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Transport activity—-dependent intracellular sorting

of the yeast general amino acid permease
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ABSTRACT Intracellular trafficking of the general amino acid permease, Gap1p, of Saccharo-
myces cerevisiae is regulated by amino acid abundance. When amino acids are scarce Gap1p
is sorted to the plasma membrane, whereas when amino acids are abundant Gap1p is sorted
from the trans-Golgi through the multivesicular endosome (MVE) and to the vacuole. Here we
test the hypothesis that Gap1p itself is the sensor of amino acid abundance by examining the
trafficking of Gap1p mutants with altered substrate specificity and transport activity. We
show that trafficking of mutant Gap1p*%?”Y, which does not transport basic amino acids, is
also not regulated by these amino acids. Furthermore, we have identified a catalytically inac-
tive mutant that does not respond to complex amino acid mixtures and constitutively sorts
Gap1p to the plasma membrane. Previously we showed that amino acids govern the propen-
sity of Gap1p to recycle from the MVE to the plasma membrane. Here we propose that in the
presence of substrate the steady-state conformation of Gap1p shifts to a state that is unable
to be recycled from the MVE. These results indicate a parsimonious regulatory mechanism by
which Gap1p senses its transport substrates to set an appropriate level of transporter activ-
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ity at the cell surface.

INTRODUCTION

The yeast Saccharomyces cerevisiae encodes 24 members of the
amino acid—polyamine-organocation (APC) superfamily of trans-
porter proteins, which are responsible for transport of amino acids
and other amines across the plasma membrane (Nelissen et al.,
1997; Jack et al., 2000). APC proteins share a common topology
with 12 trans-membrane domains (TMDs) and cytosolic N and C
termini. The physiological function of individual APC family mem-
bers can be deduced from their mode of regulation. For example,
the activity of several transporters, including AGP1, BAP2, BAP3,
GNP1, TAT1, and TAT2, has been shown to be induced by amino
acids through regulation of the Ssy1p-Ptr3p-Ssy5p (SPS) amino acid
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sensor complex (Didion et al., 1998; Iraqui et al., 1999; Forsberg
et al., 2001). Because the transporters regulated by the SPS com-
plex have relatively low capacity and are most active when amino
acids are present in the growth medium, these transporters are
thought to function opportunistically to transport specific amino ac-
ids for use in protein synthesis. By contrast, Gap1p is a high capacity
transporter of all naturally occurring amino acids as well as many
amino acid analogues, and is inactive when amino acids are present
in the growth medium (Grenson et al., 1970; Chen and Kaiser, 2002).
Gap1p is therefore thought to function as a high capacity scavenger
of amino acids for use as a source of nitrogen.

Much of the change in Gap1p activity in response to amino acid
abundance is due to regulated alternative trafficking patterns of
Gap1p in the secretory pathway. At the trans-Golgi, Gap1p can pro-
ceed directly to the plasma membrane, or it can be directly sorted
to the multivesicular endosome (MVE), ultimately to be delivered to
the vacuole via the vacuolar protein-sorting pathway (Roberg et al.,
1997, Rubio-Texeira and Kaiser, 2006). Sorting to the MVE requires
polyubiquitination on lysine 9 and/or 16 of Gap1p by the E3 ubig-
uitin ligase complex of Bul1p, Bul2p, and Rsp5p (Helliwell et al.,
2001; Soetens et al., 2001). Deletion of the redundant BULT and
BUL2 accessory proteins or mutation of both ubiquitin-acceptor
lysines on Gap1p prevents ubiquitination of Gap1p and results in
constitutive sorting of Gap1p to the plasma membrane. Such mu-
tants that constitutively express Gap1p at the cell surface become
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hypersensitive to amino acid analogues as well as to naturally occur-
ring amino acids, probably because of aminoacyl tRNA mischarging
brought about by imbalances in the intracellular concentration of
amino acids (Risinger et al., 2006). We have used amino acid sensi-
tivity to develop genetic screens for GAPT mutants that are resistant
to some amino acids but remain sensitive to others as a means to
find substrate selectivity mutants (Risinger et al., 2006).

In the absence of amino acids, such as in growth on ammonia as
a nitrogen source, Gap1p that has been ubiquitinated and sorted to
the MVE will recycle from the MVE to the plasma membrane, where
it is active for uptake of extracellular amino acids (Roberg et al.,
1997; Rubio-Texeira and Kaiser, 2006). In the presence of amino ac-
ids, this recycling of Gap1p from the MVE is blocked, and Gap1p is
efficiently sorted to the vacuole. We have tested a variety of com-
pounds for their ability to cause Gap1p sorting to the vacuole and
have found that all naturally occurring amino acids (as well as amino
acid analogues that carry both o-carboxylate and o-amino moieties)
are effective at signaling for Gap1p sorting, regardless of their qual-
ity as a source of nitrogen (Chen and Kaiser, 2002). Moreover, mu-
tants that cause overproduction of intercellular amino acids such as
mksTA and temperature-sensitive alleles of LST8, which encode a
subunit of the TORC1 complex, will also trigger Gap1p trafficking to
the vacuole, despite the induction of many cellular responses asso-
ciated with nitrogen starvation (Chen and Kaiser, 2002, 2003).
Although the mechanism by which Gap1p recycling from the MVE
to the plasma membrane is inhibited by amino acids is not under-
stood, these pharmacological and genetic tests for the conditions
required for sorting of Gap1p to the vacuole suggest that the sensor
for amino acid signaling is not related to nitrogen availability but
instead depends on direct recognition of the presence of amino
acids themselves.

Because the broad spectrum of amino acids that are transport
substrates for Gap1p largely coincides with the spectrum of com-
pounds that can trigger Gap1p sorting to the vacuole, we suspected
that Gap1p itself might be the sensor for amino acids. Furthermore,
characterization of the nonubiquitinatable Gap1p<7RK16R allele re-
vealed that complex mixtures of amino acids, such as casamino ac-
ids (CAS), that are not toxic to cells, will reversibly inactivate
Gap1pNRK1eR transport activity as the protein remains at the cell
surface. Importantly, a mutant of Gap1p, which has a selective de-
fect for transport of arginine, is not inactivated at the cell surface by
arginine (Risinger et al., 2006). These findings establish a precedent
for Gap1p transport activity acting as a sensor of amino acids, in this
case to reversibly regulate transporter activity itself.

In this article we apply a similar strategy using Gap1p mutants
with altered specificity or transport activity to test the hypothesis
that the sorting of Gap1p acts in an autoregulatory fashion, in which
active turnover of amino acid substrates in the transport cycle pre-
vents recycling to the plasma membrane and leads to Gap1p sort-
ing to the vacuole.

RESULTS

Gap1p”??7V is defective for transport of basic amino acids
We previously isolated Gap1p*??7V as a substrate specificity mutant
that did not transport citrulline or arginine, but was able to transport
glycine (Risinger et al., 2006). We tested Gap1p*?””¥ for uptake of
alanine, phenylalanine, threonine, glutamate, and lysine to further
characterize its catalytic defect. A strain expressing GAP14277Y
showed the same impairment of transport of citrulline, arginine, and
lysine as a gapTA strain (Figure 1A). Gap1p”?”V allowed normal
transport of all other amino acids tested, although uptake of pheny-
lalanine was decreased to approximately 50% of uptake observed
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for wild-type Gaplp. Thus the transport defect for Gap1p
appeared largely to affect amino acids with basic side chains. Nota-
bly, either cells containing Gap1p*?”Y or gap 1A cells were neverthe-
less able to transport significant amounts of lysine and arginine.
Transport assays in can1A (Risinger et al., 2006) and lyp 1A cells (un-
published data) showed that this residual transport activity was due
to the activities of the basic amino acid permease (Can1p) and the
lysine-specific permease (Lyp1p).

The Ala-297 residue, mutated in Gap1p”?7, lies in the middle of
TMDé and thus could alter the amino acid binding pocket so as to
exclude binding of basic residues. To test for a possible defect in
binding of basic amino acids, we tested whether citrulline could act
as a competitive inhibitor of glycine transport for Gap1p”?”’V. Com-
petition assays used either GAPTKRKISR or GAPTKIRKICRAZIZV gy
pressed in a gapTA can1A strain, which allowed for maximum levels
of the Gap1p at the plasma membrane. We first calculated the ap-
parent K, of glycine transport and found that Gap1p"* !¢} and
Gap1p/RKIRAZIV have similar K, values for glycine: 20.0 £ 5.3 uM
and 12.7 £ 1.12 pM, respectively (Figure 1B). Although there ap-
peared to be an approximately twofold difference between the V5«
for glycine uptake for Gap1p 7RK16R and Gap1pKoRKIRAZTV (1587
and 850.7 pmol/min, respectively), this difference is probably not
due to a significant difference in the specific activity, but can most
easily be explained by differences in the abundance of Gap1p at the
plasma membrane in the two strains. We then tested the ability of
unlabeled citrulline to act as a competitor for uptake of ["*Cl-glycine.
Citrulline could inhibit glycine uptake through both Gap1p!“RK16R
and Gap1p/RKIRAZ9V (Figure 1, C and D). Using the Cheng-Prusoff
equation (Cheng and Prusoff, 1973), we calculated K| values for citrul-
line inhibition to be ~36.6 pM for Gap1p*“RK16R and ~35.6 pM for
Gap1pHRKIRAZIV |n parallel experiments using arginine as an in-
hibitor, we found that the K| for arginine inhibition of ['*C]-glycine
transport by Gap1pKRKI16RAZ97V \yas the same as for Gap1p<oRK16R
(unpublished data). Based on the ability of basic amino acids to
compete for transport of glycine, basic amino acids appear to bind
to the active site of Gap1p”??7V with the same affinity as for wild-
type Gap1lp. Thus we conclude that the Gap1p”?” is blocked at
a step of the transport cycle that takes place after binding of a
basic amino acid. Perhaps Gap1p”??’V cannot undergo the con-
formational changes necessary to complete a transport cycle
when a basic amino acid occupies the active site.

Previously we showed that reversible inactivation of intrinsic
Gap1p activity at the cell surface requires active transport through
Gaplp (Risinger et al., 2006). We therefore tested various amino
acids and combinations of amino acids for their ability to inactivate
Gap1piRIIERA29V at the cell surface (Figure 2). Cells expressing
Gap1piRIIERAZ9V were cultured in either a basic amino acid mix
(hereafter referred to as BAM) consisting of arginine, citrulline, and
lysine at T mM each, and CAS, a mixture containing all amino acids
except tryptophan, at 0.25% (approximately 10 mM total amino
acid concentration). As expected, Gap1piRK16RA297V \yas not inacti-
vated by BAM (Figure 2A), but was inactivated by CAS to the same
degree as Gap1pX7RK16R (Figure 2B). The failure of Gap1piRIK16RA297V
to be inactivated at the cell surface by basic amino acids provides
independent evidence that the Ala-297 to Val mutation specifically
blocks completion of a transport cycle for basic amino acid
substrates.

Sorting of Gap1p into the MVE requires direct recognition
of transport substrates

Amino acid regulation of the distribution of Gap1p between the
plasma membrane and the vacuole is primarily determined by the
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The Gap1p*??7V mutant has a specific defect in transport of positively charged amino acids. (A) Initial rate of
uptake for [*C]-labeled amino acids was determined for wild-type GAP1 (pEC221), gap 14?7V (pNC7), or empty vector
(PRS316), expressed in a gap1A bul1A bul2A (CKY701) strain grown in SD medium. Mean uptake rates (n = 3) were
normalized to the wild-type rate for each amino acid. (B) Kinetic parameters for ['“C]-glycine uptake were determined
for gap1A can1 strains expressing Papn1-GAPTKRKIR o Pppi GAPTKIRKIRA297V The mean (+SEM; n = 3) initial velocity
of uptake was measured as a function of ['*C]-glycine concentration. Fits to the Michaelis-Menten equation revealed
similar K, values: K., = 20.0 + 5.3 pM for Gap1p***®R and K, = 12.7 £ 1.1 uM for Gap1p<RKISRAZV (C and D) Similar

kinetic parameters for citrulline inhibition of ['*C]-glycine uptake were determined for Gap1p<7RK1éR and
Gap1plIRKISRAZ7V |njtial velocity of uptake was measured for 4 pM ['Cl-glycine in the presence of various
concentrations of unlabeled citrulline. Fits to a four-parameter sigmoidal equation gave similar ICsg values:
ICs0 = 30.9 pM for Gap1p"7RK16R and ICsg = 27.0 pM for Gap1pKIRKIRA297Y,

ability of amino acids to inhibit recycling of Gap1p from the MVE to
the plasma membrane (Rubio-Texeira and Kaiser, 2006). To assess
the effects of Gap1p mutations on the response to amino acids, we
designed a redistribution assay to measure the rate of traffic of
Gaplp from the MVE to the plasma membrane. The idea was to
accumulate Gap1p in the MVE by expressing Gap1p in the pres-
ence of a large excess of CAS and then to shut off Gap1p synthesis
for a period of time sufficient to clear newly synthesized Gap1p from
the endoplasmic reticulum (ER) and Golgi compartments and then
to follow the extent of redistribution of Gap1p from the MVE to the
plasma membrane after removal of amino acids. An appropriately
regulated form of Gap1p was constructed by placing GAPT under
control of the GAL10 promoter (Pga.10-GAP1). Synthesis of Pgai10-
GAP1 was induced on galactose medium supplemented with CAS.
Transcription of Gap1p was stopped by incubation of cells in glu-
cose medium with CAS for 1 h, a time sufficient for any newly syn-
thesized Gap1p to transit the early compartments of the secretory
pathway and reach the MVE. At this time, CAS was removed, and
cells were placed into glucose medium with no amino acids (SD) or
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with basic amino acids (SD + BAM). The redistribution assay was
performed in a carlA strain, which lacks arginase, thus inhibiting
conversion of arginine to glutamate and other amino acids (Sumrada
and Cooper, 1982). To determine a maximum level of Gap1p reacti-
vation after CAS removal, we followed the increase in glycine up-
take over the 30 min after removal of amino acids (SD) and found
that activity increased approximately 10-fold. Cells shifted into SD
with BAM did not increase significantly, showing that BAM was suf-
ficient to prevent wild-type Gap1p from redistributing to the plasma
membrane (Figure 3A). In contrast to wild type, Gap1p”2?”V showed
efficient redistribution to the plasma membrane in either SD or
SD + BAM (Figure 3B). This crucial result showed that Gap1p*??”V,
which has a specific defect in the transport of basic amino acids, also
fails to be regulated by basic amino acids at the stage of amino
acid-regulated sorting in the MVE.

As a control, we asked whether disruption of post-Golgi secretory
vesicle-trafficking machinery could disrupt the redistribution of Gap-
1pA277V. Previously we showed that redistribution of Gap1p observed
in cells shifted from glutamate to urea as a nitrogen source requires

Amino acid regulated sorting of Gaplp | 1921
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FIGURE 2: Inactivation of Gap1p at the plasma membrane requires
transport of amino acid substrates. A gap1A strain (CKY482)
expressing either GAPTKRKISR (5 AR77) or GAPT<RKIERA297V (5N C9)
was cultured to exponential phase before addition of (A) BAM mix or
(B) CAS mix. The mean (£SEM; n = 3) initial velocity of ['*C]-glycine
showed that Gap1p"oRK16RA297V is inactivated by CAS but not by BAM.

the exocyst complex and is blocked in temperature-sensitive mutants
such as sec6—4 (Roberg et al., 1997). We anticipated that the redistri-
bution of active Gap1p”?””V to the plasma membrane in the pres-
ence of BAM would require vesicle trafficking and thus should be
blocked in sec6—4 at the restrictive temperature. Strains expressing
Gap1p or Gap1p”"??”V were cultured in duplicate as described earlier
in text, and recycling was measured at both the permissive tempera-
ture of 24°C and the restrictive temperature of 36°C. Prior to removal
of CAS from the glucose medium, one culture of each strain was
shifted to 36°C for 10 min, and then filtered into prewarmed SD or
SD + BAM at 36°C. The control performed on Gap1p-expressing
cells confirmed previous results; only cells at 24°C in SD showed re-
activation (Figure 3C). Gap1p*??”V reactivated in both SD and SD +
BAM at 24°C, as observed in Figure 3B. Gap1p”%”7V was not reacti-
vated in SD or SD + BAM at 36°C, however (Figure 3D). By compari-
son, Gapl1pfRKI6R which is constitutively present at the plasma
membrane but reversibly inactivated by amino acids, increases in
activity to 80% of maximum within 30 min of amino acid washout
(Figure 3E). Thus we conclude that Gap1p redistributes from the
MVE to the plasma membrane and that this recycling relies on
the same machinery required for vesicular trafficking between the
trans-Golgi and the plasma membrane.

To visualize the redistribution of Gap1p, we localized green fluo-
rescent protein (GFP)-tagged Gap1p by fluorescence microscopy
during the redistribution assay (Figure 4A). Prior to removal of CAS,
both Gap1p-GFP and Gap1p”?7V-GFP were primarily located in the
vacuole as well as associated organelles (probably corresponding to
the MVE). After removal of CAS, cells were cultured for 30 min
before imaging. When transferred into medium that did not contain
amino acids (SD), both Gap1p-GFP and Gap1p”?”’V-GFP were ob-
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FIGURE 3: Recycling of Gap1p*??7V to the plasma membrane is not
blocked by basic amino acids. Gap1p expressed from the GAL10
promoter in gap 1A car1A cells was accumulated in the MVE during
growth on SGal medium + CAS. After shutoff of new Gap1p
expression with glucose and removal of CAS, recycling of preexisting
Gap1p to the plasma membrane was measured by initial rate of
['“C]-glycine uptake (+SEM; n = 5). (A) Wild-type Gap1p was recycled
efficiently in the absence of CAS, but was blocked in the presence of
BAM, whereas (B) Gap1p”?””V was recycled efficiently in the presence
of BAM. (C-E) The redistribution assay was performed in a gap1A
car1A sec6—4 strain expressing (C) PgaL10-GAP1 (pNC26), (D) Pgar10-
GAPTA2V (5NC27), or (E) Pgar10-GAPTKIRKISR (5NC69). Where
indicated, the temperature-sensitive sec6—4 defect was imposed by
shifting cells to 36°C for 10 min while in SD + CAS before removal of
CAS and transfer into SD or SD+BAM medium prewarmed to 36°C.
The mean initial rate of ['*C]-glycine uptake (xSEM; n = 5) is shown.

served at the plasma membrane, although an appreciable amount
was associated with the vacuole, probably corresponding to the
pool of Gap1p already in the vacuole or irreversibly committed to
transport to the vacuole at the time of amino acid removal. When
transferred to SD + BAM, Gap1p-GFP did not redistribute to the
plasma membrane, but Gap1p”?*’V-GFP did, to approximately the
same extent as in amino acid—free medium. These localization stud-
ies confirm the results of the activity assays—that Gap1p”?””V does

Molecular Biology of the Cell
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FIGURE 4: Redistribution of Gap1p”??7V from the MVE to the plasma membrane in the presence of basic amino acids.
(A) gap1A car1A cells expressing Pga10-GAP1-GFP (pNC29) or Pgap19-GAP1427V-GFP (pNC30) were cultured to early
exponential phase in SGal medium + CAS before glucose shutoff and CAS removal. (B) gap1A car1A cells expressing
PgaL10-GAP1-GFP with PGAL1-GAP1A297V (pNC1 19) or PGAL10-GAP1A297V-GFP with PgaL1-GAP1 (pNC1 20) were cultured
as in (A). In (C), gap1A car1A cells expressing Pga10-GAP1-GFP with Pgap1-GAP14297V were treated with ethanol (mock)
or 40 pM latrunculin A (Lat A) immediately after CAS removal. In all panels, samples were collected immediately before
and 30 min after CAS removal. Gap1p-GFP was imaged by fluorescence microscopy.

not respond to the presence of basic amino acids in redistributing
from the MVE to the plasma membrane.

We were concerned about the possibility that the diminished
response of Gap1p*??”V to basic amino acids could be due to an
indirect effect on intracellular amino acid pools resulting from a de-
creased capacity of Gap1p”?*’V mutants to take up basic amino
acids. To control for this possibility, we assayed accumulation of ra-
diolabeled basic amino acids over the 30 min after CAS removal and
found the total amino acid uptake for the Gap1p”%’Y mutant is sim-
ilar as for wild type, 17.2 and 20.1 nmol/ODyqo, respectively (unpub-
lished data). This equivalence of Gap1p mutant and wild type for
basic amino acid uptake can be explained by the presence of CAN1
and LYPT permeases that provide robust transport of arginine and
lysine independently of Gap1p. Moreover, the contribution of wild-
type Gaplp to amino acid uptake should be negligible because
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both wild type and Gap1p”?”7Y mutant strains have little Gap1p per-
mease activity after growth on CAS.

To show that the insensitivity of Gap1p*??”Y mutant to sorting by
basic amino acids is due to an intrinsic property of the mutant pro-
tein and not to some unanticipated effect of the mutant on cellular
amino acid pools, we performed a cis/trans test, in which redistri-
bution of GFP-tagged Gaplp or Gapl1p”"*”V was followed in
heterozygotes also expressing untagged Gap1p*??’V or Gap1p, re-
spectively. We observed that Gap1p-GFP did not reappear at the
plasma membrane in SD + BAM even in cells expressing Gap1p*??7",
whereas Gap1p”??7V-GFP was recycled to the plasma membrane in
the presence of SD + BAM even in cells also expressing wild-type
Gap1p (Figure 4B). Formally these results show that the behavior of
the Ala-297 to Val mutant, which is to allow trafficking to the plasma
membrane even in the presence of BAM, acts in cis but not in trans.

Amino acid regulated sorting of Gap1p | 1923



This result shows that the mutation exerts its effect on the mutated
Gap1p protein and not on the physiology of the whole cell.

Finally, we wanted to verify that wild-type Gap1p-GFP is located
in internal compartments when grown in SD + BAM because of a
block in recycling from the MVE to the plasma membrane and not
because of an increased rate of endocytosis from the cell surface. To
do this, we performed the redistribution assay as before, but treated
the cells with the actin-depolymerizing drug and endocytosis inhibi-
tor latrunculin A at the time of CAS removal to trap any Gap1p-GFP
that had reached the cell surface. In both mock-treated and latrun-
culin-treated cells grown in SD + BAM, we observed the majority of
Gap1p in internal compartments (Figure 4C), indicating that, during
our redistribution assay, wild-type Gap1p does not reach the cell
surface in SD + BAM medium. Therefore the localization of Gap1p
in amino acids is caused by an inability to recycle from the MVE.

A catalytically inactive mutant displays reduced sensitivity
to amino acid sorting

To extend the results with the substrate specificity mutant
Gap1p*??7Y, we wished to identify a catalytically inactive mutant of
Gap1p that could not transport any amino acids with the expectation
that such a mutant may not be regulated by any amino acids. The aim
was to identify a Gaplp mutant that was specifically defective for
amino acid transport but that could fold normally as judged by the
ability of the mutant protein to pass the ER quality control checkpoint
and be trafficked to the late secretory pathway. To find rare transport-
defective mutants that were also properly folded, we took a targeted
mutagenesis approach based on sequence similarity of Gap1p to
prokaryotic transporter proteins for which structural information was
available. A common feature of these structures is a short, unwound
section in both TMD1 and TMDé. Substrate-bound forms of LeuT
(Yamashita et al., 2005; Singh et al., 2008) and AdiC (Gao et al., 2010)
show these regions as part of the amino acid binding site. In AdiC,
Gly-25—Ser-26-Gly-27 makes up the unwound section of TMD1, and
initial characterizations of AdiC showed that a Ser-26 to Lys substitu-
tion blocked antiport activity (Gao et al., 2009). This GSG motif in
AdiC aligns with a conserved GTG motif in five amino acid transport-
ers of S. cerevisiae, including Gap1p (Gly-105-Thr-106-Gly-107).

To determine whether this GTG motif in Gap1p serves a function
similar to that of the GSG motif in AdiC, we generated the analo-
gous mutation in Gap1p, Thr-106 to Lys. We tested amino acid up-
take abilities of Gap1p™'%K and found that it was unable to import
any amino acid we tested (Figure 5A), supporting the hypothesis
that the GTG motif of Gap1p is involved in amino acid binding. Im-
portantly, localization of Gap1pT'%-GFP revealed that the protein
was expressed and localized to the plasma membrane normally. For
comparison, we show a typical randomly generated mutant,
Gap1p?'SC377R-GFP, which is also inactive for uptake but is primarily
located in the ER presumably because of a folding defect (Figure 5B).
We tested a range of citrulline and glycine concentrations from
4 uM up to 1 mM to determine whether the loss of amino acid up-
take ability of Gap1p''* was due to an increase in K, but we did
not observe uptake of either citrulline or glycine even at the highest
substrate concentrations (unpublished data). We cannot, however,
rule out the possibility that Gap1p"%K may have K, for transport of
some amino acids in the millimolar range.

Next we tested how sorting of Gap1p''%K to the plasma mem-
brane would respond to a complex mixture of amino acids. We ex-
pressed PADH1—GAP1—GFP or PADH‘]—GAP”TW‘SK—GFP in a W||d—type
strain cultured in SD medium. CAS was then added to half of each
culture at a final concentration of 0.025% (corresponding to a total
amino acid concentration of 1-2 mM), an amount in approximately

1924 | N.E.Cainand C. A. Kaiser

A. [:] Gapip
. Gap1T1oex
|:| gapilA

i @

e
n
o

-

o

o
T

[o]
o
T

[**C] Amino Acid Uptake (% of wild type)
D
o

40 |
20 |
0 i i
R P T RN R
O F F ¢ F &
C v 0\} > L&
&
Q‘(‘

B. Gapip-GFP  Gaplp™™*-GFP Gap1p™'Sc*"A.GFP

FIGURE 5: The Gap17'%K mutant has a general defect in amino acid
transport. (A) ADH1-promoted wild-type GAP1 (pEC221), Gap 171K
(PNC74), or empty vector (pRS316) were expressed in a gap 1A bul1A
bul2A (CKY701) strain grown in SD medium. Initial rate of uptake was
determined for the [*C]-labeled amino acids indicated. Mean uptake
rates (n = 3) were normalized to the wild-type rate for each amino
acid. (B) PADH1-GAP1-GFP (pAR1 3), PADH1-GAP1T106K-GFP (pNC84), or
Papr1-GAP1T215.C397R (oNC113) was expressed in CKY701 cells grown
in SD medium. Gap1p-GFP was imaged by fluorescence microscopy.

10-fold excess of the minimum concentration needed to signal di-
rect sorting of Gap1p to the vacuole (Risinger et al., 2006). As ex-
pected, wild-type Gap1p-GFP was located primarily in internal com-
partments, including the vacuole, after 3 h of growth in SD +0.025%
CAS, but Gap1p™%K-GFP was observed both at the plasma mem-
brane and in the vacuole (Figure 6A). Because we were interested in
assessing direct sorting to the vacuole independently of endocyto-
sis, we used an end3A mutant to block endocytosis of Gap1p from
the plasma membrane (Tang et al., 1997). In an end3A mutant, any
Gap1p present in the vacuole must have reached that location by
direct sorting via the trans-Golgi and MVE, because the endocytic
pathway from the plasma membrane to the vacuole is blocked.
Wild-type Gap1p-GFP was located primarily at the plasma mem-
brane when grown in SD, but was located primarily in the vacuole
after 3 h of growth in SD + 0.025% CAS. A small amount of Gap1p-
GFP was seen at the plasma membrane in some cells, presumably
corresponding to Gap1p-GFP that was localized to the plasma
membrane before the addition of CAS and was trapped there be-
cause of end3A. In contrast, Gap1p"'%K was located primarily in
the plasma membrane when cells were grown in either SD or
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membrane from Golgi and MVE compart-
ments. Membranes from end3A cells
expressing  Papri-GAP1-GFP  or  Papni-
GAP1TI0K_GFP grown in either SD or SD +
0.025% CAS were separated over a continu-
ous 20-60% sucrose gradient in the pres-
ence of EDTA. Under these conditions, the
plasma membrane, identified by the marker
Pmap, fractionates at a considerably higher
density than do intracellular membranes, in-
cluding the Golgi (identified by GDPase ac-
tivity), MVE, and ER (Supplemental Figure
S1). After growth in SD, Gap1p-GFP was
present both in the plasma membrane and
in internal fractions in approximately equal
amounts. After 3 h of growth in SD + 0.025%
CAS, however, the majority of Gap1p-GFP
fractionated in internal membranes, with
only a small amount still seen at the plasma
membrane (Figure 6C and Supplemental
Figure S1A). The pool of Gaplp at the
plasma membrane in CAS probably corre-
sponds to Gaplp that was sorted to the
plasma membrane before the addition of
CAS and was prevented from reaching the
vacuole by endocytosis due to the end3A
mutation. Gap1pT'%“-GFP is primarily ob-
served at the plasma membrane both in SD
and SD with amino acids, with more than
70% cofractionating with Pma1p (Figure 6D
and Supplemental Figure S1B).

We considered the possibility that
Gap1p''%K is inefficiently sorted to the vac-
uole in CAS because of lower levels of amino

o |

acid import than observed in wild-type cells.
Therefore we also performed fluorescence
microscopy on Gap1pT'%K-GFP in an end3A
strain also expressing wild-type Gap1p (ex-
pressed constitutively from  Papp1-GAP1
promoter fusion). Even in the presence of
wild-type Gap1p, the majority of Gap 1pT1%¢K-
GFP was located at the plasma membrane
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FIGURE 6: Gap1pT'%K-GFP is sorted to the vacuole even in the presence of amino acids.
Papr1-GAP1-GFP (pAR13) or Papp1-GAP1T1%K.-GFP (pNC84) was expressed in (A) gap 1A or (B-D)
gap 1A end3A cells and grown in SD. Where indicated, 0.025% CAS was added for 3 h. (A and B)
Gap1p-GFP was imaged by fluorescence microscopy. (C and D) Quantitation of cellular

L1
4 6

(Supplemental Figure S2). Taken together,
these fluorescence microscopy and mem-
brane fractionation experiments show that
the catalytically inactive mutant Gap1p"'%K
displays a reduced sensitivity to the amino
acid signal for sorting to the vacuole.

1
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Fraction

distribution of Gap1p-GFP and Gap1p™'%-GFP measured by cell fractionation. Lysates were

prepared and fractionated over a continuous 20-60% sucrose gradient with 10 mM EDTA.
Proteins were separated by SDS-PAGE and immunoblotted with anti-GFP or or anti-Pmap.
Golgi fractions were identified by GDPase activity. Gel images and GDPase activity graphs are

shown in Supplemental Figure 1.

SD + 0.025% CAS, to a greater extent than was observed in wild-
type cells (Figure 6B). Therefore it appears that the vacuolar pop-
ulation of Gap1p™% in wild-type cells is primarily due to endocy-
tosis from the plasma membrane and not direct sorting from the
trans-Golgi.

Because Gap1p''%K is catalytically inactive we could not use ac-
tivity assays to confirm the localization of this protein to the plasma
membrane. Instead we used density gradients to fractionate plasma
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DISCUSSION

Through the use of mutants that alter the
substrate specificity or activity of Gaplp,
we have shown that a given amino acid
must be a transport substrate for Gap1p to
create a signal that inhibits trafficking of Gap1p from the MVE to
the plasma membrane. The Gap1p*??”V mutant does not transport
citrulline and arginine nor does it respond to these amino acids for
regulated intracellular sorting. Nevertheless, citrulline and arginine
can competitively inhibit glycine uptake through Gap1p”?77V, show-
ing that, although the Ala-297 to Val substitution blocks the full
translocation of basic amino acids, the ability of citrulline and argi-
nine to compete with glycine transport suggests that basic amino
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acids bind to the active site of the trans-
porter with normal affinity. Therefore bind-
ing of Gap1p to its substrate is not sufficient
to signal sorting. Rather, a transport cycle is
required. This dependence on transport ac-
tivity would distinguish the mode of regu-
lated sorting of Gap1p from the many ex-
amples of plasma membrane proteins that
are down-regulated in response to the
binding of their substrates, such as the
manganese transporter Smflp (Liu and
Culotta, 1999; Jensen et al., 2009) and the
uracil permease Furdp (Seron et al., 1999;
Blondel et al., 2004).

We were not able to perform similar tests
of the effect of the Gap1p''%K mutation on
the transport cycle as the complete lack of
amino acid transport in these mutants pre-
vented measurement of amino acid binding
by competition experiments. Existing struc-
tural data offer clues to the defect of
Gap1p'%K. In the recently solved crystal
structure of AdiC, Ser-26 is shown to form a
hydrogen bond with the a-carboxylate of its

substrate arginine (Gao et al., 2010). As Ser-26 of AdiC corresponds
to Thr-106 of Gap1p, it is likely that the Thr-106 to Lys substitution
disrupts amino acid binding, presumably preventing it from com-
pleting a transport cycle. Thus it appears that substrate transport
and regulation of intracellular trafficking are therefore tightly cou-
pled such that, in the absence of amino acid translocation, Gap1p
does not sense the presence of amino acids and is trafficked to the
vacuole even when amino acids are abundant. We could detect a
small amount of Gap1p%K-GFP in the vacuole in cells grown in
CAS indicating that Gap1p''%* does retain some capacity to re-
spond to intracellular amino acid abundance. At this stage it is not
possible to ascertain whether Gap1p™'%K has some residual capac-
ity to transport amino acids (with a high K,) or whether there are
secondary mechanisms for trafficking regulation that act indepen-

dently of the transport cycle.

The alternate access model for APC transporter function de-
picted in Figure 7 (Jardetzky, 1966) provides a useful scheme for
thinking about how substrate transport and trafficking fate might be
coupled. As Gap1p alternates between extracellular and cytoplasm-
facing states at the plasma membrane to facilitate transport of
amino acids into the cell, it may similarly alternate between exo-
plasm- and cytoplasm-facing states on the MVE membrane to signal
for either recycling to the plasma membrane or vacuolar sorting,
respectively. Although the kinetics of the transport cycle of Gap1p
have not been determined, if isomerization of empty Gap1p from
the cytoplasmic state to the exoplasmic state (CF to EF; step 4) is
significantly slower than substrate translocation (EB to CB; step 2),
an increase in amino acids on the exoplasmic face should lead to an
abundance of the cytoplasmically oriented state (CF or CB) relative
to the exoplasmically oriented state (EF or EB). This idea, combined
with the observation that a mutant unable to perform step 2 is effi-
ciently recycled from the MVE, suggests the following model: When
Gaplp assumes the cytoplasmically oriented state, it is blocked
from recycling, leading to its internalization into intralumenal vesi-
cles (ILVs) and delivery to the vacuole. Conversely, when amino acids
are scarce, the majority of Gap1p present on the MVE membrane
would be in the exoplasmically oriented state, which would be com-
petent for recycling and sorting to the plasma membrane.
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FIGURE 7: The alternate access model for substrate transport showing how the conformational
state may switch in response to amino abundance. During the transport cycle, Gap1p assumes
four different states: exoplasmically oriented free (EF), exoplasmically oriented bound (EB),
cytoplasmically oriented bound (CB), and cytoplasmically oriented free (CF). In state EF or EB,
Gap1p would be competent to recycle from the MVE to the plasma membrane. In CF or CB,
Gap1p would be prevented from recycling and would enter ILVs destined for the vacuole. The
Ala-297 to Val mutation in Gap1p prevents the transition from EB to CB (step 2) for basic amino
acids, preventing Gap1p from switching to cytoplasmically oriented, thus preventing vacuolar
trafficking of Gap1p in response to basic amino acids.

We can imagine two ways in which the conformational state of
Gap1p could affect the propensity to recycle from the MVE mem-
brane. The first is that the cytoplasmically oriented state could
more efficiently interact with the endosomal sorting complexes re-
quired for transport (ESCRT) machinery, increasing the efficiency of
ILV formation. Because internalization into ILV requires the recog-
nition of ubiquitinated cargo (Urbanowski and Piper, 2001), the
cytoplasmic state could make the ubiquitinated N terminus of
Gap1p more accessible to ESCRT. Gap1p in the EF or EB confor-
mations would therefore be left on the MVE membrane until it is
recycled to the Golgi by a passive process. Alternatively, the exo-
plasmically oriented state could more efficiently interact with the
as yet undefined components necessary for recycling, leaving the
cytoplasmically oriented state on the MVE membrane to be inter-
nalized into ILV by ESCRT. Although we did not observe a notice-
able defect in ubiquitination of Gap1p*??7V or Gap1p'%K in the
presence of BAM or CAS, respectively (Supplemental Figure S3),
we cannot rule out the former possibility, as ubiquitin recognition
by ESCRT could also be affected by deubiquitination of Gap1p on
the MVE membrane.

The model we propose bears some similarity to that of dual-
function amino acid transporter/receptor, or “transceptor” proteins
(Hundal and Taylor, 2009). The best understood transceptoris Ssy1p,
the transporter-like amino acid sensor component of the SPS com-
plex. Although Ssy1p resembles APC transporters, it has no detect-
able amino acid transport activity. Rather, signaling of amino acids
such as leucine through Ssy1p is based on amino acid binding to the
extracellular (exoplasmic) portion of the protein, which is thought to
induce a conformational change that activates the SPS sensing re-
sponse, leading to induction of permease gene expression. Because
Ssy1p cannot shift from EB to CB (Figure 7, step 2), an increase in
extracellular amino acids is thought to drive Ssy1p into an exoplas-
mically oriented conformation by mass action. This model is sup-
ported by experiments in which overproduction of intracellular
leucine inhibits the response of Ssy1p to extracellular leucine, sug-
gesting that the intracellular leucine can drive Ssy1p in a cytoplasmi-
cally oriented, nonsignaling conformation (Wu et al., 2006; Poulsen
et al., 2008). Gap1p has also been proposed to function similarly as
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a transceptor at the plasma membrane to activate PKA signaling.
Because PKA pathway activation requires substrate binding by
Gap1p, but not the completion of a transport cycle, Gaplp is
thought to assume a unique signaling conformation distinct from
the four transport cycle conformations (Donaton et al., 2003; Van
Zeebroeck et al., 2009).

We propose that the examples of transceptor signaling, as typi-
fied by Ssy1p, and transport cycle-coupled signaling, as typified by
the sorting of Gap1p shown here, represent two fundamentally dif-
ferent mechanisms by which a transporter-like protein can signal by
switching its conformational state in response to a substrate concen-
tration gradient. In the case of Ssy1p, which cannot execute an amino
acid translocation step, a high concentration of amino acids on the
exoplasmic side of the membrane is thought to drive Ssy1p into an
exoplasmically oriented conformation, which signals amino acid
abundance. In contrast, as we have shown here, intracellular sorting
of Gap1p requires an amino acid translocation step to respond to
the amino acid signal. It is therefore likely that Gap1p is driven into a
cytoplasmically oriented conformation, which is the signal for amino
acid abundance. For Ssy1p the conformational switch activates a sig-
nal transduction pathway, whereas a conformational switch in Gap1p
regulates the intracellular sorting of Gap1p in the MVE. For both
signaling mechanisms, it is of great interest to understand the nature
of the different conformational states and how these states are rec-
ognized by either signaling or protein-sorting machinery.

MATERIALS AND METHODS

Strains, plasmids, and media

All of the yeast strains used in this study (Table 1) were constructed
in the S288C genetic background. Wild-type S288C strains exhibit
relatively high Gap1p activity in ammonia medium, in contrast to
strains in the £1278b genetic background, which exhibit low Gap1p
activity when grown on ammonia (Stanbrough and Magasanik,
1995). Deletions of CART and END3 were made by one-step gene
replacement in CKY482. Disruption of CART was verified by loss of
ability to use arginine as a sole nitrogen source. Disruption of END3
was verified by PCR.

Plasmids used in this study are listed in Table 2. Plasmid pNC26
was constructed by amplifying the GAP1 open reading frame with
an adjoining 580 bp of 3’ sequence using oligos OES43 and OES44.
The resulting fragment was digested with EcoRV and Xhol and li-
gated into pCD43 (Shaywitz et al., 1995), which was digested with
EcoRl, blunted with Mung Bean nuclease, and digested again with
Xhol. Plasmids containing GAP1T'%K and GAP1T'%K.GFP were cre-
ated using the QuikChange kit (Stratagene, La Jolla, CA). Other mu-
tations were introduced into the plasmid-borne GAP1 gene by sub-
cloning mutations from existing plasmids.

Strains were grown at 24°C unless otherwise noted. Minimal am-
monia medium (SD) is composed of Difco (Detroit, Ml) yeast nitro-
gen base without amino acids or ammonium sulfate (YNB), 2% glu-
cose, and 0.5% ammonium sulfate (adjusted to pH 4.0 with HCI).
Nitrogen-free medium is SD medium without ammonium sulfate.
Galactose medium (SGal) is composed of YNB, 2% raffinose, 0.25%
galactose, and 0.5% ammonium sulfate (adjusted to pH 4.0 with
HCI). CAS (Difco) were added from a 10% stock (pH 4) to SD or SGal
at a final concentration of 0.025% or 0.25%. BAM is composed of
arginine, citrulline, and lysine (Sigma, St. Louis, MO) diluted from a
stock solution of 100 mM each (pH 4).

For measurement of Gap1p recycling, strains expressing PgaL10-
GAP1 or Pgar10-GAP1-GFP were cultured ~16 h in SGal to induce
Gap1p expression. CAS (0.25%) were added for 1 h to sequester
Gap1p in the MVE. Cells were then filtered and suspended in SD
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Strain Genotype Source
CKY482 MATo leu2-3 ura3-52 gap1::LEUZ2 Kaiser strain
collection
CKY701 MATo leu2-3 ura3-52 gap1:LEU2  Kaiser strain
bul1::kanMX6é bul2::kanMX6é collection
CKY703 MATa leu2-3 ura3-52 his3 Kaiser strain
gap1:LEU2 collection
CKY1025 MATa leu2-3 ura3-52 gap1::LEUZ2 Kaiser strain
canl collection
CKY1080 MATa leu2 ura3-52 gap1::LEU2 This study
carl::kanMXé GAL2
CKY1081 MATa ura3-52 gap1::LEU2 This study
carl::kanMXé secé6—-4 GAL2
CKY1082 MATo ura3-52 leu2 gap1::LEU2 This study
end3::kanMXé
CKY1085 MATa ura3-52 leu2,3 his3 This study
gap1::LEUZ carl::KanMX
TABLE 1: Strains
Name Description Markers Source
pAR1 Papn1-HA-GAPTKRKIR  CEN, URA3  Risinger
et al. (2006)
PAR13  Papy;-GAP1-GFP CEN, URA3  Risinger
et al. (2006)
PAR77  Papp;-GAPTKRKIGR CEN, URA3  This study
pCK227  Papp;-HA-GAP1 CEN, URA3  Chen and
Kaiser (2002)
pCK231  Pcypr-UBT-c-myc 2u, HIS3 Helliwell
et al. (2001)
PEC221  Papyi-GAP1 CEN, URA3 Risinger
et al. (2006)
pNC7 Papr1-GAP 14297V CEN, URA3 Risinger
et al. (2006)
pNC9 PapH1-GAP 1KIRKI6RA297V CEN, URA3  This study
PNC15  Papp;-HA-GAP1AZ7Y CEN, URA3  This study
pNC26  Pgar10-GAP1 CEN, URA3  This study
pNC27  Pgap19-GAP1A297V CEN, URA3  This study
pNC29 PGAL10-GAP1-GFP CEN, URA3 This study
pNC30  Pga 10-GAPTA27V.GFP  CEN, URA3 This study
PNC9  Pgap1o-GAPTKIRKI6R CEN, URA3  This study
PNC74  Papp;-GAP1TI06 CEN, URA3  This study
pNC84  Papy;-GAPTTIOK.GFP CEN, URA3  This study
PNC113  Pappi-GAPTT2ISC37R.GFP  CEN, URA3  This study
PNCT115  Papp;-HA-GAP1TI06 CEN, URA3  This study
pNC119  Pga10-GAP1-GFP, CEN, URA3  This study
PoaLi-GAP1A27Y
pNC120  Pgau10-GAPTA27V.GFP,  CEN, URA3 This study

PoaL1-GAP1

TABLE 2: Plasmids
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with 0.25% CAS and cultured for 1 h to arrest Pga;10-GAP1 tran-
scription and allow for trafficking of all protein through the early se-
cretory pathway. The culture was then split, filtered, washed in an
equal volume of nitrogen-free medium, and resuspended in either
SD or SD + BAM (1 mM each of arginine, citrulline, and lysine) and
cultured for an additional 30 min.

Amino acid uptake assays

Approximately 2 x 107 cells (one ODggg unit) in exponential phase
were washed in nitrogen-free medium by filtration on 0.45 uM nitro-
cellulose filters before amino acid uptake was measured as de-
scribed previously (Roberg et al., 1997). ['*Cl-labeled alanine, phe-
nylalanine, threonine, lysine, arginine, and glutamate were used at
a specific activity of 125 mCi/mmol.

For estimation of the K, for glycine transport through
Gap1p"R1eR uptake was measured for ["*Cl-glycine concentrations
ranging from 1 to 80 pM at a specific activity of approximately
10 pCi/pmol. Inhibition of glycine transport by citrulline was mea-
sured by suspending cells in nitrogen-free medium supplemented
with citrulline at concentrations ranging from 10 nM to 1 mM. K,
and ICsq values were calculated using BioDataFit (Chang Biosci-
ences, Castro Valley, CA). K| values were calculated by relating K,
and ICsq values (Cheng and Prusoff, 1973).

Fluorescence microscopy

For latrunculin A treatment, 1 ml of cell culture was treated with
20 pl of ethanol (mock) or 40 uM latrunculin A at the time of
transfer into SD or SD + BAM. For all strains expressing GAP1-
GFP, cells in exponential phase were harvested, suspended in
phosphate-buffered saline with 10 mM NaN3, and visualized via
fluorescence microscopy. Images were captured with a Nikon
E800 microscope (Melville, NY) equipped with a Hamamatsu
digital camera (Bridgewater, NJ) with 1 x 1 binning. Image anal-
ysis was performed with Improvision OpenlLabs 2.0 software
(Lexington, MA).

Equilibrium density centrifugation and antibodies

Yeast cellular membranes were fractionated by equilibrium density
centrifugation on continuous 20-60% sucrose gradients containing
EDTA or MgCl; as described previously (Kaiser et al., 2002). Golgi-
containing fractions were identified by measurement of GDPase
activity. Plasma membrane fractions were identified by the presence
of Pmalp. Gap1p-GFP and Pmalp were detected in membrane
fractions by immunoblotting and imaging with the LI-COR Odyssey
Infrared Imaging System (Lincoln, NE) using the following antibod-
ies: mouse anti-GFP (Covance, Princeton, NJ), mouse anti-Pma’
(40B7; Abcam, Cambridge, MA), and IRDye 800CW goat anti-
mouse (LI-COR). Quantitation was performed using ImageJ soft-
ware (Abramoff et al., 2004).
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