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1. ABSTRACT

Aquatic organisms, such as bivalves, employ ATRlibip cassette (ABC) transporters for
efflux of potentially toxic chemicals. Anthropogeniwater contaminants can, as
chemosensitizers, disrupt efflux transporter fumttienabling other, putatively toxic

compounds to enter the organism. Applying rapid ldimation of cDNA ends (RACE) PCR

we identified complete cDNAs encoding ABCB1- and @Bl-type transporter homologs
from zebra mussel providing the molecular basisefquression of both transporter types in
zebra mussel gills. Further, efflux activities ditlb transporter types in gills were indicated
with dye accumulation assays where efflux of the dwlcein-am was sensitive to both
ABCB1- (reversin 205, verapamil) and ABCC1- (MK57type specific inhibitors. The

assumption that different inhibitors targeted dif& efflux pump types was confirmed when
comparing measured effects of binary inhibitor coompd mixtures in dye accumulation
assays with predictions from mixture effect mod@&ffects by the MK571 / reversin 205

mixture corresponded better with independent actidrereas reversin 205 / verapamil joint
effects were better predicted by the concentratiddition model indicating different and

equal targets, respectively. The binary mixturerapph was further applied to identify the
efflux pump type targeted by environmentally rel@vachemosensitizing compounds.
Pentachlorophenol and musk ketone, which were tegleafter a pre-screen of twelve
compounds that previously had been identified asndsensitizers, showed mixture effects
that corresponded better with concentration additinen combined with reversine 205 but
with independent action predictions when combineith WIK571 indicating targeting of an

ABCB1-type efflux pump by these compounds.

Keywords: environment-tissue barrier; Dreissena polymorpiajtixenobiotic resistance,

multidrug resistance associated protein (MRP); yeaprotein; mixture effect modeling
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2. INTRODUCTION

Aquatic organisms are constantly exposed to patinttoxic natural and anthropogenic
chemicals in the water. Certain ATP binding cass@ABC) transporters constitute a cellular
defense eliminating a wide range of chemically digecompounds from cells. By reducing
internal levels of potentially toxic compounds tlogransporters confer so called
multixenobiotic resistance, a phenomenon equivatenimultidrug resistance (MDR) of
cancer cells (Kurelec, 1992; Epel, 1998; Bard, 208&ajor MDR proteins are ABCB1(P-
glycoprotein), ABCC1 (multidrug resistance assaaaprotein 1, MRP1), ABCC2 (MRP2)
and other ABCC subfamily members and ABCG2 (breastcer resistance protein, BCRP)
(Deeley et al, 2006; Sarkadiet al, 2006). In healthy tissues MDR proteins form a
biochemical barrier controlling the transition dietnicals across compartment interfaces,
such as blood-tissue barriers, and hence are canpometermining ADME (adsorption,
distribution, metabolism, excretion) of pharmacatady or toxicologically active

compounds (Leslie et al., 2005).

In gills of bivalves ABC efflux transporters wereuihd to contribute to selective permeability
of the tissue for chemicals hindering its permeatiy xenobiotics. There is evidence for
expression and activity of at least two ABC tranmggotypes in bivalve gills from the Abch
(P-glycoprotein or P-gp type) and Abcc (multidregistance associated protein or MRP type)
subfamilies (Ludeking and Koéhler, 2002; Ludekingl &®bhler, 2004; Kingtonget al, 2007;

Luckenbactlet al, 2008; Luckenbach and Epel, 2008; Fatial, 2011; Navarret al, 2012).

! Our nomenclature for gene/protein namesaiscdAbcc for bivalve andABCQABCC for human. Terms
“ABCB1-type” and “ABCC1-type” are used in contexthien transporter functions in bivalves are equivide

mammalian homologs.
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Whether ABCG2 homologs, important transporters ehotoxicants in mammals, are

expressed and active in bivalve gills has to oavwkadge not been shown so far.

Fluorescent dyes acting as transporter substraesh as rhodamine dyes or calcein
acetoxymethyl ester (calcein-am, Ca-AM), can seéoveneasure the activity of ABC efflux
transporters in bivalve gill tissue. Ca-AM, whiclasvalso applied in the present study, is a
substrate of both ABCB1- and ABCC-type transpor{étamolyaet al, 1993; Holl6et al,

1994; Essodaiguet al, 1998) but not of ABCG2 (Litmaet al, 2000; Sarkadet al, 2006).

The action of inhibitors of mammalian ABCB1, suchthe cyclosporin A derivate PSC833,
reversin 205 or verapamil, and of ABCC transportetech as MK571, on dye efflux in
bivalve gills indicate ABCB1- and ABCCl1-type traosger activities in this tissue (Smital
and Kurelec, 1997; Luckenbaat al, 2008; Luckenbach and Epel, 2008; Navagtoal,
2012). Although the considerable phylogenetic distabetween bivalves and humans may
raise doubts that substrates and inhibitors of malmam ABC transporters are also specific
for respective homologous bivalve subtypes, thexeevidence that substrate/inhibitor
specificities of transporter subtypes are conseraerbss taxa. Thus, effect kinetics of
inhibitors of mammalian ABCB1 and ABCC transporter€a-AM dye accumulation assays
are similar across diverse invertebrate speciels aacsea urchins and bivalves (Hamdetin

al., 2004; Luckenbach and Epel, 2008).

Environmentally relevant anthropogenic chemicalsrevehown to disrupt ABC efflux
transporter activity and thus to affect functiontlodé cellular efflux transporter based toxicant
defense (Kurelec, 1997; Smital and Kurelec, 1998it& et al, 2004; Epekt al, 2008). The
chemosensitizing action of such compounds in be/ajills was generally associated with
effects on ABCB1-type activity (Cornwadit al, 1995; Smital and Kurelec, 1998; Miniet
al., 1999; Eufemia and Epel, 2000; Smitai al, 2003; Luckenbach and Epel, 2005;
Stevensoret al, 2006; Sandrine and Marc, 2007; Tutundjian andi®éjr2007). However,
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the dye-based assays with native tissue that wesfermed in these studies did not enable to
determine ABC transporter subtype-specific inhityiteeffects of test compounds. The
indicator dye for efflux activity used in the exmeents can be substrate of both ABCB1- and
ABCCl1-type efflux transporters; thus, inhibitoryfaedts of test compounds on efflux
transporter activity can be associated with interfee of compounds with both ABC

transporter subtypes.

In this study, an experimental approach was usatighables distinction between ABCB1-
and ABCCl1-type transporter efflux activities in imat tissue by applying a transporter
subtype-specific inhibitor compound in additiontle test compound in a dye accumulation
assay. The approach is based on the preconditiangl) the dye used as indicator for efflux
activity is a substrate of both ABCB1- and ABCCbsytransporters, that (2) activities of
ABCB1- and ABCC1-type proteins mediating effluxrtsporter activity are each specifically
disrupted by certain inhibitor compounds and ti&tréduced activity of either ABCB1- or
ABCC1-type proteins due to the effects of targedesic inhibitors will result in a specific
effect on overall efflux transporter activity. Tipeinciple of the used approach is that the
effect kinetics of binary combinations of inhibitaompounds should allow to conclude
whether the compounds in the mixture target theesafflux transporter type, (i.e. act
similarly) or target different transporter types(j act dissimilarly). In order to discriminate
between similar or dissimilar actions of componéantsiixtures, experimentally determined
combination effects of compound mixtures on effctivities were compared with predicted
combination effects. Combined effect predictionsrevederived from the individual
compounds’ activities for inhibiting the respectivefflux activities. The model of
concentration addition (CA), which is derived frahe dilution principle, is thought to work
well for predicting a mixture effect where the campnts affect the same target in the same

way (similar action), while the model of independection (IA) is based on the idea of
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statistically independent effects of the componefita mixture, which holds for compounds
hitting different targets and independently progmg towards the same outcome

(Altenburgeret al, 2003).

As an experimental system gill tissue of the bigalreissena polymorphavas used.
ABCB1- and ABCC1-type efflux activities and expriess of transcripts of respective
candidate genes in gills of this species were presly reported; coding sequences were

however only partially identified (Navaret al, 2012).

Here we present complete coding sequences for ABGBHI ABCC1l-type transporter
proteins with analyses of phylogeny and of protepologies providing a molecular basis for

expression of both putative toxicant transportpesyinD. polymorphagill tissue.

Ca-AM served as proxy for ABCB1- and ABCC1-typeltfactivities in bivalve gill tissue.
ABCB1 and ABCC transporter type - specific inhilbgavere reversin 205 or verapamil and
MK571, respectively (Yusa and Tsuruo, 1989; Gekekerl, 1995; Sharonet al, 1999).
Further, a range of environmentally relevant cormaisuwere studied, most of which have
previously been tested for interference with effttansporter activity (Cornwaét al, 1995;
Galganiet al, 1996; Luckenbach and Epel, 2005; Stevenspal, 2006); test compounds
comprised the artificial musks tonalide, galaxolideusk ketone and musk xylene; the
fragrance alpha-Hexylcinnamaldehyde; the perflided compounds perfluorooctanoic acid
and perfluorooctane sulfonic acid; the organochrtompounds DDT, endosulfan, aroclor

1254 and pentachlorophenol and the pesticide ivetinee

In a first set of functional experiments, effectssmgle compounds on efflux activity iD.
polymorphagills were quantified. Based on this data compsuwere selected for further
experimental series with binary combinations of pommds including either the ABCB1

inhibitor REV205 or the ABCC model inhibitor MK571.



ABC transporter activities in gills of zebra mussel

3. MATERIAL AND METHODS

3.1 Chemicals

Ca-AM (CAS # 148504-34-1), MK571 (CAS # 115103-85+@versin 205 (REV205) (CAS
# 174630-05-8), verapamil hydrochloride (VER) (CASL52-11-4), aroclor 1260 (CAS #
11096-82-5), dichlorodiphenyltrichloroethane (DDT)CAS # 50-29-3), endosulfan
(alpha+beta = 2+1), ivermectine (CAS # 70288-86pentachlorophenol (PCP) (CAS # 87-
86-5), alpha-hexylcinnamaldehyde (H-HEX) (CAS # -B&L0), galaxolide (CAS # 1222-05-
5), musk ketone (KET) (CAS # 81-14-1), musk xylgixeYL) (CAS # 81-15-2), tonalide
(CAS # 21145-77-7), perfluorooctanoic acid (PFOBAES # 335-67-1) and perfluorooctane
sulfonic acid (PFOS) (CAS # 2795-39-3) were puredaom Sigma-Aldrich (Steinheim,
Germany). Ethanol and DMSO (analytical grade) usedolvents were obtained from Merck
(Darmstadt, Germany). Stocks of Ca-AM, REV205, mo&260, DDT, endosulfan, H-HEX
and PFOA were set up in DMSO; VER, ivermectine, PG&axolide, KET, XYL and

tonalide stocks were in ethanol; MK571and PFOS wlessolved in water.
3.2 Experimental animals

Zebra musseld)reissena polymorphavere used as experimental organisms. The spicies
native to the basins of the Black and Caspian Smasinvasive and commonly found in
freshwaters across Europe and the North AmericapatGLakes (Heberet al, 1989;
Karatayevet al, 1998). Adult zebra mussels with valve length 2.5 cm were collected
at water depths of 5-10 m in the Mequinenza reséBloro River (NE Spain) in the periods
May-July 2012 and 2013. Within 3 h of collectionjraals were transported in local water in
aerated 10 L plastic containers to the lab. Thenals were then rinsed and placed in glass

aquaria in a density of 0.5 L per individual andimeined in ASTM hard water (ASTM,
7
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1999) at >90% oxygen saturation at 20°C and atfa1@ h/light:dark photoperiod. The water
was exchanged three times per week and 2 h befaer whanges animals were fed at libitum

with algae Ecenedesmus obliqyus

ABCB1-andABCC1type transporter cDNA sequences were identifiechfRNA from aD.
polymorphaindividual that was collected in December 2012ha lake Kulkwitzer See in
Leipzig, Germany, from hard substrate at a watettdef about 1 m. It was transferred to the
lab in local water, dissected and the gill tissuaswiransferred to a vial with Trizol

(Invitrogen), which was stored at -20°C until RN&raction.

3.3. Identification of ABCB1- and ABCC1-type cDNA sequences fronD.
polymorpha

For extension of previously identified partil. polymorphaabcbl (NCBI access. no.
JN814910) andbcc (NCBI access. no. HM448029) cDNA sequences rapiglification of
cDNA ends (RACE) with the SMARTer RACE cDNA amptifition Kit (Clontech) was
applied with RACE cDNA made from mRNA accordingttee manufacturer’s instructions.
Total RNA was isolated from approximately 100 mgDofpolymorphagill tissue using the
Trizol protocol (Invitrogen); mRNA was obtained fnatotal RNA using the Oligotex mMRNA
Mini Kit (Qiagen). RACE PCR conditions were 94°Q & min, followed by 45 cycles with
94°C for 5 sec, 65°C for 10 sec and 72°C for 3 aml a final step with 72°C for 7 min.
Primers are listed in Table S1. RACE PCR produasevwbetween 2 and 3 kb long. They
were gel-purified, cloned and sequenced on an ABIO3sequencer and sequences were
assembled using Sequencher vs. 5.1. Contigs wemérrned by PCR and cloning of

sequences comprising the entiad¢g and major partsapcbl) of the open reading frame.
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3.4 Dye accumulation assay for determining chemica&ffects on ABC efflux

transporter activities in D. polymorpha gills

The dye accumulation assay is based on the prentiat the amount of a fluorescent dye
accumulating irD. polymorphagill tissue depends on the cellular efflux tramspoactivity.
With high efflux activity little dye accumulates ithe tissue which is indicated by low
fluorescence values; with low efflux activity, e.due to effects of transporter inhibitors, the
amount of accumulating dye is increased. Ca-AMduseproxy for efflux activity, is a non-
fluorescent substrate of ABCB1- and ABCC1-type sprters that is hydrolyzed by
intracellular esterases and becomes fluorescerdalrein. Ca-AM freely diffuses across
cellular membranes; the more hydrophilic calceitrapped within the cell. Ca-AM but not
calcein is efficiently transported by efflux traosters. The calcein fluorescence quantified in
tissue thus reflects the amount of Ca-AM that ha@red the cells and is a measure for efflux

transporter activity.

Dye accumulation assays were performed as eantiscribed (Navarret al, 2012). The
animals used in the experiments were collectechdutie spawning season and the gender of
the animals could be determined by visual inspactibthe gonads; coloring of gonads is
red/orange in males and white in females (Hiaeal, 2007). In the tests, gill tissue from
freshly dissected mussels was incubated for 90imih mL of ASTM hard water at 20°C
with 0.5 puM Ca-AM and with a given concentrationaofest compound or mixture, or in a
control with Ca-AM and solvent only. The Ca-AM cemtration applied in the tests and the
incubation time were evaluated in preliminary expents with different Ca-AM
concentrations (0.25 — 1 uM) and different incutratimes (60-120 min). The uptake of Ca-
AM by the tissue did not further increase after ®0n incubation with all Ca-AM
concentrations. The difference in uptake of Ca-ABtween controls and treatments also

containing 10 uM of the inhibitor cyclosporine A svenost pronounced with 0.5 uM Ca-AM

9
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and 90 min incubation time (data not shown) and tiverefore performed subsequent
experiments with these conditions. The experimerdgse set up with DMSO/ethanol/water
stock solutions of Ca-AM and test compounds. Theral solvent concentration in all
treatments and controls was always adjusted t&@wlhich does not affect efflux transporter
activity in D. polymorphaFariaet al, 2011). Gill pieces from 12 to 38 individuals weised

for each experiment comprising a concentrationeseof a test compound or mixture, with
four to eight replicates per treatment. From eacissal two tissue pieces were obtained; one
piece was exposed to a test compound or test campwmixture and one piece was used in a
DMSO control and served as reference for determittie basal efflux transporter activity in
the respective individual. After incubations gilepes were washed in ASTM hard water to
remove medium from the tissue surface, tissue piaare weighed with a microbalance and
sonicated in 0.5 mL ASTM hard water. Homogenatesewentrifuged at 3,000 g for 10 min
and the fluorescence of the supernatants was nezhsura microplate fluorescence reader
(Synergy 2, BioTek, Winooski, VT, USA) using extitan/emission wavelengths of 480/530
nm. Arbitrary fluorescence units were standardizethe fresh gill tissue weight (reported as
FU mg") and are presented as fold changes in fluoresclenveds relative to the DMSO

control of the respective individual.

3.5 Experimental treatments tested with dye accumation assays

1) Effects of single compounds on efflux activigffect characteristics of test
compounds on efflux activity iD. polymorphagill tissue were determined in concentration
series with model ABCB1 inhibitors REV205 and VERith ABCC transporter inhibitor
MK571 and with twelve environmentally relevant campds. The applied concentration
ranges were: REV205 (0.5-20 uM), VER (1-25 pM), MK52-200 uM), aroclor 1250 (0.01

uM), DDT (0.1,1 uM), endosulfan (20-40 uM), galasel (1-10 uM), ivermectin (2, 4 uM),

10
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KET (1-16 pM), PCP (1-20 uM), perfluorooctanoicca¢b0 puM), perfluorooctane sulfonic
acid (50 pM), tonalide (1-10 pM), XYL (2-25 puM). Geentrations were determined in
preliminary range finding experiments. Concentratiesponse curves were modelled for
compounds showing significant effects in dye acdatimn assays and regression parameters
were determined. Based on these data, binary caiis of test compounds (either model
inhibitor/model inhibitor or model inhibitor/envinmnentally relevant test compound) were
composed using a design in which each compounddessd using a fixed ratio of the total
concentration of the mixture. For each studiedipgyrfixed ratios of its mixture constituents

were selected to maximize the observable resp@mgger

2) Combined effects of binary mixtures of model inbisi Effect kinetics of binary
mixtures of model compounds REV205/VER (ABCBL1 intibABCB1 inhibitor) and
REV205/MK571 (ABCB1 inhibitor/ABCC inhibitor) wereompared with model predictions
of effects according to the models of CA and IAspectively. These experiments served to
determine whether ABCB1 and ABCC inhibitors tardéterent efflux mechanisms — that

may be associated with Abcb1 and Abccl activitiesD. polymorphagill tissue.

3) Combined effects of binary mixtures of model inbisi and environmentally
relevant compoundsEffect kinetics of binary mixtures of model compdsnREV205
(ABCBL1 inhibitor) and MK571 (ABCC inhibitor) withrevironmentally relevant compounds
that showed a relatively strong effect and for whian accurate concentration-effect
regression could be determined (KET, PCP) were emetpwith model predictions of effects
according to the models of CA and IA, respectiva@lyis data was used as indication whether
the test compounds target ABCB1- or ABCCl1-typeuafflctivities inD. polymorphagill

tissue.

11
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3.6 Analyses of dye accumulation assay data; curdéting and mixture

analyses

Quantitative prediction of combined effects wad@ened by adapting previously established
approaches (Faust al, 2003). In principle, it is required to establistncentration-response
relationships for the individual components of thixture of concern (see eq. 1), calculating
expected combined effects according to either tbdehof CA (eq. 2) and/or IA (eq.3), and
subsequently compare these predicted with expetatigrobserved effects. This general
procedure had to be specified and adapted as fallBwedicted values of studied individual
components were estimated from the obtained coratént — response data, considering fold
fluorescence increase relative to control treats\¢R) and by fitting observed responses to
the modified non-linear HILL model depicted in etjoa 1.

(max—min)

1050
C

R(c,) = min+

M

1+

where

R(c) is fold increase at concentratiorrelative to controls
min is fold increase of controls

max is maximal fold increase

Ci is the concentration of inhibitor (i)

p is the HILL number

IC50 is the constant describing the concentration bfbitor causing 50% of the

maximal effect.

12
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Predicted values for mixture combinations consiagrthe CA and IA models can be
determined following a previously established pchaoe (Fauset al, 2003). According to
Faustet al. (2003) the combined effect (R) caused by a mixture with given concentrations

of constituents;acan be estimated by the CA model using equation 2

n I
1= S 2
; Fi_l(Rmix) ()
with F* = 1C s —
. pi
max; —min;
Rmi>< - nr“mi :|

where F is the inverse function of the individual conceation response relationship of the
mixture constituents. The value of,R satisfying this equation has to be solved iteedyiv

using, for example, the Solver—subroutine in therdBoft® EXCEL Analysis Toolpack.

Alternatively, expected responsesn(fR of a n-compound mixture by the IA model can be
obtained directly from equationsgnsuBliss (1939) and many others (Backhausl, 2000;

Faustet al, 2003)
R =17 [] B~ ECe)] ©

where ¢is again the concentration of the ith component B(g) is the fractional effect of

that concentration if the compound is applied alone

Provided that both inhibitors had different maxuesd, equation 2 could not be solved
iteratively for Ryx values higher than the smaller max value of the mvixture constituents.

To overcome this problem we tested mixture constituconcentrations whose combined
effects were expected to not exceed this joint malie. To determine combined effects
predicted by the IA model depicted in equation @vidual fold inhibition changes estimated
from equation 1 were first converted to proportiogi@ects dividing them by the larger max

13
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value of the two mixture constituents. Estimateapprtional combined effects were then re-
converted to fold fluorescence changes. Moreoveravoid the problem of adding up

minimum values of 1, fold change data was re-schyjesubtracting 1 (R = fold change-1).

4. RESULTS

4.1 Identification of ABCB1- and ABCC1- type cDNA sequences fronD.
polymorpha

Using RACE PCR with cDNA retro-transcribed from mRNsolated fromD. polymorpha
gill tissue we identifiedabccl(NCBI accession no. KM892861) aaticbh1(NCBI accession
no. KM892860) cDNAs encompassing the entire opeadirg frames (ORF). These
sequences enabled analyses of respective protpolotes, providing additional useful
information for classification of those genes. Qopology and phylogenetic analyses
described below confirm previous annotations diahpartial sequences as putatively MDR
related Abcc/Mrp and Abcb/P-gp transporters (Tufamdand Minier, 2007; Fariat al,

2011; Navarreet al, 2012).

Dreissena polymorpha abccl cDNA/Abccl protef@ontigs of RACE PCR product
sequences were confirmed by sequences of 4879hp%8Y bp PCR products obtained with
primers based on RACE PCR product sequences. Agcohavailable sequences contains a
4698 bp ORF from which a 1565 aa protein of 175 k®deduced. Polyphobius analyses
(http://phobius.sbc.su.se/poly.html) of the amindasequence reveal protein topology of a
“long” ABCC transporter (Table S3, Figure S1), sichhuman ABCC1, ABCC2, ABCC3,
ABCC6, and ABCC7 that in addition to two transmearte® domains (TMD) with 6
transmembrane sections each have an additional TaiDthe NH end with five

transmembrane helices (Deeley al, 2006). In addition, the protein has two nuclestid

14
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binding domains (NBD) as indicated by sequence yaialwith the scan prosite tool
(http://prosite.expasy.org/) (Figure S1). Glycosigla sequons [Asn-X-The/Ser; X can be any
amino acid except proline (Kornfeld and Kornfel®8%; Gribaret al, 2000)] indicate
putative N-glycosylation at five positions in extedlular loops of predicted TMDO (A%A
Sef>-Sef* Asr Lys™-Thr’*) and TMD2 (Ash®*%Gly'9-sef%® Asn'®3Argl%34ThrH0%
Asnt®E.GIut®Thr!%9) (Table S3, Figure S1)D. polymorphaAbccl thus may be more
heavily glycosylated than homologs from other spgcsuch as human ABCC1 with two and
the Mytilus californianusAbcc homolog with three potential N-glycosylatisites (Hipfneret
al.,, 1997; Luckenbach and Epel, 2008). In a phyloderatalysis including representative
ABCC/Abcc/Mrp sequences the here identifi2dpolymorphaAbccl protein falls in a well-
supported clade including the human MRPs ABCC1,nd 8 and putatively multidrug
resistance associated Abcc proteins from otherriebeate taxa represented 8y elegans
and sea urchin, insect and other bivalve specigsi@ 1). Accordingly, thé®. polymorpha
Abccl protein sequence is most similar to oystgag¢sostrea giggsMrpl with 61 % identity
(Table S5); similarities are also high to human ABCand MRP related orthologs from
insectsDrosophila melanogasteand Cerapachys biroiwith 50 % identities and slightly
lower to human ABCC2 and 3 and a range of putaltivp related orthologs from other
species. Sequence identities with the other ABCC¢Atmralogs are below 40%. Based on its
high similarity to theCrassostrea gigaMRP1 and human ABCC1 tHe. polymorphaAbcc

protein is called here Abccl.

Dreissena polymorpha abcbl cDNA/Abcbl proteline complete ORF of 4158 bp was
obtained from a contig of 3’ and 5’ RACE PCR prodsequences and a cloned 3568 bp PCR
product amplified with primers designed based oar81 5° RACE PCR products. Analyses
with the scan prosite tool and with polyphobius faom that the deduced 1385 aa protein of

152 kDa has the typical topology of full ABC traosiers with two NBDs and two TMDs

15
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(Table S4, Figure S1). ASf-Leut’’-Ser’® and AsA*-Asr?®-Thr*®® mark two putative N-
glycosylation sites in the first extracellular loop predicted TMD1 (Table S4) where N-
glycosylation sites are also located in ABCB1/Abghdteins from other species (Chetnal,
1986; Luckenbach and Epel, 2008). In a phylogeratiglysis including ABCB/Abcb/P-gp
full transporter sequences from a range of vertelaad invertebrate speci€, polymorpha
Abchl falls within a cluster with high bootstrappgort including the four human full
transporter ABCB paralogs (ABCB1, ABCB4, ABCB5, ABCl) and the respective
sequence from one other bivalvkzumapecten farrer{Figure 1).D. polymorphaAbcbl
shows highest sequence similarities with Amimapecten farrerP-gp with 58 % and with
human ABCB1 and ABCB4 proteins with 55 % identit{@able S5). Percent identities Of
polymorphaAbcbl with respective homologs from other spedrduding other bivalves as
well as sea urchin, crustaceans, insects @adnorhabditis eleganare between 42-50%

(Table S5).

4.2 Dye accumulation assay: method evaluation andnter-individual

variability

Dye accumulation assays with bivalve gills havevianesly been performed using the “biopsy
punch procedure” with the California mus$éytilus californianus up to 70 equally sized
tissue pieces were obtained per individual enaldixgeriments with chemical concentration
series with tissue from one individual (Luckenbacid Epel, 2005). Morphology and texture
of zebra mussel gills do not allow a similar biogsynch approach and tests with multiple
tissue pieces from one individual cannot be peréatminstead, the entire two gill lobes
obtained from each individual were used (see Malednd Methods, section 3.4) requiring
the use of tissue from multiple individuals in centration series experiments. To account for

data variation resulting from size differenceseadtéd tissue pieces, the calcein fluorescence
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data obtained for each tissue piece were relatetigonvet weight of the respective tissue
piece (see also Figure S2); possible inter-indi@idwariations of efflux transporter activities
were compensated by relating calcein fluorescentgeg obtained for each tissue piece to the
respective control (tissue piece with Ca-AM andvent only) that was run for each

individual.

When comparing the wet weights of all gill tissueges used in the experiments, the
coefficient of variation was 36.5 % of the mean.(1¥ 6.2 mg (mean + SD), N = 480]; there
were no statistically significant differences betwewet weights of gill tissue pieces from
males and females (P>0.05, Student’'s t test). Waighw corrected calcein fluorescence
values in all control gill tissue pieces, reflegtinasal efflux transporter activities, showed a
coefficient of variation of 59 % of the mean [122&2.0 FU/mg gill tissue (mean + SD)];

also basal activities in gill tissue pieces were significantly different between males and

females (P>0.05, Student's t test).

Fold changes in fluorescence in treatments vs.ralsntvere independent of basal efflux
transporter activities. Thus, no significant caatelns between maximum fold changes of
fluorescence values in gill tissue pieces in tregiim with standard ABC transporter
inhibitors (20-25 uM REV205, 80-110 uM MK571 or 28-uM VER) and fluorescence

values in respective controls were found (Pearswificients were -0.15, -0.23,and -0.15,
respectively; P>0.05, N= 8-10). This confirms tlséindardization of fluorescence values
with respective control values was suitable toedrfor inter-individual differences in efflux

transporter activities.

4.3 Effects of single compounds on efflux transpcet activity in gill tissue

Effects of model transporter inhibitord&for REV205, VER and MK571 concentration-

dependent increases of calcein fluorescence itigglle showed a bell-shaped profile (Figure
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2): At lower inhibitor concentrations fluorescenioereased up to a maximum, followed by
descending values at higher concentrations. Ptatigm of compounds at high concentrations
that may have explained decreasing effects waoietrved; the cause for reduced calcein
fluorescence may be cytotoxicity of test compouati$iigh concentrations. This may also
apply for test compounds KET and PCP (Figure 2,adse below). Ascending values up to
the maximum peak were accurately predicted by thecentration-response model (eq. 1)
with r? values > 0.8 for all three compounds (Figure hl&d). Concentration-effect profiles
differed between inhibitors of mammalian ABCB1, RED% and VER, on the one hand and
the ABCC transporter inhibitor MK571 on the othand (Figure 2, Table 1). Maximum fold
fluorescence increases were only 4.2- and 3.3-fofldREV205 and VER, respectively,
whereas they were 14.0-fold for MK571 (max valugs+flable 1). IC50 values
(concentrations of half-maximal inhibition of effl@ransporter activities) were six- and three-
times lower for REV205 and VER, respectively, thimm MK571; accordingly, lowest
observed effect concentrations (LOEC) were fiveesmlower for REV205 and VER,
respectively, than for MK571 (Table 1). The sloge$ of the regression curves ranged

between 1.2 and 2.7; values were particularly lonMK571 and H-Hex (Table 1).

Effects of environmentally relevant test compourkdsm twelve tested compounds, eight
(aroclor 1254, DDT, endosulfan, galaxolide, ivertimec perfluorooctanoic acid,
perfluorooctane sulfonic acid, tonalide) had nonsigant effect on Ca-AM efflux inD.
polymorphagills; thus, calcein fluorescence levels in tissuposed to these compounds did
not significantly differ from controls (P > 0.05¢es results in Table S6). These compounds
were not considered in further experiments. Ondtier hand, calcein fluorescence levels
showed concentration-dependent increases for KEYL,XH-HEX and PCP, indicating
inhibition of Ca-AM efflux in D. polymorphagill tissue (Figure 2). Maximal changes in

fluorescence compared to controls were 2.39-, 1281- and 1.84-fold for KET, XYL, H-
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HEX and PCP, respectively (max. values+1, Tabl¢HI)L model regression parameters (eq.
1) of fluorescence data obtained for the four conmpis had curve fits wittf values between

0.65-0.76 (Table 1). The effect characteristicsK&T, XYL, H-HEX and PCP regarding

efflux transporter inhibition were more similarAdcbl inhibitors REV205 and VER than to
MK571. Thus, IC50 values of KET, XYL, H-HEX and PQ@®re in the same range as for
REV205 and VER; however maximum fold fluorescenoeréases were lower for the
environmental compounds than for the model inhibitfTable 1). This may be seen as
indication that the environmental compounds ars [@stent inhibitors of efflux transporter
activity than the model inhibitors. For testingesffs of mixtures of transporter inhibiting
compounds (see below), XYL and H-HEX were not fartbonsidered because of relatively

low values for maximal fold inhibition and curve, fiespectively.

4.4 Effects of binary mixtures “model inhibitor/model inhibitor” and
“model inhibitor/ environmentally relevant test compound” on efflux

transporter activity in gills

Six pairings of test compounds REV205, VER, MK5RET and PCP in binary mixtures
with fixed ratios were applied in dye accumulatassays (Table 2). The graphs in Figure 3
show the respective experimentally determined walim the different mixtures with
corresponding regression curves (modeled with gocukves for predicted effects estimated
with CA and IA models (eqg. 2 and 3, respectively)l &he regression curves (eq. 1) based on
the experimental data for the single mixture caounstits (see Figure 2). The pairings were
ABCC1 inhibitor MK571 with REV205, KET and PCP, pestively (Figure 3A, B, C); and

of ABCBL1 inhibitor REV205 with verapamil, KET andCP, respectively (Figure 3D, E, F).

“Model inhibitor/model inhibitor” pairings: All experiments showed combined effects
clearly discernible from the individual compoundi@tes. For the MK571-REV205 pairing,
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expected values based on both IA and CA predictwei® at lower concentrations slightly
below experimental values. However, at higher cotreéions the IA prediction resembled
the shape of the regression curve based on expgainalues more closely than the CA
prediction (Figure 3A) and the IC50 value predicteith the IA model was similar to the
IC50 value determined from the experimentally aiedi data, whereas the IC50 resulting
from the CA model was clearly lower (Table 2). daffects in the REV205-VER pairing
predicted by IA and CA models were relatively samjlalthough overall, the CA prediction
corresponded better with the regression curve basethe experimental data than the 1A
prediction (Figure 3D); along these lines, the IG&0ue resulting from the CA modeled
regression was closer to the IC50 value based @m®xtperimental data than the 1IC50 value
based on the IA-predicted regression (Table 2)s&hesults thus are in concordance with the
assumption that MK571 and REV205 target differdfitie transporter types in the bivalve
gill (ABCC- and ABCB1-type efflux), whereas REV2@5d VER act similarly affecting the

same efflux transporter type, presumably ABCB1-tgfitix.

“Model inhibitor/environmentally relevant test cooynd” pairings: As in treatments
containing pairings of model inhibitors, maximateets in treatments containing pairings of
model inhibitors and other test compounds were igdigelarger than maximal effects of
single compoundsFor pairings MK571 with PCP and KET, respectively, predictions
corresponded better with experimental values arttebeesembled the regression curves
based on respective experimental data (Figure 3BA€tordingly, IC50 values based on IA
predictions came closer to the experimentally aeiteed median effects than CA predictions
and values obtained with IA predictions were claser within (as for the MK571-REV205
pairing) the 95 % CI for the experimentally obtalnk50 values (Table 2). Thus, for the

pairings with MK571 models indicate dissimilar actiof mixture constituents.
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In contrast, predictions of mixture effects in espeents with pairings REV205-PCP and
REV205-KET were better with the CA than with the iAodel indicating similar action of
mixture constituents in these pairings (Figure B, Thus, for these pairings the CA
modelled curves highly resembled the regressionesubased on respective experimental
data, whereas the 1A modeled curves were morendiissi(Figure 3E, F). Correspondingly,
IC50 values for these pairings were closer to tkgeementally determined values for CA
than for IA predictions. Further, IC50 values fréine CA predictions were for both pairings

within the 95 % CI of the experimentally determin€®0 values (Table 2).

5. DISCUSSION

This study aimed at determining whether an apprdacblving the application of binary
mixtures of inhibitory test compounds and combiredfibct modeling can be used to (1)
discriminate among specific activities of ABCB1-daABCC1-type transporters and to (2)
specify the ABC efflux transporter type targetedabgompound disrupting efflux transporter
activity in the Ca-AM dye accumulation assay wititive bivalve gill tissue. Expression of
abcblandabccltranscripts and sensitivity of Ca-AM efflux to pheacological ABCB1 and
ABCC inhibitors in D. polymorphadgill tissue corroborate expression and activitads

ABCB1- and ABCC1-type transporters in this tissue.

5.1 Putatively multixenobiotic resistance related abcbl and abccl

transcripts are expressed irD. polymorpha gills

Previous annotations of respective partial sequefroen D. polymorphaas Abcb and Abcc
full transporters (Tutundjian and Minier, 2007; igaet al, 2011; Navarrcet al, 2012) are

confirmed based on the here identified complete ABN
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Relative abundances a@bcbl and abccl transcripts have been earlier quantified Dn
polymorphagill tissue with gPCR; constitutiv@bcblandabcclexpression levels were in the
same order of magnitude with approximately 4.0 @®mRNA copies (%.S3), respectively

(Navarroet al, 2012).

It is not possible to predict specific function BC transporters from sequence. However,
their phylogenetic relationships and location ith tissue indicate thaD. polymorphaAbcbl

and Abccl indeed act as toxicant efflux transperter

Various studies provide evidence for a conservedtfan of full Abcb and Abcc homologs as
toxicant transporters found across invertebrata.t@hus, specific functional profiles of
respective homologs from sea urchin and fruit flgrresponded to the well-studied
mammalian multidrug resistance related transptitenologs (Szeret al, 2009; Gokirmalet

al., 2012). Further, the degree of resistance of egltsorganisms against pesticides and other
toxicants was linked with expression and activitidgespective Abcb and Abcc transporter
homologs in nematodes and arthropods [reviewed rigelf (2013), Dermauw and Van

Leeuwen (2014)].

In the phylogenetic tree, tHe. polymorphaAbccl sequence locates within a distinct cluster
with ABCC1, 2 and 3 (Figure 1) indicating that thgeotein may mediate translocation of
conjugated organic anions that are also substmatesiammalian ABCC1-3 but not of
ABCBI1-type transporters (Cole and Deeley, 1998) Dh polymorphaAbcbl locates in a
clade with full ABCB/Abcb transporters that inclideoxicant transporters and transporters
with other functions, such as mammalian ABCB4 af®CB11 with highly specific roles in
transport of physiological substrates in liver (Fig 1) (van Helvooret al, 1996; Gerloffet

al., 1998). However, since cellular efflux of a widange of metabolically unmodified
xenotoxicants appears to be the primary functiofutdfAbcb transporters this may also be
assumed foD. polymorphaAbcbl.
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Bivalve gills form an interface between water andjamism at which respiration, ion
regulation and exchange of nutrients and metabehd products take place. Cellular
transporters in this tissue are important regusatdrchemical translocation processes. Certain
carrier proteins mediate for instance uptake oé®tssl nutritional amino acids by bivalve gill
tissue from the water (Wright, 1982). ABC transpastin bivalve gills prevent uptake of
toxic compounds from the water and confer dispositiof metabolic end products
(Luckenbach and Epel, 2008). In this context, gemms evident that Abcbl and Abccl
identified here are components of the biochemicariér against chemical uptake
polymorphagills and conferred efflux of Ca-AM from gills iour experiments. It cannot be
excluded that also other, unknown Abcb and/or Aba@logs expressed in gills contribute to

ABCB1- and ABCC1-type efflux activities in this sise.

5.2 Indications for ABCB1- and ABCC1l-type efflux ativities in D.
polymorpha gills by dye accumulation assays with single spéciinhibitors

and inhibitor combinations

The effects of inhibitors of ABCB1-type efflux, RRU5 and VER, on calcein accumulation
in D. polymorphagill tissue clearly differed from those of the ABC-type efflux inhibitor

MK571. Inhibitory effects occurred at higher contrations of MK571 than of REV205 and
VER, while the overall effect amplitude seen witiK&¥1 was substantially larger than with
REV205 and VER, respectively (Figure 2, Table I)eTcourse of the concentration-effect
curves included a clear maximum, confirming thamaemtrations of maximal effects were
indeed comprised in the concentration series fbthaée inhibitor compounds. Likewise,
differing effect kinetics of ABCC and ABCB1 inhibits were found in dye accumulation
assays wittD. polymorphaembryos and larvae (Navareb al, 2012) and with native cells or

tissues from other aquatic invertebrates (Hamdeual, 2004; Luckenbaclet al, 2008).
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Specificity of inhibition of ABCB1- and ABCCl-typefflux activities in native bivalve
tissues by certain inhibitory compounds was in@idag¢arlier when it was shown that the
combination of the two inhibitors PSC833 and MK5%@&4ulted in a larger effect amplitude of
calcein accumulation in tissue than with single ibitbr compounds. Moreover, the
concentration-effect relationship of the combinataf the inhibitory compounds was better
predicted by the IA than by the CA effect model ¢kenbachet al, 2008). The
concentration-dependent effects of the combinatbnMK571 and REV205 on calcein
accumulation inD. polymorphagills found in this study were along these linsspwing
better prediction of combined effects by this migtby IA, whereas combined effects by the
REV205/VER mixture followed the CA based predictifffigure 3, Table 2). This also
indicates that efflux activities ilD. polymorphagill tissue are mediated by two different
transporter types, which apparently are specificathrgeted by different inhibitory
compounds. We here provide evidence of expressicat teast one candidate paralog for
each ABCB1-type and ABCCl1-type efflux activitieswever, as also mentioned above, it is
conceivable that other paralogs mediating efflutivdaies of either type are also expressed
and active in the gills. In particular, this may assumed for Abcc subfamily paralogs as
different paralogs of this subfamily are known tediate MRP-type multidrug resistance
(Cole and Deeley, 1998). The different effect kicebf the inhibitors indicate differences in
functional properties of ABCB1- and ABCC1-type ailtransporters. ABCB1-type efflux is
based on one or several transporters with higmigffto substrates but with comparatively
low capacity, whereas ABCC1-type efflux is mediateg a low affinity/high capacity
transporter system. These differences betweenpwaies types may be seen as adaptation to
differences in abundances of respective specifitstsates. Further, when considering that
substrate spectra of ABCB1- and ABCCl-type transpsroverlap (Litmaret al, 2001),

combinations of efflux activities of the differetfansporter types with different substrate
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affinities and transport capacities may enablecigffit efflux of putative xenotoxicants within

a wider concentration range.

5.3 Environmentally relevant compounds acting as @mosensitizers disrupt

ABCBI1-type efflux activity in D. polymorpha gills

The inhibitory effect profiles of environmentallglevant test chemicals KET, XYL, H-HEX
and PCP resembled more those of REV205 and VERdah#K571 (Figure 2) suggesting
inhibition of ABCB1-type efflux by these compoundsor KET and PCP this was further
confirmed in mixture effect experiments where conaion-effect profiles of compound
mixtures with REV205 followed the CA model indicagi corresponding target sites of each
mixture constituent, i.e., ABCB1-type efflux. Inetltontrary, mixtures with MK571 followed
the IA prediction in all cases indicating differdatget sites of constituents, i.e., ABCB1- and

ABCCl1-type efflux activities, respectively (Figuse Table 2).

How do effect concentrations in our experimentsiteeito environmental levels of the test
compounds? Inhibition of efflux activity iB. polymorphagills by KET, XYL, H-HEX and
PCP occurred in the low uM range high pg/L to low mg/L range); concentrations of the
musk compounds and of PCP reported for water sampftem the environment
(environmental data for H-HEX are not availableg generally several orders of magnitude
lower (low ng/L2 nM range) (Yamagishet al, 1983; Rimkuset al, 1999; Zhenget al,
2012). It can thus be excluded that short-term supEs to single compounds at
environmental concentrations result in significanainsporter activity disruption. However,
log Kow values of 3.9 (musks) and 4.8 (PCP) [logWialues from (ChemSpider)] indicate a
comparatively high degree of lipophilicity of theompounds; accordingly tissue
concentrations of exposed organisms were foundetdhbee to four orders of magnitude

above levels in the water (Gatermaetnal, 2002; Kondoet al, 2005). Thus, tissue burdens
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of those compounds resulting from long-term expesuay be at levels that could lead to
inhibition of efflux transporter function. Even #nvironmental concentrations of single
compounds are below effect levels it further ndedse considered that man-made chemicals
generally occur as complex mixtures in the envirentmsignificant effects on cellular efflux
transporter function could result from the comhimat of different compounds with

transporter inhibition potency (Kurét al, 2015).

In contrast to other studies we did not find effech efflux activity by aroclor 1254, DDT,
endosulfan, galaxolide, ivermectin, perfluoroociarecid, perfluorooctane sulfonic acid and
tonalide (Table 3). However, results of the henestdered studies are in some cases also not
consistent (Table 3). For instance, aroclor 125d BDT were reported to act as efflux
inhibitors by Galganget al. (1996); in contrast, Cornwadit al. (1995) did not find effects by
those compounds (Table 3). Assay procedures vimitasin both studies, but experiments
were performed with different bivalve species. ime cases, differences in results across
studies may thus mirror species-specific differeancé compound — transporter protein

interactions.

Further, the use of different indicator dyes magoamt for differences in results among the
studies. Instead of Ca-AM rhodamine B was usedym @accumulation assays with bivalve
gill tissue in the other studies considered (Cothwaal, 1995; Galganet al, 1996; Smital

et al, 2004; Luckenbach and Epel, 2005; Steversoal, 2006). Ca-AM and rhodamine B
act as substrates of both ABCB1- and ABCC1-typknetransporters, but there appears to be
a bias of ABCB1-type efflux of rhodamine B and oB®Cl-type efflux of Ca-AM,
respectively. This is indicated by effect kinetmfsefflux transporter inhibiting compounds
that clearly differ depending on the indicator dysed. In a previous study with.
polymorphalarvae, both indicator dyes were used in dye actation experiments (Fariet

al., 2011). Changes in dye accumulation in cells by ABCB1 inhibitor REV205 were
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greater in treatments with rhodamine B compare@deAM. The opposite was seen with the
ABCC inhibitor MK571 that caused more pronounceeds in treatments with Ca-AM than

in ones with rhodamine B (Farigt al, 2011). Consequently, dye accumulation assays with
rhodamine B may overall be more sensitive in intiicp ABCB1-type efflux inhibition by
test compounds. The absence of effects by somieedtfested compounds in this study may

thus be related to lower sensitivity of Ca-AM efflto ABCB1-type inhibitors.

5.4 Summary and conclusions

Our study supports previous findings of expressind activities of at least two distinct types
of ABC efflux transporters, ABCB1- and ABCC1-typm,gills of the bivalveD. polymorpha
Using pharmacologic inhibitors of human ABCB1 anB@C efflux transporters, activities of
these transporter types were specifically disrugedndicated by distinct effect kinetics of
the specific inhibitors when applied singly and @¥hfollowed the IA prediction derived from
the assumption of different targets when appliecbimary combinations. Although more
specific cellulainin vitro assay systems based on overexpression of a particansporter will
be necessary to explore specific functional progerof the identified transporters, the dye
accumulation assays with native tissue, as applezd, appear to be suitable for identifying
the efflux transporter type targeted by a chemadsees compound. Native tissue as
experimental system enables determining effecteatnations of compounds relevant for the
in vivo situation and may therefore be adequate for armoricological assessment of a
chemosensitizing compound when aiming to assesseotmnations occurring in the field.
Although we identified candidate proteins likelyrteediate ABCB1- and ABCC- type efflux
activities in the gill tissue, it is of interest ether other Abcb and Abcc paralogs also
contribute to the overall efflux activities of esthtype. Results on chemical-efflux transporter

interference appear to be species-specific. Thosit be important to perform case-specific
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experiments with potential target species. The exmnts performed here, in addition to
published data, indicate that environmentally ratévchemosensitizing compounds mainly
affect ABCB1-type efflux activity; however, constitey the comparatively small number of

compounds so far tested this needs to be furthEord.
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Table 1. Parameters determined for concentratifecefelationships according to the HILL model (&g). for the six studied compounds applied singly i
Ca-AM uptake assays. Regression parameters inclogedmum calcein fluorescence increases depictefibldschanges -1 (Max), estimated median
concentration effects (IC50), HILL coefficient (plegression coefficient of determinatiord)(rExcept for H-HEX, regression coefficients foe ttested
compounds were significantly different from 0 (Stntls t test, P<0.05) and P<0.001 foof all regressions. SE and N are standard ermrsample size,

respectively. Lowest effect concentration value®KC) and observed maximal fold increase of calfleiorescence (fold changes-1) (MaxOb) are also

depicted.

Max SEE IC50 SE p SE r2 ELOECE MaxOb SE N
REV 3.20 0.2 440uM 0.51 1.67 0.35 0.88 1uM 2.94 0.07 30
MK 13.08 2.2 524.86 pM  8.54 124 034 0.81 5uM 10.61 0.46 38
VER 2.96 0.53; 8.73uM  2.35 1.71 054 0.81 1uM 2.56 0.17 38
KET 1.39 0.23; 6.21 uM  1.26 205 0.58 0.75 3uM 1.21 0.05 38
XYL 0.48 0.03; 3.99uM  0.57 223 0.62 0.74 2 uM 0.47 0.05 30

H-HEX! 0.83 011! 9.84pM 358 | 112 041 | 065 | 5uM | 0.80 005 | 33
PCP | 084 018! 885puM 206 | 266 111 : 076 | 8uyM | 078 006 | 38
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Table 2. IC50 values for the binary combinationsest compounds according to the model of eq. #das experimental data (IC50 exp., including 95%
Cl) and according to predictions based on CA anadAcepts (egs. 2, 3). Effect values were convedddld inhibition changes -1, thus control values
(corresponding to min in eqgs. 1, 2) are set tod. dach binary mixture relative proportions(%) = G/Cnix, Of €ach mixture constituent;¢o the total
concentration of the mixture {g) is also provided. In the column headed with ) the first value refers to the mixture constiteMK571 or REV205
and the second value refers to each of the secoridrenconstituents (REV205, KET and PCP for thetares with MK571; and VER, KET and PCP for
the mixtures with REV205). For further details be tegression parameters Maxand N refer to the supplementary Table S7.

pi (%) IC50 (exp.) 95% ClI ----------- I-Q?Q"(?@-') ------------

! : 1A : CA
MK571/ REV205 35/65 13.3 uM 9.1-17.55 12.8 uME 4.9 UM
KET 22/78 14.8 uM 12.6-17.5:L 12.5 uM 5.0 M
____________________ PCP | 9091 174uM 159180  148uM  62uM
REV205/ VER 34/66 47uM  3.9- 55 8.2 uME 6.4 uM
KET 20/80 41uM  3.2- 4.sfa 9.5 uME 4.7 UM
PCP | 14776 |  50uM  40-59  12.7uM 5.4 UM
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Table 3. Overview on occurrence of chemosensitigfigcts by compounds tested in this and in othatties. The table shows whether the experiments
performed in the different studies indicated effttansporter inhibition (i.e. chemosensitizatiog)tbhe listed compounds. Effects of compounds olweff
transporters from different species were examiredchemosensitizing effect by test compound; me.effect. Light grey: detected effects corresptand

findings in this study; dark grey: findings do motrespond to this study.

this study* Cornwall etal.,, Galgani etal., Smital etal., Bainand Le Stevenson et al., Luckenbach and
19954 19961 2004¢ Blanc, 1996 2006# Epel, 200%

aroclor 1254 n.e. n.e.

DDT n.e. n.e.

Endosulfan n.e.

Ivermectin n.e.

pentachlorophenol (PCP) + +
‘Galaxolide ne.

Tonalide n.e. -
musk ketone (KET) + +

musk xylene (XYL) + +
alpha-Hexylcinnamaldehyde (H-HE> +

perfluorooctanoic acid (PFOA) n.e.
perfluorooctanesulfonate (PFOS) n.e.

Experimental species in respective studies:
*Dreissena polymorpha

# Mytilus californianus

F Mytilus galloprovincialies

¥ Aquatic invertebrates — Review

a Homo sapiens
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Figure captions

Fig. 1. Phylogenetic analysis @reissena polymorph&bccl and Abcbl and related Abcc
and Abcb transporter proteins from a range of itel@ate and vertebrate species. The protein
names in the phylogenetic tree correspond to thodee data bank records (refer to Table S2
for names and respective NCBI accession numbaviP” (Multidrug Resistance associated
Protein) is used for Abcc transporters associatéti ¥he cellular multidrug resistance
phenotype; MRP12 ABCC1, MRP22 ABCC2 etc.. “P-gp”, “permeability glycoprotein”,
“Mdr” and “MDR” are names also used for Abcbl hoogd. Amino acid sequences were
aligned using the program TCoffee (Notredamie al, 2000) and a phylogenetic tree
constructed using the neighbor-joining method aplémented in the software MEGA6
(Tamuraet al, 2013). The percentage concordance based on b@@@trap iterations is
shown at the nodes. Trees obtained with the aliggmanaximum likelihood and minimum
evolution methods had very similar topologies (dasashown), indicating that the results are

robust.

Fig. 2. Concentration-dependent effects of standard t@atespinhibitors REV205, VER and
MK571 and of environmentally relevant compounds KK¥L, H-HEX and PCP on efflux

of Ca-AM in D. polymorphagill tissue. Values are fold changes of calceuvofféscence in
treatments vs. the respective controls minus oaehEymbol represents a single data point.
Regression curves were fitted to values depictefilled triangles with the HILL model (eq.

1). For regression parameters refer to Table 1.0f®n triangles represent measured values
at higher concentrations that were descending fiteenmaximum and were not included in

the concentration-response regression analysis.

Fig. 3. Concentration dependent effects of binary mix@wktest compounds on efflux of Ca-
AM in D. polymorphagill tissue. Pairings were MK571 with REV205 (KET (B) and PCP

(C), respectively, and REV205 with VER (D), KET (EBnd PCP (F), respectively.
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Concentrations of single constituents in the mieswvere according to the fixed ratio design,
i.e., we kept the ratio of the mixture componemtsstant and varied the concentration of the
mixture as we do in individual compound-responseliss as shown in Table 2 (for further

explanations please refer to Altenburger et al.3200he depicted values are fold changes of
calcein fluorescence in treatments vs. the resgeciontrols minus one. Black triangles are
single observations for mixture treatments and eddblack lines represent the according
regression curves (based on eq 1). Straight grdyb&ack lines mark joint effects predicted

by IA and CA models, respectively (eq 2 and 3). Heaksgrey lines 1, 2, 3, 4, 5 are for

MK571, REV205, KET, PCP and VER, respectively, appresent regressions for effects of
the respective single mixture constituents (see Rigure 2). For regression parameters refer

to Table 2.
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Figure 1
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Highlights

» Sequences and function of ABC efflux transportersivalve gills were explored
* Full lengthDreissena polymorphabcblandabcclcDNA sequences were identified
* A mixture effect design with inhibitors was appliedransporter activity assays
* ABCBI1- and ABCC-type efflux activities were distuighed in native gill tissue

* Inhibitory action of environmental chemicals taegtABCB1-type efflux activity
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