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Many plasma membrane transporters are downregulated by ubiquitylation, endocytosis, and delivery to the lysosome in re-
sponse to various stimuli. We report here that two amino acid transporters of Saccharomyces cerevisiae, the general amino acid
permease (Gapl) and the arginine-specific permease (Canl), undergo ubiquitin-dependent downregulation in response to their
substrates and that this downregulation is not due to intracellular accumulation of the transported amino acids but to transport
catalysis itself. Following an approach based on permease structural modeling, mutagenesis, and kinetic parameter analysis, we
obtained evidence that substrate-induced endocytosis requires transition of the permease to a conformational state preceding
substrate release into the cell. Furthermore, this transient conformation must be stable enough, and thus sufficiently populated,

for the permease to undergo efficient downregulation. Additional observations, including the constitutive downregulation of
two active Gapl mutants altered in cytosolic regions, support the model that the substrate-induced conformational transition
inducing endocytosis involves remodeling of cytosolic regions of the permeases, thereby promoting their recognition by arres-
tin-like adaptors of the Rsp5 ubiquitin ligase. Similar mechanisms might control many other plasma membrane transporters

according to the external concentrations of their substrates.

widespread mechanism for inhibiting the functions of spe-

cific plasma membrane receptors, transporters, and channels
is selective sorting of these proteins into endocytic vesicles, fol-
lowed by endosomal trafficking and delivery to the lysosome,
where they are degraded. Studies initiated in yeast and extended to
mammalian cells have illustrated the key role of ubiquitin (Ub) in
this downregulation (1, 2). In the yeast Saccharomyces cerevisiae,
ubiquitylation of cell surface proteins is mediated by the HECT
family Rsp5 Ub ligase. More recent analysis of several yeast plasma
membrane permeases and receptors has shown that arrestin-like
adaptors named Art (for arrestin-related trafficking) are essential
to recruiting Rsp5 to these proteins (3-5).

Several yeast amino acid permeases (yAAPs) have been shown
to undergo ubiquitylation and endocytosis in response to diverse
stimuli. For instance, the general amino acid permease Gapl is
stable and active at the plasma membrane in cells grown on a poor
nitrogen source (e.g., proline). Under these conditions, Gapl is
not ubiquitylated because the Bull and Bul2 arrestin-like adaptors
of Rsp5 mediating Gap1 ubiquitylation are phosphorylated by the
Npr1 kinase, causing their binding to and inhibition by the 14-3-3
proteins (Fig. 1A). When a preferential nitrogen source, such as
ammonium ions, is provided to the cells, the internal amino acid
concentration increases, leading to activation of the TORC1 ki-
nase complex. Stimulated TORC1 inhibits Npr1 by phosphoryla-
tion (6) and targets the PP2A-type Sit4 phosphatase to the Bul
proteins, which are then dephosphorylated (and monoubiquity-
lated) and dissociate from the 14-3-3 proteins, thus leading to
Rsp5-mediated ubiquitylation of Gapl (7). This control by inter-
nal amino acids of the Bul proteins, along with the role of Art4/
Rodl in glucose-induced endocytosis of the Jen1 lactate permease
(8) and that of Artl in cycloheximide-induced endocytosis of the
Canl arginine permease (9), illustrates that ubiquitylation of per-
meases can be stimulated through direct regulation of their Rsp5
adaptors.

Several transporters, including yAAPs, undergo Ub-dependent

December 2014 Volume 34 Number 24

Molecular and Cellular Biology p. 4447-4463

downregulation under heat stress conditions, and in this case,
permease misfolding is the event proposed to promote their rec-
ognition by the Rsp5 adaptors as part of a quality control system
(10, 11). Permease misfolding has also been illustrated in the case
of the Gapl permease synthesized under conditions inhibiting
sphingolipid biogenesis, and this causes its Ub-dependent down-
regulation (12). Inhibition by rapamycin of TORCI, as well as
various stress conditions likely reducing TORCI activity, also pro-
motes Gapl downregulation. In this case, the arrestin-like Alyl
and Aly2 proteins contribute, together with Bull and Bul2, to
Gapl ubiquitylation. However, these proteins remain phosphor-
ylated and probably bound to the 14-3-3 proteins, suggesting that
the mechanism stimulating their role as Rsp5 adaptors when
TORCI is inhibited differs from the one observed upon TORCI1
stimulation by internal amino acids (13).

Another condition promoting the endocytosis of many yeast
permeases is an excess of substrates. This mode of downregula-
tion, originally illustrated in the case of the inositol permease Itrl
(14), has been described for several metal transporters (Alr1, Zrtl1,
Smfl and -2, and Ctrl), the uracil permease Fur4, the phosphate
permease Pho84, and the high-affinity hexose transporter Hxt6/7
(15-17). It has also been reported for Gap1 (18, 19) and several
other yAAPs, e.g., Canl (20), Lyp1 (21), Dip5 (22), Tat2 (17), and
Mupl (21). Still, it remains to be determined whether the signal
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inducing the endocytosis of these yAAPs is the internal accumu-
lation of the transported amino acid (e.g., inhibiting the Nprl
kinase and thereby activating arrestin-like adaptors) or the cata-
lytic process of amino acid transport itself. That transport catalysis
might induce the Ub-dependent endocytosis of specific yAAPs is
conceivable, as such a mechanism has been described for at least
two fungal permeases, the uracil permease Fur4 (23) and the uric
acid/xanthine permease UapA of Aspergillus nidulans (24). Recent
work suggests that uracil-induced ubiquitylation of Fur4 is due to
a conformational change causing disruption of an interaction be-
tween the membrane-proximal N-terminal tail and internal loops
of the permease, thereby rendering N-terminal lysines more ac-
cessible to ubiquitylation by Rsp5 (25).

In this study, we show that the Gap1 and Canl permeases un-
dergo Ub-dependent endocytosis in response to their substrates
and that this endocytosis is due to transport catalysis rather than
intracellular substrate accumulation. Further investigation of this
endocytosis mechanism suggests that it requires transition of the
permeases to a sufficiently populated conformational state pre-
ceding substrate release into the cell and likely involving remod-
eling of permease regions exposed to the cytosol.

MATERIALS AND METHODS

Yeast strains and growth conditions. All yeast strains used in this study
(Table 1) derive from strain %1278b. The rsp5(npil) mutant is a viable
rsp5 mutant in which the expression of the RSP5 gene is severely reduced
as a result of a Ty element inserted in its upstream control region (26).
Cells were grown at 29°C on a minimal buffered medium, pH 6.1 (27),
with galactose (Gal) (2%) or glucose (3%) as a carbon source. The nitro-
gen sources present in the growth media used in most experiments were
ammonium (Am) in the form of (NH,),SO, (10 mM), proline (10 mM),
or urea (10 mM) (in the case of strain MS001, which is unable to use
proline). The amino acids used as sole nitrogen sources in growth tests
were added at 5 mM final concentration, except for serine and valine (1
mM). Toxic compounds were added to the growth media used in specific
experiments: D-histidine (0.05%), thialysine (0.1 mM [see Fig. 5B] and 5
mM [see Fig. 5C]), and canavanine (10 pg/ml).

Plasmids used in this study. The plasmids used in this study are listed
in Table 2. In most experiments, the GAPI gene was expressed under the
control of the GALI promoter (p416 GAL1-derived plasmids). Cells were
grown on galactose proline (Gal Pro) medium, and glucose was added for
1 to 1.5 h before transferring cells under conditions inducing Gap1 endo-
cytosis. Glucose addition causes repression of GAPI expression so that the
secretory pathway is devoid of Gapl protein. The CANI gene was ex-
pressed under its natural promoter or the GALI promoter.

Permease activity assays. Gapl and Canl transport activities, and
their apparent Michaelis constant (K,,,) and maximal velocity (V,,,.) val-
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TABLE 1 Yeast strains used in this study

Strain Genotype Reference or source
23344c ura3 Laboratory collection
EK008 gaplA ura3 Laboratory collection
30794b gaplA nprIA ura3 Laboratory collection
MA003 gaplA npri(ts) ura3 7
32501d gaplA ssylA ura3 31
FB092 gaplA ssy5A ura3 44
30633¢ gaplA agpIA ura3 31
27038a ura3 rsp5(npil) 26
22A8AA  gapl-1 putd-1 ugad-1 canlA lyplA 45
alpIA hipIA dip5A ura3
MS001 gapl-1 putd-1 ugad-1 canlA lyplA 29
alp1A hipIA dip5A ssylA ura3
JA493 gapIA bullA bul2A ura3 This study
MA022 gapl1A bullA ura3 7
MA024 gaplA bul2A ura3 7
JA937 gaplA artlA ura3 This study
ES006 gaplA canl ARTI-HA ura3 This study
35237c gaplA canl ARTI-HA rsp5(npil) ura3  This study
MAO032 gaplA BUL2-HA ura3 7
21983c¢ gapl-1canl-1 ura3 46

ues, were determined by measuring the initial uptake rate of '*C-labeled
amino acids (purchased from Perkin-Elmer, Boston, MA) as previously
described (28, 29).

Fluorescence microscopy. The subcellular location of Gapl-green
fluorescent protein (GFP) and Canl-GFP proteins was determined in
cells growing exponentially in liquid medium. In each figure, we typically
show only a few cells that are representative of the largest cell subpopula-
tion observed. However, some cell-to-cell variation was also visible, espe-
cially in the case of Can1-GFP. This variation was quantified in represen-
tative experiments and is discussed in detail in the supplemental material.
Labeling of the vacuolar membrane with FM4-64 fluorescent dye was
performed as described previously (27). Cells were laid on a thin layer of
1% agarose and viewed at room temperature with a fluorescence micro-
scope (Eclipse E600; Nikon) equipped with a 100X differential interfer-
ence contrast, numerical aperture (NA) 1.40 Plan-Apochromat objective
(Nikon) and appropriate fluorescence light filter sets. Images were cap-
tured with a digital camera (DXM1200; Nikon) and ACT-1 acquisition
software (Nikon) and processed with Photoshop CS (Adobe Systems).

Protein extracts and Western blotting. For Western blot analysis,
crude cell extracts were prepared as previously described (26). Proteins
were transferred to a nitrocellulose membrane (Schleicher and Schuell;
catalog number NBA085B) and probed with mouse anti-GFP (Roche;
catalog number 11 814 460 001), antihemagglutinin (anti-HA) (12CA5;

FIG 1 The Gap1-112 mutant resists downregulation via the TORC1/Npr1 pathway. (A) Model of the regulation of Gap1 ubiquitylation by internal amino acids
(aai) via the TORC1/Nprl pathway (see the text). (B) (Inset) General topology of Gap1. The region colored blue has been enlarged to show the Gapl residues
replaced with alanines in the mutants used in this study. (C) gap1A (EK008) and gap1A nprlA (30794d) cells expressing Gap1-GFP (pJOD010) or Gap1-112-GFP
(pMA074) were grown on Gal Pro medium. Glucose was added for 1.5 h before analysis by fluorescence microscopy. w-t, wild type (corresponding to strain
EKO008); DIC, differential interference contrast. (D) gapIA (EK008) and gapIA nprl(ts) (MA003) cells expressing Gap1-GFP (pJODO010) or Gapl-112-GFP
(pMA074) were grown at 25°C on Gal Pro medium. The cells were transferred to 37°C for 2 h before analysis by fluorescence microscopy. (E) The Gap1-126
mutant is inactive. (Left) gapIA (EK008) and gapI1A ssylA (32501d) strains expressing Gap1-GFP (pJOD010), Gap1-126—GFP (pMA065), or no Gap1 protein
(pFL38) (—) were grown for 4 days on solid medium containing citrulline (1 mM), proline (10 mM) plus p-histidine (0.05%), or phenylalanine (1 mM) as the
sole nitrogen source. Citrulline and the toxic p-isomer of histidine enter cells only via Gap1. Phenylalanine (1 mM) enters cells via Gap1 and permeases (mainly
Agp1) under the positive control of the Ssyl sensor of amino acids. The results show that wild-type Gapl complements the phenotypes due to the gapIA
mutation, whereas the Gap1-126 variant does not. (Right) gapIA cells (EK008) were grown on Gal Pro medium, glucose was added for 2 h, and ['*C]-citrulline
(20 wM) was added to the medium before measurement of the incorporated radioactivity at various times. prot, protein. (F) (Right) Diagram of the experiment.
Phe added to cells expressing the inactive Gap1-126 mutant is detected by the Ssy1 sensor. This leads to induction of permeases, such as Agp1, which incorporate
Phe into the cells, thus causing endocytosis of Gap1-126. (Left) gap1A (EK008), gapIA ssyl1A (32501d), and gap1A agpIA (30633c) cells expressing Gap1-126—
GFP (pMA065) or Gap1-126-112—GFP (pES009) were grown on Gal Pro medium, glucose was added for 1.5 h, and Am (20 mM) or Phe (5 mM) was then added
for 2 h or 3 h before analysis by fluorescence microscopy.
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TABLE 2 Plasmids used in this study

Reference
Plasmid Description or source
pFL38 CEN-ARS (URA3) 47
p416 GALl CEN-ARS-GALI (URA3) 48
pJOD10 CEN-ARS GALI-GAPI-GFP (URA3) 49
pCJ038 CEN-ARS GAL1-GAPI(K9R-K16R)-GFP (URA3) 50
pMAO074 CEN-ARS GALI-GAPI-112-GFP (URA3) 30
pMAO065 CEN-ARS GALI-GAPI-126-GFP (URA3) 30
pPMA108 CEN-ARS GALI-GAPI1-126-112-GFP (URA3) This study
pES009 CEN-ARS GALI-GAPI1-126-112-GFP (URA3) This study
pKGO057 CEN-ARS GALI-GAPI-112(K9R-K16R)-GFP This study
(URA3)
pMS018 CEN-ARS GAP1(G107N)-GFP This study
pEL003 CEN-ARS GAPI-GFP (URA3) 12
pMS023 CEN-ARS GAP1(W179L)-GFEP (URA3) This study
pKGO078 CEN-ARS GAL1-GAPI1(W179L)-GFP (URA3) This study
pKGO068 CEN-ARS GALI-GAPI-112(W179L)-GFP This study
(URA3)
pMAO19 CEN-ARS GALI-GAP1-124-GFP (URA3) 30
pNGO047 CEN-ARS GALI-GAPI-167-GFP (URA3) 30
pMA142 CEN-ARS GAL1-GAPI1-124(K9R-K16R)-GFP 30
(URA3)
pMA148 CEN-ARS GALI-GAPI-167(K9R-K16R)-GFP This study
(URA3)
pKGO001 CEN-ARS CANI (URA3) 29
pKGO036 CEN-ARS CANI-GFP (URA3) 29
pKGO013 CEN-ARS CANI(TI80R) (URA3) This study
pKG045 CEN-ARS CANI(TI80R)-GFP (URA3) This study
pKGO046 CEN-ARS CANI1(T456S)-GFP (URA3) 29
pKG026 CEN-ARS CANI(S176N-T456S) (URA3) 29
pKGO066 CEN-ARS CANI(S176N-T456S)-GFP (URA3) 29
pKGO035 CEN-ARS CANI(E184Q)-GFP (URA3) 29
pES003 CEN-ARS CANI(EI84A)-GEP (URA3) 29
pES002 CEN-ARS CANI(E184D) (URA3) This study
pES006 CEN-ARS CANI(E184D)-GFP (URA3) This study
pCJ563 CEN-ARS GALI-CANI1-GFP (URA3) This study
pCJ573 CEN-ARS GAL1-CANI1(E184A)-GFP (URA3) This study
pCJ559 CEN-ARS GALI-CANI(E184Q)-GFP (URA3) This study
pKG062 CEN-ARS LYPI (URA3) 29

Roche), anti-Pmal (29), or anti-yeast 3-phosphoglycerate kinase (anti-
PGK) (Invitrogen). Primary antibodies were detected with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulin G sec-
ondary antibody (GE Healthcare), followed by enhanced chemilumines-
cence (Roche; catalog number 12 015 196 001).

Construction and validation of Gap1 3D models and docking calcu-
lations. The three-dimensional (3D) structure of Gap1l was modeled fol-
lowing the same protocol that was used to model Canl (29). The full
procedure and data are presented in the supplemental material, together
with the methods of docking calculations.

RESULTS

The Gap1-112 mutant is resistant to downregulation stimulated
by internal amino acids via the TORC1/Npr1 pathway. We pre-
viously performed a systematic mutational analysis of the intra-
cellular regions of the Gap1 permease, i.e., of its N- and C-termi-
nal tails and of five intracellular loops connecting transmembrane
(TM) domains. In each of these Gapl mutants, three or four suc-
cessive residues were replaced with alanines (30). Four of them
(Gap1-109 to -112), altered in a 16-amino-acid span of the N-ter-
minal tail (Fig. 1B), were found to be resistant to the downregu-
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lation triggered when Am is provided to cells growing on proline
as the sole nitrogen source (Pro medium). Further analysis of one
of these mutants, Gap1-112, revealed that it is not ubiquitylated in
response to Am addition (30), suggesting that Gapl mutants al-
tered in this N-terminal region are insensitive to ubiquitylation
and endocytosis via the TORC1/Npr1 pathway (Fig. 1A). To fur-
ther assess this interpretation, we expressed Gap1-112 in an nprl1A
mutant (Fig. 1C). When the wild-type Gap1 was expressed in this
mutant growing on Pro medium, it was targeted to the vacuole, as
expected and as confirmed by colabeling with the FM4-64 fluores-
cent dye. In contrast, the Gapl-112 mutant was found mostly at
the cell surface in npriA cells (Fig. 1C). Similarly, shifting of a
thermosensitive nprI mutant to the restrictive temperature caused
downregulation of Gapl, whereas Gap1-112 remained stable at
the plasma membrane (Fig. 1D). We next examined whether the
Gap1-112 mutation might also protect Gap1 against the endocy-
tosis triggered when amino acids enter the cells via other per-
meases. For this, we set up an experimental system in which an
inactive Gapl variant, Gap1-126, is downregulated after uptake of
a single amino acid, phenylalanine (Phe), via permeases such as
Agpl, which are induced by the Ssyl sensor of external amino
acids (Fig. 1F) (31). We first confirmed in growth tests and
["*C]Phe uptake assays that Gap1-126, altered in an N-terminal
region close to the first TM (Fig. 1B), is inactive (Fig. 1E). The
Gap1-126 mutant permease was found to be present at the plasma
membrane and normally downregulated by Am (Fig. 1F), show-
ing that the TORC1/Nprl pathway efficiently targets inactive
Gapl forms, as expected. The Gapl-126 mutant was also down-
regulated after Phe addition, and this downregulation was im-
paired in the agpIA mutant, as well as in the ssyIA or ssy5A mu-
tant, unable to induce Agpl and other Phe-transporting
permeases (Fig. 1F) (data not shown). Hence, the inactive Gap1-
126 was efficiently downregulated after Phe transport mainly via
the Agpl permease. The Gap-126-112 double mutant, however,
was found not to be downregulated by Phe (Fig. 1F), even when
expressed in wild-type cells expressing the endogenous Gap1 per-
mease, which mediates high-rate Phe uptake (data not shown).
Taken together, these data show that the Gap1-112 mutation ren-
ders Gapl insensitive to downregulation stimulated by internal
amino acids.

The Gap1-112 permease is ubiquitylated and downregulated
in response to substrate transport. As a control for the above-
described experiments, we analyzed the influence of Phe on the
Gapl-112 mutant. Remarkably, this active Gap1 mutant, resistant
to Am-induced endocytosis, was downregulated by Phe (Fig. 2A).
This endocytosis, less efficient than that of wild-type Gapl (see
below), was mostly visible in about 75% of the cells, with a signif-
icant cell-to-cell variation with respect to the intracellular distri-
bution of the fluorescence and the intensity of residual signal pres-
ent at the cell surface (see the supplemental material for details). It
also occurred in the ssyIA and ssy5A mutants, where Phe uptake
via Agpl and other Phe-transporting permeases is defective (Fig.
2B). The fact that this Phe-induced downregulation was not ob-
served in the inactive Gap1-126-112 mutant shows that Gap1-112
is downregulated upon catalyzing Phe uptake. Furthermore, as the
Gapl-112 mutation renders Gapl resistant to endocytosis in-
duced by internal amino acids, including Phe, we deduce that Phe
transport-induced endocytosis of Gap1-112 is not stimulated by
Phe accumulation in the cells but by the process of Phe transport
itself. We repeated the same experiments with other amino acids
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FIG 2 The Gapl-112 mutant is ubiquitylated and downregulated in response to substrate transport. (A) Fluorescence microscopy analysis of gapIA cells
(EK008) expressing Gap1-GFP (pJODO010) or Gap1-112-GFP (pMA074) under the same conditions as for Fig. 1F. (B) gapIA ssyIA (32501d) and gapIA ssy5A
(FB092) cells expressing Gap1-GFP (pJOD010) or Gap1-112-GFP (pMA074) were grown on Gal Pro medium. Glucose was added for 1.5 h, and Phe (5 mM) was
then added for 1.5 h before analysis by fluorescence microscopy. (C) (Top) gapIA cells (EK008) expressing Gapl-112 (pMA074), Gap1-112-K9R-K16R
(pKGO057), or Gap1-126-112 (pMA108) fused to GFP were grown on Gal Pro medium and treated with Phe (5 mM) for 15 min. Crude cell extracts were prepared
and immunoblotted with anti-GFP antibodies. (Middle) Conditions as for panel A, with gapIA cells (EK008) expressing Gapl (pJOD010) or Gapl-112
(pMAO074). (Bottom) Conditions as for panel A, except that cells were examined at several time intervals. (D) Fluorescence microscopy analysis of gapIA cells
(EK008) expressing Gap1-112—-GFP (pMA074) or Gap1-112-K9R-K16R-GFP (pKG057). Conditions were as in panel B, except that the cells were examined 3 h
after Phe addition. (E) Diagram illustrating Gap1 ubiquitylation and endocytosis by internal and external amino acids. Internal amino acids (AA;) act via the
TORCI1/Npr1 pathway and derive from Am uptake or from direct uptake of external amino acids (AA,) via other permeases and via Gapl itself. AA_ transport
by Gapl itself also promotes ubiquitylation and endocytosis of the permease.

(e.g., isoleucine and leucine), and the results were similar to those Downregulation of Gapl-112 upon Phe transport coincided
observed with Phe (data not shown). From these data, we con-  with ubiquitylation of the permease, as shown by the Phe-induced
clude that Gap1l undergoes downregulation in response to sub-  appearance of upper bands above the immunodetected Gap1-112
strate transport. signal, which were not detected if both Ub acceptor lysines of the
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permease, K9 and K16, were replaced with arginines (Fig. 2C).
Furthermore, this Gap1-112-K9R-K16R mutant was not down-
regulated by Phe (Fig. 2D). The Gap1-126-112 mutant also failed
to be ubiquitylated, even after a long incubation with Phe, con-
firming that ubiquitylation of Gap1-112 is stimulated upon Phe
transport (Fig. 2C).

Taken together, these data indicate that Gap1-112 is ubiquity-
lated and downregulated upon transport of its amino acid sub-
strates and that this is not due to internal accumulation of the
transported amino acid. This is reminiscent of what happens with
the uric acid and xanthine permease (UapA) of A. nidulans, which
undergoes ubiquitylation and endocytosis in response to Am but
also to transport of its substrates (24). Substrate transport-in-
duced endocytosis has also been demonstrated in the case of Fur4,
the yeast uracil permease (23, 25). The situation of Gapl is more
complex, since amino acids provided to the cells simultaneously
stimulate two downregulation pathways, the TORC1/Npr1 path-
way responding to internal amino acids and the pathway elicited
by Gapl-mediated transport (Fig. 2E). This might explain why
Phe-induced ubiquitylation and downregulation are more pro-
nounced for wild-type Gap1 (sensitive to both pathways) than for
Gap1-112 (sensitive only to the substrate transport-induced path-
way) and Gap1-126 (sensitive only to the TORC1/Nprl pathway)
(Fig. 2A and C and data not shown).

A single substitution in the substrate-binding site abolishes
the activity and substrate-induced endocytosis of Gapl. We
sought to determine whether a Gapl mutant altered in its sub-
strate-binding site might be resistant to substrate transport-in-
duced downregulation. As the Gapl structure is unknown, we
performed structural modeling on the basis of the X-ray structure
of the arginine/agmatine (AdiC) antiporter of Escherichia coli (32,
33). Like Gapl and most other yAAPs, this bacterial amino acid
permease is a member of the APC superfamily of transporters. We
have recently shown that the AdiC structure in the outward-facing
(OF) occluded arginine-bound state (34) provides a good tem-
plate for building structural models of Canl, the yeast arginine-
specific permease, and for studying its substrate-binding site (29).
We thus used a similar approach to build a structural model of the
Gapl permease (also transporting arginine) (Fig. 3A; see the sup-
plemental material).

The substrate-binding pocket at the center of the Gap1 struc-
ture is shaped mainly by residues of TM1, -3, -6, -8, and -10 (Fig.
3A). We next performed induced-fit docking of Arg and Phe and
predicted the residues of Gap1 interacting with them (Table 3). As
for Phe, the backbone of the amino acid donates several hydrogen
bonds to residues in TM 1 and TM6, whereas its side chain is sand-
wiched between the aromatic residues F294 (TM6) and W179
(TM3) via hydrophobic and -7 interactions, respectively (Fig.
3B and Table 3). The OF occluded structure of Arg-bound AdiC
also features such an aromatic sandwich configuration, formed by
W202 and W293 (34).

The G107 residue is part of the glycine-rich region of TM1
shown in the Gapl 3D model to establish interactions with the
backbone of amino acid substrates (Table 3). We replaced this
glycine with an asparagine and found that the resulting
Gapl(G107N) mutant is normally targeted to the plasma mem-
brane (Fig. 3C) but largely inactive, as judged by the results of
amino acid uptake assays and of growth tests on 16 amino acids,
each supplied as the sole nitrogen source (Fig. 3D and E).
Gapl(G107N) displayed normal downregulation by Am
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(Fig. 3C), showing that it can be efficiently ubiquitylated and
sorted into the endocytic pathway. However, it displayed no
downregulation by Phe in ssyl A mutant cells, where Phe does not
enter via other permeases (Fig. 3C). These results show that the
G107N substitution, which directly and severely affects the sub-
strate-binding pocket of Gap1l without altering its overall struc-
ture to any observable extent (e.g., primary sorting to the plasma
membrane and TORCI-mediated ubiquitylation and subsequent
internalization are undisturbed), impairs substrate-induced en-
docytosis of the permease.

Substrate-induced endocytosis of the Canl permease. We
next determined whether substrate transport elicits downregula-
tion of other yAAPs. Previous work has shown that the lysine
(Lypl), methionine (Mupl), arginine (Canl), tryptophan (Tat2),
and glutamate/aspartate (Dip5) permeases are downregulated
when their substrates are provided to cells at high concentration
(17, 20-22). It remains to be determined, however, whether this
endocytosis is caused by the process of amino acid transport cat-
alyzed by these permeases, by internal accumulation of the trans-
ported amino acid, or by a combination of these effects. We ad-
dressed this question in the case of Canl, the arginine-specific
permease. In cells growing on Pro medium, Canl was present at
the plasma membrane and active (Fig. 4A and data not shown).
After addition of Am, causing an increase in internal amino acids
and TORCI stimulation (7), Canl remained stable at the plasma
membrane (Fig. 4A). Furthermore, Can1-GFP was normally pres-
ent at the plasma membrane of nprIA cells (Fig. 4B). It therefore
seems that, unlike Gapl, Canl does not undergo endocytosis
upon stimulation of the TORC1/Npr1 pathway under the tested
conditions. In contrast, and in keeping with previous observations
(20), Can1-GFP was internalized after addition of Arg, since the
fluorescence initially present at the cell surface was targeted to
the vacuole (Fig. 4A). This redistribution of Can1-GFP from the
plasma membrane to the vacuole (as exemplified by cells shown in
Fig. 4A) was most visible in about half of the cell population. We
also noticed that Arg caused a marked increase in the size of the
cell vacuoles. In some cells, this enlargement was so pronounced
that it was difficult to clearly distinguish the vacuole from the
surrounding cytoplasm (more details on this cell-to-cell variation
are available in the supplemental material). The Arg-induced
downregulation of Can1-GFP is Ub dependent, since it was found
to be defective in the rsp5(npil) mutant (Fig. 4C), where Rsp5 Ub
ligase-promoted ubiquitylation of permeases is defective (2).

In the 3D model of Canl permease we recently built (29),
Thr180 of TM3 is one of the residues interacting with the side
chain of the arginine substrate, and its replacement with an Arg
residue is predicted to markedly reduce the volume of the sub-
strate-binding site (Fig. 4D). Accordingly, Can1(T180R) proved
inactive, as judged by the results of growth tests and ['*Clarginine
uptake assays (Fig. 4E). This inactive Can1(T180R) mutant pro-
tein was found to be normally targeted to the plasma membrane
but not downregulated by Arg (Fig. 4D). In this experiment, cells
expressing the Canl(T180R)-GFP construct from a plasmid-
borne gene also expressed the endogenous Canl and Gapl per-
meases. This means that Arg entered the cells at a high rate. This,
however, did not induce endocytosis of Can1(T180R), indicating
that internal Arg does not elicit Canl endocytosis. The same was
true for other internal amino acids, since Can1(T180R) also re-
sisted endocytosis induced by the addition of Casamino Acids to
wild-type cells, conditions under which Canl was efficiently
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TABLE 3 Hydrogen bonds and hydrophobic, cation-m, and - interactions formed between arginine or phenylalanine and residues of the
substrate-binding site of either AdiC or Gap1 in the outward-open-occluded conformation”

AdiC?, Arg substrate

Gapl 3D model

Arg substrate Phe substrate
Amino acid Protein residue Protein residue Protein residue Protein residue side Protein residue Protein residue side
substrate location  backbone side chain backbone chain backbone chain
Backbone
NH;r HB1le23 (TM1) HB Phe294 (TM6) HB Phe294 (TM6)
HB Trp202 (TM6) HB Ser295 (TM6) HB Ser295 (TM6)
HB I1e205 (TM6) HB Ala297 (TM6) HB Ala297 (TM6)
COO™ HB Gly27 (TM1) HB Ser26 (TM1) HB Gly106 (TM1)
HB Gly107 (TM1) HB Gly107 (TM1)
Side chain
CH, PHOB* Trp202 PHOB Phe294 (TM6) PHOB Phe294 (TM6)
(TM6)
Guanidinium HB Ala96 (TM3) HB Asn101 (TM3) HB GIn178 (TM3)
HB Cys97 (TM3) HB Ser357 HB Glu301 (TM8)
(TM10)
Cation-m Trp293 Cation-m Trp179
(TMS) (TM3)

Aromatic ring

- Trpl79 (TM3)

“ See the text.

b Protein Data Bank (PDB) ID, 3L1L.
¢ HB, hydrogen bond.

4 PHOB, hydrophobic.

downregulated (see the supplemental material). It is thus very
likely that Arg-induced downregulation of Canl is due to a sub-
strate transport-induced pathway similar to that described above
for Gapl.

We have recently reported that the T4565-S176N double sub-
stitution in the substrate-binding pocket is sufficient to convert
Canl to a high-affinity lysine permease unable to transport Arg
(29). We thus examined whether this Can1(T456S-S176N) mu-
tant might be downregulated by Lys (Fig. 4F). The wild-type Can1
permease was found not to be internalized in the presence of Lys.
In contrast, the Can1(T456S-S176N) mutant proved to be effi-
ciently downregulated by Lys and to have lost the ability to un-
dergo Arg-induced endocytosis. Note that in these experiments,
the cells expressed the endogenous Gapl and Lypl permeases.
This means that they incorporated Lys at a high rate and hence
indicates that internal Lys does not promote Canl endocytosis.
Taken together, these results indicate that Can1 undergoes down-
regulation in response to substrate transport rather than internal
substrate accumulation.

Substrate-induced endocytosis of Canl can occur without
transport. The fact that Canl activity is dependent on the plasma
membrane H gradient (35) suggests that, as proposed for other
yAAPs, amino acid transport by Canl is coupled to proton sym-
port. Our previous work identified E184 of TM3 as a residue of the
Canl substrate-binding pocket, potentially involved in H* cou-
pling. This residue is highly conserved among yAAPs, and its pro-
tonation strongly influences the orientation of the Arg side chain
in docking calculations. Furthermore, replacement of E184 with
alanine results in total loss of Canl activity (Fig. 4E) (29). The
results presented in Fig. 5A show that this inactive Can1(E184A)
mutant fails to be downregulated by Arg. We next examined a
Canl mutant in which an E184Q substitution mimics the irrevers-
ibly protonated form of E184. Growth tests and uptake assays had
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previously shown that this E184Q substitution abolishes Can1 ac-
tivity (29) (Fig. 4E), but we found the inactive Can1(E184Q) mu-
tant to be efficiently targeted to the vacuole after Arg addition (Fig.
5A). This result shows that Arg translocation across the mem-
brane is not essential to Arg-induced endocytosis of Canl. It sug-
gests, rather, that binding of Arg to the Canl substrate-binding
pocket triggers a conformational change preceding Arg release
into the cytosol and promoting endocytosis of the permease. Fur-
thermore, the observation that Can1(E184Q) undergoes normal
endocytosis but is inactive supports the view that this structural
change precedes deprotonation of E184 and that this deprotona-
tion, likely coupled to protonation of another Canl residue, is
essential to Arg release into the cell.

The fact that an amino acid can induce Can1 endocytosis with-
out being transported was further illustrated by analyzing the in-
fluence of thialysine, a highly toxic lysine analog. This analog was
found to poison cells expressing Lypl, the lysine-specific per-
mease (Fig. 5B), but it failed to inhibit the growth of cells express-
ing Can1(S176N-T456S), the Canl mutant converted to a lysine-
specific permease, indicating that Can1(S176N-T456S) transports
lysine but not thialysine. Remarkably, thialysine nevertheless in-
duced endocytosis of Can1(S176N-T456S) but not that of wild-
type Canl (Fig. 5C). Hence, thialysine appears to switch
Can1(S176N-T456S) into the conformation inducing its endocy-
tosis without being efficiently transported into the cell.

The Gap1(W179L) and Can1(E184D) mutants displaying re-
duced V,,,, values of transport are largely resistant to substrate-
mediated downregulation. Previous work has focused on the
substrate-induced conformational transitions of the bacterial
AdiC transporter. Upon Arg binding to AdiC in the OF open
conformation, the indole group of W293 establishes a cation-m
interaction with the side chain of the substrate (34), and proper
orientation of the two groups is crucial to initiating the transition
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FIG 4 Substrate-induced endocytosis of the Can1 permease. (A) Wild-type cells (23344c) expressing Can1-GFP (pKG036) were grown on glucose Pro medium.
Am (20 mM) or Arg (5 mM) was added for 3 h before analysis by fluorescence microscopy. (B) Wild-type (23344c) and gapI1A npr1A (30794d) cells expressing
Canl-GFP (pKG036) were grown on glucose Pro medium and examined by fluorescence microscopy. (C) rsp5(npil) cells (27038a) expressing Canl-GFP
(pKGO036) were grown on glucose Pro medium. Arg (5 mM) was added to the medium, and the cells were examined after 3 h by fluorescence microscopy. (D)
(Top) Two close views of the binding pocket of wild-type Canl and Can1(T180R) bound to arginine (purple). F295 and W177 are shown as they sandwich the
arginine side chain. The residue at position 180 is colored green. (Bottom) Wild-type cells (23344c) expressing Canl-GFP (pKG036) or Can1(T180R)-GFP
(pKGO013) were grown on glucose Pro medium before addition of Arg (5 mM) for 3 h. (E) (Top) Wild-type (23344c) and gapI-1 canl-1(21983c) cells expressing
the indicated Canl variants or no Canl were grown for 2 days on solid medium containing Arg or Am as the sole nitrogen source and on Am medium
supplemented with canavanine (10 pg/ml). (Bottom) Time course of ['*C]arginine accumulation (initial concentration, 10 wuM) measured in 22A8AA mutant
cells (lacking Gapl, Canl, Lypl, and five other yAAPs) expressing Canl (pKG036), Can1(T180R) (pKG013), or no Canl (pFL38) and grown on glucose Am
medium. (F) Wild-type cells (23344c) expressing Can1-GFP (pKG036) or Can1(S176N-T456S)-GFP (pKG066) were grown on glucose Pro medium before
addition of Arg or Lys (5 mM) for 3 h.
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FIG 5 Substrate-induced endocytosis of Canl can occur without transport. (A) Wild-type cells expressing Canl (pCJ563), Canl(E184A) (pCJ573), or
Canl1(E184Q) (pCJ559) fused to GFP were grown on Gal Pro medium. Glucose was added to the cultures for 0.5 h before addition of Arg (5 mM) for 2 h. (B)
Mutant strain 22A8AA, lacking Gapl, Canl, Lypl, and five other yAAPs and expressing the indicated permeases, was grown for 3 days on solid glucose Am
medium with or without thialysine (0.1 mM). (C) Conditions as in Fig. 4F, except that thialysine (5 mM) was added instead of Arg or Lys.

to the next conformation, namely, the occluded state, in which
Arg is sandwiched between the indole groups of W293 and W202.
The role of W293 in the transition of AdiC to the OF occluded
state is illustrated by the observation that the W293Y substitution
mostly affects the Arg translocation rate (~85% reduction of
V max) and only slightly reduces its apparent binding affinity (36).
In the 3D model of Gapl1, the position equivalent to W293 of AdiC
is also occupied by a tryptophan, W179. However, as observed for
Canl (29), this residue is provided by TM3 instead of TM8 (Table
3). We replaced W179 with different residues and found that the
Gapl(W179L) variant displayed a high apparent affinity (K,
value, ~2 wM) but a strongly reduced V. of Phe transport
(7.8 = 0.5 versus 82 * 7.0 nmol - min~" - mg protein~" of wild-
type Gapl) (Fig. 6A). This strong reduction of the V. cannot be
explained by a mislocalization or reduced abundance of
Gapl(W179L) (Fig. 6B) and thus indicates that the W179L sub-
stitution reduces the Phe translocation rate. We introduced this
substitution into the Gap1-112 mutant, shown to undergo Phe-
induced endocytosis specifically via the substrate-induced path-
way. Interestingly, the W179L mutation was found to confer
strong protection against Phe-induced endocytosis (Fig. 6C). This
shows that a reduction in the ability of the permease to translocate
Phe may impair Phe-induced endocytosis, most likely because the
conformation eliciting endocytosis is not sufficiently populated.
Furthermore, the fact that the corresponding tryptophan in AdiC
plays an important role in the transition to the occluded state (36)
raises the possibility that shifting of Gap1 to this conformation is a
crucial step of its substrate-induced endocytosis.
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The view that a reduction of the amino acid translocation rate
can impair substrate-elicited endocytosis is further substantiated
in the case of Canl. We replaced E184 of Canl with an aspartate,
which should be less readily protonated given its higher pK, value
in solution. The Can1(E184D) mutant was found to display a high
apparent affinity (K,, value, 1 = 0.3 uM) but a reduced V.
(2.8 = 0.2 versus 10.5 = 0.4 nmol - min~' - mg protein” ' for
wild-type Canl) for Arg transport (Fig. 6D) and proved much less
sensitive to Arg-induced downregulation (Fig. 6E).

The Can1(T456S) mutant displaying higher V, .. values for
arginine and lysine transport fails to be downregulated in re-
sponse to these amino acids. The considerable resistance of
Gapl1(W179L) and Can1(E184D) to substrate-induced endocyto-
sis suggests that the conformation eliciting endocytosis is only
scarcely populated in these low-V .. mutant forms. In contrast,
data obtained with Can1(E184Q) indicate that this inactive vari-
ant is able to shift to the endocytosis-signaling state but fails to
release Arg into the cell. Interestingly, we found Arg-induced en-
docytosis to be reproducibly more efficient in this Can1(E184Q)
variant than in wild-type Canl (data not shown). We reasoned
that as Can1(E184Q) fails to translocate Arg across the mem-
brane, its endocytosis-eliciting state might be more densely pop-
ulated than in wild-type Canl, thus accelerating its global down-
regulation. Conversely, a mutant permease featuring a poorly
populated endocytosis-inducing conformation, because transi-
tion to the next conformation is somehow facilitated, should dis-
play a higher V, . for transport and be less sensitive or insensitive
to substrate-elicited endocytosis. We have recently reported that
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FIG 6 The Gapl(W179L) and Can1(E184D) mutants display reduced V., ,, values of transport and are largely resistant to substrate-mediated downregulation.

(A) Concentration-dependent uptake rates of ['*C]Phe in the MS001 strain grown on glucose urea medium and expressing Gap1-GFP (@) (pEL003) or
Gapl(W179L)-GFP (A) (pMS023). The error bars indicate standard deviations. (B) (Top) gapIA cells (EK008) expressing Gapl-GFP (pEL003) or
Gap1(W179L)-GFP (pMS023) under their natural promoter were grown on glucose Pro medium before analysis by fluorescence microscopy. (Bottom) gapIA
ssylA cells (32501d) expressing Gap1-GFP (pJODO010) or Gapl(W179L)-GFP (pKG078) under the GAL promoter were grown on Gal Pro medium before
addition of glucose for 1.5 h. Crude cell extracts were prepared and immunoblotted with anti-GFP antibodies. The indicated values correspond to relative
quantification of the signal intensities. (C) gap1A cells (EK008) expressing Gap1-112 (pMA074) or Gap1-112-W179L (pKG068) fused to GFP were grown on Gal
Pro medium before addition of glucose for 1.5 h. Phe (5 mM) was then added for 3 h. (D) Concentration-dependent uptake rates of ['*C]arginine in 22A8AA
cells grown on glucose Am medium and expressing Can1(E184D)-GFP (pES003). (E) Wild-type cells (23344c) expressing the GFP-fused Can1(E184D) variant

(pES002) were grown on glucose Pro medium before addition of Arg (5 mM) for 3 h.

the Can1(T456S) mutant displays an ~2-fold-higher V. for Arg
transport that is not due to higher expression of the permease (29).
Structural-modeling analysis has revealed, instead, that the T456S
substitution introduces a void between TM3 (exposing S176) and
TM10 (exposing T456) that might facilitate structural transitions
of the permease during transport (Fig. 7A) (29). Remarkably, this
hyperactive Can1(T456S) mutant proved largely resistant to Arg-
induced endocytosis (Fig. 7B). Furthermore, Can1(T456S) can-
not distinguish Arg from Lys and thus also transports Lys with a
high apparent affinity (K, value, 13 = 1 pM), similar to that of
Can1(S176N-T456S), the Canl mutant converted to a lysine-spe-
cific permease (K, value, 13.2 = 1.8 uM). A difference between
these two lysine-transporting Canl variants, however, is that
Canl1(T456S) displays a significantly higher V. for transport
than Can1(T456S-S176N) (13.1 versus 3.6 nmol - min~' - mg
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protein~ ') that is not due to a higher expression level (29). We
thus compared the abilities of the two Canl mutants to be down-
regulated by Lys. As shown above, Can1(T456S-S176N) was effi-
ciently endocytosed in the presence of Lys, whereas Can1(T456S)
remained largely stable at the plasma membrane after Lys addition
(Fig. 7C). These results show that Canl can catalyze substrate
transport without undergoing endocytosis. As this particular phe-
notype was observed for a Canl mutant displaying a higher V.
for transport and predicted to more readily undergo a structural
transition, we propose that Can1(T4568S) fails to populate the en-
docytosis-eliciting state densely enough to undergo efficient
downregulation.

Arrestin-like adaptors of the Rsp5 ubiquitin ligase promote
substrate-induced downregulation of Gap1l and Canl. Ubiqui-
tylation of the Gap1l and Canl permeases is mediated by the Rsp5
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FIG 7 The Can1(T456S) mutant displaying higher V, .. values of arginine
and lysine transport is not downregulated by these amino acids. (A) Close view
of three residues (456 from TM10 and 176 and 180 from TM3, depicted as
balls) of the binding pocket of wild-type Canl (left) and of Can1(T456S)
(right). Replacement of T456 with serine introduces a void between the two
TM:s that could facilitate the conformational transition required for transport
(Table 2). (B) Wild-type cells (23334c) expressing the GFP-fused Canl
(pKGO036) or Canl(T456S) (pKG046) were grown on glucose Am medium
before addition of Arg (5 mM) for 3 h and subsequent analysis by fluorescence
microscopy. Vm, V.. (C) Same as panel B, except that cells expressing the

max*

GFP-fused Can1(T456S) (pKG046) or Canl(S176N-T456S) (pKG026) were
examined after addition of Lys (5 mM) to the medium.

Ub ligase (21, 37). Itis now established that Rsp5 requires arrestin-
like adaptors to target plasma membrane permeases (2, 3). For
instance, ubiquitylation of Gap1 via the TORC1/Nprl pathway
requires at least one of the redundant Bull and Bul2 adaptors. To
determine whether the Bul proteins are also involved in substrate
transport-induced endocytosis of Gapl, we expressed Gap1l-112
(sensitive only to this endocytosis pathway) in the bullA bul2A
mutant and added Phe to the cells. We found Gap1-112 not to be
ubiquitylated and to remain at the plasma membrane (Fig. 8A),
indicating that the Bul adaptors also play an essential role in sub-
strate-induced endocytosis. Furthermore, Phe-induced down-
regulation of Gapl-112 was visible in the bulIA and bul2A single
mutants, indicating that Bull and Bul2 are largely redundant. We
also examined the role of arrestin-like adaptors in Arg-induced
Canl endocytosis. It had been reported previously that cyclohex-
imide-induced endocytosis of Canl requires the Artl protein
(21). We thus tested Arg-induced endocytosis of Canl in the
art]A mutant and found Canl not to be downregulated (Fig. 8B).
Furthermore, Lys-induced endocytosis of the Canl(T456S-
S176N) mutant, which transports Lys instead of Arg, was also
defective in the art1A mutant (Fig. 8B).
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Recent studies have shown that permease ubiquitylation can be
controlled through direct regulation of these adaptors by phos-
phorylation and/or ubiquitylation and that these modifications
lead to detectable changes in migration through a gel (7-9, 21).
We thus tested whether substrate transport via Gapl and Canl
might coincide with detectable changes in the electrophoretic mo-
bility of the Bul and Artl adaptors, respectively. In keeping with a
previous study (21), the Artl1-HA signals corresponded to nonu-
biquitylated and ubiquitylated forms, as judged by the reduced
intensity of the upper bands in the rsp5(npil) mutant (Fig. 8C).
Interestingly, the electrophoretic mobility of these Art1-HA pro-
teins was not altered after Arg addition to the cells (Fig. 8C). An-
alyzing the influence of Phe transport on the Bul proteins was
more complex, since providing Phe to cells stimulates Gap1 en-
docytosis via both the TORC1/Nprl and the substrate-induced
pathways. We thus adopted a protocol taking advantage of the
resistance of Gap1-112 to downregulation stimulated by internal
amino acids (Fig. 8D). As expected, after addition of Am to cells
expressing Gap1-112, the permease remained stable at the plasma
membrane, but Bul2-HA displayed the band migration changes
typical of its dephosphorylation (conversion of the initial signals
to a faster-migrating band) and partial monoubiquitylation (ap-
pearance of a slowly migrating band) (Fig. 8D) (7). We then added
Phe to the medium. This resulted, as expected, in progressive en-
docytosis of Gapl-112, followed by its targeting to the vacuole
(Fig. 8D). However, this substrate-induced endocytosis of Gap1-
112 did not coincide with any novel change in the Bul2-HA mi-
gration profile. The only detected difference was a possibly in-
creased stability of the upper form corresponding to
monoubiquitylated Bul2-HA (Fig. 8D).

In conclusion, conditions stimulating substrate-induced en-
docytosis of Gapl or Canl did not coincide with any detectable
change in the posttranslational modification state of the corre-
sponding adaptor(s) (Bul or Artl, respectively). This contrasts
with the influence of internal amino acids on the Bul proteins.
Although these proteins might undergo subtle modifications not
visible in our experiments or be activated by some other trans-
acting mechanism, a simpler model accounts for the above-de-
scribed data: that the predicted conformational changes under-
gone by the permeases upon substrate binding are sufficient for
adaptor recruitment and Rsp5-mediated ubiquitylation.

Two Gapl mutants undergo constitutive endocytosis via a
mechanism involving the Bul arrestin-like adaptors. If sub-
strate-induced endocytosis of Gap1l and Canl is elicited by a shift
to a particular conformation recognized by arrestin-like adaptors
of the Rsp5 Ub ligase, certain mutant forms of these permeases
might adopt a structure mimicking this conformation. Such mu-
tants should undergo Bul-dependent ubiquitylation and down-
regulation even if their substrates are not present in the medium.
In regard to this hypothesis, two other Gap1l mutants obtained by
systematic mutagenesis of cytosolic regions, Gap1-124 and Gap1-
167, are particularly interesting, since they reach the plasma mem-
brane properly but undergo constitutive endocytosis and target-
ing to the vacuole, whereas the K9R-K16R double substitution
stabilizes them at the cell surface (30) (Fig. 9A). These Gapl mu-
tants, mutated in the N-terminal tail and second internal loop,
respectively (Fig. 1B), might thus undergo constitutive endocyto-
sis via the substrate-induced pathway. Alternatively, they might
misfold and be recognized by a plasma membrane-associated
quality control system promoting their downregulation. The lat-
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FIG 8 Arrestin-like adaptors of Rsp5 promote substrate-induced downregulation of Gap1 and Canl. (A) (Top) gap1A (EK008) and gapIA bullA bul2A (JA493)
cells expressing Gap1-112—GFP (pMA074) were grown on Gal Pro medium before addition of glucose for 0.5 h. Phe (5 mM) was then added for 2 h. (Bottom)
The same cells and growth conditions, except that Phe was added for 0.5 h. Crude cell extracts were then prepared and immunoblotted with anti-GFP antibodies.
(B) Wild-type (23344c) and gapIA artIA (JA937) cells expressing GFP-fused Canl (pKG036) or Canl1(S176N-T456S) (pKG066) were grown on glucose Am
medium (hence, Gap1 synthesis is repressed in the wild type). Arg or Lys was then added for 3 h before analysis by fluorescence microscopy. (C) (Top) gap1A canl
(ES006) and gap1A canl rsp5(npil) (35237c) cells expressing Art1-HA under the natural promoter of the ARTI gene were grown on glucose Pro medium. Crude
cell extracts were then prepared and immunoblotted with anti-HA antibodies. (Bottom) gapIA canl ARTI-HA cells (ES006) transformed with a CANT plasmid
(pKGO036) were grown on glucose Pro medium. Arg (5 mM) or Am (20 mM) was added for 20 min, and crude cell extracts were prepared and immunoblotted
with anti-HA antibodies. (D) (Top) gapIA cells (EK008) expressing Gap1-112-GFP (pMA074) were grown on Gal Pro medium before addition of glucose for
0.5 h (left), Am (20 mM) for 2 h (middle), and Phe (5 mM) for 2 h (right) to half of the culture. (Bottom) Cells expressing Bul2-HA under the natural promoter
of the BUL2 gene (MA032) and Gap1-112—-GFP (pMA074) were grown on Gal Pro medium and treated as described above for the indicated time intervals. Crude
cell extracts were prepared after the indicated times and immunoblotted with anti-HA antibodies.

ter scenario seems less likely for three reasons. First, analysis of
both proteins in the end3A mutant defective for endocytosis (30)
and of the corresponding variants with K9R-K16R substitutions
(Fig. 9A) shows that they travel normally to and accumulate at the
cell surface, i.e., without any apparent stacking in the endoplasmic
reticulum or direct sorting from the Golgi apparatus to the vacu-
ole, phenotypes frequently observed when permeases are mis-
folded. Second, although some of the stresses recently reported to
cause misfolding and endocytosis of multiple yeast permeases (10)
also cause Gapl downregulation, the latter still occurred in the
bullA bul2A mutant, as it also involves the Alyl and Aly2 arrestin-
like proteins (13); in contrast, the Gapl-124 and Gapl-167 per-
mease variants were found to stabilize at the plasma membrane in
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the bullA bul2A mutant (Fig. 9A), as observed for Gap1-112 after
Phe transport, thus indicating that the Bul proteins promote the
constitutive endocytosis of the two mutant permeases. Third,
Gapl-124 and Gap1-167 stabilized at the cell surface were found
to catalyze amino acid uptake, although they showed lower activ-
ity than wild-type Gapl (Fig. 9B), mainly as a result of a reduced
V max Of transport not caused by mislocalization (Fig. 9A) or by
lower expression of the mutant permeases (Fig. 9C). The amino
acid regions altered in these two Gapl mutants thus also seem
important for maximal Gap1 transport activity. The properties of
Gapl-124 and Gapl-167 thus suggest a model in which the N
terminus and second internal loop of Gapl contribute to the
structural transitions normally associated with transport catalysis,
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FIG 9 Two Gapl mutants undergo constitutive Bul-dependent endocytosis. (A) gapIA (EK008) and gapIA bullA bul2A (JA479) cells expressing the GFP-fused
Gapl1 (pJODO010), Gap1-124 (pMAO019), Gap1-167 (pNG047), Gap1-124-(K9R-K16R) (pMA142), or Gap1-167-(K9R-K16R) (pMA148) were grown on Gal Pro
medium, glucose was added for 1.5 h, and the cells were examined by fluorescence microscopy. (B) Concentration-dependent rates of [*C]Phe uptake in gapIA
ssyIA cells (32501d) expressing Gapl(K9R-K16R)-GFP (pCJ038) (@), Gapl-124-(K9R-K16R)-GFP (pMA142) (O), or Gapl-167-(K9R-K16R)-GFP
(pMA148) (V). (C) The reduced V., values for Gap1-124 and Gap1-167 stabilized at the plasma membrane are not due to reduced amounts of the permeases.

gaplA ssylA cells (32501d) expressing GFP-fused Gap1(K9R-K16R), Gap1-124-(K9R-K16R), or Gap1-167-(K9R-K16R) (plasmids as in panel B) and gapIA
bullA bul2A (JA493) expressing GFP-fused Gap1, Gap1-124, or Gap1-167 (plasmids as in panel A) were grown on Gal Pro medium, and glucose was added for

2 h. Crude cell extracts were prepared and immunoblotted with anti-GFP antibodies.

and these structural changes could also favor recognition of the
permeases by the Bul adaptors, thus leading to permease ubiqui-
tylation and endocytosis.

DISCUSSION

The main conclusion of this study is that two yAAPs, Gapl and
Canl, undergo Ub-dependent endocytosis in response to external
substrates. The simplest model accounting for the data is that this
endocytosis is elicited by a conformational change induced by
binding of the amino acid substrates to the substrate-binding
pocket (Fig. 10). Accordingly, the Can1(S176N-T456S) variant
converted to a lysine-specific permease is downregulated by lysine
instead of arginine, and substitutions in the substrate-binding
pocket of Gapl and Canl impair the substrate-induced endocy-
tosis of these permeases. Substrate-induced endocytosis of Gapl
involves the redundant Bull and Bul2 proteins, and that of Canl
requires Artl. These Rsp5 adaptors, however, did not undergo any
apparent modification upon stimulation of substrate-mediated
endocytosis. This apparent lack of modification was also observed
when the Bul proteins promote constitutive endocytosis of the
Gapl-124 and Gapl-167 mutant proteins (see the supplemental
material). The mechanisms promoting substrate-induced endo-
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cytosis of Gap1l and Canl, therefore, differ from that which stim-
ulates Gapl endocytosis in response to internal amino acids,
which involves TORCI1-dependent dephosphorylation of the Bul
adaptors coupled to their partial monoubiquitylation (Fig. 1A)
(7). Similarly, cycloheximide-induced Canl endocytosis involves
changes in the phosphorylation and ubiquitylation states of Artl
(9, 21). Our data, rather, support a model where conformational
changes undergone by Gapl and Canl upon substrate binding
would favor a particular structural state recognized by the corre-
sponding arrestin-type adaptor(s) (Bul or Artl, respectively),
which in turn would promote Rsp5-dependent ubiquitylation
of the permeases. The N-terminal region of Gapl, altered by the
-112 substitutions, is essential to downregulation via the TORC1/
Npr1 pathway but not for substrate-induced endocytosis. Hence,
this N-terminal region displays the properties expected of a per-
manently accessible binding site for the dephosphorylated Bul
proteins. In response to external substrates, the Bul adaptors likely
act via one or several other cytosolic regions of the permease,
accessible only after the conformational shift. Although the
above-described model is compatible with the experimental data,
more complex scenarios remain possible. For instance, the con-
formational transition of permeases induced by substrate binding
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to promote efficient endocytosis (d to g direct shift). In the cases of Can1(E184Q)

in the presence of Arg and Can1(S176N-T456S) and in the presence of thialysine, the permeases shift to the state favoring ubiquitylation without releasing the
substrate into the cell. The conformational change favoring ubiquitylation involves the N-terminal tail, possibly interacting with an internal loop of the permease.

The permease in the state labeled e or f can shift to the states leading to substrate
and -167) can mimic the conformation prone to ubiquitylation.

could stimulate a signaling pathway that activates the Bul and Art1
adaptors. The Gapl permease is reported to activate protein ki-
nase A (PKA), a property not shared by Canl (38, 39), and this
kinase might thus catalyze subtle phosphorylation of the Bul pro-
teins not visible in our experiments. Alternatively, PKA could
modulate yet another protein modulating the function of the Bul
proteins. The last two models, however, seem less likely, because
the Bul adaptors target other permeases (17), which would thus
potentially be downregulated along with Gapl in response to
Gapl-mediated transport.

The finding that the Can1(E184Q) variant is inactive but re-
mains competent for substrate-induced endocytosis and the ob-
servation that thialysine promotes endocytosis of Canl(T456S-
S176N) without being transported indicate that the conformation
inducing endocytosis precedes substrate release into the cell.
However, the exact nature of this endocytosis-inducing state re-
mains unknown. The yAAPs belong to the “5+5” structural su-
perfamily of transporters including well-studied proteins, such as
the bacterial LeuT and AdiC proteins and the dopamine trans-
porter. Proteins of the 5+5 superfamily have been crystallized in
different conformations, including the outward-open, outward-
occluded, and inward-open states (40). As transition of AdiC from
the outward-open to the outward-occluded state does not seem to
significantly reorganize its cytosolic regions, we propose that the
endocytosis-inducing conformation of yAAPs more likely corre-
sponds to an inward state, for instance, the inward-occluded state
preceding substrate release into the cytosol (Fig. 10). A shift to this
conformation would thus alter the structure of cytosolic regions of
yAAPs, thereby promoting their interaction with the arrestin-like
adaptors. In particular, the N-terminal tail and second intracellu-
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release (gand a). (Bottom) Substitutions in cytosol-facing regions (e.g., Gap1-124

lar loop could contribute to these structural changes, as substitu-
tions in these regions (as in the Gap1-124 and -167 mutant pro-
teins) result in constitutive endocytosis of Gapl via mechanisms
resembling that induced by substrate binding. Interestingly, struc-
tural analysis of the dopamine transporter and LeuT has shown
that membrane-proximal residues of the N-terminal tail interact
with intracellular loops when the proteins are in the outward-
open conformation and that these interactions are disrupted upon
shifting to the inward-open conformation. In particular, TM1 un-
dergoes a large movement that could induce a significant confor-
mational change in the directly connected N-terminal tail (41,42).
Furthermore, a recent study of uracil permease (Fur4) supports a
model in which the N-terminal tail interacts with internal loops.
This interaction is also proposed to be disrupted as a result of
uracil transport, thereby exposing distal lysines in the N-terminal
tail to ubiquitylation (25). Hence, structural remodeling of the
N-terminal tail interacting with intracellular loops could be the
key conformational feature inducing substrate-elicited ubiquity-
lation of yAAPs, and other transporters as well. In the cases of
Gapl and Canl, this interaction could more particularly involve
the membrane-proximal residues of the N-terminal tail, as this
region is remarkably well conserved among yAAPs.

According to our proposed model, the permease conformation
eliciting endocytosis is transient but must be stable enough to be
sufficiently populated and to allow efficient recognition of the
substrate-bound permeases by the arrestin-like adaptors. At the
scale of individual permeases, this means that the transporter
must reside long enough in this conformation to increase its prob-
ability of establishing contacts with these adaptors. In this context,
the Can1(T456S) variant is of particular interest, as it displays a
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higher intrinsic V,,,, transport value but is largely resistant to
substrate-induced endocytosis. We propose that for this Canl
variant, the probability of occupancy of the endocytosis-eliciting
conformation is reduced because transition to the next state, lead-
ing to substrate release, is facilitated, for instance, because the
energy barrier to this substrate-releasing conformation is lower.
This scenario is supported by our observation that T456S intro-
duces a void between TM3 and TM10, which might facilitate a
structural transition (29). The selection during evolution of a Thr
residue at position 456 in Canl, while reducing the transport ve-
locity of the permease (an effect that could be readily compensated
for by increasing its expression level), might thus confer the ad-
vantage of stabilizing a transient conformation of the transport
cycle recognized by cytosolic factors promoting its downregula-
tion (Fig. 10).

The properties of Can1(E184Q), the inactive Canl mutant that
still responds to external Arg, are reminiscent of those of the Ssyl
sensor of external amino acids. This protein is similar to yAAPs
but lacks transport activity. It can nevertheless detect external
amino acids and initiate a signaling response (43). Remarkably,
the glutamate residue corresponding to E184 in Canl and con-
served in most yAAPs corresponds to a glutamine in Ssyl. It is
therefore tempting to propose that Ssyl might originate from a
yAAP having lost its activity as a result of an E-to-Q substitution at
this position. Like Can1(E184Q), this mutant would have kept the
ability to undergo a conformational change in response to amino
acid binding, a property that was exploited during evolution to
convert this inactive yAAP to a sensor able to initiate a cellular
response to external amino acids.

Our results also raise the question of why yAAPs undergo en-
docytosis in response to their external substrates. The high-affin-
ity Gap1 permease is best adapted for high-affinity uptake of many
different amino acids under poor nitrogen supply conditions, and
its downregulation induced by excess amino acids coincides with
Ssyl-dependent induction of other, lower-affinity yAAPs. Down-
regulation of Gapl by external (and internal) amino acids is thus
part of a mechanism allowing cells to adjust their yAAP repertoires
according to the external concentration of amino acids. Down-
regulation of Gapl when amino acids are abundant could also
avoid detrimental hyperactivation of PKA in cells growing on a
poor nitrogen source, as Gapl is reported to activate this kinase
(38, 39). Regarding Canl, we have observed that its downregula-
tion by Arg is not as complete/efficient as that of Gapl. Partial
endocytosis of Canl in response to Arg might thus adjust the
amount of this permease at the plasma membrane so as to avoid a
metabolic imbalance due to excess Arg uptake. For similar rea-
sons, many other yAAPs, and also other transporters in yeast and
more complex organisms, might undergo a similar substrate-in-
duced endocytosis.
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