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Morgenstelle 1, D–72076 Tübingen, Germany (U.L., W.B.F.); Department of Plant Sciences, University of
Cambridge, Cambridge CB2 3EA, United Kingdom (L.-H.L.); and Carnegie Institution, 260 Panama Street,
Stanford, California 94305 (W.B.F.)

Urea is the major nitrogen (N) form supplied as fertilizer in agricultural plant production and also an important N metabolite
in plants. Because urea transport in plants is not well understood, the aim of the present study was to isolate urea transporter
genes from the model plant Arabidopsis. Using heterologous complementation of a urea uptake-defective yeast (Saccharo-
myces cerevisiae) mutant allowed to isolate AtTIP1;1, AtTIP1;2, AtTIP2;1, and AtTIP4;1 from a cDNA library of Arabidopsis.
These cDNAs encode channel-like tonoplast intrinsic proteins (TIPs) that belong to the superfamily of major intrinsic
proteins (or aquaporins). All four genes conferred growth of a urea uptake-defective yeast mutant on 2 mm urea in a
phloretin-sensitive and pH-independent manner. Uptake studies using 14C-labeled urea into AtTIP2;1-expressing Xenopus
laevis oocytes demonstrated that AtTIP2;1 facilitated urea transport also in a pH-independent manner and with linear
concentration dependency. Expression studies showed that AtTIP1;2, AtTIP2;1, and AtTIP4;1 genes were up-regulated
during early germination and under N deficiency in roots but constitutively expressed in shoots. Subcellular localization of
green fluorescent protein-fused AtTIPs indicated that AtTIP1;2, AtTIP2;1, and AtTIP4;1 were targeted mainly to the
tonoplast and other endomembranes. Thus, in addition to their role as water channels, TIP transporters may play a role in
equilibrating urea concentrations between different cellular compartments.

A large variety of organisms can use urea effi-
ciently as a nitrogen (N) source from soils. Because
urea is uncharged and permeates slowly through
artificial lipid bilayers, it has been suggested that
urea can easily cross biological membranes without
requiring protein-mediated transport (Galluci et al.,
1971). For a non-transpiring organism, however,
transport solely along the concentration gradient
would not allow significant internal enrichment of
urea in view of the rather low urea concentrations
usually found in soils and water bodies (Gaudin et
al., 1987). Therefore, prokaryotes have evolved
energy-dependent transport systems for the uptake
of urea across membranes (ElBerry et al., 1993; Val-
ladares et al., 2002). Likewise, higher plants also
transport urea actively, as by the H�-urea cotrans-
porter AtDUR3, which is preferentially expressed in
roots under N deficiency (Liu et al., 2003). Although
urea uptake by plant roots has not yet been properly
described at a physiological level, urea uptake in
unicellular organisms, including prokaryotes and al-
gae, has been investigated more carefully (Siewe et
al., 1998; Wilson and Walker, 1988). Transport assays

in Chara australis showed that urea uptake is driven
by an active, energy-dependent pathway, whereas at
higher external concentrations, urea uptake followed
a linear concentration dependency, indicating a sec-
ond passive or diffusion-controlled transport path-
way (Wilson and Walker, 1988; Wilson et al., 1988).
This kinetic behavior is in agreement with early in-
vestigations on urea transport in other plant and
animal systems, where urea transport was best de-
scribed by facilitated diffusion and was found to be
inhibited by mercury, phloretin, or urea analogs
(Dainty and Ginzburg, 1964; Stadelman, 1969; Macey,
1984).

Investigations on the molecular nature of urea
transport in human or animal cells have shown that
urea is mainly transported through facilitative urea
transporters of the UT-A and UT-B families (Smith
and Rousselet, 2001; Sands, 2003). UT transporters
allow a faster equilibration of urea gradients across
cell membranes than would be achieved by passive
diffusion alone. In addition, four members of the
aquaporin (AQP) family of aquaporins were shown
by oocyte expression to mediate, in addition to water,
the transport of urea also (Ishibashi et al., 1994, 1997,
1998, 2002). These findings led to a thorough reinves-
tigation of plant aquaporins and their functionality in
urea transport. Two plant aquaporins, NtPIP1 and
NtTIPa, also mediated 14C-urea fluxes when heter-
ologously expressed in Xenopus laevis oocytes (Eckert
et al., 1999; Gerbeau et al., 1999). However, urea
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transport does not seem to be a general property of
aquaporins (Echevarria and Ilundain, 1996), and a
possible physiological role of aquaporin-mediated
urea transport in plants has not been investigated yet.

In plants, N acquisition could benefit from urea
transport systems in roots and in leaves. As indicated
by urea recovery from the xylem sap, urea is at least
in part taken up by roots as an intact molecule (Hine
and Sprent, 1988). Depletion studies suggested that
urea uptake is affected by the presence of nitrate and
ammonium (Bradley et al., 1989) and by the avail-
ability of nickel, which is required as a cofactor for
urea-degrading urease (Brown et al., 1987; Gerendás
et al., 1998). When supplied to leaves, urea uptake
was proportional to the concentration of externally
applied urea (Klein and Weinbaum, 1985) or fol-
lowed the transpiration rate of the leaves, which is
indicative for a process driven by the mass flow of
water (Palta et al., 1991). Thus, root uptake of urea
showed signs of control by N and nickel, whereas
leaf uptake reflected more a diffusion-driven process.

To better understand the molecular basis for urea
transport in plants, a yeast (Saccharomyces cerevisiae)
complementation approach was undertaken to iso-
late genes encoding urea transport proteins in the
model plant Arabidopsis. Here, we report that this
approach led exclusively to the isolation of tonoplast
intrinsic protein (TIP)-related genes. This novel prop-
erty of aquaporins was characterized in yeast and X.
laevis oocytes and found to fundamentally differ from
the recently characterized secondary active urea trans-
port mediated by AtDUR3. Membrane localization
provided evidence that TIP-mediated urea transport
might occur at different cellular membranes, and tran-
scriptional regulation of TIP genes showed a depen-
dence on the N nutritional status in Arabidopsis.

RESULTS

Isolation of Arabidopsis Genes Mediating Urea
Uptake in Yeast

For the isolation of genes involved in urea trans-
port, a yeast complementation assay was established.
The yeast mutant YNVW1 (�dur3 and ura3), which is
unable to grow on medium containing �5 mm urea
as the sole N source (Liu et al., 2003), was trans-
formed with a cDNA library from Arabidopsis seed-
lings (Minet et al., 1992), and transformants were
screened on 2 mm urea as the sole N source. Of
approximately 200,000 independent transformants,
17 colonies were isolated that conferred growth
complementation repeatedly after retransformation
of YNVW1 and that were predicted to encode inte-
gral membrane proteins. All 17 cDNAs represented
four genes that belong to the TIPs (Johanson et al.,
2001): AtTIP1;1 (�-TIP1; At2g36830), AtTIP1;2 (�-
TIP2; At3g26520), AtTIP2;1 (�-TIP1; At3g16240), and
AtTIP4;1 (�-TIP; At2g25810). Except AtTIP2;1, which
encodes a �-TIP originally described as a tonoplast-

located water channel (Daniels et al., 1996), the other
three TIPs have not been functionally characterized
so far. All four isolated genes complemented the
growth of the yeast strain YNVW1 on 2 mm urea as
a sole N source; however, their growth rate was still
weaker compared with the wild type (23346c), in
which the ScDUR3 gene is functional (Fig. 1A). Even
on 1 mm urea, yeast transformants expressing At-
TIP4;1 still conferred growth complementation,
whereas the other three TIPs did not (data not
shown). Because yeast complementation by AtTIP1;1
was weakest, this gene was not further investigated.

In transport studies in heterologous systems, phlor-
etin [3-(4 hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)-
1-propanone] is commonly used as an inhibitor for Glc
and urea transporters (You et al., 1993; Ishibashi et al.,
1994; Tsukaguchi et al., 1998). Relative to the wild
type, AtTIP4;1-, AtTIP2;1-, and AtTIP1;2-expressing
YNVW1 cells showed a reduced growth rate in pres-
ence of 0.45 mm phloretin (Fig. 1A), indicating that
urea transport is sensitive to phloretin as found for
urea transport mediated by mammalian AQPs in oo-
cytes (Ishibashi et al., 1994). As an alternative to phlor-
etin, Hg2� has been employed frequently to block
aquaporin-mediated transport of urea and water
(Ishibashi et al., 1994, 1997, 2002; Kammerloher et al.,
1994; Daniels et al., 1996). However, our attempt failed
to find a suitable Hg2� concentration that only inhib-
ited growth of TIP-expressing YNVW1 strains but not
of the respective wild type (data not shown).

Because YNVW1 growth complementation on urea
by the active urea transporter AtDUR3 was strongly
dependent on external pH (Liu et al., 2003), the in-
fluence of pH on TIP-mediated urea uptake in yeast
was tested. However, the growth rate of AtTIP4;1-,
AtTIP2;1-, and AtTIP1;2-expressing YNVW1 was
hardly affected by raising the medium pH from 5.5 to
7.5 (Fig. 1B), indicating that external pH had no
considerable effect on urea transport in yeast when
mediated by one of the isolated TIPs.

Figure 1. Functional complementation of the yeast mutant YNVW1
by TIP genes. Growth complementation of urea uptake-defective
yeast (YNVW1) by pFL61 harboring AtTIP1;1, AtTIP1;2, AtTIP2;1, or
AtTIP4;1 on medium containing 2 mM urea as a sole N source in the
absence or presence of 0.45 �M phloretin (A) or at different pH (B).

Urea Transport by AtTIPs
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AtTIP2;1 Mediates Urea Transport in X. laevis Oocytes

To investigate the mechanism of urea transport by
the isolated TIP genes in more detail, one of the
isolated genes, AtTIP2;1, was heterologously ex-
pressed in X. laevis oocytes. In vitro-synthesized At-
TIP2;1 mRNA was micro-injected into oocytes, which
were further incubated in choline-based standard
buffer solution for 2 to 3 d before assaying urea
uptake after supply of [14C]-labeled urea. Because
uptake of [14C]urea by water-injected oocytes was
low and showed no difference to noninjected oo-
cytes, noninjected oocytes served as a control. In
contrast, accumulation of [14C]-urea in AtTIP2;1-
expressing oocytes was approximately 3- to 4-fold
higher when oocytes were exposed to 100 �m urea
for 20 min (Fig. 2A). Uptake of urea into oocytes was
independent of external pH between pH 5 and 8. In
control oocytes, urea accumulation was not signifi-
cantly altered by increasing pH but showed higher
variability at pH 8 (Fig. 2A). The pH independence in
oocytes was in agreement with the observation that
urea-dependent growth complementation of TIP-
transformed yeast was unaffected by external pH
(Fig. 1B).

Urea accumulation in AtTIP2;1-expressing oocytes
increased steeply with urea supply, when external
urea concentrations were shifted from 100 �m to 30
mm at pH 7 (Fig. 2B). Similar to the comparatively
low increase of urea accumulation in control oocytes,
urea accumulation by AtTIP2;1 increased linearly
with external concentration. A linear concentration
dependence over large substrate concentration
ranges is more typical of channel-mediated transport,
suggesting that AtTIP2;1 might transport urea by a
similar transport mechanism as water.

Subcellular Localization of AtTIP1;2,
AtTIP2;1, and AtTIP4;1

To elucidate the potential physiological role of the
isolated TIP transporters in urea transport in plants,
subcellular localization of AtTIP1;2, AtTIP2;1, and At-
TIP4;1 was assayed in PEG-transformed protoplasts
derived from an Arabidopsis cell culture precultured
in the dark. All TIP proteins were C terminally linked
to green fluorescent protein (GFP), and expression of
the fusion proteins was driven by a 35S promoter.
Protoplasts transformed by the empty plasmid
pCF203 carrying GFP alone served as control.

GFP fluorescence of AtTIP4;1-, AtTIP1;2-, and
AtTIP2;1-tagged constructs in protoplasts was con-
fined to a ring in the protoplasts and to internal
structures but was excluded from the nucleus and the
vacuolar lumen (Fig. 3A). This staining pattern was
similar to that observed for the vacuolar V-type
ATPase subunit C (Allen et al., 2000). After releasing
vacuoles from the protoplasts by osmotic shock, the
fluorescence signal of AtTIP2;1 and AtTIP1;2 mainly
localized to the tonoplast. A strong signal was also
observed in the remaining membranes and vesicles
of the ruptured protoplast. In contrast, AtTIP4;1-
GFP was hardly detectable in the tonoplast after
osmotic shock but showed a strong staining of re-
leased material. Thus, all three TIPs localized to
various internal membranes including the tono-
plast, and the image resolution and staining of in-
tact protoplasts did not exclude plasma membrane
localization at same time.

Transcriptional Regulation of AtTIP1;2,
AtTIP2;1, and AtTIP4;1

To investigate a potential physiological link of TIP-
mediated urea transport to plant N nutrition, expres-

Figure 3. Subcellular localization of GFP-fused TIPs. Transmission
image (left), fluorescence image (middle), and fluorescence superim-
posed over the transmission image (right). A, GFP-derived fluores-
cence from protoplasts that were transformed with GFP alone or GFP
fused C-terminally to AtTIP4;1, AtTIP2;1, or AtTIP1;2. B, Green
fluorescence was also assayed after disruption of the protoplast
plasma membrane by osmotic shock using 100 mM Na2HPO4 and 10
mM EDTA, pH 6.5.

Figure 2. Characterization of [14C]-labeled urea transport by At-
TIP2;1. A, Uptake rates of [14C]urea in AtTIP2;1-expressing and in
uninjected control oocytes from X. laevis. Uptake was determined
from 100 �M [14C]-labeled urea at pH 5 to 8 after 20 min of
incubation. Bars � means � SD, n � 3, of one representative exper-
iment, except for control oocytes at pH 5 and 8, where n � 7 from
two experiments. B, Concentration-dependent uptake of [14C]urea in
AtTIP2;1-expressing oocytes was not saturable and displayed a linear
concentration dependency up to 30 mM urea. Standard choline
solutions at pH 7 were used. Symbols represent means � SD, n � 3.
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sion analysis was performed in 29-d-old Arabidopsis
plants grown under axenic conditions. Before har-
vest, plants were subjected to N deficiency for 1, 2, or
3 d. In roots, expression of AtTIP4;1 was hardly de-
tectable but appeared weakly up-regulated after N
starvation for 3 d (Fig. 4A). Transcript levels of At-
TIP1;2 and AtTIP2;1 were readily detectable after
preculture under high N supply but sharply de-
creased after 24 h of N starvation. However, prolong-
ing the period of N starvation to 3 d led to an in-
creasing transcript accumulation of both genes (Fig.
4A). In shoots, AtTIP1;2 and AtTIP2;1 seemed to be
constitutively expressed and showed no response to
the N treatments. AtTIP4;1 could not be detected in
shoots by RNA gel-blot analysis (Fig. 4B). Taken
together, all three TIP genes clearly exhibited an
N-dependent transcriptional regulation in roots, sug-
gesting that the corresponding transporters might be
involved in membrane transport processes that are
linked to N nutrition or N metabolism.

Urea transport might also occur during remobili-
zation of N reserves in the plant. Thus, AtTIP gene
expression was investigated in Arabidopsis seed-
lings, where N is remobilized from cotyledons and
seed storage proteins to developing sinks. Because
AtTIP transcripts were not well detected by RNA
gel-blot analysis, reverse transcriptase (RT)-based
PCR was performed using gene-specific primers. To

verify that equal amounts of cRNA were used in each
PCR reaction, cDNA fragments of the constitutively
expressed ACT2 (actin-2) gene were simultaneously
amplified by PCR (An et al., 1996). In total RNA
isolated from water-germinated seedlings over a 5-d
period, a steep increase in transcripts of all three
AtTIP genes was observed between the 1st and 2nd d
of germination and between the 2nd and 3rd d (Fig.
5). From the 3rd d onwards, expression of AtTIP1;2
and AtTIP2;1 remained constantly high, whereas At-
TIP4;1 mRNA levels decreased. A similar expression
pattern was only observed for AtGLN1;2, encoding a
cytosolic Gln synthetase, whereas AtUREG and argi-
nase showed a more or less constitutive expression
over the 5 d of germination (Fig. 5).

A continuous increase in transcript levels of At-
TIP1;2, AtTIP2;1, AtTIP4;1, and AtGLN1;2 during the
first 3 d of N starvation was found repeatedly (Fig. 5).
Based on the well-characterized transcriptional reg-
ulation of AtGLN1;2, which is strongly derepressed
under N deficiency (Oliveira and Coruzzi, 1999), it is
most likely that the Arabidopsis seedlings started
early to suffer from N deficiency and then up-
regulated N-dependent genes such as AtGLN1;2. The
transcriptional coregulation of the three AtTIPs with
other N-dependent genes (Fig. 5) may support a
physiological relationship between these TIPs and N
nutrition or N metabolism in Arabidopsis. Because
all three AtTIP genes were apparently not coregu-
lated with the arginase gene or with UREG, encoding
a urease accessory protein (Freyermuth et al., 1999;
Goldraij and Polacco, 1999), no evidence has been
obtained for an involvement of TIPs in N remobili-
zation processes, when N is recycled from the Orn
cycle and Arg is broken down to urea.

Figure 4. N-dependent expression of AtTIPs. RNA gel-blot analysis
performed with hydroponically grown plants, which were precul-
tured for 4 weeks in presence of 1 mM NH4NO3 and starved for 1, 2,
or 3 d for N. Total RNA from roots (A) or shoots (B) was used for
hybridization to the complete open reading frame (ORF) of AtTIP1;2,
AtTIP2;1, or AtTIP4;1 and to 25s rRNA.

Figure 5. Expression of AtTIPs during germination. Gene-specific
RT-PCR performed on total RNA isolated from Arabidopsis seedlings
that were germinated in water for 1 to 5 d in a growth chamber (see
“Materials and Methods”). AtGLN1;2, Cytosolic Gln synthetase;
AtUREG, urease accessory gene; AtACT2, actine gene isoform 2;
Arginase, arginase gene.

Urea Transport by AtTIPs
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DISCUSSION

AtTIP1;2, AtTIP2;1, and AtTIP4;1 Function as
Urea Permeases

Although urea is a commonly used N form in
agricultural plant production, uptake pathways for
urea into plant cells are poorly understood. There-
fore, a yeast complementation system was developed
aiming to isolate urea transporter genes from Arabi-
dopsis. Complementation of the urea uptake-
defective yeast strain YNVW1 with cDNAs from Ara-
bidopsis led to the isolation of four genes, AtTIP1;1,
AtTIP1;2, AtTIP2;1, and AtTIP4;1. TIPs form a sub-
family within the highly conserved superfamily of
major intrinsic proteins (MIPs), also referred to as
aquaporins, and have been named after their main
location in the tonoplast (Johanson et al., 2001). Like
MIPs in general, TIPs have been shown to facilitate
water transport in heterologous systems (Höfte et al.,
1992; Daniels et al., 1996), and for NtTIPa, a close
homolog to AtTIP2;1, expression in oocytes also al-
lowed the demonstration of urea permeability (Ger-
beau et al., 1999). Furthermore, urea permeability has
also been observed in several aquaporins from the
animal kingdom (Ishibashi et al., 1994, 1997, 1998,
2002). In the plant kingdom, urea permeability is
apparently not restricted to TIP members within the
aquaporin family, but also include plasma membrane
intrinsic proteins (PIPs; Eckert et al., 1999). This ob-
servation raises the question why the employed yeast
complementation system exclusively led to the isola-
tion of TIPs. On the one hand, the isolation of TIPs
might have been favored by a relatively high abun-
dance of TIP cDNAs in the library. At least AtTIP1;2
and AtTIP2;1 seem to belong to highly expressed
TIPs according to northern analysis (Fig. 4; Daniels et
al., 1996), whereas for AtTIP4;1, gene expression was
low. In addition, the existence of several ESTs points
to a frequent expression of AtTIP1;2 and AtTIP2;1.
On the other hand, the exclusive isolation of AtTIPs
might reflect a high potential of the isolated AtTIPs
for urea transport, implying in general a relatively
high urea permeability of tonoplast membranes. Us-
ing stopped-flow spectrofluorimetry, Gerbeau et al.
(1999) found that tonoplast vesicles from tobacco
(Nicotiana tabacum) were approximately 75-fold more
permeable for urea compared with plasma mem-
brane vesicles. Likewise, when Tyerman et al. (1999)
recorded volume changes in membrane vesicles as a
response to external urea, they found a 2- to 3-fold
higher urea permeability in tonoplast-enriched vesi-
cles compared with plasma membrane-enriched ves-
icles. To verify whether PIPs also show a comparable
urea permeability, we expressed two abundant PIPs,
AtPIP1;2 and AtPIP2;1, which were also present in
the cDNA library (Minet et al., 1992), in YNVW1 and
assayed for growth complementation on 2 mm urea.
However, both genes failed to confer urea transport
(data not shown). Taken together, the exclusive iso-

lation of TIPs as urea transporters in the yeast
complementation assay is consistent with biochemi-
cal studies (Gerbeau et al., 1999; Tyerman et al., 1999)
and provides new evidence at a molecular level for a
higher urea permeability of tonoplast versus plasma
membranes.

Similar to many of the mammalian UT-type pro-
teins, which serve at the same time for urea and
water transport in vivo (Yang and Verkman, 2002;
Sands, 2003), urea transport by TIPs was also inhib-
ited by phloretin. Phloretin is a chalcon derivative
with antioxidant activity that is naturally found in
fruits in the form of a Glc conjugate and for which an
inhibitory action on various classes of urea transport-
ers has been demonstrated (You et al., 1993; Ishibashi
et al., 1994; Tsukaguchi et al., 1998). Using erythro-
cytes from AQP1/UT-B double knockout mice, it has
been shown that UT-B permeated not only urea but
also water in a phloretin-sensitive manner (Yang and
Verkman, 2002). Moreover, phloretin has also been
shown to inhibit the activity of Glc transporters, chlo-
ride channels, and fatty acid translocases (Cloherty et
al., 2001; Hirayama et al., 2001; Helliwell and Kellett,
2002), pointing to a nonspecific inhibitory mecha-
nism on a certain type of transporters independent of
the transported substrate. In TIP-expressing yeast
transformants, addition of 0.45 mm phloretin led to a
distinctly reduced growth rate that was not detected
in the wild-type strain 23346c (Fig. 1A). Thus, regard-
ing phloretin sensitivity, TIP-mediated urea trans-
port behaves in a similar manner to urea transporters
of the mammalian UT and AQP families.

Besides complementation of the urea uptake-
defective yeast strain, urea transport activity was
also shown by functional expression in oocytes. For
this purpose, accumulation of 14C-labeled urea was
measured in AtTIP2;1-expressing oocytes. At 100 �m
external urea, accumulation of urea in AtTIP2;1-
injected oocytes was independent of external pH,
approximately 4-fold higher than in control oocytes,
and further increased in a linear concentration de-
pendency (Fig. 2). These results demonstrated that
AtTIP2;1 represents a non-saturable urea transporter
or urea channel in oocytes that most likely possesses
a high capacity for urea transport. Because AtTIP2;1
also mediated water transport in oocytes (Maurel et
al., 1993; Daniels et al., 1996), AtTIP2;1 most likely
reflects a urea and water channel similar to NtTIPa
from tobacco (Gerbeau et al., 1999) and to various
animal counterparts.

Subcellular Localization Suggests That AtTIPs Might
Be Localized at Various Membranes

The identification of four major subfamilies within
the MIP gene family (TIPs, PIPs, nodulin-like intrin-
sic proteins, and small intrinsic proteins) almost im-
plies different physiological roles of the encoded pro-
teins. These proteins are found in at least two

Liu et al.

1224 Plant Physiol. Vol. 133, 2003



different subcellular compartments, the tonoplast
(TIPs) and the plasma membrane (PIPs). Whether the
prediction of the subcellular localization always
holds true has been questioned (Barkla et al., 1999)
and requires verification for each protein. Therefore,
the subcellular distribution of three of the isolated
AtTIPs was assayed by C-terminal fusion of GFP and
transient expression in Arabidopsis protoplasts. Rel-
ative to the expression of GFP alone, fluorescence of
AtTIP fusion proteins suggested localization in sev-
eral endosomal membrane compartments including
the tonoplast (Fig. 3A) but cannot rule out additional
localization at the plasma membrane. The fluores-
cence intensity for the individual AtTIPs, however,
differed between membranes. After disruption of the
plasma membrane through osmotic shock, only a
weak GFP signal remained for AtTIP4;1 in the tono-
plast, whereas AtTIP1;2- and AtTIP2;1-derived fluo-
rescence in the tonoplast remained stronger (Fig. 3B),
suggesting a relatively higher targeting of these At-
TIPs to the tonoplast.

The localization of all investigated AtTIPs in the
plasma membrane of heterologous expression sys-
tems may require more sensitive assays for subcellu-
lar localization (Fig. 1). Using a specific antibody,
AtTIP2;1 has been immunolocalized to the tonoplast
fraction of membrane proteins (Daniels et al., 1996).
In Mesembryanthemum crystallium, analysis of MIP-A
yielded localization in the tonoplast fraction,
whereas MIP-B and MIP-C were found in the plasma
membrane and the tonoplast fraction. Therefore, the
authors suggested that putative PIP-like aquaporins
can show a more complex localization by being lo-
cated at different subcellular membranes at the same
time (Barkla et al., 1999). However, this issue cer-
tainly requires further investigation, e.g. by the use of
transgenic plants expressing tagged AtTIP proteins
under the control of their native promoters.

All four isolated Arabidopsis TIPs transported urea
in heterologous systems, but coincident urea and
water transport may be without physiological rele-
vance. Our study suggests that urea transport by
TIPs may be a general feature and warrants a closer
examination of other substrates for aquaporins be-
sides water (Daniels et al., 1996; Maurel, 1997; Weig
et al., 1997). Water transport by PIP aquaporins is of
physiological relevance because cellular and whole-
plant water relation are affected in mutant plants
(Siefritz et al., 2002). From a physiological viewpoint,
the identification of TIPs, or MIPs in general, as
putative urea transporters is not surprising. When
applied to the roots, urea accumulated preferentially
in shoots (Gerendás et al., 1998), and when applied to
leaves, transport closely followed transpiration rates
(Palta et al., 1991). Thus, urea is most likely trans-
ported with the mass flow of water in the transpira-
tion stream, which is in favor of a common mem-
brane transport pathway for both substrates. In this
case, plasma membrane-localized MIPs could easily

explain the physiological link between water and
urea uptake by roots, whereas tonoplast-localized
MIPs could mediate urea loading and unloading of
the vacuole.

N-Dependent Expression of AtTIPs Supports a Role in
Plant N Metabolism

If urea transport by AtTIPs is physiologically sig-
nificant, it is expected that TIPs, as other transporters
for nitrogenous compounds, should be regulated by
the plant N status. Transcript levels of AtTIP4;1, At-
TIP1;2, and AtTIP2;1 increased under N deficiency in
Arabidopsis roots (Fig. 4A), similar to the expression
pattern of other N-regulated genes, such as
AtAMT1;1 or AtDUR3 (Gazzarrini et al., 1999; Liu et
al., 2003). Furthermore, in water-cultured Arabidop-
sis seedlings, transcripts of the same TIP genes
clearly increased during the first 3 d of germination
(Fig. 5), again going along with a simultaneous up-
regulation of genes that are derepressed under N
deficiency (Oliveira and Coruzzi, 1999; Liu et al.,
2003). So far, expression studies of aquaporin genes
have shown altered transcriptional regulation during
cell enlargement (Smart et al., 1998) after dehydra-
tion or after salt stress (Yamada et al., 1995; Mariaux
et al., 1998; Smart et al., 2001), clearly supporting
their putative role in water movement. In addition,
TIP homologs are up-regulated in response to nitrate
(Wang et al., 2001) and, therefore, probably respon-
sible for an increased water flux into roots (Hoarau et
al., 1996). Thus, enhanced TIP gene expression upon
nitrate supply might reflect a root response to altered
availability of a signal or an important solute rather
than of an N source. The transcriptional up-
regulation of AtTIP4;1, AtTIP1;2, and AtTIP2;1 in
response to N deficiency, however, is more reminis-
cent of a role of these TIPs in N, i.e. urea, rather than
water transport.

Furthermore, the increase in gene expression of all
three AtTIP genes was confined to the roots, where
acquisition of external urea is possible, whereas At-
TIP expression in shoots was more or less constitu-
tive (Fig. 4). In shoots, AtTIPs could play a role in
rapid uptake of xylem-derived or even foliar-applied
urea and/or in the compartmentation of urea from
the cytosol into the vacuole, which might prevent its
toxicity under high fertilization rates (Krogmeier et
al., 1989). However, to further elucidate a physiolog-
ical role of urea-transporting AtTIPs in shoots, the
determination of urea concentrations in different
subcellular compartments must be considered as an
essential component.

In conclusion, this study showed that the isolated
AtTIPs should be considered as membrane proteins
with highest potentials for urea transport and, there-
fore, will most likely take in a role in urea transport
whenever required. In contrast to the high-affinity
H�/urea symporter AtDUR3, these AtTIPs provide a
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less concentration- and pH-dependent transport
pathway for urea. Transcriptional up-regulation of
the isolated AtTIPs under N deficiency in roots fur-
ther supports a role in urea transport. With respect to
their localization in endosomal membranes and pos-
sibly also in the plasma membrane, the identified
AtTIPs could potentially facilitate urea transport ei-
ther from the external growth medium into the cy-
tosol or from the cytosol into the vacuole, e.g. for the
storage or detoxification of excessive urea. Thus, al-
though Arabidopsis is not a crop plant, it disposes of
several different types of urea transporters for pas-
sive and secondary active transport of urea into dif-
ferent cellular compartments. Furthermore, Arabi-
dopsis was shown to dispose of transporters for
ammonium, which can be taken up as a urea degra-
dation product and for various N-heterocycles (Desi-
mone et al., 2002). Thus, plants in general have a
large number of different transport systems to opti-
mize N uptake independent of the N forms available
in the soil. A deeper investigation at a physiological
level of urea transport processes in planta and their
regulation by N seems required not only to better
understand the importance of urea for plant N nutri-
tion but also to improve its utilization as a leaf-
applied N fertilizer in agricultural crop production.

MATERIALS AND METHODS

Generation of a Yeast Mutant and
Screening of a cDNA Library

The DUR3 gene in the yeast (Saccharomyces cerevisiae) strain � 23346c
(Mat�, ura3) was deleted by homologous integration of a disruption cassette
as described by Liu et al. (2003), resulting in the urea uptake-defective yeast
strain YNVW1. For the isolation of urea transporter genes, YNVW1 was
transformed with a cDNA library from Arabidopsis seedlings (Minet et al.,
1992). Transformants were directly plated on urea-selective medium (yeast
N base with 2 mm urea, 2% [w/v] Glc, and 2% [w/v] agarose).

The isolated genes are consistent with the following annotations in the
database: AtTIP1;1 (�-TIP1; At2g36830), AtTIP1;2 (�-TIP2; At3g26520), At-
TIP2;1 (�-TIP1; At3g16240), and AtTIP4;1 (�-TIP; At2g25810).

Radiotracer Uptake Studies in Xenopus laevis Oocytes

The ORF of AtTIP2;1 was amplified from a cDNA library (Minet et al.,
1992) by Pfu polymerase (Stratagene, La Jolla, CA) using PCR and AtTIP2;
1-specific primers containing a restriction site for BglII: 5�-AACACA-
AAAACAAAAAGTTTTTTTAATTTTAATCAAAAAAGATCTATGGCTGG-
AGTTGCCTTTGGTTC-3� and 5�-GAATGTAAGCGTGACATAACTAATT
ACATGACTCGAGAGATCAGATCTTTAGAAATCAGCAGAAGCAAGA-
GG-3�. The resulting PCR product was first in vivo cloned into the yeast
expression vector p426HXT (Wieczorke et al., 1999), sequenced, and the
sequence was verified by database comparison. Then, the ORF was ligated
into the oocyte expression vector pOO2 (Ludewig et al., 2002) after linear-
ization with BamHI using the BglII overhang. Capped cRNA was transcribed
from pOO2-TIP2;1 in vitro using the mMessage mMachine kit (Ambion,
Austin, TX) after linearization of the plasmid with XmnI. X. laevis oocytes
were removed from adult female frogs by surgery and manually dissected.
Oocytes (Dumont stage V or VI) were defolliculated using 10 mg mL�1

collagenase (Boehringer Mannheim, Basel) and trypsin inhibitor (Sigma, St.
Louis) for 1 h and injected with 5 to 50 nL of cRNA (15–50 ng per oocyte).
Each co-injection experiment was repeated multiple times. Oocytes were
kept after injection for 2 to 5 d at 16°C in ND96 solution with the following
composition: 96 mm NaCl, 2 mm KCl, 1.8 mm CaCl2, 1 mm MgCl2, 5 mm
HEPES (pH 7.4), and 20 �g mL�1 gentamycin.

Standard bath solutions for oocytes were also used for uptake experi-
ments. Oocytes were pooled to groups of three and incubated for 20 min at
room temperature in 500 �L of the respective buffer containing 10% (v/v)
14C-labeled urea (specific activity 57 mCi mmol�1, Amersham, Buckingham-
shire, UK). Then, oocytes were carefully washed five times in 1 mL of
ice-cold buffer with 100-fold excess urea and solubilized in 5% (w/v) SDS.
After addition of 5 mL of scintillation cocktail (Ultima Gold, Zinsser, Frank-
furt, Germany), washed oocytes were measured in a scintillation counter
(Wallac, Turku, Finland).

Generation of AtTIP-GFP Constructs and
Transformation of Arabidopsis Protoplasts

The ORFs of AtTIP1;2, AtTIP2;1, and AtTIP4;1 were amplified by Pfu
polymerase (Stratagene) using the following primers with KpnI cloning
sites: TIP4;1, 5�-AGGGTACCATGAAGAAGATCGAGTTAGGGCA-3� and
5�-AGGGTACCAATTCAACAATGGTTGCTCGTCGTC-3�; TIP1;2, 5�-AGG-
GTACCATGCCGACCAGAAACATCGC-3� and 5�-AGGGTACCAGTAAT-
CGGTGGTAGGCAAT-3�; and TIP2;1, 5�-AGGGTACCATGGCTGGAGTT-
GCCTTTGGTT-3� and 5�-AGGGTACCAGAAATCAGCAGAAGCAAGAG-
GA-3�.

PCR products were verified by sequencing and compared with the
sequences in the Arabidopsis database. Finally, the ORFs were cloned into
the pCF203 vector (kindly provided by C. Fankhauser, ETH Zürich) in frame
to a gene encoding GFP driven by a 35S promoter.

Five milliliters of 1-week-old Arabidopsis ecotype Landsberg suspension
cell culture (gift of Axel Vögel, ZMBP, Tübingen, Germany) were trans-
ferred to 45 mL of growth medium as described by Liu et al. (2003) and
subcultured for 3 d under dark conditions (26°C and rotation at 120 rpm).
The cell culture was centrifuged at 400g for 5 min and washed with 25 mL
of cell wall digestion buffer solution without digestion enzyme. Protoplasts
were prepared and transformed according to the protocols of Merkle et al.
(1996) and Negrutiu et al. (1987). After transformation, the protoplasts were
visualized using a confocal microscope. Plasma membranes of protoplasts
were disrupted by osmotic shock, adding 5 to 10 �L of a 10 mm EDTA and
100 mm KH2PO4 (pH 6) solution to protoplasts, and after incubation for 2 to
3 min, the fluorescence was investigated using the confocal microscope.

Plant Culture and Gene Expression Analyses

Arabidopsis seeds (ecotype Columbia 0) were germinated and precul-
tured axenically in magenta boxes containing 50 mL of nutrient solution as
described by Liu et al. (2003). Except for the control treatment with 1 mm
NH4NO3, plants were subjected to N deficiency for 1, 2, and 3 d before
harvest. Plant roots and shoots were harvested separately for total RNA
extraction. To obtain plant material from germinating seedlings, surface-
sterilized seeds were placed in petri dishes and germinated in autoclaved
distilled water and harvested every day during a 5-d period.

Isolation of total RNA and RNA gel-blot analysis were conducted as
performed in Gazzarrini et al. (1999). The full-length cDNAs of the three
TIPs were used as a probe for hybridization to total RNA. A 25S rRNA probe
was used as a RNA loading control for quantification achieved by a Phos-
phorImager (Storm, Molecular Dynamics, Sunnyvale, CA). For RT-mediated
PCR analysis, mRNAs were converted to cDNAs by reverse transcriptase
according to the manufacturer’s protocol (MBI, St. Leon-Roth, Germany),
and cDNA fragments of AtTIP1;2, AtTIP2;1, AtTIP4;1, arginase gene, UREG,
and AtGLN1;2 were amplified using specific primers for the corresponding
genes. To ensure that equal amounts of cRNA were used in each PCR
reaction, a cDNA fragment of the constitutively expressed ACT2 gene was
simultaneously amplified by PCR (An et al., 1996). The verification of the
amplicons was made by sequencing.

Primers used for RT-PCR were: TIP1;2, 5�-ATGCCGACCAGAA-
ACATCGC-3� and 5�-TCAGTAATCGGTGGTAGGCAA-3�; TIP2;1, 5�-ATG-
GCTGGAGTTGCCTTTGGTT-3� and 5�-TTAGAAATCAGCAGAAGCAAG
AGG-3�; TIP4;1, 5�-ATGAAGAAGATCGAGTTAGGGC-3� and 5�-TTAAT-
TCAACAATGGTTGCT CGT-3�; Arginase, 5�-GATATGTCGAGGATTAT-
TGGTA-3� and 5�-GTTTATCGATCTGATCCC AAC-3�; UREG, 5�-GAA-
GGCGTCGTGGGTGGG-3� and 5�-AAGTATTGAAAGAGTTCCATTCA-3�;
GLN1;2, 5�-ATGAGTCTTCTTGCAGATCTT-3� and 5�-TCAAGGGTTCCA-
GAGGAGT-3�; and ACT2, 5�-TCCAAGCTGTTCTCTCCTTG-3� and 5�-G-
AGGGCTGGAACAAGACTTC-3�.
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