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Abstract. Recombinant protein, designated UAT, pre- Introduction

pared from a cloned rat renal cDNA library functions as o ) )

a selective voltage-sensitive urate transporter/channéihe ubiquitous intracellular production of urate as a con-
when fused with lipid bilayers. Since we previously sug- S€quence of the metabolic degradation of the purines
gested that UAT may represent the mammalian electro@denine and guanine in cells that contain xanthine oxi-
genic urate transporter, UAT has been functionally char9ase [42] requires an efficient mechanism by which urate
acterized in the presence and absence of potential chaf@n exit cells to enter the extracellular compartment and
nel blockers. several of which are known to block P€ eliminated from the body. Although cellular efflux is
mammalian electrogenic urate transport. Two sub-essential to obviate intracellular crystallization of the
strates, oxonate (a competitive uricase inhibitor) and pyrP00rly soluble urate [69], and therefore a critical first
azinoate, that inhibit renal electrogenic urate transporBteP in modulating urate homeostasis, the mechanism(s)
also block UAT activity. Of note, oxonate selectively '€Sponsible for egress of urate from cells has not been
blocks from the cytoplasmic side of the channel while elucidated. The second step in the modulation of urate
pyrazinoate only blocks from the channel’s extracellularhOmeostasis is species dependent. In a large number of
face. Like oxonate, anti-uricase (an electrogenic transSPecies a major fraction of extracellular (circulating)
port inhibitor) also selectively blocks channel activity Urate is transported into hepatocytes where it is degraded
from the cytoplasmic side. Adenosine blocks from thePY the enzyme uricase within hepatic peroxisomes [17,
extracellular side exclusively while xanthine blocks from 29, 46] to @ highly water soluble product, allantoin,
both sides. These effects are consistent with newlyvhich is then eliminated by renal excretion [11]. In oth-
identified regions of homology to uricase and the aden®'S; including man, birds, reptiles and some nonhuman
osine A1/A3 receptor in UAT and localize these homolo-Primates, uricase is not expressed and urate is not further
gous regions to the cytoplasmic and extracellular faces ofr€tabolized [3]. Whether an end product of purine me-
UAT, respectively. Additionally, computer analyses tabolism in species lacking functional uricase or the re-
identified four putativea-helical transmembrane do- sidual, nonoxidized urate in species with hepatic uricase,
mains, twoB sheets, and blocks of homology to tEe extracellular urate is ultimately eliminated from the body
and B loops of aquaporin-1 within UAT. The experi- and urate homeostasis is maintained via renal and, to a
mental observations substantiate our proposal that UATESSer extent, intestinal excretion [3, 61, 62]. Very lim-
is the molecular representation of the renal electrogenié€d information is available on the mechanism(s) by
urate transporter and, in conjunction with computer al-which urate is transported across intestinal epithelial

gorithms, suggest a possible molecular structure for thi§®!lS [61, 62]. In contrast, the participation of the kidney
unique channel. in urate homeostasis and the mechanisms responsible for

renal urate transport have been extensively examined [3].

In the multiple mammalian species studied, urate excre-
Key words: Adenosine receptor — Transport — Chan- tion represents the net effect of its free filtration at the
nel — Urate — Galectin — Uricase glomerulus followed by both tubular reabsorption and
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secretion that occur primarily within the convoluted and note that galectins had been postulated to participate in a
straight portions of the proximal tubule [3]. Mechanis- variety of functions including cell migration, adhesion,
tically, two modalities of transport have been reported inregulators of cell proliferation, immune function, and
renal cortical plasma membranes, an electroneutral uratgeoplasia [4, 8, 14, 21, 22, 26, 44, 51], but none were
anion exchanger [10, 24, 25, 32-34, 57] and an electropreviously considered to function as transport proteins.
genic urate transporter [1, 2, 36, 57]. In the present studies we have obtained experimental
We have recently cloned a 1545 bp full-length evidence that supports our prior proposal that recombi-
cDNA that encodes a unique 322 amino acid proteinnant UAT does represent the molecular equivalent of the
produced a 36-37 kDa recombinant protein from themammalian renal electrogenic urate transporter and have
coding region of this sequence, and functionally recon-developed, and in part experimentally tested, a new mo-
stituted a highly selective 10 pS voltage-sensitive uratdecular model of UAT. Importantly, although a data base
transporter/channel (designated UAT) by fusion of thisS€arch previously failed to report homology between the
recombinant protein with lipid bilayers [40]. Itis of note full-length sequence of UAT and uricase, a local block of
that a polyclonal antibody to affinity purified porcine Nomology to uricase has been detected within the unique
uricase was used to identify the urate transporter/chann&l amino acid linker region of UAT. Moreover, other
cDNA clone in a rat renal cDNA library [40]. This an- Potentially important blocks of amino acids have been
tibody was selected as a tool to clone this transportefdentified within this region of UAT including a domain

based on a number of characteristics of the eIectrogeni\‘f{hiChlc T]as hom?jlogy tg the gdenosine/xanthc;ne bjndin%
urate transporter that resides in rat and rabbit renal cor3't€ Of the Al and A3 adenosine receptors, a domain wit

tical cell membranes [1, 2, 36]. First, the renal eIectro-hc.)tr;:cr’]lm-:]y lto thte t'i lOE?F of agtjhaporm—l an? a dgl)_rr?aln
genic urate transporter displays some similarities to thd"!th hoMOology 10 e B 100p OTtNIS Same protein. Thus,
enzyme uricase [1, 2, 36, 37]. Second, hepatic uricas h".e UAT does appear to be a me_mber_ of the galgct!n
functions as a urate transporter when incorporated i amily, our data suggest that the unique linker domain is

proteoliposomes [54] and a highly selective urate ChanEIrI;?':gptc())rt/pc:IﬁZn?]eﬁrll‘ﬂzaclt% r:nz)%otrrt]?smng?); ;)nro?girr]]fernng
nel when inserted in lipid bilayers [39]. Third, urate- '
binding protein affinity purified from rat renal cortical

c_eII m_embranes on urate or xanthine agarose gels i§aterials and Methods

highly immunoreactive to the polyclonal antibody to por-

cine uricase [37]. Fourth, this antibody specifically in-

hibits electrogenic urate transport in rat renal corticalPREPARATION OF RECOMBINANT PROTEIN

membrane vesicles and finally, in immunocytochemical

studies, anti-uricase is reactive in proximal tubules, theAs previously reported, recombinant proteir_l was prepared _from the
nephron site of urate transport [37]. Since the uratepDNAthatwe cloned from a rat renal cDNA library [40]. In brief, the

. - ... full-length of the coding sequence of UAT in pBluescript was ampli-
transporter/channel cDNA was not only identified with fied by PCR using a sense primer wittBanH| site immediately 5to

the polyclonal antibody to uricase, but the recombinantpe start codon [5GCGGATCCATGGCTTTCTTCAGCACCCAG-
UAT protein was immunoreactive to anti-uricase and thez'] and an antisense primer withRst site just 3 to the stop codon
antibody blocked urate channel activity in the lipid bi- [5'-GCCTGCAGCTAGGTCTGCACGTGTGTCAGC:g The puri-
|ayer system [401, we proposed that this cDNA may befied PCR prgduct was supcloned inanH| and Pst diges_ted
the molecular representation of the renal proximal tubuI(fR_SETA (Invitrogen, San Diego, CA) for subsequent production of &
. usion protein with a six-histidine metal chelating domainté the
el.eCtr(?gemC _urate t,ranSporter [1’ 2, 36]'_ Based_ on th%oding region of UAT. Following overnight growth of SURE cells
wide tissue distribution of the mRNA for this protein, we (stratagene, La Jolla, CA) that had been transformed with pRSETA-
also postulated that this channel may serve an importaniAT, pRSETA-UAT was isolated (Qiagen Plasmid Maxi kit, Qiagen,
“housekeeping” function to permit efflux of urate sub- Chatsworth, CA) and used to transform BL21(DE3)pLysE cells (No-

sequent to its intracellular production [40]_ vagen, Madison, WI). Colonies of BL21(DE3)pLysE cells containing

Despite the above noted apparent similarities be_pRSETA-UAT were grown in Super media (Qiagen) until the optical

. . density reached 0.6-0.7. Thereafter, isopropyl-1-giin-galactopy-
tween recombinant UAT, the renal electrogenlc urateranoside (IPTG) was added to a final concentration of OmM, the

transporter and the enzyme uricase, a data base searglkure was grown for an additional 4 hr and then centrifuged at 5,000
with the BLAST algorithms [5] failed to detect homol- x g for 20 min in a Sorvall RC-5B refrigerated centrifuge (DuPont).
ogy between UAT and uricase [40]. Rather, the aminoCell pellets were stored at —=70°C until recombinant protein was iso-
and carboxy termini of UAT were noted to have varying lated. Fqllqwing cell lysis, the recomb_inant protei_n was harve_sted by
cegrees of homology to members of a famiy of cyto- Mt i honaeaphy on o nlel kg resn VTS
plasm!c and secreteml galaCtOSIde blndlng p.rOtemS! the (TritonX-100) and glycerol (10%) according to the Qiagen protocol for
galectins [4, 8, 14, 21, 22, 26, 44, 51] while the inter-j,squple proteins. Protein containing eluate fractions were pooled,
vening 61 amino acid sequence that links the amino andiiuted to a protein concentration of 0.1 mg/ml and slowly dialyzed at
carboxy termini of UAT was found to be unique. Itis of 4°C to renature the protein. The concentration of urea in the dialyzed
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eluate was progressively reduced from 8 to @,nthe NaCl concen-  solution in the cis and/or trans chamber was replaced with a fresh urate
tration was progressively increased to @,8he pH was raised from 4.5  containing, reagent-free solution. All reagents with the exception of
to 7.5 with Tris-HCI while the concentration of glycerol was main- the antibody were prepared in 220un€Cs,SO, and 10 nv HEPES-
tained at 10%. The dialyzed eluate was aliquoted and stored at —70°GlaOH buffered to pH 7.4.

until used in the lipid bilayer experiments.

Data Collection and Analysis

FUNCTIONAL ASSESSMENT OFRECOMBINANT
UAT PROTEIN Current output of the patch clamp was filtered at 1 kHz through an

eight-pole Bessel filter (Model 902, Frequency Devices, Haverhill,
. . MA) that was digitized at 2.5 kHz (Digi Data 1200 series Interface,
Proteoliposomes Preparation Axon Instruments). Commercial software (pCLAMP, Version 7.0,

Axon Instruments) was used for data analysis after additional digitized
Bovine brain phosphatidyl-ethanolamine (PE) and phosphatidylseringiitering at not less than 100 Hz.

(PS) (Avanti Polar Lipids, Birmingham, AL), each at 10 mg/ml, were

mixed in a ratio of 1:1 (wt/wt), evaporated to dryness under a stream of

nitrogen and then suspended in gbof 220 nv Cs,SO, and 10 nm Results
HEPES-NaOH at pH 7.4. Proteoliposomes were subsequently formed

by sonicating the suspension of PE and PS withl bf recombinant

UAT protein for 30 sec at 80 kHz in a bath sonicator (Laboratory VOLTAGE SENSITIVITY AND ORIENTATION OF UAT IN
Supplies, Hicksville, NY) [39, 40]. New proteoliposomes were pre- LiPID BILAYER

pared for each experiment.

As previously reported, fusion of recombinant UAT with
planar lipid bilayers results in reconstitution of a very
selective 10 pS voltage sensitive urate channel [40]. As
The bilayer chamber was identical to that previously reported [39, 40j.depicted, current traces obtained in symmetrical urate
In all experiments both chambers of the plexiglass bilayer apparatusolutions at different holding potentials (FigA =nd B)

were initially filled with 1 ml of a solution containing 2.5murate,  reveal that the open probability of the urate channel is
220 mv Cs,S0,, and 0.25 mu CaCl, that was buffered to pH 7.4 with  yoltage dependent, being significantly greater at positive
(1T°yg;V'CH§)P'i§'g‘L?not:C; hSLT;)f;etrélzctargmchOI\?\/i;r?qisgtToenﬂOSEf)lTr:at than negative voltages (FigCL This relationship be-
was sandwi’ched betweer{the two cups of the ’chamberwa’s painted wit‘wween channel aCtIVItY and voItage (Flg' 1) was very
lipid using a club shaped glass rod. The lipid used for the bilayercon5|5tem|y observed in the present:é 34) as well as
consisted of a 1:1 mixture of PE and PS (each at 10 mg/ml) that had?rior series of experiments with recombinant UAT [40].
been dried under nitrogen and dissolved in decane (Sigma Chemicaln view of the uniformity of response to a change in
St. Louis, MO) to a concentration approximating 50 mg lipid/ voltage, it appears that UAT inserts into the lipid bilayer
ml. Junction potentials were corrected with the zero adjust system ofn g specific direction. Based on the finding that protein

the patch-clamp amplifier (Axopatch 2008, Axon Instruments, Burlin- j,sertion into cell membranes correlates directly with the
game, CA). Voltage was generated, clamped at varying levels (+100 to

-100 mV), and controlled with the patch-clamp amplifier. When a anionic Charge on membrane |IpIdS [66]’ itis “kely that

stable resistance of at least 100 gigohms and a noise level of less théh_'e spegifig and consistent orientation _Of UAT_ in _the
0.1 pA were maintained the experiments were initiated by addition ofbilayer similarly reflects the nonsymmetrical distribution

1 pl of the UAT-containing proteoliposomes to the trans chamber. of electrical charges on the bilayer lipids. In our bilayer
The contents in the trans chamber were stirred (generally 2-3 min) untisystem the cis side of the chamber simulates an intracel-
the proteoliposomes fused with the lipid bilayer. Fusion was detecteq|gr compartment as this side of the chamber is exposed
Egé?‘es?;tzzt)of channel gating (clear transitions between the closed a% changes in voltage: the cis side is connected to the
' voltage-holding electrode, with all voltages referenced to
the trans (ground) side [39]. Since voltage sensors are
generally believed to reside on the cytosolic side of chan-
In each experiment channel activity was initially evaluated in the pres—neIS m_ vivo [28], _the YOItage_ sensm_\nty of UAT implies
ence of symmetrical solutions of 2.5wrate in 220 mi Cs,S0,,0.25  that this channel is oriented in the bilayer with its voltage
mm CaCl, and 10 nw HEPES-NaOH at pH 7.4. In one group of Sensor and, therefore, its cytoplasmic domains facing the
studies the channel was subsequently assessed after the solution in tges bila_yer chamber. In this context, hyperpolarization
trans chamber was replaced with 2.5 mxonate (Sigma Chemical). (negative voltage) decreases and depolarization (positive

In the remaining stud|_es the channel was _subsequently examined in t oltage) increases UAT channel activity (Fig. 1).
presence of symmetrical 2.5Mrurate solutions, but after the trans or

cis solution was pulsed witp.l volumes of one of the following re-
agents to achieve progressively increased concentrations in the batlE
FFECT OF OXONATE ON THE ACTIVITY OF UAT
2.5 mv oxonate, 2.5 m pyrazinoic acid (PZA, Aldrich Chemical,
Milwaukee, WI), 1 nu adenosine (Sigma Chemical), Ivnxanthine . . . .
(Sigma Chemical), the 1gG fraction of anti-porcine liver uricase (10 SinCe oxonate is both a potent inhibitor of electrogenic

pg/ml). In some studies, channel activity was re-examined after theurate transport in rat and rabbit renal cortical membrane

Lipid Bilayer Chamber, Formation of Lipid Bilayer
and Channel Reconstitution

Functional Analysis of the Channel



16 E. Leal-Pinto et al.: Functional Analysis and Modeling of Urate Transporter/Channel

A B C
l | M 100 1 -
150 my L b b didine iliad L J
80 = .
‘ i | J 75 mv l”'l ”'I ll "l" lm 60 -
n- -
o -
[ m 75mv X 40
20
m A00mV___
mmm M'W‘v W“ HMQ,MM W W . l

T T 1
-200 -100 0 100 200

1PAL__ 1PAL_ Cis Potential

150 msec 5 sec (mV)

Fig. 1. Representative traces of UAT channel activity and open probability of the channel in symmetrical urate solutions. Channel activity w
recorded in symmetrical urate solutions of 2.& nrate, 220 mn Cs,SO,, and 10 nw HEPES-NAOH at pH 7.4 following fusion of UAT containing
proteoliposomes with the planar lipid bilayer. Solid horizontal lines iandB depict the closed stateA) Initial 5 sec of the 30 sec recordings of
channel activity that are illustrated B at different holding potentials in an individual experimer@) (Open probabilityvs. voltage relationship

of the channel shown iB.

vesicles [1, 2, 36] and a specific inhibitor of the enzy- metrical effect of oxonate on channel activity implies
matic activity of uricase [20], the ability of oxonate to that the delayed block that was observed under bi-ionic
influence channel activity of recombinant UAT was as- conditions resulted from accumulation of oxonate in the
sessed. In the presence of bi-ionic conditions, 2 m cis chamber consequent to oxonate’s trans to cis flux
oxonate trans and 2.5 nmurate cis, i = 3), neither through the channel. Based on the channel’s orientation
channel activity nor voltage sensitivity of the channelin the bilayer, this unilaterally induced block in channel
were initially influenced by the presence of 2..roxo-  activity also implies that oxonate interacts with a specific
nate in the trans chamber (FigA2ndB). Importantly, domain in UAT that is located on the cytoplasmic (cis)
however, in contrast to studies performed in symmetricaface of the channel whereas the extracellular domain(s)
urate solutions (without oxonate) in which channel ac-of UAT lack an oxonate binding site.

tivity is detectable for many hours, in each experiment

performed under these bhi-ionic conditions channel activ-

ity ceased after approximately one hour (not depicted)EFFECT OF PYRAZINOATE (PZA) oN ACTivITY oF UAT

The mechanism for this delayed blockade of channel

activity was assessed by adding aliquots of the 26 m PZA is a well-known inhibitor of renal urate transport in
oxonate solution to either the cis or trans chamber aftevivo in multiple species [3] and, more specifically, a
channel activity was recorded in symmetrical urate so{potent inhibitor of electrogenic urate transport in rat and
lutions. As demonstrated in Fig2 D andE, and as rabbit renal cortical membrane vesicles [1, 2, 36]. In
anticipated from the activity of the channel in the pres-view of its affect on urate transport in intact renal mem-
ence of 2.5 mn oxonate in the trans chamber (Figh@nd  branes, the possibility was evaluated that PZA also in-
B), channel activity was not affected by 2t oxonate teracts with recombinant UAT. PZA, like oxonate, in-
on the trans side of the channel. In contrast, open probduced a dose dependent block of urate channel activity
ability of the channel progressively decreased as the conFig. 3) that was reversed by replacing the PZA-
centration of oxonate was sequentially increased on theontaining solution in the chamber with fresh PZA-free
cis side of the channel (Fig.&2 D and E). Channel urate solutionijot shown. However, in distinct contrast
activity was 97% blocked at an oxonate concentration oto oxonate, PZA only induced a block in urate channel
108 £ 16 M (mean £ SE,n = 3) in the cis chamber. activity when present in the trans chamber: PZA com-
Of note, the oxonate induced block was reversed by repletely blocked channel activity at a concentration of
placing the oxonate containing solution in the cis cham-24.1 £ 8.9um (mean #sg, n = 8) in the trans chamber
ber with oxonate-free solutiom¢t showi). The asym- while as much as 10am PZA was without effect when
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Fig. 2. Channel activity in the presence of oxonate. Solid horizontal linegsamdC depict the closed stateA) 60-sec traces of channel activity

in an individual experiment in the presence of bi-ionic conditions: 2vbaronate, 220 m Cs,SO,, and 10 nv HEPES-NAOH at pH 7.4 in the
trans chamber and 2.5mmurate, 220 mn Cs,SO,, and 10 nm HEPES-NAOH at pH 7.4 in theis chamber. B) Open probability of the channel

at +100 and -100 mV under bi-ionic condition&)(60-sec traces of channel activity at a holding potential of +100 mV in symmetrical solutions
of 2.5 mw urate, 220 m1 Cs,SO,, and 10 nm HEPES-NAOH at pH 7.4 in the presence of the designated concentrations of oxonate in the tran
chamber (upper trace) or cis chamber (lower 3 traces) in an individual experirBgnitligtogram representation of the current a@adopen
probability of the channel for the specific conditions depictecin

added to the cis chamber. Based on the orientation of thmhibitor of uricase [20] blocked the reconstituted chan-

urate channel in the lipid bilayer, the consistent unilaterahel, a local block of homology to uricase was sought.

trans effect of PZA implies that this agent interacts with As depicted in Fig. A, amino acid residues 151-185 of

a specific domain in UAT that is present on the extra-UAT shows 49% homology to residue 230—264 of por-

cellular (trans) face of the channel. cine uricase [70] and 31% homology to residues 223—
257 of Aspergillus uricase [41]. Itis of note that Q228 in
Aspergillus uricase, which is conserved in both UAT and

IDENTIFICATION OF LOcAL BLock oF HoMOLOGY TO porcine uricase, has been identified by x-ray crystallog-

URICASE WITHIN UAT raphy as being critically important in the formation of the
substrate-uricase complex [16]. Since oxonate is a com-

To understand the molecular basis for the very specifigetitive inhibitor of uricase [20], it seems likely that oxo-

and localized sites of interaction of oxonate and PZA onnate blocks urate channel activity by interacting within

the cytoplasmic and extracellular domains of the uratehe region of UAT that has homology to uricase. Insofar

channel, respectively, (which could not be appreciatedas this assumption is correct, then this region of UAT

from our preliminary structural model of UAT [40]) the must be accessible to oxonate from the cytoplasmic face

amino acid sequence of UAT was assessed with the mulef UAT.

tiple protein sequence alignment program MACAW [58]

to SearCh for |Oca| blOCkS Of homology betWeen UAT andASSESSMENT oALocAL BLock oF HomoLoGy TO

a number of proteins whose structural organization havejricase witH ANTI-URICASE AND X ANTHINE

been reported. Since prior studies implied that there is

some degree of homology between UAT and uricase [1Although the full-length cDNA sequence of UAT failed

2, 36, 37, 39, 40, 54], and oxonate which is a competitiveto demonstrate homology to uricase in a BLAST search,
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Fig. 3. Channel activity in the presence of pyrazinoate (PZA). Solid horizontal lindgiepict the closed stateA) 60-sec traces showing multiple

channels that were recorded in symmetrical solutions of Z1%urate, 220 mi Cs,SO,, and 10 nv HEPES-NAOH at pH 7.4 in the absence (control)
and presence of the designated concentrations of PZA itréims chamber in an individual experiment at a holding potential of 25 nBJ. (

Histogram representation of the current addopen probability of the channel for the specific conditions depicted.in

A. \uricase 230 YSPS VQKT LY DIQVITLGQV PEIEDME | SLPNIHY 264

ighven | [ [ [ 11 [ 1l |l N

UAT 151 FQPAHQAP VAQTIIHTVHSIPGQMLSTPGIPPMAY 185

AN I L1 I

Uricase 223 NSAS VQATMYKMAEQILA RQQLIETVEY SLPNKHY 257
(Aspergillus)

B. Afreceptor 241 FL FALSWLPLH ILNCITL 258
I L Il

UAT 118 FVQYSHRVPYH LVDT ISV 135
I e

A3 receptor 239 FL FALCWLPLS I I N FVSY 256

Fig. 4. Local blocks of homology in UAT to uricase and the adenosine A1/A3 recegtpAlignment of UAT with porcine liver and Aspergillus
uricase. B) Alignment of UAT with the rat adenosine A1/A3 receptor. The residue number of the individual proteins is indicated at the beginnin
and end of each line. Double lines between amino acids indicate identical residues; single lines indicate homologous residues. Homology is de
according to the Swiss-Prot data bank in which amino acids in each of the following groups are homologous: [S, T, A, G, P]; [N, D, E, QJ; [R, |
H]; M, L, I, V]; and [F, Y, W].
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Fig. 5. Channel activity in the presence of anti-uricase. Solid horizontal lines depict the closed stateAY 60-sec traces showing multiple
channels that were recorded in symmetrical solutions of Z15urate, 220 mi Cs,SO,, and 10 nv HEPES-NAOH at pH 7.4 in the absence (control)
and presence of anti-uricase in tbis chamber in an individual experiment at a holding potential of 25 nBY.Histogram representation of the
current andC, open probability of the channel for the specific conditions depicted.in

we previously demonstrated that the polyclonal anti-(Fig. 6) was approximately one-tenth that which blocked
body to uricase blocks urate channel activity [40]. Infrom the channels cytoplasmic faceof show). These
that study, however, antibody was applied to both theexperiments are consistent with an interaction of xan-
extracellular and cytoplasmic domains of UAT thine with amino acids within the block of homology to
[40]. The present study demonstrates (Fig. 5) that uratericase on the cytoplasmic side of UAT, but also indicate
channel activity is only blocked when the cytosolic do- that an additional binding site with a higher affinity for
main of UAT (the cis chamber) is exposed to anti-uricasexanthine is present within the extracellular domain of
(n = 3): addition of up to twofold higher concentrations UAT.
of anti-uricase to the extracellular side of UATot
shown) fails to alter channel activityn( = 3). Non-
immune IgG was without effect when added to either!| DENTIFICATION OF LOCAL BLOCK OF HOMOLOGY TO THE
side of the channel. Insofar as this antibody was made t&\DENOSINE RECEPTOR WITHINUAT
affinity purified uricase [37] it is presumed that the an-
tibody interacts with amino acids within the region of Based on the observation that xanthine blocks channel
UAT that has homology to uricase. Thus, the singleactivity from both the cytoplasmic and extracellular sides
sided cytoplasmic effect of anti-uricase, like the singleof UAT, local blocks of homology were also sought be-
sided cytoplasmic effect of oxonate, implies that the do-tween UAT and proteins, other than uricase, with known
main within UAT that has homology to uricase resides,xanthine binding sites. In this respect, it is well known
at least in part, on the cytoplasmic side of this protein. that different xanthine derivatives are potent antagonists
Because xanthine and urate were equally effective asf A1 adenosine receptors [30]. As demonstrated in Fig.
ligands to affinity purify urate binding proteins from rat 4B, amino acid residues 118-135 of UAT have 61%
renal plasma membranes [37], and xanthine is a comhomology to amino acids 241-258 of the rat A1 adeno-
petitive inhibitor of uricase [46], the effect of xanthine on sine receptor [45] and 50% homology to residues 239—
urate channel activity was also evaluated. In contrast t@56 of the rat A3 adenosine receptor [71]. Importantly,
the unilateral effects of anti-uricase and oxonate, xanit is in this region of the A1 and A3 receptors, specifi-
thine blocked channel activity when present on either thecally residues P249, H251 and N254 of the adenosine
extracellular or cytoplasmic side of UAT. Of interest, receptor that xanthine (and adenosine) bind [35, 52].
the concentration of xanthine (4.6 = 1y, mean +sg;,  These amino acids of the Al receptor align with P126,
n = 5) that was required to completely block channelH128 and D131 of UAT (Fig. B). Figure 7 demon-
activity when added to the extracellular side of UAT strates that adenosine, like xanthine (Fig. 6), is a potent
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Fig. 6. Channel activity in the presence of xanthine. Solid horizontal linésdepict the closed stateA) 60-sec traces showing multiple channels
that were recorded in symmetrical solutions of 2.& orate, 220 mn Cs,SO,, and 10 nm HEPES-NAOH at pH 7.4 in the absence (control) and
presence of the designated concentrations of xanthine in the trans chamber in an individual experiment at a holding potential oB25 mV.
Histogram representation of the current adopen probability of the channel for the specific conditions depicted.in

blocker of UAT channel activity when added to the ex- likely to span the membrane between these regions. In
tracellular side of the channel: a total block of channelthis regard the corresponding hydrophobicity profile of
activity was observed at an adenosine concentration ofJAT, as calculated using the Kyte-Doolittle scale [38],
4.6 £ 2.6pM (mean £sg, n = 3). However, in contrast clearly indicates the existence of a hydrophobic peak
to xanthine, adenosine failed to block channel activitylocated between residues 128—148 (Fig. 8). Within this
when applied to the cytoplasmic domain of UAT £ 3,  portion of UAT amino acids 125-145 of UAT are pre-
not shown). Based on the unilateral effect of adenosingjicted to form anx-helix: this membrane spanning do-
on channel activity, it is possible to localize the adeno-main would connect the extracellular region of UAT that
sine-like binding site in UAT, at least in part, to the has homology to the A1/A3 receptor to the intracellular
extracellular domain of the protein. Since xanthine has gegion that has homology to uricase. Of interest, this
high affinity for the A1/A3 receptor, it is presumed that predicteda-helix has 38% homology (3 identical, 5 con-
the block in channel activity that is induced by xanthine seryed amino acids) to the-helix that has been docu-
in the trans chamber is consequent to binding to amingnented by x-ray crystallography to form transmembrane
acid residues within this extracellular domain of UAT. qomain E (residues 134-156, FigA)%in bacterial rho-
dopsin [53]. This same region of UAT also has 30%

Identification of Potential Membrane-Spanning homology (3 identical, 4 conserved amino acids) to the
Domains, Beta Sheets and a Region of Homology to «-helix that is predicted to form transmembrane domain
the E and B loops of Aquaporin 1 in UAT 3 (residues 162-184, FigBY of uric acid/xanthine per-

mease, a fungal urate/xanthine transporter [23] that is
The above experimental data provides strong evidencetherwise unrelated to UAT.
that residues 118-135 of UAT (the region with homol- Utilizing TopPred Il, three additionak-helices are
ogy to the adenosine receptor) must be separated fropredicted in UAT: residues 15-35, 158-174 and 272—
residues 151-185 (the region with homology to uricase91: the hydrophobicity profile indicates that these are
by a transmembrane domain. The program TopPred Ihydrophobic segments long enough to span the mem-
[13] was used to determine if a hydrophobic domain isbrane (Fig. 8). It is of note that the putative transmem-
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Fig. 7. Channel activity in the presence of adenosine. Solid horizontal lindslapict the closed stateA) 60-sec traces showing multiple channels
that were recorded in symmetrical solutions of 2.& orate, 220 mn Cs,SO,, and 10 nm HEPES-NAOH at pH 7.4 in the absence (control) and
presence of the designated concentrations of adenosine in the trans chamber in an individual experiment at a holding potential &) 25 mV
Histogram representation of the current dadopen probability of the channel for the specific conditions depicted.in

4 and, because botp sheets are amphiphilic, may repre-
3 sent a pore-like domain that can move in and out of the
2 |- membrane [60].

: 4 Insofar as UAT functions as a transporter/channel, it

2
L 9
8511 3
§_ Y A ,\/\V/\ JaNY NN A\ seems relevant to note that the second and third putative
3 § ALk / VvV W\.\f\/ transmembrane domains and the blocks of amino acids
= L with homology to the A1/A3 adenosine receptor and uri-
\ , . case that are described above are all located in whole or
T 100 200 300 in large part within the previously described 61 amino
Amino Acid Position acids of UAT which was considered unique on the basis

of a BLAST search [40]. Of note, using the program
e o o o, s emssponeACAW [ocal locks of mology have also been ce
peal?s that formx-helices which are long enoughpto cross >tlhe rr;em- tected In_ this segment of UAT to the two loops of human
brane. The solid horizontal line delineates the unique 61 amino acioaquaporm'l that _are b_e“eved to form the actual water
sequence that links the amino and carboxy termini of UAT. channel [31]: amino acids 146-160 of UAT have 60%
homology (4 identical, 5 conserved amino acids) to resi-
dues 186-200 that comprise loop E (Fif) &nd amino
brane domain composed of amino acids 15-35 has 52%cids 170-184 of UAT have 53% homology (3 identical,
homology (7 identical, 4 conserved amino acids) to theb conserved amino acids) to residues 70-84 that form
a-helix that is predicted to form transmembrane domainloop B in aquaporin-1 (Fig. B).
2 (residues 133-153, FigC¥in urate/xanthine permease
[23] while amino acids 158-174 of UAT has 59% ho- ]
mology (3 identical, 7 conserved amino acids) to a por-Discussion
tion of the a-helix that has been reported by x-ray crys-
tallography to form transmembrane domain IX (residuesWe previously reported that a recombinant protein,
336-357, Fig. D) of subunit 1 of cytochrome C oxidase UAT, which was prepared from a unique cDNA that was
[64]. In addition to these four putative transmembranecloned from a rat renal library functioned as a highly
a-helices, twop sheets are predicted in UAT encom- selective voltage-sensitive urate transporter/channel in
passing amino acids 96-104 and 111-119 of UAT.lipid bilayers [40]. Based in large part on the findings
These residues are long enough to traverse the membratteat anti-uricase specifically inhibits electrogenic urate
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uptake in renal membrane vesicles [37] and blocks chan-
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Fig. 9. Local blocks of homology in UAT to
bacterial rhodopsin, urate/xanthine permease,
cytochrome C oxidase and the E and B loops
aquaporin-1. &) Alignment of UAT with
transmembrane domain E of bacterial rhodop!
(B) Alignment of UAT with transmembrane
domain 3 of urate/xanthine permeasg) (
Alignment of UAT with transmembrane domai
of urate/xanthine permeasd®)(Alignment of
UAT with transmembrane domain 9 of subuni
of cytochrome C oxidaseE() Alignment of UAT
with the E loop of aquaporin-1F() Alignment o
UAT with the B loop of aquaporin-1. The resi
number of the individual proteins is indicated
the beginning and end of each line. Double lir
indicate identical residues; single lines indicat
homologous residues as defined in Fig. 4. Th
single horizontal line above the sequences
delineate the putative membrane spanning dc
in UAT; the double horizontal lines below the
sequences delineate the homologous membrz:
spanning domain in bacterial rhodopsin,
urate/xanthine permease and cytochrome C
oxidase.

Based on the voltage dependence of UAT and a

nel activity of recombinant UAT [40], we hypothesized consistent pattern of channel activitg. voltage (Fig. 1)
that this protein might be the molecular representation of40] we have presumed that the cis and trans sides of the
the proximal tubular electrogenic urate transporter thathannel in the bilayer system represent, respectively, the
resides in rat, rabbit and human kidney [1, 2, 36, 57].cytoplasmic and extracellular faces of UAT. Moreover,
Evidence is now provided to substantiate this hypothesissince oxonate and PZA demonstrate distinct sidedness in
First, oxonate, a substrate whose only reported functiontheir ability to block channel activity it has been possible
are to competitively inhibit the enzyme uricase [20] andto define the domains in which these substrates act: the
to inhibit renal electrogenic urate transport [1, 2, 36]site of interaction between PZA and UAT has been lo-
blocks UAT channel activity (Fig. 2). Second, pyr- calized to the extracellular domain of UAT (Fig. 3),
azinoate (PZA) an inhibitor of renal urate transport inwhile that of oxonate has been identified on the cyto-
many species [3] and a reagent that has been documentpthsmic face of the protein (Fig. 2). The specific amino
to specifically inhibit renal electrogenic urate transportacids involved in the interaction between PZA and UAT
[1, 2, 36], also blocks UAT channel activity (Fig. 3). are currently unknown. However, as oxonate is a com-
These findings, in conjunction with the prior [40] and petitive inhibitor of uricase [20] it is likely that oxonate
current observation that anti-uricase interacts with andimilarly competes with urate for binding at a specific
significantly blocks UAT channel activity (Fig. 5), imply site within UAT. Importantly, a local block of homology
that there is a high degree of homology, if not identity, to uricase has been identified in UAT (FigA¥which
between UAT and the renal electrogenic urate transincludes the amino acid (glutamine 228 of uricase) that
has been defined in the crystal structure of uricase as

porter.
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essential for substrate binding [16]. It is suggested thatylglycerol [59], protein kinase C [59], cCAMP [6, 18, 50,
this glutamine may also represent the urate binding sit&5, 63], nitric oxide [49] and cGMP [49]. Insofar as
in UAT and, as in the case of uricase, oxonate and uratadenosine blocks UAT channel activity (Fig. 7) it seems
may compete at this site in UAT. Insofar as these aspossible that this inhibition of channel activity also rep-
sumptions are correct, and oxonate only blocks channegkesents a regulatory effect of adenosine. However, in
activity when applied to the cytoplasmic face of UAT contrast to the previously observed indirect regulatory
(Fig. 2), then the region of UAT with homology to uri- effects of adenosine, it is suggested that the binding of
case must reside on the cytoplasmic face of the proteiradenosine to UAT may alter the conformation of this
Localization of this uricase-like domain to the cytoplas- protein and thereby directly regulate UAT channel ac-
mic side of UAT is consistent with the block in channel tivity. Of note, the reduction in urate excretion that has
activity induced by addition of xanthine to the cis cham- been reported in human subjects in association with the
ber: xanthine has an affinity for uricase that approxi-systemic infusion of adenosine [7] suggests that adeno-
mates that of urate [46] and the purine ring of 8-azaxansine also interacts with UAT (or its homologue) in the
thine, a xanthine derivative, has been documented to arituman kidney to play a role in the regulation of the renal
chor to glutamine 228 in uricase [16]. Similarly, the urate secretory process, a function ascribed to the renal
block in UAT activity provoked by anti-uricase when electrogenic urate transporter [1, 2, 36, 57].
added to the cis, but not trans chamber supports the as- The single-sided effectiveness of adenosine in
signment of the uricase-like domain to the cytoplasmicblocking UAT channel activity (Fig. 7) has permitted
face of UAT. Clearly, confirmation of these presump- assignment of the domain in UAT with homology to the
tions as well as the definition of the binding site of PZA adenosine A1/A3 receptors to the extracellular face of
remains to be determined. UAT. Designation of the domains with homology to the
The identification of a region of homology to uricase adenosine A1/A3 receptor and uricase to the extracellu-
is important because it both localizes a binding site forlar and cytoplasmic sides of UAT, respectively, demands
urate (and oxonate, xanthine and anti-uricase) withirthe presence of an intervening hydrophobic membrane-
UAT and provides a likely basis for several previously spanning domain. A block of amino acids (125-145)
unexplained observations. The latter include the originathat is situated between these two domains is predicted to
finding that the renal electrogenic urate transporter posform a hydrophobiax-helix (Fig. 8) and, in support of
sesses a number of functional “uricase-like” characteristhe likelihood that this block traverses the membrane,
tics [1, 2, 36]. Moreover, the presence of a domain withthis region of UAT has significant homology to trans-
homology to uricase within UAT is likely to explain, at membrane domain E (38%) in the crystal structure of
least in part, (i) the immunoreactivity of rat renal plasmabacterial rhodopsin (Fig.A [53] and a predicted mem-
membranes [37], affinity purified rat renal plasma mem-brane-spanning domain (30%) in urate/xanthine perme-
brane urate-binding proteins [37] and recombinant UATase (Fig. 8) [23]. Based on the strong experimental
[40] to anti-uricase, (ii) the ability of this antibody to evidence in support of a membrane-spanning domain in
identify the UAT clone in a rat renal cDNA library [40], UAT (Figs. 2, 3, 5, 6, and 7) and the prediction of a
and (iii) the anti-uricase induced inhibition of urate up- hydrophobic a-helix with homology to membrane-
take in renal membrane vesicles [37] and block of chanspanning domains in two known intrinsic membrane pro-
nel activity of recombinant UAT (Fig. 5). teins [23, 53] we conclude that amino acids 125-145 is a
An equally important site that has now been identi-transmembrane domain within UAT.
fied within UAT is the region of homology to the aden- Although not yet confirmed by experimental evi-
osine A1/A3 receptors (Fig.B). This is the same aden- dence three additional hydrophobic domains, amino ac-
osine “receptor-like” domain which was previously iden- ids 15-35, 158-174, and 272—-291 are predicted in UAT
tified in the CFTR chloride channel and that appears tahat are long enough to span the membrane (Fig. 8). In
be responsible for the high affinity binding of adenosinesupport of the probability that thesehelices form trans-
and different xanthine derivatives [15]. It is of interest membrane domains in UAT are the findings that two of
that the interaction of adenosine with the adenosine Athesex-helices are highly homologous to transmembrane
and A3 receptors is well known to be involved in the domains in known membrane proteins, transmembrane
regulation of multiple physiologic functions, including domain 2 of urate/xanthine permease (Fig) 3] and
the activity of a number of transporters [9, 12, 18, 19, 27 transmembrane domain IX in the crystal structure of sub-
43, 48, 49, 63]. Such regulation is indirect, having beenunit 1 of cytochrome C oxidase (FigD9 [64].
ascribed to the coupling of extracellular adenosine bind-  We previously postulated that UAT contains a single
ing and activation of its receptors with a signal transduc-transmembrane domain [40]. However, the experimen-
tion system that includea G protein [18, 59], the turn- tal data and computer analysis obtained in the present
over of phosphoinositide [27], changes in intracellularstudy provides a rationale for a revised model of the
free calcium [6, 27, 50, 55], phospholipase C [59], dia-molecular structure of UATseeFig. 10). In this new
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Fig. 10. Structural model of UAT. Numbers 1-4
designate transmembrane domains. Numbers
adjacent to transmembrane domains indicate the
amino acid residues at the beginning and end of
each transmembrane domain. The “loop” into the
membrane from the extracellular face of the
protein designates the location of tgosheets that
are connected by 6 amino acids that carry a net
positive charge. The residues with homology to
the A1/A3 receptor, uricase, and the E and B
loops of aquaporin-1 are 118-135, 151-185,
COOH 146-160 and 170-184, respectively.

Extracellular space

Cytoplasm

model UAT would have four membrane spanning do-(Fig. 9) reveals a QPA aligned with the NPA of aqua-
mains with both the amino and carboxy termini locatedporin-1 and the region of UAT with homology to the B
intracellularly (Fig. 10). Of note, in preliminary studies loop of aquaporin-1 does not contain an NPA motif (Fig.
immortalized mammalian cells (LLC-PK1 cells) have 9F), it is highly unlikely that UAT functions as a water
been transfected with chimeric cDNAs that were con-channel. Rather, it seems possible that these homolo-
structed with the nucleotide sequence of the FLAG epi-gous domains in UAT may participate in formation of
tope on either the amino or carboxy terminus of UAT. the urate permeable pore within UAT in a manner that is
In addition to finding that both constructs localize to the analogous to the formation of the hourglass-like structure
plasma membrane [56], a comparison of fluorescence oih aquaporin-1. Alternatively, the twf sheets (amino
nonpermeabilized and permeabilized cells indicates thaacids 96-104 and 111-109) that have been identified
the amino and carboxy termini of UAT are both located between transmembrane domains 1 and 2 on the extra-
on the cytoplasmic side of the membrammgublished cellular face of UAT (Fig. 10) may participate in the
observations Thus, UAT must contain a minimum of formation of the pore in conjunction with the intracellu-
two transmembrane domains. Although we currently fadar domain of UAT that has homology to loop E of
vor the simplicity of a four transmembrane model in aquaporin-1. Of interest, the six amino acids (105-110)
which the foura-helices in a single UAT molecule could that link the twop sheets carry a net positive charge (R,
encircle and thereby form a central stable hydrophilicK, and E). Thus, independent of whether fBesheets
pore-like structure within the membrane, rather than adirectly participate in formation of the pore for urate,
more complex one in which several UAT molecules their mobility [60] may result in the presentation of this
must isomerize to form a pore, it is evident that thecharged region to the cytoplasmic face of the molecule.
definitive molecular structure for UAT remains to be Since voltage sensors are thought to reside on the cyto-
elucidated. plasmic side of channels [28], this charged region may
It is of interest that UAT also contains blocks of function as the voltage sensor in UAT. Alternatively,
amino acids with homology to the E and B loops of charged residues within the carboxy terminus of UAT
aquaporin-1 (Fig. B andF) [31]. Based on the above may serve this function.
postulated model of UAT with 4 transmembrane do- As previously reported [40] UAT exhibits homology
mains, the region with homology to the E loop (amino with the galectins [4, 8, 14, 21, 22, 26, 44, 51], a family
acids 146-160) would be located in the cytoplasmic loopof B galactoside-binding proteins that have also been
between transmembrane domains 2 and 3 of UAT whileeferred to as S-Lac lectins (soluble lactose-binding ver-
the domain with homology to the B loop (amino acids tebrate lectins). At the time of our original description of
170-184) would reside within the extracellular loop be-UAT [40], galectins 1-5, 7 and 8 had been reported [4, 8,
tween transmembrane domains 3 and 4 (Fig. 10). Irl4, 21, 22, 26, 44, 51]. Although multiple functions
aquaporin-1 the extracellular E loop and intracellular Bhave been postulated for these galectins [4, 8, 14, 21, 22,
loop are postulated to dip into the membrane, meeR6, 44, 51], none have been considered as transport pro-
within the membrane and form an hourglass-like struc-teins. In fact, the galectins have been considered to be
ture that forms the pore of the water channel [31]. Theprimarily cytoplasmic proteins that are sometimes exter-
amino acid motif asparagine, proline, alanine (NPA) innalized to the extracellular compartment [4, 8, 14, 21, 22,
these loops is essential for the water permeability 0f26, 44, 51]. We previously noted that a major distinction
aquaporin-1: mutation of N to Q in either loop E or B between UAT and the other galectins is the unique 61
results in a marked reduction of water permeability [31].amino acid sequence that links the amino and carboxy
Since alignment of UAT with the E loop of aquaporin-1 termini of UAT and suggested that this region of the
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protein might be important in allowing UAT to insert in mutagenesis and epitope tagging and, ultimately, the di-
the membrane and function as a urate channel [40]. Inrect determination of the three dimensional structure of
deed, we now have evidence that this region of UAT isUAT.

likely to play a very important role in imparting trans-

port/channel function to this protein since this regionThis work was supported by National Institutes of Health grant
contains the domains with homology to the adenosinék52785 (R.G.A. and E.L-P.) and the Cystic Fibrosis Foundation
A1/A3 receptor and uricase (Fig. 4) as well as the do{B-E-C)

mains with homology to membrane-spanning compo-

nents of other membrane proteins including transmempgterences

brane E of bacterial rhodopsin, transmembrane 3 of the
urate/xanthine transporter, transmembrane IX of subunit1.
1 of cytochrome C oxidase, and the E and B loops of
aquaporin 1 (Fig. 10).

Subsequent to our publication [40], galectin 9 was
reported in mouse [67, 68], rat [67, 68] and humans [47,
65]: an additional, but unpublished sequence for a humans,
intestinal galectin 9 isoform has also been deposited in
GenBank (accession #AB006782). Using the BLAST
algorithm for the local alignment of 2 sequences, the 4
human (#249107 and #AB005894), mouse (#U55060) ™
and rat (#U59462) galectin 9 nucleotide sequences are,
respectively, 79, 89, and 99% identical to that of UAT s,
(#U67958). Indeed, there is only one nucleotide differ-
ence between UAT and rat galectin 9. Rat and mouse®é.
galectin 9 have been postulated to play a role in thymo-
cyte/epithelial interactions that are pertinent to thymic
development [68] while human gelectin 9 has been sug-
gested to play a role in cellular interactions of the im-
mune system [65] and ecalectin (described as a variant oB.
human galectin 9) is believed to be a selective eosinophil
chemoattractant [47]. Although these galectins, like ga-
lectins 1-8, have been considered to be soluble proteins”
and not membrane proteins, as noted above UAT spe-

cifically localizes to plasma membranes in renal cellig.

lines transfected with the cDNA for UAT [56]. As noted
above, a previous BLAST search utilizing the linker re-

gion of UAT indicated that this region was unique [40]. 11-

Repetition of this search now reveals that the linker re-
gion of UAT is no longer unique: it is 98, 87 and 77% 4,
homologous to the linker regions of rat, mouse and hu-
man galectin 9, respectively. Based on the very high
degree of homology in this important region of the pro-

tein, it seems likely that rat galectin 9 is, in fact, UAT 13.

and that the mouse and human homologues of UAT are
also capable of transporting urate. Clearly, this possibil- ,
ity remains to be experimentally validated.

In summary, the present studies have provided ex-
perimental evidence that UAT is the molecular represen-

tation of the renal electrogenic urate transporter. In adi5.

dition, based on experimental data as well as computer-
generated analyses of blocks of amino acid sequence a
new structural model of UAT with four transmembrane

domains has been developed. It is appreciated that con-

firmation of this model will require the application of a 16,

number of additional experimental approaches such as
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