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d-Aminolevulinic acid is a substrate for the amino
acid transporter SLC36A1 (hPAT1)

S Frelund', OC Marquez!, M Larsen’, B Brodin' and CU Nielsen'?

'Department of Pharmaceutics and Analytical Chemistry, Faculty of Pharmaceutical Sciences, University of Copenhagen,
Universitetsparken 2, DK-2100 Copenhagen, Denmark, and *Bioneer:FARMA, Universitetsparken 2, DK-2100
Copenhagen, Denmark

Background and purpose: d-Aminolevulinic acid (ALA) is used in cancer patients for photodynamic diagnosis or therapy. Oral
administration of ALA has been used in patients with prostate and bladder cancer. The present aim was to investigate the
mechanism of intestinal absorption of ALA and its transport via the amino acid transporter SLC36A1.

Experimental approach: In vitro investigations of ALA affinity for and uptake via SLC36A1 and SLC15A1 were performed in
Caco-2 cell monolayers. Interaction of ALA with SLCT15A1 was investigated in MDCK/SLC15AT cells, whereas interactions with
SLC36A1 were investigated in COS-7 cells transiently expressing SLC36A1.

Key results: ALA inhibited SLC36A1-mediated L-[*H]Pro and SLC15A1-mediated ['“C]Gly-Sar uptake in Caco-2 cell monolayers
with 1Cso values of 11.3 and 2.1 mM respectively. In SLC36AT-expressing COS-7 cells, the uptake of ['*C]ALA was saturable with
a Ki, value of 6.8 = 3.0 MM and a Vinax of 96 = 13 pmol-cm=2-min~'. Uptake of ['*C]JALA was pH and concentration dependent,
and could be inhibited by glycine, proline and GABA. In a membrane potential assay, translocation of ALA via SLC36A1 was
concentration dependent, with a Ky, value of 3.8 = 1.0 mM. ALA is thus a substrate for SLC36A1. In Caco-2 cells, apical ['*C]JALA
uptake was pH dependent, but Na' independent, and completely inhibited by 5-hydroxy-L-tryptophan and L-4,4'-
biphenylalanyl-L-proline.

Conclusions and implications. ALA was a substrate for SLC36A1, and the apical absorption in Caco-2 cell was only mediated
by SLC36A1 and SLC15AT1. This advances our understanding of intestinal absorption mechanisms of ALA, as well as its potential
for drug interactions.
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morpholino)ethanesulphonic acid; Pro, proline; Sar, sarcosine; SLC15A1 (hPEPT1), human di/tri-peptide
transporter 1; SLC36A1 (hPAT1), human proton-coupled amino acid transporter 1; TEER, transepithelial

electrical resistance

Introduction

Intestinal absorption of dietary nitrogen across the luminal
membrane occurs by the concerted action of amino acid and
di/tri-peptide transporters. The proton-coupled di/tri-peptide
transporter, SLC15A1, seems to be the only intestinal carrier
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for di/tri-peptides (Nielsen et al., 2002, 2005). Several amino
acid transporters for o-amino acids exist, but in intestinal
cells, SLC36A1 is the only proton-coupled amino acid trans-
porter (Broer, 2008; Thwaites and Anderson, 2006, 2007).
SLC36A1 is an absorptive intestinal transporter for small zwit-
terionic a-amino acids such as proline (Pro), glycine (Gly) and
alanine (Ala) (Chen etal., 2003; Thwaites etal., 1995b),
whereas SLC15A1 is a proton-coupled absorptive intestinal
transporter for di/tri-peptides (Ganapathy and Leibach,
1983). SLC36A1 mRNA expression has been detected in most
parts of the human gastrointestinal tract with maximal
expression in tissues from the small intestine (Chen et al.,
2003; Anderson etal., 2004). Likewise, SLCI5A1 mRNA
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Table 1 Structures of the test compounds used in the present study along with affinities reported for SLC36A1 and SLC15A1
Name Structure Affinity (mM)
SLC36A1 SLC15A1
o
Gly HzN\)k 9.9 NA
OH
o}
H
Sar N\)J\ 1.8 NA
~ OH
o)
L-Pro OH 2.0 NA
NH
O
GABA HZN\/\)L 3.1 NA
OH
o}
ALA NI 0.4
H,N OH
(0]
H | o}
N
Gly-Sar )\’( \)k NI 0.7
H,N OH
Gly-Sar-Sar NI 1.6

O
O H ‘ (0]
HZN\* N\)k
T OH
(0]

Values were taken from Fei et al., 1994; Doring et al., 1998a; Nielsen et al., 2001a; Andersen et al., 2006; Larsen et al., 2008.

NA, no affinity; NI, not investigated.

expression peaks in the human small intestine with only
limited expression in the colon (Hilgendorf et al., 2007; Meier
et al., 2007). Beside the role as nutrient transporters, SIC36A1
and SLC15A1 have been shown to have pharmacological rel-
evance as drug carriers. Drug substances such as vigabatrin,
D-cycloserine, GABA and gaboxadol are transported via
SLC36A1 in various in vitro models (Thwaites et al., 1995a,
2000; Abbot et al., 2006; Larsen et al., 2008). In vivo, we have
recently suggested that the high oral bioavailability observed
for gaboxadol in dogs is mediated by intestinal absorption via
SLC36A1 (Larsen et al., 2009). SLC15A1 has also been estab-
lished as an important carrier in pharmacology, because it
transports B-lactam antibiotics such as penicillins and cepha-
losporins (Bretschneider etal., 1999), bestatin (Inui et al.,
1992) and amino acid prodrugs of acyclovir and ganciclovir
(Beauchamp et al., 1992; de Vrueh et al., 1998; Sugawara et al.,
2000).

Recently, Van Zeebroeck etal. (2009) identified di/tri-
peptides as inhibitors of substrate transport via the general
amino acid permease, Gapl, found in yeast. Gapl is also a
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transporter for GABA (Andre et al., 1993). This stimulated us
to investigate if dipeptidomimetics, such as §-aminolevulinic
acid (ALA), or dipeptides could inhibit substrate transport via
SLC36A1, and if there is a substrate overlap between SLC36A1
and SLC15A1 (see Table 1 for an overview of substrates). ALA
is a 6-amino acid, but because it is a substrate for SLC15A1, it
is also a dipeptidomimetic, and hence of special interest
(Doring et al., 1998a). Loss of the carbonyl group (C=0) from
the structure of ALA (Table 1) results in GABA, which has been
identified as a substrate for SLC36A1 (Thwaites et al., 2000),
but not for SLC15A1 (Doring et al.,, 1998a). The minimal
structural requirement for substrate recognition by SLC15A1
has been suggested to be compounds with a four CH, unit
separation of the charged amino group and the carboxylic
acid (Doring et al., 1998b), whereas Boll et al. (2003) suggested
that for a murine slc36al substrate, the maximal separation
tolerated between the charged amino and carboxyl groups is
only two CH; units, as in GABA.

Based on these structural considerations and the pharma-
cological relevance of SLC36A1 and SLC15A1, the present aim



was to investigate the mechanism of intestinal absorption of
ALA and its transport via SLC36A1. ALA was shown to inhibit
apical substrate uptake via SLC36A1, as well as SLC15A1, in
Caco-2 cells. ALA was not only an inhibitor of uptake, but was
also translocated via SLC36A1 in transfected cells. We thus
identified ALA as a novel substrate for SLC36A1. Furthermore,
we show that in Caco-2 cells, only SLC36A1 and SLC15A1 are
involved in ALA uptake.

Methods

In this paper, drug and molecular target nomenclature follows
Alexander et al., (2008).

Compound selection

The basis for selecting the test compounds (Gly, Sar, Pro,
GABA, ALA, Gly-Sar and Gly-Sar-Sar) used in the present study
is briefly mentioned here (see also Table 1). We used Pro as a
prototypic substrate of SLC36A1 (Thwaites et al., 1993; Chen
et al., 2003; Metzner et al., 2004). Similarly, we used Gly-Sar as
a standard substrate for SLC15A1 (Addison et al., 1972). ALA
(a non-hydrolyzable dipeptidomimetic of Gly-Gly), Gly-Sar
and Gly-Sar-Sar were selected as they have unequivocally
been identified as substrates for SLC15A1 (Fei etal., 1994,
Doring et al., 1998a; Andersen et al., 2006). Furthermore, Gly-
Sar and Gly-Sar-Sar are enzymatically stable in the presence of
Caco-2 cells (Addison et al., 1972; Andersen et al., 2006). This
prevents artefacts arising from compound degradation, as the
constituent amino acids (i.e. Gly and Sar) are substrates for
SLC36A1. Gly, Sar, Pro and GABA were selected as substrates
for SLC36A1 (Chen ef al., 2003). The investigated compounds
provide a progressive separation of the positively charged
amino group from the negatively charged carboxylate group
(i.e. from Gly to Gly-Sar-Sar) (Table 1). The affinity of a
SLC15A1 substrate is suggested to be of high affinity if K, <
0.5 mM (Brandsch et al., 2004), whereas SLC36A1 substrates
generally have lower affinities (K, values around 2-15 mM).
Therefore, the concentration of test compounds used in the
experiments was generally 10 mM for SLC15A1 investiga-
tions, and 30 mM for SLC36A1 investigations. To investigate
the relative contribution of SLC36A1 and SLC15A1 of the
total ALA uptake in Caco-2 cells, inhibition studies were per-
formed. The inhibitor for SLC36A1-mediated ALA uptake
chosen was S5-hydroxy-L-tryptophan (5-HTP), and the com-
petitive inhibitor for SLC15A1-mediated transport was L-4,4’-
biphenylalanyl-L-proline (Bip-Pro) (Metzner etal., 2005;
Knutter et al., 2007).

Cell culture

Protocols for culturing of Caco-2 cells were as previously
described (Nielsen et al., 2001a; Larsen et al., 2008). Caco-2
cells of passages 23 through 31 were seeded onto Transwell
inserts (1.12 cm?, 0.4 um pore size, 10° cells per insert), and
experiments were conducted at days 21-28 after seeding.
Before initiation of experiments, the barrier properties of the
Caco-2 monolayers were assessed by transepithelial electrical
resistance (TEER) measured at room temperature (20°C) in a
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tissue resistance measurement chamber (EndOhm) with a
voltmeter (EVOM), both of which were from World Precision
Instruments (Sarasota, FL, USA). TEER values were always
above 290 Q-cm? MDCK cells stably expressing SLC15A1 or
the empty transfection vector (pcDNA3.1) were seeded in
culture flasks and passaged in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum, 100 U-mL™" penicillin, 100 pg-mL™" streptomycin, 1%
L-glutamine, 1% non-essential amino acids and 0.3 mg-mL™
geneticin. MDCK/SCL15A1 or /pcDNA3.1 cells were seeded
on Falcon Black 96-well plates with clear bottoms at a density
of 2.10* cells per well, and used in the FLIPR membrane
potential assay 3—4 days after seeding. COS-7 cells were seeded
in culture flasks, and passaged in DMEM supplemented with
10% fetal bovine serum, 100 U-mL™ penicillin, 100 pg-mL™
streptomycin, 1% L-glutamine and 1 mM sodium pyruvate.
All cell cultures were grown in a 5% CO,-95% O, atmosphere
at 37°C, and the culture media were replaced every second or
third day.

SLC36A1 subcloning and transfection

In order to transfect SLC36A1 into the mammalian cell line
COS-7, SLC36A1 was subcloned from pSPORT1-hPAT1 into
the pcDNA3.1 vector. The coding sequence of SLC36A1
including a large 3’ untranslated region, was cut from the
pSPORT1 vector using Sall followed by a Klenow treatment,
and then Notl. pcDNA3.1 was digested with EcoRV and NotI,
and SLC36A1 was ligated into the vector. The entire insert was
sequenced in order to verify the orientation, and the open
reading frame was identical to SLC36A1 (NCBI accession no.
NM_078483). COS-7 cells were transfected using TransIT-COS
Transfection Kit following the protocol supplied by the manu-
facturer. Prior to transfections, confluent cells growing in
monolayers were suspended in culture media at a concentra-
tion of 2.75 x 10° cells-mL™". For experiments in either 24- or
96-well plate format, 300 or 50 ng per well DNA (pcDNA3.1 or
pcDNA3.1/SLC36A1), and 1 or 0.15 uL per well transfection
reagent was mixed with 30 or 5 uL per well of serum-free
DMEM, and incubated for 15 min at 20°C. Subsequently, this
mixture was added to the cell suspension, and immediately
afterwards the cells were dispensed into 24- or 96-well plates,
500 or 80 uL per well respectively. Cells were used for experi-
ments 40-48 h after transfection.

Inhibition of apical uptake of SLC36A1 and SLC15A1 substrates
in Caco-2 cells

The ability of the test compounds to inhibit the apical uptake
of the SLC36A1 substrate L-[*H]Pro and the SLC15A1 substrate
["*C]Gly-Sar in Caco-2 cell monolayers was measured as pre-
viously described (Nielsen et al., 2001b; Larsen et al., 2008). In
all experiments, Hanks’s balanced salt solution (HBSS) buffer
(in mM: CaCl,, 1.3; MgCl, 0.49; MgSO,, 0.41; KCl, 5.3;
KH,PO,, 0.44; NaCl, 138; Na,HPO,, 0.34; NaHCOs;, 4.5)
supplemented with 0.05% BSA (hereafter denoted HBSS")
applied to the basolateral side was buffered with 10 mM
HEPES, and adjusted to pH 7.4. HBSS* applied to the apical
side was buffered with 10 mM MES, and adjusted to pH 6.0
after the addition of the test compound. The osmolarity of the
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solutions was 0.286-0.350 osmol-L™!, which we have previ-
ously shown will not affect the uptake rate of Pro (Larsen
et al., 2008).

Apical uptake experiments were initiated by adding fresh
apical HBSS' containing 13 nM (1 uCi-mL™) L-[*H]Pro and
30 mM test compound, or 18 uM (1 uCi-mL™) [*C]Gly-Sar
and 10 mM test compound. The uptake was measured for
S min, and terminated by washing the monolayers three
times with ice-cold HBSS. The polycarbonate filters were cut
from the Transwell supports; 2 mL Ultima Gold scintillation
liquid was added, and the radioactivity was quantified by
scintillation counting on a Packard TriCard liquid scintilla-
tion counter (Meriden, CT, USA). The ability of 30 mM ALA to
inhibit the apical uptake of the SLC36A1 substrate [*H|GABA
(14 nM, 0.5 uCi-mL™), [“C]MeAIB (9 uM, 0.5 uCi-mL™) or
["*C]Gly (6 uM, 0.5 uCi-mL™) was also determined by a similar
method. The concentration-dependent inhibition of the
apical uptake of L-[*H|Pro and [**C]Gly-Sar caused by ALA, as
well as the ability of ALA to inhibit 50% of the apical uptake
(the ICso value) was measured as described earlier using
increasing concentrations of ALA (0.01-300 mM).

The FLIPR membrane potential assay for investigating
translocation via SLC36A1 and SLC15A1
The ability of SLC36A1 and SLC15A1 to translocate the test
compounds was investigated using the FLIPR membrane
potential assay, as described by Faria et al. (2004). This is a
fluorescence-based assay, where the distribution of the fluo-
rescence probe across the plasma membrane is dependent on
the potential of the cell. Upon translocation via the proton-
coupled transporters SLC36A1 and SLC15A1, the membrane
potential decreases and more probe enters the cell. In the cell,
the probe will bind to intracellular proteins and lipids, and
cause an increase in the fluorescence signal. An increase in
fluorescence is thus used as a surrogate marker of electrogenic
substrate translocation via SLC36A1 and SLC15A1, where the
change in fluorescence is proportional to the translocation
rate. We have verified that the probe signal is non-saturable at
the conditions reported here (see Supporting Information).
MDCK/SLC15A1, MDCK/pcDNA3.1 or COS-7 cells trans-
fected with either pcDNA3.1 or SLC36A1 were seeded on
Falcon Black 96-well plates with clear bottoms as described
earlier. On the day of the experiment, the culture media were
aspirated, and the cells were incubated with 50 uL blue mem-
brane potential loading buffer for 30 min at 37°C to allow
probe loading. The loading buffer was prepared by dissolving
0.55 mg-mL™ blue membrane potential probe in either HBSS*
buffer containing 10 mM MES, pH adjusted to 6.0 (for experi-
ments on MDCK cells), or Na*-free HBSS* buffer (in mM:
CaCl,, 1.3; KCl, 5.4; KH,PO4, 0.4; MgCl,, 0.5; MgSO,, 0.4;
CsHi4CINO, 137.5; K,HPO,, 0.34; D-glucose, 5.56; containing
0.05% BSA) containing 10 mM MES with pH adjusted to 6.0
(for experiments in COS-7 cells). Na*-free HBSS® was used in
order to avoid involvement of any sodium-coupled transport-
ers endogenously expressed in COS-7 cells. The cells were
placed in a NOVOstar microplate reader (BMG Laboratory
Technologies, Offenburg, Germany) at 37°C. The emission at
590 nm, caused by excitation at 544 nm, was measured every
0.2 s before and up to 80 s after the addition of 50 uL test
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compounds (compounds were dissolved in the appropriate
loading buffer to a concentration twice the assay concentra-
tion). For representative curves showing change in fluores-
cence measured for Pro and ALA, see Supporting Information.
In order to estimate the SLC15A1- or SCL36A1-specific trans-
location, the corrected change in fluorescence was calculated
by subtracting the average maximal change in fluorescence
measured in mock-transfected cells (AF.,mo) from the
maximal change in fluorescence measured in MDCK/
SLC15A1 or COS-7/SLC36A1 (AF; see Eqn 1). Furthermore, the
corrected change in fluorescence was related to a positive
control (i.e. the change in fluorescence measured by the addi-
tion of 20 mM Pro in case of COS-7/SLC36A1, or 20 mM
Gly-Sar in case of MDCK/SLC15A1), giving a relative change
in fluorescence (AF*) as shown in Eqn 1.

— AF — AFZ\V,]TIOC]( (1)
(AFav - AFav,mock)

control

AF*

[MCJALA uptake in COS-7/SLC36A1 cells

COS-7 cells were transfected with SLC36A1 or the empty
transfection vector (pcDNA3.1, mock), and then seeded on
24-well plates as described earlier. Then, 40-48 h after trans-
fection, the culture media were aspirated, and cells were
equilibrated for 10 min in pre-warmed Na'-free HBSS* buffer
containing 10 mM HEPES, with pH adjusted to 7.4. The
uptake study was initiated by adding fresh Na'-free HBSS*
supplemented with 10 mM MES, with pH adjusted to 6.0,
containing increasing concentrations of ALA (1-30 mM), as
well as 9 uM (0.5 uCi-mL™") [“C]JALA. Preliminary experi-
ments showed that the uptake of L-[PH|Pro in SLC36Al-
transfected COS-7 cells was linear for at least 30 min, thus
uptake of [*C]ALA was measured for 20 min and terminated
by washing the cells twice with ice-cold HBSS. The cells were
detached by adding 150 puL 0.2% Triton-X to the wells, and
incubating for 20 min at 37°C. Following detachment of the
cell layers, the cell suspension was transferred to scintillation
vials containing 2 mL Ultima Gold scintillation liquid. The
amount of radioactivity was quantified by scintillation count-
ing on a Packard TriCard liquid scintillation counter. In order
to analyse the SCL36A1-specific uptake, the DPM obtained in
pcDNA3.1-transfected cells was subtracted from the DPM
obtained in the SLC36A1-transfected cells prior to uptake rate
analysis.

[*C]JALA uptake at pH 7.4 or in the presence of test com-
pounds was measured as described earlier using Na'-free
HBSS* buffer containing 10 mM HEPES, with pH adjusted to
7.4, or Na*-free HBSS* supplemented with 10 mM MES, with
pH adjusted to 6.0, containing 30 mM test compound instead
of increasing concentrations of ALA.

Apical [*CJALA uptake in Caco-2 cells

The apical uptake of [*C]JALA (9 uM, 0.5 uCi-mL™) in Caco-2
cells was measured essentially as described earlier. The pH and
sodium dependency was determined by measuring the apical
uptake in HBSS* or Na*-free HBSS* containing either 10 mM
MES, with pH adjusted to 6.0, or 10 mM HEPES, with pH



adjusted to 7.4. The basolateral side was buffered with HBSS*
or Na*-free HBSS* containing 10 mM HEPES, with pH adjusted
to 7.4. The apical uptake of either 0.5 mM ALA (containing
9uM [“CJALA, 0.5 uCi-mL™") or 25 mM ALA (containing
9 uM [*C]ALA, 0.5 uCi-mL™") was measured in HBSS* contain-
ing 10 mM MES, with pH adjusted to 6.0, in the absence or
presence of 10 mM 5-HTP, 0.5 mM Bip-Pro or 10 mM S5-HTP
and 0.5 mM Bip-Pro. The uptake of ['*C]ALA at a total con-
centration of 0.5 or 25 mM was corrected for the amount of
ALA present in the extracellular fluid, using [*H]mannitol
(0.5 uCi-mL™?) as a marker of the extracellular volume.

Data analysis

The ICs, value of ALA was the concentration at which the
apical uptake of Pro or Gly-Sar, U, was reduced to 50% of
the control value. The ICs, value was determined by fitting
the data to Eqn 2, giving a sigmoidal dose-inhibition curve:

Umax - Umin

U =Unin + T otemmosicsr 2)

U is the specific cellular uptake of Pro or Gly-Sar (0-100%) at
concentration [I] of the inhibitor, in this case ALA. Up, is the
minimal uptake of Pro or Gly-Sar (at the highest value of [I]),
and Uy is the control uptake ([I] = 0), both given as % values.

The relative change in fluorescence (AF*, see Eqn 1), caused
by Gly-Sar, Pro or ALA as a function of substrate concentra-
tion, was fitted to a Michaelis—-Menten type equation:

AF*maxS

AF* =
K,+S

3)
where AF* is the SLC15A1- or SLC36Al-specific change in
fluorescence recorded after the addition of a compound rela-
tive to the SLC15A1- or SLC36A1-specific change in fluores-
cence recorded after the addition of 20 mM Pro in case
of COS-7/SLC36A1, or 20 mM Gly-Sar in case of MDCK/
SLC15A1 (dimensionless), AF*., is the maximal relative
change in fluorescence (dimensionless), K, is the Michaelis-
Menten constant (mM) and S is the concentration of Gly-Sar,
Pro or ALA (mM).

The uptake rate of ALA as a function of the substrate con-
centration was fitted to a Michaelis—-Menten type equation:

V= VmaxS

_Km+S )

where V is the uptake rate (pmol-cm?min™), V. is the
maximal uptake rate (pmol-cm?-min™), K, is the Michaelis—
Menten constant (mM), and S is the concentration of ALA
(mM). All data fitting was done using GraphPad Prism
(version 4.03; San Diego, CA, USA).

In order to estimate the relative contribution of SLC36A1
and SLC15A1 to the total uptake of ALA in Caco-2 cells, the
following assumptions were made. The apical uptake of ALA
is only mediated by SLC36A1 and SLC15A1, and 5-HTP and
Bip-Pro can, under our experimental conditions, be consid-
ered as an inhibitor and a competitive inhibitor of only
SLC36A1 and SLC15A1 (Metzner et al., 2005; Knutter et al.,
2007) respectively. The total uptake rate of ALA is thus given
by the following expression:

8-Aminolevulinic acid is a substrate for SLC36A1
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Vmax -S Vmax -S
Vtotal = o (5)
S +Km Arczear \S +Kum Arcisar

As there are no Ky, or Vi, values available for the separate
transport of ALA via SLC36A1 and SLC15A1 in Caco-2 cells,
the ICs, values for ALA obtained in Caco-2 cells in the present
study are used as estimates of the K, values. The maximal
transport capacity of ALA via SLC36A1 and SLC15A1 is esti-
mated to be 5.0 and 1.9 nmol-min'-cm, respectively, similar
to the V. values obtained for Pro and Gly-Sar uptake in
Caco-2 cells grown under similar conditions (Nielsen et al.,
2003; Larsen et al., 2008).

Using these assumptions, the relative contribution of
SLC36A1 and SLC15A1 to the total apical uptake of ALA is
37% via SLC36A1, and 63% via SLC15A1 at a concentration of
0.5 mM ALA at the apical chamber, and 66% via SLC36A1 and
34% via SLC15A1 at a concentration of 25 mM ALA at the
apical chamber. At 100 mM ALA, SLC36A1 would thus
account for approximately 71% of the total apical uptake in
Caco-2 cell monolayers.

Statistical analysis

Isotope uptake experiments were performed in triplicate
(N = 3) in each cell passage using at least three different
passages (n = 3). FLIPR membrane potential experiments were
performed in quadruplicate (N = 4) for each cell passage using
at least three different passages (n = 3). Values are given as
mean = SEM. Statistical analysis was performed in GraphPad
Prism software, version 4.03. Differences between means were
analysed using the one-way ANOVA followed by Dunnett’s
multiple comparison test in case of comparing mean versus
control, and Bonferroni’s multiple comparison test in case of
comparing pairs of means. Difference between mean and zero
was analysed using a one sample t-test. The following levels of
significance were assigned: P < 0.05, P < 0.01 or P < 0.001.

Materials

The chemicals were from Sigma-Aldrich (St Louis, MO, USA)
unless otherwise stated. Gly-Sar (G3127) from Sigma-Aldrich
is according to the supplier’s ‘certificate of analysis’ 100%
pure based on thin layer chromatography. When we validated
the Gly-Sar from Sigma, we did not find any detectable Gly or
Sar impurities using thin layer chromatography with Sar, Gly
and Gly-Sar standards, and by using a Biochrom 30 Amino
Acid Analyser (Biochrom Ltd, Cambridge, UK), we found
0.1% Gly with no detectable amounts of Sar. L-Glutamine,
geneticin, penicillin and streptomycin were obtained from
Invitrogen (Taastrup, Denmark), while fetal bovine serum was
from Biotech Line (Slangerup, Denmark). Potassium chloride,
potassium dihydrogen phosphate and D-glucose were pur-
chased from Merck KGaA (Darmstadt, Germany). HBSS with
calcium and magnesium was from Gibco, Invitrogen (Paisley,
UK), and H-Gly-Sar-Sar-OH was purchased from BaChem AG
(Budebdorf, Germany). Bip-Pro was a generous gift from Dr
Matthias Brandsch (Biozentrum of the Martin-Luther-
University Halle-Wittenberg, Saxony-Anhalt, Germany)
(Knutter etal.,, 2007). DMEM was obtained from Sigma-
Aldrich (Broenby, Denmark). Caco-2 and COS-7 cells were
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obtained from American Type Culture Collection (Manassas,
VA, USA), and MDCK cell lines stably expressing SLC15A1 or
empty vector were a generous gift from Doris A. Wall (Biop-
harmaceutics R&D, Bristol-Myers Squibb Pharmaceutical
Research Institute, New Brunswick, NJ, USA) (Herrera-Ruiz
etal., 2004). pSPORT1-hPAT1 was a generous gift from Dr
Vadivel Ganapathy (Medical College of Georgia, Augusta, GA,
USA) (Chen etfal., 2003). Cell culture plastic ware was
obtained from Corning Life Sciences (Wilkes Barre, PA, USA)
except from Falcon Black 96-well plates with clear bottoms
that were obtained from BD Biosciences (Franklin Lakes, NJ,
USA). 1-[2,3,4,5-*H]-proline (Pro; 75 Ci-mmol™), o-[1-"*C]-
methylaminoisobutyric acid (MeAIB; 58.8 mCi-mmol’,
v-[2,3-*H(N)]-aminobutyric acid (GABA; 35 Ci-mmol™") and
D-[1-*H(N)]-mannitol  (11.7 Ci-mmol™) were purchased
from PerkinElmer (Boston, MA, USA). [Glycine-1-"*C]-
glycylsarcosine (Gly-Sar; 56 mCi-mmol™, 98% pure, contains
2.2 = 0.01% of the total radioactivity as ["*C]Gly) was from
GE-Healthcare (Freiburg, Germany), ["*C(U)]-glycine (Gly;
87 mCi-mL™") was from Larodan Fine Chemicals AB (Malmo,
Sweden) and [4-"*C]-5-ALA hydrochloride (55 mCi-mmol™)
was purchased from American Radiolabeled Chemicals (St
Louis, MO, USA). TransIT-COS Transfection Kit was purchased
from Mirus Bio Corporation (Madison, WI, USA). Ultima Gold
scintillation liquid was from PerkinElmer. Blue membrane
potential probe was purchased from Molecular Devices
(Sunnydale, CA, USA).

Results

Characterization of apical uptake of the SLC36A1 substrate
L-[*H]Pro and the SLC15A1 substrate [*C|Gly-Sar in Caco-2 cell
monolayers in the presence of test compounds

The apical uptake of the SLC36A1 substrate L-[*H]Pro in
Caco-2 cell monolayers was investigated in the presence of
30 mM test compound. The apical L-[*H]Pro uptake was sig-
nificantly decreased in the presence of Gly, Sar, Pro and GABA
(Figure 1A). Surprisingly, 30 mM ALA was also able to inhibit
the SLC36A1-mediated apical uptake of L-[*H]Pro in Caco-2
cell monolayers, whereas 30 mM Gly-Sar-Sar did not
(Figure 1A). The apical uptake of L-[*H]Pro was significantly
reduced to 67% of the control uptake in the presence of
30 mM Gly-Sar (n = 5, P < 0.01). The apical uptake of the
SLC15A1 substrate [*C]Gly-Sar was not significantly inhibited
by 10 mM of Gly, Sar, Pro or GABA (Figure 1B). As expected,
the apical uptake of [**C]Gly-Sar was inhibited by 10 mM of
ALA, Gly-Sar and Gly-Sar-Sar to approximately 10-20% of the
uptake in the absence of inhibitor (Figure 1B). Thus, ALA is
capable of inhibiting substrate transport via SLC36A1 and
SLC15A1.

ALA inhibits the apical uptake of SLC36A1 substrates

in Caco-2 cells

In order to further investigate the ability of ALA to inhibit
SLC36A1-mediated substrate transport, the apical uptake of
SLC36A1 substrates [*H]JGABA, [“C]MeAIB and [“C]Gly was
investigated in Caco-2 cells in the absence and presence of
30 mM ALA. ALA was able to inhibit the apical uptake of these
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SLC36A1 substrates by 70-80% (Figure 1C). This indicates
that ALA interacts with the substrate binding site of SLC36A1.

ALA inhibits the apical uptake of L-’H]Pro and ["*C]Gly-Sar in
Caco-2 cell monolayers in a concentration-dependent manner

In a subsequent series of experiments, the ability of ALA to
inhibit, concentration dependently, the apical uptake of
L-[*H]Pro or ["*C]Gly-Sar was investigated. ALA inhibited the
apical uptake of L-[*H]Pro in a concentration-dependent
manner with an ICs, value of 11.3 mM (logICso of 1.05 =
0.128) (Figure 2A). The apical uptake of ["*C]Gly-Sar was also
concentration dependently inhibited by ALA with an ICs
value of 2.1 mM (logICs, of 0.327 *= 0.078) (Figure 2B). This
strongly indicates that ALA is competing with both L-[*H]|Pro
and [“C]Gly-Sar on the exterior binding site of the
transporters.

ALA was translocated via SLC15A1 in MDCK cells stably
transfected with SLC15A1

To further characterize transport of the test compounds and
ALA via SLC15A1, investigations were performed in MDCK
cells stably transfected with SLC15A1. The ability of a com-
pound to cause a membrane depolarization following the
symport of protons and substrate was used as a surrogate
marker of electrogenic substrate influx. This was measured as
changes in membrane potential using a microplate reader,
as described in Methods. An increase in fluorescence emitted
is proportional to a decrease in membrane potential, which is
indicative of proton-coupled transport via SLC15A1. In
Figure 3A, the concentration-dependent relative change in
fluorescence (AF*) caused by Gly-Sar is shown. The Gly-Sar
transport was saturable with a K, value of 2.3 = 0.56 mM and
a AF*,,x of 1.1 * 0.07 of the response recorded with 20 mM
Gly-Sar. In Figure 3B, the ability of the test compounds to be
translocated via SLC15A1 is shown as the SLC15A1-specific
change in fluorescence relative to the change in fluorescence
caused by 20 mM Gly-Sar. As an example, the relative change
in fluorescence recorded with ALA is 1.2 (i.e. the SLC15A1-
specific change in fluorescence caused by 30 mM ALA is 1.2
times the fluorescence emitted after the addition of 20 mM
Gly-Sar). It is evident that 30 mM of Gly, Sar, Pro and GABA
was not able to induce changes in fluorescence significantly
different from zero, indicating that Gly, Sar, Pro and GABA are
not translocated via SLC15A1. As expected, 30 mM of ALA,
Gly-Sar and Gly-Sar-Sar was able to generate a decrease in
membrane potential similar to the one recorded for 20 mM
Gly-Sar (Figure 3B). The concentration-dependent relative
change in fluorescence caused by ALA was then investigated
(Figure 3C). The SLC15Al-mediated transport of ALA was
saturable with a K, of 6.4 £ 1.5 mM and a AF*,, of 1.7 =
0.14. Collectively, this confirms earlier studies showing that
ALA, Gly-Sar and Gly-Sar-Sar are substrates for SLC15A1,
whereas Gly, Sar, Pro and GABA are not substrates.

ALA was translocated via SLC36A1 in COS-7 cells transiently
transfected with SLC36A1

In order to investigate whether ALA and the other test com-
pounds were translocated via SLC36A1, or merely inhibitors
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of SLC36A1 substrate transport, a series of experiments
were performed in COS-7 cells transiently transfected with
SLC36A1. Initially, the concentration-dependent SLC36A1-
specific relative change in fluorescence (AF*) caused by Pro
was investigated (Figure 4A). The relative change in fluores-
cence was saturable with a K, value of 4.7 = 0.8 mM and a
AF*ax of 1.1 + 0.06 of the response recorded with 20 mM Pro.
For the test compounds, 30 mM of Gly, Sar, Pro, GABA and
ALA induced changes in fluorescence similar to 20 mM Pro

8-Aminolevulinic acid is a substrate for SLC36A1
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Figure 1 Inhibition of apical uptake of SLC15A1 or SLC36A1 sub-
strates in Caco-2 cells. All compounds were dissolved in HBSS* con-
taining 10 mM MES; pH adjusted to 6.0 and added to the apical side;
HBSS* at the basolateral side contained 10 mM HEPES, and pH was
adjusted to 7.4. Apical uptake was measured for 5 min. (A) The apical
uptake of the SLC36A1 substrate L-[*H]Pro (13 nM) was measured in
the absence or presence of 30 mM test compound. The uptake
measured in the absence of inhibitor was taken as 100% (control).
Each bar represents the mean + SEM of three to five different pas-
sages (n = 3-5). One-way ANOVA showed significant (P < 0.0001)
differences between the means. **P < 0.01 significantly different from
control. (B) The apical uptake of the SLC15A1 substrate ['“C]Gly-Sar
(18 uM) was measured in the absence or presence of 10 mM test
compound. The uptake measured in the absence of inhibitor was
taken as 100% (control). Each bar represents the mean * SEM of
three different passages (n = 3). One-way ANOVA showed significant
(P < 0.0001) differences between the means **P < 0.01 significantly
different from control. (C) The apical uptake of the SLC36A1 sub-
strate [*H]JGABA (GABA, 14 nM), [“C]MeAIB (MeAIB, 9 uM) or
["*C]Gly (Gly, 6 uM) was measured in the absence or presence of
30 mM ALA (denoted by +). The uptake measured in the absence
of ALA was taken as 100%. Each bar represents the mean = SEM of
three different passages (n = 3). One-way ANOVA showed significant
(P < 0.0001) differences between the means. ***P < 0.001 signifi-

cantly different from the uptake measured in the absence of ALA.

o
<

(Figure 4B), indicating that they all were substrates for elec-
trogenic transport via SLC36A1 (Figure 4B). Moreover, 30 mM
of Gly-Sar was able to produce approximately 50% of the
response given by 20 mM Pro. Gly-Sar-Sar was not able to
induce changes in the fluorescence response significantly dif-
ferent from zero. The concentration-dependent transport of
ALA was then investigated. The SLC36A1-mediated relative
change in fluorescence caused by ALA in transfected COS-7
cells was saturable with a K,, value of 3.8 = 1.0 mM and a
AF*nax of 0.98 = 0.08 of the response given by 20 mM Pro
(Figure 4C).

To further verify that ALA is a substrate for SLC36Al,
["*C]ALA uptake in transfected COS-7 cells was measured with
and without a pH gradient, in the presence of the test com-
pounds and as a function of increasing ALA concentrations
(Figure 5). In Figure 5A, the uptake of ["*C]ALA is approxi-
mately 200% higher in SLC36A1-transfected then in mock-
transfected COS-7 cells. In the presence of 50 mM ALA, the
uptake of ["CJALA is reduced to a level comparable to the
uptake in COS-7 cells transfected with the empty transfection
vector (pcDNA3.1). Changing the pH of the incubation
medium from 6.0 to 7.4 significantly reduces the uptake of
[*C]ALA in SLC36A1 expressing COS-7 cells (Figure 5A). The
uptake of ["C]ALA in the presence of the test compounds
confirms that Gly, Pro, GABA and ALA, but not Gly-Sar-Sar,
are able to significantly reduce the substrate uptake via
SLC36A1. Gly-Sar is able to inhibit the uptake of [*C]ALA,
although to a lesser extent than the other SLC36A1 substrates
(Figure 5B). The concentration-dependent uptake of ALA was
then investigated (Figure 5C). The SLC36A1-mediated trans-
port of ALA was saturable with a K, of 6.8 £ 3.0 mM and a
Vimax Of 96 = 13 pmol-cm™min™. Collectively, this confirms
earlier studies showing that Gly, Sar, Pro and GABA are sub-
strates for SLC36A1, and additionally shows that ALA is a
substrate for SLC36A1, whereas Gly-Sar-Sar is not a substrate.
Gly-Sar also seems to bind to SLC36A1, although with a much
lower affinity than ALA. ALA is thus a substrate for both
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Figure 2 Inhibition of apical L-[*H]Pro or ['*C]Gly-Sar uptake by ALA
in Caco-2 cells. All compounds were dissolved in HBSS* containing
10 mM MES; pH adjusted to 6.0 and added to the apical side; HBSS*
at the basolateral side contained 10 mM HEPES, and pH was adjusted
to 7.4. Apical uptake was measured for 5 min. (A) The apical uptake
of L-[*H]Pro (13 nM) was measured in the absence or presence of
increasing concentrations of ALA. The uptake measured in the
absence of ALA was taken as 100%. The ICs, value was estimated
using Eqn 2 to 11.3 mM (loglCs of 1.05 = 0.128). Each data point
represents the mean * SEM of three different passages (n = 3). (B)
The apical uptake of [“C]Gly-Sar (18 uM) was measured in the
absence or presence of increasing concentrations of ALA. The uptake
measured in the absence of ALA was taken as 100%. The ICso value
was estimated using Eqn 2 to 2.1 mM (loglCs, of 0.327 = 0.078).
Each data point represents the mean = SEM of three different
passages (n = 3).

SLC36A1 and SLC15A1, which illustrates a novel substrate
overlap between the two transporters.

SLC36A1 and SLC15A1 are the only transporters for ALA in
Caco-2 cells

We have shown that SLC36A1 and SLC15A1 are both trans-
porters of ALA in transfected cell systems. To investigate if
other transporters are involved in intestinal absorption, we
investigated the apical ALA uptake in Caco-2 cell monolayers
in the presence and absence of sodium and inhibitors of
SLC36A1 and SLC15A1. The apical uptake of [C]JALA in
Caco-2 cell monolayers showed no sodium dependency at pH
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6.0 or 7.4, whereas the pH dependency of ALA uptake was
confirmed (Figure 6A). To estimate the relative contribution
of the SLC36A1- and SLC15A1-mediated transport of the total
transport of ALA, we investigated transport at two different
apical concentrations of ALA (i.e. 0.5 and 25 mM). Investiga-
tion of the apical ALA uptake with a donor concentration of
0.5 mM showed that 10 mM 5-HTP significantly inhibited the
uptake of ALA to 73% of the uptake in the absence of inhibi-
tor. Likewise, 0.5 mM Bip-Pro inhibited the uptake of ALA to
36% of the control uptake. The uptake of ALA in the presence
of both 5-HTP and Bip-Pro was negligible (4%) (Figure 6B).
Performing uptake experiments with a higher ALA concentra-
tion (25 mM) showed that 10 mM 5-HTP significantly inhib-
ited the uptake of ALA to 51% of the uptake in the absence of
inhibitor. Likewise, 0.5 mM Bip-Pro inhibited the uptake of
ALA to 72% of the control uptake. The uptake of ALA in the
presence of both 5-HTP and Bip-Pro was 16% (Figure 6C). The
uptake of ALA at an apical concentration of 0.5 mM was thus
mostly inhibited by an inhibitor for SLC15A1 and to a minor
degree by an inhibitor of SLC36A1, whereas this pattern was
reversed at a higher apical ALA concentration of 25 mM. This
indicates that only SLC36A1 and SLC15A1 are relevant trans-
porters of apical ALA transport at the pH values and ALA
concentrations investigated, and that SLC36A1 is the major
determinant of ALA uptake at high ALA concentrations.

Discussion and conclusions

The present study shows for the first time that ALA is a
substrate for the proton-coupled amino acid transporter
SLC36A1 (hPAT1). In Caco-2 cell monolayers, only SLC36A1
and SLC15A1 are involved in apical uptake of ALA, which
suggests that the intestinal absorption of ALA is likely to be
mediated by both SLC15A1 and SLC36A1. Furthermore, the
present work shows a substrate overlap for ALA between two
proton-coupled transporters for distinct exogenous substrates
(i.e. amino acids and di/tri-peptides).

ALA is a substrate for the proton-coupled amino acid

transporter SLC36A1

In the present study, ALA was able to inhibit the apical uptake
of SLC36A1 substrates L-[*H]|Pro, [*H]GABA, ["*C]MeAIB and
["*C]Gly in Caco-2 cells. Furthermore, ALA inhibited the apical
uptake of L-[*H]Pro in a concentration-dependent manner,
with an ICs, value of 11.3 mM (logICs, of 1.05 + 0.128). The
affinity of ALA is thus comparable to the affinity of Gly
(Ki=9.9 mM), which is a natural substrate for SLC36A1 (Chen
et al., 2003; Larsen et al., 2008). Pro is a substrate for several
amino acid transporters, but in Caco-2 cell monolayers only
SLC36A1 has so far been identified as being involved in apical
Pro uptake (Thwaites et al., 1993; Metzner et al., 2004; Larsen
et al., 2008). ALA inhibits apical L-[*H]Pro uptake in Caco-2
cells is indicative of ALA binding to SLC36A1, and ALA could
therefore be either an inhibitor or a substrate. Binding to the
external binding pocket of a transporter does not necessarily
implicate that the bound ligand is translocated and released
to the cytosolic side, as is seen with S5-HTP, which is a
non-translocated ligand of SLC36A1 (Metzner et al., 2005).
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Translocation of ALA via SLC36A1 was therefore investigated
in transiently transfected COS-7 cells following two different
experimental approaches. To avoid the involvement of any
sodium-coupled transporter endogenously expressed in
COS-7 cells, experiments were performed in the absence of
sodium. The transport of ALA via SLC36A1 in COS-7 cells was
investigated using the FLIPR membrane potential assay. The
translocation of ALA was concentration dependent with a K,
value of 3.8 = 1.0 mM. Because the AF*,,,x was 0.98 + 0.08, the
maximal change in fluorescence induced by ALA was similar
to the change in fluorescence caused by 20 mM Pro. To further
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Figure 3 Translocation via SLC15A1 in MDCK cells stably trans-
fected with SLC15A1. The experimental data were generated using
the fluorescence-based FLIPR membrane potential assay (see
Methods). The relative change in fluorescence (AF*, see Eqn 1) is the
SLC15A1-specific change in fluorescence recorded after electrogenic
transport of a compound relative to the SLC15A1-specific change in
fluorescence recorded after the addition of 20 mM Gly-Sar. The
changes in fluorescence are thus normalized to the changes in fluo-
rescence measured with 20 mM Gly-Sar. All recordings were done in
HBSS* buffer containing 10 mM MES, pH adjusted to 6.0. (A)
Concentration-dependent relative change in fluorescence caused by
Gly-Sar via SLC15A1. The relative change in fluorescence (AF*) was
analysed using Eqn 3, giving a K, value of 2.3 = 0.56 mM, and a
AFfmax of 1.1 = 0.07 of the response given by 20 mM Gly-Sar. Each
data point represents the mean = SEM of four different passages (n
= 4). (B) Relative change in fluorescence caused by the test com-
pounds via SLCT15A1. The SLC15A1-specific change in fluorescence
recorded in the presence of 30 mM compound was related to the
SLC15A1-specific change in fluorescence measured in the presence of
20 mM Gly-Sar. Each bar represents the mean * SEM of four different
passages (n = 4). ***P < 0.001 and **P < 0.01 significantly different
from zero. (C) Concentration-dependent relative change in fluores-
cence caused by ALA via SLC15A1. The relative change in fluores-
cence (AF*) was analysed using Eqn 3, giving a K value of 6.4 =
1.5 mM, and a AF*.c of 1.7 £ 0.14 of the response given by 20 mM
Gly-Sar. Each data point represents the mean + SEM for three differ-
ent passages (n = 3).
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verify that ALA is a substrate for SLC36A1, we confirmed,
using uptake studies with [*C]ALA in transfected COS-7 cells,
that the transport of ALA via SLC36A1 is concentration depen-
dent; dependent on extracellular pH; and can be inhibited by
Gly, Pro and GABA. Collectively, we identified ALA as a novel
substrate for SLC36A1.

Substrate overlap between SLC36A1 and SLC15A1

The findings of the present study add to the current under-
standing of the structure-activity relationship for SLC36A1.
Murine slc36al has been shown to bind Gly, B-alanine and
GABA with high affinity, and §-aminopentanoic acid with a
low affinity (Boll et al., 2003). These authors suggested that,
for a slc36al substrate, the maximal separation tolerated
between the amino and carboxyl groups is only two CH,
units, as in GABA (Boll et al., 2003). Here, we show that a
separation of two CH, units and a C=0 unit is well tolerated,
as the chemical difference between ALA and GABA is that ALA
contains an additional carbonyl group (C=0) (see Table 1).
The existence of a carbonyl group in ALA introduces a planar
bond in the molecule, thus positioning the charged N- and
C-termini differently and closer to each other, as compared to
the flexible §-aminopentanoic acid molecule. This could be
the reason for the observed affinity of ALA relative to
d-aminopentanoic acid. Besides the finding that ALA is a
substrate for both SLC36A1 and SLC15A1, the present study
also indicates that Gly-Sar binds to SLC36A1, although with a
very low affinity. The uptake of L-[*H]Pro in Caco-2 cells is
slightly inhibited by Gly-Sar, and in SLC36A1 expressing
COS-7 cells, the uptake of ["*C]ALA was approximately 50% of
the control value in the presence of 30 mM Gly-Sar. Moreover,
Gly-Sar is able to change the membrane potential in SLC36A1
expressing COS-7 cells. However, the signals induced by Gly-
Sar are smaller than those observed for the other substrates for
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SLC36A1. That Gly-Sar inhibits the uptake of Pro and ALA
could be due to amino acid impurities (i.e. Gly or Sar) present
in the batch. However, the certificate of analysis for Gly-Sar
from Sigma-Aldrich states that Gly-Sar is 100% pure. More-
over, we found no detectable amounts of Sar and only 0.1%
free Gly in the Gly-Sar batch used (see Methods). Thus, free
amino acids in the Gly-Sar batch are not the cause for the
observed results. In comparison with ALA, Gly-Sar has an
amide bond, which also reduces the flexibility of the molecule
compared to §-aminopentanoic acid. Neither ALA nor Gly-Sar
has side chain residues other than -H in what would be the
side chains of a dipeptide. As L-serine and other amino acids
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Figure 4 Translocation via SLC36A1 in COS-7 cells transiently trans-
fected with SLC36A1. The experimental data were generated using
the fluorescence-based FLIPR membrane potential assay (see
Methods). The relative change in fluorescence (AF*, see Eqn 1) is the
SLC36A1-specific change in fluorescence recorded after electrogenic
transport of a compound relative to the SLC36A1-specific change in
fluorescence recorded after the addition of 20 mM Pro. The changes
in fluorescence are thus normalized to the changes in fluorescence
measured with 20 mM Pro. All recordings were done in Na*-free
HBSS* buffer containing 10 mM MES, pH adjusted to 6.0. (A)
Concentration-dependent relative change in fluorescence caused by
Pro via SLC36A1. The relative change in fluorescence (AF*) was
analysed using Eqn 3, giving a K, value of 4.7 = 0.8 mM, and a
AF*max of 1.1 = 0.06 of the response given by 20 mM Pro. Each data
point represents the mean = SEM of three different passages (n = 3).
(B) Relative change in fluorescence caused by the test compounds via
SLC36A1. The SLC36A1-specific change in fluorescence recorded in
the presence of 30 mM compound was related to the SLC36A1-
specific change in fluorescence measured in the presence of 20 mM
Pro. Each bar represents the mean = SEM of three different passages
(n=3). **P<0.001, *P < 0.01 and *P < 0.05 significantly different
from zero. (C) Concentration-dependent relative change in fluores-
cence caused by ALA via SLC36A1. The relative change in fluores-
cence (AF*) was analysed using Eqn 3, giving a K value of 3.8 =
1.0 mM, and a AF* ., of 0.98 + 0.08 of the response given by 20 mM
Pro. Each data point represents the mean + SEM for three different
passages (n = 3).
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with branched side chains are not substrates for SLC36A1
(Chen et al., 2003), it does not seem likely that dipeptides
or dipeptidomimetics in general should be substrates for
SLC36A1. However, as illustrated here, substrates could
include other dipeptides with -H or -CH; containing amino
acid side chains (e.g. Gly-Gly or Ala-Ala). In fact, preliminary
experiments in our laboratory suggest that Gly-Pro and Ala-
Gly also inhibit uptake of SLC36A1 substrates in Caco-2 cell,
although with a low affinity. Thus, further studies are needed
in order to classify Gly-Sar as a substrate for SLC36A1. ALA has
previously been shown to be a substrate for SLC15A1. Doring
etal., (1998b) showed that ALA as opposed to GABA is trans-
ported via SLC15A1, and concluded that the minimal struc-
tural requirement for recognition by SLC15A1 was a
separation of the amino group and the carboxylic acid of four
methylene groups. The present study confirms these basic
structural requirements for SLC15A1, and suggests that for
SLC36A1 both separation and positioning of the charged N-
and C-termini may be important for substrate binding.

Pharmacological implications of the interaction of

ALA with transporters

ALA has been used for both photodynamic diagnosis and
therapy. Recently, ALA was used in photodynamic diagnosis
for the evaluation of the surgical margins during radical pros-
tatectomy in patients with prostate cancer (Zaak et al., 2008).
The 16 patients in this study received 20 mg ALA per kilogram
body weight as a 200 mL oral solution. This corresponds
approximately to an initial intestinal ALA concentration of
53 mM for a 70 kg person. In another study with patients
having bladder cancer, a 40 mg-kg™' oral solution was given
(Waidelich et al., 2001), which corresponds to an initial intes-
tinal ALA concentration of 107 mM. In a pharmacokinetic
study of ALA in healthy human volunteers, a lower oral ALA
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concentration of approximately 6 mM was used (Dalton et al.,
2002). The doses used for oral administration of ALA thus
result in mM concentrations in the intestine. ALA is well
absorbed, as the oral absorption fraction is 56% in healthy
human volunteers and 42% in beagle dogs (Dalton et al.,
1999, 2002). The affinity of SLC15A1 substrates is high if K, <
0.5 mM (Brandsch et al., 2004), whereas SLC36A1 substrates
generally have lower affinities (K, values around 2-15 mM).
The transport capacity of SLC36A1 appears to be larger than
of SLC15A1. In Caco-2 cells grown under similar conditions,
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Figure 5 [“CJALA uptake via SLC36A1 in COS-7 cells transiently
transfected with SLC36A1. The uptake of ["*CJALA (9 uM) in COS-7
cells transiently transfected with SLC36A1 or pcDNA3.1. Uptake was
measured for 20 min in Na*-free HBSS* containing 10 mM MES, pH
adjusted to 6.0, unless otherwise stated. (A) [“CJALA uptake
(pmol-cm2-min~") in SLC36A1 or pcDNA3.1-transfected COS-7 cells.
Uptake was measured in Na*-free HBSS* containing 10 mM MES, pH
adjusted to 6.0, or Na*-free HBSS* containing 10 mM HEPES, pH
adjusted to pH 7.4 with or without 50 mM ALA. Each bar represents
the mean + SEM for four different passages (n = 4). One-way ANOVA
showed significant (P < 0.0001) differences between the means. **P
< 0.01 significantly different from the uptake at pH 6.0 in SLC36A1-
transfected COS-7 cells. (B) The SLC36A1-specific uptake of ['*CJALA
(9 uM) in the presence of 30 mM test compound. The uptake mea-
sured in the absence of inhibitor was taken as 100%. Each bar
represents the mean + SEM for three different passages (n = 3).
One-way ANOVA showed significant (P < 0.0001) differences between
the means. **P < 0.01 significantly different from the control. (C)
Concentration-dependent uptake of ["*CJALA (pmol-cm2-min~") via
SLC36A1. The uptake rate was analysed using Eqn 4, giving a K,
value of 6.8 = 3.0 mM, and a Viux of 96 = 13 pmol-cm™2.min~". Each
data point represents the mean = SEM of three different passages
(n=23).

o
<

the maximal transport capacity across the apical membrane,
Vimay, 18 5.0 and 1.9 nmol-min'-cm™ for Pro and Gly-Sar,
respectively (Nielsen et al., 2003; Larsen et al., 2008). Thus, as
oral ALA administration results in intestinal mM concentra-
tions notably higher than the SLC15A1 ALA K, value
(Table 1), SLC36A1, based on our findings in Caco-2 cell
monolayers, may be the major determinant for the
transporter-mediated intestinal uptake of ALA. In Figure 6, we
show that at 0.5 mM the majority of ALA uptake is inhibited
by a SLC15A1 substrate, whereas at 25 mM the majority of the
ALA uptake is inhibited by a SLC36A1 substrate. Our findings
are in agreement with our calculations, which together with
the lack of sodium dependency of the uptake of ALA point to
the fact that only SLC36A1 and SLC15A1, at the conditions
studied, are relevant absorptive transporters for ALA.

A few papers have previously reported that there is an
interaction between GABA and ALA at the level of cellular
uptake in mammalian cells (Rud et al., 2000; Irie et al., 2001;
Bermudez et al., 2002; Rodriguez et al., 2006). However, the
molecular nature of some of the transporters involved has not
been unequivocally shown. In Caco-2 cell monolayers, Irie
etal. (2001) found that the apical uptake of ALA could be
inhibited by Gly-Sar, and concluded that SLC15A1 was the
major transporter for ALA in Caco-2 cells. However, these
authors also found that Gly and GABA could inhibit apical
uptake of ALA, and furthermore that Gly-Sar was only able to
inhibit a minor fraction of the total apical ALA uptake (Irie
et al., 2001). This actually supports our findings, as it indicates
that SLC36A1 could account for the majority of the apical
uptake of ALA in Caco-2 cells. In the murine mammary
adenocarcinoma LM3 cell line, GABA inhibited uptake of
ALA, but the SLC36A1 substrate L-alanine at a concentration
of 2 mM was unable to inhibit the uptake of either ALA or
GABA (Rodriguez et al., 2006), thus pointing to an interaction
with a transporter different from SLC36A1 or SLC15A1. In
another study, it was postulated that ALA interacts with a
transporter of the ‘BETA-transporter family’ such as mGAT2
(Bermudez et al., 2002). The murine GAT2 is the orthologue of

British Journal of Pharmacology (2010) 159 1339-1353
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the human BGT-1 (SLC6A12), and hGAT-1, hBGT-1, hGAT-2
and hGAT-3 have affinities for GABA in 10-26 uM range (Kvist
et al., 2009). Furthermore, BGT-1 is likely to be expressed in
the basolateral membrane of epithelial cells (Yamauchi et al.,
1992), and therefore some of these transporters could be can-
didates for mediating the cellular exit of ALA from intestinal
cells. Other transporters, such as an unspecified organic anion
transporter, and SLC15A1 and SLC15A2 have been suggested

British Journal of Pharmacology (2010) 159 1339-1353

Figure 6 Apical ['*CJALA uptake in Caco-2 cells. The apical uptake
of ["CJALA (9 uM) was measured for 5 min in HBSS* containing
10 mM MES, pH adjusted to 6.0 at the apical side, and HBSS*
containing 10 mM HEPES, pH adjusted to 7.4 at the basolateral side,
unless otherwise stated. (A) The pH and sodium dependency of apical
["*C]JALA uptake. Uptake was measured at apical pH 6.0 or 7.4 in the
absence (shown as -) or presence (shown as +) of sodium. The apical
side was buffered with HBSS* or Na*-free HBSS* containing either
10 mM MES, pH adjusted to 6.0, or 10 mM HEPES, pH adjusted to
7.4. The basolateral side was buffered with HBSS* or Na*-free HBSS*
containing 10 mM HEPES, pH adjusted to 7.4. Each bar represents
the mean = SEM of three different passages (n = 3). NS denotes no
significant difference between uptake measured in the presence or
absence of sodium. (B) Inhibition of apical uptake of 0.5 mM
["*CJALA. Uptake was measured in the absence or presence of 10 mM
5-HTP (+ 5-HTP), 0.5 mM Bip-Pro (+ Bip-Pro) or 10 mM 5-HTP and
0.5 mM Bip-Pro (+ 5-HTP + Bip-Pro). The uptake measured in the
absence of inhibitor was taken as 100%. Each bar represents the
mean * SEM of three different passages (n = 3). One-way ANOVA
showed significant (P < 0.0001) differences between the means.
**P < 0.01 significantly different from the uptake measured in the
absence of inhibitor. (C) Inhibition of apical uptake of 25 mM
["*CJALA. Uptake was measured in the absence or presence of 10 mM
5-HTP (+ 5-HTP), 0.5 mM Bip-Pro (+ Bip-Pro) or 10 mM 5-HTP and
0.5 mM Bip-Pro (+ 5-HTP + Bip-Pro). The uptake measured in the
absence of inhibitor was taken as 100%. Each bar represents the
mean * SEM of three different passages (n = 3). One-way ANOVA
showed significant (P < 0.0001) differences between the means.
**P < 0.01 significantly different from the uptake measured in the
absence of inhibitor.

i
<

to be involved in cellular ALA uptake in tissues other than the
intestine (Novotny efal.,, 2000; Neumann and Brandsch,
2003). ALA is thus capable of interacting with several different
transporters in the body. In the gastrointestinal tract,
SLC36A1 and SLC15A1 are both expressed in the luminal
membrane of cells from the small intestine, and it seems
evident that these two transporters will determine the intes-
tinal absorption across the luminal membrane due to the
large capacity and low-affinity nature of these transporters.
However, the expression of SLC15A1 and SLC36A1 has also
been shown in a number of other tissues, indicating that the
findings of the present study that ALA is a substrate for
SLC36A1, may also help in the understanding of ALA dispo-
sition in tissues other than the intestine.

In conclusion, the present study shows for the first time
that ALA is a substrate for SLC36A1. A substrate overlap
between SLC36A1 and SLC15A1 was identified for ALA. Fur-
thermore, SLC36A1 may be the transporter determining the
majority of the intestinal absorption of ALA at intestinal
concentrations resulting from common oral dosing
regiments.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Fluorescence emitted in response to proline. Rep-
resentative curves showing the time resolution of the change
in fluorescence emitted in response to increasing concentra-
tions of praline on SLC36A1 or mock transfected COS-7 cells.
Each data point represents the average change in fluorescence
measured in four independent wells in a single experiment
(n=4). ‘1 P’ denotes 1 mM proline and so forth.

Figure S$2 Fluorescence emitted in response to ALA. Repre-
sentative curves showing the time resolution of the change in
fluorescence emitted in response to increasing concentrations
of ALA on SLC36A1 or mock transfected COS-7 cells. Each
data point represents the average change in fluorescence mea-
sured in four independent wells in a single experiment (n = 4).
‘1 A’ denotes 1 mM ALA and so forth.

Figure $3 Change in fluorescence emitted as response to
increasing concentrations of extracellular potassium. The
maximal change in fluorescence AF, measured via the FLIPR®
membrane potential assay on MDCK/SLC15A1 cells, in
response to increasing concentrations of extracellular potas-
sium [K'],, after preincubation with valinomycin. The cells
where incubated with 1 pM valinomycin dissolved in loading
buffer for 30 min at 37°C. The concentration of potassium in
the loading buffer was 5.8 mM. Each data point represents the
mean =+ standard error of the mean of four different wells
(n=4).

Figure S4 Linearity between change in fluorescence and
change in membrane potential. The maximal change in fluo-
rescence AF, measured via the FLIPR® membrane potential
assay on MDCK/SLC15A1 cells, is shown as a function of the
change in membrane potential (depolarization) caused by
addition of increasing concentrations of extracellular potas-
sium (5.8-144 mM). The change in membrane potential, AV,
is calculated from Nernst equation, Eq. (1). Each data point
represents the mean * standard error of the mean of four
different wells (n = 4).

Figure S5 Non-saturation of the redistribution of the Blue
Membrane Potential probe. The maximal change in fluores-
cence AF measured in the FLIPR® membrane potential assay
on MDCK/SLC15A1, in response to either 1 mM or 30 mM
Gly-Sar (GS) as a function of the concentration of the Blue



Membrane Potential probe (MP probe) in the loading buffer.
The dashed line represents the concentration used in the
present study (0.55 mg-mL™). Each data point represents the
mean * standard error of the mean of four different wells (N
=4) in two different experiments (n = 2).
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