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ABSTRACT
Localization and Sorting of Nucleoside Transporters in the Kidney

Lara Mangravite

Nucleosides and nucleoside analogs are administered therapeutically for the
treatment of neoplasms, viral infections and cardiac arrhythmias. Renal handling of
nucleosides and nucleoside analogs is compound dependent: some undergo net
reabsorption whereas others undergo net secretion. These processes depend upon
interactions of compounds with transporter proteins and the arrangement of these
transporters on the plasma membrane of the renal tubule.

To date, there are five functionally characterized nucleoside-specific transporters:
three concentrative nucleoside transporters (CNT, SLC28)--CNT1, SPNT, and CNT3--
and two equilibrative nucleoside transporters (ENT, SLC29)--ENT1 and ENT2.

In order to interpret the role that these transporters may play in renal handling of
nucleosides and nucleoside analogs, it is essential to understand the subcellular
localization of each within renal epithelium. To this aim, we tagged each transporter with
green fluorescence protein (GFP) and stably expressed in MDCK, a renal epithelial cell
line. Using immunofluorescence techniques and functional assays, we explored the
subcellular localization of each protein.

The CNTs all localized predominantly to the apical membrane where they are
predicted to govern the first step in reabsorptive flux of nucleosides. The purine selective

concentrative nucleoside transporter, SPNT, was partially expressed on the basolateral
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membrane. Using mutagenesis studies, we determined that trafficking of SPNT to the
plasma membrane was independent of N-linked glycosylation.

ENT1 and ENT?2 localized predominantly to the basolateral membrane where they
are predicted to govern the second step in nucleoside reabsorption. ENT1 was found in
small amounts on the apical membrane. Both ENT1 and ENT2 sequences contained a
basolateral targeting motif within their carboxy-terminal tail. Removal of these domains
did not affect basolateral targeting for either protein but steady-state surface expression of
ENT2 was altered.

The results of this research support the hypothesis that the five known nucleoside
transporters mediate reabsorptive flux within the kidney. The concentrative transporters
mediate the first step in reabsorption, passage from the kidney to the cell, whereas the
equilibrative transporters mediate movement from the cell to the pericellular spaces.
Equilibrative nucleoside transporters may also participate in the secretory flux of
nucleoside analogs, working in concert with other active transporters at the apical

membrane.
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CHAPTER 1

INTRODUCTION TO RENAL NUCLEOSIDE TRANSPORT

Renal Excretion

Renal function is essential for maintaining homeostasis within the body. The
kidneys are responsible for regulating the composition of interstitial fluids by excreting
waste and metabolites, salvaging nutrients and essential compounds, and regulating levels
of water and ions. Renal excretion is the major pathway for elimination of many
therapeutically administered drugs and their metabolites. Thus, the kidneys play a major
role in determining the pharmacokinetic properties of many therapeutic agents.
Identifying the mechanisms of renal excretion is essential to understanding these
parameters.

Renal excretion of a drug involves three distinct processes: glomerular filtration,
reabsorption, and secretion (Figure 1A). Plasma is passively filtered through the
glomeruli. Water and small solutes (e.g., urea, glucose, sodium, and nucleosides) pass
through the glomeruli and enter the tubule lumen whereas larger particles, including
anionic molecules and proteins, are retained in the blood stream (3). As filtrate flows
through the lumen, its composition is closely monitored by the epithelium that lines the
tubules. Tubule epithelial cells are polarized, having two distinct membranes: an apical
membrane, which is in contact with the tubule lumen and a basolateral membrane, which
is in contact with the interstitum (Figure 1B). These two membranes differ in lipid and

protein content and are separated by tight junctions. Tight junctions not only separate the
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Figure 1. Mechanisms of renal elimination. (A.) Renal elimination involves three
processes: 1., glomerular filtration, 2., secretion, and 3., reabsorption through the tubule
wall and into or out of the renal vein. (B.) Renal epithelial cells line the tubule lumen,
providing a barrier between filtrate and blood. The plasma membrane is divided into two
distinct membranes by tight junctions: the apical membrane, which is in contact with the
tubule filtrate, and the basolateral membrane, which is in contact with the blood. While
there is some paracellular flux of solutes, most solutes that are secreted or reabsorbed

must be transported through the epithelial barrier.



two poles of the cell but also connect neighboring cells, sealing them into an
impermeable barrier. By this means, the renal epithelium provides a barrier between the
internal system of the body and the tubule lumen. While there is some opportunity for
paracellular movement of solute, most movement requires transcellular transport.
Essential nutrients and ions are reabsorbed from the filtrate through the lumenal
epithelium and returned to the circulation (Figure 1B) (3). This reabsorptive process
salvages essential nutrients that cannot be synthesized de novo, and recycles complex
molecules, which require large amounts of energy to synthesize (3). In addition, waste
products and foreign solutes can be actively secreted, passing into the filtrate through the
epithelium (Figure 1B). This secretory process concentrates unwanted compounds in the

filtrate for excretion.

Carrier-Mediated Transport in Renal Excretion

Renal transepithelial flux of solutes in both the reabsorptive and secretory
direction is mediated predominantly by transporter proteins (Figure 2). Transporters are
poly-membrane spanning proteins that form a pore in the cellular membrane through
which specific substrates pass. The substrate specificity of a transporter may be restricted
as with glucose transporters, which only transport glucose, or much broader as with P-
glycoprotein, which transports a large range of bulky hydrophobic molecules (1).
Typically, transepithelial transport is mediated by two distinct transporter proteins
localized to opposite membranes, allowing for passage of solute in one side of the cell
and out of the other. Understanding the mechanisms by which transporters recognize and

translocate substrates is a topic of much current research.
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Figure 2. Transporters involved in renal elimination. Only those transporters for which
subcellular localization is known are shown. (A.) Transporters thought to be involved in
active reabsorption. On the apical membrane, these include the sodium-dependent
glucose transporters (SGLT1, SGLT2), the taurine/Na'/CI transporter (TauT), the
sodium-dependent peptide transporters (PEPT1, PEPT2), the glucose exchanger (GLUT
5), pendrin (PDS, which can act as a Cl/format, Cl/hydroxyl or Cl/bicarbonate

exchanger), the sodium sulfate cotransporter (NaSi-1), the Na'/H" exchanger (NHE3), the



glutamate transporter (EAAC1), and the sodium-dependent vitamin C transporter
(SVCT1). Transporters thought to be involved on the basolateral membrane include the
Na*/bicarbonate transporter (NBC), the glucose exchangers (GLUT 1,2, and 4), the
sodium-dependent sulfate transporter (SAT), the L-type amino acid transporters (LAT 1
and 2), multidrug resistance associated proteins (MRP 1, 3 and 6), the sodium-dependent
glutamate transporter (GLT1), the system y+L amino acid transporter (y+LAT1) and the
Na'/K* exchanger (Na'/K* ATPase). (B.) Transporters thought to be involved in active
secretion. On the apical membrane, these include the broadly selective ATP-dependent
P-glycoprotein (P-gp) and multidrug resistance associated proteins (MRP 2 and 4), the
urea exchanger (UT1), the organic cation transporter (OCTN2), the organic anion/CI
exchanger (NPT1), and the organic anion transporters (OAT-K1, OAT-K2, OAT-P1).
Transporters thought to be involved on the basolateral membrane include the organic
cation transporters (OCT1 and OCT2), and the organic anion transporters (OAT1 and
OAT3). Also thought to be involved in active secretion but not fully characterized or
localized are the organic anion transporters (OAT2, OAT4, OATP3, OAT-PD, and OAT-

PE) and the organic cation transporters (OCT3 and OCTN1).



Several classes of transporter proteins are present in the renal epithelium.
Facilitated transporters such as GLUT1 (a glucose transporter) mediate movement of a
substrate down its electrochemical gradient. Movement can be either into or out of cells.
Ion-coupled transporters couple uphill movement of substrate to the downhill transport of
an ion (often Na® in higher eukaryotes but also H*, CI', K" or OH’) (65). Transport of
both substrate and ion can be in the same direction as in the case of SGLT, a
glucose/sodium symporter, or opposing directions as in the case of OCTN1, an organic
cation/proton antiporter (50). Some transporters couple substrate movement to multiple
ionic gradients as in the case of EAAT, which couples the transport of glutamate to that
of two Na' ions, one OH" and one K* (90). While these transporters are theoretically
capable of acting in either direction, ionic gradients across cellular membranes are
closely monitored and maintained at stable levels, forcing unidirectional movement via
these transporters.

Ionic gradients are maintained by primary active transporters (1). These
transporters couple uphill movement of substrate to energy consumption--usually via
ATP hydrolysis. For example, Na'/K'-ATPase activates extracellular movement of three
Na" ions and intracellular movement of two K ions upon hydrolysis of a single ATP
molecule, thus maintaining both ionic gradients (1). The actions of this P-type ATPase
are essential to kidney function, as many of the transporters that mediate active processes
within the kidney are Na* or K* dependent. In fact, the compound effect of Na*-coupled
transporters (which are generally on the apical membrane) and Na'/K*-ATPase (which is
confined to the basolateral membrane) provides a major pathway for transepithelial

sodium reabsorption within the kidney (3).



Transporters involved in reabsorption tend to have narrow substrate specificity
allowing only a small range of essential compounds to re-enter the circulation (Figure
2A). Most solutes that are reabsorbed (glucose, amino acids) tend to be small hydrophilic
compounds that are not capable of passively diffusing across cellular membranes on their
own. Typically, reabsorbed solutes are moved across the apical membrane against their
concentration gradient and then pass through the basolateral membrane via facilitative
diffusion. In general, transporters involved in active secretion interact with a much wider
range of substrates, transporting a variety of compounds with similar chemical
characteristics. Substrates are extracted from the interstitum and deposited in the tubule

filtrate (Figure 2B).

Nucleosides

Nucleosides are small molecules consisting of a ribose or deoxyribose ring
conjugated on the 1' carbon to a purine or pyrimidine nucleobase (Figure 3). Naturally
occurring nucleosides are hydrophilic molecules and, as such, are impermeable to cellular
membranes. They require carrier-mediated transport to pass into or out of cells. Two
families of transport proteins selective for nucleosides have been identified to date.
These proteins are differentially expressed in all cell types and allow for movement of
nucleosides throughout the cellular environment.

The major physiologic role of nucleosides is as precursor to nucleotides, the
essential building blocks of nucleic acids--both DNA and RNA (1). Thus, any cell
undergoing cell division or transcription is in need of nucleosides. Nucleotides are high

energy compounds, containing one or more phosphate bonds, and, as such, also serve as
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physiologic energy-storing molecules (1). ATP hydrolysis is the primary source of
energy used in many essential cellular processes. In addition, there are several
purinoceptor systems that are stimulated by ATP or adenosine. As the natural metabolic
product of ATP hydrolysis, adenosine serves as an indicator of local energy stores, and
signaling modulates essential physiologic functions such as heart rate, sleep patterns, and
bronchoconstriction accordingly (86). Adenosine signaling is also involved in
maintaining homeostasis within the kidney where it regulates glomerular filtration rate
(GFR), urine flow, solute excretion, and renin release (70).

While most types of cells are capable of biosynthesizing nucleosides de novo
from components of the citric acid (TCA) cycle, this process is very energy consuming
(96). Salvage and reuse of nucleosides provides a mechanism to minimize energy use
and is preferred over de novo synthesis (34). In addition, several cell types such as
enterocytes, leukocytes, and erythrocytes are not capable of de novo synthesis and rely on
salvage as their only source of nucleosides (24). To this purpose, nucleosides are
synthesized in the liver and circulated in the blood stream in low micromolar
concentrations for use by these cells (34, 52).

There has been an increase, in recent years, of nucleoside analogs approved for
therapeutic use, predominantly for the treatment of neoplasms and viral infections (Figure
4). Nucleoside analogs used as cancer chemotherapy such as cytosine-f3-
arabinofuranoside (ara-C) and gemcitabine enter cells via transporter proteins and are tri-
phosphorylated to their active nucleotide counterparts. In this form, they can be
incorporated into DNA strands where they cause both chain termination and DNA

fragmentation, resulting in an inability for the cell to replicate and eventual programmed

11
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Figure 4. Chemical structures of several clinically relevant nucleoside analogs.
Cladribine is an adenosine analog, ribavirin and ganciclovir are guanosine analogs, azido-
deoxythymidine (AZT) is a thymidine analog, cytosine-f-arabinofuranoside (ara-C) and

gemcitabine are cytosine analogs.
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cell death (23). Nucleoside analogs used in retroviral treatments such as zidovudine
(AZT) or ganciclovir act similarly, causing DNA chain termination and interfering with
reverse transcriptase (79). Because DNA chain elongation is a process required by all
cell types, this class of compound often results in serious side effects. Toxicities appear
to be most prevalent in tissues with high cellular metabolism such as pancreas and liver
(79). They are also seen in tissues where nucleoside analogs become concentrated. For
example, the primary side effect of ribavirin therapy is severe anemia. Ribavirin is a
guanosine analog which becomes sequestered in red blood cells as the active
phosphorylated form at concentrations forty times those seen in plasma, causing cell
death (20).

Transmembrane transport is the first step in nucleoside analog treatment. While
some nucleoside analogs such as AZT are able to diffuse across membranes at
concentrations high enough to be efficacious, many nucleoside analogs require carrier-
mediated transport in order to achieve therapeutic effect (48). In addition,
transmembrane transport of nucleoside analogs is essential for renal elimination of these
compounds. Most nucleoside analogs are excreted, in part, unchanged in urine. Clinical
studies indicate that many undergo active renal secretion, though there is large
interpatient variability in renal clearance data (Table 1). Several of these agents cause
nephrotoxicity and eventual renal failure, suggesting that they may be concentrating in
renal tubule epithelium (79).

Several nucleoside transport systems have been identified in the kidney.
As an essential nutrient, one would expect nucleosides to be actively reabsorbed through

the renal epithelium for reuse by the body as in the manner of glucose or amino acids. In
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Table 1. Renal handling of clinically administered nucleoside analogs (30).

Therapeutic Common Fraction Renal Fraction
Compound Indications Unbound | Clearance | Excreted
£, %) (ml/min) (f, %)
Gemcitabine Pancreatic &
non-small cell lung cancer ~100 264+135 <10
Mercaptopurine ALL, ANL, CGL 81 169+154 22412
Cytarabine ALL, ANL,
(ara-C) Meningial Leukemia,
non-Hodgkin's Lymphoma 87 100+£103 11+8
5-Fluorouracil Gastrointestinal
(5FU) & Breast Cancers 88 to 92 112+49 <10
Didanosine (ddI) HIV-1, HIV-2, HTLV > 95 403277 3619
Abacavir HIV-1 ~100 89.6+19.5 7510
(ABC)
Ganciclovir CMV, HSV ~99 235+191 7331
Stavudine (d4T) HIV-1, HIV-2 ~100 246197 43.1+5.6
Acyclovir HSV, CMV,
Epstein Barr Syndrome 85+4  3.37*GFR' 75x10
Zidovudine HIV-1, HIV-2, HTLV >75 327+166 1845
(AZT)
Lamivudine Hepatitis B, HIV-1, HIV-2 >64 144t0339 49to 85
(3TC)
Za]citabine HIV-1, HIV-2 >96 186+103 65+17
(ddC)
Ribavirin Hepatitis C ~100 122452 35+8

Values given are mean + standard deviation. In the case of SFU £, and lamivudine Cl,
and f,, values are given as a range. Abbreviations: ALL, acute lymphocytic leukemia;
ANL, acute nonlymphocytic leukemia; HIV, human immunodeficiency syndrome; CMV,
cytomegalus virus; HSV, herpes simplex virus; HTLV, human T-cell lymphotrophic

virus; AML, acute myelogenous leukemia; CGL, chronic granulocytic leukemia.

! GFR, glomerular filtration rate, is typically 120 mI/min for a healthy, young adult.
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fact, there is clinical evidence for reabsorption of adenosine and the guanosine analog,
ribavirin, within the proximal tubule (53). However, there is also significant clinical
evidence for secretion of deoxyadenosine and many other nucleoside analogs (Table 1)
(53). That is Clg exceeds f, - GFR. Thus, while the presence of nucleoside transporters
within the kidney is well established, the role these proteins are playing in renal clearance
of nucleosides and nucleoside analogs has not yet been determined. The purpose of this
body of work was to examine the subcellular localization and trafficking patterns of the
nucleoside transporters expressed in the kidney as a means to better understand their
contribution to renal clearance of nucleosides and nucleoside analogs. This chapter will
serve to introduce renal nucleoside transport systems, the six known nucleoside specific
transporters and to discuss their role in renal handling of nucleosides and nucleoside

analogs.

Nucleoside Transport Within the Kidney

Before the advent of molecular cloning, study of nucleoside transport function
was carried out in whole tissue preparations. Several distinct types of transport were
identified in this manner, differing in sodium-dependence, substrate selectivity, and
sensitivity to the inhibitor, nitrobenzylthioinosine (NBMPR) (Table 2) (83). Six subtypes
of sodium-dependent, concentrative nucleoside transport were observed (N1 - N6). N1-
N4 are insensitive to NBMPR and differ in substrate selectivity: N1 is purine selective,
N2 is pyrimidine selective, N3 is broadly selective and N4 transports pyrimidines and
guanosine. Interestingly, all four systems are permeable to adenosine and uridine. N5

and N6 are both sensitive to NBMPR and transport adenosine analogs and guanosine,
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Table 2. Nucleoside transport functions characterized from whole tissue.

Functional
Transport Na+- NBMPR Renal
System dependence | Sensitive | Substrate Selectivity Expression
Concentrative Transport
N1 + - purines, uridine yes
N2 + - pyrimidines, adenosine yes
N3 + - purines, pyrimidines N/D
N4 + - pyrimidines, guanosine, yes
adenosine
N5 + + adenosine analogs no
(Formycin B, 2CdA)
N6 + + guanosine no
Facilitative Diffusion
es - + purines, pyrimidines yes
ei - - purines, pyrimidines no

N/D: not determined. Abbreviations: 2CdA, 2-choro 2' deoxyadenosine (Cladribine).
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respectively. Two subtypes of sodium-independent, equilibrative transport activities
were observed, one that is sensitive to NBMPR (termed es for equilibrative, sensitive)
and one that is insensitive (termed ei for equilibrative, insensitive).

Initial examinations of nucleoside transport systems within the kidney were
carried out in membrane vesicle preparations from whole tissue in an attempt to identify
the systems present on each membrane. For these studies, the apical or brush border
membrane vesicles (BBM) were separated from the basolateral membrane vesicles
(BLM) based on unique surface properties (31). While these processes serve to
selectively concentrate either BBM or BLM for further analysis, there is always some
residual cross-contamination of membranes--from the opposite membrane as well as from
internal organelles (31). For this reason, identification of a transport system on one
membrane or the other is not definitive proof of actual subcellular localization.

Initial examination of nucleoside interactions with vesicles prepared from rat
renal brush border membranes identified, for the first time, the existence of a sodium-
coupled transport system for adenosine (39, 41). Further studies observed active
transport of a wide range of nucleosides--both purines and pyrimidines (38-40). All of
these initial vesicle studies used either adenosine or uridine as a model substrate (16, 40).
Because these nucleosides are universal substrates of transport systems N1-N4, it was
difficult to determine which system was responsible for the observed transport. The first
study to clearly identify the presence of distinct nucleoside transport systems was carried
out by Williams et al. in bovine BBM (88, 89). Using guanosine and thymidine as
substrates, these investigators clearly identified the presence of both system N1 and

system N2 in the BBM (88, 89).
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Equilibrative transport of nucleosides in renal vesicles has been limited to
observation of system es and remains controversial. Es transport has been identified
selectively on the BBM, selectively on the BLM, or on both membranes, depending on
the study (6, 11, 66, 87). Ei-type transport was never observed. We now know that the ei
system has a much lower affinity for most nucleosides than does es and, so, these studies
do not exclude the possibility that ei activity may also be present in the kidney.

The first studies examining nucleoside transport activity in human renal vesicles
were carried out in this laboratory (27). These studies indicated existence in BBM of
both sodium-dependent and sodium-independent transport. Further characterization of
concentrative transport identified only one system, termed N4. This system was
permeable to pyrimidines, like the N2 system, but also transported guanosine (27, 28).
The sodium-independent system was not characterized.

The advent of expression cloning techniques allowed for molecular
characterization of these transporter systems. Initially, sodium-dependent systems were
examined via heterologous expression of isolated renal poly-A mRNA in Xenopus laevis
oocytes (19). Studies using both human and rat mRNA indicated the expression of a
single sodium-dependent system--the pyrimidine-preferring system N2 (19). While these
studies give us an idea of the nature of nucleoside transport activities in the kidney, they

do not provide information about the molecular identities of the transporters.

Nucleoside Transporter Proteins

With the advent of cloning techniques, it is possible to identify and characterize

the proteins responsible for nucleoside transport. To date, two families of mammalian

18



nucleoside transporters have been identified, both of which have three known members:
the concentrative nucleoside transporters (CNT or SLC28) and the equilibrative
nucleoside transporters (ENT or SLC29). All transporters cloned thus far appear to be
expressed to some degree in the kidney and so a brief description of all six transporters

follows (Table 3).

Concentrative Nucleoside Transporters

Three members of the mammalian concentrative nucleoside transporter family
(CNT) have been cloned and functionally characterized to date: CNT1, CNT2 or SPNT
(Sodium-dependent Purine-selective Nucleoside Transporter), and CNT3 (61, 62, 84).
CNT1 is pyrimidine preferring (system N2), SPNT is purine preferring (system N1) and
CNT3 is broadly selective (system N3). Proteins correlating to systems N4, N5 and N6
have not been identified and may reflect the properties of multiple transporters present in
tissue preparations.

All three of the cloned nucleoside transporters appear to be expressed in the
kidney to some degree. mRNA transcripts have been identified from kidney homogenate
in all cases, though SPNT and CNT3 appear to be expressed at significantly lower levels
than CNT]1 (59, 61, 84). The physiological relevance of high levels of pyrimidine-
specific nucleoside transport in kidney remains unclear. Protein levels of these
transporters in kidney have not been quantified to date. However, protein levels of
hepatic SPNT and CNT1 have been quantified (14). Interestingly, protein and mRNA
levels did not correlate—SPNT mRNA levels were higher than CNT1 in liver but more

CNT!1 protein appeared to be expressed than SPNT (14). A similar phenomena may
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Table 3. Cloned nucleoside transporters expressed in kidney.

Clone Type Kidney Expression
Transport mRNA Protein

Concentrative Nucleoside Transporters (CNTs)
CNT1 N1 high yes
SPNT/CNT2 N2 low yes
CNT3 N3 low N/D
Equilibrative Nucleoside Transporters (ENTs)
ENT1 es high N/D
ENT2 ei low N/D
ENT3 N/D low N/D

N/D: not determined

20



prove true in the kidney. With this in mind, we have chosen to examine the role of all
three CNTs in the renal transport of nucleosides. We will first discuss the molecular
characteristics of each individual transporter, and then briefly discuss important advances

in understanding the mechanisms of action and physiologic relevance of the CNT family.

CNT1
CNT1 was the first member of this family to be isolated and heterologously expressed in
oocytes (19). The rat cDNA (2.4 kb) encoding CNT1 was identified by Huang et al. via
expression cloning techniques (32). CNT1 mRNA causes sodium-dependent nucleoside
influx when injected in oocytes and is predicted to encode a 648 amino acid protein (~71
kDa) (32). CNT1 preferentially transports pyrimidine nucleosides (thymidine, cytidine,
and uridine) and some pyrimidine analogs but not the purine nucleosides, guanosine or
inosine, or their analogs (Tables 4 and 5). Interestingly, CNT1 does transport adenosine
albeit at low capacity (32). It does not interact with either nucleobases (uracil,
hypoxanthine) or nucleotides (UMP, UDP, UTP). Northern blot analysis indicates that
CNT!1 is expressed in abundance in jejunum and kidney. Sequence analysis and topology
studies suggest that CNT1 has 13 transmembrane domains (TMDs) with a cytoplasmic
N-terminal tail and an extracellular C-terminal tail (Figure 5) (29, 32). All known CNTs
are thought to have a similar secondary structure. The rCNT1 sequence contains three
putative glycosylation sites, two of which are known to be glycosylated (N605 and
N643), and four putative protein kinase C phosphorylation (PKC) sites (29, 32). Both of
these glycosylated sites reside in the predicted C-terminal tail.

The human ortholog, hCNT1, was cloned by hybridization from a kidney cDNA
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Table 4. Substrate specificity of the rat (R) and human (H) orthologs of cloned

nucleoside transporters.

Substrate CNT ENT Reference

1 12 (3|12
R/H R|HMH|/R|HRH

Naturally Occurring Compounds

(4, 25, 32, 61, 62, 85, 93)

Adenosine
(4,25, 32,61, 84, 85, 93)
Uridine
(17, 25, 45, 61, 81, 84, 85,
Cytidine : 93)
Sk (17,32, 42, 61, 62, 76, 81,
Thymidine & 84, 85,92, 93)
(25,44, 61, 67, 81, 84, 85,
Inosine g f : 3 93)
- (13, 25, 61-63, 85, 93)
Guanosine
Formycin B (4, 10, 45, 61, 84)
Hypoxanthine (61, 85, 94)
Uracil (10, 61, 63, 85, 93, 94)
Cytosine | 94)
Adenine 3 55 = (10, 17, 46, 94)
Guanine (94)
Thymine %94)
UMP (46)
AMP (17)
ADP (17)
ATP (17)
Traditional Inhibitors
NBMPR (4, 13, 25, 26, 61, 62, 93)
dilazep (13, 21, 25, 26, 61, 62, 93)
| dipyridamole (4, 10, 25, 60, 77, 93)
rA\ntiviral agents _‘
AZT, Zidovudine (32, 46, 60, 62, 63, 67, 85)
Zalcitabine, ddC nE & (32, 46, 60, 62, 63, 67)
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Table 4 continued.

Didanosine, ddI (32, 43, 46, 60, 63)
ddA (17, 46, 68)
ddG (32)

ddU (46)
Idoxuridine, ITudR (12, 17)
Floxidine, FUdR (9, 17, 46, 61)
Lamivudine, 3TC | (22, 32, 46)
Ribavirin (46, 49, 58)
6-Azauridine (12, 46)
Acyclovir (12, 67)
Gancyclovir (61)
Stavudine, D4T (46)
Trifluridine (46)
Antineoplastic Agents

Cytarabine, araC

Gemcitabine, dFdC

Cladribine, 2CdA

(4,9, 22, 25, 85)

(13, 45,48, 61)

(9,17, 25, 61, 67, 68, 84)

Tubercidin 9)
5-fluorouridine (9, 46,41)
5-Flurouracil (46, 74)
dFU (12,51, 85, 47)
Capecitabine 47,51)
5’-Azacytidine (12)
6’-Azacytidine (12)
3’-Deazuridine (12, 46)
Fludarabine (25, 45, 61)
Fludarabine AMP (45)

AraA (17, 46)
Troxacitabine (21)
Zebularine (61)

Other Nucleoside Analogs

CIUdR (12, 17)
BrUdR (12, 17)
HMUdR (12, 17)
4-Thiouridine (12, 46)
Deoxycytidine (22)




Table 4 continued.

5’-deoxythymidine (46)
2’-deoxyuridine (46)
3’-deoxyuridine (46)
3-Methyluridine (46)
5-Iodouridine (46)
Acadesine (46)
1-Methyladenosine (46)
DMA (46)
7-Deazaadenosine (46)
8-Bromoadenosine (46)

Black, known substrate as determined by radiolabeled transport, electrophysiology or
cytotoxicity assays; Drak grey, known inhibitor; Light grey, neither; White, unknown.
Substrate specificity of mCNT3 (M) is given because no functional rat CNT3 ortholog
has been reported to date. Abbreviations: ddC, 2',3'-dideoxycytidine; ddI, 2',3'-
dideoxyinosine; ddA, 2',3'-dideoxyadenosine; ddG, 2',3'-dideoxyguanosine; ddU, 2',3'-
dideoxyuridine; dFdC, 2',2'-difluoro deoxycytidine; 2CdA, 2-chloro 2'-deoxyadenosine;
dFU, 5’-deoxy 5-fluorouridine; AraA, Adenine arabinosine; CLUdR, 5-chloro-2'-
deoxyuridine; BrUdR, 5-bromo2'-deoxyuridine; HMUdR, 5-hydroxymethyl-2'-
deoxyuridine; DMA, N6N6-Dimethyladenosine.
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Table 5. Apparent Michaelis-Menten kinetic constant (K, substrate concentration at

half-maximal velocity), in uM, of naturally occurring nucleosides and the nucleobase,

hypoxanthine.

CNT1 SPNT CNT3 ENT1 ENT2
Adenosine N/D 8.31+2.7 15.1+1.8 501 140£40
Uridine 4518 80£10 21.6£5.4 | 4801260 | 270+50
Cytidine 3417 --- 15.4+2.7 | 680+130 | 5210+570
Thymidine 16.313.3 --- 21.2+6.3 | 240060 | 620190
Guanosine -- N/D 43.0+6.6 | 140+20 | 2700+1640
Inosine --- 4.5£10 52.5£12.6 | 20050 5010
Hypoxanthine --- --- - --- 700£100
References (63,84,94) | (44,45,62,94) | (61,94) | (85,94) (85, 94)

N/D, not determined; ---, not a substrate. All values from primary literature.
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Extracellular

Figure 5. Secondary structure of hCNT1. All members of the CNT family are
predicted to have 13 transmembrane spanning domains with a cytosolic N-terminal tail
and an extracellular C-terminal tail. All N-linked glycosylation sites in each CNT are
located within this C-terminal tail. hCNT1 contains two glycosylation sites, at N605 and

N643 (indicated by black squares).
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library in 1997 (62). hCNT1 encodes a protein of 650 amino acids (72 kDa), is 83%
identical to rCNT1, and has a very similar secondary structure and substrate selectivity to
its rat ortholog (see Table 4). That is, hCNT]1 prefers pyrimidine nucleosides but also
transports adenosine as a high-affinity, low-capacity substrate. hCNT1 has two putative
glycosylation sites in the C-terminal extracellular tail, at positions N606 and N654.
Treatment with endoglycosidase F, a deglycosylation agent, indicates that at least one of
these sites is glycosylated (29). hCNT1 is encoded by 17 exons located on chromosome
15q25-26 (62). An ortholog of CNT1 has also been cloned from pig kidney (54).
Identification of the molecular structure of rat and human CNT1 has allowed for
extensive analysis of both the mechanism of transport and the substrate selectivity of
these proteins. Transport is sodium-dependent, with a likely coupling ratio of 1:1
(sodium: nucleoside). Transport also appears to be sensitive to membrane potential for
both orthologs as some transport remains in the absence of sodium (12, 45, 49). A wide
variety of nucleoside analogs pass through the kidney and may be affected by the
presence of this system within renal epithelia. Both rat and human CNT1 have been
expressed in multiple heterologous expression systems (oocytes, mammalian cells, and
yeast) and examined for interaction with a variety of substrates. Standard assays in these
systems involved determination of the uptake of radiolabeled nucleosides or nucleoside
analogs and, often, the inhibition of uptake by unlabeled compounds. While this
mefhodology provides a rapid way to test for interactions of compounds with
transporters, it requires the use of radiolabeled substrate in order to determine definitively
whether a substance is acting as a substrate or an inhibitor, a difficult and costly task.

The advent of electrophysiological techniques has allowed for a much broader
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understanding of the substrate specificity of CNT1. Dresser ef al. used this technique to
examine the specificity of rCNT1 and elegantly examined the structural basis for
substrate interaction (12). They found that pyrimidine analogs modified at the 3-, 4-, or
5- positions on the base continued to be transported by rCNT1 but modification at the 6-
position negated substrate\transporter interactions. 5'-Hydroxylation of the ribose was
not essential for transport. A summary of the substrates and inhibitors known to interact

with rat and human CNT1, and the other clones discussed below, is provided in Table 4.

SPNT

The transcript encoding the purine-preferring (N1-type) transporter was cloned
from rat liver in 1995 (4). This 2.9 kb transcript contains an open reading frame (ORF)
encoding a protein 659 amino acids (~72 kDa) in length that is 64% identical to rCNT1. !
Sequence analysis indicates these two proteins have similar secondary structure. The
rSPNT amino acid sequence contains five putative N-linked glycosylation sites (three of
them in the extracellular C-terminal tail) and six putative PKC sites. Initial Northern blot
analysis did not identify SPNT transcript in kidney tissue but further analysis via RNA
dot blot indicates that low levels of mRNA are expressed (4, 59). Low levels of SPNT
protein have also been detected in rat kidney homogenate (75). Large amounts of rISPNT
have been identified in the intestine and liver (4, 59). This protein preferentially
transports purine nucleosides—adenosine, guanosine, inosine—and purine nucleoside
analogs over pyrimidine nucleosides although it also transports uridine (Table 4). A
transcript identical to SPNT was also cloned from rat blood brain barrier (42).

Interestingly, this clone appears to transport small but significant amounts of thymidine
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(42). SPNT-dependent nucleoside transport appears to be mechanistically very similar
to CNT1-mediated transport. The ratio of sodium to nucleoside transport via SPNT is 1:1
(43). In addition, there is some residual nucleoside transport in the absence of sodium, as
was observed for both rat and human CNT]1, suggesting that the protein may transport
other ions (17).

The human oftholog of SPNT, termed hSPNT1, was originally cloned in this
laboratory from kidney using homology cloning strategies (84). This cDNA, which is
81% identical to rSPNT and 72% identical to hCNT1, contains an ORF predicted to
encode a protein of 658 amino acids (72 kDa) and causes sodium-dependent nucleoside
transport when heterologously expressed (63). The protein is predicted to have a similar
secondary structure to the other cloned CNTs, and contains six putative N-linked
glycosylation sites (only the four in the C-terminal tail are predicted to be extracellular)
and six putative PKC sites. hSPNT1 appears to be transcribed from 17 exons on
chromosome 15q15 (63). Rabbit and mouse orthologs have also been cloned (18, 57).
hSPNT1 has a wider tissue distribution than hCNT1 and is most abundant in the GI tract
where it appears to be responsible for the absorption of ribavirin (58, 59). Significant
amounts of hSPNT1 mRNA transcript were also detected in kidney, liver, skeletal
muscle, lymph nodes and mammary gland (59).

There are some significant species differences in substrate selectivity for
nucleosides and nucleoside analogs between rat and human SPNT (Table 4). Both
selectively transport purinergic nucleosides but rat SPNT prefers adenosine to inosine
whereas human SPNT prefers inosine to adenosine (17). hSPNT1 appears more selective

than rSPNT which can interact with 5’-AMP and several ribose-modified nucleoside
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analogs that are not transported by the human ortholog (17). Neither ortholog interacts
with 5’-uridine analogs, indicating that renal elimination of these analogs will not be

dependent on SPNT expression (17).

CNT3

hCNT3 and mCNT3 were identified in the EST database and simultaneously
cloned from human mammary gland, human myeloid HL-60 cells, and mouse liver (61).
hCNT3 encodes a 691 amino acid protein (77 kDa) containing four N-linked
glycosylation sites, all within the C-terminal tail. mRNA is transcribed from 18 exons on
chromosome 9q22.2. The sequence of the rat ortholog of CNT3 has been identified and
placed in the database (Genebank accession number NM_080908) but no functional
information is available.

The amino acid sequence of hCNT3 is 48% identical to hCNT1 and 47% identical
to hSPNT1. These three proteins are predicted to have very similar secondary structures;
however their sequences are different enough to place the CNT3 proteins into their own
subfamily within the CNT family structure. Mechanistically, hCNT3 differs from CNT1
and SPNT in two major ways. First, the sodium: nucleoside coupling ratio for hCNT3 is
2:1, as opposed to 1:1 for the other CNTs. In a physiological situation, this means that
hCNT3 concentrates nucleosides intracellularly at a rate 100 times that of hCNT1 or
hSPNT1. Thus, hCNT3-mediated transport of nucleosides or analogs may be important
even in tissues such as kidney where lower levels of transporter are expressed. Secondly,
hCNTS3 is broadly selective for nucleoside substrates, transporting both purine and

pyrimidine nucleosides. Therefore, it interacts with a much broader range of therapeutic
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nucleoside analogs and is expected to play a large role in absorption, distribution, and
elimination of these drugs. CNT3 transport characteristics (broad specificity and 2:1
coupling ratio) corresponds to the N3 transport system, which was originally described

by Wu and Giacomini from rabbit choroid plexus studies (91).

The molecular determinants of substrate selectivity and translocation for all three
cloned CNTs appear to be related. Removal of the N-terminus of hCNT3, containing the
intracellular tail and first three TMDs, results in a truncated protein that is still functional,
indicating that translocation is independent of this portion of the protein (29).
Examination of the conserved differences between these proteins in the remaining amino
acid sequence has provided insight in determining which regions are responsible for
substrate selectivity. This was originally examined via a series of chimeric studies in this
laboratory, using rat CNT1 and SPNT (80-82). Using CNT1 as template, the sequence
surrounding TMD 8 was replaced with the corresponding sequence from SPNT, resulting
in a broadly selective nucleoside transporter (80, 82). Further studies determined that
replacement of a single pair of residues in CNT1 (S318G/Q319M) with SPNT sequence
also caused broad substrate selectivity, implicating these residues in substrate binding and
possibly in the translocation pathway of these proteins (82). Similar studies repeated and
expanded upon this using the human clones (hCNT1 and hCNT2). From these, we see
that alteration of these two residues (S319G/Q320M in human CNT2) confers the ability
to transport purines to an otherwise pyrimidine-selective transporter (44). In addition,
mutations of conserved differences in a nearby region (S353T and L354V) selectively

reduce pyrimidine transport, indicating that purine-selection and pyrimidine-selection
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may occur at different positions within these proteins (44). Examination of residues at
these positions in the broadly selective hCNT3 and its orthologs supports the importance
of these four residues and the area surrounding TMDs 7-8 in determination of substrate

. selectivity (Figure 6).

While much work has been done examining the molecular determinants
responsible for transporter function, few studies have examined the physiologic role of
these transporters. The construction of transporter specific antibodies has facilitated such
studies and extensive work in this vein has been carried out by the Pastor-Anglada
laboratory, focusing on CNT expression in hepatocytes and macrophages (56). Both
SPNT and CNT]1 protein are present in rat hepatocytes, where they appear to have
differential subcellular localization and regulatory patterns (56). SPNT is confined to
sinusoidal (basolateral) membranes while CNT1 localizes to caveolin-enriched fractions,
early endosomes, and canalicular (apical) membranes (56). Differential expression
indicates that these proteins may have different functional roles within a cell. In addition,
there is increasing evidence that these transporters are differentially regulated, creating a
model of nucleoside transport that is closely governed by cellular needs and actions. This
may be relevant in the kidney as a primary role of this organ is to monitor the

composition of extracellular fluids throughout the body.

Equilibrative Nucleoside Transporters
Three members of the mammalian equilibrative nucleoside transporter
(ENT, SLC29) family have been cloned to date: ENT1, ENT2, and ENT3 (25, 26).

ENTI
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311 TMD 8 371
hCNT1  SVAGNIFVESITEAPLLIRPYLADMTLSEVHVVMTGGYATIAGRGLGAYISFGIDATSLIAA
rCNT1 SVAGNIFVSQTEAPLLIRPYLADMTLSEVHVVMTGGYATIAGELLGAYISFGIDAASLIAA
hSPNT1 AVAGNIFVGMTEAPLLIRPYLGDMTLSEIHAVMTGGFATISGI§LGAFIAFGVDASSLISA
rSPNT AVAGNIFVGMTEAPLLIRPYLADMTLSEIHAVMTGGFATIAGTVLGAFISFGIDASSLISA
hCNT3  VASGNIFVGQTESPLLVRPYLPYITKSELHAIMTAGFSTIAGEYLGAYISFGVPSSHLLTA

rCNT3 VAAGNI WﬁTES PLLVQPYLPHVTKS ELHTIMTAGFATIAG“LGAYI SFGVSSTHLLTA

Figure 6. Sequence alignments of CNTs in the region responsible for substrate
specificity. Residues proven to be important for purine and pyrimidine specificity are
highlighted. Predicted TMD 8 is overscored. Alignment is between residues 311 and

371 relative to the hCNT1 sequence.
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exhibits equilibrative nucleoside transport, which is sensitive to inhibition by nanomolar
concentrations of NBMPR (system es). Nucleoside transport by ENT2 is insensitive to
inhibition by similar concentrations of NBMPR (system ei). Both ENT1 and ENT2 are
transcribed in the kidney (59). Protein levels have not been determined.

The hENT3 sequence (accession number AF326987) has only recently been
identified within the Genbank database by its homology to members of the ENT family.
While examination of the EST database indicates that ENT3 is expressed in kidney, this
protein does not localize to the plasma membrane in renal epithelial cells (unpublished
observation). This intracellular localization has made functional characterization
impossible thus far (33). For this reason, discussion of ENTs in this study will focus on

ENTI1 and ENT2.

ENT1

In 1997, a transcript encoding ENT1 was cloned from human placenta (25). The
2.1 kb transcript, which has been assigned to chromosome 6p21, is encoded by 12 exons,
and contains an ORF predicted to encode a protein 456 residues (50 kDa) in length (8,
25). Topology studies and sequence analysis indicates that this protein has 11 TMDs,
with an internal eleven residue N-terminal tail, an external four-residue C-terminal tail,
and two large loops: an extracellular, glycoslyated loop between TMDs 1-2 and a
cytoplasmic loop between TMDs 6-7 (Figure 7) (71).

ENT]1 is broadly selective, transporting both pyrimidine and purine nucleosides
and their analogs but is impermeable to nucleobases or nucleotide monophosphates

(Table 4) (46, 94). Pharmacological analysis indicates that ENT1 substrate binding is not
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Figure 7. Secondary structure of hENT1. All members of the ENT family are
predicted to contain 11 TMDs with a very short cytoplasmic N-terminal tail and
extracellular C-terminal tail. These proteins have two predicted large loops--an
extracellular loop between TMD 1-2 that is glycosylated and a cytosolic loop between

TMD 6-7. hENT1 has one glycosylation site at position N48 (shown as a black square).
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affected by base modifications but is sensitive to dehydroxylation at the 2', 3' or 5'
positions of the ribose ring (46). Transport is inhibited by nanomolar concentrations of
NBMPR (ICs is 3.7 nM for uridine inhibition) (25). NBMPR is not itself a substrate. In
addition, transport is competitively inhibited by several coronary vasodilators: dilazep,
draflazine, and dipyridamole. These compounds are structurally distinct from
nucleosides but appear to bind to the same region of the transporter (71).

A number of studies have focused on mapping the substrate-binding region of
hENT1. Mutagenesis studies indicate that TMDs 3-6 of hENT]1 are responsible
forinteracting with both the vasodilators and NBMPR, suggesting that this region of the
transporter is also responsible for substrate binding (71, 72). In addition, deglycosylation
at position 48 and mutagenesis of residue 33, both within the first extracellular loop,
decrease affinity of hENT1 for NBMPR (76, 78). Further mutagenesis studies
demonstrate that the conserved glycine at residue 179 in TMD § is important for both
NBMPR binding and nucleoside transport, linking the two functions to the same region
of the transporter (69).

Transcripts of hRENT]1 are expressed within the kidney and are expected to be
responsible for the es-type transport seen in membrane vésicle preparations from whole
kidney tissue (59). Recent studies have shown that hENT1 transport can be regulated by
several of the signaling pathways that are present in renal epithelium including protein
kinase C (PKC) and purinoreceptor activity, indicating that renal nucleoside transport
may be a dynamic phenomena (7, 55).

The rat ortholog of ENT1, which was cloned from jejunum, contains 457 residues

and is 78% identical to hENT1 with a similar predicted secondary structure (93). rENT]1
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has similar substrate selectivity to hENT1, is equally as sensitive to inhibition by
NMBPR (ICs is 4.6 nM for uridine inhibition) but is insensitive to inhibition by any of
the coronary vasodilators (73, 93). A mouse ortholog has also been cloned which is

expressed in kidney (5, 395).

ENT2

ENT2 was initially cloned from rat jejunum. This 1.4 kb transcript encodes a
protein of 456-residues that is 49% identical to rENT1 and has the same predicted
secondary structure (93). A 1.4 kb transcript encoding a 456-residue protein (~50 kDa),
termed hENT2, was simultaneously cloned in two separate laboratories from human
placenta and the HeLa cell line (10, 26). hENT?2 is encoded by 12 exons on chromosome
11q13. Both ENT2 proteins have a lower affinity for all nucleosides than ENT1 with the
exception of inosine (85). Both the human and rat orthologs of ENT2 are poor
transporters of guanosine and cytidine (85). ENT2 transport is partially inhibited by
NBMPR at micromolar concentrations whereas ENT1 transport was entirely inhibited at
nanomolar concentrations (93). Recent studies indicate that ENT2 binds and translocates
nucleobases via the same pathway as nucleosides (94). The region of the protein
responsible for nucleobase transport appears to lie within TMDs 5 and 6 (94).

mRNA expression profiling indicates that in the kidney hENT?2 is far less
abundant than hENT1 (59). Thus, hENT2-mediated transport of nucleosides within the
kidney is likely to take a secondary role to hENT1-mediated transport, which has a higher
expression level and a higher affinity for most nucleosides. However, hENT2 has a high

affinity for inosine and hypoxanthine, two primary metabolites of adenosine. This may
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be important for termination of actions generated by adenosine-mediated pathways within

the kidney.

Renal Subcellular Localization of Nucleoside Transporters

Presence of nucleoside transporters in the kidney likely plays a role in renal
disposition of nucleosides and nucleoside analogs. Clinical studies indicate that some
nucleosides and nucleoside analogs are actively reabsorbed whereas others are actively
secreted (Table 1) suggesting that several transporters are involved in their disposition
within the kidney. The chemical modifications of the analogs likely affect their relative
affinity for various reabsorptive and secretory transporters, resulting in net reabsorption
of some nucleoside analogs and net secretion of others (37). The presence of sodium-
dependent nucleoside transport activity on the apical membrane of renal tissue
preparations suggests that nucleoside transporters are localized to enhance renal
reabsorption of the naturally occurring nucleosides. Identification and functional
characterization of the molecules responsible for nucleoside-specific transport--the CNTs
and ENTs--enables us to look at the individual role each transporter may have in these
renal processes.

To determine the role of nucleoside transporters in the renal disposition of
nucleosides, it is critical to determine the subcellular localization of these proteins,
particularly of the concentrative nucleoside transporters. CNTs mediate unidirectional
transport of nucleosides selectively into cells. Thus, presence on the basolateral

membrane will imply that the transporters function to scavenge nucleosides from the
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blood stream whereas presence on the apical membrane will imply that they function to
salvage nucleosides from the tubule filtrate. In order to construct a model explaining the
role of these proteins in renal distribution, we have chosen to examine the subcellular
localization of all cloned nucleoside transporters known to be expressed in the kidney.

To accomplish this, we have fluorescently tagged each transporter with green fluorescent
protein (GFP) and stably expressed it in MDCK, a renal epithelial cell line. Presence of
GFP did not alter the function of any of these transporters. Using this system, subcellular
localization can be determined directly via immunofluorescence and functionally via

membrane-specific nucleoside transport.

Molecular Determinants of Subcellular Localization

Plasma membrane proteins in polarized cells are targeted specifically to either the
apical or basolateral membrane (or both) based on molecular signals within their own
amino acid sequence. These proteins are formed in the endoplasmic reticulum and sorted
into trafficking vesicles within the trans-golgi network. These vesicles travel throughout
the cell, guided by the cytoskeleton, via a series of endosomes and selectively dock with
either the apical or basolateral membrane (Figure 8A) (95). While most proteins are sent
directly to the membrane on which they reside, some proteins are initially sent to the
basolateral membrane and then selectively shuttled or transcytosed to the apical
membrane. This indirect pathway is the major mechanism for trafficking newly

synthesized apical proteins within hepatocytes and happens to a lesser degree in all other

cell types.
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Figure 8. Trafficking pathways and targeting motifs. (A.) Newly synthesized membrane
proteins are sorted in the trans-golgi network (TGN) and trafficked to either the
basolateral or apical membranes. Some apical proteins are initially sent to the basolateral

membrane and then transcytosed to their final destination. (B.) Several common

basolateral and apical targeting motifs are shown. Y, tyrosine; X, any amino acid; &,
bulky hydrophobic amino acid; N, asparagine; P, proline; L, leucine; I, isoleucine; R,

arginine, H, histidine; V, valine.



The molecular determinants for basolateral sorting of plasma membrane proteins
are well characterized and tend to rely on specific, short amino acid sequences, or
targeting motifs, within the terminal tails of the protein (Figure 8B). These motifs are
best characterized in MDCK cells and can be divided into two categories: signals that
overlap with clathrin-coated pit internalization signals (tyrosine-based or dileucine
motifs), and signals that are independent of clathrin-coated pit internalization (2). The
tyrosine and dileucine motifs tend to form a similar secondary structure, known as a
“tight B-turn”, that interacts with the medium (1) chains of clathrin adaptor protein
complexes, AP-1 and AP-2 (95). In this manner, they selectively concentrate basolateral
proteins into specific vesicles. The mechanisms that ensure that these vesicles traffic to
and dock with only the basolateral membrane are currently the topic of intense research
(2). The cytoskeleton, docking machinery, and GTPases used to energize these actions
are all implicated (2).

In contrast, apical sorting sequences are more complex and poorly understood
(Figure 8B). For soluble proteins, linkage to a glycosylphosphatidylinositol (GPI)-anchor
ensures apical trafficking (2). For some membrane-spanning proteins, the signal appears
to be incorporated into the TMD itself (36). For others, apical sorting is mediated by
lectins or N-glycans (2). A common theme for apical sorting has yet to emerge.

At the time this body of work began, it was known that MDCK and LLC-PK,
cells, both renal epithelial cell lines, sorted proteins differently. Some proteins that
localized to the basolateral membrane in MDCK appeared on the apical membrane in
LLC-PK, (64). It became evident that LLC-PK, cells were missing a key element of the

adaptor protein complexes, the u1B chain, which selectively interacts with tyrosine-based
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basolateral targeting motifs (15). Thus, all basolateral proteins that rely on a tyrosine-
based motif were missorted to the apical membrane in LLC-PK cells. For this reason,
all of the studies in this dissertation that identify partial or full basolateral targeting of a

nucleoside transporter in MDCK also examine targeting patterns in LLC-PK,.

Summary of Chapters

The goal of my dissertation research was to examine the subcellular localization of the
known cloned nucleoside transporters in order to understand the role that these proteins
play in renal disposition of nucleosides and nucleoside analogs. In addition, we sought to
examine the targeting motifs responsible for trafficking of several of the transporters.
Transporter expression is often highly regulated. Understanding the molecular
determinants for steady-state localization of nucleoside transporters will aid in accessing
the mechanisms that govern transporter expression.

In Chapter 2 of this dissertation, localization of two concentrative nucleoside
transporters, SPNT and CNT1, within renal epithelial cells is determined. We find that
both transporters localize predominantly to the apical membrane in both MDCK and
LLC-PK, however significant amounts of SPNT (approximately 20%) are also present on
the basolateral membrane.

Chapter 3 examines the role of glycosylation as a targeting motif in the
trafficking of CNT1 and SPNT. Because steady-state expression of SPNT differs from
CNT]1, we hypothesized that these two proteins would have different targeting motifs.

Preliminary studies indicated that SPNT but not CNT1 localization was affected by
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deglycosylation. However, removal of all unique glycosylation sites from SPNT did not
affect steady-state expression of this protein within MDCK.

In Chapter 4, the localization and targeting of the cloned equilibrative nucleoside
transporters, ENT1 and ENT?2, are studied. Both transporters localize predominantly to
the basolateral membrane in MDCK and LLC-PK cells. ENT]1 is also expressed in
small amounts on the apical membrane. The amino acid sequence for both transporters
contained a putative targeting motif in the carboxy terminal tail: a RZHXXV motif on
ENT1 and a dileucine repeat on ENT2. We examined the influence of these motifs on
steady-state localization of these transporters using mutagenesis studies. Neither motif
was required for membrane targeting of these proteins but the dileucine motif appeared to
play a role in surface expression of ENT2.

Chapter 5 examines localization of the newly cloned concentrative nucleoside
transporter, CNT3. CNT3 is entirely confined to the apical membrane of MDCK. It
interacts with several clinically relevant nucleoside analogs (ribavirin, cladribine, and
gemcitabine) and may play a role in renal handling of these molecules.

Chapter 6 summarizes these results and builds a model of renal nucleoside
handling based on the findings of this dissertation. Some preliminary work that expands

on these findings is also presented.
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CHAPTER 2
LOCALIZATION OF CONCENTRATIVE NUCLEOSIDE TRANSPORTERS, SPNT

AND CNT1, IN RENAL EPITHELIAL CELLS?

Introduction

Nucleosides and nucleoside analogs are used in the treatment of neoplasms, viral
infections, and cardiac arrhythmias. These compounds are hydrophilic and are
transported across lipid membrane barriers by specific transporter proteins. There are
two main classes of nucleoside transporters, equilibrative and concentrative.
Concentrative nucleoside transporters are Na'-dependent and are present in renal and
intestinal epithelium and in liver (39). Based on substrate selectivity, several types of
concentrative nucleoside transporters have been characterized: purine-selective (N 1),
pyrimidine-selective (N2) (30, 38) and broadly selective (N3, N4, and N5) (7, 10, 11).
N1 and N2 type transport have both been functionally observed in kidney vesicles (16-
19). Transporters exhibiting N1 and N2 type characteristics, termed SPNT (or CNT2)
and CNT]1, respectively, have been cloned from various mammalian species (human, rat,
and pig) (8, 12, 28, 31, 40) and are members of the SLC28 family.

Nucleoside transporters appear to play major roles in the kidney. Both
equilibrative and concentrative nucleoside transport activities have been observed in renal
epithelium where they are hypothesized to act sequentially to mediate the transepithelial

flux of nucleosides. Equilibrative transport mechanisms have been primarily observed in

2 This chapter has been published previously: Mangravite, L.M., J. H. Lipschutz, K. E. Mostov, and K.
M. Giacomini. "Localization of GFP-Tagged concentrative nucleoside transporters, SPNT-GFP and CNT1-
GFP, in renal polarized epithelial cells." 4m J Physiol Renal Physiol 280:F879-F885, 2001. Reprinted with
permission.

58



basolateral membrane vesicle preparations whereas concentrative mechanisms have been
observed in apical membrane vesicles suggesting that nucleosides are transported in a
reabsorptive direction (9, 10, 16-19). This model of reabsorptive flux is further
substantiated by renal clearance studies in humans demonstrating active reabsorption of
nucleosides (15, 27). In contrast, evidence of secretion of nucleoside analogs challenges
such reabsorptive schemes, but may be explained by interaction of these analogs with
secretory transporters in the kidney (1, 25, 26).

In addition to their role in transepithelial flux, nucleoside transporters are also
thought to modify adenosine signaling in the kidney. Adenosine acts via adenosine
receptors (A}, Aza, Az, and A3) to modify kidney function and has been implicated in
the metabolic regulation of glomerular filtration rate (GFR), renin release, erythropoietin
production, adrenergic transmission, urine flow, and solute excretion. Receptor function
has been localized to the renal tubule (42). Termination of receptor activity, by
decreasing the level of adenosine in the vicinity of these receptors, is thought to occur by
two mechanisms: 1) enzymatic deamination of adenosine and subsequent transporter-
mediated internalization of inosine and 2) transporter-mediated internalization of
adenosine (9). Recent studies describe A,-like receptor activity on the apical membrane
and A,-like activity on the basolateral membrane (6, 33). Localization of nucleoside
transporters to the apical or basolateral membrane is important in understanding their role
in modulating adenosine action in the kidney.

To clearly understand the role of nucleoside transporters in the kidney in
mediating the transepithelial flux of nucleosides and nucleoside analogs, it is critical to

localize the transporters to the apical or basolateral membrane within renal epithelial
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cells. Such studies are also important in understanding the inter-relationships between
nucleoside transporters and adenosine receptor subtypes and the role of transporters in
modulating the effects of adenosine in the kidney. Localization of transporters using
Madin-Darby canine kidney (MDCK) cells, a polarized renal cell line, has mimicked in
vivo localization in many transporter protein studies (3, 23, 24, 37). In this study we
tagged the cloned nucleoside transporters, SPNT and CNT1, with green fluorescent
protein (GFP) and expressed the resultant fusion proteins in MDCK cells. Stable
expression of SPNT-GFP and CNT1-GFP in MDCK cells provides a method of

visualizing the transporters to conclusively determine localization.

Materials and Methods

Materials. Cell culture media and supplements were purchased from the UCSF Cell
Culture Facility (San Francisco, CA). G418 and blasticidin were purchased from
CalBioChem (La Jolla, CA). pEGFP-C1 was obtained from Clontech (Palo Alto, Ca) and
pcDNA3 and pcDNA6/V5-His/lacZ were purchased from Invitrogen (Carlsbad, CA). The
pADtet7 vector and tet-off MDCK were a generous gift from Dr. Yoram Altschuler
(UCSF, San Francisco, CA) but are available from Clontech (Palo Alto, CA) (2). The
EMBL strain of MDCK was a kind gift from Dr. Karl Matlin (U Cincinnati, Cincinnati,
OH). Texas-red conjugated phalloidin was purchased from Molecular Probes (Eugene,
OR). Vectashield was supplied by Vector Laboratories, Inc (Burlingame, CA). Transwell
polycarbonate cell culture filters and polycarbonate cell culture plates were purchased
from Corning Costar Corporation (Corning, NY). Bradford reagent was supplied by Bio-

Rad (Hercules, CA) and Pierce (Rockford, IL) provided albumin standard. Radiolabeled
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uridine, inosine and thymidine were purchased from Moravek Biochemicals (Brea, CA).
All other chemicals were purchased from Sigma (St Louis, MO).

Plasmid construction. Rat SPNT and CNT1 were subcloned into the pcDNA3 vector by
adding an EcoRYV site to the 5' end and a Not! site to the 3' end using the polymerase
chain reaction. Both rat SPNT and CNT1 were subcloned into eGFP-C1 by adding a
BgllI site to the 5' end and a Sall site to the 3' end using the same method. SPNT-GFP
was isolated from eGFP-C1 by adding an EcoRI site upstream to GFP and a Xbal site on
the 3' end of SPNT and was subcloned into the pADtet7 expression vector. All sequences
were confirmed by automated sequence analysis at the Biomolecular Resource Center
(UCSF, San Francisco, CA).

Cell Culture. All cells were maintained in minimum essential medium (MEM) Eagle’s
with Earle’s balanced salt solution (BSS) supplemented with 5% heat inactivated fetal
bovine serum (FBS), 100 units/ml penicillin, and 100 pg/ml streptomycin in 5% CO,,
95% air. Cells were transfected with pcDNA3-CNT1, pcDNA3-SPNT, eGFP-C1-CNT1,
pADtet7-SPNT, or empty vector by the calcium phosphate method as previously
described (4). pADtet7-SPNT was cotransfected with pcDNA6/V5-His/lacZ at a ratio of
100:1 to confer resistance to blasticidin. pcDNA3-CNT1 was cotransfected with eGFP-
C1 at the same ratio so positive clones could be selected by fluorescence. Three days
after transfection, stable clones were selected in media containing both 10 pg/ml
blasticidin and 20 ng/ml doxycycline (for the pADtet7-SPNT vector) or 0.7 mg/ml G418.
After 10-14 days, individual stable clones were isolated and positive clones further

selected by immunocytochemistry and by *H-uridine uptake.

61



Uptake measurements. Unpolarized cells were seeded at 5x10* cells/well in 24-well
Costar polycarbonate plates and allowed to reach confluence over 3-4 days. Uptake
measurements were made as previously described (35). Cells were washed at room
temperature in either Na* buffer (128 mM NaCl, 4.73 mM KCl, 1.25 mM CaCl,, 1.25
mM MgSO,, 5 mM Hepes-Tris, pH 7.4) or in Na'-free buffer in which choline chloride is
substituted for NaCl. Buffer was aspirated and cells were incubated in 10 uM nucleoside
(0.1 uM radiolabeled nucleoside and 10 pM unlabeled nucleoside) for a specific time (1-
2 minutes unless otherwise noted). All uptakes were carried out in the presence of 10 uM
nitrobenzylthioinosine (NBMPR) and either in the presence or in the absence of Na®.
Uptake was stopped by aspiration of reaction mix and three washes in ice-cold Na*-free
buffer. Cells were solublized in 1 M NaOH for 2 hours, neutralized with 1 M HCI and
counted on a Beckman Scintillation Counter. All studies were performed in triplicate.
Data are reported as a mean + standard deviation (SD). All assays are repeated with
empty vector or untransfected controls. In all cases, empty vector controls mirrored
untransfected controls and are not reported. For all studies, 2-3 wells/plate were
solublized and assayed for protein content using the Bradford method (35).

Inhibition studies. Inhibition assays were carried out for 1-4 minutes in triplicate.
Briefly, *H-uridine uptake was measured in the presence of unlabeled uridine at
concentrations varying between 0 mM and 2 mM in the presence or absence of Na'.

Data are presented as mean + standard error of the mean (SEM). Data were fit to the
equation V = V,/[1 + (I/ICs0)"] where V is uptake of H-uridine in the presence of
unlabeled uridine, V, is *H-uridine uptake in absence of unlabeled uridine, I is the

unlabeled uridine concentration and n is the Hill coefficient.
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Localization uptake studies. To determine the uptake of nucleosides across the apical or
basolateral membrane, the following procedure was used. Individual stable clones were
polarized by growth on Transwell filters at a confluent density for 7 days with regular
media changes. Prior to the experiment, each filter was washed on both the apical and
basolateral sides with either Na* or Na'-free buffer. In some cases, transepithelial
electrical resistance (TEER) values were taken prior to uptake using a MILLICELL-ERS
(Millipore Corp, Bedford, MA) equilibrated in Na* Buffer. Radiolabeled nucleoside at
the same concentrations as stated above was added to either the apical or basolateral side
and nucleoside-free buffer was added to the opposite side. 10 uM NBMPR was added to
both sides. Cells were incubated for 1-2 minutes. Radiolabeled nucleoside was aspirated
and filters washed three times with ice-cold Na*-free buffer. Filters were air-dried,
removed from plastic support and counted on a Beckman Scintillation counter. Two
filters from each plate were solublized as described above and assayed for protein
content.

Data analysis. All experiments were performed in triplicate on at least three separate
occasions. For determination of statistical significance, the Student's unpaired t-test was
used and p< 0.05 was considered significant (Kaleidagraph, V.3.0, Abelbeck/Synergy
Software, Reading, PA). For determination of intracellular uridine concentrations
following uptake on polarized MDCK, the following values were used for all
calculations: an intracellular volume (total cell volume minus nucleus and vesicles) of
897 femtoliters/cell as determined by Butor and Davoust and 500,000 cells/Transwell

filter as determined by Hemocytometer (5).
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Confocal microscopy Samples grown on filters for 7 days as stated above were fixed
with 4% paraformaldehyde, permeablized with 0.025% (w/v) saponin in phosphate
buffered saline, stained with Texas-red conjugated phalloidin for visualization of actin,
and mounted on slides in Vectashield mounting medium. Samples were analyzed using a
BioRad MRC-1024 confocal microscope.

Transient transfection of LLC-PK,. LLC-PK, cells were maintained in M-199 with
Earle's BSS (UCSF Cell Culture Facility, San Francisco, CA) supplemented with 3% heat
inactivated FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin in 5% CO,, 95%
air. Cells were grown on Transwell filters with a 0.4 um pore diameter for 72 hours, and
then transfected in OPTIMEM Reduced Serum Medium (UCSF Cell Culture Facility,
San Francisco, CA) using LipofectAMINE2000 (Gibco BRL, Rockville, MD). Cells
were then grown 24 or 48 hours before being fixed and stained for confocal microscopy

as described above.

Results

Stable expression of SPNT-GFP and CNTI-GFP in epithelial cells. To study the
intracellular distribution of SPNT and CNT1, we constructed GFP fusion proteins. Using
a PCR-based strategy, we tagged the N-terminus of each transporter with a genetically
stabilized form of the Aequorea victoria GFP to generate SPNT-GFP and CNT1-GFP.
Each tagged transporter was stably expressed in MDCK cells (Figure 1A and 1B).
MDCK cells have low background concentrative nucleoside transport activity and form
uniform, tight monolayers. The SPNT-GFP clone was capable of being expressed in a

doxycycline repressible fashion but for the purpose of these studies was expressed
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Figure 1. Localization of SPNT-GFP and CNT1-GFP in MDCK and LLC-PKi cells.
SPNT-GFP (A), CNTI1-GFP (B), isolated GFP (C) and untransfected (D) MDCK
clones were polarized by growth on filters for 7 days. The cells were fixed,
permeablized, stained for actin with Texas-red conjugated-X phalloidin, and visualized
using confocal fluorescence microscopy. SPNT-GFP (E) and CNT1-GFP (F) LLC-PK1
cells were transiently transfected as described in the Methods section and prepared for
confocal microscopy in the same manner as the MDCK cells. The first column shows
the two images merged with GFP or GFP fusion protein stained green and actin stained
red, the second column shows actin and the third column shows GFP or GFP fusion
protein. Vertical optical sections are shown with the apical membrane on top.

Bar, 10 um.



continuously in the same manner as the other clones. In addition, we constructed stable
transfections of wild-type SPNT and CNT1 and all empty vectors. Na‘-dependent uptake
of *H-uridine in cells expressing SPNT-GFP or CNT1-GFP was significantly increased
over uptake in untransfected or empty vector containing cells (data not shown). TEER
values did not differ significantly between transfected and untransfected cells indicating
no difference in monolayer tightness. Time-dependent Na*-stimulated uptake was linear
at early times and plateaued at 10 minutes for both clones (data not shown).
Subsequently, all activity assays were performed for 1-2 minutes unless otherwise noted.
Na’-dependent *H-uridine uptake by CNT1- and SPNT-transfected cells (both tagged and
untagged) grown in Transwells was concentrative with a final cellular uridine
concentration approximately 10 times larger than the extracellular concentration.
Functionality of SPNT-GFP and CNT1-GFP (substrate specificity and inhibition profile
of uridine transport) was investigated to determine (1) whether the tagged-transporters
were functionally active and (2) whether the GFP tag kinetically altered the activity of the
transporters.

We examined the substrate selectivity of the tagged transporters by observing the
uptake of several radiolabeled endogenous nucleosides (*H-uridine, *H-inosine, *H-
thymidine). These were chosen because inosine is a model purine nucleoside, thymidine
is a model pyrimidine nucleoside and uridine is transported by all subtypes of nucleoside
transporters. Significant uptake of *H-uridine and *H-inosine but not *H-thymidine was
observed in cells expressing SPNT-GFP whereas uptake of *H-uridine and *H-thymidine
but not *H-inosine was observed in cells expressing CNT1-GFP (Figure 2). No

significant uptake was observed in untransfected cells or empty vector clones. These
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Figure 2. Uptake of *H-uridine, *H-inosine, and *H-thymidine in transfected MDCK

cells. Uptake of 0.1 uM 3H-nucleoside (Control, uridine; I, inosine; T, thymidine) was

measured at 25°C in the presence of 10 uM NBMPR and 10 uM of unlabeled nucleoside

in (A.) SPNT-GFP cells (solid bars) and untransfected cells (hatched bars) and (B.)

CNT1-GFP cells (solid bars) and untransfected cells (hatched bars). All compounds were

studied in the presence of Na*. Data are presented as percent of *H-uridine uptake

(pmol/min/mg protein) in presence of Na* and represent the average of three experiments

in triplicate. Uridine uptake

52.3 pmol/mg/min for CNT1

was 318.17 £ 63.2 pmol/mg/min for SPNT-GFP and 413 +

-GFP.
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Figure 3. Inhibition of *H-uridine uptake by unlabeled uridine in transfected
MDCK cells. ICsg studies of 3H-uridine uptake in the presence of unlabeled uridine at
increasing concentrations in (A.) SPNT1-GFP cells (circles) and SPNT1 cells (squares)
and (B.) CNT1-GFP cells (circles) and CNT1 cells (squares). Each point represents the
mean + SEM (n=3) from one representative experiment. ICsy values were obtained by
fitting the data to the equation V = Vy/[1 + (I/ICs0)]". All fits were carried out using a

nonlinear fitting routine in Kaleidagraph and values were compared using the Student’s

unpaired t-test (p<0.05). -

68



results are consistent with the expected substrate selectivity of SPNT and CNT1 and
indicate that the GFP tag does not alter selectivity of these transporters. The ICs of
uridine as an inhibitor of *H-uridine uptake was 3.97 + 0.86 uM for SPNT-GFP and 5.51
+ 1.45 uM for untagged SPNT (Figure 3A). The ICs of uridine was 11.0 £+ 1.53 uM for
CNT1-GFP and 3.13 £ 0.37 uM for untagged CNT1 (Figure 3B). While these values are
statistically different, they represent only modest differences in transport activity.

Localization of SPNT-GFP and CNTI-GFP in polarized MDCK cells. SPNT-
GFP and CNT1-GFP transfected MDCK cells were grown as a polarized monolayer on a
permeable filter support and examined by confocal fluorescence microscopy. MDCK
were stained with Texas Red-conjugated phalloidin, a toxin which binds to actin
filaments, to provide a basic outline of each cell. Vertical optical sections of both clones
visualized at 488 nm show that SPNT-GFP and CNT1-GFP predominantly stain on the
apical membrane (Figure 1A and 1B). In the case of SPNT-GFP, those cells that are
most highly transfected as determined by fluorescence levels show low levels of
basolateral staining as well. In contrast, isolated GFP clones display a cytosolic pattern
of expression and untransfected cells do not display any GFP staining (Figure 1C and
1D). These data indicate the GFP-tagged transporters predominantly localize to the
apical membrane domain in MDCK cells.

To determine whether CNT1-GFP and SPNT-GFP showed a similar pattern of
distribution in a proximal tubule cell line, we transiently transfected LLC-PK, cells and
examined the proteins using confocal microscopy (Figure 1E and 1F). In general, we
observed a transfection efficiency of about 20% for both SPNT-GFP and CNT1-GFP.

The patterns of distribution for both fusion proteins as well as GFP were identical to
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Figure 4. Functional localization of SPNT1-GFP and CNT1-GFP in MDCK cells. (A)
SPNT1-GFP cells (solid bars) and untransfected cells (open bars) and (B) CNT1-GFP
cells (solid bars) and untransfected cells (open bars) were polarized by growth on 0.4 um
filters for 7 days. *H-uridine uptake was measured from either apical (columns labeled
AP) or basolateral (columns labeled BL) side in presence or absence of Na*. Data are
presented as percent of apical uptake in presence of Na™ and represent the average of 4
experiments (each performed in triplicate). Control is *H-uridine uptake from the apical

side in presence of Na”.
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those observed in stably transfected MDCK. That is, GFP showed a cytoplasmic
distribution, whereas both CNT1-GFP and SPNT-GFP were predominately localized to
the apical membrane with SPNT-GFP displaying a small amount of basolateral signal.
To further confirm apical localization, *H-uridine uptake from both apical and
basolateral surfaces of polarized cells was examined. Na’-dependent transport was seen
primarily at the apical membrane in SPNT-GFP and CNT1-GFP cells (Figure 4A and 4B)
as well as in SPNT and CNT1 cells (data not shown). Low levels of Na'-dependent
nucleoside transport at the basolateral membrane were observed for both tagged and
untagged SPNT and CNT1. For CNT1-GFP and CNT1, Na'-dependent basolateral
uptake was 10 times lower than Na'-dependent apical uptake. For SPNT-GFP and SPNT,
Na'-dependent basolateral uptake was a fourth of its respective apical uptake. Basolateral
activity may indicate low levels of basolateral localization. None of the empty vector

clones exhibited uridine uptake significantly different from that in untransfected cells.

Discussion

MDCK is the epithelial cell line most extensively used for studies of membrane
trafficking pathways and has accurately predicted the in vivo localization of many
transporters (3, 23, 24, 37). These cells are capable of direct and indirect protein
targeting to both the basolateral and the apical membrane (32, 34). The present work
describes the construction of two fusion proteins, SPNT-GFP and CNT1-GFP, and their
stable transfection into MDCK cells. We demonstrated that the GFP-tag does not alter
the substrate selectivity or functional localization of these transporters and only modestly

affects kinetic characteristics of the tagged transporters in comparison to untagged
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transporters. Confocal imaging and functional studies indicated that both tagged
transporters are primarily localized to the apical membrane in MDCK and LLC-PK cells
though SPNT-GFP appears to have low levels of basolateral localization as well. This
may be a result of saturation of the pathway of membrane traffic to the apical membrane,
as has been described previously for other proteins (22). It may also reflect a dual role
for SPNT on both membranes. By stably expressing fluorescent-labeled SPNT and
CNT]1 in these cells, we have determined their subcellular localization (Figure 1) and
provided a model for addressing further questions regarding the cellular role of these
transporters.

Renal clearance studies of nucleosides in humans indicate that adenosine is
actively reabsorbed whereas deoxyadenosine and other nucleoside analog drugs
(deoxyfluorouridine (dFUR), zidovudine (AZT), and zalcitabine (ddC)) are actively
secreted (14, 15, 29). Secretory flux of deoxyadenosine as well as several other
nucleoside analog drugs has been linked to xenobiotic transporters including organic
cation and organic anion transporters (1, 25, 26). Our observation that SPNT and CNT1
predominantly localize to the apical membrane is consistent with studies in isolated renal
apical membrane vesicles, and suggests that these transporters play a role in the
reabsorption of adenosine and other nucleosides rather than the secretion of
deoxyadenosine and nucleoside analog drugs.

These findings also implicate CNT1 and, in particular, SPNT in the adenosine
pathway of renal auto-regulation by placing them in proximity to the A, receptor.
Northern blot analysis indicates that A; is the most abundant adenosine receptor type in

the kidney (41). Functional studies in the presence of adenosine receptor agonists and
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antagonists indicate that A-type activity stimulates a majority of the known renal
adenosine effects including GFR and renin release (20, 21). In addition, A,-receptor
antagonists have been shown in animal studies to limit severity of acute renal failure (36).
Nucleoside transporters may serve to terminate adenosine receptor signaling by
decreasing local concentrations of extracellular adenosine (13). Interestingly, stable
transfection of the A, receptor in MDCK cells demonstrates that approximately 80% of
this receptor localizes to the apical membrane with the remaining 20% appearing on the
basolateral membrane similar to the results found for SPNT (33). While CNT1 is
observed mainly in tissue where nucleoside salvage would be expected, SPNT has a
much wider tissue distribution and is in high abundance within the heart, an organ with a
large degree of adenosine receptor activity (7). Thus, SPNT may serve the additional
function of modulating A;-receptor mediated effects of adenosine in the renal tubule and
elsewhere by internalizing adenosine as well as its deaminated metabolite, inosine.

In summary, the localization of SPNT-GFP and CNT1-GFP to the apical
membrane of MDCK and LLC-PK; cells supports the model of renal nucleoside
reabsorption and suggests a role for these transporters in the modification of adenosine
signaling at the A, receptor. In addition the stably transfected cells provide a model for
visualization of SPNT and CNT1 which may be used in the tracking of individual
nucleoside transporters within mammalian cells. Localization under normal physiologic
conditions provides a starting point from which to begin exploring the trafficking
pathways and regulatory responses of concentrative nucleoside transporters. For the first
time, we are capable of observing the mobility of these transporters in response to

physiologic factors.
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CHAPTER 3
SORTING OF SPNT IN RENAL EPITHELIUM

IS INDEPENDENT OF N-GLYCOSYLATION?

Introduction

Carrier-mediated transport of nucleosides and nucleoside analogs is achieved by
two families of nucleoside transporters, concentrative and equilibrative. The
concentrative nucleoside transporter (CNT, SLC28) family consists of three known

mammalian members (CNT1, SPNT or CNT2, and CNT3) which mediate active
transport of nucleosides down the sodium gradient (1, 4, 13). SPNT is a purine-selective
concentrative nucleoside transporter found in abundance in renal epithelium where it is

expected to play a role in reabsorption (11). SPNT is predominantly localized to the

apical membrane in renal epithelial cells (MDCK and LLC-PK,) (6). Interestingly,
approximately one-fifth of the SPNT protein expressed was found on the basolateral
membrane. In comparison, CNT1 was completely confined to the apical membrane (6). e

Presence of SPNT on both membranes of renal epithelium suggests a secondary role for
this transporter in addition to nucleoside salvage.

We were particularly interested in investigating the molecular determinants
responsible for localization of SPNT. Sorting signals for apical membrane proteins vary

widely and are poorly understood but, for some membrane proteins, glycosylation has

been documented as essential (7, 12). Analysis of SPNT as well as CNT1 and CNT3

3 This chapter has been accepted for publication as a manuscript entitled, "Sorting of Rat SPNT in Renal
Epithelium is Independent of N-Glycosylation", in Pharm Res.
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sequences indicates that these family members are differentially glycosylated. In this
study, we examined the role of glycosylation as a potential sorting signal for SPNT in

renal epithelium.

Materials and Methods

Materials. Cell culture media and supplements were purchased from the Cell Culture
Facility (UCSF, San Francisco, CA). The EMBL MDCK II strain was a kind gift from
Dr. Karl Matlin (U Cincinnati, Cincinnati, OH). chemiluminescence (ECL) detection
was illuminated using Western Lightning (Perkin Elmer, Boston, MA). Complete Mini
Protease Inhibitor Cocktail was purchased from Roche (Palo Alto, CA) and radiolabeled
inosine from Morevak Biochemicals (Brea, CA). All other chemicals were purchased
from Sigma (St. Louis, MO).

Site-directed mutagenesis. The Stratagene QuikChange Site-Directed Mutagenesis kit
was used to construct mutant cDNA following the manufacturer's protocol using wild
type rSPNT in eGFP-C1 (Clontech, Palo Alto, CA) as template. The N603T mutants
were altered by an A to C mutation at base pair 2079 (GenBank accession number
U25055), the N606T by an A to C alteration at position 2088, and the N625T by an A to
C at position 2145. All sequences were confirmed by direct DNA sequencing. Single
mutant constructs were used as templates to construct double and triple mutants
(N603T/N606T, N606T/N625T, or N603T/N606T/N625T).

Construction of stably transfected MDCK. Cells were maintained in MEM Eagle's with
Earle's balanced salt solution (BSS) supplemented with 5% fetal bovine serum, 100 U/ml

penicillin, and 100 pg/ml streptomycin. Cells were transfected with mutant SPNT-GFP
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cDNA using the calcium phosphate method as described previously (6). Cells were

selected by growth in media containing 0.7 mg/ml geneticin (Gibco, Grand Island, NY)
and maintained in this media for the remainder of experiments. Positive clones were
further selected by Western blot, functional uptake, and fluorescence microscopy. For all
experiments, cells were permeablized by growth for 4-7 days on polycarbonate Transwell
filters (Corning Costar, Corning, NY).

Western blot. Samples were lysed by agitation in SDS buffer (2% SDS in PBS with
protease inhibitor), and centrifuged at 14,000 RPM for 20 minutes. Supernatant was
removed, assayed for protein content using the DC protein assay (BioRad, Hercules, CA),
and combined with loading buffer (15 mM TRIS pH 6.8, 1% SDS, 25 mM EDTA, 65
mM DTT, 0.025% bromophenol blue, 6% glycerol). Five micrograms of protein was
loaded per sample on a 10% BioRad ready gel and separated by electrophoresis. Protein
was transferred to PVDF membrane (BioRad), blocked in 5% milk, incubated first in
mouse anti-GFP primary antibody (1:1000, Roche, Palo Alto, CA), then in goat anti-
mouse IgG-HRP conjugated secondary antibody (1:3000, BioRad) and signal was
detected by the ECL method.

Confocal microscopy. Cells were fixed with 4% paraformaldehyde, permeablized with
0.025% (w/v) saponin, stained with Texas-red conjugated phalloidin (Molecular Probes,
Eugene, OR) for visualization of actin, and mounted on slides in Vectashield mounting
medium (Vector Laboratories, Burlingame, CA). Cells were visualized using a BioRad
MRC-1024 laser scanning confocal microscope.

Functional localization and statistical analysis. Functional localization was performed

as described previously (6). Briefly, cells were exposed to either Na* buffer (128 mM
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NaCl, 4.73 mM KCl, 1.25 mM CaCl,, 1.25 mM MgSO,, 5 mM HEPES-Tris, pH 7.4) or
Na®-free buffer (in which choline chloride is substituted for NaCl) containing 0.1 pM *H-
inosine (specific activity = 25.4 Ci/mMol), 10 uM inosine and 10 uM NBMPR on either
the apical or the basolateral membrane for 2 minutes. Reaction was terminated by
washing samples three times in ice cold Na'-free buffer. Samples were air dried and
lysed by shaking for 30 minutes in 300 ul 10% SDS. Samples were counted on a
Beckman Scintillation Counter (Anaheim, CA). All experiments were repeated four
times (in duplicate each time). For each experiment, the ratio of apical uptake to
basolateral uptake (A:B) was calculated. These were averaged and statistically analyzed
by analysis of variance (ANOVA), using the "Primer to Biostatistics" program supplied
by Stanton Glantz (UCSF, San Francisco, CA) (p < 0.05 was considered statistically

significant).

Results

SPNT but not CNT1 localization is sensitive to tunicamycin. Preliminary experiments
indicated that administration of tunicamycin for 24 hours caused a small decrease in
molecular mass of SPNT and CNT1, characteristic of deglycosylation. When viewed by
confocal microscopy, this shift was associated with partial internalization of SPNT but
not CNT1 (data not shown). The SPNT amino acid sequence contains five putative N-
glycosylation sites, two of which (N439 and N539) are predicted to be located in

transmembrane domains and are unlikely to be glycosylated. The other three sites (N603,
N606, and N625) are located in the extracellular C-terminal tail (3). Alignment of the C-

terminal tail of human and rat CNTs indicated that these three sites are unique to SPNT
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(Figure 1). Two of these three glycosylation sites are conserved across species (N606
and N625) while the third (N603) is specific to rat and mouse SPNT.

Stable transfections of deglycosylated SPNT mutants in MDCK. Using site-directed
mutagenesis, the three unique glycosylation sites in SPNT-GFP were removed. We
began by making single mutations (N603T, N606T, and N625T) and stably transfecting
into MDCK cells. Positive clones were selected by immunoblot analysis, confocal
microscopy, and functional analysis for maximal protein expression and function. In
addition, two double mutants (N603T/N606T and N606T/N625T) and a triple mutant
containing none of the putative glycosylation sites were constructed and transfected into
MDCK. All mutant SPNT-GFP proteins demonstrated a reduction in molecular mass
indicative of deglycosylation (Figure 2). Wild-type tagged SPNT has a molecular mass
of approximately 115 kDa, representing ~70 kDa SPNT plus ~30 kDa GFP plus
glycosylation. The N603T and N606T mutants both demonstrated minimal mobility
shifts of approximately 5-7 kDa. Interestingly, the N603T and N606T single mutant
clones appeared to contain less protein than wildtype or other mutant clones. It is unclear
whether this is a consequence of transfection or whether deglycosylation at these sites
affects protein stability. The N625T mutant had a more pronounced decrease in size (~15
kDa) indicating that this site is more heavily glycosylated. Western blot analysis of the
double and triple mutants indicated that the effects of deglycosylation on protein size
were additive. The molecular masses of these mutants were smaller than either wild type
or single mutant proteins.

Deglycosylation does not affect localization of SPNT mutants. Localization of SPNT

glycosylation mutants was examined by immunofluorescence and functional analysis. In
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rCNT3 -~--AINCHHVLE---SSKLVS&TTEVASCCQGLFNSTVARGPNDVLPGG ----- NFSLY
rCNT1 PRGVEVDCVSLLN- - - -QTVSSSSFEVYLCCRQVFQSTSS--~-----------~ EFSQV
rSPNT PRGAETDCVSFLN----TlFTIRTYETYVCCRELFQSTLLIGTNMPSFSGPWQDKESSLR
hSPNT1 PRGAEADCVSFPN----TSFTNRTYETYMCCRGLFQSTSLNGTNPPSFSGPWEDKEFSAM
hCNT1 PRGAEVDCMSLLN- - - -TTLSSSSFEIYQCCREAFQSVNP--------------- EFSPE
hCNT3 ----DINCHHVLENAFNSTFPGNTTKVIACCQSLLSSTVAKGPGEVIPGG- - - - - NHSLY

rCNT3 TLKSCCNLLKPPTLNCGWIPNIP
rCNT1 ALDNCCRFYN--HTVCT------
rSPNT NLAKCCDLYT--STVCA------
hSPNT1 ALTNCCGFYN--NTVCA------
hCNT1 ALDNCCRFYN--HTICAQ-----
hCNT3 SLKGCCTLLNPSTFNCNGISNTF

Figure 1. Multiple alignments of predicted extracellular C-terminal tail of CNTs. The
glycosylation sites in all sequences are highlighted in light gray. The glycosylation sites
unique to rat SPNT, which were mutated in this study, are highlighted in dark gray

(rSPNT sites N603, N606, and N625).
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Figure 2. Western blot analysis of SPNT glycosylation mutants. MDCK stably
transfected with SPNT mutants N603T (A), N606T (B), N625T (C), N603T/N606T (D),
N606T/N625T (E), N603T/N606T/N625T (F), wild type SPNT (G), or GFP (H) were
polarized by growth for seven days on permeablized support and prepared for Western
blot as described in Materials and Methods. Five micrograms of protein per lane were
loaded on a 10% SDS-PAGE gel and protein was separated by electrophoresis, transferred
to PVDF and probed with GFP antibody. Weight of molecular standards is indicated by

arrows to right of gel.
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all cases, experiments were repeated on more than one positive clone with similar results.
Localization of single, double, and triple mutants mirrored that of wild type SPNT-GFP.
Visualization by confocal microscopy indicated that all clones localized primarily to the
apical membrane with minor populations residing on the basolateral membrane (Figure
3). For the N603T and N606T clones, basolateral signal was present but difficult to view
due to low levels of protein expression.

In all cases, sodium-dependent nucleoside uptake was greater across the apical
membrane than across the basolateral membrane (Figure 4). Statistical analysis of the
ratios of apical to basolateral function (A: B ratios, Figure 4), performed using Analysis

of Variance (ANOVA), indicated that these ratios did not differ significantly (p < 0.05).

Discussion

SPNT is the most uniformly expressed of the concentrative nucleoside
transporters. It is abundant throughout the gastrointestinal tract and present in liver and
kidney where it is expected to play a role in nucleoside reabsorption. In addition, SPNT

is widely expressed in small amounts throughout the rest of the body including tissues in
which signaling via adenosine receptors is important such as heart, testis, and lung (2,
11). In fact, the A; adenosine receptor, considered the key adenosine receptor in the
kidney, exhibits a similar localization pattern to SPNT when expressed in MDCK (14).
Expression of SPNT is dependent on cell cycle, up-regulated by exposure to PKC
activating molecules, and affected by growth factors including insulin and glucagon (10).

Differential localization of SPNT in comparison to CNT2 or CNT3 in renal

epithelial cells suggests that this protein has an alternate sorting mechanism. Recent
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Figure 3. Localization of SPNT glycosylation mutants in MDCK. MDCK stably
transfected with wild type (A.) or mutant SPNT (N603T, B.; N606T, C.; N625T, D.;
N603T/N606T, E.; N606T/N625T, F.; N603T/N606T/N625T, G.) were polarized by
growth on permeable support, fixed, permeablized, stained for actin with Texas-red
conjugated-X Phalloidin, and visualized by laser scanning confocal microscopy. Vertical
lines separate wild type, single, double, and triple mutants. Left column: GFP. Middle
column: Actin. Right column: Merged image. Vertical optical sections are shown with

apical membrane on top. Bar, 10 um.
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Figure 4. Functional localization of SPNT glycosylation mutants. MDCK cells stably
transfected with GFP, wild type SPNT [wt], or the glycosylation mutants N603T [3],
N606T [6], N625T [25], N603T/N606T [3/6], N6O6T/N625T [6/25], or
N603T/N606T/N625T [Triple] were polarized by growth on permeable support. *H-
inosine uptake was measured across either the apical or basolateral membrane in the
presence of Na'. Data represent the average of four experiments (n = 2). The averaged

ratio of apical to basolateral uptake (A:B ratio) for each mutant is listed below each

column.
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observations from Pastor-Anglada suggest that SPNT sorts differently from CNT1 in
hepatocytes as well (9). Sorting signals within membrane proteins vary but often act by

selective interaction with trafficking machinery specific for movement to one type of
membrane or vesicle. These signals tend to be discrete motifs within the protein and can
often be identified. Within epithelial cells, proteins are not simply sent to the plasma
membrane but specifically contain signals appropriate for targeting to either the apical or
basolateral membrane.

While basolateral sorting signals often depend on a specific amino acid motif,
apical sorting signals are less well characterized. They may involve anything from
structure within a transmembrane domain, as is seen for the influenza virus

hemagglutinin protein, to post-translational modifications such as glycosylation as in the
case of the high affinity glycine transporter, GLYT1 (5, 8). SPNT has three conserved

glycosylation sites, all of which were not found in CNT1 and CNT3. To examine the
importance of N-glycosylation on sorting of SPNT, we observed the effect of removing
these glycosylation sites on localization. We determined localization by both confocal
microscopy and functional analysis. Our data indicated that sorting of SPNT is
independent of glycosylation. Glycosylation may play a role in other aspects of SPNT
biology such as protein turnover or stability. The molecular determinants responsible for

sorting of SPNT remain to be identified.
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CHAPTER 4

LOCALIZATION AND SORTING OF HUMAN EQUILIBRATIVE NUCLEOSIDE

TRANSPORTERS, hENT1 AND hENT2, IN RENAL EPITHELIAL CELLS*

Introduction

Nucleoside transporters are polytopic membrane proteins that mediate both the
uptake and release of hydrophilic nucleosides and nucleoside analogs across lipophilic
membranes. They are highly abundant in the kidney where they are hypothesized to play
a major role in the sa]vage of endogenous nucleosides used for nucleotide synthesis.

Two major classes of nucleoside transporters, equilibrative nucleoside
transporters (ENT, SLC29) and concentrative nucleoside transporters (CNT, SLC28),
have been characterized from a variety of species including human and rat (12, 13, 33,
34,41, 47, 48). The CNT family are secondary active transporters that couple cellular
transport of nucleosides to an internally directed sodium- or proton-gradient (10, 33, 47).
In contrast, the ENT family mediates passive transport of nucleosides. Classically, the
ENT family can be further subdivided into two types of transporters (es and ei) based on
their sensitivity to inhibition by nitrobenzylthioinsoine (NBMPR); es-type transport is
sensitive to NBMPR while ei-type transport is not (2, 48). Recently, two members of the
ENT family have been cloned and functionally characterized: ENT1 that mediates es-
type transport and ENT2 that mediates ei-type transport (15, 16, 48).

Members of both the CNT and ENT family are present in renal epithelium that

4 This chapter has been accepted for publication as a manuscript entitled, "Localization of Human
Equilibrative Nucleoside Transporters, hENT1 and hENT2, in Renal Epithelial Cells" at Am J Physiol
Renal Physiol
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forms the barrier between the tubular lumen and the circulatory system (11, 23, 25, 45,
46). These transporters are hypothesized to act in series to mediate the vectorial transport
of nucleosides through this epithelium in a reabsorptive direction, providing a means to
salvage nucleosides from the filtrate. The ability of the epithelial cells to perform this
function depends on the asymmetric intracellular distribution of these nucleoside
transporters. Early studies using apical and basolateral membrane vesicles from renal
epithelium in animal models indicate that transport at the apical membrane is
predominantly concentrative while basolateral transport is predominantly equilibrative (3,
23, 26, 30, 37, 40, 46). Some studies additionally report equilibrative nucleoside
transport activity on the apical membrane(6, 9). Molecular localization studies in our
laboratory provided the first direct evidence that CNT1and CNT2 are localized
predominantly to the apical membrane in renal cells (27). This result is supported by
recent immunohistochemical studies demonstrating that CNT1 is on the apical membrane
of rat kidney (14). To date, there is no information concerning the intracellular
localization of ENT1 or ENT2. Knowledge of the localization of these transporters will
enhance our understanding of how ENT1 and ENT2 work in concert with the CNT
family to mediate transepithelial flux of nucleosides and nucleoside analogs within the
kidney. Further, this information will contribute to understanding the differential
functions of these two transporters.

In addition, we are interested in understanding the basic mechanisms which
govern the intracellular trafficking of ENT1 and ENT2. In polarized cells, plasma
membrane proteins are sorted in the trans golgi network and specifically sent to either the

apical or basolateral membrane (1). Basolateral targeting appears to be triggered by
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distinct amino acid sequences within the protein itself which interact with the sorting
machinery (50). Some of these targeting motifs (such as the tyrosine motif (NPXY) or
dileucine repeat) are related to signals for clathrin coated pit localization. These signals
overlap with those used for endosomal recycling and endocytosis (1). Some proteins
contain basolateral targeting motifs unrelated to clathrin coated pits such as the R/HXXY
motif seen in the cation-dependent mannose 6-phosphate receptor (CD-MPR) (8). While
the exact mechanisms of action of these unrelated motifs are unknown, their structural
orientation appears to allow for interaction with the basolateral sorting machinery.
Apical targeting is less well understood but appears to be based on segregation of apical
proteins into vesicles or rafts enriched with lipids preferentially delivered to the apical
membrane. For some proteins it appears that incorportation into these rzz.fts is based on
glycosylation motifs or GPI-anchors (1, 32).

The goal of this study was to determine the localization of both hENT1 and
hENT?2 within renal epithelial cells. We used MDCK cells that have been successfully
used to study in vivo intracellular localization of a variety of renal transporters (4, 28, 29,
39). Additionally, we sought to determine the molecular sequence responsible for the

intracellular sorting of hRENT1 and hENT?2.

Materials and Methods

Materials. Cell culture media and supplements were purchased from the UCSF Cell
Culture Facility (San Francisco, CA). pEGFP-C1 was purchased from Clontech (Palo
Alto, CA) and vector pOX was a gift from Andrew T. Gray (University of California,

San Francisco). The EMBL MDCK II strain was a gift from Dr. Karl Matlin (U
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Cincinnati, Cincinnati, OH). Texas-red conjugated phalloidin was purchased from
Molecular Probes (Eugene, OR). Transwell polycarbonate cell culture filters and
polycarbonate cell culture plates were purchased from Corning Costar Corporation
(Corning, NY). Bradford reagent was purchased from Bio-Rad (Hercules, CA).
Radiolabeled adenosine and thymidine were from Moravek Biochemicals (Brea, CA).
All other chemicals were supplied by Sigma (St. Louis, MO).

Plasmid construction. hENT1, hENT2 and the splice variant, hAENT2A, were cloned by
Polymerase Chain Reaction (PCR) using primers flanking the Open Reading Frame e
(ORF) of hENT1 and hENT2. The primers were designed based on published hENT1
and hENT2 cDNA sequences (7, 13). For hENT], the sense primer was: 5’-
gggaaaaccgagaacaccatcaccatg-3’, the antisense primer was: 5°- Ny
agtccttctgtccatcctttgtcacac-3’. For hENT2, the sense primer was: 5°- L
ggcgcatccgecgeggeggecatggeg-3°, and the antisense primer was: 5°-

gagcctggaggggccacttcagageag-3’. hENT1 was then subcloned in-frame into pEGFP-C1

vector by adding a Sall site to the 5 end and a SaclI site to the 3°’end. hENT2 and

hENT2A were subcloned in-frame into pEGFP-C1 vector by adding a Sall site to the

5’end and an Apal site to the 3’end. All plasmid constructions and DNA sequences were

confirmed by enzyme digestion analyses and by automated sequencing at the

Biomolecular Resource Center at the University of California, San Francisco.

Site-directed mutagenesis. Mutations of hRENT1 (R453A and ARAIV) and of hENT2

(L455R and ALL) were constructed with QuickChange™ Site-directed Mutagenesis Kit

(Stratagene, La Jolla, CA), using wild type hENT1 cDNA and hENT2 cDNA as the

98

q
== .
:




templates. The sequences of these mutants were confirmed by DNA sequencing at the
Biomolecular Resource Center at the University of California, San Francisco.

Stable Transfection of MDCK. MDCK cells were grown in MEM Eagle’s with Earle’s
BSS supplement, 5% heat inactived FBS, 100 units/ml penicillin and 100 units/ml
streptomycin in a humidified atmosphere of 5% CO,, 95% air at 37°C. Cells were
transfected with 1 ug DNA and 16 pg Effectene (Qiagen, Valencia, CA). Cells were
grown for 48 hours and then diluted into media supplemented with 700 pg/ml G418.
Clones were picked after two weeks of growth in selection media and positive clones
were chosen by Western blot, confocal microscopy, and functional uptake of *H-
nucleoside.

Transient transfection of LLC-PK,. LLC-PK, cells were grown in M-199 Eagle’s with
Earle’s BSS supplement, 3% heat inactivated FBS, 100 units/ml penicillin and 100
units/ml streptomycin in a humidified atmosphere of 5% CO,, 95% air at 37°C. LLC-PK;
cells were transiently transfected following the procedure described previously (27).
Briefly, LLC-PK cells were grown on Transwell filters with 0.4 pm pore for 48 hours.
Cells were then transfected with 0.8 ug DNA (pEGFP-C1-wild type hENTSs or mutant
hENTs) and 2 pg Lipofectamine 2000 (Gibco BRL, Rockville, MD) in OPTIMEM
reduced serum medium (UCSF Cell Culture Facility, San Francisco, CA) and were then
grown an additional 48 hours before being prepared for confocal fluorescence
microscopy.

Confocal microscopy. Samples were prepared for confocal microscopy as described
previously (27, Chapter 2). Samples were grown for 4-7 days on a permeable support

and then fixed with 4-8% paraformaldehyde, permeablized with 0.025% (w/v) saponin in
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phosphate buffered saline, stained with Texas-red conjugated phalloidin for visualization
of actin, and mounted on slides in Vectashield mounting medium (Vector Labs,
Burlingame, CA). Samples were analyzed using a Bio-Rad MRC-1024 laser scanning
confocal microscope.

Functional uptake in MDCK. Stably transfected MDCK were grown for 5-7 days on a
permeable support and then assayed for membrane specific functionality as described
previously (27, Chapter 2). Briefly, cells were treated with 0.1 pM *H-inosine in choline
buffer (128 mM choline, 4.73 mM KCl, 1.25 mM CaCl,, 1.25 mM MgS04, S mM
HEPES, pH 7.4) in the absence or presence of 1mM inosine. All buffers in hENT2
experiments also contained 10 uM NBMPR to reduce background levels of endogenous
es-type function. Reaction mix was applied to either the apical or basolateral membrane
for 2 minutes, removed, and cells were washed three times in ice-cold choline buffer to
terminate the reaction. Cellular uptake of *H-inosine was measured by lysing cells and
counting in a Beckman Scintillation Counter. All experiments were repeated in duplicate
on three separate occasions.

Immunoblot analysis. Transfected cells that had been polarized by growth for 4-7 days
on transwells were lysed by agitation in SDS buffer (2% SDS in PBS with protease
inhibitor), and centrifuged at 14,000 RPM for 20 minutes. Supernatant was removed,
assayed from protein content using the DC protein assay (BioRad, Hercules, CA), and
combined with loading buffer (15 mM TRIS pH 6.8, 1% SDS, 25 mM EDTA, 65 mM
DTT, 0.025% bromophenol blue, 6% glycerol). Five micrograms of protein was loaded
per sample on a 10% BioRad ready gel and separated by electrophoresis. Protein was

transferred to PVDF membrane (BioRad), blocked in 5% milk, incubated first in mouse
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anti-GFP primary antibody (1:1000, Roche, Palo Alto, CA), then in goat anti-mouse IgG-
HRP conjugated secondary antibody (1:3000, BioRad) and signal was detected by the
ECL method.

Expression and functional analysis in Xenopus laevis oocytes. To study the function of
wild type and mutant hENTs and GFP-tagged hENTs, DNA of these transporters were
subcloned into pOX vector by adding a Sal[ site to the 5’end and an Xbal I site to the
3’end. pOX contains the 5' and 3' untranslated regions of the Xenopus B-globin gene
flanking the insert (17). hENT and GFP-tagged hRENT cRNA was synthesized using T3
polymerase (Stratagene, La Jolla, CA) following the manufacturer's protocol. Oocytes
were harvested and treated as described previously (47). Fifty nanoliters of cRNA (~0.4
ng/nl) or water was injected individually into defolliculated oocytes. Oocytes were
incubated at 18°C for 30-40 hr and then uptake assays were performed for 40 minutes at

25°C in 100 pl of transport buffer (2 mM KCIl, 1 mM CaCl2, 10 mM HEPES) containing

various concentrations of [3H]-labeled nucleosides (Moravek Biochemicals, Brea, CA).
Reaction was terminated by washing oocytes five times in 3 ml ice-cold choline buffer.
Oocytes were lysed individually in 10% sodium dodecyl sulfate (SDS) and the amount of
radiolabeled nucleoside transported into each oocyte was determined by liquid
scintillation counting.

Statistics and data analysis. Groups of 8-10 cRNA-injected or water-injected oocytes
were used for each experiment. Uptake values are expressed as mean + S.E. For kinetic
studies, uptake rates (V) determined at different substrate concentrations (S) were fit to
the Michaelis-Menten equation: V=V ,*S/(Ky+S), where Vi is the maximal uptake

rate, and Ky, is the Michaelis-Menten constant (the substrate concentration at Vax/2).
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Fits were carried out using a nonlinear least-squares regression-fitting program
(Kaleidagraph, V.3.0, Abelbeck/Synergy Software, Reading, PA). Kinetic experiments
were repeated several times in different batches of oocytes; data for one representative
experiment are presented in this study. Statistical analysis was carried out by comparing
the uptakes from tested compounds with those from controls in the same experiments
using a two-tailed, two sample equal variance t-test. Results with the probability of

p<0.05 were considered statistically significant.

Results

Localization of hRENTI1 and hENT? in polarized renal epithelial cells. In order to
visualize hENT1 and hENT?2 in the absence of protein-specific antibodies, we tagged the
amino-terminus of hENT1 and hENT2 with green fluorescence protein (GFP). Kinetic
studies in Xenopus laevis oocytes indicated there were no significant differences in the
binding between tagged and untagged transporters (Table 1), suggesting that the GFP tag
does not kinetically alter the function of these transporters.

Immunofluorescent analysis of tagged and untagged hENT1 and hENT?2 stably
transfected MDCK cells indicated that both transporters localized predominantly to the
basolateral membrane (Figure 1). Vertical optical sections indicated additional presence
of a small portion of hENT1 on the apical membrane (Figure 1A.). Apical presence of
hENT2 was not observed (Figure 1B.). hENT1-mediated transport of inosine was
observed at both the apical and basolateral membranes whereas hENT2-mediated
transport was isolated to the basolateral membrane (Figure 2). Results were replicated

using multiple positive stable clones for each transporter.
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Table 1. Apparent K and V. of adenosine

Clone Ka V max
(pmole/oocyte/40min) (pmole/oocyte/40min)
hENT1 62.0£18.4 115 £23.
GFP-hENT1 62.0+18.4 181 £33
GFP-hENT1 62.0+18.4 180 34
GFP-hENT1 78.0 £22.2 164 30

hENT]1, GFP-hENT1, hENT2, and GFP-hENT2 mediated uptake of adenosine at

concentrations ranging from 1 pM to 2 mM were measured as described in Materials and

Methods. Uptake values are expressed as mean + S.E (experiments were performed on 8-

10 oocytes/point). These experiments were repeated several times and apparent Ky, and

Vmax from one representative experiment are given.
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Figure 1. Immunofluorescent localization of wild type ENT1 and ENT2 in MDCK.
MDCK stably transfected with ENT1-GFP (A.) or ENT2-GFP (B.) were fixed,
permeablized, stained with Texas-red conjugated phalloidin, and visualized by confocal
fluorescence microscopy. Vertical optical sections (i. and ii.) with apical membrane on
top (Bar, 10 um). Slices through the xy-plane are shown in iii.-v. Distance from plastic
support (below basolateral membrane) are indicated in microns. Images iii. and iv. show
apical membrane. Images i. and iii. are shown with GFP-tagged protein in green and
phalloidin-stained F-actin in red. All other images display only the GFP-tagged protein.

Bar, 10 um.
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Figure 2. Functional localization of GFP-tagged wild type hENT1 and hENT2 in
MDCK. hENT1-GFP (A.), hENT2-GFP (B.) or GFP (both A. ar;d B.) stably transfected
cells were polarized by growth on permeablized filters for 5-7 déys. Uptake of *H-inosine
was measured for two minutes from either the apical (Ap) or basolateral (Bl) membrane
in the absence of sodium and in either the presence (solid bars) or absence (open bars) of
inosine (ImM). NBMPR (10 uM) was present in solutions used for functional analysis
of hENT2 (B.). Each experiment was repeated in duplicate on three or four separate

occasions.
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Basolateral targeting is independent of the carboxy-terminal tail of both hkENTI and
hENT2. We were interested in investigating the molecular determinants responsible for
polarized localization of hENT1 and hENT2. Based on hydropathy plot analysis and
topology studies, hENT1 and hENT? are each predicted to have eleven transmembrane
domains with a four amino acid carboxy-terminal tail (Figure 3A.) (12, 13, 38). The
carboxy-terminus of both transporters contained a motif implicated in basolateral
targeting: an R/ZHXXV motif in hENT1 (RAIV) and a dileucine repeat in hRENT2 (LL).
No other targeting motifs were obvious in either sequence at either terminus. We
investigated the significance of these two sequences on polarized trafficking of the
proteins via mutagenesis studies.

The R/HXXYV sequences in hENT1 was mutagenized in two ways: 1) a single
mutation was made at position 453 removing the arginine (R453A) or 2) the entire
carboxy-terminal tail was truncated (ARAIV). Both mutants were stably transfected into
MDCK and produced full length protein as demonstrated by Western blot (Figure 4).
Neither mutation had a visible effect on localization of hENT1 (Figure 3B.) nor was there
a effect on hENT1-mediated transport of inosine at the basolateral membrane (data not
shown).

The dileucine repeat in hENT2 was also mutated by both point mutation (L455R) and
truncation (ALL) (Figure 3A.) and stably transfected into MDCK. Transfection
efficiencies were extremely low (<10% of cells were transfected). L455R protein levels

were too low to be detected by Western blot (Figure 4). ALL protein levels were
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Figure 3. Expression and localization of mutagenized ENT1 and ENT2 in MDCK. (A.)
Sequence analysis of carboxy-termini of hENT1 and hENT2. Predicted transmembrane
domains are underlined, targeting motifs are emboldened, and single amino acids which
were mutated are enlarged. (B.) Immunofluorescence of polarized MDCK stably
transfected with (i and i/) ENT1 R453A, (iii and iv) ENT1 ARAIV, (v and vi) ENT2
L455R, and (vii and viii) ENT2 ALL. Vertical optical images shown with apical
membrane on top. Bar, 10 um. (i, iii, v, and vii) show GFP-tagged protein as green and
phalloidin-stained F-actin as red. (ij, iv, vi, and viii) show just the GFP-tagged protein
from the picture to their lefthand side. (C.) Immunofluorescent Z-series of ENT2 L455R.
xy-sections spaced 3 pum are shown in series. Position of each image relative to the
plastic support below the basolateral membrane is indicated in each picture in microns.
Bar, 10 pum. Red indicates phalloidin-stained F-actin and green indicates GFP-tagged
protein. Arrows indicate vesicular staining. (D.) Immunofluorescent Z-series of ENT2

ALL. Images are arranged exactly as seen in section D.
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Figure 4. Immunoblot analysis of hENT1 and hENT2 protein in MDCK. MDCK stably
transfected with wt hENT1 (A), hENT1 R453A (B), hENT1 DRAIV (C), GFP (D),
untransfected (E), wt hENT2 (F), hENT2 L455R (G), hRENT2 DLL (H), or hENT2A (I)
were polarized by growth for seven days on permeablized support and prepared for
Western blot as described in Materials and Methods. Five micrograms of protein per
lane were loaded on a 10% SDS-PAGE gel and protein was separated by electrophoresis,
transferred to PVDF and probed with GFP antibody. Arrows to left of gel indicate

weights of molecular standards.
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detectable and yielded a single band smaller in size than wild type hRENT2 but equivalent
to wild type hENT1 (Figure 4). Wild type ENT2 clones produced a protein of
abnormally large mass (~140 kDa) compared to ENT1 (80 kDa). Evidence for large
ENT?2 has been seen in other studies as well (18, 37).

Both hENT2 L455R and ALL trafficked exclusively to the basolateral membrane
with no apparent apical localization. However, surface expression was drastically
reduced (Figure 3B.). The L455R mutant displayed some vesicular staining in MDCK
(Figure 3C.). The ALL mutant displayed significant vesicular staining (Figure 3D.),
indicating the dileucine motif is important for surface expression. This was also true
when these proteins were transfected into LLC-PK cells, a renal epithelial cell line
originating from proximal tubule (Figure 5). Vesicular retention may occur by alteration
of protein stability, surface delivery, or surface retention.

Functional localization studies could not be performed on the mutated hENT2
stable MDCK clones due to low transfection efficiencies. Therefore, further studies
analyzing the effect of these mutations on hENT2 function were carried out using
heterologous expression in oocytes (Figure 6). Neither truncation of hENT1 (ARAIV)
nor single mutation (L455R) of hRENT?2 altered the functional activity of these proteins.
In contrast, the hENT2 truncated mutant (ALL) showed significant reduction in function,
suggesting that the dileucine motif is essential for surface expression of hENT2 in
oocytes as well.

Identification of a hENT2 variant. In the process of cloning hRENT2, using primers
flanking the ORF of the published hENT2 cDNA sequence (7), we found a variant,

termed hENT2A (GenBank accession no. AF401235). We determined this to be a splice
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ALL

Figure 5. Localization of hENT2 wt and mutants in LLC-PKi. LLC-PKi cells
were transiently transfected with hENT2 wt, hENT2-L455R, or hENT2-DLL, as
described in Materials section, and prepared for confocal microscopy in the same
manner as MDCK cells. Left column: merged image. Middle column: Actin.
Right column: GFP-tagged transporter. Vertical optical sections shown with apical

membrane on top. Bar, 50 pm.
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Figure 6. Effect of mutations on hENT1- and hENT2- mediated uptake of adenosine and
thymidine in oocytes. Uptake of (A.) *H-adenosine (10 pM) and (B.) *H-thymidine (10
UM) was measured at 25°C for 40 min in oocytes (8-10 per data point) injected with H,O
or cRNA for GFP-tagged hENT1 (wt), hENT1-ARAIV (A), hENT2 (wt), hENT2-L455R
(L>R), or hENT2-ALL (A). Data are expressed as mean = S.E. and an asterisk (*)
indicates results that are statistically different from GFP-tagged wild type control (p<

0.05).
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variant based on the genomic sequence of hENT2 (GenBank accession no. AF034102),
which has 12 exons and 11 introns. hENT2A uses a different splicing site on the 5° end
of exon 9, causing a 40 bp deletion (positions 1103-1142) in hRENT2A mRNA (Figure 7).
This out-of-frame deletion introduces a premature stop codon in the ORF, encoding a
truncated variant which is 156 amino acids shorter than wild type hENT2, and has an
alternative COOH terminus sequence (Figure 8). RT-PCR analysis of several tissues
found that both wild type and variant hENT2 are expressed in skeletal muscle, liver, lung,
brain, kidney, heart, pancreas, and placenta (data not shown).

hENT2A was heterologously expressed in oocytes and functionally studied. The
variant did not take up adenosine or thymidine under our experimental conditions (Figure
9A.). This lack of activity may suggest that the variant does not retain the domains
necessary for nucleoside transport. Alternatively, it is possible that the variant is not
properly trafficking to the membrane. To further explore this, hENT2A was tagged with
GFP, stably expressed in MDCK and transiently expressed in LLC-PK cells in the same
manner described earlier. hENT2A did not sort to the plasma membrane in either of
these cell lines (Figure 9B. and 9C.).
Several splice variants of other membrane transporters have been found to have dominant
negative effects on the function of wild type transporters (19, 44). We tested the effect of
expression of hENT2A on function of wild type hENT2 by coinjecting equal amounts of
cRNA for both transporters into oocytes and measuring nucleoside uptake. Uptake in
oocytes expressing hENT2 and hENT2A did not differ from that observed in oocytes

expressing wild type hENT2 alone (Figure 9A.).
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hENT2 mRNA

1 2 34 5§ 7 8 910 11 12
hENT?2 gene |:||] I:H:H: u :|II I

hENT2A mRNA

B.

hENT2wt splicing:
tggctcccag//atctggetgacagcegcetgtgectigigtiggtcticacagtcaccclgtecgtcticcccgecateacagec
atggtgaccagctccaccagicctgggaagiggal/gtgagtgt

hENT2A splicing:

tggeteccagatcetggetgacagegetgtgectigtgtggteticacag/Aeaccctgtecgtcticeccgecateacagecatggty
accagctccacc agtcctgggaagiggal/gtgagtgt

Figure 7. Sequence analysis of hENT2 and hENT2A. (A.) Schematic representation of
hENT2 and hRENT2A mRNA and gene organization. Lines and boxes in hENT2 gene
represent introns and exons, respectively. Exons are numbered. Exon 9 is colored light
grey with the 40bp in exon 9 which is deleted in hENT2A mRNA colored dark grey. (B.)
5’ and 3’ Exon-intronic splicing sites of exon 9 in hRENT2 and hENT2A. Exon region is
in bold and italic, and the 40bp region that is deleted in hENT2A mRNA is underlined.

The portion of the hENT2A sequence which differs from hENT2 is emboldened.

116



1

I

50

hENT2  MARGDAPRDS YHLVGISFFI LGLGTLLPWN FFITAIPYFQ ARLAGAGNST
hENT2A MARGDAPRDS YHLVGISFFI LGLGTLLPWN FFITAIPYFQ ARLAGAGNST
51 11 100
hENT2 ARILSTNHTG PEDAFNFNNW VTLLSQLPLL LFTLLNSFLY QCVPETVRIL
hENT2A ARILSTNHTG PEDAFNFNNW VTLLSQLPLL LFTLLNSFLY QCVPETVRIL
101 111 v 150
hENT2 GSLLAILLLF ALTAALVKVD MSPGPFFSIT MASVCFINSF SAVLQGSLFG
hENT2A GSLLAILLLF ALTAALVKVD MSPGPFFSIT MASVCFINSF SAVLQGSLFG
151 v 200
hENT2 QLGTMPSTYS TLFLSGQGLA GIFAALAMLL SMASGVDAET SALGYFITPY
hENT2A QLGTMPSTYS TLFLSGQGLA GIFAALAMLL SMASGVDAET SALGYFITPC
201 VI 250
hENT2 VGILMSIVCY LSLPHLKFAR YYLANKSSQA QAQELETKAE LLQSDENGIP
hENT2A VGILMSIVCY LSLPHLKFAR YYLANKSSQA QAQELETKAE LLQSDENGIP
251 300
hENT2  SSPQKVALTL DLDLEKEPES EPDEPQKPGK PSVFTVFQKI WLTALCLVLV
hENT2A SSPQKVALTL DLDLEKEPES EPDEPQKPGK PSVFTVFQKS PCPSSPPSQP
301 VII VIII 350
hENT2 FTVTLSVFPA ITAMVTSSTS PGKWSQFFNP ICCFLLFNIM DWLGRSLTSY
BENT2A Wevnrmmmon smcmmammce mommmmmsss mmmmmmmmnn ommmmmmmnn
351 IX 400
hENT2  FLWPDEDSRL LPLLVCLRFL FVPLFMLCHV PQRSRLPILF PQDAYFITFM
BENT2A ~ccmmmmmas mommccccnn mmmmmmmmms momamccmon ommmmmm———
401 X XI 450
hENT2 LLFAVSNGYL VSLTMCLAPR QVLPHEREVA GALMTFFLAL GLSCGASLSF
BRENT2A ~ccommmmns mmmmccccon mrmcmcmmes mmmmmm o mmmn
451
hENT2 LFKALL
hENT2A ~~~~~-~

Figure 8. Protein sequences of hENT2 and hENT2A. Wild type hENT2 has 456 amino
acid residues. Due to the premature stop codon induced by the out of frame 40 bp
deletion in the ORF of hENT2, hENT2A has only 301 amino acid residues and its COOH
terminus sequence is changed. Predicted transmembrane domains are overscored and

numbered with roman numerals.
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Figure 9. Function and localization of the splice variant, hENT2A. (A.) Uptake of 10
uM *H-adenosine was measured at 25°C for 40 min in oocytes injected with H,O or with
20 ng of cRNA for hENT2 (wt), hENT2A (v), or both hENT2 and hENT2A (20 ng each)
(wt + v). Data are expressed as mean * S.E of 8-10 oocytes. An asterisk (*) indicates
results that are statistically different from wild type control (p< 0.05). (B.) MDCK stably
transfected with hENT2A-GFP were fixed, stained with Texas-red conjugated phalloidin,

and visualized by laser scanning confocal microscopy. Bar, 10 um. (C.) LLC-PK;

transiently transfected with hRENT2-GFP and visualized in the same manner. Left column:

merged image. Middle column: Actin stain. Right column: GFP protein. Bar, 10 pm.
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Discussion

Past studies have attempted to localize equilibrative nucleoside transport within
epithelia but with conflicting results. Both the absence and presence of es-type transport
activity (presumably hENT1) in brush border membrane vesicles (BBM) have been

reported (5, 9, 24). In contrast, ei-type activity (presumably hENT2) was reported to
reside only on the basolateral membrane (5). Because functional studies in isolated

plasma membrane vesicles may be confounded by the presence of multiple transport
activities or contamination with other membranes, data localizing transporters using
functional activity are difficult to interpret. In this study, we directly examined the
localization of GFP-tagged hENT1 and hENT?2 in renal epithelial cells. Our data
demonstrate that hENT1 and hENT?2 are present and functional on the basolateral
membrane (Figures 1 and 2). Interestingly, hENT1 also appears in small amounts on the
apical membrane where it is also functional. Function of hENT1 on the apical membrane
in MDCK was also demonstrated recently by Lai et al. (22). Previous data from this
laboratory demonstrated that the concentrative nucleoside transporters, CNT1 and CNT2,
are predominantly localized to the apical membrane in renal epithelial cells (27, Chapter
2). Together, these data provide a picture of asymmetrically localized CNTs and ENTs
working in concert to salvage nucleosides and nucleoside analogs from the tubular

filtrate. In vivo studies showing that adenosine is reabsorbed in the kidney support this
model (21).

We were additionally interested in examining the molecular determinants
responsible for basolateral targeting of these two transporters. The carboxy-termninal tail

of hENT1 contained an RZHXXY motif (RAIV) which has been implicated in basolateral
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sorting of CD-MPR (8, 51). Neither mutation nor truncation of this sequence affected

hENT1 levels on the basolateral membrane (Figure 3). In contrast, the carboxy-terminal
tail of hENT2 contained a dileucine repeat. This motif is implicated as a signal in both
basolateral sorting and endosomal recycling of a large number of proteins (1, 16). Both
mutation and truncation of the dileucine affected surface expression of hENT2 but in
both cases, all protein which reached the plasma membrane remained confined to the
basolateral membrane (Figure 3). This indicates that this motif is important for
maintaining steady-state expression of hENT2 on the plasma membrane. While this does
not implicate the dileucine as a targeting motif, the repeat may be important in endosomal
recycling or surface retention of hRENT2. Understanding the mechanisms which govern
steady-state surface expression of these proteins will give us insight into how they might
be regulated within the cell.

Differential sorting sequences and localization patterns of hRENT1 and hENT2
further substantiate the idea that these two transporters are maintained and regulated by
distinct mechanisms within the cell. hENT1 is found ubiquitously throughout the body
and is thought to be the major transporter involved in uptake of nucleosides for DNA
synthesis (31). hENT]1 is also implicated in terminating adenosine signals in the vicinity
of adenosine receptors . Within the renal epithelium the A1 adenosine receptor, which

also localizes to both membranes in MDCK, is thought to be the major receptor involved
in adenosine signaling (36). Conditions of chronic hypoxia selectively downregulate
ENT!1 function, as a means to increase extracellular adenosine levels at the site of
receptor activation (20). Symbiosis between hENT1 and the Al adenosine receptor may

explain the presence of hENT1 on the apical membrane.
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In contrast, hENT2 is expressed in far lower amounts in all tissues except skeletal

muscle. It has a lower affinity for most physiologic nucleosides with the exception of

inosine, an adenosine metabolite (32, 43). Recent data indicate that it also interacts with

nucleoside bases, preferring the purinergic base hypoxanthine (49). For this reason, it has
been proposed that hENT?2 is involved in mechanisms requiring heavy adenosine

metabolism such as ATP depletion in skeletal muscle caused by strenuous exercise (7,

49). Within the kidney, hENT2's purely basolateral localization suggests that its major

role is to function in concert with CNTs in the salvage of nucleosides and nucleobases
from the filtrate.

The hENT2 splice variant (hENT2A) contains a 40 bp deletion in the mRNA that
introduces a premature stop codon, removing 156 amino acid residues from the COOH
terminus of the transporter. Confocal microscopy of MDCK and LLC-PK expressing
GFP-tagged hENT2A indicates that the variant is not expressed on the surface of these
cells. Further, our data demonstrated that the variant was not functional nor did it affect
function of the wild type hENT2, as has been demonstrated for spliced isoforms of other
membrane proteins (19, 35, 42, 44). The role of hENT2A is unknown.

In summary, we report that cellular hENT?2 is localized exclusively to the
basolateral membrane and that hENT1 is localized primarily to the basolateral membrane
in renal epithelial cells. The C-terminal dileucine repeat in hENT?2 is implicated in
surface expression of this protein. Neither this dileucine motif nor the RXXY motif in

hENT1 appear to be important for basolateral targeting. In addition, we found a splice
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variant of hENT?2 that is expressed in multiple tissues, does not have nucleoside transport

activity, and has no effect on the activity of wild type hRENT2.
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CHAPTER 5
LOCALIZATION OF CNT3, A BROADLY SELECTIVE CONCENTRATIVE

NUCLEOSIDE TRANSPORTER, IN RENAL EPITHELIAL CELLS?

Introduction

Nucleosides are hydrophilic compounds important physiologically as precursors
for nucleotides. Naturally occurring nucleosides require carrier-mediated transport to
cross cellular membranes. Many nucleoside analogs, which are used as
chemotherapeutic agents in the treatments of cancers and viral infections, also rely
heavily on nucleoside transporters to enter and leave cells.

Transepithelial flux of nucleosides and nucleoside analogs within the renal
epithelium depends on expression and polarized distribution of nucleoside transporters.
Our current model predicts reabsorption of nucleosides via two families of nucleoside
transporters. Concentrative nucleoside transporters (CNT1 and SPNT) localize
predominantly to the apical membrane of renal epithelial cells where they mediate the
first step in salvage, concentrating luminal nucleosides within the cells (13).
Equilibrative nucleoside transporters (ENT1 and ENT2) localize predominantly to the
basolateral membrane where they mediate downhill movement of nucleosides out of the
epithelium and back into the systemic circulation (see Chapter 4). Naturally occurring
nucleosides tend to follow this pathway, undergoing active absorption within the kidney.
Most nucleoside analogs, however, tend to undergo active secretion. This is likely due to

several factors: 1) interaction of analogs with efflux pumps such as organic cation

3 This work was done with help from Ilaria Badagnani.
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transporters increases secretion and 2) lower affinity of nucleoside transporters for
analogs of nucleosides decreases reabsorption.

Expression profiling indicates CNT3, the recently cloned broadly selective CNT,
is expressed in low levels within the kidney. This transporter interacts with a broad range
of nucleoside analogs and may play an important role in renal disposition (14). There is
some evidence that broadly selective nucleoside transporters are important on the apical
membrane of the renal epithelium. Studies using vesicles prepared from rat kidney tell us
that a broad range of nucleosides are transported by a concentrative system without
specifying whether this is achieved by one broadly selective system or several more
specific systems (2, 7-10, 15). Studies using vesicles prepared from human kidney
provide evidence for broadly selective nucleoside transport mechanisms for pyrimidines \
and also guanosine (4, 5).

In this study, we localized CNT3 within MDCK cells, a renal epithelial cell line.
MDCK form a uniform monolayer of polarized epithelial cells that may also serve as a

model of the intestinal epithelium and other epithelial tissues throughout the body.

Materials and Methods

Materials. All tissue culture plasticware and transwells were purchased from Corning
Costar (Corning, NY). Protease inhibitor cocktail was purchased from Roche Labs (Palo
Alto, CA), and ECL chemicals from PerkinElmer (Boston MA). Radiolabeled inosine
(25.4 Ci/mMol), ribavirin (14.9 Ci/mMol) and cladribine (17 Ci/mMol) were purchased

from Moravek Biochemicals (Brea, CA). Scintillation fluid (EcoLite) was obtained from
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ICN Biomedicals (Costa Mesa, CA). All other chemicals were purchased from Sigma
(St. Louis, MO).

Cloning of CNT3 and plasmid construction. hCNT3 was cloned by PCR amplification
from a cDNA library made using the Superscript First Strand cDNA Synthesis System
for RT-PCR (Invitrogen, Carlsbad, CA) with human pancreas poly-A mRNA (Clontech,
Palo Alto, CA) as template. Primers were designed to bases 89-114 (sense) and 2196-
2170 (antisense) of the known mRNA sequence of hCNT3 (GenBank # AF305210) and
synthesized by Invitrogen (50 nmoles/primer, desalted). PCR product was ligated into .
pGEM-T vector (Promega, Madison, WI) using ExTaq polymerase (TaKaRa via
Intergen, Purchase, NY). hCNT3 was then subcloned in-frame into pEGFP-C1 by
bioengineering a Bgl II site directly S' to the start codon and a Sal I site directly 3' of the
stop codon. DNA sequence was verified by automated sequencing at the Biochemical
Resource Center (BRC, UCSF, San Francisco, CA).

Stable transfection of MDCK. MDCK cells (the EMBL strain) were grown in MEM !
Eagle’s with Earle’s BSS supplement, 5% heat inactived FBS, 100 units/ml Penicillin and |
100 units/ml Streptomycin in a humidified atmosphere of 5% CO,, 95% air at 37°C.

Cells were transfected with 1 pg hCNT3-pEGFP-C1 or empty vector and 16 pg Effectene

(Qiagen, Valencia, CA). Cells were grown for 48 hours and then diluted into media

supplemented with 800 pg/ml geneticin (Invitrogen, Carlsbad, CA). Clones were picked

after two weeks of growth in selection media and positive clones were chosen by western

blot, confocal microscopy, and functional uptake of *H-nucleoside. All subsequent

experiments were performed on more than one positive clone with comparable results.
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Confocal microscopy. Samples were prepared for confocal microscopy as described
previously (13, Chapters 2 and 4). Samples were grown for 4-7 days on permeable
support and then fixed with 4% paraformaldehyde, permeablized with 0.025% (w/v)
saponin in phosphate buffered saline, stained with Texas-red conjugated phalloidin
(Molecular Probes, Eugene, OR) for visualization of actin, and mounted on slides in
Vectashield mounting medium (Vector Labs, Burlingame, CA). Samples were analyzed
using a Bio-Rad MRC-1024 laser scanning confocal microscope.

Functional localization in MDCK. Stably transfected MDCK cells were grown for 5-7
days on permeable support and then assayed for membrane specific functionality as
described previously (13, Chapter 2). Briefly, cells were exposed to 0.1 uM *H-inosine
in sodium buffer (128 mM NaCl, 4.73 mM KCl, 1.25 mM CaCl,, 1.25 mM MgSO4, 5
mM Hepes, pH 7.4) or choline butter (128 mM CholineCl, 4.73 mM KCI, 1.25 mM
CaCl,, 1.25 mM MgSO,, S mM Hepes, pH 7.4) containing 10 uM cold inosine and 10
UM NBMPR (an inhibitor of the endogenous ENT system). Reaction mix was applied to
either the apical or basolateral membrane for 2 minutes (with choline buffer in opposite
chamber), removed, and cells were washed three times in ice-cold choline buffer to
terminate the reaction. Cellular uptake of *H-inosine was measured by lysing cells (30
minutes shaking in 300 pl 10% SDS) and counting in a Beckman Scintillation Counter.
All experiments were repeated 3 times in duplicate.

Functional kinetic analysis in MDCK. MDCK cells transfected with CNT3-GFP or
GFP were plated at a density of 5 x 10* cells/well five days prior to experiment. Uptake
of 0.1 pM 3H-nucleoside (inosine, ribavirin, or cladribine) was measured for four minutes

in sodium butter or choline buffer in the presence of 10 uM NBMPR. For kinetic
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analysis, varying amounts of inosine (0 UM to 250 uM; transport plateaus above 250 LM)
were also added to the reaction mix. For inhibition studies, 1 mM cold substrate was
added to some wells to observe inhibition. The reaction was stopped by removing the
reaction mix and washing three times with ice cold choline buffer (1x 1 ml, 2 x 0.5 ml).
Cells were lysed for 2 hours in 0.5 ml NaOH and neutralized with 0.5 ml 1M HCI. An
aliquot (0.5 ml) was added to 3 ml scintillation fluid and counted on a Beckman
Scintillation Counter. In all cases, three wells of cells/plate were lysed in 0.5 ml 1M
NaOH for 2 hours, neutralized with 1M HC], and stored for protein assay. The lysate
(100 pl) was assayed using the BioRad DC protein assay with albumin as standard
(Pierce, Rockford, IL).

Immunoblot analysis. Transfected cells which had been polarized by growth for 4-7
days on transwells were lysed by agitation in SDS buffer (2% SDS in PBS with protease
inhibitor), and centrifuged at 14,000 RPM for 20 minutes. The supernatant was removed,
assayed for protein content using the DC protein assay (BioRad, Hercules, CA), and
combined with loading buffer (15 mM TRIS pH 6.8, 1% SDS, 25 mM EDTA, 65 mM
DTT, 0.025% bromophenol blue, 6% glycerol). Twenty micrograms of protein was
loaded per sample on a 10% BioRad ready gel and separated by electrophoresis. Protein
was transferred to PVDF membrane (BioRad), blocked in 5% milk, incubated first in
mouse anti-GFP primary antibody (1:1000, Roche, Palo Alto, CA), then in goat anti-
mouse IgG-HRP conjugated secondary antibody (1:3000, BioRad) and signal was
detected by chemiluminescence.

Statistics and data analysis. All functional experiments were repeated at least three

times (in duplicate or triplicate) and results averaged. For kinetic analysis, negative
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control values were subtracted from functional data and corrected data were fit to the
Michaelis-Menten equation: V=V ,4,*S/(Km+S) where V = velocity, Vmax = maximal
velocity, S = substrate concentration, K,, = the Michaelis Menten rate constant (substrate
concentration at Ve, /2). Fits were carried out using a nonlinear least-squares regression-
fitting program (Kaleidagraph, V.3.0, Abelbeck/Synergy Software, Reading, PA).
Kinetic experiments were repeated several times; data for one representative experiment

are presented in this chapter.

Results

Preparation of a GFP-tagged CNT3 stably transfected cell line in MDCK.
hCNT3 was cloned from human pancreas using primers to the known cDNA sequence
(GenBank # AF305210). In order to visualize CNT3 in a cellular system, we tagged the
N-terminus of the protein with green fluorescence protein (GFP), a 35 kDa protein
originally isolated from jellyfish which fluoresces under light at 488 nm. CNT3-GFP was
then stably transfected into MDCK, a polarized renal epithelial cell line. Positive clones
were selected by resistance to geneticin, and identified by Western blot, functional assay,
and fluorescence microscopy. Immnoblotting of CNT3-GFP positive clones
demonstrated a major band at approximately 140 kDa, with a minor band at
approximately 110 kDa (Figure 1). These bands were unique to CNT3-GFP positive cells
and were not present in untransfected or GFP transfected cells. Untagged CNT3 is
estimated to have a molecular weight of 77 kDa and to contain four putative

glycosylation sites, all located within the extracellular C-terminal tail (14). It is likely
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Figure 1. Immunoblot of CNT3-GFP positive MDCK cells. MDCK transfected with
CNT3-GFP (A), untransfected (B) or transfected with GFP (C) were lysed, separated by
electrophoresis and immunoanalysed with antibody to GFP as described in Materials and
Methods. Twenty micrograms of total protein was loaded per lane. Size of molecular
standards (in kDa) is indicated by arrows to the left of the blot. Relevant bands are

indicated by arrows to right of blot with CNT3* indicating glycosylated protein.
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Figure 1. Immunoblot of CNT3-GFP positive MDCK cells. MDCK transfected with
CNT3-GFP (A), untransfected (B) or transfected with GFP (C) were lysed, separated by
electrophoresis and immunoanalysed with antibody to GFP as described in Materials and
Methods. Twenty micrograms of total protein was loaded per lane. Size of molecular
standards (in kDa) is indicated by arrows to the left of the blot. Relevant bands are

indicated by arrows to right of blot with CNT3* indicating glycosylated protein.
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that the 110 kDa band correlates to unglycosylated CNT3-GFP and the larger band to
glycosylated CNT3-GFP.

To ensure that addition of the GFP tag did not alter functionality of CNT3, we
performed kinetic analysis of transport in CNT3-GFP cells. Michaelis Menten analysis
of inosine transport yielded an apparent Km (53.8 + 10.9 uM, Figure 2) which was
indistinguishable from the previously reported value in cells (52.5 + 12.6 uM) (14).
Localization of CNT3 in MDCK. Subcellular localization of CNT3-GFP within MDCK
was determined by confocal microscopy and functional analysis. Microscopy data
indicate that CNT3-GFP is confined to the apical membrane (Figure 3). In addition,
sodium-dependent uptake of radiolabeled nucleoside was demonstrated selectively on the
apical membrane (Figure 4). Interestingly, removal of sodium from the buffer

completely inhibited CNT3-mediated uptake. Residual transport was seen in the absence
of sodium in similar experiments using either SPNT or CNT1 transfected cells (13).

Kinetic analysis and drug interactions of CNT3. Because CNT3 has such a broad
selectivity, its presence in the intestine and kidney is expected to have an effect on the
pharmacokinetics of a wide range of therapeutically relevant nucleoside analogs. We
examined the interactions between CNT3 and several clinically used drugs. CNT3
transports both the anti-viral agent ribavirin, a base-modified guanosine analog, and the
anticancer agent cladribine, a base-modified deoxyadenosine analog, although at levels
far lower than inosine (Figure 5A.). Levels were too low for accurate kinetic analysis. In

addition, transport of inosine was partially inhibited by the presence of therapeutically
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Figure 2. Michaelis-Menten analysis of inosine transport by CNT3-GFP in MDCK.
Transport of *H-inosine (0.1 pM) was measured by MDCK transfected with CNT3-GFP
or GFP in the presencé of NBMPR (10 uM) and a range of concentrations of unlabeled
inosine (0-250 pM). Corrected data (CNT3 data minus GFP control) were analyzed
using the equation, V = V,5*S/(Km + S) where V = velocity, Vimax = maximal velocity, S
= substrate concentration, K, = Michealis Menten constant (substrate concentration at
Vmax/2) by Kaleidagraph Graphics. K, is averaged from 4 separate experiments. Graph

depicts representative data (performed in triplicate) from one experiment.
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Figure 3. Localization of CNT3-GFP to apical membrane of MDCK. CNT3-GFP
transfected cells were polarized by growth on permeable support, fixed, permeablized
and stained with Texas-Red conjugated phalloidin. (A.) Red indicates phalloidin-stained
actin, green indicates CNT3-GFP. (B.) Shows only actin stain. (C.) Shows only

CNT3-GFP. Picture oriented with apical membrane on top. Bar, 10 um.
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Figure 4. Functional localization of CNT3-GFP to apical membrane. MDCK transfected
with CNT3-GFP or GFP were polarized and sodium-dependent transport of *H-inosine
(0.1 uM) was examined in the presence of NBMPR (10 uM) at either the apical (AP) or

basolateral (BL) membranes. Data represent averages of three experiments each

performed in duplicate.
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Figure 5. Interaction of CNT3-GFP with clinically relevant nucleoside analogs. (A.)
Transport of *H-nucleoside (0.1 UM) (inosine (I), ribavirin or cladribine) was measured
in CNT3-GFP or GFP transfected cells in the presence (+ Na*) or absence (- Na") of
sodium or in the presence of both sodium and 1 mM unlabelled substrate (+ Inhib). (B.)
Transport of *H-inosine (0.1 uM) in the absence (Control) or presence of 10 uM or 100
UM gemcitabine. Data represent the average of three experiments (n=3 per data point per

experiment).
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relevant levels of gemcitabine, a ribose-modified cytidine analog used as chemotherapy
in pancreatic and non-small cell lung cancers (Figure 5B.). Thus, CNT3 appears to
interact with nucleoside analogs and may play a role in the pharmacokinetics of these and

other therapeutic compounds.

Discussion
To date, work in this laboratory has shown that two concentrative nucleoside
transporters, CNT1 and SPNT, are predominantly localized to the apical membrane of

renal epithelium (Chapter 2) and that the two functionally characterized equilibrative

nucleoside transporters, ENT1 and ENT2, are predominantly localized to the basolateral
membrane (Chapter 4). It is expected that these two transporter families work in concert
to mediate salvage of nucleosides from the tubular lumen. In fact, co-transfection of
CNT1 and ENT1 in MDCK results in transepithelial flux of adenosine in a reabsorptive
direction (6). Understanding the localization of the broadly selective concentrative
nucleoside transporter, CNT3, in renal epithelium will add to our model of transepithelial
nucleoside flux within the kidney. To this aim, we GFP-tagged the human clone of
CNT3 and stably expressed it in MDCK. CNT3-GFP was confined entirely to the apical
membrane (Figures 3 and 4). In addition, we demonstrated that three nucleoside analog
drugs (ribavirin, cladribine, and gemcitabine) interact with CNT3.

mRNA expression profiling indicates that CNT3 mRNA is present in small
amounts in the kidney (14). CNT3 exhibits a Na*:nucleoside coupling ratio of 2:1,

indicating it concentrates nucleosides ten times more than either CNT1 or SPNT, which
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both have coupling ratios of 1:1 (2, 11, 14, 17). Presence of small amounts of CNT3
protein may be important in renal salvage of nucleosides.

Interestingly, removal of Na* from our experimental system resulted in complete
inhibition of inosine uptake. This differs from results seen in our previous studies in

stably transfected cells expressing CNT1 and SPNT, both of which retained a significant
portion of function in the absence of Na* (13). Electrophysiologic studies of both SPNT

and CNT]1 indicate that movement of nucleosides across membranes via these proteins
can be facilitated by other ions (chloride or protons) and is dependent on membrane
potential (1, 3, 12). Chimeric studies replacing estimated TMDs 8-9 of rat CNT1 with
the amino acid sequence for TMDs 8-9 of rat SPNT resulted in a protein which lost the
requirement of Na* for transport, indicating there may be specific molecular determinants
for Na*-coupled transport (16). The Na* coupling mechanism for CNT3 differs from that
of SPNT and CNT1 which may explain the higher Na* dependence of nucleoside flux by
CNT3. Further studies are needed to examine the ionic requirements for CNT3 transport
and the molecular determinants involved.

Originally thought to be confined to epithelial cells and primarily important in
maintaining levels of endogenous nucleosides within the body, it seems that some of the
CNTs (CNTS3 in particular) have tissue distributions which indicate other roles within the
body. CNT3 is found in low quantities in the kidney and at higher levels in pancreas,
bone marrow, mammary gland, trachea, and throughout the intestine (14). Its presence in
the intestine suggests that CNT3 may play a role in the absorption of orally administered
nucleoside analogs such as ribavirin. In fact, gemcitabine, which we have shown here to

interact with CNT3, is the first order chemotherapeutic agent used in treatment of
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pancreatic cancer and its uptake in pancreas may be highly dependent on CNT3-mediated
transport.

Typically, adverse reactions to clinical treatment with antiviral nucleoside analogs
(largely dideoxynucleoside analogs) include pancreatitis, lactic acidosis and
hepatomegaly with steatosis, along with occasional peripheral neuropathy, hypotension,
or bone marrow suppression. Generally, all of these reactions are thought to be related to
the mechanism of action of these drugs, which inhibit viral reverse transcriptase but also
cause toxicity by affecting mammalian mitochondrial DNA polymerase. Such
mitochondrial toxicity is not cell-type specific, but appears to more strongly affect organs
which have high energy demands such as pancreas, bone marrow, and liver. Many of
these tissues express high levels of CNT3. Presence of abundant amounts of CNT3 may
be playing a role in concentrating nucleoside analogs within these tissues, causing
increased toxicity relative to the rest of the body.

In this study, we report construction of MDCK cells stably transfected with GFP-
tagged human CNT3, providing the first cellular model for examining CNT3. CNT3 was
expressed in these cells predominantly in a glycosylated form, and was confined entirely
to the apical membrane where it likely participates in reabsorption of nucleosides within
the kidney and absorption within the intestine. We show that CNT3 transports both
ribavirin and cladribine, and interacts with gemcitabine. In addition to providing a model
for further examination of the trafficking and regulation of CNT3, stably transfected
CNT3-MDCK cells provide a means by which to examine the substrate specificity of

CNT3 for a wide range of therapeutically relevant nucleoside analogs.
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CHAPTER 6

CONCLUSIONS AND FUTURE STUDIES

Understanding the molecular mechanisms governing renal transport of
nucleosides and their analogs is essential to predicting the renal disposition of these
compounds. The advent of cloning technology has allowed for the identification of
several candidate proteins that participate in these processes. The most likely candidates
in renal disposition of nucleosides are the six recently cloned nucleoside transporters.
This dissertation explores in detail the subcellular localization and sorting mechanisms of
these proteins as a means to better understand renal disposition of nucleosides. This

work also begins to explore the cellular regulation of nucleoside transporters.

Localization of Nucleoside Transporters within Renal Epithelial Cells

To understand the role that nucleoside transporters play in renal handling of
nucleosides, it is essential to determine their subcellular distribution within renal
epithelium. This information will allow us to develop a model of nucleoside transporter-
mediated transepithelial nucleoside flux (Figure 1). To localize each transporter, we have
established cell culture models within MDCK, a renal epithelial cell line (Chapters 2, 4,
and 5).

The concentrative nucleoside transporters, CNT1, SPNT, and CNT3 localized
predominantly to the apical membrane of MDCK (see Chapter 2 and Chapter 5). While
CNT1 and CNT3 were entirely confined to the apical membrane, as determined by

immunofluorescence and functional analysis of GFP-tagged transporters in MDCK,
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Figure 1. Model of nucleoside transporters within renal epithelium. Localization of
transporters, as described within this dissertation, are (A.) described and (B.) displayed
visually in a representative renal epithelial cell. ENT1 and CNT1 are larger than the
other transporters to indicate their relative abundance within the kidney, as determined by
mRNA levels. Rectangles represent tight junctions, separating the apical (top) from
basolateral (bottom) membranes. Arrow depicts overall direction of vectorial flux of ' '
nucleosides suggested by this model (reabsorptive). Dual arrows on the concentrative —3

transporters indicate substrate plus sodium or protons.
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SPNT had significant presence on the basolateral membrane as well. These results were
confirmed in a second renal epithelial cell line, LLC-PK;.

In contrast, the equilibrative nucleoside transporters, ENT1 and ENT2, localized
predominantly to the basolateral membrane within MDCK and LLC-PK,; (Chapter 4).
ENT2 was confined entirely to the basolateral membrane whereas ENT1 was
predominantly on the basolateral membrane with a small additional presence on the
apical membrane. Thus, these transporters primarily control movement of nucleosides
between the epithelial cytosol and the interstitum.

Localization of CNTs to the apical membrane and ENTs to the basolateral

membrane implicates these transporters in renal reabsorption of nucleosides (Figure 1).
Nucleosides filtered into the tubule lumen by the glomeruli are actively removed in two
steps. Nucleosides within the filtrate come in contact with CNTs and are actively
transported into the cytosol of the surrounding epithelium. As these nucleosides are
concentrated within the cells (they are driven across the basolateral membrane) via ENT1
and ENT2.

The newest member of the nucleoside transporter families to be cloned, ENT3, is
also transcribed in the kidney (12). ENT3 is 31-33% identical to ENT1 and ENT2. To
date, there has been no successful functional analysis of ENT3. Thus, the role of ENT3
in renal handling of nucleosides is not known. Initial studies of GFP-tagged ENT3
within MDCK, carried out by Jennifer Gray in this laboratory, indicated that this protein
is sequestered within internal vesicles. Internal localization may indicate protein
misfolding or degradation but could also be of physiologic significance. ENT3 has an

extended cytosolic N-terminal tail that may be responsible for this differential
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localization pattern. Studies are ongoing in this and other laboratories to understand the

physiologic implications of ENT3.

Renal Handling of Nucleoside Analogs

Clinical observation of naturally occurring nucleosides and nucleoside analogs
indicates that some of these compounds are actively reabsorbed whereas others are
actively secreted (Introduction, Table 1). Upon initial observation, one would expect that
exposure of nucleoside analogs to the transepithelial flux model described above should

result in active reabsorption of all of these compounds. In trying to understand this

seemly conflicting data, there are several important points to consider.

Nucleoside transporters have a much lower affinity for nucleoside analogs than
for naturally occurring nucleosides. While extensive analysis of transporter interactions
with many of the analogs is limited (Table 1), basic uptake studies indicate that
nucleoside analogs are less tolerated. For example, hSPNT]1 is intolerant of base or
ribose modifications, transporting most nucleoside analogs very poorly (4, 6, 18). In
Chapter 5, we compared CNT3-mediated transport of inosine, ribavirin, and cladribine.
Our results indicated that CNT3 transports inosine at a rate five times faster than that of
either of these analogs (Chapter 5). It appears that our nucleoside reabsorption model is
likely to mediate reabsorption of nucleoside analogs at a far slower rate than it does of
naturally occurring nucleosides.

Secondly, there are xenobiotic transporters expressed in the kidney that interact
with nucleoside analogs. Both organic anion and organic cation transporters have been

reported to interact with several of these compounds (Table 2). These proteins recognize
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Table 1. Known interactions between nucleoside analogs and nucleoside transporters.

Substrate Nucleoside Transporter References
(Kinetic Constant, uM)
ddI rSPNT (46) 24)
hSPNT1 (19) (25)
hENT?2 (2.3) (33)
Cladribine rSPNT (13) a7
hSPNT1 (371) (25)
hENT]1 (71) (19)
Deoxyadenosine hCNT1 (46) (22)
| hSPNT1 (110) (30)
Gemcitabine hCNT1 (24) (18)
hENT1 (160) (19)
Deoxycytidine rCNT1 (150) (7)
FUdR rCNT1 (50) (7)
IUdR rCNT1 (50) (7
AZT rCNT1 (500) (5)
ddC rCNT1 (500) (33)
Inhibitor

Dipyridamole hENT1 (140) (32)
Dilazep hENT1 (60) (32)
hENT?2 (740) (33)
NBMPR hENT1 (0.002) (8)

Kinetic constants are reported in parenthesis. Values are K, (1M) if emboldened,
IC,, values (uM) if italicized, and K, if underscored.
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Table 2. Known interactions between nucleoside or nucleotide analogs and secretory

transporters in the kidney.
Substrate Secretory Transporter Reference
(Kinetic Constant, puM,
if known)

Deoxytubercidin rOCT1 (23) )
rOCT2 (212) 2

Cytosine arabinoside (Ara-C) rOCT1 (2)
Cladribine rOCT1 (2)
AZT rOCT1 2)
rOAT1 (26) (20)

hOAT1 (45) 27

hOAT?2 (26) 27

hOATS3 (145) 27

hOAT4 (151) 27

Acyclovir rOAT1 (242) (29)
hOCT1 (151) 27

hOAT1 (342) 27)

Gancyclovir hOCT1 (516) 27
hOAT1 (895) 27

Valcyclovir hOAT3 27
ddC rOAT1 (3080) (20)

ddl rOATI (29)
Lamivudine rOATI1 (29)
Stavudine rOATI (29)
Trifluridine rOATI (29)
Cidofovir hOAT1 (58) (10)
Adefovir hOAT]1 (23.8) (10)
PMEA hMRP4 (16)
hMRPS (23)

6-Thioguanine hMRP4 3)
hMRP5 (23)

6-Mercaptopurine hMRP4 3)
hMRP5 (23)

2-Mercaptopurine hMRP4 (3)
cAMP hMRP4 (44.5) 3)
hMRPS5 (379) (13)

cGMP hMRP4 (9.7) 3
hMRP5 (2) (13)

Kinetic constants shown in parenthesis in WM. Value are K, if emboldened and K; if
underscored. Abbreviation: PMEA, 9-(2-phosphonlymethoxyethyl)adenine.
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a wide array of substrates, based on charge and hydrophobicity, and collectively mediate
transepithelial flux of xenobiotics, waste and metabolites in a secretory direction.
Transport of nucleoside analogs by these systems would directly oppose any reabsorption
occurring via the nucleoside transporter-mediated pathway. In addition, multidrug
resistance associated proteins, MRP4 and MRPS, appear to interact with nucleosides and
nucleotide monophosphates as well. As such, they would also play a role in renal
disposition of these compounds (Table 2) (15).

In general, the renal handling of nucleosides and nucleoside analogs is a complex
activity. We cannot predict renal pharmacokinetic parameters of a compound based on
one simple transport action. Rather, the overall disposition of each molecule—whether
actively reabsorbed or secreted—will be dependent on the compilation of interactions
with a wide array of transporter proteins (Figure 2). This is likely true for many
nucleoside analogs. Variations in transporter affinity and turnover rate constants would
explain the vast variations in renal clearances observed for this class of compounds. In
order to obtain a clear understanding of the renal handling of a compound, it will be

necessary to understand the individual molecular mechanisms that govern its transport.

Trafficking of Nucleoside Transporters within the Kidney

Differential steady state localization of nucleoside transporters indicates that they
may be interacting with the cellular trafficking machinery in individual ways. Newly
synthesized membrane proteins in polarized cells are selectively sorted within the trans

golgi network (TGN) based on specific structural motifs within the proteins themselves.
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Figure 2. Renal transporters known to interact with nucleoside analogs. Xenobiotic
transporters are indicated by a box. To date, the apical transporter responsible for
mediating secretion of nucleosides has not been molecularly identified, but may be

ENTI.
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These motifs interact with membrane-specific sorting machinery and are sent specifically
to the basolateral or apical membranes.

To begin to understand the cellular mechanisms that govern steady-state
nucleoside transporter expression within the renal epithelium, we identified several
targeting motifs within these proteins and examined their role in trafficking of newly
synthesized protein at the plasma surface (Table 3). Preliminary studies examining
SPNT and CNT1 indicated that steady state expression of SPNT but not CNT1 was
affected by presence of tunicamycin, a deglycosylation agent (Chapter 3). SPNT
contains three potential N-linked glycosylation sites, all within its extracellular C-
terminal tail (N603, N606, and N625). All three were unique from CNT1. We removed
these sites from SPNT using site-directed mutagenesis in order to examine the effect of
glycosylation on steady-state expression of SPNT in MDCK. Western blot analysis
indicated that sites N603 and N625 were glycoslyated. Immunofluorescence and
functional analysis demonstrated that removal of the N-glycans at these sites did not
affect steady state expression of SPNT. Because apical targeting motifs do not follow
obvious patterns, further analysis of the SPNT sequence has not provided insight into the
nature of its apical sorting signal.

Recent work has indicated that some proteins are initially distributed uniformly
on both plasma membranes and then selectively retained in an asymmetric manner by
protein-protein interactions. This is typically achieved by linkage to the cytoskeletal
scaffolding via a linker protein such as those containing a PSD95/DglA/Z0O-1 domain
(PDZ)-binding motif. The NaPi Ila transporters, CFTR chloride channel, and MRP2 all

interact with PDZ-containing proteins and are retained on the apical membrane of
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Table 3. Effects of sorting signals on targeting and steady state expression of NTs.

Involved in
Involved in Steady-State
Transporter Motif Targeting? Expression?
SPNT C-terminal
glycosylation No No
ENTI1 --RAIV No No
ENT?2 --LL No Yes

160




renal epithelial cells (9, 14, 31). Asymmetrical localization achieved by linkage is a
newly emerging field and many of the players have not yet been identified.

CNT]1 or SPNT may retain polarized expression by linkage to the cytoskeleton.
In order to explore this, we examined the effect of depolymerization of the actin and
microtubule networks—the two main cytoskeletal components involved in trafficking
and internalization of proteins--on nucleoside transporter steady-state localization. We F«i
discovered that surface expression of both CNT1 and SPNT were affected by disruption
of microtubular networks via addition of nocodazole (Figure 3). This is not surprising as

microtubules are known to play an important role both in delivery of newly synthesized

1. .

proteins to the apical membrane and in endocytotic recycling pathways. Interestingly,
disruption of the actin network by cytochalasin D drastically affected steady-state surface
expression of CNT1 but not SPNT (Figure 3). This indicates that polarized surface
expression of CNT1 may be dependent on actin-linkage.

Because basolateral targeting motifs are more clearly defined, we examined
ENT1 and ENT?2 for potential targeting motifs (Chapter 4). Typically, basolateral
targeting motifs reside in the terminal tails of proteins. The carboxy-terminus of ENT1
and ENT?2 each contained a motif associated with targeting: a H/RXXV motif in ENT1
and a dileucine repeat in ENT2. Using mutagenesis techniques, we determined that
neither of these motifs were necessary for targeting of these proteins. The dileucine
repeat in ENT2, however, was important for steady-state surface expression. Mutagenisis
or removal of the dileucine repeat resulted in internal sequestration of ENT2. In addition
to functioning as a basolateral targeting motif, the dileucine motif overlaps as a clathrin-

coated pit internalization signal, used for endocytotic recycling and lysosomal
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Figure 3. Actin and microtubules are important for steady-state expression of SPNT and
CNTI1. SPNT-GFP (A.) or CNT1-GFP (B.) expressing MDCK cells were polarized by
growth on permeable support for 4-7 days and exposed for 15 hours to (i.) fresh media
(control), (ii.) cytochalasin D (2 pM, an actin depolymerizing agent), (iii.) nocodazole
(33 uM, a microfilament depolymerizing agent). Cells were fixed, permeablized, and
stained for F-actin with Texas-red conjugated phalloidin. Green, GFP-tagged transporter.

Red, actin. Bar, 50 um.
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degradation pathways (1). The effects of dileucine mutation on ENT2 expression may be
occurring via one of these pathways. Further examination of the ENT sequences and
mutagenesis studies will be required to determine targeting motifs. Knowledge that
ENTS3, which has a fifty amino acid N-terminal tail extension, is sequestered internally in
vesicles makes the N-terminus a promising site for further exploration (Figure 4). Future
studies using truncation mutants could indicate the motifs required for plasma

localization of ENT1 and ENT?2 and vesicular localization of ENT3.

Cellular Regulation of Nucleoside Transporters

There are limited data on regulation of nucleoside transporters. Of the work that
has been done, the majority has focused on hepatic regulation of concentrative nucleoside
transporters (21). In addition, there is some indication that CNT1 expression is governed
by both cell cycle and nucleotide metabolism (11). ENT1 is downregulated by p38
MAPK inhibitors and upregulated by PKC stimulation (28). Along with this, there is
some indication that SPNT and ENT1 function is regulated in lymphocytes by PKC (26).
Interestingly PKC-mediated signaling is linked to activation of several adenosine
receptors within the kidney. These are G-protein coupled receptors that maintain
homeostasis within the kidney in response to extracellular adenosine levels. There are
four subtypes of adenosine receptors—A |, Aa, Azp, and As;—all of which are expressed
to some degree within the kidney. A, receptors appear to be the major adenosine
receptors within the proximal tubule, where they localize predominantly to the apical
membrane. It has been hypothesized that attenuation of adenosine concentrations in the

regions local to this receptor is affected by presence of nucleoside transporters. Thus,
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51 72
hENT1 KAVWLIFFML GLGTLLPWNF FM
hENT2 HLVGISFFIL GLGTLLPWNF FI
hENT3 CGTYIIFFSL GIGSLLPWNF FI

Figure 4. Sequence alignment of N-terminal tails of ENTs. Putative transmembrane

domain is overscored. Potential signals in ENT3 are emboldened and highlighted.
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regulation of NTs via PKC may serve as a mechanism by which receptors can modulate
their own function. Preliminary studies in this laboratory indicated that steady-state
expression of CNT1 but not SPNT is affected by PKC stimulation. In fact, both
activation and inhibition of PKC resulted in internalization of CNT1 within MDCK
(Figure 5). This change was not the result of protein degradation (Figure 5B.) but was
coupled to a decrease in nucleoside transport function (Figure 5C.). No effect was seen
under the same conditions for SPNT. These effects were not seen acutely; rather, they
were seen over a longer time frame. This indicates that the effects of PKC on CNT1
surface expression are likely to be the indirect result of other PKC-mediated alterations
within the cell. These studies stand as a first step in understanding how a renal cell might

govern the intake of nucleosides.

Summary

In summary, we have examined the subcellular distribution of all known cloned
and characterized nucleoside transporters in an effort to understand their role in renal
disposition of nucleosides and nucleoside analogs. Our data indicate that nucleoside
transporters are primarily involved in reabsorption. The net renal secretion documented
clinically for many nucleoside analogs indicates that nucleoside transporters work in
concert with other transporters in nucleoside disposition. It is essential to understand the
spatial distribution and extent of protein expression for each of these transporters within
the kidney in order to fully understand the role that these transporters may play in renal

disposition of nucleosides and nucleoside analogs.
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Figure 5. PKC-mediated internalization of CNT1. (A.) CNT1-GFP transfected MDCK
were polarized by growth for 4-7 days on permeable support, and then exposed for 2
hours to (i.) fresh media, (ii.) a PKC activator, 40.-phorbol 12-myristate 13-acetate
(PMA, 1 uM), (iii.) a PKC inhibitor, bisindolylmaleimide I (1 uM) or (iii.) both (at 37
°C, in normal media). Cells were fixed, permeablized, and stained for F-actin with
Texas-red conjugated phalloidin. Images were viewed using a BioRad 1024 laser
scanning microscope. Green, GFP-tagged transporter. Red, actin. Arrows indicate
internalization. Bar, 20 um. Both PKC activation and inhibition cause internalization of
CNT1-GFP but to different types of vesicles. (B.) Western blot analysis of CNT1-GFP
or GFP transfected MDCK exposed for 2 hours to nothing (control, C), vehicle (0.1%
DMSO, D), PMA (P), or Bisindolylaleimide (B). Cells were lysed in 2% SDS, rotated,
vortexed, centrifuged, and 10 pg total protein was loaded per lane. GFP antibody was
used as described in Chapter 2, Materials and Methods. Blot indicates that there is no
protein degradation of CNT1-GFP under any of the conditions used. (C.) Transport of
*H-uridine (1 uM) by CNT1-GFP transfected MDCK exposed for 2 hours to vehicle,
PMA (P), Bisindolylaleimide (B) or both (P + B and B + P). In the cases where both
were added, cells were pretreated with one compound for 1 hour (B for B + P, and P for P

+ B) and then both compounds for a second hour Effects were not additive.
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In addition, we have begun to explore the molecular mechanisms responsible for
the polarized steady-state expression of SPNT, CNT1, ENT1, and ENT2. Our data
indicate that SPNT localization is independent of glycosylation, and ENT1 and ENT2
localization are independent of their carboxy-terminal tails. ENT2 steady-state surface
expression is affected by removal of the carboxy-terminal dileucine motif. Protein
expression is a dynamic process. Understanding the molecular determinants of steady-
state expression and cellular regulation of these transporters will be a useful tool in
further understanding renal handling of nucleosides and nucleoside analogs. Further
examination of these topics will be essential to understanding the physiologic relevance

of nucleoside transporters.
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