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The intracellular trafficking of Arnl, a ferrichrome transporter in Saccharomyces cerevisiae, is controlled in part by the
binding of ferrichrome to the transporter. In the absence of ferrichrome, Arnl is sorted directly from the Golgi to
endosomes. Ferrichrome binding triggers the redistribution of Arnl to the plasma membrane, whereas ferrichrome
transport is associated with the cycling of Arnl between the plasma membrane and endosomes. Here, we report that the
clathrin adaptor Gga2 and ubiquitination by the Rsp5 ubiquitin ligase are required for trafficking of Arnl. Gga2 was
required for Golgi-to-endosomal trafficking of Arnl, which was sorted from endosomes to the vacuole for degradation.
Trafficking into the vacuolar lumen was dependent on ubiquitination by Rsp5, but ubiquitination was not required for
plasma membrane accumulation of Arnl in the presence of ferrichrome. Retrograde trafficking via the retromer complex
or Snx4 was also not required for plasma membrane accumulation. High concentrations of ferrichrome led to higher levels
of ubiquitination of Arn1, but they did not induce degradation. Without this ubiquitination, Arn1 remained on the plasma
membrane, where it was active for transport. Arnl was preferentially modified with polyubiquitin chains on a cluster of

lysine residues at the amino terminus of the transporter.

INTRODUCTION

The transition metals iron, copper, zinc, and manganese are
essential nutrients for all eukaryotes, because they are re-
quired for the activity of a variety of proteins involved in
many cellular processes. Each of these metals is toxic when
present in excess, and cells are protected from metal toxicity
by precise regulation of the uptake, efflux, and use of nutri-
ent metals. The primary locus of homeostatic control is at the
level of the metal transporters. The activities of these pro-
teins that move metals across membranes are controlled by
a combination of transcriptional, translational, and post-
translational mechanisms. In mammals, many metal trans-
porters are regulated at the transcriptional level by the abun-
dance of their cognate metal. Transcript levels of the ZnT
family of zinc efflux proteins and the ZIP family of zinc
importers are reciprocally regulated by zinc (Liuzzi et al.,
2004). DMT1, an iron importer, and ferroportin, an iron
exporter, exhibit coordinated transcriptional regulation by
iron in cultured cells, animal models, and human intestinal
tissues (Zoller et al., 2001, 2002; Dupic et al., 2002). Some
mRNA transcripts for DMT1 and ferroportin contain iron-
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responsive elements, which are RNA structures that permit
binding of iron-regulatory proteins, and thus they raise the
possibility of translational/posttranscriptional control by
iron (Gruenheid et al., 1995; McKie et al., 2000).

Metal transport processes in eukaryotes are also regulated
posttranslationally by alterations in the intracellular traffick-
ing of the transporter proteins. In humans, copper is ex-
ported from cells by the Cu-ATPases 7A and 7B, which
encode the transporters mutated in Menkes and Wilson
diseases, respectively (Suzuki and Gitlin, 1999; Lutsenko
and Petris, 2003). Both transporters undergo relocalization in
the late secretory pathway when cells are exposed to copper.
The Menkes transporter moves from the trans-Golgi net-
work (TGN) to the basolateral plasma membrane, and the
Wilson transporter moves from the TGN to secretory vesic-
ular membranes located near bile canaliculi in the liver.
Ferroportin, the vertebrate iron exporter, undergoes endo-
cytosis and degradation when it binds hepcidin, the iron
regulatory hormone (Nemeth et al., 2004).

In yeast, high-affinity transporters of nutrient metals are
homeostatically regulated by their cognate metals at the
transcriptional level (Rutherford and Bird, 2004). Genes en-
coding transporters that facilitate the uptake of iron, copper,
and zinc are all activated by transcription factors that spe-
cifically respond to the depletion of the cognate metal. Sup-
plementation with the cognate metal rapidly switches off
this transcriptional activation. In addition to this transcrip-
tional regulation, metal supplementation also triggers the
rapid degradation of some of these transporter proteins. The
manganese transporter Smflp, the zinc transporter Zrtlp,
and the iron transporter complex Fet3p/Ftrlp are removed
from the plasma membrane and transferred to the vacuole
for degradation in response to increased levels of their re-
spective metal substrates (Liu and Culotta, 1999; Gitan and
Eide, 2000; Felice et al., 2005). Increased uptake of their
cognate metal ions also triggers the ubiquitination of these
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Table 1. Oligonucleotides used to construct Arnlp lysine substitution mutants

Mutation Oligonucleotide sequence®

KI11R CACTCTCGCGATCCTGTTAGGGAGGAAAAGAAACATGTC

K14R GATCCTGTTAAGGAGGAAAGGAAACATGTCTTCATGGGA

K15R CCTGTTAAGGAGGAAAAGAGACATGTCTTCATGGGAATG

K259R ATGCAATGGAGGGCCAGAAGGACTCCTGAATGGCACGCT

K267R CCTGAATGGCACGCTTTGAGGGGCCAGAAGTCCTATTAT

K270R CACGCTTTGAAGGGCCAGAGGTCCTATTATCAAGAACAT

3NKR CACTCTCGCGATCCTGTTAGGGAGGAAAGGAGACATGTCTTCATGGGAATGGAA

3CKR ATTTTGGATTGGTTTGAAAGACTTCCATCAAGATTCACTTTTAGACGGGAAGAACAAAAGCTG

@ Underlined sequences indicate site of arginine substitution.

transporters, and the attachment of the ubiquitin (Ub) moi-
eties is thought to trigger endocytosis and trafficking of the
transporters to the vacuole (Eguez et al., 2004). Ubiquitina-
tion of cytosolic proteins frequently leads to their degrada-
tion in the proteasome, whereas ubiquitination of integral
membrane proteins of the late secretory pathway leads to
changes in intracellular trafficking (Hicke and Dunn, 2003).
Ubiquitination of Zrtlp and Smflp is dependent on the Ub
ligase Rsp5p (Gitan and Eide, 2000; Hettema et al., 2004).
RSP5 is an essential gene and the only member of the Rsp5/
Nedd4 family of HECT domain Ub ligases in yeast (Dupre et
al., 2004). To date, Rsp5 is the only Ub ligase that is known
to be involved in the ubiquitination of plasma membrane
proteins in yeast.

In addition to the high-affinity ferrous iron transporter
Fet3p/Ftrlp, yeast express another group of iron transport-
ers that undergo changes in intracellular trafficking in re-
sponse to their metal substrates (Philpott, 2006). The traf-
ficking of Arnlp, the yeast ferrichrome (FC) transporter,
differs from the other metal transporters in that the substrate
does not trigger the degradation of the transporter, but
rather the substrate triggers the recruitment of the trans-
porter to the plasma membrane (Kim et al., 2002). Arnlp also
differs from the other metal transporters in that it transports
iron in the form of a siderophore—iron chelate rather than as
a free ion (Heymann et al., 2000; Yun et al., 2000b; Moore et
al., 2003). Siderophores are small organic molecules that
bind ferric iron with exceptionally high affinity and speci-
ficity (Neilands, 1995). They are synthesized and secreted in
their iron-free form by many species of bacteria and fungi as
well as some species of plants. The secreted siderophores
bind ferric iron, and the iron-siderophore chelates can be
taken up by specific cellular transport systems. Although
Saccharomyces cerevisine does not synthesize or secrete sid-
erophores, it can take up the siderophores secreted by a
variety of species of bacteria and fungi. A family of four
homologous transporters of the major facilitator superfamily
is expressed in S. cerevisiae in response to iron deprivation
(Yun et al., 2000a), and each transporter exhibits specificity
for different classes of siderophores. FC, a prototypical hy-
droxamate siderophore secreted by many species of fungi, is
taken up through Arnlp and Arn3p/Sitlp (Lesuisse et al.,
1998; Heymann et al., 2000; Yun et al., 2000a,b). FC—iron
chelates accumulate in the cytosol after uptake, and these
chelates constitute a stable form of iron storage in S. cerevi-
siae, as they do in other species of fungi (Oberegger ef al.,
2001; Moore et al., 2003).

FC also directs the intracellular trafficking of Arnlp and
Arn3p. When Arnlp is expressed in the absence of FC, the
transporter is sorted directly from the TGN to late endo-
somes (Kim et al., 2002). When cells are exposed to low
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concentrations of FC, the siderophore is thought to gain
access to the endosomal compartment via fluid phase endo-
cytosis, where it binds to a high-affinity receptor domain of
Arnlp. FC binding at the receptor site is associated with a
redistribution of Arnlp to the plasma membrane, and mu-
tations in extracytosolic loops of Arnlp that impair high-
affinity binding also inhibit relocalization to the plasma
membrane (Kim ef al., 2004). At higher FC concentrations,
Arnlp efficiently transports FC into the cytosol, and this
transport activity is associated with the cycling of Arnlp
between the plasma membrane and endosomal compart-
ments. Ubiquitinated forms of Arnlp can be detected, and,
in the presence of high concentrations of FC, this modifica-
tion is dependent on Rsp5p. Here, we show that ubiquitina-
tion is required for multiple steps in the trafficking of Arnlp
and that Arnlp is modified by poly-Ub chains attached at
multiple sites on the protein.

MATERIALS AND METHODS

Yeast Strains, Plasmids, and Media

Strains were derived from YPH499 (MATa ura3-52 lys2-801 ade2-101 trp1-A63
his3-A200 leu2-A1) and BY4742 (MATa his3A1 leu2A0 lys2A0 ura3A0). FET3
was deleted in LHY23 (MATa ura3 leu2 trpl barl GAL rsp5-1) as described
previously (Philpott et al., 1998), and the resulting strain was mated with the
RSP5+ parent strain LHY299. The resulting diploid strain was sporulated and
the following congenic haploid strains were isolated: YKY102 (MATa ura3 leu2
trp1 ade2 bar1), YKY103 (MATa ura3 leu2 trp1 ade2 bar1 rsp5-1), YKY104 (MATa
ura3 leu2 trpl ade2 bar1 fet3::UURA3), and YKY105 (MATa ura3 leu2 trp1 ade2 barl
rsp5-1 fet3:URA3). The strains pep4A, gga2A, vps5A, vps35A, snx4A, tullA,
nprl1A, and bsd2A are congenic to BY4742 and were obtained from the com-
plete yeast deletion collection (American Type Culture Collection, Manassas,
VA). The strain expressing Arnl-green fluorescent protein (GFP) was ob-
tained from the yeast GFP clone collection (Invitrogen, Carlsbad, CA). Arnl-
GFP fusion proteins have been shown to be functional in Candida albicans (Hu
et al., 2002), Fusarium graminearum (Park et al., 2006), and S. cerevisiae (C. W.
Yun, personal communication). GGA2 was deleted in other strains by trans-
forming then with the KanMX cassette amplified from the strain gga2A. The
strain bul1Abul2A was derived from YPH499 and was a kind gift from F. Abe
(Abe and Iida, 2003).

The plasmids pArnl-hemagglurinin (HA) and pMetArnl-HA were de-
scribed previously (Yun et al., 2000a,b). Plasmids containing lysine-to-arginine
substitutions of Arnlp were constructed in pMetArn1-HA as described pre-
viously (Kim et al., 2004) by using the oligonucleotides listed in Table 1, and
mutations were confirmed by sequencing. The plasmid pArn1-HA(ADE) was
constructed by replacing the URA3 gene of pArnl-HA with the ADE2 gene
amplified from the plasmid YIpDCE1 (Stearman et al., 1998). The plasmid
YEp96 contains a synthetic yeast Ub open reading frame under the control of
the copper-inducible CUP1 promoter (Ecker et al., 1987). Plasmids containing
mutant Ub were derived from YEp96 and were a generous gift of J. M. Galan
(Galan and Haguenauer-Tsapis, 1997).

Synthetic complete (SC) medium and iron-poor medium containing 10 uM
ferrous ammonium citrate and 100 uM ferrozine were prepared as described
previously (Sherman, 1991; Philpott ef al., 1998). FC was added at the indi-
cated concentrations as the ferric chelate. Copper sulfate was added at 100 uM
for the induction of CUPI-Ub expression.
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Fluorescence Microscopy

Strains were transformed with pArn1-HA and grown in iron-poor medium to
mid-log phase at 30°C. Where indicated, strains were grown at 25°C and
shifted to 37°C for 2 h before fixation and preparation for fluorescence
microscopy (Stearman et al., 1996; Yun ef al., 2000a). Where indicated, epiflu-
orescence images were obtained as a vertical series by using IPLabs software
and a charge-coupled device camera (Hamamatsu, Bridgewater, NJ). Images
were then analyzed by digital deconvolution (Huygens Essential; Scientific
Volume Imaging, Hilversum, The Netherlands), and individual deconvolved
images are presented.

Half-Life Determination, Immunoprecipitation, and
Western Blotting

For half-life determinations, cycloheximide and methionine at 5 pug/ml cul-
ture were added to cells in mid-log phase, aliquots of the culture were
removed at intervals, 20 mM NaNj; and 20 mM KF were added, and cells were
collected. For immunoprecipitations, cells in mid-log phase were treated with
20 mM NaNj; and 20 mM KF for 10 min before harvesting. Immunoprecipi-
tations and Western blotting were performed as described previously (Phil-
pott et al., 1998), with the following modifications. Cells were disrupted by
glass bead lysis in 50 mM Tris, pH 7.5, 0.3 M NaCl, 5 mM EDTA, 1 mM
dithiothreitol, and protease inhibitors. Unbroken cells and cellular debris
were cleared by centrifugation at 500 X ¢ for 5 min. Membranes were
collected from the 500 X ¢ supernatant by centrifugation at 18,000 X g for 60
min at 4°C. Membranes were solubilized on ice in lysis buffer containing 1%
dodecylmaltoside (Anatrace, Maumee, OH) for 30 min. Membrane proteins
were quantitated and used directly for Western blotting. Alternatively, solu-
bilized membrane proteins were used for immunoprecipitations with 1 ul of
anti-HA antibody and protein G-Sepharose. Western blots were performed
using anti-HA antibody (Covance, Princeton, VA) or anti-Ub antibody P4D1
(Covance) at 1:5000 dilution.

Ferrichrome Uptake and Binding Assays

Cells were grown to mid-log phase in iron-poor medium at 25°C, and then
cultures were divided. One set was shifted to 37°C for 1 h. FC uptake assays
were performed as described using [°Fe]-FC at a final concentration of 4 uM
(Yun et al., 2000a). Uptake was allowed to proceed at 25°C or 37°C for 30 min.
Duplicate samples were incubated at 0°C to determine surface binding of FC,
and these values were subtracted from those at the reaction temperature.
Surface binding of [°Fe]-FC was performed as described previously (Kim et
al., 2002) at 0°C in the presence of 20 mM NaNj; and KF and 100 nM [>°Fe]-FC.
For experiments using pMET-Arnl-HA, cells were grown in SC medium
containing methionine at 10 mg/1.

RESULTS

Sorting of Arnlp to Vacuole for Degradation in the
Absence of Ferrichrome

We investigated whether endosomal Arnlp underwent fur-
ther trafficking to the vacuole in the absence of FC. Integral
membrane proteins that are destined for degradation in the
vacuole are sorted into intraluminal vesicles that accumulate
within endosomes before fusion with the vacuolar mem-
brane. These specialized organelles of the late endosomal
compartment are known as the multivesicular body (MVB)
(Katzmann et al., 2002). A series of three high-molecular-
weight, multiprotein complexes, known as the ESCRT com-
plexes, function in the sorting of ubiquitinated membrane
proteins into the luminal vesicles of the MVB (Hurley and
Emr, 2006). VPS4 encodes an AAA-ATPase that is required
for the dissociation of the ESCRT complexes from the sur-
face of the MVB. We previously demonstrated that Arnlp
was detected in the exaggerated MVB that accumulates in
the class E vacuolar sorting protein (vps) mutant strain
vps4-ts (Babst et al., 1997; Kim et al., 2002). This observation
suggested that Arnlp might also be sorted, via the MVB
pathway, to the vacuole for degradation. We investigated
this possibility by examining the localization of HA-tagged
Arnlp by indirect immunofluorescence in a strain made
deficient in the degradation of vacuolar proteins by deletion
of the vacuolar protease Pep4p. Congenic wild-type and
pep4A strains were transformed with a low-copy-number
plasmid containing ARN1-HA under the control of the en-
dogenous promoter. Strains were grown in iron-poor me-
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Figure 1. Vacuolar sorting and degradation of Arnlp. (A) Accu-
mulation of Arnlp in the vacuolar lumen of pep4A strain. BY4742
(Wild Type) and pep4A strains were transformed with pArnl-HA
and grown in iron-poor medium to mid-log phase before fixation
and preparation for indirect immunofluorescence. Mouse monoclo-
nal HA.11 was the primary antibody and Cy-3-conjugated donkey
anti-mouse was the secondary antibody. Images are in sets of three:
fluorescence on the left, differential interference contrast (DIC) in
the center, and the merged image on the right. (B) Increased stability
of Arnl in pep4A strain. BY4742 (Wild Type) and pep4A strains were
transformed with pMetArn1-HA and grown in SC medium without
methionine to mid-log phase. Cycloheximide and methionine were
added, and aliquots of cells removed at the indicated times. Cells
were lysed and equivalent amounts of cellular proteins were ana-
lyzed by SDS-PAGE and immunoblotting with anti-HA antibody.

dium to mid-log phase, fixed, and prepared for indirect
immunofluorescence microscopy. In a wild-type strain,
Arnlp was detected in punctate intracellular vesicles that
were previously demonstrated to be late endosomes (Figure
1A). In the pep4A strain, however, Arnlp was primarily
detected within one or two large structures that colocalized
with the vacuole (Figure 1B), indicating that Arnlp was
targeted to the lumen of the vacuole for degradation. In this
case, deletion of PEP4 would be predicted to prolong the
half-life of Arnlp. To examine the rate of degradation of
Arnlp, we transformed the congenic wild-type and pep4A
strains with a low-copy-number plasmid containing
ARNI-HA under the control of the methionine-regulatable
MET3 promoter (pMET-Arnl-HA), grew transformants in
methionine-free medium to mid-log phase, and halted new
protein synthesis with the addition of cycloheximide and
methionine. Cells were collected at intervals, and lysates
were subjected to Western blotting (Figure 1C). We found
that in the wild-type strain, Arnlp was rapidly degraded
with a half-life of ~10 min. In the pep4A strain, Arnlp was
present at higher levels and exhibited a much longer half-
life. These data indicated that in the absence of ferrichrome,
Arnlp was rapidly sorted directly from the TGN to the
vacuole for degradation, and it only transiently accumulated
in the late endosome.

Requirement of Ubiquitination for Vacuolar Degradation
The covalent attachment of mono- or poly-Ub peptides to

transmembrane proteins is required for their interaction
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with the ESCRT machinery and subsequent sorting into the
MVB (Hurley and Emr, 2006). Ubiquitination is also pro-
posed to regulate the sorting of the Gaplp amino acid per-
mease at the TGN, with conditions that favor ubiquitination
resulting in routing to the vacuole rather than routing to the
plasma membrane (Magasanik and Kaiser, 2002). We there-
fore examined the roles of Ub and the Rsp5p Ub ligase in the
trafficking of Arnlp to the vacuole. The ubiquitination of
Arnlp was directly examined in congenic strains bearing the
wild-type RSP5 allele or a temperature-sensitive mutant
allele of RSP5, rsp5-1. This strain exhibits inactivation of
Rsp5p and very low levels of ubiquitination of integral
membrane proteins at the restrictive temperature (Dunn and
Hicke, 2001). These strains also expressed Ub, under the
control of the CUPI promoter, and Arnlp-HA, under the
control of the MET3 promoter. Cells were grown in Ub-
inducing conditions at the permissive temperature (25°C)
and then shifted to the restrictive temperature (37°C) in
methionine-free medium for 2 h. Arnlp-HA was immuno-
precipitated from cellular membranes and the precipitated
Arnlp-HA was probed with either anti-HA or anti-Ub anti-
bodies (Figure 2A). Higher-molecular-weight forms of
Arnlp were readily detected in immunoblots from the wild-
type strain probed for Ub, and these higher-molecular-
weight forms were not detected in the rsp5-1 strain (Figure
2A, right). Comparable amounts of unmodified Arnlp were
detected in both the wild type and rsp5-1 strain (Figure 2A,
left). Ubiquitinated proteins were not detected in a strain
that did not express HA-tagged Arnlp, confirming that the
higher-molecular-weight species corresponded to modified
Arnlp-HA. These data indicate that Arn1p was modified by
ubiquitination and that this ubiquitination was dependent
on Rsp5p.

We next questioned whether a defect in Arnlp ubiquiti-
nation would alter the trafficking of Arnlp. Wild-type and
rsp5-1 strains were transformed with pMETArn1-HA and
incubated in methionine-free medium at the restrictive tem-
perature before preparation for fluorescence microscopy
(Figure 2B). Again, Arnlp was detected in endosomes in
wild-type cells, but in the rsp5-1 strain, Arnlp was detected
primarily in the limiting membrane of the vacuole, with a
small amount detected in intracellular vesicles, and none
detected at the surface of the cell. Membrane proteins des-
tined for the vacuole that fail to be sorted into MVBs are
delivered to the limiting membrane of the vacuole, rather
than the vacuolar lumen, and they are resistant to degrada-
tion by vacuolar proteases. To examine the degradation of
Arnlp in the rsp5-1 strain, the transformed strains were
grown overnight in methionine-free medium at 25°C and
then shifted to 37°C for 1 h before the addition of methionine
and cycloheximide as described above (Figure 2C). Again, in
wild-type cells, Arnlp exhibited a short half-life of ~10 min,
whereas in the rsp5-1 strain, the half-life of Arnlp was
greatly prolonged. These data indicated that Rsp5p-depen-
dent ubiquitination was required for the sorting of Arnlp
into intraluminal vesicles of the MVB but that ubiquitination
was not required for sorting to the vacuole and that Ub was
not the signal that diverts Arnlp from secretory vesicles
destined for the plasma membrane to the vps pathway.

Sorting of Arnlp to the Cell Surface without
Ubiquitination

When cells expressing Arnlp are exposed to low concentra-
tions of FC, that is, concentrations too low to permit uptake
of FC through this transporter, Arnlp traffics to the plasma
membrane. The binding of FC to a high-affinity receptor
domain of Arnlp is thought to be a requirement for this
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Figure 2. Requirement of Rsp5-dependent ubiquitination for vac-
uolar degradation of Arnlp. (A) Loss of Arnlp ubiquitination in the
rsp5-1 strain. Strains YKY102 (Wild Type) and YKY103 (rsp5-1) were
transformed with either pMetArn1l-HA or the empty vector pRS316
(no HA) and YEp96. YEp96 expresses untagged ubiquitin from the
CUP1 promoter. Transformed strains were grown at 25°C in SC
medium without methionine and with 100 uM copper sulfate to
induce expression of Arn1-HA and ubiquitin, respectively. Cultures
were shifted to 37°C for 2 h, and then an equivalent number of cells
was lysed, and the membranes were purified, detergent solubilized,
and subjected to immunoprecipitation with anti-HA antibody. Im-
munoprecipitates were then subjected to Western blotting using an
anti-HA antibody to detect Arnl-HA (left) or an anti-ubiquitin
antibody to detect ubiquitinated Arnl-HA (right). The arrow indi-
cates unmodified Arn1-HA and the bracket indicates ubiquitinated
forms of Arnl. The asterisk indicates immunoglobulin heavy chain.
(B) Accumulation of Arnlp at vacuolar membrane in the rsp5-1
strain. Strains YKY102 (Wild Type) and YKY103 (rsp5-1) were trans-
formed with pArn1-HA and grown at 25°C in iron-poor medium to
mid-log phase. Cultures were shifted to 37°C for 2 h before fixation
and preparation for indirect immunofluorescence microscopy. Im-
ages were collected as a vertical series and analyzed by digital
deconvolution. Images are in pairs with deconvolved fluorescence
on the left and DIC on the right. (C) Increased stability of Arnlp in
rsp5-1 strain. Strains YKY102 (Wild Type) and YKY103 (rsp5-1) were
transformed with pMetArnl-HA and grown in methionine-free me-
dium to mid-log phase at 25°C. Cultures were shifted to 37°C for 2 h
before addition of cycloheximide and methionine, and aliquots of
cells were removed at the indicated times. Cells were lysed and
membranes were isolated and solubilized. Equivalent amounts of
membrane protein were subjected to SDS-PAGE and immunoblot-
ting with anti-HA antibody.

trafficking, and phenylalanine residues in the carboxy ter-
minus of Arnlp are also required for relocalization to the
plasma membrane. We questioned whether ubiquitination
was required for diversion to the plasma membrane by
again examining the ubiquitination and localization of
Arnlp in the rsp5-1 strain after treatment with low amounts
of FC. Wild-type and rsp5-1 strains expressing ubiquitin and
Arnlp-HA as in Figure 2A were incubated at 37°C in me-
thionine-free medium containing 20 nM FC for 2 h. Western
blotting of immunoprecipitated Arnlp indicated that similar

1793



Y. Kim et al.

A 0.02 FC
> A > A
$0“@< @Qﬁ" \\\OY\\“\ (596

’-u - }

anti-HA anti-Ub

Wild Type 0.02 FC

rsp5-1 0.02 FC

Figure 3. Plasma membrane trafficking of Arnlp independent of
ubiquitination. (A) Loss of ubiquitination in the rsp5-1 strain. Strains
YKY102 (Wild Type) and YKY103 (rsp5-1) were transformed and
grown at 25°C as in Figure 2A. Cultures were shifted to 37°C with
the addition of 20 nM FC for 2 h, and cells were harvested and
subjected to immunoprecipitation and SDS-PAGE as in Figure 2A.
(B) Ubiquitin-independent relocalization of Arnlp to the plasma
membrane. Strains YKY102 (Wild Type) and YKY103 (rsp5-1) were
transformed and grown as in Figure 2B except that 20 nM FC was
added for 2 h before preparation for fluorescence microscopy im-

aging.

amounts of Arnlp were present in both strains (Figure 3A,
left) and that although ubiquitinated forms of Arnlp were
readily detected in wild-type cells incubated in 20 nM FC,
very little ubiquitinated Arnlp was detected in the rsp5-1
strain (Figure 3A, right). Inmunofluorescence microscopy of
the wild-type and rsp5-1 strains incubated in the presence of
20 nM FC demonstrated that Arnlp-HA localized predom-
inately to the cell surface in both strains, with a small
amount of signal in intracellular vesicles in the wild-type
strain and in the vacuolar membrane in the rsp5-1 strain
(Figure 3B). These data indicated that ubiquitination of
Arnlp was not required for the FC-induced trafficking to the
plasma membrane. These data also suggested that the FC-
induced relocalization was not 100% efficient, as a small
fraction of Arnlp accumulated at the vacuolar membrane
rather than the plasma membrane in the rsp5-1 strain.

Role of Gga2p in Sorting of Arnlp at the Late Golgi

The clathrin adaptor proteins Ggalp and Gga2p mediate the
trafficking of some transmembrane proteins from the TGN
to endosomes via clathrin-coated vesicles (Bonifacino, 2004).
Ggalp and 2p interact with multiple protein partners, in-
cluding clathrin, ADP-ribosylation factors, and the yeast
epsins Ent3 and Ent5, and recent reports suggest that Gga2p
can act as a Ub receptor at the TGN by binding ubiquitinated
cargo proteins and directing them into clathrin-coated ves-
icles (Bilodeau ef al., 2004; Scott et al., 2004). We tested the
role of Gga2p in the TGN to endosome sorting of Arnlp by
examining the localization of an Arnlp-GFP fusion protein
in strains bearing wild-type or deletion alleles of GGA2
(Figure 4). Strains containing GFP sequences integrated at
the carboxy terminus of the chromosomal ARN1 open read-
ing frame were grown in iron-poor medium to induce the
expression of Arn1-GFP. Cultures were divided and 20 nM
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Figure 4. Mislocalization of Arn1-GFP in a gga2A strain. Wild type
(A and C) and congenic gga2A (B and D) strains containing GFP
coding sequences integrated at the carboxy terminus of ARN1 were
grown overnight in iron-poor medium with either no FC (A and B)
or 0.02 uM FC (C and D) added during the final two hours of
growth. Epifluorescent images are on the left, DIC images on the
right.

FC was added to one aliquot during the last 2 h of growth.
In wild-type cells without FC, Arn1-GFP was primarily de-
tected in vacuoles, with only a small amount of signal de-
tected in endosomes (Figure 4A). The paucity of endosomal
signal is likely due to the slow folding of the GFP domain
(>30 min) (Heim et al., 1995) coupled with the very short
half-life of Arnlp (~10 min), which results in the degrada-
tion of Arnlp-GFP before the GFP domain is fully folded.
The vacuolar signal is due to the protease resistance of the
GFP domain. In contrast to the wild-type strain without FC,
Arnlp-GFP was detected at both the plasma membrane and
in vacuoles in the gga2A strain without FC (Figure 4B),
indicating that in the absence of Gga2p, a fraction of Arnlp
is mislocalized to the plasma membrane and that Gga2p is
involved in the sorting of Arnlp from the TGN to endo-
somes. The addition of 20 nM EC to either the wild-type or
gga2A strains resulted in the detection of Arnl-GFP at the
plasma membrane and in the vacuole in a pattern that was
very similar in the two strains (Figure 4, C and D), confirm-
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ing that GFP-tagged Arnlp exhibited the expected traffick-
ing in response to FC.

Plasma membrane localization of endogenous Arnlp can
be assessed quantitatively by measuring the capacity of
Arnlp to bind radiolabeled FC at the surface of intact cells
(Kim et al., 2002). Wild-type cells grown in iron-poor me-
dium without FC exhibited very low levels of FC binding
that increased 10-fold when 20 nM FC was added to the
growth medium in the final 2 h (Figure 5A), indicating the
relocalization of Arnlp to the plasma membrane in the pres-
ence of FC. In contrast, the ggn2A strain exhibited 38-fold
greater FC binding in the absence of FC pretreatment than
the congenic wild-type strain, confirming the mislocaliza-
tion of Arnlp to the cell surface in the absence of FC in the
gga2A strain. Pretreatment of the gga2A strain with 20 nM FC
did not substantially alter the surface binding of FC, and the
overall increase in surface-localized Arnlp suggested that
the half-life was increased in the ggn2A strain.

The data presented in Figure 2 indicated that Rsp5-medi-
ated ubiquitination was not required for Arnlp to be sorted
from the TGN to the vacuolar membrane, whereas data
presented in Figures 4 and 5A indicated that Gga2p was
required for Arnlp to be sorted from the TGN to the vacu-
ole. These results raised the possibility that ubiquitination of
Arnlp was not required for Gga2p-mediated sorting. To
determine the epistatic relationship between Gga2p and
Rspb5p, we constructed congenic strains in which RSP5 and
GGA2 were mutated individually and together. We then
monitored the trafficking of endogenous Arnlp to the
plasma membrane by measuring binding of FC at the sur-
face of the cell after growth in iron-poor medium, with and
without 20 nM FC pretreatment (Figure 5B). Again, the
gga2A strain demonstrated high amounts of plasma mem-
brane Arnlp in the absence of FC pretreatment. In contrast,
the rsp5-1 strain exhibited relatively low amounts of plasma
membrane Arnlp, although surface binding of FC was con-
sistently higher than the wild type, suggesting a small
amount of Arnlp was mislocalized to the surface in the
rsp5-1 strain. Large amounts of Arnlp were detected on the
surface of the rsp5-1 gga2A strain in a pattern that was very
similar to that of the gga2A strain, suggesting that GGA2 is
epistatic to RSP5 and acts earlier in the TGN to vacuole
sorting of Arnlp.

Sorting of Arnlp to the Plasma Membrane Directly from
the Late Golgi

We questioned whether retrograde trafficking from endo-
somes to the TGN was required for the plasma membrane
relocalization of Arnlp in the presence of FC. At least two
retrograde sorting pathways have been identified. One pref-
erentially retrieves proteins from the early endosomal or
“post-Golgi” compartment and is dependent on the sorting
nexins Snx4p, Snx41p, and Snx42p, whereas a second pref-
erentially acts at the late endosomal or prevacuolar compart-
ment and is dependent on co