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Abstract

Project Code: MRG5480261

Project Title: Structural and functional characterization of the five putative pore-forming OL-

helices of the Bordetella pertussis adenylate cyclase-hemolysin toxin

Investigator: Niramon Thamwiriyasati, Ph.D
E-mail Address: niramon25@yahoo.com
Project Period: 2 Years

Abstract:

Bordetella pertussis adenylate cyclase-hemolysin toxin (CyaA) represents a
unique RTX (Repeat-in-ToXin) pore-forming toxin that can permeabilize the target membrane by
forming lytic pores. Previously, the 126-kDa CyaA pore-forming (CyaA-PF) domain expressed in
Escherichia coli was shown to retain its hemolytic activity. The preliminary results from hydropathy
plot based on hydrophobicity analysis of an amino acid, together with mutagenesis studies,

suggested that the transmembrane domain of CyaA is the hydrophobic region between residues 500

to 700 and contains a five putative Ol-helical bundle. It is planned to investigate whether the
hydrophobic region of the CyaA toxin (CyaA-HPR) can equip for membrane insertion and pore
formation. In this study, the gene segment encoding the region (M482 - A751) was subcloned from
pCyaA-PF (M482 - R1706) plasmid and expressed as a 30-kDa CyaA-HPR protein in E. coli under T7
promoter. The CyaA-HPR proteins were unable to express themselves well and to exert the

hemolytic activity. However, CyaA-PF fragment with flanking the four CyaA-RTX repetitive block Il -V
named CyaA-PFA1 091-1652 was subcloned for solving the problem. The His-tag fused truncated
CyaA-PF was highly expressed as the 70-kDa soluble protein and shown to be a minimal active
fragment for pore formation. Taking together with the 3D homology model-based five putative helical
segments of CyaA-HPR and repetitive parallel beta-roll of CyaA-RTX structures, suggested that
hydrophobic region, segments of a post-translational acylation site-K983 to CyaA-RTX repetitive block
I (M482 - ngo) with the C-terminal region (V1653-R1706) are important for the structural integrity of

CyaA toxin for conformational changes and domain fitting in the pore state.

Keywords: Adenylate cyclase-hemolysin toxin, Bordetella pertussis, Hydrophobic region, Pore-

formation, Transmembrane helices
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1. NUMAZANMNFIAYVDIITWIVEY

. . a ¥ a ‘& =Y
1salansu (Whooping cough %38 Pertussis) Hulsedadavasszuumaduwmeladaiaan
\Tauuafii3u Bordetella pertussis Aadaldituanmsleautanulasass gaudaliaf ldiniidunu
a gl’ a A g & o <3 " . "
fﬂ:@mL%@LL@xLﬂ@IﬁﬂLﬂaunﬂiwu I‘mmﬂu%mlumm@manmaamimﬂlutﬂﬂ Baby killer" lasianie
' ~ A A Yo A & PR o ' Aol A Ao
TuszaznawnaziSuanIITIIa i adunalan gz 45 Suaudad ugmmam’mmﬂiﬁﬂ
fitlazanme 400,000 Audall (Crowcroft and Pebody, 2006) Uagtunisliiadudasriulsalonulu
@nuustin i lsiadusiia acellular pertussis vaccine 310N duuailuséiu filamentous hemagglutinin,
. . . { . é o v, v v 1
pertactin W&z fimbriae WNUA whole-cell vaccine F9¥N 1 Ta1NN3T19LABIRBHRININ KATAITTNBINY
o o @ A A [ . Ao % a A o ¢
anuEnLlsTaIsauiiadlalng  (polymorpholism) vm'mu@m‘samﬂﬂmummmmmﬂwuq
Tohama | lumsviniadu vl ldsunsadesnumsiialialaessfids=@ntnw (Packard et al.,
2004)

T sune adenylate cyclase-hemolysin (CyaA) ﬁ%é;aﬁ]’ml,%mmﬂﬁﬁﬂ Bordetella pertussis
unitaludass mﬁhﬂ”@ﬁﬁﬂﬁ%@ﬁﬁmmgmm (virulence factors) awnal#iianenFannwvaslsauaz
nazdunInauauatzadzuuniiduniuluau smsslinuanuduudsvesdreufineilelnen
frualunsasnlysdune CyaA Lfimﬂ%‘ﬂmﬁwﬁ'umyw”mfﬁuﬂ (Packard et al, 2004) ¥l
Tsanasfaidanuinaulauazinunzauiazdrundnwiieldidudindsznavlunisndaindu
Qmauﬁ'ﬁmaﬂﬂiaumsﬁw CyaA il Bi-functional toxin sw1alnajlszanm 177 kDa filsznavdy
2 §unanaAn laun Adenylatecyclase (AC) domain Waz Haemolysin %38 Pore forming (PF)
domain lap#s 2 duasviouiiludaszaani (Glaser et al., 1988) uazlu&1uvaIPF domain 5
Usznaudie 4 saudawda (i) Hydrophobic region (residues 500-700) Usznauaiudiwnizlaani
U 5 mﬁm%ﬁwhﬁmmém"’tyﬁﬁﬂﬁﬁ@ﬁﬁumﬁaﬁuLsﬁaﬁ (Powthongchin et al., 2008) (ii)
acylation site (Lys%s) Lﬂuﬁ’ummﬁlﬁ%yj Palmitoyl group Lﬂ’]‘;agljﬁ'ﬂ‘ma:mu Lysine ¢1u1d 983
91NN1INUVAICyaC-acyltransgerase  (Thamwiriyasati et al., 2010) (i) Gly-Asp-rich repeat
region (residues 1,000-1,600) Usznaudisninasilu Glycine uaz Aspartate GotunsaasSlundiala
{25909 Ius 1IN (Gly-Gly-x-Gly-x-Asp-Asp-x-Leu) Fagniaiduanuuziduzalysdu
TAETRANLAZ3INI RTX toxin (Repeat-in-ToXin) (Pojanapotha et al., 2010) Laz(iv) C-terminal
secretion signal region (residue 1,601-1,706) Wudrufigislunmasldsdnaanwoniaas (Welch
1991; Sebo and Ladant., 1993) LEAIAIATNT 1



NINN 1 waaalasiainaveadlys@une Adenylate cyclase — hemolysin

(Sebo and Ladant, 1993)

winiSunuldsduiy CyaA gnauasziaglugivas protoxin dtldamunarinule uazida

% [y Aa ' o . { o ' 983 A

tawlasl Acyltransferase (CyaC) nizgulifinaidnnylusiu (palmitoyl group) Ndumis Lys  Natl

lusuvas Fatty-acylation region ﬁ]::ﬂiz@j%ﬂ’ﬂ&lLﬂ%ﬁﬂ%ﬂdiﬂiﬁ%lﬁﬂ@ﬂﬂﬂ%ﬁlﬁ (Barry et al., 1991;

Hackett et al., 1994) Fana NN uvaIllTau CyaA BUABINNMINTINY calcium-binding

repeat region AUBENITUNZALLTASILAINBHIUNG O[3, integrin receptor W38 CD11b/CD18
A 1 a 6 & A < a .

(Guermonprez et al., 2001) NOYURNIVBILTRALNALRDADTI VNTUA macrophage, neutrophil L&

dendritic cell mﬂﬁfmzv‘i'}mmmné‘sLﬁﬁ;jl,ﬁaﬁwLsﬁaa“[@ﬂmﬁymmaa Hydrophobic region §4NaYIN

[V [ A v [ o . ' . v s =S A '

IWifiagumibeduisad uaziims translocatation #7u84 AC domain 1 lddlalniwaaduiat

A ' . ¥ o o . ' ° v a {

mulwoas S9ludiuvas AC domain # 923UNY calmodulin ddnarinliiiansifsundasaas ATP

{ ‘z’ ] 1 U o v, aQ { a 1 =) Qs Qq:

u cAMP  nnduatsniugalaila S ldfivTanmwes cAMP - Aunifiundidnd Suaduda

nazvaumhnwessasidafiansl wazdaliiiansansuuy apoptosis lufga (Gueirard et al.,

1998) uanNNALINUIN 1UTAUAE CyaA §NNTDIUNULTRALNITRAN bl receptor UWAILTAR b6

Vi rasidaiRoauatuns w3a liposome uaznaldifiagiuuiioad  wiswasuan lasaidunns

ANV ad PF domain (Osickova et al., 1999) LEAIAIATNN 2

AN 2 UEAINA PNMIYNUTaIlUTAuRE CyaA

(ﬁm http://www.pasteur.fr/recherche FuAwila 5 Jurau 2557)



NNNRINWITLAa RN AVEI Powthongchin & Angsuthanasombat, 2008 lawAalUsAuAL
{ Afb v &
l@W12&2% PF domain Uad CyaA (CyaA-PF) Ndwwialna ~126-kDa wazligndvihlvideiioauas
uan lasvhwsansmzlasseiluszaundunivessiu hydrophobic region dsznausdialasiainem
a o 1, a A A, . a4 | v o
ulnAB20aN13 W% 5 LNALD TINEIUVS transmembrane helix 28911356 % NA1AI1ZUNTNAIN
guibabaduaaduazyildifiasuufusadld minesesiiiasedaundzauiin wwiziusiu
° v o o ' . . d A
hydrophobic region 483 CyaA NI LAA28 A I AN T pore-forming toxin 5%6] GiN
lunsAnsasstaz¥innsuenaIwuad hydrophobic region 8anann CyaA WasANMTUE I GN
ci U Qs o v a o a 6 di a a dl o U =1 =3
Neatasrunainlumshldifezuuiugas inaldldldsdudsiaansnauld walivwadn
a { =) v =) 1 1 o v =) n€ 1 v A Q; = v
8NLAYN Naunsanda lddanmann Hadanvilduian uazaunsadeldifazuufioaadle
A ~ = a o & A a o a o A ' ae & X o
wWarialamalumyanudnldsdnldunntwlofounuldsduanwuoundumalng uissduhaarii
di 3 ﬁ [ aAa a 6 % = % (% % 1
waldldundalassafimadfuaziinnsimdusunisiassedimelasiaivzauluanaluudas
Fuinfzidanniaglugin hydrophobic region wazfindiud1d9iiieataslunsasiiguniioadd

agljluﬁ"m“llad pore-forming domain 2841U3AuAE CyaA

2. T0n13raIA20IHIVY
1) amnualasssimaifuainasisaninsainaiu hydrophobic region 189 CyaA
2) Lﬁam@i']LLmLaﬂ'rsmwT’maamﬁmé’avximgoﬁﬂuﬂm,l,mﬂéf’sLﬁﬁgiwﬁfuﬁaﬁwnaﬁua:ﬁﬂﬁ
Lﬁ@gfﬁuuwﬁfaﬁuma&uaﬂﬂsﬁuﬁu CyaA
3) Lﬁ"aﬁwmuagmmuLLaza%mﬂﬁ'ﬂﬂmzﬂavl,ﬂ‘lw,msﬂéi‘;LLa:ﬁa‘lﬁLﬁ@ﬁ’mmﬁaﬁuLéﬁﬂ&?ﬁ:@”ﬂ

luanazasindmdaninsizeslusfuis CyaA

3. szidgun529y
1) n1va319lU361 CyaA 1an1zdI%ua9 hydrophobic region (CyaA-HPR)
msadedunairoluséin CyaA Lawizdauas hydrophobic region (ad 482-751) lapth
WANFUAG UL pCyaA-PF ﬁﬁﬁ”’lﬂ@&l Powthongchin and Angsuthanasombat, 2008 el eaNISIRII
Wi¥ CyaA LaW1z&I4Uad hydrophobic region (CyaA-HPR) laginafiang Polymerase chain reaction

. . { @ a ° ' d 482
INMTBBNWULY primer Wae amplify gene L@aWzNNIREUBINTARLA LUGULAUIN 482 3 751 (M -

A751) Naslugiuvas hydrophobic region 111 PCR product Naa@38 Restriction Enzyme lidw sticky

U
end @18 Ndel ez BamHI Naa@adwa Ny pET-17b vector (WRAIAINTNN 3) NUUATIIFAU
ANUYNAaIraINAElanaIugunIai19llidu CyaA-HPR  launszuiumy Restriction  enzyme

analysis LLa DNA sequencing



Primers laanuuy Qﬂé'dmi’]zﬂ@ﬂ Thermo Fisher Scientific Inc. (Fermentas) lasaanuuy

ol 4 482 o AT R b 1 TITEOry
1WA M (start codon)uaznanuwuginineziilu L lfidu stop codon (Asudreuiug 3
Funiby) TIInaaWuiug 1 dunks ielfiiad1unibsvad restriction enzyme BamHI lun3da
 a A o ¢ ° . 706 A | Y a o @ . A
dafu Fsnanaewufiualudunis L ldduadan1sainellséiu dduiuauas Primers (13197
1) lasinuald druniendeisulaidu Restriction enzyme @nuwnild start waz stop codon waadlw

AW IUAIDNBIRULAY LALFILRUIEIAUILANNAN slw"'uijl,l,amlﬁ AL D WAIRUN

A13191 1 LRAISIAULURUAY Primer 711 14013v11 PCR

Primer Sequence Restriction site
M¥T Q F.
CyaA_HPR-f | 5-GATATACATATGACGCAATTCGGC-3’ Ndel
stop
CyaA_L706-r | 5-CCGCGCAGGATCCCGTTTCAAGCCCCGGTCAGCA-3 | BamHI

v

\iJa'lé” Recombinant clones Ngadn3ua) W lUAN M IUEaIaanlay 535 Transformation 147

§ E. coli 1uWuf BL21(DE3)pLysS uaznizgdunisuaasaanvaibudis 0.1 mM IPTG 71 30°C 1iu

A 6 Talas lasyhnsnszdumuaasaanianny pET17b vector waz CyaAC tiaidudiniugw

€ CyaA-PF >
452 A?E’ )1953 Pﬂ'[‘.'B
‘I_ll_ll_li““l o
/ R I I v v
! T T =a
'r “‘--._,___‘_“1_‘
/ cyaA-HPR Tl
II T T
p 1
,f M—'E: T463 Qﬁ—' F465 G—'ES L T c™ AT stop :
]
! §_ATG ACG CAA TTC CGC.. .CTG ACC GGG GCT TGA-3'!
.TT?;::ro
' 4078 bp

Amp'’

{ a § v v A v { v
NINN 3 UEAINAEIA pCyaA-HPR 7leu13a1n pCyaA-PF  duuuy Gidsenaudisdunaiiolysdu

CyaA (CyaA-PF, residues 482-751) LaW128I184 hydrophobic region muld 77 promoter



2) msa3191sAu CyaA-PF6HisA1091-1652 iv1adIu repetitive nanopeptide block 1I-V

WANRAA 7.5-kb pCyaAC-PF6His ﬁﬁiﬁaﬁu cyaA \@aWI1ZRIU pore-forming domain (3,678 bp)
Pwiudu cyaC (669  bp)  andanlfiduleaudunvuludadeducyas ldinfaianizain
hydrophobic ‘ﬁﬁ acylation regions Wa¥ His-tagged C-terminal end (praAC—PF6HiSA1091—1652)
Tagmsaadsiawlod Tatl wuy Partial digestion neldanzfildiawlsd 7at 0.5 U dat/Sanas DNA
120 ng e lwiewlodausnaa ldduntiafsINgeuius 1,824 2098 cyad ussldninimeiuoy
LUELEWETINA 7.5 kb 3NN TwEIN 7.5-kb DNA linear band fiasmsuanaeananLaauad
iandadnassaaianles Adel Aiduniain cyad sreuiua 3,513 InldunudiEueffawaiin

;IVUIA 5.8kb S’fiommmmnaaumwugﬂﬁawaa%umu 5.8-kb DNA band (Tatl/Adel) ‘&

%

luntzurunisaanatriaaraawlay Tatluas Adel 3V LA LAWATRAAN LA N B UL

Uaneidanizascu (stricky end) N ldaIu1Ta self-ligation 'la 396899 nsLUR% dsDNA drudans

(2

5’ stricky end YaInaalananaaaltLaw o Tat (5’ overhang restriction enzyme) 19w blunt end

u

Taansld Klenow fragment Y83 DNA polymerase | ﬁﬁ@mauﬁ@‘nad DNA polymerase lunsidu
finnalolndan 5 'lu 3'(Filling in recessed 3'end) uazdalanpdiiuiodoverhangiinaanuivas
wmaﬁ@mnmsgﬂﬁ@ﬁ’smauvlmﬁ Adel (3’ overhang restriction enzyme) lasn3le Klenow fragment
U8y DNA polymerase | ﬁﬁ@]‘mauﬁa“ﬂauaﬂéﬁﬂ 3 ->5' exonucleaselTwlAIN® (digesting away
protruding 3’ overhang)L%aN@iaﬂaﬁﬂ blunt end Vﬁaaaﬁmﬁw?% seIf-Iigationil:vL@T Recombinant

plasmid V84 pCyaAC-PF6His/A1091-1652 Neaduniinsnasile 1091-1652  lugiuwag RTX
region 8an WaTHARLUIA CyaA LaW1z&2% hydrophobic region AU acylation site

ARIINBUTINNTRENLAAUAL recombinant DNA @78 restriction analysis Laza33388LANY

v

an 2967875 DNA sequencing LLAaz¥i1N13 transform W E. coli BL21(DE3)pLysS competent cell

WWatABeti lwiAansuaaInanvasin 0.1 mM IPTG 71 30°C 1dulaan 6 Tlag I@Uﬁ’lmsm:@;l”u

MIUFAIBANTINAL pET17b vector Uaz CyaAC Liaiduainiugu

JaeiRansanalysiudts SDS-PAGE lasld 12% separating gel way 4% stacking gel
(MuaziBoamuaisuaglunmeanuin) lEnszualuny 25 mAgel luian 2-3 Falusaniuiunn
AN LAEBNAAIE 0.1% Coomassie brilliant blue R250 1Juwiian 1 T2 laudusluDestain solutions

U = A 1 tﬂq,
mmumawmwwumaaﬂa



AINN 4 U&AI Recombinant plasmid w89 pCyaAC-PF6HIsA1091-1652uazlaTia3n92adlusan
CyaA fragment ugasaannuldnsniuguuas T7 promoter lasanasuaadfianiniinaasnaany
promoter WaT genes, WRAIAIALUVBY nucleotide waznsaazdilundany 5 uaztany 3' 284CyaA-
o @ . Aa [ (% = r = T .
fragment RM1AUYDI nucleotideNdaLaulauaadfis start codon waz Amp LLRAINI Ampicillin resistance
SulunaasFuasuandsvalusdu CyaA fragment @duduSIItw hydrophobic region (i) g K™
duntaNin1aiduny paimitoyl group lusiuvad Acylationsite (Fiwdad) landau3iiscalcium-

binning repeat BasiwAiI N'°°- V*aan (1dude)



3) ﬂﬂ‘sﬁg%ﬁ%ﬁﬂwm‘[ﬂ‘sﬁ%ﬁaﬂ Western blot analysis

wHuaafiladan SDS-PAGE uazs3luledoud Coomassie blue nandnalusuaunuen
nitrocellulose membrane 1835 wet blotting TagsinuiHs nitrocellulose membrane NITANENTBILAY
WHuLAaws b transfer buffer (192 mM glycine, 25 mMTris-HCI, 20% v/v methanol, pH 8.3) SITEEY
Uszanm 10-15 wftannsiwsinaniSesum blotting cassette ¥inm3gnalusduaananniaa Lty Hauen
nitrocellulose membrane AinszualWw1Aafi 350 mA 1uwaan 1 Talasdoausu nitrocellulose Faod
0.1% Ponceaus S 4 5% acetic acid 5-10 3wfian9&Ponceus S aan@”wﬁwmfmlﬁaﬁﬁmi block
nonspecific binding laan15usl Blotto solution (5% skim milk 11 1X PBS buffer) 2 2 luganius
Wi nitrocellulose membrane 44 Anti-his polyclonal antibody 134 Blotto solution @288@3&IW 1
2,000 w1t 2 Talugdn9da PBS-T §1w7n 3 a519az 10 wifinasaniuuglu carbonate buffer (100
mM NaHCOj;, 1 mM MgCl,, pH 9.8) ﬁﬂs:ﬂauﬁ’m developer solution [5-bromo-4-chloro-3-indolyl
phosphate/nitrobluetetrazolium (BCIP/NBT)] anfisuusuaasnsdasinnauuaziivlilufida

£ ®
4) m‘s‘nﬂaanmiaanqnsmammﬁammdtmz

Hanazanuidalieauadunz8o0 pl 1 1X TBS (20 mMTris-HCI, pH 7.4, 5 mM CaCluas
150 mMNaCl) aNaNnuanIazaslUsfuaiasnauad pET17b vector, CyaA-HPR, CyaA-PF6His,
CyaA-PF6HisA1091-1652 atindaz 200 pl (~1 mg total protein) wa3tin 1y incubate 91 37°C 1IN
5 gludrasnnnuwin lUdunanusisey 12,000Xg tuan 2 wfinaziAusIw superatant 7@
' A A v A A A A & A < &
A19anAuLaINl ODsy MMANMUTUFUAIvasTlalnadunngaanidaiiea lun1masasniad
o Y & A A A a . & A
Mrualrasacanaidaifioauaiunz lidlUsanidn Negative control LaLE1TAZANELAALRBALAILAY
AINFNAL 0.1% Triton-X 104 Positive control (1fialRaauasuannInuadaidns 100%) lasilasidue
NTUANTBINALRDALAIVBIFITAIDENIAIWITAAN {[ODs4VBIRNIAIBE19 — ODsgyp Negative control]
/ [ODssoV89 100% hemolysis — ODs,, negative control]} x 100 Imnﬂ@ﬁaﬂ'wﬁw 2 91 1% 3 A9

A a 3 ot a a a [ v ad aa
mimammﬂuamm ANUULAZIUTI VNS VAR IEHHNAN18I TN IR D AStudent’s ¢ test

5) n1yrwARIlAIESEINAAYa9lU3AK CyaA-HPR laglzldsunsavinuie

ldsunsuvinunslassasreauid@ (3D-homology modeling) tunsmlassasrsannlusaunidran
289n300:AlufafuAfInt Sinnainvzlanuaunusmeiauwins weellassaaauifannms
naaasNnduduuuy  lasfruanilassasrslugisved hydrophobic region 2adlus@uR CyaA

Wisufisunulassasnsanufifvad Rhodopsin template (PDB file GZM)



4. NANNIIY

[ S 1 . . =
1) wan1Ia319lAani cyaA Llan1zd@I% hydrophobic region LazN1SUAAIDBNVBIEH

innaaiia pCyaA-PF fianale unsataseiduanizain hydrophobic region (cyaA-HPR)
lasnnseanwuy forward primer: 5-GATATACATATGACCCAATTCGGC-3’ ey reverse primer: 5'-
CCGCGCAGGATCCCGTTTCAAGCCCCGA-3  awdau Hiudjisengnlglnfiwaisa lasld
qmwgﬁlufmau annealing (T,) 71 57°C $1mI% 30 38U uMIILATzRMWIaUas PCR products

‘Ydllvl,@iy @28 1.0% (w/v) Agarose gel electrophoresis WUWLNL PCR products U116~700 bp. (mwﬁ 5)

Fudmua9 PCR products 7ile aainiuis cyaA-HPR Afldeuiua 684 bp. A&1u1Tn
naasrannInazdluidunis M 89 A va0lusa@ e CyaA Law1z&2% hydrophobic region @9
fdumifiananInaaaay Ndel uaz BamHl fisnumiitany 5 uaz 3' 9Mnnseanuuusie forward
LA reverse primers AURIA s'f%oﬁﬂﬁmmméi'@@iamlu pET17b vector ﬁ@lq'@] restriction enzymes

. AuriaLasIn LIuHaYin i e recombinant plasmid ft38n77 pCyaA-HPR w1@ 3,926 bp

bp. M 1 2

2000 = -
1500 -

1000
900 ~a

800
700 H

600
500 @ »

400

300

200

100

AN 5 W§Ad PCR products ldandjisongnlglnfiwaisa wiald T, 71 57°C Tianziean 1.0%
(w/v) Agarose gel electrophoresis

PCR products 1838% cyaA-HPR 1w19 ~700 bp. (lane 2) @‘i’nmﬂ@‘ﬁ@ﬂmﬁ Wz Negative

control Airnwualwlaid plasmid (lane 1) \afisuny 100bp Ladder DNA Marker (M)



\{iath recombinant plasmid 71lél wvihn1Inszdulifiansusaseansasiiu cyaA-HPR ¢

a

MIL@N 0.1 mM IPTG inducer Nigasnnd 30°C luiian 6 Talus wud dnsusaseanvasidu asaz
~ v a a a d. dl = Qs
W lanniiauaulysduie CyaA-HPR au1a ~22 kDa (NW# 6, lane 5 — 7) laifisunuuny
136 un1a337% Chromatin Prestained protein ladder (M) uazaz liwuunulusdud iaaglugaen
lalainmsmieatldifansuaasaanvasdn (uninduced CyaA-HPR) (AMW# 6, lane 4) lunns
nanasi lgarnIuguiinmuniuaaiaanadbu (control)  @1uan1IzNilEaIna11 fa CyaAC-PF
wudn iiauauldsin CyaA-PF wu1a ~126 kDa  wazkauldséu CyaC wu1a~22 kDa  Lwg9h
i ldiiansuaadaanuasdn (induced CyaAC-PF) (AW 6, lane 3) Waifisunulugaef bai'le

fmswmieniin (uninduced CyaAC-PF) ("W 6, lane 2)

kDe

95

42

29

= ~22 kDa

22

AN 6 LaasHanITnientinliiiansuraseanveslUsiufe CyaA-HPR  1ladiasnerials 15%

SDS-gel Nfau@18® Coomassie Blue

lag Lane M: Chromatin Prestained protein ladder
Lane 1: 973 induce 284 pET17b
Lane 2: 9249 uninduce Y84 CyaAC-PF
Lane 3: 9723 induce 284 CyaAC-PF (Control)
Lane 4: 994 uninduce 2849 CyaA-HPR
Lane 5 974 induce 184 CyaA-HPR Talaidifi 1
Lane 6 #34 induce 189 CyaA-HPR lalaiifi 2
Lane 7 29 induce 789 CyaA-HPR laladifi 3



uananit Gawud shminluanavedldsduiiugaiaanyas CyaA-HPR saaadadnumiinin

luanafivhwislaslglisunsy Compute pl/Mw 3ng1utiayaniy Bioinformatics LilafAaandumnis
A 482 705 a A ' . @

2g9n3aazdlu M D9 AT 993 224 nyaezilu 9861 Theoretical pl/Mw L¥inAL 4.49 / 21179.74

Da. LEAIAINTNN 7

i 7 LLamwamiﬁﬁmﬂﬁmﬁfﬂiuLaqa"naﬂﬂiﬁuﬁw CyaA-HPR :nsnaunInasillu

WaldSouifisulaseasnslugisaad hydrophobic region Ua3lUsAus CyaA nulassaiauia

2U8Jd Rhodopsin template (GZM.pdb) ANRANNTT 3D homology modeling WU la398319289 CyaA-

500 700
-Ser

HPR (Leu ) Usznaudieinfsinaawiswin 5 inauavad O-helical bundle (OL1: 501-519,

OL2: 527-556, OL3: 566-588, Ol4: 612-640 LLaz OL5: 650-685) @”amwﬁ 8

NINN 8 LaAIlATIRIIENNNAVaI CyaA-HPR

INMSFUWEN ag’lugﬂ Ol-helices
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2) wamsa319lnau pCyaAC-PF6His/A1091-1652 ALMISHAAIDDNUDIEIH

WWagda 7.5-kb pCyaAC-PF6His ﬁﬁiﬁ”aﬁu cyaA & NW1z®IW% pore-forming domain (3,678
bp) SAAUEU cyaC (669 bp) Maasain cyaA 1AKABLANIZEIW hydrophobic Af acylation regions
ae His-tagged C-terminal end (praAC-PFGHisA‘I091-1652) lasnaaalstawlsy Tat | wuy
Partial digestion aldanladmusnaaladiunianfoifisieuius 1,824 vo9fin cyad uazld
NAA A TLOULLWALEWe1IIA 7.5 kb 9NNiuTuEIw 7.5kb DNA linear band fidasnisunana
panaNLaudIINaaanasITaewlnd Adel Aid1untksfin cyad dreuiua 3,513 vk lauaudian
La‘ﬁ'ﬁ"nmmﬁﬂm“um@ 5.8 kb @w\‘m’lwﬁ 9 mmfulf Klenow fragment &3 DNA polymerase | L%aw@ia
1a1® blunt  end ﬂgaaaa@‘fmﬁ’s ek self-ligation 22'lé" Recombinant plasmid 283 pCyaAC-
PF6HisA1091-1652 fidaduniansnaziilu 1091-1652 Tudruwas RTX region 88N WATHAAIUIA

CyaAlLaW1£&7% hydrophobicregion AW acylation site

—
8.1
-75
-
71
6.1 - . -58

o -

AT 9 LRAINANNTAA pCyaAC-PF6His plasmid saitawlasl Tatl uazAdel 1ia3iazials 0.8%

(w/v) Agarose gel electrophoresis
Land M: 1-kb DNA Ladder marker
Land 1: Purified 7.5-kb DNA linear band fieaaaaianlas Tatl

Land 2: 5.8-kb DNA band fisaseiawlssf Tafl uas Adel

11



Warhmawileaihldiiamsuaaseanuaslusfiugas 0.1 mM IPTG ‘ﬁqmﬁgﬁ 30°C 1duiaan
6 Talug muldn13aIuau T7 promoter 189 pET17b vector LE.colisuWg BL21(DE3)pLysSHU
pCyaAC-PF6Hisfin1suaasannaasllsfiuCyaA-PF 71l His tag faatnisenuilany C-terminal U@
~126 kDas2wnuldsdn CyaC au1a ~21 kDa (mwﬁ 9, Lane 3) &% pCyaAC-PF6His/A1091-1652
fnsuaasaanveslUsfiucCyaA-PFeHisA1091-1652 fragment 71l His tag Aaagirunin uazilawe
~70kDa(@hﬁ"L@Tﬁ)'mmsﬁ'1mmﬁmﬁfﬂimaqa=68,392.2o Da uaziidn Isoelectric point (pl) = 5.07)
frwruldsdiu CyaC 1wa ~21 kDalafisurwanuunuuuwllsduinas;w uszaansnnaallsdiu
Adsmsoanunlud3unownn (And 10, Lane 2) taamasaudiuntisasuunllsfiuCyaA-PFeHis
W8:CyaA-PF6HIsA1091-1652 7ileene3T Western blot  analysislagnsled Anti-his  monoclonal
antibodies NsLwzaansnasilu 6XHis (His-tag) WU 1anTadinunuuunlysaudiuniadoni
fil SDS-PAGE uaasasnIni 108

A) kDa M 1 2 3 B) kDa M 1 2 3

ﬂ'l‘W‘]?; 10 u,amwamsmﬁmﬁﬂﬁﬁ@mmamaaﬂmaoiﬂsﬁu Lﬁ@%tﬂi’]zﬁﬁ’]&l 12% SDS-
PAGE L8z Western blot analysisI(ﬂ o/l Anti-his monoclonal antibodies
AN A) wgeImMILaasaanasllsin lioSaszieny 12% SDS-PAGE
NN B) LLa@dmiﬁqﬁ]ﬁ@‘hLLﬁﬁdmadIﬂiau @18 Western blot (Corresponding gel)
1@8 Lane M: Prestained protein markers
Lane 1: pET17b vector ﬁmﬁmﬁﬂﬁlﬁ@mma@aaaﬂ
Lane 2: pCyaAC-PF6HisA1091-1652 fitwfignsilwifiamsuansaan

Lane 3: pCyaAC-PF6His Mindisinliiiansugasean

12



mﬂifum’maaugﬂLLuumaaIﬂsﬁuﬁ"L@T fransrldirasuanuaziwnissfiinauisiseu
12,000Xg RougnALTERINIdIn 9 supernatant fractions AildsduAiazanoinle (soluble proteins)
Waz Pellet fraction 7id1Usaui lazansin (insoluble proteins) ¢ uafilawudn 1us@u 70-kDa CyaA-
PF6His fragment aglugﬂmaﬂﬂiﬁuﬁazmﬂﬁﬁ w30 soluble form AWLluTUBE9 supernatant (AN
10A) ATIIFDUGILAUILAZTRAVBILLWIUTAUGE Anti-his monoclonal antibodies laHazaandaInL
SDS-PAGE (nwil 11B) ﬁmﬁfﬂimaqamaﬂﬂsﬁu CyaA-PF6HisA1091-1652 #ilalnaidnsniuen

imsinluananldannmavhwslaslglsunss Compute pMw fwiuninaziiluninua 660 @

1 Theoretical pl/ Mw LYinNu 5.07/ 68,392.20 Da

A) kDa M 1 2 3 B) kDa M 1 2 3

A 1 usasansuzgdunullsducyaA-PF fragment 71l6an SDS-PAGE uaz Western blot

analysisI@ﬂl“ﬁ Anti-his monoclonal antibodies
NN A) LLamgﬂLLuwaaIﬂsﬁuﬁVL@T \fafianeviehe 12% SDS-PAGE

MWB)  uRAIMIRFIRdunizaslilsdin @2 Westemn blot (Corresponding gel)

1ag Lane M: Prestained protein markers
Lane 1: Total lysates madCyaA-PFGHisA1091-1652
Lane 2: Supernatant fractions °ua<1CyaA-PF6HisA1091-1652
Lane 3: Pellet fractions ma\‘leaA-PFGHisA1091-1652
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3) wamseengndlumsimlvisiameauaanzuan (Hemolytic activity)

NNNINAFILANNEINITANTUANYBILIALADAUAILAZWLGN Cell  lysate a9 CyaA-

PF6HisA1091-1652 fragment AN NTHUaI815aza8 1 UIAUNIMNa~1mg sunsarinliidaiiea
v A ot v J . {

LAdLNzUAN ke 24+0.4% GefsrauidasiFudnisuanitasnin Cell lysate 289 CyaA-PF6HIs Nanunsa
o v & A R ] [ 1l A v o o ana dl
mldaifeauasunzuanlans 45:0.5% uandanuwasnsivefanneaia (p-value < 0.01) (nwi
12A) luva=f Cell lysate 9849 pET-17b ldanunsarldidaiiaauasunzuanlaudatnela (2£0.9%)
1 1 o v & U 1 Qs 1 U é 4 AI v v
#71% CyaA-HPR lanansavilvidaiiaauasunzuan taisuns (IWlduaaing) Salaiiuanuingu

Y3 Iazanslusduninuaidn ~2 mg wuinlusduasfe CyaA-PF6HisA1091-1652 Jiasidud

X L4 e ; e X
ATUANVBILTALRDALAILNSIANNTURBILYINATEAU 4440.8% LU heICyaA-PFEHiSLANAULN L

\ o ' Y Aaa VAN o ) Y ) 4
65+1.1% WANANNWAENIIREEIANIIRAR (p-value < 0.01) uddfladszaulnadssanuwuind

(AN 12B)

(A) (B)

M 12 uaeadasidudnsuanuaddaliontadunsaadCell lysate NlUsAURNIIWHCyaA-PF6HIs
Waz CyaA-PF6HisA1091-1652 fragment finuituduvasansaza1slusdu ~1 mg (A)

WRZNAMNULTNTY ~2 mg (B)
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5. a@wauazaﬁﬂswwa

{ a Qq/’ a { U U v ‘é a
1156% CyaA-HPR au1@a ~22-kDa finaaaaninnuidSunmideudnstas d9enaiaannns

uaasaanvaIduanizdIu hydrophobic region wwidusiunianulalasiningiuazdlassairsan

mM3vuwnewdu O-helical bundle  AdaNuaIvTalMTazaBiNdnazaalanuduRsdatTas
& ) A a L e A o &2 o v A o ¢ a AL v o
laad E. coli lumaaSgidulaudsaniuiiwawiaas asvhlnlandanmsiveslds@undaudraias
2198 sUSURuuTiav0 9L Taa L a8 W38 expression vector #3AUNANITRNABNITLRINBANYDY
a 36 % a & . ' a2 ¥ o ' ° [%
Surfaitlilannidsdn (Francis & Page, 2010) agndlsAanulusawanizTusiuiasladzuarilai
IalReauadunzuan la uaadliiininaniz@iuvad hydrophobic region LWedagnaL@el laigN150
8319 pore WioFIUUANTAR Fududasododusindulugiuaad pore-forming domain a1z Ieln

a o v A K o o e % v
ﬂ’ﬁL‘iUx‘i@]’JIﬂix‘laﬁ’]\‘mﬁﬂU@%UﬂﬂLTﬂﬂLﬂﬂ%&l’m‘l@]

1@ CyaA-PFeHisA1091-1652 u1a ~70-kDa fignuanaanannuatlujiuas Soluble

form Ainzanoin ld 15wiALIAY CyaA-PFEHis wild type Miudiunuses native folding fatgluziuas
. oA o v & & a o i a A o K @ o .

soluble form LEWLALINY UEAILALAKDS NTI58967 Folding edlUsdunasnunfeni uasgdnuin

11561 CyaA-PF6HiIsA1091-1652 Nilvwatdnasiiiszaunsuaadaanuadldsduinuinnin  CyaA-

i i { & e A ¥

PF6His wild type luvnzfinsuaadaantad CyaC vu1a ~21-kDa whislvinnn 49lUsén CyaC #Aiiu
o a ' . { o ' 983 A ' o ' ° a

dainandluniaiduny palmitoyl Adunk Lys  nenaiidanuddydanmvhauvedldsduansfis

CyaA N4n34Aa cytotoxicity wae hemolytic activity kazanaaziduainansnsrstandszdniaiwlums

=* o A o & & % a o
U@LﬂﬁzﬂULﬂaﬁ&JL‘ﬁﬂﬂ“Ua\‘iL‘ﬁaaLﬂ’]‘ﬁ&nUaﬂ@’)ﬂ

WaSsuiisulseantnwaasllsfuasfe  CyaA-PF6HisA1091-1652 11y CyaA-PF6His
@anN1ILANVBILIALREALAILNZANN Crude lysates Wuiﬁﬁmwtﬂ’w"fu ~1mg total protein 2zl CyaA
agjilzanms 10 ug Taufi CyaA-PF6HisA1091-1652 naewusianumanInlumsiliidaifieauas
WNZUAN 24+1% Houninavadlsauanshe CyaA-PFeHIs  Un@ (45£0.5%) Fouanananuaded
wuidnesiausasliifiuin RTX region sufidasanlfinarlinisuanvesdaiiaauasaaasly
seaumnits oadunzaInues repeat (RTX) region MRanwmemssssdraunsnaszdludiiiug ¢
289 Gly-Asp rich repeat region idusiuilisuinuasGuurnltilasulasiainsnuy Beta-roll
structure 1NN C-terminus Va4 CyaA toxin 1ﬁa§1u3ﬂﬂnaﬂﬂiﬁuﬁﬁwmﬂﬁ (Pojanapotha et al.,
2011; Bleuner et al., 2010)

waagslsiany Wedmainanududuaslusaudn ~2mg  wuinlUs@uasReCyaA-
PF6HIsA1091-1652  Hidosifudnsuanaasidadsauasunsiindusasrindudadiulasase
(44£0.8%) luvmsACyaA-PF6HistRNTWADS 65:1.1% Litudasiulasasenudsunmlysan 4
waliudn UsunmvealsanansAie CyaA  truncate  fragment Miiinduaginsdatitasazyinle
anusansnlwm i liidaiioauasunzuanawfisuyinny CyaA-PF wild type Gonan1snasadila
fugasliifing TUsauansRe CyaA andodIuad RTX  region  wm3sunuLmasiinangiie
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¥ (2 ' & g e 4 b=~ H = £ 7 H s
Do wivinni (Target cell specificity) WalSunmuad Toxin LANNINDL a:mmsnl%w%uu Acyl
group anchor Luddaiunufinsaduaziniisdviliiinunindizas hydrophobic region LingLaas
\fianszuIun13 Oligomerization Aifalifiniuufiisaduazyilfiaasuanld (Bauche et al., 2006)
A = & P ~E & A . L. a a
Fi919naannenie bain nalnlunseangnidaiiaiiaaunad (Hemolytic  activity) 289lUsAun
CyaA ltnalnnsunsn@awas hydrophobic region kazMIIUALLTASLLNRNNLGE acyl group MANT

ﬁﬁlﬁ’Lﬁ@Lﬁa@LL@GLLﬂZLL@ﬂ

nnuamInasasaitlain dezauanudnialunisaiislaau pCyaAC-PF6HIsA1091-1652
RNIONAALLUIAY CyaA Llaw1z@I11a9 hydrophobic region N1fl acylation site Waz C-terminal His
[ A o A .o . . A v o
tag MILINARANIINUTIAINTINULLLY restriction enzyme digestion  Fsldsdiunlddvura ~70kDa
a ' A & a P~ v & A v A a A
USunomnn aglugtuuufazaoiuazignivildiidedoauasunzuanld Solusduansfie CyaA-
PF6His fragment 71la% su150ltdasaalunisannanasaaatiarilassasarudauaziinewim

% =} Qs U Qs 1
3u LUUMIIALTIAIN9 AT ama‘s:@uimaqam allluauaa

VaLAWDUE
A A G Aa . . A o ' a 983 1 .

1. AIIWFIULUIUNTILNG  Palmitoylation Adunransaaziilu Lys Tusiuwes acylation
region 283l1/3AunauWE CyaA-PF6HisA1091-1652 3nnsvhauvadiawlad CyaC-
acyltransferase lat3T Mass  spectrometry  &sduduinmsnanuwusdaadainlaiil
WaNIzNUAaNILANAY palmitoyl group udaenile

v aQ le v 4 . . .
2. awhlds@ulduSgnBeiunisldinies High Performance Liquid Chromatography
4 ﬁl =) Q€ { v o { ) o v a Q€ v
(HPLC) aAnanNyIanduaslusdunld wazihlusdunsimmavinlvuIanduasly

ANAzNawlUIAUASFAALAZAN LATIRIIIFINTANS Crystallography 68k
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Abstract

In this study, the recombinant plasmids encoding the CyaA
hydrophobic region with an acylation site (CyaA-PFA1091-
1652) have been subcloned by restriction enzyme digestion and
over-expressed in Escherichia coli as a ~70-kDa soluble protein.
The particular gene of interest will be further investigated its
functionality. When hemolytic activity of E. coli lysates
containing soluble truncated toxin was tested against sheep
erythrocytes, the importance of pore-forming a-helices with
acylation sites, was revealed conceivably for hemolytic activity
against sheep erythrocytes.

Introduction

CyaA Is a virulence factor secreted from B. pertussis, a
causative agent of whooping cough [1]. It Is classified into the
RTX (Repeat-in-ToXin) family due to its tandem repeated
nonapeptides, Gly-Gly-X-Gly-X-Asp-XU-X, which are the
putative calcium-binding sites [2].

Fig 1. The interaction of RTX toxin between the target cells.

Objective & Methods

To pave the way for studying mechanisms of membrane
Insertion and lytic pore-formation, we decided to construct the
recombinant clone of hydrophobic region together with an
acylation site within the PF domain (cyaA-PFA1091-1652) co-
expressing with accessory cyaC gene.

/
, S, M482 T483 Q84 485 N1074 \W1075 R1076  stgp .
/- 9 AIG ACG CAA TTC ... .. AAC TGG CGC TAA 6XHis 3’

\ /

Fig 2. Schematic diagrams of the recombinant plasmids
(pCyaAC-PF6HIsA1091-1652) encoding the CyaA protein fragment.

Subcloning & Expression

The recombinant CyaA subdomain have been successfully
generated by genetic approach and over-expressed as a soluble
native fold.
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Fig3. Protein Expression of pCyaAC6His and Fig4. Western blot analysis by Anti-
pCyaAC6HIs A1091-1652 (12%o SDS gel) His monoclonal antibodies

Hemolytic activities

The hemolytic activity of the CyaA deleted fragment toxin
was 2-fold reduced (24+0.4%) when compared to the wild-type
toxin (45+0.5%).
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Fig 5. Hemolytic activities of wild-type and mutant CyaA-PF
toxin against sheep erythrocytes.

Conclusion and applications

Hydrophobic region with an acylation site of CyaA toxin
are essential for toxin activities. These results suggest that the
structural integrity of CyaA toxin IS necessary for pore
formation and entry into target cells.
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Introduction

Adenylate cyclase - haemolysin toxin (CyaA) is a large protoxin (~177 kDa) which is a bifunctional toxin composed of two functional
domains, a 400- residue N-terminal adenylate cyclase (AC) domain and a 1,306-residue C-terminal haemolysin or pore-forming (PF) domain
[1]. The PF domain comprises four important parts; a hydrophobic region (residues 500-700), an acylation region (residues 800-1,000),
a glycine—aspartic acid repeat region (residues 1,000-1,600) containing the nonapeptide repeats (Gly-Gly-X-Gly-X-Asp-Asp-X-Leu), and
a C-terminal secretion signal. Toxin activation of CyaA via palmitoylation at Lys®®? and calcium binding to the nonapeptide repeats are
required for delivery of the AC domain into the target cell interior as well as for formation of lytic pores [2].

Previously, the CyaA pore-forming (CyaA-PF) domain expressed in Escherichia coli was shown to retain its hemolytic activity [3].
The preliminary results from hydropathy plot based on hydrophobicity analysis of an amino acid, together with mutagenesis studies,
suggested that the transmembrane domain of CyaA is the hydrophobic region between residues 500 to 700 and contains a five putative o-
helical bundle, but its structure of pore formation still remain to be investigated. To pave the way for studying mechanisms of membrane
insertion and lytic pore-formation of the B. pertussis CyaA toxin.

polymerase 1. The digested plasmid was facilitated the self-ligation
later on. The resulting 5,880-bp recombinant plasmid was named as
pCyaA-PF6HisA1091-1652 (see Figure 1). The correct construct
Plasmid DNA extraction by alkaline lysis method was verified by restriction analysis and DNA sequencing.

4

Construction of recombinant plasmids by
partial digestion (7afl) & complete digestion (Adel)

4

Synthesized the blunt of recombinant plasmids by
Klewnow fragment of DNA polymerase [

Figure 2 Restriction enzyme digestion for subcloning Figure 3. Expressed protein profiles of pCyaAC-PF6His and
of pCyaAC-PF6His template pCyaAC-PF6His A1091-1652
l Expression of the CyaA truncated toxin
Toxin expression The recombinant plasmid was transformed into E. coli

BL21(DE3)pLysS for expression the gene product. The ~70-kDa
CyaA fragment with C-terminal 6His tag (calculated molecular mass
= 68392.20 Da) was highly produced almost exclusively as a soluble
protein compared with the wild type (Fig 3). The 21-kDa CyaC-
acyltransferase was also expressed in this condition.

Figure 1. Schematic diagrams of the recombinant plasmids
(pCyaAC-PF6His A1091-1652) encoding
the CyaA protein fragment.

In conclusion, this present report provides evidence that the gene
segment encoding the hydrophobic region with an acylation site of
CyaA toxin was successfully subcloned. The 70-kDa truncated CyaA
toxin with 6His-tagged C-terminal end was well highly-expressed as
a soluble protein in E. coli in order to further study its functionality.

Construction of recombinant plasmids containing the cyad-PF
fragment gene

The gene segment encoding the hydrophobic region with an
acylation site (deleting ad 1091 to 1652) and 6His-tagged This work was generously supported by the Thailand Research
C-terminal end of CyaA was subcloned by restriction enzyme| |Fund in cooperation with the Office of the Higher Education
analysis. The pCyaAC-PF6His template was digested with one cut| |Commission (to N.T., MRG5480261)
at the 1,824-bp cyaA site by Tatl restriction enzyme (7.5-kb band)
and 3,514-bp cyad by Adel restriction enzyme (5.9-kb band)
(See Figure 2)' TO Create blunt ends Of double-Stranded DNA’ 1. Ladant, D., and Ullmann, A. 1999. Bordetella pertussis adenylate cyclase: a toxin with multiple talents. Trends Microbiol 7: 172-176
filling in recessed 3' ends of DNA fragments and digesting away | | (o i pome Bt ofcicum. Bochemy 4 0778080 e e
protruding 3' overhangs were made by Klewnow fragment of DNA

3. P in, B., and A C. 2008. High level of soluble expression in Escherichia coli and characterisation of the CyaA
pore-forming fragment from a Bordetella pertussis Thai clinical isolate. Arch Microbiol 189(2): 169-174.
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ABSTRACT

Adenylate cyclase-hemolysin toxin (CyaA) is a virulence factor secreted from the
etiologic agent of whooping cough, Bordetella pertussis. Previously, the recombinant CyaA pore-
forming (CyaA-PF) fragment was showed to be expressed in Escherichia coli as soluble protein,
which found to cause cell lysis of sheep erythrocytes and the primarily results from
hydropathyplot based on hydrophobicity analysis of an amino acid, together with mutagenesis
studies, suggested that the transmembrane domain of CyaA-PF was the hydrophobic region
between residues 500 to 700 and contained a five putative a-helica bundle. Howeverthe
molecular mechanism of action of the CyaA-PF toxin is still not completely described,
particularly the steps of toxin insertion and pore-formation in target cell membrane.Here, the
recombination plasmid encoding the hydrophobic region with an acylation site (CyaAC-
PF6HISA1091-1652) was constructed by the restriction enzyme. The mutant protein was over-
expressin E.coliverified for toxin acylation as a 70-kDa soluble protein which cross reacted with
Anti-his polyclona antibody. When haemolytic activity of crude lysateof soluble mutant protein
is tested against sheep erythrocytes and the DNA sequencing as the result are corresponding to
the wild-type toxin. This present report that the recombinant CyaA C-PF6HisA1091-1652 protein
comprising the hydrophobic region with an acylation site can be high-level soluble expressed as

native-folded precursor that conserves at part of its functionality

Keywords: Acylation, Adenylate cyclase-hemolysin, Hemolytic activity. Hydrophobic region,

Pore-forming toxin

Abbreviations. AC (adenylate cyclase), CyaA (adenylate cyclase-hemolysin toxin), CyaA-PF (CyaA pore-
forming),|PTG (isopropyl-p-D-thiogal actopyranoside), PM SF
(phenylmethylsulfonylfluoride),RTX (Repeats-in-ToXin), SDS-PAGE (sodium dodecyl

sulphate-polyacrylamide gel electrophoresis)



1. Introduction

Bordetella pertussis, a Gram-negativebacterium causing whooping cough in human,
secretes a variety of toxins including the adenylate cyclase-haemolysin toxin (CyaA) which is
important for respiratory tract infection(\Wood and Mclntyre, 2008). CyaA is large protein toxin
(~177 kDa) that is a typical member of the pore-forming RTX cytotoxins (a subgroup of the
Repeats in ToXin (RTX) protein family) which is composed of two functional domains, a 400-
residue N-terminal adenylate cyclase (AC) domain and a 1,306-residue C-terminal haemolysin
or pore-forming (PF) domain. The CyaA-PF domain (~126 kDa) is separated to four regions, N-
terminal hydrophobic region, Acylation site, a Gly-Asp-rich nonapeptide-repeat region or
Calcium-binding region and an C-terminal signal peptide sequence. However, these CyaA toxins
require post-translational acylation at acylation site, e.g. pamitoylation a Lys™ by CyaC
acyltransferase to turn into an active form (Hackett et al., 1994). Following secretion, the CyaA
toxin is stabilized by extracellular calcium ions that act as a structural stabilizing bridge ina -
roll motif of the Gly-Asp- rich repeats(Pojanapotha et al., 2011).

CyaA toxin affects to human immune cell by binding to amPo-intergrin receptor
(CD11b/CD18) that has been represent on neutrophils and macrophages surface. Then it's
translocating catalytic AC domain into the cytoplasm. Upon binding to the intracellular
calmodulin, CyaA catalyses the production of supraphysiological level of cAMP and
subsequently inhibits normal functions of phagocytes, leading to cell death by apoptosis(Cheung
et al., 2008; Gueirard et al., 1998; Vojtova et al., 2006). However, CyaA toxic can against sheep
erythrocytes, which lack the amBo-intergrin receptor, suggesting a different mechanism of cell
invasion(Osickova et al., 1999). Nevertheless, the 126-kDa CyaA-PF fragment (haemolysin
domain) was found sufficient to cause haemolysis of sheep erythrocytes (Powthongchin and
Angsuthanasombat, 2008), co-express with CyaC which acylation at acylation site e.qg.

83

pamitoylation at Lys™®%of toxin protein to turn into activate for cytotoxicity and haemolytic

activity (Hackett et al., 1994; Thamwiriyasati et al., 2010). However, the hydrophobic region of
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cyaA was deleted resulting in toxin protein could not be pore-forming on lipid bilayer, that show
the hydrophobic region was importantly pore-forming (Bellalou et al., 1990; Benz et a., 1994),
but its structural basis of pore formation still remains to be investigated.

In our previous work, the hydrophobic region within the CyaA-PF domain has been
suggested to be the membrane-inserting for pore-formation on the target cell
membranes(Powthongchin and Angsuthanasombat, 2009). By using various agorithms of
membrane topology predictions, the PF hydrophobic stretch covering residues 500-700 of CyaA
was predicted to fold up into five potential helical transmembrane segments(Osickova et al.,
1999; Powthongchin and Angsuthanasombat, 2009)andsubstitutions of single-proline which lead
to disturb of secondary structure revealed the importance of putative transmembrane al, a2, a3
and o5 in pore formation. However, detailed understanding of the molecular mechanism of
action of the CyaA toxin is still not completely described, particularly the steps of toxin insertion
and pore-formation in target cell membrane.

In the present report, we decided to construct independently the CyaA pore-forming
(CyaAC-PF6HiIsA1091-1652) fragment. The following CyaAC-PF6HisA1091-1652 encoding
with cyaC that gene encoding the accessory protein required for toxin turn into
activationwhereas the Gly-Asp-rich nonapeptide-repeat region (block 11-V) were deleted. This
work isfirst report that demonstrate the successful of the high-level soluble expression as native-
folded precursor in E.coli of the recombinant CyaAC-PF6HisA1091-1652 protein that can be

lytic the sheep erythrocytes as well as CyaA-PF6His.



2. Materials and methods

2.1. Plasmid DNA extraction by alkaline lysis method

A single colony of recombinant E. coli was incubated into Luria—Bertani
mediumcontaining 100 pg/ml ampicillin for overnight at 37°C.Cell was collected by
centrifugation at 12,000 g, suspend in ice-cold Solution I, lysis cell by adding Solution 11 and
Solution 111 was used to neutralize. After 10-minincubation on ice, the precipitated chromosomal
DNA was separated by centrifugation. Plasmid DNA was conserved from supernatant by adding
two volumes of isopropanol and centrifugation. Then the pellet was washed with 70% ethanol,

air dried and suspended in 20 pl of sterile water.
2.2. Construction of recombinant plasmids by restriction enzyme

The pCyaAC-PF6His plasmid encoding both the ~126-kDa CyaA-PF fragment with 6His
tag and the ~21-kDa CyaC acyltransferase under control of the T7-promoter was used as a
template. The recombinant plasmid encoding cyaAwas deleted gene (ad 1091-1652) which
encoding Gly-Asp-rich nonapeptide-repeat region (block 11-V)by partial digested with 1 pl of
0.5U/ulTatl (Fermentas Life Sciences) and complete digestion with 1 pl of 1-2 U/ul Adel
(Fermentas Life Sciences), and follow bysynthesized the blunt end by Klewnow fragment of
DNA polymerase | (Amersham Pharmacia Biotech)to facilitate self-ligation later on. Selected the
recombinant DNA clones were first verified by restriction endonuclease digestion and then
identified by DNA sequencing, using 1¥ BASE DNA Sequencing service(First BASE

Laboratories Sdn Bhd, Malaysia).



2.3. Toxin expression and Western blotting

The CyaA-PF6His wild-type and CyaAC-PF6HIsA1091-1652 mutatedwere re-
transformed into E.colistrain BL21(DE3)pLysS for protein expression which culturingovernight
of both selected clones were grow in Luria—Bertani medium containing 100 mg/ml ampicillin at
30°C, following by addingl PTG (isopropyl-b-D-thiogalactopyranoside) at final concentration of
0.1 mM for inducing toxin expression when the cell culture at OD600 reached ~0.6 and then
incubation was continued for 6 h. E.coli cell, which expressed the toxin was harvested via
centrifugation and re-suspended in50 mM Tris—HCI (pH 8.0) containing 5 mM CaCl; and 1 mM
PMSF, after that disrupted cell in a French Pressure Cell at 10,000 psi. After centrifugation at
12,000g for 20 min at 4°C, total toxin proteins in soluble crude lysates were analysed by sodium
dodecy! sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and their concentrations were
determined byusing the Bradford-based protein microassay (Bio-Rad,USA), with bovine serum

albumin (Sigma—Aldrich, USA) as a standard.

Toxin protein separated by SDS-PAGE were transferred onto a nitrocellulose membrane.
Western blot analysis was performed to identity of the CyaA-PF6His wild-type and its mutant
proteins by probing with anti-his polyclonal antibody (1:2,000 dilution) which is specific to the
amino acid of histidine epitope of CyaA, that toxin proteins were reveal by soaking in carbonate
buffer (100 mM NaHCO3z;, 1mM MgCl,, pH 9.8) that include developer solution [5-bromo-4-
chloro-3-indolylphosphate/nitroblue tetrazolium (BCIP/NBT)], until the band of toxin protein is

appeared.



2.4. Haemolytic activity assay

The haemolytic activity assay was performed by incubating 800 pl of sheep
erythrocyte(5x10° cells/ml) which were suspended in buffer (5 mM CaCl,, 150 mM NaCl 20
mM and TrissHCI, pH 7.4,), with 200 ul (~1 mg total proteins) of soluble E. coli lysate
containing~10 pg CyaA C-PF6HisA1091-1652mutated then the mixtures were incubated at37°C
for 5 h. Following by centrifugation at 12,000g for 2 minfor unlysed erythrocyte
separationtesand then the supernatant have been containing the released haemoglobin was
measured by spectrophotometer at ODs4o and identical amount of sheep erythrocyte incubated
with 0.1% Triton-X 100 was used as the positive control which determined as 100% haemolysis.
Other while the same amount of total protein of soluble E. coli lysate containing pET-17b acted
as the negative control.All of the samplewere tested in triplicate of three independent
experiments. The percentage of haemolysis for each toxin sample was calculated by {[ODsg
sample — ODs4o negative control]/[ODss of 100% haemolysis — OD540 negative controlx
100]}and Student’s t test was used to determine significance levels between the wild type and

mutants.



3. RESULTS AND DISCUSSION

3.1. Construction of recombinant plasmids containing the cyaA-PF fragment gene

The cyaA gene segment of pCyaA C-PF6His which encoding the hydrophobic region with an
acylation site (deleting ad 1091 to 1652) and 6Histagged C-terminal end of CyaA was
constructed by restriction enzyme analysis. The pCyaAC-PF6His was used as a template to
digested with single cut (partia digestion) at the position 1,824-bp cyaA by Tatl restriction
enzyme (7.5-kb band) and 3,514-bp cyaA by Adel restriction enzyme (5.9-kb band) (see Figure
1). Follow bycreate blunt ends of double-stranded DNA to facilitated the self-ligation, filling in
recessed 3' ends of DNA fragments and digesting even projecting 3' overhangs what were made
by Klewnow fragment of DNA polymerase I. The resulting 5,880-bp recombinant plasmid was
named as pCyaA-PF6HisA1091-1652 (see Figure 2). The correct construct was verified by

restriction analysis and DNA sequencing.
3.2. Expression of the recombinant CyaA toxin and Western blot

The recombinant plasmid was retransformed into E. coli BL21(DE3)pLysS for
expression the gene product, high-level production of the target protein from recombinant
plasmid, pCyaA-PF6HisA1091-1652 was success after 6 h-induction with0.1 mM IPTG at
30°C(Powthongchin and Angsuthanasombat, 2008). SDS-PAGE was used to perform the toxin
protein revealed that heavily stained bands of ~70-kDa CyaA fragment with C-terminal 6His tag
as a soluble protein compared with the wild type and 21-kDa CyaC-acylatransferase was
expressed as well as pCyaA-PF6His wild-type (Fig 3left. lane 2, lane 3)which CyaC was used to

acrylate at acylation site e.g. palmitoylation at Lys™

of toxin protein to turn into activate for
cytotoxicity and haemolytic activity (Hackett et al., 1994; Thamwiriyasati et al., 2010) and the
palmitoylation at Lys™® would be act as membrane anchor facilitated to attachment the target

cells (Masin et al., 2005). However both proteins were absent for E.coli cell harbouring the pET-

17b vector (Fig 3left. lane 1). The expression protein was found to correspond size with the
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caculated molecular mass from Met*®- Arg® including Asn'™®™® - va'®%f CyaA-
PF6HiISA1091-1652 by using Compute pl/MW from Gene Data Base of Bioinformatics,

Theoretical pl/ Mw of CyaA-PF6HisA1091-1652 was 68392.20 Da.

The both CyaA-PF6HiIsA1091-1652 mutated and CyaA-PF wild type toxin proteins were
determined by Anti-his monoclonal antibodies, which recognized the 6His tag at C-terminal end
(Fig 3 right. lane 2, lane 3), whereas absented for E.coli cell harbouring the pET-17b vector (Fig

3right. lane 1).
3.3. Haemolytic activity of the recombinant CyaA toxin

The crude solution was extracted form E.coli cell co-expression CyaA-PF6His wild type
or CyaA-yaA-PF6HisA1091-1652 mutatedwith CyaC used to examined for their relation
heamolytic activity against to sheep erythrocyte. From comparing the heamolysis data between
CyaA-yaA-PF6HisA1091-1652 and CyaA-PF6His wild typeindicated that at the concentration of
~1 mg, the CyaA in total protein was about 10 pg (Table. 1). The haemolystic activity of CyaA-
PF6HisA1091-1652 mutation that could be lyse sheep red blood cells was 24+1% which was less
than CyaA-PF6H wild type is 45+0.5% in significant(p-value < 0.01). This result showed that
the deleted RTX region affected to the decreasing of sheep red blood cell because the repeated
(RTX) region containing the nine repeated amino acid arrangement of Gly-Asp rich repeat
region bound to calcium, leading to the conformational change from Beta-roll structure turn into
the functional proteins(Pojanapotha et al., 2011) and also bound to CD11b/CD18 integrin
receptor on the white blood cell surface which caused intoxication process or toxin in cells (El-
Azami-El-Idrissi et a., 2003). However, the increasing concentrationof toxin protein was about
~2 mg showed that the percentage of CyaA-PF6HisA1091-1652 mutatedtoxic protein also
increased directly double proportion (44+0.8%) whereas the increasing percentage of CyaA-
PF6His wild type was only 65+1.1% (Table. 2),which did not directly proportion to protein

volume.
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According to the CyaA-PF6HiIsA1091-1652 mutatedtoxin protein volume continuously
increased, the heamolytic activity of sheep red blood cell was as well as CyaA-PF wild type, this
result suggest that the RTX region of CyaA toxic protein could be bind to target cell specificity,
preliminary and when the concentration of toxin was increased, its could be bind to cell surface
by using Acyl group act as the anchor and induced hydrophobic region inserted into the target
cells, leading to oligomerisation process, which could increase the leaks on the cell surface
caused cell apoptosis (Benz et al., 1994; Masin et a., 2005). In other words the hemolytic
activity mechanism of CyaA toxic protein could be occur by using the insertion of hydrophobic

region mechanism and binding to the target cells with acyl group.

In conclusion, this present report provides evidence thatthe gene segment encoding the
hydrophobic region with an acylation site of CyaA toxin was successfully subcloned. The ~70-kDa
truncated CyaA toxin with 6His-tagged C-terminal end was well highly-expressed as a soluble

protein in E. coli in order to further study its functionality.
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Figure L egends

Fig. 1. Restriction enzyme digestion for construction of pCyaAC-PF6His template: Agarose gel
electrophoresis (Ethidium bromide 0.8%) analysis of partial digestion by Tatl. The partial digest
of pCyaAC-PF6His with one cut were used by Tatl 1U (lane 1) and 0.5U/120 ng DNA (lanes 2).
M represents A/Hindl 1 digested DNA markers (left), while the analysis of complete digestion by
Adel. The purified 7.5-kb products of Tatl partial digests were used as a template (lane 1), and

subsequently digested by Adel (lanes 2). M represents A/BstEIl digested DNA markers,(right).
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Fig. 2. Schematic diagrams of the recombinant plasmids (pCyaA C-PF6HisA1091-1652) encoding the
CyaA protein fragment. Transcription of the corresponding genes is under control of the T7 promoter
(T7pro) of the pET-17b expression vector (thin line). The arrows indicate the transcriptional direction
of the corresponding promoter and genes. The nucleotide and deduced amino acid sequences at the
5'- and 3'-ends of the structural gene segment of cyaA-PF6His(2,067 bp) and cyaC (558 bp) are
shown, respectively, with the underlined nucleotides representing the start codon. Amp' indicates the
ampicillin resistance gene. For clarity, only the restriction endonuclease sites mentioned in the text

are shown. The expressing CyaA-PF6His deletion fragment is shown at the top.
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Fig 3. SDS-PAGE analysis (Coomassie blue-stained 10% gel) of E. coli lysates expressing the
126-kDa CyaA-PF protein from pCyaAC-PF6His and the 70-kDa CyaA-PF6His truncate
fragment from pCyaAC-PF6HiIsA1091-1652, (left).Mr represents standard protein markers. E.
coli cells harbouring the pET-17b vector were used as a negative control (lane 1). Lanes 2, 3 and
4 are lysates extracted from E. coli cells harbouring uninduced, induced pCyaA C-PF6HisA1091-
1652, and pCyaAC-PF6His, respectively. Western blot analysis of a probed with anti-His
monoclonal antibodies specific to the Histag of the C-terminal end of toxin protein, Mr

represents standard protein markers (right).
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Table 1. Haemolytic activities of CyaAC-PF6His and CyaA C-PF6HisA1091-1652 toxin protein

on sheep erythrocyte.
Toxin protein Haemolytic Activity °
(% haemolysis +SEM)
CyaA-PF wild type 45+0.5%
pCyaAC-PF6HisA1091-1652 2A+1%

SEM Standard errors of the mean

& Soluble fraction of E. coli BL21(DE3)pLysS lysate containing tested toxins (~10 pg) was used
in haemolytic activity assays

P Percent haemolysis was calculated as described in Materials and Methods. The same amount of
total proteins in the soluble fraction of E. coli lysate containing the pET-17b vector, which was
used as a negative control, gave <1% haemolysis. The values were averaged from three

independent experiments performed in duplicates
" Represent the haemolytic activity of the mutants that are significantly different (p-value < 0.01)

from that of the wild-type
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ABSTRACT

Adenylate cyclase-haemolysin toxin (CyaA) is one of the major virulence factors of
Bordetella pertussis causing whooping cough in human. We earlier showed that the two putative
transmembrane helices (a2 and a3) in the hemolysin or pore-forming domain (CyaA-PF) are
important for the lysis of sheep erythrocytes. In this study, PCR-based alanine substitutions were
employed to investigate a role in hemolytic activity of the series of four glycine residues (Gly>*,
Gly**®, Gly**" and Gly>*) lying on one face of the relatively hydrophobic a2 sz9.550. Upon IPTG
induction, all the mutant CyaA-PF toxins were expressed in Escherichia coli as a 126-kDa soluble
protein at levels comparable to the wild-type toxin. A marked reduction in sheep erythrocyte
hemolysis was observed for three CyaA-PF mutants, i.e. G530A, G533A and G537A, but not
G544A, suggesting an important role of the glycine cluster (Gly>*®_Gly>*®* Gly**") that is located
at the N-terminal part of helix 2. Molecular modeling and docking studies of the a2-loop-a3

hairpin put forward that this cluster is conceivably involved in driving and stabilizing the helix

association.

Keywords: Adenylate cyclase-haemolysin, Bordetella pertussis, hemolytic activity, pore-

forming toxin, helix association



1. Introduction

Adenylate cyclase toxin-haemolysin (CyaA) is a virulence factor of Bordetella pertussis,
causing whooping cough in humans (Carbonetti et al., 2005). CyaA is classified into the Repeat in
ToXin (RTX) family which contains 1,706 amino acids consisting of two functional domains: a
400-residue N-terminal adenylatecyclase (AC) and a 1,306-residue C-terminal hemolysin or pore-
forming (PF) domain (Fig. 1A). The PF domain comprises 4 distinct regions: a hydrophobic
region, an acylation region, a calcium-binding region contains a Gly-Asp-rich-repeat and C-
terminal secretion signal (Bellalou et al., 1990; Ehrmann et al., 1992; Welch, 1991). Inactive
CyaA becomes an active form after pamitoylation at conserved Lys*®® by CyaC acyltransferase
(Hackett et al., 1994). In addition, calcium ion is importance for structural stability of CyaA by
attach to the space in the B-roll structure of the Gly-Asp-rich-repeats region (Chenal et al., 2009;
Knapp et al., 2003; Pojanapotha et al., 2011; Rose et al., 1995).

CyaA binds specifically to target cells through the amB-integrin receptor (CD11b/CD18)
(El-Azami-El-Idrissi et al., 2003). Upon binding, CyaA toxin translocated AC domain into the target
cell cytoplasm that causes the uncontrollable production of CAMP, leading to apoptotic cell death
(Cheung et al., 2008). However, CyaA also functions as a hemolysin against cells lacking of the
CD11b/CD18 receptor such as sheep erythrocytes (Ehrmann et al., 1992; Powthongchin and
Angsuthanasombat, 2008; Sakamoto et al., 1992). This hemolytic activity has been demonstrated
that a 126-kDa truncated CyaA toxin (CyaA-PF toxin) is independent from the N-terminal AC
domain (Powthongchin and Angsuthanasombat, 2008). Nevertheless, in the details of structure-
function studies of this toxin, it still remains under investigation.

From our earlier studies, we successfully expressed as a soluble CyaA-PF toxin in E. coli
(Powthongchin and Angsuthanasombat, 2008). In addition, we used different transmembrane-
finding algorithms to predict a helical transmembrane topology within the hydrophobic region of
CyaA. These predictions resulted in five putative a-helices (alspo-s22, 02529-550, 03570-593, 04602627
and abs7s-698. FUrthermore, single proline substitution for alanine in each putative helix revealed

that helix ol, a2, a3 and o5, is important for hemolytic activity, particularly for the



transmembrane hairpin (a2-loop-a3), has been proposed to be pore-lining segments that could
span the lipid bilayers in which putative helix a3 is aligned to face of the channel lumen and
responds in ion conduction whereas hydrophobic helix a2 interacts to the lipid membrane and
may be involved in toxin oligomerization (Fig. 1C) (Powthongchin and Angsuthanasombat,
2009). Furthermore, the contribution of charged residues in the putative helix a3, particularly the

highly conserved Glu®™

which is critical for hemolytic activity and possibly serves as a general
pore-lining residue involved in ion conduction (Kurehong et al., 2011). For the putative helix o2
(A°P®GGFGVAGGAMALGGGIAAAVG™), it contains relatively hydrophobic side chains.

>0 Gly*®, Gly**" and Gly>**) lying on one

Interestingly, the series of four glycine residues (Gly
face of helix as shown in the helical wheel projections (Fig. 1B), this could imply the structure
role in toxicity of the toxin. Here, we employed the PCR-based alanine substitutions to investigate
a possible role in hemolytic activity of these four glycine residues. The results revealed that
glycine cluster (Gly>®_Gly*** Gly>*") which located at the N-terminal part of helix o2 is
important for hemolytic activity of the toxin. Furthermore, we also present a structural model by
using homology-based modeling and automated protein docking web server, supporting that

glycine cluser is possibly involved in driving and stabilizing the helix association within the lipid

bilayers.



2. Materials and methods
2.1. Construction of mutant plasmids by PCR-based directed mutagenesis

The pCyaAC-PF recombinant plasmid encoding both the 126-kDa CyaA-PF toxin fragment
and 21-kDa CyaC acyltransferase which for the activation of toxin (Powthongchin and
Angsuthanasombat, 2008) was used as a template for single alanine substitutions. The mutagenic
primers (see Table 1) designed according to the cyaA-PF gene sequence (GenBank accession no.
EF_595960). All mutant plasmids were generated by PCR-based directed mutagenesis using a
Phusion® High-Fidelity DNA polymerase (Finnzymes, Finland), following the procedure of the
QuickChange Mutagenesis Kit (Stratagene, USA). The PCR products were treated by Dpnl and
then transformed into E. coli strain JM109. Selected clones with the required mutation were first
identified by restriction endonuclease digestion of the plasmids and verified by DNA sequencing

(Macrogen, Inc., Korea).

2.2. Expression and preparation of toxins

The CyaAC-PF wild-type and its mutant were re-transformed into E. coli strain BL21
(DE3)pLysS for protein expression at 30°C in Luria-Bertani medium containing 100 pg/ml
ampicillin and 34 pl/ml chloramphenical. When ODggo of the culture reached 0.5-0.6, protein
expression was induced with IPTG (isopropyl-b-D-thiogalactopyranoside) at final concentration
of 0.1 mM, and incubation was continued for 6 h. E. coli cells, which expressed the toxins as
soluble proteins, were harvested by centrifugation and resuspended in 50 mM Tris—HCI (pH 8.0)
containing 5 mM CaCl, and 1 mM PMSF (phenylmethylsulfonylfluoride), and disrupted in a
French Pressure Cell at 10,000 psi. After centrifugation at 12,0009 for 20 min at 4°C, total soluble
proteins in the supernatant were analysed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and concentrations were determined by Bradford-based protein
microassay (Bio-Rad, USA), with bovine serum albumin (Sigma-Aldrich, USA) as a standard.

Western blot analysis was performed by probing with the 9D4 anti-RTX monoclonal
antibody to the blotted proteins on the membrane (Listlabs, USA, 1:2000 dilution). The

immunocomplexes were detected with alkaline phosphatase-conjugated goat anti-mouse 1gG



antibody (Pierce, USA,1:20,000 dilution) as described previously (Powthongchin and

Angsuthanasombat, 2008).

2.3. Haemolytic activity assay

Haemolysis assay was performed against sheep erythrocytes. The 1.5-ml microcentrifuge
tube contains 200 ul (~1 mg total proteins) of soluble E. coli lysate containing ~ 10 ug CyaA-PF
toxin (estimated from densitometry of the band intensity compared to the standard protein
markers in the staining protein gel with coomassie blue, see Fig. 2) and 800 ul of sheep
erythrocyte suspension (5x108 cells/ml) in Tris-buffer saline (150 mM NaCl, 2 mM CaCl,, 20
mM Tris—HCI, pH 7.4). The mixture solution was incubated at 37 °C for 5 h and removed the
unlysed erythrocytes by centrifugation at 12,000g for 2 min. The released hemoglobin in
supernatant was measured by spectrophotometer at ODs40. The same amount of total proteins in
the soluble lysate containing the pET-17b vector was used as a negative control while 100%
hemolysis (regarding as a positive control) was obtained by lysing the erythrocytes with 0.1%
Triton-X 100. Percent hemolysis for each toxin sample was calculated by {[ODs4, sample - ODs4g
negative control]/[ODs4 of 100% hemolysis - ODs4g negative control]}x 100. All samples were
tested in triplicate for three independent experiments. Student’s t test was performed to determine

significance levels between mutants and the wild-type.

2.4. Amino acid sequence alignment

The thirteen amino acid sequences from different related pore-forming RTX cytotoxins
[CyaA from B. pertussis (Bpt-CyaA, gh:CAE41066); HIyA and EhxA from E. coli (Ecl-HIyA,
gh:ABE10329 and Ecl-EhxA, gb:BAA31774); RtxA from Moraxella bovis (Mbv-RtxA,
gh:AKK84651) and Kingella kingae (Kkg-RtxA, gh:ABK58601); AgxA from Actinobacillus
equuli  (Aeg-AgxA; gb:AMMA45569); ApxIA, ApxIIA and ApxIlIA from Actinobacillus
pleuropneumoniae (Apr-ApxIA, gh:AAL55666; Apr-ApxIIA, gb:AAU84700 and Apr-ApxIlIA,
gh:CAA48711); LktA from Manheimia haemolytica (Mhm-LktA, gh:AAL13281); Manheimia

glucosidal (Mgc-LktA, gh:AAG40306) and Manheimia ruminalis (Mrm-LktA, gb:AAR09165);



LtxA from Aggregatibacter actinomycetemcomitans (Aat-LktA, gh:CAA34731)] were aligned by
using ClustalwW program. Alignment was then manually adjusted to improve the overall
alignment. The degree of homology among the multiple sequence alignment was defined by the

different colored shadings.

2.5. Homology-based modeling and the docking prediction of the a2-loop-a3 hairpin

Because of no three-dimensional structure determined for CyaA toxin, we built a plausible
3D model of transmembrane hairpin structure (a2-loop-a3) in the hydrophobic region of CyaA-
PF by using homology-based modeling. The best template protein was the crystal structure of
bovine rhodopsin (Protein Data Bank code: 1gzm) which was selected based on high amino acid
sequence homology to the hydrophobic region of CyaA-PF. The model was constructed by using
SWISS-MODEL program. The refinement via energy minimization was performed by using
GROMOS96 simulation software. To predict formation of a2-loop-a3 hairpin oligomeric
complex, ClusPro2.0, an automated protein docking web server for the prediction of protein—

protein interactions (http://nrc.bu.edu/cluster) (Comeau et al., 20044, b; Kozakov et al., 2006).



3. Results and discussion
3.1. Expression of single-alanine substituted CyaA-PF mutants

To investigate a possible role of glycine residues in relatively hydrophobic helix a2, we
have made single alanine-substitutions at the series of four glycine residues (Gly>*, Gly*®, Gly**
and Gly>**) which are presented on the same face of o-helix, as schematized in the wheel diagram
of Figure 1B. The wild-type recombinant plasmid (pCyaAC-PF) contains gene segments encoding
both 126-kDa truncated CyaA toxin and 21-kDa CyaC-acyltransferase which for the toxin
activation, was used as a template. Upon IPTG induction, all four mutants (G530A, G533A,
G537A and G550A) were successfully expressed in E. coli as a 126-kDa soluble protein
comparable to the wild-type when co-expressed with CyaC-acyltransferasefFig. 2). This result
indicates that these alanine substitutions did not effect to the folding of the mutant toxins, as
protein misfolding leading to the formation of the insoluble protein aggregate. To confirm the
identity of the CyaA-PF wild-type and its mutants, we performed western blot analysis by probing
with the 9D4 anti-RTX monoclonal antibody specific to the RTX epitope of CyaA toxin. The
result shows that the wild-type and all mutants were recognized by anti-RTX monoclonal
antibodies (data not shown). Moreover, several smaller immune-reactive bands were also detected
in both wild-type and all mutants (data not shown), suggesting the soluble CyaA-PF toxin was

sensitive to proteolytic degradation (Powthongchin and Angsuthanasombat, 2008). siizie1eenmiizist
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3.2. Haemolytic activity of the single-alanine-substituted CyaA-PF mutants

To determine mutational effects on their hemolytic activity of the toxin, the soluble crude
lysate E. coli expressing CyaA-PF mutants were incubated with sheep erythrocytes as shown in
Fig. 3. The result revealed that the G530A, G5533A and G537A mutant toxins exhibited a drastic
and significant (p < 0.05) reduction in haemolytic activity to 4.7 £ 0.2, 6.5 + 0.3 and 4.1 + 0.2%,
respectively, when compared to 73.8 £ 1.1% of the wild-type (~90% decreased from the control

wild-type value). It suggested that single-alanine substitution of these three glycine residues with



larger hydrophobic amino acids was shown to disrupt in haemolytic activity of the toxin. On the
other hand, the G544A mutant still retained relatively high haemolytic activity at 75.3 + 1.5% of
the wild-type activity, suggesting that glycine at position 544 is not essential for hemolytic

activity.

3.3. Homology-based transmembrane hairpin structure (a2-loop-a3) with implication for helix-
helix association

Since the crystal structure of CyaA has not been yet resolved, so the structure of this toxin
was constructed by using the homology-based model with high amino acid sequence homology of
known toxin structure. Their best-fit protein template is bovine rhodopsin for the hydrophobic
region of CyaA-PF toxin. From a plausible 3D model of the transmembrane hairpin structure (a2-
loop-0:3) of CyaA-PF (Fig. 4) revealed that the series of four glycine residues, i.e. Gly>*°, Gly**,
Gly>*" and Gly®*, lying on one face of the hydrophobic helix a2. Interestingly, three glycine
residues (Gly*>*_Gly**®* Gly>*") formed as a cluster on the top part of the helix and facing outward
from the pore-lining helix a3. Many of previous statistical analysis of the amino acid composition
and distribution of transmembrane a-helices studies have shown that glycine residues occur
frequently in the helix-helix interface of transmembrane helix and preferentially found on the
same side of a-helices (Arkin and Brunger, 1998; Javadpour et al., 1999; Senes et al., 2000). In
addition, it has been reported that the same side of glycine residues, i.e. Gly**, Gly*™® and Gly?, in
hexameric membrane channel structure of Helicobacter pylori vacuolating toxin (VacA) contact
to small amino acid side chain of neighboring helix indicating the helix-helix packing interaction
region (Kim et al., 2004). This consistent to our mutagenesis data shows that glycine cluster
region (Gly>**_Gly** Gly**") in transmembrane helix 2 is essential for its toxicity (Fig. 3). It may
imply an important role of glycine cluster in driving and stabilizing the helix-helix association

between the transmembrane hairpins to form the lytic pore within the lipid bilayers.



3.4. The prediction of transmembrane hairpin («2-loop-a3) complex to form pore structure

Here, we predicted transmembrane oligomeric complex by using an automated protein
docking web server, ClusPro2.0. The homology model of transmembrane hairpin (a2-loop-a3)
structure (PDB file) was uploaded to the web server and then the server results back the top10
best prediction (data not shown) but the best one prediction model was shown in Fig. 5. From the
candidate prediction model reveals that transmembrane hairpin forms complex with another
molecule through relatively hydrophobic helix a2, in which N-terminal glycine cluster
(Gly*®_GIy** Gly®*) tends to interact with adjacent helix o3. Since its lack of side chain that
creates a flat surface, so it possibly permits a close approach to the neighboring helix for
enhancing helix-helix association. In this close positioning, glycine cluster can drive and stabilize
helix interaction via donate theirs Co hydrogen to form a weak hydrogen bond with a carbonyl
oxygen atom from an adjacent helix (Eilers et al., 2000; Senes et al., 2001).

In conclusion, this is the first study to investigate the important role in relatively
hydrophobic helix a2 of B. pertussis CyaA-hemolysin toxin. Particularly, it provides insights into
the series of four glycine residues which are located on the same face of a-helix. Based on our
mutagenesis data and homology-based modeling, three glycine residues, i.e. Gly*®, Gly** and
Gly**, are crucial for hemolytic activity and form as a cluster at the N-terminal part of
transmembrane helix a2. The close position is facilitated by small size of glycine residues, in
which promotes to form hydrogen bond (Ca—H"O) with an adjacent putative lumen-lining helix
a3 leading to enhance helix associaction for oligomerization of the transmembrane hairpins to
form a lytic pore. However, it remains a challenge for determining the crystal structure of the
soluble and protomer form of CyaA-PF toxin leading to more understanding in structure-function

relationship details of their molecular events.
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Fig.1. A: Schematic diagram of CyaA showing adenylate cyclase (AC) domain and haemolysin or pore-
forming (PF) domain. In the hydrophobic region (residues 500-700) contains five putative helices which
are shown by purple blocks. Lys*®® indicates the palmitoylation site. The calcium-binding region (residues
1006-1612) shows lines representing each nonapeptide repeat (Gly-Gly-X-Gly-X-Asp-X-Leu-X). B:
Helical wheel projections of the relatively hydrophobic helix a2 of the CyaA-PF fragment. Amino acids
are plotted every 100° consecutively around the helix axis (360° for 3.6 residues). C: Schematic
representation of two amphiphatic helices (0259550 and 03s70.s03) Which have been proposed to be
transmembrane hairpin (a2-loop-a3). The following colour codes are used: red is an amino acid with a
charged side-chain, blue is a polar uncharged side-chain and gray is a hydrophobic side-chain. The orange
shadings in the putative helix 2 represent the series of four glycine residues (Gly**°, Gly***, Gly**" and
Gly®*) lying on one face of the helix. D: Multiple sequence alignment of putative transmembrane 0:2s30_sso
of CyaA PF with the twelve different related pore-forming RTX cytotoxins. Conserved residues in all
thirteen sequences are shown on red background, residues identical in 80-90%, 65-75% and 50-60%
represent in green, blue and yellow background, respectively. Stars indicate the series of four glycine

residues.
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Fig.2. SDS-PAGE (Coomassie blue-stained 12% gel) of lysates extracted from E. coli BL21(DE3)pLysS
expressing the 126-kDa CyaA-PF protein from pCyaA-PF, the 21-kDa CyaC protein. M represents
standard protein markers. Lane 1, E. coil lysate harbouring the pET-17b vector was used as a negative

control. Lane 2, lysate extracted harbouring pCyaA-PF. Lanes 3-6 represent CyaA-PF mutants G530A,
Gb33A, G537A, and G544A with 0.1 mM IPTG induction, respectively.
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Fig.3. Haemolytic activity assays of CyaA-PF wild-type (wt) and its mutants against sheep erythrocytes.

Lysate extracted of E.coli cells harbouring pET-17b vector was used as a negative control. The CyaA-PF
wild-type toxin exhibited 73.8 £ 1.1% hemolysis. The G530A, G533A, G537A and G544A mutants
showed 4.7 + 0.2, 6.5 £ 0.3, 4.1 + 0.2 and 75.3 + 1.5% haemolysis, respectively. Error bars indicated
standard errors of the mean from three independent experiments with each performed in triplicate. Black
shading boxes represent the hemolytic activity of the mutants that are significantly different (p values <

0.05) from that of the wild-type.



Fig.4. Homology modeling of the transmembrane hairpin (a2-loop-a3) of CyaA-PF toxin. Negatively and
positively charged side-chains are shaded with red and blue, respectively. Orange and light-blue shadings
represent oxygen- and nitrogen-containing uncharged side-chains, respectively. Hydrophobic side-chains
and glycine residues are shaded with gray and light-purple, respectively. A: Top view of the
transmembrane hairpin. The glycine cluster (Gly**_Gly**_Gly**") is located at the N-terminal part of the

relatively hydrophobic helix a2 and facing outward from lumen-lining helix a3. B: Side view of the
transmembrane hairpin. The series of four glycine residues (Gly*®, Gly*®, Gly**’ and Gly**) lying on the

same face of helix 2. Figure generated by PyMol program.



Fig.5. The prediction model of transmembrane hairpin (a2-loop-a.3) complex obtained from ClusPro2.0, an
automated protein docking web server. A: Top view of transmembrane hairpin (a«2-loop-a3) complex. The
N-terminal glycine cluster (Gly*®_Gly**_Gly>*") of relatively hydrophobic helix a2, as shown in light-
purple colour tends to interact with adjacent helix a3, suggesting enhances helix-helix association. B:

Side view of transmembrane hairpin (a2-loop-a3) complex.



Table 1 Oligonucleotide primers used in single-alanine substitutions.

Primer®  Sequence” Restriction site
G530A-f 5-TGGGCAGCCGGTTTCGGCGT-3’ Sau96l °
G530A-r 3’-AAGCGCGACCCGTCGGCCAAA-5’

G533A-f 5-GTTTCGCTGTAGCTGGCGGCGC-3’ Alul
G533A-r 3’-GGCCGCCAAAGCGACATCGACC-5’

G537A-f 5-TGGCGCCGCCATGGCGCTGGGAG- 3’ Ncol
G537A-r 3 -CGCACCGACCGCGGCGGTACCGC-5’

G544A-f 5’-GAGGCGCCATCGCGGCGGCCGTTGGCG-3" Byl

G544A-r 3'-CCGCGACCCT CCGCGGTAGCGCCGCCGG -5’

f and r represent forward and reversed primers, respectively.
® Underlined bases represent the recognition sites introduced for restriction enzyme
analysis. Enlarge letters indicate the substituted nucleotide residues. The mutated
residues in introduced restriction sites generate silent mutations.
¢ Deleted recognition sites.
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ABSTRACT

Adenylate cyclase-haemolysin toxin (CyaA) is one of the major virulence factors secreted
from Bordetella pertussis, the etiologic agent of whooping cough. CyaA is a bifunctional toxin
composed of two major domains, the adenylate cyclase domain and the pore-forming domain.
Previously, the CyaA pore-forming (CyaA-PF) domain expressed in Escherichia coli was shown
to retain its hemolytic activity. The preliminary results from hydropathy plot based on
hydrophobicity analysis of an amino acid, together with mutagenesis studies, suggested that the
transmembrane domain of CyaA is the hydrophobic region between residues 500 to 700 and
contains a five putative a-helical bundle. It is planned to generate the CyaA protein fragment which
is responsible for membrane insertion and pore formation in defining relationships between
sequence, structure and function. In this study, the recombinant plasmids encoding the CyaA
hydrophobic region with an acylation site (CyaA-PFA1091-1652) have been subcloned by
restriction enzyme digestion and over-expressed in Escherichia coli as a ~70-kDa soluble protein.
The particular gene of interest will be further investigated its functionality.

Keywords: Adenylate cyclase - haemolysin toxin, Bordetella pertussis, Hydrophobic region,
Partial digestion, Pore-formation
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INTRODUCTION

Adenylate cyclase - haemolysin toxin (CyaA) is one of the major virulence factors of Bordetella
pertussis, a gram-negative pathogen causing whooping cough in humans (Carbonetti et al., 2005). CyaA
belongs to the same RTX (Repeat-in-ToXin) family as the Escherchia coli haemolysin, HlyA. CyaA is
synthesised as an inactive precursor, which is post-translationally modifed by fatty-acylation at the
conserved Lys” into active CyaA in the process catalysed by CyaC-acyltransferase (Barry et al., 1991:
Hackett et al., 1994). CyaA is a large protoxin (~177 kDa) which is a bifunctional toxin composed of two
functional domains, a 400-residue N-terminal adenylate cyclase (AC) domain and a 1,306-residue C-
terminal haemolysin or pore-forming (PF) domain (Ladant and Ullmann, 1999). The PF domain comprises
four important parts; a hydrophobic region (residues 500-700), an acylation region (residues 800-1,000), a
glycine—aspartic acid repeat region (residues 1,000-1,600) containing the nonapeptide repeats (Gly-Gly-X-
Gly-X-Asp-Asp-X-Leu), and a C-terminal secretion signal (Ladant and Ullmann, 1999: Welch, 2001).
Toxin activation of CyaA via palmitoylation at Lys’®* and calcium binding to the nonapeptide repeats are
required for delivery of the AC domain into the target cell interior as well as for formation of lytic pores
(Knapp et al., 2003: Rose et al., 1995).

CyaA can intoxicate host immune cells by translocating catalytic AC domain into the cytoplasm. Upon
binding to the intracellular calmodulin, CyaA catalyses the production of supraphysiological level of cAMP
and subsequently inhibits normal functions of phagocytes, leading to cell death by apoptosis (Gueirard et
al., 1998). Unlike cytotoxic activity via AC translocation that involves the entire toxin, pore-forming
(haemolytic) activities of CyaA mediated by the PF domain do not require the AC domain (Ehrmann et al.,
1992: Sakamoto et al., 1992). It has been shown that myeloid phagocytic cells expressing amfP,-intergrin
receptor (CD11b/CD18) such as neutrophils and macrophages were considered as primary target cells of
the Bordetella CyaA toxin. Nevertheless, CyaA is also toxic against sheep erythrocytes, which lack the
ampPz-intergrin receptor, suggesting a different mechanism of cell invasion (Osickova et al., 1999).
Additionally, it has been demonstrated that the pore-forming activity of CyaA could be acylated at Lys”3
by CyaC-acyltransferase in promoting lysis of the target cells (Basar et al., 2001). However, detailed
understanding of the molecular mechanism of action of the CyaA toxin is still not completely described,
particularly the steps of toxin insertion and pore-formation in target cell membrane.

Previously, the CyaA pore-forming (CyaA-PF) domain expressed in Escherichia coli was shown to
retain its hemolytic activity (Powthongchin and Angsuthanasombat, 2008). The preliminary results from
hydropathy plot based on hydrophobicity analysis of an amino acid, together with mutagenesis studies,
suggested that the transmembrane domain of CyaA is the hydrophobic region between residues 500 to 700
and contains a five putative a-helical bundle, but its structure of pore formation still remain to be
investigated. To pave the way for studying mechanisms of membrane insertion and lytic pore-formation of
the B. pertussis CyaA toxin, we decided to construct the recombinant clone of hydrophobic region together
with an acylation site within the PF domain (cyad-PFAI1091-1652) co-expressing with cyaC gene, the
accessory protein required for toxin activation. The recombinant CyaA subdomain have been successfully
generated by genetic approach and over-expressed as a soluble native fold. The 70-kDa CyaA-PF truncate
toxin will be further investigated to define the functional motifs responsible for membrane insertion and
pore-formation.
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MATERIALS AND METHODS

Plasmid DNA extraction by alkaline lysis method

A single colony of recombinant £. coli was incubated into LB broth containing 100 pg/ml ampicillin
and incubated overnight at 37°C with shaking at 200 rpm. Cell collected by centrifugation, resuspend in ice-
cold Solution I, lysis cell by adding Solution II and Solution III used to neutralize. After 10-min incubation
on ice, the precipitated chromosomal DNA was separated by centrifugation. Plasmid DNA was conserved
from supernatant by adding two volumes of isopropanol and centrifugation. Then the pellet was washed
with 70% ethanol, air dried and resuspend in 20 pl of sterile water.

Construction of recombinant plasmids

The pCyaAC-PF6His plasmid encoding both the ~126-kDa CyaA-PF fragment with 6His tag and
the ~21-kDa CyaC acyltransferase under control of the T7-promoter (Powthongchin and
Angsuthanasombat, 2008) was used as a template. The recombinant plasmid encoding cyaAd deleted gene
(ad 1091-1652) co-express with cyaC was digested with Tafl (partial digestion) and Adel (complete
digestion), and subsequently synthesized the blunt end by Klewnow fragment of DNA polymerase I to
facilitate self-ligation later on. Selected clones with the required recombinant DNA were first identified by
restriction endonuclease digestion of the plasmids and then verified by DNA sequencing, using 1% BASE
DNA Sequencing service

Toxin expression

The recombinant plasmids were re-transformed into E. coli strain BL21(DE3)pLysS for protein
expression. An overnight culture of each selected clone was grown at 30 °C in Luria—Bertani medium
containing 100 mg/ml ampicillin. When the cell culture at ODggo reached ~0.6, toxin expression was induced
with IPTG (isopropyl-b-D-thiogalactopyranoside) at a final concentration of 0.1 mM, and incubation was
continued for another 6 h. E. coli cells were harvested and re-suspended in 50 mM Tris—HCI (pH 8.0)
containing 5 mM CaCl; and 1 mM PMSF (phenylmethylsulfonylfluoride), and subsequently disrupted in a
French Pressure Cell at 10,000 psi. After centrifugation at 12,000g for 20 min at 4°C, total proteins in soluble
crude lysates were analysed by SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis)

RESULTS AND DISCUSSION

Construction of recombinant plasmids containing the cya4-PF fragment gene

The gene segment encoding the hydrophobic region with an acylation site (deleting ad 1091 to 1652)
and 6His-tagged C-terminal end of CyaA was subcloned by restriction enzyme analysis. The pCyaAC-
PF6His template was digested with one cut at the 1,824-bp cyaA site by Tatl restriction enzyme (7.5-kb
band) and 3,514-bp cyad by Adel restriction enzyme (5.9-kb band) (see Figure 1). To create blunt ends of
double-stranded DNA, filling in recessed 3' ends of DNA fragments and digesting away protruding 3'
overhangs were made by Klewnow fragment of DNA polymerase 1. The digested plasmid was facilitated
the self-ligation later on. The resulting 5,880-bp recombinant plasmid was named as pCyaA-PF6HisA1091-
1652 (see Figure 2). The correct construct was verified by restriction analysis and DNA sequencing.
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Figure 1 Restriction enzyme digestion for subcloning of pCyaAC-PF6His template

A) Agarose gel electrophoresis (Ethidium bromide 0.8%) analysis of partial digestion by Tarl. The partial
digest of pCyaAC-PF6His with one cut were used by 7at¢/ 1U (lane 1) and 0.5U/120 ng DNA (Lanes 2). M
represents A/HindlIII digested DNA markers

B) Agarose gel clectrophoresis (Ethidium bromide 0.8%) analysis of complete digestion by Adel. The
purified 7.5-kb products of Tatl partial digests were used as a template (lane 1), and subsequently digested
by Adel (Lanes 2). M represents A/Bs¢EIl digested DNA markers
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Figure 2. Schematic diagrams of the recombinant plasmids (pCyaAC-PF6HisA1091-1652) encoding the
CyaA protein fragment.

Transcription of the corresponding genes is under control of the T7 promoter (T7pro) of the pET-17b
expression vector (thin line). The arrows indicate the transcriptional direction of the corresponding promoter and
genes. The nucleotide and deduced amino acid sequences at the 5'- and 3'-ends of the structural gene segment of
cyaA-PF6His(2,067 bp) and cyaC (558 bp) are shown, respectively, with the underlined nucleotides representing
the start codon. Amp” indicates the ampicillin resistance gene. For clarity, only the restriction endonuclease sites
mentioned in the text are shown. The expressing CyaA-PF6His deletion fragment is shown at the top.

Expression of the CyaA truncated toxin

The recombinant plasmid was transformed into E. coli BL21(DE3)pLysS for expression the gene
product. The ~70-kDa CyaA fragment with C-terminal 6His tag (calculated molecular mass = 68392.20 Da)
was highly produced almost exclusively as a soluble protein compared with the wild type (Fig 3). The 21-
kDa CyaC-acylatransferase was also expressed in this condition.
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Figure 3. Expressed protein profiles of pCyaAC-PF6His and pCyaAC-PF6HisA1091-1652

SDS-PAGE (Coomassie blue-stained 10% gel) of E. coli lysates expressing the 126-kDa CyaA-
PF protein from pCyaAC-PF6His and the 70-kDa CyaA-PF6His truncate fragment from pCyaAC-
PF6HisA1091-1652. Mr represents standard protein markers. E. coli cells harbouring the pET-17b vector
were used as a negative control (lane 1). Lanes 2, 3 and 4 are lysates extracted from E. coli cells harbouring
uninduced, induced pCyaAC-PF6HisA1091-1652, and pCyaAC-PF6His, respectively.

In conclusion, this present report provides evidence that the gene segment encoding the hydrophobic
region with an acylation site of CyaA toxin was successfully subcloned. The 70-kDa truncated CyaA toxin with
6His-tagged C-terminal end was well highly-expressed as a soluble protein in E. coli in order to further study its
functionality.
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Adenylate cyclase-haemolysin toxin (CyaA) is a virulence factor secreted from the etiologic
agent of whooping cough, Bordetella pertussis. Previously, the haemolysin or pore-forming
domain (CyaA-PF) has been shown to cause cell lysis of sheep erythrocytes independently,
and the predicted helix 3(570_593) within the PF-hydrophobic stretch could be a pore-lining
constituent. Here, a plausible involvement in haemolytic activity of polar or charged
residues (Glu®’%, GIn°”4, Glu®®!, Ser®®* and Ser°®”) lining the hydrophilic side of CyaA-PF
helix 3 was investigated via single-alanine substitutions. All the 126-kDa mutant proteins
over-expressed in Escherichia coli were verified for toxin acylation as the results are cor-
responding to the wild-type toxin. When haemolytic activity of E. coli lysates containing
soluble mutant proteins was tested against sheep erythrocytes, the importance of Glu>’°,
which is highly conserved among the pore-forming RTX cytotoxin family, was revealed for
pore formation, conceivably for a general pore-lining residue involved in ion conduction.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction adenylate cyclase (AC) domain attached to the N-terminus

of the relatively conserved haemolysin or pore-forming

Bordetella pertussis, a Gram-negative bacterium causing
whooping cough in human, secretes a variety of toxins
including the adenylate cyclase-haemolysin toxin (CyaA)
which is important for initiating respiratory tract infection
(Carbonetti et al.,, 2005). CyaA (~177 kDa) is a typical
member of the pore-forming RTX cytotoxins (a subgroup of
the Repeats-in-ToXin (RTX) protein family) that contains an

Abbreviations: 3D, three-dimensional; AC, adenylate cyclase; CyaA,
adenylate cyclase-haemolysin toxin; CyaA-PF, CyaA pore-forming; IPTG,
isopropyl-B-p-thiogalactopyranoside; PCR, polymerase chain reaction;
PMSF, phenylmethylsulfonylfluoride; RTX, Repeats-in-ToXin; SDS-PAGE,
sodium dodecyl sulphate-polyacrylamide gel electrophoresis.
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(PF) domain (Fig. 1A). The CyaA-PF domain (~126 kDa)
shares some common features with other RTX cytotoxins in
that it contains an N-terminal hydrophobic region, a Gly-
Asp-rich nonapeptide-repeat region and an unprocessed C-
terminal signal peptide sequence (Welch, 1991; Linhartova
et al., 2010). Moreover, these RTX toxins require post-
translational acylation at an internal lysine, e.g. palmitoy-
lation at Lys®®3 for CyaA by CyaC acyltransferase, to turn
into an active form (Hackett et al., 1994) and be secreted
subsequently by the type I secretion system (Welch, 2001;
Linhartova et al., 2010). Following secretion, the CyaA toxin
is stabilised by extracellular calcium ions which might act
as a structural stabilising bridge in a B-roll motif of the Gly-
Asp-rich repeats (Rose et al.,, 1995; Knapp et al.,, 2003;
Chenal et al., 2009; Pojanapotha et al., 2011).
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Fig. 1. A: Schematic diagram of CyaA showing adenylate cyclase (AC) and haemolysin or pore-forming (PF) domains. Five putative helices in the hydrophobic
region (residues 500-700) are shown by yellow blocks, with red colour for 3. The calcium-binding region (residues 1006-1612) shows lines corresponding to
each nonapeptide repeat (Gly-Gly-X-Gly-X-Asp-X-U-X). Lys®®? indicates the palmitoylation site. B: Multiple sequence alignment of amino acid sequences
covering the putative transmembrane o.3(s70-593) of CyaA aligned with corresponding sequences of twelve pore-forming RTX cytotoxins. CyaA-0.3(s70-s93) and the
putative membrane-spanning HlyA-04,7,_»93) are underlined. Degree of conservation among the sequences is highlighted by shading residues with red (black
characters denote identical), blue, green and yellow for 100%, 80-90%, 65-75% and 50-60% homology, respectively. Asterisks indicate CyaA-PF residues selected
for alanine substitutions. C: Helical wheel projections comparing CyaA-03(s70-593) and HlyA-04272_»98). Amino acids were plotted every 100° consecutively
around the helix axis (360° for 3.6 residues). Negatively and positively charged side-chains are shaded with red and blue, respectively. Orange and light-blue
shadings represent oxygen- and nitrogen-containing uncharged side-chains, respectively. Relatively hydrophilic surface is indicated by arc. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

CyaA toxin affects mainly human macrophages by
binding to the apf,-integrin receptor through its non-
apeptide-repeat region (El-Azami-El-Idrissi et al., 2003).
Recently, the involvements of lipid rafts as well as the sugar
moiety on the B, integrin in CyaA toxin binding were also
reported (Morova et al., 2008; Bumba et al., 2010). Upon

binding, the AC domain was internalised into the target-cell
cytoplasm to catalyse the uncontrolled production of cAMP,
disturbing the transcription of many inflammatory- and
cell signalling-associated genes in apoptotic pathways that
lead to cell death (Hewlett et al., 1989; Carbonetti et al.,
2005; Cheung, 2008). However, the CyaA toxin can also
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exert haemolytic activity against cells lacking the integrin
receptor such as sheep erythrocytes (Osickova et al., 1999).
In addition, the 126-kDa CyaA-PF fragment (haemolysin
domain) was found sufficient to cause haemolysis of sheep
erythrocytes (Ehrmann et al., 1992; Sakamoto et al., 1992;
Powthongchin and Angsuthanasombat, 2008) but its
structural basis of pore formation still remains to be
investigated.

The hydrophobic region within the CyaA-PF domain or
other related pore-forming RTX toxins has been suggested to
be the membrane-inserting part for forming lytic pore in the
target-cell membrane (Ludwig et al., 1991; Benz et al., 1994;
Valeva et al., 2008; Powthongchin and Angsuthanasombat,
2009). By using various algorithms of membrane topology
predictions, the PF-hydrophobic stretch covering resid-
ues 500-700 of CyaA was predicted to fold up into five
potential helical transmembrane segments (Osickova et al.,
1999; Powthongchin and Angsuthanasombat, 2009). In our
previous work, single-proline substitutions as a means of
disturbing each confined secondary structure revealed the
importance of putative transmembrane a1, a2, &3 and a5 in
pore formation, and we have proposed that the putative
helical hairpin (a2-loop-a3) is part of the transmembrane
pore in which o3 lines the lumen (Powthongchin and
Angsuthanasombat, 2009). In this study, to characterise
further the structural importance of the putative CyaA-PF
pore-lining segment (23), we have made single-alanine
substitutions selectively at the polar and charged residues
lining the hydrophilic side of this helix. The results revealed
the involvement of charged residues for haemolytic activity
against sheep erythrocytes of this haemolysin toxin, in
particular the highly conserved Glu®’® which conceivably
serves as a general pore-lining residue involved in ion
conduction.

2. Materials and methods
2.1. Amino acid sequence alignment and 3D modelling

Multiple sequence alignment of deduced amino acid
sequences from related pore-forming RTX cytotoxins [CyaA
from B. pertussis (Bpt-CyaA, gb:CAE41066); HlyA and EhxA
from Escherichia coli (Ecl-HlyA, gb:ABE10329 and Ecl-EhxA,
gb:BAA31774); RtxA from Moraxella bovis (Mbv-RtxA, gb:
AKK84651) and Kingella kingae (Kkg-RtxA, gb:ABK58601);
AqgxA from Actinobacillus equuli (Aeq-AgxA; gb:AMM45569);
ApxIA, ApxIIA and ApxIIIA from Actinobacillus pleuropne-
umoniae (Apr-ApxIA, gb:AAL55666; Apr-ApxIIA, gb:AAU
84700 and Apr-ApxIIIA, gb:CAA48711); LktA from Manheimia
haemolytica (Mhm-LktA, gb:AAL13281); Manheimia glucosida
(Mgc-LktA, gb:AAG40306) and Manheimia ruminalis (Mrm-
LktA, gb:AAR09165); LtxA from Aggregatibacter actinomy-
cetemcomitans (Aat-LktA, gb:CAA34731)] was performed
using ClustalW. Regions that are highly conserved in identity
or similarity were again manually edited and the degree
of sequence homology among the aligned sequences was
defined by different coloured shadings.

For homology-based modelling, a template structure
searched from the Protein Data Bank was selected based on the
highest sequence homology to the CyaA-hydrophobic region
which comprises five putative helical segments, a1(500-522),

0.2(520-550) ®3(570593), %4(602-627) and a.5(s73-698) as assigned
previously (Powthongchin and Angsuthanasombat, 2009). A
plausible 3D model was consequently constructed based on
the best-fit template structure of bovine rhodopsin
(1gzm.pdb) using the SWISS-MODEL program. Structural
refinement of the modelled five-helix bundle via energy
minimisation was subsequently performed using GROMOS96
simulation software.

2.2. Construction of mutant plasmids by PCR-based directed
mutagenesis

The pCyaAC-PF plasmid encoding both the 126-kDa CyaA-
PF haemolysin fragment and the 21-kDa CyaC acyltransfe-
rase under control of the T7-promoter (Powthongchin and
Angsuthanasombat, 2008) was used as a template. Comple-
mentary pairs of mutagenic oligonucleotide primers (see
Table 1) were designed according to the sequence of the
cyaA-PF gene to generate single-alanine-substituted mutant
plasmids using a high fidelity Phusion™ DNA polymerase
(Finnzymes, Finland), following the procedure of the Quick-
Change Mutagenesis Kit (Stratagene, USA). The Dpnl-treated
PCR products were transformed into E. coli strain J]M109. The
selected clones were subjected to restriction endonuclease
analysis and subsequently verified by DNA sequencing
(Macrogen, Inc., Korea).

2.3. Toxin expression

The mutant plasmids were re-transformed into E. coli
strain BL21(DE3)pLysS for protein expression. An over-
night culture of each selected clone was grown at 30 °C in
Luria-Bertani medium containing 100 pg/ml ampicillin
and 34 pg/ml chloramphenicol. When the cell culture
at ODggp reached ~0.6, toxin expression was induced
with IPTG (isopropyl-B-p-thiogalactopyranoside) at a final
concentration of 0.1 mM, and incubation was continued
for another 6 h. E. coli cells were harvested and re-sus-
pended in 50 mM Tris-HCl (pH 8.0) containing 5 mM
CaCl, and 1 mM PMSF (phenylmethylsulfonylfluoride), and

Table 1

Oligonucleotide primers used in single-alanine substitutions.
Primers® Sequences® Restriction site
E570A-f 5'-CGCCGCGATCGCGCTG C-3' Pvul

E570A-r 3'-GGCCGCGGCGCTAGCG-5

Q574A-f 5'-GCGCTGGCGTTAACAGGTGGAACGGT-3' Hpal
Q574A-r 3'-GCTCTAGCGCGACCGCAATTGTCCAC-5'

E581A-f 5'-CGGTCGCGCTGGCTTC-3’ Alul®
E581A-r 3'-CITGCCAGCGCGACCG-5’

S584A-f 5'-CTGGCTGCATCGATCGCGTTGGCGG-3'  Clal
S584A-r 3'-CCAGCTCGACCGACGTAGCTAGCGC-5'

S585A-f 5'-GGCTTCTGCGATCGCGTTGG-3' BstXI®
S585A-1 3'-CGACCGAAGACGCTAGCGC-5

2 fand r represent forward and reversed primers, respectively.

b Underlined bases represent the recognition sites introduced for
restriction enzyme analysis. Enlarge letters indicate the substituted
nucleotide residues. The mutated residues in introduced restriction sites
generate silent mutations.

¢ Deleted recognition sites.
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subsequently disrupted in a French Pressure Cell at
10,000 psi. After centrifugation at 12,000g for 20 min at
4 °C, total proteins in soluble crude lysates were analysed
by SDS-PAGE (sodium dodecyl sulphate-polyacrylamide
gel electrophoresis) and concentrations were determined
with the Bradford-based protein microassay (Bio-Rad,
USA), with bovine serum albumin (Sigma-Aldrich, USA) as
a standard.

Western blot analysis was performed to validate the
identity of the CyaA-PF wild-type and its mutant proteins
by probing with the 9D4 anti-RTX monoclonal antibody
(Listlabs, USA, 1:2000 dilution). The immunocomplexes
were subsequently detected with alkaline phosphatase-
conjugated goat anti-mouse IgG antibody (Pierce, USA,
1:20,000 dilution) as described previously (Powthongchin
and Angsuthanasombat, 2008).

2.4. Toxin acylation analysis

Palmitoylation of toxins at Lys®®> was verified by mass
spectrometry. The proteins were separated by SDS-PAGE
(10% w/v gel), eluted from the excised gel and subsequently
digested with trypsin according to the standard protocol.
The peptide separation was performed in a nanobored C18
column prior to mass and LC-MS/MS analyses by using the
ABI 4800 MALDI-TOF/TOF mass spectrometer (Applied
Biosystems) and LTQ-Orbitrap (Thermo Fisher Scientific,
Inc., Germany), respectively.

2.5. Haemolytic activity assay

The haemolytic activity test was performed in a 1-ml
microcentrifuge tube by incubating 800 pl of sheep eryth-
rocyte suspension (5 x 108 cells/ml) in buffer (150 mM Nacl,
2 mM CaCly, 20 mM Tris-HCI, pH 7.4) with 200 pl (~1 mg
total proteins) of soluble E. coli lysate containing ~ 10 pg
CyaA-PF (estimated from densitometer tracings of the band

intensity compared to the standard protein markers in the
stained gel, see Fig. 2). The mixtures were incubated at 37 °C
for 5 h and thereafter the unlysed erythrocytes were pel-
leted down at 12,000g for 2 min. The supernatant containing
the released haemoglobin was measured by spectropho-
tometer at ODs49. The same amount of total proteins in
soluble E. coli lysate containing pET-17b was used as
a negative control while the same amount of erythrocytes
lysed with 0.1% Triton-X 100 was defined as 100% haemol-
ysis. Percent haemolysis for each toxin sample was calcu-
lated by {[ODs49 sample — ODs49 negative control]/[ODs4g of
100% haemolysis — ODs4o negative control]} x 100. All
samples were tested in triplicate for three independent
experiments. Student’s t test was performed to determine
significance levels between the wild type and mutants.

3. Results and discussion

In our previous work, the predicted a2s529_550 and
®3570_593 within the PF-hydrophobic stretch were found
to be crucial for haemolytic activity of CyaA-PF in line with
the suggestion that the amphipathic «3 lines the lumen
(Powthongchin and Angsuthanasombat, 2009). Therefore,
molecular characterisation of this putative CyaA-PF pore-
lining segment was further made in the present study for
its functional importance.

3.1. Sequence conservation among the related pore-forming
RTX cytotoxins

When the amino acid sequence corresponding to the
putative a3(570_593) (E>’IALQLTGGTVELASSIALALAAA>9) of
B. pertussis CyaA was aligned with that of twelve closely
related pore-forming RTX cytotoxins, including both hae-
molysin (HlyA, EhxA and ApxIA) and leukotoxin subgroups
(RtxA, AgxA, ApxIIA, ApxIIIA, LktA and LtxA), a high degree
of sequence similarity (>90%) was found among these

Fig. 2. SDS-PAGE (Coomassie blue-stained 10% w/v) of E. coli lysates (0.1 ODggo) expressing CyaA-PF or mutant toxins. M represents standard protein markers. pET
represents the pET-17b empty vector. The CyaAC-PF wild-type was expressed in the absence (unWT) or presence of 0.1 mM IPTG (inWT). Lanes 1-5 represent the
CyaA-PF mutants E570A, Q574A, E581A, S584A and A585A with 0.1 mM IPTG induction, respectively. The arrows indicate 126-kDa CyaA-PF and 21-kDa CyaC

bands.
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sequences (Fig. 1B). This could imply a common membrane-
spanning segment of these related pore-forming RTX cyto-
toxins regardless of their target-cell specificity. Moreover,
the region flanking CyaA-o3 (K>**AAAGA>% and G>°°VTS>%®
being assigned as loop regions) is also conserved. It is note-
worthy that Glu>’® located at the N-terminal end of the
CyaA-helix is entirely identical throughout the aligned
toxins whilst Glu®®! in the helix’s centre is opposite in charge
to the corresponding position (i.e. Lys) of all other toxins. It
was also interesting to note that the three toxins, E. coli HIyA,
A. pleuropneumoniae ApxIA and A. actinomycetemcomitans
LtxA, which all have relatively high activities, have a posi-
tively charged lysine in place of the polar uncharged gluta-
mine at position 574 of CyaA, suggesting the requirement of
an additional positively charged moiety lining the pore
lumen.

As illustrated in Fig. 1C, the helical wheel projection of
the CyaA-o3 was also compared with that of E. coli HlyA
(G?”?VELTTKVLGNVGKGISQYIIAQRAAQ?%®), which has been
proposed to serve as a transmembrane helix (Ludwig et al.,
1991; Valeva et al., 2008). It reveals that these two amphi-
pathic transmembrane helices possess a very similar hyd-
rophilic surface. Additionally, the projections of the other
aligned toxins also show the amphipathic nature of these
segments along with their hydrophilic sides resembling that
of CyaA and HIyA (data not shown), supporting the func-
tional importance of these conserved sequences in serving
as a lumen-pore-lining segment.

3.2. Common biochemical characteristics of the expressed
CyaA-PF mutant proteins

Further attempts were made to characterise the struc-
tural importance of this putative CyaA-PF pore-lining
segment (E>’°JALQLTGGTVELASSIALALAAA>®3).  Single-
alanine substitutions were conducted selectively at the
polar (GIn®”4, Ser’®* and Ser®®®) and charged residues
(Glu®’® and Glu®") lining the hydrophilic side of this helix
(see Fig. 1C). All five alanine-substituted mutants (E570A,
Q574A, E581A, S584A and S585A) of the 126-kDa CyaA-PF
toxin, when overproduced in E. coli together with its
accessory protein (the 21-kDa CyaC acyltransferase), still
remained as a soluble form with yields comparable to the
wild-type toxin (Fig. 2). This could indicate that these
single-alanine substitutions did not affect the folding of the
mutant molecules, as protein misfolding can lead to the
formation of an insoluble aggregate (no 126-kDa CyaA-PF
protein was detected in the pellet fraction of each mutant
lysate, data not shown). It should be noted that the wild-
type and mutant CyaA-PF toxins were all recognised by
anti-RTX specific monoclonal antibody in Western blot
analysis (data not shown), but not for the 21-kDa protein
band which was previously verified to be CyaC acyl-
transferase by LC/MS/MS (Thamwiriyasati et al., 2010). In
addition, some other smaller immuno-reactive bands were
also observed for both the wild-type and mutant toxins
(data not shown), indicating that all the expressed CyaA-PF
fragments are somewhat sensitive to proteolytic degrada-
tion (Powthongchin and Angsuthanasombat, 2008).

As mentioned earlier, palmitoylation at Lys®®? is needed
for activating the haemolytic fragment precursor (CyaA-PF)

(Powthongchin and Angsuthanasombat, 2008). Therefore,
verification via MALDI-TOF/MS and LC-MS/MS analyses was
conducted to prove such in vivo acylation of each mutant
toxin. As was determined by MALDI-TOF/MS analysis, the
molecular weight (MW) of trypsin-treated fragments derived
from each mutant protein matched their primary sequences.
Furthermore, LC-MS/MS analysis identified the peptide
fragment of m/z 1619.63 to be E?*”2GVATQTTAYGKc16:.0R°,
containing the palmitoylated Lys®®> (MW of the added pal-
mitoyl group ~ 238). It was found that all the mutant toxins
reveal the palmitoylated peptide mass as described. These
results indicate that toxin palmitoylation at Lys®®* was not
affected by each alanine substitution, confirming that no
severe conformational change had occurred as a conse-
quence of these mutations.

3.3. Haemolytic activity of the single-alanine-substituted
CyaA-PF mutants

To determine an effect of these single-alanine substitu-
tions (E570A, Q574A, E581A, S584A and S585A) on toxicity,
we examined the soluble crude lysates from E. coli
expressing each CyaA-PF mutant toxin for their relative
haemolytic activities against sheep red blood cells as shown
in Fig. 3. It was revealed that single-alanine substitutions at
Glu?”? or Glu*®! caused a drastic decrease in haemolytic
activity to 19 + 1 and 39 + 7%, respectively, compared to
66 + 6% of the wild-type (~70% and ~40% decreased from
the control wild-type value (66 + 6%) for E570A and E581A,
respectively). In contrast, these substitutions at GIn>",
Ser’®4 or Ser°® did not severely affect the toxin activity, as
the Q574A, S584A and S585A mutant toxins still retained
relatively high haemolytic activity (53 + 4, 60 + 8 and
70 & 5%, respectively) at a level more than 80% of the wild-
type activity against sheep erythrocytes, perhaps suggesting
that these residues (GIn>”4, Ser°®* and Ser°®>) are not
importantly involved in toxin haemolysis. It should be noted
that the detrimental effects on haemolytic activity seen for
the E570A and E581A mutants are least likely to be caused
by improper folding and non-acylation of the mutant
proteins since both are still palmitoylated at Lys®®* as
mentioned earlier. These results thus suggest that Glu>’®
and Glu®®! in the putative pore-lining helix (¢3) playarole in
haemolytic activity of the CyaA-PF toxin.

3.4. Structural model with implications for ion conduction

Thus far, no 3D crystal structure of the pore-forming
RTX cytotoxins has yet been resolved. Most structure—
function relationship studies were based on homology
modelling and prediction algorithms, categorising this
group of toxins to be alpha-pore-forming toxins (a-PFT)
(Ludwig et al., 1991; Menestrina et al., 1994; Osickova et al.,
1999). The o-PFTs utilise their amphipathic a-helices as
a fundamental constituent to form pores or channels in the
target-cell membrane (Gonzalez et al., 2008). Insecticidal
crystal proteins (Cry d-endotoxins) from Bacillus thur-
ingiensis (Bt), one of the well-characterised o-PFTs, are
notable for the crucial role of the a4-loop-2.5 hairpin which
provides a proper structure for inserting and spanning the
target-cell membrane to form pores (Angsuthanasombat,
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Fig. 3. Haemolytic activities of soluble crude extracts of E. coli cells expressing CyaA-PF wild-type (WT) or each mutant toxin (E570A, Q574A, E581A, S584A and
S585A) were tested against sheep erythrocytes. The crude lysate containing the pET-17b empty vector alone was used as a negative control. CyaA-PF wild-type
toxin exhibited 66 + 6% haemolysis. The E570A, Q574A, E581A, S584A and S585A mutant toxins showed 19 + 1, 53 + 4,39 + 7, 60 + 8 and 70 + 5% haemolysis,
respectively. Error bars indicated standard errors of the mean from three independent experiments with each performed in triplicate. The activities of mutants
which show significant differences (P values < 0.05) from that of the wild type are denoted by black shading.

2010). The relatively hydrophobic a5 of Cry toxins is likely
to interact with the membrane and is involved in toxin-
pore oligomerisation (Likitvivatanavong et al., 2006) whilst
the amphipathic a4 suitably lines the lumen and explicit
charged residues (e.g. Glu'>® and Asp'® for Cry1Aa, see
Fig. 4B) are shown to participate in ion permeation through
the pore (Masson et al., 1999).

Here, we have built a plausible 3D model for the puta-
tive helical bundle of CyaA-PF (Fig. 4A). As can be inferred
from the model, the lumen-lining a3 reveals the two crit-
ical negatively charged residues, i.e. Glu>’% and Glu®!, with
good spatial and geometrical relations similar to Glu'?® and
Asp'3® of Cry1Aa-a4 (Fig. 4A and B). Interestingly, it has
been reported that substitutions of Glu””° with Pro, Gln or
Lys decreased CyaA haemolysis whereas this activity
markedly increased for the replacement of Glu®! with
polar uncharged- (GIn) or oppositely charged- (Lys) resi-
dues (Basler et al., 2007). As was noted earlier, Glu>’° pre-
sented at the cap of this lumen-lining helix is completely

Fig. 4. Comparison of amino acid arrangement between two analogous
lumen-lining helices, Bpt-CyaA o3 (left) and Bt-Cry1Aa a4 (right), together
with the relative positions of other helices in the CyaA-PF helical model and
the CrylAa crystal structure (top view generated by the PyMol program).
The relatively hydrophobic helix (CyaA-o2 or CrylAa-a5) encircled by other
amphipathic helices is shown in red. The two critical negatively charged
side-chains (Glu®’® and Glu®®' for CyaA-PF, Glu'?° and Asp'*® for Cry1Aa) are
denoted with red sticks. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

conserved throughout the aligned cytotoxins but Glu®®! in
the core helix is reverse in charge to the equivalent position
(i.e. Lys) of all other toxins (see Fig. 1B). Together with our
mutagenesis data as presented above (Fig. 3), it is thus
conceivable that the terminal negatively charged residue
(i.e. Glu>’% which has a tendency to be at the pore entrance
could contribute to the primary interaction with an
incoming cation. For the interior Glu®®!, it seems that
oppositely charged requirement might also contribute in
part to haemolysis since reversal of this charge (E581K)
showed enhanced activity of CyaA as mentioned earlier
(Basler et al., 2007) and all the cytotoxins, including the
highly active haemolysin-HlyA from E. coli, possess the
acquired positive charge at this position.

In conclusion, this study provides further insights into
a functional significance of two negatively charged residues
in the putative lumen-lining a3 of B. pertussis CyaA-haemo-
lysin. The highly conserved Glu®’® which is relatively more
critical for haemolytic activity against sheep erythrocytes
could act as a gateway of the pore lumen, whilst Glu®! in the
middle of the helical segment might recruit the hydrated ions
through the toxin-induced pore. The inward ions along with
water molecules would finally lead to colloid-osmotic lysis of
target cells. However, it remains to be tested whether the
substitutions at Glu®’? and Glu8! are conducive to alterations
in the passage of ions through the pore.
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