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How do changes in the environment trigger selective internal-
ization of membrane proteins? This question is of broad bi-

ological importance since efficient endocytosis impacts many fac-
ets of cell physiology. In this issue of Molecular and Cellular
Biology, Merhi and André (11) provide a compelling answer. They
define a molecular pathway that leads from nutrient uptake
through intracellular signaling to internalization of a specific nu-
trient permease. Their findings elegantly connect a cast of regula-
tory characters, including the nutrient-regulated TORC1 com-
plex, a protein kinase (Npr1) that is a TORC1 target, and the
14-3-3 phosphoserine-binding proteins (11). Importantly, they
demonstrate that two members of the �-arrestin or arrestin-re-
lated trafficking adaptor (ART) family, Bul1 and Bul2, serve as
linchpins connecting nutrient signaling to protein trafficking
(11). The pathway that they describe bears striking similarity to
the recently reported control of two other �-arrestins (1, 10), sug-
gesting that a conserved mechanism regulates arrestin-mediated
trafficking.

A Gap in our knowledge. In Saccharomyces cerevisiae, the gen-
eral amino acid permease Gap1 is a nonspecific transporter of all
L-amino acids and many amino acid analogs (5). Since studies of
Gap1 began over 40 years ago in the Grenson lab (5), the traffick-
ing of Gap1 has served as a model to identify basic features of
signal-induced endocytosis. Subsequent work from many groups,
notably the Kaiser and André labs, has demonstrated that Rsp5,
now known to be a protein-ubiquitin ligase (the mammalian or-
tholog is Nedd4) (14), and Npr1, now known to be a protein
kinase (as reviewed in reference 9), antagonistically control Gap1
delivery to the plasma membrane in response to changes in the
available nitrogen source (6, 17). When cells are grown on a non-
preferred (or poor) nitrogen source, like proline, Gap1 localizes to
the plasma membrane, where its ability to transport a broad spec-
trum of amino acids assists in nitrogen scavenging. Under these
conditions, Gap1 is stabilized at the cell surface by active Npr1
kinase (3, 16). Npr1 is negatively regulated by TORC1, which is
active when amino acids are abundant (9, 15). Conversely, growth
on a preferred (or good) nitrogen source like ammonium pro-
motes Rsp5-mediated ubiquitylation of Gap1 and stimulates its
endocytosis (17). Like many membrane proteins, Gap1 lacks the
sequence motifs (consensus PPXY or LPXY [14]) needed to bind
Rsp5 directly. Instead, Bul1 and Bul2, which have these motifs,
likely recruit Rsp5 to stimulate Gap1 ubiquitylation and internal-
ization (6, 13, 17). However, a detailed molecular mechanism
connecting nutrient supply to Gap1 trafficking remained elusive.
It was not clear how nitrogen quality regulated Gap1 localization
or what controlled Bul-mediated ubiquitylation of Gap1.

Ammonium ion uptake leads the way. In this work, Merhi
and André (11) make extensive use of the well-established nitro-
gen regulation of Gap1 trafficking: they grow cells on a nonpre-
ferred nitrogen source (proline), where Gap1 is localized to the

plasma membrane, and then add NH4
�, a preferred nitrogen

source, which induces Gap1 ubiquitylation and internalization.
They demonstrate, first, that NH4

�-induced Gap1 ubiquitylation
and endocytosis require uptake through the ammonium ion per-
meases Mep1, Mep2, and Mep3 and production of glutamate,
mainly by glutamate dehydrogenase Gdh1 during growth on glu-
cose (Gdh3 does so under nonfermentative conditions). Although
Gdh2 is thought to have mainly a catabolic role (converting glu-
tamate to �-ketoglutarate), Mehri and André found that when
NH4

� is plentiful, it can also contribute to glutamate synthesis
(11). Glutamate, in turn, is the nitrogen donor for synthesis of
many amino acids. Thus, the authors hypothesize that when
NH4

� is added to proline-grown cells, it may increase amino acid
levels and activate TORC1, which promotes robust growth and
proliferation under nutrient-replete conditions. How intracellu-
lar amino acids activate TORC1 is not fully understood. Recent
work demonstrates that leucine bound to its leucyl-tRNA synthe-
tase (LeuRS) interacts with the Rag GTPase in the yeast EGO com-
plex, which in turn activates TORC1 (2). Perhaps, addition of
NH4

� and its conversion to glutamate increase leucine levels
and/or or other amino acid levels to stimulate TORC1 via a similar
mechanism, but this remains to be determined. Active TORC1
destabilizes Gap1 by stimulating endocytosis of the existing per-
mease (as reviewed in reference 9); TORC1 inhibits Npr1 in a
switch-like manner by directly phosphorylating negative regula-
tory sites in Npr1 and concomitantly preventing dephosphoryla-
tion of those sites by sequestering the phosphatase needed to de-
phosphorylate Npr1, Sit4 (as reviewed in reference 9). It was
known that loss of Npr1 function causes enhanced ubiquitylation
and internalization of Gap1 (3, 16). Here, the authors show that
Npr1 remains dephosphorylated, even after NH4

� addition, if (i)
TORC1 is pharmacologically inhibited with rapamycin or (ii)
NH4

� uptake is prevented (in mep1� mep2� mep3� triple mutant
cells) (11). Thus, the authors begin to reveal Npr1 regulation:
NH4

� internalization and conversion to glutamate and perhaps
other amino acids activate TORC1 through an undefined mecha-
nism (which may be similar to the tRNA-synthetase/EGO activa-
tion pathway [2]), and this in turn inhibits Npr1 and promotes
Gap1 internalization (Fig. 1). It will be interesting to see in future
studies if components of this same signaling pathway are impor-
tant for Gap1 endocytosis when it is induced by amino acids trans-
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ported by the permease itself. Since Gap1 is not a direct substrate
of Npr1, the path between nutrient regulation of the Npr1 protein
kinase and Gap1 sorting was still unclear.

Arrestin’ developments. The link between nutrient signal-reg-
ulated Npr1 and Gap1 trafficking is the �-arrestins. The authors
show, first, that Bul1 and Bul2 are bona fide members of the �-ar-
restin family. Mutation of either the Bul1 Rsp5-binding PPXY
motif or residues in its conserved arrestin domain prevents Bul1-
mediated ubiquitylation and endocytosis of Gap1 (11). These
findings are important: Bul1 and Bul2 were only recently recog-
nized as bearing resemblance to other members of the �-arrestin
family, and this work is the first demonstration that elements
needed for the function of other �-arrestins are also critical for Bul
function, solidifying their status as �-arrestins.

The authors then tie nitrogen regulation to Bul function by

demonstrating that Bul1 and Bul2 are dephosphorylated, and
concomitantly ubiquitylated by Rsp5, in response to NH4

� addi-
tion (11). Furthermore, in the absence of functional Npr1, Bul1
dephosphorylation and partial ubiquitylation cause sorting of
Gap1 to the vacuole, even on a nonpreferred nitrogen source.
Although the authors do not show direct Npr1-mediated phos-
phorylation of Bul1 in this study, other �-arrestins are established
Npr1 substrates (10, 12). Thus, Npr1 may phosphorylate Buls
directly. Consistent with this, Bul1 is shown here to undergo an
Npr1-dependent phosphoswitch. In proline-grown cells where
Npr1 is highly active, Bul1 phosphorylation, as judged by mobility
shift, is observed and Bul1-dependent Gap1 endocytosis is im-
paired (11). When ammonium is added and Npr1 is inactive, Bul1
dephosphorylation occurs and Gap1 internalization is stimulated
(Fig. 1). What, then, controls Bul1 dephosphorylation?

FIG 1 Model of the molecular mechanism governing Bul-mediated trafficking of Gap1. In cells grown on a nonpreferred nitrogen source (left panel), like proline, Gap1
is stabilized at the plasma membrane where it scavenges nitrogen. Proline taken up through Gap1 is converted to glutamate by Put1 and Put2, the proline oxidase and
pyrroline carboxylate dehydrogenase found in the mitochondria. However, proline-to-glutamate conversion is not efficient and may result in a smaller intracellular pool
of glutamate and other amino acids that is unable to robustly activate TORC1. Gap1 stabilization at the cell surface is due to TORC1 inhibition. Npr1 becomes an active
kinase as it is no longer phosphorylated in a TORC1-dependent manner and is dephosphorylated in a Sit4-dependent manner. It should be noted that Sit4 phosphatase
does not associate with Tap42 when TORC1 is inhibited, altering Sit4 substrate specificity; the Bul proteins are not dephosphorylated. These conditions lead to
Npr1-dependent phosphorylation of Bul1 and Bul2, which promotes Bul association with 14-3-3 proteins and prevents Bul-mediated ubiquitylation and endocytosis of
Gap1. In cells where the preferred nitrogen source ammonium (NH4

�) is added to proline-grown cells (right panel), the ammonium permeases (Mep1, -2, and -3) are
needed for Gap1 endocytosis. Internalized ammonium is converted to glutamate by condensation with �-ketoglutarate, which is catalyzed by the glutamate dehydro-
genases Gdh1 and Gdh3 (the latter used in the presence of a nonfermentable carbon source). Though it is typically associated with catabolism, Merhi and André suggest
that Gdh2 may also synthesize glutamate. Glutamate is a nitrogen donor for the biosynthesis of many amino acids, and rapid addition of ammonium to proline-grown
cells may increase glutamate levels and subsequently increase the pool of other amino acids. Elevated intracellular amino acid levels activate TORC1; however, a precise
mechanism for how each amino acid contributes to this remains to be defined. Leucine specifically has been shown to bind leucyl-tRNA synthetase (LeuRS), which
activates the Rag GTPase in the EGO complex, to in turn activate TORC1. A similar mechanism may operate here as a result of increased leucine or other amino acids;
however, this remains to be experimentally determined. Active TORC1 kinase phosphorylates and inhibits Npr1, so that it no longer maintains Bul1 and Bul2 in a
phosphorylated state. Active Sit4 phosphatase further promotes Bul1 and Bul2 dephosphorylation. Association of Sit4 with Tap42 directs its substrate specificity and may
promote its targeting to Bul1 and Bul2. Dephosphorylation of Buls prevents 14-3-3 binding and promotes their ubiquitylation. Dephosphorylated and ubiquitylated Buls
promote Rsp5-mediated ubiquitylation of Gap1 at the cell surface, triggering Gap1 endocytosis. Internalized Gap1 is trafficked to and degraded in the vacuole (yeast
lysosome equivalent). Green arrows indicate activation. Red T-bars indicate inhibition. Dashed lines indicate where direct regulation has not yet been demonstrated and
suggest that additional regulators may be important. Question marks denote aspects of the model that require further experimental support. Thick black lines indicate
protein trafficking. Thin black arrows indicate the phosphoswitch on Bul1 and Bul2. Phosphorylation is denoted by purple circles with “P” inside, and ubiquitylation is
denoted by a star with “ub” inside.
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Interestingly, Merhi and André show that Bul1 dephosphoryla-
tion depends on the phosphatase Sit4 (11). As suggested by prior
work and confirmed here, the absence of Sit4 results in hyperphos-
phorylated, constitutively inactive Npr1 (15). Thus, the authors ex-
pected to find that in the absence of Sit4, phosphoinhibition of Npr1
would result in Gap1 removal from the cell surface and its localization
to the vacuole. Surprisingly, in cells lacking Sit4, Gap1 localizes to the
plasma membrane, strong evidence that Sit4 plays an additional role
in the Gap1 regulatory circuit (11). Indeed, in sit4� cells, Bul1 is no
longer dephosphorylated when NH4

� is added, and Gap1 remains at
the plasma membrane. Although not addressed in this work, one
interpretation of these findings is that the Buls themselves are direct
substrates of Sit4, and NH4

�-induced and Sit4-dependent dephos-
phorylation of Buls is required for Bul-stimulated Gap1 ubiquityla-
tion and endocytosis (Fig. 1). However, this model leaves Sit4 with
two seemingly contradictory roles: (i) promoting Gap1 stability at the
cell surface by dephosphorylating and activating Npr1 and (ii) pro-
moting Gap1 endocytosis by dephosphorylating Bul1. This conun-
drum may be resolved by nitrogen-regulated association of Sit4 with
proteins like Tap41 and Tap42 (9), which help target Sit4 to specific
substrates. This interesting Sit4-regulatory dichotomy and assess-
ment of direct regulation of Buls by Npr1 and/or Sit4 are worthy of
future study.

14-3-3 proteins corral the Buls. Merhi and André next sought
to understand how phosphorylation inhibits Bul function. Since
other yeast �-arrestins bind 14-3-3 proteins, Bmh1 and Bmh2, in
a phosphorylation-dependent manner (7), they explored the pos-
sibility that 14-3-3 proteins might be important phosphodepen-
dent negative regulators of Bul function. Indeed, they show that in
proline-grown cells, phosphorylated Bul1 copurifies Bmh2,
whereas in NH4

�-grown cells (where Buls are dephosphorylated)
Bmh2 no longer associates with Bul1 (11). Although others have
observed that S. cerevisiae cells lacking both Bmh1 and Bmh2 are
inviable, Mehri and André were able to generate bmh1� bmh2�
double mutants in their strain background. In their Bmh1- and
Bmh2-deficient cells, Gap1 trafficked to the vacuole even when
proline was the nitrogen source. Thus, Bmh1 and Bmh2 are neg-
ative regulators of Bul function (11). Presumably, Npr1 phos-
phorylation of the Buls allows 14-3-3 binding, which precludes
Bul-mediated downregulation of Gap1. Conversely, dephosphor-
ylation of Buls alleviates 14-3-3-mediated repression and allows
the Buls to promote Gap1 ubiquitylation and endocytosis (Fig. 1).

Phosphoregulation of arrestins—an emerging theme. Two
other recent studies report a strikingly similar phosphoinhibition
of �-arrestin-mediated endocytosis. Becuwe et al. (1) show that, in
lactate-grown cells, phosphorylation of �-arrestin Rod1 (Art4)
promotes 14-3-3 binding and prevents Rod1-dependent ubiqui-
tylation and endocytosis of the lactic acid permease Jen1. Con-
versely, in the presence of glucose, Rod1 is dephosphorylated, no
longer binds14-3-3 proteins, becomes ubiquitylated, and triggers
Jen1 endocytosis. Although Rod1 interacts with the Rsp5 ubiqui-
tin ligase under all conditions tested, Becuwe et al. propose that
phosphorylation and 14-3-3 binding preclude Rsp5-mediated
ubiquitylation of Rod1 and also presumably Jen1 (1). Thus, phos-
phorylation and 14-3-3 binding inhibit both Rod1- and Bul1-
mediated endocytosis. However, a key difference between Bul1
and Rod1 is the link between �-arrestin dephosphorylation and
ubiquitylation. Bul1 becomes ubiquitylated in response to a pre-
ferred nitrogen source even when its dephosphorylation is pre-
vented (by loss of Sit4). Under these conditions, since Bul1 is still

phosphorylated, 14-3-3 binding should be maintained, and there-
fore, 14-3-3 binding must not prevent Bul-mediated endocytosis
by blocking Bul1 ubiquitylation. Thus, alternative roles for phos-
phorylation- and/or 14-3-3-mediated processes may be involved
in controlling �-arrestin function.

In support of this, �-arrestin Ldb19 (Art1) is ubiquitylated
even in the absence of cycloheximide, a stimulus known to prevent
phosphorylation of Art1 and stimulate Art1-mediated endocyto-
sis of the arginine permease Can1 (8, 10). Thus, ubiquitylation
and phosphorylation appear to be uncoupled in Art1. A role for
14-3-3 proteins in regulating Art1-mediated endocytosis has not
been explored; however, like Bul1 and Rod1, phosphorylation in-
hibits Art1-mediated endocytosis. Moreover, as with Bul1 and
Bul2, nutrients, TORC1, and Npr1 all control Art1 phosphoryla-
tion (10). Npr1 phosphorylates Art1 in vitro, and Art1 phosphor-
ylation inhibits its localization to the plasma membrane and its
ability to internalize Can1 in vivo (10). The impact of phosphor-
ylation on Bul1 and Bul2 localization has not yet been tested;
however, it seems likely that phosphorylation and/or 14-3-3 bind-
ing may prevent Bul1 localization to the cell surface and inhibit its
endocytic function.

Similar phosphoinhibition of the �-arrestins, dedicated adap-
tors involved in G-protein-coupled receptor internalization, has
been observed. Dephosphorylation of mammalian or dipteran
�-arrestins promotes their association with the plasma mem-
brane, clathrin, and AP-2 and is important for receptor endocy-
tosis (as reviewed in reference 4). Also, �-arrestins interact with
14-3-3 proteins, and this association is reduced upon receptor
stimulation by agonist (18), concomitant with �-arrestin dephos-
phorylation. Thus, the paradigm that has emerged from this study
for phosphoregulation of �-arrestins in yeast may be broadly ap-
plicable to both �- and �-arrestins across all eukaryotes.
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