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Allantoin is a purine oxidative product involved in long distance transport of organic nitrogen in nodulating legumes and was
recently shown to play a role in stress tolerance in other plants. The subcellular localization of enzymes that catalyze allantoin
synthesis and degradation indicates that allantoin is produced in peroxisomes and degraded in the endoplasmic reticulum (ER).
Although it has been determined that allantoin is mostly synthesized in roots and transported to shoots either for organic
nitrogen translocation in legumes or for plant protection during stress in Arabidopsis (Arabidopsis thaliana), the mechanism and
molecular components of allantoin export from root cells are still unknown. AtUPS5 (Arabidopsis UREIDE PERMEASE 5) is a
transmembrane protein that transports allantoin with high affinity when expressed in yeast. The subcellular fate of splicing
variants AtUPS5L (long) and AtUPS5S (short) was studied by tagging them with fluorescent proteins in their cytosolic loops.
The capability of these fusion proteins to complement the function of the native proteins was demonstrated by nutritional and
salt stress experiments. Both variants localized to the ER, but the AtUPS5L variant was also detected in the trans-Golgi network/
early endosome and at the plasma membrane. AtUPS5L and AtUPS5S localization indicates that they could have different roles
in allantoin distribution between subcellular compartments. Our data suggest that under nonstress conditions UPS5L and UPS5S
may function in allantoin degradation for nutrient recycling, whereas under stress, both genes may be involved in vesicular
export allowing allantoin translocation from roots to shoots.

The ureides allantoin and allantoic acid are the main
products of the biological fixation of N2 transported
from the nodules to the shoot in tropical legumes,
representing, for example, in nodulated soybean (Gly-
cine max) up to 80% of the transported nitrogen
(McClure and Israel, 1979; Todd et al., 2005). In other
plant species, important variations in the content of

ureides have been observed under different environ-
mental conditions and developmental stages (Sagi
et al., 1998; Nikiforova et al., 2005; Brychkova et al.,
2008; Kanani et al., 2010; Rose et al., 2012; Ventura
et al., 2014). The physiological role of this pathway
and, in particular, of allantoin accumulation in non-
ureide transporting species has been extensively dis-
cussed. It has been hypothesized that the pathway serves
to recycle the stored nitrogen in purines when these are
no longer required (Zrenner et al., 2006). However, re-
cent studies have also shown that allantoin accumula-
tion improves plant tolerance to different abiotic stresses
(Watanabe et al., 2014; Lescano et al., 2016; Nourimand
and Todd, 2016). Brychkova et al. (2008) demonstrated
that ureides can modulate plant antioxidant capacity,
suggesting these metabolites are potential scavengers
of reactive oxygen species (ROS) produced under stress
conditions. However, there is only limited and con-
tradictory information about the reactivity of ureides
against ROS (Gus’kov et al., 2002; Wang et al., 2012).

Allantoin accumulation has also been implicated in
water stress tolerance in a process that involves the
stress hormone abscisic acid (ABA;Watanabe et al., 2014).
The mechanism proposed involves the transcriptional
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up-regulation of ABA biosynthesis genes, as well as the
posttranslational activation of the ABA-deconjugating
enzyme BGlu18. Similarly, high levels of allantoin pre-
vent damage caused by salt stress (Irani and Todd, 2016;
Lescano et al., 2016; Irani and Todd, 2018). Interestingly,
allantoin translocation from roots to shoots is necessary
for plant protection. However, how this metabolite is
exported from root cells remains unclear.
Allantoin is generated via the biosynthesis of purines

and their subsequent oxidative degradation. Xanthine
is the first common intermediate for degradation of all
purine bases (Zrenner et al., 2006). In the cytosol, xan-
thine dehydrogenase converts xanthine to uric acid
(Hesberg et al., 2004; Werner and Witte, 2011), which is
imported into peroxisomes and oxidized by urate oxi-
dase to hydroxyisourate and subsequently converted to
allantoin by allantoin synthase (Lamberto et al., 2010).
Allantoin is hydrolyzed to allantoic acid through al-
lantoinase (AtALN), which has been localized in the
endoplasmic reticulum (ER; Werner et al., 2013). Sub-
sequent catabolic steps occur in this compartment and
result in the complete decomposition of the purine ring,
releasing carbon dioxide, glyoxylate, and four ammo-
nium ions (Serventi et al., 2010; Werner et al., 2010;
Werner et al., 2013). Thus, allantoin transport to the ER
can potentially be a necessary event for its degradation,
stress signaling, and cell export because (1) the unique
enzyme responsible for its catabolism resides in the ER
and is strongly down-regulated under stress conditions
(Lescano et al., 2016); (2) the ABA-deconjugating en-
zyme BGlu18 is localized in the ER (Lee et al., 2006),
indicating that its physical association with allantoin
required for stress signaling occurs in this compart-
ment; and (3) entering the membranous system of the
cell, allantoin may be exported through the secretory
pathway. However, the subcellular distribution of al-
lantoin and the putative transport systems between cell
compartments remain unidentified.
A family of transmembrane proteins able to transport

allantoin has been identified in Arabidopsis (Arabi-
dopsis thaliana; AtUPS1 to AtUPS5; Desimone et al.,
2002). Hydrophobicity analysis of these sequences
predicts 10 putative transmembrane domains (TMDs)
conserved in all members, with the C- and N termini
protruding into the extracellular space. A large cyto-
solic domain is predicted between transmembrane
helices 5 and 6. AtUPS1 and AtUPS2 have been shown
to mediate the transport of purine degradation products
and pyrimidines when expressed in yeast or Xenopus oo-
cytes (Schmidt et al., 2004). Both proteins have high af-
finities for uracil and its toxic analog 5-fluorouracil (5-FU).
Differently from other family members, AtUPS5

transported allantoin with high affinity and did not use
pyrimidines as substrates. AtUPS5 is expressed in cor-
tical cells and endodermis of roots, suggesting that this
permease could be involved in long distance transport
of allantoin from roots to shoots (Schmidt et al., 2006). It
has recently been observed that Arabidopsis mutants in
AtUPS5 (ups5) were defective in the use of externally
supplied allantoin as a sole nitrogen source, indicating

that AtUPS5 is necessary for allantoin long distance
transport in vivo (Lescano et al., 2016). Moreover, ups5
mutants were sensitive to salt stress, suggesting that al-
lantoin transport is a critical event for plant protection.
Two alternative splice variants of AtUPS5 were

identified by Schmidt et al. (2006). While the longer
protein AtUPS5L is predicted to have 10 TMDs, the
shorter isoform AtUPS5S would lack two TMDs as the
structural consequence of an additional splice event.
Alternative splicing modulates gene expression and
eventually produces proteins with different functions
and/or subcellular localizations (Stamm et al., 2005).
While AtUPS5L functions as a cell importer of allantoin,
AtUPS5S could not be shown to mediate uptake of al-
lantoin or other purine degradation products when
expressed in yeast, suggesting a different transport ac-
tivity or subcellular localization (Schmidt et al., 2006).
However, information about the subcellular fate of
AtUPS proteins is scarce. Among the five members of
the AtUPS family, only the subcellular localization
of AtUPS1 was characterized when expressed in yeast
cells. Tagging AtUPS1 with c-myc, either at the N ter-
minus andC terminus, led to ER retention ofmost of the
protein, consistent with folding problems. A similar
situation was observed tagging the transporter at the C
terminus with GFP (Froissard et al., 2006). On the con-
trary, the insertion of a small myc-tag inside the central
loop of AtUPS1 between predicted transmembrane hel-
ices 5 and 6 of AtUPS1 produced functional proteins that
reached the plasma membrane of yeast cells.
In this work, AtUPS1, AtUPS5L, and UPS5S tagged

in their central loops were localized in distinct plant cell
membranes, indicating that they may have different
functions. AtUPS1 was detected in the plasma mem-
brane, AtUPS5S in the ER, and AtUPS5L in the plasma
membrane, ER, trans-Golgi network/early endosome
(TGN/EE), and conspicuously in the cell plate of di-
viding cells. These data together with studies on the
phenotype of knockout and knockdown mutant lines
(ups5) presented here and previously support the con-
clusion that both AtUPS5 splice variants play important
roles in the connection of ureide metabolism between
events occurring in the cytosol and in compartments
delimited by the endomembrane cell system. The
complementary function of these transporters could
possibly contribute to a better understanding of how
allantoin is degraded and/or conditionally exported
from the roots via the cellular secretory pathway.

RESULTS

Subcellular Localization and Function of AtUPS1 Are Not
Affected by the Fusion of eGFP into its Central Loop

To study the subcellular localization of AtUPS in a
reliable manner, a molecular tool was first developed in
yeast (Saccharomyces cerevisiae) using AtUPS1 as a
model. The translational introduction of a c-myc se-
quence in a hydrophilic central loop between the
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predicted transmembrane helices 5 and 6 of AtUPS1
produced proteins, which reached the plasma mem-
brane of yeast cells and were able to transport the same
substrate range as the native permease. This finding
encouraged us to evaluate if the translational fusion of
enhancedGFP4 (eGFP4) into the central loop of AtUPS1
(UPS1-eGFP4) would affect its subcellular localization
and/or transport activity. The eGFP4 sequence was
inserted between Met 183 and Glu 184 of AtUPS1.
When expressed in yeast, this fusion protein was able to
complement the transport deficiency of fur4 mutants
(Supplemental Fig. S1), indicating that insertion of
eGFP4 did not affect the transport function of AtUPS1
at the plasma membrane of yeast cells.

Consecutively, UPS1-eGFP4 was expressed in Ara-
bidopsis plants (Col-0) under the control of the UBQ10
(UBIQUITIN10) promoter. Four independent homozy-
gous lines with a single T-DNA insertion were selected
for further studies. All lines showed AtUPS1 localized
mainly at the plasma membrane of the root cells, but a
weaker intracellular signal surrounding ER was ob-
served (Fig. 1A). After 5-min incubation with the
endocytic tracer FM4-64, 84.176 6.34% of UPS1-eGFP4
signal colocalized with FM4-64 signal at the plasma
membrane (r 5 0.59 6 0.09; Fig. 1B). These results in-
dicate that UPS1-eGFP4 is present at the plasma
membrane, but not in endosomal compartments. A
similar subcellular localization of AtUPS1 was previ-
ously reported by experiments of heterologous ex-
pression in yeast (Froissard et al., 2006).

AtUPS1 showed high transport affinity for uracil and
derivatives in yeast, suggesting that it serves as a uracil
transporter in planta (Schmidt et al., 2004). Previously
characterized transgenic lines with reduced UPS1
transcript levels (UPS1 PTGS) were resistant to uracil

toxic analog 5-FU. To determine whether constitutive
expression of UPS1-eGFP4 increases sensitivity to 5-FU,
the growth of wild type, pUBI10:UPS1-eGFP4/wild
type, and UPS1 PTGS plants in Murashige and Skoog
(MS)media containing the toxic analogwere compared.
All lines were affected by 5-FU compared with control
conditions (Fig. 1C). Interestingly, pUBI10:UPS1-
eGFP4/wild-type plants showed a severe growth retar-
dation compared to wild-type plants. Indeed, wild-type
plants showed a reduction of 66% in root length com-
pared with controls, whereas UPS1-eGFP4/wild-type
lines presented a reduction of 78% (Fig. 1C). As was
previously shown by Schmidt et al. (2004), UPS1 PTGS
lines were less affected by 5-FU. These results suggest
that UPS1 tagged with GFP in its central loop mediates
the uptake of 5-FU into the plant cells. The analysis of the
subcellular localization and transport activity of UPS1-
eGFP4 in planta suggests that insertion of eGFP into the
central loop of AtUPS1 does not affect both subcellular
fate and transport function of the protein. This strategy
was thus used for further analysis of the subcellular lo-
calization of AtUPS5 proteins.

AtUPS5L and AtUPS5S Share the Same Membrane
Protein Topology

Two alternative splicing variants of AtUPS5 tran-
scripts, AtUPS5L and AtUPS5S, were previously iden-
tified, and their putative translational products
functionally characterized by heterologous expression in
yeast (Schmidt et al., 2006). Membrane protein topology
provides crucial information for determining the sub-
strate transport direction between subcellular compart-
ments. The consensus prediction based on 18 different

Figure 1. Subcellular localization of UPS1-
eGFP4 in Arabidopsis. A, Representative
CLSM (confocal laser scanning microscopy)
images of roots of 7-d-old Arabidopsis roots
expressing pUBI10:UPS1-eGFP4. Scale bars
5 20 mm (left, center) and 5 mm (right). B,
Colocalization with the endocytic tracer FM4-
64. Images taken in theGFP channel (left), FM-
64 channel (center), and merged (right) are
shown. Scale bars 5 10 mm. Intensity profiles
for each channel obtained from pixels are
marked with the dashed line in (B). The aster-
isks indicate peaks where signals of both
channels overlap. C, Phenotype of wild type
(WT), pUBI10:UPS1-eGFP4/wild type, and
UPS1 PTGS lines in response to 5-FU. Seed-
lings were grown on 0.53 MS agar plates
without (control) or with 100 mM 5-FU. Pho-
tographs were taken after 7 d of grow. Scale
bar 5 1 cm. The bar graph represents the pri-
mary root (PR) lengths of each genotype (mean
6 SE, n 5 8). Letters indicates significant dif-
ferences between genotypes (P, 0.05, DGC’s
multiple comparison test).
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informatics tools for protein topology determination in-
dicated that both proteins have noncytosolic N- and C
terminus, 8 (AtUPS5S) or 10 (AtUPS5L) TMDs, and a
large loop protruding into the cytosol (Schwacke et al.,
2003).
To gain experimental evidence supporting these

predictions, the topology of both proteins was studied
using a redox-sensitive GFP (roGFP2; Schwarzländer
et al., 2008; Brach et al., 2009). At more negative
EGSH (glutathione redox potential), as found in the
cytosol, excitation at 488 nm is more efficient, whereas
405 nm is more efficient in exciting roGFP2 in an envi-
ronment with less negative EGSH, such as the ER lu-
men (Meyer et al., 2007; Brach et al., 2009). The roGFP2
sequence was translationally fused in the hydrophilic
loop of AtUPS5L or AtUPS5S and expressed under the
control of the UBIQ10 promoter in wild-type plants. As
predicted, both UPS5L-roGFP2 and UPS5S-roGFP2
showed low 405/488 nm fluorescence ratios, indicat-
ing a reducing environment close to that measured for
the cytosolic control (Fig. 2, A and B). It was concluded
that both proteins share the same topology with the
loop protruding into the cytosol (Fig. 2C).

AtUPS5 Isoforms Have Different Subcellular Localizations

Alternative splicing often yields proteins that differ
in their subcellular distribution. To determine the sub-
cellular localization of the longer isoform AtUPS5L,
eGFP4 was inserted between Pro 194 and Glu 195 of the
hydrophilic loop. To perform coexpression experi-
ments, we chose the fusion of monomeric red fluores-
cent protein (mRFP) between Pro 159 andGlu 160 of the
central loop of the shorter isoform AtUPS5S. Both
proteins were separately expressed under the control of
the UBIQ10 promoter in previously characterized
knockout ups5-1 plants (Lescano et al., 2016). Transcripts
of expected sizes were detected in the UPS5L-eGFP4 and
UPS5S-mRFP plants by end point reverse transcription–
PCR (RT-PCR) using specific primers for each AtUPS5
splice variant (Supplemental Fig. S2; Schmidt et al., 2006).
Full-length complementary DNAs (cDNAs) of UPS5-
eGFP4 plants were amplified with specific primers for
UPS5L, but not with primers for UPS5S, indicating that
UPS5L-eGFP4 does not splice as the native, intron-
containing transcripts (Supplemental Fig. S2B).
Plants expressing UPS5L-eGFP4 or UPS5S-mRFP

showed fluorescence in intracellular compartments
surrounding vacuoles of root cells (Fig. 3, A and E). The
fluorescent pattern of both UPS5L-eGFP4 and UPS5S-
mRFP presented the typical reticular shape of the plant
ER (Fig. 3, B and F). Staining of UPS5L-eGFP4 or
UPS5S-mRFP roots with ER tracker red or green
dyes, respectively, confirmed the ER localization of
both UPS5 tagged proteins (Supplemental Fig. S3).
Consistently, transient expression of UPS5L-roGFP2
or UPS5S-roGFP2 in Nicotiana benthamiana leaves
highlighted the typical ER network pattern in the
epidermal cells (Supplemental Fig. S4). To perform

colocalization experiments of both variants, we
crossedpUBI10:UPS5L-eGFP4/ups5-1 andpUBI10:UPS5S-
mRFP/ups5-1plants. The resulting offspring showed the
same subcellular localization of tagged-UPS5 isoforms
that in the parent plants (Fig. 3, G and H). The intracel-
lular GFP signal colocalized 83.98 6 8.74% with mRFP
signal (r 5 0.52 6 0.13) in these plants (Fig. 3I).
UPS5L-eGFP4 plants additionally showed a punctate

mobile pattern of the fluorescent signal, suggesting
TGN/EE localization and a weak signal at the plasma
membrane (Fig. 3, C and D). This pattern was observed
only in the green channel, and the corresponding pixels
presented higher intensity values than those of the ER
in plants expressing both variants (Fig. 3, I and J;
Supplemental Fig. S3). A strong GFP signal was also
observed at the cell plate in dividing root cells (Fig. 3, A
and D). To confirm cell plate localization we used ani-
line blue that stains callose deposited on the forming
cell plate of dividing cells (Mineyuki and Gunning,
1990). UPS5L-eGFP4 but not UPS5S-mRFP colocalized
with aniline blue signal in the cell plate of dividing root
cells (Fig. 4A; Supplemental Fig. S5).
The subcellular localization of UPS5L in the endo-

cytic pathwaywas studied in more detail by incubating
UPS5L-eGFP4 plants with the endocytic tracer FM4-64.
After 20 min of treatment the intracellular UPS5L-
eGFP4 signal colocalized 74.17 6 9.8% (r 5 0.48 6
0.09) with FM4-64 in the root cells (Fig. 4B), indicating
that UPS5L-eGFP4 also localized in the endosomal
compartments. To identify the fate of UPS5L-eGFP4 in
the endosomal pathway, we treated UPS5L-eGFP4
plants with the vesicle traffic inhibitor brefeldin A
(BFA). The punctuate signals of UPS5L-eGFP4 and
FM4-64 aggregated together in BFA bodies after this
treatment (Fig. 4C).
Since specific trans-Golgi markers are found in BFA

compartments, we performed colocalization experi-
ments with the vacuolar H1-ATPase subunit 1 (VHAa-
1) that specifically localizes in the TGN/EE (Dettmer
et al., 2006). Transgenic seedlings coexpressing
UPS5L-eGFP4 and VHA-a1-mRFP showed over-
lapping punctate patterns (Fig. 4D), indicating that both
proteins colocalize in the TGN/EE. Furthermore, image
quantification revealed that 72.98 6 13.21% of the sig-
nal overlapped between the green and the red channels
(r 5 0.59 6 0.05). Colocalization experiments of UPS5S
with FM4-64 and VHA-a1-eGFP indicated that UPS5S
is not present in the TGN/EE (Supplemental Fig. S6). In
summary, our data indicate that both splice variants of
AtUPS5 localize in the ER membranes, but UPS5L is
additionally localized in the TGN/EE, in the cell plate
of dividing cells and in the plasma membrane.

Allantoin Use Efficiency and Salt-Stress Tolerance Are
Fully Rescued in ups5-1 by UPS5L-eGFP4, But only
Partially by UPS5S-mRFP Expression

To determine whether UPS5L-eGFP4 and UPS5S-
mRFP are able to function as the native isoforms of

Plant Physiol. Vol. 182, 2020 1313
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Figure 2. Ratiometric analysis of UPS5L-roGFP2 and UPS5S-roGFP2 expressed in Arabidopsis plants. roGFP2 was inserted into
the central loop of UPS5L or UPS5S and expressed in Arabidopsis plants. Roots of 10-d-old-plants were imaged at 405 and 488
nm to detect oxidized and reduced forms of roGFP, respectively. A, Representative CLSM images for pGGZUBI10:UPS5L-
roGFP2/wild type or pGGZUBI10:UPS5L-roGFP2/wild type plants, in which roGFP fluorescence was excited (excitation
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AtUPS5, transgenic lines expressing these fusion pro-
teins in the genetic background of ups5-1 and wild-type
plants were comparatively studied in nutritional and
salt stress experiments. In a first approach, we tested
whether transgenic plants expressing UPS5L-eGFP4 or
UPS5S-mRFP could use external supplied allantoin as
their sole nitrogen source. No phenotypic differences
could be observed under control conditions in 0.53MS
medium containing inorganic nitrogen sources (Fig. 5).
As previously reported (Lescano et al., 2016), the
growth performance of ups5-1 was significantly de-
creased in comparison with wild-type plants when al-
lantoin was used as the sole nitrogen source (Fig. 5).
When UPS5L-eGFP4 was expressed in the ups5-1 back-
ground, plant growth was restored showing fresh
weight and PR length values similar to wild-type plants
(Fig. 5, B and C). UPS5S-mRFP/ups5-1 plants showed
1.3-fold increased biomass compared with ups5-1 mu-
tants, but did not reach wild-type values (Fig. 5B). In
addition, UPS5S-mRFP/ups5-1 PR length was signifi-
cantly lower compared with wild type, and no signifi-
cant differences in PR length were detected between
UPS5S-mRFP/ups5-1 and ups5-1 plants (Fig. 5C). Sim-
ilar results were obtained using independent transgenic
lines for each splicing variant (Supplemental Fig. S7).
Interestingly, root growth performance of ups5-1 and
UPS5S-mRFP/ups5-1 individual seedlings showed
high heterogeneity compared with wild type and
UPS5L-eGFP4/ups5-1 plants with allantoin as the sole
N source (Fig. 5A). To test if this phenomenon was a
result of different germination capacities, we compared
the germination rate of wild type, ups5-1, UPS5L-
eGFP4/ups5-1, andUPS5S-mRFP/ups5-1 inmediawith
inorganic N or allantoin as a sole N source. No signif-
icant differences in germination percentage between
the genotypes were detected 72 h after exposing the
seeds to the light, although slight differences in the
germination rate were observed (Supplemental Fig. S8).
These data suggest that the expression of UPS5L, but
not of UPS5S, is necessary for later developmental
events of seedling roots. Moreover, coexpression of
both UPS5L-eGFP4 and UPS5S-mRFP in the ups5-1 back-
ground did not alter the phenotype compared with
UPS5L-eGFP4/ups5-1 plants (Fig. 5).
These results suggested that UPS5 proteins have

different transport capacities. We analyzed the capa-
bility of these plants to restore allantoin translocation
from roots to the shoots by transplanting 7-d-old
seedlings tomedia containing 5mM allantoin for 3 h. No
differences in allantoin concentration were detected

between genotypes before transplanting (Supplemental
Fig. S9). As expected, allantoin content was 65.37%
lower in ups5-1 compared to wild-type shoots 3 h after
transplanting. Remarkably, allantoin concentration of
UPS5L-eGFP4/ups5-1 and UPS5S-mRFP/ups5-1 shoots
increased 4.43- and 4.25-foldwith respect toups5-1 shoots.
However, no significant differences in the shoot allan-
toin content were detected between UPS5L-eGFP4/
ups5-1 and UPS5S-mRFP/ups5-1 plants. These results
demonstrate that both UPS5 proteins are capable of
allantoin uptake and transport from roots to shoots, but
only UP5L-eGFP4 expression fully restored the capa-
bility of allantoin usage as a nitrogen source.
As previously shown, allantoin transport by AtUPS5

confers salt stress tolerance to Arabidopsis plants
(Lescano et al., 2016). To determine if the expression of
splicing variants fused to fluorescent proteins rescue
the response to salt stress in ups5-1 mutants, 14-d-old
wild type, ups5-1, UPS5L-eGFP4/ups5-1, and UPS5S-
mRFP/ups5-1 plants were transferred to medium
without orwith 150mMNaCl for 7 d. ups5-1 plants were
severely damaged by salt as shown by its reduced
growth and chlorophyll content with respect to wild-
type plants (Fig. 6). On the contrary, UPS5L-eGFP4/
ups5-1 and UPS5S-mRFP/ups5-1 showed better growth
and higher chlorophyll concentrations compared with
the ups5-1 background under salt stress. Furthermore,
no significant differences in both fresh weight and
chlorophyll content were observed between UPS5L-
eGFP4, UPS5S-mRFP, and wild-type plants (Fig. 6).
Similar results were obtained by growing these geno-
types for 4 d in 0.53 MS containing 100 mM NaCl
(Supplemental Fig. S4). Moreover, independent trans-
genic lines expressing UPS5L-eGFP4 or UPSs-mRFP
showed better growth performance compared with
the ups5-1 background (Supplemental Fig. S10). Taken
together, these results revealed that transformation of
the ups5-1 mutant with UPS5L-eGFP4 or UPS5S-mRFP
fusions restored its ability to tolerate salt stress to that of
the wild type, thus demonstrating that the fusion pro-
teins are functional.

AtUPS5L Regulates Long Distance Transport of Allantoin
under Salt Stress

The complementation of ups5-1 mutants by the con-
stitutive expression of UPS5L or UPS5S in Arabidopsis
suggests that both variants are capable of allantoin
transport for salt stress tolerance (Fig. 6; Supplemental

Figure 2. (Continued.)
wavelenght [ex.]) at 405 and 488 nm, and the corresponding ratio images (405 nm/488 nm). The ratio images were illustrated
using the “Thermal” LUT setting pixel values between 0 (reduced) and 3 (oxidized). At least three independent lines for each
construct were analyzed. Plants expressing free cytosolic (GRX1-roGFP2) or ER (roGFP2-HDEL) roGFP2 were used as controls
(Meyer et al., 2007; Brach et al., 2009). Scale bars 5 5 mm. B, Fluorescence ratios for UPS5L-roGFP2, UPS5S-roGFP2, and
controls. The bar graph represents values measured from regions of interest of the ratio images (mean 6 SE, n 5 7). Asterisks
indicates significant differences in comparison with GRX1-roGFP2 plants (P , 0.05, Kruskal-Wallis multiple comparison test
followed by Dunn’s test). C, Schematic representation of the topology of AtUPS5 isoforms fused to roGFP2 used in this experi-
ment.
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Figs. S9 and S11). However, the relative levels of the
native splicing variants could be differentially modu-
lated under salt stress. The mRNA levels of AtUPS5
splicing variants were assessed using RT-quantitative
PCR (RT-qPCR) analysis of Arabidopsis plants sub-
jected for 24 h to salt stress or control conditions. No
significant differences were detected in AtUPS5L or
AtUPS5S expression in the shoots of plants treated with
NaCl compared with controls (Fig. 7A). In contrast, salt
treatment increased AtUPS5L, but not AtUPS5S tran-
script levels in the roots. Indeed, salt stress conditions
enhancedAtUPS5LmRNA levels in the roots compared
with shoots, whereas no statistically significant changes

in AtUPS5S root-to-shoot expression were found
(Fig. 7B). This result suggest thatAtUPS5L expression is
specifically up-regulated under salt stress.

This observation led us to study the potential role of
the native AtUPS5 in allantoin transport during salt
stress. Wild-type and ups5-1 plants grown in 0.53 MS
with 5 mM allantoin for 2 weeks were transferred to
medium without or with 150 mM NaCl. In general, al-
lantoin content increased in shoots of plants that were
grown with allantoin compared with those grown
without allantoin (Supplemental Fig. S12A). Remark-
ably, the allantoin content in the shoots was higher in
plants grown under salt stress. However, ups5-1 plants

Figure 3. Subcellular localization of
AtUPS5L and AtUPS5S in Arabidopsis
roots. A to D, Representative CLSM
images of 7-d-old Arabidopsis roots
expressing pUBI10:UPS5L-eGFP4.
Details of the GFP signal in the ER,
vesicles, and cell plate are shown in
(B), (C), and (D), respectively. Arrows in
(A) and (D) indicate the distribution of
UPS5L-eGFP4 in the cell plates of di-
viding cells. E and F, Representative
CLSM images of 7-d-old Arabidopsis
roots expressing pUBI10:UPS5S-mRFP.
Details of the mRFP signal in the ER are
shown in (F). G to I, Representative
CLSM images of 7-d-old Arabidopsis
roots coexpressing pUBI10:UPS5L-
eGFP4 and pUBI10:UPS5S-mRFP. Im-
ages taken in the GFP channel (G), RFP
channel (H), and merged (I) are shown.
Scale bars 5 10 mm (A, B, G, H, I), 5
mm (C, D, F), and 20 mm (E). J, Intensity
profiles for each channel obtained from
pixels marked with the dashed line in
(I). The asterisks designate peaks that
correspond to the points indicatedwith
white arrows in (I).
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showed lower levels of allantoin in the shoots, whereas
allantoin content in the roots was ;3-fold higher in
ups5-1 than in wild-type plants (Supplemental Fig. S12,
A and B). Therefore, the root-to-shoot allantoin content
ratio clearly decreased in wild-type plants, but in-
creased in ups5-1 mutants (Supplemental Fig. S12C).
Interestingly, wild-type plants could alleviate chloro-
phyll loss when previously grown with allantoin,
showing a chlorophyll concentration similar to the
control experiment (Supplemental Fig. S12D). By con-
trast, ups5-1 mutants failed to restore chlorophyll con-
tent after salt stress even when previously grown with
allantoin. These results suggest that native AtUPS5
mediates allantoin transport required for salt stress
tolerance. Moreover, the specific induction of AtUPS5L
expression by salt indicates that this isoform has a

predominant role in mediating allantoin transport un-
der salt stress in Arabidopsis.

DISCUSSION

The assessment of transporter subcellular fate is
crucial to understand its molecular function. Since
prediction tools for membrane protein topology indi-
cate that both ends of UPSs protrude into non-
cytoplasmic compartments, which can potentially
cause folding and/or sorting defects (Froissard et al.,
2006), fluorescent proteins were introduced in a hy-
drophilic loop predicted to reside in the cytosol
(Schwacke et al., 2003). The amino acid sequence of this
domain is evolutionary nonconserved in the UPS

Figure 4. Localization of UPS5L:eGFP4
in the cell plate and in the TGN/EE.
A, Representative CLSM images of
7-d-old Arabidopsis roots expressing
pUBI10:UPS5L-eGFP4 treated with
0.01% (w/v) aniline blue for 15 min.
Aniline blue stains callose deposited
on the forming cell plate. Images
taken in the GFP channel (left), Aniline
blue channel (center), andmerged (right)
are shown. B and C, Representative
CLSM images of 7-d-old Arabidopsis
roots expressing pUBI10:UPS5L-eGFP4
treated with 1 mM FM4-64 for 20 min.
Images taken in the GFP channel (left),
FM4-64 channel (center), and merged
(right) are shown. Images were taken
before (A) or after (B) 1 h of 50 mM BFA
incubation. D, Representative CLSM
images of 7-d-old Arabidopsis roots
coexpressing pUBI10:UPS5L-eGFP4
and VHAa-1-mRFP. Images taken in
the GFP channel (left), RFP channel
(center), and merged (right) are shown.
Scale bars 5 5 mm.
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family, suggesting that it may structurally serve as a
spacer between TMDs. This strategy has not been fre-
quently used to study plant membrane proteins. Nev-
ertheless, some examples illustrate its relevance
particularly to understand localization of intracellular
membrane proteins (Simon et al., 2016).

The resulting proteins, UPS1-eGFP4, UPS5L-eGFP4,
and UPS5S-mRFP, were in all cases functional when
expressed in Arabidopsis plants (Figs. 1C, 5, and 6;
Supplemental Figs. S9–S11). Each fusion protein
showed a different localization pattern in cell mem-
branes suggesting that the fluorescent protein did not
per se affect protein trafficking. UPS1-eGFP4 localized
at the plasma membrane (Fig. 1, A and B). This finding
is consistent with the localization observed previously
in yeast cells and suggests that UPS1 acts as a cell im-
porter in vivo (Froissard et al., 2006). Supporting this
notion, expression of UPS1-eGFP4 under the control of
a constitutive promoter enhanced plant susceptibility to
5-FU (Fig. 1C). Conversely, these plants did not im-
prove their growth performance if allantoin was used
as a sole nitrogen source. This may reflect the lower

affinity of UPS1 for allantoin with respect to pyrimidine
substrates and/or that the presence of other UPS(s) in
wild-type plants may be sufficient to fulfill allantoin
uptake function.

Two possible isoforms of AtUPS5 can be deduced
from mRNA splicing variants. While UPS5L is able to
import oxidized purines such as xanthine, uric acid,
and allantoin, but also uracil into yeast cells, no trans-
port function could be determined for UPS5S (Schmidt
et al., 2006). This failure can be explained in several
ways including no functionality in yeast, other sub-
strate specificity, or intracellular localization. In this
work, it could be shown that UPS5S-mRFP localizes to
the ER of plant cells (Fig. 3, E and F; Supplemental Figs.
S3 and S4). Moreover, UPS5S-mRFP was able to par-
tially complement allantoin transport deficiency ob-
served in ups5 mutants (Figs. 5 and 6; Supplemental
Figs. S9–S11). This indicates not only that the fusion
protein is functional, but also demonstrates for the first
time that UPS5S is involved in allantoin transport
through intracellular membranes. UPS5L-eGFP4 could
be localized in the ER, but also in TGN/EE, plasma

Figure 5. Phenotype of UPS5L-eGFP4,
UPS5S-mRFP, and UPS5L-eGFP4 3
UPS5S-mRFP/ups5-1 plants grownwith
allantoin as a nitrogen source. Wild
type (WT), ups5-1, UPS5L-eGFP4/
ups5-1, UPS5S-mRFP/ups5-1, and
UPS5L-eGFP4 x UPS5S-mRFP/ups5-
1 plants were grown in either solid
0.53 MS standard medium containing
30mM total inorganic nitrogen (control)
or 0.53 MS medium without nitrogen
supplemented with 7.5 mM allantoin as
a sole nitrogen source for 7 d. A, Rep-
resentative seedlings grown on vertical
plates. Scale bar 5 1 cm. The bar
graphs represent the fresh weights (B) or
PR lengths of each genotype (C; mean
6 SE, n 5 5 for [B] or 5 8 for [C], re-
spectively). Asterisks indicates signifi-
cant differences between genotypes
and the wild type (P , 0.05, Kruskal-
Wallis multiple comparison test fol-
lowed by Dunn’s test). Similar results
were obtained using two independent
lines of UPS5L-eGFP4/ups5-1 and
UPS5S-mRFP/ups5-1 (Supplemental
Fig. S7).
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membrane, and conspicuously in mitotic cell plate
membranes (Figs. 3, A and D, and 4A; Supplemental
Figs. S3–S5). Expression of UPS5L-eGFP4 in the ups5-
1 genetic background rescued the wild-type phenotype
in all conditions tested (Figs. 5 and 6; Supplemental

Figs. S9–S11). The independent capacity to complement
ups5 mutants shows that both isoforms have over-
lapping cell functions. However, some growth restric-
tions (deficiencies) remained by single UPS5S-mRFP
expression indicating nonredundant functions (Fig. 5).

Figure 6. Response of UPS5L-eGFP4
and UPS5S-mRFP lines to salt stress.
Fourteen-day-old wild type (WT), ups5-1,
UPS5L-eGFP4/ups5-1, and UPS5S-
mRFP/ups5-1 seedlings were trans-
ferred to solid 0.53 MS medium
supplemented with 0 (control) or
150 mM NaCl for 7 d. A, Representa-
tive seedlings grown on vertical plates.
Scale bar 5 1 cm. The bar graphs
represent the fresh weights (B) or
chlorophyll content of each genotype
(C; mean 6 SE, n 5 4). Asterisks indi-
cate significant differences between
genotypes (P , 0.05, DGC ’s multiple
comparison test). Similar results were
obtained using two independent lines
of UPS5L-eGFP4/ups5-1 and UPS5S-
mRFP/ups5-1 (Supplemental Fig. S10).

Figure 7. Expression of AtUPS5 splice variants
during salt stress. Twenty-one–day-old wild-type
plants grown in 0.53 solid MS medium were
transferred to solid 0.53 MS medium supple-
mented with 0 (control) or 150 mM NaCl for 24 h.
A and B, Expression of AtUPS5L and AtUPS5S in
the shoots and roots. The bar graphs represent the
expression level relative to AtPP2A-A3 (A) and
root-to-shoot expression (B; mean 6 SE, n 5 3).
Asterisks indicates significant differences between
roots and shoots, and letters indicates significant
differences between treatments (P , 0.05, DGC’s
multiple comparison test). Ct and DCt values are
shown in Supplemental Table S3.

Plant Physiol. Vol. 182, 2020 1319

AtUPS5 Connects Ureide Metabolism Compartments

 www.plantphysiol.orgon June 16, 2020 - Published by Downloaded from 
Copyright © 2020 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.19.01136/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01136/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01136/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01136/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01136/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01136/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01136/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01136/DC1
http://www.plantphysiol.org


AtUPS5L structurally resembles the general config-
uration of plant UPS (Desimone et al., 2002). Thus, it is
probable that the AtUPS5S isoform could have evolved
to fulfill specialized functions in the ER. Interestingly,
all members of the UPS family have highly conserved
Ser/Thr residues in the second hydrophilic domain
protruding into the cytosol, which are absent in the
UPS5S isoform. PIN transporters need to be phos-
phorylated at Ser/Thr residues localized in an intra-
cellular hydrophilic loop to reach the plasma
membrane and to be polarly distributed (Michniewicz
et al., 2007). Whether phosphorylation of UPS is a
necessary condition to leave the ER remains to be
established.

To assign a functional position of each isoform in
cellular metabolism requires an understanding of the
most probable transport direction under physiological
conditions. According to prediction tools, the UPS
protein topologies follow a general building plan with
10 TMDs, a central cytoplasmic loop, and non-
cytoplasmic N and C termini (Fig. 2C). AtUPS5L and
other UPS proteins studied so far are able to transport
their substrates into the cytosol when expressed in yeast
(Desimone et al., 2002; Pélissier et al., 2004; Schmidt
et al., 2004; Schmidt et al., 2006; Collier and Tegeder,
2012). Since the domain orientation of AtUPS5S is
similarly predicted, but two transmembrane domains
are absent and no transport data are available so far, the
protein topology in the membrane of AtUPS5S was
studied in comparison with AtUPS5L. The experimen-
tal evidence presented here indicates that AtUPS5L and
AtUPS5S share the same topology and therefore they
would transport in the same direction (Fig. 2, A and B).
However, at least two additional aspects have to
be considered, such us the relative substrate concen-
trations in the compartments and specially the ener-
gization of the transport by proton cotransport
demonstrated for AtUPS5L (Schmidt et al., 2006). Al-
lantoin is produced in the peroxisomes from uric acid in
the purine degradation pathway, and it reaches the
cytosol via an unknown mechanism (Lamberto et al.,
2010; Werner et al., 2013). In addition, allantoin can be
imported into the cytosol from the extracellular space.
On the other hand, the unique gene product for allan-
toin degradation (allantoinase or AtALN) has been lo-
calized in the ER lumen (Werner et al., 2010). These
findings predict a higher allantoin concentration in the
cytosol than in the ER when allantoinase is expressed.
Since AtUPS5L and other UPSs can transport their
substrates against a concentration gradient using a H1

concentration force, the pH at each side of the mem-
brane would regulate the transport direction. Assum-
ing a single H1 cotransported with each substrate
molecule, for example, allantoin, and a pH difference of
2.0–3.0 between apoplast and cytosol, AtUPS5L present
at the plasma membrane would be able to transport a
substrate molecule 100–1000 times against a concen-
tration gradient in the direction of the cytosol. The
pH difference between the lumen of TGN and cytosol
in plant cells has been reported to be 1.0–1.5 under

nonstress conditions (Shen et al., 2013; Luo et al., 2015).
Thus, AtUPS5L in the TGN would transport allantoin
10 times against a concentration gradient into the cy-
tosol. Here, it is important to note that cytosolic acidi-
fication can occur under stress conditions especially
under salt stress, for example, by the exchange of cy-
tosolic Na1 by vacuolar H1 (Kader and Lindberg,
2010). Under stress, the transport velocity of AtUPS5L
would be lower or even the transport direction may
potentially be inverted. The pH in the cytosol and ER
lumen is similar with reported differences between 0.1
and 0.2 (Shen et al., 2013). Therefore, the transport di-
rection by AtUPS5L and AtUPS5S would possibly be
more determined by the allantoin concentration than
the H1 concentration. Moreover, there is no experi-
mental evidence indicating that transport by AtUPS5S
is H1 coupled. Some transporter families, for example,
plant ENTs, have members transporting their sub-
strates either in a H1-dependent or independent man-
ner (Wormit et al., 2004).

A comprehensive model illustrated in Figure 8
summarizes the present knowledge on subcellular
compartmentalization of allantoin metabolism and the
proposed function of AtUPS5L and AtUPS5S in cortical
and endodermal cells of roots. In the basal metabolism,
allantoin is probably produced only in low amounts as
an intermediary metabolite of purine degradation to
recycle C and N (Fig. 8A). Allantoin is produced in the
peroxisomes, but the degrading enzyme, allantoinase,
resides in the ER lumen. Although the mechanism of
allantoin leaving peroxisomes is still unknown, the
presence of both AtUPS5L and AtUPS5S in the ER can
explain how allantoin reaches the ER. In this compart-
ment, allantoinase activity can degrade allantoin for
further nutrient recycling. By moderate elevation of
allantoin levels or lower allantoinase expression in the
cell, AtUPS5L present in the TGN can possibly salvage
allantoin molecules to the cytosol avoiding exocytosis
through the secretory pathway. In addition, allantoin
can be imported into the cells from the environment as a
backup compound for N nutrition. AtUPS5L or other
AtUPS are candidates that may allow transport across
the plasma membrane. The presence of other allantoin
transporters in the root is suggested by the detection of
allantoin in ups5-1 shoots (Supplemental Fig. S9).
However, higher allantoin levels were detected in
plants expressing UPS5. Moreover, the similar trans-
port capacities of UPS5L-eGFP4 and UPS5S-mRFP in
planta and their colocalization in the ER membranes
suggest that allantoin may enter into the membranous
intracellular system by the ER (Fig. 3). Under conditions
that promote an important increase of allantoin con-
centration in root cells, this basal transport system may
be able to allow allantoin to pass through the endo-
dermis for long distance transport to the shoot using the
water stream in the xylem (Supplemental Figs. S9 and
S12, A–C). Figure 8B illustrates this possibility in the
particular context of salt stress. Epidermis, cortex, and
endodermis cells in direct contact with a saline environ-
ment will suffer important metabolic changes. Nucleic
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acid degradation and/or increased purine biosynthesis
would activate the purine degradation pathway increas-
ing allantoin concentrations (Brychkova et al., 2008; Irani
and Todd, 2016; Lescano et al., 2016; Soltabayeva et al.,
2018; Casartelli et al., 2019). Associated with these events,
a strong transcriptional down-regulation of allantoinase
will occur causing allantoin accumulation in the mem-
branous intracellular system (Irani and Todd, 2016;
Lescano et al., 2016). In addition, the cytosol will become
more acidic due to mechanisms of Na1 exclusion via H1

antiport. This may be important to disable allantoin sal-
vage through AtUPS5L in the TGN. In this way, allantoin
accumulated in vesicles may be secreted to the root vas-
cular system. AtUPS5L would be the predominant iso-
form under salt stress acting in allantoin import to the
cytosol and the subsequent transport to the ER (Figs. 7
and 8).

Interestingly, allantoin has been suggested to physi-
cally interact with the ABA deconjugating enzyme
AtBGlu18, which resides in the ER, suggesting that
accumulation of allantoin in the ERwould be important
to enhance the concentration of the active form of ABA
and subsequent stress signaling (Lee et al., 2006;
Watanabe et al., 2014). Moreover, allantoin has been
found to influence the antioxidant capacity of plants,
acting as potential scavengers of ROS (Brychkova et al.,
2008) or enhancing the expression or activity of several
antioxidant and stress response encoding genes inde-
pendently of ABA signaling (Irani and Todd, 2018;
Nourimand and Todd, 2019). ROS increase in plants
subjected to salt stress through mechanisms involving
NADP-oxidase in the apoplast and light driven O2 re-
duction in chloroplasts (Miller et al., 2010). In this sce-
nario the accumulation of allantoin in vesicles could be

Figure 8. Scheme of allantoin transport between
cell compartments and root tissues under basal
and stress conditions. The movement of allantoin
as well as the distribution of AtUPS proteins in the
cell membranes of roots in basal metabolism (A)
and salt stress (B) are illustrated. Possible routes of
allantoin translocation between root tissues under
such conditions are also represented. The position
of AtUPS1 (gray circles), AtUPS5L (green circles),
and AtUPS5S (red circles) in the secretory path-
way is shown. Black pentagons represent the rel-
ative amount of allantoin in peroxisomes (yellow),
endoplasmic reticulum (light blue), Golgi Appa-
ratus (blue), and TGN/EE (violet), as well as in
cytosol (cream) and apoplast (orange). Arrows
show possible routes contributing to allantoin in-
crease, representing transport process or meta-
bolic pathways, and thicker arrows symbolize
possible increases in the transport activity or me-
tabolism, respectively. Major processes that
modulate allantoin distribution between cell
compartments and tissues in the plant roots are
written in bold letters. The modulation of AtALN
(allantoinase) expression under basal and stress
conditions is presented.
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required for its export from the root to the apoplast for
ROS scavenging and/or to the vascular system to
trigger antioxidant defenses in the shoots (Fig. 8;
Supplemental Fig. S12). A similar mechanism would
operate under other abiotic stresses in which accumu-
lated allantoin has been suggested to mediate stress
response (Watanabe et al., 2014; Irani and Todd, 2016;
Nourimand and Todd, 2016).

Similar export systems for allantoin allowing trans-
port to the shoot can be proposed in other physiological
contexts. For example, it would be interesting to know
if a similar transport mechanism is relevant for allan-
toin translocation in nodulated tropical legumes.

The transport function of AtUPS5L in cell plate
membranes is currently unknown. Interestingly, the
shorter PR phenotype of ups5-1 mutants could be
complemented by UPS5L-eGFP4 expression, but not by
UPS5S-mRFP, indicating a specific function for
AtUPS5L in root growth (Fig. 5). Further experiments
should investigate if cell division is affected in ups5-
1 mutant roots.

CONCLUSION

The analysis of AtUPS5L and AtUPS5S subcellular
localization presented here provide key information to
understand the cell function of these transporters. Our
data predict that under nonstress conditions, AtUPS5L
and AtUPS5Smay be involved in allantoin degradation
for nutrient recycling. Under stress, both genes may be
necessary for allantoin export via vesicles of the secre-
tory pathway allowing allantoin translocation from
roots to shoots, with a predominant role of AtUPS5L.

MATERIALS AND METHODS

DNA-Cloning

DNAs for all constructs were amplified by PCR using Phusion High-Fidelity
DNA Polymerase (Thermo Scientific) from genomic DNA or cDNA obtained
fromwild-type plants. Fragments were cloned into pJet1.2 using CloneJET PCR
Cloning Kit (Thermo Scientific) and sequenced (Macrogen). Restriction en-
zymes and T4 DNA ligase for cloning were supplied by Thermo Scientific.
Constructs (Supplemental Table S1) were generated using oligonucleotides
listed in Supplemental Table S2 by using standard cloning methods or the
GreenGate system (Lampropoulos et al., 2013).

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Col-0 was used as the wild type.
Homozygous seeds of Salk_044810 line (designated ups5-1) were previously
characterized by Lescano et al. (2016).

For plant growth, seeds were first stratified at 4°C for 3 d. After imbibition,
germinating seeds were placed in a growth chamber (day 0 for experimental
treatments) under a 16-h light/8-h dark photoperiod at 22°C and a light in-
tensity of 100–150 mmol photons m-2s21 on 0.53MS plates (1%w/v agar) or on
soil:vermiculite (1:1) mix.

Nicotiana benthamiana plants were grown under a 16-h light/8-h dark pho-
toperiod at 24°C and a light intensity of 100–150 mmol photons m-2s21 on
soil:vermiculite (1:1) mix.

Plant Transformation and Isolation of Transgenic Lines

pCUBI:UPS1-eGFP4, pCUBI:UPS5L-eGFP4, or pCUBI:UPS5S-mRFP con-
structs were introduced into Agrobacterium strain C58 for transformation of
wild-type or ups5-1 plants. Eight- to 10-week-old Arabidopsis plants were
transformed using the floral dip method (Clough and Bent, 1998), and trans-
genic plants (T1 to T3 generations) were selected using hygromycin B (Inviv-
oGen). Different T2 lines were screened by CLSM, and four independent
homozygous lines with a single T-DNA insertion for each construction were
selected for further studies. Independent lines of pCUBI10:UPS5L-eGFP4/ups5-
1 and pCUBI10:UPS5S-mRFP/ups5-1were crossed for phenotype analysis and
colocalization experiments. pCUBI10:UPS5L-eGFP4/ups5-1 or pCU-
BI10:UPS5S-mRFP/ups5-1 plants were crossed with VHAa-1-mRFP or VHAa-
1-eGFP, respectively (Dettmer et al., 2006), for colocalization experiments.

For ReTA experiments, pGGZUBI10:UPS5L-roGFP2 or pGGZUBI10:UPS5L-
roGFP2 constructs were introduced into Agrobacterium strain ASE1 for trans-
formation of 8- to 10-week-old wild-type plants. Transgenic plants (T1 to T2
generations) were selected using BASTA (glufosinate ammonium). Different T2
lines were screened by CLSM, and at least four independent lines with a single
T-DNA insertion for each construction were selected for further studies.

For transient expression of UPS5L-roGFP2 or UPS5S-roGFP2, 3- to 4-week-
old N. benthamiana plants were infiltrated with Agrobacterium strain ASE1
transformed with pGGZUBI10:UPS5L-roGFP2 or pGGZUBI10:UPS5L-roGFP2,
respectively. Single Agrobacterium colonies were grown in 10-mL LB with ap-
propriate antibiotics at 180 RPM at 28°C overnight. After centrifugation at 4500
RPM at 4°C for 15 min, pellets were resuspended in 3-mL infiltration solution
(10 mMMES-K(OH) [pH 5.6], 10 mMMgCl2, 150mMAcetosyringon). The optical
density at 600 nm was adjusted to 0.7–0.8 by adding the correct amount of
infiltration solution. The solutions of Agrobacteria containing the construct of
interest were mixed with Agrobacteria containing silencing inhibitor K19 (1:1)
and incubated at room temperature for 2 to 3 h. The lower side ofN. benthamiana
leaves was infiltratedwith a 1-mL syringe. The analysis of infiltrated leaves was
carried out under the microscope 3 to 4 d after infiltration.

Stress and Nutritional Assays

In all experiments, seedswere sown on 0.53MSvertical plates and stratified
for 3 d at 4°C. Then, plates were placed vertically in a growth chamber under a
16-h light/8-h dark photoperiod at 22°C and a light intensity of 120 mmol
photons m-2s21. To test the ability of transgenic lines to use allantoin as a sole
nitrogen source, plants were germinated and grown in vertical plates con-
taining 30 mM total nitrogen. Standard 0.53 MS medium (Sigma-Aldrich) or
0.53 MS without nitrogen medium (M531, PhytoTechnology Laboratories)
supplemented with 7.5 mM allantoin (Sigma-Aldrich) was used. Germination
rate wasmeasured as radicle emergence after exposing the imbibed seeds to the
light. After 7 d both fresh weight and root length were measured.

To test the capacity of transgenic lines to translocate allantoin from root to the
shoots, plants were germinated and grown for 7 d on 0.53 MS vertical plates.
Afterward, plants were transferred to 0.53MS plates with 5 mM allantoin for 3
h. Material was stored at 220°C for allantoin quantification.

For salt stress experiments, plants were germinated and grown for 14 d on
0.53MS vertical plates. Afterward, plants were transferred to 0.53MS vertical
plates containing 0 or 150 mM NaCl. Fresh weight per plant was measured after
7 d of transplanting. Additional material was stored for chlorophylls quantifi-
cation. In a second approach, 4-d-old plants germinated and grown in 0.53MS
vertical plates were transferred to 0.53 vertical plates plus 0 or 100 mM NaCl.
After 3 d fresh weight was measured.

For expression experiments, plants were transferred to 0.53 MS vertical
plates containing 0 or 150 mM NaCl. Material was frozen and stored at 280°C
for RNA extraction and RT-qPCR.

Determination of Root Lengths

Primary root lengths were measured with FIJI (Schindelin et al., 2012).

Determination of Allantoin and Total Chlorophylls

Plant material was dried overnight at 65°C, and the dry weight was mea-
sured. Allantoin was obtained by incubation of plant samples in 6.25 mM

K2PO4/KH2PO4 buffer pH 7 for 20 min at 100°C and subsequent centrifugation
for 5 min at 14000 RPM. Allantoin present in the supernatants was quantified
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using differential analysis of glyoxylate derivatives (Vogels and Van Der Drift,
1970). Chlorophylls were measured from freshmaterial as described previously
(Vernon, 1960).

Expression Analysis

For expression analysis, total RNA from plants was extracted with Tri Re-
agent according themanufacturer’s protocol (Molecular research center). cDNA
was synthesized with RevertAid Premium M-MuLV Reverse Transcriptase
(Thermo Scientific) and used for PCR reactions. AtUPS5L and AtUPS5S frag-
ments were amplified RT-qPCR using primers previously optimized to identify
AtUPS5 splicing variants (Schmidt et al., 2006). For AtUPS5L (AtUPS5S),
primers P19 (P21) and P20 were used to amplify a 238 (208) bp fragment by
PCR. A 641-bp fragment of AcACT2 gene was amplified by PCR using primers
P22 and P23, and used as a control (Supplemental Table S2).

For RT-qPCR, total RNAwas extractedwith RNeasy PlantMini Kit (Qiagen)
according the manufacturer’s protocol. cDNAwas synthesized with RevertAid
Premium M-MuLV Reverse Transcriptase (Thermo Scientific). The reverse
transcribed products were amplifiedwith SG qPCRMaster Mix (Roboklon) in a
96-well plate Chromo4 Real-Time PCR System (Bio-Rad). Primers were
designed with QuantPrime qPCR primer design tool (https://www.
quantprime.de/; Supplemental Table S2).

The thermal profile of the RT-qPCR reactions was 95°C for 15 min, 40 cycles
of 95°C for 15 s, 60°C for 30 s, and 72°C for 15 s.Moreover, to analyze the quality
of the dissociation curves, the following program was added after the 40 PCR
cycles: 72°C for 7 min, followed by a constant increase of the temperature from
40°C to 90°C. Ct and Efficiency (E) values were calculated with Opticon
Monitor 3.1 software. Relative expression values were calculated using E-DCt
method (Pfaffl, 2004) using AtPP2A-A3 (At1g13320) and AtUBI10 (At4g05310)
as housekeeping genes (Supplemental Table S2).

Imaging and Colocalization Experiments

Laser scanning confocal microscopy was performed using a Leica TCS SP5II
with an HCX PL APO lambda blue 63.03 1.20 water UV lens or with Olympus
FV1200 laser scanning microscope with a 603 silicone-immersion objective
lens. The following excitation and detection wavelengths were used, respec-
tively: 488 nm and 500–555 nm for eGFP4, roGFP2, and ER tracker green; 561
nm and 615–676 nm for FM4-64, mRFP, and ER tracker red; 405 and 425–460 for
aniline blue.

For application of FM4-64 or BFA, the roots of the plants were cut and
transferred to liquid 0.53 MS containing 1 mM FM4-64 (Thermo Fisher Scien-
tific) for 20 min and/or 50 mM BFA (Sigma-Aldrich) for 1 h. For ER staining, the
roots of plants were transferred to liquid 0.53MS containing 0.5mM ER-Tracker
Green (glibenclamide BODIPY FL, Thermo Fisher Scientific) or 1mM ER-Tracker
Red (glibenclamide BODIPY TR, Thermo Fisher Scientific) for 1 min. For cell
plate staining, seedlings were transferred to 150 mM K2HPO4 pH 9.5 containing
0.01% (w/v) aniline blue for 15 min.

For colocalization analysis, at least 10 primary roots were analyzed for each
experiment. CLSM images taken in two separate channels were used for
colocalization analysis with FIJI software (Schindelin et al., 2012). Particular
regions of the image were selected from masks created by using Colocalization
Finder tool for colocalization analysis when indicated. The Colocalization
Threshold and Coloc2 plugins were used to automate image thresholds and to
quantify the Manders and Pearson (r) coefficients between the two channels in
the selected region, with the former expressed as colocalization percentage
(Manders et al., 1993; Costes et al., 2004).

Ratiometric Fluorescence Imaging

Roots of 10-d-old pGGZUBI10:UPS5L-roGFP2/wild type or pGGZU-
BI10:UPS5L-roGFP2/wild-type plants grown in 0.53 MS 1% (w/v) agar ver-
tical plates were used for ReTA (redox-based topology analysis) experiments.
Ratiometric confocal imaging was performed on an Olympus FV1200 laser
scanning microscope with a 603 oil-immersion objective lens. roGFP fluores-
cence was excited at 405 and 488 nm and collected using a band-pass filter at
485–545 nm. Ratiometric analysis of nonsaturated images was performed using
FIJI software (Schindelin et al., 2012). After background subtraction, Gaussian
andMedian filters were applied to both images. The 405-nm imagewas divided
by the 488-nm image, and the ratio images were illustrated using the “Thermal”
LUT setting pixel values between 0 (reduced) and 3 (oxidized). At least four

independent lines for each construction were analyzed. Plants expressing free
cytosolic (GRX1-roGFP2) or ER (roGFP2-HDEL) roGFP2 were used as controls
(Meyer et al., 2007; Brach et al., 2009).

Data Analysis and Statistics

The Infostat software version 2018 and Graph Pad Prism 7 were used for
statistical analysis. The normality and homogeneity of variance were tested by
Shapiro-Wilk’s and Levene’s, respectively. For comparison of data with para-
metric distribution ANOVA followed by DGC’ test (Di Rienzo, Guzmán y
Casanoves method) were performed (Di Rienzo et al., 2002). For comparison of
data with nonparametric distribution Kruskal-Wallis followed by Dunn’s test
were performed. Statistically significant differences (P , 0.05) are reported in
the text.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NP_565303.1 (AtUPS1), NP_849708.1
(AtUPS5L), and NP_564246.1 (AtUPS5S).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Functional complementation of a yeast mutant
deficient in uracil uptake with AtUPS1-eGFP4.

Supplemental Figure S2. Expression of AtUPS5 transcripts in UPS5L-
eGFP4 and UPS5S-mRFP transgenic lines.

Supplemental Figure S3. Colocalization of UPS5L and UPS5S with ER-
trackers.

Supplemental Figure S4. Subcellular localization of UPS5L::roGFP2 and
UPS5S:roGFP in Nicotiana benthamiana.

Supplemental Figure S5. Subcellular localization of UPS5 in the cell plate.

Supplemental Figure S6. Subcellular localization of UPS5S:FP and FM4-64
in the endomembrane compartments.

Supplemental Figure S7. Phenotype of independent transgenic lines of
UPS5L-eGFP4 and UPS5S-mRFP grown with allantoin as N source.

Supplemental Figure S8. Germination rate of UPS5L-eGFP4 and UPS5S-
mRFP grown with allantoin as N source.

Supplemental Figure S9. Shoot allantoin content of UPS5L-eGFP4 and
UPS5S-mRFP lines after incubation with allantoin.

Supplemental Figure S10. Response of independent lines of UPS5L-eGFP4
and UPS5S-mRFP lines to salt stress.

Supplemental Figure S11. Response of UPS5L-eGFP4 and UPS5S-mRFP
lines to salt stress and allantoin.

Supplemental Figure S12. Allantoin content and response of ups5-1 lines
to salt stress.

Supplemental Table S1. Plasmids used and generated in this work.

Supplemental Table S2. List of oligonucleotides used in this work

Supplemental Table S3. Ct y DCt values used for expression analysis of
AtUPS5 splicing variants under salt stress.
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