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Abstract 

Background: Adult Cfonorchis sinensis lives in the bile duct and causes endemic clonorchiasis in East Asian countries 
Phosphagen kinases (PK) constitute a highly conserved family of en司mes，which play a role in ATP buffering in cells， and are 
potential targets for chemotherapeutic agents， since variants of PK are found only in invertebrate animals， including 
helminthic parasites. This work is conducted to characterize a PK from ιsinensis and to address further investigation for 
future drug development 

Methology/Prindpal findings: A cDNA clone encoding a putative polypeptide of 717 amino acids was retrieved from a C. 
sinensis transcriptome. This polypeptide was homologous to taurocyamine kinase rr叫 ofthe invertebrate animals and 
consisted of two contiguous domainsιsinensis TK (CsTK) gene was repo代edand found ζonsist of 13 exons intercalated 
with ， 2 introns. This suggested an evolutionary pathway or叩natingfrom an arginine kinase gene group， and distinguished 
annelid TK from the general CK phylogenetic group. CsTK was found not to have a homotogous counterpa代 insequences 
analysis of its mammalian hosts from public databases. Individual domains of CsTK， as well as the whole two-domain 
en可me，showed enzymatic activity and specifiαty toward taurocyamine substrate， Of the CsTK residues， RS8， 160 and Y84 of 
domain 1， and H60， 163 and Y87 of domain 2 were found to participate in binding回urocyamine.CsTK expression was 
distributed in locomotive and reprodu口iveorgans of adult C s;nens;s. Developmen回lIy，CsTK was stably expressed in both 
the adult and metacercariae stages. Recombinant CsTK protein was found to have low sensit川町andspedfidry toward C. 
sinensis and plaryhelminth-infe口edhuman sera on ElISA 

Conclusion: CsTK is a prom閉 ngantl ιsinensis drug target since the enzyme is found only in the C sinensis and has a 
substrate specifici町fortaurocyamine， which is different from its mammalian counterpa代， creatme 
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Introduction 

ClOllorchi.J sillt1lsi.J is an impol'tilnt food-bornc I1仁mat匝leparasi!じ，
which日 usesdOllorchiasis in hllll1allιIIld m:川1matiananim:巾
γhis pa印刷cis cndemIc in Cbina， Korea， i 品川'all，川IdIlonhcrtl 
Victllam. Globally， 35 mill旧日 pcople arc cst imλlcd 10 bc Illfecled 
by C. SEl!CIISI5， with approxim川じly15 millioll of th凶 ecascs bcing In 
Chin<l [リ rhchighcsl prc¥'all.:ncc of C. sinrtlsi.J hurnan infcction is 
rcponcd in southcrn and nor1hcastcrn pal"l5 ofChina， cspccially in 
Guangclong， Guangxi， alld Hcilong日間19proVI山 口 l2J
111 humans，ι10110陀 hi出15c:川pro、lokcscvcrc p:uhologic ch:tnges 
in lhc hcpawbilialγ lracl， ;lIId 、抗凶 rccclIll)' Iじcognizcd 出
bclonging 10 thc group of biolobricalαIrcinogcnIc agcnts th川
causc chobngiocal'cinorna l31， l'IJ. Thc Pllhlic hcalth ;1m! 
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cconollllιimpacl of donOl"chiasis Is considcrablc alld has Inspircd 
lhc dc、clopmcntof v;u:cincs and drugs In add山on10 othcr Pllb!ic 
heahh mc出 口出 ofcOllll"ol川1(!cradicatioll IhじparaSIIじ ilsclfL5J 
1・100錨ph:・gcnkinas口 (PK.s)catalyzι I transfcr of high-cnerb，)' 
gamn川 ph出 pholγ1grQup f，山n八I"Pto・Ib'l.I:lnidino group四1an 
山山plυrmolじculc(phosphag:引けたIgi、DI斗H+:vlg山 nid川じ acccp-
t町+:¥IgATP). Thc phospho町latedgU<lnIdillじs，callcd凶 ph出 pha
gCIlS，創刊仁川1imporl<1nl moleculc In ccllular encrgγ hotllco山 ISIS
I"hcsc phosphagclIs 1'1ひ、，idchigh-cncrb'Y phosphatcs，、¥'hicharc 
acccs~、 ib lc for 八rpgじIIcralionat slIbsll川c-IcvじIphoぉpllOI)'!alion
during pじriodsof high 11Icl:lbolIc d仁川 川出 lGJ.~\'I c lllhc rs of Ihis 
cnzymc f:unily play a kcy rolc in Ihc inlcrcollnccliotl 1κIwccn 
cllcrgγ production and ulilizalIon in川 山na1s.Among vcrtcbralcs， 
phosphocrc;lIinc Is Ihじ solじ phosphagclI，alld Ihc corrcspondillg 
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Author Summary 

The food-borne clonorchiasis imposes public health 
problems on inhabitants in endemic areas. Praziquantel 
has been employed as an effi日 ciousanthelminthic in 
large-scale campaigns as well as for individual treatment of 
C1onorchis sinensis human infections. Although p日Zlquan
tet continues to have good e冊目cy.new drug develop-
ment for this paras;te has been recognized as a crucial 
issue to be investigated intensively. C/onorchis sinensis 
adults generate energy through glycolysis. actively utiliz-
ing exogenous glucose， and produce a large amount of 
eggs each day. Taurocyamine kinase (CsTK) is distributed 
abundantly in the locomotive and reprodu口Iveorgans. 
and is an impo代anten可me;n energy generation and 
homeos阻叫 inadult C. sinensis. Enzymes of the glycolytic 
pathway are also expressed abundantly in these organs 
and in tegument， implying these organs play central roles 
which are essential for survival and reproduction of C. 
sinensis. The TK en可mes，including CsTK. are found onty 
among invertebrate organisms and have substrate spec 
ificity for taurocyamine. which are significantly different 
from phosphagen kinases of vertebrate animals. With 
these molecular biological， enzymatic， and evolutiona叩
characteristics， we propose here that CsTK could be a 
回rget for development of chemotherapeutic agents 
against C. sinensis and be a biomolecular model for oth町
human-infecting trematodes 

kin凶ngCIlZ戸川凶 crcatinckin国 c(CK). ln i川 CrlCbralCS，scvcn 

uniquc pho勾lhagcllsand corrcsponding kinascs wcrc id仁川l日cdin 

addilion 10 phosph民 間山IICl7J，問 ，[9J' gly印 Cう明 1inckin;凹

(GK)，lauroc)'・uninc kinasc (I'K)， lombricinc kin;出 (LK) ， o叩p凶》升市1"陀叫d二~lin山問E刊児， : 
kIl肌川l日101叫"蛇， (OK)， 1明》抽瑚o叫ta‘a川n山山n山l口!'oc町ya山叩m】"山H山 ki口1叫 c(HTK)， t山h凶凶‘alc凶山渇刻活乱じCI11l11

kin川n叩"ω山，(引J"bK)，川叩，d礼川rg伊m山n山川l日山n叩Cki川H川1asc(AK). Scvcral sludics havc also 

d出cribcd恥 p山"叫 ofphosphagcJlkin<lSCS rrom parasilcs llOJ 

Sludics O¥l a唱lninckina5C白01111hc prOIOzα• Tryp削 osolllncmξ2 
havc idclllificd 八K ，凶 ιIpOICI山 al largCl ror no、.'c1 drug 
dcvc10pmcnl for Chagas' disea語ClllJ， l12J. AK bas also bccll 
1"山口llcdill TO，¥'Qwf(l C(I附 l13J，・1吋 As叩 町 Sllllllll14J. Rccclllly， 
Iwo-t¥omain TKs WCIじ rcportccl from pat出 i1ic Ifcmatoclcs 
Pamgollimus Wfs(enllallI ll5 J川1dSchis(osol1/ajn!JOllicl/1II l16J. Abscncc 
of 山口cinvcrtcbl'alc PKs白'Omthc m川nmalianhOSIS， including 
hUIll川】，imply lhat Ihcsc kinas出 II'C<l poおiblclal'gct品l'ncw 

c・mdid川Cdrug agaillst p;trasit山 ;Jndfor devじl叫Jmcl1lor ncw 

diagnos1ic rcagcl1l 10 dCICCI in(;ιCllons 

WC found aじDNt¥じ10l'1ccllcoding a polyp叩tidc(CsTK) rrom 
Ibc C. sil/f1I.rIs Irallscriplomc d川ι山崎c，which w国 homologollswith 
tl山h】陀C1¥¥、'"、"0仁dOIll川"刊1.U川11TKs 汎山s、u、℃叫Jl剖 u山lCPK語of 01け山h叱山じcr01噌宮
s“lud)'、W、va拙spcrformc山εdt拍oじclllcid川じb旧口m旧o[CC口..1‘λ川11'rl品'"川n】ct.悶o印m川l時SofCsl'K 
s凱tにh拙 C川日川tyl“.e九clivilycomparing wilh T~雪 山1(\ PKs， li封suc
10印 lizalioll，川Iddcvclopmcnlal cxp陀 削 on

Materials and Methods 

Ethi日 statement

白札ll/ν仇Icm川"叫c叫， (俳ιrcn巴守引ma‘a山t
¥Vhilc叫， Jn，泊川北.J此1c，2.2-2.5 kg困)、u、叫'cr町巴 h ι叩"川ndlcdin a川n】acε口I'C目吋ιdi山"比，目吋"刈ιd‘川"肌3れmlll刊"巳日叫.J l 
r.IC口cil刊li町 λ川tCαh川山u山1噌 .AngUnivcrsilY (Korca FDA; Unil i¥'umbcr 36) 
i¥ppl'oval for animal cxpcrimcllls、山sobtainじdfrom thc Insulu 

uon日l八nimalCarc and Usc COllunillcじユ1Chung-t¥ng Univcrsily 
(Pcnnil i¥'umbcr: CAU-2011・0052and CAU・2013-0日05).ThIs 
sllldy、V凶 αIrricdOlll in slricl accordancc、¥'ilhIhじrccommcnda-
1旧nsprovidcd il1山ヒCuidcroJ' Ihc Ca!'c and Usc or LaboralOIγ 

Anim日Isby Ihc US i¥'白色lionalIn51i1111ιち or J-lcalth 
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Taurocyamine Kinase of Clonorchis sinensis 

Synthesis ofι sinensis total cDNA 

Thc‘Idult ¥¥'0I111S of C. siuerlsis WCI'C rcco¥'crcd from infcclcd 
rabbi¥.'i. 1'01:11 Rl¥A was i.so1川町1from adult ¥¥'onns by acid 
!，'l.lanidiniulll lhio町 田1II<t1c-phcII01・ch101'0fonncxlraclion Illclhod 

[17J. .¥'1凶 clIg:crRl¥i¥ (ml出 A)川.spurificd rrom tolal Rl¥A using 

a匹，Iy(̂)'"' iso1山 011kil (i¥ipPoll CCIlじ，Tok刊， Japan). Singlc 
，U川ldcdc.DK八、川崎 sylllh凶izcdwilh Rc川Iy-To-GoYou-Primc 
Firsl-Slrand I~cads (.八mc悶halllPhannacia siotcch，ぶ:]，USt¥) with 
a lock-docking oligo-dT primcrい町

Amplification of 3にcDNAend of C. sinensis PK 02 domain 
Polymcrasc chain rcaclion (PCR) w山田rricdOul wi1h rcaction 

l11ixturc cOlllaining CDぷ八， 10 pmol or cach primcr， 2μ1 of 

2.5 m?v1 or dNγ!な，1 U orιx Taq 1】olymcrasc，2.5 ).ll of IOx Ex 

I'aq bul1cr (J'aKaRa， Tokyo， .J叩川).Thcl'ln・dcydcs wcrc 
prcparcd as rollow沿 illItialdcnalllral山nal 940C ror 2 min， 
lollo¥¥'cd b)' 35 cyclcs or 9 '~ oc 品l' 30 s， anncaling川 500C品r35 s， 
IIld cxlcnsioll at 720C ror 2 min， aml a日山dCXIC1l5IOll川 720CrOl 

'~ min. PCR w;凶 dOllcin日 Ihcrmalcyclcl'， Mκ:yclcr (sioRad， 
Fo以cr，USt¥). The 3にhalrof Ihc cDNA w，凶 品51ampli日cdwi山
lock 【lockingoligo (d'l) primcr and an“univcrsal" rcdu町 lant
oligon山 lcolidc primcr 5'-G'l'(ACG'I) TGG(八G)T(八CG1i
i¥i¥(TC)Gi¥(i¥G) G八(AG)GA (J'C) C -̂3'， dcsigncd for ampli日一
calion or PK 1I9J. PCR pl叫:luc脳、叫山 purificd1I凹ngCEヘーE
CLι八!¥Kil (Funakoshi， Tukyo， japan) 
I丸山licdPCR producl ('1-00 bp)、山sliga1cd into pC己Ml二、'CC101

(Prolllcga， UŜ)川 dIl'anSronn口1Inlo lニ:Sdwuhiaωfij 1¥'1109 cclls 
PO田"t山ivcclo町'"出1おswcr刊C01>1 ‘川1111】C吋d白川"川"川ldP刈l‘出'凶sml(凶IDN、
NuclcolIc【kじ:scquじIICC語¥¥'C口1じcJc叫t比crmu肌n川じ叫d、W、¥'Il山h‘川"肌n八BI PRISl恥L川13100

八V<lntDトκJ八s此cqllcnccrlIsing a BigDyc Tcrmin川O悶 v3.1Cyclc 
Scqucncing Kil (.八円分icdsio-syslcms， Foslcr， C八，USA) with two 

l'-vcClor-spccilic prilllcrs，γ7 and SP6 

PCR amplification of 5'一halfand internal region of C. 

sinensis PK 0102 cDNA 

I'hc 5'-halrof山ccDI¥'t¥ was ampl恥 d出 follows八凹Iy(G). 
t川1was addcd 10 Ihc 5'-cnd or thc C. suumsi.s cDNA pool ¥¥'ith 
tcrminal dcoxYlluclcolidy Irallsfcr;出 (Promqp，Madison， ¥-¥'1， 
USA). 5' -half of cDN八ofC. sint'TIsis PK was ampli日cdlIsIng oligo・

dC primcr (5'-C八八 nCJ8-3')川ldPK-csRO primcr (5'-CCA 
AAT'l八CTCGGGC i¥八Ci¥i¥ -3') d凶 Ign凶 101¥thc scqucncc of 

3'一balr.
1'0 confirm a landcJll e01ll1叫 liol1orCsTK 01九nd02 cJomains， 
ccnlral山 gioll01' Ibc cDN̂  was amplificd Ilsing innc1' spcci日c

pnmc附 th川、町 I'Cc¥csigllcdυ11 Ihc scquじlICCSor cJ)NA oblaIncd b)' 
5'-R八CE川 d3'-R八CιPCRl1nlil fl1ll scqucncc oflhc cDNA川 S
oblaincd l20J. Wilh thc PCR products， T-vcclor cloning and 3'-
scqllじIlCCdClcrmination or C. sil/O/sis PK wcJ'c pcrrol'll1cd as 
dcscribcd abovc 

Expression and purification of truncated and contiguous 

two-domain C. sinensis PKs 
PCR.swωC dOll仁 川 101:11volull1cs or50μ1. Thc J'caclion miXlurc 

comaincd cDNA of D 1 D2， 10 pmol or田 PKXbalron、!arclprimcl 
(5ぺrGI八C八八rGCAG GTC GAi¥ CCA CTGん 、八 rC-3')，

10 pmol or田PKPsl1rc¥'crsc primcr (:ヨヘCTGCAG CT八 rGG
CA，ヘ GGATlT1TC八八 rAGC -3')， 1 U of KOD Plu， DNi¥ 

pol刊 1CJ':tSC(I'o)'obo Co.， Lld.， Tokyo，japan)， 5μ1 of 10x KOD 
PllIs buflcr， 5凶 of2 mM  KOD dI¥'TPs， and ，~μ1 of 25 m~...l 

MgSO.1. Th仁 川市li日cdproducls WCIじpun恥dlIsing QIA quick 
PCR purilic:lIIon columns (α八GENCmbH， Hildcn， Gcrmany) 
!¥-Iail川 崎 川Idcd10 3'-clld 01' Ihc J1urilicd PCR rragmcllts 

和IUl11-cnclcd)八lailingwas dOJlC川 1100al volumc or 30μl 
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containing purified KOD PCR product， 15 U of Genc '1・'aqDNA
polymer蹴(WakoNippon Gcnc)， 3凶of10 x Gene Taq buffer 
制 d1.2凶of5 mM  d~TP. This mixturc was incubatcd at 700C 
for 30 min. Thc resulting product was purificd， subcloncd into 
pGEMT -vcctor，叩dsequcnccd出 describcdabovc. 
Coding rcgion of C. sinensis PK cDNA of D I D2 was c10ncd into 
Xbal/Pstl sitc of pMAL-c2 (Ncw England Biolabs， Ipswich， MA， 
USA). Maltosc binding protcin (MB町・C.sinmsis PK fusion protcin 
W出 exprcsscdin E. co/i TB I cclls by induclion with 1 mM  IPTG 
at 250C for 24 h. Thc cells wcrc rcsuspendcd and sonicatcd in 5 x 
TE buffer. Soluble rccombinant fusion protcin was purificd by 
affmity chromatography using amylosc rcsin (Ncw England 
Biolabs， Ipswich， MA， USA). Homogcncity of lhc pur凶cd
rccombinant cnzyme w出 vcrificdby SDS-PAGE and placcd on 
icc until assaycd for enzymatic activity within 12 h. MBP-taggcd 
CsTK D 1 and D2 expresscd and purificd as dcscribcd abovc. 

Amplification of仁sinensistaurocyamine kinase gene 
Using Easy-DNA Kit (Invilrogen， Carlsbad， USA) ， gcnomic 
DNA was isolatcd from a C. sinmsis adult worm. PCR was 
performed with Ex Taq po加 erasc[rAKARA) and primers 
designed on thc ORE PCR conditions wcrc as follows: initial 
denaturation at 940C品r2 min， followcd by 35 cyclcs of 940C for 
30 s， annealing at 500C for 30 s and extension al 720C for 3 min 
and a final cxtcnsion at 720C for 4 min. PCR product was purificd 
and sequenccd硝 describcdabovc. 

Multiple alignment and phylogenetic analysis 
Using programs CLUSTAL W (ht中://www.ddbj.nig訓 :.jp)and 
GENETYXMAX (vcr. 6.0)， multiplc scqucncc a1ignmcnt was 
perfonncd. Phylogenetic analysis was donc using thc distance 
method in MEGA (ver. 5.0). For distancc analyscs， the Kimura 2・
parameter modcl was uscd to construct thc distance matrix， and 
出C 悦 cw出血ferredfrom this using thc Ncighbor:Joining (NJ) 
approach. Bootstrap rc-sampling was pcrformed to asscss出e
dcgrce of support for groupings on thc trcc. Accession numbcrs of 
other amino acid scquenccs uscd白血cprcscnt study arc shown in 
Tablc S1. 

Site-directed mutagenesis of C. sinensis taurocyamine 
kinase 
'口児島1I0wingamino acid substitutions wcrc amplificd in出c
template of pMALI C. sinensis TK wild typc (W'I): R58A， 160A， 
Y84A and Y84R of TKDI; H61A， 163A， Y87A and Y87R of 
TKD2; R58A， 160A， Y84A and Y84R ofTKDID2 in DI rcgion; 
H61A， 163A， Y87A and Y87R of TKDID2 in D2 rcgion. 
Substitution was made using KOD七DNApolymcrasc undcr thc 
subsequent PCR conditions: initial dcnalurcltion at 940C for 
2 min， followcd by 35 cyclcs of 940C for 15 s， anncaling at 600C 
for 30 s and cxtcnsion at 680C for 9 min and a fmal cxtcnsion at 
720C for 5 min. The primcr scqucnccs dcsigncd wcrc as fol1ows: 
CsPKMutDIR58M: 5'-GCT TGC ATC CTl・CCTCGCG・3'，
CsPKお1utD1 R58Ar: 5'・CGGATT ACG AGC ATr GTG ACT 
GAC-3'; CsPKMutD1I60M: 5'・GCTCTI・CCTCGC GCT 
TGT GATγrG・3'，CsPKMutD1I60Ar: 5'・GCACCG CGG 
ATT ACG AGC ATr G'1・G・3';CsPKMutDIY84Af: 5'-GCT 
CAT AAG GTG AAA GGA GAC-3'， CsPKMutDIY84RAr: 5'-
GTC TAT AAT AAC GGC GTC AAA G・3';CsPKMut-
DIY84Rf:ゲ・CGACAT AAG GTG AAA GGA GAC-3'; 
CsPK為1utD2H61M:5'・GCTTCA ATC TGT CCA CGG 
TAC TGG・3'，CsPKMutD2H61Ar: 5'-TGG GTI' GTA AGC 
ACC GTI・ACG・3';CsPKMutD2163M: 5'・GCT'1・GTCCA 
CGT ACT GGA GAA GC・3'，CsPK1¥i1utD2163Ar: 5' -TGA A'1・G
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TGG GTT GTA AGC ACC GT・3';CsP比MutD2Y87Af:5'-
GCT CAT GGA GTG AGT GAC CCA GCT T・3'，CsPKMut-
D2Y87RAr: 5'-GTC CAA AAT CAC TGC ATC CAG GTA 
G'l・c・3';CsPKMutD2Y87Rf: 5'・CGACAT GGA GTG AGT 
GAC CCA GCT 1'-3'. PCR products were pur凶cdby QIAquick 
PCR purification column (Qjagcn GmbH， Hildcn， Gcrm叩 y).
Mtcr blunting and pho平ho町lation，the DNA was self-ligatcd. 
Exprcssion and cnz戸nc部sayof thc mutatcd proteins wcrc 
pcrformcd部 dcscribcdabovc. 

Enzyme assays for substrate specificity of C. sinensis TK 
Enzymc activity was mcasurcd by absorbancc at a wavelcngth 
of34O nm (wi出 MBP，UV /Visiblc Spectrophotomctcr 4300 Pro， 
Amcrsham， Bioscicnccs) with an NADH・linkedassay at 250C L21]， 
L22J. Thc reaction mixturc (total 1.0 ml) containcd 0.65 ml of 
100 mM  Tris-HCI (PH 8)， 0.05 ml of 750 mM  KC1， 0.05 ml of 
250 mM  Mg-acctatc， 0.05 ml of 25 mM  pho平hocnolpyruvatc
prcparcd in 100 mM  imidazolc/HCl伊H7)， 0.05 ml of 5 mM  
NADH prcparcd in Tris-HCI (PH 8)，0.05 ml ofpyruvate kin出c/
lactatc dchydrogcnasc mixturc prcparcd in 100 mM  imid回 olc/
HCl (PH 7)， 0.05 ml of an appropriatc conccntration of ATP 
prcparc in 100 mM  imidazolc/HCl (PH 7)， and 0.05 ml of 
rccombin叩 tcnz戸nc.Thc rcaction was startcd by adding 
0.05 ml of叩 appropriatcconccnlration of guanidine substratc 
madc up in 100 mM  Tris-HCl (PH 8). lnitial vclocity values wcrc 
obtaincd by varγing the conccntration of guanidine subslratc 
undcr flXed conccntrations of ATP. Protein conccntration was 
estimatcd from an absorbancc at 280 nm (0.77 AU at 280 nm in a 
I cm cuvcttc corrcsponds to I mg protein/ml). 

Quantitative real-time PCR of Cs TK 
1'0 mcasurc mRNA transcript Icvcl in developmcntal stagcs of 
C. sinensis， quantitativc real-出nePCR (qRT-PCR) w出 performcd
using SYBR Grccn 1 dye wi由LightCyclerCarouscl-Based Systcm 
(Rochc Applicd Scicnce， Indianapolis， IN， USA). cDNAs of C. 
sinmsis adults and mctaccrcariac wcrc cmploycd as templates of 
qR'l・-PCR.Four pairs of forward and reversc p巾即時 wcrc
dcsigncd on each 5'・and3'-end ofCsTK DI and CsTK D2 using 
Olig06 program (Figure SI Pancl A). For qRT-PCR， forward 
primcr 5'-TI'T CCA CAA TGC CAA CAA GAC・3'and 
rcvcrsc primer 5' -GCT TGA ATA CCC TGG ATG AGT・3'on
3'-cnd ofCsTK D2 wcrc cmploycd， producing a 442 bp amplicon 
(Figurc S 1， Pancls B and C). qRT-PCR mix was prcparcd as of I x 
SYBR grccn mastcr mix， 1μM gcnc-spccific primers， and 80 ng 
total cDNAs. Rcfcrcncc genes cmploycd were p-actin， phospho・
glyccratc kinasc， and calcyphosinc L23]. Thcrmal cycling of qRT-
PCR started with prc-incubation at 950C for 15 min， thcn 
continucd 40 cyclcs of950C for 10 scc， 480C for 10 sec， and 720C 
for 30町.日vc崎 a甲ec泊camplication of targct mRNA， onc 
mclting cyclc was run， 650C for I min， and incrcasc at 0.1 oC/sec 
to 950C to dissociatc double-strandcd amplicons. LightCyclcr 
softwarc 4.05 (Rochc Applicd Scicncc， Penzbcrg， Gcロnany)叱型
uscd to analyzc mclting curvcs and to calculatc Gr values. A I!t. ~ I 
of targct gcnc was calculated by subtracting an average Gr of 
thrcc rcfcrcncc gcncs from an avcragc Gr of thc targc:~gene._ Thc 
I!t.I!t. cr of targct gcnc was anal戸cdusU:ts~guation I!t.l!t.cr = (I!t.c・I.tar-
gl't-avcragc 

-
of I!t.CTadult). Thc 2-dACT shows rclative gcnc 

cxprcssion levcl L24J. 

Purification of recombinant CsTK 01 protein 
1・oproducc and purify recombinant CsTK D 1， a corresponding 
cDNA was subcloncd into pET-23-Cs28GST vcctor. In this 
fonnat， rccombinant CsTK D 1 was cxprcsscd拙 afusion protcin 
Cs28GST-ta邸cdat its N-tenninus. E. coli BL 21(DE3) pLysS w出
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transformed with thc cxprcssion cons1ruc1 and induced 10 producc 

1hc fusion protein using IPTG a1 0.1 mM  for 3 hrs. The fusion 

pro1cin was absorbed to g1uta1hionc scpharosc 4B column (GE 
Hcalthcare， Uppsala， Swedcn) and washed with PBS. Recombi-
nant CsTK D 1 was cleavcd off from Cs28GST 1ag on bcad wi1h 
10 U/ml出rombinprote泊 e(GE Hcalthcare， Buckinghamshirc， 
UK) overnigh1， and出cnclutcd in PBS. Rcsidual tagged pro1cin 
W部 clutcdin 5 lTlJ.¥1 reduccd glu1athionc/PBS. 

Production of anti-recombinant CsTK 01 mouse immune 

sera 
Rccombinant CsTK D 1 was mixcd wi出samcamount of eithcr 

completc or incomplctc Frcund aせjuvant.BALB/c micc wcrc 
injected peritoneally oncc with 40μg antigcn/200凶ofcomplc1c 
adjuvant mix and again with thc samc amoun1 of incomplctc 

adjuvant mix 2 wecks latcr. A fmal bus1cr， 1.2μ1 antigcn in 30凶
PBS cach mousc， was injec1cd in10 a 1ail vcin after 2 wecks. Mtcr 
←5 days， blood was takcn and chcckcd for antibody produc1ion 
10ward recombinant CsTK D 1 by wcs1cm blotting. 

Immunoblot of native CsTK in adult仁sinensis
For soluble extract， ClonOTChis sinmsis adults wcrc washed with 
PBS scveral tim回 andhomogcni冶cdin PBS/l % Triton X-I00/ 

protc出 esinhibitor (1 x Complc1c Mini， EDTA・合'cc，Rochc 
Diagnostiα). After keeping 40C ovcmight， thc homogena1c w出
spun at 20，000 xg for 60 min a1 40C and supcmatant was saved出
soluble extract or crudc antigcn of C. sinmsis. Thc soluble 四国ct，
20凶， w出 deploycdin 12% SDS-PAGE and transfcπ'cd onto 
Hybond ECL membranc (GE Hcalthcarc， Uppsala， Swcdcn). Thc 
blolted membranc was incubatcd ovcmigh1 in CsTK D l-immunc 

mousc serum at 1:5，000 dilution in skim milk/PBS， then in由c
secondruγantibody， alkalinc phospha1asc-conjugated goat anti-
mousc IgG at 1:5，000. Color was dcvclopcd using BCIP/NBT 
substra1e (Sigma Co.， St. Louis， MO， USA) and stopped in watcr. 

Immunohistochemical坑aining

Adult C. sinensis flukes within a rabbit livcr were fIXed in 10% 
ncutral formalin and pr凹 csscdfor paratrm blocks. The sectioncd 

flukes in paraffm ribbons wcrc dcparatfmizcd and rehydrated. Thc 

C. sinensis ribbons were incubatcd in CsTKD I-immunc mousc scra 
at 1 :200 dilution for 30 min at room tcmpcra1urc. Thcn，出c
scctions wcrc incubatcd in pcroxidasc-and antimouse IgG 
antibody-conjugated dextran po伽ncr(10 thc dcxtran backbonc， 
about 70 cnz戸ncmolcculcs and 10 primarγ 叩 tibodicswerc 

conjugated; Dako， Glostrup， Dcnmark) for 30 min at room 
tcmpera1ure. Color was dcvclopcd in AEC+ substratc for 5 min. 

Normal mouse sera wcrc uscd as ncgativc control. 

ELlSA 
Rccombinant CsTK D 1 protcin， 1μg/ ml in carbonated buffcr， 
was coated on 96・wcllplatc at 40C ovcmight. 'lbc wclls wcrc 

washcd th陀etimes wi出PBScontaining 0.1 % Twccn-20 (PBS/T) 

and incubated wi出h凶nanscra at 1: 100 dilution at 370C for 1 hr. 

A sccondarγantibody， pcroxidasc -conjug'dtcd anti-human IgG 
(MP Biomedicals， Santa Ana， CA， USA) of 1 :4000 dilution was 
added 10 the wells and incuba1cd a1 370C for 1 hr. Color was 

dcvcloped wi血 aSUbstrd1c， ophcnylcnc diaminc (Sigma Co.， St. 
Louis， MO， USA)， and optical dcnsity was mcasurcd a1 a 
wavclength of 490 nm. 

Human sera uscd wcrc from 47 paticnts with clonorchiasis， 20 
wi出 opis1horchiasisvivcrinu， 14 with cys1iccrcosis cellulo姐 c，14 
wi出甲町'ganosiserinacci and from 14 paticnts with paragonimi-
asis wcstermani. As a control group， scrum samplcs from 28 

PlOS N句l側吋Tropi臼IDiseases I www.plosntds.org 4 

Taurocyamine Kinase of Clonorchis sinensis 

parasitc-frcc human subjccts wcrc cmploycd. A cut-offlinc was se1 

at an avcragc+doublcd standard dcviation which was calculated 
with OD valucs of thc control group. 

Results 

Identiflcation of the C. sinensis TK cDNA and 
Bioinformatics analysis 

During largc-scalc cDNA scqucncing of an adult C. sinensis 
cDNA library， a 2，154 bp long cDNA was succcssfully amp凶ied
by PCR， which cncodcd for a polypeptide of 717 amino acids (Fig. 
S2) and had 5'-UTR of 52 bp and 3'-UTR of 288 bp. Molecular 

mass of thc polypeptide was estimatcd to bc 80，274 Da with a pl 
of 7.88， using ProtParam (http://www.cxpasy.ch/tools/ 
protparam.html). cDNA scqucncc analysis showcd 出at血is

polypcp1idc consistcd of two repctitivc domains (D I and D2) 
homologous to known scqucnccs of TKs (l'lg. S2). D 1 containcd 
360 amino acids with calculated molccular mass 40，573 Da and a 
pl of 8.09， and D2 consis1ed of 357 amino acids with calculated 
mass 39，719 Da and a pl of 7.39. This cDNA scqucncc was 
archivcd in GcnBank under acccssion numbcr JX435779. 

cDNA scqucncc analysis using BLASTn rcvcalcd出atC. sinensis 
TK D I and D2 had 72.3% identity wi出P.u劇的maniTK D 1 and 
D2. Furthcr， thc peptide sequence analysis， using BLASTp， 
showcd that CsTK D 1 and D2 wcrc homologous with the 

rcspcctivc domain in many TKs of diffcrcnt spccics (Fig. S2). C. 
sinensis TK polypeptide shared 79.2% scqucncc identity wi由 P.
wes加maniTK. CsTK Dl sharcd 77.7% idcntity wi血P.wes伽脚li
TK D 1 and 71. 7 % idcntity wi山 S.mansoni TK D 1. Mcanwhilc， 
CsTK D2 sharcd 82.3% identity with P. wes加maniTK D2 and 
67.9% idcntity with S. mansoni TK D2 [rablc 1). With this 
scqucncc information，出epolypcptide concep1ually dcduced from 

thc C. sinensis cDNA clone was considcrcd as a ncw mcmbcr of PK 
of C. sinensis. Rcsidues in GS region arc highly conscrvcd across 
animal PKs. 160 in GS region of C. sinmsis TK w出 replacedby 
Val in all CKs. CsTK had not a mitochondrial targeting signal 
pcptidc in N・tcrmin凶 (Fig.S2). 

A phylogcnctic trcc， constructed using内Jalgori出rn(Fig. 1)， 
indicatcd that PKs can be grouped into two clustcrs. Trcmatodc 

TKs including CsTK wcre groupcd in Clustcr 1 wi出 mulluscan
AK group and ncmatode， protozo叩， and arthropod AK group. 
Clustcr 2 w出 compriscdof annclid PK group and CK group of 

CKs， GKs， LKs， and TKs from protozoan and various inscct 
SpCC1CS. 

Exon/intron organization of C. sinensis TK gene 
C. sinmsis TK gcnc had 13 cxons and 12 introns， cncoding D 1 
and D2 domains. Introns of C. s初ensisTK wcrc located at amino 
acid positions 97.1， 140.0， 202.0， 243.2， 300.0， 354.0， 426.1 
(bridgc intron) in Dl， and at 97.1.1， 167.1， 243.2，300.0， 366.1 in 
D2 (Fig. 2). 'lbc introns of C. sinensis TK bcg'dn wi出 GTand 
cndcd with AG (G'l二AGpattcm)， cxccpt for introns at position 
202.0 (GC-AG pattcm) in D 1. Size of thc introns was variable 

from 115 bp to more than 4，000 bp [rablc S2). Positions of C. 
sinmsis TK introns were conserved betwccn P. u刷 ImnaniTK and 
S. mansoni TK. Introns of C. sinmsis TK 97.1， 243.2， and 300.0 
sharcd cquiva1cnt positions wi出 P.wes加maniTK and S. mansoni 
TK in Dl and D2 domains. Morcovcr， introns in C. sinensis TK 
sharcd additional intron positions wi1h mollusk AKS at 97.1， 
243.2， 300.0， and 366.1 (Fig. 2). Thc prcscncc of 1hcsc conscrvcd 
intron positions supported the phylogcnctic rclationship of 

platyhclminth PKs with molluscan AKs and providcd evidence 

for a distinct lincagc of taurocyaminc kinasc from trcmatodcs. 
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Table 1. Sequence identity of C. sinensis TK 01 and 02 
domains to other phosphagen kinases-. 

C. sln側諸 C. sJnensis 
TKDl (%) TKD2 (%) 

Tremat叫 eTKs

C s;nens;s TK 01 51.5 

C sln伺由TK02 515 

P. westerman; TK 01 77.7 50.1 

P. westermanl TK 02 503 823 

S. mansoniTK 01 71.7 60.0 

S. mansonl TK 02 47.1 67.9 

Slpunculld HTK 

S. cumonense HTK 46.6 483 

Molluscan AKs 

C kolkol AKD1 433 42.6 

C koikoi AKD2 46.7 40.6 

1. comutωAK 48.9 45.1 

H. madaka AK 51.7 465 

Nemato白 AKS

T. canis AK 39.2 39.8 

A. suum AK 41.7 42.0 

Protozoan AKs 

1. aUZI AK 41.7 465 

T. brucei AK 41.3 47.5 

A同:hropodAKs 

B. malayl AK 43.7 35.5 

Lpo.加h町lusAK 43.1 45.7 

Annelld PKs 

A. braslllensls TK 34.2 32.8 

庇pachyptllaTK 36.1 31.7 

£制自LK 34.4 35.6 

N. divers/color GK 33.1 33.6 

MammallanCK 

H. saplens MCK 33.6 345 

eldentlty w，お臼Iculatedusing ClustalW2 (http://www.ebi.ac.ukIT∞Is/msa/ 
dustalw2l). 
doi:10.1371/joumal.pntd.∞02548.t001 

Enzyme activity of recombinant C. sinensis TK 
Rccombinant wholc and truncatcd variants of CsTK wcrc 
succcssfuUy expresscd 出 MBP-fusionprotcins. Each sct of 
recombinant fusion proteins w出 purifiedby alrmity column 
chromatography to homogeneity， and appe訂 cd描 asinglc band in 
SDS・PAGECsTK Dl and D2 (truncatcd domain+MBp) aboul 
80 kDa and whole CsTK 120 kDa (l'ig. 3). Enzymatic activily of 
出erccombinant CsTK was mcasurcd by NADH・linked出sayfor 
substratcs taurocyaminc， glycocyaminc， crealinc， D-argininc， and 
L-argininc. Wholc and truncated D 1 and D2 of CsTK showcd 
e回戸ncactivity 0.8←1.36μmol/min-mg prolcin loward tauro-
cyaminc (rable 2). 

Kinetic parameter of C. sinensis. TK 
Kin刊cparamctcr of whole CsTK KmTc 0.49 mM  was highcr 
than that of individual domain D 1 or D2， 0.35 and 0.48 mM  cach， 
indicating出atwholc CsTK had lowcr affinity for substralc 
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tau ... ~_cyaminc. Csl・K D 1 had strongcr affmily for A TP as its 
ALA'に0.46mM， was lowcr whcn comparcd to出atof CsTK D2， 
0.75 mM， and ofwholc CsTK， 0.78 mM.κ'oJ valuc of CsTK D 1， 
22.59 s -1， was highcr出組出alof D2， 4.50 s -1， and of whole 
CsTK， 17.78 s -". Similar rcsults werc also rccorded for凡岨"and
ιoJ/ KmTt， reflccting出atCsTK D 1 had morc cfficient catalytic 
activity than D2 domain or wholc CsTK did. This enz戸natic
fcaturc w出 diffcrcntfrom出atof P. u別的maniTK， of which whole 
P.u則的maniTK is catalytically more efficicnt than either of the 
truncalcd individual domains， D 1 or D2 (Tablc 3). 

Kinetic constant and catalytic efficiency of C. sinensis TK 
As appeared in lhc alignmcnl of multiplc PK polypcptidc 
scqucnccs (Fig. S2)， guanidino spcc凶city(GS) rcgion ofCsTK had 
2-3 lcss amino acids出組曲atof lhe other known AKs， which is 
common fcature of trcmatode TKs. To cha悶 ctcrizcthc substrate 
recognilion syslcm in GS rcgion of C. sinensis TK， rcsiduc 
substitulion was introduced in CsTK (Fig. S2). Paramctcrs of 
alfmilY， activity， and catalytic cfficicncy arc prcscnlcd in Tablc 4. 
}o'or CsTK DI， mutations in GS rcgion dccrcascd_its alfmity for 
taurocyaminc邸 cvidcnccdby thc incre蹴 ofι“ valucs. Most 
significant dccrcasc was observcd in the Y84R mutant showing no 
cnz戸naticactivily. Substilutions of cquivalent rcsiducs in truncat-
ed D2 domain (Y84A， Y84R)， wholc CsTK (Y84A， Y84R in D 1 
and Y87A， Y87R in D2) rcsultcd in the loss of dctcctable enzyme 
activity. Substitution of tyrosinc in GS region might havc affcctcd 
stabilization of thc closcd structurc of PK， suggesting出al出is
amino acid plays an important role in taurocyamine binding. 
Anothcr substilutions in D 1 (I58A， R60A) ， and whole CsTK 
(I58A， R60A in D 1 and H61 A， 163A in D2) also decrcascd 
enzymc activity. Howcvcr， mutation of cquivalcnt position (H61A 
and 163A mu刷匂.)in凶 n印刷 D2increase<.l catalytic efficicncy， 
部 cvidcnccdby highcr values ofんh kC4，1ι“and弘 r

Oevelopmental expression of CsTK 01 02 
1・ocomp訂 erclativc gcnc cxprcssion levcl bctween devclop-
mental stagcs by using M CT cqu~tion， three rcfcrcncc gcncs wcre 
cmploycd such 出 ofs-actin， phosphoglyccrate kinase， and 
calcyphosine. Cs'l・KDID2 mRNA lcvcl was 1.2・foldhighcr in 
thc mctaccrcariac than in the adults of C. sinensis (Fig. 4) 

Recombinant Cs28GST-CsTK 01 protein 
Thc rccombinanl Cs28GST心sTKDl fusion protcin was 
produccd出 amajor componcnt and solublc form in出cE. coli 
host. Thc rccombinant CsTK D 1 prolcin was clcavcd off cOicicntly 
from thc tag， Cs28GST， by thrombin treatmcnt on bcad. The 
clcavcd CsTK Dl prolcin w出 clulcdat high conccn岡山nand 
purity wi山amolccular mass of 42 kDa in SDS・PAGEgcl (I-ig. 5). 
This CsTK D 1 was uscd for downstream cxpcriments such as 
immunc scrum production and antigcnicity tcsts on EUSA. 

Native CsTK protein 
Anti-CsTK D 1 mouse immunc scra rcactcd strongly to 
rccombinant CsTKD 1 protein. Thcsc mousc scra reacted to and 
dctcctcd native CsTKD 1 D2 protcin from adull C. sinensis solublc 
exlracl. Thc nativc CsTKD 1 D2 protein w出 rcvcalcd 出 a
distinclivc major band of 80 kDa prolcin. Anu-CsTK D 1 antibody 
was ablc to dctcct CsTK DID2出 wcllas CsTK D 1， sincc CsTK 
D 1 and CsTK D2 arc fuscd in tandcm (Fig. 6). 

Ti5sue localization 
Anu-CsTK D 1 mousc immunc scra werc凶 cdfor localization of 
CsTK D 1 D2 in thc adult C. sinensis by immunohistochcmical 
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Figure 1. Neighbor-Jolnlng tree for the amino acld sequences of phosphagen kinases uslng a program In MEGA verslon 5. Bootstrap 
values were shown at the branching point (1，000 replications). Amino acid sequences were retrieved from DDBJ and GenBank. 
doi:10.1371/joumal.pntd.∞02548.g∞1 

staining. The CsTKD 1 D2 was localizcd in tcgumcnt， oral and 
ventral suckers， teslcs， scminal vcsiclc and spcrms， inlra-ulcrinc 
eggs and inlestInal conlcnts in adult C. sinensis. Drcgs betwccn C. 
sinensis wcrc staincd wi出 strongpositivc color (Fig. 7). Acini of 
biliary cpithelium had contents rcac1ing positivcly 10 1he immunc 
scra. 
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ELlSA 
Rccombinant CsTK D 1 prolcin was cvaluatcd for scrodiag-
nostic antigcn loward IgG antibody in C. sinensis-infectcd human 
scra by EUSA. A positive cut-otT valuc， derivcd from出enormal 
control scra， was sc1 al A.19o = 0.21. The CsTK D 1 prolcin gavc 
29.7% positivc ralc from scra of clonorchiasis paticnts. On thc 
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Figure 2. Comparison intron/exon organiza針。nof C sinensis TK with other phosphagen kinases. Intron positions of C sinensis TK were 
based on aligned amino acid sequences. Nomenclature for the inlron positions was laken from Uda et aL (2006) and Jarilla (2010). Intron phase is 
indicated by ".0"， ".1"， or ".2" following Ihe amino acid sequence position. Conserved introns are shown by vertical dashes 
doi】O.1371/journal.pntd.0002548.g002 

othcr hand， Ihis pos山vcralc w出 65.0出 frOIlls山 Ior Opislhor 
chiasis patI山IS，1 'k3% of p;u暗 OIlUllI:¥SISpalLじnlS，0% 品。m
cystiCCl'cosis， 35.7% 自 Om 可)arg，1l 10~ LS 山d 7.1% 自Ollllhc lIormal 

control s仁川 (F;g.s， Tablc S3) 

Discus剖on

I 汎川Llroじ町叩y伊白札出叩u山叩m川m口山"川C ki叫1川t

kin:出L凶吉cf仏;uni乱l泊Iy，which w回日目t凶olalcdfrOIll lhc body wall musc!t:: or 
polychaclc lu!:，，，叫1m，Arenicola man'lIa l25]. 1'wo typcs of TK， 
cyloplasmic TK 川 dmitocl】onclr川1(M;) TK 、山rc l'町、.'iously

pun日目1rl'Olll A附t同 !abrasilier凹 'sL2GJ a1ld 凸0111dccp-sca Riflia 
tacl!グ川lσ l27J. As such， TKs WCl'C bclic¥.叫 1lu bc rcslriclcd 10 
ccrtalll marlllC 川 IdidsL2GJ. Howc¥叫 P.wtJlcmwni alld S 
Japo叩コ1111TK shO¥附l叫 tivilYonly lowards I<luroιyaminc l15J， 
[2町八ddil剛 lall)'，a two-domain 1市osph唱CIIkinasc wilh CIl'l.)'lI1C 

Table 2. En町meactlVL町01仁s;nens;spho叩hagenkinase for 
various guanidine derivatives 

Substrate PK昌cti川vit旬y(い』μtmolfml川n唱.mg1 pro叫"副;n叫} 

。市 02 0102 

Taurocyamine 1.08 0.84 1.36 

L.arginine 0.05 0.014 0.08 

D守arginine 0.05 0.020 009 

Creatine 0.06 0.016 0.09 

GtycCKyamine 0.06 0.013 0.06 

doi: 1 0.1371 Ijou rnaLpntd .0002548.1002 
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acllvlly 10 laurocyall1l1lc was山orcporlcd fronl S川 1IJOII;L29J 
1111ω，"、vasfound thal TK、vasnot cxdusivc 10 m川 inc:Illllclids 
ln Ihc prcscnt sludy，ιJ;'lrIlJLr TK also showcd CXclllSivc aClivity 
towards laul'ocyaminc 

In Ihis SI叫 1)'，wc i凶dじω1川"山"川{日icd a cDN、
1'01 予河.，.，χcplidcor 717 ‘孔川Ul1】m日川110 a{叱cids.Thc dc山ducι凶εd ;川1111】m川1110acα1凶ζd i 

scquc叩nccs山1.0、W、¥'cdλ hi屯igl副1.当剖山"川n川llila日川nly1阻oTKs prcviollsly rcportcd 
from P. wr.sl，四 IlGlliand olhcJ' hclminthic par出"凹 ItShOllld bc 
lIotcd Illat C. sim:Tlsu TK had highcr scqllcncc idcntity with 
molluscan AKs th;1Il ¥¥官IhOlhcr annclid TKs. Thc ncighbor 

JOl1llllg tr山町vcalcd1¥¥'0 major groups: CK 山 ldAK isocnz)'mc 

gI'OUpS. 1301h domaIns or C. J"i1/el/sIs TK fcll in AK du諮ICI'，10gClhcI 

wilh P. weslemWl/i TK， S. mm/Soni TK， molluscall 八Ksand 
sipullculid J-ITK. Rccombinanl C. sillet/sIs 'J'K sho¥¥'cd high 

MI2 ;j-1~ MI 2:l-1 5 M1 2:J -1 ~ 

自

'回
1回

-・・0 ー
"岨

-・・ .
"‘。

Figure 3. Expression and purifica針。n01四回mbinantC sinensis 
TK whole， 01 and 02 domains fused to MBP inε coh: M 
molecular weight marker， 1， uninduced pellet; 2， uninduced superna-
lant; 3， IPTG-induced pellet; 4， IPTG.induced supernatant; 5， purified C. 
sinensis TK. Arrow indicates recombinant protein 
doi:l0.1371/journal.pntd.OOO2548.g003 
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Taurocyamine Kinase of Clonorchis sinensis 

Table 3. Comparison of C. sinensis recombinant TK kinetic parameters with other TI匂¥

50urce 

C. slnemls TK 01 

C. sinensls TK 02 

C. slnensls TK whole 

S.japonlcum TK 01 

s'japonlcum TK 02 

S.japon/cum TK whole 

P. westemtQIIl TK 01 

Rel 

町田町t蜘 dy

ぬTCI κfTP ぬATP ぬATPI 九d 凡幽(umol/n唱In.
κnTC (mM，ぬITC(mM， κnTc (mM' (mM， κnAWι色(5-"κnTc mg proteln' 

035:tO.o1 2.65主0.65 7.57 0.46:t0.12 233主0.64 5.05 22.59:t0.15 54.54 33.8住之.01
P間開tstudy O.輔 ::0.05 1.99::0.15 4.15 0.75::0.13 2.50::0.52 3.33 4.50::0.11 938 6.71:t0.61 

Present study 0.49:t0.02 1.92:t0.43 3.92 0.78::!:0.07 3.46主0.70 4.44 17.78:t0~伺 36.26 26.68:t2.11 

Tokuhiro (2012) 1.30::0.01 3.00::0.58 2.31 1.11:t0.18 2.57::0.27 232 52.91::0.68 40.70 82.9O:t3.17 

Tokuhlro (2012) 0.53::!:01価 1.15::!:0.21 2.17 1.6O::!:0.20 3.47主0.58 2.17 1539::!:0.10 29.倒 28.83剖.伺

Tokuhlro (2012) 0.47::0.03 1.17::0.18 2.49 0.97::0.10 0.43::030 2.51 39.∞::036 82.98 67.82::1.50 
Blan回 etal (2似瑚 0.75:t0.07 4.22:t1.12 5i63 0166玄0.11 3.58::0.27 5.42 24.16主1.54 32.21 4031:t2.51 

P. westermani TK 02 Blanca et al (2側殉 0.51::0.04 1.49::0.29 2.92 1.43::036 4.03::0.76 2.82 11.56::0.45 22.67 21.43::1.75 

良間取rmanlTK whole Blan臼 etal (2似別 0.57:t0.10 1.95::!:0.43 3.42 0.98:t0.16 337:t0.70 3.44 33.44剖 .01 58.67 ω'.01ま3.01

A blas;l;ens;s TK 

A blOSlllensls M汀K

R. pachyp蜘 MiTK

Uda et al (2∞5) 4.01 ::0.41 NA 
Uda et al (2佃5) 0.88:t0.伺 NA

Uda et al (2伺5) 2.12::0.45 NA 

NA NA 

NA NA 

NA NA 

A

A

A

 

N

N

N

 

NA 9.43 ::0.4S 2.35 28.71 :: 1.06 

NA 143:t1.01 16.23 17.82::!:1.24 

NA 12.5:t1.52 5.90 10.4:!:0.59 

.Value: mean of three aぉays:: 50. 
NA. data not available. 
dol:10.1371Ijoumal.pntd.'倒加2548.tOO3

enzymatic activity toward thc taurocyaminc substralc. With thesc 

rcs叫ts，it w出 idcntificdfor出crlfSt timc出atthc C. sinensis cDNA 
encodcd a phophagen kin出 c.C. sinensis TK  w出 consideredto be a 
cytoplasmic TK， sincc it did not havc the N-terminal signal peptidc 
of 40 rcsidues which wcrc thc probable mitochondriaJ targeting 

sequcncc p陀 scntin charactcnzcd mitochondrial CKs [3吋.
Annclid PKs had considcrablc catalytic cfficicncics for the 
guanidino substrates， glycocyaminc and lombricinc， in addition to 

its original target substratc， taurocy叩 linC[26J， [27J.百iswas in 
contrast to C. sine附isl、K，P. wes的maniTK， and S. mansoni TK， all 
of which showed cxclusivc cnzymc activity for taurocyaminc. Low 
dcgrcc of substrdtC 平cc国cityin annclid cnz戸n白 supportcd

Ocxibility in substratc rccognition， which might havc bccn a 
driving force in thc cvolution of phaphagcn kinases. Eisenia TK  
had obtained remarkablc divc四itysupportcd by the mutation 

K95Y LK， dramatically changing guanidino substrate平田ificity

Table 4. Comparison of kinetic parameters of C.sinensis mutant TKs*. 

Source 

ぬ，TCIιATP
κnTC (mM) 崎氏 (mM) 必nTc (mM) kc.， (S-1) 

凡幽(umoll
九剖IKmTC mln・mgproteln】

TKD1 035之0.01 之邸主0.65 7.57 0.46::!:0.12 

R58A 01 TK Dl 0.85:!:0.06 2.02::0.18 2.38 0.66:0.11 

I&OA 01 TK D1 0.51 ::!:0.07 2.45土0.53 4.80 0.52::!:0.o8 

Y84A olTKD司 0.82::0.07 2.07::0.12 2.76 0.62::0.11 

Y84RofTKD唱 o 0 0 0 

TK D2 0.48:0.05 1.99::0.15 4.15 0.75:0.13 

H創 AofTKD2 036主0.07 2.邸主OA3 736 0.58:t0.23 

163A ofTK 02 0.30:0.05 2.99:0.17 9.90 0.61::0.10 

Y87A of TK D2 3i64:t0.21 3.86::!:033 1.05 NA 

Y87R of TK 02 3.01 ::0.25 2.41 ::0.17 0.80 NA 

τKwhole 0.4'相9::!:0.0但2 1.92主0.4拍3 3，担 0.7，河8主0ω.0

R58A 01 01 In TK whole 0.45::0.19 1.72土0.43 3.82 0.76土0.12

I陥&OAofD唱InTKwholぬe 039土0.21 1A3之0.13 3.24 0.<<必)9主0.07

Y84A 01 Dlln TK whole 0.35:!:0.02 1.32:0.43 3.77 1.25土0.111 

Y84R 01 Dl In TK whole 0.54::!:0.似 1.72::!:0.26 3.12 1.01::!:0.23 

H6唱A01 02 In TK whole 0.40::0.02 1.22::0.43 3.05 0.66:0.07 

I63A of D2 In TK whole 0.54::!:0.03 0.86::!:0.04 1.59 0.91::!:O.o7 
Y87A 01 02 In TK whole 0.44::0.02 0.73::0.05 1.“1.12::0.02 

Y87R of D2 In TK whole 0.46::!:0.05 1.15:0.02 2.50 0.54:t0.07 

ぬATP

(mM) 

233::!:0.制

1.06:0.17 

2.50土0.70

1.18::0.27 

0 

250::0.52 

2.8O::!:0.42 

2.78:0.27 

NA 

NA 

3.輔 ::!:0.70

3.43::0.70 

3.26::!:0.70 

1.81:0.80 

350::!:032 

3.23::0.70 

1.45:t0.42 

1.86::030 

之30::!:0.70

22.59主0.15 54.54 33.89::!:2.01 

33.03:1.14 38.86 30.54:1.71 

22.43主0.38 44.02 32.64::!:2.00 

32.90:1.54 40.12 29.66:2.51 

0 00  

4.50::0.11 938 6.71:!:0.61 

5.92::!:1.23 15.58 20.89::!:0.81 

6.46:0.45 21.53 26.19::!:2.06 

6A5 1.77 5.19土0.24

0.99:0.52 0.33 1.19:0.59 

17.78::!:0;鈍 36.26 26.儲::!:2.11

15.00:0.25 3333 24.15:1.11 

121例主0.18 30.87 23.75主2.12

13.00::!:0.04 16.25 19.44:1.24 

10.92::!:037 20.22 16.38::!:132 

12.01 ::0.45 30.03 23.25::1.21 

11.20::!:0.28 13.02 16.81::!:131 

11.19:0.61 25.43 16.79:1.07 

10.67::!:0.38 23.20 16.D1主2.01

.Value: mean of thr四 assays:50. 
NA. data not available. 
doi:10.1371ljoumal.pntd.0∞2548.t∞4 
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Figure 4. DeveJopmental mRNA level of CsTK in C sinensis. 
mRNA level was measured by quantItatIve realtime PCR using a gene 
sp医師cprimer pair 
doi:l 0.1371 /journaLpntd田02548.g叩4

frolll ¥ombricinc 10 I川 町 yamincl3lj. AmIno acid SCqUCllC出 or

GS rc~ .. ion of milochondrial TK ¥¥'crc quilc di恥"川什01'11
cytoplasmic TK {32J.、、'hichrιnccts indcp山 dClltc¥'olllliol1:¥Iγ 

procc抽出品:qucntialdiITcrιncc or thcsc IWQ Cllzylll山 didlrans1atc 

todi日crcnccsLIl Cllzymatに activil¥'and subslI川CSpCCI日otyIOward 

thc gl川nidinosubstratcs. taur田刊minc，lombricinじ.glyc叫 ya・
ffilllC，川 d 白lrginincL2GJ， l27J. i'uu巾 crof川 llU旧日日dsill GS 
rcgion or C. silltr/sIJ TK， P. u.Je5lmfl(lIIi TK， ;¥1叩IdS. 11叩'"叩m削11$.山sω抑oω"iTK川凶
s叩問m羽別】1<1叫"川，1品l
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川 d 山ismight afTccI thc diffcrcnccs in guanidino subslralc 
SpcCI日clly

J'hc GS rcgioll was dc民ribcda5 a possiblc c;lIulid川cfor Ihc 

gu:ulidillC rccogniliOll sitc，山】da llumbcr of :lmino acid ddctioll川

山崎 rcgl.Onco町clalcdwith thc si町 ofphosphagcn subSlral凶

utilizcd L20J. I¥mino acid subslitut山onsin lhじGSrc百<on町sultcd

ill a signifi印刷 dccrc;出 ofCIlZ)'JllC aClivily for argininc 111j， L33j 
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Figure 5. Purification of recombinant CsTKOl by on-bead 
cleavage， Cs28GST-CsTKDl was loaded to a glutathione sepharose 46 
column and cleaved with th悶 mbin.The cleaved-off CsTKDl was eluted 
with P6S 
doi:l0.1371/journa1.pntd.OOO2548.g005 
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Figu同 6.Reacti刷旬ofan削 CsTKDlmouse immune serum to C 
sinensis CsTK 0102 and recombinant CsTK 01 proteins by 
Immunoblotting. 
doi:l0.1371/journaLpntd.OOO2548.g0師

I-Iowcvcr， functional propcrlics :md Sllbstratc binding mcchanisl1l 
of'l、Kis 1¥01 wdl dcfincd ycl 

1'0 charactcrizc substratc rccognilioll ]>1'01比rtyof C. simmsis TK， 
o¥mIno acid山 b山 lutionswcrc put in thc CS rcgion of truncatccl 

1) 1 alld 02 dOlllaIl¥S， and ill thc 01 or 1)2 domain of wholc 

CIlZ)'lllC. Thc rcsiduc 140 (Fig. S2)、¥'asconscrvcd across 
]>hosph‘a唱gcnki川"山"“出ISCS:cvcn Tyr、w、v叫'a巳a拙h凶src叶pμ3刈1，刊tにc巳dby 1¥1百1川nCK， 11じ
1川11GK， H i~凶‘ 1山IlTKιa川川】dL)'戸喧 "川lバI..Kロ0吋J，[ロ2句 IlII凶s刊s剖idll似tじ!W川a出S110叫l 
di山li蜘lげr刊U叫凶cll片Y
‘礼川'"叫dAK c円51:!1 slructurcs. Howc¥'cr， 山 pOSl1 同11 ¥¥':ts closc 10 thc 
gU:tllidiJlc substratc-bi汎川加m凶，d副"咋 s針削"山t比c[33勾J，[3 吋， l35j， 制 Id funclionally， 
山崎r出 iducdclcrm川 田 gUOlllidinosubslralc叩山川口1)'[31]， [3GJ 
111C r出 iduc140 was rcplaccd by His河川1L戸 inc)'lopl出 mici!nd 

Illilocholldrial 'I'Ks， 町SpCClI、cly ill Ilalurc. Thc cquivalcllI 

l'csiducs in Olhcr phosphagclI kinascs. which corrcSI珂 ndwith thc 

rcsiduc 95 in /)UII;Q CK， had Ihc rolcs of dislingll凶hinggu:lIlidino 
sul:>slralcs and organizing Ihc hydrogcn-bo川 1n山叩rkamund this 

pos山011，which 0汀cr，ιdan approprialc activc cClllcr for high 
cat:tlylIc llIrnO¥'cr. Thc 1l10dc of dc¥'dopmcnt of Ihis nClwork 

中pcarcdto bc tlniquc in cach phosphagcn kinasc， rcflccling thc 
CVOIUlioll of cach cnzymc L271. lllC cquivalcnl rcsiduc山凶

rcplaccd by Tyl川 position81， and 87山 ι"畑山TKDl alld 02 
domaIlIs， and sImilarl)' in TK of P.. wt'.Jttnmlll; and S. 1I11111SI判;.A 
subst 山 』川山"旧on】。rY8'~叫Rìn G. si即，打"川"凹"削v川削』“J官潜s TK DI cat川u凶sじ叫dloss of 泊ni山n川u川"怜)'目ro町t 

1:1川"川lI'OC町〉
rcu川"川"川n川n】ι山【d10、u、!cllzymc aCIIvIly， suggcsling lhal two-domain Sl.ruc-

lurc ofTK havc synCl宮isticl'olc for CIIZ)'川 ・山C白川tivily.Morcovcr， 

subSlitutiollS ofY84A in 'I'K 01， Y87R oUld Y87八川 02，¥'84八
日ndY81R in 01 ofwholc TK， Y87八andY87R in 1)2 of wholc 
J'K dccrcascd‘1日川it)'for I:tUIひcyamInc.It is suggcslcd lhal '1、)'r84
in D 1 domaIll ¥¥'as 1101 a kc)'町siducfi印刷bslralCrccognilion sil1cc 

rq】l九ccmcl1lof Ihis amino acid 町siducdid 1101 altcr substralC 

spccificity from laur匹 yaminc10 glycoc)'arnil1c， but thc rcsiduc凶
山11imponanl日orlaurocy:uninc binding 
八minoacid rcsiducs in CS rcgion wcrc cOllscn:cd :lmong 

pho叩hagcnk.inasc sllbgroups [37J. RS8山 d160 wc町 inGS 
rしgiollof C. siTll!rIs，J TK， which wc町 kcyIじsiducsror catalyLic 
IClivit)' or subslr;uc binding・mlOngOlhcr PKs. 160 or C. sillmru 
I'K w拙 rcplaccdby Val in all CKs， which showcd Jow cnz)'lnatic 
activity ror gJycocyaminc. l 
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Figure 7. Localiz副 ionof CsTK in ιsinensis adults by immunohJstochemical staining. Upper paneis A-D were stained with anti.CsTKDl 
mouse sera， and lower paneis E-H刷 thnormal mouse田川m.Mouse anti-(sTKDl and normal sera were used at 1:100 dilution. Panels A and E are 
testis打s);B and F， venl陥Isucker (VS); ( and G， intestine (Int) wilhζontenl in full; D and H， Testis and dreg (Dg) belween two f1ukes. Tg， tegument; 
Ab， acini of脳liaryepitheiium. 5caie bar=50μm 
doi:10.1371/journaLpntd凹02548.g凹7

163八川 CsTK1)2 cllhallCl:d thじ en行nllC、 ・.fTi川tyfor taurocya-

millc b)' about 2-fold il¥CIじ怜;C.Th山Crcsults su且gcslcdIhal 

slIbstitlllIon ofthcsc two rC5iducs in lhc GS町gionalTCClcd 5Iabilil)' 
of lhc closcd Sll'lIClu陀 ，andlhat山cscamino acids WCfC imporl川H

for tallrocyamillc bindillg. J-ligh calalytic む日ICICIIC)'・IIIdsll'ong 
aflinilY of C. sIfltnsis TK toward lhc substratc suggcstcd thal il had 
a signific品川町k 山 lhccllcrgy mctal.泊 lism for Ihc par.lSilC 

org:u山m
Ap山viousstl.ldy L39J rcpo川cdIhat m:~or AK and CK duslcrs 
cOllld bc catcgori削1.-rhrough phylogcllclic :lnalysis，・Ibro川l
SpCCll'l.I1ll of animal PKs grollpじdImo cilhcr :Ul annclid-spcci日c
phosphagcn kin凶CcluSlcr (1ombricinc kinasc， glyc，皿 yallullc

kinasc， :lIld cytopl田 川icand mil皿 hondrialTKs) or a柿 tcr-group
ofCKs from、'crlcbralcand invcl1cbratc Olllimals. It appcarcd Ihal 
thc :umclid-spccific phosphagcn kinas凶， illcluding c)'topl‘山11](;

1.2 
x 

1.0 

4‘ • 
呂マ 0.6 • • 4‘ @ • 
8 0・ • s 

正〉民• 0.2 • CUI-off = 0.21 • 
0.0 
Cs OV Pw Cy Sp (ー}

Figute 8. Antigenicity of re四 mbinantCsTKDl towatd hel-
mlnth-infected human sera in ELlSA_ 5e日 evaluatedwere of 
clonOfchiasis ((s)， opisthorchiasis viverrini (Ov). paragonim田町 wester-
mani (Pw)，町山白"0師団lIuiosae(仁川叩arganosiserinacei (5p) and 
uninfected human controls (-). Each point is a mean of triplicate 
measurements 
doi:l0.1371/journal.pntd.OOO2548.g008 
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品川にImilochondrial TKs， cvol町 d(rom a CK-likc川 lccSIO巾)carly 
in thc divcrgcll山 01"Ihc proto~ IO Il1C mctazo川15.Furthcnnorc， 
thC5C J"csuhs suggcstcd lhal thc (;γloplasmic :uld mitochonddal 

isofo川 崎ofTKcvolvcd indcpcndclllJy l27J. It was proposcd from 
t rcc lopology and札て1"じnccidclltilics Lhat C. Silltllsis TK w哨 inlhc
!¥K sllbclllstcr with P. wes.帥初。IIITK， S. 11I(l1/S0Ilj 'I'K， l'llOlIuscan 
AKs， ・山d幻pllnclllidI-ITK. Gcnomic org:-凡nizalionof C. sillmsU 
TK 口氏八，13 cxons illlcrrllptcd b)' 12 intJ'OlIs， w出 rCIl1:11位tbly

ωnscrvcd、vilhlho山 ofP. 1叫 fmllfl1lITK山 dS. mmUOIlI TK. C. 
sIllnuu TK sharcd 1lI0rc intJ'OII posilions wilh mollusc:lII八Ksthan 
tl'cll1o1todc TKs， ;lI1d did not sharc any illtrOIl positioll、、..ith
laurocyaminc k.inasc from thc anlldid A. hrasjJjmru Ilor with othcr 

I'cprcsc川川仇也 PKsbdonging 10 thc CK cllIstcr. '1'1川町sllh

sugg凶 cdlhal C. silll1Jru TK目。Ivcdfrom 八Kgcnc clad and 
supportcd thc phylogcllY or cvollllion of CsTK as shown in ['ig. 1， 
which川崎 dirfcrcnlfrom annclid TK c¥'oh>cd from CK b>TOUP 

Phylogcllclic and gcnc slrucllllじ analyscsshowcd that lrcmalodc 
l'Ks h山 Icvolvcd frorn a di回crClI1lincag'ι01" taul'oc)'ami日ckin凶C

Closc phylogcnclic rclationship had bccn 山portcd bclwccn 
fI川WOI1IISand moll usk.~ as molccubr data b'1'o叫)cdIhcl11 IOgclhcr 

in Ihc Lopolrochozoa l40J. 11 川凶 hypo山山izcdthat Ihl'Ollgh 

horizυIllal gcnc lrallsfc] 札口dCXOII shunl川gIrcmatod凶 acquircd

・Il'b.;ninckill<lsc什0111gastropocl inlcrmcdialC 1I0sls， whicll cvcntu・
日lIybcc川町 thcc1ass of annclid talll'凹刊millckillas凶 It was 
lI)1lOthcsizcd argillillc kin品cof thc prolozoλ川'1"叩O拍 m山W国 a
prodllcl of horizontal gCI山 lr:lI¥sfcrfrom anhropods L4.1 J. lt has 

:llso bCCll pro刊 dthat P. ll;eslmnflnI TK川]C!olhcl' trCIIl川odcTKs 
rcprcsclIl a distInCI lillcagc of TKs which c¥'ol¥'cd from a 
1ll01lusc:11I AK gCllc rathcr Iha凶作om a CK gCllc from 
ph)'logCllClic礼ndgCllc slruCIUI'じ :malyscs 1.28J. 13 cxtroll/12 
inlron of C. si1/t1Iru TK had complcx gcnc slructurcs comparcd 
¥¥.ith othcr C. sTllmsU gcncs. Phospholipid h)'clropcroxidc glulilthi-
OIlC pcroxid雌 (PI-IGPx)and myophilin-likc protcill of C. sinnlSIS 

had Ihrcc :tI1d fivc inlron，山首pccti¥Iclyl4-2J， l43J. Thc I'cslIhs 
providcd l"ul'lhcr insighl川tolhc C¥'Oll山 011ofl川"叫 Yillllil]Ckin:lsc 
in Ihc f:llnil)' of phosphagcn kinascs 

In our凶 pcrimclIIs，CsTK was Iranscribcd ill Ihc m山陀cl'cana
川 i田山 lltSof C. .r/llms，s. QU:t1l1山 川 crcaltimc PCR. 白川
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revealed出at出ctranscription lcvel of Cs'l・KmRNA was lower in 

the adu1t slagc than in thc metacc陀aria.This was possibly due to 
出at 血e prolcin played an importanl rolc in growth and 

development of thc juvcnile sukes. . Morcovcr， immunolocaliza-
tion resu1ts showcd出atCsTK was distribulcd in thc lcgumenl， 
testcs， ventr刈 suckcr，and intestinal conlcnts in adu1t C. sinen.出.
The cxtcnsivc distribution and developmenlal stagc-indepcndent 

expression may imply出atCsTK is a multifunctional molecu1e in 
thc dcvelopmcntal biology of C. sinensis， cspccially in organogen-
esis. Thc tegumcnt is an intcrfacc bctwccn parasitc and its host， 
which was a dynamic host-interactivc laycr which playcd an 

important rolc in modu1ation of thc host re甲onscand p紅白ite
S町吋val[44J， [45J. Morcover， tegumcnt was onc ofthc most activc 
sites of energy mctabolism involvcd羽山 signal汀叩sduction，
modu1ation， excrction， and osmoregu1ation. Prcvious studics havc 
reported出atprotcins idcntified at thc tcgumcnt of hclminthcs 

were suggcsled 出 important candidatc antigcns for 世ugs，
immunological diagnosis， and vaccine [45J， [46J. 
In出isstudy， anti-CsTK Dl mousc immunc scra rcacted 
柑'Onglyto 陀 combinantcs'r・KD1 protcin， and thcsc mousc scra 
reacted to and dctcctcd nativc CsTKDID2 protcin from adu1t C. 
sinensis soluble cxtract. Thc CsTK in thc scminal vcsiclc， intcstine 
and uterus of C. sine町isisp出 scdout along spcrms， eggs and 
intestinal contcnts into bilc. The bilc containing CsTK is 
percolated in thc biliarγacni and stagnatcd出 drcgsbctween血c

sukcs in thc biliary track， thcn cou1d be p陀 scntcd出 immunogen
to the host. Through出isway， the CsTK could cvokc the host 
immunc systcm and had dccent immunogcnicity. 

Anti-C.sinensis antibody detection by cnzymc・linkcdimmuno・
sor加 1t蹴 ay(EUSA) has bccn used品repidcmiological survcys of 

clonorchiasis for convcnience and celcrity， but an idcal diagnostic 
and/or trea凶 cnt-rc叩onse出 sayusing C. sinensis spec凶.cantigcn 
or anti-body subtypc could improve diagnostic scnsi“vity and 
申目前cityin thc clinical setting. In thc prcscnt study， the 
sensitivities of spccific IgG detection and cross-rcactions were 
measured. Recombinant CsTK D 1 had low spccificity and 

sensitivity toward scra of C. sine町isinfected individuals. 
In conclusion， a novel gcnc coding of C. sin飢市 TKw出
idcntificd from cDNA library for thc first timc. CsTK gcnc and 

gene products wcrc characterized using phylogcnctic analysis， 
gene structure， cnz戸nc actlvlty， mutatlon， Immunogcmclty， 
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