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Abstract

Multiple, independent Genome Wide Association Studies have
uncovered a significant correlation between abnormal plasma urate levels
and single nucleotide polymorphisms within the hSLC2A9 gene. The gene
product was originally characterized as a high affinity D-glucose and D-
fructose transporter, which belongs to a larger family of facilitative
transmembrane hexose transporters, named GLUTs. The two splice
variants, hSLC2A9a and hSLC2a9b, were overexpressed in Xenopus
laevis oocytes. A combination of radioisotope flux studies and
electrophysiological analysis were employed to functionally characterize

the urate-handling of these proteins.

The two human hSLC2A9 (hGLUT9) isoforms mediate high
capacity urate transport, which is selectively sensitive to benzbromarone.
They display kinetic symmetry in their affinity and capacity to handle
extracellular and intracellular urate. Surprisingly, urate uptake mediated by
either isoform is not competitively inhibited by extracellular D-glucose and
D-fructose over a wide range of concentrations. However, the transporters
can exchange hexoses for urate, when the two substrates are placed on
opposite sides of the membrane, as evidenced by trans-stimulation.

Moreover, the two isoforms display different patterns of urate-transport



modulation in response to trans-hexoses and kinase activators, indicating

that functional differences between the two isoforms exist.

Given that uric acid is approximately 90% dissociated under
physiological pH, and exists as an organic anion (urate) in blood plasma,
we investigated hSLC2A9’s capacity to carry current. Indeed, hSLC2A9a-
and hSLC2A9b-expressing oocytes produce positive outward current in
the presence of extracellular urate. This current does not appear to be
sensitive to Na*, and is only moderately affected by CI” depletion. Hence,
we propose that the negatively charged urate is the only species
contributing to the electrogenicity of hSLC2A9. Given that the membrane
potential is negative inside cells, we propose that both variants act as

mediators of urate efflux under physiological conditions.

Both isoforms of hSLC2A9 are expressed in opposite membrane
domains of human proximal tubule epithelium. We propose a model for
renal handling of urate in humans which explains how hypouricemia and
hyperuricemia can be associated with the same gene product, and which
may provide new treatment opportunities of gout, hypertension and

metabolic syndrome.
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Chapter 1

General introduction*

* A version of this chapter has been published.

Andrei R. Manolescu, Kate Witkowska, Adam Kinnaird, Tara Cessford and
Chris Cheeseman. (2007) Facilitatied hexose transporters: New

perspectives on form and function. Physiology. 22: 234 — 240.




1.1 General Introduction overview

This section aims to introduce the following topics: the solute carrier
family of GLUTs, with the focus on the members’ substrate specificities;
The cloning of mouse and human GLUT9 homologues, and the functional
studies pertaining to all known GLUT isoforms; the molecular identity of all
proposed urate carriers, discussing the plausibility of each as a
physiological urate carrier in human; the physiology of urate homeostasis,
outlining key experiments and discussing important metabolic differences
between man and the animal model systems available. Also throughout
this section, | will aim to address inconsistencies within the fields of
research at hand, hinting at key considerations and experiments which

need to be addressed in order to move the studies forward.

1.2 Introduction to carrier-mediated transport

1.2.1 Transport across semi-permeable membranes

Hexoses are a major metabolic fuel for numerous cell types.
Specialized, integral membrane protein transporters are required to
confer the selective permeability of biological membranes to
hexoses. These belong to one of two protein super families, the
Sodium / Solute Symporter Family (SSSF) (1), and the Major
Facilitative Superfamily (MFS) (2), which are expressed in numerous

phyla. As with all solute transport, energy is required to move molecules
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across membranes. In the case of hexoses, they either employ the potential
energy stored in the sodium gradient to drive their net movement across
the selective barrier, concentrating the sugar (secondary active
transport, former transporter family), or they move molecules
passively down their concentration gradient, until they reach trans-
membrane equilibrium (facilitated diffusion, latter transporter family).
In humans, facilitated transport of hexoses is mediated by MFS
transporters, the GLUT proteins, which belong to the gene family SLC2A.
These were among the very first facilitated transporters to be studied
systematically. Their detailed kinetic analysis led to the development of

a number of key concepts as to how carrier proteins might work.

1.2.2 Basic principles of carrier-mediated transport

In 1952, Widdas (3) documented the ‘Inability of diffusion to account
for placental glucose transfer in the sheep and consideration of the kinetics
of a possible carrier transfer’. A year later, the first meaningful application of
Michaelis-Menten equation to model glucose movement across the wall of
the rat intestine (4) revolutionized the field of solute transport. Further study
of red blood cells, sheep placenta and rat intestine, led to development
of the ‘simple carrier’ theory, which predicted that two related, but
separate, processes must occur during transport.

The first step is binding, or adsorption, of the substrate to a
recognition site on the protein. This interaction is considered to be much
like that between an enzyme and its substrate, but unlike an enzyme,
no chemical change occurs to the substrate during the subsequent step,
the translocation. This, in turn, involves a conformational change within

the protein, leading to reorientation of the substrate-carrier complex. The




result is the presentation of the binding site to the other side of the
membrane and subsequent release of the substrate. To complete the
cycle, the binding site needs to reorient, to face the side of the
membrane where the initial binding process started. In case of
facilitated transporters, where net movement of substrate results from
solute concentration gradient across the membrane, this implies possible
molecule movement in either ‘forward’ or ‘reverse’ direction, with respect to
the starting concentration gradient. As such, when referring to facilitated
diffusion, the vectorial sum of a given solute’s movement, or its net
movement, should be considered (Figure 1.1).

Given the bi-directional nature of transport, it became quickly
appreciated that the carrier’s affinity for a substrate may not be the
same on opposite sides of the membrane. To fulfill thermodynamic
laws, this must mean that the maximal rate of transport in one direction
would also have to be greater. This could be satisfied if the ratio of the
half-maximal saturation constant (Kmy) to the maximal rate of transport

(Vmax) was the same for movement in both directions:

Kmi _ Kmo

Vmaxi Vmaxo

Moreover, it was postulated that the rate-limiting step for transport is the
reorientation of the empty carrier, a concept supported by trans-
acceleration experiments. These experiments showed that if transport
of solute in one direction is measured in the presence or absence of a
transportable solute on the opposite (trans) side, it will be faster than
when the substrate is initially present only on one side of the membrane

(zero-trans conditions). This can be explained by acceleration of the
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Figure 1.1. Four-step simple carrier kinetic model. Model for carrier-
mediated transport of solutes modeled on Michaelis-Menten enzyme kinetics. A
facilitative carrier (C) undergoes a series of four basic reorientation steps, while binding
and releasing a specific substrate (S). The direction of each step is determined by the
sum of two unique Kkinetic constants representing reversible reactions (eg. k; and k.;). The
rate limiting step in the cycle is thought to be the reorientation of the empty carrier,
depicted by thin arrows (ks /k,). Trans-stimulation experiments are thought to take
advantage of the reversibility of the transport steps and to circumvent the empty-carrier
cycling.




reorientation step, which is thermodynamically favoured when the binding
site is occupied. Similarly, if kinetic constants for transport are measured
when the solute concentration is the same on both sides of the

membrane (equilibrium conditions), the Vmax is greater than when

measured under zero-trans conditions (5).

1.2.3 Initial mapping of the substrate binding site

The determination of the architecture of D-glucose
interaction with a putative binding site of the carrier resulted from a series
of elegant experiments measuring the accumulation of different
hexose analogs in the everted hamster and rat intestinal preparations,
and later on the human erythrocyte (6, 7). This work suggested that
hydrogen bonds are formed between specific hydroxyl groups on the
hexoses and the side chains of certain hydrophilic amino acids lining an
aqueous cleft or vestibule. Also, it appeared that these bonds were
modified as the protein went through its conformational change so that
the binding site facing the exofacial side was partially or completely
different from that facing the endofacial side. However, it also reinforced
the notion that the specificity of the red cell hexose transporter would
be defined by which sugars could interact with the binding sites as they
faced either the exofacial or endofacial environment. Finally, it needs
to be appreciated that a structural difference between the two binding
sites may not be reflected by kinetic asymmetry since, at least for
GLUT1, influx and efflux appear to be nearly the same when
measured at 37°C (8). Similar analyses have not been made for other
GLUT isoforms.




1.3 Family of Facilitative Glucose Transport
Proteins (GLUTS)

1.3.1 GLUT family characteristics and substrate specificity

In 1985, the first GLUT protein was cloned and found to be a
492-amino acid single protein constitutively expressed in almost all cell
types (9). However, differing kinetic parameters and substrate
specificities in some tissues suggested the existence of several
additional discreet entities responsible for moving hexoses.
Subsequent expression cloning confirmed this hypothesis with the
rapid expansion of the hGLUT family to five members. This small
number of hexose transporters appeared to satisfy most physiological
metabolic processes, with only two members showing any ability to
promote fructose movement. However, recent sequencing of the
human and other genomes has transformed this landscape. There are
now 14 members of the hSLC2A gene family, and many of the newly
described members have discreet tissue expression and function (10)
(see Table 1.1 for comprehensive description).

Primary sequence and tertiary structure similarities allowed
these 14 transmembrane (TM) proteins to be clustered into three
families, or subclasses, numbered I, I, and 1l (Figure 1.2). The majority
of the originally identified members belong to class I, along with the new
GLUT14, which appears to have resulted from a gene duplication of
GLUT3 (11). GLUT5 has been placed in class Il along with GLUTs 7, 9,
and 11, all of which appear to be high affinity D-glucose and D-
fructose transporters, with GLUT5 being the exception (12-15).




Table 1.1 Tissue distribution and substrate specificity of GLUTSs.
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Figure 1.2. Unrooted dendrogram of human facilitative glucose

transporter gene family. Amino acid sequences corresponding to SLC2A genes were
aligned using Clustallww  (http://www.ebi.ac.uk/Tools/msa/clustalw2/).  Phylogenetic
relationships were established using Clustal W software (http://align.genome.jp/). The length
of each branch represents relative evolutionary distance. Subfamilies or classes of this
protein family, representing genetic, structural and functional similarities, are indicated by the

semi-circles.




Furthermore, these class members are capable of little or no galactose or
2-deoxy- glucose (2DOG) transport, although GLUT9 was initially
functionally characterized using 2DOG ((16) see later discussion).
Subfamilies | and Il are also unified by a common topology with twelve TM
domains, cytoplasmic N- and C- termini, putative N-glycosylation on first
extracellular loop (between TM 1 — 2), and a long intracellular loop between
TMs 6 — 7 (Figure 1.3). Finally, GLUT9 (16) and GLUT11 (17) posses
alternative splice variants, which have been reported to confer alternative
tissue distribution, but, to date, have not been well studied. As discussed
below, GLUT9, unlike GLUT11 (15), has a rodent orthologue. However, its
functional study in the model system is limited due to physiological
differences between the two organisms, as discussed later. The following

chapters will shed more light on the functionality of GLUT9 splice variants.

The structure of the class Ill GLUTSs, on the other hand, preserves
the above mentioned twelve helix arrangement, but the N-glycosylation
site appears to be located on the fifth extracellular loop (between TM 9 —
10; Figure 1.3). Much less is known about the functional activity of these
GLUTs, but most have the capacity to transport hexoses. Furthermore,
these transporters contain one or more complex retention motifs (N- or C-
terminal), which may be confining them to intracellular compartments
under steady-state conditions (18). GLUT8 is mainly expressed in testis
and brain and is localized in the endoplasmic reticulum (ER), late
endosome and lysosome compartments. It has shown insulin
responsiveness in mouse bastocysts, but failed to respond to the stimulus
in any other cell line (19). GLUT12, expressed in heart, skeletal muscle,
small intestine and prostate, shares an expression, which resembles that
of GLUT4 (20). Recent evidence suggests that the extended targeting
motifs confer specific transporter-adaptor protein interactions within
GLUTS8 and GLUT12, which regulate the sorting mechanism (19). GLUT10

10
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Figure 1.3. General topology model of the GLUT protein family. Class |
and Class Il GLUT subfamilies share identical topology which differs from that of Class I,
especially with respect to the glycosylation site. Residues highlighted on a white
background represent amino acids which are conserved throughout the GLUT family.
Residues highlighted on a black background indicate amino acids which distinguish Class
| from Class lll GLUTs. Adapted from Joost and Thorens, 2001 (22).
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is widely detected in human tissues, with predominant Golgi expression
as well as plasma membrane presence. It contains a similar N-terminal
LL-motif (21). Insulin can induce GLUT12 plasma-membrane intracellular
stores, possibly due to the presence of an additional C-terminal
internalization motif (23). GLUT13 (HMIT) is a proton-coupled myo-
inositol transporter, prior to this study, making it the first GLUT with
a non-hexose physiological substrate, and the only GLUT to use a proton
gradient for substrate translocation (24). It is tempting to speculate
that GLUT13 represents an ancient hexose transporter because of its
high sequence conservation across phyla and its H"-coupling transport

mechanism (25).

With new functional studies of GLUTs emerging, it is becoming
clear that not all of them facilitate exclusive movement of hexoses across
the cellular membranes. In fact, GLUTs 1,3 and 4 have been identified as
dehydroascorbic (DHA) acid transporters (26), GLUT2 is capable of
glucosamine transport (27), and GLUT13 contributes to phospholipid
homeostasis in the brain (24). In this thesis, alternative substrate
specificity of GLUT9 will be discussed. It is becoming clear, that
comparative primary sequence analysis combined with the conserved
tertiary fold of the protein, do not suffice in predicting the substrate
selectivity of these transporters. On the contrary, they point out that
substrate-carrier interactions are far more complex than those proposed in
the simple carrier model. Also, given an abundance of non-hexose
substrates identified for many of the GLUT members, a question of what is

the ancestral permeant for this protein family should be revisited.
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1.3.2 GLUT structural studies

The original hydropathy analysis of GLUT1 indicated that the
protein was arranged into 12 TM helices that combined to form a
central aqueous pore or channel through which the substrate crossed
the lipid bilayer (9). A comprehensive series of studies using cysteine
scanning mutagenesis supports such a model with up to 8 of the 12
helices contributing to parts of the surface lining of the pore (28). X-ray
crystal structure analysis of two related bacterial proteins, which are
also members of the MFS (the proton coupled lactose transporter LacY
(29), and the glycerol-3-phosphate transporter GlpT (30)), indicates a
barrel structure in which two clusters of six transmembrane helices
surround the aqueous pore in the centre. The alternating tilting of these
two clusters appears to close the channel on one side and
simultaneously open it on the other, forming the outward or inward
facing clefts. The substrate binding site for both proteins was identified
as being at the center of the aqueous pore, such that the alternating
tilting sequentially exposed bound substrate to one side of the
membrane or the other (31). Computer analysis of the structure of
GLUT1, using the coordinates for GIpT, has generated a very similar
structure, verifying much of the findings identified by the cysteine
scanning studies, as well as emphasizing the considerable flexibility of
the arrangement, imparted by the long intracellular loop between
helices 6 and 7.

13



1.4 Cloning and initial functional characterization
of GLUT9 (SLC2A9)

1.4.1 The human orthologue

Fifteen years after cloning of GLUT1, and subsequent GLUT2
through GLUTS isoforms, it became apparent that “novel” GLUTs must
exist. For example, knock-out (KO) GLUT4 mice still maintain normal
glucose homeostasis, and thyroid carcinoma cells still display *°F-
Fludeoxyglucose (FDG) uptake, despite lack of expression of GLUTs 1
through 5.

In year 2000 Phay et al., 2000 cloned the first of the “novel” GLUTS,
which along with GLUT5 and GLUTL11, ultimately became the class Il
subfamily of GLUTs (32). GLUT9 (later termed full length, or isoform a)
MRNA displayed a specific tissue distribution, being most abundant in the
human kidney tissue, from which the clone was obtained, followed by liver,
placenta, lung and blood leukocytes. All transcript-expressing tissues
contained three mRNA transcripts: 1.9 kb (major transcript containing full
length sequence), 3.1 kb and 5.0 kb, presumably as a result of different 3’
untranslated regions (UTRs). The gene contains 12 exons and is mapped
to chromosome 4p15.3 — pl16. The open reading frame (ORF) encodes a
540 amino acid protein of approximately 58.7 kDa, which displays 44%
and 39% identity with GLUT5 and GLUTL, respectively. It contains two
signature sugar transporter motifs (Figure 1.4) and distinguishes itself with
the longest N-terminus among all family members. As discussed in this
thesis, this N-terminus may play an important functional role in modulating

transport activity of this protein. Finally, six polymorphisms of GLUT9 were
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identified, with three of them resulting in amino acid changes. These
include: R25G, V282l and P350L mutants. Interestingly, all three of these
polymorphisms are associated with elevated plasma urate levels in human

populations (Caulfield, private communication).

Expressed sequence tags (EST) screen of the human kidney cDNA
library revealed an alternative splice variant of GLUT9 (16). In contrast to
the original GLUT9 full length clone, this variant’s (termed GLUT9AN, or
isoform b) mMRNA was organized into 13 exons, which in turn encoded for
a 28-amino acid shorter protein (512 amino acids), due to transcriptional
regulation by different promoters. The differences between full length and
AN coincide within the N-terminal region of the transporter, preserving the
TMs’, loop and C-terminal’s region sequence. GLUT9AN displays a much
more restricted human tissue expression, with mRNA being detected in
the kidney and placenta only. Immunostaining with a general antibody
raised towards the C-terminal region of GLUT9, revealed that GLUT9 is
expressed in the proximal convoluted tubule (PCT) region of the kidney.
Stable expression of the two isoforms in MDCK polarized cells revealed
alternative targeting of GLUT9 full length and GLUT9AN to the basolateral
and apical membranes, respectively (16). It is important to note, however,
that human kidney tissue immunohistochemistry did not corroborate the
cell line study, with GLUT9 being detected only in the basolateral
membrane of the epithelial cells. To date, the targeting motif of GLUT9
remains unknown. Transport assays in Xenopus oocytes revealed that
GLUT9 transports 25uM 2DOG, a commonly used non-metabolizable
glucose analog, the capacity of which was half of that observed for GLUT4
under the same set of conditions. This transport was not inhibited by
100uM Cytochalacin B (CB), due to its lack of binding to the transporter.
Only the full length isoform was functionally tested in this study. In another

study, full length GLUT9 expressed in the Xenopus oocytes was shown to
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Figure 1.4. Predicted topology models for hGLUT1 (panel A) and

hGLUT9 (panel B). Circled letters represent amino acids. (@) — amino acids
identified to have functional importance via cysteine-scanning mutagenesis or GWAS; (
®) - solvent-accessible residues; (. ) — naturally occurring SNPs; (O and O) -
positive and negative residues, respectively; (@) — putative phosphorylation sites with
prediction scores P>0.5 (www.cbs.dtu.dk/services/NetPhos/); () — residues implicated
in GLUT1 — D-glucose interaction which are not conserved in GLUT9; (@ ) — motif
residues thought to play a role in substrate selectivity; (< and <) — sugar transporter

and class Il GLUT motifs, respectively.
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transport D-glucose and D-fructose with comparable capacities under a
comparable set of transport conditions (14). The apparent affinity of the
transport protein for the two substrates was reported at 0.61 + 0.16 mM
and 0.42 + 0.09 mM, respectively, although it is possible that the constants
have been overestimated due to relatively low levels of mediated
transport. Finally, GLUT9, along with GLUT5, GLUT7 and GLUT11,
contains and isoleucine in a characteristic motif within TM 7 (NAV / NAl),
which is thought to confer, at least in part, the protein’s specificity for D-
fructose. As a result of this study, until recently, GLUT9 was believed to be
a high affinity D-glucose and D-fructose transporter, with a dubious

physiological role.

Given today’s knowledge of GLUT9’s substrate specificity,
discussed at length in this thesis, it is interesting that Augustin et al., 2004
noted in their study the absence of conservation of key residues between
GLUT9 and GLUT1 (16). These residues were deemed important in
conferring D-glucose transport and CB binding based on a series of
cysteine scanning mutagenesis studies with GLUT1 (33). Finally, the TM 7
motifs QLS and QQLS, important in conferring specificity for glucose in
most class | GLUTSs, are absent from GLUT9 (Figure 1.4).

1.4.2 The mouse orthologue

The mouse orthologue was originally cloned from a mouse 7 — d
embryo cDNA library (34). PCR of the open reading frame (ORF) resulted
in two cDNA fragments. The first, encoded a 539 amino acid protein with
12 TMs, termed mGLUT9a. The second, encoded a 432 amino acid
protein, with only 10 TMs (TM 6 and TM 7 of mGLUT9a deleted), named
MGLUT9a(a209-316). A third isoform was mined from the database, and

17



coded for the 10 TM protein with a slightly altered N — terminus
(MGLUT9bNH2b/a209-316))- All mouse isoforms possess the same primary
and secondary sequence characteristics of the human GLUT9 orthologues
discussed above. mGLUT9a and mGLUT9aa209-316y MRNA was detected
in the following adult mouse tissues: liver (most), kidney, and heart (least).
However, no reports of protein expression were provided in the
corresponding tissues. Furthermore, the two short isoforms,
MGLUT9a(a209-316) and mGLUTOb(NH2b/a200-316), Were expressed at both
MRNA and protein levels, displaying differential cellular protein localization
at different developmental stages. Finally, both mGLUT9a and
MGLUT9aa209-316) had the capacity to handle 2DOG. In fact, the deletion
isoform, with TMs 6 and 7 missing, displayed a 30% higher transport of
2DOG, compared to mGLUT9a. It is a surprising finding, given TM7’s
central role in substrate specificity and translocation. The authors
postulated that the 10 TM isoforms found in the embryo may be involved
in transport of lactate and pyruvate, given their structural similarity with the
proton-coupled monocarboxylate transporters (MCTs) and the embryo’s

preference for those substrates in pre-blastocyst stages of development.

In another study, adult mouse GLUT9 isoforms were revisited (35).
A fourth mouse isoform was cloned from the mouse liver cDNA library,
encoding a 523 amino acid protein, named mGLUT9b. This protein differs
from mGLUT9a in the amino terminal region of the protein, just like the
human AN and the mouse embryonic NH2b/A209-316 isoforms differ from
their counterparts. Expression of both isoforms (a and b) was detected in
adult mouse tissues on both the mRNA and the protein level. Just like with
the human isoforms, mGLUT9a showed a much wider pattern of tissue
distribution while mGLUT9b was more restricted. In fact, mGLUT9a was
identified in a wider array of tissues including: liver, kidney, brain, lung,

and heart muscle, while mGLUT9b was present in liver, kidney and heart.
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At the protein level, both isoforms co-localized with GLUT2 expression in
the liver, indicating basolateral membrane targeting. In contrast, no co-
localization of the two GLUTSs, or of mGLUT9 isoforms with loop of Henle’s
and collecting duct markers, was observed in the kidney tissue,
suggesting that mGLUT9 must be expressed in the distal tubules of the
kidney. Lack of alternative targeting of the two isoforms was confirmed
with polarized MDCK cells. As with the human orthologue, both isoforms
transport 2DOG. The authors proposed that mGLUT9 is important in

mediating glucose efflux from mouse hepatocytes.

To this day, the physiological function of mGLUT9 still remains
unclear. However, the predominance of both isoforms in adult mouse liver,
and not kidney, is in marked contrast with the human counterparts,
suggests either important metabolic differences between the two
organisms, or distinct functions for these two orthologues. Also, the
systematic presence of two splice variants in mouse embryo, in adult
mouse and in human, indicates that the N-terminus may play an important
role in modulation of GLUT9 function at all stages of development. As will
be discussed in this thesis, this seems to be the case for the human

isoforms, as observed in the Xenopus oocyte expression system.

1.4.3 Examples of other GLUT splice variants

To date, two other GLUTs have been reported to undergo
transcriptional regulation. These include GLUT11 (15), which results in
three hGLUT11 isoforms: GLUT11A, GLUT11B and GLUT11C, and the
product of GLUT3 gene duplication, GLUT14 (11), which generates two
putative isoforms. All human adult GLUT splice variants seem to undergo

alternative splicing within exonl and exon2 regions, Vyielding
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transmembrane proteins which differ in composition and length of the
cytoplasmic N-termini only, thereby maintaining the identity of the

remaining TMs, loops and the C-terminus intact.

Careful examination of the 5’ flanking regions of GLUT11 exons A —
C revealed varied promoter activity in these regions, with promoter 1C
displaying the highest expression, as measured by luciferase gene activity
(15). All three isoforms were targeted to the membrane when
overexpressed in COS-7 (CV-1 in Origin and carrying SV-40 material)
cells, and all had comparable capacity to transport D-glucose and D-
fructose when expressed in Xenopus oocytes. In general, GLUT11 shows
a wide pattern of human tissue distribution, however, isoform expression is
tissue selective. Curiously, most tissues express two isoforms at the
MRNA level, for example kidney and placenta express GLUT11A and
GLUT11B. Pancreatic tissue is the only one to express GLUT11C mRNA
exclusively. However, no immunohistochemistry exists for native tissue
protein distribution of GLUT11 isoforms. It would be interesting to see
which region of the kidney expresses GLUT11, and if present in polarized
cells, whether the two isoforms target to different membranes. It is not
clear what purpose would be served by expression of two isoforms with
seemingly identical substrate selectivity within the same membrane.
Based on single-concentration transport assays, it has been postulated
that the three isoforms handle hexoses identically. Given its substrate
specificity and the lack of a rodent orthologue, the proposed physiological
function of GLUT11 is its potential compensatory role for loss of pancreatic
GLUT2 function in the Fanconi-Bickel syndrome. However, this theory has
not been tested.

Both human GLUT14 splice variants have been reported to be

exclusively expressed in the testis. Like GLUT11, GLUT14 does not have
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a mouse orthologue. No functional studies have investigated the potential

function of this gene duplication product (11).

1.5 Molecular identity and functionality of
proposed urate transporters in context of the
kKidney epithelium

1.5.1 The Galectin family of proteins (UAT)

Cloning and functional characterization - By the early 1990’s it was

well established that the kidney is involved in urate transport. Porcine anti-
uricase antibody was used to localize and isolate a protein from a rat
kidney brush border membrane (BBM), which was capable of voltage-
sensitive urate transport (36). This protein was shown to be expressed in
the PCT of the renal cortex. Molecular cloning of cDNA, termed UAT,
revealed no linear homology with uricase, but significant homology with a
family of soluble proteins called Galectins (37), known to be involved in
cell-cell communication, adhesion, apoptosis and immunity. Functional
reconstitution of the rat urate transporter in a lipid bilayer system, and
subsequently of the human orthologue (38), showed that the protein is
capable of electrogenic urate transport with high specificity for the organic
anion. Furthermore, detailed analysis confirmed its insertion into the
membrane, making it a likely membrane transporter of urate (38). Tissue
MRNA expression profile of both human and rat orthologues indicated that
they are widely expressed in a variety of organs, with highest transcript

levels along the gastrointestinal tract, liver and spleen (37, 38). This
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expression pattern, although functionally incomplete, suggests that UAT
may not be involved significantly in regulation of plasma urate levels, but
rather, that it may serve as a ubiquitous urate efflux protein, which rids the
cell of the purine metabolism end-product. Furthermore, it may play a
significant role in urate secretion throughout the gastrointestinal tract,
where it is highly expressed. However, this process has not been
investigated to date. Interestingly, human UAT-mediated urate flux was
shown to be stimulated by sugars, like lactose or glucose, possibly
revealing a novel mechanism for channel regulation, through sugar-gating
(39). Finally, UAT was reported to exist in multiple isoforms, due to
alternative splicing (39). Few functional studies followed since 2004,
perhaps due to the fact that no genetic variations could be correlated

between abnormal plasma urate levels and the gene encoding UAT.

1.5.2 Human Organic Anion Transporters (OATS)

Cloning and functional characterization of hOAT1 - Given that urate

is an organic anion under physiological conditions, and the wealth of
human and animal studies identifying the existence of a urate — anion
exchanger in the kidney’s epithelium, efforts were undertaken to search for
a molecular identity of a transporter that displays a para-aminohippurate
(PAH) transport profile in the proximal tubule of the kidney. Given that the
rat orthologue, among others, has already been identified (40), its full
length DNA was used to screen the human kidney library. This resulted in
cloning of cDNA encoding a 563 (41) or 550 (42) amino acid, twelve TM
protein, displaying 86% homology with the rat orthologue, which was
termed Organic Anion Transporter (OAT1). The discrepancy in the ORF of

the product sizes may be a result of multiple isoforms of OATL1 in the
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kidney, most likely due to alternative splicing of the transporter gene (43).
Northern and Western blotting confirmed OAT1’s unique expression in the
kidney (41, 42) and human tissue staining localized it to the basolateral
membrane of the PCT epithelium (41). Functionally, OAT1 exhibited
saturable PAH uptake consistent with Michaelis-Menten transport model,
which was insensitive to extracellular Na* but sensitive to removal of CI".
Furthermore, in both studies, varying degrees of cis-inihibition were
observed with the uricosuric probencid, the diuretic furosamide and a-
ketoglutarate (aKG). Finally, extracellular urate was also tested as a
potential competitive inhibitor of PAH uptake, and as such, a potential
hOAT1 substrate. Hosoyamada et al., 1999 reported competitive inhibition
at 1mM urate (41), while no effect was observed at a more physiological
urate concentration of 100uM by Race et al., 1999 (42). Disregarding the
fact that at millimolar concentrations of urate slowly precipitate out of
solution under physiological pH, many groups begun studying hOAT1 as a
urate transporter, overexpressing it in mouse S2 segment cell lines (44),
and modelling it as a potential basolateral urate — dicarboxylate exchanger
in the PCT epithelium (45-49). Although still not confirmed, basolateral
multispecific hOAT1 is thought to be involved in moving urate from the
kidney interstitium into the proximal tubule epithelium for possible
secretion into the urine. As evident from the discussion in the next section,
hOAT1 is of secondary importance in regulating plasma urate levels in

humans.

Cloning and functional characterization of hOAT3 — Two groups
attempted cloning of hOAT3 (42, 50), however only Cha et al., 2000
succeeded in isolating a functional DNA fragment. hOAT3 proved to

mediate saturable transport of a conjugated steroid, esterone sulphate
(ES), and display specificity of substrates with bulky side chains, not
transported by hOAT1. Its strong mRNA expression in the kidney,
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basolateral immunostaining in human kidney slices, and an ES uptake
inhibition profile by probencid and furosamide, lead to a conclusion that
hOAT3 may be a urate transporter candidate. However, expression of
hOAT3 in Xenopus oocytes, and direct uptake studies with 10uM *C
urate, revealed 0.8 pmol/ oocyte/ hr net uptake rate, which is roughly 30
times lower than that for 50uM ES, and approximately 300 times lower
than that for 50nM Methotrexate (50). These direct uptake findings
suggest that hOAT3 is an unlikely mediator of urate transport, and a likely

key player in pharmacokinetics of anionic drugs.

Cloning and functional characterization of hOAT4 — Human OAT4

was identified to be predominantly expressed in the placenta and the
kidneys. Functional study revealed its ES transport capacity and its affinity
for hydrophobic side chains, making it a likely candidate for hormone
precursor exchange between fetus and mother. Its ES transport was not
inhibited by substrates of OAT1 (glutaric acid) and OAT2 (salicilate), or
OAT3 inhibitor (penicillin G), giving it a unique substrate profile among
OATs (51), and more importantly, excluding it as a likely candidate as a
urate carrier. Immunohistochemistry localized its expression to the apical

membrane of PCT epithelium (52).

However, the transport mechanism of hOAT4 was postulated to
differ from that of hOAT1 and hOAT3, and its tandem gene expression
with URAT1, which was shown to impart functional similarities on the gene
products (53), reopened the investigation of hOAT4’s function as a
potential low-affinity urate exchanger mechanism in the kidney. In 2007,
Hagos et al. (54), carried out a series of experiments expressing hOAT4 in
Xenopus oocytes, and, in HEK293 cells, proposing that the apical hOAT4
operates as an asymmetric urate transporter. They used two substrates
for inhibition screens: ES, a high affinity, naturally occurring substrate (K,

~ 1uM) and 6-Carboxyfluorescein (6CF), a low affinity substrate (K, ~
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100uM). In short, their cell transport assays showed 40% cis-inhibition of
6CF uptake, at a relatively high urate concentration of 500uM, and a direct
uptake of 50uM urate which was 1.4 fold higher then the non-transfected
control. Their oocyte assays, at 400uM urate concentration, showed a net
uptake of 1.9 pmol/ oocyte/ 60 min, as compared with approximately 20
pmol/ oocyte/ 20 min of 100uM urate uptake for hGLUT9a (see Chapter
3). Furthermore, the hOAT4-mediated urate uptake was reported as two
times greater than that mediated by URAT1. However, these observations
were made after prolonged uptake periods (1 hr), at concentrations close
to the reported K, for URAT1 (~ 371uM) (55), making equilibrium-
exchange as well as protein expression differences impossible to rule out.
In general, most of the reported observations provided weak evidence for
hOAT4 being a low-affinity urate resorption mechanism in the proximal
tubule of the kidney. Finally, OAT4 is able to transport PAH, while human

apical urate transport was shown to be PAH-independent (56).

1.5.3 Human urate-anion exchanger (URAT1)

Cloning and functional characterization - In 2002, based on OAT4

homology, Enomoto et al., identified a new gene SLC22A12 and cloned
URAT1 cDNA from human kidney (55), where it is uniquely expressed.
Very thorough substrate specificity screen performed in Xenopus oocytes
revealed that URAT1 was highly selective for urate, not sensitive to PAH,
which is a representative substrate for OATs, and was sensitive to
uricosuric drugs such as benzbromarone or probencid. This description
made it a likely candidate for a bona fide urate transporter. It also provided
a molecular identity for functional observations on urate handling capacity

of human kidney epithelium made earlier, as discussed in the next section.
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Lactate, among other organic anion metabolites, was shown to be a strong
competitive inhibitor of urate uptake in frog oocytes, leading the authors to
propose a counter-transport mechanism for hURAT1. As such,
intracellular accumulation of metabolites would allow for exchange with
extracellular urate, allowing urate movement against its electrochemical
gradient, thus allowing for effective urate reabsorption in the kidney. The
original study has also identified and functionally characterized two
homozygous mutations within SLC22A12 gene, which are associated with
renal hypouricemia. Since then, a number of URAT1 mutations have been
identified, the most common being W258X mutation, which significantly

decreases the transporter’s function without affecting its expression (57).

URAT1 and PDZ domains - Furthermore, there exists a substantial

body of work pointing to the importance of scaffold proteins in regulating
proximal tubule transport (58, 59). These are thought to involve a large
group of proteins, all of which contain a type of binding domain known as
PDZ domain (named based on three proteins: PDS-95, DLG1, and ZO-1),
present across eukaryotic, prokaryotic and plant phyla. These motifs aid in
building complex protein-protein interactions which allow for protein
modulation and cell-membrane communication. The ‘classical’ binding
mode dictates that PDZ domains bind to the most C-terminal residues of a
given target protein. Many factors can influence the specificity of those
interactions (60). Human and mouse URAT1 orthologues have been
shown to possess the tripeptide motif (S/T)(X)(®), where X is any amino
acid and ® is a hydrophobic amino acid, and have been functionally
assessed to interact with proximal tubule scaffold counterparts (61, 62). A
yeast two-hybrid method was used to detect putative, reactive PDZ 2, 3,
and 4 domains with the transporter, the presence of which was traced to
PDZK1, which also contains PDZ1 and is expressed in human kidney.

Mutation of any of the three most C-terminal amino acids, abolished
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URAT1-PDZ interactions, indicating that this motif was functionally
necessary. Transport and expression analysis showed that co-expression
of hURAT1 and PDZK1 in HEK293 cells increased urate uptake, through
an increase in Vmax, Which corresponded with comparable surface
expression augmentation of the transporter, suggesting that this protein-
protein interaction modulates hURATL1 function by influencing stability of
its expression in the cell membrane. Relevance of these findings to the

human tissue was confirmed by co-immunostaining (61).

Presence of other PDZ-containing scaffolders in the proximal tubule
epithelium (for example, NHERF-1) combined with multiple transporters
possessing functional PDZ-binding motifs begs the question of whether
these may aid in formation of transportosomes, fostering localized
concentration gradients, and ultimately promoting greater transport
efficiency of solutes in question. Studies of the mMURAT1 revealed that in
vivo knockout of PDZ-containing scaffolder which interacts with the urate
transporter, NHERF-1, leads to a decrease in urate and PAH uptake in
primary muse kidney cell culture (62). Given that PAH is not a substrate
for URAT1 (55), this finding suggests NHERF-1 interacts with other
organic anion transporters in the kidney. Furthermore, the multidomain
nature of PDZ domains suggests that these proteins are designed to form
multimeric complexes with a broad range of proteins, as well as with
themselves (60). NHERF-1 and PDZK-1 have been shown to form
heterodimers, thus having the potential to link functionally different
membrane proteins (58). Using the same line of reasoning, Anzai et al.,
2007 proposed an attractive model for PCT epithelium transportosome,
where apically expressed hURAT1 would be linked to SMCT1 (Sodium -
Monocarboxylate Transporter 1, gene name SLC5A8) via PDZK1
interactions (47). Given that URAT1 mediates electroneutral exchange of

urate for lactate, and that SMCT1 mediates electroneutral import of
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sodium and lactate into the cell, this close proximity association of the two
carriers, could lead to sub-membrane lactate concentration gradient,
which would favour urate resorption, increasing URAT1’s efficiency. Both
transporters contain PDZ-binding motifs, making their physical association
likely. Furthermore, single nucleotide polymorphisms (SNPs) within
URAT1 (57) and PDZK1 (63, 64) have been correlated with imbalance in
pasma urate levels in humans, while no such associations were found for
SMCT1. Regardless of the validity of the above model, renal urate
transport activity modulation in the kidney through scaffold proteins is an
important avenue to explore from a perspective of membrane expression,
stability and localization, transcriptional regulation, transporter
phosphorylation, and overall intracellular messenger communication. As
will be evident from the following discussion, tertiary dependence of apical

urate transport is well corroborated in human BBMV studies (65).

1.5.4 Human Multidrug Resistance Proteins (ABCG2 and
MRP4)

Cloning and functional characterization of ABCG2 (BCRP) — Breast

Cancer Resistance Protein (BCRP) was cloned from the human breast
cancer cell line MCF7/AdrVp (66). It displayed a high degree of homology
with the ABC family of transport proteins and appeared to be a widely
expressed in human tissues, with predominant expression in the placenta,
followed by brain, prostate, liver, intestine and testis. Initially, no
detectable levels of expression were reported in the human kidney.
Overexperssion of BCRP in in MCF7 cell line demonstrated that the
transporter mediates ATP-dependent efflux of xenobiotics. Given its

topology characteristics, namely a single Walker motif, it was proposed
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that BCRP must dimerize in order to satisfy the general Multidrug
Resistance Protein (MRP) topology (NH2-[ATP bindingl1]-[TM]-[ATP
binding2]-[TM]-COOH). Ten years later, Huls et al. detected mRNA levels
of BCRP (ABCG2) in healthy, human kidney samples, which were
confirmed in proximal but not distal tubule primary culture monolayers
(67). Use of more specific MRP antibodies allowed detection of moderate
ABCG2 protein levels in PCT, with precise localization within the BBM.
Given its relatively low levels of functional expression, in comparison with
the rodent model system, and its high degree of regulation by growth
factors such as EGF, IL-1B, and TNF-a, the authors postulated that

ABCG2 plays a regulatory role in xenobiotic homeostasis.

ABCG2 as a urate efflux protein _— Multiple Genome Wide
Association Scan (GWAS) studies have identified SNPs within the ABCG2

gene, which correlated with elevated plasma urate levels in human

populations (63, 68-70). Woodward et al. has provided a direct
demonstration that ABCG2, when expressed in Xenopus oocytes, acts as
a urate efflux mediator, reducing urate accumulation in comparison to the
water-injected oocytes not expressing the protein (71). Furthermore, this
effect was abolished with a specific inhibitor of ABCG2 (5uM FTC) and
when a non-functional mutant S187T of ABCG2 was expressed. The rate
of ABCG2-mediated urate efflux was dependent on both intracellular and
extracellular urate concentrations, with 500uM external urate being
inhibitory. Finally, the authors provided a functional link between ABCG2
and hyperuricemia. SNP rs2231442 identified in Atherosclerosis Risk in
Communities (AIRC) Study encodes Q141K variant of ABCG2, which
when expressed in the oocytes, displayed loss of ABCG2’s secretory
function, resulting in 50% higher urate accumulation compared to the WT-
expressing oocytes. It is believed that 10% of gout cases may be

attributed to this mutation.
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MRP4 as a urate efflux protein — MRP4 (ABCC4) was initially

directly implicated in conferring resistance to nucleoside monophosphate
analogs and thus thought to confer resistance to a whole family of
nucleoside-based antiviral drugs (72). Further cloning and functional
studies showed that MRP4 is capable of cyclic AMP (cCAMP) transport,
which is both glutathione (GSH)- and ATP- dependent in HepG2 cells
stably transfected with MRP4 (73), and later on in Sf9 Spodoptera
frugiperda insect cells’ vesicles (74). Furthermore, MRP4 protein
expression has been confirmed in PCT cells in healthy human tissues, and
through strong co-localization with monoclonal MRP2 staining, has been
localized to the BBM. Its expression pattern and its high affinity for
cytosolic cAMP and cGMP suggests that MRP4 may be involved in cyclic
nucleotide signalling pathways in the proximal parts of the kidney (74).
Lack of a clear molecular identity of a urate secreting protein, combined
with an ATP-dependent urate transporter documented in human
erythrocytes (75), lead the researchers to test MRP4 involvement in urate
efflux. Using Sf9 cell vesicles overexpressing MRP4, the authors
demonstrated that MRP4 mediates ATP-dependent urate transport over a
range of urate concentrations. Interestingly, the transport profile did not fit
simple Michaelis-Menten kinetics, but rather it fit the Hill equation with the
Hill coefficient of n=1.7, suggesting positive allostery of urate with MRP4.
Utilizing the other two known substrates of MRP4, cAMP and cGMP, the
authors observed that presence of cis urate does not competitively inhibit
the transport of either cyclic nucleotides, and, more importantly, that the
presence of urate and cGMP on the same side of the membrane, shifted
cGMP interaction with the transporter from multiple to single binding (Hill
coefficient shift from n>1 to n=1). This suggests that urate is able to
displace cGMP from its binding site, implicating two independent binding

pockets for the two substrates. Finally, the authors showed diminished
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accumulation of urate due to MRP4 in a mammalian system, by stably
transfecting HEK293 cells with the transporter's DNA (76).

In conclusion, this study identified a urate efflux mechanism with
kinetic parameters comparable to those observed in red blood cells.
However, when MRP4 and ABCG2 are expressed in the same expression
system, such as Xenopus oocytes, ABCG2 is responsible for efflux of
approximately 70% of intracellular urate as compared with 30% of that
mediated by MRP4 over 120 minute time frame (71), suggesting lower
affinity of the latter transporter for the substrate. Furthermore,
standardized gene expression levels in human kidney tissue for the two
transporters are 6.9+0.7 (ABCG2) and 4.9+0.4 (MRP4) (67)Assuming that
the two proteins have similar basal levels of protein expression in the
native tissue, and that no intracellular microdomains of urate concentration
exist, ABCG2 seems the more likely physiological candidate for an ATP-
dependent apical secretory pathway in PCT epithelium under basal

conditions.

1.5.5 Human Sodium Phosphate transporter (NTP4)

The GWAS study by Dehghan et al., 2008 identified three genetic
loci associated with elevated plasma urate levels and gout: SLC2A9
(discussed in the following sections of the thesis), ABCG2 (discussed
above), and SLC17A3 (NPT4), the latter two being novel associations. Of
these, NPT4 showed the weakest association with the phenotype.
Furthermore, SNPs within a gene encoding SLC17A1 (NPT1) were also
found to be associated with hyperuricemia, leading the authors to
postulate that there may be more causal genetic variants downstream of
SLC17A3 (63).
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Further study of SLC17A3 revealed that there are two isoforms of
the transporter, long (L) and short (S), and that their mRNAs are co-
expressed in human liver and kidney (77). When expressed in Xenopus
oocytes the S isoform was found to be not functional. Furthermore, NPT4
protein was shown to be localized to the apical membrane of the PCT
epithelium. Together with the genetic studies, these observations made
NPT4 an elegant candidate for a urate secretory component in the kidney
epithelium. The authors demonstrated that NPT4 could handle a variety of
organic anions, with PAH, estradiol-17-B-glucuronide, prostaglandin E,,
and esterone sulphate being some of the substrates directly tested for
uptake. The transporter was shown to mediate both uptake and efflux of
PAH over a range of extracellular and intracellular substrate
concentrations, respectively. Also, both modes of transport were affected
by membrane depolarization when Na* was replaced with equimolar K,
and uptake of PAH was shown to increase with increasing membrane
potential by two microelectrode voltage clamping (TMVC). PAH uptake
was used to screen other potential substrates of NTP4. Only a very high
concentration of urate (5mM) produced a moderate 30% inhibition of PAH
uptake, in comparison to many other substances which effectively
abolished this substrate’s uptake. Despite these findings, the authors
concluded that urate is a substrate for NTP4, and proceeded to measure
its transport in NTP4 expressing oocytes. 50uM net urate uptake was
reported at 0.5 pmol/ oocyte/ hour in contrast to 10uM net PAH uptake
which was approximately 1pmol/ oocyte/ hour in normal Na* conditions.
Furthermore. urate efflux reached only 30% of total initial internal
radioactivity after 90 minutes, while PAH was 50% cleared from the
oocytes just after 30 minutes. However, direct comparison of transport
efficacy could not be made because initial internal concentrations were not
specified. Membrane potential dependence was observed when Na* was

replaced with K* and when the membrane was voltage-clamped with
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electrodes, although these findings were difficult to interpret, given that
oocytes were clamped at 20mV and different PAH (5mM) and urate (4mM)
concentrations were perifused. Both resulted in increased NPT4-mediated
substrate flux, with PAH producing higher responses than urate,
regardless of the conditions. Finally, one expressing mutant of NPT4,
drawn from a patient population with hyperuricemia, was shown to display
reduced urate uptake by 5% as compared to WT. The mutation affected
N68, which is a putative glycosylation site.

Given the above observations, the authors concluded that NTP4 is
the missing step in the PCT’s secretory pathway for urate, arguing that
urate from an evolutionary standpoint should be treated as a xenobiotic,
validating the existence of multiple, low specificity transporters for its
excretion, in contrast to the reabsorptive route composed of highly specific
carriers of urate (URAT1 and SLC2A9a). This argument was further
substantiated by the group’s publication testing five documented
nonsynonymous SNPs of NPT4 (78). Only one mutation (V257F) reduced
urate uptake by 5% of the WT, under normal ionic conditions. Two other
mutations affected urate uptake in high K" medium, however this finding
does not seem physiologically relevant. Finally, NPT4 is capable of PAH
transport, while apical urate transport in the human PCT appears to be
PAH-independent (see discussion below).

1.5.6 Making sense of the urate transporter diversity

Given the well established link between hyperuricemia and gout,
and the power of GWAS in identifying putative genetic loci associated with
a phenotype, it appears that almost any transporter expressed in the
human epithelium of the PCT is capable of urate transport. As discussed
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above, many transport proteins have been implicated in this role, with
varying degrees of credibility. In order to elucidate the contribution of each
of these carriers in a physiological context, one has to consider the

following:

1. substrate specificity

2. human tissue expression
3. direct urate fluxes
4

genetic evidence linking gene product to transport function

Based on these criteria, only three of the six transporters discussed above
appear to be the likely candidates: URAT1, ABCG2 and MRP4. All of
these are expressed within the BBM (apical) of the PCT’s polarized
epithelium. Based on their functionality, URATL1 is a bona fide reabsorptive
mechanism, taking up urate from the glomerular filtrate into the epithelial
cell. On the other hand, ABCG2 and MRP4 are two likely candidates for
urate’s secretory route. In order to discriminate between them, the

following key questions should be answered:

1. relative affinities of the two transporters for intracellular urate,
assessed in the same mammalian system

2. relative levels of protein expression in the native tissue

3. regulatory mechanisms governing surface expression of these two
proteins

4. physiological contribution of ATP-dependent mechanism in human

urate secretion
Unfortunately, most of these questions, to date, remain unanswered.

Furthermore, one has to consider the complete physiological
process of renal urate regulation, which involves a balance of urate

reabsorption and secretion in order to maintain constant plasma urate
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levels (discussed below). As will become evident from the data presented
in this thesis, facilitative transporters may be implicated in the process of
basolatareal urate reabsorption and, possibly, in apical urate secretion.
Electrochemical gradient-driven transport poses additional queries that
need to be considered in assessing a transporter's physiological

relevance. These include:

1. urate concentration on either side of the membrane (and possible
effects of urate microdomains)

2. contribution of the electrical gradient (inside-negative membrane
potential) in face of negative charge movement

3. possible modulation of a transport process by way of multiple-

substrate interactions

Some of the above aspects will be discussed in light of the novel substrate
specificity of hGLUT9. Finally, it is important to remember that urate flux is
not limited to the kidney alone. In fact, every cell in our body must rid of
purines by breaking them down and exporting them into the bloodstream.
Presumably, the more “promiscuous” transporters, like MRPs or OATS,
may facilitate this process ubiquitously throughout the tissues.
Furthermore, some of the aforementioned transporters are also known to
transport signalling molecules. For example, MRP4, as well as other
OATs, have been demonstrated to mediate movement of cyclic
nucleotides, like cAMP and cGMP across cell membranes (76, 79). As
discussed in this thesis, some of these second messengers may modulate
urate transport in the kidney epithelium. As such, changes in handling of
second messengers or their precursors may indirectly influence urate
homeostasis. For a summary of putative molecular identities of urate-

handling carriers in PCT, please see Figure 1.5
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1.6 Physiology of urate with focus on humans

1.6.1 Clinical history of uric acid

Uric acid crystals were first isolated from urinary calculi and
reported by Sheele (1779). Its chemical formula was discerned over 50
years later by Wholer and Liebig (80), who investigated its decomposition
process. They reported its conversion to allantoin, but believed that the
more complete, and thus physiologically relevant, route of elimination

involved urea and oxalic acid end products.

As reviewed by Folin et al., 1924 (81), clinical study of uric acid took
off with development of the compound’s detection methods of amonical
silver precipitation, allowing its determination in urine (82). The late 1800’s
and beginning of the twentieth century saw an explosion of research
concerning uric acid’s metabolic origin and fate. It was believed that two
pools of uric acid exist, endogenous and exogenous, the latter being of
special interest after observation of increased levels of uric acid in urine
post ingestion of sweetmeats. Many feeding experiments followed,
accompanied by laborious determination of purine content in foods.
Several observations were consistent: lack of uric acid detection in feces,
its indestructibility by pancreatic and gastric juices, and its constantly low
excretion recorded at 5 -10% of total amount filtered. Much of the
subcutaneous, intramuscular and intravenous uric acid injection
experiments failed because of highly toxic effects of the injections, which

used piperizine as a solvent.
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Studies of uric acid metabolism in dog revealed that it differed
dramatically from that of man, and that the kidneys had great capacity to
“abstract” the substance from blood while the “bulky tissues” (muscle)
were impermeable to it. Interestingly, even among dogs’ species,
differences with respect to urate handling were observed, with Dalmatians
displaying 3 — 4 fold higher uric acid excretion then all other dogs. Birds
and reptiles were noted for their extraordinary concentrative power of the
kidney, and were distinguished in their uric acid metabolism from
mammals. Improved protocol of uric acid administration using sterilized
lithium urate, allowed for better studies of uric acid metabolism in man
(81). Through a series of experiments with “normal” and gouty subjects the

following observations were made:

1. Uric acid excretion is not directly linked to its concentration
in the plasma.

2. Uric acid load lingers in humans for a long time and maximal
50% to 60% clearance is observed up to four days after the
substance’s administration.

3. Protein- or Na'-rich diets promote faster uric acid elimination
in healthy and gouty individuals.

4. No allantoin is present in human urine.

5. Human plasma contains ten to twenty fold higher levels of
circulating plasma urate than other animals (excluding
apes).

6. Most of the uric acid exists free in solution under

physiological conditions.
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transporters in human proximal convoluted tubule epithelium.
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Furthermore, some fundamental observations of gout were made. The
disease is characterized by abnormal circulating plasma uric acid levels,
deposition of crystals in select tissues (joints, bone, some connective
tissue) and uniform distribution of the acid between blood and joint fluid,
regardless of the uric acid load. The final conclusion of the study pointed
to the inefficiency of the kidney in dealing with the increased uric acid load,
but no suggestions as to the reason for the heightened uric acid levels

were given.

By 1950 it was well established that urate excretion in man involved
glomerular filtration and some form of active tubular reabsorption process.
Moreover, the filtered uric acid load was unable to saturate the human
kidney’s capacity to recycle urate back into the system. Thus the final 10%
urate excretion observed in man for decades was not a consequence of
inefficient reabsorption (83). A few observations from clinical studies
including: dissociation between filtered uric acid load and final excretion
product in gouty patients (large variations already noted by Folin et al.,
1924), suppression of uric acid secretion by lactate, and the salicylate
‘paradox”, suggested that excretion of this metabolite may be more
complex. A drug, C-28315, shown to block uric acid reabsorption was
administered in normal and gouty patients by continuous iv infusion. All
subjects showed a ratio of excreted urate to filtered urate which was
greater than 1, suggesting that excreted uric acid is delivered largely thru
secretion. Given that reabsorption block achieved by the drug was

probably incomplete, these values represent an underestimate (84).

1980, Levinson and Sorensen performed the reverse experiment,
using “pyrazinamide (PZA) suppression test”, now inhibiting tubular uric

acid secretion. On its own, PZA administration results in almost urate-free
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urine (0.7% of the filtered load) and benzbromarone-only administration
induces uricosuria. Pre-treatment with PZA prior to benzbromarone
administration abolished the latter drug’s uricosuric effect. Taken together
the authors proposed a four compartment model of tubular urate handling,
which involved the following steps: glomerular filtration (100%), proximal
reabsorption (99.3%), secretion (50%), distal reabsorption (40%), resulting
in 10 — 12% of filtered urate secreted. The authors argued that this model
fit micropuncture experiments performed in rats, which displayed a distal

reabsorption component (85).
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1.6.2 The rodent model in uric acid studies

Given that both humans and rats have been classified as net
reabsorbers of uric acid (ie. the ratio of net secreted urate to net filtered
urate is less than 1), much research was devoted to the study of the rat
model. Particularly useful for these purposes was the ability to perform
micropuncture and microperifusion studies of the rat kidney, and thus the
ability to measure real-time, localized responses to uric acid loads and to
drugs. A summary of this research is presented by Khan and Weinman
1985 (86). As already hinted in the early uric acid literature, significant
species differences exist between rodents and humans, making data
obtained from the former organism difficult to interpret in the context of
man. However, if analyzed with caution, they can provide a useful guide
for human studies. The following general statements obtained from the
rodent model have furthered our understanding of uric acid handling, and

can be applied to humans:

1. Net urate excretion is a result of absorptive and secretory
mechanisms, even in urate reabsorbers.

2. Distal nephrons have low permeability to uric acid.

3. Urate transport systems are saturable, can be inhibited by drugs

and alternative substrates, and are insensitive to Na*.

Our ability to isolate membranes from the rat nephron allowed for
direct study of brush border membrane and basolateral membrane
transport processes. The collection of these experiments led to a
proposed model of urate handling in the rodent kidney. Generally
accepted was the existence of trans-cellular mechanisms which allowed
urate to move from the lumen of the kidney tubule into the tissues, against

its electrochemical gradient. These were most likely exchange
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mechanisms, one of which could exchange urate for OH™ or HCOj3; ions,
and the other for organic anions (PAH-sensitive). The latter was proposed
to function as a tertiary active transporter, where the organic anions could
be concentrated inside the cell via the power of the Na* gradient, in turn to

be exchanged for uric acid.

Basolateral transport processes proved more difficult to discern.
However, exit of uric acid from the cytoplasm into the interstitium was
postulated to occur via facilitated diffusion, constitutively driven by the
inside-negative membrane potential. Finally, the complexity of the
substrate’s transport system was recognized, outlining the following

reasons for the scientific lag in this field of study:

1. balance of reabsorption and secretion determines net urate
excretion

2. multiple exchange mechanisms are involved

3. indirect influence of urate movement by ions like Na®, and therefore
the possible linkage with salt and water homeostasis

4. “paradoxical effect” of drugs, like salicylates, which can up- or
down- regulate urate exchange processes depending on the

dosage

Today, much focus is still placed on the rodent model for
understanding human urate homeostasis. Recently, URAT1 (SLC22A12)
global knock-out (KO) mouse was established (87) and a liver-specific
SLC2A9 KO mouse, displaying elevated plasma urate levels similar to
those of man, was proposed to serve as an adequate model for urate
handling by the kidney (86). However, much higher circulating levels of
urate are but one of the main differences in uric acid metabolism between
man and rodent. As already noted by Folin et al.,, 1924 (see above),

human urine does not contain allantoin. In contrast, rodents, as well as
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most other mammals, convert urate into a more soluble molecule,
allantoin, as catalyzed by a liver-residing enzyme called uricase (89). This
physiological difference has two implications: rodent kidneys are not
“‘designed” to handle urate as an excretory product, and, presumably, it is
the liver which is the “hot-spot” for regulation of plasma urate. The
significance of these differences will be discussed below. Needless to say,
they impede the use of animal models, slowing down progress in the field

of uric acid regulation.

1.6.3 Fundamentals of urate handling by the human kidney

Given the lack of an acceptable animal model and the difficulty of
conducting experiments on higher primates, most of the research on urate
handling in humans is anecdotal. To my knowledge, only three papers
providing direct evidence of renal urate handling in humans exist. These
have employed the use of brush border membrane vesicles (BBMVs) from
superficial cortex of human kidneys, removed from cancer patients (tissue
used was tumour-free, as assessed by morphology) and enriched 17-fold
with respect to the basolateral membrane. Rapid-filtration method was
used to assess the transport properties of the epithelium at 25°C, under

non-equilibrating conditions (15 sec uptakes) (65, 90, 91).

In the first study, Roch-Ramel et al., 1994 (90) showed the
existence of a urate / anion exchange mechanism in the human kidney
epithelium, a “hallmark” feature of urate reabsorbers. Using an outward-
directed CI" gradient ([Clintra-vesice = 40mM) they demonstrated more than
two fold increase in urate uptake by BBMVs, as compared with the control,
suggesting the presence of a Cl-dependent exchange mechanism.

Voltage-clamping the vesicles with valinomycin in presence of
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extravesicular CI° depressed the plateau of the curve, suggesting
presence of another, voltage-sensitive pathway for apical movement of
urate. This was confirmed by conducting experiments in presence of
100mM K* and its ionophore (valinomycin) in absence of CI, which
resulted in a significant increase in the vesicles’ rate and capacity to take
up urate. Through trans-stimulation and cis-inhibition experiments using
different putative substrates and drugs, the authors were able to
demonstrate that the Cl-and the voltage- dependent pathways are both
saturable, and are likely mediated by distinct transport proteins. Finally, in
contrast to the rat experiments under voltage-clamped conditions, no urate
/ OH" exchange and no PAH sensitivity was observed in the human kidney
epithelium, further strengthening the argument that rodent and human
epithelia, although both adapted for reabsorbing plasma urate, do so in

very different ways®.

In the following study, using the high affinity substrates for urate
exchangers (PZA and nicotinate), Roch-Ramel et al., 1996 were able to
discern two apical urate / anion exchange mechanisms in the human
kidney BBMVs: the low affinity urate / Cl- exchanger and the high affinity
organic anion (OA") / urate exchanger (65). Carefully examining
physiologic availability of anions, the former exchanger was modelled to
efflux urate out of the vesicles / cell while the latter was proposed to take
up urate into the vesicle / cell. Although, as mentioned before, no sodium-
coupled urate transporters have been reported, the high affinity OA™ / urate
exchanger is thought to be functionally coupled to a Na*-cotransporter with
overlapping substrate specificity for the said OA". This was evident when
cis extravesicular nicotinate and Na* were able to upregulate urate uptake,

with uM intravesicular concentrations of nicotinate being sufficient to

! Apical PAH transport is diverse when comparing renal epithelia of different animal species.
However, PAH basolateral counterpart is much more conserved with respect to the transport
profile (65).
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produce the response. PZA behaved in a similar fashion, although much
higher concentrations inside the vesicle were necessary to elicit the
response. Under control experimental conditions lactate did not have any
effects on urate uptake into BBMVs. However, preloading of the vesicles
with 5mM lactate produced trans-stimulation of urate uptake, suggesting
that this is a substrate of the low-affinity urate / OA- exchanger system.
Furthermore, another level of complexity was added from the observation
that extravesicular cis Na* and aKG can up-regulate PAH uptake. In turn,
aKG is an overlapping substrate for the Na*-PZA/nicotinate cotransport.
All in all, this study demonstrated the immense complexity of urate
handling by the apical membrane of the PCT’s epithelium, which is
illustrated in Figure 1.6. This multiplicity of substrates’ influences on urate
handling provides room for physiological regulation as well as

pathophysiological deregulation.

Further complexity of the human renal urate-handling system arises
from the urate carriers’ interactions with different classes of drugs, such as
uricosurics, hypertensives and diuretics. Careful control of experimental
conditions allowed the authors to isolate the four possible urate handling
pathways and examine their responsiveness to all drug classes (91).
Based on the drugs’ affinities for the different urate transport components
it was proposed that urate / CI" and the low affinity urate / lactate (OA’)
transport are likely mediated by the same carrier. The low affinity urate
exchanger was the best target for all uricosurics tested, while the voltage-
dependent route of apical urate flux proved least sensitive to the drugs
tested. One exception was benzbromarone, which inhibited the voltage-
dependent urate uptake into BBMVs by 90% at a relatively low
concentration of 100uM. Moreover, under physiological conditions, the

long lasting uricosuric effects of benzbromarone were likely due to
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Figure 1.6. Summary of putative transport processes involved in

renal urate handling in the human proximal convoluted epithelium.
Review of human kidney BBM vesicle experiments (65, 90, 91). (low affinity UA) —
exchange process with low affinity for urate; (high affinity UA) - exchange process with
high affinity for urate; These two were later deemed the same route (91); (tertiary Na"
depend) — putative process explaining tertiary dependence of urate transport on Na*
gradient; (tertiary PAH depend) — putative process explaining tertiary dependence of
urate transport on PAH gradient; (apical volt UA) — apical, voltage-dependent urate
transport mechanism with unique sensitivity for benzbromarone; (basal volt UA) —
basolateral, voltage-dependent urate transport mechanism; (?) — unknown mechanism

for tissue — epithelium urate transport.
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allosteric binding of either of its metabolites, M1 or M2, rather than the
native compound itself. Circulating concentrations in the range of 2 - 4uM
suffice to produce the enhanced urate excretion, presumably by targeting
the exchanger system. Furthermore, the mechanism of “paradoxical
effect” of uricosurics was elucidated. As mentioned before, many drugs
used to manage plasma urate can produce a biphasic response, with
lower concentrations eliciting anti-uricosuria. The authors argued that this
is a consequence of relatively high affinity of these agents for plasma
binding proteins, which effectively lower the drugs’ active concentrations.
As such, it is possible that interstitial drug concentrations exceed those
found in the tubule’s lumen. Basolateral entry of the drug into the cell
down its concentration gradient, followed by apical exchange of the drug
for luminal urate, would result in urate reabsorption. Together with the data
suggesting that uricosurics show relatively low affinity for the voltage-
dependent secretory route, the likely mechanism for drug-induced anti-
uricosuria is a consequence of increased urate reabsorption rather than
decreased secretion, as proposed previously. Finally, this distinctive drug
selectivity of the voltage-dependent pathway may allow for development of
new drugs, which can promote more successful treatment of diseases

associated with urate imbalance.

In light of these studies, the four compartment model (85) for urate
handling in the human kidney described in the previous section does not
hold much ground. Rather, urate fluxes appear to comprise of three steps,

all taking place in the PCT:

1. Glomerular filtration
2. Reabsorption of filtered urate
3. Secretion
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The PZA effects attributed to inhibition of post-secondary reabsorption are,
most likely, a result of trans-acceleration of urate reabsorption by PZA’s
metabolite, pyrazinoate, which enters the cell in a Na*-dependent manner

(56). Please see Figure 1.6 for a summary of these processes.

1.6.4 Phylogeny of purine metabolism

Purines, adenine and cytosine, are an integral part of the
deoxynucleic acid (DNA) structure. As such, they need to be degraded
after the events of cell death. Their catabolism serves two purposes:
rendering the relatively insoluble purines more hydrophilic, and salvaging
precious carbons for energy (92). Throughout evolution, purine
metabolism within living systems has undergone many changes, to meet
the energetic demands of organisms, as well as to adapt them to changing
habitats. During the journey from simple aquatic organisms, through
amphibians and reptiles, to higher-order apes, three enzymes in this
catabolic pathway have been lost. Enzyme silencing meant that the
relative contribution of the different branches of nitrogenous waste
catabolism was altered. Two emerging patterns can be associated with
these changes: shift from ammonia to urea renders nitrogenous waste
less toxic, while shift from urea to uric acid renderes excretions less water-
soluble, and thus more efficient at ridding excess nitrogen while
conserving body fluids, of special importance in adaptation to terrestrial
habitats (92).

Of particular importance is the loss of function of uric oxidase
(uricase) enzyme, which converts uric acid to the more soluble allantoin,
that has occurred multiple times within the higher vertebrate evolution:

once in higher reptiles and birds (92), and at least twice within the
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hominoid evolution (93) (Figure 1.7). According to Wu et al., 1992 two
independent genetic loss-of-function events occurred; One, a deletion
resulting in no uricase activity in gibbons and the other, a non-sense
mutation in uricase gene of humans, chimpanzees and orangutans. With
uric acid being the final breakdown product of purine metabolism in these
species, their circulating plasma levels are tenfold higher compared to
other mammals with functional uricase (93). The significance of this

phenomenon is still debated.

Humans maintain near-saturation levels of urate in the plasma
which, along with ascorbate, are meant to provide the extraordinary anti-
oxidant power of the blood, thus reducing cancer incidence and
contributing to longevity (94, 95). Specifically, these two agents are
thought to react with reactive oxygen species (hydrogen peroxide or
organic peroxides), which arise as a consequence of tissue metabolism
and haemoglobin auto-oxidation. If allowed to persist as free radicals, they
can trigger a cascade of erythrocyte lipid peroxidation, accelerating the
cells’ aging process and / or causing their malfunction. In an elegant study
by Ames et al., 1981 (96), circulating urate and ascorbate were shown to
have similar capacity in quenching most reactive oxygen species tested.
However, due to urate’s excess in relation to ascorbate (5mg / 100mL vs.
<0.5mg / 100mL, respectively) it is thought to be the predominant anti-

oxidant in the bloodstream.

On a whole-body scale, urate anti-oxidative power is demonstrated
through the following observations: its gender-specific differences (higher
plasma urate levels in males vs. females), its elevation during heavy
exercise, and its high concentration in saliva where it is thought to quench
reactive nitrosilates over a much wider pH range than ascorbate.
Interestingly, urate levels in the cerebrospinal fluid are much lower than

those in the plasma, suggesting that this scavenger is not responsible in
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Figure 1.7. Phylogeny of purine catabolism. Loss of function of enzymes
involved in purine breakdown is thought to be, at least in part, associated with increase in
cellular and systemic complexity and transition from aquatic to terrestrial environments.

> indicates loss of enzyme function indicated in red. Adapted from Balinsky, 1972 (92).
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regulating the oxidative power of the brain (96). As evident from the next
section, this near-saturation of blood plasma with urate can have
detrimental effects on human health, placing uric acid at the centre of the

“oxidant-antioxidant paradox” (97).

1.6.5 Pathophysiology of urate

As recognized in the vast literature dealing with urate metabolism,
tightly controlled plasma urate concentrations (reported levels range from
250uM - 370uM) are of upmost importance for proper function of the
human body (45-47, 49, 56, 94, 95, 98-100). Many factors contribute to
natural variations of these levels within the human population, and these
include: age, gender, and race (68). On another side of the spectrum are
environmental factors such as: diet, exercise, and drug use (70, 101). A
striking feature of uric acid homeostasis is the tight regulation of urate
circulating levels’ set-point; 10% change in the set-point may result in
pathology. Hypouricemia (decreased plasma urate levels) and
hyperuricemia (increased plasma urate levels) are thought to be a result of
altered renal handling of this substrate (101), but diet may also play a role
in causing an imbalance (102). Hypouricemia is thought to be relatively
asymptomatic, in some cases manifested by nephrolithiasis and acute
renal failure, as well as exercise-induced nausea and fainting particularly
in Asian populations (103). Hyperuricemia has been studied for centuries,
as the causative agent of gout (104). However, hyperuricemia is also
associated with other disorders such as hypertension, cardiovascular
disease, hyperfructosemia, and the many manifestations of metabolic

syndrome (105).
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With the explosion of GWAS, which are a powerful tool in relating
genetic defects to studied phenotypes, much debate exists around the
coincidence of hyperuricemia with hypertension. Few studies have
managed to identify hyperuricemia as an independent factor of
hypertension (106, 107), while others fail to find statistically significant
correlation between the two variables (108). Interestingly, strong
correlations have been observed between elevated plasma urate levels
and drug-induced hypertension (109) and preeclapsia (110). The
mechanism of uric acid pathogenesis is thought to involve water-Na*
imbalance, endothelial dysfunction, vascular damage and disruption in
nitric oxide (NO) signalling (105).

Another area of interest is the correlation of abnormal plasma urate
levels associated with metabolic syndrome, which comprises of disorders
such as: glucose intolerance, insulin resistance, obesity, dislipidemia, and
hypertension. Majority of these have been correlated with hyperuricemia
(111). One proposed underlying mechanism of the syndrome involves
direct influence of insulin on renal handling of urate, thus decreasing
plasma urate clearance. Another, involves increased consumption of D-
fructose in the Western diet, which results in hyperfructosemia, and in
turn, coincides with hyperuricemia. Metabolic shunt through the glucose-6-
phosphate pathway, a common avenue for fructose and purine

metabolism, has been implicated.

In summary, uric acid balance seems to be essential in human
health, as evident from scientific literature. However, renal handling of the
molecule is still a puzzle, since no agreement exists on the molecular
identity and relative contributions of the membrane transport proteins
involved in its regulation. Discerning the human renal epithelium model of
urate handling is key to understanding the disease mechanisms of gout,

cardiovascular disorders and metabolic syndrome. Finally, turning our
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attention to the mechanisms contributing to the endogenous pool of urate

will complete the picture.

1.7 T hesis objectives

This thesis aims to investigate the novel function of human
facilitative hexose transporter, isoform 9 as a urate transporter using the
Xenopus oocyte heterologous expression system. First, genome-wide
association scans’ findings are corroborated by functional data
demonstrating that hGLUT9 is a high capacity urate transporter, capable
of D-glucose and D-fructose exchange for urate, and demonstrating
sensitivity to uricosuric drugs. Second, electrogenic properties of hGLUT9-
mediated urate transport are characterized, establishing the transporter as
a mediator of urate efflux under physiological conditions. Finally, the two
splice variants of hGLUT9 are functionally assessed and important
differences in their responsiveness to monosaccharides and kinase
activators are revealed. Ultimately, these findings further our
understanding of the molecular nature of urate transport and regulation,
which is critical in effective management of human plasma urate levels,
and thus in improving drug targeting of multifactorial diseases such as
gout, diabetes and metabolic syndrome. Given the substrate specificity
profile of the transporter, throughout the remainder of this work, | will refer
to hGLUT9 as hSLC2A9.
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2.1 Materials

Standard reagents for this work were ordered from Sigma Aldrich
Canada (Oakville, Canada) or Fisher Scientific (Ontario, Canada). For all
other materials used, please see the following: less common reagents
(Table 2.1), DNA modifying enzymes and DNA kits (Table 2.2), list of
constructs and primers used for mutagenesis (Table 2.3), and antibodies
and reagents used for protein work (Table 2.4). Finally, the equipment and

software used are listed in Table 2.5 and Table 2.6, respectively.

2.2 Methods

2.2.1 Molecular biology

Constructs — hSLC2A9a and hSLC2A9b clones, and their mutants,
were expressed in the pGEM-HE vector (1), which contains 5 and 3
untranslated regions of the Xenopus B-globin gene, for enhanced

expression of non-native proteins in the oocytes.

In vitro transcription — hSLC2A9 constructs were linearized at a

unique restriction site using Nhel endonuclease (1 hour incubation, 37°C).
The reaction was then purified by phenol-chloroform extraction method.
Resulting pure, linear cDNA was in vitro transcribed (T7 polymerase, 1

hour incubation, 37°C) using a commercially available kit (see Table 2.2).
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Resulting synthetic cRNA was diluted with ultrapure, RNA-se free water to
a concentration of ~200ng/pul, tested on an agarose gel, and injected into

Xenopus oocytes (see 2.2.2).

Site-directed mutagenesis — Appropriate SLC2A9 constructs were

used as template for oligotide-directed mutagenesis using a commercially
available kit (see Table 2.2). For a list of primers, please refer to Table
2.3. Resulting PCR products were sequenced (Macrogen, Maryland,
USA). Correct constructs were transcribed and expressed in oocytes, as

mentioned above.

2.2.2 Xenopus laevis heterologous expression system

Advantages of the system — X. laevis oocytes were essential in

cloning of the GLUT proteins (2). It is a well developed and widely-used
system for expression and functional characterisation of mammalian
membrane proteins, such as channels and facilitative transporters (1, 3,
4). It is relatively easy and inexpensive to manipulate oocytes, as they do
not require a sterile environment, expensive transfection reagents and
culture media to sustain them. Furthermore, large number of mutants can
be tested functionally using both radiolabelled tracer uptake as well as
electrophysiological approaches. Finally, oocytes can be microinjected
with substrates and inert substances, allowing the study of trans-
membrane transport from both the extracellular and the intracellular
compartments, a particularly useful approach when dealing with efflux

transporters (5, 6).

Potential limitations of the system — Given that an oocyte is a living

system, it is important to acknowledge the potential influence of a cell’s
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metabolism on exogenous protein expression and function, as well as the
potential consequences of expressing mammalian proteins in an

amphibian system.

It has been shown that expression of certain proteins can
deregulate the expression levels of oocytes’ native proteins, often
confounding the observations (7). Furthermore, one has to consider the
potential metabolism of substrates in question. In particular, metabolic
modification of a substrate can be desirable when investigating mediated
uptake, as it enhances the signal-to-noise ratio. On the other hand, the
same process may render the system inadequate when studying mediated

efflux.

Oocyte architecture should also be considered in expression and
transport assays. It has been shown that the oocyte membrane is highly
folded (surface area 18 — 20mm?) thus resembling the brush border apical
membrane of polarized, epithelial cells (8). Furthermore, the yolk of the
oocyte occupies a significant portion of the cell volume, thus reducing the
volume of the aqueous cytoplasm space. These two facts may contribute
to unstirred layer and microdomain formation, affecting measurement of

substrates’ movement properties across the membrane.

Finally, it is widely accepted that transport proteins are not isolated
entities within the membrane, but rather, that they are highly regulated
through interaction with other membrane components and / or with
cytoskeleton proteins via their intracellular moieties (9). Furthermore,
these effects are known to be species and cell-type specific. As such,
these suggest, that oocyte transport data should be interpreted with
caution, keeping in mind that the aforementioned complex regulatory

mechanisms may be different in the amphibian cell.
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X. laevis oocyte isolation and preparation — The protocol for oocyte

preparation and cRNA injection has been described extensively (4). In
brief, two-year old female Xenopus laevis frogs (Biological Sciences
Vivarium, University of Alberta and Nasco, Fort Atkinson, Wisconsin, USA)
were anaesthetized by immersion in 03 % (w/v) tricaine
methanesulphonate (pH 7.4). Stage V-VI oocytes from ovarian lobes were
isolated by collagenase treatment (6 mg/ml, 1 hour 20 minutes, dissolved
in Barth’'s Medium, see Table 2.7). The remaining follicular layers were
removed by phosphate treatment (see Table 2.8) and manual
defolliculation. Oocytes were injected with 10 — 20 nl of cRNA transcript
(200 ng/nl) or 20 nl of water alone (control). Injected oocytes were then
incubated for 4 days at 18 °C in Barth’s Medium (see Table 2.7). Media
were changed daily and eggs were sorted to increase viability of

expressing cells.

2.2.3 Transport assays

Radiolabelled uptake studies - Uptake assays were performed, as

described previously (4). Batches of 10 — 12 oocytes, either injected with
hSLC2A9 isoform or water, were equilibrated to room temperature (20°C)
before each experiment. All uptake experiments, unless otherwise stated,
were performed at 100uM substrate dissolved in Barth’s Medium (Table
2.7). In order to observe zero-trans conditions for substrate uptake, a 20
minute uptake time was chosen for all hSLC2A9 experiments, as

determined from initial time course data (Figure 2.1). Radiolabelled
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Figure 2.1. Representative time course of *C-urate uptake into

hSLC2A9a- and hSLC2A9b-expressing Xenopus oocytes. (@ and O)
represent net “*C-urate uptake, corrected for water-injected oocytes, into hSLC2A9a- and

hSLC2A9b- expressing oocytes, respectively. Vertical lines represent S.E.M.
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permeant was used at a concentration of 2uCi/ml. At the end of the
incubation period the uptake reaction was stopped by five rapid washes
with ice-cold Barth’s medium. Individual oocytes were dissolved in 5%
(w/v) SDS, and the radioactivity associated with each oocyte was

guantified using Beckman scintillation counter (see Table 2.5).

Radiolabelled efflux studies - Facilitative transporters move

substrates down their concentration gradient across selective cellular
membranes (10). This implies that these carriers can function in either
‘forward’ or ‘reverse’ mode, bringing substrates into or out of the cell,
respectively. In order to study the ‘reverse’ mode of facilitative hexose
transporters, such as hSLC2A9, the permeant in question has to be

effectively introduced into the cytoplasm of the cell.

In this study, we developed a protocol where radiolabelled urate
was microinjected into carrier-expressing oocytes. As a result, we were
able to minimize non-specific binding of the isotope to oocytes’ surface
and to conserve the radiolabelled substance. Prior to the experiments, we
have ascertained that the **C recorded from the effluent corresponds to
4C urate and not its labeled metabolite. As published previously (11), first,
we ran a thin layer chromatography (TLC) plate eluted with a 80 : 15: 5 n-
propanol : ammonium hydroxide (25%) : water solution. We loaded 100pl
of the efflux media from hSLC2A9-expressing oocytes, prepared as
described below, alongside urate and allantoin standards. Vanillin spray
was used as a general stain to visualize the distance travelled from the
water front. **C sample from the protein-expressing oocytes and the urate
standard ran at Rf' ~ 0.0l1cm. Second, we have tested total protein
obtained from water-injected oocytes for presence of fructokinase, which

can phosphorylate exogenous fructose into fructose-1-phosphate, a

! Rf is the retardation factor defined as defined as the ratio of the distance traveled by the center
of a spot to the distance traveled by the solvent front.
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precursor for de novo uric acid synthesis. 1:500 dilution of the human
fructokinase antibody (see Table 2.4) did not detect a band at 75kDa
mark, suggesting that the kinase is not present in the oocytes (data not
shown). Finally, other groups have demonstrated that total RNA isolated
from the oocytes contains no uricase RNA (12).

Details of the efflux methodology have been previously published
(11), while other groups developed similar approaches independently (5).
In summary, efflux assays were performed on groups of 20 oocytes? for
each experimental and control condition. hSLC2A9a- or hSLC2A9Db-
expressing, or water-injected control oocytes, were injected with **C-urate
(see Table 2.1). The volume of urate injected varied between 5nl and
50nl, which is defined by the lower and upper limit of injectable volume,
and depended on the experiment performed. In general, the oocytes were
stored in cold Barth’s Medium (4°C), in order to minimize efflux of injected
substrate prior to the start of an experiment. To minimize background
radioactivity, oocytes were transferred to clean glass tubes and excess
cold Barth’s Medium was removed and replaced with 1ml® of room
temperature (22°C) Barth’s Medium, unless otherwise stated.
Simultaneously, 20 pl of medium was sampled to obtain the zero time
point. The incubation volume was kept constant by sequential addition of
Barth’s Medium volume equivalent after removal of each sample.
Sampling was carried out over a period of 14 minutes, during which efflux
was linear (see Chapter 4). Following the last time point, incubation
medium was removed from the tubes and the oocytes were dissolved in 1
ml of 5 % (w/v) SDS. The lysate (50 pl) was sampled in triplicates to obtain
the total amount of radioactivity remaining within the cells. The counts

obtained from the sampled medium were corrected for background and

? Increased batch size, with respect to uptake assays, was necessary to improve the signal : noise
ratio, thus increasing accuracy of measurements.
3 Large volume minimized the probability of formation of ‘unstirred layers’.

74



dilution, and expressed as the percentage of total **C-urate remaining
within oocytes at a given time. These were plotted against time and fitted
with a straight line y = ax + b, where a represents the slope of the straight
line and b represents the y-intercept (Prism GraphPad), where the
magnitude of the slope (in % urate efflux.min™) represents the initial rate of
efflux for a given concentration. Starting intracellular concentrations of
injected *C-urate (specific activity 58.1 mCi/mmol) were calculated from
the total amounts of radioactivity in each batch of 20 cells, assuming a
water content of 0.5 pl/oocyte (24). Where different conditions were
compared, intracellular **C urate concentrations were normalized against
each other, for accurate comparison of hexose or drug effects on
hSLC2A9 mediated efflux.

Trans-stimulation experiments — Initially, these were designed to

ascertain that urate flux observed in hSLC2A9-expressing oocytes is
indeed facilitated by the carrier in question and not another endogenous
transporter upregulated during protein expression. We have made the
assumption that hSLC2A9 obeys the simple carrier kinetics (see Figure
1.1) and that placing two substrates on opposite sides of the cell
membrane (trans-) will eliminate the rate-limiting step of the transport
cycle, resulting in perceived increase of radiolabelled substrate’s uptake or
efflux. The non-labeled (cold) substrate, or the inert substance osmotic
control counterpart (L-glucose or PEG), is placed in ten fold excess to
prevent rapid equilibration of the species. Proof of principle of this
technique is demonstrated using the well-characterized GLUT isoform
hGLUT1 expressed in oocytes injected with *H 3-O-Methyl-D-glucoside
(30MG), a non-metabolizible analog of D-glucose in presence of a variety

of hexoses (5mM extracellular concentration; Figure 2.2).
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Figure 2.2. Proof-of-principle of the trans-stimulation technique:
hGLUT1-mediated *H 3-O-Methyl-D-glucoside (30MG) efflux from
Xenopus oocytes. Oocytes were injected with hGLUT1 cRNA 4 days prior to efflux

experiments, which were carried out at room temperature (22°C). Immediately prior to the
experiment oocytes were injected with ~50nl of *H-30MG. Ten intact oocytes were
placed in a perifusion chamber (500pl total volume) and perifused (1ml/min) with Barth’s
solution containing 5mM supplement. The symbols indicate net *H 30MG efflux
(corrected for matched water-injected oocytes) for the following perifusates: (@) — 5mM
D-glucose; (.) — 5mM D-fructose; (A) - 5mM 4,6 ethylydine—q-D—qucose4; (0) -
5mM 30MG; (©) — 5mM L-glucose, osmotic control; Samples of perfusate were

taken every minute for a duration of 15 minutes; Vertical bars represent SEM. n = 3.

* This substance has been shown to be an inhibitor of glucose exit. However at concentrations <1
mM it can promote endofacial CB binding (14) . It is possible that perifusion rates did not allow
for sufficient intracellular accumulation of 4,6 ethylydine-a-D-glucose to allow its inhibitory effect
to take place.
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Two microelectrode voltage clamp studies — Given that under physiologic

conditions uric acid is present in its dissociated, anionic state, urate-
evoked membrane currents were measured in hSLC2A9a- or hSLC2A9b-
producing oocytes at room temperature (20 °C) using a GeneClamp 500B
oocyte clamp (Table 2.6) in the two-electrode, voltage-clamp mode. The
GeneClamp 500B was interfaced to an IBM-compatible PC via a Digidata
1322A A/D converter and controlled by pCLAMP software (Table 2.6). The
microelectrodes were filled with 3 M KCI and had resistances that ranged
from 0.5 - 2.5 MQ. Oocytes were penetrated with the microelectrodes and
their membrane potentials were monitored for periods of 10 - 15 min.
Oocytes were discarded when membrane potentials were unstable, or
more positive than -30 mV. Current signals were filtered at 20Hz (four-pole
Bessel filter) and sampled at a sampling interval of 20ms. Current-voltage
(I-V) curves were determined from differences between steady-state
currents generated in the presence and absence of permeant during
250ms voltage pulses to potentials between -100 and +60mV (10 mV
increments). |-V curves were measured before and 30 s after the addition
of permeant. For |-V relations, the voltage rise time of the clamp was
adjusted by use of an oscilloscope such that it varied between 200 and
500ps. Currents were filtered at 2kHz (four-pole Bessel filter) and sampled

at a rate of 200pus/point (corresponding to a sampling frequency of 5kHz).

Transport media — All uptake and efflux assays were performed in

Barth’s Medium (Table 2.7). All test substances used for competition and
trans-stimulation experiments were also dissolved in Barth’s medium.
Electrophysiology studies were performed in Na'-containing transport
medium (Table 2.9). Where Na'-dependence of urate transport was
examined, Na" in the transport medium was replaced by equimolar choline
chloride, to maintain isomolarity. To examine the effect of CI"on hSLC2A9

mediated uptake, CI" ions in the transport medium were replaced with
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gluconate salt, to achieve the following CI" test concentration range: 2mM

- 100mM, either under voltage-clamp or non-clamp conditions.

Kinetic parameters — All uptake measurements were expressed as
net uptake, where total radiolabelled uptake from water-injected oocytes
was subtracted from that of SLC2A9-expressing oocytes. Each experiment
was repeated at least three times. The results were expressed as either
pmols / oocyte.20 min™ or were normalized to the appropriate controls,

and expressed as a percentage of control.

In experiments determining intracellular Km, initial rates of efflux
(Vo) were converted to pmol/oocyte.min™, plotted against individual values
of S, and analyzed by least squares fits to the Michaelis-Menten equation
(Sigmaplot 11, Table 2.6) to estimate values (+ S.E.) for Viyax, the maximal

rate of efflux, and K, the SLC2A9’s internal apparent affinity for urate.

Urate kinetic parameters (Kn, apparent affinity for urate, and Inax,
predicted current maximum) calculated from electrophysiology
experiments were determined by current measurements at different urate
concentrations (0 - 5 mM) and analyzed by least squares fits to the
Michaelis-Menten equation (Sigmaplot 11, Table 2.6). The K, for urate
was determined from fits to data averaged from individual oocytes
normalized to the Ihax value obtained for that oocyte, and is presented as

the mean + S.E. of 7 or more cells.

Drug application — All drugs used to test the involvement of kinases
in hSLC2A9-mediated urate uptake were prepared according to
manufacturer’s specifications (see Table 2.1). Stocks of 3-Isobutyl-1-
methylxanthine (IBMX), forskolin and Phorbol 12-myristate 13-acetate
(PMA) were dissolved in 100% ethanol while those of H89 dichloride and
bisindolylmaleimide IV (BIS) were dissolved in dimethyl sulphoxide

(DMSO). Final concentrations of ethanol and DMSO in the experimental
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solutions were 1%° and 0.1%, respectively, and all experiments were
matched with solvent controls to test for non-specific effects of solvent on
oocytes’ membrane permeability. Drug concentrations used in the
experiments presented in this thesis were within the lower range of the
suggested effective concentrations, and matched the recommended in
vivo concentrations. Given that responses were observed under the
conditions used, no higher concentrations were tested, to minimize non-

specific effects of the drugs.

Statistical analysis — Student’s t-test or one-way ANOVA were

performed where appropriate, to determine whethed differences between
treatments were statistically significant. P-value of 0.05 or lower was used

as criterion. Prism software was used (see Table 2.6).

2.2.5 Measuring cell surface expression

Immunohistochemistry - In order to determine whether the protein

is targeted to the membrane of the oocyte, whole oocytes can be fixed and
probed with specific antibodies for presence of protein. All solutions are
prepared in phosphate-buffered saline (PBS; Table 2.10) and kept ice-
cold throughout the procedure. In brief, GLUT-expressing oocytes, are
washed with PBS and fixed in 3% perfluoroalkoxy (PFA; 15 minutes).
Excess polymer is removed by washing with 50mM ammonium chloride
solution. The oocytes are then permeabilized with 0.1% Triton X (4
minutes) and washed thereafter. 2% BSA blocking solution is applied for

30 minutes, followed by 1° antibody, at an appropriate dilution (1 hr at RT

> Although 1% ethanol can affect integrity of oocytes’” membrane, it was the lowest possible
concentration of solvent that could be used, given the maximum solubility of drug used.
Appropriate measures were taken to control for possible side effects of ethanol.
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or overnight at 4°C). 2° antibody (1:200 dilution, Alexa 488) is applied for
30 minutes at RT. Stained oocytes are individually mounted in Vectashield
on glass slides with secure-seal spacers (1X13mm) and stored until
visualized under confocal microscope. For a list of specific reagents see
Table 2.4 and Table2.5 for microscope specifications. Figure 2.3 shows
representative immunohistochemistry staining for hSLC2A9-expressing

oocytes.

Cell-surface biotinylation — 50 — 100 hSLC2A9-expressing or water-

injected oocytes were used per condition for this cell-surface expression
assay. All steps were performed at 4°C, with biotin incubation performed in
the dark. The protocol has been described previously (13). In brief,
oocytes were washed with cold PBS three times, prior to 30 minute
incubation, with gentle agitation, in biotin buffer (Table 2.11). To quench
the binding reaction, and to remove excess biotin, oocytes were washed
three times with cold quenching buffer (Table 2.11). Subsequently,
oocytes were lysed in lysis buffer supplemented with protease inhibitors,
using a syringe fitted with 21- followed by 26- gauge needle. Resulting
slurry was then centrifuged for 15 min at 2000rpm. Supernatants were
collected and two more centrifugation steps were performed at 4000rpm
and 6000rpm respectively. The final supernatant was ultracentrifuged at
40 000rpm for 60min. Obtained pellets were resuspended in 500ul RIPA
buffer (Table 2.11). Half of the aliquot was frozen down to control for
cytosolic protein. The remaining half (250ul) was transferred into a clean
microfuge tube and 100pl of streptavidin resin (Table 2.4) was added. The
suspension was incubated overnight, with gentle agitation. The reaction
was then spun for 5 min at 8000rpm to precipitate the bound, biotinylated
protein. An aliquot of the resultant supernatant (250ul) was kept to test for
unlabelled, unbound protein. The pellet was washed five times with RIPA

buffer, and denatured at 95°C (3 min) with 125ul NuPage sample buffer
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C.

Figure 2.3. Representative staining of Xenopus oocytes expressing
hSLC2A9. Oocytes were injected with hSLC2A9a or hSLC2A9b cRNA 4 days prior to

immunostaining. C-terminus-directed hSLC2A9 antibody was used in the procedure,
which recognizes both isoforms. A. hSLC2A9a-expressing oocyte; B. hSLC2A9b-

expressing oocyte; C. Water-injected oocyte.
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(Table 2.4). The final supernatant (8000 rpm, 5 min) was collected.
Western blots were ran using three protein preparations per conditions.
These included: total biotinylated protein, unbound protein and bound
protein.

Western Blot Analysis — Western blots were prepared as described

before (4), with minor optimization for GLUT-protein preparation. For a list
of chemicals, buffers and equipment used, see Table 2.1, Table 2.4,
Table 2.5, and Table 2.12. 10% separating polyacrylamide gel in
combination with 4% stacking gel was used, and the gel mixtures were de-
gassed under vacuum before being poured. Protein samples were thawed
out on bench top, mixed with Nu PAGE® LDS Sample Buffer, and
incubated at room temperature for 15 — 20 minutes. For all biotinylation
assays, samples were loaded by volume (maximum of 20ul per well). Gels
were ran at 100V for an hour. Transfer onto nitrocellulose membrane was
performed on ice, at 200V for 1.5 hours. The membrane was blocked for
non-specific antibody binding in a series of four washes for a total of 1
hour. Primary antibody was applied overnight at 4°C at dilutions ranging
from 1:500 — 1:1000. The membrane was then rinsed in a series of three
15 minute washes using the blocking solution, and secondary antibody
(1:2000) was applied for 1 hour at room temperature. Chemiluminescence
reactions were carried out according to manufacturer’s kit instructions and
membranes were exposed to the film for a duration of time ranging from 3

— 15 minutes.
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Table 2.1: Reagents

Name

Source

Animals and oocyte isolation

Tricaine methanesulphonate

ARGENT Chemical Laboratories, USA

Collagenase

WORTHINGTON, Lakewood, NJ, USA

Antibiotics

Ampicillin

SIGMA Aldrich, Canada

Gentamycin sulphate

SIGMA Aldrich, Canada

Penicillin

SIGMA Aldrich, Canada

Streptomycin

SIGMA Aldrich, Canada / Gibco

Radiolabelled isotopes

3H Adenine

Moravek, USA

3H Cytosine

Moravek, USA

1“C D-glucose

Amersham, UK

3H Guanine

Moravek, USA

*H Hypoxanthine

Moravek, USA

*H Thymine Moravek, USA
3H 3-O-methyl-D-glucoside Moravek, USA
®H Uridine Moravek, USA
4C uric acid Moravek, USA
*H Xanthine Moravek, USA
Detergents and gels
Agarose Invitrogen

30% Acrylamide/Bis

Bio-Rad Laboratories, Inc.

Sodium-dodecyl sulphate (SDS)

Bio-Rad Laboratories, Inc.

Phenylmethylsulfonyl fluoride
(PMFES)

SIGMA Aldrich, Canada

Deoxycholic acid (DOC)

SIGMA Aldrich, Canada
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Triton-X-100

SIGMA Aldrich, Canada

TEMED

SIGMA Aldrich, Canada

Ammonium Persulfate (10%)

SIGMA Aldrich, Canada

1.5M Tris-HCI, pH 8.8

Bio-Rad Laboratories, Inc.

0.5M Tris-HCI, pH 6.8

Bio-Rad Laboratories, Inc.

Miscellaneous

Triethyanolamine

SIGMA Aldrich, Canada

Express™ PLUS bottle-top
vacuum filters (0.22um)

Millipore

MF™ membrane filters
(0.025um) VSWP

Millipore

Gene Pulser® Cuvette

Bio-Rad Laboratories, Inc.

ImMedia™ Amp Agar Invitrogen
DH5a electrocompetent cells Invitrogen
1Kb Plus DNA Ladder Invitrogen

Kinase modulators

3-Isobutyl-1-methylxanthine
(IBMX)

SIGMA Aldrich, Canada

Forskolin

SIGMA Aldrich, Canada

H89 dichloride

Cell Signaling TECHNOLOGY

Phorbol 12-myristate 13-acetate
(PMA)

SIGMA Aldrich, Canada

Bisindolylmaleimide 1V

SIGMA Aldrich, Canada
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Table 2.2: DNA modifying enzymes and DNA kits

Name Source

Enzymes
Calf intestinal alkaline phosphatise (CIP) Invitrogen
Platinum Pfx DNA polymerase Invitrogen

Restriction endonucleases

New England BioLabs

T4 DNA ligase Invitrogen

MMESSAGE mMACHINE™ Ambion

Sﬂﬂlt(;l:;%zzgigse%t Site-Directed Stratagene
DNA Kkits

QIAprep® Spin Miniprep Kit QIAGEN

QIAEX® Il Gel Extraction Kit QIAGEN
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Table 2.3: Constructs and primers

cDNAs and vectors

Name Source Accession number
human GLUT9a Dr. Kelle Moley BC110414
human GLUT9b Dr. Kelle Moley BC018897
pGEM-HE Dr. James Young N/A

Primers

Name Sequence

NGLUT9a 5’gcaaggaaacaaaataggaatgccaaggaactgggcctagttc3’
S9A Fwd gcaagg ggaatg gg ggg g
hGLUT9a , ,
S9A Rev 5’ gaactaggcccagttccttggcattcctattttgtttccttge 3
hGLUT9a 5’ ctcacagatgacaccgcacacgcc cctcca 3’
S22A Fwd gaig g gccggg

hGLUT9a , ,
S22A Rev 5’ tggaggcccggcegtgtgeggtgteatetgtgag 3
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Table 2.4: Antibodies and protein work

Antibodies
Name Source Catalogue number
hGLUT9-C terminus Dr. Kelle Moley N/A
hGLUT9-N terminus Dr. Kelle Moley N/A
ECL Anti-Rabbit GE Healthcare, UK
IgG Antibody Ltd. NA 934V
Anti- SIGMA Prestige
Ketohexokinase Antibodies HPA 007040
Reagents
Name Source

Thermo SCIENTIFIC

EZ-Link Sulfo-NHS-LC Biotin (Fisher, Canada)

Nu PAGE® LDS Sample Buffer Invitrogen

Protease inhibitor cocktail SIGMA Aldrich, Canada

Thermo SCIENTIFIC

Streptavidin agarose resin (Fisher, Canada)

Amersham ECL™ Advance Western

Blotting Detection Kit GE Healthcare, Canada

Kodak BioMax Light Chemiluminescence

. SIGMA Aldrich, Canada
Film

Bio-Rad Precision Plus™ Protein dual

color standards ladder Bio-Rad Laboratories, Inc.
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Table 2.5: Equipment

Function

Model name and number

DHb5a electroporator

Electroporator 2510, eppendorf

RNA injection system

PLI-100 Pico injector (HARVARD Aparatus,
USA)

B Scintillation counter

LS 6500 Beckman, USA

Two microelectrode
voltage clamp (TMVC)

GeneClamp 500B (Molecular Devices Corp.)
Digidata 1322A A/D converter

Spectrophotometer

Ultraspec 2000, Pharmacia Biotech
(Fisher Scientific)

Thermocycler

MyCycler thermal cycler (Bio-Rad)

Confocal microscope

ZEISS LSM 510

PowerPac™ Basic power
supply

Bio-Rad Laboratories, Inc.

MiniTrans-
Blot® Electrophoretc
Transfer Cell Apparatus

Bio-Rad Laboratories, Inc.

Table 2.6: Software

Purpose

Name

TMVC control

pCLAMP (Molecular Devices Corp.)

Data entry and calculation

Excel (Microsoft Office)

Data plotting and statistical
analysis

GraphPad Prism v.5
(Graphpad Software Inc., CA, USA)
Sigmaplot 11 (Systat Software Inc., IL, USA)

Confocal image
visualization and
guantification

ImageJ (NIH resources)
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Table 2.7: Barth’s Medium composition

Salts
Component Concentration (mM)
NaCl 90
KCI 3.0
MgSO4 0.82
HEPES 5.0
CaCl2 0.40
Ca(NO3)2 0.33
Sodium pyruvate 2.50
Antibiotics

Component Concentration (mg/ml)
penicillin 0.1
streptomycin 0.1
kanamycin 0.1

pH 7.6

Table 2.8: Phosphate Buffer composition

Component

Concentration (mM)

K2PO4

100

pH 6.5
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Table 2.9: Sodium transport buffer composition

Component Concentration (mM)
NacCl 100
KCI 2.0
CaCl, 1.0
MgCl, 1.0
Hepes 10

pH 7.5

Table 2.10: Phosphate-buffered saline (PBS) composition

Component Concentration (mM)
NaCl 135
KCI 1.3
Na;HPO, 3.2
KH,PO4 0.5
pH 7.4

90




Table 2.11: Cell-surface biotinylation buffers’ composition

Component Concentration (mM)
Biotinylation buffer
NacCl 150
CaCl, 2
Triethanolamine 10
EZ-Link Sulfo-NHS-SS-Biotin 2
pH 9.5
Quenching buffer
PBS Table 2.10
Glycine 192
Tris-HCI 25
pH 7.5
Homogenizing buffer
Sucrose 250
Tris-HCI 5
EDTA 0.5
Protease inhibitor cocktail 0.1% (v/v)

pH 7.5

RIPA buffer

NacCl

150

Triton-X-100

1% (vIv)

Deoxycholic acid (DOC)

0.5% (w/v)

Sodium dodecyl sulphate (SDS)

0.1% (w/v)

Phenylmethylsulfonyl fluoride
(PMSF)

1.0

pH 8.5
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Table 2.12: Western Blotting buffers’ composition

Component Concentration (mM)
1X Running Buffer
Tris Base 24.8
Glycine 192
SDS 3.5
pH=28.3
1 X Transfer Buffer
Tris Base 50
Glycine 384
Methanol 20% (viw)

pH = 8.1 — 8.4, do not adjust pH with acid/base

Blocking solution

Dried Milk Powder

15g

Tween 20

0.05% (viw)

PBS

500ml total volume
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Chapter 3

Functional characterization of human

SLC2A9-mediated urate transport *

* A version of this chapter has been published.
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3.2 |ntroduction

Elevated serum urate levels are associated with important common
disorders, such as gout, metabolic syndrome, diabetes, hypertension, and
cardiovascular morbidity and mortality (1-4). Uric acid is principally
derived from the breakdown of dietary and cellular purines. Humans and
Great Apes are exposed to higher urate levels than other mammalian
species due to inactivation of hepatic uricase (5). In man the kidney has a
pivotal role in urate handling with secretory mechanisms balanced against
efficient reabsorption resulting in only 10% of the filtered load actually
being excreted in the urine (5). The established urate transporter systems
in the proximal nephron includes; the urate anion transporter (URAT1),
which is a target of uricosuric drugs, multiple organic anion transporters
(OATs 1-4), the urate transporter (UAT), and a voltage dependent organic
anion transporter (OATV1) (5).

It is possible that genetic variation in either enzymatic breakdown of
purines or renal transporters of uric acid might elevate serum levels and
account for epidemiological associations of this trait with inflammatory
crystal arthropathy, blood pressure and common cardiovascular
phenotypes (1-5). Recently, two separate genomewide association scans
identified and replicated association of serum urate level with common
variants within the glucose transporter hSLC2A9 (GLUT9) gene region on
chromosome 4 (6, 7). Interestingly, this member of the facilitative glucose
transporter family has two splice variants most strongly expressed in the
apical and basolateral membranes of the proximal tubular epithelial cells
of the kidney. Although hSLC2A9 is not as efficient a glucose transporter

as GLUT 1 and 4 there were no data suggesting it is a functional urate
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transporter in the proximal nephron (8, 9). Here we set out to test whether
hSLC2A9 a and b splice variants act as a urate transporter, and used the
Olivetti Heart Study and three hypertension case : control resources to
investigate if there is a relationship of SLC2A9 gene variants with urate,

blood pressure and hypertension.

3.3 Results

3.3.1 Human SLC2A9 is a high capacity urate transporter

To test whether SLC2A9 splice variants act as urate transporters we
separately microinjected synthetic human SLC2A9a and SLC2A9b
messenger RNA transcripts into Xenopus laevis oocytes and measured
uptake or efflux of radiolabelled urate. We found that human hSLC2A9a
mediated very rapid urate fluxes, which necessitated incubation for only 20
minutes in subsequent kinetic and inhibition experiments (Figure 3.1 and
Figure 2.1). In contrast, uptake of urate into non-injected eggs was very
slow indicating negligible endogenous transport activity for this substrate.
Transport was then measured over a range of urate concentrations which
bracketed the normal human physiological plasma concentrations (200 —
500 pM). Both human SLC2A9a and SLC2A9b mediated urate fluxes
showed saturation and were identical so data for the two splice variants
were combined for kinetic analysis. Figure 3.2 shows the averaged data
from six such experiments and non-linear regression analysis was used to
fit a Michaelis-Menten function with a Ky, of 981 uM and a Vnax of 304

pmoles/ oocyte/ 20 min.
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Figure 3.1. Representative time course for hSLC2A9a-mediated **C-

urate uptake into Xenopus oocytes. Oocytes were injected with hSLC2A9a
cRNA 4 days prior to uptake experiments, which were carried out at room temperature
(22°C). (@) — total 10puM 14C urate uptake into hSLC2A9a-expressing oocytes, averaged
for 10 oocytes; (‘D) — net 10uM 1C urate uptake into hSLC2A9a-expressing oocytes
corrected for water-injected oocytes and averaged for 10 oocytes; (O) - total 10uM c
urate uptake into water-injected control oocytes, averaged for 10 oocytes; Vertical bars
represent+ S.EE.M. n = 2.

100



pmol/ oocyte.20 min-"

Figure 3.2. Michaelis-Menten kinetics for hSLC2A9a-mediated *C-
urate uptake into Xenopus oocytes. Oocytes were injected with hSLC2A9a

cRNA 4 days prior to uptake experiments, which were carried out at room temperature
(22°C). (@) — mean net 14C urate uptake into hSLC2A9a-expressing oocytes, averaged
for 10 oocytes per concentration. The curve was fitted by non-linear regression analysis.
The K, = 981 uM and V,ax = 304 pmoles / oocyte.20 min™. Insert shows an Eadie plot of
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the same data. Vertical bars represent + S.E.M. n = 3.

101




The insert shows the Eadie plot for the same data. It is important to
mention that the two forms of analysis produce slightly different estimates
of the K, value. A variety of reasons may be responsible for this disparity.
First, due to low solubility of urate, we are unable to obtain saturating urate
concentrations, influencing the fit of the Michaelis-Menten curve.
Secondly, the loose fit of the data points with the curve suggests that there
may be more than one substrate binding site within the carrier, making this
analysis inadequate for the transport process in question. Please refer to

Appendix 2 for further analysis.

To test the specificity of urate transport for isoform 9 of the SLC2A
protein family, we tested urate flux in other GLUT members. We were
unable to detect any urate flux (100 uM) mediated by either human GLUT1
or GLUTZ2, both class | facilitative glucose transporters (Figure 3.3).

3.3.2 Transport of urate by hSLC2A9a shows a unique

sensitivity to uricosurics

A number of compounds known to promote urate loss in the urine via their
interaction with other renal urate transporters, such as URAT1 (10), were
tested to determine if they reduced hSLC2A9-mediated urate transport.
Probenecid, at a concentration of 1 mM, had minimal effect on urate
uptake (Figure 3.4), whereas benzbromarone showed a dose responsive
inhibition with 10 uM reducing urate uptake by 17% and 100 uM by 80%
(Figure 3.5). In contrast, furosemide had no effect at 100 uM, and neither
did any of the short chain fatty acids like lactate, pyruvate, butyrate or
acetate, at a concentration of 1 mM (Figure 3.4). Finally, the class |

hexose transporter inhibitor phloretin had only a minimal effect on
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Figure 3.3. Representative *C-urate uptake into hGLUT-expressing

Xenopus oocytes. Oocytes were injected with corresponding cRNA 4 days prior to
uptake experiments, which were carried out at room temperature (22°C). ([J) — net 10uM
“C urate uptake into hGLUT1-expressing oocytes, averaged for 10 oocytes; () —
netlOuM ™C urate uptake into hGLUT2-expressing oocytes, averaged for 10 oocytes;
(I — net 10uM 14C urate uptake into hGLUT9-expressing oocytes, averaged for 10

oocytes; Vertical bars represent + S.E.M. n = 3.
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Figure 3.4. Drug panel testing their effects on hSLC2A9a-mediated

“C-urate uptake into Xenopus oocytes. Oocytes were injected with
hSLC2A9a cRNA 4 days prior to uptake experiments, which were carried out at room
temperature (22°C). (Il) — control condition: net 10uM **C urate uptake into hSLC2A9a-
expressing oocytes, corrected for water-injected oocytes, no reagent in the extracellular
medium. Averaged for 10 oocytes; ([J) — experimental conditions showing net 10pM **C-
urate uptake into hSLC2A9a-expressing oocytes, corrected for water-injected oocytes.
Averaged for 10 oocytes. Following reagents were placed in extracellular medium (left to
right): 1mM probenecid, 100 yM furosamide, 1mM lactate, 1mM pyruvate, 1mM butyrate,
1mM acetate, 1mM phloretin. Vertical bars represent £+ S.E.M. n = 3.
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Figure 3.5. Effect of the uricosuric benzbromarone on hSLC2A9a-
mediated '*C-urate uptake into Xenopus oocytes. Oocytes were injected
with hSLC2A9a cRNA 4 days prior to uptake experiments, which were carried out at room

temperature (22°C). (Hl) — mean net 10uM ““C-urate uptake into hSLC2A9a-expressing

oocytes, averaged for 10 oocytes; (| ) — mean net 10uM *‘C-urate uptake into
hSLC2A9a-expressing oocytes in presence of corresponding extracellular
benzbromarone concentrations, averaged for 10 oocytes. Vertical bars represent +
S.E.M.
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urate transport (< 10% inhibition) when applied at a concentration of 1 mM
(Figure 3.4).

3.3.3 hSLC2A9%a mediates exchange of urate for D-glucose

or D-fructose

As hSLC2A9a and hSLC2A9b have been characterized previously
as high affinity, low capacity glucose and fructose transporters (8), we
tested the ability of these two hexoses to inhibit urate fluxes and,
conversely, for urate to inhibit hexose uptake. Surprisingly, concentrations
of D-glucose up to 1 mM had no effect on the transport of 5 uM urate while
only a slight inhibition (approximately 15%) of urate uptake was observed
by D-fructose (data not shown; See Chapter 5 for further discussion).
Moreover, urate concentrations of up to 2mM had no effect on 50uM D-
glucose and 50uM D-fructose uptake (Figure 3.6). Note that the rates of
urate transport were significantly greater than those for D-glucose. Urate
fluxes were measured at 5uM or 10 yM substrate concentration for 20
minutes, whereas D-glucose rates were determined using 50 uM substrate
for 30 minutes. Thus, converting flux rates to the same time period and
equivalent concentrations suggest that urate is transported by hSLC2A9a
at rates 45 — 60 fold faster. The failure to find significant competition
between the hexoses and urate suggests that urate binds to a site on
hSLC2A9a which is different from the binding site for the hexoses. As
such, the widely accepted simple carrier model is not adequate to describe
the transport processes mediated by hSLC2A9.

However, it could be argued that the injection of hSLC2A9a

MRNA was inducing expression of an endogenous protein which could
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Figure 3.6. Interaction between hSLC2A9a and its substrates I: Effect

of extracellular urate on '*C-hexose uptake into Xenopus oocytes.
Oocytes were injected with hSLC2A9a cRNA 4 days prior to uptake experiments, which
were carried out at room temperature (22°C). A. (@) — mean net 50uM 14C-D-glucose
uptake into hSLC2A9a-expressing oocytes in presence of increasing extracellular
concentrations of urate; B. (@) — mean net 50pM **C-D-fructose uptake into hSLC2A9a-

expressing oocytes in presence of increasing extracellular concentrations of urate. All

107




separately mediate urate uptake. Therefore, we attempted to determine
whether hSLC2A9a could exchange hexoses for urate, providing further
support for a single pathway mechanism. Since D-glucose and D-fructose
are both phosphorylated upon entry into the oocyte, and no urate
metabolism has been detected in the oocytes (see Chapter 2 for
discussion), only urate efflux could be used to give a meaningful estimate
of exchange rates. First, the exchange of urate for D-glucose was
confirmed by preloading the oocytes with 2 mM cold urate for one hour
and then, after washing to remove extracellular urate, measuring 10uM
14C-D-glucose uptake. The influx of hot glucose was increased two-fold by
intracellular urate in hSLC2A9a-expressing eggs (Figure 3.7B). These
data indicate that hSLC2A9a can exchange extracellular glucose for
intracellular urate. Conversely, we performed the reverse experiment
where oocytes were injected with radiolabelled urate and the **C-urate
efflux determined in presence of 5 mM extracellular D-glucose, D-fructose,
L-glucose or 2 mM urate. Urate efflux could be described by a single
exponential curve over a period of up to 20 minutes and the presence of
extracellular D-glucose greatly accelerated urate movement, while D-
fructose did so to a lesser degree (7 fold vs 3 fold respectively; Figure
3.8). These observations represent mediated transport since leakage of
radiolabeled L-glucose or urate was minimal from water injected oocytes.
Moreover, extracellular cold urate also accelerated efflux of hot urate,

pointing to the presence of a facilitative carrier (Figure 3.9).
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Figure 3.7. Interaction between hSLC2A9a and its substrates Il: Effect

of extracellular D-glucose on urate transport in Xenopus oocytes.
Oocytes were injected with hSLC2A9a cRNA 4 days prior to uptake experiments, which
were carried out at room temperature (22°C). A. (@) — mean net 5uM *C urate uptake
into hSLC2A9a-expressing oocytes in presence of increasing extracellular concentrations
of D-glucose; B. hSLC2A9a-expressing oocytes were pre-incubated with 2mM L-glucose
or urate for 1 hour at 22°C and then 10uM **C D-glucose uptake was measured over 30
minutes. ([J) — total **C D-glucose uptake into hSLC2A9a-expressing oocytes; () —
total **C D-glucose uptake into water-injected oocytes; () — net **C D-glucose uptake
into hSLC2A9a-expressing oocytes. All means averaged for ten oocytes. Vertical bars

represent + S.E.M.
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Figure 3.8. Representative experiment: hSLC2A9a exchanges

intracellular **C-urate for extracellular hexoses in Xenopus oocytes.
Oocytes were injected with corresponding cRNA 4 days prior to uptake experiments,
which were carried out at room temperature (22°C). Immediately prior to the experiment
oocytes were injected with ~50nl of “C-urate to achieve an intracellular [urate] ~200uM.
20nl of extracellular media was sampled and replaced per time point over 16 — 20min
efflux period. All traces represent hSLC2A9a-mediated “C-urate efflux into the following
extracellular solutions: (@) — 5mM D-glucose; (.) — 5mM D-fructose; (A) — 5mM L-
glucose. Slopes of the fitted straight lines represent the rates of “*C-urate efflux from

oocytes.
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Figure 3.9. Representative experiment: hSLC2A9a mediates
exchange of intracellular *C-urate for extracellular hexoses and

urate in Xenopus oocytes. Oocytes were injected with corresponding cRNA 4
days prior to uptake experiments, which were carried out at room temperature (22°C).
Immediately prior to the experiment oocytes were injected with ~50nl of **C-urate to
achieve an intracellular [urate] ~200uL. 20nl of extracellular media was sampled and
replaced per time point over 16 — 20min efflux period. All solid lines represent hSLC2A9a-
mediated *C-urate efflux while the dashed lines represent rate of leakage of **C-material
from water-injected oocytes. The symbols indicate intracellular / extracellular substance
combinations: (&) — “C-urate / 2mM urate, hSLC2A9a oocytes; (@) — **C-urate / 5mM
D-glucose, hSLC2A9a oocytes; (.) — Mcurate / 5mM L-glucose, hSLC2A9a oocytes;
(O) — “C-urate / 5mM D-glucose, water oocytes; (L)) — C-urate / 5mM L-glucose:

(<>) -c L-glucose / L-glucose. Slopes of the fitted straight lines represent the rates of

““C-material efflux from oocytes.
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3.4 Discussion

The functional study of hSLC2A9 as a urate transporter was
initiated by the results of GWAS study which identified SNPs within
hSLC2A9 gene which corresponded with abnormal plasma urate levels.
Another group involved in this study furthered the functional analysis of
hSLC2A9’s urate-handling capacity by overexpressing, and knocking-
down with siRNA, SLC2A9 in mouse insulinoma MING6 cell line. For full
description of the findings, please refer to Caulfield et al., 2008 (11). Parts
of the discussion that follows, offer insight into the aforementioned

manuscript.

3.4.1. Genetic basis for hSLC2A9 as a urate carrier

The Olivetti Heart Study has previously published a strong
longitudinal relationship of serum urate levels with blood pressure (11).
Interestingly, they also reported correlation of urate with reduced fractional
clearance of lithium as an index of Na' reabsorption in the proximal
nephron. This could reflect Na* retention and offer a mechanism for
reported associations of urate and blood pressure (12). The two SNPs
genotyped in the Olivetti cohort validate association of the SLC2A9 locus
with serum urate and demonstrate association of both SNPs with reduced
urinary urate excretion at two time points, 6 years apart. This provides
additional support for our hypothesis that SLC2A9 variants reduce urinary
urate loss. In this study we further explored relationship of SLC2A9 SNPs
with blood pressure and found significant association of one SNP with

systolic blood pressure, diastolic blood pressure and hypertension at the
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1994/1995 time-point only. This association was not confirmed in the 2002
- 2004 data from Olivetti, or in two independent case : control resources,
but there was weak association with hypertension in one cohort. These
data taken together with negative unpublished findings from circa 16,000
subjects with SLC2A9 variants and blood pressure suggest that this locus
may not have major genetic influence on blood pressure (personal
communication, Patricia Munroe and Mark Caulfield). Indeed, there is also
no association of SLC2A9 gene variants in meta-analysis of GWAS for
coronary artery disease (13). It remains possible that the link between uric
acid and blood pressure might be explained by other genes influencing
serum urate, or a very small effect size of SLC2A9. In the context of life
course a single time-point effect size of a risk factor may underestimate
the true longitudinal impact of genetic influence. In addition, as our studied
populations were middle-aged or older, it also is possible that any effect of
urate on blood pressure may be more prominent in early life and diminish

once hypertension is established.

3.4.2 Functional evidence for hSLC2A9 as a urate carrier

Recent genome-wide association scans identified and replicated
association between SNPs at the hSLC2A9 gene locus and serum urate
(6, 7). In this study we have shown that both human SLC2A9 splice
variants, a and b, can mediate urate fluxes at a very high rate and
significantly faster than their facilitated transport of either D-glucose or D-
fructose. The kinetics indicate that the transporter’'s apparent affinity for
substrate, or Ky, value (~ 1 mM), is above the basal, physiologic plasma
concentrations of urate. Moreover, the V2 value indicates a high capacity

transporter. All of these data suggest that this membrane protein plays a

113



significant role in the handling of urate in the proximal nephron which
completely fits with the findings from genome-wide scans of common
allelic variation elevating urate by 20umol/l per allele (7). In the context of
everyday clinical practice, this genetic influence on urate is equivalent to
10% of the normal range of serum urate (180 umol/l to 420 umol/l) per

allele, which is not trivial.

Current models of urate handling in the kidney’s PCT indicate that
several types of transporters are involved in the fluxes of urate across both
the apical and the basolateral membranes of the epithelial cells. In the
apical membrane these include: URAT1, a urate/lactate exchanger which
mediates urate movement from urine to epithelium (14), also OATv1 (15),
a putative voltage-dependent organic anion transporter, MRP4 an ATP-
driven pump (16), and a postulated urate channel, UAT (17). At the other
pole of the cells, two of the organic anion exchangers, OAT1 & OAT2,
present in the basolateral membrane, are thought to be able to handle
urate, but their physiological role remains to be confirmed (18, 19).
Therefore, at present there is a well defined absorptive route across the
apical membrane via URAT1 and a secretory route via MRP4, while the
means by which urate can either leave the renal epithelium and enter the
blood, or move in the opposite direction across the basolateral membrane,

remains to be confirmed.

Recently, it has been proposed that both hSLC2A9 proteins are
high affinity D-glucose / D-fructose transporters. However, when
compared with the principal members of the SLC2A gene family, their
transport capacity (Vmax) is very low (8, 9, 20). We now have evidence
that urate is a preferred substrate for both human SLC2A9 variants and for
the mouse orthologue. The ability of SLC2A9 to exchange urate with
glucose, in the absence of competition between these two substrates

when present on the same side of the membrane, indicates that the
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protein has separate binding sites for the two classes of substrate. This is
not a unique phenomenon in exchange proteins. The glycerol-6-phosphate
transporter, for which the atomic structure was recently solved, exchanges
glucose-6-phosphate for inorganic phosphate (21)

This ability of hSLC2A9 to exchange D-glucose, and to a lesser
degree D-fructose, for urate has potentially significant physiological
significance. The renal proximal nephron plays a major role in the
reabsorption of D-glucose from urine using a combination of Na*-coupled
hexose transporters, SGLT1 and SGLT2 and members of the SLC2A
family, GLUT2, GLUTS5, and possibly GLUT9 (22-25). Furthermore, the
PCT epithelium is a significant site of gluconeogenesis, converting
pyruvate to D-glucose, which is then released across the basolateral
membrane into the blood (26, 27). Our data showing that hSLC2A9a can
exchange D-glucose for urate suggest that this protein might play a role in
the secretion of urate from the blood into the urine. D-glucose in the
epithelial cells resulting from both reabsorption and neogenesis could
exchange for plasma urate promoting the accumulation of urate in the
cells. This could then either be secreted into the lumen via MRP4 or,
again, in exchange for lumenal glucose, via SLC2A9b in the apical
membrane. Our findings, in combination with epidemiologic data showing
correlation of elevated serum urate with diabetes, metabolic syndrome,
obesity and hyperinsulinemia provide a potential mechanism for these
associations which warrants further investigation (28-30). In this context, it
is of particular interest that recent data from the Health and Nutrition
Survey shows correlation between consumption of sugar-based soft drinks
and serum urate levels, as well as gout, which might be partly explained
by D-glucose-facilitated uptake of urate by hSLC2A9 isoforms (31).

Probenecid and benzbromarone are uricosuric drugs that inhibit

renal uptake of urate via URAT1 on the apical proximal nephron
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membrane (5). We found that probenecid had a minimal effect on urate
uptake into hSLC2A9a-expressing oocytes whereas benzbromarone
showed a dose dependent inhibition. The significant inhibition of urate
transport by 10 and 100 uM benzbromarone implies that there must be
some common features in the binding sites for urate in both URAT1 and
hSLC2A9a. Benzbromarone promotes the loss of urate in the urine and
this is believed to be a consequence of an inhibition of uptake across the
apical membrane mediated by URAT1 (2). However, we have also found
that this drug can inhibit urate transport by hSLC2A9a, which we propose
plays a role in urate secretion, which would then also be reduced by this
compound. At present, the K; of benzbromarone for these two transporters
is not known and its relative effect at the lumenal and interstitial surfaces
requires further study, to understand its regulation of hSLC2A9-mediated

urate fluxes.

3.4.3 Limitations of the study

We have not defined precisely the causative variant of SLC2A9
responsible for elevated serum urate and reduced urinary urate clearance.
There are several known SNPs within the gene region that might influence
function of the SLC2A9 protein. Such studies will be facilitated by detailed
re-sequencing of the SLC2A9 locus to establish a comprehensive
inventory of genetic variation across this gene locus. In addition to dietary
and metabolic influences on uric acid levels, there will be other, as yet
unidentified, genetic influences on serum urate level that may contribute to
epidemiologic correlations with metabolic syndrome, diabetes, gout and

cardiovascular disease. Elucidation of these other influences combined
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with genotyping in larger numbers may allow us to detect small effect

sizes not attainable in this study.

3.4.4 Conclusions

This chapter has translated genetic association of the hSLC2A9
locus with serum urate derived from genome-wide scanning into functional
confirmation that hSLC2A9 splice variants acts as a high affinity urate
transporter which can be facilitated by exchange with hexoses, inhibited
by high concentrations of some uricosurics, and by siRNA technology (see
manuscript (32) for detailed description). These findings offer potential
novel pathogenic mechanisms and new drug targets for diseases, such

as, gout, diabetes and cardiovascular disease.
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Chapter 4

In-depth functional comparison of
human hSLC2A9a and hSLC2A9b

Isoforms *
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4.2 |ntroduction

Urate is an organic anion and the physiologically predominant form
of uric acid, the end product of purine metabolism in humans and higher
primates. Due to the loss of hepatic uricase activity, humans and higher
primates maintain high levels of urate in the blood (180 - 420 uM)
compared to the majority of mammals (30 - 120 uM), which do express
uricase (1). The role for elevated urate in human plasma has not been
explained, although one suggestion is that it may function as an anti-
oxidant (2). Human plasma urate levels are regulated within closely
defined limits and even small increases above normal show significant
correlation with the incidence of gout, metabolic disease, diabetes,

cardiovascular morbidity and mortality, and hypertension (3-8) .

The high circulating levels of plasma urate result from a balance
between intake from the diet and production in the liver and muscle, and
loss in the urine. About 70 % of daily urate production enters the renal
filtrate, and 10 % is finally excreted in the urine (9). The kidney epithelium
is therefore the main regulatory site of plasma urate, where this
metabolite’s reabsorption and secretion occur. However, the molecular
basis for urate handling in the human kidney has not been fully determined
because of differences between species and the multitude of urate
transport systems involved. The proposed urate transport systems in the
human proximal nephron include the electroneutral urate/anion exchanger
SLC22A12 (URAT1) (10), the organic anion transporters SLC22A6/8
(OAT1/3) (11, 12), the multidrug resistance protein ABCC4 (MRP4) (13,
14), the breast cancer resistance protein ABCG2 (BCRP) (15) and the
sodium/phosphate transporter SLC17A3 (NPT4) (16). Genetic loci of the
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latter three transporters contain SNPs which have been correlated with
urate imbalance, although their function in urate regulation still needs to be
elucidated. SLC22A12 (URAT1), however, appears to be the only
transporter whose role in urate reabsorption has been confirmed, with
loss-of-function mutations in the URAT1 gene being associated with renal
hypouricemia (10). Furthermore, mutations in hSLC2A9 (GLUT9) have
also been correlated with decreased plasma urate levels in the Dalmatian
dog model (17) and in humans (18-20), although the mechanisms
underlying this phenotype are still not fully elucidated. Two putative
electrogenic urate transporters have also been identified. Transport of
PAH by the voltage-driven organic anion transporter OAT,1 cloned from
pig kidney is electrogenic, and uptake is competitively inhibited by urate
(12, 21). There is, however, no evidence that OAT,1 is expressed in
human kidney. Cloned initially from rat kidney, the urate transporter UAT
displays voltage-sensitive channel activity that is highly urate-specific (22).
Human UAT (also known as Galectin 9 (9), however, is expressed
ubiquitously in numerous tissues, undermining claims that it mediates

urate secretion specifically in the kidney.

Genome-wide association scans have linked SNPs in the gene
encoding the facilitative hexose transporter isoform hSLC2A9 with
abnormal plasma urate concentrations in human population cohorts (17,
18, 21, 23-27). hSLC2A9 is a member of the facilitative glucose
transporter gene family (GLUTS), but is now primarily described as a novel
high-capacity urate transporter, which can exchange both glucose and
fructose for urate (24, 27). hSLC2A9 has two splice variants, hSLC2A9a
(full length) and hSLC2A9b (or AN), both of which are present in human
kidney (28). The two splice variants differ in their N-terminal sequence and

are expressed differentially in polarized cells: hSLC2A9b (512 amino
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acids) is localized apically, while hSLC2A9a (540 amino acids) is
expressed on the basolateral membrane. Current evidence suggests that
the two isoforms are functionally identical in terms of hexose and urate

transport kinetics (24, 28).

We have postulated that negatively-charged urate transport by
human SLC2A9 is electrogenic. In support of this, Anzai et al. (21) have
provided indirect evidence that human SLC2A9 urate transport in Xenopus
oocytes is influenced by membrane potential. Depolarizing the oocyte
membrane through elevation of extracellular K* resulted in stimulation of
radiolabelled urate uptake. They did not, however, directly measure
currents generated in hSLC2A9-producing oocytes in response to urate
exposure. The predominant basolateral localization and voltage-
dependence of hSLC2A9 led to the conclusion that this protein is mainly
involved in urate reabsorption, in concert with apically expressed
SLC22A12 (URAT1). Even more, recent findings by Bibert et al. (29)
suggest that urate uptake mediated by mouse SLC2A9 induced an

outward current when produced in oocytes.

In the present study, we have undertaken a combined
electrophysiological and radiotracer flux analysis of recombinant human
SLC2A9 isoforms produced in Xenopus oocytes. Using the two-electrode
voltage-clamp technique, the electrogenic nature of urate transport
mediated by hSLC2A9a and hSLC2A9b was investigated by examining
the effect of membrane potential and ion concentrations on membrane
currents. We also measured the K, for urate influx under voltage-clamp
conditions. Using radiotracer fluxes, we investigated the effect of
intracellular hexoses on urate uptake, showing key functional differences
in the two isoforms of the transporter. We also demonstrate that

extracellular urate accelerates efflux of urate from the oocytes, suggesting
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that hSLC2A9 acts as a non-obligatory urate-urate exchanger. The
permeant selectivity of hSLC2A9 was examined by testing its ability to
transport other radiolabelled purine and pyrimidine nucleobases. Finally,
we report kinetic studies of urate efflux, supporting the concept that the
direction of urate flux is determined primarily by the electrochemical

gradient.

4.3 Results

4.3.1 Urate currents of hSLC2A9

Since urate is predominately a weak acid at pH 7.5 (pKa= 5.75) (1),
we examined the electrogenic nature of hSLC2A9-mediated transport of
urate in Xenopus oocytes using the two-electrode voltage-clamp
technique. In the representative experiment shown in Figure 4.1A, an
oocyte producing hSLC2A9a was voltage-clamped at -30 mV and a
transient outward current was generated when the extracellular medium
(100 mM NacCl, pH 7.5) was changed to one containing 1 mM urate. This
current decayed to a new steady-state and, upon removal of extracellular
urate, a corresponding inward transient current, which returned to
baseline, developed. A similar response was observed with hSLC2A9b-
producing oocytes voltage clamped under the same conditions
(Figure 4.1B). Current magnitudes observed with hSLC2A9a were
consistently less than those seen with hSLC2A9b. In contrast, these the

addition of 1 mM urate to water-injected oocytes, small inward currents,
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Figure 4.1. Steady-state currents of hSLC2A9. A. A representative current

trace in a single hSLC2A9a-producing oocyte clamped at -30 mV in Na'-containing
transport medium (100 mM NacCl, pH 7.5). The bar denotes addition of urate (1 mM) to
the bath. The same experiment was performed on a hSLC2A9b-producing oocyte (B) and

a representative control water-injected oocyte (C).
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which slowly increased in amplitude were currents were not observed in
control water-injected oocytes (Figure 4.1C). Following the addition of
1mM urate to water-injected oocytes, small inward currents, which slowly
increased in amplitude were observed, possibly due to interactions of
urate with endogenous oocyte transporters and channels (30). The much
larger currents in hSLC2A9- producing oocytes are consistent with the
movement of negatively charged urate through the transporter, the large
outward spike in the current record observed following the addition of
urate decaying to a new steady-state as the inwardly directed urate
gradient is reduced. Upon removal of extracellular urate, transient inward
currents are observed as a result of the efflux of cytoplasmic urate. These
transient currents also decay as urate gradient is once again depleted.
The current record is biphasic, likely due to the bidirectional movement of
urate mediated by hSLC2A9. hSLC2A9 therefore mediates the

electrogenic transport of urate.

4.3.2 Voltage-dependence of hSLC2A9-mediated transport

To obtain the current magnitudes in response to the addition of
urate, two methods were used. In the first, current was calculated as the
difference between baseline current and the transient spike observed
following urate addition. In the second method, the steady-state urate
current that followed the transient spike was calculated by integrating the
area under the current record from baseline using fixed time points. The
two methods showed similar voltage-dependence (data not shown), and in
voltage-dependence and subsequent experiments reported here, current

was calculated as the difference from baseline to transient spike. To
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Figure 4.2. Voltage-dependence of hSLC2A9-mediated transport of

urate. A. hSLC2A9a- (M) or hSLC2A9b- (LJ) producing oocytes were voltage
clamped sequentially at 5 different holding potentials (-90, -70, -50, -30 and -10 mV) and
the maximum current generated in response to the addition of 1 mM urate (100 mM NacCl,
pH 7.5) was measured at each potential. Currents are the means = S.E.M. of 4 different
oocytes from the same batch of cells used on the same day. B. The current-voltage (I-V)
curves for hSLC2A9a (black symbols) and hSLC2A9b (open symbols) were generated
from the difference between steady-state currents recorded in the presence and absence
of 1 mM urate (0 and D, , respectively) or in the presence and absence of 20 mM
glucose (@ and A , respectively) in Na'-containing medium (100 mM NaCl, pH 7.5)
upon voltage pulses from V,, of -30 mV to final potentials ranging between -100 and +60
mV, in 10 mV steps. Urate- and D-glucose-induced |-V curves were measured in the

same hSLC2A9-producing oocytes, and data are averaged from 3 cells.
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examine the voltage-dependence of transport mediated by hSLC2A9,
steady-state currents were measured sequentially at five different holding
potentials (-10, -30, -50, -70 and -90 mV) in response to the addition of
urate (1 mM urate; 100 mM NaCl, pH 7.5) (Figure 4.2A). Additionally, the
current-voltage (I-V) relation of the two isoforms of hSLC2A9 mediated
urate transport was compared to that of glucose (Figure 4.2B). Currents
evoked by urate (1 mM; 100 mM NacCl, pH 7.5) at potentials between -100
and +60 mV were voltage-dependent, with the magnitude of the outward
current increasing as the membrane potential became more positive. The
I-V curves observed with urate showed a similar voltage-dependence as
those observed by Bibert et al. (29) for mouse GLUT9a. Measured in the
same oocyte, glucose-induced currents (20 mM; 100 mM NaCl, pH 7.5)
were minor compared to those of urate, and exhibited a slight voltage-
dependence (Figure 4.2B). Since glucose is electrically neutral and
transport of glucose mediated by hSLC2A9a or hSLC2A9b is not coupled
to the movement of ions (3), the currents observed in the I-V relation may
be the result of glucose transport mediated by endogenous sodium
glucose transporters (38, 39). Although D-glucose and D-fructose are high
affinity permeants of hSLC2A9a, neither inhibit **C-urate uptake (24).
Consistent with this, hSLC2A9a and hSLC2A9b currents were unaffected

by high concentrations (5 - 20 mM) of extracellular D-glucose.

4.3.3 lon-dependence of hSLC2A9-mediated transport

The dependence of hSLC2A9-mediated transport of urate on the
presence of extracellular Na* was examined at a holding potential of -30

mV (Figure 4.3A). Currents in response to the addition of 1 mM urate
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Figure 4.3. Effect of extracellular ions on the transport activity of

hSLC2A9. A. Mean urate-induced currents in oocytes producing hSLC2A9a (Il or
hSLC2A9b ([J) were measured in transport media containing Na* (100 mM NacCl, pH
7.5) or choline (100 mM ChCI, pH 7.5) at a membrane potential of -30 mV. Currents are
the means + S.E.M. of 3 different oocytes from the same batch of cells used on the same
day. B. Mean urate-induced currents in oocytes producing hSLC2A%9a (Il) and
hSLC2A9b ([J) were measured in transport media containing a range of CI
concentrations (25, 50, 75 and 100 mM CI', pH 7.5). CI was replaced with Na™ gluconate
to maintain osmotic conditions. Membrane potential was held at -30 mV. Currents are the
means + S.E.M. of 4 different oocytes from the same batch of cells used on the same
day. The currents were not corrected for those in control water-injected cells. C. Uptake
of 100 pM radiolabelled urate was measured in oocytes producing hSLC2A9a (Il and
hSLC2A9b; (L) in the presence of varying concentrations of CI" (2, 25, 50, 75 and 90
mM CI). Uptake at each CI concentration was measured in 12 oocytes and the
experiments repeated in 3 different batches of cells. The data were averaged and
presented as the % uptake relative to that in normal MBM. Values were corrected for

basal non-mediated uptake in control water-injected oocytes.
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were measured in oocytes producing hSLC2A9a or hSLC2A9b, in the
presence (100 mM NaCl, pH 7.5) and absence (100 mM ChCI, pH 7.5) of
extracellular Na®*. Urate-induced currents were not significantly different in
the presence and absence of Na®, demonstrating that the transport of
urate by hSLC2A9 was not Na*-dependent.

The effect of extracellular CI" on hSLC2A9-mediated transport of
urate was also examined at a holding potential of -30 mV (Figure 4.3B).
Currents were measured in hSLC2A9a- or hSLC2A9b-producing oocytes
in the presence of a high extracellular CI" concentration (100 mM NacCl, pH
7.5), intermediate CI" concentrations (75 mM NaCl + 25 mM Na" gluconate
and 50 mM NaCl + 50 mM Na’ gluconate, pH 7.5), and with the
extracellular CI" concentration reduced by 75 % (25 mM NaCl + 75 mM
Na® gluconate, pH 7.5). Decreasing the external CI concentration
significantly increased the magnitude of the outward currents associated
with urate uptake, in both isoforms of hSLC2A9, demonstrating that
hSLC2A9-mediated transport is affected by the extracellular concentration
of CI'. In contrast, Anzai et al. (21)and Bibert et al. (29) found no effect of
lowering the external CI" concentration on the transport of radiolabelled
urate by hSLC2A9a or its mouse homologue, although uptake was
measured over an extended period and, unlike the present
electrophysiological study, was not performed under voltage clamp
conditions. Our **C-urate influx studies, performed on hSLC2A9a and
hSLC2A9b under initial rate conditions, also found no difference in
hSLC2A9-mediated uptake of urate as the extracellular concentration of
CI" was varied between 2 and 90 mM (Figure 4.3C). Anzai et al. (21) and
Bibert et al. (29) concluded that SLC2A9 does not have an exchange
mechanism for inorganic CI. Our observations support the conclusion that

CI" is not required for h\SLC2A9-mediated urate transport, and instead
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Figure 4.4. Urate influx kinetics of hSLC2A9. The dependence of
hSLC2A9%a- and hSLC2A9b- mediated currents on the external concentration of
urate (0 - 5 mM) was measured at a membrane potential of -30 mV (100 mM
NaCl, pH 7.5). hSLC2A%9a and hSLC2A9b currents are averaged from
concentration dependence relationships for 7 different oocytes, where currents at
each urate concentration were normalized to the fitted I« value for that oocyte.
The currents were not corrected for those in control water-injected cells. A.
SLC2A9a-producing oocytes: K, = 1.0 = 0.15 mM. B. hSLC2A9b-producing
oocytes: K, = 1.0 + 0.20 mM. Individual Iy« values were in the range 150 - 200
nA for hSLC2A9a-producing oocytes, and 175 - 250 nA for hSLC2A9b- producing

oocytes.
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suggest that CI' is inhibitory, possibly through negative-charge competition
with urate for binding to the transporter. The lack of effect of CI" observed
with **C-urate influx versus the inhibition seen with electrophysiology
studies is due to differences in the experimental techniques. In voltage-
clamped oocytes, urate-induced currents decrease when the membrane
potential is hyperpolarized (Figure 4.2A). In **C-urate influx experiments,
the membrane potential is hyperpolarized as “C-urate enters the cell
(data not shown). The effect of CI" on *C-urate uptake is therefore the
combination of both an increased influx of urate due to decreased CI
concentration and a decreased influx of urate due to membrane
hyperpolarization. As a result, decreasing the external CI" concentration
(Figure 4.3C) shows no net effect on extracellular **C-urate uptake.

4.3.4 Urate influx kinetics under voltage clamp conditions

Figure 4.4 shows the dependence of hSLC2A9-mediated currents
on the concentration of extracellular urate (O - 5 mM; 100 mM NacCl, pH
7.5). Oocytes producing hSLC2A9a (Figure 4.4A) or hSLC2A9b (Figure
4.4B) were voltage clamped at a holding potential of -30 mV and the
currents generated in response to increasing urate concentrations were
measured. For both isoforms, currents were saturable and consistent with
simple Michaelis-Menten kinetics. For hSLC2A9a, the apparent K, value
was 1.0 £ 0.15 mM (Figure 4.4A), while for hSLC2A9b the apparent K,
value was 1.0 + 0.20 mM (Figure 4.4B). At 5 mM urate, the corresponding
small inward current in control water-injected oocytes was < 25 nA. These
Km values are similar to those determined by radiotracer flux experiments

in unclamped oocytes (~1 mM for both isoforms) ((12), data not shown).
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The large Inax Observed for both isoforms (150 - 200 nA for hSLC2A9a and
175 - 250 nA for SLC2A9b), confirms by electrophysiology that hSLC2A9

is a high capacity urate transporter.

4.3.5 hSLC2A9 has symmetrical affinity and capacity for

urate efflux

In order to determine if hSLC2A9-mediated fluxes of urate are
symmetrical or vectorial in nature, we compared the kinetics for **C-urate
efflux to those of influx. Since the apparent affinity (K, ~ 1 mM) and
capacity (Vmax ~ 15 pmol/oocyte.min™) of the transporter for *C-urate
influx has previously been established (24), we determined the
corresponding kinetics of urate efflux. Following injection of oocytes with
varying amounts of **C-urate, individual concentrations of intracellular
urate at time zero ranged between 17 - 624 yM for hSLC2A9a and 39 -
495 uM for hSLC2A9b. The low solubility of urate and maximum injectable
volume set an upper limit to the intracellular concentrations of urate that
could be achieved. As shown for hSLC2A9a in Figure 4.5A, efflux at each
urate concentration was plotted against time and fitted with a straight line
to determine the initial rate of efflux. The experiments were also performed
in control water-injected oocytes (Figure 4.5A). Figure 4.5B shows the
Michaelis-Menten fit for the initial rates of hSLC2A9a-mediated urate efflux
plotted against the starting intracellular urate concentration, and
Figure 4.5C shows the corresponding data for h\SLC2A9b. Efflux rates for
the two isoforms are similar and appear to be saturable. Projected

apparent K, values were outside the concentration studied, but were
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Figure 4.5. Urate efflux kinetics of hSLC2A9. A. Representative results
demonstrating **C-urate efflux from **C-urate preloaded hSLC2A9-producing oocytes
(solid symbols) and from water-injected oocytes (open symbols). Magnitudes of the
slopes of the lines (+ S.E.), indicating the rates of intracellular urate efflux (% efflux/min)
for each concentration were: water-injected oocytes, 0.26 + 0.06 (52 uM) and 0.21 £ 0.06
(172 pM); hSLC2A9a-producing oocytes, 0.46 + 0.06 (20 uM), 0.89 + 0.06 (47 uM), 0.92
+ 0.06 (86uM), and 1.10 + 0.06 (154 uM). Only low and high intracellular urate
concentrations for water-injected oocytes are shown for clarity. B. Initial rates of **C-
urate efflux for hSLC2A9a-producing oocytes in units of pmol/oocyte.min™ are plotted
against the starting internal urate concentration. C. Corresponding data for “C-urate
efflux in hSLC2A9b-producing oocytes. Fitted apparent K., values were ~ 1 mM for both

transporter isoforms.
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~1mM for both transporter isoforms and of the same magnitude as those
seen for hSLC2A9a and hSLC2A9b urate influx measured either
electrophysiologically (Figure 4.4) or using *C-urate ((24), data not
shown). Efflux of '*C-urate from control water-injected oocytes was
minimal, suggesting that endogenous transporters did not contribute to

urate efflux.

4.3.6 Effect of extracellular substances on hSLC2A9-

mediated urate efflux

We have demonstrated previously that both D-glucose and D-
fructose, which have been shown to be high affinity permeants for
hSLC2A9a (31), are not competitive inhibitors of urate uptake. However,
both of these hexoses can accelerate urate efflux mediated by hSLC2A9a
when placed in the extracellular medium, suggesting that facilitated
movement of both urate and hexoses is likely mediated by the same
carrier (24). In the present study, we extended this experiment to include
the effects of extracellular hexoses on both hSLC2A9a- and hSLC2A9b-
mediated efflux in order to compare the two isoforms, as well as tested the
effect of extracellular urate on urate efflux mediated by the two isoforms.
The next section also presents complementary new findings for the trans

effects of urate and sugars on **C-urate influx.

For each condition, hSLC2A9a- or hSLC2A9b-producing oocytes
were preloaded with *C-urate to achieve final, intracellular permeant
concentrations in the puM range. Urate efflux was measured over 14

minutes, at 2 minute time intervals. Initial rates of urate efflux obtained
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Figure 4.6. Effect of extracellular substances on hSLC2A9-mediated

urate efflux. hsLc2A9a- (M) and hSLC2A9b- ([J) producing oocytes were preloaded
with *“C-urate and the rate of urate efflux was measured in presence of different
substances added to MBM. Vertical bars represent mean urate efflux + S.E.M. of 20
oocytes per condition from 3 - 6 batches of cells used on the same day. Efflux rates were
corrected for variations in intracellular **C-urate concentrations. A. Represents rates of
“C-urate efflux in pmol/oocyte.min™ averaged for 3 — 6 experiments. B. Represents
mean **C-urate efflux rates expressed as % of efflux compared to osmotic control (5 mM
PEG). “a@” and “b” symbols above the bars denote statistically significant urate efflux
values from the control (5 mM PEG) for hSLC2A9a- and hSLC2A9b-producing oocytes,
respectively (p < 0.01). # denotes statistical significance (p < 0.05) between hSLC2A%a
and hSLC2A9%b isoforms in response to extracellular 5 mM D-glucose.
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from the linear fits of efflux data were corrected for variations in
intracellular urate concentrations and normalized to urate efflux under
osmotic control conditions (5 mM PEG). hSLC2A9a-mediated urate efflux
(Figure 4.6) was significantly accelerated in presence of excess
extracellular urate (1 mM) and D-glucose (5 mM), while D-fructose
produced small, but insignificant acceleration. These results are consistent
with the effect of extracellular hexoses previously reported by our group
(9). hNSLC2A9b-mediated urate efflux (Figure 4.6), on the other hand, was
significantly accelerated only in presence of 1 mM extracellular urate.
Although hSLC2A9b repeatedly showed decreased acceleration of urate
efflux in presence of excess trans urate, as compared with hSLC2A9a, this
difference did not reach statistical significance. Both hSLC2A9 isoforms
therefore function as non-obligatory urate-urate exchangers, hSLC2A9a,
but not hSLC2A9Db, also exhibiting trans-acceleration by physiological

levels of extracellular D-glucose.

4.3.7 Effect of intracellular substances on hSLC2A9-

mediated urate influx

In order to further investigate the possible effects of permeant
hexoses on hSLC2A9-mediated urate uptake, we preloaded hSLC2A9a-
or hSLC2A9b-producing oocytes with various substances at a final
intracellular concentration of 5 mM (unless otherwise stated), and
measured **C-urate influx (Figure 4.7). Uptake data were normalized to
the osmotic control (5 mM PEG) for each experiment. All substrates tested
produced a significant increase of urate uptake in the case of hSLC2A9a-
producing oocytes. hSLC2A9b-producing oocytes showed similar
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Figure 4.7. Effect of intracellular substances on hSLC2A9-mediated

urate influx. hSLC2A9a- () and hSLC2A9b- ([J) producing oocytes were preloaded
with different cold substances, at a final intracellular concentration of 5 mM, unless
otherwise stated and 100puM “C-urate uptake was measured. Vertical bars represent
mean urate influx = S.E.M. of 10 oocytes per condition from 3 - 6 batches of cells used on
the same day. A. Represents “*C-urate uptake rates in pmol/oocyte.min™ averaged for 3
— 6 experiments. B. Represents mean “C-urate uptake expressed as % of urate uptake
compared to osmotic control (5 mM PEG). “a” and “b” symbols above the bars denote
statistically significant urate influx values from the control (5 mM PEG) for hSLC2A9%9a-
and hSLC2A9b-producing oocytes, respectively (p < 0.01). # denotes statistical
significance (p < 0.05) between hSLC2A9a and hSLC2A9b isoforms in response to
intracellular urate and * denotes statistical significance (p < 0.01) between the two

isoforms in response to intracellular D-glucose.

141



responses except that intracellular D-glucose produced no effect with
respect to control. In other experiments, the non-metabolized D-glucose
analogues 2DOG and 3OMG increased urate uptake into oocytes
producing hSLC2A9a but not hSLC2A9b (data not shown). Significant
differences between the two isoforms were also observed in response to
intracellular urate and D-glucose, with hSLC2A9a’s response to these
intracellular substances being significantly greater than that of hSLC2A9Db.
The results also reveal interesting differences in permeant specificity
between the exofacial and endofacial binding sites for hexoses.
Specifically, while extracellular D-fructose was a poor accelerator of urate
efflux in both hSLC2A9a- and hSLC2A9b-producing oocytes (Figure 4.6),
it significantly increased urate uptake by both hSLC2A9 isoforms when

placed inside the cell (Figure 4.7).

4.3.8 Nucleobase transport mediated by hSLC2A9

The pathways for nucleobase transport in mammalian cells have
not been fully characterized and no human transporter specific for
nucleobases has been cloned. Since hSLC2A9 has been shown to be a
high capacity urate transporter (24), and since urate is a negatively
charged purine nucleobase, we have tested the hypothesis that hSLC2A9
may also transport other nucleobases. In the cross-inhibition experiment in
Xenopus oocytes shown in Figure 4.8A, hSLC2A9a-mediated urate
transport (20 uM; 100 mM NaCl, pH 7.5; 20 min flux) was measured in the
absence (control) or presence of excess (0.2 - 5 mM) pyrimidine (uracil,
thymine and cytosine) or purine (adenine, guanine, hypoxanthine and

xanthine) nucleobases or the pyrimidine nucleoside uridine (5 mM).
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Mediated transport of urate (uptake in RNA transcript-injected oocytes
minus uptake in water-injected oocytes) was inhibited 55 % by excess (5
mM) unlabelled adenine, but was unaffected by any other nucleobases
tested, or by uridine. The finding that hSLC2A9a-mediated urate transport
was inhibited by adenine suggests that adenine may be an hSLC2A9

permeant’.

Transport inhibition can occur in the absence of translocation of the

inhibiting substance, and low-affinity permeants may not cause detectable

cross-inhibition. The ability of hSLC2A9a or hSLC2A9b to transport
nucleobases and uridine was therefore also measured directly with a
panel of radiolabelled nucleobases and uridine. Figure 4.8B shows the
uptake of nucleobases (20 uM) and uridine (20 uM) compared with urate
in hSLC2A9a-producing oocytes and in control water-injected cells.
hSLC2A9a transported urate at high levels and, consistent with the
inhibition profile shown in Figure 4.8A, there was also a small, but
significant amount of adenine transport (mediated fluxes of 0.71 + 0.11
and 0.051 + 0.010 pmol/oocyte.min™ for urate and adenine, respectively).
No uptake was observed with any other nucleobases tested, or with
uridine. Corresponding data for adenine, uridine and cytosine transport by
hSLC2A9b in Figure 4.8B (inset) showed a similar pattern. Therefore,
both hSLC2A9 isoforms are not entirely specific for urate, and mediate a
small, but significant amount of adenine uptake. SLC2A9 does not,
however, transport other purine (or pyrimidine) nucleobases. Functioning
as a high capacity urate transporter, hSLC2A9 is not a major route for the

entry of other nucleobases into cells.

! Alternatively, slight inhibition of SLC2A9-mediated urate transport by adenine may hint
at a potential interaction of this transporter with xanthine-based drugs and / or cCAMP. See
Chepter 5 for further discussion.
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Figure 4.8. Nucleobase transport mediated by hSLC2A9. A. Inhibition of
hSLC2A9a-mediated urate influx by pyrimidine and purine nucleobases and the
pyrimidine nucleoside uridine. Urate (20 uM; 100 mM NacCl, pH 7.5) influx was measured
in hSLC2A9a-producing oocytes in the absence (control) or presence of excess
nonradioactive nucleobases or uridine. Because of their low solubility, guanine and
xanthine were added at concentrations of 0.2 mM and 0.5 mM, respectively. Other
nucleobases and uridine were tested at a concentration of 5 mM. Values were corrected
for basal non-mediated uptake in control water-injected oocytes and are means = S.E.M.
of 10 - 12 oocytes. H,O, water-injected oocytes. B. Uptake of 20 uM radiolabelled
pyrimidine and purine nucleobases (20 uM) and the pyrimidine nucleoside uridine (20
UM) were measured in oocytes producing SLC2A9a (M) or in control water-injected
oocytes ([LJ) and compared to the uptake of urate (20 pM). Values are means + S.E.M. of
10 - 12 oocytes. The inset shows the same experiment repeated in oocytes producing
hSLC2A9b.
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4.4 Discussion

In this paper we have examined the membrane currents associated
with urate fluxes mediated by human SLC2A9a and SLC2A9b produced in
Xenopus oocytes. The uptake of the organic anion urate generated a
membrane potential-sensitive outward current, the simplest interpretation
of which is that urate enters the cell in its charged form with no coupled
cation or anion movement, which confirms previous observations of
mouse SLC2A9 full length being an electrogenic uniporter of urate (29,
32). In corresponding radiotracer flux studies under non-voltage clamped
conditions, we have also found that the apparent K, for urate efflux is
equal or greater than that for uptake (~ 1 mM). Rates of urate influx and
efflux are also similar, which suggests that the driving force of the
membrane potential would favour urate efflux over influx under
physiological conditions. Uptake of urate mediated by hSLC2A9 appears
to be affected by the extracellular chloride concentration, but there is no
evidence for the transporter to be exchanging these two anions. The ability
for this transporter to also mediate the uptake of adenine suggests that
this may provide an additional route of uptake for this nucleobase.
hSLC2A9 does not, however, function as a generalized nucleobase
transporter, and the fluxes of adenine relative to urate are small.
hSLC2A9a is expressed in the basolateral membrane of hepatocytes,
where the majority of urate is generated, and in the basolateral membrane
of the kidney proximal convoluted tubule. In both sites, the membrane
potential would promote the efflux of the organic anion into the plasma,
helping to maintain the high circulating levels of this metabolite and
providing a plausible mechanism for the contribution of hSLC2A9 SNPs to
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hyperuricemia. However, the ultimate direction of flux facilitated by
basolateral hSLC2A9 in both of the aforementioned organs will be
determined by local electrochemical gradients of urate across the cell
membranes in question, which to date have not been elucidated in the
physiological setting. Given present information, it is still difficult to
reconcile the curious phenotype of the Dalmatian dog, which displays
hyperuricemia despite hyperuricosuria, expresses high levels of the
basolateral (N) isoform and low levels of the apical (O) isoform of
hSLC2A9 on the mRNA level, and has an amino acid substitution in TM5
not present in other breeds of dog, which differ in overall urate phenotype
(17). It is unknown whether this C188F substitution renders the transporter
inactive, but given the breed’s inability to reabsorb urate in the kidney
(uricosuria), it suggests that renal hSLC2A9-mediated urate efflux may be
indeed compromised, strengthening the transporter’s role in renal urate
reabsorption. Furthermore, the Dalmatian model does not preclude
hSLC2A9’s role as a urate efflux pump in the liver, although it suggests
that other transporters may be preferentially involved (eg. ABCC4 /
MRP4). Also, it suggests that mechanisms other than SLC2A9 may be
involved in urate uptake into hepatocytes (eg. SLCO1B3 / OATP1B3 (33),
capable of organic anion transport), which may not be expressed in
Dalmatians, explaining dog’s inability to degrade plasma urate despite a

functional liver uricase.

In contrast, the renal secretory route for urate is still under debate.
Recently, a sodium-phosphate transporter 4 (SLC17A3/NTP4) has been
implicated in urate secretion. According to Jutabha et al. (16), two
missense mutations of this protein decreased urate transport in oocytes
and were identified to cause hyperuricemia in Japanese patients. They

have demonstrated SLC17A3 to be voltage-dependent and capable of
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mediating urate movement across the membrane, along with many other
organic anions. Moreover, a number of diuretics, which have been shown
to cause hyperuricemia, were shown to interact with SLC17A3 by
inhibiting PAH uptake. Given the above observations, the authors
proposed that the urate secretory route is defined by a host of multispecific
and drug-sensitive transporters, where apical SLC17A3 is thought to be
one of the key players. They did not discuss the potential contribution of
hSLC2A9b (AN), which is suggested to be expressed in the apical
membrane of human proximal convoluted tubule epithelium (28), has high
specificity for urate, is driven by membrane potential and, as such, is the
likely apical component of the urate secretory route. In this case, the
Dalmatian model does not offer any arguments for or against our model of
apical hSLC2A9 isoform as a renal secretory route for urate. It is difficult to
reconcile the low levels of apical SLC2A9 ((O) isoform) and the presence
of an amino acid substitution (17), which may affect both isoforms’

transport function, with the unusual urate-handling phenotype.

Thorough comparison of hSLC2A9a and hSLC2A9b in the present
study has revealed that although both isoforms act as functionally
symmetric uniporters of urate, where the membrane potential drives urate
efflux across both poles of the cell, there are fundamental differences in
the way these two splice variants respond to intracellular and extracellular
monosaccharides. The effect of physiological levels of D-glucose on urate
efflux seems to be more pronounced than that of D-fructose, which may
explain the frequently observed association between hyperuricemia,
hyperfructosemia and metabolic syndrome (34). Interestingly, there are
also marked differences in hSLC2A9’s isoform sensitivity to extracellular
D-glucose, with the effect of trans-stimulation of urate efflux by D-glucose

being lost in hSLC2A9b, the apical isoform. This observation has two
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implications. First, this differential response, combined with uniform
presence of extracellular D-glucose in the lumen and in the bloodstream,
suggests that functional symmetry of the two isoforms is lost, favouring the
basolateral efflux of urate via hSLC2A9a. Secondly, these results point to
the potential, novel role of the N-terminus of hSLC2A9 in modulating the
handling of urate and/or hexoses. How the presence or absence of the
first 28 amino acids of the protein confers this difference is unclear,
however, Ser9 on hSLC2A9a has been identified as a high probability
residue for phosphorylation by PKA ((35), unpublished observation).
Whether kinase activity at this site changes the hexose binding profile of
the transporter or its interaction with other intracellular binding proteins is
yet to be determined. D-fructose also produced a differential response in
urate handling, stimulating urate uptake when placed inside the cell, and
failing to significantly affect urate efflux when placed outside of the cell. In
this case, both isoforms behaved in a similar manner, suggesting that
there is asymmetry in permeant interaction between the exofacial and
endofacial binding sites of the transporter, which is independent of the N-
terminus. Finally, these subtle changes in hSLC2A9 isoform-specific
responses to hexoses may be cell specific and may involve transporter’'s
interaction with other accessory proteins. For example, hSLC2A9/GLUT9
KO mice do not display any abnormalities in glucose or fructose
metabolism perhaps because of the distal expression of the transporter in
the mouse renal tubule epithelium, in contrast to the more proximal
distribution in humans. Moreover hyperuricemia has also been correlated
with SNPs in PDZK1, a scaffold protein capable of direct and indirect
interaction with membrane proteins. Although hSLC2A9 does not possess
PDZ binding motifs (unpublished observation), it may interact with
transcription factors or signaling messengers, which are modulated by
PDZK1.
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In summary, the unique expression pattern of hSLC2A9 in the
human kidney proximal convoluted tubule and its electrogenic transport of
urate strongly suggest that this transporter plays a key role in the
maintenance of elevated plasma urate levels in humans, and is therefore a
potentially important transport protein when investigating diseases
associated with hyperuricemia and hypouricemia. Given the novel finding,
that the two isoforms of hSLC2A9 display differential urate handling
profiles in response to hexoses, the study of potential mechanisms of
urate transport in the human kidney epithelium may vyield possible new
avenues for drug targeting for treatment of hyperuricemia and

hypouricemia.
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Differential regulation of urate
handling by human SLC2A9a and
SLC2A9Db isoforms in Xenopus laevis
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5.2 |ntroduction

Three years ago many GWAS studies independently recognized
the link between the hSLC2A9 gene and abnormal urate levels (1-7). It is
now well established that the facilitative hexose transporter isoform 9
(GLUT9), originally characterized as a high affinity D-glucose / D-fructose
transporter (8, 9), is in fact a high capacity urate transporter under
physiological conditions. To date, four mutations within hSLC2A9 have
been functionally described. These give rise to amino acid substitutions
that affect the urate handling capacity of the transporter, and which are
associated with hypouricemia (10, 11). Furthermore, four naturally
occurring SNPs have been identified by Phay et al., 2000 during the initial
cloning of hGLUT9 (12). Given the wealth of literature linking this gene’s
SNPs with plasma urate imbalance, hypertension, cardiovascular disease
and metabolic syndrome, some of these may play a role as contributing
factors (13-16). However, the causal relationship between genetic defects
in hSLC2A9 and aforementioned morbidity is not always apparent
concluding that urate imbalance may not be a direct causative factor, and,
as anticipated, that these diseases are multifactorial in nature.

Despite avid interest in uric acid in man since the beginning of the
1800’s (17) and the impact urate imbalance has on human health, we still
have much to learn about the molecular identities and the regulatory
mechanisms that control urate homeostasis in humans going beyond its
division into glomerular filtration (100%), proximal reabsorption (99.3%),
secretion (50%), distal reabsorption (40%), thus resulting in 10 — 12% of
filtered urate excreted (18). Purines derived from endogenous (cellular
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degradation) and exogenous (diet) sources undergo a series of enzymatic
catabolic steps. In human, genetic silencing of the uricase gene has made
uric acid the final breakdown product of purine metabolism, eliminating
excretion of the more soluble allantoin (19). Resultant tenfold elevation of
plasma urate levels in man, compared with lower mammals, is thought to
have anti-oxidant properties, contributing to extraordinary longevity of man
(16, 20). However, even 10uM changes in plasma urate level set-point,
which is also influenced by factors such as age, gender and race (7, 14,
21), can lead to disease states. Tightly controlled processes of renal
reabsorption and secretion are probably at play in urate homeostasis

maintenance.

Three key papers by Roch-Ramel et al., used human BBMVs
prepared from superficial cortex of human kidneys to study different
modes of urate transport in human epithelium (22-24). Of most
importance was the identification of two distinct apical routes for urate
movement: high affinity urate / anion exchange mechanisms and a
voltage-dependent urate efflux pump, with a complex affinity profile for
uricosurics and diuretics. Today, many molecular identities of putative
urate transporters have been elucidated (for review see Chapter 1.5 or
(13, 14, 25)). hURAT1 (SLC22A11) was the first urate-specific transporter
cloned (26). Its high affinity for urate (K, = 371+28uM), its ability to
exchange it with CI', lactate, PZA and nicotinate, and its apical expression
in PCT fits with the high affinity exchange urate route proposed by Roch-
Ramel et al., 1994 (22) and revisited in 1999 (27). Furthermore, its lack of
sensitivity to PAH fits the description of the human urate transport
pathways, which, in marked contrast with the rodent model, are PAH-
independent. In addition, the proposed link with SMCT (28), although not
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tested functionally, would explain the existence of the tertiary Na’-

dependent urate transport reported by Roch-Ramel et al., 1996 (23).

Another apical urate pathway discerned in the BBMV studies was
voltage-dependent with distinct specificity for benzbromarone. To date,
only three molecular identities of urate-specific apical transporters have
been discerned: MRP4 (ABCC4) (29), ABCG2 (30) and the apically
targeted isoform b of SLC2A9 ((9), Chapter 3). Of these only SLC2A9b
shows a specific benzbromarone inhibition (Chapter 3), and could have
contributed to the voltage-dependent urate fluxes under the particular prep
conditions (Chapter 4).

Less can be postulated about urate permeation pathways on the
basolateral membrane of the kidney PCT epithelium, as no studies with
human PCT basolateral membrane vesicles have been done. Presumably,
another voltage-dependent efflux pump exists completing the transcellular
urate reabsorption process (27). The most likely candidate for that is
hSLC2A9a, as it is the most specific voltage-dependent urate transporter,
which under physiologic conditions acts as an efflux pump, and is

expressed basolaterally in the PCT epithelium (Chapter 4)

As discussed at length in Chapter 4 of this thesis, the two isoforms
of SLC2A9, despite their similar kinetic profile of urate-handling, display
differential hexose-carrier-urate interactions with respect to intracellular
and extracellular hexoses. In this chapter, the potential mechanisms

underlying those differences will be explored.
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5.3 Results

5.3.1 N-terminus of hSLC2A9 isoforms confers differential

responsiveness of carrier to kinases

Since the two isoforms of hSLC2A9 differ only in their N-terminal
region (9), we have examined these sequences more closely in search of
clues explaining the differences in hSLC2A9a and hSLC2A9b urate
handling in response to trans- hexoses. As shown in Figure 5.1, the two
proteins appear to be true splice variants, with N-terminal amino acid
residue differences, which lead to alternative putative phosphorylation
sites. Since only Serine residues (Ser, S) displayed different patterns of
modification, we have focused on Ser phosphorylation sites for the
remainder of this study. Thus, we have investigated the responsiveness of
the two transporter splice variants to elevated levels of intracellular 2°
messenger cAMP and to a general Protein Kinase C (PKC) activator,
since these two kinases are predicted to phosphorylate the amino
terminus in a varied manner. In order to elevate intracellular cAMP
concentrations 200uM forskolin (adenylate cyclase activator), 200uM 3-
isobutyl-1-methylxanthine  (IBMX, nonselective  phosphodiesterase
inhibitor) or a mixture of 200uM IBMX and 200uM forskolin were applied to
the extracellular medium for 20 minutes at room temperature, while 100uM
4C-urate uptake into Xenopus oocytes was measured. As shown in

Figure 5.2A, either of the drugs alone had no effect on hSLC2A9a- or
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Figure 5.1. Comparing sequence alighments of the N terminus of hSLC2A9a and

hSLC2A9b isoforms. A. Topology model for hSLC2A9a isoform. Circled letters represent amino acids. (

.) — amino acids identified to have functional importance via GWAS; (. ) — naturally occurring SNPs; (O
and O) — positive and negative residues, respectively; (O) — residues implicated in hGLUT1 — D-glucose
interaction which are not conserved in hSLC2A9; (. ) — motif residues thought to play a role in substrate

selectivity; (<> and <) — sugar transporter and class Il GLUT motifs, respectively; (@) — putative
phosphorylation sites with prediction scores P>0.5 (www.cbs.dtu.dk/services/NetPhos/); (*) — putative kinases
targeting the marked sites with prediction scores P>0.5 (http://www.cbs.dtu.dk/services/NetPhosk/). B.

Sequence alignment comparing the N terminal region of the two hSLC2A9 isoforms. Serine residues (S)
represent high probability of phosphorylation by indicated kinases, as predicted in silico.
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hSLC2A9b-mediated 100uM urate uptake into Xenopus oocytes, however
when applied in combination, the two drugs significantly decreased
hSLC2A9b-mediated urate uptake into the cells with respect to the solvent
control. This observation that single drug administration produced no
changes in urate transport ruled out the possible non-specific interaction of
methyl xanthines (eg. IBMX) with the SLC2A9 transport protein, and was
strengthened by the isoform-specific responses observed with the drug
combination. To test the possible involvement of PKC, or its downstream
targets, we have applied an activator of PKC, phorbol 12-myristate 13-
acetate (PMA), at a concentration of 0.2uM in the same manner as the
cAMP-augmenting drugs. Figure 5.2B shows that PMA significantly
increased 100pM '*C-urate uptake into the oocytes expressing
hSLC2A9a, but not hSLC2A9b, as compared with the solvent control. As
such, we have established drug administration conditions which elicit a
measurable response while, presumably being brief enough, not to elicit
protein transcription and translation effects. Given that only the
combination of IBMX and Forskolin produced a response, we have used

this treatment for the remainder of experiments presented here.

Finally, to verify that the observed response was specific to the
kinase activity in question, we have used potent, specific inhibitors H89
dichloride and Bisindolylmaleimide IV of PKA and PKC, respectively. The
drugs were dissolved in DMSO, and oocytes were preincubated with the
inhibitors (0.5uM final concentration) prior to the start of uptake for 40
minutes, as well as during the duration of uptake, for a total of 1 hour of
incubation with inhibitor. cCAMP elevating drugs (IBMX + Forskolin) or PKC
activator (PMA) were used in the same manner as before, added to the
uptake medium for 20 minutes only. Figure 5.3 shows the effect of this
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Figure 5.2. hSLC2A%a- and hSLC2A9b-expressing Xenopus oocytes
show different **C-urate uptake profiles in response to PKA and PKC

modulation. Oocytes were injected with corresponding cRNA 4 days prior to uptake
experiments, which were carried out at room temperature (22°C). Drugs were applied
only for the duration of uptake (20 min). Bars represent net 100uM “*C-urate uptake into
hSLC2A9a-expressing oocytes (Il) or hSLC2A9b-expressing oocytes (L), corrected for
solvent control; A. Responses to elevated intracellular cAMP; B. Responses to PKC
activator; Averaged for 10 - 12 oocytes; Vertical bars represent + S.EIM. n = 3.

(*) — P = 0.05, significance from solvent control.
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Figure 5.3. Effect of inhibitors on hSLC2A9a- and hSLC2A9b-

mediated **C-urate uptake in Xenopus oocytes. Oocytes were injected with
corresponding cRNA 4 days prior to uptake experiments, which were carried out at room
temperature (22°C). Activators were applied only for the duration of uptake (20 min) while
inhibitors were applied for a total of 1 hour (40 min preincubation + 20 min uptake). Bars
represent net 100uM “C-urate uptake into hSLC2A9a-expressing oocytes (Hl) or
hSLC2A9b-expressing oocytes (L) corrected for solvent control; Averaged for 10 - 12
oocytes; Vertical bars represent + SEEM. n = 2 - 4. (*) — P £ 0.05, significance from

control.
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manipulation on both hSLC2A9a- and hSLC2A9b- mediated urate uptake
at a concentration of 100uM. Consistent with previous observations, CAMP
and PKC stimulation affected hSLC2A9b and hSLC2A9a isoforms,
respectively. 0.5uM concentrations of both inhibitors abolished these
responses, indicating that differential modulation of the two isoforms by
the different kinases, their downstream effects, or the kinases’ complex

interplay is possible.

5.3.2 Kinase modulators affect hSLC2A9 isoforms’

catalytic properties of urate uptake

Having established drug application conditions, we sought to
investigate whether the applied kinase modulators affect membrane
protein expression and / or its catalytic activity. Hence, we have performed
an uptake experiment using urate concentrations closer to the K, value
determined for SLC2A9a and SLC2A9 (~1mM, see Chapter 3). In
contrast to the 100uM **C-urate concentration tested in Figure 5.2, 500uM
“C-urate uptake revealed differences in the isoforms’ responses to
elevated intracellular cAMP levels (IBMX + forskolin treatment). First,
hSLC2A9b’s decrease in urate uptake at 100uM was not observed when
500uM urate was used (Figure 5.4). Also, at 500uM urate concentration,
200puM equimolar mixture of forskolin and IBMX produced a significant
decrease in hSLC2A9a-mediated *C-urate uptake, which was not seen at
the lower substrate concentration. The PKC activator, 0.2uM PMA,
produced a response observed with hSLC2A9a- but not hSLC2A9b-

expressing oocytes when **C-urate uptake was measured at both 100uM
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Figure 5.4. hSLC2A%9a- and hSLC2A9b-expressing Xenopus oocytes
show different **C-urate uptake profiles in response to PKA and PKC

modulation. Oocytes were injected with corresponding cRNA 4 days prior to uptake
experiments, which were carried out at room temperature (22°C). Drugs were applied
only for the duration of uptake (20 min). Bars represent net 500puM “*C-urate uptake into
hSLC2A9a-expressing oocytes (M) or hNSLC2A9b-expressing oocytes ([J) expressed as
% of solvent control; Averaged for 10 - 12 oocytes; Vertical bars represent + S.E.M. n =

3. (*) = P £0.05, significance from control.
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and 500uM, although when tested at lower substrate concentrations the
drug upregulated hSLC2A9a-mediated urate uptake, while at higher
concentrations, the drug decreased C-urate accumulation (Figure 5.4).
Cell-surface biotinylation performed in conjunction with the 500uM urate
uptake experiments suggests that the amount of hSLC2A9a protein
expressed in the oocyte membrane was the same under the control and
the PMA-treated conditions (Figure 5.5).

To address the discrepancy observed in hSLC2A9 isoforms’
response to drug treatments when single urate concentrations were used,
we performed kinetic experiments to further investigate the effects that
elevated cAMP and activated PKC may have on urate handling ability of
the two carrier isoforms. Figure 5.6 shows representative curves for
kinetic experiments, which were performed in triplicate. All conditions were
tested on the same day to assure comparable levels of protein expression

in the oocytes.

When the individual kinetic constants, K, and Vqax, Were averaged,
application of 0.2uM PMA produced a statistically significant increase in
both parameters of hSLC2A9a- but not hSLC2A9b-mediated urate uptake
(kinetic constants in absence and presence of PMA — K, (mM): 0.79£0.40
vs. 1.9740.43; Vpax (pmol/ oocyte.20 min™): 555+5.10 vs. 940+2.17;
Figure 5.7). Furthermore, the change in Ky, and Viax of hSLC2A9a isoform
in response to the drug yielded a concomitant increase in the ratio of K, /
Vmax from 0.0035+0.0004 to 0.0059+0.0004, further supporting the notion
that PKC activity alters the affinity of the full-length carrier for urate. Given
that no functional changes in hSLC2A9a abundance were observed
(Figure 5.5), it appears that the protein undergoes an intrinsic
modification, possibly phosphorylation of Ser residues, to modulate its
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Figure 5.5. Cell-surface biotinylation of hSLC2A9a-expressing

Xenopus oocytes. Oocytes were injected with hSLC2A9a cRNA 4 days prior to the
experiments, which were carried out at room temperature (22°C). The drug or the solvent
control (3ml) were applied for 20 min with gentle mixing to batches of 100 oocytes per
condition, followed by biotinylation. Three lanes per condition were ran per condition: total
biotinylated membrane protein (total), protein not bound by streptavidin (unbound), and
biotinylated, streptavidin bound fractions (bound). Densitometry was performed on the
mature (glycosylated) band. Amount of mature hSLC2A9a was calculated as percent of
total protein by either subtracting unbound from total or by using the bound reading only.
The two were averaged to give representative reading for each experiment; Mean
densitometry for hSLC2A9a-expressing oocytes preincubated with solvent control (Ill) or
with 0.2uM PMA ([lll); Vertical bars represent standard deviation. n = 3.
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Figure 5.6. Representative Michaelis-Menten fits of hSLC2A9a- and
hSLC2A9b-mediated **C-urate uptake into Xenopus oocytes in

presence of kinase modulators. Oocytes were injected with corresponding
cRNA 4 days prior to uptake experiments, which were carried out at room temperature
(22°C). Drugs were applied only for the duration of uptake (20 min). Filled circles
represent net “C-urate uptake over the indicated range of concentrations.
(@) — respective hSLC2A9 isoform’s urate uptake in solvent control (1% EtOH);
A. hSLC2A9a and hSLC2A9b-mediated urate uptake in presence of 200uM IBMX +
200uM Forskolin (@); B. hSLC2A9a and hSLC2A9b-mediated urate uptake in presence
of 0.2uM PMA (.); Averaged for 10 - 12 oocytes; Vertical bars represent + S.E.M.
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Figure 5.7. Mean values of kinetic constants for hSLC2A9a- and
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presence of kinase modulators. Oocytes were injected with corresponding

cRNA 4 days prior to uptake experiments, which were carried out at room temperature
(22°C). Drugs were applied only for the duration of uptake (20 min). Filled circles
represent individual values for K., (A) and Vpax (B). (@) — respective hSLC2A9 isoform’s
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uptake in presence of 200pM IBMX + 200uM Forskolin; (. ) — respective isoform’s urate

uptake in presence of 0.2uM PMA. Vertical bars represent + S.EIM. n =
(*) — P< 0.05, significance from control.
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capacity to handle urate. The effect of IBMX / Forskolin on hSLC2A9a
seen at 500uM but not at 200uM concentration (Figure 5.4 vs. Figure 5.2)
did not reach statistical significance when investigated over a range of
urate concentrations, although hSLC2A9a’s Vnax had the tendency to
increase in value upon intracellular cCAMP elevation. It is unclear as to how

that correlates with decreased urate uptake observed at 500uM.

In contrast, elevation of intracellular cAMP levels affected
hSLC2A9b- but not hSLC2A9a-mediated urate uptake. More specifically,
the K, value decreased significantly (K, (mM): 1.02+0.31 vs. 0.55+0.14)
after application of equivalent concentrations of IBMX and Forskolin into
the extracellular medium (Figure 5.6). Since Vnax Was unaffected by the
drug, the Ky, / Vnax ratios also decreased (0.0047+0.0008 vs.
0.0031+0.0006), supporting the notion that activation of the cAMP-
dependent pathway increased the apparent affinity of hSLC2A9b for urate.
It is unclear as to why the drug panel at 100uM urate concentration
showed significant decrease in hSLC2A9b-mediated urate uptake at low
urate concentrations (Figure 5.2).

5.3.3 Kinase modulators affect hSLC2A9 isoforms’

catalytic properties of urate efflux

As shown in Chapter 4, both isoforms of hSLC2A9 mediate
electrogenic transport of urate which does not appear to be accompanied
by the movement of ions such as Na* or CI'. Thus, in combination with the

existing electrochemical gradient should favour hSLC2A9 function as an
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efflux pump under physiological conditions. To test the observation of
differential regulation of urate flux by cAMP- and PKC-dependent
pathways, we have applied the aforementioned drugs to the extracellular
medium while measuring **C-urate efflux from the oocytes (described in
detail in Chapters 2 — 4). In this case, the cells were in contact with the

drugs for 14 minutes, equivalent to the duration of efflux measurements.

As seen in Figure 5.8, efflux data fits well with the detailed analysis
obtained for hSLC2A9a- and hSLC2A9b-mediated urate uptake.
hSLC2A9a isoform responded to 0.2uM PMA resulting in significant
increase in rate of **C-urate efflux, which in all cases was corrected for the
variations in the intracellular urate concentrations. CAMP elevation inside
the oocytes did not evoke significant changes in **C-urate efflux mediated
by either isoform. A plausible explanation may be that the incubation time
of 14 minutes (versus 20 minutes used for uptake studies) may be too

short to elicit a response by the latter drugs.

5.3.4 Ser9 and Ser22 may serve as sites for modulation of
hSLC2A9a urate handling by PKC

As indicated in Figure 5.1, the N-terminus of the two splice variants
of hSLC2A9 offers alternative putative phosphorylation sites for the two
proteins. Given the very reproducible response of the basolateral
hSLC2A9a isoform to PKC activation seen for both urate uptake and
efflux, we have focused our investigation on the longer N-terminus. In

particular, we chose to investigate the serine residues, since neither
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Figure 5.8. hSLC2A%a- and hSLC2A9b-expressing Xenopus oocytes
show different **C-urate efflux profiles in response to PKA and PKC

modulation. Oocytes were injected with corresponding cRNA 4 days prior to uptake
experiments, which were carried out at room temperature (22°C). Immediately prior to the
experiment oocytes were injected with ~50nl of “C-urate to achieve an intracellular
[urate] ranging from 50 - 175uM. 20nl of extracellular media was sampled and replaced
per time point over 14 min efflux period. Drugs were applied only for the duration of efflux
(14 min). Bars represent mean initial rates of efflux corrected for variations in intracellular
[urate] from hSLC2A9a-expressing oocytes (M) or from hSLC2A9b-expressing oocytes
(CJ) expressed as % of solvent control; 20 - 25 oocytes per condition; Vertical bars
represent + S.E.M. n = 4. (*) — P £0.05, significance from control.
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tyrosine nor tryptophan residues were predicted to be phosphorylated in
the amino terminus of the two proteins. Furthermore, only serines have

displayed a differential pattern of modification.

Out of the three serines available in the N-terminus of hSLC2A9a,
two (Ser9 and Ser22) were predicted to be phosphorylated with a
prediction value P=0.5 (http://www.cbs.dtu.dk/services/NetPhos/; (31)) and
only one was predicted to be targeted by a kinase (PKA) with the same
degree of confidence (Ser9; http://www.cbs.dtu.dk/services/NetPhosK/;
(31)). Since the prediction software is only a guiding tool, we have mutated
both of these residues individually to an alanine using site-directed
mutagenesis. As evident in Figure 5.9, only serine 9 mutation to alanine in
hSLC2A9a did not produce the PMA-induced response seen with the WT
‘a’ isoform, suggesting that this residue may be important in modulating
urate flux by this isoform. Fully responsive S22A mutant suggests that this
residue is not important in functional regulation, as predicted by the
software. However, it is interesting to note that Ser9 is predicted to be
targeted by PKA, but it is the PKC-agonist that affected uptake and efflux
profile of the basolateral transporter, while elevation of intracellular cAMP
bears no consequence on the transport function in this system. This
suggests that the modulating functions of kinases may be more complex
than the simple modification of the N-terminus, initially postulated.
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Figure 5.9. Serine 9 may be involved in modulating hSLC2A9a **C-

urate transport in Xenopus oocytes. Oocytes were injected with corresponding
cRNA 4 days prior to uptake experiments, which were carried out at room temperature
(22°C). Drugs were applied only for the duration of uptake (20 min). Bars represent net
100uM  '“C-urate uptake into hSLC2A9aWT- or mutant-expressing oocytes;
() — hSLC2A9a-expressing oocytes; ([J) — hSLC2A9a-S9A- expressing oocytes;
(H) — hSLC2A9a-S22A- expressing oocytes; Uptake expressed as % of solvent control;
10 - 12 oocytes per condition; Vertical bars represent + SEM. n =2 — 4. (*) - P < 0.05,

significance from control
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54 Discussion

Up till now, the existence of the two SLC2A9 isoforms (discussed in
Chapter 1) was attributed to differential tissue distribution and alternative
membrane trafficking (9, 32). In this study, we have furthered the
functional comparison of the two splice variants of hSLC2A9 using
Xenopus oocyte heterologous expression system. It appears that the two
isoforms, despite their identical kinetics of urate flux ((5) and Chapter4),

can react differentially to extracellular and intracellular stimuli.

Although far-reaching human physiological applications of this
study should be made with caution, it can be safely said that significant
differences in regulation of the basolateral (a) and apical (b) isoform of
hSLC2A9 exist. In this study, two mechanisms of putative transmembrane
protein modification were investigated based on in silico analysis of
phosphorylation and kinase-target sites (PKA- and PKC-dependent
mechanisms) and previous observations of differential urate-transport
profiles in response to high intra- or extra-cellular hexose concentrations.
Taken together, it appears that hSLC2A9a, in conjunction with hURATL, is
mediating the basolateral component of the proposed trans-cellular
reabsorptive pathway of urate in the PCT, and is highly responsive to
changes in intracellular and extracellular milieu. Evidence of regulation of
this splice variant implies the importance of this transporter in the process

of urate reabsorption and maintenance of steady-plasma urate levels.
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Of all the experiments demonstrated, it is important to note that
PKC agonists have induced consistent effects on hSLC2A9a, but not on
hSLC2A9b, urate flux. Furthermore, given the growing body of
experimental evidence (31, 32, Chapter 4) that hSLC2A9 represents the
molecular identity of the human voltage-driven urate efflux pathway initially
proposed by Roch-Ramel and colleagues (22—-24, 27), the PKC activation
effect on hSLC2A9a-mediated urate efflux seems physiologically relevant.
At the moment, no studies have investigated regulatory processes of
GLUTs in kidney epithelium. However, it is widely documented that the
absorptive and secretory functions of the PCT polarized epithelium are
governed by a network of highly coordinated signaling pathways (35). Of
particular interest to this study is the Na'/P; type 1l (SLC34) transporter,
which is highly abundant in the PCT, is responsible for over 80%
phosphate reabsorption, and exists in two isoforms, a and c, which target
alternatively to the opposite sides of the epithelium (36). The two isoforms
are differentially responsive to kinases, in that the ‘a’ isoform, expressed
apically, has been shown to respond to PKA-, PKC- and PKG-induced
signals, while the basolateral ‘c’ isoform seems unresponsive (36). The
agonist responsible for inducing the signaling cascades is the parathyroid
hormone (PTH). Interestingly, depending on whether PTH activates
receptors located apically or basolaterally different set of signaling
cascades are elicited. Presumably, a similar network of signals may

govern hSLC2A9-mediated urate fluxes.

At the moment, it is difficult to comment whether regulation of the
process in question aims to upregulate or downregulate urate absorption.
Our observations indicate that the basolateral hSLC2A9a, upon PKC
activation, increases its capacity to handle urate by both increasing its Kp,

(apparent affinity) and Vmax (caring capacity) for urate. Furthermore, in
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contrast to Na'/P; type lla transporter, hSLC2A9a-mediated increase in
urate transport was not matched by increase in the protein’s functional
expression, as evidenced by the biotinylation. This suggests that unlike
other transporters which increase their transport capacity by increasing
membrane retention and / or decreasing sub-membrane recycling,
hSLC2A9a’s catalytic activity is modified through direct or down-stream
effects of PKC activation. These, given the complexity and specificity of
cell signaling pathways from cell to cell type and from species to species
(35, 37-40), have to be investigated in a mammalian renal cell-line
models, like MDCK cells.

Less clear-cut are the results of kinase activation on the apical
isoform of hSLC2A9b. Elevation of cytosolic CAMP in Xenopus oocytes
showed down-regulation of hSLC2A9b-mediated urate uptake at a single
urate concentration followed by a decrease in K, value, implicating
increase in apparent affinity of the carrier for substrate in a wide-range
urate concentration analysis. Furthermore, no effect of the cAMP-
stimulating signal was observed on the physiologically-important efflux of
urate mediated by this isoform. It is difficult to reconcile these
discrepancies. However, the most likely explanation is that cAMP level
changes are linked to many signaling cascades, which target a multitude
of effectors. More specific drugs should probably be applied in a
mammalian expression system to further investigate potential roles of PKA

and PKG on the putative mechanism of urate secretion.

As to the agonists that may be involved in mediating the
extracellular-to-intracellular signal for urate transport-regulating kinase
activation, the hormones of the rennin-angiotensin system (RAS), which

are involved in strict salt-water balance homeostasis, seem to be the likely
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candidate. Many studies have documented hypertension and
hyperuricemia being a coincident occurrence in populations under 50
years of age (41, 42), however the converse, that managing hyperuricemia
reduces hypertension, has not been demonstrated unequivocally (43).
Regardless, much evidence points to a link between plasma urate levels
and plasma volume. With hURAT1 capable of mediating urate-CI
exchange, and the intimate link between CI, Na®, and water movement
across epithelia, the causation is not surprising. Furthermore, all diuretic
therapy, regardless of the drug target, results in upregulated urate
reabsorption (44). These observations could be mechanistically explained
by a tertiary dependence of urate movement on Na®, which was first
documented in the human epithelium in 1994 (23), and later supported by
a model by Anzai et al.,, proposing an PDZK1-mediated physical link
between hURAT1 and SMTC1 (28). To date, this model has not been
functionally tested in face of the known molecular identities involved. As
such, indirect links between urate and the hormones of the RAS are
plausible. Finally, plasma urate has been shown to directly influence RAS,
by stimulation of expression of Angiotensinogen and Angiotensin Il mMRNA

in vascular smooth muscle cells (45).

These proposed mechanisms, although bearing limitations of the
Xenopus oocytes heterologous expression system, provide a starting
framework for investigation of hSLC2A9-mediated urate fluxes in the renal
epithelium. Important questions of hSLC2A9 targeting, abundance and
recycling, phosphorylation states as well as its potential interaction with
other cytoskeletal components, have to be addressed in a mammalian,
polarized cell expression system, and ultimately, demonstrated in the

human tissue.
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Chapter 6

General discussion
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6.1 Thesis’ aims revisited

The aim of this work was to provide an in-depth functional
characterization of the novel transport function of hSLC2A9 (hGLUTY9) in
parallel with recent findings from GWAS, that link SNPs within the
hSLC2A9 gene with elevated plasma urate levels. Urate-handling ability of
this transmembrane protein was investigated by overexpressing it in the
Xenopus laevis oocyte heterologous expression system. Ultimately, we

wanted to answer the following questions:

1. What are the Kkinetic parameters of hSLC2A9-mediated urate
transport?

2. What is the nature of transport of a negatively charged organic
anion (urate) by hSLC2A9, which, to date, was characterized as a
facilitator of electroneutral transport?

3. What are the substrate-carrier interactions between the three
known transported molecules of hSLC2A9: urate, D-glucose and D-
fructose?

4. What are the functional roles of the two splice variants of
hSLC2A9?
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6.2 Physiological relevance

6.2.1 hSLC2A9 as a urate transporter and a molecular

identity of plasma urate regulating mechanism

In 2008, several independent research groups, including ours, have
described a strong correlation between elevated plasma urate levels and
SNPs within the hSLC2A9 gene (1-6), formerly described as a high
affinity, low capacity D-glucose and D-fructose transporter (7, 8). Despite
the use of highly advanced meta-analysis methods correcting for
confounding variables, it was still of upmost importance to correlate the
genetic observations with functional data. Thus, hSLC2A9 cRNA was
expressed in Xenopus oocytes, and simple radiolabelled urate uptake was

measured.

To our surprise, uptake of this substrate was approximately tenfold
higher than that of D-glucose or D-fructose, the previously described
substrates for hSLC2A9, over a wide range of concentrations tested. With
an apparent affinity (Ky) of hSLC2A9 for urate at ~1mM, which is above
the circulating plasma urate levels (250 — 370 uM), this transporter
appeared to be a high capacity urate transporter under physiological
conditions. The relatively high K, in relation to physiological substrate
levels suggests that any increases in plasma urate is matched by
hSLC2A9’s proportional increase in transport rate, making it an attractive
candidate for maintenance of urate homeostasis. Furthermore, this protein
was shown to be selectively expressed in tissues largely involved in purine

metabolism and clearance, namely liver and the kidney (7).
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These findings provided two exciting opportunities for further
research. First, it opened an avenue for investigation of a molecular
identity for a poorly understood mechanism of human plasma urate
regulation. Secondly, it posed some very important questions with regards
to the carrier’s structure and its substrate binding site. The surprising lack
of competitive inhibition between urate and the hexoses also suggested
that the protein may bind these substrates in different locations,

undermining the assumptions of the simple carrier model.

6.2.2 Electrogenic nature of hSLC2A9-mediated urate flux
and the voltage-dependent urate pathways in the kidney

epithelium

Under physiological conditions uric acid (pKs = 5.75) exists in its
dissociated form, usually as monosodium urate. As such, urate is fairly
soluble ( > 200 mg/dl), however even slight changes in pH affect urate’s
solubility (10 fold decrease per 1 pH unit acidification) (9, 10). Given that
the substrate in question is an organic anion, we asked the question
whether the flux of urate through hSLC2A9 generates current. We again
overexpressed hSLC2A9 in Xenopus oocytes, this time carefully
considering both splice variants (a — full length or basolateral; b — AN or

apical).

Under voltage clamped conditions (V, = -30mV), addition of 1mM
urate to the external medium evoked positive current, suggesting
movement of net negative charge into the oocyte. Furthermore, clamping
the oocyte’s membrane at increasingly more positive potentials increased

the magnitude of urate-induced currents, strengthening the argument that
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net negative charge is moving into these cells. Interestingly, no Na’
sensitivity was detected, and only harsh CI" depletion (50% or greater)
produced small increases in urate-induced currents, suggesting that
perhaps non-specific CI" - carrier interactions are at play. All in all, the
studies showed that hSLC2A9a and hSLC2A9b mediate electrogenic
transport of urate, which is most likely the only charged species

contributing to the current observed.

In conjunction with the electrophysiological studies, we undertook
efforts to carefully characterize the kinetics of hSLC2A9 isoforms’-
mediated urate influx and efflux. As previously postulated (11), facilitative
transport of urate appears to be symmetrical with apparent affinity of the
carrier for extracellular or intracellular urate approximating 1mM for both
isoforms, within range of technical capacity. As is the case for any
facilitative transporter, direction of SLC2A9-mediated urate flux is
determined solely by the electrochemical gradient. Given that the
membrane potential is negative with respect to the outside of the cell, and
assuming that no urate microdomains form in the extracellular space, both
apical and basolateral hSC2A9 act as efflux pumps. Furthermore, as
shown in Chapter 3, hSLC2A9 displays a very selective profile of drug
sensitivity, with benzbromarone being the only uricosuric agent to inhibit
hSLC2A9-mediated urate uptake significantly.

These findings fit remarkably well with a series of studies on human
proximal tubule brush-border vesicles, which have described both apical
and basolateral, voltage-dependent routes of urate efflux, with unique
sensitivity to benzbromarone (12-15). Given the discordance between
purine metabolism in rodents and humans (discussed at length in Chapter
1; (10, 15)) this may be the only direct piece of evidence supporting that
both hSLC2A9a (basolateral) and hSLC2A9b (apical) mediate urate

reabsorption and secretion, respectively. This model would also explain
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why SNPs in hSLC2A9 gene can cause both hyperuricemia and

hypouricemia (see Figure 6.1).

6.2.3 Differential regulation of hSLC2A9-mediated urate
fluxes by hexoses may provide a link between

hyperuricemia and metabolic syndrome

Another point of interest for our group was to define the interactions
between D-glucose, D-fructose, urate and the carrier protein. As
mentioned above, no competition for the binding site between urate and
hexoses was observed, respectively, suggesting separate substrate
binding sites. This is quite possible, given the recently published crystal
structure of the bacterial sodium-hydrantoin transporter (Mphl), which
clearly shows two distinct sites of binding within the translocation pore for
its two distinct permeants (personal communication). When hSLC2A9-
expressing oocytes were pre-incubated with urate, however, D-glucose
uptake was increased from the control group, suggesting that hSLC2A9
can exchange D-glucose for urate, a phenomenon termed trans-
stimulation, trans-acceleration or hetero-exchange (11). Employing a
method developed in our laboratory, we investigated the reverse
paradigm, seeing whether rates of efflux of radiolabelled urate would
change in presence of extracellular hexoses. Initially performing the
experiment with hSLC2A9a-expressing oocytes, we saw increased urate
efflux rates in presence of outside D-glucose, as compared with the

control. We used this observation to argue that urate fluxes measured in
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Figure 6.1. Proposed model for urate reabsorptive and secretory

mechanisms in the human proximal convoluted tubule of the kidney.
URAT1 — SLC2A9a represent the trans-cellular reabsorptive pathway, with tertiary Na+
dependence conferred possibly by SMTC1; SLC2A9b represents a putative secretory
pathway for urate; ABCG2 and MRP4 provide proposed ATP-dependent efflux pumps for
urate, which may serve transient regulatory roles; (-“~) — proposed targeting either direct
or indirect; (ﬁ’) — unspecified protein modification; ( *) — upregulation of transport activity

in response to elevated interstitial D-glucose.
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hSLC2A9-expressing oocytes are specific to the overexpressed protein
and not due to upregulation of other endogenous transporters in these

cells.

Despite these findings, the possible role of hexoses in urate
transport was still to be answered. One hypothesis was to examine the
attractive role of sugar-gated urate currents. Sugar-gated urate flux
regulation has been proposed for the Galectin Family Transporter 9
(UAT1), which was thought to be a urate channel (17). However, no
functional data exists to substantiate the proposed mechanism, along with
scant evidence for the human Galectin-family urate channel. In our hands,
the presence of extracellular D-glucose had no effect on the steady-state
urate currents mediated by hSLC2A9a or hSLC2A9b-expressing oocytes,
further substantiating the lack of cis-inhibition between D-glucose and

urate observed in radiolabelled tracer assays (unpublished observations).

In contrast, radiolabelled urate efflux mediated by the two isoforms
of hSLC2A9 showed distinct and unique responses to extracellular
hexoses. Of particular importance is the observation that the basolaterally-
expressed isoform was sensitive to extracellular trans-D-glucose while the
apical isoform was not. This may be one of the underlying mechanisms
linking diabetes, in some cases manifested by elevated blood glucose
levels, with hyperuricemia (18). Presumably, the interstitial high D-glucose
levels would promote an increase in urate reabsorption in the PCT, while
the luminal elevated D-glucose in the glomerular filtrate would have no
effect on urate secretion by the apical hSLCA9a, driving net urate uptake
into the tissues (see Figure 6.1). Another piece of evidence indicating that
the link between D-glucose and urate may be of physiological importance
comes from clinical studies testing an SGLT2-specific inhibitor which
blocks D-glucose reabsorption in the gut, aiming to treat obesity. Lowering

of blood sugar levels upon drug administration was paralleled with a

193



decrease in plasma urate levels in obese patients receiving the treatment
(personal communication). Naturally, further investigation into these

interactions in a mammalian system is necessary.

The reverse experiments looking at the effect of intracellular
hexoses on urate uptake into hSLC2A9-expressing oocytes confirmed the
aforementioned isoform differences in trans-hexose sensitivity. In this
case, intracellular trans-D-glucose increased urate flux by the basolateral
but not the apical isoform. Both isoforms responded to intracellular D-
fructose, an effect that was not seen with either isoform when D-fructose
was placed on the outside of the cells. It is hard to reconcile this finding
with human physiology. Presumably D-fructose does not exist in its
unmodified form in the cell’s cytosol. However, this differential sensitivity of
the exofacial and endofacial vestibules of the transporter to D-fructose

points to differences in the structure of the carrier.

6.2.4 Differential regulation of hSLC2A9-mediated urate

fluxes by cell signalling pathways may provide insight into

renal control of urate secretion and reabsorption

Finally, the functional differences observed with the two isoforms in
response to trans-hexoses, led us to investigate the only disparate region
between these two membrane proteins, the N-terminus. As discussed in
Chapter 5 of this thesis, hSLC2A%9a and hSLC2A9b are true splice
variants, in that the cytosolic N-terminus differs both in length and amino
acid composition. Of note, the “full-length” hSLC2A9a isoform possesses
the longest N-terminus of all SLC2A (GLUT) family members (18;

unpublished observation), suggesting that this entity may have a functional
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role. Modulating functions of cytosolic termini on transport function have
been described for the renal epithelium, sodium-proton exchanger isoform
3 (NHE3) being one notable example (20).

Activating cAMP-dependent and PKC-dependent signalling
pathways in Xenopus oocytes produced varied responses in urate
transport profiles for the two hSLC2A9 isoforms. Of interest is the
consistent response of the basolateral isoform ‘@’ to the PKC agonist,
observed for uptake, and, more importantly, for efflux of the substrate. It
suggests that the PCT’s trans-cellular pathway for urate reabsorption
mediated by URAT1 — hSLC2A9a apical to basolateral axis may be fined-
tuned by intracellular signalling cascades. As mentioned previously, the
putative agonists for those signals may involve the hormones of the RAS,
which are involved in strict salt-water balance homeostasis (9). Many
studies have documented hypertension and hyperuricemia being a
coincident occurrence in populations under 50 years of age (21, 22), and
that plasma volume changes are often paralleled by changes in plasma
urate concentrations (eg. pregnancy) (9). Further studies are necessary to
explore this attractive link between hormones and urate transport

mechanisms.

It should be mentioned that although both hexoses and intracellular
signaling messengers elicit differential urate-transport responses, we
believe that these phenomena are not necessarily related. We have begun
to investigate the putative target of PKC action, and identified Ser9 as a
likely candidate. However, no such studies have been undertaken to
understand the modulating role of hexoses in hSLC2A9-mediated urate

transport.
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6.2.5 Beyond the renal epithelium

This study focused on the possible mechanisms of facilitated
movement of urate transport involved in regulating plasma urate levels,
with specific application to the PCT kidney epithelium, which handles 70%
of human body’s uric acid load (10, 23). However, it is important to keep in
mind that there exist at least two other organs which significantly
contribute to the flux of uric acid in the human body: liver and
gastrointestinal (Gl) tract. Both of these can be thought of as urate
“sources”. Furthermore, both of these express a single isoform of
hSLC2A9, the basolateral ‘a’ isoform (7; unpublished observation). To
date, little focus has been placed on urate transport mechanisms in these

tissues.

Liver is the central organ for all catabolic reactions, with purine
breakdown being of no exception (10, 23). Xanthine oxidase (XO) is one
of the last enzymes, which mediates the final steps of conversion of
purines into the final breakdown product. It seems attractive to postulate
that the interstitium-facing hSLC2A9a could be the efflux pump mediating
delivery of urate into the circulating plasma, contributing to the
maintenance of the elevated concentrations found in man (24). The
findings presented in this thesis, suggesting that the basolateral isoform is
much more susceptible to regulatory stimuli then the apical hSLC2A9Db,
lead to a hypothesis that the liver-expressed hSLC2A9a mediates urate
efflux which could also be modulated. These signals, most likely, would be
cell specific and distinct from those governing urate fluxes in the renal

epithelium.

Urate transport in the Gl epithelium is even less well understood.

Presumably, dietary urate is not delivered in its direct form, but rather is
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packaged as purines found in food sources like sweetmeats, red meat or
anchovies (25), thus not requiring specific urate transporters to deliver the
molecule into the bloodstream. The Gl is implicated in processing the
remaining 30% of the uric acid’s secretory load not handled by the kidney
(26). Thus, the net flux of urate across this epithelium and the molecular

identity of its mediators deserve closer attention.

Finally, all cells within the human body undergo constant DNA
breakdown, having to degrade the resultant purines. As such, they must
possess means of ridding their contents of uric acid, to prevent its
cytosolic accumulation, and states of chronic inflammation (9). With the
volume of literature implicating many transporters in mediating urate
movement across cell membranes (reviewed in Chapter 1), it seems likely
that these multispecific transporters are expressed in the somatic cells,

mediating this aforementioned process as a secondary function.

6.2.6 Reconciling human and rodent systems in face of

urate homeostasis

This body of work has focused on proposing a regulatory
mechanism for plasma urate homeostasis in humans. As discussed in
previous chapters, the rodent animal model has a markedly different
purine catabolic pathway, with uric acid being converted further into
soluble allantoin, which is then excreted. As such, two clear differences in

rodent versus man urate homeostasis should be highlighted:

1. Rodent liver acts as a urate “sink”, taking up the circulating

substance for further degradation.
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2. Rodent renal epithelium excretes allantoin and not urate as the final

breakdown product of purines.

Mouse SLC2A9 has been cloned, and exists in multiple isoforms, with
expression in the liver and the kidney (27, 28), and many studies aim at
providing a mouse model to study human hyperuricemia (29). However,
we believe that rodents solve plasma urate regulation in a very different
manner from man. Consequently, caution should be used before drawing

any conclusions from these models.

6.2.7 Validity of the simple carrier model in hSLC2A9-

mediated urate transport analysis

Much of the discussion in the preceding chapters of this work
pointed to the inconsistencies between experimental data obtained for
hSLC2A9-mediated urate transport and the currently accepted model for
explaining facilitative transport of solutes across semi-permeable cell
membranes. One major assumption of this model is that within a given
transport protein a single, specific binding site exists communicating the
interaction between substrate and carrier. Two key experiments in this
body of work suggest that hSLC2A9 has at least two, if not more,
substrate binding sites. These include:

1. Lack of competitive inhibition between cis urate and hexoses when
uptake of either is measured in hSLC2A9-expressing oocytes.

2. Maximal rates for urate uptake are at least tenfold greater then
those for D-glucose or D-fructose when measured under the same

conditions
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Appendix 2 shows that when rates of hSLC2A9-mediated urate uptake are
plotted against increasing urate concentrations, the Hill equation predicts
the Hill coefficient (h) to be greater than 1, suggesting allosteric

interactions between carrier and substrate.

6.3 Future directions

6.3.1 Determining the phosphorylation state of hSLC2A9 in

the expression system

Research presented in Chapter 5 suggests that activation of PKC-
dependent pathways modulates hSLC2A9a-mediated urate reabsorption
in the renal epithelium. A putative serine residue is proposed as a site of
possible protein phosphorylation, which would communicate the signals
from the cellular milieu to the transporter. However, no studies have been
undertaken to demonstrate the basal phosphorylation state of hSLC2A9.
In order to argue that transport modulation involves phosphorylation,
whether directly by PKC or by PKC-dependent kinases, one needs to
show change in phosphorylation states in presence and absence of PKC
agonists, like PMA. This should be done in the Xenopus oocyte
expression system, as well as a mammalian expression system of choice

by running phos-tag gels of appropriate protein preparations.
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6.3.2 Alternative hSLC2A9 isoform targeting in the human

tissue

The original publication reporting on the two splice variants of
hSLC2A9 demonstrated alternative targeting of ‘@’ and ‘b’ isoforms in
MDCK cells (7). Immunohistochemical staining of the human tissue
detected basolateral staining of ‘GLUT9 full-length’. However, no apical
signal was detected with anti-GLUT9 antibody directed towards the C-
terminal epitope. This inconsistency needs to be revisited, in order to
move forward with modelling of hSLC2A9-mediated urate fluxes across
the renal epithelium. Finally, co-staining human kidney tissue with URAT1
and hSLC2A9 antibodies would be beneficial to show that the two proteins
coexist within the same cells, forming the trans-cellular pathway for urate.

6.3.3 Mammalian expression system for studies of urate

flux

As mentioned in the past chapters, regulatory mechanisms
governing the transport of urate are, most likely, cell specific. In this thesis
we have attempted to outline functional and regulatory differences existing
between the two transporter variants of hSLC2A9. However, we are not

proposing specific mechanisms by which these changes are mediated.

Given the aforementioned findings, it is important to investigate the
validity of our observations in a mammalian, polarized epithelium system,
where the two isoforms can be simultaneously expressed in their

appropriate membrane domains. The most obvious choice is the MDCK
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cell line, since it is a polarized, renal epithelial cell line from dog. Two
technical considerations should be highlighted before setting up

appropriate culture conditions:

1. Validating the presence or absence of other, endogenously-
expressed urate-carrying transporters, especially the apical URAT1.

2. Overcoming the difficulties of stable, dual transfection.

Point (2) can be overcome by creating stable cell lines expressing either
isoform and using the transient transfection method to introduce the other
hSLC2A9 isoform into the system. If MDCK cells do not express URAT1,
presumably, precluding the study of the apical to basolateral urate flux,
other expression systems will have to be considered. However, this is not

anticipated to be the problem, given MDCK cells’ origin.

6.3.4 Mechanism of benzbromarone action

Urate uptake studies under non-voltage clamped conditions in
hSLC2A9-expressing oocytes revealed that this transporter is selectively
sensitive to benzbromarone. This observation fits with the human BBMV
studies (12), which characterized a voltage-sensitive pathway for urate
efflux with specific affinity for this uricosuric. In attempt to provide a
consistent functional profile for hSLC2A9-mediated urate handling, we
attempted to test the effect of benzbromarone on the steady-state currents
observed in response to addition of extracellular urate to the transporter-
expressing oocytes. Surprisingly, benzbromarone appeared to affect
current recordings in water-injected control oocytes, suggesting that its

mode of action may not be hSLC2A9-specific (unpublished observations).
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Thus, specific targets of this drug should be investigated using

electrophysiological techniques.

6.3.5 Structure-function studies of hSLC2A9

Given the novel function of hSLC2A9 as a high capacity,
electrogenic urate transporter, the key questions centre around the
putative residues which interact with urate, forming the “specific substrate-
binding site” postulated by the simple carrier model. Amino acid
comparison across all GLUTs does not provide any clues as to which
residues render isoform 9 suitable for urate transport. As indicated in
Figure 6.2, many residues involved in D-glucose interactions in hGLUT1
are not present in hSLC2A9. Curiously, the amino acid substitutions in
those positions do not provide hints of altered substrate specificity
(residues circled in red in panel B). If any conclusion can be made from
this analysis, it is that D-glucose and urate binding sites are distinct not
only in their extracellular vestibules, but also within the translocation pore.
Nonetheless, site directed mutagenesis should be performed to check the
plausibility of this hypothesis.

Sequence alignments of hSLC2A9 and other human GLUT family
members with the only other confirmed specific urate carrier, hURAT1, did
not provide much insight either. A positively charged histidine residue
within a region of high conservation between these two transporters was
unique to hSLC2A9 and hGLUT12. However, other members of the GLUT
family had an arginine or a lysine in that position, both of which are

positively charged (Figure 6.3). Taken together, these observations
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strengthen the notion that substrate specificity determinants are more

subtle than previously thought.

Next, the intriguing interplay between the hexoses, urate and
hSLC2A9 requires further investigation. First, the extracellular domain’s
properties should be tested by performing a dual-label experiment to
determine the stoichiometry of exchange between urate and D-glucose or
D-fructose. Secondly, the lack of competitive inhibition should be further
investigated. It is possible that binding of the hexose may, within a specific
concentration range, promote the transport of urate, a phenomenon
termed cis-stimulation. Complex ligand binding phenomena have been
observed with GLUTL1 (30). Preliminary results of these proposed tests are
presented in Appendix 1.

Finally, the trans-stimulating effect of intracellular D-fructose seen
with hSLC2A9a- and hSLC2A9b-mediated urate uptake is of interest. The
fact that extracellular D-fructose bears no such effect on either transporter
suggests another point of difference between exofacial and endofacial
vestibules. Measuring urate uptake over a range of intracellular D-fructose
concentrations could provide useful insight into the binding dynamics of
this sugar.
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Figure 6.2. Predicted topology models for hGLUT1 (panel A) and hGLUT9 (panel B).
Circled letters represent amino acids. (.) — amino acids identified to have functional importance via cysteine-
scanning mutagenesis or GWAS; (.) — solvent-accessible residues; (. ) — naturally occurring SNPs; (O
and O) — positive and negative residues, respectively; ( @) — putative phosphorylation sites with prediction
scores P>0.5 (www.cbs.dtu.dk/services/NetPhos/); (O) — residues implicated in GLUT1 — D-glucose

interaction which are not conserved in GLUTY; (. ) — motif residues thought to play a role in substrate

selectivity; (<= and <) — sugar transporter and class || GLUT motifs, respectively.
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hURAT1 MAFSELLDLVGGLGRFQVLQTMALMVSIMWLCTQSMLENFSAAVPSHRCWAPLLDNSTAQ 60

hGLUTY MARKQNRNSKE-LGLVPLTDDTSHAGPPGPGRAL LECDHLRSGVPGGRRRK- DWBCSLLV 58
* Kk .t : * ok . . . : . : T . ** *
hURAT1 ASILGSLSPEALLAISIPPGPNQRPHQCRRFRQPQWQLLDPNATATSWSEADTEPCVDGH 120
hGLUTY ASLAGAFGSSFLYGYNLSVVNAPTPY IKAFYN-———————————— ESWERR-———————~— 96
**: J(::'__*_ .. J(: . *J(__
hURAT1 VYDRSIFTSTIVAKWNLVCDSHALKPMAQSIYLAGILVGAAACGPASDRFGRRLVLTWSY 180
hGLUTY —HGRPIDPDTLTLLWSVTVSIFAIGGLVGTLHVK ——————— MIGKVLGRKHTLLANNGFA| 148
F ')( * __*:- *‘:_ . s : o, . _* *.
extracellular
hURAT1 LQMAVMGTARAFAPAFPVYCLFRFLLAFAVAGVMMNTGTLLMEWTARRAR-—--PLVMTL 236
hGLUTS [SAALLMACSTQAGAFENLIVGRFTHGIDGGVALSVIPHYLSE 1S PKE IRGSLGQVIATE] 208
* kok . - ** - . * k.
hURAT1 NSLGFSFGHGLTAAVAYG-VRDWTLLQLVVSVPFFLCFLY SWHLAESARWLLTTGRLDWG 295
hGLUTS ICIGVFTGQLLGLPELLGKESTWPYLFGVIVVPAVVQLLSLPFLPDSPRYLLLEKHNEAR 268
_:*. *: * . * J(- * &: ok . :* :*. * * * ok
hURAT1 LOELWR--VAAINGKGAVQODTLTPEVLLSAMREELSMGQPPASLGTLLRMPGLRFRTCIS 353
hGLUTY AVKAFQTFLGKADVSQEVEEVLAESRVQRS IRLVSVLELLRAPYVRWQVVTVIVIMACYQ)| 328
C o .. Mre ks x sek R . PR
hURAT1 TLCWFAFGFTFFGLALDLOQALGSNIFLLQMFIGVVDI PAKMGALLLLSHLGRRPTLAASL 413
hGLUTS LCGLNATWFYTNSIFGKAGI PPAKIPYVTLSTGGIETLAAVFSGLY IEHLGRRPLLIGGE] 388
L .t . 1k T e * v * = x ke Bekkkkdk Bk el
hURAT1 LLAGLCI--LANTLVPHEMGALRSALAVLGLGGVGAAFTCIT-—---1YSSELFPTVLRM 466
hGLUTS GLMGLEFGILTITLILODHAPVEYLS [VGLLALIASECSGPGGI PFILTGEFFQOSORE| 448
* o kk g kg kR, op Fogohr Lo o krk H
hURAT1 TAVGLG-QMAARGGAILGPLVRLLGVHGPWLPLLVYGTVPVLSGLAA-LLLPETQSLPLP 524
hGLUTS BAFIIAGIVNWLSNEAVGLLEPFIQKSLOTYCFLVFATICITGALYLYFVLPETKNRTYA 508
:*_ .. . .. * * s ** _*: . ee® s *k** . .
hURAT1 DT IQDVONQAVKKATHGTLGNSVLKSTQF--- 553
hGLUTY EISQAFSKRNKAYPPEEKIDSAVTDGKINGRP 540

Figure 6.3. hURAT1 and hSLC2A9a sequence alignment. Amino acid
residues of the two specific carriers were aligned using Clustal IW software
(http://www.ebi.ac.uk/Tools/msalclustalw?2/); outlines represent putative TM regions
of hSLC2A9a determined using TMpred software
(http://www.ch.embnet.org/software/TMPRED_form.html); Green outline represents PDZ-
binding domain site; Red outline represents region of high conservation of residues
between URAT1 and SLC2A9 which is unique among GLUTSs. Inset represents a

fragment of SLC2A9 topology showing the location of the conserved residues.
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Appendix 1

cis-Stimulation and dual label
experiments
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A1.1 cis-Stimulation experiment

Al1.1.1 Experimental design

These experiments were designed in light of the interesting hexose
— urate interactions observed in trans-stimulation experiments with
hSLC2A9-expressing oocytes. The principle behind this experiment is
based on the radiolabelled uptake experiments described in Chapter 2.
However, in this case, two distinct substrates of hSLC2A9 have been
introduced simultaneously into the extracellular medium (cis-). It is
believed that if the transporter does not obey simple carrier kinetics,
uptake or efflux of the radiolabelled substrate can show upregulation in
presence of another, non-labeled cis substrate. In this case, the non-
labeled substrate (hexose) concentration was low (10puM), compared with

the labeled permeant (urate).

Al.1.2. Results commentary

Two sets of cis-experiments have been performed, as shown in
Figure Al.1 and Figure Al.2. The first experiment was performed at a
single time point, where uptake was measured for 20 minutes, just as with
the regular flux experiment. hSLC2A9a- but not hSLC2A9b-expressing
oocytes were affected by presence of 10uM cis D-glucose, showing

approximately a 50% increase in net urate uptake under these conditions.
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Extending the analysis over a range of time points yielded a slightly
altered pattern of responses. hSLC2A9a showed sensitivity to 10uM cis D-
glucose analog, 2-deoxy-D-glucose (2DOG) at the 15 minute time point
only, while showing no response to D-glucose itself. Moreover, 2DOG also
produced an increase in urate uptake in hSLC2A9b-expressing oocytes at
the 20 minute time point. Although, no comparison between the two
isoforms can be made at this stage, the fact that cis-stimulation is possible

with hSLC2A9 is worth further investigation.
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Figure Al.1. Effects of cis hexoses on hSLC2A9-mediated *C-urate

uptake in Xenopus oocytes: single time-point. Oocytes were injected with
corresponding cRNA 4 days prior to uptake experiments, which were carried out at room
temperature (22°C). 10uM non-labeled substance was added to the transport medium
containing 100uM “C-urate. Uptake of urate was measured over 20 minutes; Bars
represent 14C-urate uptake into hSLc2A9a-expressing (M) or hSLC2A9b-expressing

(L) oocytes, averaged for 10 — 12 cells; Vertical bars represent SEM.
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Figure Al.2. Effects of cis hexoses on hSLC2A9-mediated *C-urate

uptake in Xenopus oocytes: time-course. Oocytes were injected with
corresponding cRNA 4 days prior to uptake experiments, which were carried out at room
temperature (22°C). Non-labeled substance was added to the transport medium
containing 100pM ““C-urate. Uptake of urate was recorded every 5 minutes over a 20
minute time period; Symbols represent “*C-urate uptake into hSLC2A9a-expressing or
hSLC2A9b-expressing oocytes under varied extracellular conditions: (@) — 10uM PEG,
(@) — 10uM D-glucose, (.) — 10uM 2DOG, (@) — 10uM D-fructose, averaged for 10 —

12 cells; Vertical bars represent SEM.
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A1.2 Dual-label experiment

Al.2.1 Experimental design

The dual label experiment aims at elucidating the stoichiometry of
urate — hexose exchange. The procedure is a modified trans-stimulation
experiment, where the only difference is that both the extracellular medium
and the oocytes contain radiolabelled substances. In essence, we are
measuring uptake of *H-labelled substances, which initially are present
only in the oocytes’ incubation medium and the efflux of **C-labelled urate,
which initially is found only in the oocyte. This experiment was performed
over a range of time points (5, 10, 15 minutes). As with the efflux
experiments described in Chapter 2, oocytes were dissolved at the end of
each respective time period. In contrast with the previously described
efflux procedure, only one time point sampling of extracellular medium
was performed, which was done in duplicate at the end of the flux-
measurements. All samples obtained were counted in the scintillation

counter, using a dual-label program.

Al.2.2 Results commentary

Figure Al1.3 shows the results of a single dual label experiment.
Extracellular ®H 100uM PEG served as an osmotic control, while *H

100pM D-glucose and *H 1mM D-glucose aimed to test the sensitivity of
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Figure A1.3. Measuring the stoichiometry of urate — hexose exchange

in hSLC2A9-expression Xenopus oocytes: dual label experiment.
Oocytes were injected with corresponding cRNA 4 days prior to uptake experiments,
which were carried out at room temperature (22°C). ®H-labeled substance was added to
the incubation medium (100uM or 1mM). “C-urate was micro-injected into batches of 10
oocytes per condition (43uM — 200uM [intracellular urate]). 500ul of incubation medium
was used. Uptake of ®*H-substances was recorded every 5 minutes by oocyte lysis. Efflux
of **C-urate was recorded by 50ul duplicate sampling of the incubation medium. A. Net
uptake of ®H substances into hSLC2A9a- or hSLC2A9b- expressing oocytes; B. Total
efflux of *C-urate from hSLC2A9a- or hSLC2A9b- expressing oocytes; Bars represent
corresponding  uptake or efflux under varied extracellular  conditions:
(CJ) — 100uM °H PEG, (H) — 100uM °H D-glucose, () — 1mM °H D-glucose. Vertical

bars represent SEM.
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the responses. Panel A of the figure represents net uptakes of the °H
substances into the oocytes, while Panel B represents net efflux rates of
C-urate, normalized for variations in intracellular urate concentrations. 10
minute time point appears to yield the most reliable results for both uptake
and efflux measurements. Furthermore, 1mM D-glucose appears to be the
more suitable concentration then 100uM D-glucose, in line with previously
used extracellular substrate concentrations. These conditions should be
used in subsequent experiments. There appears to be a 1000X difference
in the amount of permeant effluxed and taken up. This disparity should be

further investigated.
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Appendix 2

hSLC2A9 and multiple urate binding
sites
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A2.1 Fitting Kinetic data with Hill equation

A2.1.1 Experimental design

Kinetic data from chapter 5 (see Figure 5.6, page 169) was
reanalyzed using Hill equation to determine whther the carrier may contain
cooperative binding sites for urate. The following equation was used to fit

the curve:

Xh
Y=V
max = <Kprime + Xh>

In this case the following constants are:

Vmax - the maximum enzyme velocity in the same units as Y. It is
the velocity of the enzyme extrapolated to very high concentrations
of substrate, and therefore is almost always higher than any

velocity measured in your experiment.

Kprime is related to the Km, but is not equal the substrate
concentration needed to achieve a half-maximum enzyme velocity

(unless h=1). It is expressed in the same units as X.

h - the Hill slope. When n=1, this equation is identical to the
standard Michaelis-Menten equation. When it is greater than 1, the

curve is sigmoidal due to positive cooperativity, suggesting that
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more than one substrate binging sites exists on the carrier. The
variable n does not always equal the number of interacting binding
sites, but its value cannot exceed the number of interacting sites.
Think of n as an empirical measure of the steepness of the curve

and the presence of cooperativity.

A2.1.2 Results commentary

Both control groups (ie. SLC2A9a- and SLC2A9b- expressing
oocytes in presence of solvent control only) show sigmoidal curve fit when
rates of urate uptake are plotted against increasing urate concentrations.
In all cases, the Hill coefficient is greater than 1, suggesting that more than
one urate binding site exists on either isoform of hSLC2A9 carrier. As
such, simple carrier model is no longer sufficient to explain this transport

behaviour.

Furthermore, application of drugs modulating intracellular kinase
activity seems to be changing the Hill coefficient, although the exact
nature of this change needs to be investigated further.
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Figure A2.1. Reanalysis of kinetics of hSLC2A9-mediated **C-urate

uptake in Xenopus oocytes using allosteric sigmoidal curve fit.
Oocytes were injected with corresponding cRNA 4 days prior to uptake experiments,
which were carried out at room temperature (22°C). Drugs were applied only for the
duration of uptake (20 min). Filled circles represent net “C-urate uptake over the
indicated range of concentrations. (@) — respective hSLC2A9 isoform’s urate uptake in
solvent control (1% EtOH); A. hSLC2A9a and hSLC2A9b-mediated urate uptake in
presence of 200uM IBMX + 200uM Forskolin (@); B. hSLC2A9a and hSLC2A9b-
mediated urate uptake in presence of 0.2uM PMA (.); Averaged for 10 - 12 oocytes;
Vertical bars represent + S.E.M
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Figure A2.2. Mean Hill coefficients from alternative kinetic analysis of
hSLC2A9a- and hSLC2A9b-mediated '*C-urate uptake in response to
PKA and PKC modulating drugs. Oocytes were injected with corresponding

cRNA 4 days prior to uptake experiments, which were carried out at room temperature
(22°C). Drugs were applied only for the duration of uptake (20 min). Bars represent mean
Hill coefficient obtained from four independent kinetic experiments analyzed as above.
hSLC2A9a-expressing oocytes (Hl); hSLC2A9b-expressing oocytes ([); Vertical bars
represent + S.E.M. n =4,
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