2\

ol
ol
mv

euItgatuanysol
1asans mslalushuezmenesuanwesluldduaiin Opisthorchis viverrini uag
Fasciola gigantica @m5UNTIATIERAATUlSARALTDNINSHILUY
Targeting AQPs in Opisthorchis viverrini and Fasciola gigantica for chemical

intervention in food-borne trematodiases

Tng 56. A5, S1UA 57 NN LaTAM

U

[AEAVIYANENT LN ING1FITITUANENS]

U 2563



Feyyavil BRG5580006
euIdsatuauy el
1asans mslalushuezmenesuanweslulddusila Opisthorchis viverrini uag
Fasciola gigantica @m5UN5IATIEIMaAlUlSARALTDNYDHILUY
Targeting AQPs in Opisthorchis viverrini and Fasciola gigantica for chemical
intervention in food-borne trematodiases
ABUYKIY
Y

1. 5A. A3, 1UF 37 NTINE AUTAVIVAIANT UNNINYIRLTITUAANS

2. WA, A5, dUISTAU LAALAD 1ASUS AZENITAIERS UMINYISYSITUANENS

atuayulagdinaunamuatuayunIde

(Anuiulusrsauiilureside an. lidnludeaiuimeausly)



UNANYD

39alA39N15 : BRG5580006
Falasents - nsklusAuezmenesuanwesluldsueiin Opisthorchis viverrini wag Fasciola
gigantica @sunTilATIEInIuAdlulsafaltane1sAILUY
Wt lAsen153de : 56 A3, 91ud 57 N9
UNT8NIWNDV1ANVIA
1. Prof. Eric Beitz
W89 Pharmazeutisches Institut 4113menae Christian-Albrechts-Universitat Lilag Kiel Uszine
=
wosull
2. Prof. Andrea Yool
#8971 School of Medical Sciences 13NNy The University of Adelaide 1iine Adelaide
UselnAooaLnsiay
° a < a A [ A v ¢ o Y I3 | | - a
unin szadenesudulysiuunsneglubeviuwad vihwthnlunsilutemakiurenit ndwesea ¢
= A i A v ¢ =~ v & Aaa aAo w O v o
58 wavaIaEaIuuY seninabeiugan ety dnd wazwuaiise NdAylunItunsdudiezaie
wosulunezluliiien Schistosoma mansoni \Uuanmaiivinlineasnandidnsinismenadu
a v ' a a a v A ] 1 1 o [y = a =
nnTIdenuIluTAueralenesuresnesluliidentidutemsitudmivreads vllauanan @
degnudeihagliAnaneaunsaluinsnievesweddaduanvnnisaeluiign a1nnanis3de
fananuandliiuinlusiveraenesuvesmesiulilanudululafiasidu drug target dusunns
Snwrlsadnienes TuuseinalnaneSluldisuau Opisthorchis viverrini \Junesfinuannlunia
nyiusanidsamilowazniamile mednsinsiavegdlulwasuun nsiaesseveniiauduiug
Aunsiinueisaiound lnegnnszduainnszuiunsdnauresvietAduilownanueufinuiignlass
Y aa v A Y a 2 13 aa v . = g Yo a
WNFnens Bndadennsedunsiinusiuieuiffaniside Praziquentel dalugldsnwinisiia

a a =

& a by v 6 a Y . . . ) d
Wonensluldiuau Tunuuadning slulddudnviianils Fasciola sigantica \Juanwnveinsande

[ ¥
a o

VNAUATHFNIVBRNBATNT waznuimesviinlldnadesnldinw Triclabedazole 8nane TUshueosa

Janeiuveang dIsunaulaniazyinnisf@ne WWesunaindrduvesnsaesiiluiaiiuasuing

o =

(conservation) Aautetieeiilaisuiulusiuszalonasuvesdniidesgnaiiguy lulasin15idell

AzE Tl srasanazAnulusiusraeneTunualung Sluliidunsassyiall ieTiasizvis
¥ ,

wa a v N a I3 A Yo a & a
QmﬁNUmﬁﬂuwuiqquﬂﬂnLﬂﬂJ LLa5'1/114!'11/]‘1/]'NGU'J'JVIEJ'ﬂuﬂ'ﬁL‘U‘UL{]WVN"IEJEU@QEJ'W]QSI%ﬁﬂHWIﬁﬂW@L?I@WEﬂS

Tuldl



52108u75398 TAduevesusnuneasialuidulusiuermienasuvesnens Fasciola gigantica wag
Opisthorchis viverrini QNI UWIUKAZLENBBNNNIETE RT-PCR 91ne15tduvamesvivaeslusses

LY 3 A

Y [ t4 d' 1 1Y ¢ A o o al 1% & v ¢ a
MILFNIY LLa'JQﬂLGUE]lIG]@ﬂUL’JﬂL@@iLW@uqlﬂmi’mﬁaUW’mﬂ ‘UWLE)‘HL’E)‘VIIW Lﬂﬂl%ﬂﬁﬂLﬂi’]%ﬁfiUiL’Jm C-

aaa ° Y

terminus gnideniitetiluifuueufiaudmiundnueudveitaudungaelusiuozmeneTudils
Tunynaaes F5uilldlunynaassiumaaeuiulsiuatavesmeiduasiieiboroamensdaeis
immunoblot  kag immunohistochemistry gy nsiiangiviiiveslusiuezaronsiugn
nadoulpe (1) NMsuINveslnu Xenopus ndsnsanduersidueiiludunuuveanisuwlasialufu
Tshuermenasy (2) nsidsuulasdnunznsusnvesBadienanaiinfidfiSuedmiunenswaly
Julusiivezarenedu wenainidiinszdeniifiinanonisitsureddsivezarenssu Tng
a1sUszney AqB Titkadiudionsvhauvedlusiuezmeneiuvesdnidsgnieuugninumagen
fulusiivazmenssuramensiaadluldnu Xenopus

nan1snnaae LUsiuszmenasy 2 lelewesuannneslulddu Fasciola gicantica (FGAQP-3 Way
FeAQP-4) uaw 3 lelawasuannwen Opisthorchis viverrini (OvAQP-1, OVAQP-2, OvAQP-3) gnlaau
#8150 weuvaATsunzselsiusraanaiuia 5 lelevesu gnudawaziumeaeuiulusivesa
rewssuftegluiiodovemeslnenuinlusiuermenaiugnasislutioevomedosnadumeg n1s
nageumsuIretlinu Wevaseuaruanselunsdugewnsiuveni G138 WAZNALYaTeR WU
Tinatuaululusiueymionesu FeAQP-3 way FeAQP-4 ualinailuuanlu OvAQP-1, OVAQP-2,
OVAQP-3 msvinaeudnunizvedadiiognsifutesmasiuvesnenlufouaziufiaaiiu wuilsing
Fuuanlu FeAQP-3 uay OvAQP1-3 usilinafiuauly FeAQP-4 uazannmsmegeunisiuialdsivoza
10M83U OVAQP1-3 Mea15Usenou AgB 1uau 13 vlln wul1 a@1suszneu AgB 011 Janudulule
Favdudimsvhauvesiusiuezmeonasuld e AgB $1uu 12 siefindelinanisnageuiduay
a5U Wiuormensiusiomeiviinisinydauddylunismuaunsinudrosnvesitluwaduos
wes mstdnvenderiauannnuazerdwmvesmesinulusiussaenaumsazdesdnv iy
fenmandAssnan mitavnseamsinuredusiuermeneiulszaunnudifaluldme sy
oSuelieunihil

Y o w v o ”

493110 Men1TasslusiuszaIDneIu FgAQP-3 way FeAQP-4 Tulunu Xenopus agﬂmmuﬁmaz
lifisaneranisiasizinanisneant dadesdndifuiinsiufumiieafunisadeldsiuidu
heterologous suiilosnainwadiittulilannsandnansasiulunsasisdusavldodafiome Sni
nsnnantiifetenfeninensvesinddeiisauilovninemnd sseznaiamsasndununsmagoui
Aoudnatien (IéFunuativayuain DAAD leviAidelulesuil sseziian 3 1few, uaznualiuayuan
AUIZAMITANERS U TInendessumans ieviideluseanside svezian 1 Wew) vlildanunsari
manageutldlusrernadudnting somniFaililiideyafifimelunisifaninanuisediud

5]



Awian : ne1slulyd, Whadlean lawnudng, lefansedd 311954, svAianasu



Abstract

Project code: BRG5580006

Project title: Targeting AQPs in Opisthorchis viverrini and Fasciola gigantica for chemical
intervention in food-borne trematodiases

Principle investigator: Assoc. Prof. Dr. Hans Rudi Grams

Graduate Program in Biomedical Sciences, Faculty of Allied Health Sciences, Thammasat
University, Pathumthani, Thailand

International collaborators:

1. Prof. Eric Beitz

Pharmazeutisches Institut, Christian-Albrechts-Universitat, Kiel, Germany

2. Prof. Andrea Yool

School of Medical Sciences, The University of Adelaide, Australia

Introduction: Aquaporins (AQPs) are pore-forming transmembrane proteins that conduct water,
glycerol, urea and other solutes across cell membranes in plants animals and bacteria.
Significantly, the inhibition of a single aquaglyceroporin in the blood fluke Schistosoma mansoni
caused high parasite mortality. This Schistosoma protein was shown to passage the metabolite
waste product lactate which, if not continuously excreted, would quickly lead to acidification
and parasite death. As such trematode aquaporins have potential as drug targets for
chemotherapy of trematodiases. In Thailand, the human liver fluke Opisthorchis viverrini is a
major parasite endemic in the north and northeast with high infection rates found in the rural
population. Long lasting infections have been connected with the development of
cholangiocarcinoma induced by chronic inflammation of biliary tracts due to antigens released
by the parasite. A self-inflicted agent promoting tumor formation is Praziquantel, the drug of
choice to destroy the parasite which too has been demonstrated to stimulate inflammation. In
livestock, the tropical liver fluke Fasciola gigantica causes severe economic damage to farmers
and resistance to the drug Triclabendazole, which is used to clear the infection, has been
reported. Parasite aquaporins are interesting targets as they show low sequence conservation to
their mammalian homologs and in this research we attempted to investigate the complete set
of AQPs in the afore-mentioned liver fluke species for their basic biochemical properties,

possible biological roles and as target for drug intervention in their respective trematodiasis.



Experimental Design: Fasciola and Opisthorchis AQP encoding cDNAs were isolated by RT-PCR
from adult stage parasite RNA, cloned into standard vectors and had their molecular sequences
determined. Synthetic peptides selected from the C-terminal intracellular regions of these AQPs
were used to produce anti-AQP antisera in mice. Antisera were used for immunoblot and
immunohistochemical detection of these AQPs in parasite antigen extracts and tissue sections,
respectively. Functional AQP analyses were performed by using (1) Xenopus oocyte swelling
assays with injected in vitro-synthesized AQP mRNA and (2) transformed mutant yeast cells
carrying recombinant expression plasmids with the introduced AQP DNAs. Pharmaceutical
intervention in the function of the trematode AQPs was tested with specific blocking
compounds (AgBs) that had shown promising results with mammalian AQPs. The AgBs were
tested in Xenopus oocyte swelling assays.

Results: Two Fasciola (FEAQP-3, FgAQP-4) and three Opisthorchis AQPs (OvAQP-1, OvAQP-2,
OVAQP-3) were successfully molecular cloned. Specific antisera could be produced against all
five AQPs. The antisera confirmed the tegumental location of the AQPs and revealed their
tissue-specific localization. Oocyte swelling assays for water, urea and glycerol were negative for
FGAQP-3 and FgAQP-4 but positive for all OvAQPs. Yeast-based assays for ammonia and
methylamine were positive for FgAQP-3 and all OvAQPs while FgAQP-4 was negative. Blocking
assays for OvAQP-1, OvAQP-2, OVAQP-3 in the Xenopus oocyte system with 13 AgBs showed
promising results for compound AgB 011 while the remaining twelve AgBs were negative.
Conclusions: The investigated AQPs have important functions beyond regulation of water
influx/efflux in parasite cells. Disposal of lactate/acetate waste through trematode AQPs will be
an essential property that needs further investigation. Blocking of AQP channel is achievable as
shown by limited blocking assays.

Limitations: It was not possible to express FgAQP-3 and FgAQP-4 in sufficiently large amounts in
Xenopus oocytes to obtain results. This is a known limitation of heterologous expression which
is not always working because the host does not provide full support for proper expression in
each and every case. The major downside of this study was the very limited timeframe to do
essential functional assays in the collaborating foreign laboratories. Funds received from DAAD,
Germany allowed a three-month research visit to Germany and funds received from
Thammasat University, Faculty of Allied Health Sciences allowed a one-month research visit to
Australia. Both visits would each have needed a six-month period to conduct and repeat

experiments to obtain enough data for additional publications.
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unaUEuIMT (Executive Summary)

OBJECTIVES

1) Production of antisera against the putative aquaglyceroporins FeAQP-3 and FgAQP-4
of Fasciola gigantica.

2) Application of these antisera for immunodetection of FgAQP-3 and FgAQP-4 in
parasite protein extracts and tissue sections.

3) Determination of temporal expression of FeAQP-3 and FgAQP-4 by reverse
transcription PCR.

a4) Expression of AQP-3 and AQP-4 of Fasciola gigantica in Xenopus oocytes and
swelling assays for water, urea, and glycerol.

5) Expression of FgAQPs and OvAQPs in yeast and growth assays testing for ammonia,
methylamine permeability.

6) Oocyte swelling assay for measurement of acetate permeability of Opisthorchis
viverrini AQPs 1-3.

7) Western blot analyses of heterologous expression of FgAQPs and OvAQPs in
Xenopus oocytes and yeast

8) Preliminary analysis of potential aquaporin blockers (AgB) for their activity on

OVAQP-1, OvAQP-2, OvAQP-3 by Xenopus swelling assays.

EXPERIMENTAL DESIGN

AQPs are transmembrane proteins and their short N- and C-terminal intracellular tails are the
most promising targets for antibody production if later on the native protein must be detected.
Therefore, antisera were raised against synthetic peptides comprising these terminal amino acid
sequences. To stimulate a stronger immune response the peptides were conjugated to the
carrier protein keyhole limpet hemocyanin (KLH). The obtained antisera were affinity purified to
remove antibodies against KLH and the specificity of the purified antisera was tested by ELISA
against the specific peptides.

The Xenopus oocyte swelling assay is the standard technique to analyze the functional
properties of heterologously expressed AQPs as it allows to investigate the function of a single
AQP in isolation from any other AQPs. This is due to the absence of endogenous AQP activity in
Xenopus oocytes and their inherent water impermeability. The results will therefore directly

reveal properties of the investicated AQP. Trematodes use anaerobic energy metabolism



pathways in their mammalian hosts and generate waste products, e.g. lactate, acetate.
Accumulation of these waste products would be toxic to the parasite and it has been
demonstrated in other organisms that a few AQPs can be used to facilitate removal of such
molecules. Again, oocytes can be used to analyze the transport of these compounds in their
charged and uncharged forms. Functional assays of heterologous expressed AQPs in yeast make
use of mutant yeast strains lacking distinct transporters of ammonia which will inhibit the
growth of the mutant yeast in the presence of ammonia. AQPs conducting ammonia will allow
growth and proliferation of these strains. Western blot analyses of Xenopus oocyte protein and
yeast microsomal extracts are required to confirm heterologous expression of the trematode
AQPs.

Aquaporins are essential for cellular water homeostasis and also have roles in excretion of
small metabolic waste products like acetate. Thus they are interesting targets for
pharmaceutical intervention and compounds that have shown potential in blocking of
mammalian aquaporins (AgB) were tested in oocyte swelling assays against OvAQP1, OvAQP-2,
OVAQP-3. Due to the absence of endogenous AQP activity in Xenopus oocytes and their
inherent water impermeability they will only show swelling if the expressed OvAQPs allow
water to pass. The swelling rate of the oocytes will be recorded before and after the addition
of the selected AgB. Comparison of the swelling rates will show if any specific AgB prevents or
slows oocyte swelling.

RESULTS

1) ELISA showed that the generated and purified antisera contained a sufficiently high
amount of peptide-specific antibodies.

2) Immunoblot analyses demonstrated that the antisera reacted with single antigens in
transmembrane protein extracts of adult F. gigantica. Specificity of these signals was verified by
controls in which the specific antibodies were depleted by immunoprecipitation against the
specific peptides.

3) RT-PCR demonstrated that FgAQP-3 is an adult-stage specific protein while FgAQP-4
is present in metacercariae, newly excysted juveniles, 2, 4, 6 week-old juveniles and adults.

a4) Immunolocalization in the tissue of adult parasites showed that FgAQP-3 is present
only in the male reproductive system, i.e., testis lobes and seminal vesicle while FgAQP-4 is
ubiquitously distributed.

5) Oocyte swelling assays of FgAQP-3, FgAQP-4 for water, urea, and glycerol showed

negative results



6) Yeast growth experiments demonstrated that FeAQP-3 can conduct ammonia and
methylamine while FgAQP-4 was negative. OvAQP-1, OvAQP-2, OvAQP-3 can conduct ammonia
and methylamine

7) Oocyte swelling assays of Opisthorchis AQPs for acetate showed that OvAQP-1
abundantly conducted uncharged acetate while OvAQP-2 and OvAQP-3 caused the flow of
both charged and uncharged acetate but at low levels

8) Western analyses of oocyte protein extracts showed that the Fasciola AQPs were
present at very low levels only while the Opisthorchis AQPs were abundant. In the yeast
microsomal fractions FgAQP-3 was clearly detected while FgAQP-4 was not detected. All
Opisthorchis AQPs were detected in the yeast microsomal fractions.

9) Thirteen different potential aquaporin blockers (AgB) were tested with OvAQP-1,
OvAQP-2, OVAQP-3 in Xenopus oocyte swelling assays. AgB 011 showed promising results. It
caused reduction of the swelling rate in oocytes expressing OvAQP-1 and OvAQP-2 but not for
OVAQP-3.

CONCLUSIONS

Specific antisera against FgAQP-3 and FgAQP-4 terminal peptides were produced in mice and
affinity-purified. RT-PCR, immunoblot detection and immunohistochemical localization of
FgAQP-3 and FgAQP-4 RNA and protein yielded novel results which already allow us to
speculate about the functions of these aquaslyceroporins:

1) FGAQP-3 is an adult-stage specific protein functional in the male reproductive
system which could possibly affect spermatogenesis and, thereby, fertility.

2) FeAQP-4 acts as a 'house-keeping' protein, active at all times in all tissue-types.
Pharmaceutical intervention should focus on FgAQP-4 as functional inhibition of FgAQP-3 might
not kill the parasite but only cause temporary reduction in fecundity.

3) Unexpectedly, the activity measurements of the Fasciola AQPs in oocytes were
negative and the subsequent western analysis showed that they were only expressed at very
low levels in the oocytes. Similarly, in the yeast only FgAQP-3 was found expressed and
showed that it has an effect on ammonia and methylamine while FgAQP was again negative. All
clones had been DNA-sequenced prior to their use in the experiments. In vitro transcription and
production of capped RNA showed no differences in the product quality/quantity between
Fasciola and Opisthorchis AQP transcripts and the experiments were repeated at different times

with the same results. It is at present not known whether there are systemic problems at the



translational/posttranslational level that affect the Fasciola AQPs in Xenopus oocytes or
undetected technical shortcomings.

a4) The Opisthorchis AQPs were found to be expressed in both, Xenopus oocytes and
in yeast and conducted ammonia and methylamine in the latter. Due to the negative results for
the FgAQPs we did not test them for acetate in oocytes but used only the OvVAQPs in these
assays. Remarkably, OvAQP-1 was found to be highly active in conducting uncharged acetate.
Even more remarkably in respect to acetate is the result for OVAQP-3 because it demonstrates
the flux of charged acetate through this AQP which is a property rarely observed in these
channels. Given the negative results for the Fasciola AQPs we have decided to focus our future
work on the analysis of the Opisthorchis AQPs and to further analyze their possible biological
role in the excretion of acetate which if left in the parasite would lead to cellular acidification
and certain subsequent death.

5) Preliminary analysis of AgBs showed that it is possible to find compounds that
reduce the flow of water across OvAQPs. Due to limited time available for this analysis (one
month) only 13 AgBs could be tested. These analyses were performed in the laboratory of Prof.
A. Yool, Adelaide, Australia. Prof. Yool has a large collection of compounds with potential to
block aquaporins. An extended research visit would be necessary to obtain sound data, ready
for publication.

6) Unexpected negative results for the expression of FgAQP-3, FeAQP-4 in Xenopus
oocytes with limited time (three months research visit in the laboratory of Prof. E. Beitz, Kiel,
Germany) to solve this problem and to conduct more experiments in mutant yeast as an

alternative did not allow us to get publishable results for this part of the study.
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NWB1558uE newly excysted juveniles sanuanstuansazans PBS, pH 7.2 udnhluldlunisnaass

sald



U 1 Yanda cyprinid leadnansuaswensuesnens O. viverrini iiuldanuainsssuya lu

WANPRETURNBENtaYRIUT ALY

4. n19wIsd total RNA 9nWens F. gigantica wawhm

NN5&nA total RNA 989Wens F. gigantica S¥ag newly excysted juvenile, 2 §Uai, 4 dUa 9, 6

FUnnii wazszuzdfinte TnethwenSuunliaziBundiewn3as homogenizer (Ultra-Turrax T25 tissue

homogenizer, IKA, Germany) Tua1sagane TRIzol (GIBco BRL Life-Technologies, USA) uaaLfsl

aaelsesuadly mntduilutunnazneu figungd 4 esmiwaies \iumsazanduuuudaii

isopropyl alcohol diluilunnmsneudnads tneneu total RNA fils w1dnesae 70% evuea antu

PNALNBY total RNA flaaumgiivios Usvana 20-30 unil wdazanenzney total RNA g DEPC-

treated water aAuEuduTas total RNA #ildidaeiedes spectrophotometer finuenIAdy 260 w1

Tuns Yransazans total RNA ulifigaumandl -80 esriwaidea iieldlunsveasssely

5. AswssnasanalusAuailn insoluble protein extracts (IPE), soluble protein extracts (SPE) uag
transmembrane extracts (TME) aWnne13 F. gigantica Szeedifiude

Ymen3 F. gigantica szesiufinte wnualiazaneidunieindas homogenizer Tuaisazans 10 mM

PBS, pH 7.2, 150 mM NaCl, 0.5% Triton X-100, 1x proteinase inhibitor cocktails (M221, AMRESCO,



USA) uaz 1 mM EDTA 91ntiu dhlddufinnuds 1,000 xe gl 4 sarwalded 1Wunan 10 Wil
wonmznau (pellet 1) wazdula (supernatant 1)
nzneu (pellet 1) luazaumsarsazaty 50 mM Tris—HCL, pH 6.8 Wag 3% SDS Huan 1 4l 7
QaunQil 37 deALYALTYd i ludunnazneuiinnnuida 1,000 xe Wunan 10 il vansazans
dila (insoluble protein extracts) lUinAudiudulusiuseds Bradford assay waziiulingumagd -
20 esrnwaided ieldlunsnaaewiely
ihaula (supernatant 1) mﬁuéf’;améaﬁjummﬁaqa (Ultracentrifuge, TH-641 rotor, SORVALL
Discovery 100SE) fin13132 200,000 xg 9aumail 4 ssmwaldea iunan 1 9lus usnaznou (pellet
1) wazdula (supernatant II) tnznawdild (pellet 1) wrazaelu 50 mM Tris—HCL, pH 6.8 uaz 3%
sDS huaan 1 dalus lgamindi 37 eseniwaia ntiuiandunnagneuiiiuigs 1,000 xe Wuna
10 wft ¥hansazanwdla (transmembrane extracts) W iannududulusiuiild §1e33 Bradford
uEWAUlgmgl -20 ssmwaidea Lielflunmeaossioly
¥renla (supernatant Il w38 soluble protein extracts) l¥aaudiudulusiudild ¢e3s Bradford
uEIAUlgmgl -20 ssmwaidea Lielflunmaaossioly
6. n1slaau cONA fidhswadmsulusiuesaiona3u FeAQP3 uaz FeAQPA vasnesluliiau F
gigantica
mﬂsﬁagaﬁlu Expressed Sequence Tag (EST database) voaneSluldisiu F. gigantica ﬂmzéﬁéjﬁﬂlﬁ
Fuaszilnswesfifianusumesio cONA a4 aquaporin homologs (FEAQP3;  Fw:
5’GGATCCATGGAGTCCCACTGGGT3’ Rv: 5’CTCGAGTCATTCCAAAGCCTCTCCT3 oy FeAQP4;  Fw:
5’GGATCCATGAGTTTAGTCTCCTAT3’ Rv: 5’CTCGAGTTATTGCCAACTGTTTC3’) walvinnstaau
cDNAs MmgnAila reverse transcriptase PCR (RT-PCR) g1 total RNA 9890815 F. gigantica 1¥¥%
fuduTe 1% reverse transcription seaulwsl reverse transcriptase (RevertAid Reverse
Transcriptase, ThermoScientific) el reverse gene specific primers wafiusIuan cONAs fildne
Tnswesfisimnzsie aquaporin homologs 11 PCR products #ildideuseiuriamnes pGEM-T Easy
(Promega, USA) antunsiadevdsuiduovastaay cDNAs (FSAQP3 way FeAQP4) filalae DNA
sequencing
7. MTIATIERNSLENIDBNTBIEU FAQP3 way FeAQP4 Tuseau RNA ¥0IWend F. gieantica 1o
reverse transcriptase PCR (RT-PCR)
Reverse-Transcriptase PCR (RT-PCR) ilumnafiafianunsadinszinisuanseenvasdu Tusedu RNA 16
Yonvaunaila RT-PCR Aosioin1susuiaves RNA Tudnuiutdesunn (szauulundy) Tunsiiesignnig
LARIEENUDIBY TuRaURBL total RNA Szug newly excysted juvenile, 2 §Ua, 4 dUanth, 6 dUni
wazsvaviudTeTinionld (Wesuieludeid 3) unasha first strand cONA dheieulesl reverse

transcriptase (RevertAid Reverse Transcriptase, ThermoScientific) lagl% reverse gene specific



primers (Rv; 5'-TCGGAACCCAAAAGTGGTAG-3' d3U FgAQP3 wag Rv; 5'-
GAGTGAACGCTTGTTGTCCA-3' d1vSU FeAQP4 ) udauinsuau first stand cONA #ilglunsiasszes fe
wadla PCR TnglnsiwosfisumesossmensIuriaasdlolanody (Fw: 5-GGTCGAGTACCGTGGATACG-
3' Rv; 5-TCGGAACCCAAAAGTGGTAG-3' 113U FeAQP3 way Fw; 5'-GTTGATTAATCCGGCAATGG-3'
Rv; 5-GAGTGAACGCTTGTTGTCCA-3' d113u FgAQP4) 1neld annealing temperature ﬁ’qmm:ﬁ 55
permaifea 91nthuth PCR products AildammudnsziUsinamiswedilase agarose gel
electrophoresis Iumiﬁnﬂaaﬂﬁﬂmzﬂaﬁﬂmﬁu FeTubulin L?;Ju%umuaumaiu (internal control
gene) WlpAlTginisuantoanvesBumual SafTNaLarAMNINYDY total RNA fiadaldlusses
$IN99) VOINYNS F. gisantica

8. nsnArinalrausaneuRvefisnzdelusiiuazameneiu FeAQP3 was FeAQPA
nsnanlnalrausaLoufueRsneselUsALUsEAN transmembrane proteins TuiiTasin

L L 13

Tnsamzlutuneumainieninexduuuilsiudelfifunoufinulunsnsedudninaaes ilosnnd
ronduuuilusiuildaulngndnlugaduuaiide Faduswadidnuildaunsandalusfiudsenn
transmembrane proteins l#sluiana dadunsededronduuuilusiuiondnuoufueidmsy
transmembrane proteins szfondonanzaniiiiu intracellular 38 extracellular parts U3
transmembrane proteins ﬁ?ue]

nsnansreyduuwilsiuiivundniu vildenwesldnanu Tnsemlunmstuneuntsilusiu
Tﬁu'%qwé ﬂmsﬁﬁé’aﬁﬂﬁﬁwam synthetic peptides (MIMOTOPES, Australia) titeantunaun1snass
AenduuulUsiu dvsuniswanindlaaueatauivedfifiinusimerelusfiussatenady FeAQP3
uay FeAQPA tu Anuzdideldidondruiiiu N-terminal intracellular part (H-KKVDKIRLTSKNLTKC-OH,
19 oxilune®n) vaslusAuszAI9NesY FSAQP3 uay C-terminal intracellular part (H-
CDELGNSEKMRQFSDRNSWQ-OH, 19 arilluuedn) veslusiueraanasy FeAQP4 [ulauRiaudmsu
mMsnsedunymaassondnlndlaausaueuived
Fupeuntswanlndlraueatauivedniinusunzaslsiuazmenasuy FgAQP3 uay FeAQP4 vinld
Taeti synthetic peptides udaufiulusiiu keyhole limpet hemocyanin (KLH) @sagvimeih iy
immunostimulator/adjuvant ilethelviwadluszuunlifufuaunsanouausauazaiauoufvedise
synthetic peptides 8@t antuth synthetic peptide-KLH Annsyauluvryundanenug ICR 91w 2
nauvaaes (NAY FAQP3 WA FeAQP4) nauaz 3 ¢ Usuna 50 lulasnsusenywilsdh dmsunisin
nsvdundafl 2 uay 3 Bansedudie synthetic peptide tigsaenaien Usua 20 lalasniudenymiiei
Tnsmsdansvduusazadaiuszesia 3 e Tasshnmsinsdeaunameynaumsnssdude
woufiauuarludUasiil 2 ndinsdansedu Tnsmsdnnseiumyadiusninisaunoufiaude
Complete Freund’s Adjuvant éfm%’umsaﬂmzéjuﬂ%’jaﬁ 2 18¥ 3 NAULOURLAUAIE Incomplete

Freund’s Adjuvant (fauandluguil 1) 99y pool @suvemuyiieglungufeniu (wsesnidu



preimmune serum uaz immunized serum) wéathlunageuAUSINIZVBIMOURUORTILHHe
synthetic peptide ﬁiﬁﬁLﬂuLLauaLﬁ]ulumsﬂszé:umémaaqﬁ’m’iﬁ ELISA mdsntiut@Suunsdnlush
1ﬁu%qm§é’aaﬂ15ﬁwé’ﬂLLauﬁuaﬁﬁﬁmmﬁi’wwasﬁaiﬂiﬁu KLH ¢28 KLH agarose column (USBiolosgical,
USA) Wi 3euiieunnusimyveaouiiveise synthetic peptide waglusiy KLH stanouuaznds

purification 91835 ELISA aaly

a v ¥ o = o ¥ o = o, & 4
AANITAUATIV 1 ANNITTAUATIN 2 AANTEAUATIN 3

synthetic peptide-KLH synthetic peptide synthetic peptide

/% A

| | | | [ l | | | [ 5

| | 1 I 1 I 1 1 | 1 -
Y ¢l
dUanuin o 1 2 3 4 5 6 7 8 9

a N PN o

RRHELE \WILLden \WIELRen LILRDALAENITUSIIN

(Pre-immune serum) (Immunized serum)

JUN 2 waneszeslia1veInIsnseRurunaaeLiiendnlndlaaueawaufiuedse synthetic peptides a4
1UsAU FgAQP3 Lz FgAQP4

9. msvadsUATILSINIzvesinAlraueaLauRueRTinanliHe synthetic peptides vaslusiivaraie
Wo3U FgAQP3 uag OvAQP4 Tngis ELISA
111 synthetic peptides (ﬁiﬁi’ﬁﬁuuauaLf\mﬁm%’umzéngmam) v04lUsAY FgAQP3 lay FSAQPA 11
\doUULMANYeY ELISA plate Usinal 100 unluniusioviay Mafignmgll 4 ssmwaidea iunami
A mﬂﬁ?uél%ﬂﬂiaumﬁLﬂﬁ%ﬁUﬁ@N@@ﬂﬁ?ﬂéﬁ&JﬁWLW@% PBST (10 mM PBS, pH 7.2, 0.05% Tween 20)
u& block #e 0.25% BSA lutiliies PBST Wuiian 30 undi fienumgiivies &namqu ELISA fe PBST
U 3 ﬂ%ga ﬁ]’]ﬂﬁ?ﬂ?{' pooled-preimmune serum, pooled-immunized serum (daumaﬁm’%awé)
¥30 pooled-immunized serum (founsviuians) 7 dilution 1:1,000-1:2,048,000 wuu 2-fold
ditution iutaan 1 2l flgaungd 37 ssmiwaidoa dravau ELISA # PBST s$1uau 3 ada iy
woufveRsiides (HRP-Goat anti mouse IgG (H+L), invitrogen) 7 dilution 1:4000 1uvian 1 Falus

figaumndl 37 ssmwaldua d1aviau ELISA ¢he PBST wéld substrate (OPD, Sigma) tutaan 30 unil



Tusesiin MnduvgansiaUfiAsende 3N H,50, wérfndmaganduuasiianuemieiu 492 uily
LIRS
nsissulsuAusnzvesinalaausaueuiven i 2 ¥la (anti FsAQP3 antibody wag anti
FgAQP4 antibody) #® synthetic peptide Wag KLH Lﬁaﬁwmzﬁé’mwﬁ’;wﬂaqmmi@mﬂamm (ODyg,
sia synthetic peptide / ODgg, st KLH) uazil3ouiiioulndlrausausufivemnouwasndensyh
LLauﬁuaﬁiﬁU%qwé A28 KLH agarose column laensiadaulusiu KLH uag synthetic peptide uu
mgal ELISA wdadifunasuieduiildeugliduuy mndusmunasnmdiuresrmaganduuasd
Taldannsinufizeniu synthetic peptide waz KLH waiun plot vuns
10. nsesanlUshu FeAQP3 uaz FeAQP4 annansafalusiufiwsenainwens F. gigantica 1033
Western blot analysis
Wransatalusiuiimsenannens £ gieantica Wi soluble protein extracts (SPE), insoluble
protein extracts (IPE) kag transmembrane extracts (TME) Usuneu 70 laulasnsu unuenaunnves
TUsAulneid SDS-PAGE Tu 16% acrylamide gel wazénelusAuundsiuu nitrocellulose membrane
1ne3% semi-dry blotting mﬂﬁuﬁﬂ nitrocellulose membrane 11 block nonspecific #e 5% skim
milk Tutwles TBS, pH 7.5 a1 93lus weung ﬁqmmﬁﬁaq 14 pooled-purified polyclonal
antibody #® synthetic peptide 983 FgAQP3 %30 FgAQP4 %38 pooled-preimmune serum VBINY
Aeumsnsziufeuauiiau 7 dilution 1:500 Wunan 1 #3las w1 Agamgdives mndudnade
washing buffer (TBS, 0.05% Tween 20) TdweuRvadsmiides (AP-goat anti mouse 1gG (whole
molecule), Sigma) futian 1 Falus ey ﬁqmmﬁﬁaa 819 membrane ¢n8 washing buffer 1
substrate (BCIP/NBT, Ameresco, USA) 1slufitin wuweh seauiauaudiiesesuninazidiy
background JavigaUAseden1sénai 2-3 ade
11. mamduvtswaslsiuezamenesy FeAQP3 uay FeAQPd Tuilaifiaveanens F. gigantica lne
T89uylune3Inen (Immunohistochemistry)
- M9W38Y paraffin-embedded tissue ¥8aNENS F. gigantica SyeyiLfule
Ywens F. gicantica szezindiade Miafvandunieretdvesdnifiande (a nszde) unddli
dxoneiuansazaly PBS, pH 7.2 Mt mesTsausseonlulu 3 dw @ dunans uay
dune) ludluansazate 4% paraformaldehyde (fixative buffer) ﬁqmmﬁ 4 e iwadea 1ua
4 $lus wansazvane fixative 719 udrdEIBENsAZANE PBS, pH 7.2 anturdmieananidedoves
g5 (dehydration) Insudluansaganeteniuea 50%, 70%, 80%, 95% waz 100% LJutianetsay 20
w1l WansarasloMueaLdLANaTazaNY xylene RefitliTignmiivios S1udu 3 U SBUAY 10 W
9niuh xylene waufuansazans paraplast ludhsnday 1:1 thiudiuvemensldluasazatesing
faidliTigamgdl 55-58 ssrieadua Wunan 30 Wil $1uau 2 soU MMumEsaratsdis Wi

a1azay paraplast Usans felingamall 55-58 asrwaidea Wuan 1 Falus §1uau 2 seu 1h

9 Y



Fughuvomensiadundensenurun Ussana 3x5 wuins ldasazane paraplast ‘U%zjmé
Mniusaisl3iiteliansavane paraplast LL%qﬁaﬁqmmﬁﬁm ﬁw%uﬁammwm%ﬁﬁjaasﬂu paraplast U
FaseLp3as microtorne (RM2235 Leica, Germany) fiaunun 8 lulaswns udannsuualanuiag
\Raude gelatin suislilurauna 1 Aufigaungll 42 ssenwaidea thaladluiiulilundesdi
UsIenAaTY FU LATLAS dethluldlunsnasesdusioly

- msasranilusiuezmonesy FeAQP3 waz FeAQPd uwilewdovomens F. gigantica

szeziuiy mewmeladuylunen§iven (immunohistochemistry)
ﬁ’]L‘ﬁ’e)L?JIE)GUE]QWEJ’I%ﬁ’JWQE]gJ:UHﬁIaﬁ (FafilgaSurednadu) wwalu xylene, absolute ethanol, 95%,
90%, 80%, and 70% ethanol mwasu thalanliualuansazais 10 mM sodium citrate, pH 6.0
way 0.05% Tween 20 LﬁaLﬂuﬂWi§QLLauaLﬂuﬁa§iuuL§aL?Jasuaqwaﬂ%aaﬂu’l 91ni block eideves
NYIBAWENTZAY glycine WA 4% BSA mua1fy uans1adulusiuezAlonesu FgAQP3 uag FAQPE
selndlrausauoufivefiismnzaelusiivermena3u FeAQP3 uay FeAQPA 7 dilution 1:200 «Ju
a0 1 Ay ﬁqmmﬁ 4 esmuaiua 9Nty block Lielderesmeifeansazats 1 mM laevamisole
waald 2™ antibody (goat anti-mouse antibody conjugated alkaline phosphatase, dilution 1:200)
&Ry substrate vououlesl alkaline phosphatase $e BCIP/NBT waladlunsliludifia wddnnnd
shsffnduuudederemens vgauffsefnanndenmsdiduiszana 23 ads Unde coverslip
wdnilugnglindesganssmivdmeslvasiinafifniuuwieBovaames (OLYMPUS fu BX51)
12. n15laau cDNA USiaa coding sequences U84 FgAQP3 wag FgAQP4 Lﬁwénmmaiﬁamaawﬁwﬁ
voslushuezmanesululinu Xenopus laevis wazdan Saccharomyces cerevisiae
- M3lAau cDNA ¥83 FgAQP3 wag FAQP4 wgdhiAwas pHAG26MET25 \enagou
wiihfivesiusiuezamenesuluias S. cerevisiae

9NLUY forward way reverse lnsiies il restriction sites a4 restriction enzymes d1u§unissinsie

Wnganmes fakandlunisamuens

1Pau anuBuevedinsiues Restriction enzymes
FeAQP3 Fw: 5’GAC GTC ATG GAG TCC CAC TGG GT3’ Aat |l

Rv: 5°CTC GAG TCA TTC CAA AGC CTC TCC T?’ Xho |
FeAQP4 Fw: 5’GGA TCC ATG AGT TTA GTC TCC TAT?’ BamH |

Rv: 5’CTC GAG TTATTG CCA ACT GTT TC?’ Xho |

WU cDNA 999 FEAQP3 Way FeAQP4E aglnsiuasninimizaaduainand (Falanslumisnaiuui)

ntudousie PCR product TildfuLAmes pGEM-T easy (Promega, USA) uwdatiluiinsuivluiwad



WUATISY aneiug XL1-Blue Uilaauvad pGEM-T easy/FeAQP3 (including Aat Il and Xho | sites) ua
pPGEM-T easy/FgAQP4 (including BamH | and Xho | sites) asIvdeuaITUABWeTLE (DNA
sequencing) antwhnssinlAauves FeAQP3 uaz FeAQPE ild sreteulusifenan (famsneiuun)
mniuthldousetunanes pHAG26MET25 udniluifusundlusaduuaiise aewus XL1-Blue
afnRLduLeved pHAG26MET25/FgAQP3 uae pHAG26MET25/FeAQPd fild wdnhluldlunsveassiie
Anwnthiiveslusiuezamenaduy FeAQP3 way FeAQP4 Tudas S. cerevisiae foly

- M3lAau cDNA ¥83 FgAQP3 wag FeAQP4 1dhimwas pOG2 \enagouniiives

TUshuezmenaiululinu X (aevis

lAauwes pHAG26MET25/FgAQP3 waz pHAG26MET25/FgAQP4 Il uuazatnmisuwe andy
dnfnanasingnuaniiadnlase restriction enzymes wiia Xba | uaz Xho | (Uszneulsedufiidue
yaslusiuarAene3u warlusiu hemagslutinin (HA tag) Faaziilulunsnsramnnsasalusiude
anti-HA antibody Tudusiell) wdhludensefunames poG2 Wislililaauves pOG2/FeAQP3
way pOG2/FeAQPA dmsunmsnadaunthiiveslsiuezaanasu FeAQP3 way FeAQP4 Tulinu X.
laevis ol

13. n15lAau cDNA Usiaa coding sequences 483 O. viverrini aquaporins (OVAQP1, 2 uay 3) L“i’h’sju{
nawestilenageunthiiveslusivesaonesuluiias Saccharomyces cerevisiae
1laauves pGEMT-Easy/OvAQP1, pGEMT-Easy/OvAQP2 wag pGEMT-Easy/OvAQP3 fiunns
ATvEoUAURLSuBNE (MnlasanFideEes “mslaaudulaznsAnunuanifveslsiuidudes
e (ezarenedu, OVAQPL-3) mnmenslulsifu Opisthorchis viverrin” dayaynani
MRG5580189) undnsatoulasifng e Bam HI waz Xho | Liledne DNA fragment 483 OVAQPL,
OVAQP2 uaz OvAQP3 lUSsiaumas pHAG26MET25 9ntunsaadeuamgniesasdduRisue (DNA
sequencing) 8nns Lmmes PHAG25/MET25 fiddumduevadiusiiu hemagslutinin (HA tag) sl
Usglevilunsasiamlusiulaglduoufvense HA tag
14. msvageuniiivesiusiuesaione3u FeAQP3 way FeAQP4 lulinu Xenopus laevis
msfinwmihivesiusiuezeenesululinu Xenopus laevis Wumsveaaurnuaunsalunsiiuges
ymashudwiulianaves ndwesea wazelse lage@enannsunsHuaduuuswIadlinunAsan
#28 CRNA vosazmonessy wdrimvusvedddnuiiiindundniduansazaneiidesmsagay sunou
n1snaassfe Wilmauves pOG2/FgAQP3 uay pOG2/FgAQPE andamateulasisngng Not | lidu
linear DNA template NFIHEN CRNA 989 FSAQP3 waz FeAQP4 lngldynnan mMESSAGE
MMACHINE transcription kit (Ambion) 91ntutilainu Xenopus (aevis @sldarnmsnitesmeosasny
X. lgevis WALy MURANATEETTUNTITERINAaDIUDY University of Kiel, Germany) 1nansuageay
shoeulasl collagenase A (Roche) luran 10-20 il figaumgdl 37 ssawaidoa udfnidenluny

szey V-V wazlinaun i nelindesganssaiviinanaslo 31n1uan cRNA ¥83 FgAQP3 %30 FgAQP4



$1uau 5 wilunuluuiinms 50 uiludes seldnunilnles tneldlnuuszana 10-15 Wesdendangy
ypaes wipAAlinu X. laevis fe sterile water dwSunguaruaukaay ntuiilinuiidaudauldly
arvazany ND96 buffer (96 mM NaCl, 2 mM KCL, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM HEPES, pH
7.0) nlugidonmgdl 16 ssmuwaidoa Wunan 3 Ju wdnhlunageusuannsalunadures
MeruveslusiuszAranesuRely
nsvadeuAuansaveslUsiiueraenesy FeAQP3 way FeAQPd lunisilutesmeinurenit Tneth
lunusts 3 nau wnldludwsles ND96 Liean9 (1:3 ND96 buffer) wéaTauunemaslinunng 15 Judt 1
nan 1w Inendesiile udmunmnuaunsalunsdummiuwenit (osmotic water
permeability, Py seaunIs P = Vy x d(V/Vo)/dt / [SxV,, x (0smy, - 0sme.0] 108V, = USUnsi3
vadlinu (9x10* cm?), v = Uswnasveslinundwinulunng 15 3undl, v, = Sunsvedlnanath (18
cm’/mo), S = HufiRavesldnu (0.085 cm’), osmy, - 0sMyy = ANULANAIAMLTLT WD IENTazae
(osmotic gradient, 140 mOsm) lneiflnufidnse cRNA 484 rat AQP1 LHunaNAIUANKATIN
mMsvedauANansavestusiuezmenasulunsludemeiureseise vsendwesea tnedilinu
W3 nau wtdunines ND31+Urea (31 mM NaCl, 130 mM Urea, 2 mM KCL, 1.8 mM CaCl,, 1 mM
MgCl,, 5 mM HEPES, pH 7.4) R0 ND31+Glycerol (31 mM NaCl, 130 mM Glycerol, 2 mM KCl, 1.8
mM CaCl,, 1 mM MgCl,, 5 mM HEPES, pH 7.4) wdvinuuavedldnunng 15 3und uian 1wl
Tnenaeddnle warAumauansalunsilumamiuvesansazas (solute permeability, Pyy) A28
AUNT Poy = SOl X Vo x d(VAV)/dt / [S x (Solyy - Sol,)] 1ae Soly,: - Sol, B AULANAISAIY
duduvesansazans (130 mM) Tnefilinuiidndae cRNA wes Plasmodium falciparum AQP Junqu
AIUANNAUIN
15. Msnaaeuntifivestsivezateneiu OvAQP1-3 Tuldnu Xenopus laevis iitenaaeunisiduges
M IUFINTUNINDLTANNTDDLTLAN

[ a

nInerTRnvseesdimmuveads (waste products) ﬁféf’maﬂuwﬁﬂwé’qmzmumimmua%amm
wesluldisiu O. viverrini nsfweadeiinaenainasenisisadinvemesiinandt pH anglu
Shremmesansias naannsisenewnhinuimssudinisuansesnveduermenssulunens
Tuliden Schistosoma mansoni ¥lsmensiananliansadunsauanindaduveadevomesly
(Skelly et. al., 2010)

nsnadeuntivesiusivermeneiu OvAQP1-3 Tunsduresmeiuveinsnesdin aansavhlaly
svuuvatlinuiaiildeduneudiluidedneiu Ao wilaaures pOG2/OVAQPL, pOG2/OVAQP2 uay
pOG2/0OvAQP3 (1nlasan1fideiies “nislaauunazmsAnunuandiveslsfuiiduiomiskiiuges
11 (avArews3y, OvAQP1-3) 9nwen3luliisiu Opisthorchis viverrini” Seyayiaii MRG5580189)
N&m cRNA 289 OVAQP1, OVAQP2 wayz OVAQP3 sua1au Nt CRNA dadnlinu X laevis (8

asugluiiton 14) nasunludmmes ND96 WWuan 3 Ju anlu Wildnuiis 4 nau (NGuAIUANKAaY



Aonguidnsng sterile water) snusfluansazaretmsles ND 86 (86 mM NaCl, 2 mM KCL, 1.8 mM
CaCly, 1 mM MgCl,, 5 mM citric acid, pH 4.75) Wuan 10-20 und newihluinluaisazansesddn
pH 4.75 (86 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM citric acid, pH 4.75) #38lu
ansazanweEdRn pH 7.44 (86 mM NaCl, 2 mM KCL, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM HEPES, pH
7.40) i osmolarity Wiy Mnduinuinvesidnuyng 60 3wt WWunan 4 uiit Tnendesinle
wdamuaaEansalunmsdumeihureansnesdin Inefuinsnsnisasuulasweddnuann
a4un1s relative volume change = d(V/V)/dt Tae V, = Usunsiduduvadlanu (9x10™ cm’), V =
YSumnsvaslunundseiuluyng 60 3und
16. nsdnwntifivedlusiivesaiona3u FeAQP3, FeAQPA uaz OvAQP1-3 ludlad S. cerevisiae lngd3
phenotypic yeast assay
mMsAnwnthfivesiusiuszarenesuluBadingds phenotypic yeast assay {unsnadeuauaIse
veslusivormenesulunisilutesmeiudmsusenliis @mmonia) wagumiiaaiu
(methylamine) Tngadanannsiasaiiulnuesdas S. cerevisiae ¥8INTEUIUNT transformation
ﬁmwmaﬁmqﬂmamm pHA426MET25/FgAQP3, pHA426MET25/FgAQP4, pHA426 MET25/0OvAQP1,
PHAG26MET25/0vAQP2 %38 pHAA26MET25/0vAQP3 uuamsiaeateriueslanily viewmniiaaniiu

Wudrulsenau ﬁ'ﬂLLﬂ@ﬂWgUﬁ 2 4ag 3 HNUAIAU

medium containing NH, as the only nitrogen source

/ Fps'l.: \ / Fps1 \

Mep 1- 3 Mep 1- 3

.
..... NH, NH, . e, NH,
.

aquapporin _ NHs
for nitrogen source

little cell growth cell growth

U7 3 uanmdnn3ues Ammonia assay, Safaneiiug 31019bAfps1 (MATa, ura3, mepla,

Y
[

mep2:LEU2, mep3:kanMX2, yll043wa0) iihufadfigninudasiugnssy denalsilifl endogenous

Y

ammonia transporter dgUMEYNIYAIURITAANINGT Lilodarnaneiug 31019bAfpsl gn



transformed senatalngnueay pHAG26MET/AQP LarazAIaneIuMiINaaNsaLdutaan1aNILYes
wonlndleld awvtliBadduannsnaiauivinléfidesguuemateatefififiswen ey
dudszneundnvesens Tuvaisiadiign transformed Memanafinufivsetnafie viewaadagn
nauiiil AQP wavezmenoiudmaniliausaifutesnaiudmivuenlnie uilitadiuannsn
Wsaivinlisadniestosniohiaunsawiudulsldiasuuomsiasnte (Amornrat Geadkaew,
Ph.D. Thesis 2011)

CH,NH;

pH 7.ZI[H*]

'g‘d‘ﬁ 4 UaPInann13Ye9 Methylamine efflux assay Wazn15UUaS methylamine/methylammonium
WUU pH-dependent lugasanesiug BY4742Afps1 (MAAhIs3-1, leu2A0, lys2A0, ura3A0,

yl043w::KanMX) BeiilUsiu Mep1-3 ogideriueaduazsimihilunisvuds methylammonium i)
Tupmnsiaadeiifien pH 1w 5.5 uay methylammonium azgnivdsulvieglusuaes methylamine
Tuanmefidunarsneluwadiad 3 methylamine Tilluansiiifiusowas dlusfuazmeoneIui
ansnsoidutesmainul methylamine songAuandeumeuanldasilivadadduaindulpsely
1§ uifmnninegeneneiudinailiaunsadutesmehuveduanadina 1l faevhlisadtadiy

AUUDIMNSHELATDNT methylamine Wudimdsenau (Wu et al., 2007).

17. MsfnwansUszneviiannsadudimsimimifivedusiuesmene3u OvaQP1-3 luldnu
Xenopus laevis (Preliminary blocking assays of OvAQP1, OvAQP2, OVAQP3 (Laboratory Prof.
A. Yool, Adelaide, SA, Australia, April 2015)



Cell swelling assays were performed using the standard Xenopus oocyte system. Confidential
aquaporin blockers (AgB) available in the laboratory of Prof. Yool were used. These 13 AgBs
were coded as 001, 006, 007, 011, 026,028, 029, 044, 045, 047, 050, dimer, trimer. Experiments
started by recording oocyte swelling first in the absence of AgB and then in the presence of
AgB. Swelling rates in absence and presence of AgB were compared to conclude the effect of

AgB on water permeability of OvAQP1, OvAQP2, OvAQP3.
naATeTlas

1. mwnzidisunsnezilusedeveslusiuezaiona3u FeAQP3 way FeAQP4 filaaulsan
Y3 F. gicantica SvayfALie

PNNANTILATIZIEINU cDNAs A8 DNA sequencing #Wua1 cDNAs 989 FgAQP3 way FeAQP4 &
PUIALIAU 861 A 933 bps MUAIRU Usznaumeninozdlunada 91uIu 286 Laz 310 aziilulodn
PINAIRU NANITIATIZRANYUEVDY transmembrane proteins AglUshATL TMHMM v. 2.0 WU
lUsAupzAIoNeTU FgAQP3 uag FGAQPA Land transmembrane region 971U 6 UL Fausznauly
M intracellular kag extracellular regions lngdiUateneau N-terminus wag C-terminus agnely
lalamana® (U 5) namsliasizsinaianisneg veslusiuezamensiu FeAQP (Geadkaew A. et
al, 2011), FgAQP2 (Geadkaew A. et al, 2011), FeAQP3 way FeAQP4 selusunsy EMBOSS Pepstats
uaw Clustalw2 nwudh WikuezaeneSu 4 lelewesy Usznouse NPA motifs $1uaw 2 fuvit
et Saludnvazianizveddusfiuezaenady U3aos NPA motifs ﬁmdnﬁﬁmmé’ﬁ@umiﬁw
iy fitter dmunsdaidenluanavesansitlifitivaesihudoannisosvedusiueramenssu
9ne5197 1 wu31 WAl FeAQP3 waw FeAQP4 & NPA motifs 1u asparagine (N), proline (P) was
alanine (A) 73 2 fumus vass?t FeAQPT uay FeAQP2 hu 1 1 NPA motif 1{Ju threonine (T), alanine
(A) waw alanine (A) wazdl 2™ NPA motif 18 asparagine (N), proline (P) wag alanine (A) Fannnns
e9uves Geadkaew A. et al Wuin FeAQPL uaz FeAQP2 tu ffn water permeability faudnem
daifeufiu rat AQP1 uarliannsafiuromsiudmivansazanelaifidaeingu (wu yide ndlwesea)
¢ fvormasdunasnandiduresnsnesilunedndtogluuiian NPA motifs fenana fetuTevililusiu
avmoveiuusarlelevefufienuannsalunsvimiihflunadudemnshudwiuluenaveni vie

asazagliiitiviaoue launnaneiu



TMHMM posterior probabilities for FgAGP3
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JUN 5 HaMTATIzidnynizved transmembrane regions YaslUsAuazAIONETU FSAQP3 Uay

FeAQP4 waswenslulil F. gigantica melusunsi TMHMM v. 2.0



3197t 1 wansnauURvedlUsiuasAtaneIY FeAQPL, FSAQP2, FeAQP3 uay FgAQP4 UBINeNs F.

gigantica (as1zranlusunsuAeNimes EMBOSS Pepstats way Clustalw?)

Residues Calculated MW o« nd
[soforms 1" NPA motif | 2 NPA motif References
(amino acids)| (kDa)
Geadkaew A. et al,
FeAQP1 299 32.7 TAA NPA
2011
Geadkaew A. et al,
FeAQP2 295 32.4 TAA NPA
2011
FgAQP3 286 30.6 NPA NPA unpublished data
FgAQP4 310 33.8 NPA NPA unpublished data

HANITIATIZI IMUINITURIARUNTABEILULETA (Phylogenetic tree) vadlUsAuDzMBNDIU FSAQPT,

FGAQP2, FgAQP3 Way FgAQPA Auadunsnoazdlule@nved aquaporin homologs 3ANe13vn

Nematodes (Brugia malayi, Caenorhabdiitis elegans, Loa loa, Taenia crassiceps) Way

Platyhelminthes (Clonorchis sinensis, Fasciola gigantica, Fasciola hepatica, Opisthorchis

viverrini, Schistosoma japonicum, Schistosoma mansoni) &g human AQP12 (éTﬂLLa@ﬂugUﬁ 6)

wulUsAuerAIaNeIY FeAQPL Uay FAQP2 fimnulndifusiulushuszareneiulungy classical

aquaporins ({Wugawnaudmsuluanavesiiiesogaien) d1u FgAQP3 uaz FeAQPA A

TndiAsaiulushuezmenssulunguves aquaglyceroporin ({Jumehuresiuasluanaswinanlald

120U LU wanluille wazndlwesea) A1 distance tree 521319 parasite aquaporins Wag human

AQP12 tulsifianulndifisaiu Ing human AQP12 gnineglunguezatenesunilniuunneiulag

AULTBIaIRUNIRREalULeTA (out group) AU parasite aquaporins



http://en.wikipedia.org/wiki/Schistosoma_japonicum
http://en.wikipedia.org/wiki/Schistosoma_japonicum

-« Ce_AQP-5 Nematoda
.- Ce_AQP-4 Aguaporins
- Ce_AQP-6
-- 8JC_S003968 Platyhelminthes
SmXP_002572574 Aquaporins
Fh_Contig1926
-~ FgAQP-1
- Fh_Contig12153
FgAQP-2
-- OvAQP-1
Cs_Contig2046
LI EF026872 Nematoda
- Bm_XP_001892122 Aquaglyceroporins
TcAQP-1
-- Ce_AQP-7
- LI_EFO16718
-- Bm_XP_001902908
- Ce_AQP-1
Bm_XP_001892113
LI_EF026865
Bm_XP_001892116
-- Ce_AQP-2
-- Ce_AQP-3
Ce AQP-8
SjAQP-3 Platyhelminthes
- SmAQP-3 Aquaglyceroporins
-+ SjAAW24850
- SmACI31185
-~ OvAQP-3
== Cs_Contig11015
-+ Cs_Contig3324
-- FgAQP-3
1 N 0 117 Vo ) - 2]

msnnnesssessseeneenneeeneenee Cg Contig145
\ acenesene s FQAQP-4

ssssssssmmsasssssssssas ssssmmssssssssssas ssssmmsssssssssssssssas HSAOP"E HOmO Sapfeﬂs

outgroup

0.4

Ul 6 FTannnsvesdidunsnezilunedn (Phylogenetic tree) vaslusiusymoneiu FgAQP1,
FGAQP2, FSAQP3 liay FgAQP4 AUlUTAUDZAIDNETUVBINYZUHEA Nematodes (round worms) Lag
Platyhelminthes (flat worms) Iaglusunsu PhyML

Bm; Brugia malayi, Ce; Caenorhabditis elegans, Cs; Clonorchis sinensis, Fg; Fasciola gigantica, Fh;
Fasciola hepatica, Hs; Homo sapiens, L{; Loa loa, Ov; Opisthorchis viverrini, Sj; Schistosoma

Jjaponicum, Sm; Schistosoma mansoni, Tc; Taenia crassiceps


http://en.wikipedia.org/wiki/Schistosoma_japonicum
http://en.wikipedia.org/wiki/Schistosoma_japonicum
http://en.wikipedia.org/wiki/Schistosoma_japonicum

2. MTIATIEANSLERIDDNVBEUBEAIBNESY FSAQP3 Lay FeAQPA ¥8enend F. gigantica
lusgninmsasyiulslulaadanyine muwmaiia reverse transcriptase PCR
PINNANTIAATIZANITLAAIDDN VDB UDEAIONDTU FSAQP3 Uag FeAQP4 Tuwens F. gigantica Tuszéiu

RNA suaqszj";qﬁﬁmm%iy,@uim‘luiaaﬁqmﬁﬂ&J (final host) A S¥8% newly excysted juvenile (NEJ), 2
dUandd, 4 dUan, 6 dUn9i wazsvezauAnie Tnedigu Tubulin veanes F. geantica (FeTubulin) \Uu
gumuAunglu (internal control) IMNKANTITVAREY (g‘U‘ﬁ 7)wudigu  exAIBNeIU FgAQP3 gn
wansoantuseau RNA Tunens F. gicantica svezdufuiafiessyesifen druduozanionasu FgAQPS
gnuanseantusyiu RNA luwens F. gigantica nTeeevain1siaseiule (Raust NEJ quilsszazifa
o) Tnefinsuanseanvesduluuiinasnnigelusseydufuty dwiudumuauanelu FeTubulin finng
L.LamaaﬂmmguﬁLmﬁ’u’tunmwﬂuwaw% F. gigantica (Faustsvey NEJ audaszozdnfiate) e
AzRRdlAINIMARBUY multiplex PCR was8iuarmianasusiazlolanaiuiarduniuaune
FeTubulin Tunaeanaaesisaty wilivszauanuddadesanlnswesildlunmsmnassiulianuse

JuAuABULEAURUULA g9

QGOQO FSAQP3 FSAQP4

NEJ 2wk 4wk 6wk adult NEJ 2wk 4wk 6wk adult

Q
QQvQ FgTubulin

NEJ 2wk 4wk 6wk adult
B
-—




gﬂﬁ 7 Reverse transcriptase PCR \fiedinsnzinisuanseenvasdiuozaiona3u FeAQP3, FeAQPA uaz
FeTubulin Tunens F. gigantica szegsineg Matadulalulaadanying (final host) Ao svay newly
excysted juvenile (NEJ), 2 &Ua %, 4 §Un9i, 6 dUAi wagsyazifnde Audne Ae 100 bp DNA
Ladder (ThermoScientific, USA)

3. mIsvadeuAUsInzvedlnalraueaweuRveATinan e synthetic peptides vaslushu

D¥AIDNDIU FSAQP3 Uay FeAQPA 1neds ELISA

MAIINNTAANITLAUNUNAGBINIY synthetic peptides vaalusAuazAIaNeIU FEAQP3 way FgAQP4
w1 Sailndlraueaweuivedit 2 via (ndlraueaueufiveiise FEAQP3 synthetic peptide uazlnd
Tnausaueufvefse FgAQPE synthetic peptide) 1nnadeuAMUS W IZYBILOURUBATIFHE synthetic
peptide MAdunoudaulunsnsedunynaass Ing3s ELISA Fernmanismaass wui1 F5uvemynion
msﬂﬁséjué’aa synthetic peptides (preimmune serum) liaansaduiu synthetic peptide iadula
Howan (ODgs, Uszanal 0.08-0.15) LﬁaLﬁ&J‘Uf‘ﬁ’u%%"mawwé’aﬂﬁﬂizﬁué’w synthetic peptides
(immunized serum_before, ODgg, Uszaingy 0.08-1.7) wazilothlndlaaweufvediildluidn anti KLH
antibody ®8n A2y KLH agarose column W‘Udﬂ‘wﬁiﬂaLLauﬁuaﬁwé’amiﬁﬂﬁﬁqwé (immunized
serum_after) §5an11503URU synthetic peptide Ailfifunoufiauldnioaatosninindlaauea

a a o a £ g v o N
LLaumUa@ﬂ@‘Uﬂqiﬂq‘Uis"!Wﬁ LanNuUY @QLL?{WQIUEU‘W 8 lay 9



Anti FgAQP3 Antibody againsts FgAQP3 synthetic peptide

2 -
1.8 - .
i preimmune serum
1.6 -
14 =—immunized serum_before
o~ 1.2 - immunized serum_after
O
= Al
3 L \
0.8 - .
0.6 -
0.4 -
02 - v -
~ o L v v U"""‘-r — "W - w (A l‘
A s A A A i Fa ] I -
0 T T T T T T T T T T T T 1
[ ] (]
S g g8 3 & & g8 g & g g g
S S S & 2 a 2 @ 0 ™ = @
= I3 - 0 ©° o I o~ ) — N =3

JUN 8 MsneaeuANTzvedlnalaauaalauAued (anti FSAQP3 antibody) #ie FgAQP3 synthetic
. = a o o [ a v . Y v a Y

peptide lngi3guifisuiu@suvemynaun1sannseAu (preimmune serum), F3uveanynddnnseau

(immunized serum_before, fiaun15vinlyiusans) wardsuveanunasdansedu (immunized

serum_after, #8an591bAUIavs)



Anti FgAQP4 Antibody againsts FgAQP4 synthetic peptide

3 -
2.5 A
2 7 == preimmune serum
=f@—immunized serum_before
~ 15 - _ _
& immunized serum_after
]
o} 1 4
0.5 A
0 >I‘ /I\ >If ,I\ ,I\ I\ I‘ T =

1:1000 1(

1:2000
1:4000
1:2000
1:16000
1:32000 -*
1:64000
1:128000
1:256000
1:512000
1:1024000
1:2042000

JUN 9 MsneaeuANTzvedlndlaauealeufuesl (anti FgAQP4 antibody) #ia FgAQP4 synthetic
peptide lnglUSeuiieuiugsuvemynoun1sannsEAU (preimmune serum), F5UYBIMYNEIRANTEAY
(immunized serum_before, founsvinlyiusans) wazdsuvemumasdnnszdu (immunized

serum_after, #8an15vibAuIav)

4. naSsudieudasanlunsviiufitende synthetic peptide uaslusiiu KLH Aldidu
weululuNINSERUNYMARDY vosndlnausauoufueffinasld (anti FeAQP3 antibody
wag anti FgAQP4 antibody) 1me38 ELISA

dewnluduneumsuanueuiventu 1aiinisiden synthetic peptide AulUsi KLH (ot
immunostimulator/adjuvant) Wilelduneufiaulunisdnnsziurymaass die19azvinliindlaauea
waufueRiinanldiufl anti KLH antibody Tawegine Ssdmniiueudvefdnariludnsdiuiigoras
fnaenmeaeuidiotindlasuoaueuiverindaldlulflunmeaswioly Fedunedidedslfiing
TrausaueuRveRfindsls lun1u KLH asarose column (USBiological, USA) wierda anti KLH
antibody nan1snageulnalaaueawouiuedis 2 wia (anti FeAQP3 antibody uay FeAQPA
antibody) #e synthetic peptide was KLH #ldidunoufiau 1agtdnT1AIUAINITRANAULEILN

W3 uIiBuiU (ODyg,, synthetic peptide/ODqg, KLH) isnautaznasn1stnluniu KLH agarose



column (immunized serum_after purification ez immunized serum_after purification) 31AN&N1T
neFoUSINa WUt Tnalnaueaueuiivenise FeAQP3 uas Tndlnausausuiivoiine FeAQPE 1
a11503UU synthetic peptide Talusnsaniilngifiesulusiu KLH (ratio of ODqg, synthetic
peptide/ODyq, KLH = 1.0-1.7) a‘m%’ﬂwﬁiﬂauaaLLauﬁuaaﬁaumiﬁﬂﬁﬁqmé (immunized
serum_before purification) LLazLﬁaﬂﬂwﬁiﬂauaaLLauﬁuaﬁlﬂﬁﬂﬁﬁqwéﬁaEJ agarose KLH column
u& (immunized serum_after purification) wud1nsduvasANgANduNasiy fangsdu (ratio of
ODyg, synthetic peptide/OD,q, KLH = 1.3-3.6 dwisulnalaausaususiuanane FeAQP3 waz ratio of
ODyg, synthetic peptide/ODqg, KLH = 1.3-2.3 dwmisulndlaauoauoufvense FgAQP3) fananslu
3197 2 uaw 3 uargui 10 way 11

INHANTNAADIAINAT waRIIILI1 AaeEIduaunsamdn anti KLH antibody eenainlwdlaauea
LauRuafse FeAQP3 uay FeAQPA Taunsdu uarlinaduiivmeladiewioudisuiuindlaavea
weuAvenoummhliuiavs lnsansiifvanhlndlrausateufvefvdanisviliuigsulddmsu

nsnmassraly (@msuwmaiin Western blot detection Wag Immunohistochemistry)

AN3197 2 LLammmﬁ@mnﬁuuﬁﬁmmmmﬁu 492 UluAT 989 anti FgAQP3 antibody falauflau
FgAQP3 synthetic peptide waglusau KLH

Dilution of anti| Anti FgAQP3 antibody Anti FeAQP3 antibody

FeAQP3 (before purification) (after purification)

antibody ODgg, of ODyg, of Ratio of OD ODqg, of FGAQP3| ODgg, of Ratio of OD
FgAQP3 KLH synthetic synthetic KLH synthetic
synthetic (average) | peptide/OD | peptide (average) | peptide/OD
peptide KLH (average) KLH
(average)

1:1000 1.674 1.229 1.362 1.884 1.143 1.648

1:2000 1.042 0.633 1.647 1.039 0.427 2.433

1:4000 0.740 0.396 1.869 0.799 0.274 2914

1:8000 0.454 0.274 1.657 0.632 0.172 3.664

1:16000 0.295 0.178 1.657 0.454 0.125 3.614

1:32000 0.240 0.136 1.771 0.315 0.104 3.010

1:64000 0.173 0.113 1.538 0.202 0.084 2.385

1:128000 0.135 0.085 1.588 0.142 0.077 1.832




1:256000 0.104 0.081 1.286 0.110 0.073 1.497
1:512000 0.084 0.074 1.128 0.092 0.070 1.298
1:1024000 0.082 0.067 1.216 0.086 0.071 1.204
1:2048000 0.083 0.078 1.065 0.086 0.069 1.230
4
e ANt FGAQP3 Ab_after purification
- « « Mo « anti FEAQP3 Ab_before purification
3
25
2
15
e v
1
0.5
0 1

Dilution of Ab

1:1000
1:2000
1:4000
1:8000 A
1:16000 -
1:32000 -+
1:64000 -
1:128000
1:256000
1:512000
1:1024000 7
1:2048000

gﬂ‘ﬁ 10 uaneAgnTIAIUTBINIRANGULILE (Ratio of OD synthetic peptide/OD KLH) flnuenaay

492 WluLnS 989 anti FgAQP3 antibody (dauuawé’qmiﬁﬂﬁﬁqw‘é) AOLOURALIU FgAQP3

synthetic peptide waglusAu KLH




MS9 3 LAAIAINITAANTULEITIAIINEIARY 492 ULULINT VB4 anti FgAQP4 antibody falaumlau

FGAQP4 synthetic peptide wazlusAu KLH

Dilution of anti

Anti FgAQP4 antibody

Anti FgAQP4 antibody

FgAQP4 (before purification) (after purification)
antibody ODqg, of FGAQP4| ODyq, of Ratio of OD ODyg, of FEAQP4| ODg44, of Ratio of OD
synthetic KLH synthetic synthetic KLH synthetic
peptide (average) | peptide/OD peptide (average) | peptide/OD
(average) KLH (average) KLH
1:1000 2442 2.286 1.068 1.982 1.524 1.301
1:2000 1.744 1.420 1.228 1.195 0.675 1.770
1:4000 1.351 0.971 1.391 0.868 0.379 2.289
1:8000 0.890 0.728 1.222 0.590 0.263 2.248
1:16000 0.686 0.455 1.509 0.397 0.166 2.399
1:32000 0.449 0.281 1.601 0.255 0.125 2.040
1:64000 0.312 0.177 1.765 0.179 0.092 1.946
1:128000 0.193 0.128 1.508 0.126 0.079 1.589
1:256000 0.134 0.100 1.340 0.101 0.074 1.358
1:512000 0.108 0.087 1.243 0.083 0.069 1.203
1:1024000 0.096 0.082 1.178 0.083 0.071 1.169
1:2048000 0.090 0.089 1.017 0.082 0.077 1.058




Anti FgAQP4 Antibody againsts synthetic peptide and KLH

e aNti FGAQP4 Ab_after purification

+ « Wl » anti FgAQP4 Ab_before purification

Ratio of OD492 synthetic peptide/OD 492 KLH
I
[¥y]
1

Dilution of Ab

1:1000 -
1:2000 -
1:4000 -
1:8000 -
1:16000 -
1:32000 -
1:64000 -
1:128000 -
1:256000 -
1:512000 -
1:1024000 -
1:2048000 -

SU# 11 uanardnsdmuesnisgandunas (Ratio of OD synthetic peptide/OD KLH) firagninau
492 WlULLAS 989 anti FgAQP4 antibody (ﬂ'auuamé’amaﬁﬂﬁu’%qwé) AOLOURALIU FgAQP4

synthetic peptide waglusAu KLH

5. MIATIAmlUSAY FEAQP3 tag FgAQPA annasainlusiusile insoluble protein extracts (IPE),
soluble protein extracts (SPE) hag transmembrane extracts (TME) ¥84We81S F. gigantica 7867
Wty 1neis Western blot analysis

PNNsnadeULions19 USRI FeAQP3 waz FeAQP4 Tuansadmlusiuia IPE (insoluble protein
extracts), SPE (soluble protein extracts) uag TME (transmembrane extracts) lngldlnalaauoa
woURUBAMD FEAQP3 uaz IwalAauoalaufiuafne FgAQPA p1e75 Western blot analysis 31nHan1s
NAdBUNUIN Indlaausaloufusfne FEAQP3 amnsaduiulusAuvuiauszunal 31 Alanada Tuans
afrlusfiuedin TME Faflawslndidestuawinvesiusfiuezaenedu FeAQP3 fiduialldanddiu
nsnexiluuedn (30.6 Alamada 9nA397 1) MnEanInAassainsnasUlihlndlaausaLouiued
Ao FeAQP3 anunsnduiulusiuszmionesu FeAQP3 Tuansadnlusiuyila TME (transmembrane
extracts) e?fqagﬂugﬂ native form 1¢f Inglidryaineudnewh Senainanysunaredusiivesaens
Su FgAQP3 ﬁagﬂuwm’%‘lﬂﬁ F. gigantica fUSinaiosiladisuiudadiuvesiusiuomen Tnglna
lAauDaLaURUBARD FSAQP3 ﬁquaul,l,awﬁqmsﬁﬂﬁu%qmé wansAUtLURId e alallunnmnei
LLaz%%"maqmédaumigﬂﬂisﬁuﬁw FGAQP3 synthetic peptide luiuansanuitnvesdyeaialag #ie

lianunsadulusiunansainveanes £, gisantica lalay Auwandugui 12



a

dwsulndlnausaueufiveise FeAQPS tu anansaduiulusiuifivun 35-40 Alanasa (Wdaia
unn) Tuansatalusiueiin TME wazdaulusfufifawelvgnin Jeflvwedszana 45 Alanada
(duaaiidutosndn) Tuansadalusiuyia SPE é?fqmmhLﬁmmﬂﬁaﬁiﬂiﬁuazmawa%umqﬁauagj
ansafinlusiueia SPE uavauadimuivunalvaniniiosnasazarefldinionlusiveia sPE Tuldl
anansa denature Wsiuszmene3uldedisauysal Iuilivuaveslusiuayaoneiu FeAQP3 finy
Tufivualngninfinulu TME Sasdeuannansazanefidainuszneuves detergent (3% SDS) fianunsa
denature l1UsAuezaAveneIuliae1vauysal weiigmuilnalrausauauiveiine FeAQPE MinauLas
ydamsiliiuians wansnrnduvesdaygalldliunniieiu uasdSuvesmynounisgnnseduse
FgAQP4 synthetic peptide liuansnnuituvesdeyyialag wise ldamnsadulusiuanaisainves
Wes F. gigantica lilae dauanduguil 13
nmsleTsianuduresduyaiiinturenisnsiamlsiuesmenesu FeAQP3 way FeAQPd
1ne3% Western blot analysis 1t Annseildinusunamwesiusiuesamonasy FeAQP4 Tunens F
gigantica Turhagiivinannnnilusiuesaews3u FeAQP3 Awuliueuivenildlunisvaaseiiy
wAnFaf wianRanIsgeuATIS izvedinalraueakeuRivedit 2 wia Tngdd ELISA du wud
wauRvaRv 2 vlin uansAauuzdeuauRaLTlf uRnsdunyRaes (synthetic peptides)

lolndiAgaiu (Rauandluguil 8 uaggun 9)

Preimmune serum Anti FgAQP3 antibody Anti FgAQP3 antibody

(before puirification) (after purification)

Protein marker
(kDa)

66
45

31

21

14

6.5

gﬂﬁ 12 Western blot analysis 1tens7aw1 native form vaslusfiuazmena3u FeAQP3 luansarin

TUsAUYBINYS F. gisantica ¥1in insoluble protein extracts (‘tia&ﬁ 1), transmembrane extracts (194



i 2) uaz soluble protein extracts A28 preimmune serum, anti FgAQP3 antibody (before

purification) Wag anti FgAQP3 antibody (after purification)

Preimmune serum Anti FgAQP4 antibody Anti FgAQP4 antibody

(before purification)  (after purification)

Protein marker
(kDa)

66 —

45 —

31 —

21 —|

14 —

6.5 —

g‘d‘ﬁ 13 Western blot analysis tfien339911 native form vadlUsiuaraienedu FeAQP4 luansadn
1UsAuYeINYIS F. gigantica vl insoluble protein extracts (stfaﬂ‘ﬁl 1), transmembrane extracts (194
7 2) uaz soluble protein extracts $78 preimmune serum, anti FgAQP4 antibody (before

purification) wag anti FgAQP4 antibody (after purification)



6. nsmuntsnisadelusiiueymeneiu FeAQP3 uay FeAQPS luioideveanens F.
gigantica sregsindinde emaliaduylune1dingn (immunohistochemistry)

MnransAnEIFuannsnsEaefaveslUsiu FeAQP3 way FeAQPa luiloidlewens F. sisantica énel
wAtiaduylune13Inen (immunohistochemistry) Ingldlnalaaueaneufivanse FeAQP3 way FsAQPA
wud Tsfuezmeneiu FeAQP3 finsnsxnesegluuinudadovosssuuduiusinas 1y testis
uay seminal vesicle (93U539 mature sperm) IngwulusAusyeneasu FeAQP3 lualsuiiaTayfud
W& nuinafinullsfivesaeneau FeAQP3 pnasulainlusiudsnanianuddgsienisasieadsy
(spermatogenesis) W3onsia3aysiulnvesadsu (maturation) vesne3luldl £, gigantica saenades
funanisvaaeses RT-PCR (3UT1 7) ilegnsuansoonvesiu FeAQP3 Tuszazngs vomes F
gicantica finunsuanteantediu FeAQP3 lussesiufinioifissvanifien Fadusvariinediiszuy
duiusiataduiudtiues Tunsmaaesdldiuseudiousu preimmune serum asldausaduiuluseiu
19 Ialwilodovesmens F. gisantica éﬁ’mamﬁugﬂﬁ 14

dsulusiusraeneiu FeAQPA Ty nudrfinisnszaesweslusiudnaneglaeluly
dedlevemens F. gigantica W iileife parenchyma waz tegument Zsdanndasfuranisnaaeves
RT-PCR (g‘dﬁ 7) finuinBussaionady FeAQP4 ﬁ?uﬁmilmmaaﬂﬁy’uwiiz ¢ newly excysted juvenile
uissreeiusiute lngldSeudisutunismageu ¢e preimmune serum dslidanusaduiulusiulag
udedevomes fuanduzud 15 mnuanismaaesiannsnaguldiilusiusraienaiu FeAQPA

HamAervesiunsuuasnluseninileldaved parenchyma kagszniaIfIveIneg Siazduinasu

A1YULN



Preimmune serum (1:200) Anti FgAQP3 antibody (1:200)

[

JUN 14 nsnszanedvedlusiuesateneiu FeAQP3 Tuiilawliovasnens F. gigantica sveemauiy

a0

lnemnallnduylung13inen (immunohistochemistry) lagn1snsiadusiglndlaaueausuiveise
FgAQP3 (1:200) uag anti-mouse antibody conjugated alkaline phosphatase \Wuileuiudsuves
MNoUNIINARBY preimmune serum (1:200) Tngnulusaudsnany (Usiadiag) Tugeussy mature
sperm (seminal vesicle) Uag 9adme (testis)

Ca: caecum

Cs: cirrus pouch

M: mature sperm

P: parenchyma

T: testis

Te: tegument

Vs: ventral sucker



Preimmune serum (1:200)  Anti FgAQP4 antibody (1:200)

5Ul 15 nsnszanesveslusiiuezmonedu FeAQPd luilaifevammens £ gigantica szessfiue
Inewatiaduylung13inen (immunohistochemistry) Ingn1snsiadumelndlaausaiauiivedse
FgAQP4 (1:200) (A wag C) hag anti-mouse antibody conjugated alkaline phosphatase W3guLigy
fuBSuvesmyraunisyaaes preimmune serum (1:200) (8 waz D) Inewulusiudsnan (U3adihg
Twilewdo parenchyma ua tegument

Ca: caecum

Os: oral sucker

P: parenchyma

Te: tegument



7. n3lAau cDNAs U1 coding sequences UaslUsAUDzAIONETU FgAQP3, FgAQP4
Wz OVAQP1-3 1ingliaLmes pOG2 way pHAG26MET25 Wenageuniniivedusiu

pzameowesululunu Xenopus laevis LagBead Saccharomyces cerevisiae MUAGU

lpaunanaingnuauilslunismaasaiiefnwntinvedusiuezmienesudmsu

155338l @anseazuseazdenlinmisnei 4 4

an597 & Trauves FeAQP3, FeAQPA way OvAQP1-3 Tunimmes pOG2 wag pHAG26MET25 dwsu

v a a a
nsVAdeUntveslusAuasAeNeIUY

Clones Restriction Experimental functional analysis | HA tag
enzymes for for antibody
cloning detection
pOG2/FgAQP3 Xba | + Xhol - Xenopus oocyte swelling assay | Yes
(water, urea, glycerol)

pOG2/FgAQP4 Xba | + Xho | - Xenopus oocyte swelling assay | Yes
(water, urea, glycerol)

pOG2/0OvAQP1 Xba I + Xho | - Xenopus oocyte swelling assay | Yes
(acetate)

pOG2/OvAQP2 Xba | + Xho | - Xenopus oocyte swelling assay | Yes
(acetate)

pOG2/0OvAQP3 Xba | + Xho | - Xenopus oocyte swelling assay | Yes
(acetate)

pHA426MET25/FgAQP3 | Aat Il + Xho | Yeast growth assay Yes
(ammonia and methylamine)

pHA426MET25/FgAQP4 | BamH | + Xho | | Yeast growth assay Yes
(@ammonia and methylamine)

pHA426MET25/0OvAQP1 | BamH | + Xho | | Yeast growth assay Yes
(ammonia and methylamine)

pHA426MET25/0OvAQP2 | BamH | + Xho | | Yeast growth assay Yes
(ammonia and methylamine)

pHA426MET25/0OvAQP3 | BamH | + Xho | | Yeast growth assay Yes
(ammonia and methylamine)




8. manadeumsduremnsiuresh gide uazndiwesea lulinuvedusiuaraeneaiu
FeAQP3 gy FeAQP4

cRNA w83 FgAQP3 way FgAQP4 gﬂﬁﬂmswﬁﬁumﬂm MMESSAGE mMACHINE transcription
kit (Ambion) 9111 CRNA 1nuenwuauL 1% RNA gel (ﬁQLLamﬂugUﬁ 16A) cRNA U89 FEAQP3 wag
FeAQP4 Sluuauszanns 800-900 nt JsaonadosfurLInres cONA vad FeAQP3 uaz FeAQPS

PnranIsageuntifivesiusiivesmena3u FeAQP3 uay FeAQPA (éﬁ’ummﬂugﬂﬁ 16B)
wuldnuiidnde sterile water wanse permeability w83 11, gi3e uax ndlwesea i 17 pm/s, 0
um/s Way 0 pm/s AudIdu Fauansiiann base line vaslinuiianunsadudasneiuasinagn uas
51030 CRNA v84 rat AQP1 (NguAUALHAUINAE water permeability) 138 PFAQP (NANATUANKALIN
sia urea and slycerol permeability) Wuinuansen permeability vaei, gi3e LAz NALYeT0a i 337
um/s, 0.27 upm/s kag 0.7 um/s AIua1RAu

dmsulinuiidngie cRNA 189 FeAQP3 waz FeAQPE wansfn permeability v 7 11,
14 pm/s, fin permeability ¥838L38 10,0 pum/s way A1 permeability v0endigesea 71 0.02, 0.03
um/s IRy Fasrndananliiunndisained base line vedlinu Gsaunsoadléin Weuozaene
3U FgAQP3 way FgAQP4 IzjmmsmLﬁusﬁaﬁmamuﬁm%’uhLaqa%aaﬁﬁ, 8158 wazndwesea la

Nan1INAaEITlaNAdeuUNIsHanteanvaslUsAuDEATeNE3UFGAQP3 way FeAQP4 Tultnu
Tnewadia Western blot analysis wu1 Wshuassifiagnaratululszanadideudsi flvunn

Uszanad 30 kDa sauanslugudl 16C



A & B

N Q> OQb‘ Pf (um/s)
NS > <<"<:v~ 400 water
350
300
250
200
150 -
100
50 -
0 = : : : ==
water-injection rAQP1 FeAQP3 FeAQP4

Purea (um/s)

0.35

03 - urea
5 0.25 -
3 02 -
0.15
) O 0.1
& &
C & 0.05 -
kDa 0 T T T =
122 water-injection PfAQP FgAQP3 FgAQP4
79
Pgly (um/s)
a7 1.00
glycerol
0.80 -
33
0.60 -
24
0.40
20 — 0.20
0.00 - —_— § e . ——
water-injection PfAQP FeAQP3 FeAQP4

;;uﬁ' 16A UAMIAMAMKATVUIAYBY cRNA U89 FgAQP3 way FgAQPA Ul RNA gel, 1% mudneunans
RNA marker (Thermo Scientific), 16B wansA1 permeability 299, g3y LaNaleaTen Guaﬁﬂaiﬂm?igﬂ
Ande CRNA 3ot 113 5 ndul (water-injection, rAQP1, PFAQP, FeAQP3 Waw FAQPA) Nuiay 8-10
oocytes ImﬂLLamﬂ'ﬂL'ﬁmmummgﬂwumLwiazﬂq'mﬁﬁmuu‘umﬂﬁmwiq, 16C waniwa Western blot
analysis Y84 total membrane protein (1 oocyte/1 well) ﬁaﬁﬂlﬁﬁnﬂlﬁdﬂuﬁgﬂﬁﬂﬁ’m CRNA 294
FGAQP3 38 FAQP4 Lazms199uUMIY anti HA antibody (1:1,000, Roche) wuinlusAuszaionasu

FgAQP3 lay FgAQP4 Qﬂa%ﬂulﬁdﬂuiuszﬁuﬁﬁiauﬁnﬁﬂ



nuamsvageulumsidutesmarudnuii 8138 waznAweTen vedlUsiu FgAQP3 way FgAQP4
lrdunaay shlkaazidelilddidunsderiieAnynsdudesmeindmivluanaves lactate
uay glucose (Maiildiaualifuani) iesnluanavesasiassiuiivueluginiluanavesi S
Tnehluudalusiuesmensiuasdesiminiiiuromsnudmivih Jadundifugiuedusiu
DAIINOIU UidmsulUTAY FGAQP3 Way FgAQP4 i gsldannsevhuinidudommesiud iy

v 2 & 3

Tuanavenhld pardidedadanuinlusfuezmensiudingd Aliuasdudesmaiudmsuluana

VA v = I

auq 19dn deunereiidedemsuazlinnuddyselusiuesaianaiuvesmens O. viverrini

dnsunisdnwisiely Faaziluns@nesaganainlasin1siduEeesalanesy, OvAQP1-3) a1nnens

Tlsitu Opisthorchis viverrini” &yauniavii MRG5580189

9. mMsnaaeuMaUuYemImIuTeInInesdRns oo innaedlusiusznleneiy
OVAQP1, OVAQP2 ez OvAQP3

mﬂmiﬁmzmLﬁaaﬁu%mmzﬁ‘ié’awud’] nsnerdRnviossBnniduvendefinersluldicu o. viverrini 4u
sonuiiaduananudunsaneludifemend wazannmsmageunisiludesmeinuvesnsaezdin
yodlUsiuezmensiu OvAQP1-3 Tuldnu (Fauandluzuil 178) wuin Tsiuszmemne3u OvAQP1
annsaifuesmeiudmiuninesdanldfninlusiuozaeneiu OVAQP2 uay OvAQP3 Tuvmeiing
oocyte ﬁaﬂéﬁa sterile water L{‘Juﬂfjummmaau TUsAuprAmIBNDIU OVAQP1 @1unsa conduct
nsnezdAndlegluguves uncharged form (Wudnilng luvazilusAuszmonedu OVAQP2 uag

OVvAQP3 @131138 conduct nInewddnvisfiaglugy uncharged wag charged wingludnauiiieenin

' (%
aa v

OvAQP1 Fspauantfinisiludeswsiudmsuluananiv Wunuaudfnnulddesunvedlusivesa

tewesunnuluddidiniaglu



Relative volume change
d(v/vo)/dt (10°S)
0.7

0.6 W pH 4.75 (24 mM uncharged form)

0.5
0.4
0.3
0.2
0.1

pH 7.44 (24 mM charged form)

n. W

water-injection OvAQP1 OvAQP2 OVAQP3

0 —_—

-0.1

kDa on
122 S
79 e
47
33

24
20 s

gﬂ‘ﬁ 17A LEMAUAINLAZTUINTBY cCRNA 189 OVAQP1-3 UU RNA gel, 1% fugeLEnd RNA marker
(Thermo Scientific), 17B uana relative volume change a3linundignanale cRNA viderh T 4
nau (water-injection, OVAQP1, OVAQP2 uaz OvAQP3) usiaznguusznaulusiie oocyte 4lunns
NAABIIIUIU 8-10 o Immeﬂ"}Lﬁmmumm@;mmaaLLdaSﬂfjuﬁé’wuuumaaﬂﬁwLwia, 17C LEnINa
Western blot analysis 489 total membrane protein (1 oocyte/1 well) ﬁaﬁﬂlﬁmﬂlﬂﬂuﬁgﬂamﬁw
cRNA 489 OvAQP1 38 OVAQP2 138 OVAQP3 Wagms139UMIY anti HA antibody (1:1,000, Roche)

wulUsiuezaienesunsaulolanesugnaslulinulussiundAeudiege waslvuinvedlusiugneies



10. Msnegeun1silutesmeinureawenlueveslusiuevaienesy FgAQP3, FgAQPA
way OvAQP1-3 1n838 Phenotypic yeast assay
mMsnaaeuntfivedlusiuesmensiu ysnanzymsmaasdulinuwdidvanunsarinnig
naaedludadlaonmie nsnadeuaNaInsavadusiuasmanesulunsludemieiudmsy
woulufouavimiiaaniiuiugosinmsnaaeulutas osnansianantadiaunduiiveelinu ns

naaeuludadiuedenisiasyiulavedadniinsanuUasangiuguazgn transformed megnaraiingn

o
oY o

nauifiansiugnasuvesermeneiuey Mntuthdadluidssuuemadsadoiituenludovionmian
flududuszneu

IN3UT 18A Basianeiiug 31019bAfps1 ign transformed femanasingnuanifians
Wugnssudwsulusiuezaleneiu PFAQP (nauaiuauxauln), OvAQP1, OvAQP2, OvAQP3, FgAQP3
LAy FgAQP4 “30NaNAIUANKARY (PHAG26MET25, -) mmam&a’%mwammﬁmﬁa SDKLH (control)
I§awing My wiluemsidsadediiuonlunde (5 mM (NH4),50,) Wuansussnaundniu wui @ pH
7.5 Basivign transformed #e PFAQP, OVAQP1, OVAQP2, OVAQP3 uae FgAQP3 ansnsawasayiiulalel
Tne OVAQP3 way FeAQP3 anunsasaSaiulsléauds dilution 10° dau FeAQP4 ldanunsaiaayiule
Ioay

mﬂg‘d‘ﬁ 18B wWan1inaand Western blot analysis 989 microsomal fraction %ﬂ%(ﬁﬁgﬂ
transformed Mea13iugNITUveIlUsAY OVAQP1-3, FgAQP3 uar FeAQPA uaIns1adusIeg anti HA
antibody Wu11 OVAQP1-3 wag FgAQP3 Qﬂa%fwﬁuiuﬁaﬁmaﬁui 31019bAfps1 @ FeAQP4 liign
asdulufadaneiugiand

NHANTMAAIRINAT aunsaazulain OvAQP1-3 uaz FgAQP3 anunsailugemisiu
dmuluianavoswonlandeld dru FeAQPa laianansaagunanisvaaesls iesanlusiusananlalign

asuludadaneiug 31019bAfpsl



U7 18A u@AI Ammonia yeast assay 8113t@e8d8 SDKLH 1usmnsngueiuauiifiansemns
9 R a a val a . . a ¢ 1
ASUAIU Banms 7 transformants anunsalasadulalan laeisunng dilution vesdanunay
-3 v = ¥ A Y] \
transformant 210 ODyy = 1 814 10~ (g luvn) emsidesdeffivedlufloduansemsudn A
pH 7.3, 7.5 Wway 7.7, 18B Western blot analysis ¥84 microsomal fraction Ypsdannay

transformants fimnududulusiy 40 Hg/Yiau Wan3333umMe anti HA antibody (1:1,000, Roche)

11. Msnegeunsilutesmmesinureauniiaariiuvesusivormenasu FgAQP3, FgAQP4

wag OVAQP1-3 lagds Phenotypic yeast assay



nsnageunthfinadutesmsihuesamiaaiiu aunsoneasuldludadaeius
BY4742Afps1 34il endogenous protein Mepl-3 uazau15a conduct Imaqammwﬁamﬁuﬁaeﬂjﬁlu
pwnsiasatoiduaduosdadld ndniiu exogenous aquaporins fignassludarudsnszuiums
transformation wazanunsailuteswisirudmsuluanavesuniisaniiu sxinumiiaandueonainad
vasdad hlvEafausasalalivesdeadesinals

N3UT 19A Badtaneiug BYA742Afps1 fign transformed semanafingnuasdifians
Wugnssudwsulusiuezalenesu PFAQP (naumiuaunauln), OvAQP1, OvAQP2, OvAQP3, FgAQP3,
FAQPA Vi3NguAIUALNAAY (PHAGZ6MET25, - ) amnsnuaiauuemalassdie SDKLH (control) 147
w9 wiluemsisadoiiiumiiaaiiv (50 mM, Methylamine) Wududszneu pH 5.5 WuM
fadiign transformed ¢y PFAQP, OVAQP1, OvAQP2, OVAQP3 Uay FAQP3 annsata3apdulild
Tny OVAQP1 way OvAQP2 @nansawasaysiulaléauds dilution 10° @ FeAQP4 llanunsanaSaysiuls
[GIGR

mﬂg‘d‘ﬁ 19B tan19naasd Western blot analysis 989 microsomal fraction %ﬂ%(ﬁﬁgﬂ
transformed Mea13iugNITveLlUsAY OVAQP1-3, FgAQP3 uar FeAQPA uaIns1adusae anti HA
antibody W11 OvAQP1-3, FgAQP3 uag FgAQP4 Qﬂa%fwﬁuiu%ﬁmaﬁué BY4742Afps1 lay «
OVAQP2 uay FgAQPa gnadstuluuiinadndesuiiudanaetussna

NHANMAAIRINAT a1unsaazulain OvAQP1-3 uaz FeAQP3 anunsailugemisiu

dwsuluanavesuniiaafiule da FeAQPa lanunsavimihidudesmaiudmsuamiiaandu



pH 6.5

kD \\Y“&x‘?dz%v&% S’ Cgb‘ v&l’b
B ° o o o G & L

122— .

a7 i 47 [

33 = -s‘ 33_‘A

24 i jq— -

20— o—

gﬂﬁ 19A wdnd Methylamine efflux assay onsLABaYD SDKLH Lﬁummiﬂfjumuquﬁﬁmimmﬁ
AsUBa Badii 7 transformants aunsawasaiulaled TaeSuane dilution vesdadustas
transformant 910 ODgo, = 1 89 10 (1ndneluvan) ornsiasediofiumiiaaiiiu (50 mM
methylamine) Wudrudsenou '1'71| pH 5.5, 6.5 uag 7.5, 19B Western blot analysis 9489 microsomal
fraction Yesdasiusiag transformants Anvundudulusiu 40 pe/vau wimsraduse anti HA

antibody (1:1,000, Roche)



12. N99UEINTUERNIDDNTVBITUBLAIBNOIUVBINEIT O. viverrini laawalia Lentiviral delivery shRNA
INNANITNABDITUAUNNUINUTAUDLAIDNDTUVDINENS O. viverrini arunsatdutaamsniudnsunis

v =

TUYBAENANIINNTLUIUMTUARI VDTN D81 NINBLTRN Yo 1BAINEIL AngITedsla
AnfuszUUNzduginsianseanvedlusiuerenesuIamens O. viverini udddunanisalnanseny
AONENT WU INIINSHTINeYToRveINEIVISUTINMYRINIARYTRANITURaNININFINe1S tneld

va v

wAfla Lentiviral delivery shRNA (short hairpin RNA) @slunmsilanieidel#izunislaau nucleotide
targets LinghaAmas pLVX vector system wazazihlundn virus flansnsavuds shRNA idhgwens o
viverrini WanAnsINansznusonegSnely

13, MsRnwuFuienageundufsnmsnuredusiueramenssy OvAQP1-3 freedu

Uaane

Turnedl awdidelddadonsduliaaeifsenuiamsodudimeahauredusiuezmonaiuld
W sulfamyl, potassium-sparing wag thiazide Faazunhundnwily Xenopus oocyte ﬁgﬂﬂi%éjﬂﬁ
a%19 heterozygous aquaporin wazlunisanwnisdiudinisuanseenvestuszmenasulaemaie

shRNA Tnglutunaulsnaziowinnsnwnswavesetutlaanzlu Xenopus oocyte nouiiisutie 1y

s
a

{]aanzﬁﬁqwﬁé’ué’?ﬂmiﬁwmmaﬂﬂsﬁuasmawa‘%ummmaaﬂumimﬁauﬁ"uwsn% O. viverrini
Inganzeideavyinnisnaaeuedutaaizlu Xenopus oocyte system o WosUfjUAn1g v Prof. Dr.
Andrea Yool, University of Adelaide, Australia wdntusahedudaanyamageuiunens O,
viverrini el

Preliminary blocking assays of OvAQP1, OvAQP2, OvAQP3 (Laboratory Prof. A. Yool,
Adelaide, SA, Australia, April 2015). Cell swelling assays were performed using the standard
Xenopus oocyte system. Confidential aquaporin blockers (AgB) available in the laboratory of
Prof. Yool were used. These 13 AgBs were coded as 001, 006, 007, 011, 026,028, 029, 044, 045,
047, 050, dimer, trimer. Experiments started by recording oocyte swelling first in the absence of
AgB and then in the presence of AgB. Swelling rates in absence and presence of AgB were

compared to conclude the effect of AgB on water permeability of OvAQP1, OvAQP2, OVAQP3.



OvAQP1 — blocker set 1
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Figure 20. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for
OVAQP1 in absence (-) and presence (+) of the indicated AgBs 001, 026, 006, 007, 011, 050.

DMSO was used as negative control (C). For details on the number of used oocytes see Table 5.



OvAQP1 S1 vs S2 swelling rates

300 - (Blocker set 1)
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Figure 21. Scatter plot of oocyte swelling rates (S = A/A, 5" 107) for OVAQP1 in absence (S1)
and presence (S2) of the indicated AgPs with best linear fit lines shown. The numerical details

of the results are shown in Table 5.



OvAQP1 —blocker set 2
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Figure 22. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for
OVAQP1 in absence (-) and presence (+) of the indicated AgBs 028, 029, 044, 045, 047. DMSO

was used as negative control (C). For details on the number of used oocytes see Table 6.



OvAQP1 S1 vs S2 swelling rates

250 - (Blocker set 2)
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Figure 23. Scatter plot of oocyte swelling rates (S = A/A, 5" 107) for OVAQP1 in absence (S1)
and presence (S2) of the indicated AgPs with best linear fit lines shown. The numerical details

of the results are shown in Table 6.



OvAQP1 - AgB 011 dose effect
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Figure 24. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for
OVAQP1 in absence (-) and presence (+) of AgB 011 at 20 and 50 pM concentration. For details

on the number of used oocytes see Table 7.
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Figure 25. Scatter plot of oocyte swelling rates (S = A/A, 5" 10”) for OVAQP1 in absence (S1)
and presence (S2) of AgP 011 at 20 and 50 uM concentration with best linear fit lines shown.

The numerical details of the results are shown in Table 7.
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Figure 26. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for
OVAQP1 in absence (-) and presence (+) of the indicated AgBs dimer and trimer. DMSO was

used as negative control (C). For details on the number of used oocytes see Table 8.
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Figure 27. Scatter plot of oocyte swelling rates (S = A/A, 5" 107) for OVAQP1 in absence (S1)
and presence (S2) of the indicated AgPs with best linear fit lines shown. The numerical details

of the results are shown in Table 8.



Table 5: Set 1 blockers OvAQP1 oocyte swelling rates

Blocker Slope Std. Error Equation Number of
oocytes

001 1.230 0.1901 Y =1.230"X 5

026 1.190 0.05812 Y = 1.190*X 5

006 1.124 0.03249 Y =1.124*X 5

007 1.090 0.1208 Y = 1.090*X 5

011 0.8564 0.2207 Y = 0.8564*X 5

050 1.359 0.2542 Y = 1.359*X 4

DMSO 1.228 0.004219 Y =1.228*X 2

Table 6: Set 2 blockers OvAQP1 oocyte swelling rates

Blocker Slope Std. Error Equation Number of
oocytes

028 1.312 0.07790 Y =1312*X 5

029 0.9910 0.1730 Y =0.9910*X 4

044 1.271 0.08110 Y =1271*X 4

045 1.269 0.1025 Y =1.269*X 5

047 1.459 0.1907 Y = 1.459*X 4

DMSO 1.610 0.3130 Y =1.610"°X 4



Table 7: AgB 011 dose dependent OvAQP1 oocyte swelling rates

AgB 011 [uM] Slope Std. Error Equation Number of
oocytes

20 0.9191 0.05960 Y =0.9191*X 5

50 1.193 0.1314 Y =1193*X 5

Table 8: Dimer and trimer blockers OVAQP1 oocyte swelling rates

Blocker Slope Std. Error Equation Number of
oocytes

Dimer 0.9948 0.3064 Y =0.9948*X 5

Trimer 1.033 0.2333 Y =1.033*X 6

DMSO 1.455 0.5062 Y =1.455*X 4
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Figure 28. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for
OVAQP2 in absence (-) and presence (+) of the indicated AgBs 001, 026, 006, 007, 011, 050.

DMSO was used as negative control (C). For details on the number of used oocytes see Table 7.
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Figure 29. Scatter plot of oocyte swelling rates (S = A/A, 5" 10”) for OVAQP2 in absence (S1)

and presence (S2) of the indicated AgPs with best linear fit lines shown. The numerical details

of the results are shown in Table 7.
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Figure 30. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for
OVAQP2 in absence (-) and presence (+) of AgB 011 at 20 and 50 pM concentration. For details

on the number of used oocytes see Table 8.
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Figure 31. Scatter plot of oocyte swelling rates (S = A/A, 5" 107) for OVAQP2 in absence (S1)
and presence (52) of AgP 011 at 20 and 50 UM concentration with best linear fit lines shown.

The numerical details of the results are shown in Table 8.
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Figure 32. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for

OVAQP2 in absence (-) and presence (+) of the indicated AgBs dimer and trimer. DMSO was

used as negative control (C). For details on the number of used oocytes see Table 9.
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Figure 33. Scatter plot of oocyte swelling rates (S = A/A, 5" 107) for OVAQP1 in absence (S1)
and presence (S2) of the indicated AgPs with best linear fit lines shown. The numerical details

of the results are shown in Table 9.



Table 7: Set 1 blockers OVAQP2 oocyte swelling rates

Blocker Slope Std. Error Equation Number of
oocytes
001 0.9741 0.1288 Y =09741*X 2
026 1.027 0.3554 Y =1.027*X 3
006 1.268 0.2126 Y =1268*X 5
007 0.8529 0.3646 Y = 0.8529*X 3
011 0.5307 0.2151 Y =0.5307*X 5
050 0.9753 0.7410 Y =0.9753*X 3
DMSO 1.377 1.514 Y =1377*X 2

Table 8: AgB 011 dose dependent OVAQP2 oocyte swelling rates

AgB 011 [uM] Slope Std. Error Equation Number of
oocytes

20 1.096 0.6671 Y =1.096*X 5

50 0.7676 0.4498 Y =0.7676*X 5

Table 9: Dimer and trimer blockers OvAQP2 oocyte swelling rates

Blocker Slope Std. Error Equation Number of
oocytes

Dimer 0.2676 0.3357 Y =0.2676*X 5

Trimer 0.2905 0.4878 Y = 0.2905*X 4

DMSO 0.3317 0.8395 Y =0.3317*X 4
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Figure 34. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for
OVAQP3 in absence (-) and presence (+) of the indicated AgBs 001, 026, 006, 007, 011, 050.
DMSO was used as negative control (C). For details on the number of used oocytes see Table

10.
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Figure 35. Scatter plot of oocyte swelling rates (S = A/A, 5" 10”) for OVAQP3 in absence (S1)
and presence (S2) of the indicated AgPs with best linear fit lines shown. The numerical details

of the results are shown in Table 10.
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Figure 36. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for
OVAQP3 in absence (-) and presence (+) of the indicated AgBs 028, 029, 044, 045, 047. DMSO

was used as negative control (C). For details on the number of used oocytes see Table 11.
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Figure 37. Scatter plot of oocyte swelling rates (S = A/A, 5" 10”) for OVAQP3 in absence (S1)
and presence (S2) of the indicated AgPs with best linear fit lines shown. The numerical details

of the results are shown in Table 11.
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Figure 38. Box and whisker plot (min to max with mean indicated) of oocyte swelling rates for

OVAQP3 in absence (-) and presence (+) of the indicated AgBs dimer and trimer. DMSO was

used as negative control (C). For details on the number of used oocytes see Table 12.
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Figure 20. Scatter plot of oocyte swelling rates (S = A/A, 5" 10”) for OVAQP3 in absence (S1)
and presence (S2) of the indicated AgPs with best linear fit lines shown. The numerical details

of the results are shown in Table 12.



Table 10: Set 1 blockers OvAQP3 oocyte swelling rates

Blocker Slope Std. Error Equation Number of
oocytes
001 1.093 0.3873 Y =1.093*X 4
026 1.364 0.1930 Y =1.364*X 4
006 1.036 0.08866 Y =1.036*X 4
007 1.149 0.1546 Y =1.149*X 4
011 1.306 0.1093 Y = 1.306*X 4
050 1.045 0.09819 Y =1.045*X 3
DMSO 1.127 0.05276 Y =1.127*X 2

Table 11: Set 2 blockers OvAQP3 oocyte swelling rates

Blocker Slope Std. Error Equation Number of
oocytes
028 0.8050 0.1254 Y =0.8050*X 4
029 0.8600 0.1269 Y = 0.8600*X 5
044 0.7422 0.04481 Y =0.7422*X 5
045 0.5684 0.1063 Y = 0.5684*X 3
047 0.9899 0.1773 Y = 0.9899*X 5
DMSO 1.536 0.1211 Y = 1536*X 4

Table 12: Dimer and trimer blockers OvAQP3 oocyte swelling rates

Blocker Slope Std. Error Equation Number of
oocytes

Dimer 1.019 0.04035 Y =1.019*X 5

Trimer 0.6064 0.1226 Y = 0.6064*X 5

DMSO 0.8811 0.1389 Y =0.8811*X 4
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Aquaporins (AQP) are essential mediators of water regulation in all living organisms and members of the
major intrinsic protein (MIP) superfamily of integral membrane proteins. They are potential vehicles or
targets for chemotherapy, e.g. in Trypanosoma brucei melarsoprol and pentamidine uptake is facilitated
by TbAQP-2. Transcriptome data suggests that there are at least three active aquaporins in the human
liver fluke, Opisthorchis viverrini, OvAQP-1, 2 and 3, and crude RNA silencing of OvAQP-1 and 2 has
recently been shown to affect parasite swelling in destilled water. In the present work we demonstrate
that OvAQP-3 is a major water-conducting channel of the parasite, that it can be detected from the newly
excysted juvenile to the adult stage and that it is present in major tissues of the parasite. Furthermore, a
comparative functional characterization of the three parasite AQPs was performed by using Xenopus
oocyte swelling and yeast phenotypic assays. OvAQP-1, OvAQP-2, and OvAQP-3 were found to conduct
water and glycerol while only the latter two were also able to conduct urea. In addition, all OvAQPs were
found to transport ammonia and methylamine. Our findings demonstrate that the sequence-based
classification into orthodox aquaporins and glycerol-conducting aquaglyceroporins is not functionally

conserved in the parasite and implicate a broder range of functions for these channels.
© 2014 Elsevier B.V. and Société francaise de biochimie et biologie Moléculaire (SFBBM). All rights
reserved.
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Platyhelminthes

Opisthorchis viverrini
Aquaporin

Comparative functional assays

1. Introduction

Parasitic helminths are a major threat to human and animal
health worldwide. Among the two phyla, Nematoda and Platy-
helminthes, species of the latter are of greater concern in Thailand.
Especially members of the class Trematoda that infect liver, biliary
system and the gastrointestinal tract have an impact and the hu-
man liver (bile duct) fluke species Opisthorchis viverrini is of
particular concern. In long-lasting chronic infections the released
antigens of the parasite promote the development of chol-
angiocarcinoma, a specific cancer of the biliary system that is

Abbreviations: AQP, aquaporin, aquaglyceroporin; ar/R constriction, aromatic/
Arginine constriction; KLH, keyhole limpet hemocyanin; NEJ, newly excysted
juvenile.

* Corresponding author. Graduate Program in Biomedical Sciences, Faculty of
Allied Health Sciences, Thammasat University, Phaholyothin Road, Klong Luang,
Pathumthani 12121, Thailand. Tel.: +66 2 986 9213x7241; fax: +66 2 516 5379.

E-mail address: rgrams@tu.ac.th (R. Grams).
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notably hard to treat and has a high mortality rate [1-3]. It is
therefore reasonable to identify and investigate parasite antigens
that are involved in host/parasite interaction and that can be
applied to terminate the infection. Among the activities that allow
the parasites to survive in the host are the steady uptake of nutri-
ents and release of metabolite waste products. This includes water
and small solutes that can pass aquaporins and aquaglyceroporins,
membrane-spanning channel proteins found in all realms of live
and that are essential for maintainance of water homeostasis [4].
Surprisingly, almost nothing is known about water homeostasis or
permeability of the tegument for solutes in O. viverrini and the
closely related Clonorchis sinensis. A basic experiment, incubating O.
viverrini in distilled water, has recently shown that the parasite
reacts by swelling similar to other trematodes [5—8]. RNA inter-
ference was then used to deplete the products of two putative
aquaglyceroporin encoding genes of the parasite, OvAQP-1 and
OVAQP-2, and, as anticipated, the treated worms showed reduced
swelling in distilled water. In Schistosoma mansoni an aqua-
glyceroporin has been thoroughly analyzed for its function within

0300-9084/© 2014 Elsevier B.V. and Société francaise de biochimie et biologie Moléculaire (SFBBM). All rights reserved.
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the parasite and also for its permeability properties in Xenopus
oocyte assays. The two outstanding results of this research were
severe mortality in parasites following siRNA-based knock down of
the gene and the excretion of lactate facilitated by the protein [7,9].
In our analysis of two Fasciola gigantica AQPs with an unusual NPA
motif (TAA) we noticed a significantly reduced water permeability
of the channels caused by this motif suggesting that the proteins
have acquired different functionality [10]. The roles of aquaporins
as drug targets or for uptake of drugs have been studied for a
number of years and require thorough examination of the perme-
ability properties and structure of each specific aquaporin (for re-
views see Refs. [11—13]). Direct inhibition of specific aquaporins by
antiepileptic and diuretic drugs has been reported [14—16]. The
development of drugs that directly interfere with specific AQPs is
an active field of research and it involves the discovery of binding
sites through mutagenesis, the analysis of existing pharmaceuticals
for their effects on AQPs and the design of novel drugs by structural
analysis. Related to parasites, Trypanosoma brucei AQP-2 has been
recently identified as the major channel for uptake of the drugs
melarsoprol and pentamidine used in chemotherapy of sleeping
sickness and mutations in the gene cause resistance to the drugs
[17—19]. In conclusion, investigation of parasite aquaporins for
their roles in drug uptake or as target in chemotherapy is a
worthwhile undertaking (reviewed in Ref. [20]) and will certainly
lead to novel applications of these essential proteins. In the
following we describe three O. viverrini AQPs and our data
demonstrate that these proteins have bi-functional properties
spanning the border between orthodox (strict) aquaporins and
glycerol-conducting aquaglyceroporins. It can be inferred that they
have been evolutionary adapted to the unique habitat of the
parasite which must sustain its life under anaerobic conditions in
and from the content of the bile and the bile duct epithelium.

2. Materials and methods
2.1. Parasites

Metacercariae of O. viverrini were obtained from naturally
infected cyprinoid fish in northeast Thailand. To prepare newly
excysted juveniles (NEJ), approximately 500 metacercariae con-
taining active juveniles were selected under a stereomicroscope
and excysted in 1% trypsin solution. To obtain 2 and 4-week-old
juveniles and 8-week-old adult worms, 50 metacercariae each were
drawn into a syringe and used to infect 8-week-old Syrian golden
hamsters (Mesocricetus auratus, source: Laboratory Animal Center,
Faculty of Medicine, Khon Kaen University) by gastric intubation.
Infected hamsters were sacrificed using CO, inhalation 2, 4 and 8
weeks postinfection and the worms were collected from the liver
and bile ducts. The parasites were washed in normal saline and
kept frozen in liquid nitrogen until used in further experiments. The

use of experimental animals in this study was approved by the
Thammasat University Animals Ethics Committee (17 January 2012,
Project No. 005/2554).

2.2. Molecular cloning and sequence analysis

We had recently identified EST contigs 10299, 1681, and 8064 as
putative aquaporin-encoding cDNAs in a transcriptome database of
O. viverrini created by Young et al. [10,21]. PCR primers introducing
terminal BamH I and Xho I restriction sites were designed (Table 1)
to amplify the full length coding sequences of these putative AQPs
using adult stage total RNA of the parasite extracted in TRIzol
(Invitrogen) as template for reverse transcriptase PCR (RevertAid
reverse transcription kit, Fermentas Life Sciences). A second OvAQP-
3 reverse primer (CGTACCAGATTAGTTGACT) was used to extend the
OvAQP-3 cDNA downstream to a false positive predicted splice site
and to verify the position of the stop codon. The RT-PCR products
were directly cloned into pGEM-T Easy (Promega) and sequenced
(First Base Laboratories, Malaysia). Standard sequence analyses and
editing were performed using EMBOSS version 6.6 [22]. The pre-
diction of transmembrane regions was done using the TMHMM
Server v 2.0 at http://www.cbs.dtu.dk/services/TMHMM]/. The se-
quences of mammalian and parasite AQPs were retrieved from the
NCBI protein database. Clustal Omega [23]| and TEXshade [24]| were
used to calculate and format alignments of AQP amino acid se-
quences. SWISS-MODEL [25] was used to calculate a model of
OvAQP-3 based on human AQP-1 (PDB: 1H6I, [26]) and of OvAQP-1
and OvAQP-2 based on Escherichia coli GIpF (PDB: 1FX8, [27]).

2.3. Reverse transcriptase PCR analysis

Total RNA of NE], 2 and 4-week-old juveniles and adult O.
viverrini was extracted in TRIzol (Invitrogen) and contaminating
DNA was digested with DNase I (Promega). 500 ng of each RNA
sample was reverse transcribed (RevertAid reverse transcription
kit, Fermentas Life Sciences) using an oligo(dT);g primer. The RT
products were used as template for standard PCR with Taq poly-
merase (Fermentas Life Sciences) and gene-specific primers
(Table 1). The PCR products were resolved on a 1% agarose gel.

2.4. Production of anti-C-terminal OvAQP-3 peptide antisera

The C-terminal 18 amino acid residues of OvAQP-3
(D254—N271; DRARDYRVPDGNSLNLVN) were selected as antigen
for antibody production. The OvAQP-3 peptide was synthesized at
MIMOTOPES (Australia) and a cysteine residue was added at the N-
terminus for conjugation with Keyhole Limpet Hemocyanin (KLH).
Conjugation was done using an Imm-Link™ KLH immunogen kit
(Innova Biosciences, UK) following the supplied protocol. Three ICR
mice were used for antibody production and each mouse was firstly

Table 1

PCR primers used for molecular cloning and RT-PCR analysis of the O. viverrini AQPs.
cDNA Forward primer Reverse primer Size (bp)
A Primers used for molecular cloning of the complete coding sequences of the OvAQPs
OvAQP-1, 10299 ggatccATGGCTGGTAGTCTTTCA ctcgagTCAATAATCATCGTAATC 894
OvAQP-2, c1681 g8atccATGAGTTTGGAATGCGAA ctcgagTCAGGCAAGCAGTTCAGT 933
OvVAQP-3, c8064 ggatccATGCCAGTCAAAGGTGTT ctcgagTTAGTTGACTAAATTGAG 828
B Primers used for detection of the OvAQPs in different developmental stages by RT-PCR
OVAQP-1 AATACGAGAGCACAATACAC CAGGATCTAAAAGTTGAATG 387
OvAQP-2 CATACAACATGCTTTATTGA CATCCTTCTTAGTATCGTTG 403
OvAQP-3 AATATTACTGTTGGACAAGC CATCAGGTACACGATAATCT 400
OvActin TCGAGAGAAGATGACACAGA GATATCACGCACGATTTCTC 320

BamH I and Xho I restriction sites are indicated in lower case lettering, stop codons in bold lettering.
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injected intraperitoneally with 50 ug KLH-peptide conjugate mixed
with complete Freund's adjuvant. Two and 4 weeks later each
mouse was injected with 20 pg of the OvAQP-3 peptide mixed with
incomplete Freund's adjuvant. Serum samples were collected prior
to immunization and between immunizations. The final immune
sera were pooled and anti-KLH antibodies were removed by
immunoaffinity chromatography over KLH-agarose (USBiological,
USA) following the supplied protocol. The purified anti-cOvAQP-3
antiserum was kept at —20 °C and used in further experiments.

2.5. Preparation of crude worm (CW) and transmembrane (TM)
extracts from adult O. viverrini

CW and TM extracts were prepared as previously described
[10,28]. Protein concentrations of the extracts were determined by
a Bradford assay (Bio-Rad Protein Assay) and the extracts were kept
at —20 °C for further analysis.

2.6. SDS-PAGE and western analysis of parasite antigen extracts

CW and TM extracts (40 pug each) were size-separated by 16%
SDS-PAGE and electrotransferred to a nitrocellulose membrane
(Hybond—ECL, Amersham Biosciences, UK) by semi-dry blotting
using a Fastblot B33 instrument (Whatman, Biometra, Germany) at
60 mA for 60 min. Mouse anti-cOvAQP-3 antiserum and pre-
immune serum (1:500) were used to probe the membrane-bound
proteins. Alkaline phosphatase rabbit anti-mouse immunoglob-
ulin conjugate (DAKO, Denmark) was used as secondary antibody
(1:1000). Rabbit anti-KLH antiserum (1:10000, Agrisera, Sweden)
was used as control to demonstrate specificity of the generated
anti-cOvAQP-3 antiserum. Alkaline phosphatase goat anti-rabbit
immunoglobulin conjugate (DAKO, Denmark) was used as sec-
ondary antibody (1:1000). The immunological complex was enzy-
matically detected using the chromogenic substrates BCIP/NBT
(Ameresco, USA).

2.7. Immunohistochemical detection of OVAQP-3

Adult O. viverrini freshly collected from liver and bile ducts of
hamsters 8 weeks postinfection were fixed in 4% paraformaldehyde
and embedded in paraffin. Sections were cut at 8 um and mounted
on gelatin-coated slides. The tissue sections were deparaffinized
and rehydrated in an ethanol series and epitope retrieval was
performed in 10 mM citrate buffer, pH 6.0 as previously described
[29]. Non-specific binding sites were blocked with 0.1% glycine, 4%
BSA in PBS at room temperature for 30 min. Afterward, the sections
were probed with mouse preimmune serum (1:200), anti-cOvAQP-
3 antiserum (1:200), or rabbit anti-KLH antiserum (1:1000, Agri-
sera, Sweden) in PBS, pH 7.2, 1% BSA, at 37 °C for 2 h. Endogenous
peroxidase was inactivated by incubation with 3% H,0; at room
temperature for 10 min. Biotinylated rabbit anti-mouse antibody
and biotinylated goat anti-rabbit antibody (DAKO), respectively
were used as secondary antibody (1:1000) at room temperature for
30 min. After washing steps, the sections were incubated with
avidin—biotin peroxidase (ABComplex Kit, DAKO) at room tem-
perature for 30 min and washed again. Colorimetric detection was
performed using aminoethyl carbazole (AEC) substrate (Vector
Laboratories) following the supplied instructions.

2.8. Subcloning of OvAQPs into pHA426MET25 and pOG2 for
functional analysis

The pGEM-T Easy cDNA inserts encoding OvAQP-1, -2, -3 were
released from the vector using the introduced BamH I and Xho |
restriction endonuclease sites (Section 2.2) and subcloned into the

yeast expression vector pHA-RS426MET25 [30]. Following identi-
fication of positive recombinant pHA-RS426MET25 clones, Xba |
and Xho I restriction endonucleases were used to release the OvAQP
inserts including the 5 HA-tag encoding sequence. These DNA
fragments were then subcloned into the Xenopus laevis expression
vector pOG-2 [31]. The final constructs were verified by DNA
sequencing.

2.9. Expression of O. viverrini AQPs in Xenopus oocytes

The cRNAs of the three parasite AQP cDNA fragments inserted in
pOG-2 were synthesized as previously described [10]. Comparable
to vector pOG-1, pOG-2 carries the 5’ and 3’ untranslated regions of
the B-globulin gene of X. laevis. They flank the inserted FgAQP se-
quences and enhance stability and translatability in the oocytes.
Stage V or VI of Xenopus oocytes (kindly provided by the Institute of
Physiology, Kiel University, Germany) were defolliculated by
collagenase A treatment (Roche) and microinjected (Nanoliter
2000, World Precision Instruments) with 5 ng cRNA in 50 nl RNase-
free water. Control oocytes were microinjected with 50 nl water.
Subsequently, the injected oocytes were incubated in ND96 buffer
(96 mM Nacl, 2 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM HEPES,
pH 7.4) at 16 °C for 3 d.

2.10. Xenopus oocyte swelling assay

The injected oocytes were transferred into 1:3 diluted ND96
buffer to measure osmotic water permeability (Pp). HgCl, and
phloretin inhibition of water permeability was tested by incubating
the injected oocytes in 300 uM HgCl, or 100 uM phloretin for at
least 15 min before putting them in diluted ND96 buffer. To mea-
sure urea and glycerol permeability (Ps), the oocytes were trans-
ferred into isosmotic ND96 buffer in which 65 mM NaCl was
replaced by 130 mM urea or glycerol, respectively. Recording of
oocyte swelling and calculation of oocyte permeabilities for water,
urea and glycerol were done as previously reported [10].

2.11. Expression in yeast and growth assays

The knockout yeast strains BY4742Afps1 (MAAhis3-1, leu2A0,
lys2A0, ura3A0, yll043w::KanMX) [32] and 31019Abmep1-3 [31]
were used in the methylamine efflux and ammonia assays,
respectively. The transformant yeast cells carrying the O. viverrini
AQP constructs in pHA-RS426MET25 were grown in yeast nitrogen
base (YNB) + glucose-ura + his + leu + lys liquid medium to an
ODggp of 1.5—2. The media for the methylamine efflux assay were
prepared containing 50 mM methylamine and contained 0.1% L-
proline as the sole nitrogen source, buffered with 20 M MES (for pH
5.5 and 6.5) or MOPS (for pH 7.5). In the ammonia assay, the media
containing 5 mM (NHy4);SO4 were buffered with 40 mM MOPS at
three medium pH values (pH 7.3, 7.5, 7.7). Each cell suspension was
diluted in sterile water to a final ODggg of 1 and serial 10-fold di-
lutions of the cell suspensions were then dotted on the plates. The
agar plates were allowed to dry for 20 min and were then incubated
at 28 °C for 4 days, and cell growth was recorded as previously
described [32].

2.12. Immunoblot analysis of oocyte total membrane protein and
microsomal yeast fraction

To prepare total membrane protein of Xenopus oocytes, the
injected oocytes were lysed in cold hypotonic phosphate buffer
(7.5 mM NayHPO4/NaH,PO4, pH 7.5) using 100 pl buffer per oocyte.
Cell debris was removed by centrifugation at 500x g, 4 °C for 5 min.
Total membrane protein was collected by centrifugation at 16,000 x
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g, 4 °C for 30 min. For preparation of the microsomal yeast fraction
the culture was grown to an ODggg of 0.8—1.0 and the yeast cells
were then pelleted by centrifugation. The cells were lysed in cold
extraction buffer (25 mM Tris—HCI, pH 7.5, 5 mM EDTA) containing
a protease inhibitor mix (Roche) and broken with glass beads by
vortexing. Cell debris was removed by centrifugation at 1000x g,
4 °C for 5 min. The microsomal fraction was collected at 33,000x g
(50.2 Ti rotor, Optima XL-80K, Beckman Coulter), 4 °C for 40 min.
Total membrane protein corresponding to one oocyte and 10 pg
microsomal fraction each were loaded to the wells of a gel, sepa-
rated by 10% SDS-PAGE and transferred to PVDF membranes
(Amersham Biosciences). The membrane-bound proteins were
probed with mouse anti-cOvAQP-3 antiserum (1:500) or mouse
anti-hemagglutinin (HA) antibody (1:1000, Roche) and detected
with horseradish peroxidase-conjugated goat anti-mouse anti-
serum (Dianova) at a dilution of 1:10,000 following the ECL Plus
system (Amersham Biosciences).

3. Results
3.1. Molecular cloning and sequence analysis

Distinct cDNA fragments comprising the complete coding se-
quences of three putative members of the aquaporin family in the

human liver fluke O. viverrini were isolated by RT-PCR from adult
stage total RNA of the parasite using sequence-specific primers
designed on the sequences of previously identified ESTs [10]. The
deduced amino acid sequences of two of these proteins, namely
OvAQP-1 (GenBank: AIA98696) and OvAQP-2 (GenBank: AIA98697)
were recently published and will not be detailed here exept for the
conflicting C-terminus of OvAQP-1 below [8]. Due to the inconsid-
erate naming of these O. viverrini AQPs based on date of description
and not sequence conservation the here newly described OvAQP-3
(GenBank: KM359766) is actually closer related to AQP-1 in other
species. OVAQP-2 is orthologous to the yet undescribed Schistosoma
mansoni AQP-3 (GenBank: CCD75893, 63.4% identity, 74.5% simi-
larity) and the previously described closely related aqua-
glyceroporin SmAQP (GenBank: ACI31185, 57.8% identity, 72.2%
similarity, [7]). The third protein, OvAQP-1 is an evolutionary more
diverged aquaglyceroporin (SmAQP-3, 38.6% identity, 51.2% simi-
larity, SmACI31185, 40.6% identity, 54.8% similarity).

The permeability properties of the three OvAQPs which are here
reported for the first time are detailed in Sections 3.6 and 3.7. As we
had shown OvAQP-1 (EST contig 10299 [21]) and OvAQP-2 (EST
contig 1681 [21]) were clustered with other helminth aqua-
glyceroporins in phylogenetic analyses based on their sequence
conservation while OvAQP-3 (EST contig 8064 [21]) was clustered
with helminth orthodox aquaporins including the reported Fasciola

ext.
TM1 —
HsAQP-1 MASEFRKKLEWRA[VAEFATTIBG VIS IGSALGFKYPVGNNQT 44
OvAQP-3 MPVKGVFVSESSETTLSRMFRTTRCIZLAEFMG TAIBICY[JSVIYQHG . . .. ... ... 46
CsAQP-1 MPIKGVFENESSETTLSRMFRIAIRCIEMAEFMG TAIBICY|JSVIYQRG. . . o ... ... 46
SmAQP MTNDNNRSNCVNNSPISIKPSMDRLPKCSTIDIFYYMLRLIISELMGTGTMCEJAILYSL . PPITN. . . . . 64
FgAQP-1 MSQYYDDVNYKATTATLPRCDWYHMKFIUCRVIJAAEAMGL GIBIVISIV ACHGAEGNLAS . . . . . 57
T
int.
SD
ext. !
— ™2 ™3
HsAQP-1 AVQDN[KVSMAFGLSHATLAQSHGHRSGABRNP A THCHAIS CAISHER AMUYI AQCVGARRJATARLSG 114
OvAQP-3 ... .PJPAMSVVGLTMAWIAWVIEGP\SGA [ WIZAD AIRIYIV AQLGSIWAGSWIGTL 112
CsAQP-1 . .P\[PAAJVVGLTMAWI AWVIZGPIYSGA [ WIZAD AR YRV AQILGSUAGSWIGML 112
SmAQP . .P\ySDCMIVFFTSWIVWI|JGPRISGA B TR E TRRAERI T AQU TG ARBRGALRIAKN 130
FgAQP-1 . NMSGPJTASAAJAVAVWTIIGPRINGP. BN Y FRsdGRiA GRcGARYGISIASR 123
IM1 eee® B
int. int.
ext.
TMS

HsAQP-1 MTSS. .LTGNSMGRNDLADGNSGAGHGHIE IFGTHMQRABACVFATT, RDLGG SAPMAGHSjA 177
O0vAQP-3  APA . (DAGNTHGHITT IS ANMTVGRANGIRETAT ATRRNIV IS Al PKPWNVGNTIEPI@RIGATIA 181
CsAQP-1  AJYPA . [UDAGNTMGUTT ISANMTVGQANGIRE T\jAT AINRRRY T)AS A PKPWNLGNWUTIIZPIERIGATIIA 181
SmAQP PNNIS QLNQYIGHVMKNPLIS QGNANGIHELIYG G ARAIA TATT PNIWTSGLIATSMPRQNCHVEA 200
FgAQP-1 PGLIMDKAN . [NiH I PGPGYTDGRARGYECHC SRR CClS T NPHWAQGHUTIISUAVIFLEAL 192

SD Hg  SD int.

1 ext. 1 ext.

TM5 TM6
HsAQP-1 [MGHLMAT HWIF WG PG GAMA iF89APRSSDL TDRL] 247
OvAQP-3  IRRASIKAG W\ YRYGPING ATRNA T IIRITEGAC . . CNRAY 249
CsAQP-1  [RAASING W\ YIR/GPIRIG ATRGA T IARITEGAC . . FNR 249
SsmAGP WAV GERIA MW\ Y/ GPIRC G SImIA VAWISHGVS . . LDRIS 268
FgAQP-1  [INAARSRY BiwWa YR A PR G ST A VIASDGAS . . AERDD 260

int.
HsAQP-1 GQVEEYDLPABD INSEVEMKP 269
ovAQP-3 EADYDEARDYRVPDGNSLNEY 271 K external
CsAGP-1 DADYDRARDYRVSERNAVTTL 271 X ambivalent
SmAQP PDFDRNVDYTSRNEVFS IJVNNNRSDFHVNTFTN 303 B internal
FgAQP-1 DPHFDRTKDYRRMERESKGUYDTEEAIAFSSIRSKEDLR 299
int.

Fig. 1. Multiple amino acid sequence alignment of human AQP-1 (GenBank: NP_932766), O. viverrini AQP-3, predicted Clonorchis sinensis AQP-1 (GenBank: GAA33659), a predicted
Schistosoma mansoni AQP (GenBank: CCD77873), and F. gigantica AQP-1 (GenBank: AD032835). The six transmembrane segments (TM), internal termini (int.), internal/external
(int./ext.) loops A—E of human AQP-1 are indicated. The locations of the two NPA motifs are indicated by three consecutive white dots. The substrate discrimination sites (SD) and
Hg?* sensitive cysteine in human AQP-1 are indicated. Residue shading is by structural properties of the amino acid residues as indicated at the bottom right.
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Fig. 2. Reverse transcriptase PCR analysis of total RNA from newly excysted juveniles
(NEJ) 2-week-old (2w) and 4-week-old (4w) juveniles and 8-week-old (8w) adult O.
viverrini with OvAQP-specific primers (Table 1). The sizes in base pairs (bp) of the
standards (M, 100 bp ladder) are indicated at the left sites. The sizes of the PCR
products including for OvActin are detailed in Table 1.

gigantica AQP-1 and AQP-2 [10] (Fig. 2 therein). Hypothetical amino
acid sequences of the three O. viverrini AQPs deduced from
assembled genomic DNA shotgun sequences have recently been
deposited in UniProt under accession numbers A0A074ZB82
(OvAQP-1), AOA075AA01 (OvAQP-2), AOAO74ZPF0O (OvAQP-3). The
sequence of OVAQP-1 as reported by Thanasuwan and coworkers
(GenBank: AIA98696, [8]) is truncated terminating in QKKN while
the sequences of EST contig 10299 and our OvAQP-1 cDNA termi-
nate in QKKLKDYDDY which is also in agreement with the highly
conserved sequence of C. sinensis aquaporin-3 deduced from its
genomic DNA and RNA sequences (QKKLKDSDDY, GenBank:
GAA31414, EST contig 145 [21]). Hypothetical protein AOA074ZB82
terminating at residue H273 is already noted as incomplete in its
database entry. Obviously, Thanasuwan and coworkers failed to
verify that EST EL618688 used in their research contained the full
and correct coding sequence of OvAQP-1 [8]. As such the corrected
protein comprises 293 aa with a calculated molecular weight of
31.5 kDa. The reported OvAQP-2 sequences differ only in position
196 with serine observed in AOA075AA01 and our OvAQP-2
sequence and arginine in contig 1681 and AIA98697, therefore
OvAQP-2 is a protein of 306 aa with a calculated molecular weight

of 33.1 kDa. The here newly reported OvAQP-3 sequence is identical
to EST contig 8064 while the hypothetical protein AOA074ZPFO
predicted from genomic DNA sequences carries an extended
C-terminal tail (sInlVN* versus sInIPSRNTAVIQTKRREHFLITVQKFD
VFIFILSDHLPRRLLVSKKSENSLLFYLLTELANTSVVSYT*). This is due to
a false positive 5’ splice site at position 1184727 predicted in the
assembled genomic shotgun sequence GenBank: KL596681 as we
have confirmed by RT-PCR with a reverse primer that extended the
cDNA downstream to the invalid splice site. Furthermore, the splice
site is not supported by genomic DNA and transcript sequences of
the highly conserved (91.9% identity/95.9% similarity) orthologous
C. sinensis aquaporin-1 (GenBank: GAA33659, EST contig 2046
[21]). Therefore, OVAQP-3 is a protein of 271 aa and calculated
molecular weight of 29.1 kDa. Interestingly, sequence conservation
between O. viverrini AQP-3 and the previously reported F. gigantica
AQP-1 [10], a putative orthologous S. mansoni AQP (GenBank:
CCD77873), and human AQP-1 (GenBank: NP_932766) is consid-
erable lower at less than 30% identity and 50% similarity. Consid-
ering the structural properties of the OvAQP-3 amino acid residues
it is evident that the distribution of external, internal, and ambiv-
alent residues has been much better conserved (Fig. 1) and that the
protein will fold similar to mammalian AQP-1. As can be inferred
from the multiple alignment with homologous trematode AQPs
and the structure-resolved human AQP-1 (PDB 1H6I, [26]) O.
viverrini AQP-3 will exhibit the typical membrane topology of
aquaporins with cytoplasmic termini, six transmembrane domains,
five loop regions, and the aquaporin-characteristic NPA motifs
located in loops B and E. This general membrane topology of
OVAQP-3 has also been predicted by TMHMM (data not shown).
The first NPA motif is slightly changed into NPV, which is also found
in the orthologous CsAQP-1. In SmAQP CCD77873 the motif is
changed to NPI and in the previously reported FgAQP-1 to TAA. The
first two of the three substrate discrimination (SD) sites reported
for mammalian AQP-1 F56, H180, R195 are replaced in OvAQP-3 by
V54 (F56), A184 (H180) while the third R199 (R195) is preserved.
Valine is also present in the first site in CsAQP-1 and SmAQP
CCD77873 while FgAQP-1 carries an alanine residue. In the second
site alanine is also found in CsAQP-1 and FgAQP-1 while SmAQP
CCD77873 carries a valine. The arginine in the third site is pre-
served in all but FgAQP-1 which carries an alanine. The I—Ig2+
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Fig. 3. SDS-PAGE and western blot analysis of adult O. viverrini crude worm (CW) and transmembrane (TM) extracts. Molecular weights of the protein standards (M) are indicated at
the left sites. A, 16% SDS-PAGE of TM and CW extracts (10 pg each). B, membrane-bound TM and CW extracts (40 ug each) probed with rabbit anti-KLH antiserum. C, membrane-
bound TM and CW extracts (40 pg each) probed with mouse preimmune or anti-cOvAQP-3 antiserum, respectively.
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sensitive cysteine residue at position 189 is not conserved in
OvAQP-3. The conservation of these sites in OvAQP-1, OvAQP-2 and
their possible effects on the function of these proteins are detailed
in Sections 3.6 and 3.7 and the Discussion. Noteworthy is the high
C-terminal sequence conservation of the mentioned AQPs with a
substantial number of charged residues present.

3.2. RT-PCR analysis of total RNA from juvenile and adult O. viverrini

Reverse transcription PCR showed that the RNA products of
OvAQP-1, OvAQP-2, and OVAQP-3 were present in newly excysted
juveniles, 2-, and 4-week-old juveniles and adult parasites with the
exception of OvAQP-1 that could not be detected in NEJ (Fig. 2).

3.3. Preparation of an OvAQP-3-specific peptide antiserum
Due to the short cytoplasmic termini of OvAQP-3 that are

available for antibody production we prepared an antiserum
against a synthetic peptide comprising the 18 C-terminal residues

D254—N271. There is no sequence conservation present between
the three O. viverrini AQPs in this region and to boost immunoge-
nicity the peptide was conjugated to the carrier protein keyhole
limpet hemocyanin (KLH) through an introduced N-terminal
cysteine residue. The conjugate was injected in the first immuni-
zation while only the peptide was injected in the 2nd and 3rd
immunizations. Three mice were immunized and the final sera
were pooled and depleted of anti-KLH antibodies by immu-
noaffinity chromatography. Prior to antibody generation we had
tested that parasite antigens in immunoblots and in tissue sections
were not reactive with a commercial anti-KLH antiserum (see
Sections 3.4, 3.5).

3.4. Immunoblot detection of OVAQP-3 in parasite extracts

The mouse preimmune serum, anti-cOvAQP-3 antiserum, and
rabbit anti-KLH antiserum were used to probe immunoblotted O.
viverrini crude worm and transmembrane extracts (Fig. 3). Mouse
preimmune serum and rabbit anti-KLH antiserum were not reactive

B

<7 ; "‘li:\.. D "
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Fig. 4. Immunohistochemical detection of OvAQP-3 in adult O. viverrini with anti-cOvAQP-3 antiserum (C—F). A, negative control probed with mouse preimmune serum; B, control
probed with rabbit anti-KLH antibody; C, overview at low magnification, positive staining (red) is visible in seminal receptacle and vesicle, less intense in testis, ovary, parenchyma,
tegument type tissue; D, positive staining is visible in the tegument type tissue, oral sucker, pharynx, caecum before bifurcation, ventral sucker, parenchyma, seminal vesicle; E, high
magnification of testis lobes showing positive staining; F, high magnification showing strong staining in the seminal receptacle, staining in the ovary, parenchyma, tegument-type
tissue; G, high magnification of negative control probed with mouse preimmune serum. Bl: bladder, Ca: caecum, Eg: egg, Os: oral sucker, Ov: ovary, Pa: parenchyma, Ph: pharynx, Sr:
seminal receptacle, Sv: seminal vesicle, Te: testis, Tg: tegument, Ut: uterus, Vs: ventral sucker. Hematoxylin (blue) was used for counterstaining in A, D—G. Size bars: 500 um in A—C,
200 pm in D, 100 um in E—G. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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while mouse anti-cOvAQP-3 antiserum was reactive with a single
antigen migrating at approximately 60 kDa in the transmembrane
extract.

3.5. Immunolocalization of OVAQP-3 in adult O. viverrini

The same set of antisera was used to probe the tissues of adult O.
viverrini and again only mouse anti-cOvAQP-3 antiserum was
reactive (Fig. 4). At higher magnification it is evident that the
staining shows a characteristic membrane-bound distribution.
Immunostaining was observed throughout the parenchyma, teg-
umental cells, their cytoplasmic processes, the basal plasma
membrane of the tegument, oral sucker and pharynx, at the com-
mon caecum before its bifurcation and ventral sucker, ovary and
testes. Intense staining associated with mature sperm was observed
in seminal receptacle and seminal vesicle. Staining was not
observed in intact eggs, and the epithelia of uterus, the two caeca,
excretory system.

3.6. Permeability of O. viverrini AQPs to water, urea and glycerol in
Xenopus oocytes

Standard Xenopus oocyte swelling assays were used to measure
permeability of the three OvAQPs for water, glycerol and urea, and
their inhibition by Hg2+ and phloretin (Fig. 5). Rat AQP-1 (RnAQP-1)
was used as a positive control in the water permeability assays and
aquaglyceroporin from Plasmodium falciparum (PfAQP) was used as
positive control in glycerol and urea permeability assays. The
expression of the proteins was verified in immunoblots of total
oocyte membrane protein using an anti-HA antibody. The control,
RnAQP-1 showed the highest permeability for water followed by
OvAQP-3 and OvAQP-2 whereas OvAQP-1 showed significant lesser
permeability (Fig. 5A). The addition of HgCl, to the medium
significantly inhibited the water permeability of RnAQP-1 and
OVAQP-2. Residue C189 is responsible for this Hg?" sensitivity in
mammalian AQP-1 [33,34]| and only OvAQP-2 carries a cysteine
residue in the corresponding position (C220) while OvAQP-1 and
OvVAQP-3 carry alanine residues (Fig 5C). We also tested inhibition
of the OvAQPs by phloretin as has been observed for S. mansoni
aquaglyceroporin ACI31185 [9] but did not observed any decrease
in their water permeability.

In the urea and glycerol assays the aquaglyceroporin control,
PfAQP showed the highest permeability for urea and glycerol
(Fig. 5B). From the two putative O. viverrini aquaglyceroporins only
OvAQP-2 showed comparable permeability properties while
OvAQP-1 showed a significant lesser permeability for glycerol and
no permeability for urea. Surprisingly, OvAQP-3, which by its
sequence is classified as an orthodox aquaporin was found to be
quite permeable for urea (80 nm s~ ') and glycerol (90 nm s 1). Sites
that have been shown to affect substrate determination in RnAQP-1
[31] and that are possibly important for the observed behavior of
OvAQP-3 are indicated in Fig. 5C.

3.7. Permeability of O. viverrini AQPs to ammonia and methylamine
in yeast

The permeability of the O. viverrini AQPs for ammonia and
methylamine was determined in comparison to PfAQP as positive
control by phenotypic assays in yeast strains lacking in the first case
all endogenous ammonia transporters and in the second case the
endogenous aquaglyceroporin Fps1 (Fig. 6). Survival of yeast in
medium containing 10 mM NHZ was higher if complemented with
OvAQP-1 and OvAQP-2 than PfAQP while OvAQP-3 showed a lesser
but still positive effect compared to the negative control (Fig. 6A).
For methylamine OvAQP-1 and OvAQP-3 were comparable to
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Fig. 5. Graphs of the water and solute permeability of Xenopus oocytes expressing the
indicated OvAQPs and rat AQP-1 (RnAQP-1). Water-injected oocytes were used as
negative control. The number of oocytes per test group is shown in parentheses. A, Mean
(+SEM) osmotic water permeability in ND96 medium with and without HgCl, and
phloretin. The inset shows the expression of OvAQPs in the oocytes detected with an
anti-HA antibody. and B, Mean (+SEM) osmotic urea and glycerol permeability. C,
Multiple alignment of the sequence regions containing established substrate discrimi-
nation sites (SD) and the Hg?* sensitive cysteine in mammalian AQP-1 [31]. Shading
indicates fully conserved residues. Rattus norvegicus AQP-1 (RnAQP-1, GenBank:
NP_036910, Plasmodium falciparum aquaglyceroporin (PfAQP, PDB: 3C02).
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+ 50 mM MA

Fig. 6. Yeast growth complementation assays. A, Yeast 310df lacking NHj transporters expressing either PfAQP or the indicated OvAQP was grown at four 10-fold dilution steps (left
to right) on plates without (control) and with NH4 at pH 7.5. Shown is the cell growth after 4 days which is indicative of NH; uptake. B, Yeast By4742Afps1 lacking the endogenous
aquaglyceroporin Fps1 expressing either PfAQP or the indicated OvAQP was grown as described above on plates without (control) and with methylamine at pH 5.5. Cell growth after
4 days indicates permeability of the respective AQP for methylamine. Negative control (—), yeast transfected with empty pHA-RS426MET25. C, Western blot expression control of
OVAQPs in transfected yeast detected with an anti-HA antibody. Transfection of yeast and the following growth assays were done in duplicate.

PfAQP in their effect on the growth of yeast while OvAQP-2 was
significantly less effective but again positive compared to the
negative control (Fig. 6B). The expression of all OvAQPs in the used
yeast strains was tested by immunoblots of microsomal yeast
protein with a specific HA-antibody (Fig. 6C).

4. Discussion

In this study we have isolated and functionally characterized
three aquaporins from the human liver fluke O. viverrini that we
had preliminarily classified as two aquaglyceroporins and an or-
thodox aquaporin based on sequence conservation to these two
aquaporin families [10]. The results of the presented permeability
assays demonstrate that this discrimination cannot be upheld and
that they have bi-functional properties. The apparently ‘orthodox’
OvVAQP-3 does not only conduct water but also urea, glycerol and
ammonia at substantial rates while the ‘aquaglyceroporin’ OvAQP-
2 is a robust water-conducting channel at the magnitude of
mammalian AQP-1 and an excellent glycerol facilitator similar to
PfAQP (Figs. 5 and 6) The second aquaglyceroporin, OvAQP-1 shows
mixed results with lower permeability for glycerol than OvAQP-2
and no permeability for urea while the passage of ammonia is
unrestricted. The water permeability of OvAQP-1 is comparable to
the bacterial glycerol facilitator E. coli GIpF which itself has a six-
fold lower water permeability than E. coli AQPZ [35]. In case of
OvAQP-3, while its functional versatility is at first surprising it can
be explained by the substitution of two amino acid residues that
have been previously shown to change permeability properties of
the orthodox mammalian AQP-1. Substitution F56A and H180A in
rat AQP-1 maintained water permeability and added permeability
for urea, glycerol, and ammonia [31]. The corresponding residues in
OvAQP-3 are V54 and A184. The substitution of the bulky phenyl-
alanine and histidine residues which together with R195 form the
aromatic/arginine (ar/R) constriction located in the outer hemipore
on top of the second NPA motif by the much smaller valine and
alanine residues results in a larger and more hydrophobic pore as
can be seen in the structure model of OvAQP-3 built on human
AQP-1 (Fig. 7). It can be inferred that the uncharacterized schisto-
some AQP CCD77873 will have comparable functionality to OvAQP-
3, as it too carries small hydrophobic residues in place of F56A and
H180A in rat AQP-1 (V72, V203, Fig. 1). Likewise, the composition of
the ar/R constriction of OVvAQP-2 could contribute to its high water
permeability, i.e. presence of the polar C220 instead of the hydro-
phobic A218 in OvAQP-1 or F200 in GIpF. In E. coli GIpF sub-
stitutions W48F and F200T caused an increased flow of water due
to the changed pore size and polarity [36]. Not in every case are the
permeability properties easily explained by the residues in the ar/R
constriction, for example the aquaglyceroporin PfAQP which we

have here used as control for urea/glycerol and ammonia perme-
ability conducts water at a rate comparable to mammalian AQP-1
but carries the identical set of residues as the much less water
permeable GIpF in the ar/R constriction [37]. In addition, PfAQP
carries the diverged NPA motifs NLA and NPS but mutation analysis
demonstrated that these did not affect water permeability [37].
This is very contrasting to the effect of the diverged first NPA motif
in F. gigantica AQP-1 and -2 formed by the residues TAA and for
which we had demonstrated that substitution of the threonine
residue with an asparagine partially restored water permeability
[10]. Consequently, PfAQP and OvAQP-2 are two interesting ex-
amples of bi-functional aquaglyceroporins with high water
permeability apparently based on different structural adaptations.
Determination of their structures is required to conclude which
residues are involved in their remarkable permeability properties.
Mercurial inhibition was only observed for OvAQP-2 and is most
likely due to C220 as observed in mammalian AQP-1 [33,34] and we
had noted the importance of this residue for water permeability in
mutant analysis of F. gigantica AQP-1 [10]. Interestingly, the diuretic
compound phloretin had no effect on water permeability of any
OvVAQP which is different from what has been reported for the
aquaglyceroporin ACI31185 in S. mansoni [9]. Indeed, like OvAQP-2
the orthologous SmACI31185 showed high water permeability, in
addition it was highly permeable for lactate and at lesser rates for
mannitol, fructose and r-alanine but not glucose in oocyte assays
[9] and the researchers demonstrated lactate excretion through
SmACI31185 in the parasite, an important protective function to
prevent internal acidification.

What are the implications of the observed bi-functional prop-
erties of the OvAQPs? In case of PfAQP it is obvious as it is the only
aquaporin in P. falciparum and high permeability for water and
glycerol will be essential to the parasite. In contrast, recently
published genome data implies the presence of possibly five
aquaporins in O. viverrini, three of which by their sequence are
members of the aquaglyceroporin family including OvAQP-1 and
OvVAQP-2. Yet, OVAQP-3 the sole aquaporin of evident orthodox
family lineage evolved to gain additional functionality of aqua-
glyceroporins while OvAQP-2 gained increased water permeability.
It can be reasoned that the parasite does not require strict aqua-
porins or aquaglyceroporins and that the passage of an increased
range of compounds by the same channel has been evolutionary
beneficial. Given the overlapping permeability properties of the
OvAQPs it must be asked whether this redundancy is reflected in
their biological roles for the parasite. Gene-specific OvAQP null
mutants would be required to conclude from their phenotype
whether or not the abolished activity interferes with parasite
development in specific ways starting from embryogenesis.
Currently, such genetics analysis is hardly achievable in trematodes
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Fig. 7. Molecular modelling of the ar/R constriction of the OvAQPs. SWISS-MODELL was used to create structure models of OvAQP-3 based on human AQP-1 (PDB 1H6I, [26]) and
OVAQP-1 and OVAQP-2 based on E. coli GIpF (PDB: 1FX8, [27]). Amino acid residues that do not directly contribute to the constriction are drawn in faded color and labelled in gray.
Substitution of the bulky amino acid residues F56 and H180 in mammalian AQP-1 by V54 and A184 in OvAQP-3 leads to a wider pore which presumably allows urea, glycerol, and
ammonia to pass as observed in the relevant assays and previously shown for mutants of rat AQP-1 [31]. In OvAQP-1 the hydrophobic A218 and in OvAQP-2 the polar C220 are in
place of GIpF F200. Molecular graphics created with YASARA (www.yasara.org) and POVRay (www.povray.org).

and alternative, second best, approaches are required. Firstly,
permeability properties of all parasite aquaporins must be assessed
by a larger set of molecules to conclude full or partial functional
redundancy. Secondly, tissue- and developmental expression pat-
terns must be determined to conclude possible unique functions of
distinct OvAQPs. Thirdly, temporal depletion of gene products
would allow to gain insight to which magnitude each OvAQP
contributes to the flux of recorded compounds if at the same time
up/down regulation of the remaining AQPs is observed. Of course
one would also have to consider secondary, AQP-independent
pathways that could lead to the uptake or release of the analyzed
compounds and which are the reason to analyze AQPs and other

channels in easier controlled systems, e.g. liposomes, frog oocytes
or mutant yeast. In case of OvAQP-3 we have demonstrated its
presence at the RNA level from the NE] to adult parasite and at the
protein level in adult parasites as a 60 kDa transmembrane protein
that is located in the parenchyma, tegumental type tissues and
mature sperm in testis lobes, seminal receptacle and vesicle. Con-
cerning its presence in mature sperm it can be reasoned that
OvVAQP-3 protects sperm from swelling and thereby maintains their
motility and finally fertilization (for reviews discussing mammalian
AQPs in sperms see Refs. [38,39]). Furthermore, it will participate in
fluid and solute exchange within the parenchyma and between
parenchyma and tegument. OvAQP-3 is therefore wider distributed
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than FgAQP-1 which was found located in tegumental type tissue
and in the epithelial linings of testis lobes and ovary [10]. Given the
very low water permeability of FgAQP-1 and the related FgAQP-2
and absence of glycerol/urea/ammonia permeability these AQPs
will be involved in higher specialized functions than OvAQP-3.
Remarkably, SmACI31185 with its wide permeability properties
has been described as a tegument-specific AQP in two excellent
publications [7,9] and siRNA treatment to knock down this AQP
decreased viability of cultured schistosomula to below 40% at day
21 while the size of surviving parasites was found significantly
reduced. In a rather limited study of OvAQP-1 and OvAQP-2 in O.
viverrini which is hampered by grave shortcomings it has been
shown that the knock down of these AQPs by RNA interference
expectedly reduces swelling of adult parasites in distilled water and
that the RNA products are found in eggs (of unspecified develop-
mental state), cercariae, metacercariae and adult parasites at
different amounts [8].

Finally, of interest are not only the permeability properties and
biological roles of parasite aquaporins but equally important their
application as tools for drug delivery or as drug target (for a recent
review see Ref. [20]). Due to their limiting pore size and perme-
ability properties the kind of drugs that can be delivered through
AQPs is restricted. Antimonial drug delivery has been reported for
LmAQP1 an aquaglyceroporin from Leishmania major [40] and
later for SmACI31185 [7]. Recently, AQP2 of trypanosomes, an
aquaglyceroporin has been shown to facilitate efficient uptake of
melarsoprol and pentamidine and mutations of the AQP2 gene
cause resistance to these drugs [17—19]. Concerning the direct
inhibition of AQPs, it has been demonstrated that certain de-
rivatives of the diuretic drug Bumetanide are able to bind and
block activity of mammalian AQP-1 and AQP-4 [15]. These are
promising findings that support application of parasite AQPs for
new intervention strategies in parasite infections and we are
actively investigating the described O. viverrini AQPs for such
approaches.

Note

Nucleotide sequence data reported in this paper is available in
the EMBL, GenBank and DDJB databases under the accession
number KM359766.
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Molecular Cloning and Characterization of Three Water Channel Proteins
(Aquaporins, OVAQP1-3) from Opisthorchis viverrini

Geadkaew A.", von BUlow J.2, Beitz E.2, Vichasri-Grams S.3, Grams R.

1 Graduate Program in Biomedical Sciences, Faculty of Allied Health Sciences,
Thammasat University, Pathumthani, Thailand
2Pharmazeutisches Institut, Christian-Albrechts-Universitat, Kiel, Germany
3Department of Biology, Faculty of Science, Mahidol University, Bangkok,
Thailand

Introduction: Aquaporins (AQP) are essential mediators of water regulation in all
living organisms. They are members of the major infrinsic profein (MIP)
superfamily of integral membrane proteins. Aquaporins are potential vehicles
or targets for chemotherapy. Two examples of toxic molecules that can pass
through protozoan aquaporins are hydroxyurea and the hydroxide of trivalent
antimony, which kill protozoan parasites. It is interesting that an expressed
sequence tag (EST) and genomic databases of the human liver fluke,
Opisthorchis viverrini, showed three aquaporin homologues that have not been
characterized yet. O. viverrini is an important liver fluke in Thailand which causes
opisthorchiasis and is associated with cholangiocarcinoma.

Objective: Cloning and functional characterization of three aquaporin
(OVAQP1, 2 and 3) from the liver fluke O. viverrini.

Materials & Methods: We have isolated three aquaporin homologues (OvAQP-
1, 2 and 3) by reverse transcriptase PCR from total RNA of adult O. viverrini using
specific primers designed from ESTs. Transcription in different stages (newly
excysted-, 2-, 4-week juveniles and adult) was determined by reverse
transcriptase PCR. Immunohistochemical analysis was done to demonstrate the
protein distribution on the fissue sections. Functional characterization was
performed by Xenopus oocyte swelling and yeast phenotypic assays.

Results: Amino acid sequences of three OVAQP1-3 aquaporins contain highly
conserved NPA motifs (asparagine-proline-alanine). OVAQP-1 transcripts were
detected in 2-week-old juveniles and later stages, while OvAQP-2 and OvAQP-
3 transcripts were detected in newly excysted juveniles and later stages.
Immunohistochemical analysis demonstrated that the three OvAQPs are
located in tegument, parenchyma and spermatozoa of the parasite.
Functional characterization showed OvAQP-1, OVAQP-2, and OvVAQP-3 can
conduct water, urea and glycerol albeit at different rates. In addition, all
OVAQPs can transport ammonia and methylamine.

Conclusion: Three O. viverrini aquaporins (OVAQP1-3) can conduct water and
other solutes, i.e. ammonia, methylamine, urea and glycerol. In further studies
we will investigate RNAi knockout and specific inhibition of these parasite AQPs
by distinct pharmaceuticals.

Keywords: aquaporin, major intrinsic protein, liver fluke, Opisthorchis viverrini
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Targeting AQPs in Opisthorchis viverrini and Fasciola
gigantica for chemical intervention in food-borne

trematodiases

Rudi Grams'", Amornrat Geadkaew', J. von Biilow?, E. Beitz’,
Suksiri Vichasri-Grams®

!Graduate Program in Biomedical Sciences, Faculty of Allied Health Sciences, Thammasat
University, Pathumthani, Thailand, Pharmazeutisches Institut, Christian-Albrechts-
Universitit, Kiel, Germany, *Department of Biology, Faculty of Science,
Mahidol University, Bangkok, Thailand

F—

Aquaporins (AQPs) are pore-forming transmembrane proteins that conduct water,
glycerol, urea and other solutes across cell membranes in plants, animals and bacteria.
Significantly, the inhibition of a single AQP in the blood fluke Schistosoma mansoni caused
high parasite mortality. This Schistosoma protein was shown to passage the metabolite waste
product lactate which, if not continuously excreted, would quickly lead to acidification and
parasite death. As such trematode aquaporins have potential as drug targets for chemotherapy of
trematodiases. In Thailand, the human liver fluke Opisthorchis viverrini is a major parasite
endemic in the north and northeast with high infection rates found in the rural population. Long
lasting infections have been connected with the development of cholangiocarcinoma induced by
chronic inflammation of biliary tracts due to antigens released by the parasite. A self-inflicted
agent promoting tumor formation is Praziquantel, the drug of choice to destroy the parasite
which too has been demonstrated to stimulate inflammation. In livestock, the tropical liver fluke
Fasciola gigantica causes severe economic damage to farmers and resistance to the drug
Triclabendazole, which is used to clear the infection, has been reported. Parasite aquaporins are
interesting targets as they show low sequence conservation to their mammalian homologs and in
this research we are investigating the complete set of AQPs in the afore-mentioned liver fluke
species for their basic biochemical properties, possible biological roles and as target for drug .
intervention in their respective trematodiasis. !
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Keywords: Trematoda, Fasciola gigantica, Opisthorchis viverrini, Aquaporin
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The Catholic University of Korea, College of Medicine
222 Banpo-daero, Seoch-gu, Seoul 06591, Korea
Tel: +82-2-2258-7343 Fax: +82-2-596-8969

March 30, 2017
Invitation Letter

Dear Professor Amornrat Geadkaew-Krenc,

It is our great honor to invite you as a distinguished speaker in "'The Joint Symposium
of The Catholic University of Korea, Thammasat University (Thailand), National
Defense Medical Center (Taiwan), and Human Genome Organization (HUGO)’ on
June 2-3, 2017, to be held at The Catholic University of Korea, College of Medicine,
Seoul, Korea. The title of the joint symposium is ‘Asian Leadership for Health
Science and Precision Medicine’.

We believe that your work would be of interest to the participants of the symposium.
Therefore, we would like to invite you to give a talk on the subject of your choice. We
will inform you the program details soon.

If you have any questions, feel free to contact Ms. JE Choi (Office: +82-2-2258-7902/
Mobile: +82-10-9206-2521; Email: marcbyj@catholic.ac.kr).

Thank you and we look forward to seeing you in Seoul !

Sincerely,

Yeun-Jun Chung M.D., Ph.D.

Professor, Director

Catholic Precision Medicine Research Center
Integrated Research Center for Genome Polymorphism
The Catholic University of Korea, College of Medicine
Seoul, Korea

Tel: +82-2-2258-7343

Email: yejun@catholic.ac.kr
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Human Parasitic Aquaporins: New Anti-Parasitic

Drug Targets

Amornrat Geadkaew*

Graduate Program in Biomedical Sciences, Faculty of Allied Health Sciences,

Thammasat University, Rangsit Campus, Pathum Thani

Abstract

Aquaporins (AQPs) are transmembrane proteins which are essential for the maintenance
of homeostasis in all organisms. Mammalian aquaporins have been extensively studied in their
structures, functions, pathology and biomolecules. At nucleic acid and protein levels, aquaporins
can be classified into two major groups; orthodox aquaporins and aquaglyceroporins. Most
parasite aquaporins are aquaglyceroporins, which are permeable to water and other uncharged
solutes. Parasite aquaporins also act as channels for nutrients from the environment or waste
products from the parasite bodies, including some substances that repress proliferation of
parasites. Therefore, aquaporins are feasible target proteins for developing novel anti-parasitic

drugs or drug facilitators for parasitic infection treatment in the future.

Keywords: Aquaporin, Transmembrane protein, Parasite, Drug target

*Corresponding author E-mail address: gamornra@tu.ac.th
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Fig. 2 Evolutionary relationship of human parasite aquaporins.
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HsAQP12 Homo sapiens (outgroup)

The evolutionary history was inferred using the Neighbor-Joining method®®. The evolutionary

distances were computed using the JTT matrix-based method®” and were in the units of the

number of amino acid substitutions per site. Evolutionary analyses were conducted in MEGA!

* Not functionally characterized
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