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Introduction much higher than could be explained by passive lipid
diffusion alone (for detailsseereview by Marsh &
tior{(nepper, 1992). This inconsistency prompted the notion
d éhat urea crosses biological membranes by a carrier-
gmediated mechanism. In the late 1980s, several studies

movement of urea across plasma membranes underli&omted to the existence of specific urea transporter (UT)

fundamental biological processes that include urinarypmte'ns distinct from those responsible for water trans-

concentration and urea nitrogen salvaging. Urea trang?0't (Chou & Knepper, 1989; Chou et al., 1990; Star,

; . 1990).
porter (UT) proteins are central to modulating urea N . .
movement across biological membranes, and over the Definitive proof of the existence of UT proteins

; ; - followed with the isolation from kidney inner me-
past decade major steps have been made in defining theifO" _ .
molecular identity and basic functional characteristics.dull2 of @ cDNA encoding a UT protein, UT-A2 ((You et

The subsequent generation of reagents, including sp ., r1]993)|seeTEble)a This brc_aaktr;]roulgréope?]ed tr?e door
cific nucleotide probes and antisera, has led to signifi-.or omology-based screening that led to the character-

cant advances in understanding the molecular aspects gfaéiog of a C?NA from human bone nz)?rrowl_which eT'
the role played by UTs in the kidney. It has also led tocoded a novel UT protein, UT-B1 (Table, Olives et al.,

the discovery of UTs in tissues not previously associate%gid'()j' Not s?rﬁrisinlgly, UTdilAtzurkr;ed out LO have ba
with handling urea, such as brain, testis and heart. ThiQ!9h degree of homology to UT-A2, but was shown to be

review summarizes the progress made since the isolatiof® Product of a different gene (Promeneur et al., 1996).

of the first urea transporter cDNA. It describes the char-'° date, all of the known facilitative UT proteins with

acteristics of UT genes, messenger RNAs, and protein&haracterized nucleotide sequences are the product of

and also summarizes what is currently known about UTEIther one of two genes, termed UT-A and UT-B. In this

requlati review, to refer to the UT transcripts and proteins, we
gulation. .

Previously, movement of urea across biologicalha\’e used the systematic nomenclature proposed by
membranes was considered to occur by lipid phase dif—Sands etal. (Sands, Timmer & Gunn, 1997).

fusion. However, the urea permeabilities of erythrocyte

membranes and of certain plasma membranes in the tef,o Urea Transporter Genes
minal part of the kidney collecting duct were found to be

Urea is the major end-product of amino acid deamina
in mammals and consequently is often considere
waste product of metabolism. However, regulate

The structure of the human UT-B gene has been re-
solved. We will therefore address this first and contrast
c ) ) it with what is known about the UT-A gene. The human
orrespondence toC.P. Smith . .
cpsmith@man.ac.uk UT-B gene consists of 11 exons spanning more than 30
kb (Lucien et al., 1998). Exons 4 to 11 contain the cod-
Key words: Urea — Transporter — Membrane protein ing sequence of UT-B1 (Olives et al., 1994; Sidoux-
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Table. Summary of rat urea transporter proteins

Protein Other Transcript Number Predicted Observed Putative Putative Genbank Reference
names  size kb of amino M.W. kDa M.W kDa PKA sites PKC sites Accession

acids number

uT1
UT-A1 VRUT 4.0 929 102 97/117 7 7 U77971 Shayakul, Steel & Hediger, 1996
UT-A2 UT2 2.9 397 43 55 2 2 U09957 Smith et al., 1995a
UT-A3 UT4 2.1 460 50 44167 2 4 AF041788 Karakashian et al., 1999

AF031642 Terris et al., 2001
UT-A4 2.8? 413 43 46 3 3 AF042167 Karakashian et al., 1999
UT-A5 1.7? (323) (35) ? 0) 2) AF258602 Fenton et al., 2000
(1.5)

UT-B1 UT3 3.8 384 42 41-54 0 2 U81518 Tsukaguchi et al., 1997

ruTll
UT-B2 RNUT11 3.8 414 45 41-54 0 2 X98399 Couriaud, Ripoche & Rousselet, 1996

Other namesefers to ad hoc names given prior to introduction of systematic naxhesber of amino acids and putative molecular weigefer
to values predicted from the open reading frame of cDNA. Rat UT-A5 has yet to be characterized, therefore statistics for mouse UT-A5 are shown
in parentheses.

Walter et al., 1999). There is a high degree of sequence Based on northern analysis, the human UT-B gene
homology between exons 4-7, and 8-11, which suggestgives rise to at least four transcripts (2.0, 2.5, 3.7 and
that duplication of an ancestral module may have takerm.5-4.7 kb (Olives et al., 1994, 1996; Promeneur et al.,
place (Rousselet, Ripoche & Bailly, 1996; Lucien et al.,1996). These result from the use of alternative transcrip-
1998). This duplication is also a feature of the UT-A tional start sites, differential splicing, and alternative
gene. Additionally, duplication of the whole gene may polyadenylation signals (Lucien et al., 1998). Although
have taken place because the UT-A gene in rat andeveral cDNAs have been characterized, there is a lack of
mouse has two promoters compared to UT-B’s one (Coteorrelation between cDNA size and the UT-B transcripts,
tingham et al., 1999; Nakayama et al., 1999). The mosas revealed by northern analysis. This suggests either
proximal promoter, UT-4, lies 5 to exons encoding the that the cDNAs are truncated forms of the UT-B tran-
NH-terminus of UT-Al éeebelow). Another promoter, scripts or that they represent low-copy transcripts which
UT-AB, is present near the middle of the exons encodingvere not detected by northern analysis. Clearly, further
UT-A1, and just before the first UT-A2 exon (Cotting- work is needed to determine the molecular identity of all
ham et al., 1999; Nakayama et al., 1999). It appears thaif the UT-B transcripts.
at least three successive duplications have occurred to The number of UT-A transcripts in human has not
give six repeats of the ancestral module; two in UT-Bbeen established. In rat, the UT-A gene gives rise, by
and four in UT-A. One of these duplications, probably use of alternative promoters, alternative transcriptional
the last to take place, did not occur in UT-B, and thusstart sites and differential splicing (Smith et al., 1995;
occurred in UT-A after the UT-A/UT-B split. This hy- Shayakul, Steel & Hediger, 1996; Cottingham et al.,
pothesis is supported by the fact that the sequence ider:999; Karakashian et al., 1999; Klein et al., 1999), to at
tity between urea transporter cDNAs encoded by the firsteast seven transcripts (1.7, 2.1, 2.8, 3.0, 3.1 kb, 3.7 kb
and second half of the UT-A gene is higher than betweerand 4.0 kb (Smith et al., 1995a; Shayakul et al., 1996;
the first or second half of the UT-A gene and UT-B1. Karakashian et al., 1999). The identities of some of the
A scheme of evolution of urea transporter genes in mamyuT-A transcripts have been establishegdTable).
mals is proposed in Fig. 1. From this analysis it can be
speculated that UT-B may be the phylogenetically older
of the two genes. Characteristics of Urea Transporter cDNAs and the

In the human genome both genes lie on chromosom&roteins They Encode
18 within the large region between g12—g21 (Olives et
al., 1995; Olives et al., 1997). In mouse, we have finelyThe relatively recent explosion in our knowledge of UT
mapped the UT-A and UT-B genes to chromosome 1&roteins is primarily due to the isolation and character-
between the markei®18Mit25andD18Mit186(Fenton ization of cDNAs. Several cDNAs encoding UT-A and
et al., 1999a), and shown that the genes are arranged loiT-B proteins have been isolated from higher animals
tandem. This is probably also a feature of the humarincluding rabbit (You et al., 1993), rat (Smith et al.,
genes, because they both map to approximately the sani®95a), mouse (Fenton et al., 2000), human (Olives et
region, although finer mapping will be necessary to con-al., 1994 ), shark (Smith & Wright, 1999), toadfish
firm this. (Walsh et al., 2000) and frog (Couriaud et al., 1999).
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UT**
—— e
A ?-.) Fig. 1. Proposed sequence of duplication events
UT* leading to the formation of the UT-A and UT-B
= — — genes. Triangles represent promoters. Shaded
’i:‘ blocks indicate groups of exons (not drawn to
|,} r{)| scale). The sequence begins with a primordial
UT-A* UT-B* gene UT**. This is duplicated (1) to form a UT
] o, ] o, } parent gene, UT*. Duplication (2) of UT* and
subsequent divergence results in the formation of
.'? UT-A* and UT-B*. A further duplication (3) in
A *_)' the UT-A* gene, followed by some divergence in
UT-A3 UT-A2 UT-B the duplicated cassettes results in the UT-A gene
>~ o H— i H— | ——  evident today.

The proteins they encode show a high degree of aminonodels (You et al., 1993; Sands et al., 1997) as being
acid conservation. For example, human UT-A2 hasrepresentative of the native structure. The recent discov-
>90% identity to rat UT-A2. Rat UT-A2 and rat UT-B1 ery of UT-A5 (Fenton et al., 2000), which topologically
share 75% amino acid identity. Shark and human ureds a truncated form of UT-A3, would also refute these
transporters are the most distantly related sequencesodels because the primary sequence of UT-A5 is pre-
which have been identified; UT-A proteins from these dicted to start at amino acid 139 of UT-A3 and therefore,
organisms share 60% identity. The Table details theébased on the previously proposed models, UT-A5 lacks
physical characteristics of rat UT cDNAs and Fig. 2 all or part of the first membrane spanning helix. In view
shows a schematic of the hypothetical open readingf the lack of empirical data to support a defined topol-
frames (ORF) for UT-A cDNAs. ogy for the UT proteins, in this review we have chosen
Urea transporter proteins are structurally unique andsimply for convenience to depict the basic repeating hy-
constitute a closely related family of membrane proteinsdrophobic module as consisting of four membrane span-
They do not share significant sequence homology witing alpha helices (Fig. 2).
any other family of proteins and have several distinctive ~ The NH- and COOH-termini of urea transporter pro-
structural characteristics. They contain a high proportiorteins are composed of hydrophilic residues and contain
of hydrophobic residues organized into hydrophobic do-consensus motifs for PKA and/or PKC phosphorylation.
mains, which, it is suggested, span the plasma mem¥he presence of these motifs has been taken as evidence
brane. There are four of these domains in UT-A1l, andhat these regions project into the cytoplasm. Immuno-
two in all other urea transporters characterized to datéistochemical studies using an antiserum raised against
(Fig. 2). The hydrophobic domains are joined by hydro-the COOH-terminal amino acids of UT-A1/UT-A2/UT-
philic residues that are thought to project into the cyto-A4 predominantly labels the cytosolic side of renal inner
plasm or extracellular space. medullary collecting duct (IMCD) membranes, adding
UT-AL1 represents the largest member of the fami-weight to the notion that the COOH-terminus is intracel-
ly. In rat it has a predicted ORF encoding a 929 aminolular (Nielsen et al., 1996).
acid protein (Table, Fig. 2 (Shayakul et al., 1996)). Con- Urea transporters are glycoproteins. This has been
tained within the UT-A1 coding sequence are cassettedemonstrated using in vitro translation studies in the
that make up other UT-A splice variants called UT-A2, presence of pancreatic microsomes, or by deglycosyla-
UT-A3, UT-A4 and UT-A5 (Fig. 2). UT-Alis basically tion of native proteins. The results of these experiments
UT-A3 joined to UT-A2 by 73 mainly hydrophilic resi- indicate that UT-A2 (Smith et al., 1995a), UT-B (Olives
dues. et al., 1995), UT-A3 and UT-A4 (Karakashian et al.,
Urea transporters contain an above average number999) areN-glycosylated at a single site, while UT-Al is
of proline residues. Proline residues are generallyglycosylated at two sites (Shayakul et al., 1996). Com-
thought to disrupt secondary structure, and it is thereforguter analysis has been used to predict the site of these
not surprising that computer based structural predictiormodifications, but experiments to verify these predic-
programs fail to agree on a putative structure for the UTstions are required. It would also be interesting to deter-
Even such a fundamental question as whether the proteimine the effect glycosylation has on transporter function.
is comprised of alpha helices or beta sheets has not bedrurthermore, it is not known whether other post-
established. Due to the unique characteristics of ure#ranslational modifications, such as proteolytic cleavage,
transporter proteins, the inadequacies of structural premodify the UTs.
diction algorithms, and the lack of direct empirically de- A repeated motif known as the “LP box” has been
rived data, it is difficult to regard current topological suggested to be a unique feature common amongst urea
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Fig. 2. The UT-A urea transporter family. Alternative splicing of the UT-A gene and alternative promoter activity results in at least five isoforms.
Horizontal lines represent composition of protein relative to unfolded UTté) §howing the four hydrophobic domains (shaded boxes). Numbers
refer to UT-A1 amino acids. The topologies of these models are hypothetical.

transporters (Rousselet et al., 1996). This eight aminofrom 14,000/cell (Masouredis et al., 1980) to <32,000/
acid sequence (L/VPXXTXXF) occurs twice in UT-A2, cell (Mannuzzu, Moronne, Macey, 1993). Averaging
UT-A3, UT-A4 and UT-A5 and four times in UT-Al. these estimates, and assuming the erythrocyte membrane
This sequence is also found in E-cadherin (Genbank Acarea to be 137um? (Mayrand & Levitt, 1983), gives a
#735402), but the motif is not duplicated in these pro-value d 5 x 1¢° urea molecules per UT-B transporter per
teins. The structural or functional importance of the LPsecond. This is considerably higher than reported for

box remains to be determined. other facilitated transporters which typically transport
10%-10° molecules per second (Nishimura et al., 1993).
Functional Characteristics of Urea Transporters Using a sensitive ELISA method to measure the

number of protein molecules in microdissected IMCDs
The gene products of both UT-A and UT-B are facilita- in conjunction with the in vitro perfused renal tubule
tive urea transporters and as such are unable to transpdgchnique to measure corresponding urea fluxes, Kishore
urea against a urea gradient. Movement of urea is noand coworkers (Kishore et al., 1997) calculated the maxi-
coupled to movement of Nar CI™, nor is it electrogenic  mum turnover number of IMCD UT-A proteins to be
(You et al., 1993; Olives et al., 1994). Transport of urea=0.3—1 x 16 urea molecules per transporter per second.
is inhibited by millimolar concentrations of the aglycon Compared to the average estimate for the turnover num-
phloretin and by some urea analogues (You et al., 1993Yer of UT-B this is fifty-fold smaller. Whether this rep-
The kinetic variableK,,, andV,,,, for cloned urea trans- resents a true difference between UT-A and UT-B pro-
porters have not been established. To some extent this teins is not clear. However, it must be taken into account
due to the technical difficulties associated with the highthat the antiserum used in the ELISA assay was raised to
rate of transport these proteins exhibit. However, derithe COOH-terminus of UT-Al and consequently would
vation of these values should be possible if a suitableecognize any molecules possessing this epitope (UT-
expression system is found. Estimates based on ure&l, UT-A2, and UT-A4). In addition, the assay prob-
fluxes across erythrocyte membranes have been deteably could not differentiate between active and inactive
mined. Values for maximum rates of transport in eryth-forms of the protein. If these factors are considered, then
rocytes range from 0.8 x IO mol-cm2- st at 25°C  the turnover number estimated by Kishore et al. is likely
(Brahm, 1983) to 2.5 x T mol - cm™2- s * at 22-26°C  to be an underestimation of the true value. Nevertheless,
(Mayrand & Levitt, 1983). Estimates of the number of it is higher than would be expected if urea was translo-
copies of urea transporter molecules per red cell rangeated in a classical carrier-mediated fashion. Thus it has
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_I_% Fig. 3. Localization of urea transporters in

mammalian nephron. UT-A2 is located in short
| type | (A) and long type Il B) thin descending
limbs of the loop of Henle. UT-B is located in
descending vasa rect€)( UT-Al and UT-A3 are
located in mid and terminal inner medullary
collecting ducts D). Arrows indicate routes of
urea movement mediated by urea transporters.
Urea is recycled by urea entering the nephron
mediated by UTs af andB and travels along the
nephron until it re-enters the medullary
interstitium in the IMCD via UTs D).

been suggested that urea transporters may be mechanisal hydration and dietary protein) UT-Al transcripts
tically more like ion channels which typically handle were detected in the most distal segments of the collect-
millions of molecules per second (Kishore et al., 1997).ing duct (middle and terminal IMCD; Fig. 3). In con-
The question of whether urea transporters are waterrast, UT-A2 mRNA was present in the outer medullary,
filled pores, and thus transport water as well as urea, hashort thin type | descending limbs of the loop of Henle
been the topic of much debate. One study reported thaind in inner medullary, long thin type lll descending
rat UT-B1 contains a water pathway when expressed inimbs of the loop of Henle (Fig. 3). Although the exact
Xenopusoocytes (Yang & Verkman, 1998), but subse- nephron location of these transcripts has not been deter-
quent findings have refuted this claim and ascribe themined in other species, northern analysis of isolated kid-
observation to overexpression of the protein (Sidouxmey regions has revealed some species differences in
Walter etal., 1999). Human UT-B1 (Martial et al., 1996; their distribution (You et al., 1993; Smith et al., 1995a).
Sidoux-Walter et al., 1999), rat UT-B2 (our unpublished In rat, UT-A3 is also present in the kidney inner
observations) and rat UT-A2 when expressed@mopus  medulla (Doran et al., 1998; Karakashian et al., 1999;
oocytes do not increase plasma membrane water perMeznton et al., 2000), although the nephron location of this
ability when analyzed under conditions where urea isyanscript remains to be determined. Recently, Terris
efficiently transported (Martial et al., 1996;_Yang & and colleagues (Terris, Knepper & Wade, 2001) have
Verkman, 1998). Therefore, the consensus is that ureg,nqeq results using an antiserum raised to the fourteen
transporters do not transport water under physiologica-oH-terminal amino acids of rat UT-A3. This antise-

conditions. rum, antiserum Q, recognized 44- and 67-kDa proteins in
kidney inner medulla. Deglycosylation experiments us-
ing peptide:N-glycosidase F reduced these bands to a
single band at 40 kDa, indicating that the 44 and 67 kDa
proteins were UT-A3 in different glycosylation states.
UT-A Interestingly, although thirteen out of the fourteen amino
acids making up the immunizing peptide are common to

In all mammalian species so far analyzed the kidney ha¥/T-Al and UT-A3, the antiserum did not detect UT-
been found to contain large amounts of UT-A mRNAsAl, as might be expected. The authors suggest that ei-
and proteins. The renal distribution of UT-A proteins ther the terminal amino acid of UT-A3, which is not
has previously been reviewed in a number of articlespresentin UT-A1, may be the source of this ambiguity or
(e.g., Trinh-Trang-Tan & Bankir, 1998; Sands, 2000);that the epitope is somehow masked in UT-A1.

here we present an overview and update of this topic.  Using antiserum Q, Terris and colleagues (Terris,
The two most abundant transcripts in rat kidney are UT-Knepper & Wade, 2001) localized UT-A3 to the cytosol
Al and UT-A2. The exact nephron location of theseof the middle and terminal segments of IMCD. They
transcripts has been resolved using the reverse transcriplearly showed that UT-A3 was not present in the plasma
tion-polymerase chain reaction technique (RT-PCR;membrane, which implies that under normal circum-
Shayakul et al., 1997). Specific primer sets were used tetances this isoform is not involved in the transcellular
detect the UT-A1 or UT-A2 mRNA in microdissected movement of urea. However, it may represent a pool of
nephron segments. Under normal conditions (i.e., norurea transporters with the capacity to be inserted in the

Tissue Distribution of UT Proteins
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plasma membrane, similar to what has been described farocytochemistry this antiserum detects proteins in type |
Agquaporin 2 (AQP2, Nielsen et al., 1995), to bring aboutand type Il thin descending limbs of the loop of Henle
a rapid increase in urea permeability. (Wade et al., 2000). The 55 kDa protein is thought to be
Relatively little is known about UT-A4. UT-A4 UT-A2 for a number of reasons. First, its size is approxi-
mRNA has been detected in heart, however, northermnately that expected for a 397 amino acid protein if
analysis was unable to reveal its renal location (Doran eglycosylation is taken into account. Second, it colocal-
al., 1998). The failure to detect UT-A4 in kidney may izes with UT-A2 mRNAs in thin descending limbs
reflect the very low abundance of this mMRNA species,(Shayakul et al., 1997). Finally, it is not recognized by
and effective detection may depend upon the use of mor@n antiserum (L446) raised to amino acids 56-78 of rat
sensitive RT-PCR based methodologies like those usel T-Al (Wade et al., 2000).
to isolate the first UT-A4 cDNA (Karakashian et al., Western analysis of kidney using UT-A antisera also
1999). reveals several other UT-A proteins, the molecular iden-

The most recent addition to the UT-A family, UT- tity of which remains uncertain. For example, in addi-
A5, appears to be restricted to testes (Fenton et al., 200?9” to UT-A2 antiserum L194 recognizes a 46 kDa pro-
Northern analysis of several mouse tissues, including®in @nd a 33 kDa protein in kidney outer medulla. The

brain, heart, lung, liver, spleen, kidney, testes, epididy—46 kDa protein is thought to represent UT-A4 and the 33

mus, intestine, and skeletal muscle, revealed strong eXXP@ Protéin UT-A2 in its unglycosylated form (Wade et
pression of the 1.5 kb UT-A5 mRNA only in testes. This &+ 2000) although the authors highlight the need for

suggests that UT-A5 may be unique amongst the UT-AgurthXr data t'o sudpp(k))rt these conjectures. RNA d
in that it is not expressed in the kidney. In the testis S mentioned above, urea transporter m S an

UT-A5 has been localized bin situ hybridization to proteins have been discovered in some extra-renal tis-

: L sues. UT-A transcripts are present in heart (Doran et al.,
cells surrounding the seminiferous tubules. Although the . ! )
subcellular location of the UT-A5 protein is not yet 1998) and testis (Karakashian et al., 1999; Fenton et al.,

o ; .~ 2000). In addition, UT-A isoforms have been detected in
known, this isoform may mediate movement of urea into

o colon (You et al., 1993) and liver (Klein et al., 1999).
or out of the seminiferous tubules (Fenton et al., 2000) : ; /
The rat equivalent of UT-A5 is probably the 1.7 kb tran- The possible physiological roles these transporters may

; . . . lay are discussed below.
script detected only in testis by Karakashian and cowor play

ers (Karakashian et al., 1999).
Studies employing peptide-specific antisera targeted)T-B
to parts of urea transporter proteins have proved very

useful in discerning the nephron and cellular location ofnorthern analysis of both human and rat tissues has re-
UT-A proteins. However, the results of these studies reyegled that UT-B mRNA is widely distributed. UT-B
quire careful interpretation, because several UT-A isOtranscripts have been detected in human heart, skeletal
forms have common epitopes. To overcome this probmyscle, colon, small intestine (transcript sizes 2 kb and
lem, Knepper and colleagues have championed the use &f6 kb), and in brain, thymus, prostate, liver and ovary
several polyclonal antisera raised to different parts of thqtranscript sizes 2.0 kb and 4.5 kb) (Olives et al., 1996).
UT-Al protein. Antiserum L448 was raised to amino |n rat a similar distribution has been reported, except that
acids 500-522 of UT-Al (Terris et al., 1998) and anti- only a 3.8 kb transcript was detected (Promeneur et al.,
serum L194 to the COOH-terminal 19 amino acids of1996; Tsukaguchi et al., 1997). Because mammalian
UT-Al (Nielsen et al., 1996; Terris et al., 1998; Wade eterythrocytes do not contain mRNA, it is not possible to
al., 2000). perform northern analysis. However, UT-B transcripts
Western analysis using antiserum L448 or L194/have been detected in human spleen (2.5 kb and 4.7 kb,
L403 detects 97 kDa and 117 kDa bands in inner medull@®lives et al., 1996) adult spleen erythroblasts (2.5 kb and
(Terris et al., 1998) and both bands are thought to rep4.7 kb) and the erythroleukemic cell line HEL (2.0 kb
resent UT-Al. Studies to determine the glycosylationand 4.3 kb, Olives et al., 1994). These are thought to
state of native urea transporters have shown that treateflect the expression of the UT-B gene in differentiating
ment of IMCD proteins with the deglycosylating agent reticulocytes.
N-glycosidase F reduces the 97 kDa and 117 kDa bands UT-B protein is strongly expressed in red blood cells
to a single 84 kDa band, indicating that they probably(Olives et al., 1995). Western analysis of human eryth-
represent UT-A1 in different glycosylation states (Rouil- rocytes using an antiserum targeting the NEkrminal
lard et al., 1998). Immunostaining using L194 labeledamino acids (residues 16-31 of UT-B) labels a broad
apical membranes and cytoplasm of IMCD principle band between 46—60 kDa (Olives et al., 1995). Other
cells (e.g., Nielsen et al., 1996). groups have observed very similar results using an anti-
Antiserum L194 also recognizes a 55 kDa protein onserum raised to the COOH-terminus (residues 373—-391)
western blots of kidney medulla. When used for immu-of UT-B (Timmer et al., 1998a). Similarly, immunopre-
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cipitation of red cell proteins using a UT-B antiserum null phenotype Jk,,. It was first linked to urea transport
yields a broad band of 46—60 kDa which is reduced to avhen it was discovered that )k erythrocytes do not
single band of 36 kDa on treatment witlrglycanase lyse in 2 M urea solutions, leading to aberrant results in
(Olives et al., 1995). Together, these results suggest thautomated blood cell counters (Heaton & McKloughlin,
a single isoform of UT-B is expressed in erythrocytes1982). Direct measurements of the membrane perme-
and it is subject to varying degrees of glycosylation.  ability of these cells revealed that they were considerably
The abundance of UT-B mRNA in brain has at- less permeable to urea and thiourea than erythrocytes
tracted some interest because the striking level of expregrom unaffected individuals, but displayed normal values
sion implies that this transporter may serve an importanfor water permeability (Frohlich et al., 1991). Knowl-
role. UT-B mRNA is strongly expressed in astrocytesedge of the human UT-B gene has facilitated the identi-
throughout the brain (Couriaud, Ripoche & Rousseletfication of the molecular bases of the phenotypes (Lucien
1996; Promeneur et al., 1996; Tsukaguchi et al., 1997t al., 1998). Thdl® or JK alleles correspond to a single
and also in a subgroup of neurons in the midbrainpoint mutation (G to A) at base pair 838 in UT-B1 lead-
(Berger, Tsukaguchi & Hediger, 1998). Urea is formeding to an Asp to Asn substitution at position 280 (Olives
in the brain (Buniatian & Davtian, 1962) and although et al., 1997). The Jk, phenotype is caused by muta-
the physiological role of UT-B in this tissue remains to tions in UT-B splice sites, resulting in the absence of
be established, these proteins may serve to dissipate uréfl-B protein expression (Lucien et al., 1998). Individu-
gradients which would otherwise form. als with a Jk,, phenotype are genetically devoid of
UT-B is also expressed in kidney in the descendingfunctional UT-B protein. Despite this, they appear vir-
vasa recta (Promeneur et al., 1996; Tsukaguchi et altually asymptomatic. A disease phenotype is only evi-
1997; Xu et al., 1997) which are the blood vessels thatdent when Jk,, individuals are challenged by thirsting,
perfuse the kidney medulla. Because these vessels makad this manifests as a weak urinary concentrating defect
up only a small fraction of the renal mass, UT-B mRNA (Sands et al., 1992). This suggests that under normal
represents a small proportion of the RNA in whole kid- circumstances UT-B is not essential for homeostasis, al-
ney homogenates, and northern analysis of whole kidnethough further analysis is required to determine if com-
consequently reveals only a very faint signal correspondpensatory changes occur. The fact that the absence of
ing to UT-B (Couriaud et al., 1996). UT-B does not appear to disrupt homeostatic balance
Western analysis of rat kidney using an antiserummay not be true for all species, because interspecies dif-
directed to the COOH-terminal amino acids of UT-B ferences in sensitivity to gene disruption or removal are
detects a broad band between 41-54 kDa in kidney innegvident in the case of other transporter proteins. For ex-
and outer medulla, but not in kidney cortex (Timmer etample, humans genetically lacking the water channel
al., 1998a). Treatment witN-glycosidase F reduced this aquaporin 1 (AQP1) do not present a pathological phe-
diffuse band to a single sharp band, and, as observed farotype (Preston et al., 1994), whereas AQP1 knock-out
UT-B expressed in erythrocytes, suggests that UT-B irmice have a profound urinary concentrating defect (Ma
kidney medulla is glycosylated to varying degrees. Inet al., 1998). From this viewpoint, the engineering and
both humans and rat, this signal represents UT-B exanalysis of UT-B-deficient mice will be of substantial
pressed in endothelial cells forming the blood supply tointerest and may reveal roles of UT-B that are hidden in
the renal medulla (descending vasa recta, Figure 3humans due to compensatory mechanisms.
Promeneur et al., 1996; Tsukaguchi et al., 1997; Xu et
al., 1997; Timmer et al., 1998a). Consistent with this
localization, Pallone (1994) showed that urea movemenMolecular Physiology of Urea Transporters
across rat vasa recta was inhibited by phloretin.
In the testes UT-B mRNA has been detected in Ser-
toli cells associated with the early stages of spermatocyt&OLE IN THE KIDNEY
development (Tsukaguchi et al., 1997). The cellular lo-
calization of UT-B in other tissues where it has beenAcute control of urea permeability is an integral part of
found has yet to be established. the urinary concentrating mechanism. In mammals, the
differential water and urea permeability of collecting
ducts, brought about by spatially distinct expression of
The Kidd Antigen transporter proteins, and coordinated increases in collect-
ing duct permeability triggered by arginine vasopressin
The UT-B protein expressed in red blood cells has beetfAVP), are central to the urinary concentrating machin-
shown to carry the Kidd blood group polymorphism (Ol- ery. The main features of this mechanism are as follows.
ives et al., 1995). This polymorphism consists of 2 func-An increased level of AVP stimulates an increase in
tional alleles k¢ and JK), leading to three common cortical collecting duct (CCD) water permeability, but
phenotypes Jk(a+b-), Jk(a—b+), and Jk(a+b+) and a rareot urea permeability. This causes water reabsorption
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from the tubular fluid passing down the CCD. Urea is creased tonicity by addition of NaCl, mannitol or raffi-
concentrated in the tubular lumen and a urea-rich solunose, but not urea, brings about an increase inthe,
tion flows into the IMCD. In the middle and terminal but not theK,, of urea transport, leading to an acute
part of the IMCD, AVP activated UT proteins mediate increase in urea permeability (Gillin & Sands, 1992).
movement of urea down its concentration gradient,\Vasopressin and hyperosmolality stimulate urea perme-
across the tubular epithelium and out of the tubule intoability via different intracellular mechanisms because the
the medullary interstitium. This in turn generates ahyperosmotic effect is independent of activators of ade-
transepithelial osmotic gradient, which drives further wa-nylate cyclase (Gillin, Star & Sands, 1993). In addition,
ter reabsorption through AQPs. the two responses are additive and stimulation by one
Movement of urea across the apical membrane ofloes not negate stimulation by the other. Interestingly,
the IMCD is the rate-limiting step in the transcellular stimulation of IMCD cells by hyperosmolality induces
movement of urea into the medullary interstitium (Star,an increase in intracellular calcium suggesting that this
1990). Within one minute of exposure to AVP the ureasecond messenger may also modulate UT function.
permeability of the apical membrane increases. This ef- We have focused on the collecting ducts, but UT-A2
fect is mediated by Yvasopressin receptors coupled to is also expressed in the thin descending limbs of Henle
cAMP (Grantham & Burg, 1966; Star et al., 1988) andand plays an important role in urinary concentration.
lasts for 10 minutes. It is followed by a slower rate of It is thought that these transporters are involved in renal
increase spread over the next 50 minutes. urea recyclinggeeFig. 3) by restricting loss of urea from
Vasopressin-stimulated trafficking of AQP2-bearing the medulla. In addition, UT-B expressed in the de-
vesicles to the apical membrane mediates the accompaeending vasa recta is suggested to contain the cortico-
nying increase in collecting duct water transport (Nielsenmedullary urea gradient by driving urea, which would
et al., 1995). The increased IMCD urea permeability isotherwise diffuse throughout the cortex, into the inner
the result of an increase in the number of functionalmedulla.
transporting UTs (i.e., increase M, ) in the apical UT-B expressed in erythrocytes is also thought to
membrane (Chou & Knepper, 1989). Although UT-Al augment this action by preventing dissipation of the cor-
is present in intracellular vesicles (Nielsen et al., 1996) tico-medullary urea gradient because erythrocytes that
the amount of UT-A1 protein in the apical membranetraverse the kidney medulla would otherwise tend to
does notincrease in response to AVP (Inoue et al., 1999arry urea out of the medulla and into the general circu-
Therefore, the observed increase in urea permeability itation. This feature is favored by the fact that UT-B has
the IMCD is not due to shuttling of UT-A1 to the apical asymmetric transport properties, which can be likened to
membrane. Urea transport by UT-Al expressedéno-  rectification in ion channels (Levitt & Mlekoday, 1983).
pus oocytes is increased after treatment with cAMP The affinity for transport out of erythrocytes is more or
(Shayakul et al., 1996) indicating that the AVP-inducedless double that for movement into these cells. The ob-
increase in IMCD urea permeability is probably due atservation that Jk,, individuals actually present a mild
least in part to a cAMP-dependent change in activity ofurinary concentrating defect (Sands et al., 1992) supports
UT-A1 proteins already residing in the apical membranethis role. It has also been suggested that UT-B expressed
(Inoue et al., 1999). Alternatively or additionally, it in erythrocytes prevents cells from detrimental shrinkage
could be due to shuttling to the apical membrane ofand swelling as they traverse the kidney medulla (Macey
another UT isoform which was not detected by the an-& Yousef, 1988).
tiserum used in the above experiment, but which is ex-  We have only addressed what can be termed short-
pressed in the IMCD, for example UT-A3 (Terris et al., term, acute changes in UT function. Like the majority of
2001). other proteins, the amount of UT mRNA and protein are
The above mechanism of activation probably ex-regulated in response to longer term alterations in ho-
plains the initial rapid increase in IMCD urea permeabil- meostasis. Studies looking at sustained antidiuresis in-
ity, but is it responsible for the second phase of theduced over several days by restricting water or infusing
response? Although this requires testing, it is possibléAVP, have revealed that UT mRNA and protein levels
that two complementary mechanisms may be operatingare modulated. Thirsting for 1 to 3 days causes hetero-
an acute direct activation of dormant urea transportergeneous changes in urea permeability in rat IMCD sub-
and a gradual recruitment of transporter proteins to thesegments (Kato et al., 1998). Thirsting for 3 days in-
apical membrane from intracellular pools. If this hy- duces an increase in UT-A2 mRNA (Smith et al., 1995a;
pothesis is true, then it would follow that UTs seques-Promeneur et al., 1996) and protein in inner and outer
tered in intracellular vesicles may be involved in the medulla thin descending limbs (Wade et al., 2000).
second phase of the AVP-induced response. Thirsting has no effect on UT-A2 mRNA levels in Brat-
Urea permeability in the IMCD is also acutely tleboro rats, which congenitally lack AVP, whereas
stimulated by hyperosmolality. Exposing IMCD to in- chronic AVP treatment induces a large increase in
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UT-A2 mRNA. Both of these observations suggest thatAshkar et al., 1995; Isozaki et al., 1995). These alter-
AVP is necessary for the response to thirsting (Smith etitions are accompanied by time-dependent fluctuations
al., 1995b; Shayakul et al., 2000). in urea transporter expression that are exemplified by the
Receptors with the pharmacological characteristicfollowing observations: One week after rats were
of vasopressin Y, receptors have been detected in thechanged from a diet containing 18% protein (normal
thin descending limbs of short loops and these may mediet) to a LPD containing 8% protein, the amount of
diate modulation of UT-A2 levels (Arpin-Bott et al., UT-A2 mRNA in the initial part of the inner medulla
1999). However, to date no vasopressin receptors hav@eighbouring the inner stripe of the outer medulla) in-
been detected in long-looped nephrons. In these segreased. The amount of UT-A1 mRNA was unchanged
ments an indirect mechanism for modulating UT-A2 lev- (Isozaki et al., 1995), and there was no increase in UT-
els has been proposed. It has been suggested that iAd protein in the IMCD (Kishore et al., 1997). The in-
creased medullary NaCl and urea content brought aboutrease in UT-A2 mRNA presumably occurs in the thin
by the countercurrent exchanger act as stimuli for in-descending limbs of the loops of Henle. AVP is impli-
creased UT-A expression. This hypothesis was demoneated in the response, because UT-A2 mRNA levels did
strated in vitro and in vivo (Leroy et al., 2000). Inter- not increase in Brattleboro rats treated in the same fash-
estingly, the NaCl and urea appear to act synergisticallyon. Instead, this strain showed a decrease in UT-Al
in this regulation. In mouse and rat the UTRApro-  mRNA in the inner medullary tip (Hu, Bankir & Trinh-
moter contains the consensus sequence for osmotic r@rang-Tan, 1999). After two weeks of LPD, the level of
sponse elements, raising the possibility that modulatioltdT-A2 mRNA in AVP-replete normal rats remains el-
of UT-A gene transcription by NaCl may be involved evated in the initial inner medulla. There is also an in-
(Ferraris et al., 1996; Fenton et al., 1999b; Nakayama etrease in AVP-sensitive urea transport in the initial
al., 1999). The effect of urea would appear differentIMCD (Isozaki et al., 1995), which is suggestive of the
from that of NaCl and could reside in post-transcriptionalactivation and/or increase in expression of UT-AL.
events that remain to be identified. However, there is no discernible increase in the amount
Thirsting or treatment with AVP also causes a smallof UT-A1 mRNA in the initial inner medulla (Isozaki et
reduction in the amount of UT-A1 mRNA in the inner al., 1995) or UT-A protein in the IMCD (Kishore et al.,
medulla (Smith et al., 1995a, 1995b; Shayakul et al.1997). Therefore, the increase in permeability is due to
2000). These treatments have no detectable effect oone of the following: (i) activation of UT-A1 which is
expression of the 97 kDa UT-A protein in Brattleboro or already present, but below the limits of detection of stan-
normal rats, but treatment with AVP reduces the amountlard northern and western blotting; (i) another UT-A
of the 117 kDa UT-A protein in inner medulla (Terris et isoform such as UT-A3, or (iii) a novel UT protein. Af-
al., 1998). It has not been established whether the reter four weeks of exposure to LPD, UT-A2 mRNA levels
duction in UT-A1 mRNA causes this decrease in UT are no different from control levels. However, UT-Al
protein, or what the physiological significance of the mRNA levels are greatly increased (Smith et al., 1995a).
response is. Corroborating this finding, Terris et al. (1998) reported
Like thirsting, diuresis has been shown to affect ureathat feeding rats a 4% protein diet for three weeks causes
permeability and UT-A mRNA and protein expression in an increase in the 117 kD UT-ALl protein in the renal
a nephron segment-dependent manner (Smith et alpapilla.
1995a; Kato & Sands, 1998a; Terris et al., 1998). Inter-  These changes underlie alterations in renal function
estingly, furosemide-induced diuresis has been found tthat are assumed to reduce the amount of urea excreted
stimulate a sodium-urea antiporter in the initial IMCD and maintain plasma urea concentrations. Why this
and to inhibit active urea secretion into the terminalshould be necessary is open to speculation. Perhaps urea
IMCD (Kato & Sands, 1998a; Kato et al., 1998). is conserved in the event that it is required for urinary
In addition to being responsive to hydration state,concentration should water become limiting. An alter-
urea transporter expression in the kidney is also sensitivaative suggestion is that animals on a low protein diet are
to the amount of protein consumed in the diet. It is well effectively consuming less nitrogen, and that one way of
established that a reduced protein diet causes changesdéonserving nitrogen is to conserve urea. This would then
renal urea handling, with the net result that urea reabexplain why urea transporters are expressed in the large
sorption increases (Schmidt-Nielsen, 1958; Peil, Stolte &ntestine. In colon, UTs are thought to play a role in
Schmidt-Nielsen, 1990). The IMCD is regarded as thenitrogen salvaging (Meakins & Jackson, 1996). Urea
primary nephron site of these adaptive changes. Severairculating in the blood diffuses into the colon and is
studies have measured IMCD urea permeability in re-hydrolyzed by resident microfloral urease, liberating
sponse to a low protein diet (LPD) and documented in-CO, and ammonia. The nitrogen moieties are then uti-
creases in urea permeability that differ depending on théized by both the microflora and host to synthesize amino
duration of LPD (Isozaki, Verlander & Sands, 1993; acids. In this way the urea nitrogen is recycled. Know-
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aspariate

| arginine

Fig. 4. Routes of urea movement in mammals. Urea is the major end-product of protein catabolism and plays several important roles in body
homeostasis. It is synthesized almost exclusively in the liver by the ornithine-urea cycle, passes out into the circulation by a carrier-messated pr

(A) and circulates in human plasma at concentrations between 4—10 mmivli$ freely filtered by the kidneyR) and depending on a person’s
nutritional and diuretic state, between 50% and 70% of the urea filtered at the glomerulus is realiSprBethé urea contributes to the hypertonic

renal medulla which is central to water reabsorptib). (The remainder passes out in the uriig. Urea also diffuses into the colof)( by what

is thought to be a urea transporter-mediated process. It is utilized by the resident mic®fladai¢h breaks it down into CQand NH,. The latter

being used for synthesis of amino acids. There is evidence to support reabsorption and utilization of this urea nitrogen byHhe host (

ing the cellular location of the UT proteins in the large not surprising that UT-A and UT-B are present in this
intestine would be beneficial (Fig. 4). tissue. Although it remains to be determined which cells
Other factors have been found to affect renal ureahey are expressed in, it can be speculated that urea trans-
handling and/or UT expression. For example, glucocorporters allow urea to pass from the liver into the circu-
ticoids increase fractional urea excretion (Knepper et al.lation (Klein et al., 1999). Interestingly, a cDNA encod-
1975), and, conversely, adrenalectomy reduces urea exag a novel AQP water channel, AQP 9, has recently
cretion and increases urea permeability in the terminabeen found in liver (Tsukaguchi et al., 1999). This pro-
IMCD (Naruse et al., 1997). These responses aréein transports water, urea and other solutes and it may
thought to involve modulation of UT-A1 protein levels. contribute to urea transport in this organ, but until the
Glucagon significantly increases the fractional excretioncellular location of this protein and the UT proteins are
of urea in rats (Ahloulay et al., 1992). The mechanism ofknown it is difficult to formulate models of hepatic urea
action mediating this effect does not appear to involvehandling.
changes in IMCD urea permeability, but modulation of In rat testis, Tsukaguchi et al. (1997) showed that
urea transporter function in other nephron segments hadT-B expressed in Sertoli cells was upregulated in the
not been investigated (Isozaki et al., 1995). Severakarly stages of spermatocyte development. This suggests
other factors have been found to affect urea handling byhat UT-B expression may be linked in some way to
the kidney geeSands, 2000). spermatocyte maturation.
UT-B is also expressed in bone. In cultured human
trabecular bone explants UT-B is downregulated during
OTHER TISSUES the switch to adipogenesis (Prichett et al., 2000). This is
significant, because the decrease in bone volume associ-
The role UTs play in other tissue is very much open toated with osteoporosis and age-related osteopenia is ac-
speculation. Because urea is synthesized in the liver, itisompanied by increased bone marrow adipose tissue for-
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mation. The authors suggest that UT-B gene expressio@onclusion
may therefore be a marker of adipogenesis in osteoblasts
(Prichett et al., 2000). Over the past decade, the application of molecular biol-
The identification of UTs in tissues not previously ogy to the study of urea transport has revolutionized the
associated with urea metabolism such as testis, bondigld. The cloning of urea transporter cDNAs and the
heart and brain, has fueled speculation as to possibIéUbSGQ}Jent generation of_reagents, mcludlng_ SP?CIfIC
alternative roles for these proteins other than urea trangiucleotide probes and antisera, have led to significant
port. A provocative hypothesis might be drawn from theadvances in our understanding of the molecular aspects
independent cloning of human UT-B as a gene compleOf urea transporters. There are, however, still some large
menting a fission yeastSghizosaccharomyces porpbe 9aps in our knowledge. For example, the functional and
cell cycle checkpoint mutation (Davey & Beach, 1995). kinetic characteristics of UT proteins and how these re-
The authors screened a human glioblastoma library folate to the structure of the UT isoforms is an area that
genes which could complement thad1-1 mutation. ~ N€eds attention. S _
Through this screen, Davey & Beach isolated a gene Molecular data alone are also insufficient to explain
called RACH2. which is identical to UT-B. The UT-B the role played by urea transporters in the diverse array
protein was able to restore the delay in mitotic entry afterOf tisSsues where they are now known to be present. In
UV irradiation that is lost in the mutant. Curiously, the Kidney, although a picture is emerging of differential
when over-expressed in a human cell line, UT-B inducedXPression of UT-A and UT-B, it is currently not pos-
apoptosis (Davey & Beach, 1995). It is difficult to ex- sible to directly relate changes in urea permeability at the
plain these results strictly in terms of urea transport b))eV_EI Qf the nephron to altereo_l expression of UT proteins.
UT-B, which suggests that UT-B may have a distinctThls is because most studies have looked at global

function that is independent of urea transport. qhanges In e|th_er le_\lA or protein levels. A more re-.
fined approach is required which measures the change in

expression in individual nephron subsegments and cor-
relates this to changes in urea permeability.

Active Urea Transport Localization and physiological experiments are also
required to understand the role of urea transporters in

. tissues that were not previously associated with urea me-
The concept of ion-coupled urea transporters capable Qhpgjism, such as testes, bone, brain and heart. In the

mov?ng urea againstla cqncentration gradient is not NneWase of UT-A this will demand immunostaining with a
(Smith, 1931; Schmidt-Nielsen, 1958). However, com-pattery of antisera chosen so as to differentiate between
pelling evidence indicating their presence in mammalSnpe numerous UT-A isoforms. With regard to UT-B,
has only recently come to light. Here we present only axnowledge of the nucleotide sequence and proteins en-
brief overview; for a more in-depth treatise readerscoded by the various transcripts is required, followed by
should refer to the recent review by Sands (2000). Twahe development of transcript-specific probes and, if
studies have shown that rats fed an 8% protein diet fohovel UT-B proteins are discovered, isoform-specific an-
three to four weeks express a Ndependent urea co- tisera. In addition, incorporation of data from situ
transporter in the initial IMCD (Isozaki et al., 1994; hybridization and RT-PCR studies will be of benefit.
Sands, Martial & Isozaki, 1996). This transport activity It is only through an integrated approach incorporating
is not inhibited by phloretin and is not sensitive to AVP. an array of molecular, biochemical and physiological
In contrast, feeding rats a diet consisting of 10% glucoseechniques that future breakthroughs in this important
in water causes diuresis and induces expression of a Nafield will be made.

urea antiporter in the terminal IMCD (Kato & Sands,

1998b). This transport activity is inhibited by phloretin

and stimulated by AVP (Kato & Sands, 1998b). Inter- References
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