PET Fask e ST R e APk M A i 057100

JPET #57109

Transport of Amino acid-based Prodrugs by the Na'- and CI- coupled Amino Acid
Transporter ATB"" and Expression of the Transporter in Tissues Amenable for Drug

Delivery

TAKAHIRO HATANAKA, MASAYUKI HARAMURA, YOU-JUN FEI, SEIJI
MIYAUCHI, CHRISTY C. BRIDGES, PREETHI S. GANAPATHY, SYLVIA B. SMITH,

VADIVEL GANAPATHY, and MALLIGA E. GANAPATHY

Departments of Medicine (M. E. G.), Biochemistry and Molecular Biology (T. H., Y-J. F., S. M.,
C. C. B, V. G.), and Cellular Biology and Anatomy (S. B. S., P. S. G.), Medical College of

Georgia, Augusta, Georgia and Chugai Biopharmaceuticals, Inc., San Diego, California (M. H.)

1

Copyright 2003 by the American Society for Pharmacology and Experimental Therapeutics.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

Running title: ATB*" as a drug delivery system

Address correspondence to: Malliga E. Ganapathy, M. D., Department of Medicine, Medical
College of Georgia, Augusta, Georgia 30912. Tel.: 706-721-0273; Fax: 706-721-9947; E-mail:

mganapat@mail.mcg.edu

Key words: prodrugs; valacyclovir; amino acid derivatives; colon; lung; conjunctiva

ABBREVIATIONS: ATB"*, amino acid transporter B""; PEPT1, peptide transporter 1; EDC,
1-ethyl-3-(3’dimethylaminopropyl)carbodiimide; ~ Z-Glu-OBzl, = N-a-benzyloxycarbonyl-L-
glutamic acid a-benzyl ester; Asp-OBzl, L-aspartate B-benzyl ester; Glu-OBzl, L-glutamate vy-

benzyl ester; Acv-Glu, acyclovir L-glutamate y-ester.

Recommended section: Absorption, Distribution, Metabolism, & Excretion

Number of text pages: 34

Number of Tables: 1

Number of figures: 10

Number of references: 34

Number of words in the Abstract: 240
Number of words in the Introduction: 525

Number of words in the Discussion: 1197

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

Abstract

We evaluated the potential of the Na'- and CI” -coupled amino acid transporter ATB®" as
a delivery system for amino acid-based prodrugs. Immunofluorescence analysis indicated that
ATB"" is expressed abundantly on the luminal surface of cells lining the lumen of the large
intestine and the airways of the lung and in various ocular tissues including the conjunctival
epithelium, the tissues easily amenable for drug delivery. We screened a variety of B-carboxyl
derivatives of aspartate and y-carboxyl derivatives of glutamate as potential substrates for this
transporter using heterologous expression systems. In mammalian cells expressing the cloned
ATB"", several of the aspartate and glutamate derivatives inhibited glycine transport via ATB"".
Direct evidence for ATB* -mediated transport of these derivatives was obtained in X. laevis
oocytes using electrophysiological methods. Exposure of oocytes, which express ATB""
heterologously, to aspartate B-benzyl ester as a model derivative induced inward currents in a
Na'- and CI" -dependent manner with a Na":Cl:aspartate B-benzyl ester stoichiometry of 2:1:1.
ATB%" transported not only the B-carboxyl derivatives of aspartate and the y-carboxyl
derivatives of glutamate but also valacyclovir which is an a-carboxyl ester of acyclovir with
valine. The transport of valacyclovir via ATB®" was demonstrable in both heterologous
expression systems. This process was dependent on Na“ and CI. The ability of ATB"" to
transport valacyclovir was comparable to that of the peptide transporter PEPT1. These findings
suggest that ATB™" has significant potential as a delivery system for amino acid-based drugs and

prodrugs.
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ATB*" is a Na™- and Cl-coupled amino acid transporter that is energized by
transmembrane gradients of Na™ and CI” as well as by the membrane potential (Palacin et al.,
1998; Ganapathy et al., 2001, 2003). It belongs to the neurotransmitter transporter gene family
(SLC6) (Chen et al., 2003). Among the currently known mammalian amino acid transporters,
ATB"" is the only transporter with a very broad substrate specificity that is driven by a Na"
gradient and a CI" gradient. This transporter recognizes neutral as well as cationic amino acids as
substrates. In addition to the surprisingly broad substrate specificity of ATB"" with regard to the
naturally occurring L-amino acids, this transporter can also transport various D-amino acids
(Hatanaka et al., 2002), nitric oxide synthase inhibitors (Hatanaka et al., 2001), and carnitine and
its esters (Nakanishi et al., 2001). Unlike most other amino acid transporters which exhibit a
broad expression pattern, northern blot analysis has revealed that ATB®" transcripts are

detectable primarily in the colon, lung, and mammary gland (Sloan and Mager, 1999).

The fact that ATB®" recognizes neutral and cationic amino acids, but not anionic amino
acids as substrates, indicates that the presence of a negative charge in the side chain of amino
acids prevents their recognition by the transporter as substrates. The presence of an uncharged
side chain or a positively charged side chain does not interfere with the recognition as evidenced
from the transport of neutral and cationic amino acids by the transporter. This is further
exemplified by the findings that while aspartate and glutamate are not substrates for ATB"", the
amide derivatives of these anionic amino acids, namely asparagine and glutamine, are excellent
substrates. Therefore, we hypothesized that if the PB-carboxyl group of aspartate and the y-
carboxyl group of glutamate are modified with substitutions such that the resulting products do

not have a negatively charged side chain, such modified amino acids may be recognized by
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ATB’" as substrates. If this hypothesis is correct, it might be feasible to design prodrugs in the
form of side chain derivatives of aspartate and glutamate that would be recognized as substrates
by ATB"" in order to facilitate the delivery of drugs into cells. We provide evidence in this paper
in support of the feasibility of this approach. In addition, our results show evidence in support of
even a broader applicability of this strategy than originally hypothesized. Drugs that are
derivatized as the a-carboxyl esters of neutral amino acids are also recognized as substrates by
ATB®". This broadens the spectrum of amino acid-based prodrugs that can be designed for
delivery into cells via this transporter. Since the utility of any transporter as a drug delivery
system is influenced by its tissue distribution, we investigated whether the distribution of ATB%"
was suitable to provide effective drug delivery. These studies have shown that ATB"" is
expressed abundantly on the luminal surfaces of the large intestine and bronchi and in the
conjunctival epithelium. This tissue distribution pattern lends support to our hypothesis that
ATB"" is potentially very useful for the delivery of amino acid-based prodrugs in the form of,

for example, oral pills and rectal suppositories, aerosol, and eye drops.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

Methods

Materials. [2-"H]-Glycine (sp. radioactivity, 30 Ci/mmol) and [8-’H]-valacyclovir (sp.
radioactivity, 5 Ci/mmol) were purchased from Moravek Biochemicals (Brea, CA). Valacyclovir
was from Glaxo/Wellcome Pharmaceuticals (Research Triangle Park, NC). Acyclovir, L-
aspartate, L-asparagine, and various P-carboxyl derivatives of aspartate were purchased from
Sigma (St. Louis, MO). Similarly, L-glutamate, L-glutamine, and various y-carboxyl derivatives
of glutamate were also purchased from Sigma. N-a-Benzyloxycarbonyl-L-glutamic acid o-
benzyl ester (Z-Glu-OBzl) was obtained from Nova Biochem (San Diego, CA). 1-Ethyl-3-
(3’dimethylaminopropyl)carbodiimide (EDC), palladium 10% (w/v) on activated carbon (Pd/C),
4-dimethylaminopyridine (DMAP), dimethylformamide (DMF), and dichloromethane (CH,Cl,)

were purchased from Aldrich (Milwaukee, WI).

Immunofluorescent localization of ATB"™" in mouse colon, lung, and eye. A
polyclonal antibody, raised against the peptide TDHEIPTISGSTKPE corresponding to the C-
terminal region of mouse ATB"" (amino acid position 624-637), was used for
immunofluorescent detection of the protein in mouse tissues. The specificity of the antibody has
been described previously (Hatanaka et al., 2002). Immunolocalization was carried out as
described previously (Smith et al., 1999; Bridges et al., 2000; Ola et al., 2001). Cryosections (10
um thick) of the tissues, fixed with ice-cold acetone, were blocked with 10% normal goat serum.
These sections were incubated with the primary antibody for 3 h at room temperature at a
dilution of 1:50 followed by an overnight incubation at 4° C. Incubation with 0.1% normal rabbit

serum (pre-immune) or with buffer only served as negative controls. After rinsing, all sections
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were incubated at 4° C with a fluorescein isothiocyanate-conjugated AffiniPure goat anti-rabbit
IgG antibody at a dilution of 1:100. The sections were then optically sectioned (z series) using a
BIO-RAD MRC-600 laser Scanning Confocal Imaging System (BIO-RAD, Hercules, CA).
Images were analyzed using the COSMOS software package (BIO-RAD). Additional sections

were subjected to hematoxylin-eosin staining.

Functional expression of ATB"" in HRPE cells. The mouse ATB"" ¢cDNA (Hatanaka
et al., 2001; Nakanishi et al., 2001) was used for functional expression in human retinal pigment
epithelial (HRPE) cells in the analysis of its role in the transport of amino acid-based prodrugs.
The vaccinia virus expression system was used for this purpose (Hatanaka et al., 2001, 2002).
This procedure involves infection of the cells with a recombinant vaccinia virus carrying the
gene for T7 RNA polymerase, followed by lipofectin-mediated transfection of the cells with
plasmid DNA in which the cDNA insert is under the control of T7 promoter. Glycine was used
as the substrate for ATB*" (Hatanaka et al., 2001, 2002; Nakanishi et al., 2001). Transport of 10
uM glycine (radiolabeled glycine, 0.05 uM; unlabeled glycine, 9.95 uM) in cDNA-transfected
cells was measured at 37° C for 30 min. The transport was linear under these conditions. The
transport buffer was 25 mM Hepes/Tris (pH 7.5) containing 140 mM NacCl, 5.4 mM KCI, 1.8
mM CaCl,, 0.8 mM MgSO,, and 5 mM glucose. Interaction of various amino acid-derivatives
and amino acid-based prodrugs with the transporter was assessed by monitoring the ability of
these compounds to inhibit ATB* -mediated glycine transport. Transport of 5 pM valacyclovir
(radiolabeled valacyclovir, 1 uM; unlabeled valacyclovir, 4 pM) via ATB®" was monitored
directly by measuring its uptake. Transport measurements were made in parallel in vector-

transfected cells and in ATB®" cDNA-transfected HRPE cells to account for endogenous

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

valacyclovir transport activity. The ATB""-specific transport of valacyclovir was determined by
subtracting the transport values measured in vector-transfected cells from the transport values
measured in cDNA-transfected cells. The dependence of ATB’'-mediated transport of
valacyclovir on Na" was determined by comparing the transport values measured in the presence
of Na" and in the absence of Na' (N-methyl-D-glucamine chloride replacing NaCl
isoosmotically). The dependence of the transport process on Cl” was determined by comparing
the transport values measured in the presence of Cl” and in the absence of CI” (sodium gluconate
replacing NaCl isoosmotically and also potassium gluconate and calcium gluconate replacing

KClI and CaCl,, respectively, at equimolar concentrations).

Transport of valacyclovir via PEPT1 was measured in HRPE cells expressing the human
PEPT1 cDNA (Liang et al., 1995) heterologously. Since PEPTI is a H -coupled transporter
(Ganapathy and Leibach, 1991; Leibach and Ganapathy, 1996), the transport of 5 uM
valacyclovir (radiolabeled valacyclovir, 1 pM; unlabeled valacyclovir, 4 puM) via this transporter
was monitored with the transport buffer that contained 25 mM Mes/Tris (pH 6), 140 mM NacCl,
5.4 mM KCI, 1.8 mM CaCl,, 0.8 mM MgSO,, and 5 mM glucose. Transport measurements were
made at 37°C with 15 min incubation to represent initial transport rates. Transport measurements
were made in parallel in vector-transfected cells and in cDNA-transfected cells to correct for

endogenous transport activity in determining the PEPT 1-specific valacyclovir transport.

Functional expression of ATB"" in Xenopus laevis oocytes. Capped cRNA from the
cloned mouse ATB*" ¢cDNA was synthesized using the nMESSAGE mMACHINE kit (Ambion

Inc., Austin, TX). Mature oocytes (stage IV or V) from Xenopus laevis were isolated by
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treatment with collagenase A (1.6 mg/ml), manually defolliculated, and maintained at 18° C in
modified Barth’s medium supplemented with 10 mg/ml gentamycin as described previously
(Hatanaka et al., 2001, 2002; Nakanishi et al., 2001). On the following day, oocytes were
injected with 50 ng cRNA. Water-injected oocytes served as controls. The oocytes were used for
electrophysiological studies 6 days after cRNA injection. Electrophysiological studies were
performed by the two-microelectrode voltage-clamp method (Parent et al., 1992). Oocytes were
perfused with a NaCl-containing buffer (100 mM NaCl, 2 mM KCI, 1 mM MgCl,, 1 mM CaCl,,
3 mM Hepes, 3 mM Mes, and 3 mM Tris, pH 7.5), followed by the same buffer containing
different amino acid derivatives. The membrane potential was clamped at -50 mV. The
differences between the steady-state currents measured in the presence and absence of substrates
were considered as the substrate-induced currents. In the analysis of the saturation kinetics of
substrate-induced currents, the kinetic parameter Ky s (i.e., the substrate concentration necessary
for the induction of half-maximal current) was calculated by fitting the values of the substrate-
induced currents to Michaelis-Menten equation. The Na'- and CI' activation kinetics of
substrate-induced currents were analyzed by measuring the substrate-specific currents in the
presence of increasing concentrations of Na' (the concentration of CI” kept constant at 100 mM)
or in the presence of increasing concentrations of CI” (the concentration of Na™ kept constant at
100 mM). In these experiments, the composition of the perfusion buffer was modified to contain
2 mM potassium gluconate, | mM MgSOj,, and 1 mM calcium gluconate in place of KCI, MgCl,,
and CaCl,, respectively. The data from these experiments were analyzed by the Hill equation to
determine the K5 values for Na™ and CI° (i.e., the concentrations of Na" and CI necessary for

half-maximal activation) and the Hill coefficient (ny; the number of Na” and CI” ions involved in
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the activation process). The kinetic parameters were determined using the commercially

available computer program Sigma Plot, version 6.0 (SPSS, Inc., Chicago, IL).

Data analysis. Experiments with HRPE cells were repeated three times with three
independent transfections and transport measurements were made in duplicate in each
experiment. Electrophysiological measurements of substrate-induced currents were repeated at
least three times with separate oocytes. The data are presented as means = S. E. of these
replicates.

Synthesis of acyclovir glutamic acid y-ester. Acyclovir (0.888 mmol) and Z-Glu-OBzl
(2.22 mmol) were dissolved in dimethylformamide (6 ml); EDC (426 mmol) and 4-
dimethylaminopyridine (2.22 mmol) were then added to the solution. The solution was stirred for
18 h at room temperature. Dimethylformamide was removed in vacuo, and the residue was
chromatographed on NH silica gel (Chromatorex DM-1020, Fuji Silysia Chemical LTD., Japan)
using 1:10 to 1:5 methanol-CH,Cl, as the eluent to generate acyclovir Z-Glu-OBzl y-ester. This
compound was then dissolved in ethanol/methanol/CH,Cl, (1:1:1, v/v) and 20 mg of Pd/C was
added to the solution. The mixture was stirred under hydrogen for 3 days. The mixture was then
filtered to remove the catalyst (Pd/C) followed by removal of the solvent in vacuo. The product
(acyclovir Glu y-ester) was a white amorphous solid (120 mg) with an overall yield of 38%. The
compound was analyzed by 'H-NMR and ESI-MS. The purity of the final product was
confirmed by reverse phase HPLC using a Dionex analytical HPLC system (Dionex Corp.,
Sunnyvale, CA) with an analytical column (Cyclobond I 2000, 4.6 x 100 cm, Advanced

Separation Technologies Inc., Whippany, NJ). The purity of the compound was 96%. The
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molecular weight of the compound was determined by ESI-MS (Finnigan Mat LC-Q, Finnigan

Corp., San Jose, CA).
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Results

Tissue expression pattern of ATB"". For any transporter to be useful as a drug delivery
system, it should be expressed in tissues amenable for drug delivery. Northern analysis has
already shown that ATB*" transcripts are detectable in colon and lung (Sloan and Mager, 1999),
two of the tissues that are suitable for drug delivery. We have recently cloned this transporter
from a mouse colon cDNA library (Hatanaka et al., 2001, 2002; Nakanishi et al., 2001). We have
also shown that this transporter is expressed on the luminal membrane of the colonocytes
(Hatanaka et al., 2002). We confirm this finding in the present study (Fig. 1). We have also
determined the localization of ATB"" in the lung. The transporter is expressed most abundantly
in the cells lining the bronchi, though the expression is evident in other sites in the lung as well
(Fig. 1). Recent studies localizing ATB"" in airway epithelial cells (Sloan et al., 2003) support
our findings. We also examined the expression of this transporter in ocular tissues because
administration of drugs in the form of eye drops is useful for ophthalmic drug delivery. The data
in Fig. 1 show that ATB"" is expressed abundantly in conjunctival epithelial cells, retinal

ganglion cells, retinal pigment epithelium, and in the inner nuclear layer of the retina.

Interaction of L-aspartate and L-glutamate derivatives with ATB"" in mammalian
cell expression system. While aspartate is not a substrate for ATB"", asparagine in which the B-
carboxyl group of aspartate is amidated is recognized by the transporter as a substrate. This is
evident from the ability of asparagine, but not aspartate, to inhibit glycine transport via ATB*"
(Table 1). Based on this, we screened several additional B-carboxyl derivatives of aspartate for

their ability to interact with ATB*" to determine if the transporter tolerates substitutions other
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than the amide group on the B-carboxyl group. This screening showed that aspartate f-methyl
ester and aspartate B-benzyl ester are able to interact with ATB"" as assessed by their ability to
inhibit glycine transport via the transporter. At 1 mM, these two esters caused > 90% inhibition
of ATB""-mediated glycine transport (Table 1). Two other derivatives, aspartate p-hydroxamate
and N-B-aspartyl-phenylalanine methyl ester, were also able to inhibit glycine transport via
ATB*", though to a lesser extent. These two derivatives, at 1 mM, caused 40-60% inhibition of
glycine transport. Aspartate B-(7-amido-4-methylcoumarin) did not inhibit glycine transport at a
concentration of 0.25 mM. This derivative could not be used at concentrations higher than 0.25
mM due to limited solubility; therefore it is not known at present whether this compound can
inhibit ATB”"-mediated glycine transport at higher concentrations. We also screened several y-
carboxyl derivatives of glutamate for their interaction with ATB*" as assessed by their ability to
inhibit glycine transport via the transporter (Table 1). The results were essentially similar to
those obtained with the B-carboxyl derivatives of aspartate. We did not determine the stability of
these compounds under the experimental conditions. Since the incubation time employed in
these studies was 30 min, questions may arise as to whether or not these compounds stayed intact
in the incubation medium under these conditions. Therefore, we determined the inhibitory
potencies of these compounds using a much shorter incubation period (2 min). The results of

these studies were essentially the same as those in Table 1 (data not shown).

Since the benzyl esters of aspartate and glutamate showed excellent ability to inhibit
glycine transport via ATB™", we used these esters for further analysis of their interaction with the
transporter. Fig. 2 describes the dose-response relationship for the inhibition of ATB*-mediated

glycine transport by Asp(OBzl) in comparison with asparagine and aspartate and by Glu(OBzl)
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in comparison with glutamine and glutamate. As expected, aspartate and glutamate did not
inhibit glycine transport. In contrast, asparagine and glutamine were able to inhibit glycine
transport with /Csy values (i.e., the concentration of the inhibitor necessary to cause 50%
inhibition) of 0.34 + 0.06 and 0.31 + 0.03 mM, respectively. Asp(OBzl) and Glu(OBzl) were
even more potent than asparagine and glutamine in inhibiting glycine transport. The /Cs, values
for Asp(OBzl) and Glu(OBzl) were 0.07 £ 0.01 and 0.15 = 0.01 mM, respectively.

Direct evidence for the transport of Asp(OBzl) via ATB"" in X. laevis oocyte
expression system. The results obtained with the mammalian cell expression system show that
the B-carboxyl derivatives of L-aspartate and the y-carboxyl derivatives of L-glutamate interact
with ATB"" as assessed by their ability to inhibit glycine transport via the transporter. However,
these data suggest, but do not prove, that these derivatives are actually transported by ATB"". It
is possible that these compounds may block the transport by competing with glycine for binding
to the substrate-binding site of the transporter without themselves being transported across the
membrane. To determine whether or not these compounds are transportable substrates for
ATB%", direct measurements of their transport must be monitored rather than merely
demonstrating their ability to compete with glycine. This would require use of these compounds
in radiolabeled form so that their transport can be measured directly in mammalian cells. Since
these compounds are not readily available in radiolabeled form from commercial sources, we
used an alternative method for direct measurement of their transport via ATB*". We employed
the X. laevis oocyte expression system for this purpose. The cloned mouse ATB®" was
functionally expressed in oocytes by injection of cRNA, and the transport of Asp(OBzl) via the
transporter was monitored by inward currents induced by this compound using the two-

microelectrode voltage-clamp technique. This approach is feasible because ATB™" is an
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electrogenic transporter (Sloan and Mager, 1999; Hatanaka et al., 2001, 2002; Nakanishi et al.,
2001). Induction of inward currents in ATB*'-expressing oocytes upon exposure to a test
compound in the presence of NaCl under voltage-clamped conditions (holding potential, -50
mV) indicates depolarization of the oocyte as a result of transport of the compound into the
oocyte. Water-injected oocytes served as negative controls in these experiments. The results of
these experiments show that exposure of ATB" -expressing oocytes to aspartate induces very
little inward currents (Fig. 3). In contrast, exposure of the oocytes to asparagine or Asp(OBzl)
induces marked inward currents (245 + 20 nA for 1 mM asparagine and 93 + 12 nA for | mM
Asp(OBzl) in four different oocytes), providing evidence for the transport of asparagine and
Asp(OBzl) in these oocytes. Water-injected oocytes do not show any detectable inward currents

upon exposure to asparagine or Asp(OBzl) (data not shown).

ATB"" is a Na'- and CI" -coupled transporter and accordingly there were no detectable
inward currents in ATB""-expressing oocytes when these oocytes were perfused with asparagine
or Asp(OBzl) in the absence of either Na" or CI” in two different oocytes (data not shown). This
shows that the transport of Asp(OBzl) via ATB"" is a Na™- and CI" -dependent process. We
analyzed the Na™- and CI -activation kinetics for the transport of Asp(OBzl) via ATB"". The
activation of Asp(OBzl)-induced inward currents by Na" followed sigmoidal kinetics (Fig. 4A),
indicating the involvement of more than one Na' ion in the activation process. The Hill
coefficient (ny) for the process was 2.1 £ 0.5. In contrast, the activation of Asp(OBzl)-induced
inward currents by Cl” was hyperbolic, indicating involvement of one CI” in the activation
process (Fig. 4B). The Hill coefficient, calculated from the CI” -activation kinetics, was 0.9 + 0.3.

This shows that the Na":CI:Asp(OBzl) stoichiometry for the transport process is 2:1:1. This
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stoichiometry is the same as was previously calculated for other amino acid substrates (Sloan and
Mager, 1999). Since Asp(OBzl) does not carry a net charge, this stoichiometry provides the basis

for the electrogenic nature of the transport process.

The inward currents induced by Asp(OBzl) were saturable (Fig. 5). The K5 value (i.e.,
the concentration of Asp(OBzl) necessary for the induction of half-maximal current) was 18 + 4
uM. This value is significantly different from the /Csy value obtained in HRPE cells for the
inhibition of ATB""-mediated glycine transport by Asp(OBzl). The most likely reason for this
difference is that while the inward currents in oocytes were measured under voltage-clamp
conditions, uptake measurements in HRPE cells were not made under similar conditions.
Membrane potential may have significant influence on the affinity of the transporter for its

substrates.

Transport of acyclovir glutamic acid y-ester by ATB"". The ultimate goal of this
investigation is to determine if ATB®" holds potential as a drug delivery system for amino acid-
based prodrugs. Our studies with B-carboxyl derivatives of aspartate and y-carboxyl derivatives
of glutamate strongly suggest that pharmacologically active drugs may be coupled to the side
chain of aspartate or glutamate in the form of prodrugs, consequently making these prodrugs
substrates for ATB™" and facilitating their delivery into cells. To provide direct evidence in
support of this approach, we chose the antiviral agent acyclovir as a model drug. To our
knowledge, this drug is not recognized as a substrate by any of the amino acid transport systems
present in the plasma membrane of mammalian cells. Therefore, we wished to test whether this

drug, if coupled to the side chain of glutamate in the form of an ester, can be transported by
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ATB"". For this purpose, we synthesized acyclovir glutamic acid y-ester (Acv-Glu) and
compared the interaction of acyclovir and Acv-Glu with ATB®" in the mammalian cell
expression system by assessing the ability of these two compounds to inhibit glycine transport
via the transporter (Fig. 6). As expected, acyclovir failed to inhibit ATB* -mediated glycine
transport, showing that this drug is not recognized by the transporter. In contrast, Acv-Glu was
able to inhibit glycine transport via ATB"" to a significant extent. The ICs value for this
inhibition was 3.3 £ 0.7 mM. These data show that while acyclovir is not a substrate for ATB"",
Acv-Glu is recognized by the transporter with significant affinity. To provide direct evidence for
the transport of Acv-Glu via ATB”", we used the X. laevis oocyte expression system and
assessed the transport of this derivative by the electrophysiological approach. As shown in Fig.
7, exposure of ATB’"-expressing oocytes to acyclovir did not induce detectable inward currents.
In contrast, exposure of ATB"-expressing oocytes to Acv-Glu induced marked inward currents,
providing evidence for the transport of this derivative via ATB"". The inward currents induced
by this derivative were dependent on the presence of Na" and CI” (Fig. 7), further confirming its
transport via ATB®". We examined the saturation kinetics of the inward currents induced by
Acv-Glu by measuring the magnitude of the induced currents with varying concentrations of the
derivative (data not shown). The K 5 value (i.e., concentration of the compound necessary for the
induction of half-maximal current), calculated by fitting the data to Michaelis-Menten equation,

was 2.2 £ 0.7 mM.

Transport of valacyclovir by ATB"*. Acyclovir has poor oral bioavailability due to

lack of transport systems in the intestinal tract that can recognize this drug as a substrate. This

prompted the design of prodrugs in which acyclovir was modified as a-carboxyl esters of amino
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acids and one of these amino acid-based prodrugs, valacyclovir (L-valyl ester of acyclovir), was
found to have 3- to 5-fold greater oral bioavailability (Soul-Lawton, 1995; Beutner et al., 1995;
Wang et al.,, 1996). The comparatively more efficient oral absorption of valacyclovir than
acyclovir is believed to be due to the recognition of the prodrug, but not the parent drug, by
intestinal transport systems as a substrate. The peptide transporter PEPT1, which is expressed
abundantly in the intestine, has been shown to transport valacyclovir efficiently (Ganapathy et
al., 1998; de Vrueh et al., 1998; Han et al., 1998; Anand and Mitra, 2003). In contrast, acyclovir
is not recognized by PEPT1. Similar results have been obtained with valganciclovir which is the
L-valyl ester of ganciclovir, another effective antiviral agent (Sugawara et al., 2000). Conversion
of ganciclovir as an a-carboxyl ester of L-valine makes it a substrate for PEPT1 and
consequently enhances its oral bioavailability. Based on our findings that Acv-Glu is recognized
as a substrate by ATB”", we asked whether the valine a-ester of acyclovir can be transported by
this amino acid transporter. Acv-Glu contains unmodified a-amino and a-carboxyl groups on the
glutamate backbone with acyclovir attached to the y-carboxyl group as an ester. In contrast,
valacyclovir is an ester of acyclovir at the a-carboxyl group of valine and consequently
valacyclovir possesses a free a-amino group but not a free a-carboxyl group. Therefore, initially
we thought that valacyclovir would not be recognized as a substrate by ATB*", assuming that an
amino acid transporter would require the presence of a free a-amino group and a free a-carboxyl
group on its substrate for optimal recognition. When we examined the interaction of acyclovir
and valacyclovir with ATB®" using the mammalian cell expression system, the results were
unexpected (Fig. 8). As seen before, acyclovir failed to inhibit glycine transport via ATB*". But,
valacyclovir was able to inhibit ATB”"-mediated glycine uptake very effectively, with an /Cs,

value of 0.7 £ 0.1 mM. This was a surprising finding, not only because valacyclovir is able to
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interact with ATB™", but also because the interaction appears to be of significantly higher
affinity than that seen with Acv-Glu. The potency of valacyclovir to inhibit ATB* -mediated

glycine transport is at least 3-fold higher than that seen with Acv-Glu.

To determine whether valacyclovir is a transportable substrate for ATB*", we used two
different approaches. First, we employed radiolabeled valacyclovir to examine directly its
transport via ATB®" using the mammalian cell expression system. For this purpose, we
compared the transport of valacyclovir in vector-transfected HRPE cells and in HRPE cells
expressing the cloned mouse ATB"" heterologously. Transport measurements were made in the
presence of NaCl. The data, given in Fig. 9A, show that the transport of valacyclovir is
significantly higher (2.5-fold) in ATB*"-expressing cells than in control cells. This demonstrates
that valacyclovir is a transportable substrate for ATB"". For comparison purposes, we examined
the transport of valacyclovir via human PEPT1 using the same expression system. Since PEPT1
is a H'-coupled transporter, we measured transport in the presence of an inwardly directed H"
gradient (extracellular pH, 6). Under these conditions, the transport of valacyclovir was
significantly higher in PEPT1-expressing cells than in control cells (2.7-fold) (Fig. 9B). Thus,
the abilities of ATB®" and PEPT! to transport valacyclovir are comparable. The transport of
valacyclovir via ATB"" was dependent on the presence of Na” and CI” as expected from the Na*-
and CI" -dependence of ATB®" (Fig. 9A). The transport of valacyclovir via ATB"" was further
confirmed by the electrophysiological approach using the X. laevis oocyte expression system
(Fig. 10). Exposure of ATB® -expressing oocytes to valacyclovir induced marked inward
currents when examined in the presence of NaCl in the perfusion medium. These currents were

however not detectable if the perfusion medium lacked either Na™ (N-methyl-D-glucamine
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chloride replacing NaCl) or CI' (sodium gluconate replacing NaCl) (data not shown).
Interestingly, the magnitude of inward currents induced by 1 mM valacyclovir was 3- to 4-fold
greater than that induced by 1 mM Acv-Glu. This is most likely related to the comparatively
higher affinity of valacyclovir for ATB"" than that of Acv-Glu as evident from the mammalian
cell expression system (/Csp values for the inhibition of glycine transport via ATB*":
valacyclovir, 0.7 + 0.1 mM; Acv-Glu, 3.3 + 0.7 mM). Since the transport process is not saturated
with either of these substrates at 1 mM, the amount of the substrate transported per unit time is
expected to be much greater for the high-affinity substrate than for the low-affinity substrate.
These results show that ATB”" is able to transport not only the B-carboxyl derivatives of

aspartate and the y-carboxyl derivatives of glutamate but also the a-carboxyl esters of L-valine.
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Discussion

The significance of the present studies is two-fold. First, these studies provide evidence
for the first time in support of the therapeutic potential of ATB"" as a delivery system for amino
acid-based prodrugs. Our previous studies have shown that ATB®" can transport a variety of
nitric oxide synthase inhibitors (Hatanaka et al., 2001). These inhibitors are structurally related to
arginine, lysine, citrulline or ornithine, all of which are transportable substrates for ATB"". The
data presented in this paper show that the therapeutic potential of ATB"" as a drug delivery
system may be much greater than originally envisaged. The present findings suggest that it is
possible to chemically modify drugs by coupling them to the side chain of aspartate or glutamate
so that these modified drugs become substrates for ATB"", thus enhancing their delivery into
cells where the transporter is expressed. Evidence is provided in the present study in support of
this possibility with a potential prodrug Acv-Glu. The data showing that valacyclovir is also a
substrate for ATB"" broadens the scope of this transporter for drug delivery even further because
these findings suggest that when drugs are coupled to any of the neutral or cationic amino acids
in an ester linkage to their a-carboxyl groups, these modified drugs may become substrates for
ATB"". Since ATB"" recognizes almost all of the naturally occurring neutral and cationic amino
acids as substrates, there is a wide range of choices for the chemical modification of drugs to
ensure optimal drug delivery. It has to be pointed out however that we analyzed the interaction of
some of the compounds with ATB®" only by electrophysiological methods. Even though
substrate-induced currents represent a fairly reliable indication for transport, this may not
constitute the absolute proof. Furthermore, the present studies only address the issue of entry of
prodrugs into cells via ATB®". What happens to these prodrugs after they enter the cells has not

been determined in the present study. Successful delivery of therapeutic drugs in the form of
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prodrugs would require information on how and where these prodrugs might be converted into
therapeutically active drugs and on the transport processes that might mediate the exit of these

drugs following their entry via ATB"",

The second important finding with potential clinical and therapeutic significance is the
expression of ATB"" in tissues that are ideal for drug delivery. The expression of the transporter
in the colon, lung, and conjunctiva makes this transporter suitable for use as a drug delivery
system. The large intestine is amenable for drug delivery in the form of oral pills or rectal
suppositories. Similarly, drugs and prodrugs can be aerosolized for delivery via the lung. We
initially examined the expression of ATB”" in the lung and colon because of the evidence in the
literature for the presence of ATB*" transcripts in these tissues. Subsequently, we wanted to
examine the expression of this transporter in ocular tissues. This was prompted by three reasons.
First, ophthalmic drug delivery is challenging because of the blood-retinal barrier (Duvvuri et al.,
2003); administration of drugs in the form of eye drops requires knowledge of the transport
mechanisms available in ocular tissues for delivery of drugs. Second, there is functional evidence
in the literature for the expression of ATB®" in some of the ocular tissues such as the conjunctiva
(Hosoya et al., 1997) and therefore it would be desirable to confirm these observations by
immunolocalization of the ATB®" protein. Third, cytomegalovirus infection, which occurs
commonly in the retina in AIDS patients, is treated with ganciclovir, a drug structurally related
to acyclovir and our findings that ATB®" can transport the prodrug valacyclovir is clinically
relevant to this disease. It is therefore important to know the expression pattern of this transporter
in the ocular tissues to determine whether it has potential for delivery of antiviral drugs to the

retina and other areas within the eye by routes other than oral or intravenous administration. The
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data in Fig. 1 show that ATB"" is expressed abundantly in the conjunctival epithelial cells,
confirming the functional studies by Hosoya et al (1997). In addition, the transporter is expressed
in the retinal ganglion cells, retinal pigment epithelium and in the inner nuclear layer. These
findings suggest that it may be possible to administer antiviral agents such as valganciclovir and
valacyclovir in the form of eye drops for delivery into ocular tissues for the treatment of viral

infection.

PEPT1 has received considerable attention for its potential as a drug delivery system
because of its broad substrate specificity and abundant expression in the intestinal tract (Tsuji
and Tamai, 1996; Inui and Terada, 1999; Rubio-Aliaga and Daniel, 2002; Ganapathy and
Miyauchi, 2003). We believe that the potential of ATB"" as a drug delivery system is at least
comparable, if not greater, to that of PEPT1. The substrate specificity of ATB*" is also very
broad. It transports all of the neutral and cationic amino acids in their L-isomeric form. It also
accepts many of these amino acids in their D- isomeric form. In addition, the transport system
does not appear to have very stringent structural requirements with respect to the side chain of
these amino acids as long as the side chain is not negatively charged. Significantly, these two
transporters differ in their energetics. PEPT1 is a H -coupled transporter which is driven by the
microclimate acid pH that naturally exists on the luminal surface of the mucosal cells in the
intestinal tract (Ganapathy and Leibach, 1985, 1991; Leibach and Ganapathy, 1996). In contrast,
ATB"" is energized by transmembrane gradients for Na“ and CI. This makes ATB®" more
capable of concentrative transport than PEPT1. The differences in the localization of these two
transporters in the mammalian intestinal tract are also of relevance to their role in drug delivery.

PEPT1 is expressed primarily in the small intestine. Since the diet-derived peptides, which are
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natural substrates for PEPT1, are abundant in the small intestine, absorption of drugs via PEPT1
has to occur in competition with these naturally occurring peptides. This might compromise the
efficiency of drug absorption. In contrast, ATB"" is expressed most predominantly in the large
intestine where the entry of diet-derived amino acids is minimal. Thus, competition with the
natural substrates would likely be minimal, hence enhancing the efficiency of drug absorption
via this transporter. When the other potential sites of drug delivery such as the lung and
conjunctiva are considered, ATB"" has clear advantages over PEPT1. Peptide transporters, both
PEPTI1 and PEPT2, are expressed in these sites but at much lower levels (Basu et al., 1998;
Groneberg et al., 2001; Anand and Mitra, 2002; Sloan and Mager, 2003). In contrast, the
expression of ATB*" at these sites is abundant. Furthermore, there is no evidence for the
presence of microclimate acid pH at these sites to provide the necessary driving force for the
energization of PEPT1. The transmembrane gradients for Na™ and Cl exist at these sites due to
the secretion of NaCl into the airway lumen of the lung and tear fluid in the eye, and thus ATB*"
is expected to function optimally under these conditions. Thus, our data suggest that it would be

advantageous to target ATB™" as a drug delivery system in the colon, lung and conjunctiva.

24

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

Footnote

This work was supported by the National Institutes of Health grant GM65344.

25

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

References

Anand BS and Mitra AK (2002) Mechanism of corneal permeation of L-valyl ester of acyclovir:
targeting the oligopeptide transporter on the rabbit cornea. Pharm Res 19:1194-1202.

Anand BS, Patel, J and Mitra AK (2003) Interactions of the dipeptide ester prodrugs of acyclovir
with the intestinal oligopeptide transporter: competitive inhibition of glycylsarcosine
transport in human intestinal cell line-Caco-2. J Pharmacol Exp Ther 304:781-791.

Basu SK, Haworth IS, Bolger MB and Lee VH (1998) Proton-driven dipeptide uptake in primary
cultured rabbit conjunctival epithelial cells. Invest Ophthalmol Vis Sci 39:2365-2373.

Beutner KR, Friedman DJ, Forszpaniak KC and Anderson PL (1995) Valacyclovir compared
with acyclovir for improved therapy for herpes zoster in immunocompetent adults.
Antimicrob Agents Chemother 39:1546-1553.

Bridges CD, Kekuda R, Huang W, Prasad PD, Kuhnel JM, Sirotnak FM, Roon P, Ganapathy V
and Smith SB (2000) Expression and differential polarization of the reduced folate
transporter-1 and folate receptor o in mammalian retinal pigment epithelium. J Biol Chem
275:20676-20684.

Chen NH, Reith ME and Quick MW (2003) Synaptic uptake and beyond: the sodium- and
chloride-dependent neurotransmitter transporter family SLC6. Pflugers Arch [epub ahead of
print]

de Vrueh RLA, Smith PL and Lee CP (1998) Valacyclovir: A substrate for the intestinal and
renal peptide transporters PEPT1 and PEPT2. J Pharmacol Exp Ther 286:1166-1170.

Duvvuri S, Majumdar S and Mitra AK (2003) Drug delivery to the retina: challenges and

opportunities. Expert Opin Biol Ther 3:45-56.

26

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

Ganapathy ME, Huang W, Wang H, Ganapathy V and Leibach FH (1998) Valacyclovir: A
substrate for the intestinal and renal peptide transporters PEPT1 and PEPT2. Biochem
Biophys Res Commun 246:470-475.

Ganapathy V and Leibach FH (1985) Is intestinal peptide transport energized by a proton
gradient? Am J Physiol 249:G153-G160.

Ganapathy V and Leibach FH (1991) Proton-coupled solute transport in the animal cell plasma
membrane. Curr Opin Cell Biol 3:695-701.

Ganapathy V and Miyauchi S (2003) Peptide transporters: Physiological function and potential
for use as a drug delivery system. Am Pharmaceut Rev 6:14-18.

Ganapathy V, Ganapathy ME and Leibach FH (2001) Intestinal transport of peptides and amino
acids. in Current Topics in Membranes (eds., Barrett, K. E. & Donowitz, M.), vol. 50, pp.
379-412. Academic Press.

Ganapathy V, Ganapathy ME and Leibach FH (2003) Protein digestion and assimilation. In
Textbook of Gastroenterology (ed., Yamada, T.), 4" edition, pp. 438-448. Lippincott
Williams & Wilkins

Groneberg DA, Nickolaus M, Springer J, Doring F, Daniel H and Fischer A (2001) Localization
of the peptide transporter PEPT2 in the lung: implications for pulmonary oligopeptide
uptake. Am J Pathol 158:707-714.

Han HK, de Vrueh RLA, Rhie JK, Covitz KMY, Smith PL, Lee CP, Oh DM, Sadee W and
Amidon GL (1998) 5'-Amino acid esters of antiviral nucleosides, acyclovir, and AZT are

absorbed by the intestinal PEPT1 peptide transporter. Pharm Res 15:1154-1159.

27

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

Hatanaka T, Huang W, Nakanishi T, Bridges CC, Smith SB, Prasad PD, Ganapathy ME and
Ganapathy V (2002) Transport of D-serine via the amino acid transporter ATB"" expressed
in the colon. Biochem Biophys Res Commun 291:291-295.

Hatanaka T, Nakanishi T, Huang W, Leibach FH, Prasad PD, Ganapathy V and Ganapathy ME
(2001) Na'"- and CI" -coupled active transport of nitric oxide synthase inhibitors via the amino
acid transport system ATB*". J Clin Invest 107:1035-1043.

Hosoya K, Horibe Y, Kim KJ and Lee VH (1997) Na'-dependent L-arginine transport in the
pigmented rabbit conjunctiva. Exp Eye Res 65:547-553.

Inui K and Terada T (1999) Dipeptide transporters. Pharmaceut Biotechnol 12:269-288.

Leibach FH and Ganapathy V (1996) Peptide transporters in the intestine and the kidney. Annu
Rev Nutr 16:99-119.

Liang R, Fei YJ, Prasad PD, Ramamoorthy S, Han H, Yang-Feng TL, Hediger MA, Ganapathy
V and Leibach FH (1995) Human intestinal H'/peptide cotransporter: Cloning, functional
expression and chromosomal localization. J Biol Chem 270:6456-6463.

Nakanishi T, Hatanaka T, Huang W, Prasad PD, Leibach FH, Ganapathy ME and Ganapathy V
(2001) Na'- and Cl -coupled active transport of carnitine by the amino acid transporter
ATB"" from mouse colon expressed in HRPE cells and Xenopus oocytes. J Physiol(Lond.)
532:297-304.

Ola SM, Moore P, El-Sherbeny A, Roon P, Agarwal N, Sarthy VP, Casellas P, Ganapathy V and
Smith SB (2001) Expression pattern of sigma receptor | mRNA and protein in mammalian
retina. Brain Res Mol Brain Res 95:86-95.

Palacin M, Estevez R, Bertran J and Zorzano A (1998) Molecular biology of mammalian plasma

membrane amino acid transporters. Physiol Rev 78:969-1054.

28

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

Parent L, Supplisson S, Loo DD and Wright EM (1992) Electrogenic properties of the cloned
Na'/glucose cotransporter: 1. Voltage-clamp studies. J Membr Biol 125:49-62.

Rubio-Aliaga I and Daniel H (2002) Mammalian peptide transporters as targets for drug
delivery. Trends Pharmacol Sci 23:434-440.
Sloan JL and Mager S (1999) Cloning and functional expression of a human Na’ and CI -
dependent neutral and cationic amino acid transporter B"". J Biol Chem 274:23740-23745.
Sloan JL, Grubb BR and Mager S (2003) Expression of the amino acid transporter ARB*" in
lung: possible role in luminal protein removal. Am J Physiol 284:1.39-1.49.

Smith SB, Kekuda R, Chancy C, Gu X, Conway SJ and Ganapathy V (1999) Expression of
folate receptor alpha in the mammalian RPE and retina. Invest Ophthal Vis Sci 40:840-848.

Soul-Lawton J, Seaber E, On N, Wootton R, Rolan P and Posner J (1995) Absolute
bioavailability and metabolic disposition of valaciclovir, the L-valyl ester of acyclovir,
following oral administration to humans. Antimicrob Agents Chemother 39:2759-2764.

Sugawara M, Huang W, Fei YJ, Leibach FH, Ganapathy V and Ganapathy ME (2000) Transport
of valganciclovir, a ganciclovir prodrug, via peptide transporters PEPT1 and PEPT2. J
Pharm Sci 89:781-789.

Tsuji A and Tamai I (1996) Carrier-mediated intestinal transport of drugs. Pharmaceut Res
13:963-977.

Wang LH, Schultz M, Weller S, Smiley ML and Blum MR (1996) Pharmacokinetics and safety
of multiple-dose valaciclovir in geriatric volunteers with and without concomitant diuretic

therapy. Antimicrob Agents Chemother 40:80-85.

29

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

FIGURE LEGENDS

Fig. 1. Immunolocalization of ATB*" in mouse colon, lung, and eye. Cryosections of colon,
lung, and ocular tissues were incubated with a primary antibody (polyclonal) specific for ATB®"
and then with a fluorescein isothiocyanate (FITC)-coupled goat anti-rabbit IgG as the secondary
antibody. The slides were examined under a laser scanning fluorescence confocal microscope.
Additional sections from colon, lung, retina, and eye lid were stained with hematoxylin and eosin
for morphological assessment. There were no detectable fluorescence signals in negative controls
in which either the primary antibody was omitted or pre-immune goat serum was used instead of

the secondary antibody.

Fig. 2. Dose-response relationship for the inhibition of ATB* -mediated glycine transport by L-
aspartate and L-glutamate and their side chain derivatives. Mouse ATB"" ¢cDNA was expressed
heterologously in HRPE cells and the transport function of ATB"" was measured by the uptake
of 10 uM glycine. Glycine uptake in control cells transfected with vector alone was less than 2%
of uptake measured in cDNA-transfected cells. ATB""-specific uptake of glycine, measured in
the absence of inhibitors, was taken as the control (100 %). Asp(OBzl), L-aspartate f-benzyl

ester; Glu(OBzl), L-glutamate y-benzyl ester.

Fig. 3. Transport of L-aspartate and its side chain derivatives via ATB"" in X. laevis oocytes.
Oocytes were injected with mouse ATB”" ¢cRNA and, 6 days following injection, used in
electrophysiological studies. The oocytes were perfused with 1 mM L-aspartate, L-asparagine, or
Asp(OBzI) and the substrate-induced inward currents were monitored at -50 mV under voltage-

clamp conditions. Water-injected oocytes were used as control and perfusion of these oocytes

30

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 14, 2003 as DOI: 10.1124/jpet.103.057109
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #57109

with L-aspartate, L-asparagine, and Asp(OBzl) did not show any detectable inward currents

under identical conditions (data not shown).

Fig. 4. Na'-activation kinetics and Cl'-activation kinetics of Asp(OBzl)-induced inward currents
in oocytes expressing mouse ATB”". (A) Oocytes expressing mouse ATB™" were perfused with
1 mM Asp(OBzl) in the presence of increasing concentrations of Na' and the substrate-induced
inward currents were monitored at -50 mV under voltage-clamp conditions. The osmolality of
the perfusion buffer was maintained by isoosmotically substituting NaCl with N-methyl-D-
glucamine chloride. Inset: Hill plot. (B) Oocytes expressing mouse ATB*" were perfused with 1
mM Asp(OBzl) in the presence of increasing concentrations of CI” and the substrate-induced
inward currents were monitored at -50 mV under voltage-clamp conditions. The osmolality of
the perifusion buffer was maintained by isoosmotically substituting NaCl with sodium gluconate.

Inset: Hill plot.

Fig. 5. Saturation kinetics of Asp(OBzl)-induced inward currents. Oocytes expressing mouse
ATB"" were perfused with increasing concentrations of Asp(OBzl) in the presence of NaCl and
the substrate-induced inward currents were measured at -50 mV under voltage-clamp conditions.

Inset: Eadie-Hofstee plot. I, inward current in nA; S, concentration of Asp(OBzl) in pM.

Fig. 6. Dose-response relationship for the inhibition of ATB"*-mediated glycine uptake by
acyclovir and Acv-Glu. Mouse ATB"" was expressed in HRPE cells heterologously and the
transport function of ATB*" was monitored by measuring the uptake of 10 pM glycine. The

uptake of glycine, measured in the absence of inhibitors, was taken as the control (100%).
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Fig. 7. Transport of acyclovir and Acv-Glu via ATB"" in X. laevis oocytes. Oocytes were
injected with mouse ATB*" cRNA and, 6 days following injection, used in electrophysiological
studies. The oocytes were perfused with either 1 mM acyclovir or 1 mM Acv-Glu and the
substrate-induced inward currents were monitored at -50 mV under voltage-clamp conditions. In
the case of Acv-Glu, inward currents were monitored in the presence of NaCl, in the absence of
Na' but in the presence of CI” (- Na"), and in the absence of CI” but in the presence of Na™ (- CI).
A representative tracing of the inward currents from a single oocyte is shown. Similar results
were obtained with three other oocytes from different batches. Water-injected oocytes were used
as control and perfusion of these oocytes with acyclovir or Acv-Glu did not induce any

detectable inward currents under identical conditions (data not shown).

Fig. 8. Dose-response relationship for the inhibition of ATB®"-mediated glycine uptake by
acyclovir and valacyclovir. Mouse ATB"" was expressed in HRPE cells heterologously and the
transport function of ATB®" was monitored by measuring the uptake of 10 uM glycine in the
presence of NaCl. The uptake of glycine, measured in the absence of inhibitors, was taken as the

control (100%).

Fig. 9. Comparison of valacyclovir uptake via mouse ATB*" (A) and human PEPT1 (B). HRPE
cells were transfected with either vector alone, mouse ATB*" cDNA, or human PEPT1 cDNA.
Uptake of [*H]valacyclovir (5 pM) was measured for 15 min. In the case of ATB"", the uptake
buffer (pH 7.5) contained either 140 mM NaCl, 140 mM N-methyl-D-glucamine chloride (-
Na"), or 140 mM sodium gluconate (- CI"). In the case of PEPT1, the uptake buffer contained

NaCl and the pH was 6.
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Fig. 10. Comparison of inward currents induced by Acv-Glu and valacyclovir in oocytes
expressing mouse ATB®". Oocytes were injected with mouse ATB"" cRNA and, 6 days
following injection, used in electrophysiological studies. The oocytes were perfused with either 1
mM Acv-Glu or 1 mM valacyclovir and the substrate-induced inward currents were monitored at
-50 mV under voltage-clamp conditions. For comparison of the transport of these two acyclovir
derivatives via ATB”" under identical conditions, the tracings of the inward currents from a
single oocyte are shown. Similar results were obtained with another oocyte from a different
batch. Water-injected oocytes were used as control and perfusion of these oocytes with acyclovir
or Acv-Glu did not induce any detectable inward currents under identical conditions (data not

shown).
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TABLE 1

JPET #57109

Inhibition of ATB”"-mediated glycine uptake in HRPE cells by the derivatives of aspartate and

glutamate

Amino acid derivative

ATB" -specific
glycine transport

None

L-Aspartate

L-Asparagine

L-Aspartate -methylester

L-Aspartate B-benzylester

L-Aspartate B-hydroxamate

L-Aspartate B-(7-amido-4-methylcoumarin)
NBL-Aspartyl-L-phenylalanyl methylester
L-Glutamate

L-Glutamine

L-Glutamate y-benzylester

DL-Glutamate y-anilide

L-Glutamate y-(a-naphthylamide)
L-Glutamate y-(-naphthylamide)

%
1005
86+3
22+0
8+ 1
2+1
39+1
92 + 5%
623
82+t2
21x1
13£1
49+ 1
97+2
79 + 4%

Mouse ATB®" ¢cDNA was expressed functionally in HRPE cells by the vaccinia virus expression

technique. The transport activity of ATB"" was monitored by the uptake of 10 pM glycine in the

presence of NaCl. Uptake was measured in the absence (control, 100%) and presence of 1 mM

aspartate, glutamate, or their derivatives. "Due to limited solubility, L-aspartate B-(7-amido-4-

methylcoumarin) and L-glutamate y-(B-nephthylamide) were used at 0.25 mM instead of 1 mM.

Results are given as percent of control uptake.
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