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Abstract Human organic cation transporter 2 (hOCT2) is
involved in the transport of endogenous and exogenous organic
cations mainly in cells of the kidney and the brain. Here, we
focus on the regulation of #OCT2 by direct protein—protein
interaction. Screening within a mating-based split-ubiquitin-
yeast-two-hybrid system (mBSUS) revealed the lysosomal-
associated protein transmembrane 4 alpha (LAPTM4A) as a
potential interacting protein. Interaction of LAPTM4A and
hOCT2 was confirmed by pulldown assays, FRET microscopy
analysis and immunofluorescence microscopy. Functionally,
overexpression of LAPTMA4A significantly decreased ASP™
uptake in HEK293 cells stably transfected with hOCT2,
suggesting a negative regulation of AOCT2-mediated transport.
Furthermore, overexpression of LAPTMA4A leads to a signifi-
cantly decreased hOCT2 plasma membrane expression in
surface biotinylation experiments. In addition, significant
expression of LAPTM4A in human kidney was demonstrated
by immunoblotting and immunofluorescence.

In this work, LAPTM4A has been identified as interac-
tion partner of hOCT2. LAPTM4A regulates the function of
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Introduction

Organic cations (OC) are substances of endogenous or
exogenous origin that are positively charged at physio-
logical pH. Among several different transport systems,
especially organic cation transporters (OCTs) play a crucial
role in transport of OCs across plasma membranes. Since
endogenous substances like dopamine [1], histamine [2],
and creatinine [3] as well as exogenous compounds like
many drugs (for example, the histamine receptor antagonist
cimetidine [4], the oral antidiabetic metformin [5] and the
antineoplastic drug cisplatin [6, 7], are substrates for OCTs,
these transporters exhibit important physiological, phar-
macological and toxicological implications.

The transport mediated by OCTs is electrogenic, Na™t
and pH independent, bidirectional and polyspecific [8, 9].
As members of the solute carrier family 22 (SLC22A),
organic cation transporters exhibit typical common char-
acteristics like 12 transmembrane domains (TMDs),
intracellular C- and N-termini, a large extracellular loop
between TMDs 1 and 2 with several glycosylation sites as
well as a large intracellular loop with potential phosphor-
ylation sites between TMDs 6 and 7 [10].

Three isoforms of OCTs (OCTI1-SLC22A1, OCT?2-
SLC22A2, OCT3-SLC22A3) have been identified. They
are expressed in a species- and isoform-specific manner
mainly in epithelia but also in neuronal tissue [11].
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In this work, we focus mainly on human OCT2 (hOCT2).
hOCT2 was found to be preferentially expressed in the
human body in two regions: in dopaminergic brain regions
[12] and in the kidney [13]. In the brain, hOCT2 shows the
highest expression in the substantia nigra pars compacta,
the area with the highest density of dopamine cell bodies in
the central nervous system (CNS) [12]. Here, hOCT?2 seems
to play a decisive role in the regulation of the interplay
between the endogenous neuromodulators of the central
dopaminergic transmission cyclo(his-pro) and salsolinol, a
function that is crucial for nigral cell integrity and detoxifi-
cation [12]. In human kidney, hOCT2 is exclusively
localized in the basolateral membrane of proximal tubule
cells [14], where it plays an important role in the elimination
of metabolites and especially of xenobiotics, being in this
way a fundamental system determining systemic exposition
to drugs. To cope with these dynamic challenging functions,
a tight regulation of transport activity is required.

OCT expression, as an example for long-term regula-
tion, is under developmental as well as hormonal control, at
least in animal models. For example, testosterone signifi-
cantly determines expression and leads to much higher
levels of rOCT2 in male than in female rats [15]. This
effect seems to be mediated by stimulation of androgen
responsive stimulated promoter activity [16]. Rapid regu-
lation of OCTs can be mediated by several kinases in an
isoform-specific fashion [17-21], whereas the regulation
via calmodulin (CaM) is conserved through the OCT
family but gender dependent [22].

Hitheto, little has been known about interaction of OCT's
with other cellular proteins. Such an interaction is of great
importance for the cellular processing of the transporter
and, in this way, for regulation of its activity. Therefore,
the aims of the present study were to identify interaction
partners of hOCT2 and to elucidate their eventual role in
the regulation of AOCT2. Potential interaction partners
were identified by means of a mating-based split-ubiquitin
system (mbSUS) screening, confirmed with pulldown
experiments and FRET analysis and the functional rele-
vance was investigated with microfluorimetric uptake
measurements.

Materials and methods
DNA constructs

The full-length human organic cation transporter 2
(SLC22A2, NM 003058) cloned in the expression vector
pRc/CMV was kindly provided by H. Koepsell (University
of Wiirzburg).

For expression analysis, the vector pcDNA6.F9 was
kindly provided by T. Weide (University of Miinster).
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Control transfections included the vector pcDNA 3.1
(Invitrogen, Karlsruhe, Germany). The following fluores-
cent vectors (Clontech, Heidelberg, Germany) were used
for microscopy and FRET: pEGFP-N3, pDsRed2-Nl1,
pEYFP-N1, pECFP-N1 and pECFP-CI1.

Oligonucleotides (MWG, Ebersberg, Germany) for
amplification, cloning and RT-PCR are listed in Table 1.

Mating-based split-ubiquitin system

The hOCT2 cDNA was subcloned into the pMETYCgate
vector [38], expressed in the reporter yeast strain THY.APS
and expression was verified in western blot analysis (data
not shown). Yeast cells expressing hOCT2 were cotrans-
formed with a human cDNA kidney library expressed in
the vector pPR3-N (Dualsystems Biotech, Schlieren,
Switzerland). Selection of positive interactions was per-
formed in single dropout media lacking tryptophan and
leucine. Plasmid DNAs were isolated with Zymoprep
Yeast Plasmid Miniprep Kit (Zymoresearch, Freiburg,
Germany), retransformed in E.coli XL-1-Blue, reisolated
with Zyppy Plasmid Miniprpep Kit (Zymoresearch) and
verified by automated sequencing (screen for primer:
5'-GTC GAA AAT TCA AGA CAA GG-3'). The same
procedure was used with hOCTI and hOCT3 cDNA.
Furthermore, interaction was verified by yeast mating
assays between THY.AP4 and THY.APS yeast strains
expressing Cub and Nub fusion proteins including positive
(Nub WTX and Cub #OCT2) and negative controls (empty
Nub and Cub hOCT2).

Pulldown assay and western blot analysis

For pulldown experiments, LAPTM4A was cloned into the
vector pcDNAG6.F9 containing a FLAG and 6xHIS-Tag and
expressed in HEK293 cells. Cells, transiently transfected
with LAPTM4A (HEK293-LAPTM4A cells), were washed
with ice-cold phosphate buffered saline (PBS) and scraped
with 1 ml lysis buffer (containing Triton X-100 1% (v/v),
glycerin 30% (v/v), a complete proteinase inhibitor cock-
tail (1 mini-pill to 10 ml; Roche, Mannheim, Germany),
and in mM: 150 NaCl, 50 Tris pH 7,4, 1 EDTA, 1 EGTA,
10 NaVO3;). Thereon cells were sonicated for 30 s, agitated
on a rotating rocker at 4° C for 30 min, and centrifuged at
700g for 10 min at 4° C to remove insoluble cellular
debris. LAPTM4A lysates were then linked to Talon
Sepharose beads (Clontech) and incubated with total
membrane fractions of HEK293 cells stably expressing
hOCT2 (HEK293-hOCT?2) for 2 h at 4° C. To obtain total
membrane fractions, confluent cell monolayers of HEK293
cells stably expressing hOCT2 (kindly provided by H.
Koepsell, University of Wiirzburg) were rinsed with
ice-cold PBS and then scraped in 1 ml of PBS. Crude
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Table 1 Sequences of primers used for amplification (a), cloning (b) and RT-PCR (c)

a) Oligonucleotides for amplification and cloning

For-LAPTM4A
Rev-LAPTM4A

For-LAPTM4A-
FRET

Rev-LAPTMA4A-
FRET

For-LAPTM4A-CFP
Rev-LAPTM4A-CFP
For-hOCT2-GFP
Rev-hOCT2-GFP
For-hOCT2-DsRed
Rev-hOCT2-DsRed

5'-GAA TCC ACG CGT ATG GTG TCC ATG AGT TTC AAG-3'
5’-AC TCG AGC GGC CGC TCA GGC AGG TAA GTA AGG AG-3'
5'-GAG CTC AAG CTT GAA TTC ATG GTG TCC ATG AGT TTC AAG-3'

5'-TGG ATC CCG GGC GGC GGC CGC GGC AGG TAA GTA AGG AGG TG-3'

5’-CGA GCT CAA GCT TCG ATG GTG TCC ATG AGT TTC AAG-3’

5'-TGG ATC CCG GGC GGC GGC CGC GGC AGG TAA GTA AGG AGG TG-3'
5'-CTC AGA TCT CGA GCT ATG CCC ACC ACC GTG GAC GAT-3'

5'-CGG GAT GGA TCC GTT CAA TGG AAT GTC TAG TTT-3'

5'-TCA GAT CTC GAG ATG CCC ACC ACC GTG GAC GAT-3

5'-CGG TGG ATC CCG GGC GTT CAA TGG AAT GTC TAG TTT-3

b) Oligonucleotides for mBSUS in vivo cloning

For-hOCT1-B1
Rev-hOCT1-B2
For-hOCT2-B1
Rev-hOCT2-B2
For-hOCT3-B1
Rev-hOCT3-B2

5'-ACA AGT TTG TAC AAA AAA GCA GGC TCT CCA ACC ACC ATG ATG CCC ACC GTG GAT GAC ATT-3'
5'-TCC GCC ACC ACC AAC CAC TTT GTA CAA GAA AGC TGG GTA GGT GCC CGA GGG TTC TGA GGT-3'
5'-ACA AGT TTG TAC AAA AAA GCA GGC TCT CCA ACC ACC ATG ATG CCC ACC ACC GTG GAC GAT-3'
5’-TCC GCC ACC ACC AAC CAC TTT GTA CAA GAA AGC TGG GTA GTT CAA TGG AAT GTC TAG TTT-3'
5'-ACA AGT TTG TAC AAA AAA GCA GGC TCT CCA ACC ACC ATG ATG CCC TCC TTC GAC GAG GCG-3'
5'-TCC GCC ACC ACC AAC CAC TTT GTA CAA GAA AGC TGG GTA AAG GTG AGA GCG GGA AAC TGG-3'

c¢) Oligonucleotides for RT-PCR

For-LAPTM4A
Rev-LAPTM4A

5'-GCG GAA CCG CAG TGA CCG GTT-3
5'-GAT GAG TCA CTT CCA CAG TCA GC-3'

For-hOCT2 5'-CAT TGA ACT AAG AAG AGA GAC CG-3'
Rev-hOCT2 5'-CCA CAG TGT ACA ATA GAC TCC A-3'
For-GAPDH 5'-CAA GCT CAT TTC CTG GTA TGA C-3'
Rev-GAPDH 5'-GTG TGG TGG GGG ACT GAG TGT GG-3’

membranes were isolated with plasma membrane protein
extraction kit, according to the protocol of the manufac-
turer (Membrane Protein Extraction Kit; Biovision,
Mountain View, USA).

After washing two times with 1 ml washing buffer
(containing in mM: 50 Na3;PO,, 30 NaCl), proteins were
eluted by centrifugation at 650g for 3 min with 50 pl
elution buffer (containing in mM: 50 NazPO,, 30 NaCl,
150 imidazole).

In the case of human kidney, small parts of biopsy sam-
ples were lysed in 100 pl lysis buffer, crushed and heated at
99°C for 5 min. Lysates were then obtained by centrifuga-
tion at 13,000¢ for 10 min. After heating at 99°C for 10 min,
proteins were resolved on SDS-PAGE and transferred to
polyvinylidene fluoride (PVDF) membranes for western blot
analysis. Immunoblotting was performed with anti-rOCT2
antibody (Alpha Diagnostics, San Antonio, USA), anti HIS
antibody (R&D Systems, Wiesbaden, Germany) and anti-
LAPTM4A antibody (Santa Cruz, Heidelberg, Germany).
Immunoreactive bands were detected with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Dako,
Hamburg, Germany) and enhanced chemiluminescence.

Surface biotinylation experiments

For analyzing quantitative hOCT2 surface expression,
hOCT?2 stably transfected HEK293 cell monolayers were
transiently transfected with either LAPTM4A or the empty
vector pcDNA3.1 as described above. After 24 h surface
proteins were biotin labeled, quenched, lysed, sonicated,
and clarified by centrifugation according to the manufac-
turer’s protocol (Membrane Protein Extraction Kit;
Biovision). To isolate biotin-labeled proteins, lysates were
incubated with immobilized NeutrAvidin TM Gel, washed
and then incubated 1 h with SDS-PAGE sample buffer,
including 50 mM dithiothreitol (DTT). Eluates were ana-
lyzed for hOCT2 by immunoblotting.

Fluorescence resonance energy transfer

FRET signals were measured with an epifluorescence
microscope (Carl Zeiss Axiovert 200) using the “three-
filter method” according to Xia and Liu [39]. HEK293
cells were seeded onto poly-p-lysine-coated glass cover-
slips (24 mm diameter). The next day, cells were
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transiently transfected with different constructs using the
calcium phosphate precipitation method: 1-3 pg of cDNA
was mixed with CaCl, and HBS buffer (in mM: 280 NaCl,
10 KCl, 1.5 Na,HPO,, 12 dextrose, 50 HEPES); after
6—-10 min, the calcium phosphate-DNA precipitate was
added to the cells. After 4-5 h, the cells were washed twice
with PBS and briefly treated with glycerol, followed by the
addition of fetal calf serum-containing medium. Medium
was replaced by Krebs-HBS buffer (in mM: 10 HEPES,
120 NaCl, 3 KCl, 2 CaCl,, 2 MgCl,) and images were
taken using a x63 oil objective and a LUDL filter wheel
that allows for rapid exchange of filters. The system was
equipped with the following fluorescence filters: CFP filter
(ICFP; excitation = 436 nm, dichroism = 455 nm, emis-
sion = 480 nm), YFP filter (IYFP; excitation = 500 nm,
dichroism = 515 nm, emission = 535 nm), and FRET
filter IFRET; excitation = 436 nm, dichroism = 455 nm,
emission = 535 nm). The acquisition of the images was
done with MetaMorph version 4.6. (Molecular Devices,
Downingtown, PA, USA). Background fluorescence was
subtracted from all images, and fluorescence intensity was
measured at the plasma membrane and in cytosolic regions
in all images. To calculate a normalized FRET signal
(NFRET), we used the following equation:

Irrer — a X Iypp — b X Icpp

Viyep X Icrp

where a and b represent the bleed-through values for YFP
and CFP. All NFRET values are expressed as mean = SEM.
Corrected FRET (FRETc) images were obtained according
to [40]. Briefly, after background subtraction from all three
images, CFP and YFP images were multiplied with their
corresponding bleed-through value. The following equation
was used for the calculation of FRETc images, FRETc =
FRET — (b x CFP) — (a x YFP). FRET signals were
calculated and displayed with ImageJ PixFRET software
[41] (downloadable at http://rsb.info.nih.gov/ij/).

Positive control experiments included either expression of
the tandem CFP-YFP or co-expression of CFP-serotonin
transporter (SERT) and YFP-SERT. SERT has been shown to
homo-oligomerize by FRET microscopy and biochemical
approaches [42]. Negative control experiments included
coexpression of CFP and YFP or the coexpression of hOCT2-
CFP and Pal-Myr-YFP, a YFP construct with a signal
sequence tethering the YFP-moiety to the plasma membrane.

Nrgrer =

Microdissection of human proximal tubules

Human proximal tubules were obtained from patients
undergoing tumor nephrectomy. Pieces of normal kidney
tissue surrounding the tumor were used. The procedure was
approved by the ethics commission of the Universititsk-
lintkkum Miinster, and written consent was obtained from
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each patient. Renal tissue was transferred into chilled
HCO;-free phosphate buffer immediately after nephrec-
tomy. Parts of the renal tissue were cut into small pieces
(~5-7 mm® each), and tubules were enzymatically iso-
lated according to our method previously published [43].
Selected tubules of a total length of approximately 40 mm
were lysed in a 4-M guanidinium chloride buffer, and total
RNA was isolated using the RNeasy-kit (Qiagen, Hilden,
Germany). Isolated total RNA was incubated with 10 U of
DNase I (Promega, Heidelberg, Germany) at 37°C for 1 h
to digest isolated traces of genomic DNA. RNA was sep-
arated using a RNeasy column (Qiagen) and cDNA first
strand synthesized using Moloney murine leukemia virus-
reverse transcriptase (Promega).

Immunostaining

hOCT2-GFP stably expressing cells seeded on glas cover
slips were transiently transfected with FLAG-LAPTMA4A.
After 48 h, cells were fixed in 100% ethanol, permeabilized
with 1% Triton, and blocked in PBS with 5% gelatine. Cells
were stained with anti Flag antibody (Sigma, Crailsheim,
Germany) to visualize LAPTMA4A, then incubated in
secondary antibodies (Alexa 594; Invitrogen). Images were
acquired using an Axio Zeiss confocal microscope.

For further analysis, HEK293 cells were transiently
transfected with LAPTM4A and hOCT2-YFP and colocal-
ization studies were performed using primary antibodies
against LAPTM4A (Sigma), EEA1 (BD, Heidelberg,
Germany) and LAMPI (DSHB) and Star36D 488 (AbD
Serotec, Diisseldorf, Germany) and Alexa 594 secondary
antibodies.

The LAMPI antibody, developed by J.T. August and
J.E.K. Hildreth, was obtained from the Developmental
Studies Hybridoma Bank developed under the auspices of
the NICHD and maintained by The University of Iowa,
Department of Biology, Iowa City, IA 52242.

In the case of human kidneys, 5-pum-thick cryosections
were blocked in PBS with 10% normal goat serum. After
incubation with primary antibodies against /OCT2 (kindly
provided by H. Koepsell, University of Wiirzburg) and
LAPTM4A, washing with PBS and incubation with second-
ary antibodies (Alexa 594 and Star36D 488, respectively)
sections were rinsed with PBS, coverslipped with Crystal
Mount (GeneTex, San Antonio, TX, USA) and evaluated by
epifluorescence microscopy (Observer Z1 with apotome;
Zeiss, Gottingen, Germany). Negative control slides were
included without addition of primary antibody.

Cell culture and transfection

HEK293 cells (CRL-1573; American Type Culture Col-
lection, Rockville, MD, USA), as wild-type (WT) and
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stably expressing hOCT2 cells, were grown at 37° C in
50-ml cell culture flasks (Greiner, Frickenhausen, Germany)
in DMEM (Biochrom, Berlin, Germany) containing 3.7 g/l
NaHCO;5;, 1.0 g/l p-glucose, and 2.0 mM L-glutamine
(Biochrom), and gassed with 8% CO,. Penicillin (100 U/
ml), 100 mg/1 streptomycin (Biochrom), 10% fetal bovine
serum, and, only for OCT-transfected cells, 0.8 mg/ml
geneticin (PAA Laboratories, Coelbe, Germany) were
added to the medium.

HEK293 WT and hOCT2 expressing cells were tran-
siently transfected with either control vector pcDNA3.1 or
LAPTM4A using the Turbofect method, as recommended
by the manufacturer (Fermentas, St. Leon-Rot, Germany).

Real-time PCR

Gene expression profiles were analyzed by real time PCR.
Total RNA from HEK293 hOCT2 expressing LAPTM4A
transiently transfected cells were isolated using RNeasy-kit
(Qiagen). For cDNA synthesis, 2 pg total RNA was used
with the SuperScript-III First-Strand Synthesis SuperMix
(Invitrogen). Real time PCR was performed using SYBR
Green PCR Master Mix on an ABI PRISM 7700 Sequence
Detection System. Specific primer pairs as listed below
were used. All instruments and reagents were purchased
from Applied Biosystems (Darmstadt, Germany). Relative
gene expression values were evaluated with the 2-DDCt
method using GAPDH as housekeeping gene [44].

Microfluorimetric uptake measurements

Organic cation uptake by hOCT2-expressing cells was
measured using a fluorescent plate reader (Infinity M200;
Tecan, Crailsheim, Germany), according to the method
described by us previously [22]. As substrate for OCTs, the
fluorescent organic cation 4-[4-(dimethylamino)styryl]-N-
methylpyridinium (ASP™) at a concentration of 1 uM was
used. Cells confluently grown on 96-well microplates
(Nunclon 96 Flat bottom; Nunc, Wiesbaden, Germany)
were excited with monochromatic light of 450 nm and
fluorescence emission, filtered by a second monochromator
at 590 nm, was finally measured by a fluorescence detector
at 37°C. Fluorescence was measured dynamically in each
well before and after ASP*-injection. ASP' uptake was
quantified by linear regression of the initial (appr. 30-40 s)
fluorescence increase.

Chemicals
All substances and standard chemicals were obtained from

Sigma or Merck (Darmstadt, Germany), except where
otherwise specified.

Statistical analysis

Data are presented as mean values £SEM, with n referring
to the number of monolayers used in the experiments.
Unpaired two-sided Student’s ¢ test or ANOVA (with
Turkey post-test) were used to prove statistical significance
of the effects using GraphPad Prism 5.3 (GraphPad Soft-
ware, San Diego, CA, USA). A P value <0.05 was
considered statistically significant.

Results

Identification of LAPTM4A as an hOCT?2 interacting
protein

To identify proteins that interact with hOCT2, a screening
with the mating-based split ubiquitin yeast two-hybrid
system using a human kidney library was performed. The
mbSUS is a special yeast two-hybrid technique for
membrane proteins, where interactions of proteins take
place in vivo directly at the plasma membrane. This
system allows in vivo cloning of PCR products by
recombination into expression vectors, mating-based
detection of the interactions, and improved selection of
interacting fusions on media lacking histidine and ade-
nine. B1-B2-linked full-length hOCT2 cDNA was cloned
in vivo in-frame into the expression vector pMETYCgate
containing the C-terminal one-half of ubiquitin and the
transcription factor protA-LexA-VP16 peptide. This con-
struct was then used to screen an adult human kidney
library of clones fused to the mutated form of ubiquitin in
the pPR3-N vector (Dualsystems Biotech) by means of
cotransformation into the THY.APS yeast strain. This
screening resulted in 283 independent clones that induced
activation of reporter genes. After sequencing, 15 clones
were identified encoding full-length sequence of lyso-
somal-associated protein  transmembrane 4  alpha
(LAPTMA4A). Interactions were confirmed in yeast mating
assays (Fig. 1). False positives due to self-activation of
hOCT2 and LAPTM4A where excluded by cross-plating
transformed yeasts on minimal media. LAPTM4A is an
intracellularly localized membrane protein associated to
lysosomes and late endosomes. This protein contains four
transmembrane domains with cytoplasmic N and C
termini. In addition, B1-B2-linked full-length hOCTI or
hOCT3 cDNA was cloned in vivo in-frame into the
expression vector pMETYCgate, and their interaction
with LAPTM4A-cDNA fused to the mutated form of
ubiquitin in the pPR3-N vector was investigated. An
interaction between hOCTI/hOCT3 and LAPTM4A could
also be observed (data not shown).
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Fig. 1 Yeast mating assay demonstrates interaction between LAPTM4A-Nub and hOCT2-Cub (1). Nub-WTX and hOCT2-Cub function as
positive control (2), whereas lack of interaction between ZOCT2-Cub and the empty Nub vector indicates a negative control (3)

Pulldown assay between LAPTM4A and hOCT2

To confirm interaction in vitro in a mammalian cell con-
text, we performed HIS-pulldown assays of LAPTM4A and
hOCT2 cell lysates. As shown in Fig. 2, western blot
analysis of LAPTM4A/hOCT2 eluates with polyclonal
rOCT2 antibody (Alpha diagnostics) demonstrates hOCT2-
LAPTM4A protein—protein interaction, whereas hOCT2
eluates on its own functioned as a negative control. These
data validate our previous results and suggest a physical
interaction between LAPTM4A and hOCT2.

Colocalization of LAPTM4A and hOCT2 in lysosomes
and late endosomes of HEK293 cells
by immunofluorescence microscopy

To investigate where exactly LAPTM4A and hOCT2 are
colocalized, FLAG-LAPTM4A and hOCT2-GFP were
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Fig. 2 hOCT?2 interacts in vitro with LAPTM4A in a pulldown assay.
a Western blot analysis of HEK293-hOCT2 cells exhibits the
transporter in a glycosilated (72 kDa) and non-glycosilated
(55 kDa) form. b Western blot analysis of HEK293-LAPTM4A cells.
LAPTMA4A is detected with anti-HIS antibody at 28 kDa. ¢ Pulldown
assay of lysates from HEK293-LAPTM4A cells linked to talon
sepharose beads via 6x HIS tag and incubated with lysates from
HEK293-hOCT2 cells demonstrates physical interaction, whereas
pulldown performed with lysates from HEK293-hOCT2 cells alone
was negative (negative control of pulldown assay)
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transfected into HEK293 cells and their cellular distribu-
tion was analyzed by confocal microscopy. As a membrane
bound transporter, hOCT?2 exhibits a typical predominantly
membraneous staining (Fig. 3), whereas LAPTM4A has a
punctate vesicular staining with emphasis on submembra-
nous vesicular structures (Fig. 3). Previous studies have
already described these multiple intracellular locations
including mainly late endosomes and lysosomes [23].
Nevertheless, at least partial colocalization of LAPTM4A
and hOCT2 was found exactly in these submembranous
vesicles These findings were confirmed by further colo-
calization experiments, where LAPTM4A, overexpressed in
HEK?293 cells, colocalizes with LAMPI (lysosomal-asso-
ciated membrane protein 1) (Fig. 4), a marker for late
endosomes and lysosomes, but not with EEAI (early

Fig. 3 HEK293 hOCT2-GFP-tagged stably transfected cells were
transiently transfected with FLAG-tagged LAPTM4A. After cell
fixation and staining with anti-FLAG antibody, primary antibodies
were visualized with ALEXA 594 secondary antibodies. Shown are
merged confocal images, where co-localization of hOCT2-GFP and
FLAG-tagged LAPTMA4A is observed as signals (yellow )
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Fig. 4 HEK293 cells were transiently transfected with LAPTMA4A
(a, b) or LAPTM4A and hOCT2-YFP (c). After fixation, cells were
stained with primary antibodies against LAPTM4A (a—c), LAMPI
(a) and EEAI (b), respectively, and visualized with Alexa 594 (a-c)
and Star36D 488 (a, b) secondary antibodies. Shown are merged

endosome antigen 1), a marker for early endosomes
(Fig. 4). Moreover, overexpression of LAPTM4A in cells,
transiently transfected with hOCT2-YFP, leads to colocal-
ization of the transporter with LAMPI (Fig. 4), thus
indicating that lysosomes and late endosomes are the
precise place of interaction of LAPTM4A and hOCT2.

FRET analysis of LAPTM4A and hOCT?2 interaction
in HEK293 cells

As an additional independent approach, we used fluores-
cence resonance energy transfer microscopy to confirm
whether the previously in vivo and also in vitro observed
interaction between LAPTM4A and hOCT2 occurs in living
cells. For FRET measurements, HEK293 WT cells were
transiently  cotransfected with  carboxy-CFP-tagged
LAPTM4A (LAPTM4A-CFP) and amino- or carboxy-YFP-
tagged hOCT2 (YFP-hOCT2/hOCT2-YFP). Positive
control experiments included transfection with CFP-YFP in
tandem, as well as coexpression of carboxy-CFP and
carboxy-YFP-tagged human serotonin transporter (SERT),
which in several studies has been shown to oligomerize in
the plasma membrane [24]. We observed significant FRET
signals when LAPTM4A and hOCT2 were coexpressed in
HEK?293 cells in submembraneous vesicular structures,
which were selected according to our immunofluorescent
findings. Measurements of these regions were performed in
10 transfected cells. As expected, FRET values were
detected (mean value of 0.264 4+ 0.016) between SERT-
CFP and SERT-YFP. As negative controls localized within
the cytosol, CFP and YFP alone were cotransfected, as well
as hOCT2-CFP and PAL-MYR-YFP. PAL-MYR-YFP is
localized exclusively to the plasma membrane, thus indi-
cating a membrane bound negative control [25] with mean
FRET signals (mean FRET values 0.081 &+ 0.012), which
were not significantly different from CFP plus YFP (mean

images, where LAPTM4A (green) and LAMPI (red) colocalize as
signals (yellow ) (a). On the contrary, no significant colocalization
was found between LAPTM4A (green) and EEAI (red) (b). After
overexpression of LAPTM4A, hOCT2-YFP (green) colocalizes with
LAMPI (red) (c)

FRET values 0.014 & 0.005). In contrast, coexpression of
LAPTM4A-CFP and YFP-hOCT2 and hOCT2-YFP,
respectively, exhibited mean normalized FRET values of
0.239 £ 0.013 and 0.253 + 0.023 (Fig. 5), revealing
interaction in both experiments and confirming our bio-
chemical findings. Together with the pulldown and
colocalization experiments, these results indicate that
LAPTMA4A and hOCT?2 coexist in the same cellular regions
and interact.

Expression of LAPTM4A on mRNA levels in human
proximal tubule cells

Total RNA from HEK293 WT cells as well as from freshly
isolated proximal tubule cells from human biopsy samples
was isolated and used for cDNA synthesis. Apart from
RT-PCR experiments, PCR with LAPTM4A specific
primers demonstrated significant expression in isolated
human proximal tubules as well as in HEK293 WT cells on
mRNA levels (Fig. 6).

Expression of LAPTM4A on protein levels in human
kidney

In order to verify significant LAPTM4A expression lysates
of biopsy samples of human kidneys were assembled and
western blot analysis was performed. Using an anti-
LAPTM4A antibody we were able to detect significant
LAPTM4A expression on protein level in human kidney
(Fig. 6).

Colocalization of LAPTM4A and hOCT2 in lysosomes
and late endosomes of human kidneys

LAPTM4A expression in human kidneys was further ana-
lyzed by immunofluorescence microscopy. LAPTMA4A 1is
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(A

)
FRET

Fig. 5 Interaction between LAPTM4A and hOCT2 visualized by
FRET microscopy. a High magnification of a HEK293 cell transfec-
ted with YFP-hOCT2 and CFP-LAPTMA4A (top left panel CFP
channel, top right panel YFP channel, bottom left panel FRET
channel, bottom right panel corrected FRET channel). arrowheads
indicate processes in which FRET was detected. FRETc images are
displayed using pseudocolors with the spectrum inset representing
fluorescence intensity b Results of FRET analysis. Positive control
experiments included cells transfected with a CFP-YFP tandem
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Fig. 6 Western blot analysis of human kidney biopsy samples with
anti-LAPTM4A antibody exhibits significant LAPTM4A expression at
28 kDa (a). Furthermore, PCR with cDNA demonstrates LAPTM4A
expression on mRNA Levels in HEK293 cells as well as human
proximal tubules (b). (Positive control, taken from mBSUS interac-
tion screen)

expressed in all tubular segments of the human kidney.
Partial colocalization with hOCT2, a membrane bound
transporter predominantly expressed in the basolateral
membrane, was found only in submembraneous vesicular
structures of proximal tubule cells (Fig. 7). Again,
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construct and cells coexpressing CFP-SERT and YFP-SERT, negative
controls included cells cotransfected with CFP and YFP and cells
coexpressing PALM-MYR-YFP and hOCT2-CFP. The intensity of
FRET was measured for the different combination of CFP/YFP pairs
and expressed as normalized FRET values as described in “Materials
and methods”. Ten independent cells were analyzed for FRET
measurements each. Error bars SEM; *Statistically significant
differences from negative controls (ANOVA) (P < 0.05)

significant colocalization of LAPTM4A with LAMPI but
not with EEAT revealed that lysosomes and late endosomes
are the definite location of interaction (Fig. 7).

Functional interaction between LAPTM4A and hOCT2

To investigate the functional consequences of the interac-
tion between LAPTM4A and hOCT2, microfluorimetric
uptake measurements were performed. As substrate for
OCTs, we used the prototypic fluorescent organic cation
ASP" at a concentration of 1 pM. ASP' uptake was
measured in hOCT?2 stably transfected cells (hOCT2 cells),
in hOCT2-expressing cells that were transiently transfected
with LAPTM4A, as well as in hOCT2 cells transiently
transfected with the control vector pcDNA3.1. In com-
parison to untransfected cells, transfection with control
vehicle did not alter ASP™ uptake, whereas overexpression
of LAPTM4A led to a significant reduction of ASP* uptake
by 23 £ 3% (n = 31) (Fig. 8). To exclude undesirable
transfection effects on hOCT2 expression, and to control
transfection efficiency of LAPTM4A, real time PCR anal-
ysis of the cells was performed after uptake measurements.
The results of the real time PCR analysis showed that
transfection with either control vector or LAPTM4A did not
significantly alter hOCT2 expression on mRNA levels in
comparison to untreated cells (Fig.9). Furthermore,
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Fig. 7 Immunofluorescence microscopy of human kidneys. Cryosec-
tions of human kidneys were immunostained against LAPTM4A (red)
and hOCT?2 (green) (a), LAPTMA4A (green) and LAMPI (red) (b) and
LAPTMA4A (red) and EEAI (green) (c), respectively. Primary
antibodies were visualized with Alexa 594 and Star36D 488
secondary antibodies. Partial colocalization (yellow) was readily
detected between LAPTM4A and hOCT2 (a) as well as LAPTM4A and
LAMP1 (b), whereas no significant colocalization was found between
LAPTM4A and EEAI (c)

RT-PCR revealed 435-fold overexpression of LAPTM4A in
LAPTM4A-transfected cells compared with untransfected
cells.

Effects of LAPTM4A on hOCT2 surface expression
In order to further analyze the effects of LAPTM4A on

hOCT?2 surface expression, biotinylation experiments were
performed. In comparison to control transfection

*

Fig. 8 Regulation of h7OCT2 mediated ASP™-uptake by overexpres-
sion of LAPTM4A in HEK293 hOCT?2 stably expressing cells: 48 h
after transfection with LAPTM4A or pcDNA3.1, ASP"-uptake was
measured as initial fluorescence increase. Initial uptake rates of ASP™
are presented as % uptake of untransfected controls. The number of
experiments is indicated above the columns. Values are mean £
SEM; *statistically significant effects from controls (ANOVA)
(P < 0.05)

overexpression of LAPTM4A led to a significant decrease
of hOCT2 plasma membrane expression (—60 £ 17%;
n = 3) (Fig. 10). Furthermore, quantitative analysis of
whole cell lysates demonstrated that LAPTM4A leads to a
diminuished overall AOCT?2 expression, thus indicating that
hOCT2 is not only removed from/or not trafficked to
plasma membranes but is also further delivered and prob-
ably metabolised by the endocytotic machinery (Fig. 11).

Discussion

In this work, we demonstrate that hOCT2 interacts with
LAPTM4A in lysosomes and late endosomes and most
likely induces endocytotic degradation. This interaction has
been first revealed on the protein level using mbSUS and
FRET, two approaches using living cells. The mbSUS
methodology is a special yeast two-hybrid technique for
membrane proteins, where interactions of proteins take
place in vivo directly at the plasma membrane. According
to the results of this assay, hOCT2 interacts directly with
LAPTMA4A in the cell membranes. This interaction has been
confirmed by FRET analysis, where a significant FRET
signal was observed in submembraneous intracellular
vesicles. The interaction detected with these two in vivo
assays was also confirmed by pulldown experiments.
LAPTM4A is a four-transmembrane-spanning protein of
27 kDa that has been first described as mouse transporter
protein (MTP) [26]. The cellular expression of LAPTM4A
in late endosomes and lysosomes [23] seems to be deter-
mined by two tandemly arranged tyrosine-based sorting
signals [27]. At tissue level, LAPTM4A is ubiquitarily
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Fig. 9 Real time PCR analysis of hOCT2 expression in HEK293-
hOCT?2 cells either transfected with LAPTM4A or pcDNA3.1. Results
are expressed as relative hOCT2 mRNA expression of 5 independent
experiments each. GAPDH was used as internal standard for
normalization. Values are mean = SEM
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Fig. 10 Effect of LAPTM4A overexpression in HEK293-hOCT2 cells
on hOCT2 plasma membrane expression after quantitative western
blot analysis of three independent surface biotinylation experiments.
Results are shown as changes in % of controls. The number of
experiments is indicated above the columns. *Statistically significant
different hOCT2 expression (unpaired ¢ test) (P < 0.05)

expressed [28]. When expressed in a drug-sensitive strain
of the yeast Saccharomyces cerevisiae, MTP seems to
regulate the subcellular localization and hence the cyto-
toxicity of several substances [29]. Interestingly, among
these substances there are organic cations that are sub-
strates of OCTs. For this reason, two explanations for the
biological significance of the interaction hOCT2-
LAPTMA4A can be offered: first, this interaction may give
origin to a tandem structure, where organic cations, binding
at the plasma membrane to hOCT2, are immediately
directed by LAPTM4A to lysosomes, where they accumu-
late. Alternatively, the interaction leads to recruitment of
OCTs in an endocytotic compartment, where the complex
hOCT2-LAPTM4A is digested. The second hypothesis
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Fig. 11 Representative images of western blot analysis of HEK293-
hOCT?2 cells after transfection with either control vehicle (pcDNA3.1)
or LAPTM4A. Shown are the representative results of 3 identical
surface biotinylation experiments, analysis of whole cell lysates and
GAPDH as loading control

seems to be confirmed by surface biotinylation experiments
with hOCT2-expressing HEK293 cells transfected with
LAPTMH4A: this transfection resulted in a reduction of
hOCT?2 expression on the plasma membrane as well as a
decrease of the amount of overall cellular hOCT2. More-
over, the transfection of LAPTM4A in hOCT2-expressing
HEK?293 cells significantly decreased the transport rate of
the fluorescent organic cation ASP™. These two findings
strongly speak for a role of LAPTM4A in recruiting hOCT2
to an endocytotic pathway. Nevertheless, it remains unclear
if, on the one hand, LAPTM4A leads to a direct or indirect
trafficking from the plasma membrane to endosomes/
lysosomes, or, on the other hand, interaction with hOCT2
takes place mainly intracellularily and leads to immediate
metabolization after synthesis in ER or Golgi apparatus.
Furthermore, the mbSUS showed that LAPTMA4A also
interacts directly at cell membranes of yeasts with hOCT]
and hOCT3. Interestingly, both OCT2 and OCT3 play an
important role in the dopaminergic brain activity. The
endogenous dopaminergic neuromodulators cyclo(his-pro)
and salsolinol have been proposed as key substrates of
hOCT2 [12]. Both substrates are abundant in the dopami-
nergic brain region of the substantia nigra, where OCT2
shows its highest expression in CNS [12]. It is proposed
that an intracellular OCT2-mediated balance of salsolinol
and cyclo(his-pro) is crucial for maintenance of dopami-
nergic cell integrity. A rise in potentially cytotoxic
salsolinol or a decline in protective cyclo(his-pro) may
cause calcium-triggered apoptotic cell death, possibly
contributing to the selective chronic nigral degeneration
observed in Parkinson’s disease [12]. On the other hand,
due to its expression in non-dopaminergic cells adjacent to
both the soma and terminals of midbrain dopaminergic
neurons, OCT3 has also been suggested to contribute to the
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dopaminergic damage by bidirectionally regulating the
bioavailability of toxic species [30]. These findings
underline the potential decisive role of OCT in the devel-
opment of neurodegenerative diseases. In this view, the
interaction of LAPTM4A with OCT could be of importance,
considering that, in brain of aged dogs, which develop
similar neurological features as elderly humans, a signifi-
cant upregulation of LAPTM4A-mRNA expression was
found [31]. In the future, the role of the regulation of
OCT expression and function by the interaction with
LAPTM4A should be considered when investigating the
role of dopaminergic signalling pathways in neurodegen-
erative diseases such as Parkinson’s and Alzheimer’s
diseases. Because of the high expression of OCT in
excretory organs such as the kidneys (OCT2) and the liver
(OCT1), the interaction with LAPTM4A may also play an
important role in controlling the excretion and the blood
concentration of several cationic drugs. OCTs play a
crucial role for the uptake of these drugs not only in
target but also non-target cells. For example, the expres-
sion of OCT1 in myeloid leukemia cells correlates with
the antitumoral effectiveness of imatinib [32], a substrate
of OCT1, while the expression of OCT2 in the kidneys
and in the cochlea seems to be critically involved in the
development of the nephrotoxic and ototoxic side effects
of tumor therapy with cisplatin [33], a substrate for
OCT?2. Since proteins of the LAPTM family are overex-
pressed in many types of cancer, due to the negative
correlation of their expression with OCT function, a
resistance of tumors against chemotherapy could result.
Indeed, the expression of LAPTM4A in Saccharomyces
cerevisiae induced a multidrug-resistant phenotype [29]
and the resistance against cisplatin of glioblastoma cells
pretreated with hepatocyte growth factor was associated
with an increased expression of LAPTMA4A [34].
Furthermore, McLean et al. [35] demonstrated in a
pharmakogenomic analysis that overexpression of
LAPTMA4A is associated with a poorer response of chronic
myeloic leucemia patients to the tyrosine kinase-inhibiting
drug imatinib, which has been shown to be a substrate for
organic cation transporters [36, 37].

In conclusion, we demonstrated that h/OCT2 interacts
in vivo with LAPTM4A and that this interaction is linked
with the entry of hOCT2 in an endocytotic pathway.
Because of the important role played by OCT2 in the
brain and renal dopaminergic signaling pathway, and in
the desired or undesired drug uptake, and because
LAPTM4A is upregulated in neurodegenerative diseases
and in chemoresistant cells, this interaction has important
physiological, pathophysiological, and pharmacological
implications. Moreover, a new function of LAPTM4A, as
recruiting protein for the endocytotic pathway, has been
discovered.
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