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Cell viability requires adaptation to changing environmental
conditions. Ubiquitin-mediated endocytosis plays a crucial role
in this process, because it provides a mechanism to remove
transport proteins from the membrane. Arrestin-related traf-
ficking proteins are important regulators of the endocytic path-
way in yeast, facilitating selective ubiquitylation of target pro-
teins by the E3 ubiquitin ligase, Rsp5. Specifically, Rod1 (Art4)
has been reported to regulate the endocytosis of both the Hxt1,
Hxt3, and Hxt6 glucose transporters and the Jen1 lactate trans-
porter. Also, the AMP kinase homologue, Snfl, and 14-3-3 pro-
teins have been shown to regulate Jenl via Rod1. Here, we fur-
ther characterized the role of Rodl, Snfl, and 14-3-3 in the
signal transduction route involved in the endocytic regulation of
the Hxt6 high affinity glucose transporter by showing that Snfl
interacts specifically with Rod1 and Rog3 (Art7), that the inter-
action between the Bmh2 and several arrestin-related traffick-
ing proteins may be modulated by carbon source, and that both
the 14-3-3 protein Bmh2 and the Snfl regulatory domain inter-
act with the arrestin-like domain containing the N-terminal half
of Rod1 (amino acids 1-395). Finally, using both co-immuno-
precipitation and bimolecular fluorescence complementation,
we demonstrated the interaction of Rod1 with Hxt6 and showed
that the localization of the Rod1-Hxt6 complex at the plasma
membrane is affected by carbon source and is reduced upon
overexpression of SNF1 and BMH?2.

An important component of the maintenance of cellular
homeostasis and stress responses is the regulation of the com-
position of plasma membrane proteins responsible for the
uptake and extrusion of nutrients and other nonpermeable
small molecules. The general mechanisms controlling this reg-
ulatory process are highly conserved among eukaryotic organ-
isms and involve both transcriptional regulation and modula-
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tion of the balance of secretion, recycling, and degradation of
individual transporter proteins in response to changes in the
extracellular environment (reviewed in Ref. 1). Regulated endo-
cytosis, one important step in this process, has been well stud-
ied in both mammals and yeast, unveiling many mechanistic
similarities that establish yeast as a relevant model system.

In Saccharomyces cerevisiae, plasma membrane transporters
that need to be down-regulated are ubiquitylated by the Rsp5
E3 ubiquitin ligase, endocytosed, sorted into multivesicular
bodies in a process requiring the ESCRT machinery, and finally
are delivered to the vacuole for degradation (2-5). Transporter
ubiquitylation by the HECT family Rsp5 E3 ubiquitin ligase is
mediated by one or more of several adaptor proteins that confer
specificity and ensure the correct regulation of targeted pro-
teins in response to changes in the extracellular environment
(reviewed in Refs. 6). At least 18 Rsp5 adaptor proteins have
been described, each having specificity for a subset of transport
proteins and acting in response to specific stimuli.

The molecular mechanisms governing these regulatory
interactions are beginning to be clarified. For example, one sub-
set of the Rsp5 adaptor proteins shows structural conservation
and has been assigned to the arrestin-related trafficking (ART)*
adaptor family (7). The 14 members of this protein family con-
tain a conserved fold in their N terminus that shows structural
homology to the mammalian « and (3 arrestins and 1-3 repeats
of the Rsp5 binding (L/P)PXY motif (8). In yeast, physical inter-
actions have been demonstrated between Rsp5 adaptors Ecm21
(Art2) and Aly2 (Art3) with the Smfl divalent metal cation
transporter and the Dip5 aspartic acid permease, respectively
(9, 10). In the case of Dip5, addition of excess substrate was
shown to increase the interaction with Aly2, whereas in the case
of Ecm21, no alterations in Smf1 interaction were observed.
Importantly, where within the cell these protein-protein inter-
actions take place has not been extensively studied. In other
cases, genetic evidence supports a role for the requirement for
Rsp5 adaptors for the down-regulation of defined transporters
but direct proof of physical interactions has not yet been
reported (7, 11).

The endocytic activity of Rsp5 adaptor proteins has been
shown to be modulated by protein phosphorylation/dephos-

“The abbreviations used are: ART, arrestin-related trafficking protein; BiFC,
bimolecular fluorescence complementation; TGN, trans-Golgi network.
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phorylation switches in several cases. The first example was
modulation of the activity of Ldb19(Art1) by the TORC1-re-
sponsive kinase, Nprl. Hyperphosphorylation of Ldb19 by
Nprl was shown to inhibit its endocytic activity for the Canl
arginine permease (12). The Nprl kinase was also shown to
inhibit the endocytic activity of the Bull and Bul2 Rsp5 adap-
tors by creating binding sites for 14-3-3 proteins, which then
impede the degradation of the Gapl general amino acid per-
mease, presumably by preventing the association of the Rsp5-
adaptor complex with Gap1 (13). In this case, the Sit4 phospha-
tase has been proposed to be involved in Bull and Bul2
dephosphorylation, leading to their activation and subsequent
down-regulation of Gapl under the appropriate conditions,
although direct dephosphorylation of Bull and Bul2 by Sit4 was
not demonstrated. In addition, the calcineurin phosphatase was
shown to directly dephosphorylate another Rsp5 adaptor Aly2,
promoting its endocytic activity for Dip5, but not for Gap1 (14).
These studies show that complex regulatory routes are
employed to fine-tune the cohort of transport proteins present
in the plasma membrane in response to the quality of the nitro-
gen source.

The Rsp5 adaptor network has also been shown to respond to
changes in the carbon source. On one hand, Rod1l was shown
genetically to be involved in the down-regulation of the Hxt6
high affinity glucose permease and was also implicated in the
endocytosis of the Hxtl and Hxt3 transporters in response to
2-deoxyglucose (11, 15). This adaptor was also shown to regu-
late the Rsp5-mediated ubiquitylation of the Jen1 lactate trans-
porter in response to glucose addition and the Ste2 pheromone
receptor (16-18). In the report studying Jenl regulation, the
Snfl kinase, which was previously shown to phosphorylate
Rod1 (19), was shown to create binding sites for the 14-3-3
proteins. Similar to what was observed for Bull and Bul2,
14-3-3 binding to Rod1 was shown to impede Jen1 delivery and
subsequent degradation in the vacuole. In both cases, 14-3-3
binding to the Rsp5 adaptor is postulated to block the interac-
tion with the targeted transporter, although this has not been
experimentally proven.

In the present study, we aimed to further characterize the
signal transduction route involved in the endocytic regulation
of the Hxt6 high affinity glucose transporter. We show that the
Snfl kinase interacts physically with both the Rod1 Rsp5 adap-
tor protein and with the closely related Rog3 adaptor, but not
with other ART family members. We also show that the 14-3-3
protein Bmh?2 interacts with many ART family members, sug-
gesting a general role for these proteins in the Rsp5 signaling
network. Moreover, we show that Rod1 physically interacts
with Hxt6 principally at the plasma membrane. Upon overex-
pression of either SNF1 or BMH2, the Rod1-Hxt6 complex is
present, but a lower percentage of the signal is observed at the
plasma membrane. Accordingly, glucose-induced Hxt6 degra-
dation is delayed in these strains. Finally, we also demonstrate
the interaction between Rodl and Hxtl. Thus, our work pro-
vides experimental proof of the physical interaction in vivo
between an ART family member and its cargo proteins, which
shows specificity both at the level of environmental stimulus
and subcellular localization.
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FIGURE 1. Mapping of the domains required for the interaction between
Snf1 and Rod1. A, strains transformed with plasmids containing the full-
length SNF1 gene, the kinase domain (amino acids 1-391, SNF1-KD) or the
regulatory domain (amino acids 392-633, SNF1-RD) fused to the LexA DNA-
binding domain and the full-length ROD1, the arrestin domain-containing N
terminus (amino acids 1-395, ROD1-Nt) or the (L/P)PXY motif-containing C
terminus (amino acids 396-837, RODI1-Ct) fused to the Gal4 activation
domain were grown to saturation in selective medium, serially diluted, and
spotted onto plates with the indicated composition. Growth was recorded
after48-72 h.Identical results were obtained for three independent transfor-
mants. B, correct expression of all proteins in whole cell extracts was con-
firmed by immunodetection using the indicated antibodies. Molecular
weight markers are indicated on the left, and direct blue staining of the mem-
brane is shown in the bottom panel as the loading control.

Results

The Snfl kinase was previously reported to phosphorylate
the ART family protein, Rodl (19). We tested whether these
two proteins physically interact in a yeast two-hybrid assay. As
shown in Fig. 1, we not only detected this interaction but also
mapped the regions of these proteins required for the interac-
tion. We show that the regulatory domain of Snfl (Snfl-RD)
interacts with the N-terminal half of Rod1, which contains the
arrestin-like domain. Interestingly, this is also the domain of
Rod1 implicated in binding the protein phosphatase regulatory
subunit, Regl (16).

We further analyzed whether this interaction was specific for
Rod1 or whether other ART family members also interacted
with Snfl in this assay. As shown in Fig. 2, Snfl interacts only
with Rodl and the closely related Rog3 (Art7) protein. No
growth was observed in control strains co-transformed with the
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FIGURE 2. Snf1 interacts with Rod1 and Rog3 but not with other ART fam-
ily members. A, strains transformed with plasmids containing the full-length
SNF1 gene fused to the LexA DNA-binding domain and nine ART family mem-
ber genes fused to the Gal4 activation domain were grown to saturation in
selective medium, serially diluted, and spotted onto plates with the indicated
composition. Growth was recorded after 48-72 h. Identical results were
obtained for three independent transformants. No growth was observed in
empty vector controls expressing the ART proteins (not shown). B, correct
expression of the fusion proteins was confirmed by Western blotting as
described in Fig. 1B.

ART vectors and the empty LexA-containing vector (data not
shown). Our results support previous reports showing a func-
tional interaction between Rod1 and Snfl and show that Rog3
may also be regulated in a similar way (16, 19). Moreover, they
suggest that Snf1 is not a general regulator of ART family pro-
teins and support the idea of a partitioning of the functions of
Rsp5 adaptor proteins to respond to different classes of envi-
ronmental changes through protein phosphorylation by spe-
cific kinases, such as those related to carbon (Snfl-Rod1/Rog3)
or nitrogen (Nprl-Artl) sources (12, 16).

Based on previous data in mammals implicating a role for
14-3-3 proteins in the regulation of the Rsp5 orthologue,
Nedd4.2 (20, 21), we tested whether the WW domains of Rsp5
physically interact with the yeast 14-3-3 protein Bmh2. Because
we did not detect binding in this assay (data not shown) and
recent reports and high throughput studies show that 14-3-3
proteins interact with Rsp5 adaptor proteins (13, 16), we per-
formed a yeast two-hybrid analysis of Bmh2 with 9 ART family
members to assay this interaction under different experimental
conditions. As shown in Fig. 3, all ART family proteins except
Aly2 (Art3) and Art5 interacted with Bmh2 under the condi-
tions tested. We performed this assay in selective medium con-
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FIGURE 3. The 14-3-3 protein Bmh2 physically interacts with several ART
family members. A, strains transformed with plasmids containing the BMH2
gene fused to the LexA DNA-binding domain, and nine ART family member
genes fused to the Gal4 activation domain were grown to saturation in selec-
tive medium, serially diluted, and spotted onto plates with the indicated com-
position. Growth was recorded after 48 -72 h. Identical results were obtained
for three independent transformants. B, correct expression of the fusion pro-
teins was confirmed by Western blotting as described in Fig. 1B.

taining either 2% glucose (synthetic dextrose (SD) medium) or
in low glucose (LG) medium, containing 0.05% glucose, 2%
glycerol, 2% galactose, and 2% ethanol as the carbon source, to
test responsiveness to this environmental condition (22). Inter-
estingly, we observed that the relative growth pattern differed
in these two conditions. Although suggestive, more experi-
ments will be required to establish the physiological relevance
of these interactions.

We next studied the interaction between Rod1 and Bmh?2 in
the presence and absence of SNFI overexpression (Fig. 4, A-D).
We employed SNFI mutants harboring point mutants, which
constitutively activate (G53R) or deactivate (K84R) the kinase
(23). The proposed model suggests that Snfl phosphorylation
of Rod1l creates binding sites for 14-3-3 protein interaction.
Accordingly, we should be able to detect differences in yeast
two-hybrid interactions by monitoring the activity of B-galac-
tosidase. As shown in Fig. 4C, we observe an increase in the
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FIGURE 4. Bmh2 interacts with the Rod1 N terminus and Snf1 kinase activity improves this interaction. A, strains transformed with the indicated plasmids
described in Figs. 1 and 3 were analyzed as described. Identical results were observed for three independent transformants. B, correct expression of the fusion
proteins was confirmed by Western blotting as described in Fig. 1B. C, the indicated strains were grown to mid-log phase in selective medium, collected by
centrifugation, and processed for the determination of B-galactosidase activity, as described under “Experimental Procedures.” The data represent the average
values of triplicate determinations for three independent transformants. The error bars represent the standard deviation. B-Galactosidase activity was unde-
tectable in the controls containing empty plasmids. D, the strains transformed with the indicated plasmids were analyzed for protein-protein interactions as

described in Fig. 1.

B-galactosidase activity in strains co-expressing RODI-AD/
BMH?2-DB and SNF1. Moreover, expression of a mutated ver-
sion of Snfl that is constitutively active increases the Rod1-
Bmh?2 interaction, whereas overexpression of a kinase-dead
version of Snfl shows a similar level of Rod1-Bmh2 interaction
as the empty vector control. The growth assays shown in Fig. 44
corroborate the data obtained in the (-galactosidase assays.
These results complement the existing data used to propose the
model presented by Becuwe et al. (16) for the regulation of
the Jen1 lactate transporter, where they showed a reduction in
the amount of Rod1 presentina Bmh2-GST pulldown in strains
lacking SNF1. Our data show that the kinase activity of Snfl is
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required for the increase in Rod1-Bmh2 interaction. Interest-
ingly, we did not see any difference in these assays when we used
a mutant form of Rod1 lacking the previously identified Snfl
phosphorylation site at serine 447 (data not shown), suggesting
that this assay is not sensitive enough to detect this change or
that other phosphorylation sites are also involved in 14-3-3
binding (19). To further clarify this point, we checked the inter-
action between Bmh2 and the N- and C-terminal parts of Rod1.
As shown in Fig. 4D, we observed an interaction between Bmh2
and the N-terminal domain of Rod1 (amino acids 1-395), sug-
gesting that that serine 447 is not likely to be the only phosphor-
ylation site involved in the Bmh2-Rod1 interaction.
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FIGURE 5. Rod1 co-immunoprecipitates with Hxt6. The BY4741 strain was transformed with plasmids containing the indicated genes, grown in raffinose-
containing medium, treated with glucose for 30 min (final concentration, 2%), and processed for co-immunoprecipitation as described under “Experimental
Procedures.” The purified proteins were separated on SDS-PAGE gels, transferred to nitrocellulose membranes, and successively analyzed with the indicated
antibodies (upper panels). The bottom panels show the correct expression of fusion proteins in the proteins extracts employed for the co-immunoprecipitation
experiments. Molecular weight markers are indicated on the left. Similar results were observed in three independent experiments.

We were next interested in studying the physical interaction
between Rod1 and the Hxt6 hexose transporter. Previous stud-
ies have shown that Rod1 is necessary for the down-regulation
of Hxt6 when cells are shifted from raffinose to glucose-con-
taining medium (11). At least two studies have presented dif-
ferent experimental evidence showing that ART family mem-
bers bind directly to transporter proteins (9, 10). However, in
these cases, in vivo interactions in live cells were not reported,
nor were the subcellular localization of the complexes. Here, we
show both by co-immunoprecipitation and bimolecular fluo-
rescence complementation (BiFC) that Rod1 physically inter-
acts with Hxt6 (Figs. 5 and 6). Specifically, in the co-immuno-
precipitation experiments, we observe an increase in the
amount of Rod1 that binds to Hxt6 in cells treated with glucose
for 30 min, as compared with those grown in raffinose. More-
over, we also detect more Rod1 in the Hxt6 immunoprecipitate
both before treatment and in glucose-treated cells overexpress-
ing SNFI or BMH?2 (Fig. 5).

SASBMB
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Using the BiFC assay, which is capable of detecting and
determining the subcellular localization of protein-protein
interactions in live cells, we demonstrate that a Rod1-Hxt6
complex can be detected principally at the cell surface in cells
growing in raffinose as the sole carbon source. Importantly, no
fluorescence was detected in either of the control combina-
tions (Hxt6-VC/VN or VC/Rod1-VN; Fig. 6A). Using both
FM4-64 treatments and co-localization studies with endo-
somal (FYVE-DsRed) and trans-Golgi network (TGN) (Sec7-
DsRed) markers (24), we show that this signal partially co-
localizes with endocytic vesicles and the vacuole (Fig. 6,
B-D). Upon glucose treatment, we observe decrease in the
plasma membrane fluorescence/internal fluorescence ratio,
consistent with the vacuolar degradation of the complex
(Fig. 6E). The vacuolar signal observed is likely to be a result
of the permanent reconstitution of the Venus protein upon
Hxt6-Rod1 interaction. Further studies are required to
determine whether Rod1 travels with Hxt6 to the vacuole for
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degradation. In any case, to our knowledge these results rep-
resent the first observation of the interaction in vivo between
a yeast a-arrestin and its cargo protein.

We next studied the interaction between Rod1 and the Hxt1
hexose transporter, which was recently identified to be regu-
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lated by this a-arrestin in response to 2-deoxyglucose treat-
ment (15). As observed in Fig. 7, the weak Rod1-Hxtl BiFC
signal appears internally independent of the carbon source. No
fluorescence was observed with either control combination
(Hxt1-VC/VN or VC/Rod1-VN; Fig. 7A). Upon 2-deoxyglucose
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treatment, a strong interaction is detected in punctate struc-
tures that co-localize with the FYVE domain containing endo-
cytic marker, but not the Sec7 TGN marker. It is interesting to
note that we very rarely observed the interaction at the cell
surface regardless of the carbon source or treatments
employed, which is in stark contrast to that observed in the case
of Hxt6-Rod1. These data suggest additional levels of control of
spatial and temporal specificity of the interaction between
a-arrestins and their cargo proteins.

Because the BiFC experiments described above for Hxt6-
Rod1 were performed with a plasmid-borne version of Rod1, we
performed a BiFC analysis with genomically integrated fusion
proteins so that both fusion proteins would be under the con-
trol of their own promoter. We consider this analysis to be
crucial to avoid misinterpretations because of overexpression
of the proteins involved in complex formation and because our
experiments and previous studies have shown that Rod1 pro-
tein accumulation and post-translational modifications are reg-
ulated by carbon source (Fig. 84 and Refs. 16 and 19). To this
end, we quantified the amount of fluorescence observed at the
plasma membrane upon glucose treatment of raffinose-grown
cells, as described under “Experimental Procedures.” Although
the signal is much weaker, as would be expected for endoge-
nous expression levels, upon glucose addition, we observe that
the majority of the signal corresponding to the Hxt6-Rodl
complex forms at the plasma membrane (Fig. 8, Band C). These
results suggest that under physiological conditions, the Hxt6-
Rodl complex forms at the plasma membrane, presumably
facilitating Rsp5-dependent ubiquitylation of Hxt6 upon glu-
cose addition. This result is the experimental confirmation of
the model proposed based on indirect evidence by Becuwe et al.
(16) for the Jen1 lactate permease. We went on to examine the
effect of Snfl overexpression, which we have shown increases
14-3-3 binding to Rod1l. We observed a statically significant
reduction in the percentage of the Rod1-Hxt6 BiFC signal pres-
ent at plasma membrane at all three time points examined (p
values < 0.001). Similar results were observed in cells overex-
pressing BMH?2.

Our results suggest that either SNFI1 or BMH2 overexpres-
sion partially impedes the plasma membrane localization of the
Rod1-Hxt6 complex, which may reduce Hxt6 degradation by
decreasing the efficiency of its ubiquitylation and subsequent
entrance into the ESCRT pathway. This hypothesis is sup-
ported by experiments where we monitored the amount of
Hxt6 accumulation by Western blotting (Fig. 9). We observe a
time-dependent decrease in the amount of Hxt6-GFP in the
wild type cells upon glucose addition, in agreement with a pre-
vious report (11). However, in strains overexpressing SNFI or

Glucose Permease/o-Arrestin in Vivo Interactions

BMH?2, the disappearance of the Hxt6-GFP signal is delayed.
These results with Hxt6 are consistent with the model pro-
posed for Jenl regulation, in which 14-3-3 protein binding
would reduce Rodl-mediated Hxt6 ubiquitylation at the
plasma membrane by Rsp5 (16).

Discussion

Correct regulation of the cohort of proteins capable of trans-
porting nutrients and ions across the plasma membrane is cru-
cial for proper adaptation to changing environmental condi-
tions. Ubiquitylation plays an important role in this dynamic
process in yeast, as well as in mammals and plants (1). In the
case of yeast and mammals, HECT family E3 ubiquitin ligases,
like Rsp5 (yeast) and Nedd4.2 (mammalian), have been shown
to specifically target plasma membrane transport proteins. This
ubiquitylation event participates in the sorting of these trans-
porters to the degradative organelle (vacuole or lysosome) via
the ESCRT pathway, thus facilitating their removal from the
plasma membrane (reviewed in Ref. 25).

The yeast E3 ubiquitin ligase Rsp5 has been implicated in the
down-regulation of a large number of diverse transporters
(reviewed in Ref. 6). The recognition of such a variety of trans-
porters requires the use of adaptor proteins, such as those
belonging to the ART family. Most of these proteins contain
(L/P)PXY motifs that interact with the WW domains of Rsp5
and also arrestin-like domains, which have been proposed to
mediate transporter recognition. Post-translational modifica-
tion of these adaptor proteins provides another level of possible
regulation in response to environmental changes. Several
examples have been reported in the literature, such as the
nitrogen-dependent regulation of Ldb19 (Art1) by the TOR-de-
pendent Npr1 protein kinase and the carbon source-dependent
regulation of Rod1 (Art4) by the Snfl kinase (12, 16, 19). This
latter case was shown to be involved in the regulation of the
Jenl lactate transporter, the Ste2 pheromone receptor, and the
Hxt1 and Hxt3 hexose permeases (15-17).

In this report, we provide evidence showing that the regula-
tory network involving Snfl and Rod1 is also involved in regu-
lating the high affinity glucose transporter, Hxt6 (Fig. 10). We
have mapped the physical interaction between these proteins,
showing that the regulatory domain of Snfl interacts with the
N-terminal half of Rodl, which contains the arrestin-like
domain. Our data also support and expand upon the role played
by the 14-3-3 isoform, Bmh?2 in the regulation of Rsp5 adaptor
proteins. We show that in addition to Rod1l, many other ART
family proteins bind to Bmh2, thus suggesting a more general
role for 14-3-3 proteins in the regulation of Rsp5-dependent
transporter down-regulation. Further studies are required to

FIGURE 6. Visualization of the Rod1-Hxt6 complex in vivo using bimolecular fluorescence complementation. The HXT6-VC::HIS3 strain was transformed
with the ROD1-VN or the empty plasmid, and the wild type strain was co-transformed with the VC empty plasmid and the ROD1-VN, as indicated. The cells were
grown to mid-log phase in raffinose medium. A, images of the BiFC fluorescence and the overlay with the transmitted light are shown. B and C, the
HXT6-VC::HIS3 strain expressing ROD1-VN was co-transformed with the endocytic vesicle marker DsRed-FYVE (B) or the TGN marker DsRed-Sec7 (C). Strains
were grown to mid-log phase in raffinose medium and transferred to raffinose (RAF) or glucose (GLU) medium without methionine for 30 min to induce the
expression of Rod1. The cells were visualized by confocal microscopy as indicated under “Experimental Procedures.” D, the HXT6-VC::HIS3 strain expressing
ROD1-VN was grown to mid-log phase in raffinose medium, incubated with 2 ug/ml FM4-64 for 60 min, washed, resuspended in glucose medium without
methionine, and visualized by confocal microscopy 60 min later. Representative cells are shown. Identical results were obtained for at least two independent
transformants and in at least two experiments. E, the plasma membrane fluorescence/internal fluorescence ratio was calculated from the data described in B
and C (a total of 126 untreated and 88 treated cells were quantified). The horizontal midline represents the median, and the box depicts the upper and lower
quartiles. The whiskers denote the maximal and minimal fluorescence intensities (p value < 0.001).
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define conditions under which these interactions will be phys-
iologically relevant. Interestingly, an isoform of mammalian
14-3-3 has also been shown to regulate the Nedd4.2 E3 ubiqui-

A Hxt1-VC YCp-VN

BiFC

YCp-VC Rod1-VN

MERGE BiFC

10 um

B Hxt1-VC Rod1-VN DsRed-FYVE

BiFC

GLU-RAF

c Hxt1-VC Rod1-VN DsRed-Sec7

BiFC DsRed

GLU-RAF
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tin ligase (20, 21), although in this case the binding between
these proteins has been reported to be direct and not via adap-

tor proteins, as in yeast.

+2DG 30’
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Although several reports have shown physical interactions
between ART family members and specific transporter pro-
teins biochemically (9, 10), our data provide the in vivo demon-
stration of this class of interactions. Importantly, using the
BiFC technique, we observe the interaction between Rod1 and
both Hxt6 and Hxt1 and show plasma membrane or endocytic
vesicle accumulation for the Rod1-Hxt6 and Rod1-Hxtl com-
plexes, respectively. These data support the proposed model in
which Rsp5 adaptor proteins would recruit the E3 ubiquitin
ligase to the transporter under appropriate conditions to cor-
rectly and specifically mediate their down-regulation. Rod1 was
proposed to interact with Jenl at the TGN upon glucose treat-
ment of lactate grown cells (26). We did not observe the forma-
tion of the Rod1-Hxt6 or Rod1-Hxtl complexes in this organ-
elle under the tested conditions. Our results indicate that Rod1
interacts with different cargo proteins in different subcellular
locations in response to different stimuli. Therefore, this may
explain the differences observed as compared with the Jenl
lactate transporter, although we cannot discard a transient
interaction at this organelle, which was not detected at the time
points examined (15 intervals from 15 to 90 min).

We also show that overexpression of either Snfl or Bmh2
reduces the percentage of the Rod1-Hxt6 complex found at the
plasma membrane, shedding light on the mechanism of action.
In agreement with the model proposed by Becuwe et al. (16),
both Snfl and Bmh?2 act as negative regulators of Rod1, not only in
the case of the Jenl lactate transporter but also in the case of the
high affinity Hxt6 glucose permease. Here, we show that both Snfl
and Bmh2 associate with the N-terminal, arrestin-like domain
containing fragment of Rod1. It was previously reported that the
stability of the Rod1-Rsp5 complex is not altered by changes in
carbon source (16). However, Rod1 ubiquitylation occurs upon
disassociation of the Rod1-Bmh2 complex. Upon addition of glu-
cose, which has been shown to lead to the down-regulation of
Hxt6, the Hxt6-Rod1 complex (presumably containing Rsp5, but
not Bmh2 or Snfl) accumulates at the plasma membrane, thus
facilitating Hxt6 ubiquitylation and subsequent degradation in the
vacuole via the ESCRT pathway.

The ART family of proteins shows structural homology to
the mammalian a-arrestins (reviewed in Refs. 8 and 27). Very
interestingly, a-arrestins have been shown to be involved in
glucose homeostasis. Mouse models lacking the Tnxip a-arres-
tin gene show low insulin levels and low blood glucose, espe-
cially under fasting conditions (28 -30). Knockdown experi-
ments reducing Txnip expression show a marked increase in
glucose uptake in an insulin-responsive cell model (31), consis-
tent with the results presented here for the homologous yeast
system. Glucose transporter levels were not tested in this study,
and available data for the Txnip knock-out models have yet to
document a change in glucose transporter levels (32, 33). How-
ever, the amount of plasma membrane-localized glucose trans-

Glucose Permease/o-Arrestin in Vivo Interactions

porters in key target tissues has not been rigorously tested. On
the other hand, recently Txnip was shown to be phosphorylated
by the AMP kinase and to bind to the GLUT1 transporter,
mediating its internalization in cell culture model systems (34).
However, a role for ubiquitylation of GLUT1 was not explored
in this report. Moreover, overexpression of either Txnip or the
related Arrdc4 is capable of reducing glucose uptake in cell
culture models, in agreement with the proposed model (35).
However, in this case, the (L/P)PXY motifs that would bind to
the WW domains of Rsp5-related E3 ubiquitin ligases are not
required. Thus, it is possible that the underlying mechanisms of
these evolutionarily diverse regulatory systems are different.
However, there are clear parallels between these two signaling
networks, and unraveling the molecular basis for hexose trans-
porter regulation in yeast will contribute to the study of these
key contributors to mammalian glucose homeostasis.

Experimental Procedures

The S. cerevisiae strains used in this work are listed in Table
1. The THY.AP4 strain was used for yeast two-hybrid analyses
(36). YPD contained 2% peptone, 1% yeast extract, and 2% glu-
cose (or 2% raffinose, YPRaf). Minimal yeast (MY) medium sup-
plemented with the indicated carbon source was prepared as
described (37). SD medium contained 2% glucose, 0.7% yeast
nitrogen base (Difco) without amino acids, 50 mm succinic acid
adjusted to pH 5.5 with Tris, and the amino acids and purine
and pyrimidine bases required by the strains. LG medium is
identical to the SD medium except that a mixture of 0.05%
glucose, 2% glycerol, 2% galactose, and 2% ethanol was used as
the carbon source. Growth assays were performed on solid
medium by spotting serial dilutions of saturated cultures onto
plates with the indicated composition.

Plasmids and Genomic Integrations—The open reading
frames encoding the nine ART family members were amplified
by PCR using specific primers containing appropriate restric-
tion sites for the in-frame fusion in the pACT2 plasmid (Clon-
tech). The Rod1-AD fusions were made by amplifying the cod-
ing sequence corresponding to base pairs 1-1185 and 1186 —
2511 using specific primers containing Ncol and Sacl sites for
cloning into pACT?2. The SNF1 point mutants and SNFI and
BMH?2 plasmids with LexA fusions were kindly provided by Dr.
Pascual Sanz (Biomedical Institute of Valencia, Consejo Supe-
rior de Investigaciones Cientificas) (23, 38). For co-immuno-
precipitation experiments, ROD1 was expressed from the pIC-
Trp multicopy plasmid (DualSystems AG) cloned to maintain
the in-frame fusion of the V5 epitope and HX76 was cloned into
the HA epitope-containing pNTrp vector (DualSystems AG).
All constructs were confirmed by sequencing. The plasmid-
borne version of Rod1-VN and Hxt1-VC for BiFC experiments
were constructed by homologous recombination in yeast using
the pUG34-VC and pUG35-VN plasmids (39).

FIGURE 7. Rod1 interacts with Hxt1 in endocytic vesicles upon 2-deoxyglucose treatment. The wild type strain was transformed with plasmids encoding
Hxt1-VC, Rod1-VN, or the corresponding empty vector controls as indicated. The cells were grown to mid-log phase in glucose medium. A, images of the BiFC
fluorescence and the overlay with transmitted light are shown. B and C, the Hxt1-VC/Rod1-VN strain was co-transformed with the endocytic vesicle marker
DsRed-FYVE (B) or the TGN marker DsRed-Sec7 (C). Strains were grown in glucose or raffinose containing medium and, where indicated, shifted to raffinose
medium or treated with 2-deoxyglucose (0.2%) for 30 min. Representative confocal images are shown. In the left set of panels in Band C, the far-leftimages show
the overlay, and the middle and right panels show the BiFC and DsRed channels, respectively. Treatments are indicated below each set of panels. Similar results

were observed in at least two independent transformants.
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FIGURE 8. Dynamic regulation of Rod1 and the Rod1-Hxt6 complex in response to changes in carbon source and signaling proteins. A, protein
accumulation of Rod1, Hxt6, and Hxt1 in response to carbon source. Strains containing genomic insertions of GFP were grown as indicated and processed for
protein extraction and immunodetection using the a-GFP antibody. B, the indicated genomically integrated BiFC strains, generated as described under
“Experimental Procedures,” were grown in raffinose-containing medium (Raf) to the end of the log phase and analyzed by confocal microscopy to determine
the presence and the subcellular localization of the Rod1-Hxt6 interaction by bimolecular fluorescence complementation. Representative images of samples
60 min after glucose (Glu) addition are shown. C, the strains described in B were grown in raffinose-containing MY medium and treated for the indicated times
with glucose (final concentration, 2%). 30 individual cells were analyzed for each condition using the ImageJ software to determine the percentage of
fluorescence intensity associated to the plasma membrane. The data were processed as described under “Experimental Procedures.” The graphs represent the
number of cells containing the indicated percentage of BiFC signal at the plasma membrane. The differences between the WT versus SNF1 and the WT versus
BMH?2 distributions were statistically significant (p value < 0.001) at all three time points, as assessed by nonparametric, two-tailed Mann-Whitney U tests.
Similar results were observed in two separate experiments.
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For genomic integration of the Venus fluorescent protein,
fragments (VC or VN) were fused in-frame to the C terminus of
the HXT6 or RODI1 coding sequences by transforming the

Hxt6-GFP
YEp

Hxt6-GFP Hxt6-GFP
YEp-SNF1 YEp-BMH2

0 1 2 0 1 2 0 1

Glucose
Treatment (h)

2

a- GFP

Loading
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FIGURE 9. Overexpression of either SNF1 or BMH2 delays the glucose-induced
degradation of Hxt6. The indicated plasmids were transformed into the
HXT6-GFP:HIS3 strain. These strains were grown and treated as indicated and pro-
cessed for protein extraction and immunodetection. The a-GFP antibody detects the
Hxt6-GFP fusion, and the a-HA antibody detects the Snf1-HA and Bmh2-HA fusions.
The Snf1-HA and Bmh2 fusions migrate at ~80 and 45 kDa, respectively.

Low glucose

Hxté
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BY4741 strain with PCR-derived fragments generated from the
pFA6a-VC155-HIS3MX6 plasmid (for HXT6) or the pFA6a-
VN173-kanMX6 plasmid (for RODI) (40). Correct insertion
was confirmed by genomic PCR of candidate clones using
appropriate primers. Negative controls for BiFC fluorescence
were carried out using the single transformants (HX76-VC::
HIS3 or ROD1-VN::kanMX transformed with the appropriate
centromeric plasmids (pUG34-VC or pUG35-VN) expressing
only the VC or VN fragments, respectively. No fluorescence
was detected in either case (Figs. 64 and 7A). To integrate the
GFP coding sequence at the C terminus of HX76, HXT1, and
RODI, the GFP::HIS3 module was amplified by PCR from the
pFA6a-GFP(S65T)-HIS3MXG6 vector (41) using chimeric prim-
ers containing 20 bp corresponding to the GFP::HIS3 module
and 45 bp corresponding to the coding sequence immediately
upstream and downstream of the STOP codon required for
correct recombination. Recombinants were confirmed by
sequencing PCR products that were amplified from genomic DNA
using a forward primer 50 bp upstream of the STOP codon and a

High Glucose

Plasma membrane

£«
Degradation

FIGURE 10. Working model for Hxt6 regulation by the Rod1-Snf1-14-3-3 signaling pathway. The 14-3-3 protein Bmh2 and the regulatory domain of Snf1
associate with the arrestin-like domain of Rod1. Rod1 forms a complex with Hxt6 at the plasma membrane, which facilitates its degradation upon glucose addition.
Increased levels of Snf1 or Bmh2 reduce this association and delay Hxt6 degradation, presumably by reducing the efficiency of Rsp5-dependent ubiquitylation of the
permease. MVB, multivesicular body; EE, early endosome; Vac, vacuole; Arr, arrestin-like domain; KD, kinase domain; RD, regulatory domain.

TABLE 1
Relevant genotypes of the strains used in this study
Strain Relevant genotype Reference

BY4741 Mata ura3-0 leu2-0 his3-1 met15-0 EUROSCARF
BY4741 HXT6-GFP HXT6-GFP::HIS3 This study
BY4741 HXT1-GFP HXTI-GFP::HIS3 This study
BY4741 RODI-GFP RODI-GFP:HIS3 This study
BY4741 HXT6-VC RODI-VN HXT6-VC::HIS3 RODI-VN:KanMX This study
THY.AP4 MATa ura3 leu2 lexA::lacZ:trpl lexA::HIS3 lexA::ADE2 Ref. 36
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reverse primer 100 bp downstream of the HIS3 start codon. The
DsRed-FYVE endosomal marker and the Sec7-DsRed TGN
marker were kindly provided by the laboratory of Dr. Kai Simons
(24). The DsRed-FYVE construct employed here was generated
from the DsRed-FYVEF®*! fusion previously described, which is a
phosphatidylinositol 3-phosphate-binding domain found on
endosomal membranes (42).

Co-immunoprecipitation and Protein Analysis—Protein ex-
tracts, cross-linking, co-immunoprecipitation procedures,
and immunoblot analyses were performed as described (43).
The following antibodies were employed: a-GFP, high affin-
ity «-HA and a-V5 (Roche), a-LexA (Abcam), a-HA (Cova-
nce), a-mouse IgG, and a-rabbit IgG conjugated to HRP
(Amersham Biosciences).

Confocal Microscopy—Fluorescence images were obtained for
live cells grown to the exponential phase in minimal medium using
either the Zeiss 780 confocal microscope with excitation at 488 nm
and detection at 510-550 nm for GFP (objective: plan-apochro-
mat 40X/1.3 OIL DIC M27, Zeiss ZEN 2012 software) or the Zeiss
LSM 5 Exciter-Axiolmager M1 confocal microscope with excita-
tion at 514 nm and detection at 520 —570 nm for bimolecular fluo-
rescence complementation experiments. For co-localization
experiments and FM4-64 detection, sequential acquisition of
DsRed signals was carried out with excitation at 561 nm and detec-
tion at 565-700 nm. Quantification of the cellular fluorescence
distribution was carried out using the ImageJ software. Briefly,
cells for each condition were randomly selected, and the fluores-
cence intensities for the whole cell and the cell interior (just inside
the plasma membrane) were determined using the original cell
contour and the same contour reduced by 5 pixels. Using these
data (integrated density), the plasma membrane/internal fluores-
cence ratio or the percentage of total fluorescence associated with
the plasma membrane was calculated for each individual cell
(total fluorescence — internal fluorescence = plasma mem-
branefluorescence;plasmamembranefluorescence/totalfluo-
rescence X 100 = percentage of plasma membrane fluores-
cence). Statistical analysis of the data was performed with
the IBM SPSS software package. To assess the statistical sig-
nificance of the data in Fig. 8, nonparametric, two-tailed
Mann-Whitney U tests were used.

B-Galactosidase Assays—Yeast cells transformed with the
indicated plasmids were grown selectively in SD medium and then
diluted in YPD. The cells were grown to exponential phase and
then harvested by centrifugation (3000 rpm for 5 min). 3-Galacto-
sidase activity was determined as described elsewhere and repre-
sented as B-galactosidase activity units (44). The data are the mean
from three independent transformants, each one measured in
triplicate. Error bars represent the standard deviation.
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formed the experiments shown in Figs. 1-3. V. L.-T. designed and per-
formed the experiments shown in Figs. 4, 5,8,and 9. G. P. v. H. designed,
performed, and analyzed the experiments shown in Fig. 8 and partici-
pated in the preparation of the manuscript. A.F.B. and A. A.-A.
designed and performed the experiments shown in Figs. 6 and 7. L. Y.
conceived and coordinated the study, prepared the figures, and wrote
the paper. All authors reviewed the results and approved the final ver-
sion of the manuscript.
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