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Galectin 9 is the sugar-regulated urate
transporter/channel UAT
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UAT, also designated galectin 9, is a multifunctional protein that can function as a urate channel/transporter, a regulator
of thymocyte-epithelial cell interactions, a tumor antigen, an eosinophil chemotactic factor, and a mediator of apoptosis.
We review the evidence that UAT is a transmembrane protein that transports urate, describe our molecular model for this
protein, and discuss the evidence from epitope tag and lipid bilayer studies that support this model of the transporter. The
properties of recombinant UAT are compared with those of urate transport into membrane vesicles derived from proximal
tubule cells in rat kidney cortex. In addition, we review channel functions predicted by our molecular model that resulted in
the novel finding that the urate channel activity is regulated by sugars and adenosine. Finally, the presence and possible
functions of at least 4 isoforms of UAT and a closely related gene hUAT2 are discussed.
Published in 2004.
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There is now abundant evidence that galectin 9 is a protein that
likely serves a variety of functions in vivo. Galectin 9 was in-
dependently cloned in 1997 by 3 groups investigating disparate
issues, first by our group [1] and then 2 others [2,3]. This fasci-
nating protein has been shown to be a urate channel/transporter
[1,4–8], a regulator of thymocyte-epithelial cell interactions [9],
a tumor antigen [3], an eosinophil chemotactic factor [10], and
a mediator of apoptosis [9,11]. Our studies have focused on the
role of galectin 9 in urate transport.

Urate is the product of purine metabolism and is excreted
from the body by the kidney. Elevated serum urate levels, which
are most often consequent to renal urate underexcretion [12],
are clearly associated with gout. Hyperuricemia is also com-
mon in hypertension [13], and often precedes and predicts its
development in adults [14] and adolescents [15], suggesting a
causal relationship. Indeed, recent studies demonstrate that the
induction of hyperuricemia in rats results in hypertension [16].
Hyperuricemia and precocious gout may also play a causal role
in a familial form of renal failure [17–24]. Hyperuricemia has
also been associated with progression of IgA nephropathy [25],
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and results in increased fibrosis in a rat model of inflammatory
renal disease [16]. Finally, hyperuricemia may be an indepen-
dent risk factor for cardiovascular disease [26–30], although this
finding is controversial and a mechanism for uric acid-induced
pathogenesis is as yet unproven [31–33].

Mammalian urate transport occurs predominately in the re-
nal proximal tubule [6,34–36]. Two molecular mechanisms of
urate transport have been described in membrane vesicles de-
rived from renal proximal tubule cells. Studies from our group
demonstrated that renal proximal tubule cell membranes con-
tain an electrogenic urate transporter that is inhibitable by ox-
onate, a specific inhibitor of the enzyme uricase [37,38], while
those of others demonstrated the presence of a very recently
cloned urate/anion exchanger [39–43]. Further experiments in
our laboratory documented that urate transport can be signif-
icantly inhibited by a polyclonal antibody to purified uricase
[36]. These data showing inhibition of transport by the spe-
cific uricase inhibitor oxonate and anti-uricase antibodies sug-
gested that the urate transporter and uricase share significant
homology. Therefore, a rat renal cDNA expression library was
screened with our anti-uricase antibody and a single clone was
identified that was designated UAT [1]. As predicted, there was
a region of high homology between UAT and the urate bind-
ing site of uricase [8]. Subsequently, due to its homology to
other members of the galectin family, UAT was also designated
galectin 9.
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Figure 1. Molecular model of UAT derived from computer mod-
eling and lipid bilayer studies indicating the 4 transmembrane
domains numbered 1–4, and the intracellular amino and car-
boxy termini. The unique linker portion of UAT is comprised of
transmembrane domains 2 and 3 and the intracytoplasmic loop,
and contains the urate and adenosine binding sites that are im-
portant for the transporter/channel function of the protein.

The generally held view is that most galectins are secreted
proteins that mediate cell-cell interactions [10,44–48]. How-
ever, hydropathy plots and more detailed modeling as well as
the results of lipid bilayer experiments detailed below led us to
develop the model depicted in (Figure 1) for UAT. This model
contains 4 transmembrane domains that have predicted α he-
lices long enough to span the membrane, with domains 1–3 ho-
mologous to the transmembrane domains of uric acid/xanthine
permease, bacterial rhodopsin, and cytochrome c oxidase, re-
spectively [8]. Further this model was predicted to have a
urate/xanthine/oxonate binding site on the intracellular side of
the membrane on the basis of homology to the enzyme uric-
ase, both lectin binding sites on the extracellular surface of the
membrane, an extracellularly-exposed domain homologous to
the adenosine A1/A3 receptors, and intracellular amino and
carboxy termini.

This model was validated in part by epitope tag studies and
in part by reconstituting the channel in a lipid bilayer system.
In the epitope tagging studies, both rat and human UAT pro-
teins were fused with green fluorescent protein on the amino
or carboxy termini and transfected into LLC-PK1 porcine re-
nal tubule epithelial or MDCK (Madin-Darby canine kidney)
cells [5,7]. Confocal micrographs of the cells demonstrate GFP
expression that appears to be both in the apical and lateral por-
tions of the cell membrane (Figure 2) [5,7]. There is also in-
tracellular expression in the endoplasmic reticulum and golgi;
however this may be due to overexpression of the protein by
transfection, and varies over time being intense soon after trans-
fection relative to membrane expression, but diminishing sig-
nificantly relative to membrane expression at later time points.
To determine whether the amino and carboxy termini of UAT
were intracellular as predicted in our model (Figure 1), rat and
human UAT were expressed with amino or carboxy-terminus
FLAG epitopes, after which immunocytochemistry was per-
formed with anti-FLAG antibodies using cell-permeabilizing
or non-permeabilizing conditions. As can be seen in (Figure 3)

Figure 2. Confocal microscopy of stably transfected LLC-PK1
cells expressing EGFP fused to the carboxy terminus of the
urate transporter (hUAT-EGFP). (a) Sagittal confocal image and
(b) horizontal confocal image of cells grown for 6 days on Tran-
swell clear permeable filter supports. Republished with the per-
mission of The Journal of Clinical Investigation from “Func-
tional reconstitution, membrane targeting, genomic structure,
and chromosomal localization of a human urate transporter.”
Lipkowitz et al., J Clin Invest 107, 1103–115 (2001); permission
conveyed through Copyright Clearance Center, Inc.

[5,7], the FLAG epitope was only detected in permeabilized
cells, demonstrating that both amino and carboxy terminus of
hUAT are intracellular, and that secreted protein if present is
not detected by our assay. To verify that the expressed pro-
tein was indeed spanning the cell membrane and not intracellu-
lar, cells were extensively washed after which the cell surface
was biotinylated with the impermeant reagent sulfo-NHS-SS-
biotin, cells were lysed, and biotinylated proteins captured on
streptavidin beads. The captured proteins were then visualized
on immunoblots [5,7]. As depicted in (Figure 4), GFP-tagged
hUAT was detected by these studies (lanes 1,2), while GFP
alone, which has a cytoplasmic distribution, was not detected
(lane 3). These studies therefore demonstrated that hUAT must
span the cell membrane at least twice, since both amino and
carboxy termini are intracellular, while a portion of the protein
is exposed to the biotinylating reagent on the cell surface. The
inability to detect amino or carboxy termini without permeabi-
lization excluded the possibility that secreted UAT is bound to
the cell surface, while the extensive washing prior to cell sur-
face biotinylation assured that the biotinylation reagent bound
to a protein exposed at the cell surface rather than free se-
creted protein. Additional epitope tagging experiments failed
to further identify other intracellular and extracellular domains
as epitopes in predicted intracellular and extracellular domains
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Figure 3. Brightfield, fluorescent, and confocal microscopy of non-permeabilized and permeabilized stable pools of LLC-PK1 cells
expressing hUAT/FLAG chimeric proteins. A–D and I, cells transfected with constructs containing FLAG on the amino terminus
of hUAT. E–H and J, cells transfected with constructs containing FLAG on the carboxy terminus of hUAT. A, C, E, and G are
brightfield images of non-permeabilized (A and E) and permeabilized (C and G) cells. B, D, F, and H are fluorescent images of non-
permeabilized (B and F) and permeabilized (D and H) cells. I and J are confocal images of permeabilized cells. Republished with
the permission of The Journal of Clinical Investigation from “Functional reconstitution, membrane targeting, genomic structure, and
chromosomal localization of a human urate transporter.” Lipkowitz et al., J Clin Invest 107, 1103–115 (2001); permission conveyed
through Copyright Clearance Center, Inc.

Figure 4. Western blot of surface biotinylated proteins har-
vested from stable pools of LLC-PK1 cells expressing
hUAT/EGFP chimeric proteins or EGFP without hUAT. Lanes
1–3 contain eluates from LLC-PK1 cells transfected with con-
structs containing EGFP on the amino terminus of hUAT (lane 1),
the carboxy terminus of hUAT(lane 2), and EGFP alone (lane 3).
Lanes 1 and 3 contain 5 ul eluate; lane 2 contains approximately
0.3 ul eluate. Republished with the permission of The Journal
of Clinical Investigation from “Functional reconstitution, mem-
brane targeting, genomic structure, and chromosomal localiza-
tion of a human urate transporter.” Lipkowitz et al., J Clin Invest
107, 1103–115 (2001); permission conveyed through Copyright
Clearance Center, Inc.

were not accessible to antibodies, most likely due to protein
structure/folding.

Since we published this data, studies of others have also
demonstrated that galectin 9 is detectable at the cell surface
[49], although they have not confirmed that galectin 9 is a trans-
membrane protein.

Studies were also performed to confirm that UAT functions
as a urate transporter/channel by reconstituting recombinant
rat and human UAT in a lipid bilayer system. For these stud-
ies a lipid bilayer consisting of a 1:1 mix of phosphatidylser-
ine:phosphatidylethanolamine was formed over a 20–50 µm
hole separating two fluid filled chambers (Figure 5A). This sys-
tem allows the control of the ion concentrations on each side
of the bilayer and the voltage across the bilayer, and measures
the currents of ions moving across the bilayer. After a bilayer
was formed, recombinant UAT protein was sonicated with the
same lipids to form proteoliposomes, which were then added to
one chamber and subsequently fused with the bilayer (Figure
5B). The ratio of protein:lipid and the quantity of proteolipo-
somes added were adjusted with the goal of inserting a single
ion channel into the bilayer. If necessary, unfused proteolipo-
somes and free protein were removed by changing the solutions
in the chamber. Fusion of these UAT proteoliposomes with a
lipid bilayer in the presence of urate resulted in ion channel
activity [1,4,5,7,8] as depicted in (Figure 6A). There was no
channel activity if an irrelevant protein (albumin) was soni-
cated into proteoliposomes, and there was no channel activity
in the absence of urate (traces similar to Figure 7-ribose) in-
dicating that the ion that was passing through the channel was
urate, and that UAT was the channel protein. With urate in equal
concentrations on both sides of the bilayer, there was clearly
evident channel activity (6A) that resulted in a symmetrical
current voltage relationship and a channel conductance of ap-
proximately 4 picoSiemens (6B). In the presence of a urate gra-
dient across the bilayer, the chemical gradient of urate creates
a urate current in the absence of an applied voltage (Figure 6C,
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Figure 5. (a) A schematic drawing of the lipid bilayer chamber.
Solutions with defined ion concentrations are placed in cham-
bers 1 and 2 which are separated by a lipid bilayer that covers
a 20–50 µ hole. An amplifier (Amp) applies voltage to chamber
2 (chamber 1 is grounded) and monitors current between the
chambers. (b) A schematic of the fusion process for proteolipo-
somes conaining individual UAT channels with the bilayer.

V = 0 mV). The reversal potential (voltage required to null this
current) shifted to appropriately −20 mV, which indicates that
the current detected in the bilayer is a urate current, and that
the channel is >100-fold more selective for urate than for other
ions in the solutions.

Once it was verified that UAT was indeed a urate trans-
porter/channel, further studies were performed to determine
whether its properties were similar to the transporter we had
described using brush border membrane vesicles [37,38,50].
As can be seen in Table 1, transport was electrogenic (driven
by membrane potential) in membrane vesicles, which is con-
sistent with the transporter being an anion channel. As with
vesicles, the channel was inhibited by the specific inhibitors of

Table 1. Comparison of urate transport by membrane vesicles from rat kidney, recombinant UAT in lipid bilayers, and by cells in
culture

Membrane vesicles Recombinant rUAT/hUAT Cells in culture

Electrogenic transport X X X
Sugar Dependence NT X NT
Oxonate Inhibition X X NT
Pyrazinoate inhibition X X NT
Adenosine inhibition NT X X
Copper dependence X X NT
Anti-uricase inhibition X X NT

X = effect present; NT = not tested.

urate transport oxonate and pyrazinoate [1,4,8], and was inhib-
ited by the same antibody (anti-uricase) that inhibited transport
in vesicles and was used to clone UAT [1,4,8,36]. Finally, trans-
port in membrane vesicles was stimulated by copper [37,38],
and in preliminary data we have shown that copper significantly
increases the open probability of the channel in the bilayer sys-
tem [51].

It should be noted that studies of others have confirmed that
recombinant pig UAT is an electrogenic urate transporter: trans-
fection of pig UAT into 293 cells resulted in electrogenic urate
transport when compared to cells transfected with a control
plasmid [52]. Other specific properties of the electrogenic trans-
porter were not tested in these studies.

Our molecular model of the transporter predicted additional
properties of the channel that had not been tested in membrane
vesicles. First, homology to adenosine A1/A3 receptors was
detected, and was confirmed to be functionally significant in
that both urate channel activity in the bilayer [4,8] and urate
transport into cells in culture [5] were inhibited by adenosine.

Second, since UAT is a galectin we predicted that channel
activity might be regulated by specific sugars. While ligand de-
pendent gating of ion channels is a well known phenomenon,
direct regulation of channels by sugars has not previously been
reported. We therefore tested this hypothesis by examining
channel activity in the presence of sugars [4]. (Figure 7) de-
picts urate channel activity in the absence of sugar and after
the sequential addition of ribose (50 mM), glucose (20 mM),
and lactose (100 µ mol) to the extracellular side of the chan-
nel. As can be seen, there was virtually no channel activity
in the absence of sugar as depicted in the current traces in
Figure 7A. The observed current was 0 (Figure 7B), and the
open probability approximated 0 (Figure 7C). In data not de-
picted, there was also minimal channel activity after addition of
sugars to the intracellular face of the bilayer. Ribose added to the
extracellular side of the channel had no effect on channel activ-
ity. However, addition of glucose to the extracellular side of the
bilayer significantly increased the open probability of the chan-
nel to 13% (7C) with a current of about 0.3 picoAmperes (pA)
(7B). After the addition of lactose open probability increased
dramatically to approximately 63% (7C), and the most com-
monly observed current doubled to about 0.6 pA (Figure 7B).
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Figure 6. Representative traces and current/voltage relationship of hUAT channel activity in lipid bilayers. (a) Channel activity at
various holding potentials (mV) in symmetrical urate solutions of 2.5 mM urate, 220 mM Cs2SO4, and 10 mM HEPES-NaOH at
pH 7.4 after hUAT containing proteoliposomes fused with the planar lipid bilayer. Solid horizontal lines indicate the closed state.
(b) Current/voltage (I/V) relationship of the hUAT channel in symmetrical urate solutions. Data represent the mean ± S.E. in 11
experiments. The solid line represents the best fit by linear regression analysis (r = 0.97) of G, the slope conductance in picoSiemens
(pS). (c) Current/voltage (I/V) relationship of the hUAT channel in the presence of a 10:1 urate gradient (2.5 mM trans:0.25 mM
cis). Data represent the mean ± S.E. in 4 experiments. The solid line represents the best fit by linear regression analysis (r = 0.97)
of G, the slope conductance in picoSiemens (pS). Republished with the permission of The Journal of Clinical Investigation from
“Functional reconstitution, membrane targeting, genomic structure, and chromosomal localization of a human urate transporter.”
Lipkowitz et al., J Clin Invest 107, 1103–115 (2001); permission conveyed through Copyright Clearance Center, Inc.

A number of conclusions can be derived from these and other
findings [4]. First, like other functions of galectins, channel ac-
tivity of hUAT/galectin 9 is regulated by sugars. Second, since
lactose is a much more potent stimulator of channel activity
than glucose at 200-fold lower concentration, it appears that
the affinity of the channel for lactose is much greater than that
for glucose, consistent with the findings of others for sugar
affinity of lectin binding sites [53]. While it has been noted that
the full 130 amino acids of the carbohydrate recognition do-
mains (CRD) of galectins are required for proper folding and
sugar recognition, our model predicts that only 85–95 amino
acids are exposed in the extracellular loops of UAT. Since UAT
maintains both sensitivity and selectivity for sugars, we sug-
gest that the stucture of UAT in the membrane substitutes for
the availability of the entire CRD for folding. Finally the finding
that lactose induces an increase in the urate channel’s conduc-
tance that is an integer multiple of basal channel conductance
suggests that exposure to lactose may result in multimeriza-
tion of the channel. Two other pieces of evidence are consis-
tent with this hypothesis. First, transmembrane domain 1 of
UAT contains a region of homology to a dimerization motif in

glycophorin A. Second, studies of UAT monomers fused with
different epitopes and transfected into cells demonstrated that
monomers with different tags co-immunoprecipitate, confirm-
ing the predicted multimerization [5]. Whether lactose results
in a conformational change in hUAT that promotes multimer-
ization, or whether binding of galactose and glucose to different
lectin binding sites crosslinks individual monomers remains to
be determined.

Regulation of UAT by sugars is a novel and important find-
ing. While ligand dependent gating of ion channels has been
reported, this is the first ion channel that is directly regulated
by sugars. Further, there are reported abnormalities of urate
homeostasis when blood sugar levels are dysregulated in di-
abetes. Modest elevations in blood glucose levels in diabetic
patients [54] are associated with hyperuricemia. Since UAT is
expressed in most tissues [1,2,5,7,9] we hypothesize that this
hyperuricemia may occur via stimulation of systemic urate ef-
flux from cells. When blood glucose rises to higher levels (at
which glucose is excreted in the urine) patients may develop
increased rates of urate excretion in the urine and concomitant
hypouricemia [55,56], perhaps due to stimulation of excessive
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Figure 7. Representative traces of hUAT channel activity in lipid bilayers, current, and open probability. (A) Channel activity at
50 mV holding potential in symmetrical urate solutions of 2.5 mM urate, 220 mM Cs2SO4, and 10 mM HEPES-NaOH at pH 7.4
after hUAT containing proteoliposomes fused with the planar lipid bilayer. Solid horizontal lines indicate the closed state. Activity is
recorded as picoamperes of current (pA). Traces were recorded in the absence of sugar followed by sequential addition of D-ribose
(50 mM), D-glucose (20 mM) and α-lactose (100 µ mol). (B) histogram of observed currents in individual traces. (C) Channel open
probability (percent of time in the open state, %OP).

urate secretion by glucose in the lumen of the renal proximal
tubule, which by immunocytochemistry is very rich in UAT
[6,36,55,56]. These transport abnormalities are reversed by cor-
rection of blood sugar levels [55].

The results of the lipid bilayer studies also confirm elements
of our molecular model of UAT that could not be confirmed
by epitope tagging. In particular oxonate and xanthine (which
were predicted to act at the urate binding site in the intracel-
lular loop, Figure 1) act at opposite sides of the bilayer from
sugars and adenosine (predicted to act from the extracellular
side, Figure 1). Combined with the cell culture data indicating
that both amino and carboxy termini of UAT are intracellular,
these findings are only possible if there are at least 4 transmem-
brane domains. Of note, in this model the unique functions of
UAT as a urate transporter derive from amino acids that are in
or adjacent to the linker region of the protein, which has little
homology to other galectins or other proteins (Figure 1) [1,52].

Several studies have now demonstrated that hUAT/galectin 9
is expressed in cells as a number of isoforms. As depicted in
(Figure 8), PCR of full length hUAT from colon and leuko-
cytes (PBL) results in at least 4 isoforms whose expression
levels differ in different cell types. Sequencing of these iso-
forms indicates that there is expression of at least 4 variants,
one containing all 11 exons, one with exon 5 deleted, one with
exon 10 deleted, and one with both exons 5 and 10 deleted.
Additionally, deletion of exon 6 has been reported by others
[52]. Our model was derived from studies performed on the
most commonly expressed isoform, that with exon 5 deleted.

Figure 8. Ethidium stained polymerase chain reaction products
of colon and peripheral blood lymphocyte (PBL) cDNA amplified
with primers that specifically amplify a 1300 base pair fragment
of hUAT encompassing both start and stop codons and sepa-
rated in a 2% agarose gel. The 4 bands detected were verified
by sequencing to be full length hUAT, exon 5 deletion (�5), exon
10 deletion (�10), and both exons 5 and 10 deleted (�5�10).
STD = 1 kBP size standard.

Of interest, exon 5 is predicted to contain a second urate binding
site, while exon 6 abuts the urate binding site described in our
model. The isoforms with exon 10 deletions result in a frame
shift in the translation of the protein, and early truncation before
the second lectin binding site and 4th transmembrane domain.
We have performed preliminary studies to determine whether
these isoforms generate stable transmembrane proteins. When
fused to GFP on their amino termini, all of the isoforms are
expressed in cell culture as determined by GFP fluorescence
and western blot of cell lysates; however while the full length
and exon 5-deleted isoforms are transmembrane proteins, cell
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surface biotinylation studies did not detect either of the exon 10
deleted isoforms, implying that these are not transmembrane
proteins. Studies of others indicate that the various isoforms
may subserve disparate functions in different cells. As an ex-
ample of this, the full length protein may exhibit decreased
urate transport as compared to the exon 5 deleted isoform, al-
though expression of these isoforms was not normalized in the
reported studies [52]. In contrast, this same full length protein
may exhibit greater chemotactic activity than shorter isoforms
[49]. No data are as yet available regarding the function of the
exon 10 deleted isoforms, but the loss of membrane localization
as well as one of the lectin binding sites suggests that this func-
tion could be quite disparate from any of the currently known
functions of this protein.

In addition to the expression of multiple isoforms of
UAT/galectin 9, our previous studies identified a 95% homol-
ogous gene/protein, hUAT2, that is expressed, albeit at signifi-
cantly lower levels, in a number of tissues [7]. We have not yet
tested the functions of this protein either as an ion channel or a
chemoattractant.

The data reviewed in this paper indicate that UAT/galectin
9 is a protein that may serve a variety of functions that may
differ in different organs. Our group has focused on the role
of UAT as a urate ion channel, and we are particularly excited
about the identification of UAT as one of the first examples of a
sugar-regulated ion channel. Future directions will encompass
elucidation of the mechanisms of channel multimerization as
regulated by the lectin binding sites as well as assessment of
the channel activity of the different isoforms of the protein and
of hUAT2. In addition, preliminary data from our laboratory
indicate that membrane content of the channel can be both up
and down regulated by protein-protein interactions. Evaluation
of the pathways that are involved in this regulation are likely to
be extremely important as there is data that at least one genetic
disorder of renal transport, Liddle’s syndrome, is due to dysreg-
ulation of cell membrane content of the epithelial sodium chan-
nel resulting from a mutation in a protein interaction domain
[57].
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