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Abstract The organic cation transporter (OCT, SLC22)
family is a family of polyspecific transmembrane proteins
that are responsible for the uptake or excretion of many
cationic drugs, toxins, and endogenous metabolites in a
variety of tissues. Many of the OCTs have been previously
characterized, but there are a number of orphan genes whose
functions remain unknown. In this study, two novel rat
SLC22 genes, SLC22A17 (BOCT1) and SLC22A23
(BOCT?2), were cloned and characterized. Northern blot
analysis showed that BOCT1 and BOCT2 mRNA was
expressed in a wide variety of tissues. BOCT1 was strongly
expressed in brain, primary neurons and brain endothelial
cells, with highest expression in choroid plexus. BOCT2 was
also abundantly expressed in brain, as well as in liver. To
characterize the products of these genes, BOCT1 cDNA was
isolated from a rat blood-brain barrier cDNA library, and
BOCT2 cDNA was isolated from rat brain capillary and
from cultured neurons using PCR techniques. Plasmids
expressing BOCT1 and BOCT2 were transfected into HEK-
293 cells, as were control cDNAs for OCT1 and OCTN?2.
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Recombinant cell surface protein was verified by western
blot and fluorescence microscopy. Transport activity of
BOCT1 and BOCT2 was evaluated using radioisotope
uptake assays. The OCT1- and OCTN2-expressing cells
transported the canonical substrates, 1-methyl-4-phenyl-
pyridinium (MPP™") and carnitine, respectively. However,
BOCT1 and BOCT2-expressing cells did not show transport
activity for these substrates or a number of other SLC22
substrates. These novel family members have a noncon-
served amino terminus, relative to other OCTs, that may
preclude typical SLC22 transport function.

Keywords BOCT - Membrane protein - Brain -
Choroid plexus - Organic cation

Introduction

The organic cation transporter (OCT) family (SLC22) is
important for the uptake, reabsorption and excretion of
drugs, nutrients, and metabolites. OCTs are ATP-inde-
pendent facilitative transporters that are expressed in many
tissues. These transporters are considered polyspecific in
that they accept compounds with a variety of sizes and
molecular structures. Functional and genetic analysis has
provided evidence for three subclasses in the SLC22
family. The OCT subfamily (OCTI1-3, SLC22A1-3)
transports organic cations such as tetraethylammonium
(TEA) and 1-methyl-4-phenylpyridinium (MPP"). The
OCTN subfamily (OCTN1-3, FLIPT1,2) transports zwit-
terions including carnitine. The OAT subfamily (OAT1-6,
ORCTL3,4) transports a variety of organic anions and
includes the transporters responsible for PAH/x-ketoglu-
tarate exchange in the kidney [1]. In addition to these
previously identified OCTs, the human and rodent genomes
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have a number of SLC22 orphan genes whose functions
remain to be identified.

The members of the OCT family are characterized by 12
putative transmembrane domains (TMDs), a large extra-
cellular loop with multiple glycosylation sites between
TMDs 1 and 2, an intracellular loop with phosphorylation
sites between TMDs 6 and 7, and intracellular N and
C-termini [2]. The known OCTs have been cloned from
several species including human, rat, and mouse [3-10].
These transporters are conserved between species, indi-
cating their importance for transport of organic cations.
Mice in which the genes were disrupted confirm the role of
these proteins in organic cation transport [11]. Several
comprehensive reviews are available that detail the struc-
ture, function, and physiological roles of the OCTs [1, 12].

In this article, we report the cloning, tissue expression and
initial characterization of two orphan genes in the OCT
family, SLC22A17 (BOCT1) and SLC22A23 (BOCT?2).
These genes were identified by database searches for OCT-
related genes and have also been identified by others using
bioinformatic analysis [13, 14]. In the databases, SLC22A17
was termed BOCT (brain organic cation transporter) or
BOIT (brain organic ion transporter) due to the fact that it
was sequenced from a brain cDNA library. SLC22A17 was
also recently identified as a possible receptor for lipocalin-2
[15]. We show that these proteins are molecularly related to
the SLC22 family, although the sequences diverge in the
N-terminal region. Neither protein was able to transport
typical SLC22 substrates even though it was present on the
cell surface. These results suggest evolution of the core
structure of a typical membrane transporter family to adopt
new physiological functions.

Experimental
cDNA Library construction and screening

A blood-brain barrier cDNA library was constructed from
rat brain capillaries. The capillaries were purified by filtra-
tion on glass beads as previously described [16]. Total RNA
was isolated from purified capillaries and polyA + RNA
purified by oligo-dT chromatography. A cDNA library was
constructed in AZAPII using a commercial kit. The unam-
plified library contained 1.1 x 10° independent clones.
The library was screened for BOCT! by standard
methods [17] using a [32P]labeled cDNA fragment. The
fragment was prepared by PCR amplification of rat brain
capillary cDNA using primers 445, 446 (A listing of PCR
primers is given in Table 1). Thirteen positive clones were
obtained from a total of 250,000 screened. One clone, #12,
contained an insert of 2.4 kb, similar to the size of BOCT1
mRNA detected on a northern blot of capillary RNA using
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Table 1 PCR primer sequences

Primer Sequence

BOCT]1 primers

445 (rat) 5'-AGTGAAGCGGCAGATTGAG-3’

446 (rat) 5'-CAGCTTGGGAGGAGAAGAG-3'
BOCT?2 primers

469 (rat) 5'-ATCCCGGCGCTGTTCATC-3'

470 (rat) 5’-CGGCTAGC C CA GGCAT GAGG-3'

476 (rat, 3-RACE) 5-GGCGGCGGCTACCAGAAGACCCTG-3'
477 (rat, 5'-RACE) 5'-GGGACAGATGATGAGGGCCTGCAA-3'
482 (rat, 3-RACE) 5'-TGAGGCCAGGGCAGTGAGGATCATG-3'
489 (rat) 5'-AGCGCCCGAAGT CCGTGGAG-3'

490 (rat) 5'-CGCG GCC GGAGA GAATG CTC-3’

Primers were designed for BOCT1 and BOCT?2 for RT-PCR analysis
and for RACE PCR cloning of BOCT2

the same probe. Clone 12 was sequenced, and the sequence
matched the predicted sequence NM_177421 except that
clone 12 lacked 7 nt at the 5" end.

The cDNA library was also screened for BOCT2. The
probe was a labeled PCR fragment obtained by amplifi-
cation of capillary RNA with primers 469, 470. The library
was screened three times but no positive clones were
identified. However, a northern blot containing the same
RNA preparation clearly demonstrated a hybridizing
mRNA. We believe BOCT2 was not present in the cDNA
library because GC-rich secondary structure (see below) at
the 5" end precluded its inclusion in the library.

Isolation of SLC22A23 cDNA by RACE

To isolate a full-length BOCT2 cDNA, RACE (rapid ampli-
fication of cDNA ends) was performed using the BD Smart
RACE cDNA Amplification Kit (BD Biosciences) using RNA
purified from rat brain cultured primary neurons (see Fig. 3 for
the location of primers used in RACE).

3’ RACE with the internal primer 469 yielded two main
bands of 2 and 5 kb. The 2 kb sequence began with primer
469 and extended to a polyadenylation sequence and short
polyA stretch that is 265 nt downstream of the predicted
stop codon. The 2 kb RACE clone has a bona fide 3’ ter-
minus and thus corresponds to the 3 kb mRNA observed on
the northern blot. The sequence of the 2 kb clone matched
the database sequence XM_341519 over this stretch. The
5 kb RACE fragment was not further analyzed but pre-
sumably corresponds to the 6 kb mRNA.

To obtain the 5" end of BOCT2, PCR required the use of
GC-rich conditions. This is because the 5 end of the
BOCT2 mRNA is ~80% GC. We did not obtain a genuine
5" RACE product using routine conditions. Amplification
conditions were 30 cycles of: denaturation, 30 s 94°C,
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annealing 30 s 55°C, 2 min 72°C, in the presence of
GCmelt (BD Biosciences). The 5’ region was amplified
with either primers 489/482 or 489/490. Primer 489 was not
part of XM_341519 and was chosen from the rat genomic
sequence to give the mRNA size observed on northern
blots. The predicted 1.9 kb DNA was obtained upon
amplification with primers 489/482. As this DNA crosses
multiple splice sites, amplification of this band cannot result
from genomic DNA and therefore it represents the actual
mRNA. The 1.9 kb band was only obtained when PCR was
performed under GC-rich amplification conditions. In rou-
tine PCR buffers, low yields of shorter fragments were
obtained that contained variable deletions in the GC-rich
sequence, presumably a result of skipping through sec-
ondary structure in this region. A full-length BOCT2 cDNA
was assembled by fusing the 482/489 cDNA with the
3’RACE cDNA at an internal Mlul site.

Northern blot

A multi-tissue northern blot was obtained commercially
(Ambion) to measure expression in generic tissues in the body.
To test for expression in specific tissues, RNA was isolated by
Trizol (Invitrogen) and blots were prepared on nylon mem-
branes using total RNA according to routine methods [17].
Probes were prepared by random primer labeling of PCR
fragments. BOCT1 expression was identified with the DNA
generated by primers 445/446. BOCT2 expression was mea-
sured with either a DNA produced by primers 469/470 or
489/490. Blots were hybridized overnight at 45°C in Hybrisol
Iand washed at a stringency of 0.2x SSC, 0.5% SDS at 55°C.
Hybridized bands were detected and the data captured by
Molecular Imager FX (Biorad).

Expression cloning and analysis

PCR-amplified cDNAs of BOCT1 and BOCT2 were sub-
cloned into the p3X-FLAG-CMV-10 expression vector
(Sigma). Alternatively, BOCT1 and BOCT2 were expres-
sed with N-terminal myc epitopes by cloning cDNAs into
pCMV-3Tag2 (Stratagene). In the BOCT1-FLAG con-
struct, the cDNA contained 24nt of the 5’UTR. In the
BOCT2-FLAG construct, the entire 5UTR beginning with
primer 489 was present. A truncated BOCT2-Flag con-
struct was also generated that began with the second in-
frame AUG (aug* in Fig. 3). For cloning of BOCT1 and
BOCT2 into pCMV-3Tag-2, the coding region from initi-
ator to stop codon was amplified and inserted downstream
of the N-terminal Myc sequence. For OCT1 and OCTN?2,
the coding regions of these cDNAs were amplified from
mouse kidney cDNA by PCR and cloned into p3X-CMV-
FLAG or pCMV-3Tag-2. All plasmids were verified by
DNA sequencing. For stable transfections, the plasmids

were linearized and transfected into T-REx-293 cells
(Invitrogen) using Lipofectamine 2000 (Invitrogen). G418
(1 mg/ml) was added to the medium [DMEM:F12 (1:1),
10% FBS] on day three after transfection to select for
plasmid-containing cells. After selection of resistant colo-
nies, cells were routinely maintained in 0.5 mg/ml G418.

Cell surface protein expression was verified by biotin-
ylation. Cells were incubated with membrane-impermeable
sulfo-biotin (Pierce) according to manufacturer’s instruc-
tions. Biotinylated proteins were purified from cell lysates
by streptavidin chromatography and the fusion protein
detected by western blot using anti-FLAG M2 monoclonal
antibody (Sigma). Each blot was then stripped and re-
incubated with anti-GAPDH antibody (Chemicon Interna-
tional, MAB374) to illustrate that intracellular protein did
not bind inadvertently to streptavidin. For detection by
fluorescence microscopy, cells were fixed, permeabilized,
and incubated with anti-FLAG M2 monoclonal antibody,
followed by a fluorescent anti-mouse antibody (Alexa
Fluor 488, Invitrogen).

Transport assays

Cells were plated in 35 mm dishes or 96 well plates and
assayed for uptake of radiolabeled substrates (from Perkin-
Elmer or American Radiolabeled Chemical). Cells were
washed with prewarmed balanced salt solution (BSS, 10 mM
HEPES, 1.8 mM CaCl, 53 mM KCl, 0.8 mM MgSO,,
120 mM NaCl, 1 mM NaPO,, 5.6 mM glucose, pH 7.4) at
37°C. The wash was replaced by BSS containing 1 pCi/ml
radiolabeled substrate: [°H]choline (80 Ci/mmol), [H]car-
nitine (80 Ci/mmol), [*HJTEA (20 Ci/mmol), [’H]MPP*
(85 Ci/mmol), [3H]nicotinamide (25 Ci/mmol), [3H]n0repi-
nephrine (44.6 Ci/mmol), [3H]histamine (12.5 Ci/mmol),
[14C]urate (54 mCi/mmol), or [14C]ascorbate (5.4 mCy/
mmol). Uptake was measured in triplicate at 37°C for 3 min
(choline and MPP™), 15 min (carnitine), 30 min (TEA), or at
21°C for 1 h (nicotinamide, NE, histamine, urate, ascorbate).
The dishes were transferred to ice and immediately washed
3-4 times with ice cold PBS. Cells were solubilized with
0.4 M NaOH. Aliquots were taken to measure radioactivity
and protein. The results are expressed as dpm/pg of protein
(mean + SD) or as percent of control. Statistical significance
was assessed by ANOVA and Bonferroni multiple compari-
son test.

Results
Expression of BOCT1 and BOCT2 mRNA

Two predicted but previously uncharacterized rat genes,
which are most related to the SLC22 family, are present in
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NCBI databases. These two genes encode transporters
SLC22A17 (NM_177421) and SLC22A23 (XM_341519).
We focused on rat sequences, but similar predicted proteins
were identified in human and mouse genomes. SLC22A17
was termed BOCT (or BOIT) in the databases. SLC22A23,
when analyzed by ClustalW, is most similar to SLC22A17
and therefore we refer to them as BOCT1 and BOCT?2.
These orphan sequences were most similar to the OCT
subfamily of SLC22 when analyzed by ClustalW. To verify
that orphan genes are expressed and not simply pseudo-
genes, RT-PCR was performed. cDNAs were prepared
from several different tissues and cultured cell lines [rat
brain capillaries, mouse kidney, A549, MC-IX-C, NG-108]
and amplified using primers derived from the predicted
sequences. PCR products were obtained from nearly all the
cDNAs and verified by DNA sequencing, thus confirming
that these predicted genes were expressed. A commercially
available multi-tissue northern blot was then probed with
radiolabeled PCR products (Fig. 1). The blot hybridized to
BOCT1 cDNA showed a major band at 2.5 kb (Fig. 1a).
Expression was highest in brain, exceeding that of all other
samples on the blot. Kidney and liver showed intermediate
levels of expression whereas lower expression was
observed in heart, stomach and testis. When the blot was
probed for BOCT?2 expression, a more complicated pattern
was seen (Fig. 1b). Most tissues showed three hybridizing
bands of 6, 4.2 and 3.0 kb, with the 6 kb band typically, but
not always, showing the highest labeling. The weak 2 kb
band in testes was seen only on this blot and not others.
BOCT?2 was expressed in most tissues but with a range of
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Fig. 1 BOCTI1 and BOCT2 are expressed in a variety of tissues. A
multi-tissue northern blot was obtained commercially (Ambion) to
measure mMRNA expression in generic tissues in the body. Probes for
BOCTT1 (a) and BOCT?2 (b) were prepared by random primer labeling
using PCR fragments described in methods for library screening.
Blots were hybridized overnight at 45°C in Hybrisol and washed at a
stringency of 0.2x SSC, 0.5% SDS at 55°C. Hybridized bands were
detected and the data captured by phosphoimaging
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abundances. The highest levels were observed in liver,
brain, kidney, and spleen. Lower levels were observed in
skin, lung, and intestine. Expression was low in the
remaining tissues. Neither BOCT1 nor BOCT?2 is expres-
sed strongly in muscle. RACE experiments suggested that
the multiple BOCT2 mRNA bands are likely due to alter-
native polyadenylation.

Expression was further analyzed on a blot containing
RNA from various cultured cells or tissue samples not
present on the commercial blot (Fig. 2). The most signifi-
cant finding was robust expression of BOCT1 in choroid
plexus, higher than in whole brain, indicating that BOCT1
is enriched in choroid plexus. BOCT1 was also highly
expressed in cultured neurons and at lower levels in cul-
tured astrocytes. Hybridization to capillary RNA in Fig. 2
was weak perhaps due to RNA degradation in the sample
on this blot. However, expression in brain capillaries at
levels comparable to whole brain was demonstrated by RT-
PCR and in other blots (not shown). Also, BOCT1 cDNA
was cloned from a brain capillary cDNA library thus
confirming its expression in this tissue. Thus, BOCT1 is
widely expressed in brain and is not limited to the barriers.
Expression of BOCT1 was also seen in NG108 neuro-
blastoma and C6 astroglioma cell lines, but was barely
detectable in MC-IX-C neuroblastoma or bEnd5 endothe-
lial cell lines (Fig. 2). BOCT1 can, however, be detected in
MC-IX-C by the more sensitive RT-PCR technique (not
shown).

BOCT?2 was not detected in choroid plexus, in contrast
to BOCT1 (Fig. 2). The highest level was observed in RNA
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Fig. 2 BOCT1 and BOCT2 expression in choroid plexus and cell
lines. Total RNA was isolated from the indicated tissues and cell lines
and a northern blot was prepared. Probes were prepared for BOCT1
(a) and BOCT2 (b) by random primer labeling using PCR fragments
described in methods for library screening. Blots were hybridized
overnight at 45°C in Hybrisol and washed at a stringency of 0.2x
SSC, 0.5% SDS at 55°C. Hybridized bands were detected and the data
captured by phosphoimaging
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from primary cultured neurons. Lesser expression was
observed in whole brain, primary astrocytes, as well as
bEnd5 and C6 RNA. Hybridization to capillary RNA was
seen on other blots, at a level comparable to whole brain
RNA. BOCT?2 was barely detectable in either MC-IX-C or
NG108 neuroblastoma although it was detectable in these
cell lines by RT-PCR.

BOCT1 and BOCT2 cDNAs

We wanted to understand the role that BOCT1 and BOCT2
might play in transporting organic ions into and out of brain.
As the initial step, a rat blood-brain barrier (BBB) library
was screened to isolate cDNAs for the two genes. The
sequence for BOCT1 had been assembled from ESTs but a
full-length cDNA was not independently reported. Further-
more, BOCT?2 was derived primarily from gene prediction
analysis and present in the databases as a partial sequence.
Thus, it was important to verify that the assembled database
sequences represented the actual tissue mRNA sequences.
Multiple BOCT1 cDNA clones were isolated from a rat
brain capillary library. The largest clone was 2,368 bp.
Given that northern analysis revealed an mRNA size of
2.5 kb, this clone is essentially full-length. When the DNA
sequence was compared to the predicted database sequence
NM_177421, they were identical except that the BBB clone
was 7 nt shorter at the 5'-end and contained a 19 nt polyA
tail. Smaller clones from the library screening were frag-
ments of the larger clone. There was no evidence of alter-
natively spliced exons in this cDNA library. Sequence
analysis revealed an open reading frame that yields a pro-
tein of 516 amino acids. A long 5UTR of 457 nt is pre-
dicted. The 5UTR contains an open reading frame of 137
codons beginning 280 nt upstream of BOCT1 that overlaps
the beginning of the protein. A search of rat protein dat-
abases with the predicted upstream protein yielded no
similar sequences. The presence of this upstream ORF
suggests BOCT1 may be subject to translational regulation.
When the BBB library was screened for BOCT2, no
positive clones were identified. This occurred even though
RT-PCR and northern analysis clearly showed the expres-
sion of this gene in brain capillary RNA. To isolate a cDNA,
RACE was performed using cDNA from primary cultured
neurons, in which BOCT2 is abundantly expressed. Figure 3
shows a model of the 3 kb mRNA sequence that resulted
from RACE along with the position of the primers that were
used. The long ORF encodes a protein of 689 amino acids.
The 3 kb mRNA has a short 265 nt 3'UTR that ends with a
poly A signal and a polyA tail. The larger mRNAs observed
on northern blot extend through this polyA signal. The
5'UTR is ~80% GC and this GC-rich region extends into
the ORF approximately 300 nt downstream of the putative
start codon. Analysis of the BOCT2 sequence by mFOLD

predicted significant secondary structure in the GC-rich
region. In particular, two perfect 23 bp inverted repeats are
present beginning 240 and 60 nt upstream of the first AUG
(Fig. 3). Evidence of complex structure was provided by
PCR experiments. RT-PCR of neuronal cDNA using prim-
ers 489/482 yielded the expected 1.9 kb DNA only when
performed under GC-rich conditions (Fig. 3). Under generic
conditions amplification was weak and only smaller size
products were obtained (Fig. 3, left lanes). Even under GC-
rich conditions, a truncated 1.7 kb DNA was obtained.
Amplification was unaffected using primers (476/482) out-
side the repeat region (Fig. 3, lanes 3). Cloning and
sequencing of these shorter products showed deletions of the
GC-rich region that always included the inverted repeats. The
deletions had different start and stop points, which means the
shorter fragments are not simply splice isoforms and are due
to skipping regions of secondary structure during amplifica-
tion. RT-PCR using primers 489/490 yielded similar results in
that a product was obtained only in conditions that melt GC-
rich DNA (Fig. 3, lanes 1). Primer 490 is located between the
inverted repeats and this data supports the presence of a stem-
loop structure. When the 489/490 PCR product was hybrid-
ized to the blot used in Fig. 1, the same three mRNA bands
were detected as seen with the 469/470 probe (data not
shown). This result confirms the presence of the inverted
repeats in BOCT2 mRNA. A defined 5’ end was not observed
in these experiments. Whether this was due to difficulties
amplifying GC-rich sequences, or that this gene simply shows
heterogeneity of transcription initiation is unknown. How-
ever, transcription initiation begins within 100 nt of primer
489 based on the size of BOCT2 mRNA on blots. The pre-
dicted initiator AUG is present in the GC-rich region and is
located 40 nt downstream of the second repeat. The next in-
frame AUG (aug* in Fig. 3) is 444 nt downstream and is
outside the GC-rich sequence. However, aug* is not likely to
be the initiator codon, because a FLAG-tagged ORF begin-
ning with aug* did not yield a protein product when expressed
in cells. Based on the first AUG a 5'UTR of at least 350 nt is
calculated. The 5UTR contains the inverted repeats sug-
gesting the possibility of a regulatory stem-loop structure
upstream of the translation start site. One example of alter-
native splicing was discovered for BOCT2. The predicted
amino acid sequence was 8 amino acids shorter in rat capillary
cDNA than in neuronal cells. This was due to selection of a 3’
splice site 24 nt downstream of the splice site used in neuronal
cells. The amino acid insert begins at aa522(Gly) in the loop
between TM9 and TM10 (see Fig. 4).

Sequence analysis of BOCT1, BOCT2, and comparison
with OCTs

The predicted amino acid sequences for BOCTI and
BOCT2 were compared to other members of the SLC22
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Standard
buffer

GC-rich
buffer

4
AGCGCCCGAA GTCCGTaE GACCTCCTAA CCCGCGGLCG CCCGCGGOTC

CAGCACARCG CGCACCGGTG CCCGCAGGGC CCTGAGTCGC GACAAGGGCG
CGGGTCG(;.%C TCCTCCTCCT CCGCGGCCAG CGCGCAGCAG CGGAGAGCCT

CGCGGCG CGGATGAGCC GCGGAGGCTA

AGGGCTCGAA CGTCTTCTGC CCGGCGCCCA GGGCGAGGGG GTGCGCGGGT

GACATGGGGG TGGCCTGACT CACCGGGCCC GGAEC&TTCT CTCCGGCCGL

""" TCCT CCT GGCGCTGTEL O CC GCC TCC
TR

LCCGCOCTCT A CTCT GCGGGCGCCC CGGGCCCTGGCC @GCGA’I

AGACCGGCGG CGCGAGGCGG C GG TGCC CAGCCGGCCC

CGGCGGAGCA CGAACGGCTCC CTGCCGCCCG GAGACGCGGC GGCCTCGGCG
CCCCTCGGGE GTCGCGCGGG CTCC

GCCTGCGCTG CACCCCAGCG GCGGCCCGCA CTCGAGCTGC TGTGCGGCAG

AGCEC GA TCCAGCCGLT

CAGCCGCCCC CAGCCTCCTG TTGCTGGACT AL

476
TTCCTCGGGG GCCTGGGCGG CGGCTACCAG AAG-\CCC'IEG TGGTGCTCAC

TC TGTGCTGCCC

CTGGATCCCG GCGCTGTTCA TCGGCTTCAG CCAGTTCTCG GACTCCTTTC

TTCTGGACCA GCCCAACTTC TGGTGCCACG GGGCCGGCAA AGGCACCGAG

CTGGCGGGTG CCACTGTCAC CGGCCGATGG GGTGACATGS G

Model of 3kb BOCT2 mRNA

469 477
-
470 -

" i AUG UAG

489 490

-
L - 476

Aug*

~80% GC

Fig. 3 Structure of BOCT2 mRNA. RT-PCR: (Top left) Rat primary
cultured neuron cDNA was amplified under generic or GC-rich PCR
conditions and analyzed by agarose gel electrophoresis. Lane 1: Primers
489/490. Lane 2: Primers 489/482. Lane 3: Primers 476/482. M: DNA
standards. (Top right) Sequence of the 5 end of BOCT2 mRNA from
primer 489 to downstream AUG. PCR primers are indicated with

family (Fig. 4). The BOCT sequences were more similar to
each other (34% identity) than to other SLC22 gene
products. Both, however, showed significant similarity to
all known SLC22 members. BOCT1 was most similar to
the following SLC22 members: BOCT2 > OCT3 >
OCT1 > OCT2 > ORCTL3. BOCT2 was most similar to
BOCT1 > OCT3 > ORCTL3 > OCTN3 > OAT2. An align-
ment of BOCT sequences with selected SLC22 members is
shown in Fig. 4. Transmembrane sequences were predicted by
TOPCONS [18] and are shown in the figure for reference
purposes.

Sequence similarity between the BOCT proteins and
other members of the SLC22 family extends from upstream
of TM2 through TM12. However, the N-terminal sequen-
ces of the BOCTs showed no similarity with other SLC22
proteins, beginning approximately 30 residues upstream of
TM2. Of significance, several conserved motifs in the
SLC22 family are observed in the BOCT proteins. These
motifs include the AFS motif on the N-terminal side of
TM2, the MFS motif located between TM2 and TM3 [19],
and a highly conserved motif (ELYPTVIR) between TM10
and TM11. Also, sequence conservation is observed at
the cytoplasmic ends of TM6 (PESXRWL) and TM12
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482
-

(An)

500 nt

arrows. 23 bp indirect repeats are indicated with half-arrow. Initiator
AUG is boxed in bold. Second AUG is underlined. Examination of the
sequence shows its GC-rich nature. (Botfom) A model of the BOCT2
3.0 kb mRNA is illustrated. Primer sites used for PCR are indicated
with arrowheads. The predicted ORF is shaded. Location of the
inverted repeats (IR) in the 5’UTR is shown with triangles

(LLPETKXXXLPETI). Similar to the other SLC22 pro-
teins, the BOCT proteins are divided in two halves by a
60-70 amino acid cytoplasmic loop. This loop contains
several canonical sites for phosphorylation by PKC or
PKA. Interestingly, a residue in TM11 previously shown to
be critical for ion specificity [20], R472 in OAT2, D473 in
OCTS3, is a neutral residue in the BOCT proteins (A437 in
BOCT1, G575 in BOCT2). Finally, both BOCT proteins
show a possible diLeu motif in the C-terminal tail
(aa508-513 in BOCT1, aa643-647 in BOCT?2).

The greatest difference between the BOCTs and the rest of
the SLC22 family is at the N-terminus. At 516 residues,
BOCTT1 is shorter than the typical SLC22 protein, and the size
difference is due primarily to a shorter N-terminus. The typ-
ical SLC22 protein contains a cytoplasmic N-terminus and a
larger, ~100 amino acid, glycosylated extracellular loop
between TM1 and TM2. BOCT1 does not show a comparable
TM1 domain. In fact, N-terminal of the AFS motif (aa 84-94
in BOCT1), there is no homology between BOCT1 and other
family members. There are two N-linked glycosylation sites at
residues 23 and 32, and least one of these is glycosylated as
inferred from PNGase F sensitivity (data not shown). This
indicates that the N-terminus is extracellular in BOCT1.
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Fig. 4 BOCT sequence alignments. The rat SLC22 sequences listed
were aligned using T-COFFEE (CLCbio). Highly conserved residues
are colored blue, moderately conserved residues are black, noncon-
served residues are red. TMDs were predicted using TOPCONS and
are illustrated as blue rectangles overlying the TMD sequence. Highly
conserved motifs are boxed in red. The 8 amino acid insert

In contrast, BOCT?2 is significantly larger (681aa) than
the typical SLC22 protein. Similar to BOCTI, this extra
protein sequence is upstream of the AFS motif and shows
little homology to other SLC22 members. Topology soft-
ware predicts only a weak TM1 segment (0.6 probability)
although it occurs in a position analogous to TM1 of other

(GMSDSVKD) is underlined with a dotted blue line. The ion
specificity residue in TM11 is marked with a red asterisk (*) OCTN2
(SLC22A5); OCTN3 (SLC22A9); OCT1 (SLC22Al1); OCT2
(SLC22A2); OCT3 (SLC22A3); ORCTL3 (SLC22A13); OAT2
(SLC22A7). See online article for color version of this Figure

OCTs. If this segment is correct, it predicts a 97 amino acid
intracellular N-terminus ( ~ 20 residues in other SLC22’s).
There are SN-linked glycosylation sites at residues 24, 151,
170, 173, and 189, although the site at aa24 is predicted to
be intracellular in the 12-TMD model. Another second, less
favored topology predicted by TopPredIl has 13 TMDs.
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In this model, two TMDs (aa72-92, 96—116) form a hairpin
in the region corresponding to TM1. This model predicts an
extracellular N-terminus. The actual membrane topology
for BOCT2 awaits experimental evidence.

Functional expression

To express the BOCT1 and BOCT?2 proteins for functional
analysis, the cDNAs were subcloned into the p3X-CMV-
FLAG plasmid expression vector, which allowed tracking
of the recombinant proteins using a monoclonal anti-FLAG
antibody. As positive controls for uptake assays, the OCT1
and OCTN2 coding regions were also expressed in a
similar fashion. After cloning and sequence confirmation,
the plasmids were stably transfected in HEK-293 cells.
Cell surface recombinant protein expression was first
measured by biotinylation of cell surface proteins followed
by purification using streptavidin chromatography. The
lysates were analyzed by western blot using anti-FLAG
antibody. Western blot of biotinylated protein fractions
showed that all four recombinant proteins reached the cell
surface (Fig. 5), as indicated by a band in the lanes con-
taining purified, biotinylated protein (CS). The size of each
protein was greater than the predicted amino acid
sequence, consistent with glycosylation. As predicted,
BOCT1 was smaller than OCT1 and OCTN2, which were
smaller than BOCT2. The lysates from pBOCT2-FLAG

(A)
FL Tot

sno-. . " -

L

pOCTI-ELAG

in G5

GAP = =

©

T
87 kDy

FL

oe
&4 kD-

JCT1-FLAG

Fig. 5 Recombinant BOCT1 and BOCT?2 protein is expressed on the
cell surface. Stable recombinant HEK cell lines were analyzed for
expression of FLAG fusion protein by immunofluorescence and by
western blot. a pPOCT1-FLAG, b pOCTN2-FLAG, ¢ pBOCT1-FLAG,
d pBOCT2-FLAG. Each panel is a composite of the biotinylation
experiment (left) and cell staining (right). Left: Cells were incubated
with membrane-impermeable sulfobiotin and biotinylated proteins
purified on streptavidin beads, followed by western blot analysis
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and pOCT1-FLAG expressing cells showed a pair of bands.
The lower molecular weight band in these samples may
represent immature protein since it was underrepresented
on the cell surface. The immunoblots were subsequently
assayed for the intracellular protein, GAPDH. GAPDH was
not present in the CS fraction, demonstrating that intra-
cellular proteins were not labeled. This indicates that
BOCT proteins in the CS fraction represent actual cell
surface protein and not intracellular transporter that was
incorrectly biotinylated.

Recombinant protein expression was also evaluated by
fluorescence microscopy. In agreement with the western
blot analysis, recombinant protein was found on the cell
surface and in the cytoplasm (Fig. 5). Intracellular BOCT1
protein was localized in a punctate distribution. In contrast,
in BOCT2, OCT1, and OCTN?2 transfectants, intracellular
staining was diffuse. Independent BOCT1 clones varied in
the proportion of FLAG-tagged protein on the cell surface
with as much as 50% cell surface expression in some
clones. However, even in clones with the highest cell
surface expression, BOCT1 still showed vesicular intra-
cellular staining. It is inferred that the heterogeneous dis-
tribution of BOCT1 may be important for its function. In
sum, the conclusion from these experiments is that the
proteins are reaching the cell surface, a necessary pre-
requisite for measuring cellular uptake of organic ions by
the proteins.

)
FL Tot In G5
B4

L L

using anti-FLAG antibody (upper blots, FL). Each lane contains
protein from an equivalent amount of starting material. Tot total
protein before purification, In intracellular protein (non-biotinylated),
CS cell surface protein (biotinylated). Blots were stripped and
incubated with anti-GAPDH to verify that only cell surface protein
was purified (lower blots, GAP). Right: Stable transfectants in culture
were fixed with paraformaldehyde, permeabilized, and immuno-
stained with anti-FLAG followed by fluorescent secondary antibody
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Transport assays

Functional activity of BOCT1 and BOCT2 was evaluated
using radioisotope transport assays. Uptake of organic cat-
ions was measured in BOCT1, BOCT?2, OCT1, and OCTN2-
expressing HEK-293 cells and compared to cells containing
the empty p3X-CMV-FLAG plasmid vector. Uptake of the
prototypical OCT substrate MPP' was assayed in HEK
transfectants with pOCT1-FLAG cells serving as a positive
control. As expected, the OCT 1-expressing cells transported
40-fold more MPP" (372 4 12 dpm/ug) than vector-only
cells (9.3 £ 0.8 dpm/pg). However, MPP' uptake by
BOCT1 and BOCT2-expressing cells was not different than
controls (Table 2). Two other organic cations, TEA and
choline, were tested for transport and yielded identical
results. That is, OCT1-expressing cells showed enhanced
uptake of these compounds while BOCT1- and BOCT2-
expressing cells were no different than control. The zwit-
terion, carnitine, a typical substrate for the OCTN subfamily
was then tested. OCTN2-expressing cells showed 12-fold
greater uptake than control (2,288 vs. 186 dpm/pg). How-
ever, carnitine uptake was unaffected by BOCT1 and
BOCT?2 expression as was the uptake of another zwitterion,
the cationic amino acid, arginine. Accumulation of the
fluorescent cation, ethidium, was also measured in SLC22-
expressing cells. Whereas OCT 1-expressing cells accumu-
lated more ethidium relative to vector-containing cells
(OCT1: 1,375 £ 328 FU/pug; vector: 35 £ 2 FU/ug), there
was no statistically significant increase in ethidium accu-
mulation in either BOCT1 or BOCT2-expressing cells
(BOCT1: 52 £ 5 FU/ug; BOCT2: 48 + 10 FU/ug).
Although MPP™ is a substrate for nearly all the cation-
transporting members of SLC22, it is possible that BOCT1
and BOCT?2 have a more restricted substrate profile than
other polyspecific members. Therefore, several other sub-
strates were tested for transport activity. Of the SLC22

Table 2 Uptake studies in stable recombinant HEK cell lines

members, BOCT1 and BOCT2 showed the greatest simi-
larity to OCT3 and ORCTL3. OCT3 (SLC22A3) was
previously identified as the extraneuronal monoamine
transporter and transports a variety of neurotransmitters
including norepinephrine, serotonin, and histamine [21].
Based on this homology, we tested the BOCT’s for neuro-
transmitter transport. Although we could show transport of
histamine and norepinephrine in OCT]1-expressing cells,
there was no evidence for transport of these compounds by
either BOCT1 or BOCT2 (Table 2). ORCTL3 (SLC22A13)
was recently deorphanized and shown to transport nicotin-
ate, para-aminohippurate (PAH), and urate [22]. Cells
expressing BOCT1, BOCT2, or OCT1 were unable to
accumulate urate relative to vector-containing cells
(Table 2). Furthermore, to test if the BOCT proteins were
behaving as anion transporters, the uptake of PAH and
ibuprofen was assayed. Neither drug was transported by
BOCT1 or BOCT2 (data not shown). As final candidate
substrates, the transport of nicotinamide and ascorbic acid
was tested. BOCT1 was abundantly expressed in choroid
plexus, which is a major site of vitamin transport in the brain.
In fact, an ascorbate transport activity has been identified in
choroid plexus, for which the transporter involved has not
been identified [23]. However, ascorbate or nicotinamide
uptake in BOCT1 or BOCT2-expressing cells was not
significantly different than in vector-containing cells.
OCT1-containing cells accumulated nicotinamide but not
ascorbate (Table 2).

To rule out the possibility that the C-terminal FLAG
peptide was interfering with transport activity, expression
plasmids were made that produced a Myc peptide on the
N-terminus of the proteins. As with the FLAG constructs,
Myc-OCT1 and Myc-OCTN2 were functional in transport-
ing MPP™ or carnitine, respectively. However, Myc-BOCT1
and Myc-BOCT?2 still failed to transport any of the tested
substrates. BOCT1 and BOCT2 were expressed in other cell

Substrate Uptake by transfectants (dpm/pg)

Vector BOCT1 BOCT2 OCTI OCTN2
MPP* 9.3 £0.8 9.9+ 0.7 9.0 £ 04 372 £+ 12* 169 £ 04
TEA 117 £ 3.9 112 £ 1.7 126 £ 7.5 223 £+ 6.4%* 112 £ 7.2
Carnitine 186 + 16 209 + 6.1 192 + 9.6 241 £ 6.7 2,288 + 84*
Choline 271 £5.2 265 £ 7.0 272 £+ 20 510 + 8.8% 297 + 47
Histamine 244 £ 7.7 9.1 £0.8 8.0 1.1 95.7 £ 4.3% nd
Norepinephrine 295 £ 1.1 352+ 1.7 241 +£1.0 159 + 3.2* nd
Nicotinamide 39.0 £ 109 321 +£22 27.8 £5.1 130 &+ 9.5* nd
Urate 45+ 15 74 +£43 45+£0.13 4.6 £2.1 nd
Ascorbate 9.0 £ 2.1 10.1 £ 1.0 55+£03 6.5+ 0.7 nd
nd not done

* Statistically significant from pFLAG vector, P < 0.05
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lines to test if the lack of functional activity was a conse-
quence of using HEK293 cells. However, as for HEK293
cells, no transport was observed when the BOCTs were
expressed in 3T3, MC-IX-C or MDCK cells. Finally, to test
if the unusual N-terminus in the BOCT proteins interfered
with transport, we created chimeric proteins that replaced
the N-terminus of BOCT1 and BOCT?2 with the N-terminus
of OCTN2. The fusion point in the chimeras was at the AFS
sequence. The chimeric proteins were unable to transport
carnitine or MPP™ (data not shown). Thus, even though the
critical protein core of the SLC22 family is present in
BOCTI1 and BOCT?2, including conserved sequence ele-
ments, these proteins were unable to transport typical sub-
strates for the SLC22 family.

Discussion

BOCT1 and BOCT?2 are two novel rat SLC22 gene family
members whose organic ion transport characteristics have
not been previously reported. These genes have sequence
homology to the organic cation transporter family, although
there are unique characteristics of both BOCT1 and BOCT?2
that diverge from other members of the family.

When this work was started, BOCT2 was identified in
databases as a predicted gene product of 355 residues,
assembled by gene prediction software and expressed
sequence tags. After performing 5 and 3’ RACE, we
determined the nearly full-length mRNA sequence for this
novel gene. The BOCT2 mRNA contains an unusual GC-
rich region at the 5’ end. The initiator AUG actually exists
within this GC-rich region, and it is preceded by two 23-bp
inverted repeat sequences. When PCR was done across
these regions, spontaneous deletions were obtained unless
PCR was performed under GC-rich conditions. This indi-
cates that this 5’UTR forms a stem loop or other secondary
structure that impedes standard cDNA synthesis and PCR
amplification. The presence of this secondary structure
suggests that BOCT?2 is subject to translational regulation.
Still, BOCT2 was readily translated in HEK cells despite
the presence of the 5UTR. BOCT1 also has an atypical
5'UTR suggestive of translational regulation.

The tissue expression of BOCT1 and BOCT2 suggests a
physiological role in brain. Both genes are also expressed
in liver and kidney, a pattern that is common for organic
ion transporters. In brain, both genes are present in capil-
lary RNA where they could mediate entry into and/or
efflux from the brain. BOCT1 is widely expressed in brain,
including neurons, astrocytes, and choroid plexus.
Expression in choroid plexus was the highest of any tissue
examined and further supports an important function in
brain homeostasis, although further data are needed to
clarify this role. In contrast, BOCT2 was not expressed in
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choroid plexus, but was expressed in capillaries, as well as
in neurons and astrocytes.

Despite sequence homology to the OCT family,
BOCT1 and BOCT2 did not transport typical organic
cations. The range of compounds tested included sub-
strates for all known OCTs. In particular, known sub-
strates for the most closely related transporters, OCT3 and
ORCTL3 were not transported. We also tested substrates
known to be transported at the choroid plexus. These
novel proteins each possess a unique N-terminus that is
unrelated to other SLC22 proteins, and it is possible that
this unique structure explains the lack of transport activ-
ity. The fact that the BOCT1 cDNA was isolated from a
blood—brain barrier cDNA library implies that the atypical
N-terminus is a genuine feature of BOCT1 and is not an
artifact of PCR or sequence manipulation. There is evi-
dence that TM1 or certain residues in this segment are
critical for transport activity [19]. However, others
reported intact transport by alternatively spliced OCT1
lacking the first two TMDs [24]. Conserved sequence
motifs for the SLC22 family are present in BOCT1 and
BOCT2. However, chimeras containing the conserved
sequences fused to the N-terminus of OCTN2 also failed
to transport typical OCT substrates, suggesting the novel
N-termini are not the critical determinant in inability to
transport. We cannot rule out, at this time, that BOCT1
and BOCT?2 could transport some other type of substrate
that was not tested in this study. If they are transporters,
they have a much narrower substrate specificity than other
members of the SLC22 family. The evasiveness of the
function of an orphan transporter is not unprecedented. A
study of SLC7A4, a novel protein with high sequence
homology to the subfamily of cationic amino acid trans-
porters (CATs), failed to demonstrate any convincing
transport activity [25]. It was proposed that despite its
sequence homology, 7A4 is not an amino acid transporter
or it requires additional proteins or factors to be func-
tional. It is possible that BOCT1 and BOCT?2 also require
some type of cofactor to show functional activity. How-
ever, if this cofactor is required for function in HEK293,
it is also absent in several other cell lines in which
expression failed to elicit transport activity.

Another possible function for BOCT1 is that of a
receptor. After beginning our studies, the mouse homolog
of BOCT1 was cloned serendipitously after a search for
proteins that conferred binding of the lipocalin, 24p3 (also
known as lipocalin-2 [Lcn2]) [15]. It was shown that Len2
binds iron through a small molecular weight siderophore
[26, 27], and mBOCT]1 serves as a cell surface receptor
(24p3R) for this lipocalin, allowing for iron uptake or
apoptosis, depending on the iron content of the ligand [15].
Recently, human BOCT1 was cloned and proposed to act as
a receptor for neutrophil gelatinase-associated lipocalin
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(NGAL), the human ortholog of Lcn2. This function,
however, has not yet been confirmed for the human protein
[28]. Megalin was also shown to be a receptor for Lcn2 [29].
There are some discrepancies in previous studies in regards
to the Len2 binding site on BOCT1. Devireddy et al.
showed that 24p3 bound BOCT1 on the C-terminal end of
the protein. One 24p3-interacting clone that was isolated
consisted of only the last 74 amino acids of the protein. An
alternate splice variant was cloned, called 24p3R-short,
which lacked the N-terminal 154 amino acids. This short
form actually showed higher affinity for 24p3 than the full-
length protein [15]. In contrast, Fang et al. cloned a novel
short form of human BOCT1 (NgalR-3) that lacked the
C-terminal 313 amino acids. This group concluded that the
N-terminal short form co-localized and was co-immuno-
precipitated with human NGAL, although they could not
show co-immunoprecipitation of NGAL with the full-
length sequence of BOCT1 (NgalR-2) [28]. We were unable
to show any binding of rat Lcn2 to rat BOCT1 using a
variety of different methods including crosslinking,
immunoprecipitation, flow cytometry, immunohistochem-
istry, and radioligand binding. With multiple splice forms
and a disagreement about which region of the protein
actually binds to Lcn2, it is difficult to conclusively assign
the physiological function of BOCT]1 as a receptor for Len2.
However, if BOCT1 is a lipocalin receptor, it is reminiscent
of STRAG6 [30]. STRAG6 is a multipass membrane receptor
that mediates the uptake of retinol bound to the lipocalin,
retinol binding protein. Endocytosis of the STRA6:RBP
complex is not required for retinol uptake. It is possible that
BOCT1 is a hybrid receptor/transporter in which this
member of the SLC22 family has evolved to bind lipocalin
through its novel amino terminus and transport lipocalin
cargo through the conserved OCT domains. Future experi-
ments will test this novel hypothesis.
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