 0,05)
vypocitanou Studentovym t-testem. Proteiny Spatné pfifazené, nepiesné ohrani¢ené nebo

nachazejici se v okrajovych ¢astech geli byly pokladany za nevérohodné.

3.11.5. Kapilarni elektroforéza (CZE)
Analyzy byly provedeny za pouziti PPACE MDQ, Beckman Coulter (Fullerton, CA,

USA) kapilarnim elektroforetickém analyzatoru. Separa¢ni prostor byl tvofen kiemennou
nemodifikovanou kapildrou (Polymicro Technologies, Tucson, AZ, USA) s vn¢&jSim
polyimidovym povlakem o vnitinim priméru 50 um a vnéjSim primeéru 375 pm. Celkova
délka kapilary byla 392 mm a efektivni délka (od vstupniho konce k detektoru) 290 mm.
B-Alanyl-tyrozin (synteticky i1 izolovany) byl analyzovan jako kationt v kyselém
zakladnim elektrolytu (,,background elektrolyte“ — 0,5 M kyselina octovd, pH 2,5).
Separace probihala v rezimu konstantniho napéti 20 kV a proudu hodnoty 11,6 pA,
kapilara byla chlazena na teplotu 25°C. Vzorky byly davkovany hydrodynamicky
pretlakem 15 mbar po dobu 5-15 sekund. Detekce byla provedena métenim absorpce UV
zateni pti 206 nm.
Chiralni separace izolovaného B-alanyl-tyrozinu a syntetickych standardd -alanyl-
L-tyrozinu a [-alanyl-D-tyrozinu byly provedeny na stejném piistroji s odliSnymi

zakladnimi elektrolyty rizného slozeni a také s rUznymi chirdlnimi déli¢i na
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cyklodextrinovém zakladu. Nejlepsi separace (-alanyl-L,D-tyrozinovych enantiomert bylo
dosazeno v zakladnim elektrolytu slozeném z 32 mM Tris, 50 mM H3PO,, pH 2,5 s 2-
hydroxypropyl-B-cyklodextrinem (20 mg/ml). Separacni napéti bylo 25 kV, proud byl 39,5
1A, hydrodynamicka injekce vzorkt byla provedena pfi tlaku 6,9 mbar po dobu 5 sekund.

3.11.6. Preparativni volna elektroforéza (FFE)

Preparativni elektroforetickd separace byla provedena na ,homemade” volné
elektroforetické aparatufe vybavené pritokem skrze elektroforetickou celu zhotovenou
z dvou sklenénych tabulek (500 x 500 x 4 mm) se Stérbinou (0,5 mm). Cela byla
temperovana na obou stranach rychle proudicim chladnym vzduchem (-1°C). Separace
byla provedena v 0,5 M kyselin€ octové pii pratoku 250 ml/h, pfi separacnim napéti 3 kV a
proudu 125 mA. Priitok vzorku byl 1,6 ml/h a zékladni elektrolyt a vzorek byly v cele po
dobu 31 minut. Absorpce jimanych frakci byla proméfovdna pii 220 a 280 nm.

Koncentrace vzorku byla 30 mg/ml [123].

Kapilarni elektroforéza a preparativni elektroforézy byly provadény skupinou

RNDr. Véclava Kasi¢ky, CSc. (UOCHB AV CR v.v.i.).

3.12. Syntéza F-alanyl-tyrozinu a jeho analogii

3.12.1. Syntéza B-alanyltyrozinu a jeho analogti na pevné fazi

Syntetické analogy B-alanyl-tyrozinu byly pfipraveny metodou syntézy na pevné
fazi pouzitim Fmoc/tBu strategie a 2-chlorotrityl nebo RinkAmide AM pryskyfice jako
polymerniho nosi¢e. Ke kondenzaci byly pouzita ¢inidla HBTU/DIPEA v NMP.
N-Acetylace byla provedena smési 5% acetanhydridu a 1% DIPEA v NMP. Vsechny
dipeptidy, B-alanyl-L-tyrozin, B-alanyl-D-tyrozin, B-alanyl-L-tyrozin-NH,, N-Ac-B-alanyl-
L-tyrozin-NH,, N-Ac-B-alanyl-L-tyrozin byly &istény pomoci RP-HPLC. Cistota dipeptidii
byla vice nez 96% coz bylo urceno analytickou RP-HPLC. VSechny dipeptidy byly
charakterizovany hmotovou spektrometrii. Pfed testovanim byla koncentrace B-alanyl-
tyrozinu a jeho analogli ur¢ena podle absorpce tyrozinu pii 276 nm a pouzitim molarniho

extinkéniho koeficientu 1420 M 'em™.
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3.12.2. Syntéza B-alanyl-L-tyrozylu-B-D-fruktopyranézy

B-Alanyl-L-tyrozyl-B-D-fruktopyrandza byla syntetizovana podle Mossineho a kol.
[124]. B-Alanyl-L-tyrozin (20 mg, 7,9 pmol) a D(+)-glukéza (6 mg, 33 umol) byly pfidany
k 10 ml kyseliny octové v pyridinu (1:1) a michany pii pokojové teploté 48 hodin. Reakéni
smés byla odpafena a produkt byl izolovan pomoci RP-HPLC. Identita produktu byla

ové&fena hmotnostni spektrometrii, 'H a >C NMR.

3.13. Hmotnostni spektrometrie

Molekulové hmotnosti a identifikace izolovanych frakci, a proteinli byly méfeny
na hmotnostnich spektrometrech MALDI-TOF, Reflex IV (Briikker Daltonics) a ESI-Q-
TOF (Waters) na Ustavu organické chemie a biochemie Mgr. Miloslavem Sandou a RNDr.

Josefem Cvackou, PhD.

3.13.1. ESI-MS

Hmotnostni spektra izolovanych frakci a syntetickych analogii byla méfena
pouzitim Q-TOF hmotového spektrometru (Waters-MicroMass). Vzorky byly rozpustény
v 50% acetonitrilu ve vod¢ s 0,2% kyselinou mravenéi a injektovany do mobilni faze o
stejném slozeni s pritokem 20 ul/min. Elektrosprej jako zdroj iontd byl pouzit
v pozitivnim iontovém modu s kapilarnim a kuZelovym napétim 3500 V a 20 V. Dusik byl
pouzit jako plyn v kuZelu (50 1/h) a jako desolvatacni plyn (150 1/h). Teplota zdroje byla
80°C a desolvatacni teplota byla 150°C. Kolizni energie byla nastavena na napéti 10 V pfi

MS méienich a hodnota byla zvySena nejcastéji na 15-25 V, pii MS/MS pokusech.

3.13.2. MALDI-MS

Hmotnostni spektra jednotlivych frakci byla méfena na MALDI-TOF (,,matrix
assisted laser desorption/ionization-time of flight™) hmotnostnim spektrometru REFLEX
IV (Briiker-Daltonic) vybaveném N, laserem (337 nm). Hmotnostni spektra byla ziskana
v linearnim moédu s urychlovacim napétim 20 kV. Jako matrice byla pouzita kyselina

sinapova.
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3.13.3. Identifikace peptidu a proteini z proteolytickych Stépeni

Vybrané proteinové nebo peptidové prouzky a skrvny (spoty) z 1D nebo 2D-SDS
PAGE byly vyfiznuty, odbarveny 50% acetonitrilem v 25 mM hydrogenuhli¢itanu
ammonném o pH 7,8 nebo v 50 mM 4-ethylmorfolin-acetdtovém pufru o pH 8,1 s 40 mM
DTT, dehydratovany 5 minut v 200 pl acetonitrilu pti 30°C v ,,thermo shaker* piistroji
(Eppendorf) a poté vakuové vysuSeny ve Speed-vacu (Labconco). Kousky gelu byly
rehydratovany ve §tépicim pufru 1 nebo 2 a proteiny/peptidy byly Stépeny 8 hodin pii 37°C
v ,,thermo shaker* pfistroji.

Stépici pufr 1 obsahoval 30 ng/ul §tépiciho enzymu v 50 mM
4-ethylmorfolin-acetatovém pufru o pH 8,1, 4% acetonitrilu a 0,01% B-merkaptoethanolu.
Stépici pufr 2 obsahoval 30 ng/ul §tépiciho enzymu v 25 mM hydrogenuhli¢itanu
ammonném o pH 7,8, 4% acetonitrilu a 0,01% p-merkaptoethanol. Pro $tépeni peptidii a
proteinll byly pouzity enzymy trypsin (Trypsin Gold Mass Spectrometry Grade, Promega)
nebo chymotrypsin (A-chymotrypsin sequencing grade, Sigma). Po Stépeni byly peptidy
extrahovany z kouskl gelu postupnou extrakci gradientem 15-60% acetonitrilu s 2% TFA.
Extrakce probihala v sonikatoru s ledem.

Extrahované peptidy byly odsoleny a koncentrovany Zip-Tip C18 S$pickami
(Millipore). Pro charakterizaci §tépti byly pouzity hmotové spektrometry MALDI-TOF a
ESI-Q-TOF. MALDI-TOF spektrometr REFLEX IV (Briikker-Daltonics) operoval
v reflekton médu® s urychlovacim napétim 20 kV. Vzorky byly pfipraveny za pouZiti
a-kyano-4-hydroxyskoticové kyseliny jako matrice. Hmotovy spektrometr ESI-Q-TOF
(Waters) byl vybaven nanoelektrosprejem a piipojen na 2D kapilarni chromatografii
,»CapLC” (Waters). Chromatografické separace bylo docileno pouzitim 1 cm kolony se
symetrii 300 A a kapilarni kolony Atlantis dC18 (75 pm x 10 cm). Data byla zpracovana
proteomickym programem Mascot (MALDI) a ,,Proteinlynx global server” (LC-MS/MS).
K identifikaci proteinové sekvence byly prohledavany databaze Swissprot nebo Uniprot.

Identifikace proteinu byla provedena analyzou tryptického nebo chymotryptického
lyzatu metodou LC-MS/MS pomoci hybridniho spektrometru LTQ-ORBTRAP XL
(Thermo, USA) s ptediazenou 2D kapilarni chromatografii (stejné kolony jako u Q-TOF)
Reos-2000 (Flux-instruments, Svycarsko). Hmotnosti peptidii byly stanoveny metodou FT-
MS (Fourierova transformace) s rozliSenim 60000 s pfesnosti < 10 ppm. MS/MS bylo
realizovano metodu CID (,.collision induced dissociation®) v linearni iontové pasti a

fragmentacni spektra byla porméfena metodou FT-MS spiesnosti < 10 ppm.

54



Pro databazové vyhledavani byl pouzit program Bioworks (Thermo, USA) a databaze

Uniprot s vysSe uvedenymi parametry piesnosti.

3.14. NMR spektrometrie

'H a "C NMR spektra B-alanyl-L-tyrozinu a p-alanyl-L-tyrozyl-B-D-
fruktopyrandzy byly méfeny na spektrofotometru Bruker AVANCE-500 NMR ('H at 500
MHz; C pti 150.9 MHz) v D,0O dioxanem jako vnitinim standardem (8y; 3.76; 8¢ 69.33).
Chemické posuny jsou udany v ppm hodnotach a vazebné konstanty jsou udany v Hz (viz
vysledky Tabulka 10). NMR spektra zméfil a vyhodnotil RNDr. Milo§ Budésinsky, CSc.
(UOCHB AV CR v.v.i).

3.15. Kvantitativni PCR

3.15.1. 1zolace RNA

Celkova RNA z hemocyti, tukovych téles a celych tél larev Sarcophaga bullata
byla extrahovana pouzitim 300 pl (pro hemocyty a tukové télesa) nebo 1000 pl (pro cela
téla) TriReagentu (Molecular Research Center, Inc.) podle navodu vyrobce.

Vzorky RNA byly oSetieny pouzitim DNA-free kitu (Ambion), a bylo zabranéno
kontaminaci genomovou DNA. Koncentrace RNA byla ur¢ena UV spektrofotometrii
pfi 260 nm a kvalita izolované RNA byla analyzovana elektroforézou v 1,5% ethidium

bromid agar6zovém gelu. Vzorky RNA byly uchovavany v - 80°C.

3.15.2. Priprava cDNA

cDNA byla syntetizovana pouzitim 1 pug celkové RNA, 10 pmol oligo25-dT a
10 pmol ,,random hexamer* primerti. Smés byla inkubovana 10 minut pti 72°C. Poté bylo
pfidano 100 U MMLYV reverzni transcriptazy (Promega), 12 U RNasinu (Promega) a
5 nmol dNTP do celkovému objemu 10 pl a inkubovano 70 minut pii 37°C. Poté byla

reakce zfedéna vodou na 100 pl a zmrazena (-20°C).

3.15.3. Real-time qPCR (RT-qPCR)

Primery pro sapecin, transferin, kathepsin L, “storage-binding protein” (SBP),

sarcocystatin and 26/29 kDa protedzu z masatky Sarcophaga peregrina a 18S ribozomalni
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RNA, profenoloxidazy PPO1 a PPO2 zmasatky Sarcophaga bullata byly navrzeny
pomoci Primer3 programu. Nukleotidové sekvence jednotlivych primert jsou uvedeny
v Tabulce 8. Po optimalizaci qPCR reakce byly velikosti amplikonil vSech genl testovany
pomoci elektroforézy ve 2% agarézovém gelu. Uginnosti viech qPCR reakci byly kolem
100% coz bylo uréeno pomoci standardnich ktivek.

Smési na qPCR v konecném objemu 25 pl, obsahovaly 2 ul cDNA, SYBRGreen
roztok (Molecular Probes, 200-krat ziedény v dimethylsulfoxidu a poté 20-krat vodou),
pfimé ,forvard“ a zpétné ,reverse* primery (0,4 mM roztok kazdého), 0,3 mM dNTP, 3
mM MgCl, a 1U Taq polymerazy (Promega). qPCR reakce byly méfeny na pfiistroji
Opticon2 (MJ Research, USA) pti pouziti téchto podminek: 3 minuty 95°C, 40 cykla: 15
sekund pii 95°C, 20 sekund pfi 60°C a 30 sekund pfi 2°C. Analyzou kiivek tani byly
potvrzeny specifické qPCR produkty. Kontroly bez cDNA nedavaly zZadny signal nebo se
signal primer-dimera objevil pii Ct hodnotach >35 (“cycle of threshold”).

Hodnoty Ct indukovanych a kontrolnich skupin byly vyhodnoceny pomoci
programu Excel (Microsoft). Pomér genové exprese v indukovanych a kontrolnich larvach
byl vypogitan z rozdilii Ct hodnot metodou: pomér = 2(Ctinduced-CilcontroD)

Pfinejmensim biologické duplikaty z celych larev, hemocyti a tukovych téles pro
vSechny ¢asy a indukéni podminky byly pouzity v paralelach. Sttedni hodnoty (sloupce) a
smerodatné odchylky hodnot jsou znazornény v grafech ve vysledkové c¢asti. VSechny

pokusy byly opakovany a poskytovaly podobné vysledky.

Tabulka 8. Pfimé a zpétné primery pro geny analyzovanané qPCR.

Gen GenBank Piimé primery Zpétné primery

Cislo
Sapecin J04053 TCGCTGTTACCTTGTGCTTG TAAGGCATGCAAACCATCAA
Transferin D28940 AGCTCGCGATGGAAAACTTA  GATGGGCATGCTTTGTAGGT
PPO1 AF161260 TTCATGGAAAAGGGCAAAAC  CTTTTCGCCAAAACGTGATT
PPO2 AF161261  TCACTGGCACTGGCATTTAG  CCTTGCCAATATCTGGTGGT
Kathepsin L D297741 GTACCCAAATCGGTGGATTG GCGGAAATGTTGTCCCTCTA
SBP D16533 CGCATTGCAGAACGTAGAAA CTGTTGTCCCTGTTGGACCT
Sarcocystatin  J02847 GTCGGTTGTCCCAGTGAAGT  TGTGTGGTGGCTGAGTTGAT
26/29kDa ABO11375  GGCAAACCATTCCCTTACAA  ATGGCCAATAGTGCCAAAAG
proteaza
18S-rRNA AF322419  CCTGCGGCTTAATTTGACTC  AACTAAGAACGGCCATGCAC
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4. Vysledky

4.1. Identifikace a charakterizace antimikrobidalnich latek v hemolymfé

larev masaiky Sarcophaga bullata

Vysledky této casti disertace byly publikovany v praci: Ciencialova, A.,
Neubauerova, T., Sanda, M., Sindelka, R., Cvacka, J., Voburka, Z., Budé&sinsky, M.,
Kasi¢ka, V., Sazelova, P., Solinova, V., Mackova, M., Koutek, B., & Jiracek, J. (2008)
Mapping the peptide and protein immune response in the larvae of the fleshfly Sarcophaga
bullata. J. Pept. Sci. 14, 670-678.

Z indukovanych a neindukovanych (kontrolnich) larev masaiky Sarcophaga
bullata byla izolovdna hemolymfa, ktera byla nasledné centrifugovana a srazena
okyselenym methanolem nebo siranem amonnym. Ddéle byly tyto frakce rozd€leny
na kolonce Chromabond C18 na podily hydrofilni a hydrofobni, které byly poté
separovany pomoci RP-HPLC. Takto purifikované frakce byly inkubovany spolu
suvedenymi patogeny Escherichia coli, Staphylococcus aureus a Pseudomonas
aeruginosa. Sledovali jsme vliv izolovanych latek na rist téchto patogenii a piipadnou
antimikrobidlni aktivitu pomoci turbidimetrického méticiho pfistroje Bioscreen C.
Vybrané frakce byly dale charakterizovany pomoci elektroforetickych metod, hmotnostni a

NMR spektrometrii a N-koncovou sekvenci. Schéma izolace je na Obrazku 28.

4.1.1. Izolace hemolymfy z larev masaiky Sarcophaga bullata

Podle velikosti larev se nam podafilo z 200 larev izolovat kolem 4 ml
hemolymfy, kter4 byla déale separovédna centrifugaci a srdzenim dvéma zpusoby. V ptipadé
srazeni siranem amonnym jsme pracovali s maximalné¢ 50 larvami, pfi sraZzeni kyselym
methanolem az s 200 larvami.

Supernatent 1 (Obrazek 28) stejné jako obé pelety 2 (vzniklé z obou zpusobl
sraZeni supernatantu 1) obsahovaly jeden majoritni protein o Mr asi 75 kDa, ktery byl
pomoci SDS-elektroforézy, tryptického Stépeni a MS analyzy (data nejsou ukézéna)
identifikovan jako profenoloxidaza (EC 1.14.18.1).
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4.1.2. Separace na Chromabond C18 kolonkach

Po srazeni okyselenym methanolem byl supernatant 2, po odpafeni methanolu,
rozdélen na kolonkach Chromabond C18 na hydrofilni a hydrofobni frakce. Z 200 larev
bylo ziskdano po rozdé¢leni na kolonkach piiblizné¢ 100 mg hydrofilnich frakci a desetkrat
mén¢ frakci hydrofobnich, tj. 10 mg. Pfi metod¢ srazeni siranem amonnym jsme pouzitim
kolonek Chromabond C18 supernatant zaroven odsolili. Z 50 larev jsme ziskali pfiblizné 3
mg hydrofobni frakce. V hydrofilni frakci byl pievazné siran amonny, a proto jsme ji dale
nezpracovavali metodou RP-HPLC, ale tuto frakci jsme dialyzovali a analyzovali 1D-SDS-

PAGE v 12% gelu a identifikovali jediny abundantni protein jako profenoloxidazu.

Hemolymfa

}

Centrifugace 1000 x g, 10 min, 4°C

Peleta | Supernatant 1

Srdzeni saturovanym
siranem amonnym nebo
kyselym methanolem

Centrifugace 1300% X g, 10 min, 4°C
Peleta 2 Supernatant 2

Dialyza
Chromabond C-18 kolonka

1D-ELF‘C{ v N\

Hydrofilni frakce Hydrofobni frakce

/ RP-HPLC separace RP-HPLC separace
Antimikrobialni aktivita / \ 1D-ELFO

N-terminalni sekvenovani MS analyzy

CE/FFE

Obrazek 28. Schéma zpracovani hemolymfy.

4.1.3. Analytické RP-HPLC

Pomoci analytické HPLC jsme porovnavali slozeni hydrofilnich a hydrofobnich
frakei po srdzeni kyselym methanolem a hydrofobni frakci po srazeni siranem amonnym

z indukovanych a neindukovanych larev.
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Rozdily mezi chromatogramy frakci z indukovanych a neindukovanych larev se
vyznamné projevily pouze pii srazeni okyselenym methanolem. Pfi porovnavani
hydrofobnich frakci se u frakce z indukovanych larev objevily 3 nové vrcholy (Obrazek
30). Pfi postupu srazeni siranem amonnym nebyly objeveny rozdilné vrcholy pred a

po indukci (Obréazek 32).

4.1.3.1. Srazeni hemolymfy okyselenym methanolem

V hydrofilni frakci po sraZeni okyselenym methanolem byl jeden majoritni vrchol
(M1 na Obrazku 29), ktery jsme identifikovali pomoci hmotové spektrometrie (ESI-
MS/MS) jako dipeptid B-alanyl-tyrozin, a tentyz dipeptid jsme identifikovali také
v hydrofobni frakci po srazeni okyselenym methanolem a siranem amonnym (Ml
na Obrazku 30 a S1 na Obrazku 32). Struktura -alanyl-tyrozinu byla potvrzena za pomoci
'H a ">C NMR spekter (viz Tabulka 10, stranka 67).

Na chromatogramu hydrofobni frakce zindukovanych larev byly opakované
identifikovany tfi vrcholy oznacené M13, M14, M15 (Obrazek 30), které nebyly ptitomny
u neindukovanych larev. Analyzované hydrofilni a hydrofobni frakce jsme dale separovali
na preparativni RP-HPLC (viz metody). Hydrofobni frakci z indukovanych larev po
srazeni methanolem jsme rozdé€lili na 19 frakci oznacenych M1-M19 (Obréazek 30).
Izolované frakce jsme lyofilizovali, vazili a analyzovali 1D-elektroforézou (Obrazek 31).
Analyzou se potvrdila pfitomnost peptidi a proteini relativné nizkych molekulovych

hmotnosti ve frakcich M7-M19.
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Obrazek 29. RP-HPLC analyza hydrofilni frakce z kolonky Chromabond C18 ziskana

z hemolymfy larev masarky Sarcophaga bullata po srazeni okyselenym methanolem.

Chromatogram kontrolnich larev je modry a indukovanych je ¢erveny. -Alanyl-tyrozin je

oznacen jako MI1.
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Obrazek 30. RP-HPLC analyza hydrofobni frakce z kolonky Chromabond C18 ziskana

z hemolymfy larev masatky Sarcophaga bullata po srazeni okyselenym methanolem.

Chromatogram kontrolnich larev je modry a indukovanych je cerveny. Izolované frakce

jsou oznaceny M1-M19.
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Obrazek 31. SDS-PAGE izolovanych frakei ziskanych po srdZeni okyselenym

methanolem.

4.1.3.1. Srazeni hemolymfy siranem amonnym

Hydrofobni frakci zindukovanych larev a neindukovanych larev po srazeni
siranem jsme rozd¢lili na devét frakci oznaCenych S1-S9 (Obrazek 32). Izolované frakce
jsme lyofilizovali, vazili a analyzovali 1D-elektroforézou (Obrazek 33). Touto analyzou
jsme zjistili, Zze frakce S3-S9 obsahuji riizné proteiny. Frakce S3, S4, S6 a S7 obsahovaly

jednotlivé proteiny zatimco frakce S5 a S9 byly slozeny z nékolika proteind.
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Obrazek 32. RP-HPLC analyza hydrofobni frakce z kolonky Chromabond C18 ziskana
z hemolymfy larev masatrky Sarcophaga bullata po sraZzeni siranem amonnym. Izolované

frakce jsou oznaceny S1-S9. Chromatogramy indukovanych a kontrolnich larev byly

v podstat¢ stejné.
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Obrazek 33. SDS-PAGE izolovanych frakei ziskanych po sraZzeni siranem amonnym.

4.1.4. Antimikrobialni aktivita

Majoritni protein ze supernatantu 1 a z obou pelet 2 (Obrazek 28) identifikovany
jako profenoloxiddza nevykazal Zadnou zjevnou antimikrobialni aktivitu viic¢i testovanym
mikroorganismim.

Antimikrobidlni aktivita frakci S1-S9 a M1-M19 byla testovand proti bakteriim
Escherichia coli, Pseudomonas aeruginosa (Gram-negativni bakterie) Staphylococcus
aureus (Gram-pozitivni bakterie) do koncentrace 1 mg/ml.

Pfi porovnani chromatogramti hydrofobnich frakci z indukovanych a
neindukovanych larev po srazeni methanolem byly zjiStény tfi frakce (M13, M14 a M15)
vyskytujici se pouze v indukovanych larvach. Pravé u téchto frakci byla zjisténa
antimikrobialni aktivita. Frakce M13 inhibovala rtist bakterii Pseudomonas aeruginosa pti
koncentraci 970 ug/ml, jak je vidét na Obrazku 34A. Frakce M14 a M15 efektivné

inhibovaly rust bakterii Staphylococcus aureus pii koncentracich 100 pg/ml a 400 pg/ml
(Obrazek 34B).
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Obrazek 34. A. Inhibice ristu bakterie Pseudomonas aeruginosa frakci M13 (#) pti 970
ug/ml. Kontrolni ktivka ristu bakterie Pseudomonas aeruginosa je znazornéna jako m.
B. Inhibice rustu bakterie Staphylococcus aureus frakci M14 (@) pii 400 ng/ml a M15 (A)
pii 100 pg/ml. Kontrolni kiivka rastu je bakterie Staphylococcus aureus zndzornéna
jako m.

Mezi frakcemi S1-S9 pouze frakce S4 a S7 vykazaly antimikrobialni aktivitu a
signifikantné inhibovaly rist bakterie Staphylococcus aureus, ale pouze slabé inhibovaly
rust bakterie Escherichia coli (Obrazek 35). Minimdlni inhibi¢ni koncentrace frakce S4

pro bakterie Staphylococcus aureus byla ur€ena mezi 80 a 115 pg/ml.
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Obrazek 35. Inhibice bakterialniho ristu kmene Staphylococcus aureus (Cervené) a kmene

Escherichia coli (modfe) pti raznych koncentracich frakce S4 (A) a S7 (B).

4.1.5. Charakterizace aktivnich proteinovych a peptidovych frakei

Aktivni proteinové a peptidové frakce S4, S7 a M13-M15 byly dale analyzovany
MALDI-TOF a ESI-Q-TOF hmotovou spektrometrii pro urfeni pifesné relativni
molekulové hmotnosti peptidd a proteinii. Naméfena data jsou shrnuta v Tabulce 8 a

porovnana s hodnotami ziskanymi z gelové elektroforézy.
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Tabulka 8. Urceni relativnich molekulovych hmotnosti (Mr) peptidi a proteini
hmotnostni spektrometrii nebo SDS-elektroforézou. Mrryis paGe @ MITricine-PAGE ZNamena, Ze

elektroforéza probihala Trisovém nebo Tricinovém pufrovacim systému.

Nazev frakce ~ Mrryis.paGE Mrryicine-pAGE ~ MrEsI-ms/ms MryavLpi-ms
S4 19000 - 16783 16777

S7 69000 - 69097 69549

M13 10000 10000, 6000 4808, 3498 4813

M14 12000, 5000 10000, 4000 3754 3714, 9632
M15 12000, 5000 10000, 4000 4060 4060, 9630

V proteinovych a peptidovych frakcich s antimikrobidlni aktivitou byla také
urcovana identita ptislusnych peptidi a proteint. Proteinové prouzky byly vytiznuty z SDS
gelt, Stépeny trypsinem nebo chymotrypsinem a analyzovany MALDI-MS. Vysledné
peptidové sekvence byly analyzovany v dostupnych proteinovych databazich (Swissprot
nebo Uniprot). Soucasné byly proteiny N-koncové sekvenovany v roztoku nebo po pienosu
z gelu na PVDF nembranu. Vysledky jsou uvedeny v Tabulce 9.

Sekvence proteinu ve frakci S4 vykazovala asi 50% identititu s ,,odorant-binding*
proteinem 99b (OBP99b) z octomilky Drosophila melanogaster. Protein ve frakci S7 byl
identifikovan jako transferin pomoci obou enzymovych S$t€épeni a MALDI-MS a také
N-terminalni sekvenaci. Peptid(y) ve frakci M13 se nepodatilo identifikovat porovnavanim
ziskanych sekvenci v dostupnych proteinovych databazich. Sekvence peptidu ve frakci
MI15 je témét identickd se sekvenci antimikrobidlniho peptidu sapecinu z masaiky
Sarcophaga peregrina a zcela identicka se sekvenci defensinu z mouchy Phormia
terraenovae (,,.black blowfly). To samé plati pro kratkou sekvenci peptidu ve frakci M14.
Vysledky ziskané z N-terminalni sekvence frakce M15 byly potvrzeny MALDI-MS
analyzou chymotryptickych $tép.
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Tabulka 9. Identifikace aktivnich frakci N-koncovou sekvenaci a MS analyzou

tryptickych nebo chymotryptickych stépt.

Tryptické Chymotryptické
Frakce N-terminalni sekvenace wex o r X s
Stépeni Stepeni
DHHEGHHEHHEHDTXEYVVKTQQDLV
S4 OBP99b  neurceno neurcéeno
KYREDXGAKLXVSXELMXKYKNNE
S7 EEQTYMCV transferin  transferin transferin
M13 ATAMARSN neuréeno  neurceno neuréeno
M14 ATXDLLSG sapecin neurceno neurceno
ATXDLLSGTGINHSAXAAHXLLR ) . )
M15 sapecin neurceno sapecin
GNRGGYXNGKGVXVXRN

4.2. B-alanyl-tyrozin a jeho syntetické analogy

Jak jiz bylo zminéno vyse, pozorovali jsme jeden hlavni vrchol (M1, Obrazek 29)

v hydrofilni frakci z Chromabond® C-18 ziskané po srazeni hemolymfy okyselenym

methanolem. Latka byla identifikovana jako dipeptid B-alanyl-tyrozin. Struktura byla

uréena z 'H and *C NMR spekter. Protonové a uhlikové signdly byly strukturné oznaceny

prostfednictvim série 1D- ('H, "*C-APT) a 2D-NMR spekter ('H,'H-COSY, 'H."“C-

HMQC, 'H,””C-HMBC). B-Alanyl-tyrozin jsme také syntetizovali metodou syntézy

na pevné fazi a zjistili jsme, ze NMR spektra ptirodni a syntetické latky jsou identicka.

Protonova a uhlikova spektra jsou shrnuta v Tabulce 10.
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Tabulka 10. Protonova a uhlikova-13 NMR data latek ve frakcich M1, MIlb a

syntetického -alanyl-L-tyrozin a B-alanyl-L-tyrosyl-B-D-fruktopyranézy v D,O.

Protony 'HNMR Uhlik  “CNMR
B-Ala-L-Tyr-OH B-D-Fru-B-Ala-L-Tyr-OH B-Ala-L-Tyr-OH  B-D-Fru-B-Ala-L-Tyr-OH
nebo M1 nebo M1b nebo M1 nebo M1b
B-D-Fru:
H-1a -- 3.30d,J~12.8 C-1 -- 55.86
H-1b -- 3.24d,J-12.8 C-2 -- 98.04
H-3 -- 3.72d,J-9.9 C-3 -- 72.63
H-4 -- 3.88dd,J=9.9,34 |C4 -- 72.08
H-5 -- 4.00 m C-5 -- 71.67
H-6a -- 4.00 m C-6 -- 66.79
H-6b -- 3.76 dd, J=13.1,2.2
B-Ala:
Hal 2.65 dt, J=16.3, 6.5 2.73 dt, J=16.5, 6.6 |C=0O 174.3 174.65
Ho2 2.58 dt, J=16.3, 6.5 2.67 dt, J=16.5, 6.6 |Ca 34.5 32.94
HBI+HP2 3.16t,J=6.5 327m CB 38.5 47.14
L-Tyr-OH:
Ha 4.51dd,j=9.2,5.1 4.63dd,J=9.3,53 |COOH 179.9 178.24
HB1 3.16 dd, J=14.2,3.19dd,J=14.0,5.3 |Ca 58.4 57.35
5.1
Hp2 287 dd, J=14.2,292dd,J=14.0,9.3 |CB 39.1 38.84
9.2
H-ortho 7.17m 7.17m C-ipso  132.0 131.44
H-meta 6.86 m 6.86 m C-ortho 133.2 133.41
C-meta 118.1 118.20
C-para 155.4 157.22
Pouzitim kapilarni elektroforézy s chiralni pseudo-staciondrni fazi na

cyklodextrinovém zaklad¢, jsme dokazali, ze tyrozin v izolovaném [-alanyl-tyrozinu

(frakce M1 Obrazek 29) je piitomen v L-formé& (Solinova a kol. manuskript v ptipravé).

Zajimavé bylo, ze kapilarni elektroforéza odhalila pfitomnost pfimési ve frakei M1 (1-3%).

Tato pi¥imés nebyla detekovatelnd v M1 frakci pouzitim 'H or C NMR. Piimés byla

vyrazn¢ nabohacena pouzitim preparativni volné elektroforézy (FFE, viz Metody,

elektroforeogram neni ukédzan) a ,,FFE* pfecisténa frakce byla poté separovana RP-HPLC
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(Obrazek 36). I1zolovali jsme dvé slozky M1a a M1b. Hmotovou spektrometrii jsme zjistili,
ze frakce Mla je B-alanyl-tyrozin (Mr 252,11) a frakce M1b je latka s vyss§i molekulovou
hmotnosti (Mr 414,28). Struktura latky ve frakci M1b byla uréena z 'H and “C NMR

spekter. Protonova a uhlikovéa spektra jsou shrnuta v Tabulce 10.
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Obrazek 36. RP-HPLC separace FFE ptecisténé frakce M1. Injektovano 30 ug precisténé

frakce. Izolované frakce jsou oznaceny M1a a M1b.

Na zékladé MS analyz a NMR spekter jsme usoudili, ze frakce M1b je s nejvetsi
pravdépodobnosti B-alanyl-L-tyrozin s D-frukt6zou navazanou na jeho N-konci (-alanyl-
L-tyrozyl-B-D-fruktopyrandza, viz Obrazek 37). Také tuto latku jsme syntetizovali
pouzitim Amadoriho pfesmyku [124] (viz Metody) a zjistili jsme, ze NMR spektra piirodni
a syntetické latky byla identicka.

OH 4 H\)(i
o N N

OHOH \©\
OH

Obrazek 37. Struktura B-alanyl-L-tyrozylu-B-D-fruktopyranozy.

Dipeptid -alanyl-tyrozin byl jiz dfive identifikovdn v masafce Neobellieria

(Sarcophaga) bullata Meylaersovou a kol. [4]. Autofi zjistili, Ze latka vykazuje
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antimikrobidlni aktivitu v rozmezi 8-30 mM. Proto jsme se rozhodli testovat
antimikrobialni aktivitu frakce M1, syntetického B-alanyl-L-tyrozinu a nékolika jeho
syntetickych analogt v koncentracich vyssich nez 1 mg/ml (4 mM). Rovnéz byla testovana
antimikrobialni aktivita frakce M1b a syntetické¢ B-alanyl-L-tyrozyl-B-D-fruktopyranozy.
Antimikrobidlni aktivity vSech testovanych latek jsou shrnuty v Tabulce 11.

Podaftilo se nam urc¢it minimalni inhibi¢ni koncetrace (MIC) u nékterych derivata
B-alanyl-tyrozinu pro bakteridlni kmeny Escherichia coli, Staphylococcus aureus and
Pseudomonas aeruginosa. Frakce M1, tj. smés Mla a M1b, inhibovala mikroorganismy
s MIC v rozmezi 10-15 mM. Zajimavé bylo, Ze synteticky B-alanyl-L-tyrozin byl vice
aktivni proti vS§em mikroorganismiim nez frakce M1 a synteticky [B-alanyl-D-tyrozin.
N-Termindlni acetylace B-alanyl-L-tyrozinu méla mirné negativni efekt na antimikrobialni
aktivitu pfi porovnani s -alanyl-L-tyrozinem. Amidace C-konce méla za nasledek ztratu
aktivity derivati N-Ac-B-alanyl-L-tyrozinu-NH, a B-alanyl-L-tyrozinu-NH,. Izolovana
(M1b) a syntetickd B-alanyl-L-tyrozyl-D-fruktopyrandza byly neaktivni v nejvyssi pouzité
koncetraci (5 mM).

Tabulka 11. Antimikrobialni aktivity B-alanyl-tyrozinu a jeho analogli vyjadiené jako
MIC (minimdlni inhibi¢ni koncentrace). NI znamend Z&dnou inhibici (,,no inhibition®)

pfi 5 mM koncentraci.

MIC (mM)

Latka E. coli S. aureus P. aeruginosa
M1 10 15 15
B-Ala-L-Tyr-OH 6 7,5 6
B-Ala-D-Tyr-OH 8,5 15 15
N-Ac-B-Ala-L-Tyr-OH 8,5 8,5 8,5
N-Ac-B-Ala-L-Tyr-NH, >20 >20 >20
B-Ala-L-Tyr-NH, >>20 >>20 >>20
Milb NI NI NI
B-Ala-L-Tyr-B-D-fruktopyranéza NI NI NI
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4.3. Analyza zmén exprese vybranych genit Sarcophaga bullata po indukci

imunitni odpovédi pomoci real-time gPCR

Vysledky této ¢asti prace budou publikovany v praci: Masova, A., Sindelka, R., Kubista,
M., Kindl, J., Jiracek, J., Gene expression response after immune stimulation of the larvae

of the fleshfly Sarcophaga bullata. Zaslano do tisku, BMC Genetics.

4.3.1. Izolace RNA z larev

Celkova RNA byla izolovana z celych t¢l, tukovych téles a hemocyti
indukovanych a kontrolnich larev. Analyza v agarézovém gelu ukdzala jeden Siroky
prouzek obsahujici 18,7, 18,0 a 17,4S rRNA a slaby prouzek 5,8S rRNA (Obrazek 38A).
Fragmenty 18,7S a 17,4S vznikly Stépenim 26S rRNA. Podobné vysledky a velikosti
fragment byly jiz popsany v publikaci Frenche a kol. [125] (Obrazek 38).

18,78 <—@09
18:08 [ < 18S
17.,4S

58S »

Obrazek 38. Agarozovy gel analyzujici rRNA z masatky Sarcophaga bullata izolovanou
z celého téla larev (A). Pro porovnani celkovd RNA izolovana z embrya drépatky Xenopus

leavis (B).

4.3.2. Porovnani urovné genové exprese v indukovanych a kontrolnich larvach

4.3.2.1. Celé télo larev

Uroveil exprese vybranych genil v celém téle masarky Sarcophaga bullata jsme
porovnavali mezi indukovanymi a kontrolnimi larvami. Na Obrazku 39 jsou znazornény
grafy porovnavajici expresi osmi riznych genti; sapecinu, tranferinu, profenoloxidazy 1 a 2

(PPO1, PPO2), ,strorage-binding“ proteinu (SBP), kathepsinu L, sarcocystatinu a
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26/29 kDa proteazy 3, 6, 15 a 22 hodin po indukci. Data jsou prezentovana jako pomér
exprese dan¢ho genu u indukovanych kontrolnich larev. Larvy byly indukovany ctyfmi
riznymi zplsoby: Gram-pozitivni bakterii Staphylococcus aureus, dvéma Gram-
negativnimi bakteriemi Escherichia coli a Pseudomonas aeruginosa a poranénim sterilnim
entomologickym Spendlikem.

Geny miizeme rozdélit do dvou skupin podle rozdilné odpovédi na stimulaci
imunitni odpovédi. VSechny ¢tyti typy indukce rapidné zvysily transkripci gent sapecinu a
transferinu. Exprese genu transferinu se postupné zvySovala a dosdhla maxima 22 hodin po
indukci a hladina mRNA byla zvySena ptiblizné 25-50-krat. Exprese genu sapecinu byla
zvysena az 150-250-krat za 12 hodin po indukci.

Na druhou stranu exprese genit PPO1, PPO2, kathepsinu L, “storage binding”
proteinu (SPB) and sarcocystatinu byla potlacena nebo se pohybovala kolem normalni
hladiny. Po indukci se pomér exprese transkripti PPOl a PPO2 snizil az 2-5-krat
v indukovanych larvach pii porovnani s kontrolnimi. Exprese genti kathepsinu L, SPB a
sarcocystatinu byla také lehce snizena. Hladina mRNA 26/29 kDa protedzy zustala
v podstaté nezménéna. Profily exprese vSech studovanych genli nevykazovaly signifikantni
rozdily mezi Gram-pozitivnimi a Gram-negativnimi infekcemi nebo mechanickym
sterilnim poranénim.

Jelikoz produkce 18S rRNA je znacn€ vysoka pii porovnani se studovanymi geny,
18S rRNA nebyl pouZit jako referencni gen. Nicméné porovnani hladin 18S rRNA
v indukovanych a kontrolnich vzorcich bylo pouzito jako kontrola spolehlivosti izolace
celkové RNA, osetfeni vzorku DNazou, syntézy ¢cDNA a qPCR kvantifikace. Podle
ocekavani hladina 18S rRNA ziistala po indukci nezménéna a proto by normalizace s 18S

rRNA signifikantn€ nezmeénila vysledky a zavéry.
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Obrazek 39. Casova zavislost genové exprese v celém téle larev masaiky Sarcophaga

bullata po indukci sterilnim poranénim (I), bakteriemi E.coli (E), S. aureus (S) a P.

aeruginosa (P).

4.3.2.2. Tukové téleso larev

Larvy byly indukovany pouze injekci bakteridlni suspenze E. coli. RNA z tukovych

téles larev byla izolovana 1/2, 6 a 22 hodin po indukci. Exprese osmi vybranych genti byla

métena v indukovanych a kontrolnich larvéach.

Hladiny v indukovanych tukovych télesech byly zvysSeny témét 80-krat u sapecinu

a 35-krat u transferinu v porovnani s hladinami u kontrolnich larev (Obrazek 40A).

Exprese PPO1, PPO2 a SBP se po indukci snizila pfiblizn€ 2,5-krat (Obrazek 40B).
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Hladiny mRNA sarcocystatinu a kathepsinu L byly snizeny dokonce jest¢ vyraznéji

(Obrazek 40B). Hladina mRNA 26/29 kDa protedzy zlstala nezménéna (Obrazek 40B).
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Obriazek 40. Casova zavislost genové exprese v tukovém télese larev masarky Sarcophaga
bullata po infekci bakterii E. coli. PPOI a 2, profenoloxidaza 1 a 2; SBP, “storage-binding
protein”; CatL, kathepsin L; Sarc, sarcocystatin; 26/29, 26/29 kDa proteéza.

4.3.2.3. Hemocyty larev

Analyza Casové zavislosti genové exprese v hemocytech larev Sarcophaga bullata
larvae po indukci bakteridlni suspenzi E.coli je ukdzana na Obrazku 41. Exprese osmi gentl
byla métena 3, 6 a 22 hodin po indukeci.

Exprese sapecinu a transferinu byla nejvice zvysena 13- a 11-krat 6 hodin po indukei.
Po 22 hodinach byla hladina exprese, na rozdil od tukovych téles, jiz podstatné niZzsi.
Exprese PPO1 klesla priblizné 2-krat. Exprese gentt PPO2, SBP, kathepsinu L,

sarcocystatinu, 26/29 kDa protedzy nebyla signifikantn¢ ovlivnéna indukci.
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Obriazek 41. Casova zavislost genové exprese v hemocytech larev masaiky Sarcophaga
bullata po infekci bakterii E. coli. PPOI a 2, profenoloxidaza 1 a 2; SBP, “storage-binding
protein”; CatL, kathepsin L; Sarc, sarcocystatin; 26/29, 26/29 kDa proteéza.
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4.4. Proteomickd analyza zmén proteinit masaiky Sarcophaga bullata po

indukci imunitni odpovédi

Larvy masarky Sarcophaga bullata byly indukovany injekci bakteridlni suspenze
Escherichia coli. V intervalech 1/2, 6 a 22 hodin byly z indukovanych a neindukovanych
larev izolovany hemocyty a tukova télesa. Po lyzaci bun¢k tukového télesa a hemocytl
byly proteiny fokusovany na nelinearnich ,,IPG stripech® zrozsahem pH 3-10 a poté
rozdéleny v gradientovém SDS-PAGE gelu. Série 4 analytickych gelt z kazdého casu a
typu bunék byly barveny stfibrem dle Bluma [121] a analyzovany PDQest programem.
Poté byly pfipraveny preparativni gely, které byly barveny koloidni Coomasie briliant blue
[122]. Z preparativnich gelt byly vyfezany proteinové skvrny a po tryptickém Stépeni byly

proteiny podrobeny identifikaci za pomoci hmotnostni spektrometrie (viz. Metody).

4.4.1. Proteomicka analyza indukce imunitni odpovédi v hemocytech

Na Obrazcich 42-44 jsou =znazornény reprezentativni proteinové mapy
z indukovanych a neindukovanych hemocyta ptipravené po 1/2, 6 a 22 hodinach. Byla
provedena srovnavaci analyza (program PDQuest, viz Metody 3.11.5.4.) zmén zastoupeni
proteinit v hemocytech larev masaiky po indukci bakteridlni suspenzi E.coli. Relativni
kvantity vérohodné zménénych proteinii vzhledem k neindukovanym larvam z kazdého
,match-setu® byly zapsany do Tabulky 12 a jejich lokalizace a pfipadné kvantitativni
rozdily byly zjistovany v ,match-setech* zdalSich casti inkubace. Celkové bylo
detekovano devét proteinii se zménou exprese pii srovnavani larev indukovanych a
neindukovanych. Tii z proteini vykazovaly zvysujici se expresi s prodluzujicim se ¢asem
od indukce, u tfech proteinit doslo naopak ke sniZzeni exprese a u tii zbyvajicich nebyl
zaznamenam jednoznacny Casovy trend.

Analyzou enzymovych $tépt proteinti hmotnostni spektrometrii jsme identifikovali
celkem 28 proteinil z gelti na Obrazcich 40-42. Vysledky jsou uvedeny v Tabulce 13. Cisla
proteinovych skvrn na Obrazcich 42-44 odpovidaji ¢islim proteinovych skvrn uvedenym
v Tabulkéach 12 a 13. Pro vysvétleni uvaddime nazvy organisma z Tabulky 13: DRO ME,
Drosophila melanogaster; DRO_PS, Drosophila pseudoobscura; LUC _CU, Lucillia
cuprina; SAR PE, Sarcophaga peregrina;, SAR BU, Sarcophaga bullata;, ANO GA,
Anopheles Gambie; MOUSE, Mus musculus.
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Obrazek 42. 2-DE analyza proteini z hemocytt larev masaiky Sarcophaga bullata
neindukovanych (A) a indukovanych (B) 1/2 hodiny po indukci bakteriemi E.coli.
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Obrazek 43. 2-DE analyza proteini z hemocytl larev masaiky Sarcophaga bullata

neindukovanych (A) a indukovanych (B) 6 hodin po indukci bakteriemi E.coli.
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Obrazek 44. 2-DE analyza proteini z hemocytl larev masaiky Sarcophaga bullata
neindukovanych (A) a indukovanych (B) 22 hodin po indukci bakteriemi E.coli.
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Tabulka 12: Vysledky srovnévaci analyzy 2D-elektroforéz z hemocytl larev masatrky Sarcophaga bullata za pomoci programu PDQuest (viz
Metody). V tabulce je uvedeno devét proteintl u nichz byla zaznamendana signifikantni zména exprese vzhledem k neindukovanym larvam. Pro
tyto proteiny jsou uvedeny hodnoty zmény jejich intenzit v jednotlivych Casech vzhledem k neindukovanym larvdm. Neni definovatelny

znamena, ze se jednalo o kvalitativni zménu proteinu - proteinové skvrny. Identifikované proteiny jsou jesté jednou uvedeny v Tabulce 13.

Cas % h 6h 22h
Pocet skvrn 380+10 389+14 376+6
Korela¢ni koeficient 0,55 az 0,77 0,8az0,9 0,65 az 0,82
Proteinova skvrna Identifikace
14 neni detekovatelny 122 112 Twinstar protein
neni detekovatelny 17 111 RH43809p

25 neni detekovatelny 12,9 16 40S ribozomalni protein S15Aa
28 neni detekovatelny 12,1 ~1,5 Lektin podjednotka alfa prekurzor
29 neni detekovatelny 10,4 neni detekovatelny | Neidentifikovany
31 12 1,4 13,5 Neidentifikovany
32 12,29 ~0,9 10,3 Neidentifikovany
33 17 117 neni detekovatelny | Hormon-senzitivni lipdza
34 ~1,4 | neni definovatelny 10,12 T-komplex protein podj. alfa
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Tabulka 13. Seznam proteini identifikovanych v hemocytech larev masarky Sarcophaga bullata.

Proteinova

Pristupové

Organismus

Teoretické

Zmérené

Mascot

Peptidy

skvrna ¢islo Nazeyproteiny Mr / pI Mr / pl skore |search/match/cover Funkee
1 P02572 DRO ME | Aktin-42A 42196/5,3 46,0 /5,6 85 25/9/34 Struktura cytoskeletu [126,127]
2 P02572 DRO ME | Aktin-42A 42196/5,3 46,0/5,65 103 15/8/26 Struktura cytoskeletu [126,127]
3 Q02748 DRO_ME | Eukaryoticky iniciaéni faktor 4A 46149/5,43 47.,8/5,65 82 21/10/28 Vazba mRNA k ribozému [126]
4 Q53YG6 DRO ME | LD43681p, tubulin 50571/4,76 58,1/5,2 210 31/22/42 Soucast mikrotubulii [126]
5 P06605 DRO ME | Tubulin alfa-3 fetézec 50486/5,00 57,4/5.4 217 29/21/54 Soucast mikrotubult [126]
6 P29844 DRO ME | Heat shock 70 kDa [prekursor] 72330/5,22 73,3/5,0 94 11/8/15 Multimerni komplexy proteint [126]
7 Q26654 SAR PE | Storage binding protein (SBP) 133490/6,05 52,0/5,9 61 19/9/10 Protein vazajici arylforin [128]
8 Q9Y0B4 SAR BU | Profenoloxidaza 79323/6,14 66,5/7,0 192 27/19/41 Melanizace, sklerotinizace, imunita [22,27,28]
9 AAGI2161 | DRO ME | Annexin BIXa 39273/5,77 33,1/5,2 70 17/6/24 Vazba vapniku/fosfolipidi [126]
10 P22464 DRO ME | Annexin-B9 36302/4,77 33,1/5,4 90 32/8/29 Vazba vapniku/fosfolipidi [126]
11 Q26636 SAR PE | Kathepsin L prekurzor 38223/5,96 32,3/5,1 54 20/3/20 Degradace proteind v lysozomu [129-131]
12 QS8IN86 DRO _ME | 14-3-3-protein epsilon 29326/4,74 28,5/5,1 51 24/6/20 Sledovéni poskozeni DNA [126]
13 P28338 LUC CU | glutathione transferdza 23814/6,09 22,9/5,9 50 16/4/26 Konjugace redukovaného gluthationu [132]
14 P45594 DRO ME | Twinstar protein 17428/6,73 16,7/5,9 129 23/12/54 Migrace centrosomu, cytokineze [133]
15 Q8MS07 DRO ME |RH43809p 16974/9,00 21,3/8,4 61 14/4/41 Fagocytdza
16 P48610 DRO ME | Arginin kinaza 40126/6,04 39,7/8,1 74 11/6/19 Struktura cytoskeletu [126]
17 A03000 DRO ME | Aktin 3 - (fragmenty) 34238/5,44 46,0/5,7 41 13/4/18 Struktura cytoskeletu [126]
18 Q8MTS58 DRO ME [RE11562p (CG17337-PA) 53529/4,43 53,3/5,6 70 28/8/21 Vazba proteini [126]
19 Q05825 DRO ME | ATP-syntiza 53544/ 5,14 52,7/5,4 152 17/14/36 Produkce ATP z ADP [134]
20 Q2LZA2 DRO PS | GA10405-PA [fragment] 22497/5,02 22,6/5,6 56 10/4/19 Neznama [135]
21 Q9V405 DRO _ME | 268 proteazom reg.kompl.. 47083/5,22 49.,5/5,55 103 13/8/29 ATP-vazana degradace [126]
22 Q7JVI3 DRO ME | Eukar. transl. IF 3 podjednotka M 44515/5,46 41,7/5,6 85 19/8/19 Vazba proteinti [126]
23 Q7PQKS5 ANO GA | AGAP004192-PA 72440/5,12 73,3/5,0 80 17/9/18 Vazba ATP [136]
24 Q294Cl1 DRO PS | GA18066-PA [fragment] 71429/5,36 70,7/5,1 106 29/13/28 Vazba ATP [135]
25 P48149 DRO ME | 40S ribozomalni protein S15Aa 14771/9,84 15/5,8 20,1 2 Vazba a elongace proteinti [126]
28 P05047 SAR PE | Lektin podjednotka alfa prekurzor 32991/5,57 30/5,7 30,1 3 Vazba galaktdzy, imunitni obrana larev[137]
33 P54310 MOUSE | Hormon-senzitivni lipdza 83295/6,49 75/6,3 20,1 2 Stépeni triacylglycerolii [138]
34 P12613 DRO ME | T-komplex protein podj. alfa 59519/6,03 50,2 5 Chaperon - zbalovani proteini [126]
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4.4.2. Proteomicka analyza indukce imunitni odpovédi v tukovych télesech

Na Obrazcich 45-47 jsou znazornény reprezentativni proteinové mapy
z indukovanych a neindukovanych bunck tukovych téles piipravené po 1/2, 6 a 22
hodinéch.

Detekce signifikantné pozménénych proteinti v ¢ase vzhledem k neindukovanym
larvam byla provedena stejné jako v pripadé hemocytt (4.4.1). Celkove bylo detekovano
15 proteinli se zménou exprese z nichZz byly tfi urCeny a tyto proteiny jsou uvedeny
v Tabulce 14. N¢které z proteinti vykazovaly zvySujici se expresi, a u jinych proteind doslo
naopak ke sniZzeni exprese. U vétSiny proteini vSak nebyl zaznamendm jednoznacny
casovy trend.

Analyzou enzymovych §tépl proteinti hmotnostni spektrometrii jsme identifikovali
celkem 16 proteinti, které jsou uvedeny v Tabulce 15.

Cisla proteinovych skvrn na Obrazcich 45-47 odpovidaji &islim proteinovych skvrn

uvedenym v Tabulkach 14 a 15.
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Obrazek 45. 2-DE analyza proteini tukovych téles larev masatky Sarcophaga bullata
neindukovanych (A) a indukovanych (B) 2 hodiny po bakteridlni indukci (£.coli).
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Obrazek 46. 2-DE analyza proteinti bun¢k tukovych t€l€s larev masarky Sarcophaga
bullata neindukovanych (A) a indukovanych (B) 6 hodin po bakteridlni indukci (E.coli).
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Obrazek 47. 2-DE analyza proteinti bun¢k tukovych téles larev masarky Sarcophaga
bullata neindukovanych (A) a indukovanych (B) 22 hodin po bakterialni indukeci (E.coli).
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Tabulka 14: Vysledky srovnavaci analyzy 2D-elektroforéz z bun€k tukovych téles larev masarky Sarcophaga bullata za pomoci programu

PDQuest (viz Metody). V tabulce je uvedeno 15 proteinii u nichz byla zaznamenéana signifikantni zména exprese vzhledem k neindukovanym

larvam. Pro tyto proteiny jsou uvedeny hodnoty zmén jejich intenzit v jednotlivych Casech vzhledem k neindukovanym larvam. Neni

definovatelny znamena, Ze se jednalo o kvalitativni zménu proteinu - proteinové skvrny. Identifikované proteiny jsou jesté jednou uvedeny

v Tabulce 15.

Cas % h 6h 22h
Pocet skvrn 30842 478+8 30548
Korelaéni koeficient 0,6 az 0,8 0,7 az 0,86 0,5az0,8

Proteinova skvrna Identifikace
101 10,60 12 ~0,90 Neidentifikovany
102 neni detekovatelny neni definovatelny 1 10,18 Neidentifikovany
103 ~1,30 12,50 10,34 Neidentifikovany
68 | neni definovatelny 12,40 ~1,3 5’-nukleosidaza surE
104 10,58 12,10 ~1,20 Neidentifikovany
105 10,80 10,13 10,70 Neidentifikovany
106 12,50 1 0,09 neni detekovatelny | Neidentifikovany
107 12,20 1 1,80 10,24 Neidentifikovany
62 12,20 1 0,54 10,17 268 proteazomova reg.pod;.
64 10,87 ~1,20 12 40S ribozomalni protein S3
108 neni detekovatelny 13,60 121 Neidentifikovany
109 neni detekovatelny neni detekovatelny 1 neni definovatelny | Neidentifikovany
110 neni detekovatelny neni detekovatelny 1 neni definovatelny | Neidentifikovany
111 1 0,49 1 0,53 neni detekovatelny | Neidentifikovany
112 10,3 11,48 ~1,10 Neidentifikovany
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Tabulka 15. Seznam proteini identifikovanych v tukovych télesech larev masarky Sarcophaga bullata.

Pr;:{t:;r:;va Pméti:lﬂove Organismus Nazev proteinu Tle\(/i;e/tllflk ¢ Zﬁ‘:;'e;}e Skore | Peptidy Funkce
56 Q23976 DRO_ME | ATP-dependentni DNA-helikdza 72495/6,20 74/5,3 5,7 1 Specificka vazba DNA [126]
57 P28514 CAL VI | Arylforin podjednotka C223 92525/5,41 73/5,3 10,1 1 Zasobni protein larev [139]
58 Q97934 CHL PN | DNA ligaza 73909/5,99 73/5,3 10 1 Syntéza DNA [140]
59 P18600 ART SX | Aktin klon 205 41786/5,30 40/5,3 10,2 1 Struktura cytoskeletu [126]
62 Q9V3H2 DRO ME | 268 proteazomova regul. podjednotka | 34378/5,74 34/5,8 20,1 2 ATP vézana degradace proteini [126]
64 Q06559 DRO ME | 40S ribozomadlni protein S3 27435/9,43 29/6,1 10,1 1 Oprava DNA [126]
65 0965827 DRO ME | Elongac¢ni faktor 1-beta 24247/4,40 26/4,4 30,2 3 Vazba a elongace proteinti [126]
66 Q9V3G3 DRO ME | Peptidyl-prolyl-cis-trans-isomeraza 24650/9,05 17/8,4 70,2 7 Urychleni zbalovani proteint [126]
67 077460 DRO _ME | Anorganickd pyrofosfatdza 37393/6,52 34/5,2 20,1 4 Spravny vyvoj hemocyti larev [141]
68 029320 ARC FU | 5’-nukleosidaza surE 28231/4,70 32/5,2 10,1 2 Fosfatdzova aktivita [142]
71 POAS16 MYC TU | Cytochrom P450 121 47825/5,10 46/5,6 8 1 Oxidoreduktazova aktivita [143]
72 POAS14 MYC TU | Cytochrom P450 124 43256/6,21 40/5,8 10,1 1 Oxidoreduktazova aktivita [143]
78 P50137 RAT Transketolaza 67643/7,22 65/6,7 20,1 2 Pentézofosfatovy cyklus
79 P41044 DRO ME | Calbindin-32 35717/4,59 36/4,8 10,1 1 Vazba Ca®' [126]
80 P38979 DRO ME | 40S ribozomalni protein SA 35341/6,12 35/4,9 40,3 4 Elongace proteint [126]
83 QoU3U0 CER PA | 608 kysely ribozomélni protein 33948/6,87 31/6,0 30,1 3 Interakce s dimery P1 a P2 [144]
DRO_ME Drosophila melanogaster RAT Rattus norvergicus CAL VI Callliphora vicina
CER PA Ceratitis capitata ARC FU Archeoglobus fulgidus ART SX Artemis sp.
CHL PN Chlamydia pneumonie MYC TU Mycobacterium tuberculosis
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5. Diskuze

Nejprve jsme se pokusili izolovat a identifikovat nové antimikrobidln¢ aktivni latky
z hemolymfy larev masarky Sarcophaga bullata (Parker 1916). Pouzili jsme larvy
ve stadiu tfetiho instaru vyvoje v obdobi tzv. toulavého chovani. Abychom indukovali u
larev imunitni odpovéd’ a produkci antimikrobialnich latek byly larvy injektovany
bakterialni suspenzi Escherichia coli nebo byly poranény sterilnim entomologickym
Spendlikem. Pfi indukeci larev jinymi druhy bakterii bylo dosazeno shodnych vysledkt jako
s bakteriemi Escherichia coli a sterilnim poranénim.

Supernatant 1 (Obrazek 28) a také obé pelety 2 (po sraZeni siranem amonnym nebo
okyselenym methanolem) obsahovaly jeden majoritni protein (75 kDa). Tento protein jsme
identifikovali jako profenoloxiddzu, zymogen, ktery je aktivovan na fenoloxidazu (EC
1.14.18.1). Tento vysledek ukazuje, ze profenoloxiddza je majoritni protein v hemolymf¢
larev masatky Sarcophaga. U profenoloxiddzy jsme nedetekovali zadnou zjevnou
antimikrobidlni aktivitu. Nicméné€ v minulosti bylo prokdzano, ze aktivace profenoloxidazy
na fenoloxidazu je jednou nejrychlejSich imunitnich odpovédi, kterd probiha béhem minut
[16]. Nas vysledek ukazuje, ze molekula profenoloxidazy nema vné larev masaiky pfimou
antibakterialni aktivitu. Jeji i€ast v imunitni obran¢ larev pravdépodobné spociva v tom, Ze
z profenoloxiddzy vznikajici fenoloxiddza se podili na biosyntéze melaninu a také hraje
dilezitou roli pfi sklerotizaci (tvrdnuti) kutikuly, hojeni ran a enkapsulaci (obalovani)
cizorodého materialu [24].

Supernatanty 2 jsme pomoci C-18 kolonek separovali na hydrofilni a hydrofobni
frakce. Hydrofilni frakce ziskand po srdzeni hemolymfy okyselenym methanolem
obsahovala jednu hlavni latku (vrchol M1, Obrazek 29), ktera byla identifikovana jako
dipeptid B-alanyl-L-tyrozin. Hydrofilni frakce po srdzeni siranem amonnym obsahovala
vysoké koncentrace soli a nebyla tudiz dale analyzovdna. Nicméné je velmi
pravdépodobné, ze tato frakce také obsahovala jako hlavni soucést -alanyl-L-tyrozin.
Také ob¢ hydrofobni frakce obsahovaly jeden majoritni vrchol s kratkym reten¢nim ¢asem,
M1 nebo S1 jak mizeme vidét na Obrazcich 30 a 32. V obou téchto vrcholech byl opét
identifikovan dipeptid p-alanyl-L-tyrozin.

Jestlize se zamyslime nad vySe popsanymi vysledky je jasné, Ze hlavnimi

proteinovymi a peptidovymi slozkami hemolymfy masatky Sarcophaga bullata jsou
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enzym fenoloxidaza a dipeptid B-alanyl-L-tyrozin. Obé tyto komponenty se vyznamné
podileji na procesu melanizace u larev [24]. Role B-alanyl-L-tyrozinu v antimikrobidlni

obran¢ larev bude diskutovana pozde¢ji.

Na druhou stranu, jestlize si odmyslime pfitomnost majoritnich vrcholia M1 a Sl
(B-alanyl-L-tyrozin), chromatogramy na Obrazcich 30 a 32 se v pfitomnosti dalSich
vrcholt signifikantné 1is§i. Z Obrazku 31 je patrné, ze frakce M7-M19 obsahuji peptidy
nebo mensi proteiny s molekulovou hmotnostni (Mr) mezi 3-15 kDa. Naopak, mezi
frakcemi S3-S9 jsme nasli proteiny s vysS$i molekulovou hmotnosti (15-75 kDa). To
znamena, ze okyseleny methanol nesrazi z hemolymfy mensi proteiny a ze srazeni siranem
amonnym (nasyceni do 70%) umoZzni vétsi proteiny detekovat v supernatantu. Oba sraZeci

protokoly se tudiz dopliiuji a umoziuji detekovat riizné proteiny a peptidy.

Ve frakcich M1 a S1 jsme identifikovali dipeptid B-alanyl-L-tyrozin. Jeho struktura
byla potvrzena MS/MS, 'H a C NMR a L-forma tyrozinu byla prokézédna pomoci
kapilarni elektroforézy s chiralnimi selektory. Tato latka byla jiz v minulosti nalezena
v masaice Sarcophaga bullata Levenbookem a kol. [85] a Meylaersovou a kol. [4].
Porovnanim specifickych rotaci se syntetickym dipeptidem Levenbook a kol. také navrhli,
ze tyrozin je ptitomy v L-form¢. U B-alanyl-tyrozinu je znamo, Ze zpiisobuje paralyzu
u dospélého hmyzu, ale neni toxicky pro larvy, u nichz se jeho koncentrace signifikantné
méni v prabé¢hu vyvoje a dosahuje nejvyssi trovné (20 mM) pied puparizaci (kukleni)
[86,145]. Uloha tohoto dipeptidu pii melanizaci a puparizaci larev je vysoce
pravdépodobna [85,146] a je v souladu s naSim zjisténim, ze fenoloxiddza a B-alanyl-L-
tyrozin jsou nejvice abundantni slozky hemolymfy larev masatky Sarcophaga bullata

ve tfetim instaru v obdobi tzv. toulavého chovani.

Meylaersova a kol. [4] detekovali u B-alanyl-tyrozinu antimikrobialni aktivitu proti
riznym bakteriim v rozmezi 8-30 mM. Také ptipravili nékolik neaktivnich analogi této
latky. V nasi studii jsme zjistili, ze B-alanyl-L-tyrozin je mirn¢ aktivnéjsi (s rozmezim MIC
6-15 mM) neZ zjistila Meylaersova a kol. [4]. Pfi¢ina tohoto rozdilu v MIC miiZze byt
v citlivostech pouzitych mikroorganismii nebo ve vysoké tendenci tohoto dipeptidu
vlhnout. Z tohoto divodu jsme urcovali koncentraci dipeptidu a jeho analogi pomoci
absorpce tyrozinu (viz. Metody). Kapilarni elektroforézou byla ve frakci M1 zjisténa
piimés, kterd byla posléze identifikovana jako B-alanyl-L-tyrozyl-B-D-fruktopyranodza.

V nasich experimentech jsme nedetekovali Zddnou antimikrobidlni aktivitu této latky, ani
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izolované (M1b) ani syntetické. Ob¢ latky byly testovany pouze do koncentrace 5 mM
(2,25 mg/ml). Abychom mohli testovat B-alanyl-L-tyrozyl-B-D-fruktopyranézu ve vysSich
koncentracich bylo by nezbytné izolovat ji vétsSi mnozstvi, coz by bylo znacné obtizné
z diavodu velmi podobnych elu¢nich vlastnosti frakci Mla (B-alanyl-L-tyrozin) a M1b
(B-alanyl-L-tyrozyl-B-D-fruktopyranoza) (Obrazek 36). Stejné¢ obtiznad byla separace
syntetické B-alanyl-L-tyrozyl-B-D-fruktopyranézy z reakéni smési, nebot’ reakce probihala
pouze do koncentra¢ni rovnovahy pfiblizné 1:1 (B-alanyl-L-tyrozin : produkt). Nicméné
naprosta absence inhibi¢ni schopnosti B-alanyl-L-tyrozyl-f-D-fruktopyranézy pii 5 mM
koncentraci nenaznacuje, ze by byla pii vysSich koncentracich latka antimikrobialné
aktivni a muaze tak vysvétlit mensi schopnost frakce M1 (obsahujici také B-alanyl-L-
tyrozyl-B-D-fruktopyrandzu) inhibovat riist bakterii v porovnani se syntetickym [-alanyl-

L-tyrozinem.

V ptipad¢ dalSich analogi B-alanyl-L-tyrozinu, jsme pozorovali mirné negativni
efekt N-acetylace a vysoce negativni vliv C-termindlni amidace. B-Alanyl-L-tyrozin
vykazoval vys$§i antimikrobidlni aktivitu nez [-alanyl-D-tyrozin. Souhlasime
s Meylaersovou a kol. [4], Ze relativné slabd antimikrobidlni aktivita (-alanyl-L-tyrozinu
(v milimolarnich koncentracich) mtize byt v souladu s vysokou koncetraci tohoto dipeptidu
v hemolymf¢ larev (podle Levenbooka a kol. az 20 mM [85]). B-Alanyl-L-tyrozyl-B-D-
fruktopyranéza mize byt produkt reakce velmi abundantniho [-alanyl-L-tyrozinu
s D-glukézou, ktera je jisté¢ pfitomna v hovézich jatrech na kterych jsou larvy chovény.
Ob¢ latky spolu ochotné reaguji Amadoriho presmykem [124]. Je také mozné, ze B-alanyl-
L-tyrozyl-B-D-fruktopyran6za ma jiny antimikrobialni G¢inek nebo plni jinou obranou

ulohu proti mikroorganismiim nez bylo nami testovano.

Mezi vSemi izolovanymi frakcemi, pouze frakce M13-M15 a frakce S4 a S7
vykazovaly signifikantni antimikrobidlni aktivitu. Uréeni MIC pro vSechny testované
frakce vici testovanym mikroorganismiim bylo nemozné z divodu obtiZnosti izolace

dostateéného mnozstvi materialu.

Proteiny ve frakcich S4 a S7 inhibovaly rast G-pozitivni bakterie Staphylococcus
aureus vice nez rust G-negativni bakterie Escherichia coli (Obrazek 35). Z dostupnych dat
mizeme fict, Ze MIC frakce S4 proti bakterii Staphylococcus aureus je mezi 80 a
115 pg/ml. Aktivni protein ve frakci se nam podafilo ¢asteéné charakterizovat. N-Koncova

50-ti aminokyselinova sekvence tohoto 16-kDa proteinu vykazuje asi 50% sekvencni

88



podobnost s “odorant-binding* proteinem 99b (OBP99b, CG7592-PA) identifikovanym
u octomilky Drosophila melanogaster. Je pravdépodobné, Ze protein S4 z masarky
Sarcophaga bullata je homolog proteinu OBP99b z Drosophily. Rozdily v N-koncové
sekvenci mohou byt zplisobeny nizkou podobnosti mezi proteiny z Drosophily a masarky
Sarcophaga bullata. OBP proteiny jsou velmi hojné se vyskytujici, jsou to malé rozpustné
proteiny u nichZ se ptredpokladd, ze se i€astni rozpoznavani vini a to bud’ usnadnénim
nebo omezenim pfistupu odorantu k receptoru. Drosophila ma 51 geni kodujicich OBP
[147]. Nenasli jsme zadnou publikaci ani zpravu popisujici antimikrobidlni aktivitu
“odorant-binding” proteinti. Levyova a kol. [103] publikovala, ze exprese OBP99c
u Drosophily byla specificky indukovdna po fungalni infekci, ale naopak potlacena
po bakteridlni infekci. V nasi studii jsme nezaznamenali Zadnou signifikantni indukci
proteinu  S4 po bakterialni indukci larev. Chromatogramy zindukovanych a
neindukovanych larev byly shodné (Obrazek 32). Do budoucna by bylo zajimavé
produkovat vét§i mnozstvi rekombinantniho OBP99b a studovat jeho antimikrobialni
aktivitu a mechanismus piisobeni detailnéji pouzitim riznych metod a mikroorganismil.

N-Koncovou sekvenaci a MS analyzou tryptickych Stépt byl ve frakei S7
identifikovan protein transferin. O tranferinu je zndmo, Zze se ucastni imunitni odpoveédi
u obratlovct 1 bezobratlych [148,149]. Transferin muze inhibovat rast bakterii skrze
redukci hladin volného Zeleza v prostiedi [150].

Jestlize uvazime, ze ob¢ frakce S4 (pravdépodobné masarky OBP99b Sarcophaga
bullata) a S7 (transferin) jsou Cisté proteiny, o Mr 16 a 70 kDa, potom inhibice
bakterialniho ristu tak jak je znazornéna na Obrazku 35 byla dosazena pii nizkych
mikromolarnich koncentracich. Jedna se tedy o velmi potentni antimikrobidlni ucinek.

Frakce M13 inhibovala rist bakterie Pseudomonas aeruginosa, ale neinhibovala
rust bakterie Escherichia coli. Zda se, Ze frakce M13 ma baktericidni u¢inek vuci
Pseudomonas aeruginosa s MIC pod 1 mg/ml (Obrazek 34A). Dikaz rtzné citlivosti
bakteridlnich druhil vii¢i uréitym peptidl neni pftili§ jasny [31]. Rozdilna citlivost bakterii
k antimikrobidlnim peptidim miiZe byt podle jedné hypotézy zpisobena riznym sloZzenim
lipopolysacharidi ve vnéjSi membrané bakterii nebo riznymi mechanismy rezistence
bakterii [56]. Bohuzel se ndm nepodafilo identifikovat peptid ve frakci M13 ani
N-koncovou sekvenaci ani pomoci MS analyz tryptickych nebo chymotryptickych §tépt.
Identifikaci komplikovalo malé mnozstvi izolovaného materidlu.

Pomoci N-koncové sekvenace jsme urcili celou aminokyselinovou sekvenci

(40 aminokyselin) frakce M15. Naproti tomu u frakce M14 se nam podafilo urc¢it pouze
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deset N-koncovych aminokyselin. Jestlize budeme ptfedpokladat, Ze pozice X predstavuji
cysteiny (Tabulka 9), sekvence peptidu M15 je téméf identickd se sekvenci sapecinu
masaiky Sarcophaga peregrina. Jedind rozdilna aminokyselina je v pozici 34 (glycin
u masaiky Sarcophaga bullata a alanin u sapecinu masarky Sarcophaga peregrina). Zcela
shodna je sekvence peptidu M15 se sekvenci defensinu mouchy Phormia terraenovae.
Ptredpoklddame, ze aktivni peptidy ve frakcich M14 a M15 z hemolymfy masarky
Sarcophaga bullata jsou homology antimikrobidlniho peptidu sapecinu masarky
Sarcophaga peregrina a analogy defensinu mouchy Phormia terraenovae. Sapecin,
slozeny ze Ctyficeti aminokyselin, se fadi mezi hmyzi defensiny a je schopny inhibovat rist
Gram-pozitivnich bakterii. Sapecin je prvnim identifikovanym defensinem u masarky
Sarcophaga peregrina a byl izolovan z embryonélni bunécné linie Sarcophaga peregrina
NIH-Sape-4 Matsuyamou a Natorim [78]. Obé frakce M14 a M15 inhibovaly rast Gram-
pozitivni bakterie Staphylococcus aureus, coz je ve shod¢ s daty publikovanymi Yamadou
a Natorim [81]. Peptid ve frakci M14 je méné antimikrobialn¢ aktivni nez peptid M15
(Obrazek 34B). ESI-MS/MS analyzou (Tabulka 8) byla ve frakci M 14 zji§téna pfitomnost
peptidu s niz§i molekulovou hmotnosti (3754) nez byla namétena u peptidu M15 (4060).
Predpokladame, ze peptid ve frakci M14 je spiSe N-koncovy fragment sapecinu z frakce
MI15 nez jiny typ sapecinu (napt. sapecin C [81]).

Mezi frakcemi M1-M19, ziskanymi po srdzeni okyselenym methanolem, jsme
detekovali indukei frakci M13-M15 (Obrazek 30). Nicméné jsem nedetekovali Zadnou
indukci mezi frakcemi S1-S9 ziskanymi po srdzeni hemolymfy siranem amonnym
(Obrazek 32). Divody absence indukce antimikrobidlné aktivnich frakci S4 a S7 mitizou
byt rizné. Bud’ tyto proteiny jsou v hemolymf¢ piitomné konstitutivné a nepodléhaji
indukci nebo jsou jejich koncentrace i po indukci tak malé, Ze pouzité izolacni postupy

nezaznamenaji navyseni koncentrace.

Z vyse uvedenych divodu jsme se v druhé c¢asti této studie rozhodli zkoumat
pomoci RT-qPCR transkripéni kinetiku a uroven indukce osmi vybranych genli masatky
Sarcophaga bullata po infikovéani larev tfemi rliznymi bakteriemi (Escherichia coli,
Staphylococcus aureus and Pseudomonas aeruginosa) a po mechanickém poranéni
sterilnim entomologickym Spendlikem. Studovali jsme expresi mRNA pfislusnych gena
v celém téle, v tukovém télese a hemocytech larev masarky Sarcophaga bullata. Bylo
vybrano osm gent, pro které¢ byly k dispozici cDNA sekvence z masarky Sarcophaga

bullata. Rozhodli jsme se studovat expresi mRNA gent koédujicich sapecin, transferin,
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profenoloxidasu 1 a 2 (PPO1 a PPO2). Tyto latky jsme v prvni ¢asti studie zkoumali na
proteinové Urovni. Dale jsme vybrali geny kodujici ,,storage-binding protein® (SBP),
kathepsin L, sarcocystatin a 26/29 kDa protedzu.

Jak jiz bylo zminéno vySe, transferin je protein zapojeny do imunitni odpovédi
obratlovct 1 bezobratlych [148]. Jeho indukce po infekci byla zaznamenana jak u termit
[150] tak u Drosophily [87]. V prvni Casti nasi studie jsme ovSem nepozorovali indukci
tohoto proteinu po imunizaci. Naproti tomu jsme v prvni ¢asti této prace pozorovali
signifikantni indukci peptidu sapecinu. V této ¢asti prace jsme se rozhodli poznatky doplnit
o indukované zmény exprese mRNA transferinu i sapecinu.

V prvni casti této studie jsme detekovali velmi vysoké koncentrace PPO
v hemolymf¢ jak infikovanych tak kontrolnich larev. Nebylo jasné zda dochazi k indukci
proteinu ¢i ne. Z tohoto diivodu jsme zatadili geny PPO1 a 2 mezi studované pomoci RT-
qPCR.

V tomto odstavci vysvétlime vybér zbyvajicich ¢tyf genii vybranych pro RT-qPCR
studii. SBP ¢i také ,,arylphorin-binding protein se Uc€astni selektivniho pfesunu proteinu
aryphorinu z hemolymfy do tukového télesa. Aryphorin je tzv. zdsobni protein s vysokym
obsahem aromatickych kyselin a je vyuzivam larvami jako zdroj energie a aminokyselin
béhem larvalni metamorféozy [128] a mohl by se ucastnit obranné reakce larev.
Kathepsin L je lysozomdlni enzym potencidln¢ zapojeny do degradace fagocytovanych
mikroorganismu [87]. Sarcocystatin je inhibitor cysteinovych protedz a byl identifikovan
v hemolymf¢ larev masatky Sarcophaga peregrina [151]. 26/29 kDa Protedza je
sekretovana z hemocytii do hemolymfy po injekci larev masatrky Sarcophaga peregrina
cizorodymi buiikami [152]. Proteazy, jejich inhibitory ¢i SBP jsou tudiz z vySe uvedenych
divodli velmi zajimavymi subjekty pro studium jejich role v imunitni odpovédi larev
masarky.

U zadného ze studovanych genti jsme nepozorovali signifikantni rozdily v profilech
exprese v zavislosti na indukci Gram-negativni bakterii (£. coli a P. aeruginosa) nebo
Gram-pozitivni bakterii (S. aureus) v celém téle. Uroven imunitni odpovédi larev a
dospé€lého hmyzu viici riznym druhtim bakterii mize byt ovlivnéna rozdilnou patogenitou
individualni bakterialnich kment a druht [153]. Irving a kol. [99] ve své studii dosli
k z&véru, Ze Gram-pozitivni infekce md podobny ucinek jako G-negativni infekce na
imunitni odpovéd’ dospélych musek Drosophila. V naSich pokusech byla exprese
analyzovanych genli rovnéz ovlivnéna stejn¢ bakteridlni infekci tak mechanickym

poranénim téla larvy sterilnim Spendlikem. Lemaitre a kol. [154] také pozorovali
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podobnou uroven exprese antimikrobidlnich peptidii diptericinu, attacinu, cecropinu A a
drosocinu u dospélych octomilek Drosophila po sterilnim poranéni nebo po indukci
Gram-pozitivni bakterii Micrococcus luteus. Domnivame se, ze hlavni divod podobné
exprese gend po imunitni indukci s riznymi bakteriemi a sterilnim poranénim v naSich
experimentech je ve faktu, ze studie probihala s larvami masatky S. bullata a ne
s dospélymi masatkami. Ve vétSing studii se védci zaméfuji na systémovou imunitni
odpovéd’ u dospélych much (zejména Drosophila). Nicméng, v pribchu svého vyvoje,
mouchy prochazeji nékolika larvalnimi stadii, kterd ziji ve vysoce infekénim prostiedi,
jako je napt. rozkladajici se organicky material. Dospélé mouchy jsou takovymto
prostiedim vystaveny méné. Ackoliv systémova imunitni odpovéd’ probiha také u larev,
existuji zde specifické rysy, které neexistuji u dospélci. Mizeme zde jmenovat tukové
téleso, které je jiné u larev a dospélcti, dale hormondalni kontrolu exprese genl
antimikrobialnich peptidd, ktera se lisi u riznych stadii vyvoje larev (larvy musi byt piesné
v urCitém stadiu, abychom se vyhnuli vzniku artefaktl) a konecné¢ hemocyty, které jsou
pocetnéji zastoupeny u larev nez u dospélct. Praveé proto hraje bunéénd imunitni odpoveéd’
larvy octomilky Drosophila ve stadiu tfetiho instaru, v obdobi tzv. toulavého chovéni, jsou
vysoce citlivé vii¢i septickému poranéni. Diivodem je 20-hydroxyekdyson, ktery reguluje
genomickou odpovéd [156-159]. VSechna tato specifika muSich larev, pfi porovnani
s dospélymi mouchami, mohou zplisobovat vysokou citlivost larev vic¢i sterilnimu
poranéni nebo shodnou odpovéd’ na indukei Gram-pozitivni nebo Gram-negativni bakterii.

Transferin je abundantni protein v hmyzi hemolymf€ a obecné se predpoklada, ze je
produkovan tukovym télesem. Nicméné, u transferinu je zndmo, ze je také exprimovan
v jinych bunkach, jako naptf. v neurondlnich bunkach vcéely medonosné Apis mellifera
[160]. V nasi studii jsme pozorovali asi 50-krat zvySenou expresi transferinu 22 hodin
po bakteridlni infekci nebo po poranéni v celém téle larev, a 35-krat zvySeni v tukovém
télese. Indukei genu transferinu jsme detekovali také v hemocytech larev, kde byla exprese
zvySena 11-krat. Nase vysledky jsou ve shod¢ s poznatky jinych skupin, které pracovaly
s octomilkou Drosophila jejiz transferin vykazuje vysokou identitu aminokyselinové
sekvence s transferiny dvoukiidlych (sekvencni identita s transferinem masaiky
Sarcophaga peregrina je asi 63,5%). Yoshiga a kol. [148] demonstrovali, ze kdyZ byla
dospé€la muska Drosophila inokulovana bakteriemi (E. coli), syntéza mRNA transferinu
byla znatelné zvysSena vzhledem ke kontrolnim muskam a to jak u indukce sterilni jehlou

tak i bakteriemi. U¢inek byl monitorovan Northern blot analyzou 6, 12 a 24 hodin
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po indukci. Analyzou imunitni odpovédi octomilky Drosophila na urovni celého genomu
pouzitim oligonukleotidovych mikroCipti byla detektovana 11-ti nasobna indukce
transferinu po infekénim poranéni [87]. Kvantitativni PCR potvrdilo signifikantni nértst
exprese termitiho transferinu pfi infekci, coz svéd¢i o tom, ze indukce transferinu je
soucasti imunitni obrany. Tyto vysledky ukazovaly na 2,5-3,5 nasobné zvySeni hladiny
exprese termitiho transferinu 84 hodin po fungélni infekci [161]. ProtoZe zvySeni exprese
bylo nejvyssi v celém téle larev, nase vysledky naznacuji, Ze transferin je aktivnéji
exprimovan v dalSich orgdnech nez jen tukovém télesu. Bohuzel jsme neidentifikovali
organ, ktery by mohl exprimovat transferin aktivnéji nez tukové téleso. V prvni ¢asti studie
jsme nepozorovali pfi izolaci transferinu z hemolymfy zadné zvySeni koncentrace
transferinu v hemolymf€ larev po indukci imunitni odpovédi. Tento vysledek je
kontroverzni s vysledkem RT-qPCR, kde jsme zjistili masivni indukci mRNA transferinu.
Diivodem této nesrovnalosti miize byt relativné vysokd bazalni hladina transferinu
v porovnani s ostatnimi antimikrobidlnimi proteiny (napf. sapecin, viz. nize) nebo mozné
poskozeni proteinu v prab&hu purifikacniho procesu.

Mezi vSemi osmi studovanymi geny jsme nejvétsi indukci pozorovali u genu
sapecinu (zastupce defensinové rodiny antimikrobialnich peptid). Nejvyssi indukci
exprese sapecinu jsme detekovali v celém téle larvy masatky Sarcophaga bullata. Nase
soucasné vysledky naznacuji, Ze sapecin miize byt exprimovan nejen v tukovém télese a
hemocytech ale také v jinych tkanich larvy masarky (Obrazky 39-41). Na rozdil
od dospélct octomilky Drosophila kde jsou defensiny syntetizovany predevsim v tukovém
télese a poté jsou sekretovany do hemolymfy [15]. U dospé€lé mouchy Drosophila jsou
antimikrobidlni peptidy exprimovdny v né¢kolika epiteliich, které jsou potenciondlné
v kontaktu s vné&j$im prostiedim. Mezi tato epitelia fadime respiracni Ustroji, oblast ust,
zazivaci trakt, malpigické trubice a samc¢i 1 sami¢i pohlavni ustroji. Exprese defensinti
larev Drosophila mtize byt rovnéz indukovana v oblasti ust [90]. Matsuyama a kol. [77]
zkoumali expresi genu kodujiciho prekurzor sapecinu u masaiky Sarcophaga peregrina
6 hodin po poskozeni obalu téla Northern blot analyzou. Jejich vysledky ukazuji, Ze
hemocyty a stejné tak tukové téleso jsou zodpovédné za syntézu sapecinu a jeho sekreci do
hemolymfy. Nejvyssi hladinu exprese sapecinu jsme detekovali po 12-ti hodinach v celém
téle larvy, ale v hemocytech uz po 6-ti hodinach a v tukovém télese jsme byli schopni
detekovat nejvysSi hladinu exprese az po 22-ti hodindch. Tyto rozdily mohou byt

Mrwe

Northern blot a RT-qPCR analyz bylo zjisténo, ze gen defensinu octomilky Drosophila
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muze byt indukovan riznymi mikroorganismy a stejn¢ tak pouhym poranénim [154,162].
Casovy trankripéni profil defensinu byl sledovan 0-48 hodin po inokulaci dvou riiznych
bakterii mouse domaci Musca domestica. Indukéni model genu defensinu u mouchy
domaci Musca domestica byl podobny tomu, ktery byl pozorovan u octomilky
Drosophila, avsak nebyl upln¢ stejny [163]. Transkripce genu defensinu dosahovala
nejvyssi hladiny po 3 hodinach u octomilky Drosophila a az po 36-48 hodinach u mouchy
domaci Musca domestica. Nase vysledky poukazuji, Ze lokalizace a nacasovani exprese
sapecinu se mize zasadné lisit v zavislosti na studovaném organismu, dospélci ¢i larvé.

Exprese gent kodujicich profenoloxidazu (PPO) 1 a 2 u masatky Sarcophaga
bullata byla mirné snizena nebo zlistala nezménéna. Stabilni hladina mRNA vSech tfi gent
profenoloxidaz byla také zaznamenana mikro¢ipovou analyzou imunizovanych dospélych
musek Drosophila [87], a rovnéz i u hemocytt Drosophily [17]. U hmyzu fenoloxidaza
zprostiedkovava syntézu melaninu, ktery je dilezitou soucasti imunitni obrany [22]. Zralé
krystalové bunky exprimuji PPO a v krystalické formé skladuji velké mnozstvi PPO
v cytoplazmé. Neaktivni prekurzor PPO je pak proteolyticky aktivovan kaskadou
serinovych protedz, coz kontroluje mnozstvi aktivni fenoloxidazy v hemolymf€ [13]. Nase
vysledky naznacuji, Ze nova exprese PPO1 a PPO 2 neni nezbytnd pro akutni imunitni
odpovéd’ v larvach masarky Sarcophaga bullata.

Bylo zjisténo, Ze hladina mRNA genu SBP se nékolikrat zvySuje v pribéhu
puparizace. V nasi studii jsme zjistili, Ze larvy ve stadiu tietiho instaru maji mirn€ sniZenou
expresi genu SBP po indukci imunitni odpovédi. Je mozné, ze efektivni obrana proti
infekci, kterd zahrnuje syntézu transkripti velkého poctu genli, vyzaduje potlaceni
postradatelnych metabolickych drah, coz se mliZe tykat i exprese genu SBP.

V naSich pokusech jsme zaznamenali pokles exprese kathepsinu L v celém téle
larev a tento pokles byl jesté vyraznéjsi v tukovych téliscich. Tento vysledek je v rozporu
se zjisténimi De Gregoria a kol. [87], ktefi pozorovali indukci exprese genu kodujiciho
kathepsin L u dospélych musek Drosophila imunizovanych infekénim poranénim.
Kathepsin L je lysozomalni cysteinova protedza, ktera se pravdépodobné muze ucastnit
fagocytozy mikroorganismt [87,164]. Liu a kol. [165] zaznamenali vysSi expresi genu
kathepsinu L u larev motyla Helicoverpa armigera v prabéhu svlékani kutikuly. Philip a
kol. [166] nedavno publikovali charakterizaci protedzy podobné kathepsinu L z masarky
Sarcophaga peregrina, tato proteaza kterd se podili na diferenciaci imaginalnich disku. Je

velmi pravdépodobné, Ze protedzy podobné kathepsinu L hraji urcitou roli ve vyvoji musi
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larvy a Ze k potlaceni exprese piisluSného genu dochazi naopak v prubéhu bakterialni
infekce.

Pii naSich pokusech zlstala hladina mRNA 26/29 kDa proteazy téméef nezménéna
po indukci imunitni odpovédi. U této protedzy bylo prokazano, ze je sekretovana hemocyty
do hemolymfy po injekci larev masarky Sarcophaga peregrina cizorodym proteinem nebo
bunkami [83,84]. Saito a kol. [83] pfedpovedéli, Ze syntéza nové mRNA a tudiz i syntéza
tohoto proteinu neni nutnd pro sekreci 26/29 kDa protedzy. Piim4 interakce mezi hemocyty
a cizorodou substanci pravdépodobné spousti uvolnéni této protedzy ze zasobnich forem
[83]. Nase data nepodpofila tato zjisténi a spiSe nasleduji trend, ktery jsme pozorovali
u genu kathepsinu L. Objasnéni piesné funkce proteaz podobnych kathepsinu L v imunitni
odpovédi larev masaiek je stale ikolem do budoucna.

V nasi studii jsme pozorovali snizeni hladiny exprese genu kddujiciho sarcocystatin
v celém téle a v tukovém télese, exprese genu nebyla ale signifikantné ovlivnéna indukci
v hemocytech. Sarcocystatin je nizkomolekularni inhibitor cysteinovych protedz a byl
objeven v hemolymf¢ larev masatky Sarcophaga peregrina [151]. Autofi ukazali, Ze
hladina sarcocystatinu postupné stoupa ve stadiu tietiho instaru larev a Ze tento rlst
pokracuje i po puparizaci. V hemocytech sarcocystatin selektivné inhibuje aktivitu
cysteinovych proteaz, které rozrusuji vétSinu larvalnich tkani v pribéhu metamorfozy.
Sarcocystatin tudiZ chrani tvofici se tkané¢ dospélcli v pupariu pred atakem cysteinovych
protedaz [152]. Sarcocystatin mize také ovliviiovat aktivitu cysteinovych protedz
ucastnicich se degradace cizorodych proteinti. V nasi studii jsme pozorovali sniZeni
exprese kathepsinu L (viz. vySe). Neni vylou€eno, Ze exprese inhibitori cysteinovych
protedz, mezi n¢Z patii i sarcocystatin, je uzce spjata s expresi cilené protedzy a ze exprese
inhibitora také sleduje stejny trend exprese 1 po bakterialni infekci.

Posledni cast studie imunitni odpovédi larev masatky Sarcophaga bullata se
vénovala analyze zmén proteomu hemocytt a bun¢k tukového télesa v riiznych casech po
indukci bakteriemi E.coli. Cilem bylo detekovat a ptipadné identifikovat proteiny u nichz
se méni (zvySuje i snizuje) jejich exprese po indukci imunitni odpovédi v larvach
masaiky. Celkové se ndm podaftilo identifikovat z 2D-gelli proteomu masarky Sarcophaga
bullata 50 proteint. 34 proteint bylo identifikovdno z hemocytl a 16 proteinti z tukovych
téles. Identifikaci 50 proteinii povazujeme za velky uspéch, nebot’ vétSina z nich byla
identifikovana na zéklad¢ podobnosti s proteiny z jinych organismtl, nejcastéji z octomilky

Drosophila melanogaster poptipadé z bakterii. To je dano skutec¢nosti, ze naptiklad NCBI
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databaze obsahuje 86188 proteinovych sekvenci z octomilky Drosophila melanogaster, ale
jen 43 z masarky Sarcophaga bullata ¢i 93 z masatky Sarcophaga peregrina.

V této studii jsme v hemocytech detekovali 9 proteinti se signifikantni zménou
exprese, pricemz 6 z nich bylo identifikovano. V tukovych télesech jsme zaznamenali 15
proteini se signifikantni zménou exprese a 3 ztéchto proteini se nam podatilo
identifikovat. V dal§im textu budeme diskutovat pouze ty signifikantn¢ pozménéné
proteiny, které se podatilo identifikovat.

V hemocytech larev masarky Sarcophaga bullata dosSlo 6 hodin po indukci ke
zvySeni exprese homologu Cofilin/aktin-depolymeruzujiciho faktoru, tzv. Twinstar
proteinu (proteinova skvrna 14). Dvanactindsobné zvySeni exprese bylo zaznamenéano 22
hodin po indukci. Twinstar protein fadime mezi proteiny, které vazi aktin a napomahaji
organizaci a polymerizaci aktinovych filament. Bylo pozorovano, Ze mutace Twinstar
proteinu u octomilky Drosophila méla za nésledek defekty v migraci centrosomu a
cytokinezi a zpusobovala tmrtnost v larvalnim stadiu [133]. ZvySovani exprese tohoto
proteinu s nartistajicim ¢asem po indukci je pravdépodobné zpiisobeno vétsi mitotickou
aktivitou hemocyti jejichz mnozstvi se pfi imunitni odpovédi larev zvySuje.

Exprese proteinu RH43809p (proteinova skvrna 15) také v hemocytech nartistala
s ¢asem po indukci. U tohoto proteinu je zndmo, ze se pravdépodobné Ucastni procesu
pohlceni cizorodych latek a fagocytdzy. BohuZel, tato informace pochdzi z databéaze
Expasy, kde neni podloZena zadnou citaci.

Stejny trend u nartstu exprese s casem vykazoval v hemocytech 40S ribozomalni
protein S15Aa (proteinova skvrna 25). Tento protein patii do rodiny ribozomalnich
proteinli, které se podileji na elongaci proteinti pii jejich syntéze [126]. Je velmi
pravdépodobné, Ze pti vyssi syntetické aktivité hemocyti, které po indukci produkuji nové
antimikrobialni proteiny a peptidy, musi dochazet také ke zvyseni exprese tohoto proteinu.

Prekurzor lektinové podjednotky alfa byl identifikovan v proteinové skvrné cCislo
28. Tento protein byl v hemocytech maximalné dvakrat zvySeny 6 hodin po indukci. Nase
vysledky jsou ve shod¢ se zjiSténim Takahashiho a kol. [137], ktefi prokazali indukci
lektinu po poranéni stény larev masatky Sarcophaga peregrina. Tento lektin vaze
galaktézu v bakteridlni sténé¢ a hraje vyznamnou roli v imunitni obrané larev proti
mikroorganismim.

Hormon senzitivni lipdza (proteinova skvrna 33) byla v hemocytech zvysSena
sedmkrat jiz 2 hodiny po indukci a 17-krat po 6-ti hodinach, ale po 22-ti hodinach jiz
nebyla na gelu detekovatelnd. V mySi tento enzym (EC 3.1.1.79) limituje rychlost
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hydrolyzy triacylglycerolu (TAG) v tukové tkani a také esterti cholesterolu v tkénich
ovlivnénych steroidy a v makrofazich [138]. JiZ bylo zminéno, Ze imunitni odpovéd’ larev
je pod kontrolou hormonu ekdysonu [157,157]. Hemocyty larev potfebuji fagocytované
mikroorganismy degradovat a to nejen pomoci proteaz, ale také lipaz.

U proteinové skvrny z hemocytli cislo 34, kterd byla identifikovana jako
podjednotka alfa T-komplexu, byla zjiSténa sniZend exprese s narlstajicim casem po
indukci. Tato podjednotka T-komplexu je molekularni chaperon, ktery napoméha
formovani 3D struktury proteinli pii soucasné hydrolyze ATP. V in vitro podminkach
napomaha zbalovani na aktinu a tubulinu [126]. Pravdépodobné pii zvySené syntéze
obrannych molekul (napt. antimikrobidlnich peptidli) musi byt nékteré bunécné funkce
utlumeny.

Posledni tfi diskutované proteiny byly detekovany v buiikdch tukového télesa.
Vyrazné snizeni exprese 5 -nukleotidazy (proteinova skvrna 68) v buiikach tukového télesa
%2 hodiny po indukci a mirné zvySeni 6 hodin po indukci ma mozna souvislost se
fosfatdzovou aktivitou tohoto proteinu specificky zamétenou na nukleosid 5'-monofostaty
[142]. Je znamo, Ze naptiklad cyklicky AMP (adenosin monofosfat) je druhym poslem
v signaliza¢nich kaskadach. Tento protein by mohl kontrolovat signaliza¢ni kaskady jejimz
cilem je aktivace antimikrobidlni obrany v téle larvy.

Postupné mirné zvySovani 40S ribozomalniho proteinu S3 v bunikdch tukovych
téles (proteinova skvrna 64) mize byt v diisledku potfeby zvySené syntézy DNA a k tomu
také nutné opravné aktivity, kterou zprostfedkovava. Tento protein efektivné vystépuje
DNA, ktera obsahuje 8-oxoguanin [167].

Poslednim identifikovanym proteinem jehoz exprese je v tukovych télesech
ovlivnéna indukci je 26S regulacni podjednotka 14 proteazomu (bez ATPazové aktivity).
Exprese tohoto proteinu byla '42 hodiny po indukci zhruba dvakrat zvysena, ale jiz po 6
hodinach byla dvakrat snizend. Po 22 hodinach byla exprese tohoto proteinu inhibovana
v indukovanych larvach dokonce Sestkrat. Tento protein slouZzi jako regulaéni podjednotka
26S proteazomu, ktery se podili na ATP-zavislé degradaci proteinti modifikovanych
ubiquitinem [126]. V pribéhu imunitni odpovédi larvy jsou mozna tyto degradacni

pochody utlumeny ve prospéch jinych syntetickych procest.
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6. Shrnuti

Imunitni odpovéd’ hmyzu je komplikovany proces. Antimikrobialni peptidy casto
pusobi synergicky, n¢které proteiny maji transportni funkci a peptidové inhibitory mizou
blokovat proteolytické S§t€peni enzymut ucastnicich se aktiva¢nich kaskad nebo jinych
enzymt, které mohou poté aktivovat antimikrobialné aktivni proteiny a peptidy. V nasi
studii jsme prezentovali dva rizné izolacni protokoly, které vyustily k identifikaci a
charakterizaci n€kolika jak znamych tak novych antimikrobialnich proteinti nebo peptida

z hemolymfy larev masarky Sarcophaga bullata.

Déle jsme se pokusili monitorovat ¢asovou a tkanove specifickou expresi osmi
vybranych gent masatky Sarcophaga bullata po vystaveni larev riznym druhim indukce
imunitni odpovédi. Ukdzali jsme podobnosti ale také rozdily v imunitni odpovédi mezi
jednotlivymi druhy hmyzu a jejich vyvojovymi stadii (larvy ¢i dospélci). Rovnéz jsme
analyzovali expresi genli proteini SBP a sarcocystatinu, které jsou spojovany hlavné

s vyvojem a metamorfozou larev.

Pomoci 2D-elektroforéz a MS analyz jsme analyzovali ¢asovou zéavislost imunitni
odpovédi na urovni exprese celkovych proteini v tukovém télesu a hemocytech larev
masaiky. Detekovali jsem proteiny indukované, ale také proteiny jejichZz exprese je pfi

imunitni odpovédi potlacena.

Véfime, ze tato nase studie pomlze vice osvétlit komplikovany proces imunitni

opovedi larev masarky Sarcophaga bullata.
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Abstract: We chose the larvae of fleshfly Sarcophaga bullata to map the peptide and protein immune response. The hemolymph
of the third-instar larvae of S. bullata was used for isolation. The larvae were injected with bacterial suspension to induce
an antimicrobial response. The hemolymph was separated into crude fractions, which were subdivided by RP-HPLC, gel
electrophoresis, and free-flow electrophoresis. In several fractions, we determined significant antimicrobial activities against the
pathogenic bacteria Escherichia coli, Staphylococcus aureus, or Pseudomonas aeruginosa. Among antimicrobially active compounds
we identified dipeptide g-alanyl- L-tyrosine, protein transferrin, and two variants of peptide sapecin. We also partially characterized
two novel antimicrobially active polypeptides; odorant-binding protein 99b, and a peptide which remains unidentified. Copyright

© 2007 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Disease-causing microbes resistant to drug therapy
are an increasing public health problem. Tuberculosis,
gonorrhea, and childhood ear infections are just a
few examples of diseases that have become difficult to
treat with antibiotics. The World Health Organization
(WHO, Geneva) estimates that 1500 people die each
hour from an infectious disease, half of these being
children under 5 years of age. Today, nosocomial
infections affect over 2 million patients annually in
the USA, at a cost in excess of $4.5 billion [1]. The
growing problem of microbial resistance to conventional
antibiotics and the need for new antibiotics, especially
with new mechanisms of action, has stimulated interest
in the development of antimicrobial peptides as human
therapeutics [2,3].

Peptides and polypeptides with antimicrobial activity
can be classified on the basis of their biochemical
and structural features, the largest group of which
concerns the so-called cationic peptides, which are
widely distributed in plants, animals and bacteria
[4]. Currently, more than 1000 naturally occurring
antimicrobial peptides are known [5-7] and are
typically positively-charged and composed of 10-40
amino acids, approximately 50% of which consists
of hydrophobic residues. These properties confer
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Biochemistry, Academy of Sciences of the Czech Republic, Flemingovo
nam. 2, 166 10 Praha 6, Czech Republic; e-mail: jiracek@uochb.cas.cz
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their amphipathic character [6]. Cationic peptides are
grouped into three families on the basis of their
secondary structure: (i) linear peptides with an «-
helical conformation (cecropins) [8], (ii) cyclic and
open-ended cyclic peptides with pairs of cysteine
residues (defensins) [9-11], and (iii) peptides with over-
representation of amino acid proline (pyrrhocoricin)
[12-14] or glycine (attacin) [1].

Three other classes of antimicrobial peptides have
been recently isolated from different invertebrate and
vertebrate species: anionic peptides, aromatic dipep-
tides, and peptides derived from oxygen-binding pro-
teins [4]. The anionic peptides are generally isolated
from mammalian epithelia (e.g. enkelytin) [15], pep-
tide B [16], or aspartic acid-rich peptides [17]. The
aromatic dipeptides consist of low molecular weight
compounds such as N-g-alanyl-5-S-glutathionyl-3,4-
dihydroxyphenylalanine identified in fleshfly Sar-
cophaga peregrina [18] and p-hydroxycinnamaldehyde
that was isolated from the saw fly Acantholyda parii
[19]. The dipeptide pB-alanyl-tyrosine with modest
antimicrobial activity has been constitutively found
in the fleshfly Neobellieria bullata [20]. Hemocyanin
derivatives, the peptides derived from oxygen-binding
proteins, were recently isolated from the hemolymph
of arthropods. The proteolyzed form of vertebrate
hemoglobin with antimicrobial activity was detected in
the tick Boophilus microplus [21].

There are different modes of action of antimicro-
bial peptides. The majority of cationic antimicrobial
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peptides is known to selectively target the negatively
charged lipid bilayer of bacterial cells [22,23] and do not
interact with the outer membrane of mammalian cells,
which is zwitterionic. Nevertheless, the membrane per-
meabilization alone appears insufficient to cause cell
death [24,25]. Other events such as membrane dys-
function, inhibition of synthesis of extracellular biopoly-
mers [26,27], or inhibition of intracellular processes are
necessary for an effective antimicrobial activity. Alter-
natively, antimicrobial peptides can serve to control
proteinases involved in inflammatory processes. Exam-
ples include the inhibition of furin by histatin 3 [28]
or inhibition of cathepsin L by probactenecin 5 from
bovine neutrophils [29].

Microbiological and biophysical studies typically
examine biological activities of individual antimicrobial
peptides to minimize experimental variability. However,
as it inevitably occurs in nature, antimicrobial peptides
may interact simultaneously with microbial pathogens
in a variety of settings, including complex mixtures of
peptides within phagolysosomes or in the extracellular
milieu. In 2001, Yan and Hancock demonstrated that
various antimicrobial peptides function synergistically
with lysozyme in vitro [30].

Insects are the largest and the most diverse group
of animals living on earth [31]. Approximately 800 000
insect species, about 80% of all the animal species
known to date, have been identified and classified [32].
Insects are usually exposed to a wide range of microbes
throughout their life cycle and some insect species
feed on animal tissues or excrements infected with
microorganisms and parasites. The amazing diversity
and evolutionary success of insects argue for an
effective system of defense against microbes [33].
Insects have evolved powerful defense systems based
on an innate immunity that relies mainly on the
synthesis of proteins, peptides, as well as small organic
molecules. Thus, insects may represent a unique and
vast source of novel potential therapeutics [31]. The
diversity of amino acid sequences is so large that the
same peptides are rarely recovered from two different
species of an animal, even those that are closely related.
The diversity may reflect the species’ adaptation to the
unique microbial environment [2,32].

In insects, rapid humoral response reactions are
triggered by wound or microbial infection. The most
immediate response occurs within minutes and con-
sists of the activation of prophenoloxidase activating
enzyme (PPAE) that converts prophenoloxidase to phe-
noloxidase [33]. Phenoloxidase is an enzyme involved in
melanin biosynthesis and is also important in cuticular
sclerotization, wound healing, and in the encapsula-
tion of foreign material [34,35]. The humoral response
includes the production of lectins and rapid de novo
synthesis of antimicrobial peptides by the fat body, the
functional homologue of the mammalian liver, and by
the hemocytes [36,37]. Studies on Drosophila mutants
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revealed that Toll and Imd pathways control the synthe-
sis of specific gene-encoded antimicrobial peptides. The
Toll pathway is activated by and against Gram-positive
bacteria and fungi. The Imd pathway governs defense
reactions against Gram-negative bacteria [38-41].

We have chosen larvae of fleshfly Sarcophaga bullata
to map the immune response and for the isolation
and characterization of new antimicrobial compounds.
The larval development in the fleshfly proceeds in
three larval instars. The female deposits live larvae
that moult into the second instar in about 18-24 h
and into the third instar 40-48 h after larviposition.
Most of the feeding is done during the third instar,
which lasts approximately 3-4 days [42]. For our
experiments we used larvae hemolymph, the body
fluid where antimicrobial compounds are secreted
and accumulated [43]. Hemolymph was obtained from
wandering third-instar larvae, i.e. larvae that left the
food and sought for dry places to pupariate. In this
study we present two different isolation protocols,
which resulted in the identification of several previously
known as well as two novel antimicrobial proteins.

MATERIALS AND METHODS

Fleshfly Larvae

S. bullata fleshflies were grown under laboratory conditions, as
previously described [44]. Briefly, 200-300 larvae specimens
of S. bullata were grown on beef liver in small open disposable
packets made from aluminium foil at 25 + 1°C.

Induction of Larvae by Bacterial Suspension and
Isolation of Larval Hemolymph

Before induction, larvae had been immobilized by chilling on
ice. Bacterial suspensions of Escherichia coli were injected into
the abdomen of the larvae during their third-instar wandering
period using either a calibrated glass capillary with a finely
drawn tip or entomological pin. Bacteria used for induction
were cultivated in a Luria-Bertani broth at 37°C for 12 h
to the mid-exponential phase of growth and were at a final
concentration of 109 cfu/ml. After cultivation the cells were
centrifuged at 3000 g for 10 min and washed twice with 0.1 m
phosphate buffer pH 7.0. The cells were diluted in physiological
saline until the final absorbance was 1.5-1.8 at 550 nm. We
used intact larvae as a control to distinguish the immune
response.

Isolation of Larval Hemolymph

After 22 h of induction, the hemolymph from induced and
control larvae were collected on ice. The cells and debris were
removed by an initial centrifugation for 10 min at 1000 g and
4°C. The resulting supernatant was precipitated either by
four volumes of acidic methanol (90% methanol, 9% distilled
water, and 1% acetic acid, v/v/v) or by ammonium sulfate
(saturation to 70%). The precipitates were centrifuged for
30 min at 13000 g at 4°C.

J. Pept. Sci. 2008; 14: 670-682
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Chromabond C-18 Cartridges - Solid-Phase
Extraction

Supernatants resulting from either acidic methanol or
ammonium sulfate precipitation were divided into hydrophilic
and hydrophobic fractions using Chromabond C-18 cartridges
(Macherey-Nagel, Germany). Methanol was removed from the
supernatant by evaporation and the residue was dissolved in
0.1% v/v aqueous TFA. Chromabond C-18 cartridges were
activated by 80% v/v aqueous acetonitrile, rinsed with water
and the samples were loaded repeatedly. Hydrophilic fractions
were obtained using 0.1% TFA elution. Hydrophobic fractions
were eluted from cartridges by 80% aqueous acetonitrile. All
fractions were evaporated using a Speed-vac.

Reversed Phase-High Performance Liquid
Chromatography

Hydrophilic and hydrophobic fractions were further analyzed
and subdivided using RP-HPLC with apparatus Waters 600
and C-18 columns Vydac 218TP54 (250 x 4 mm, 5 um) or
Vydac 218TP54 (250 x 10 mm, 5 um). Elution was achieved
by a gradient with rising concentration of acetonitrile in water
in the presence of 0.1% TFA. Chromatograms were analyzed
using Empower software (Waters, USA) or DataApex Clarity
Lite software, (DataApex, Czech Republic).

Electrospray lonization Mass Spectrometry (ESI-MS)
for Identification of Low Molecular Weight
Compounds

Mass spectra of the isolated fractions and synthetic analogs
were recorded using a quadrupole orthogonal accelera-
tion time-of-flight tandem mass spectrometer Q-TOF Micro
(Waters). Samples dissolved in acetonitrile/0.2% formic acid
in water (1:1, v/v) were injected into the mobile phase of the
same composition at a flow rate of 20 pl/ min. The electrospray
ion source was operated in positive ion mode with capillary
voltage and cone voltage at 3500 and 20 V, respectively. Nitro-
gen was used as the cone gas (50 1/h) and desolvation gas
(150 1/h). The source and desolvation temperature was 80 and
150°C, respectively. In the MS mode, the collision energy was
set at 10 V; the value was increased, typically to 15-25 V, for
MS/MS experiments.

MALDI lonization Mass Spectrometry for
Determination of Relative Molecular Weight of
Proteins and Peptides

Mass spectra of individual fractions were measured by a
MALDI-TOF mass spectrometer REFLEX IV (Briiker-Daltonic)
equipped with Ny laser (337 nm). Mass spectra were acquired
in the linear mode with an acceleration voltage of 20 kV.
Sinapinic acid was used as the matrix.

Identification of Peptides and Proteins from
Proteolytic Digests by Mass Spectrometry Techniques

Selected protein or peptide bands from 1D-SDS PAGE were
cut, destained using 50% acetonitrile in 25 mm ammonium
bicarbonate buffer pH 7.8 or in 50 mMm 4-ethylmorpholine

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

acetate buffer pH 8.1 with 40 mm DTT, dehydrated with
200 ul of acetonitrile for 5 min at 30°C using a thermo
shaker (Eppendorf) at 30°C and then vacuum dried in
a Speed-vac (Labconco). Gel pieces were rehydrated and
proteins/peptides were digested with the Cleavage buffer 1
or 2 using the thermo shaker for 8 h at 37°C. Cleavage buffer
1 contained 30 ng/pl of enzyme in 50 mm 4-ethylmorpholine
acetate pH 8.1, 4% acetonitrile, and 0.01% S-mercaptoethanol.
Cleavage buffer 2 contained 30 ng/ul of enzyme in 25 mm
ammonium bicarbonate pH 7.8, 4% acetonitrile, and 0.01%
B-mercaptoethanol. Trypsin (Trypsin Gold Mass Spectrometry
Grade, Promega) or chymotrypsin (A-chymotrypsin sequencing
grade, Sigma) enzymes were used for the digestion of proteins
and peptides. After digestion, peptides were extracted from
gel pieces using a step-by-step extraction with a gradient of
acetonitrile (15-60% acetonitrile with 1% TFA). The extraction
was performed in a sonicator (Elmasonic) with ice.

Extracted peptides were desalted and concentrated with
Zip-Tip C18 tips (Millipore). Both MALDI-TOF-MS and tandem
ESI-MS were used to characterize the digests. The MALDI-TOF
spectrometer REFLEX IV (Bruker-Daltonics) was operated in
reflectron mode with an acceleration voltage of 20 kV. Samples
were prepared using alpha-cyano-4-hydroxycinnamic acid as
matrix. Mass spectrometer Q-TOF Micro (Waters—Micromass)
was equipped with a nanoelectrospray source and coupled
to 2D capillary chromatography CapLC (Waters). Chromato-
graphic separation was achieved using 1 cm symmetry 300 A
trap column and Atlantis dC18 (75 pm x 10 cm) capillary col-
umn. Data were processed by proteomic software Mascot
(MALD]) and Proteinlynx global server (LC-MS/MS). Swis-
sprot or Uniprot databases were searched to identify protein
sequences.

N-Terminal Sequencing

N-terminal amino acid sequences were determined using the
Procise-Protein Sequencing System (PE Applied Biosystems,
491 Protein Sequencer, program PL PVDF Protein).

Dodecyilsulfate-Polyacrylamide Gel Electrophoresis
(1D-SDS-PAGE)

Electrophoresis of isolated fractions was carried out either
in 20% polyacrylamide gel according to Laemmli [45] or by
Tricine-SDS-PAG electrophoresis by the method of Schagger
and Jagow [46] using the Mini-Protean 3 system (Biorad, USA).

Screening of Antimicrobial Activity

Antimicrobial activities of RP-HPLC-isolated fractions were
determined by measuring the bacterial growth using Bioscreen
C apparatus, a computer-controlled incubator evaluating
turbidity of the samples (Growth Curves LtD., Finland).
Turbidometric measurements were made kinetically during
the course of the 24-h run. This information was processed
to generate microbiological growth curves, plotting turbidity
versus time. The testing volumes were 165 and 330 pl. Growth
inhibition of the pathogens were evaluated using antimicrobial
activities of fractions from the decrease in absorbance during
growth curve measurements compared to growth of control
microorganisms incubated without peptide. Using serial
dilutions, the MIC was determined for some compounds.

J. Pept. Sci. 2008; 14: 670-682
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The MIC is defined as the lowest final concentration of the
compound at which no growth is observed during exponential
phase of the bacterial growth. The test microorganisms were
E. coli DBM 3001, Staphylococcus aureus DBM 3002 and
Pseudomonas aeruginosa DBM 3081.

Solid-Phase Peptide Synthesis of -Alanyl-Tyrosine
and Analogs

The synthetic analogs of pg-alanyl-tyrosine were synthe-
sized by solid-phase methods using Fmoc/tBu strategy and
2-chlorotrityl or RinkAmide AM resin as polymeric sup-
ports. Couplings were performed using HBTU/DIPEA reagents
in 1-methyl-2-pyrrolidinone (NMP). N-acetylation was per-
formed with 5% acetanhydride and 1% DIPEA in NMP.
All dipeptides, B-alanyl-L-tyrosine, p-alanyl-D-tyrosine, g-
alanyl-L-tyrosine-NHg, N-Ac-g-alanyl-L-tyrosine-NHg, and N-
Ac-g-alanyl-L-tyrosine were purified by RP-HPLC. The purities
of the dipeptides were more than 96% as determined by analyt-
ical RP-HPLC. All dipeptides were characterized by MS. Prior to
testing, the concentration of g-alanyl-tyrosine and its analogs
were determined by absorption of tyrosine at 276 nm using
the molar absorption coefficient 1420 M~ cm™~!.

Synthesis of b-Fructopyranose-g-Alanyl-L-Tyrosine

D-fructopyranose-g-alanyl-L-tyrosine was synthesized accord-
ing to Mossine et al. [47]. Briefly, g-alanyl-L-tyrosine (20 mg,
7.9 umoles) and D(+)-Glucose (6 mg, 33 umoles) were added
to 10 ml of acetic acid in pyridine (1:1) and stirred at RT for
48 h. The reaction mixture was evaporated and the product
was isolated using RP-HPLC. The identity was confirmed with
MS, 'H, and '3C NMR.

Capillary Electrophoresis

Experimental details on capillary electrophoresis analyses and
chiral separations of crude isolated pB-alanyl-tyrosine, and
the standards of p-alanyl-L(D)-tyrosine and its derivatives
will be published elsewhere (Solinova et al. manuscript in
preparation).

Free-Flow Electrophoresis

Preparative electrophoretic separations were performed in
a homemade free-flow electrophoretic apparatus equipped
with flow-through electrophoretic chamber composed of two
glass plates (500 x 500 x 4 mm) with a narrow gap (0.5 mm)
between them. The chamber was thermostated from both sides
by fast flowing low temperature air (—1°C). The separations
were performed in 0.5 M acetic acid at a flow rate of
250 ml/h, at separation voltage 3 kV, and current 125 mA.
The sample flow rate was 1.6 ml/h and the residence time
of the background electrolyte and sample in the chamber
was 31 min. The collected fractions were evaluated by off-line
UV-absorption measurements at 220 and 280 nm. Sample
concentration was 30 mg/ml [48].

NMR Spectrometry

'H and !3C NMR spectra of compounds g-alanyl-L-tyrosine-
OH and bp-fructopyranose-g-alanyl-L-tyrosine were measured
on a Bruker AVANCE-500 NMR spectrometer (!H at 500 MHz;
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Table 1 Proton and carbon-13 NMR data of compound from
fraction M1b and g-p-fructopyranose-g-alanyl-L-tyrosine in
D20O. The NMR spectra of the pairs of native M1b (isolated)
and synthetic compound were identical

Proton I'H NMR Carbon 13C NMR
B-D-Fru-g- B-D-Fru-g-
Ala-L-Tyr-OH Ala-L-Tyr-OH
or M1b or M1b
H-1la 3.30d,J=12.8 C-1 55.86
H-1b 3.24d,J=12.8 C-2 98.04
H-3 3.72d,J =99 C-3 72.63
H-4 3.88dd, J=9.9, 3.4 C-4 72.08
H-5 4.00 m C-5 71.67
H-6a 4.00 m C-6 66.79
H-6b 3.76 dd, J = 13.1, 2.2
Hal 2.73 dt, J = 16.5, 6.6 C=0 174.65
Ha2 2.67 dt, J = 16.5, 6.6 Cu 32.94
HB1 + HB2 3.27 m CB 47.14
Ha 4.63dd, J=9.3,5.3 COOH 178.24
HB1 3.19dd, J =14.0, 5.3 Cu 57.35
HB2 2.92 dd, J = 14.0, 9.3 CB 38.84
H-ortho 7.17 m C-ipso 131.44
H-meta 6.86 m C-ortho 133.41
C-meta 118.20
C-para 157.22

13C at 150.9 MHz) in DO with a drop of dioxane added as an
internal standard (g 3.76;5c 69.33). Chemical shifts are given
in ppm and coupling constants are given in Hz (Table 1).

RESULTS

Prophenoloxidase

Supernatant 1 (Figure 1) as well as both pellets 2 (after
ammonium sulfate or acidified methanol precipitation)
contained one major 75-kDa protein, as revealed by
electrophoretic analysis (data not shown). Using tryptic
digest and MALDI-MS, this protein was identified as
prophenoloxidase, a zymogen, which is processed to
phenoloxidase (EC 1.14.18.1) an enzyme involved in
larval melanization [49].

Acidic Methanol Precipitation of Larvae Hemolymph

After acidified methanol precipitation, supernatant
2 was further divided into crude hydrophilic and
hydrophobic fractions, using Chromabond C-18 car-
tridges (Figure 1 and Methods). Both fractions were
analyzed and separated by RP-HPLC (Figures 2 and 3).
We compared control larvae (blue lines in Figures 2
and 3) with larvae induced with bacterial suspensions
of E. coli (red lines in Figures 2 and 3). Chromatograms
obtained after induction with P. aeruginosa or S. aureus
were essentially the same as the profile shown in
Figure 3.
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Crude hemolymph

Centrifugation 1000 x g, 10 min, 4°C

Pellet 1 Supernatant 1

Precipitation with
saturated ammonium sulfate
or with acidified methanol

Centrifugation 13000 x g, 10 min, 4°C
Pellet 2 Supernatant 2
Dialysis
Chromabond C-18 cartridge

SDS-PAGE N W
Hydrophilic fraction Hydrophobic fraction

/ RP-HPLC separation RP-HPLC separation

Antimicrobial activity / \\ 1D-ELFO

N-terminal sequencing ~ MS analysis

CE/FFE

Figure 1 The separation of larval hemolymph.

We observed one main peak (M1, Figure 2) in
the hydrophilic Chromabond C-18 fraction. In this
fraction we identified dipeptide B-alanyl-tyrosine by
a combination of FAB and ESI-MS/MS spectroscopy,
UV-VIS spectroscopy, amino acid analysis, and NMR.

From the hydrophobic Chromabond C-18 fraction
we isolated different peaks, marked as M1-M19,
from which fractions M13-M15 were found only in
larvae induced with the bacterial suspension of E. coli
(Figure 3). Fractions M1-M19 were further analyzed by
gel electrophoresis (Figure 4) and this analysis revealed
the presence of different peptides and proteins of
relatively low molecular masses in fractions M7-M19.

1.4

Ammonium Sulfate Precipitation of Larvae
Hemolymph

The hydrophilic Chromabond C-18 fraction obtained
from supernatant 2 after ammonium sulfate precipita-
tion of hemolymph contained only salts. The RP-HPLC
analysis of the hydrophobic Chromabond C-18 frac-
tion is shown in Figure 5. We found no difference in
HPLC profiles between induced and noninduced lar-
vae. The isolated peaks were further analyzed by gel
electrophoresis (Figure 6) and this analysis revealed
different proteins in fractions S3-S9. Fractions S3, S4,
S6, and S7 contained essentially pure proteins while
fractions S5 and S9 were composed of several proteins.

Antimicrobial Activity

All isolated fractions, M1-M19 and S1-S9, were
tested for their antimicrobial activity against E.
coli, P. aeruginosa (Gram-negative bacteria) and S.
aureus (Gram-positive bacteria) at concentrations up
to 1 mg/ml. Some fractions displayed antimicrobial
activities.

Among fractions M1-M19, only fractions M13-M15
have shown significant antimicrobial activity. Fraction
M13 completely inhibited the growth of P. aeruginosa
at a concentration 970 pug/ml as shown in Figure 7(A).
Fractions M14 and M15 effectively inhibited S. aureus
growth at concentrations 100 pg/ml and 400 pg/ml,
respectively (Figure 7(B)).

Among fractions S1-S9, only S4 and S7 have
shown any antimicrobial activity. Fractions S4 and S7
significantly inhibited growth of S. aureus, but only
slightly inhibited growth of E. coli (Figure 8). The MIC
of fraction S4 was determined to be between 80 and
115 pg/ml for S. aureus.

B-Alanyl-Tyrosine

As mentioned above, we observed one main peak (M1,
Figure 2) in the hydrophilic Chromabond C-18 fraction

100
M1
1.2
K - 80
1.0 - P <
® 0.8- S (60 2
0.6 '. i 5
.‘ w0 2
0.4 T ! <
L t20
0.2 L :
jaﬂ@* e %
0.0 +== = T T T T T T T = 0
0 10 20 30 40 50 60 70 80

Time [min]

Figure 2 RP-HPLC analysis of Chromabond C-18 hydrophilic fraction from S. bullata hemolymph obtained after precipitation
with acidified methanol. Chromatogram of control larvae is shown in blue and of induced larvae is shown in red. The peak of

pB-alanyl-tyrosine is marked by M1.
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Figure 3 RP-HPLC analysis of Chromabond C-18 hydrophobic fraction from S. bullata hemolymph obtained after precipitation
with acidified methanol. Chromatogram of control larvae is shown in blue and of induced larvae is shown in red. The isolated

peaks are marked as M1-M19.
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Figure 4 SDS-PAGE of HPLC-isolated fractions M7-M19 obtained after precipitation with acidified methanol.
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Figure 5 RP-HPLC analysis of Chromabond C-18 hydrophobic fraction of S. bullata hemolymph obtained after precipitation with
ammonium sulfate. The isolated peaks are marked as S1-S9. Chromatograms from induced and control larvae were essentially

the same.

obtained after precipitation of hemolymph with acidified
methanol. The compound was identified as dipeptide
B-alanyl-tyrosine. The structure was determined by
'H and '¥C NMR spectra. Proton and carbon signals
were structurally assigned by means of the series of
1D- (*H, '3C-APT) and 2D-NMR spectra (*H,'H-COSY,
'H,'3C-HMQC, 'H,!'3C-HMBC). We also synthesized -
alanyl-tyrosine using solid-phase synthesis and found

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

the NMR spectra of the pairs of native and synthetic
compounds to be identical (data not shown).

Using capillary electrophoresis with a cyclodextrin-
based chiral pseudo stationary phase, we proved
that tyrosine in the isolated p-alanyl-tyrosine is
present in its L-form (Solinovad et al. manuscript in
preparation). Interestingly, capillary electrophoresis
also revealed that fraction M1 contains an admixture
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Figure 6 SDS-PAGE of RP-HPLC-isolated fractions S3-S9
obtained after precipitation with ammonium sulfate.
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Figure 7 (A) Inhibition of Pseudomonas aeruginosa growth
by fraction M13 at 970 pg/ml (®). The control growth of
Pseudomonas aeruginosa is displayed as ®. B. Inhibition of
Staphylococcus aureus growth by fraction M14 at 400 pg/ml
(®) and fraction M15 at 100 pg/ml (A). The control growth of
Staphylococcus aureus is displayed as ™.

(about 1-3%). This admixture was not detectable in
the M1 fraction using 'H or 3C NMR. The admixture
was highly enriched using free-flow electrophoresis
(FFE), (see Methods, data not shown) and the FFE
prepurified fraction was further separated using RP-
HPLC (Figure 9). We isolated two compounds, Mla

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 8 Dose-dependent inhibition of bacterial growth of
Staphylococcus aureus (red) and Escherichia coli (blue) by
fractions S4 (Figure 8(A)) and S7 (Figure 8(B)).

and M1b. Using MS we found that fraction Mla is g-
alanyl-tyrosine (Mr 252.11) and that fraction M1b is a
compound with a higher Mr (414.28). The structure
of the compound in fraction M1lb was determined
by 'H and !3C NMR spectra. Proton and carbon
NMR data are summarized in Table 1. We concluded
that fraction M1b is, with a high probability, B-
alanyl-L-tyrosine with D-fructose attached to its N-
terminus (B-D-fructopyranose-g-alanyl-L-tyrosine, see
Figure 10). We also synthesized this compound using
Amadori rearrangement [47] (see Methods) and found
the NMR spectra of the native and synthetic pairs were
identical.

Dipeptide g-alanyl-tyrosine has already been identi-
fied in Neobellieria (Sarcophaga) bullata by Meylaers
etal. [20]. The authors found that this compound
displays antimicrobial activity in the range 8-30 mm.
For this reason we decided to test the antimicrobial
activity of fraction M1, synthetic g-alanyl-L-tyrosine
and several synthetic analogs at higher concentrations
then 1 mg/ml (4 mM). Fraction M1b and synthetic 8-D-
fructose-B-alanyl-L-tyrosine were also tested for their

J. Pept. Sci. 2008; 14: 670-682
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Figure 9 RP-HPLC separation of FFE-prepurified fraction M1. Injection of 30 ug of crude material. The isolated peaks are

marked as M1a and M1b. For details, see Methods.

antimicrobial activity. All compounds together with
their antimicrobial activities are listed in Table 2.

We succeeded in determining the MIC for some
of the B-alanyl-tyrosine derivatives against E. coli, S.
aureus, and P. aeruginosa. Fraction M1, a mixture
of Mla and MIlb, inhibited microorganisms with MIC
in the range of 10-15 mwMm. Interestingly, synthetic
p-alanyl-L-tyrosine-OH was more active against all
microorganisms than fraction M1 as wells as synthetic
B- alanyl-D-tyrosine-OH. Acetylation of the N-terminus
of g-alanyl-L-tyrosine-OH had a slightly negative effect

OH H\j’\
N N
OOH\/\[(])/é o

OHOH \©\
OH

Figure B-D-fructopyranose-$-alanyl-

L-tyrosine.

10 Structure of

Table 2 Antimicrobial activities of g-alanyl-tyrosine and its
analogues. The MIC is defined as the lowest final concentration
of the compound, at which no growth is observed during
exponential phase of the bacteria growth. NI means no
inhibition at 5 mm concentration

Compound MIC (mm)

E.coli S.aureus P. aeruginosa
M1 10 15 15
B-Ala-L-Tyr-OH 6 7.5 6
B-Ala-p-Tyr-OH 8.5 15 15
N-Ac-g-Ala-L-Tyr-OH 8.5 8.5 8.5
N-Ac-B-Ala-L-Tyr-NHy >20 >20 >20
B-Ala-L-Tyr-NHg > 20 > 20 > 20
Mlb NI NI NI
D-fructopyranose-g- NI NI NI

Ala-L-Tyr-OH

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

on the antimicrobial activity compared to g-alanyl-L-
tyrosine-OH. Amidation of the C-terminus resulted
in the loss of activity of respective derivatives N-Ac-
B-alanyl-L-tyrosine-OH and N-Ac-g-alanyl-L-tyrosine-
NH;. Isolated (M1b) and synthetic D-fructopyranose-g-
alanyl-L-tyrosine-OH were inactive at the highest dose
used (5 mmM).

Characterization of Active Protein and Peptide
Fractions

Active protein and peptide fractions S4, S7, and
M13-M15 were further analyzed by MALDI-TOF-MS
and ESI-TOF-MS to determine the exact relative molec-
ular weights of the respective peptides and proteins.
The data are summarized in Table 3 and are compared
with the data obtained from gel electrophoresis.

Antimicrobially active protein and peptide fractions
were further characterized to identify respective pep-
tides and proteins. Protein spots were excised from
SDS gels, digested by trypsin or chymotrypsin, and
analyzed by MALDI-MS. Alternatively, proteins were
submitted to the N-terminal sequencing after elec-
troblotting into PVDF membrane. The resulting peptide
sequences were analyzed by searching available protein
databases (Swissprot or Uniprot). Results are shown in
Table 4.

The sequence of protein in fraction S4 revealed
about 50% identity with odorant-binding protein 99b
(OBP99Db) from Drosophila melanogaster. The protein
in fraction S7 was identified as transferrin both
by enzymatic digests/MALDI-MS and by N-terminal
sequencing. Comparing the obtained sequence with
available protein databases did not allow identifying
peptide(s) from fraction M13. The sequence of peptide
in fraction M15 is almost identical to the sequence
of antimicrobial peptide sapecin from S. peregrina. The
same is true for the short sequence of peptide in fraction
M14. The results obtained from N-terminal sequencing
of fractions M14 and M15 were confirmed by MALDI-MS
analysis of chymotryptic digests.

J. Pept. Sci. 2008; 14: 670-682
DOI: 10.1002/psc



678 CIENCIALOVA ET AL.

Table 3 Determination of relative molecular weight (Mr) of peptides and proteins
by direct mass spectrometry analysis or by SDS gel electrophoresis. Mrryis—paGE
or Mrrricine-pAce means that the SDS-electrophoresis was performed in Tris or

Tricine-buffered system, respectively

Fraction name Mrrris—PAGE MTrTyicine—PAGE Mrgsi-ms MrmaLDI-MS
S4 19000 — 16783 16777

S7 69 000 — 69097 69549

M13 10000 10000, 6000 4808, 3498 4813

M14 12 000, 5000 10000, 4000 3754 3714, 9632
M15 12 000, 5000 10000, 4000 4060 4060, 9630

Table 4 Identification of active protein fractions by N-terminal sequencing or MALDI-MS of tryptic digests
Fraction N-terminal sequencing Tryptic Chymotryptic
digest digest
MS/NP/SC MS/NP/SC

S4 DHHEGHHEHHEHDTXEYVVKTQQDLVKYRE OBP99b Unidentified Unidentified
DXGAKLXVSXELMXKYKNNE

S7 EEQTYMCV Transferrin Transferrin 84/9/12 Transferrin 72/16/22

M13 AIAMARSN Unidentified Unidentified Unidentified

M14 ATXDLLSG Sapecin Unidentified Unidentified

M15 ATXDLLSGTGINHSAXAAHXLLRGNRGGY Sapecin Unidentified Sapecin 69/3/72
XNGKGVXVXRN

MS, Mascot score; NP, number of peptides assigned; SC, sequence coverage in %

DISCUSSION

We attempted to isolate and identify new antimicrobial
compounds from hemolymph of larvae of Sarcophaga
bullata, which is in some studies, assigned as
Neobellieria bullata. However, both names belong to
the same fleshfly species. We used third-instar larvae
in their wandering period. The larvae were injected
with bacterial suspensions of E. coli or pricked by an
entomological needle to induce an immune response
and production of antimicrobial compounds. The
induction of larvae with other bacteria gave very similar
results.

Supernatant 1 (Figure 1) as well as both pellets 2
(after ammonium sulfate or acidified methanol precipi-
tation) contained one major 75-kDa protein as revealed
by electrophoretic analysis (data not shown). We identi-
fied this protein as prophenoloxidase, a zymogen, which
is processed to phenoloxidase (EC 1.14.18.1). This
result shows that prophenoloxidase is a major protein
in S. bullata larvae hemolymph. The most immediate
immune response within minutes is the activation of
the prophenoloxidase-activating enzyme that converts
prophenoloxidase to phenoloxidase [33]. Phenoloxidase
is an enzyme involved in melanin biosynthesis and is
also important in cuticular sclerotization, wound heal-
ing, and in the encapsulation of foreign material [49].

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

We did not detect any antimicrobial activity of prophe-
noloxidase in our study.

Using C-18 cartridges, supernatants 2 were sepa-
rated into hydrophilic and hydrophobic fractions. The
hydrophilic fraction obtained after precipitation with
acidified methanol contained one major compound
(peak M1, Figure 2), which was identified as dipeptide
B-alanyl-L-tyrosine. The hydrophilic fraction obtained
after ammonium sulfate precipitation contained a high
concentration of salts and was not further analyzed.
However, it is highly probable that this fraction also
contained g-alanyl-L-tyrosine as a major component.
Both hydrophobic fractions also contained a major
peak with a short retention time, M1 or S1 as shown
in Figures 2 and 4, respectively. We again identi-
fied dipeptide B-alanyl-L-tyrosine in both peaks M1
and S1.

Considering the above-described results, it is clear
that major peptide/protein components in S. bullata
hemolymph are enzyme prophenoloxidase and dipep-
tide g-alanyl-L-tyrosine. Both these two compounds
have an important role in larvae melanization [49].
Other roles, especially in larvae antimicrobial defense,
will be discussed later.

On the other hand, regardless of the fact that
chromatograms shown in Figures 2 and 4 both have
major peaks M1 and S1 (B-alanyl-L-tyrosine), they
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differ significantly in other peaks. Figure 4 shows that
fractions M7-M19 contain peptides or small proteins of
Mr about 3-15 kDa. Among fractions S3-S9 we found
proteins of higher Mr in S4, S7, and S9 (15-75 kDa).
It means that acidified methanol treatment does not
precipitate smaller proteins from hemolymph and that
ammonium sulfate precipitation (saturation to 70%)
allows detection of larger proteins in the supernatant.
Both precipitation protocols are thus complementary
and enable detection of different proteins or peptides.

We identified dipeptide B-alanyl-L-tyrosine in frac-
tions M1 and S1. Its structure was confirmed by MS,
'H and '3C NMR and the L-form of tyrosine by capillary
electrophoresis using chiral selectors. This compound
has previously been found in S. (N.) bullata by Lev-
enbook et al. [50] and Meylaers et al. [20]. Levenbook
et al. also proposed that tyrosine is present in its L-
form by comparing specific rotation with the synthetic
dipeptide. B-Alanyl-tyrosine is known to cause paraly-
sis in adult insects but it is not toxic for larvae where
its concentration changes significantly during develop-
ment with highest levels (around 20 mm) reached just
before puparization [51,52]. The role of this dipeptide
in larvae melanization and puparization is highly prob-
able [50,53] and is in agreement with our finding that
prophenoloxidase and g-alanyl-L-tyrosine are the most
abundant species in the hemolymph of third-instar lar-
vae of S. bullata in the wandering period.

Meylaers et al. [20] detected an antimicrobial activ-
ity of B-alanyl-tyrosine against various bacteria at
8-30 mMm concentration range. They also prepared sev-
eral inactive analogs of this compound. In our study,
we found g-alanyl-L-tyrosine slightly more active (MICs
in the range of 6-15 mwm) than Meylaers et al. [20].
The reason for this difference may be due to the sen-
sitivity of microorganisms or the high hygroscopicity
of the dipeptide. This is why we determined the con-
centration of g-alanyl-tyrosine and its analogs based
on the absorption of tyrosine (see methods). In the
course of capillary electrophoresis analyses of fraction
M1 we found an admixture, which was then identified
as B-D-fructopyranose-S-alanyl-L-tyrosine. We have not
detected any antimicrobial activity of this compound
in our experiments. This may explain the somewhat
weaker potency of fraction M1 to inhibit bacterial
growth compared to synthetic g-alanyl-L-tyrosine. We
tested fraction M1b and synthetic g-D-fructopyranose-
B-alanyl-L-tyrosine only up to 5 mM concentration
(2.25 mg/ml). To achieve a higher concentration it
would be necessary to isolate more of the compounds,
which is difficult to achieve due to the laborious and
difficult separation of fractions M1a and M1b (Figure 9).
This was also the case of synthetic -D-fructopyranose-
B-alanyl-L-tyrosine because the reaction (see Methods)
results in the 1:1 equilibrium of B-alanyl-L-tyrosine
and the product. Concerning other g-alanyl-L-tyrosine
analogs, we can observe a slightly negative effect

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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of N-acetylation and a highly negative effect of the
C-terminus amidation. L-Tyrosine is more favorable
for antimicrobial activity of g-alanyl-tyrosine than D-
tyrosine. We agree with Meylaers et al. [20] that a weak
antimicrobial activity of g-alanyl-L-tyrosine could have
physiological relevance due to its high concentration
in larvae hemolymph (20 mMm according to Levenbook
et al. [50]). B-D-fructopyranose-g-alanyl-L-tyrosine can
be a reaction product of highly abundant g-alanyl-L-
tyrosine with D-glucose, which is certainly present in
larvae bred on beef liver. Both compounds readily react
following Amadori rearrangement [47]. It is also pos-
sible that B-D-fructopyranose-g-alanyl-L-tyrosine can
possess antimicrobial effect or other roles against other
microorganisms than tested in this study.

Among all isolated fractions, only fractions M13-M15
and fractions S4 and S7 displayed antimicrobial activity
below 1 mg/ml. We were not able to determine MICs for
all fractions against tested microorganisms due to the
difficulty of isolating sufficient amounts of the material.

Proteins in fractions S4 and S7 inhibited the growth
of S. aureus more potently than the growth of E. coli
(Figure 8). We can conclude from the available data that
the MIC of fraction S4 against S. aureus is between 80
and 115 ug/ml. Active protein in fraction S4 has been
partially characterized. The 50 amino acid N-terminal
sequence of this 16-kDa reveals about 50% sequence
identity to odorant-binding protein 99b (OBP99b,
CG7592-PA) from D. melanogaster. It is probable that
protein S4 is a S. bullata homologue of Drosophila’s
OBP99b. The difference in the N-terminal sequence
may be due to the low homology between Drosophila
and S. bullata proteins. To further substantiate the
identification of this potential S. bullata OBP99b
we amplified the c¢cDNA sequence of the ‘potential’
gene with PCR using a degenerated primer designed
according to the N-terminal amino acid sequence
of protein S4 (Table 3). PCR amplicon approximately
500 bp long was isolated and sequenced. However,
only partial nucleotide sequence was readable (data
not shown). Comparing the obtained sequence with
Drosophila nucleotide sequences has not revealed any
significant homology. Further experiments to identify
the respective gene are in course.

OBPs are abundant, small, soluble proteins that are
believed to participate in odor detection by facilitating
or restricting access of the odorant to the receptors.
There are 51 OBP genes in Drosophila [54]. We have not
found any report concerning antimicrobial activity of
odorant-binding proteins. Levy et al. [55] showed that
OBP99c in Drosophila was specifically over-expressed
after fungal infection but repressed after bacterial
infection. In our study we did not found any significant
induction of protein S4 after bacterial induction of
larvae. Chromatograms from induced and noninduced
larvae were essentially the same (Figure 5). It will be
interesting to produce higher quantity of recombinant
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OBP99b and to investigate its antimicrobial activity and
mode of action more in detail using different methods
and microorganisms.

Protein in fraction S7 was identified as transferrin
by N-terminal sequencing and MS analysis of tryptic
digest. Tranferrin is involved in the immune response
of vertebrates and invertebrates [56,57]. It can inhibit
bacterial growth by reducing free iron levels [58].
If we consider that both fractions S4 (probably S.
bullata OBP99b) and S7 (transferrin) consisted of pure
proteins of 16 and 70 kDa, respectively, the inhibition of
bacterial growth as displayed in Figure 8 was achieved
at low micromolar concentrations.

Fraction M13 inhibited the growth of P. aeruginosa
but not the growth of E. coli. It seems that fraction
M13 has bactericidal antibacterial effect against P.
aeruginosa with an MIC value lower than 1 mg/ml
(Figure 7(A)). The basis for the different susceptibilities
of bacterial species against particular peptides is
not clear [2]. One hypothesis that explains different
bacterial sensitivities to antimicrobial peptides is due
to the different lipopolysaccharide composition in the
outer membranes of bacteria or different resistance
mechanisms [25]. We have not succeeded in identifying
the peptide in fraction M13 either by N-terminal
sequencing or by tryptic or chymotryptic digests. The
identification was complicated with low amount of
isolated material.

Using N-terminal sequencing, we determined the
entire amino acid sequence (40 amino acids) of peptide
in fraction M15, but we succeeded in determining
only ten N-terminal amino acids in fraction M14.
Provided that cysteines are in positions X (Table 4), the
sequence of peptide M15 almost completely matches
with S. peregrina sapecin [59]. The only difference
is in the position 34 (G for S. bullata and A for S.
peregrina). We suppose that active peptide M15 is a S.
bullata homologue of S. peregrina antimicrobial peptide
sapecin. The theoretical relative molecular weight (Mr)
of peptide M15 is 4060 (provided that X residues are
cysteines forming disulfide bridges, Table 4) and is in
perfect agreement with the experimental value 4 060
obtained with ESI/MALDI-MS (Table 3). In the case
of fraction M14, we found signals 3754 (ESI-MS) and
3714 (MALDI-MS), which match neither with the Mr
of peptide M15 shortened by two or by three amino
acids nor with sapecin C from S. peregrina [60] and its
possible fragments. We also performed MS-MS analysis
of fraction M14 to determine if this peptide is or is not
N-terminal fragment of peptide M15 or other sapecin,
but these experiments were not successful.

Sapecin, which consists of 40 amino acids, is an
insect defensin and can inhibit the growth of G+
bacteria. Sapecin is the first identified defensin in S.
peregrina and was isolated from the embryonic cell
line NIH-Sape-4 by Matsuyama and Natori [61]. Both
fractions M14 and M15 inhibited the growth of S.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

aureus, which is in agreement with the data of Yamada
and Natori [62]. Peptide in fraction M14 displays lower
antibacterial potency than peptide M15 (Figure 7(B))
and it is not excluded that the peptide in M14 is a S.
bullata homologue of S. peregrina sapecin C [60] or its
fragment.

In M1-M19, obtained after acidic methanol precipi-
tation, we detected the induction of fractions M13-M15
(Figure 3). However, we have not detected the induction
of any of fractions S1-S9 obtained after ammonium sul-
fate precipitation (Figure 5). Using RT-qPCR technique
we confirmed the massive induction of sapecin (M15
and M14) and also a moderate induction of tranferrin
(S7) (unpublished results, manuscript in preparation).

Insect immune response is a complicated process.
Antimicrobial peptides frequently act synergistically;
some proteins have transporter functions; peptide
inhibitors can block processing enzymes involved in
activating cascades or different enzymes can activate
antimicrobially active proteins or peptides. In this study
we presented two different isolation protocols, which
resulted in the identification of several already known
and two novel antimicrobial proteins or peptides from
the hemolymph of fleshfly S. bullata. We hope that our
study will shed more light into the complicated process
of immune response in S. bullata larvae.
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Abstract

Background: Insect larvac develop in decaying organic matter and their defense against
various microorganisms must therefore be highly efficient. Recently, we published a study
mapping the immune response in larvae of the fleshfly Sarcophaga bullata. We have
described the isolation and characterization of several antimicrobial compounds from the
larval hemolymph. In the present study, we decided to explore the transcriptional kinetics and
levels of induction of eight selected genes in Sarcophaga bullata larvae after infection or
injury.

Results: Using real-time PCR, we studied the time-dependent immune response of larvae of
the fleshfly Sarcophaga bullata. We compared levels of mRNA expression of eight selected
genes in induced and non-induced larvae. The third-instar larvae of Sarcophaga bullata were
induced by injection with a bacterial suspension of Escherichia coli, Staphylococcus aureus
or Pseudomonas aeruginosa, or by simple aseptic injury with an entomological pin. We used
intact larvae as a control to distinguish basal mRNA expression. Total RNA was isolated from
the whole body, fat body and hemocytes. We determined the mRNA expression of genes
encoding sapecin, transferrin, prophenoloxidase 1 and 2, storage-binding protein, cathepsin L,
sarcocystatin and 26/29 kDa protease.

Conclusion: We found that there was a massive up-regulation of genes encoding the fleshly
peptide sapecin, and also the protein tranferrin in all organs studied. We also detected down-
regulation, or no change in the expression of the genes that encode prophenoloxidase 1 and 2,

storage-binding protein, cathepsin L, sarcocystatin and 26/29 kDa protease.

Background
Insects and microorganisms co-exist within the biosphere and interact in numerous ways.

Often, insect larvae develop in decaying organic matter and their defense against various



microorganisms must therefore be highly efficient. The first line of defense consists of
physical barriers such as the outer exoskeleton, and the chitinous linings of the gut and
trachea. At the molecular level, insects have developed an efficient host defense against

microorganisms that involves both humoral and cellular mechanisms [1].

Rapid humoral response reactions are triggered by injury and microbial infection. The
humoral response includes the production of lectins and rapid de novo synthesis of
antimicrobial peptides by the fat body, which is the functional homologue of the mammalian
liver, as well as by hemocytes and surface epithelia [2,3]. Studies in Drosophila mutants have
revealed that the Toll and Imd pathways control the synthesis of specific antimicrobial
peptides. The Toll pathway is activated by, and reacts against G-positive bacteria and fungi.
The Imd pathway governs defense reactions against G-negative bacteria [4-7]. Blood
coagulation is one of the most important defense reactions of insects that prevents the animal

from bleeding when injured, and aids in limiting the spread of microbes in the hemocoel [8].

Cellular defense is provided by insect blood cells, called hemocytes. In Drosophila, there are
three classes of hemocytes that have different and specialized functions, the plasmocytes,
crystal cells and lamelocytes. Plasmocytes are responsible for the phagocytic removal of dead
cells and microbial pathogens. Lamelocytes have a role in the encapsulation and
neutralization of objects that are too large to be phagocytosed. Crystal cells serve as storage
cells for the large amount of prophenoloxidase (PPO) that is present in a crystallized form in

their cytoplasm, and they also contain enzymes for PPO activation [1].

Recently, we published a study mapping the immune response in larvae of the fleshfly

Sarcophaga bullata [9]. We have described the isolation and characterization of antimicrobial



compounds from the larval hemolymph. The larvae of fleshfly were injected with a bacterial
suspension. The hemolymph from injected and control larvae was separated by different
protocols and the results were compared. The RP-HPLC analysis showed induction of
proteins/peptides with antimicrobial activities (e.g., sapecins). We also found antimicrobial
active proteins (e.g., transferrin) without noticeable microbial induction. However, in this
previous study [9], we only determined protein and peptide responses, and did not analyze the

mRNA expression patterns of the genes that encode the proteins of interest.

Several studies using northern blot expression profiling in Drosophila have reported novel
peptides and proteins with insect antimicrobial activity [10-12]. Recently, large-scale analyses
at the levels of the transcriptome (microarrays) and proteome have revealed that in addition to
peptides with direct antimicrobial activities, the production of many other peptides and

proteins are upregulated after septic injury of Drosophila [13-18].

In the present study, we decided to explore the transcriptional kinetics and levels of induction
of eight selected genes in Sarcophaga bullata larvae after infection or injury. We determined
the mRNA expression of genes encoding sapecin, transferrin, PPO 1 and 2, proteins, which
we examined at protein level in our recent study [9]. Simultaneously, we analyzed levels of
RNA induction of storage-binding protein, cathepsin L, sarcocystatin and 26/29 kDa protease,

proteins for which cDNA sequences in Sarcophaga bullata were available.

Tranferrin is a protein involved in the immune response of vertebrates and invertebrates [19].
Transferrin can inhibit bacterial growth by reducing free iron levels [20]. Termite transferrin
gene expression has been shown to be increased upon infection [21]. Its upregulation in

response to infection has also been detected in Drosophila [15,19]. However, in our previous



study [9] we have not detected the induction of transferrin at protein level and thus we were

interested in investigating changes in transferrin RNA after the immune challenge.

Sapecins, or defensins, are well studied insect antimicrobial peptides. Sapecin was the first
identified defensin in Sarcophaga peregrina, and was isolated from the embryonal cell line
NIH-Sape-4 by Matsuyama and Natori [22]. Matsuyama et al. also investigated the expression
of the gene for sapecin precursor protein after damage of the larval body wall and found that
sapecin precursor RNA is activated in Sarcophaga peregrina hemocytes [11]. Expression of
the defensin gene during normal development and after bacterial challenge was analyzed by
northern blot analysis in Drosophila [10]. The pattern of induction of the defensin gene in
housefly (Musca domestica) was studied by Wang et al. [23] who found defensin mRNA
induction in fat body and epidermis. Recently, we found induction of sapecin protein in the
hemolymph of Sarcophaga bullata larvae [9]. In this study, we decided to investigate also

levels of Sarcophaga bullata sapecin mRNA.

The most immediate immune response in insects occurs within minutes and consists of the
activation of prophenoloxidase activating enzyme (PPAE), which converts enzymatically
inactive PPO into active phenoloxidase. PPAE also exists as an inactive zymogen that is
activated by a serine protease [24,25]. Phenoloxidase is an enzyme involved in melanin
biosynthesis and is also important in cuticular sclerotization, wound healing and
encapsulation of foreign material [26]. Steady levels of PPO mRNA have been monitored in
the Drosophila melanogaster hemocyte-like cell line mbn-2 after induction by crude
lipopolysacharides, or by Escherichia coli bacteria [8]. In our previous study [9] we detected

very high levels of PPO protein in both immune challenged and control S. bullata larvae



hemolymph and it was not clear if PPO is induced or not. That is why we included PPO gene

into the present study of S. bullata RNA expression.

We decided to analyze another four genes with putative roles in the immune defense of
Sarcophaga bullata larvae for which cDNA sequences in Sarcophaga bullata were available;
storage-binding protein (SBP), cathepsin L, sarcocystatin and 26/29 kDa protease. Storage-
binding protein or arylphorin-binding protein is believed to participate in the selective uptake
of arylphorin, a storage protein with a high content of aromatic amino acids, from hemolymph
to the fat body. Storage proteins are used as sources of amino acids and energy to construct
adult structures during insect metamorphosis [27] and might be involved also in the response
to bacterial infection. Cathepsin L is a lysosomal enzyme that may be involved in degradation
of phagocytosed microorganisms [15]. Sarcocystatin is an inhibitor of cysteine proteases and
was identified in the hemolymph of Sarcophaga peregrina larvae [28]. The 26/29 kDa
protease is secreted by hemocytes into the hemolymph when the larvae of Sarcophaga
peregrina are injected with foreign cells [29]. Proteases, their inhibitors or SBP are certainly
very interesting targets for the study of the possible role of these proteins in insect immune

response and that is the reason we included them into this study.

Since Northern blot analysis and microarrays have mainly been used to monitor gene
expression profiles in Drosophila, we used real-time quantitative PCR in this study for a more
precise estimation of comparative transcriptional rates of the genes encoding eight selected

proteins in the larvae of Sarcophaga bullata.



Results

Isolation of RNA from larvae

Total RNA was isolated from the whole bodies, hemocytes and fat bodies of induced and
control larvae. Agarose gel analysis of the total RNA showed that there was one broad band
containing the 18.7, 18.0 and 17.4S rRNAs, and a weaker band that contained the 5.8S rRNA
(Figure 1A). The 18.7S and 17.4S fragments result from the cleavage of 26S rRNA. Similar
results regarding the sizes of the two fragments have previously been reported by French et al

[30] (Figure 1).

Comparison of levels of gene expression in induced and control larvae using gPCR
Whole body

Levels of gene expression in the whole bodies of Sarcophaga bullata larvae were compared
between induced and control larvae. Figure 2 shows the expression of the eight different
genes that encode sapecin, tranferrin, PPO1, PPO2, strorage-binding protein (SBP), cathepsin
L, sarcocystatin and 26/29 KDa protease at 3, 6, 15 and 22 hours after induction. The data are
presented as ratios of gene expression between the induced and control larvae. Larvae were
induced using four different stimuli, the G-positive bacteria Staphylococcus aureus, two
different G-negative bacteria, Escherichia coli and Pseudomonas aeruginosa, or injury with a

sterile entomological pin.

According to the differential responses to immune stimulation, we can divide the genes
studied into two groups. The transcription of sapecin and transferrin genes was rapidly
increased after all four types of induction. The expression of transferrin gradually increased,

reaching a maximum at 22 hours after induction, and mRNA levels were increased



approximately 25-50 fold. Sapecin expression was increased up to 125-250 fold at 12 hours

after induction.

In contrast, expression of the genes encoding PPO1, PPO2, cathepsin L, storage binding
protein (SPB) and sarcocystatin was suppressed, or fluctuated around the normal level. The
expression ratio of PPO1 and PPO2 transcripts decreased 2-5 fold in induced larvae compared
to controls upon stimulation. The expression of the genes that encode cathepsin L, SPB and
sarcocystatin also decreased slightly. The mRNA level of the 26/29 kDa protease remained

essentially unchanged.

Expression profiles for all studied genes showed no significant differences between G-
positive infection, G-negative infection or mechanical aseptic injury and therefore we used

only the induction with the suspension of E. coli in further experiments.

Fat body

Larval fat bodies were isolated from larvae induced only by injections with a bacterial
suspension of E. coli. RNA from the larval fat bodies was isolated at 0.5, 6 and 22 hours after
induction. The expression of the eight selected genes was measured in induced and control

larvae.

The levels of sapecin and transferrin in the induced subjects were increased almost 80 and 35-
fold, compared to the control larvae, respectively (Figure 3A). PPO1, PPO2 and SBP
expression decreased about 2.5-fold upon induction (Figure 3B). The levels of sarcocystatin
and cathepsin L mRNA decreased even more significantly (Figure 3B). The mRNA level of

26/29 kDa protease remained unchanged (Figure 3B).



Hemocytes
Time-dependent expression analysis in hemocytes of Sarcophaga bullata larvae after
induction with E.coli suspension is shown in Figure 4. The expression of the eight genes of

interest was measured at 3, 6 and 22 hours after induction.

Sapecin and transferrin expression increased 13 and 11-fold, respectively, 6 hours after
induction. PPO1 expression decreased approximately 2-fold. The expression of the genes that
encode PPO2, SBP, cathepsin L, sarcocystatin, and the 26/29 kDa protease were not

significantly affected by induction.

Discussion

In this study, we investigated the transcriptional kinetics and levels of induction of eight
selected Sarcophaga bullata larvae genes after the infection of larvae with different bacteria
(Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa), and after the
mechanical injury of larvae with a sterile entomological pin. We investigated mRNA
expression of respective genes in the whole body, fat body and hemocytes of Sarcophaga

bullata larvae.

We observed no significant differences in the expression profiles of all studied genes between
the induction with Gram-negative bacteria (E. coli and P. aeruginosa) or with Gram-positive-
bacteria (S. aureus) in larvae whole body. The sensitivity of the immune response of larvae or
adult insects to bacteria may certainly be influenced by different pathogenicity of individual
bacterial strains and species [31]. Irving et al. [18] also found that Gram-positive infection

had a similar effect to Gram-negative infection in their study of adult Drosophila immune



responses. In our experiments with the larvae whole body, the expression of the analyzed
genes was also similarly affected by different bacteria and by mechanical aseptic injury of the
larval body wall without bacterial infection. Lemaitre et al. [12] also observed a similar level
of expression of antimicrobial peptides (diptericin, attacin, cecropin A or drosocin) in adult
Drosophila after the induction with aseptic injury or with Gram-positive bacteria Micrococcus
luteus. We believe that the main reason of similar gene expression response to immune
challenge with different bacteria and with aseptic injury in our experiments is due to the fact
that we worked with S. bullata larvae and not with adult flies. In most studies, scientists have
focused upon the systemic immune response in adult flies (e.g., Drosophila). However, during
their development, flies first develop through distinct larval stages that live within a highly
septic environment, such as decaying organic matter, and adult flies are exposed less to these
kinds of environments. Although a systemic immune response also exists in larvae, there are
features that are specific to this developmental stage that cannot be extended to adults. These
include a fat body that is distinct from that of adults, hormonal control of antimicrobial
peptide gene expression (larvae must be accurately staged to avoid artefacts), and hemocytes
that are more numerous in larvae than in adults. Therefore, the cellular immune response is
likely to have a more important role in larvae [32]. It was also shown that Drosophila third-
instar larvae in their wandering period are highly sensitive to septic injury due to the 20-
hydroxyecdysone-regulated genomic response [33-36]. All these specificities of fly larvae,
compared to adult flies, might cause the high sensitivity of larvae to simple aseptic injury or

the same response to challenge with Gram-positive or Gram-negative bacteria.

Transferrin is abundant in insect hemolymph and is generally believed to be a product of the

insect fat body. However, transferrin is also known to be expressed in other cells, such as

neuronal cells of the honeybee Apis mellifera [37]. In our study, we observed an

10



approximately 50-fold increase of transferrin expression 22 h after bacterial infection or
injury in the larval whole body, and a 35-fold increase in the fat body. We also detected
upregulation of transferrin in larval hemocytes, where transferrin expression was increased
11-fold. Our results are in a good agreement with findings of other groups working with
Drosophila transferrin which show a high amino acid identity to dipterae transferrins
(sequence identity with Sarcophaga peregrina is about 63.5%). Yoshiga et al. [19]
demonstrated that when adult Drosophila’s were inoculated with bacteria (E. coli), transferrin
mRNA synthesis was markedly increased relative to controls both in sterile needle or bacteria
challenged flies. The effect was monitored by Northern blot analysis 6, 12 and 24 hours after
induction. Genome-wide analysis of the Drosophila immune response using oligonucleotide
microarrays detected an 11-fold induction of transferrin after septic injury [15]. A quantitative
PCR assay confirmed a significant increase in termite transferrin expression following
infection, suggesting that its up-regulation is part of the innate immune response. These
results indicated a 2.5-3.5-fold increase in termite transferrin expression levels at 84 h after
fungal infection [21]. Our results suggest that transferrin is more actively expressed in other
organs than in the fat body, because the increase in expression was higher in the whole body.
However, we did not identify the organs that may express transferrin more actively than the
fat body. In our previous study [9] we have not detected the induction of Sarcophaga bullata
transferrin protein in larvae hemolymph after the immune challenge. This result controverts
with our present observation of massive transferrin mRNA induction. The reason of this
discrepancy may be in relatively high basal levels of larvae transferrin compared to other
antimicrobial proteins (e.g. sapecin, see bellow) or the possible damages of transferrin protein

during purification process.
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Among the eight genes studied, we observed the highest induction of the gene of sapecin
(member of the defensin family). We detected the highest expression of sapecin in the whole
body of Sarcophaga bullata larvae. In our previous study [9] we detected significant
induction of sapecin protein in the larvae hemolymph. Our present results indicate that
sapecin may also be expressed in other larval tissues apart from the fat body and hemocytes
(Figs. 2-4). In contrast, the defensins in Drosophila are synthesized predominantly in the fat
body and are secreted into the hemolymph [7]. In adult Drosophila, antimicrobial peptides are
expressed in several epithelia that are potentially in contact with the environment. These
include the respiratory tract, oral region, digestive tract, malpighian tubules, and the male and
female reproductive tracts. Expression of Drosophila defensin can be also induced in the oral
region of larvae [38]. Matsuyama et al. [11] investigated the expression of the gene for
sapecin precursor protein 6 hours after damage of the Sarcophaga peregrina larval body wall
by Northern blot analysis. Their results showed that hemocytes, as well as the fat body,
respond to the injury and that hemocytes synthesize sapecin and secrete it into the
hemolymph. We detected the highest expression of the gene that encodes sapecin in the whole
body after 12 h, but in hemocytes, we were able to detect the highest expression after 6 h, and
in the fat body, the highest levels of expression were only detected after 22 h. These
differences may reflect different activation mechanisms of sapecin expression in various
tissues. It was shown that the Drosophila defensin gene can be induced by various
microorganisms, as well as by simple injury, and has been monitored by Northern blot
analysis or RT-PCR [10,12]. A time course of transcription of defensin was monitored over 0-
48 h after inoculation with two different bacteria in the housefly Musca domestica. The
induction pattern of the defensin gene in housefly Musca domestica was similar to that
observed in Drosophila, but was not exactly the same [23]. The transcription of defensin

reached its highest level at 3 h in Drosophila, and at 36-48 h in Musca domestica. Our present
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results indicate that the localization of sapecin expression and its timing may be different

depending on organism studied.

The expression of the genes encoding prophenoloxidase (PPO) 1 and 2 in Sarcophaga bullata
was slightly decreased, or unchanged in our study. In agreement with our finding, the steady
levels of mRNA of the three prophenoloxidase genes of Drosophila have also been recorded
by microarray analysis of immunized adult Drosophila [15], as well as of Drosophila
hemocytes [8]. In insects, phenoloxidase-mediated melanin synthesis plays a major role in
immune defense [26]. Mature crystal cells express PPO and store large amounts of PPO in
their cytoplasm in a crystallized form. The inactive precursor of PPO is proteolytically
activated by a serine protease cascade, which controls the amount of active phenoloxidase in
the hemolymph [1]. Our results suggest that novel expression of PPO1 and PPO2 are not

necessary for the acute immune response.

Storage-binding protein (SBP), also known as arylphorin-binding protein, is believed to
participate in the selective uptake of arylphorin from the hemolymph into the pupal fat body
during metamorphosis. Arylphorin is a storage protein with a high content of aromatic amino
acids, and is used as a source of amino acids and energy to construct adult structures during
insect metamorphosis [27]. The mRNA of the SBP gene was found to increase several times
during pupation. In our study, we found that third-instar larvae have a slight decrease in the
expression of the SBP gene after immune challenge. It is possible that an efficient response to
infection, which involves intense synthesis of transcripts from a high number of genes,

requires the repression of dispensable metabolic pathways.
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In our experiments, the level of cathepsin L expression decreased in the whole body, and this
effect was even more pronounced in the fat body. This is in contrast to the results of De
Gregorio et al. [15], who observed up-regulation of the gene encoding cathepsin L in adult
Drosophila challenged by septic injury. Cathepsin L is a lysozomal cysteine protease that may
be involved in phagocytosis of invading microorganisms [15,39]. Liu et al. [40] reported
higher cathepsin L gene expression in the larvae of the lepidopteran Helicoverpa armigera
during moulting. Philip et al. [41] recently published the characterization of cathepsin L-like
protease from Sarcophaga peregrina, which is involved in differentiation of imaginal discs. It
is probable that cathepsin L-like proteases have a distinct role in the development of fly larvae
and it is possible that the suppression of the respective gene expression takes place during

bacterial infection or injury.

The mRNA level of 26/29 kDa protease remained nearly unchanged after immune challenge
in our experiments. The 26/29 kDa protease has been shown to be secreted by hemocytes into
the hemolymph when larvae of Sarcophaga peregrina are injected with foreign protein or
cells [29,42]. Saito et al. [29], predicted that new mRNA synthesis, and therefore probably
new protein synthesis, is not needed for secretion of this protease. The direct interaction
between hemocytes and foreign substances probably triggers the release of the stored protein
[29]. Our data do not support these findings and rather follow the trend, which we observed
for cathepsin L gene. The exact role of cathepsin-like proteases in the immune response of

sarcophagi larvae is still to be elucidated.

In our study, the expression of the gene that encodes sarcocystatin was decreased in the whole

body and in the fat body, but it was not significantly affected by induction in hemocytes.

Sarcocystatin is a low molecular mass cysteine protease inhibitor, that has previously been
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found in the hemolymph of Sarcophaga peregrina larvae [28]. The authors showed that the
level of sarcocystatin progressively increased in third-instar larvae and continued to increase
after pupation. In hemocytes, sarcocystatin selectively inhibits the activity of cysteine
proteases, which digest most of the larval tissues during metamorphosis. Thus, sarcocystatin
is thought to protect developing adult tissues in pupae from attack by cysteine proteases [43].
Sarcocystatin may also modulate the activity of cysteine proteases involved in the degradation
of foreign proteins. In our study we observed the decrease in cathepsin-L expression after the
immune challenge (see above). It is not excluded that the expression of cysteine protease
inhibitors as sarcocystatin is closely related to the expression of targeted proteases and that

follows the same trend upon bacterial infection.

Conclusion

In conclusion, we found that there was a massive up-regulation of genes encoding the fleshly
peptide sapecin, and also the protein tranferrin in all larvae organs studied. We also detected
down-regulation, or no change in the expression of the genes that encode prophenoloxidase 1
and 2, storage-binding protein, cathepsin L, sarcocystatin and 26/29 kDa protease. We hope
that our study will help to shed more light into the complex processes of immune responses in

Sarcophaga bullata larvae.

Methods

The Sarcophaga (Neobellieria) bullata Parker fleshflies were reared under laboratory
conditions as previously described [44]. We used third-instar larvae in their wandering period.
Briefly, larvae of S. bullata were kept at 200-300 specimens per batch on beef liver in small

open disposable packets made from aluminium foil at 25+1°C.
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Induction of larvae

Before induction, larvae were immobilized by chilling on ice. A bacterial suspension was
injected into the abdomen of larvae during their third-instar wandering period using a
calibrated glass capillary with a finely drawn tip. Larvae were also induced by simple injury
with a sterile entomological pin. We used Escherichia coli DBM 3001, Staphylococcus
aureus DBM 3002 and Pseudomonas aeruginosa DBM 3081 bacteria to induce larvae.
Bacteria used for induction were cultivated in Luria-Bertani broth at 37°C or 28°C for 12
hours to the mid-exponential phase of growth, and a final concentration of cells of 10’ cfu/ml.
After cultivation, the cells were centrifuged at 3000 g for 10 min and washed twice
with 0.1 M phosphate buffer pH 7.0. The final suspension of cells in physiological saline was

diluted to have an absorbance reading of 1.5-1.8 at 550 nm.

Isolation of hemocytes from larval hemolymph

The hemolymph from induced and control larvae (hemolymph from 5 larvae in each isolation
tube) was collected on ice at 3, 6, and 22 hours after induction. The hemocytes were separated
from the hemolymph by centrifugation for 10 min at 1000 g at 4°C. The hemocytes were
washed twice using 50 mM Hepes buffer pH 7.4 supplemented with 90 mM NaCl and then

deep frozen.

Isolation of larval fat bodies

The fat bodies were isolated from induced and control larvae at 0.5, 6, and 22 hours after
induction. All larvae were anesthetized with CO,. The anterior and posterior tips of the third-
instar larvae were cut off with fine scissors. The fat body was excised from the larvae under a
binocular microscope and was placed into physiological saline in a Petri dish, which was

placed on ice. The malpighian tubules and tracheas were carefully removed using tweezers.
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Homogenization of larval whole bodies

The whole bodies of induced or control larvae were collected at 3, 6, 12, and 22 hours after
induction. At least two larvae for each time point and induction challenge were used. The
larvae were deep frozen using liquid nitrogen and then homogenized to powder with a pre-

cooled pestle and mortar.

RNA extraction
Total RNA from hemocytes, fat bodies or whole bodies of Sarcophaga bullata fleshflies was
extracted using 300 pl (for hemocytes and fat bodies) or 1000 ul (for whole bodies) of

TriReagent (Molecular Research Center, Inc.), according to the manufacturer’s instructions.

RNA samples were treated with a DNA-free kit (Ambion) to avoid genomic DNA
contamination. The RNA concentration was determined by UV spectrophotometry at 260 nm,
and the quality of the RNA samples was analyzed by electrophoresis in 1.5% agarose gels

stained with ethidium bromide (Figure 1). The RNA samples were stored at - 80°C.

cDNA preparation

cDNA was synthesized using 1 ug total RNA, 10 pmoles oligo25-dT and 10 pmoles random
hexamers. The mixture was incubated at 72°C for 10 min. 100 U of MMLV reverse
transcriptase (Promega), 12 U of RNasin (Promega) and 5 nmol dNTPs were then added to a
total volume of 10 pl, and incubation was continued at 37°C for 70 min. The reactions were

further diluted in water to 100 ul and frozen (-20°C).
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Real-time RT-PCR (qPCR)

Primers for Sarcophaga peregrina sapecin, transferrin, cathepsin L, storage-binding protein
(SBP), sarcocystatin and 26/29 kDa protease and Sarcophaga bullata 18S ribosomal RNA,
PPO1 and PPO2 were designed using the Primer3 software. The nucleotide sequences of
these primers are shown in Table 1. After optimization of qPCR reactions, the amplicon sizes
for all genes were verified by electrophoresis of the products on 2 % agarose gels.
Efficiencies of all of the qPCR assays were determined to be close to 100 % using standard

curves.

The qPCR mixtures, in a final volume of 25 pl, contained 2 pul cDNA, SYBRGreen solution
(Molecular Probes, diluted 200-fold with dimethyl sulphoxide and then diluted 20-fold with
water), forward and reverse primers (0.4 mM solution of each), 0.3 mM dNTPs, 3 mM MgCl,
and 1U Taq polymerase (Promega). qPCR reactions were measured with an Opticon2
instrument (Bio-Rad) using the following cycling conditions: 95°C for 3 min, 40 cycles at
95°C for 15 sec, 60°C for 20 sec and 72°C for 30 sec. A melting curve analysis was
performed in order to confirm the unique and specific qPCR product for each reaction.
Controls containing no template gave no signal, or primer-dimers appeared only at Ct (cycle

of threshold) values (>35).

We were not able to find and validate S. bullata sequences for frequently used reference genes
such as B-actin [23] or a-amylase [21]. Only the sequence for 18S rRNA was accessible and
therefore comparison of 18S rRNA levels between the induced and control samples was used
as internal control for the reliability of total RNA isolation, DNAse treatment, cDNA
synthesis and qPCR quantification. Since 18S rRNA is highly abundant when compared to the

studied genes and it was not used as a classical reference gene [45,46]. As expected, the level
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of 18S rRNA remained nearly constant after induction. Therefore, we concluded that

normalization to 18S rRNA would not significantly change the results.

The Ct values of the induced and control groups were analyzed using Excel software
(Microsoft). The ratios of gene expression of induced and control larvae were calculated using

the dCt method (ratio = 2(Ctinduced)-Ci(control))y

Biological duplicates of the whole larvae, hemocytes and fat bodies for all of the time points
and treatment conditions were examined in parallel. Mean (columns) and standard deviation
(error bars) are shown in the graphs. All experiments were independently repeated 2-3 times

with similar results.
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Figure 1
Agarose gel analysis of Sarcophaga bullata rRNA isolated from larvae whole bodies (A). For

comparison, total RNA isolated from Xenopus leavis embryos (B).

Figure 2
Time-course of gene expression in the whole body of Sarcophaga bullata larvae by induction.

I - injury, E - E.coli, S - S. aureus and P - P. aeruginosa.

Figure 3
Time-dependent analysis of gene expression in the fat body of Sarcophaga bullata larvae
after infection with E. coli. PPO1 and 2, prophenoloxidase 1 and 2; SBP, storage-binding

protein; CatL, cathepsin L; Sarc, sarcocystatin; 26/29, 26/29 kDa protease.

Figure 4
Time-dependent analysis of gene expression in hemocytes of Sarcophaga bullata larvae after
infection by E. coli. PPO1 and 2, prophenoloxidase 1 and 2; SBP, storage-binding protein;

CatL, cathepsin L; Sarc, sarcocystatin; 26/29, 26/29 kDa protease.
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Table 1: Forward and reverse primers used for gPCR analysis.

Gene GenBank Forward primer Reverse primer
Accession
Number

Sapecin J04053 TCGCTGTTACCTTGTGCT TAAGGCATGCAAACCAT
TG CAA

Transferrin D28940 AGCTCGCGATGGAAAAC GATGGGCATGCTTTGTAG
TTA GT

PPO1 AF161260 TTCATGGAAAAGGGCAA CTTTTCGCCAAAACGTGA
AAC TT

PPO2 AF161261 TCACTGGCACTGGCATTT CCTTGCCAATATCTGGTG
AG GT

Cathepsin L  D297741 GTACCCAAATCGGTGGA GCGGAAATGTTGTCCCTC
TTG TA

SBP D16533 CGCATTGCAGAACGTAG CTGTTGTCCCTGTTGGAC
AAA CT

Sarcocystatin  J02847 GTCGGTTGTCCCAGTGAA TGTGTGGTGGCTGAGTTG
GT AT

26/29kDa AB011375 GGCAAACCATTCCCTTAC ATGGCCAATAGTGCCAA

protease AA AAG

18S-rRNA AF322419 CCTGCGGCTTAATTTGAC AACTAAGAACGGCCATG
TC CAC
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