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Abstract: Selective endocytosis followed by degradation is a major mechanism for downregulating
plasma membrane transporters in response to specific environmental cues. In Saccharomyces cere-
visiae, this endocytosis is promoted by ubiquitylation catalyzed by the Rsp5 ubiquitin-ligase, tar-
geted to transporters via adaptors of the alpha-arrestin family. However, the molecular mechanisms
of this targeting and their control according to conditions remain incompletely understood. In this
work, we dissect the molecular mechanisms eliciting the endocytosis of Canl, the arginine per-
mease, in response to cycloheximide-induced TORC1 hyperactivation. We show that cycloheximide
promotes Rsp5-dependent Canl ubiquitylation and endocytosis in a manner dependent on the
Bull/2 alpha-arrestins. Also crucial for this downregulation is a short acidic patch sequence in the
N-terminus of Canl likely acting as a binding site for Bull/2. The previously reported inhibition by
cycloheximide of transporter recycling, from the trans-Golgi network to the plasma membrane,
seems to additionally contribute to efficient Canl downregulation. Our results also indicate that,
contrary to the previously described substrate-transport elicited Canl endocytosis mediated by the
Artl alpha-arrestin, Bull/2-mediated Canl ubiquitylation occurs independently of the confor-
mation of the transporter. This study provides further insights into how distinct alpha-arrestins
control the ubiquitin-dependent downregulation of a specific amino acid transporter under differ-
ent conditions.

Keywords: ubiquitin; a-arrestin; endocytosis; transporter; arginine; Target of Rapamycin Complex
1; Nprl; acidic patch; Nedd4

1. Introduction

In all cells, transporters (or permeases) are essential components of the plasma mem-
brane. Most of them catalyze the selective uptake of nutrients, including carbon and ni-
trogen sources, ions, and vitamins. Work in bacteria from the 1960s has importantly con-
tributed to current knowledge about how these proteins function. Ronald Kaback was a
pioneer and a leading figure in the field. The exhaustive work combining physiology, ge-
netics, and biochemistry that he carried out with his collaborators has long popularized
LacY, the Escherichia coli lactose permease, as the most-thoughtfully characterized trans-
porter [1]. Transporters are very often subject to tight control, as initially illustrated by
regulation of LacY cell-surface expression via transcriptional control of the lac operon [2].
Subsequent studies in eukaryotes showed that plasma membrane transporters may addi-
tionally be post-translationally regulated, in particular at the level of their intracellular
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trafficking. Important contributions to this field were provided by studies of several fun-
gal transporters [3]. Inhibition of these proteins in response to environmental changes
most often occurs through endocytosis followed by sorting to the vacuole where they are
degraded [4]. This downregulation is initiated by the covalent addition of ubiquitin (Ub)
to specific Lys residues of the transporter [5]. In the yeast Saccharomyces cerevisiae, this
ubiquitylation is generally mediated by the Rsp5 Ub-ligase [6], the sole member of the
Nedd4 family of Ub-ligases in this species. Rsp5 preferentially catalyzes linkage of K63-
linked poly-Ub chains [7]. This type of ubiquitylation was shown to be particularly im-
portant for sorting internalized cargo proteins to multi vesicular bodies (MVBs) via the
ESCRT machinery, a crucial step for their subsequent delivery to the vacuolar lumen and
degradation [5,8,9]. Recruitment of Rsp5 to target transporters is mediated by the arrestin-
like (or alpha-arrestin or ART family) adaptor proteins [4,10-14]. The genome of S. cere-
visige codes for 14 alpha-arrestins, some of which correspond to paralogs. Accumulating
evidence supports that the specificity of Rsp5 towards its target membrane proteins is
dictated by these alpha-arrestins. Specifically, the ability of these proteins to interact with
their targets or Rspb5 itself is thought to be regulated by their ubiquitylation [15-19] and
phosphorylation status [16,20-22]. The latter has also been suggested to control the topol-
ogy of the ARTs [20]. Phosphorylation of several alpha-arrestins was shown to occur in
response to specific nutritional or stress conditions and via pathways involving specific
signaling complexes, such as TORC1, Snfl/AMPK, calcineurin, and TORC2 [15,16,20,23—
27]. It is also well established that PPXY motifs in alpha-arrestins are recognized by the
WW-domains of Rsp5 [10,14-16,28]. However, how the alpha-arrestins recognize the
transporter cargos has been investigated in only a few cases [28-34]. Notable is the pres-
ence of “acidic patch” sequences in the cytosolic N- and/or C-termini of transporters, sug-
gested to act as recognition sites by several alpha-arrestins [30,32]. Moreover, alpha-ar-
restins not only act at the plasma membrane, but also at the trans-Golgi network (TGN)
or even endosomes [20-22,29]. Furthermore, evidence suggests that de-ubiquitylation of
transporters by specific enzymes might promote their recycling back to the plasma mem-
brane via the TGN [19,35-39].

The Arg permease Canl is one of the eukaryotic transporters whose downregulation
by endocytosis has been best studied. This process was reported to occur under diverse
conditions, including the presence of its substrate Arg [17,29,40], addition of cyclo-
heximide [20], several stress conditions [41,42], and starvation for carbon (glucose) [26,43]
or nitrogen [32]. We have recently dissected at the molecular level the mechanism induc-
ing ubiquitylation and endocytosis of Canl in response to Arg transport. Our results
demonstrated that primarily Artl and secondarily the Bull/2 alpha-arrestins act as adap-
tors of Rsp5 for Canl ubiquitylation induced by the presence of substrate (Figure 1)
[17,29]. More specifically, efficient Canl downregulation upon Arg transport is initiated
by Artl-dependent ubiquitylation, for which two conditions need to be fulfilled [29]: 1) a
shift of Canl to an inward-facing conformation as occurs during transport catalysis, caus-
ing exposure to the cytosol of a short N-terminal Artl-binding sequence (Art1-BS) and 2)
activation of Artl via the amino acid-responsive TORCI cascade [20]. Another study re-
ported similar conclusions regarding the substrate-induced endocytosis of the methionine
permease Mupl [30]. Importantly, the authors of this study have also provided genetic
evidence for the existence of an Art1-BS at the N-terminus of Mup1 that interacts with a
sequence in Artl enriched in basic amino-acids. This Art1-BS sequence of Mupl is men-
tioned as an “acidic patch” due to the prominent presence of acidic amino acid residues.
Similar “acidic patch” sequences required for transporter endocytosis are found at the N-
tails of several fungal transporters [44], including Fur4 [45], Gapl [17], Tat2, and Lypl
[32], but also at the C-tails of the uric acid transporter UapA [28], the lactate transporter
Jen1 [31], and the amino acid transporters Mup1, Canl, Tat2, and Lyp1 [32]. Acidic patches
at the C-tails of Mup1, Canl, Tat2, and Lyp1 have been shown to be required for the en-
docytosis of these permeases in response to nitrogen starvation, and most likely corre-
spond to binding sites for the Art2 a-arrestin [32].
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Figure 1. Model for Artl-dependent Canl endocytosis in response to Arg transport. In the absence
of substrate, Canl is mostly found in an outward-facing conformation and this structures the N-
terminal tail in a way that masks the binding site for Artl (aa 70-81, red hemicycle). Once Arg is
added in the medium, a transient shift of the permease to an inward-facing conformation of the
transport cycle repositions the N-terminal tail and exposes the binding site for Artl (now green
hemicycle). Arg uptake also stimulates TORC1, leading to inactivation of Nprl, and activation of
Artl via de-phosphorylation. Activated Artl can then recognize the exposed binding site at the N-
tail of Canl, resulting in Rsp5-mediated ubiquitylation of Canl, endocytosis and sorting to the vac-
uole for degradation.

—>

Our previous study of Arg transport-elicited Canl ubiquitylation also unraveled a
minor role of the Bull and Bul2 adaptors. We have obtained evidence that these proteins
act through a Canl N-terminal sequence likely corresponding to their binding site (Bul-
BS) [29]. This Bul-BS seems constitutively accessible to the Bull/2 adaptors, since activa-
tion of TORC1 by addition of ammonium (Am) was sufficient to provoke Bull/2-depend-
ent Canl ubiquitylation (an Arg-induced conformational change of the transporter was
not required in this case). However, contrary to Arg-induced ubiquitylation mediated by
Artl, this Arg-induced Bull/2-dependent ubiquitylation does not lead to efficient sorting
of the permease to the vacuole for degradation, and Canl instead recycles back to the
plasma membrane via the trans-Golgi Network (TGN). Thus, the physiological signifi-
cance of Bull/2-mediated ubiquitylation of Canl remains elusive. We have also previously
shown that the Bull/2 adaptors are regulated by the TORC1-Npr1 signaling pathway in
response to nitrogen availability, and subsequently control the ubiquitylation and turno-
ver of the general amino acid permease, Gap1 [16,17]. More specifically, activated TORC1
phospho-inhibits the Npr1 kinase, which inhibits by phosphorylation the Art1 and Bull/2
alpha-arrestins [16,20]. Hence, upon TORC1 activation, Artl and Bull/2 get activated by
relief of Nprl-mediated phospho-inhibition. Other recent works reported a role of Bull in
the endocytosis of Jenl, the lactate transporter, in response to glucose [46], alkalization of
the external medium, or addition of cycloheximide (CHX) [47]. CHX causes hyperactiva-
tion of TORC1 [48,49], and thus of Artl via inhibition of Nprl [20], and this is probably
due to the over-accumulation of free amino acids provoked by blockage of protein syn-
thesis [48,50]. Importantly, Artl has been previously reported to participate in the CHX-
induced endocytosis of Canl [20], since the permease is partially protected from endocy-
tosis in an art1A strain [10]. This seems, at first, inconsistent with more recent models sup-
porting that TORCI1 activation alone is not sufficient to promote the recognition of Canl
or Mupl by Artl, as a shift in the conformation of the transporter is additionally required
in order to unmask the Art1-BS [29,30].

In this work, we further investigate the role of the Bull/2 in ubiquitylation and endo-
cytosis of Canl. We show that, in the absence of Canl substrates in the medium, CHX-
induced ubiquitylation, endocytosis, and vacuolar sorting of Canl are mediated solely by
the TORC1-activated Bull/2 adaptors acting through the Bul-BS at the N-terminus of the



Int. ]. Mol. Sci. 2021, 22, 10208

4 of 19

transporter. Moreover, we propose that a defect in transporter recycling could addition-
ally contribute to CHX-induced vacuolar sorting of Canl. Finally, we provide further ev-
idence that Canl downregulation via Bull/2 does not require a shift of the transporter to
an inward-facing conformation, which contrasts with when it is mediated by Art1.

2. Results
2.1. The Bul a-Arrestins Promote Cycloheximide-Induced Endocytosis of Canl

In order to study the effect of cycloheximide (CHX) on Canl molecules solely present
at the plasma membrane and not at internal compartments, we expressed wt and mutant
CANT1 alleles from the galactose-inducible and glucose-repressible GALI promoter. Cells
were thus initially grown on galactose as the sole carbon source, and prior to CHX or Arg
addition, CAN1 expression was repressed by the addition of glucose for sufficient time to
allow all synthesized Can1-GFP molecules to reach the plasma membrane [17]. The nitro-
gen source used was Ammonium, the preferred nitrogen source, leading to full activation
of nitrogen catabolite repression in the £1278b strain [51,52], contrary to the situation in
5288C and its derivatives [53,54]. Under this experimental setup, pre-synthesized Canl-
GFP was indeed exclusively detected at the plasma membrane (Figure 2A). Subsequent
addition of CHX or Arg promoted a reduction of the fluorescent signal at the plasma
membrane and concomitant appearance of fluorescence at internal bright spots (presum-
ably endosomes and TGN [22,29,55]) and at the lumen of the vacuole (Figure 2A). In line
with our previous findings [29], Arg-induced Canl endocytosis was unaltered in a strain
lacking the Bull/2 adaptors, severely impaired in a strain lacking Art1, and totally blocked
only in a strain lacking all three Art1, Bull, and Bul2 adaptors (Figure 2A). On the con-
trary, while CHX induced similar vacuolar sorting of Canl in the wt and artIA mutant
strains, it failed to do so in all strains lacking the Bul1l/2, whether these expressed Art1 or
not. The same protection from CHX-induced internalization was observed in a npil-1 hy-
pomorph mutant of Rsp5, previously shown to be defective for Canl and Gapl ubiq-
uitylation [6,17] (Figure 2A).



Int. ]. Mol. Sci. 2021, 22, 10208

5 of 19

Ak ns ns
+ ' ns
Arg \ €5 —
3
CHX 8
A 3
art1A = .
bul1/2n rsps s E
k=
= ]
=
= L
0.0 T L] L) T T L] T T L] T T L] T L] L]
I OX ONX OX DX OX
¥ F fF ¥ X XF
S * £ X £
wt artiA  bul1/2A art1A rspd
bul1/20
art1A
+CHX +Arg wt art1h  bult/2h  bult/2n wit
tme - 30 45 10° 20° 30° kDa — +CHX — +CHX — +CHX — +CHX *Arg kDa
Ub-Can1-GFP{ ~100  yp-can1-GFP{ Lo
Cani- GFP- 75 Can1- GFP _75
actin (S &=— —— —= — __| 43 actin |[# = ® S TN TN S — o — —- 48
Ub-Can1-GFP / total Can1-GFP Ub-Can1-GFP / total Can1-GFP
00 01 02 03 04 00 01 02 03 04
— - 4 "
wonx| T - : Iz 1" M‘J'C_HXZ“"’HT =lR
‘ 45 - ; " art1h | +Chx J wer 1} 2 s
10’ . =
+Arg| 20 ey G but1/2A\+c_Hx3 :
30" + art18 bul1/28 | +Crx
wt | +Arg 1 L

Figure 2. Canl endocytosis in CHX-treated cells requires the Bull/2 alpha-arrestins. (A) Epifluorescence microscopy of
Canl1-GFP in wt, bull/2A, art1A, art1A bull/2A, and npil-1 strains. Strains were grown on Minimal Medium (MM) with
Galactose (Gal) and Ammonium (Am). GAL1-promoter-driven expression of CAN1-GFP was repressed by addition of 3%
Glucose (Glu) for 1 h. Arg (5 mM) or CHX (50 pug/mL) were then added for 3 h. Quantifications: plasma membrane (PM)
to internal GFP fluorescence intensity ratios, are plotted (1 = 31-135 cells) as box and whiskers plots. The horizontal mid-
lines represent the median values, the boxes are bounded by the upper and lower quartiles, and the whiskers denote the
maximal and minimal ratios. Red dots represent the individual values. ***, p <0.001; ns, nonsignificant, p > 0.05. Scale bar
is 2 um. (B) Wt strain expressing Can1-GFP was grown on Gal, Am MM. Glu was added for 30 min, a non-treated sample
was collected (-) and then CHX was added for 30 or 45 min or Arg for 10-, 20- or 30-min. Total protein extracts were probed
with antibodies against GFP and actin. The low mobility bands correspond to Ub-Can1-GFP conjugates. Quantifications:
The ratio of Ub-Can1-GFP / Total Can1-GFP are plotted in scattered plots. Red dots represent the individual biological
replicates. ***, p < 0.001; **, 0.001< p < 0.01; *0.01 < p < 0.05; ns, nonsignificant, p > 0.05. Lower exposure is provided in
supporting information. (C) The indicated strains expressing Can1-GFP were grown on Gal, Am MM. Glu was added for
30 min, a non-treated sample was collected (-) and then CHX was added for 30 min or Arg for 20 min. Protein extracts
were probed and analysed as in B. Lower exposure is provided in supporting information.

In support of the view that Canl undergoes CHX-induced ubiquitylation, we were
able to detect by Western blotting slow-migrating Can1-GFP bands shortly after CHX
treatment (Figure 2B). These upper bands, although less intense and thus more difficult
to detect, displayed the same electrophoretic mobility as those typically observed upon
Arg addition (Figure 2B) and previously shown by immunoprecipitation to correspond to
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Ub-Canl1-GFP conjugates [29]. Furthermore, they were not detectable in protein extracts
from CHX-treated strains lacking the Bull/2 adaptors (Figure 2C). Thus, our results indi-
cate that CHX promotes Canl endocytosis via Rsp5-mediated ubiquitylation, and that this
modification involves recognition of the permease by the Bul/2 alpha-arrestins.

2.2. Cycloheximide-Induced Endocytosis of Canl Requires an Intact Putative Bull/2 Binding
Sequence and the Ub-Acceptor Lys* and Lys* in the Permease N-Tail

We then focused on identifying cis elements required for the endocytosis of Canl by
CHX. For this, we adopted an unbiased approach similar to the one that previously al-
lowed us to identify sequences in the N-terminus of Canl required for Arg-induced en-
docytosis of the permease via Artl or Bull/2 [29]. More specifically, we employed an Al-
anine-scanning mutagenesis of the N-tail of Canl (Figure 3A). Twenty-three Canl mu-
tants have previously been constructed, for each of which 3—4 consecutive residues have
been substituted by Alanine (Ala) residues. These Canl mutants have been introduced in
a canlA strain and examined for CHX-induced endocytosis. Using this approach, we ob-
served that most mutants, including those altered in the predicted Art1-BS (residues 70—
81), underwent normal endocytosis (Figures 3B and S1). Three others, however, were
found to be resistant to CHX-induced internalization. One of them carries Ala substitu-
tions of residues 4245, a region in the N-tail (Figure 3A), which was further investigated
(see below). The two others carry Ala substitutions of residues 62-65 and 66—69, respec-
tively (Figure 3A). Importantly, the N-terminal region between residues 62—-69 (Figure 3A)
corresponds to the one we have previously identified as a putative Bul-BS, as it was re-
quired for the Bul-dependent residual Arg-induced ubiquitylation of Canl detected in the
art1A strain [29]. Thus herein, by applying a different screen, we re-identify residues 62—
69 to be essential for Bull/2-mediated endocytosis of Canl. These results provide further
support to the view that the 62-69 residue region comprises the binding site for the Bul1/2
adaptors, and strongly suggest that this putative Bul-BS is involved in both the Arg- and
CHX-induced ubiquitylation of Canl. Interestingly, we also noticed that the mutant car-
rying Ala-substitutions of residues 82-86 shows CHX-induced internalization but signifi-
cantly reduced vacuolar sorting (Supplementary Figure S1). These residues include one
Lys and are located between the Art1-BS and the 87-89 region required for masking the
Art1-BS (Figure 3A). They could thus potentially be involved in the Ub-dependent deliv-
ery of Can1 from the Golgi to the vacuole, but more work is needed in order to clarify this.
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Figure 3. Cycloheximide-induced endocytosis of Canl requires Lys* and Lys* residues and an intact putative Bul-BS at
the permease N-tail. (A) Amino acid sequence of the N-terminus of Canl. The main Ub-acceptor Lys* and Lys* are high-
lighted. Residues 62-69 and 70-81 have been identified as the putative binding sites of the Bull/2 and Artl a-arrestins,
respectively. These sequences are enriched in negatively charged amino acids (highlighted in green). Residues 87-89, pre-
viously shown to be important for masking the Art1-BS in the outward-facing conformation [29], are also highlighted. (B)
Epifluorescence microscopy of strains expressing wt Canl-GFP or Can1-GFP mutants carrying Ala-substitutions at the
indicated residues of the N-tail. These residues of Canl comprise the probable binding sites for Artl (Art1-BS) or Bull/2
(Bul-BS). Strains were grown on Gal, Am MM, Glu was added for 60 min and then CHX for 3 h before imaging, as in
Figure 2A. Quantifications: Plasma membrane (PM) to internal GFP fluorescence intensity ratios are plotted (n = 25-101
cells). Quantifications, representations and scale bar as in Figure 2A. (C) Epifluorescence microscopy of art1A cells ex-
pressing Can1-GFP or the indicated Lys-to-Arg substitution alleles. Glu was added for 90 min and then CHX for 3 h before
imaging, as in Figure 2A. Quantifications: Plasma membrane (PM) to internal GFP fluorescence intensity ratios are plotted
(n =70-135 cells). Quantifications, representations and scale bar as in Figure 2A. (D) art1A cells expressing the indicated
Can1-GFP alleles were grown on Gal, Am MM. Glu was added for 30 min, a non-treated sample was collected (-) and then
CHX or Arg was added for 30 or 20 min, respectively. Total protein extracts were probed and analysed as in Figure 2B.
Lower exposure is provided in supporting information. The low mobility bands correspond to Ub-Can1-GFP conjugates.
Quantifications: The ratio of Ub-Can1-GFP/Total Can1-GFP are plotted in scattered plots. Red dots represent the individ-
ual biological replicates. ***, p <0.001; **, 0.001< p < 0.01; *0.01< p < 0.05; ns, nonsignificant, p > 0.05.
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The N-tail region between residues 42 and 45 includes Lys* and Lys*, the main re-
dundant Ub-acceptor Lys residues required for Canl degradation by Arg [29]. In order to
verify that Lys* and Lys* are indeed involved in the CHX-induced endocytosis of Canl,
we examined by microscopy and Western blotting the effects of CHX on two additional
Canl mutants (Figure 3C,D). The first, Can1(K42R, K45R), carries Lys to Arg substitutions
of residues 42 and 45, while the second, Can1(7KR), carries Arg substitutions of all seven
Lys residues of the N-terminus of Canl. In both mutants, the addition of CHX did not
provoke any detectable increase in Can1 ubiquitylation (Figure 3D). Moreover, the quan-
tification of Canl signal intensity from microscopy images showed that both mutants
were highly resistant to endocytosis. These results indicate that CHX-induced endocytosis
of Canl is mediated solely by ubiquitylation at Lys* and/or Lys*. This contrasts with Arg
transport-induced endocytosis of Canl, for which additional Lys-residues of the N-tail are
most likely ubiquitylated, albeit with lower efficiency [29].

2.3. Cycloheximide Promotes Endocytosis of Can1 via TORCI1 Hyperactivation and/or Blockage
of Transporter Recycling

The results presented above strongly support the view that ubiquitylation of Can1 in
CHX-treated cells is mediated by Rsp5 and involves recognition by Bull/2 of a specific
sequence in the N-tail of Canl. CHX was previously proposed to provoke Canl endocy-
tosis through activating TORC1 [20]. Consistently, the Bull/2 adaptors gain the ability to
promote permease ubiquitylation when TORC1 is activated by addition of Ammonium
(Am), the preferred nitrogen source in the X1278b strain [16]. This was also illustrated in
the case of Can1 ubiquitylation induced by Am addition to cells grown on L-Proline (Pro),
a poor nitrogen source ([29], Figure 4A). However, in contrast to the situation of CHX
addition to Am-grown cells, Canl ubiquitylation in Pro-grown cells supplied with Am
does not promote efficient vacuolar sorting of Can1 ([29], see also below). One potential
difference between CHX addition to Am-grown cells and Am addition to Pro-grown cells
is that TORC1 might be more highly activated in the former cells. Indeed, we obtained
evidence in support of this hypothesis by monitoring the phosphorylation of Nprl, a
widely used readout of TORC1 activity and a direct mediator of Bull/2 activity
[16,20,56,57]. As previously studied in detail [16,56], the addition of Am to Pro grown cells
leads to increased phosphorylation of Nprl, as detected by a typical decrease in the elec-
trophoretic mobility of Nprl in SDS-PAGE (Figure 4B). This phosphorylation is TORC1-
activity-dependent, as it can be impeded by rapamycin, a specific inhibitor of TORC1 [58].
However, while Npr1 phosphorylation was consistently higher when cells grew on Am
instead of Pro as a nitrogen source, this phosphorylation was further enhanced by addi-
tion of CHX, unless cells were treated with rapamycin (Figure 4C). These results, in keep-
ing with previous data [20], suggest that CHX activates TORC1 to levels which tend to be
higher than those caused by Am. This hyperactivation could explain, at least in part, why
Canl downregulation is more pronounced in CHX-treated cells than in Am-supplied
cells.
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Figure 4. Cycloheximide promotes endocytosis of Canl via TORC1 hyperactivation and/or blockage of transporter recy-
cling. (A) Immunoblots of total protein extracts of wt and bul1/2A cells expressing Can1-GFP. Cells were grown on Gal
Proline (Pro) medium. Glu was added for 30 min followed by Am for another 30 min. Total protein extracts were probed
and analysed as in Figure 2B. The low mobility bands correspond to Ub-Can1-GFP conjugates. Quantifications: The ratio
of Ub-Can1-GFP / Total Can1-GFP are plotted in scattered plots from one biological replicate. (B) Immunoblots of total
protein extracts of a wild-type strain expressing HA-Nprl and grown in Pro medium, followed by the addition of Ammo-
nium (Am). Samples with or without rapamycin addition 15 min after Am addition were collected at the indicated time-
points and probed with anti-HA and anti-Pgk1 antibodies. High and low exposures are shown. (C) Immunoblots of total
protein extracts of a wild-type strain expressing HA-Npr1. Cells were grown on Gal Proline (Pro) or Ammonium (Am)
medium, followed by the addition of CHX. Samples with or without rapamycin addition 15 min after CHX addition were
collected at the indicated timepoints and probed with anti-HA and anti-Pgkl antibodies. High and low exposures are
shown. (D) Epifluorescence microscopy of Canl-GFP in wt, bul1/2A, art1A, and art1A bull/2A cells in YPT6* or ypt6 A back-
ground, grown in Gal Pro medium. Glu was added for 1 h followed by addition of Am for 3 h. Quantifications: Plasma
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membrane (PM) to intracellular GFP fluorescence intensity ratios are plotted (1 = 45-101 cells). Quantifications, represen-
tations and scale-bars as in Figure 2A. (E) Model for the mechanisms controlling the endocytosis of Canl upon TORC1
activation. Upon addition of Am (Left) in cells grown on a poor nitrogen source, TORC1 gets activated and leads to phos-
phorylation of Nprl. The resulting inactivation of Nprl leads to activation of Artl and the Bull/2. However, only the
Bull/2 can recognize the Bul binding sequence (residues 62-69, green triangle) since the Art1-BS remains masked (red
hemicycle). Canl ubiquitylation via Rsp5 leads to endocytosis, but subsequent vacuolar sorting is limited because the
permease recycles back to the plasma membrane via the Trans-Golgi Network (TGN), in a Ypt6-dependent way. When
CHX is added (Right), on the contrary, TORC1 gets hyperactivated, leading to hyper-phosphorylation of Nprl and acti-
vation of Bull/2 and Artl. At the same time, recycling of Canl is somehow inhibited, thus the ubiquitylated Can1 is sorted

to the vacuole.

Another potential reason accounting for the more efficient delivery of ubiquitylated
Canl to the vacuole after CHX vs. Am addition is that recycling of membrane cargos back
to the plasma membrane could be inhibited by CHX treatment, as reported in a previous
study for the Fur4 transporter [38]. Other works reported that internalized transporters
can recycle back to the plasma membrane [21,22,29]. One could thus consider that, upon
TORCT activation elicited by Am addition, the Canl permease, because it undergoes only
limited ubiquitylation, would not be efficiently sorted to the vacuole after its internaliza-
tion, thereby tending to recycle to the plasma membrane. In CHX-treated cells, however,
limited ubiquitylation might lead to the more efficient delivery of Canl to the vacuole
because general recycling to the cell surface is hindered. To assess this model, we moni-
tored Am-induced endocytosis of presynthesized Can1-GFP molecules localized at the
plasma membrane of mutants carrying the deletion of YPT6, which encodes a key factor
Rab-GTPase involved in the recycling from endosomes to the TGN [59]. Importantly, in
the ypt6 A mutant cells, addition of Am leads to more efficient internalization and vacuolar
sorting of Canl. Furthermore, this downregulation proved to be dependent on Bull/2 but
not on Artl (Figure 4D). We thus tried to take advantage of this condition, to directly
compare the rate of CHX- vs Am-induced endocytosis of Canl in Pro-grown ypt6A cells.
However, we realized that this experiment is not feasible, since CHX addition to Pro-
grown cells leads to Can1 endocytosis that is independent of Artl and the Bull/2 (Supple-
mentary Figure 52). More work is needed in order to dissect this phenotype.

Overall, our results support the following model (Figure 4E): When TORC1 is stim-
ulated by Am addition in Pro grown cells, the activated Bull/2 promote the ubiquitylation
and endocytosis of Canl. However, this does not lead to efficient vacuolar sorting, most
probably because ubiquitylation is too limited or de-ubiquitylation is particularly effi-
cient, causing recycling of Canl via the TGN. On the contrary, CHX addition in Am grown
cells causes a more pronounced activation of TORC1, and at the same time could poten-
tially block transporter recycling [38], eventually leading to more efficient vacuolar sort-
ing of Canl.

2.4. Canl in the Outward-Facing Conformation Is Not Recognized by TORC1-Activated Artl

A previous study reported that Artl, the primary alpha-arrestin involved in the sub-
strate-induced ubiquitylation and endocytosis of Canl [17,29], is required for CHX-in-
duced Canl endocytosis [20]. In contrast, the results presented herein show that in our
conditions, Artl is not involved in the CHX-induced endocytosis of Canl. These results
are also in line with our previous findings that Artl promotes efficient Canl ubiquityla-
tion and down-regulation only when the permease shifts to an inward-facing (IF) confor-
mation, which exposes the Artl-BS at the N-tail (Figure 1, [29]). Hence, in the absence of
Arg and the presence of CHX, TORC1-hyperactivated Artl cannot in principle recognize
Canl because the Art1-BS remains masked (Figure 4E). A prediction compatible with this
model is that TORCI activation by CHX treatment should promote efficient Artl-depend-
ent ubiquitylation and endocytosis of a Canl protein whose Art1-BS is exposed to the
cytosol (and thus to activated Artl) even in the absence of Arg. To assess this prediction,
we took advantage of a particular inactive Can1 allele, Can1(E184Q). We have previously
provided evidence—using structural modeling, ubiquitylation/endocytosis assays, and
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confocal microscopy-based microdomain partitioning [29,60] —that Can1(E184Q) is stabi-
lized in an inward-facing conformation and thereby constantly exposes the Art1-BS. The
results presented in Figure 5A clearly show that Can1(E184Q) is hypersensitive to CHX-
induced endocytosis. Most importantly, this hypersensitivity of Can1(E184Q) to CHX is
due to Artl and not the Bull/2 adaptors, since it is not reduced in bull/2A cells, strongly
indicating that Art1 is able and very efficient to promote the vacuolar delivery of this par-
ticular Canl mutant. Consistently, the hypersensitivity of Can1(E184Q) to CHXis reduced
in art1A cells to levels comparable with the Bull/2-dependent vacuolar sorting of wt Can1
but is strongly impaired in the triple art1A bull/2A strain. Results in the same direction
have been obtained by combining in cis the E184Q substitution with Ala-substitutions in
the Art1-BS and/or the Bul-BS (Figure 5B). Total protection from CHX-induced endocyto-
sis was only evident for the mutant combining the E184Q with mutations in both the Art1-
BS and Bul-BS. In keeping with these observations, a Canl mutant bearing Ala-substitu-
tions in residues 87-89, previously shown to be required for masking the Art1-BS (Figure
3A) [29], is also hypersensitive to CHX (Supplementary Figure S1) and this depends on
Artl (data not shown). The above results in total strongly indicate that Artl is activated
upon CHX addition and able to mediate Canl ubiquitylation only if the Art1-BS is ex-
posed (Figure 5C).
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Figure 5. Artificial exposure of the masked Art1-BS at the N-tail of Canl renders the permease sensitive to TORC1-acti-
vated Artl. (A) Epifluorescence microscopy of wild type Can1-GFP and Can1(E184Q) -GFP in wt, bul1/2A, art1A, and art1A
bul1/2A strains. Cells were grown in Gal and Am MM. Glu was added for 1 h followed by addition of CHX for 3 h. Quan-
tifications: Plasma membrane (PM) to internal GFP fluorescence intensity ratios are plotted (1 = 38-135 cells). Quantifica-
tions, representations and scale bar as in Figure 2A. The quantifications for wt Canl are the same from Figure 2A, since
the experiments have been performed in parallel. (B) Epifluorescence microscopy of gaplA canlA cells expressing the
indicated Can1 alleles combining E184Q with Ala substitutions in either the Art1-BS (residues 74-77), or the Bul-BS (resi-
dues 66-69) or both. Conditions, quantifications (1 = 128-160) and representations as in A. (C) Schematic representation
of the results concerning the CHX-induced endocytosis of Can1(E184Q). This allele stabilizes Canl in an Inward-Facing
conformation and constitutively exposes the binding site for Art1 (residues 70-81, green hemicycle). Upon CHX addition,
Canl is recognized not only by the Bull/2 (Figure 4E), but also by Artl, leading to more efficient ubiquitylation by Rsp5,
endocytosis and degradation.
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3. Discussion

In this work, we uncover the molecular mechanisms driving the endocytosis of the
Arg permease Canl by CHX. Consistent with previous reports [20], we show that CHX
causes a hyperactivation of TORC1, reflected by a strong increase of Nprl phosphoryla-
tion (Figure 4C). TORC1-mediated phosphorylation of Nprl is well known to inactivate
the kinase, while a main role of Npr1 is to phospho-inhibit alpha-arrestins such as Bull/2
and Artl [16,20,56]. Thus, the observed hyperphosphorylation of Nprl by TORC1 is ex-
pected to lead to a hyper-activation of Bull/2 and Art1 [16,20], known to be involved in
Canl downregulation [10,17,29]. However, our results support that when TORCI is acti-
vated under conditions where Canl substrates are unavailable in the external medium,
only Bull/2 are able to promote Canl endocytosis, and they do so via a small putative Bul-
BS sequence (residues 62-69) at its N-terminal tail (Figure 4E). This endocytosis is induced
by Rsp5-mediated covalent attachment of Ub at residues Lys* and/or Lys* of Canl and
results in efficient vacuolar sorting of Canl for degradation. The mechanism is thus very
similar to the downregulation of the general amino acid permease Gapl in response to
Ammonium-induced TORCI activation [16].

Our results showing that TORC1-stimulated Artl does not contribute to Canl endo-
cytosis upon CHX treatment contradict those reported previously [10,20]. This apparent
discrepancy can be reconciled by taking into account that Art1 participates in the substrate
transport-induced endocytosis of Canl (Figure 1) [10,17,29]. In this case, however, the trig-
ger of permease ubiquitylation is not only activation of Artl by TORC1, but also a shift of
Canl from an outward-facing to an inward-facing conformation, unveiling the Art1-BS.
This conformational switch occurring during Arg transport could also happen when Lys
or His, which are lower affinity substrates of Canl [61] and common supplements in yeast
growth media for complementing auxotrophies, are present in the external medium. Un-
der these conditions, Canl molecules in an inward-facing conformation are likely more
populated and thus more prone to ubiquitylation and downregulation via Artl upon
TORCT1 activation by CHX treatment. This view is fully supported by our results showing
that Artl promotes particularly efficient CHX-induced endocytosis of the inactive
Can1(E184Q) mutant that is stabilized in an inward-facing state, thereby constantly ex-
posing the Artl-BS (Figure 5C). The presence of Canl substrates in the medium could
potentially favor Canl ubiquitylation and endocytosis via another mechanism, namely
exit of the protein from specialized domains of the plasma membrane called the Mem-
brane Compartment of Can1l (MCC) [62]. Within this domain, Can1 and other transporters
have been found to be protected from ubiquitylation and endocytosis, while they tend to
diffuse out of them upon substrate transport [26,60,63-68], which should thus make them
more accessible to the TORC1-activated Artl.

Our results provide further clarification concerning how distinct amino acid trans-
porters respond differently to favorable nitrogen supply conditions. Specific transporters
have been shown to localize at the plasma membrane only when cells are grown on poor
nitrogen sources (i.e., when TORC1 is lowly active), and to be efficiently endocytosed
when TORCI is stimulated upon addition of a good nitrogen source like Ammonium.
These include Put4, the transporter of the poor nitrogen source Pro [69,70], and the general
amino acid permease Gapl, a transporter of broad specificity acting as amino acid scav-
enger [71]. On the contrary, there is another category of transporters displaying high spec-
ificity, namely Canl, Mupl, Tat2, and Lyp1, which are known to be at the plasma mem-
brane even in the presence of ammonium, i.e., conditions of high TORCI1 activity
[17,29,32,61,72,73]. These transporters are endocytosed when two conditions are met:
presence of their substrate, and stimulation of Art1 via activated TORC1 [17,29,30,32]. This
mechanism has been proposed to add specificity to the endocytosis of these transporters,
ensuring that only those whose substrate is available are endocytosed, in order to avoid
toxicity due to the over-accumulation of a certain amino acid [29]. The results presented
herein suggest that the difference in the sensitivity of a given transporter to TORC1-stim-
ulation is determined not only via recognition by different alpha-arrestins, but also by
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differential sensitivity to the same alpha-arrestins. More specifically, it seems that Gapl is
highly sensitive to Bull/2, and gets endocytosed with high efficiency even when these
alpha-arrestins are activated by Ammonium [16,17,74]. On the contrary, Canl—and po-
tentially also Mupl, Tat2, and Lypl —seems to be less sensitive than Gap1 to Bull/2, and
a hyperactivation of TORCI is in this case required in order to achieve efficient downreg-
ulation. How this differential sensitivity to the Bull/2 is determined remains to be clari-
fied, and this could be related to the nature of the Bul-BS at the N-termini of the two trans-
porters, or to the efficiency of de-ubiquitylation and recycling (see also below). Neverthe-
less, the differential regulation of these transporters likely reflects the different roles they
accomplish in the cell. The amino acid scavenging role of Gapl1 in nitrogen-starved cells
is no-longer advantageous under nitrogen-replete conditions. On the contrary, accumula-
tion at the plasma membrane of transporters for specific amino acids even in nitrogen-
rich conditions can be beneficial under certain conditions. Indeed, the supply of certain
amino acids is known to be beneficial for growth during fermentation. For example, Arg
supplementation in Schizosaccharomyces pombe can reduce the dependence of amino acid
biosynthesis on mitochondrial activity [75], while Met and Lys uptake allows for the re-
duction of NADPH consumption coupled to the biogenesis of both amino acids, resulting
in a beneficial antioxidant effect [76]. Interestingly, Canl, Mupl, and Lyp1, the permeases
specific for these amino acids, have all been shown to partition to the MCC [40]. Partition-
ing of Canl and Mupl to MCCs is known to protect the permeases from ubiquitylation
and endocytosis [60,63], while at least for Canl this protection is known to occur at the
stationary phase or upon glucose starvation, ensuring optimal growth recovery upon nu-
trient re-supply [26,60].

Finally, it would be interesting to understand in detail the metabolic effects caused
by CHX addition and leading to TORC1 hyperactivation. The blockage of protein synthe-
sis by CHX has been previously suggested to lead to high-level accumulation of free in-
ternal amino acids [48,50]. Cells could naturally encounter such a situation when amino
acids are highly concentrated in the extracellular medium. This condition has been shown
to be potentially toxic for yeast cells [77]. Thus, massive endocytosis of transporters in
response to TORC1 hyperactivation might have been naturally selected to avoid amino
acid toxicity. In addition to TORC1 hyperactivation, CHX treatment could potentially
block the recycling of Canl back to the plasma membrane (Figure 4), similarly to previ-
ously published results about Fur4 [38]. The underlying mechanism, however, is not
known and future work will be needed to characterize whether this is a more general
phenomenon. A potential explanation could be that the neosynthesis of a high-turnover
protein needs to be maintained for supporting efficient recycling of membrane cargos
back to the plasma membrane. An alternative explanation worth being considered is that
TORC1 hyperactivation results in the active inhibition of transporter recycling. Indeed,
activated TORC1 is well known to promote the ubiquitylation of transporters, while de-
ubiquitylation has been reported to favor the recycling of transporters back to the plasma
membrane [18,19,36]. Thus, hyperactivation of TORC1 could potentially result in highly
efficient ubiquitylation of both cargo proteins and adaptors, thus overriding de-ubiq-
uitylation and recycling. Another aspect worth being considered is that TORC1 compo-
nents have recently been reported to localize to endosomes and to have specialized sig-
naling functions [78], while the Rag/Gtr GTPases involved in TORC1 activation have ad-
ditionally been reported to play an important role in the recycling of specific cargos from
endosomes to the cell surface [79]. It is thus tempting to speculate that this functionally
and spatially distinct pool of Rag/Gtr-TORC1, when hyperactivated upon CHX treatment,
might locally control the ubiquitylation and/or recycling of transporters.
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4. Materials and Methods
4.1. Yeast Strains, Plasmids and Growth Conditions

Strains used in this study (Supplementary Table S1) derive from Sigmal278b. The
npil-1 strain has a Ty element inserted in the promoter of RSP5, resulting in many-fold
reduced expression [6]. Cells were grown at 29 °C on a minimal buffered medium, pH 6.1
[80], with galactose (Gal; 2-3%) or glucose (Glu; 3%) as carbon source. Nitrogen sources
added in the growth media were ammonium, in the form of (NH4)2SOs (10 mM), or L-
Proline (10 mM). The final concentrations of substances added were arginine (5 mM),
(NH4)2504 (10 mM), rapamycin (200 ng/mL), and cycloheximide (50 pg/mL). The CAN1-
GFP genes were expressed from centromeric plasmids under the control of the GAL pro-
moter. Cells were grown on galactose medium, and glucose was added for 0.5 or 1.0 h, in
order to allow all Can1-GFP molecules to reach the plasma membrane [17], before cell
transfer to conditions inducing transporter ubiquitylation/endocytosis. The plasmids
used in this study are listed in Supplementary Table 52. New plasmids were constructed
by in vivo homologous recombination in yeast, as previously described [29,81], cloned by
rescuing in Escherichia coli and verified by sequencing. Nucleotide sequences are available
upon request.

4.2. Epifluorescence Microscopy

The subcellular location of Can1-GFP in Athens was visualized with an Axioplan 2
(Carl Zeiss, Inc.) epifluorescence microscope equipped with Plan-Apochromat x100 1.40
NA oil immersion objective lens, and appropriate fluorescence light filter sets. Images
were captured with a Retiga3 (QImaging, Surrey, BC, Canada) digital camera and Occular
2.01 acquisition software (Teledyne Photometrics, Tucson, AZ, USA). Epifluoresence mi-
croscopy acquisition in Gosselies was performed with an Eclipse 80i (Nikon) epifluores-
cence microscope equipped with a 100x differential interference contrast, numerical aper-
ture (NA) 1.40 Plan-Apochromat objective (Nikon, Tokio, Japan) and appropriate fluores-
cence light filter sets. Images were captured with a DS-Qi1Mc-U3 (Nikon) digital camera
and NIS-Elements 4.3 acquisition software (Nikon). Images were processed with FIJI soft-
ware (National Institutes of Health, Bethesda, MD, USA) [82] and annotated with Pho-
toshop (Adobe Systems, San Jose, CA, USA). Cells from early logarithmic phase liquid
cultures were laid on a thin layer of 1% agar supplemented with appropriate nutrients
and observed at room temperature. In each figure, only a few representative cells, ob-
served in at least two independent biological replicate experiments, are shown. In key
experiments, fluorescence intensity was quantified.

4.3. Fluorescence Quantification and Statistical Analysis

The fluorescence intensity of Can1-GFP was quantified using FIJI software [82], as
before [29]. Briefly, two homocentric ellipses outlining the whole cell or everything but
the plasma membrane (PM) were manually drawn. The ratio of PM-to-internal-mean-
pixel intensity for each cell population is presented in box-and-whisker plots. The values
obtained underestimate the actual ratios, because the internal fluorescence also includes
background cell fluorescence due to epifluorescence microscopy. Prism software, one-
way analysis of variance (ANOVA) with the nonparametric Kruskal-Wallis test, and
Dunn’s multiple-comparison post hoc analyses were used to assess the significance of PM-
to-internal-fluorescence ratio value differences.

4.4. Protein Extracts and Western Blotting

Total cell protein extracts were prepared and analyzed by SDS-PAGE as previously
described [6]. Proteins were transferred to either a nitrocellulose membrane (Protran; Per-
kin Elmer, Waltham, MA, USA) or PVDF (Immobilon, Macherey Nagel, Diiren, NW, Ger-
many) and probed with a mouse monoclonal anti-GFP (Roche, Basel, Switzerland), anti-
hemagglutinin (anti-HA) (Roche, Basel, Switzerland), anti-yeast 3-phosphoglycerate
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kinase (anti-PGK; Invitrogen), or anti-actin (sc47778, Santa Cruz Biotechnology, Dallas,
TX, USA). Primary antibodies were detected by enhanced chemiluminescence (Roche, Ba-
sel, Switzerland, or Millipore, Burlington, MA, USA) after treatment with horseradish-
peroxidase-conjugated anti-mouse immunoglobulin (Ig) G secondary antibody (Sigma-
Aldrich, St. Louis, MO, USA, or Cell Signalling, Danvers, MA, USA). Signals were de-
tected with CL-Xposure film (Thermo-Fischer Scientific, Waltham, MA, USA) or Im-
ageQuant LAS 4000 mini (FujiFilm, Tokio, Japan). Films were scanned and annotated with
FIJL

4.5. Quantification and Statistical Analysis of Western Blots

Relative semi-quantitative amounts of total Can1-GFP and Ub-Can1-GFP were esti-
mated from 1-8 biological replicates of non-saturated exposures using the gel analyzer
tool of FIJI [82]. For this purpose, each respective band was selected by using rectangular
ROl selection and “Gels” analyzer, followed by quantification of the peak area of obtained
histograms. Data were acquired as area values. In each graph, the ratios of Ub-Can1-GFP
/total Can1-GFP are plotted in scatter dot plots. Ratios are zero in cases where the Ub-
Can1-GFP signal was not detected. Unpaired two-tailed Student’s T-tests with parametric
analyses (Prism, Graphpad, San Diego, CA, USA) were used to assess the significance of
Ub-Canl1-GFP/total Can1-GFP ratio value differences.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/ijms221910208/s1.
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