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Pmal-7 is a mutant plasma membrane ATPase that is impaired in targeting to the cell surface at 37°C and is delivered
instead to the endosomal/vacuolar pathway for degradation. We have proposed that Pmal-7 is a substrate for a Golgi-
based quality control mechanism. By contrast with wild-type Pmal, Pmal-7 is ubiquitinated. Ubiquitination and
endosomal targeting of Pmal-7 is dependent on the Rsp5-Bull-Bul2 ubiquitin ligase protein complex but not the
transmembrane ubiquitin ligase Tull. Analysis of Pmal-7 ubiquitination in mutants blocked in protein transport at
various steps of the secretory pathway suggests that ubiquitination occurs after ER exit but before endosomal entry. In the
absence of ubiquitination in rsp5-1 cells, Pmal-7 is delivered to the cell surface and remains stable. Nevertheless, Pmal-7
remains impaired in association with detergent-insoluble glycolipid-enriched complexes in rsp5-1 cells, suggesting that
ubiquitination is not the cause of Pmal-7 exclusion from rafts. In vps1 cells in which protein transport into the endosomal
pathway is blocked, Pmal-7 is routed to the cell surface. On arrival at the plasma membrane in vps1 cells, Pmal-7 remains
stable and its ubiquitination disappears, suggesting deubiquitination activity at the cell surface. We suggest that Pmal-7

sorting and fate are regulated by ubiquitination.

INTRODUCTION

Quality control describes the mechanism by which newly
synthesized proteins in the endoplasmic reticulum (ER) are
monitored and assisted to ensure that proper folding and
assembly occur (Ellgard et al., 1999). Quality control also
detects misfolded or aberrantly assembled proteins and re-
moves them from the secretory pathway. A major mecha-
nism for destruction of abnormal proteins is by ER-associ-
ated degradation that prevents ER export, and targets
proteins for retrotranslocation from ER to cytosol followed
by degradation via the ubiquitin-proteasome system (Boni-
facino and Weissman, 1998; Tsai et al., 2002). A second
mechanism for removing abnormal proteins from the secre-
tory pathway has been described involving routing from
Golgi to the endosomal/vacuolar system for degradation
(Arvan et al., 2002). Although delivery of incorrectly assem-
bled membrane complexes for lysosomal degradation has
been described in mammalian cells (Minami et al., 1987;
Armstrong et al., 1990), it seems that a Golgi-based quality
control mechanism may play a more prominent role in yeast
for removing both soluble and membrane proteins (Hong et
al., 1996; Jenness et al., 1997; Zhang et al., 2001; Reggiori and
Pelham, 2002).

The yeast plasma membrane ATPase mutant Pmal-7 is a
well-characterized example of a membrane protein impaired
in plasma membrane targeting and routed instead from
Golgi to the endosomal/vacuolar system for degradation
(Chang and Fink, 1995). pmal-7 cells are temperature sensi-
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tive and cannot grow at 37°C because proton pumping
activity of the plasma membrane ATPase at the cell surface
is essential to generate a membrane potential and to regulate
intracellular pH. Defective targeting to the plasma mem-
brane is accompanied by failure of Pmal-7 to associate with
sphingolipid and ergosterol-rich membrane microdomains
called lipid rafts (Bagnat et al., 2001). Because wild-type
Pmal association with lipid rafts occurs before cell surface
delivery, the possibility has been suggested that lipid raft
association mediates plasma membrane targeting (Bagnat et
al., 2001; Lee et al., 2002). Nevertheless, it is clear that raft
association is not the only determinant of cell surface target-
ing of Pmal (Gong and Chang, 2001).

Ubiquitination is one regulatory mechanism that serves to
target proteins to different pathways (Bonifacino and Weiss-
man, 1998). It is well-established that polyubiquitination
targets cytosolic and nuclear proteins for degradation by the
26S proteasome, and it also mediates removal of defective
proteins from the secretory pathway by ER-associated deg-
radation. Monoubiquitination of some cell surface proteins
has been shown to act as a sorting determinant for internal-
ization from the plasma membrane (Hicke, 2001). Ubiquiti-
nation also signals internalization of membrane proteins
into multivesicular bodies (Katzmann ef al., 2002). Finally,
ubiquitination mediates sorting of select proteins from the
secretory pathway to the endosomal/vacuolar pathway in
response to nutritional signals (Magasanik and Kaiser, 2002;
Umebayashi and Nakano, 2003).

Covalent attachment of ubiquitin to protein substrates
requires the sequential activities of a ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubig-
uitin ligase (E3). The E3 enzyme is thought to mediate
substrate recognition by binding the substrate ubiquitina-
tion signal (Pickart, 2001). Of the many E3s in yeast, Rsp5 is
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the best-characterized HECT-family member that is in-
volved in multiple sorting events at the ER (Rape et al., 2001)
as well as the plasma membrane (Rotin ef al., 2000). Rsp5 and
its associated proteins Bull and Bul2 are also required for
nutritionally regulated sorting of the plasma membrane per-
meases, Gapl and Tat2 from Golgi to the endosomal path-
way (Helliwell et al., 2001; Umebayashi and Nakano, 2003).
A novel transmembrane ubiquitin ligase, Tull, has been
characterized recently and suggested to play a role in Golgi
quality control involved in sorting defective proteins into
the endosomal pathway for vacuolar degradation (Reggiori
and Pelham, 2002).

We have examined whether ubiquitination is involved in
sorting of Pmal-7 into the endosomal pathway. By contrast
with wild-type Pmal that has remarkable cell surface stabil-
ity and a half-life >11 h (Benito ef al., 1991), and that is not
ubiquitinated (Kolling and Losko, 1997), we now show that
targeting-defective Pmal-7 is ubiquitinated. Pmal-7 ubiq-
uitination and its transport into the endosomal system is
dependent on the Rsp5-Bull-Bul2 protein complex. In the
absence of ubiquitination in rsp5-1 and bull bul? cells, newly
synthesized Pmal-7 is delivered to the cell surface and sta-
bilized. When both transport to the endosomal system and
delivery to the cell surface are prevented in vpsl sec4 cells,
Pmal-7 ubiquitination was still observed, suggesting that
Pmal-7 ubiquitination occurs before entry into the endoso-
mal system. Strikingly, in vpsl cells, Pmal-7 is rerouted to
the plasma membrane, and upon arrival, Pmal-7 remains
stable and its ubiquitination disappears, suggesting deubi-
quitination activity at the cell surface. We propose that ubiq-
uitination of Pmal-7 is a regulated process that signals its
destination in the secretory pathway.

METHODS

Strains and Media

Standard yeast media and genetic manipulations were as described (Sherman
et al., 1986). Strains isogenic with L3852 (MATa his3A200 lys2A201 leu2-3,112
ura3-52 ade2) (Chang and Fink, 1995) are ACX58-3C (MATa vpsl:LEU2),
WLY74 (MATa pepl2:HIS3), ACY17 (MATa pep4::URA3), ACX102-3A (MATa
sec18-1), and WLX16-1A (MATa ovps8:LEU2) (Luo and Chang, 1997).
ACX58-3C and WLY74 were made by transformation with disruption cas-
settes pCRKB3A (Rothman ef al., 1990) and pCB34 (from C. Burd, University of
Pennsylvania), respectively. ACX102-3A was transformed with pWL9 (Luo
and Chang, 2000) to generate MPY36 (MAT« his3A200 lys2A201 leu2-3,112
ade2 sec18-1 ura3-52::MET25-HA-pmal-7). WLY103 is MAT« his3A200 lys2A201
leu2-3,112 ade2 ura3-52::MET25-HA-pmal-7 (Luo and Chang, 2000). YHY009K
is MATa his3 leu2 ura3 trp1 bull::TRP1 bul2::ura3::LEU2 (Yashiroda et al., 1996).
FW1810 (KY314) is MATa GAL2™ his4-912A lys2-128A leu2A1 rsp5-1 from Fred
Winston, Harvard University, Cambridge, MA. via D. Kornitzer. vps45 and
vps4 are from a collection of original vps mutants (from Tom Stevens, Uni-
versity of Oregon, Portland, OR and Scott Emr, University of California, San
Diego, CA), and isogenic with SF838-9DR2L1 (MATa his4-519 ura3-52 leu2-3,
112 lys2 pep4-3) and SEY6211 (MATa leu2-31 ura3-52 his3-A200 trp1-A901
ade2-101 suc2-A9). CMY119 is MATa ggalA1:TRP1 gga2A1::HIS3 ura3-52 leu2-
312 his3-A200 trp1-A901 lys2-801 suc2-A9 (from J. Bonifacino, National Insti-
tutes of Health, Besthesda, MD). ACX119 is a cross between ACY15 (MATa
his3A200 lys2A201 leu2-3112 ura3-52 ade2 pmal-7) with MPY28 (MATa
8galAl:trpl::URA3 gga2A1::HIS3 ura3-52 leu2-3,112 his3-A200 trp1-A901 lys2-
801 suc2-A9). MPY28 was generated by transforming CMY119 with pTV10, a
plasmid to swap the TRP1 marker with URA3 (Cross, 1997). MPY33 (MATa
8galAl:trpl:ura3::TRP1 gga2A1::HIS3 ura3-52 leu2-3,112 his3-A200 trp1-A901
lys2-801 suc2-A9 pmal-7) was generated by transforming ACX119-4A with
pUT11 to swap the URA3 marker with TRP1. tullA is from the Euroscarf
collection. SNY24 and SNY31 are MAT« ura3-52 leu2-3,112 his4-519 ade6
pho8-AX sec4-8 and MATa ura3-52 leu2-3,112 his4-519 ade6 pho8-AX sec4-8
vps1A::LEU2, respectively (Nothwehr et al., 1995); these strains were trans-
formed with pWL9 to generate MPY39 and MPY35, respectively.

Molecular Biology

pS3 and pMP4 are centromeric plasmids marked with HIS3 and LEU2,
(Sikorski and Hieter, 1989), respectively, bearing MET-HA-pmal-7 (Luo and
Chang, 2000); they were made by moving the SacI-Xhol 4.6-kb insert from
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pWL9 into pRS313 and pRS315, respectively. pWQ13 is a URA3-marked
centromeric plasmid bearing MET-HA-PMAI. It was constructed by first
amplifying an amino terminal fragment from pJC016 (bearing HA-PMA1
from M. Ziman and R. Schekman) by using oligos CCTTCACCTCTCT-
TAACA and TCCCCCGGGAGCTAGTTAAAGAAAATC; the fragment was
used to replace the Smal-BstEII fragment from pWL4 (Luo and Chang, 2000).

Protein Induction, Immunoprecipitation, and Western Blot

Cells with plasmids bearing wild-type or mutant tagged Pmal under the
control of the MET25 promoter were grown overnight at 25°C in minimal
medium supplemented with 600 uM methionine (Luo and Chang, 2000).
Mid-log cultures were harvested, washed once with water, and resuspended
at 0.5 ODg(p/ml in minimal medium without methionine to induce synthesis
of hemagglutinin (HA)-tagged Pmal. Cells were shifted to 37°C for 2h and
harvested for lysis after addition of 10 mM Na azide.

Lysates were prepared by vortexing with glass beads in the presence of a
protease inhibitor cocktail including 1 mM phenylmethylsulfonyl fluoride, as
described previously (Chang and Slayman, 1991). For detection of ubiquiti-
nated protein, 5 mM NEM was included during lysis. Immunoprecipitations
with anti-HA antibody (Covance, Princeton, NJ) were with 200 ug of lysate
protein in RIPA buffer. Immunoprecipitations (IPs) were analyzed by SDS-
PAGE and Western blot with anti-ubiquitin (1 ug/ml; Zymed Laboratories,
South San Francisco, CA), processed as described previously (Swerdlow et al.,
1986). After chemiluminescence detection, blots were stripped and reprobed
with anti-HA antibody.

Metabolic Labeling and Cell Fractionation

Cells were induced to synthesize HA-tagged Pmal for 1 h at 25°C and shifted
to 37°C for 15 min before pulse-labeling with Expre>S3S for 10 min. Cells
were chased for various times. Cells were lysed and used for anti-HA IP
directly or after fractionation on Renografin density gradients, as described
previously (Chang, 2002).

Association with Detergent-resistant Membranes

Detergent-insoluble glycolipid (DIG)-enriched complexes were isolated as
described previously (Bagnat et al., 2000). Cells were lysed by vortexing with
glass beads in TNE buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM
EDTA) in the presence of protease inhibitors. After centrifugation at 2500 X
g for 5 min, lysate (100 ug of protein) was incubated in 250 ul of cold 1%
Triton X-100 in TNE buffer for 30 min on ice, and then adjusted to 750 ul by
mixing with Optiprep to 40% (Greiner Bio-One, Longwood, FL). The sample
was placed at the bottom of a centrifuge tube and overlaid with 1.2 ml of 30%
Optiprep, 0.1% Triton X-100 in TNE buffer followed by 200 ul of 0.1% Triton
X-100 in TNE buffer. Samples were centrifuged in a Sorvall RP55-S at 52,000
rpm for 2.5 h. Six fractions were collected from the top, and protein was
trichloroacetic acid precipitated.

RESULTS

Ubiquitination of Pmal-7 Is Dependent on Rsp5

Because ubiquitination is one mechanism for sorting pro-
teins in the secretory pathway (Bonifacino and Weissman,
1998; Katzmann et al., 2002), we asked whether ubiquitina-
tion accompanies targeting of Pmal-7 into the endosomal/
vacuolar pathway. For these studies, we used a construct in
which Pmal-7 is tagged with an HA epitope and its expres-
sion is under the control of a MET25 promoter, as described
previously (Luo and Chang, 2000). In the presence of methi-
onine, HA-Pmal-7 is synthesized at a low level (Figure 1A).
By removing methionine from the medium, there is induc-
tion (derepression) of HA-Pmal-7 expression (Figure 1A).
After 2-h induction at 37°C, newly synthesized HA-Pmal
was immunoprecipitated and assayed by Western blot with
anti-ubiquitin. Figure 1B shows no signal was detected from
immunoprecipitates of wild-type Pmal, consistent with re-
ports that wild-type Pmal is not ubiquitinated (Kolling and
Losko, 1997; Wang and Chang, 2002). By contrast, a series of
high-molecular-weight bands migrating above the 100-kDa
position of Pmal (Figure 1B, arrow) were observed in im-
munoprecipitates of Pmal-7 synthesized at 37°C, indicating
ubiquitination (Figure 1B). The estimated molecular mass of
the high-molecular-weight bands are consistent with addi-
tion of one to four ubiquitin moieties to Pmal. At the per-
missive temperature 30°C, because a larger fraction of newly
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Figure 1. Pmal-7 is ubiquitinated. Cells

bearing pMET-HA-pmal-7 (pMP4 or pS3) or

pMET-HA-PMA1 (pWQ13) were induced for

2 h at 30 or 37°C to express tagged Pmal. (A)

Pmal-7 induction in RSP5" and rsp5-1 cells.

Lysate was analyzed by anti-HA Western be-

fore (“0”) and after 2-h induction at 37°C B

(“on”). (B) Western blot with anti-ubiquitin WT Pmal
(top) followed by anti-HA (bottom). HA- 300 a7
Pmal-7 was immunoprecipitated with an-
ti-HA in  bull bul2 (YHYO009K), rsp5-1
(FW1810), tull (BY4742 background), ups45
(T. Stevens collection), vps4 (SEY6211 back-
ground), ups8 (WLX16-1A), pepl2 (WLY74),
and a variety of corresponding wild-type
strain backgrounds. The position of Pmal and B
the 116-kDa molecular weight marker are in-
dicated by an arrow and dashed lines, respec-
tively.

Anti-Ub

synthesized Pmal-7 is permitted to move to the plasma
membrane (Chang and Fink, 1995), ubiquitination of Pmal-7
is decreased (Figure 1B). These results suggest the modifi-
cation is associated with increased delivery to the endoso-
mal/vacuolar pathway.

HA-Pmal-7 ubiquitination was studied after blocking
Pmal-7 transport at various steps through the endosomal
pathway. Previously, we used indirect immunofluorescence
to visualize localization of HA-Pmal-7 after induction at
37°C. In vps8 cells in which transport from early to late
endosomes is impaired, newly synthesized HA-Pmal-7 was
localized in endosomal/Golgi-like compartments (Luo and
Chang, 2000). Figure 1B shows Pmal-7 ubiquitination is
increased in vps8 by comparison with that seen in VPS8™*
cells: more ubiquitinated Pmal-7 molecules were detected
and the extent of modification of Pmal-7 by ubiquitin
seemed increased. Pmal-7 ubiquitination also is increased in
pep12 cells, which, like vps8, are impaired in transport from
early to late endosomes, and in vps45 in which Golgi-derived
vesicles accumulate before arrival at the endosome (Cowles
et al., 1994). In class E vps mutants, Pmal-7 has been shown
to accumulate in an aberrant prevacuolar compartment (Luo
and Chang, 2000); in the class E mutant, vps4, there is de-
fective protein sorting to multivesicular bodies (Babst et al.,
2002; Katzmann et al., 2002), and ubiquitination of Pmal-7 is
also increased by comparison with that in VPS4" cells.

Figure 2. Pmal-7 is routed to the plasma

membrane in the absence of ubiquitination in

rsp5 and bull bul2 cells. Cells were induced to

express HA-Pmal-7 in the absence of methi- Pmal-7
onine for 1 h at 25°C. Cells were shifted to 5 30 60
37°C for 15 min, pulse labeled 10 min with

Expre3®®S$®S, and chased for various times.
(A) Stabilization of Pmal-7. Wild-type
(L3852), rsp5-1 (FW1810), and bull bul2
(YHYO009K) cells bearing MET-HA-pmal-7
(pMP4). HA-Pmal-7 was immunoprecipi-
tated from cells lysed at various times of
chase and analyzed by SDS-PAGE and fluo-
rography. (B) Cell fractionation on Renogra-
fin density gradients. HA-Pmal-7 was in-
duced in pep4 (ACY17) and bull bul2 cells
followed by pulse labeling and chase for 1 h
at 37°C. After gradient centrifugation, HA-
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The transmembrane ubiquitin ligase Tull has been pro-
posed to participate in a quality control mechanism that
regulates retention of Golgi membrane proteins (Reggiori
and Pelham, 2002). Because we have suggested that Pmal-7
is recognized by Golgi quality control (Arvan et al., 2002;
Chang and Fink, 1995), we tested whether Pmal-7 ubiquiti-
nation is mediated by Tull. Figure 1B shows Pmal-7 ubiq-
uitination is not impaired in tullA cells. However, Pmal-7
ubiquitination is dependent on the ubiquitin ligase Rsp5
because ubiquitination was not detectable in rsp5-1 cells,
defective in E3 activity at 37°C (Andoh ef al., 2000; Rotin et
al., 2000). Similarly, no ubiquitination of Pmal-7 was de-
tected in bull buil2 cells (Figure 1B). These observations are
consistent with reports that Bull and Bul2 bind to Rsp5, and
a bull bul2 mutant has phenotypes similar to that of rps5
(Andoh et al., 2000).

Relationship between Ubiquitination, Endosomal
Delivery, and Raft Association

The fate of Pmal-7 was examined in the absence of ubiquiti-
nation in rsp5-1 and bull bul2 cells. In Figure 2A, cells were
pulse labeled with Expre3°S°°S, chased for various times,
and HA-Pmal-7 was immunoprecipitated. In agreement
with previous reports (Luo and Chang, 2000), HA-Pmal-7
undergoes degradation in wild-type cells at 37°C; however,

B

1 2 3 4 § 6 7 8 9 10 11 12 13 14

anti-HA-Pmal-7
pepd

anti-ALP

.. - rspS 1 3 5 7 9 1 13

bull i -
bul2 anti-HA-Pmal-7 bull

bul2

A I
anti-Gasl

Pmal-7 was immunoprecipitated from each fraction. Plasma membrane (Gasl) and vacuolar membrane (alkaline phosphatase, ALP) markers
were assayed by Western blot after pelleting membranes from each fraction.
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Figure 3. Pmal-7 fails to associate with rafts. Cells were shifted to
37°C for 2 h before lysis. After incubation with cold Triton X-100,
samples were mixed with Optiprep, overlaid with an Optiprep step
gradient, and centrifuged. Gradient fractions were analyzed after
trichloroacetic acid precipitation. (A) Pmal association with DIG-
enriched complexes in wild-type and rsp5 (KY314) cells by Western
blot with anti-Pmal. (B) DIG association of Pmal-7. Wild-type and
rsp5 (KY314) cells bearing pMET-HA-pmal-7 (pMP4) were induced
for 2 h at 37°C. Optiprep gradient fractions were analyzed by
Western blot with anti-HA and anti-Gasl.

stabilization of newly synthesized HA-Pmal-7 was ob-
served in rsp5-1 as well as bull bul? cells, suggesting Pmal-7
was deterred from vacuolar degradation.

Localization of HA-Pmal-7 was determined by cell frac-
tionation on Renografin density gradients. It has been well
established that Renografin density gradient fractionation
leads to efficient separation of intracellular membranes from
plasma membrane, migrating in low-density and high-den-
sity (9-11) fractions, respectively (Chang, 2002). Fraction-
ation of HA-Pmal-7 was examined after metabolically label-
ing cells followed by chase for 1 h. Newly synthesized
HA-Pmal-7 was immunoprecipitated from gradient frac-
tions and analyzed by SDS-PAGE and fluorography. In pep4
cells, defective in vacuolar proteolysis (Jones, 1977), newly
synthesized HA-Pmal-7 is stabilized; fractionation revealed
HA-Pmal-7 is predominantly colocalized with the vacuolar
membrane marker alkaline phosphatase (Figure 2B), in
agreement with localization to the vacuolar membrane and
lumen determined previously by indirect immunofluores-
cence (Luo and Chang, 2000). By contrast, newly synthe-
sized wild-type Pmal is delivered to the cell surface by
30-min chase (Gong and Chang, 2001). In bull bul2 cells,
HA-Pmal-7 was found predominantly in high-density frac-
tions 9 and 10, coincident with the plasma membrane
marker Gasl (Figure 2B). These results indicate that in the
absence of ubiquitination vacuolar targeting of Pmal-7 is
impaired, and Pmal-7 is delivered to the plasma membrane.
Previously, we have shown that routing of Pmal-7 to the
plasma membrane results in suppression of temperature-
sensitive growth (Chang and Fink, 1995; Luo and Chang,
1997). Consistently, bull bul2 pmal-7 cells grow at 37°C (our
unpublished data).

It has been suggested that failure of Pmal-7 to associate
with lipid rafts or DIG-enriched complexes may account
for its targeting to the endosomal/vacuolar pathway
(Bagnat et al., 2001). According to this model, it is possible
that ubiquitination of Pmal-7 may occur after, or as a
consequence of, its inability to become raft-associated. To
examine this possibility, raft association of Pmal-7 was
analyzed in the absence of ubiquitination in rsp5-1 cells.
Lipid raft association was studied by flotation of Triton
X-100-resistant membranes on Optiprep density gradi-
ents (Bagnat et al., 2000), and Pmal distribution within the
gradient was assayed by Western blot. Figure 3A shows
wild-type Pmal predominantly in lipid rafts in both
RSP5" and rsp5-1 cells, floating with DIGs at the top of the
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Optiprep gradient (fractions 1 and 2). Figure 3B examines
the ability of Pmal-7 to partition into DIGs after induction
of HA-Pmal-7 synthesis for 2h at 37°C. In RSP5™" cells,
raft association of HA-Pmal-7 is impaired with ~30% of
total HA-Pmal-7 floating in fractions 1 and 2, in agree-
ment with a previous report (Bagnat et al., 2001). In rsp5-1
cells, DIG association of HA-Pmal-7 remains defective
although newly synthesized HA-Pmal-7 is delivered to
and stable at the plasma membrane in these cells (Figure
2). Lipid rafts are not perturbed in rsp5-1 cells because the
lipid raft-associated marker, Gasl, remains predomi-
nantly DIG-associated (Figure 3B, bottom). Thus, ubiquiti-
nation does not cause exclusion from rafts. The results are
consistent with (but do not prove) ubiquitination and
targeting to a degradative pathway occur after, or as a
consequence of, failure to associate with rafts.

Ubiquitination of Pmal-7 Occurs before Rerouting to the
Cell Surface in ggal gga2 Cells

Imposing a general block of protein transport in the endo-
somal pathway prevents delivery of Pmal-7 for vacuolar
degradation and causes Pmal-7 to move to the cell surface
(Luo and Chang, 1997; Luo and Chang, 2000). Recent work
indicates that the GGA proteins (Golgi-localized, y-ear-con-
taining, ARF-binding) are conserved, interact with clathrin
and the AP-1 adaptor protein complex, and play an impor-
tant role in protein sorting from Golgi into the endosomal
pathway (Mullins and Bonifacino, 2001; Hinners and Tooze,
2003). Therefore, we tested whether the two yeast GGAs,
Ggal and Gga2, play a role in Pmal-7 trafficking. ggal gga2
cells were pulse labeled with Expre3>S®S and chased for 1 h,
followed by fractionation on Renografin density gradients
and immunoprecipitation of HA-Pmal-7 from each gradient
fraction. As one might expect, newly synthesized HA-
Pmal-7 is predominantly localized in dense fractions (9-12)
in ggal gga2 cells, coincident with the plasma membrane
marker Gasl (Figure 4A). These results indicate Pmal-7 is
blocked from endosomal delivery and are consistent with
reported defects in sorting of the vacuolar protease CPY and
recycling of Kex2 in ggal gga2 (Mullins and Bonifacino,
2001).

To determine whether Pmal-7 is ubiquitinated before it
undergoes rerouting to the plasma membrane in ggal ggu2
cells, HA-Pmal-7 was immunoprecipitated after induction
for 2 h at 37°C, and the IPs were analyzed by Western with
anti-ubiquitin. Figure 4B shows that ubiquitination of HA-
Pmal-7 in ggal gga2 cells remains similar to that in GGA™
cells, suggesting ubiquitination occurs before entry into the
endosomal pathway. By contrast with Pmal-7, ubiquitina-
tion of the vacuolar protein CPS is prevented in ggal gga?2
cells and thus is thought to occur after entry into the endo-
somal system (Katzmann et al.,, 2001). Ubiquitination of
Pmal-7 was not detected when Pmal-7 synthesis was in-
duced in sec18 cells in which export from the ER is blocked
(Figure 4B). These observations suggest Pmal-7 ubiquitina-
tion occurs after ER export but before entry into the endo-
somal system.

Previously, we established that routing of Pmal-7 to the
cell surface allows cells to grow because Pmal-7 is enzymat-
ically active (Chang and Fink, 1995; Luo and Chang, 1997).
Thus, ggal gga2 is a suppressor of temperature-sensitive
growth of pmal-7 (Figure 4C), as are other trafficking mu-
tants that prevent Golgi-to-endosome traffic and conse-
quently cause Pmal-7 movement to the cell surface. Figure
4C shows the ggal gga2 pmal-7 triple mutant grows at 37°C.
Addition of a centromeric plasmid bearing wild-type GGA2
reverses suppression of pmal-7 so that the cells lose the
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induced for 2 h at 37°C in ggal gga2 (CMY119) o # s g
cells. (A) Localization of newly synthesized HA- + + + + +

Pmal-7. Cells were pulse labeled at 37°C, chased
for 1 h, and fractionated on Renografin density
gradients. HA-Pmal-7 was immunoprecipitated
from each fraction and analyzed by SDS-PAGE
and fluorography. Gasl localization in each frac-
tion was assayed by Western blot. (B) HA-Pmal-7
is ubiquitinated in ggal gga2 but not secl8
(MPY36). HA-Pmal-7 was immunoprecipitated
and then analyzed by Western blot with anti-
ubiquitin followed by anti-HA. (C) gga2 is a sup-
pressor of pmal-7. ggal gga2 pmal-7 triple mutant
(MPY33) was transformed with URA3-marked
centromeric vectors bearing no insert or GGA2
(pCM53-3), gga2-AGAE (pCM62-2), gga2-Ahinge/
GAE (pCM63-1), and gga2-AVHS (pCM64-1).
Cells were spotted in serial 10-fold dilutions on
plates with synthetic complete medium without
uracil and incubated at 30 or 37°C.

ability to grow at 37°C, suggesting deletion of both GGA1
and GGA? is required for pmal-7 suppression. The GGAs
have a multidomain structure, including a VHS domain that
recognizes acidic cluster-dileucine sorting signals, a hinge
domain with putative clathrin-binding motifs, and GAE do-
main with similarity to gamma-adaptin ear domain; a series
of ggn? mutants have been made to test the role of these
distinct domains (Mullins and Bonifacino, 2001). We used
these mutants to test the role of VHS, hinge, and GAE
domains in GGA function by using suppression of pmal-7 as
an assay. Figure 4C shows a complementation test of the
triple ggal gga2 pmal-7 mutant with a centromeric plasmid
bearing truncations of either VHS, hinge-GAE, or GAE do-
mains of Gga2. Expression of the mutant Gga2 proteins is
driven by the strong constitutive triose-phosphate isomerase
promoter (Mullins and Bonifacino, 2001). Cells transformed
with truncations of VHS and hinge-GAE domains grow well
at 37°C, indicating these ggn2 mutants fail to reverse pmal-7
suppression. By contrast, ggal gga2 pmal-7 cells transformed
with the AGAE gga2 mutant grow almost as poorly at 37°C
as cells transformed with wild-type GGA2. Thus, the VHS
and hinge regions, but not the GAE domain, play important
roles in delivery of Pmal-7 to the endosomal/vacuolar path-
way, in agreement with structural requirements for GGA-
mediated sorting of pro-CPY and pro-a factor (Mullins and
Bonifacino, 2001).
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Pmal-7 at the Cell Surface Is Not Ubiquitinated

As in ggal gga? cells, endosome-directed protein traffic is
rerouted to the plasma membrane in vps1 cells (Nothwehr et
al., 1995; Wilsbach and Payne, 1993). Therefore, as expected,
pulse-chase analysis showed that newly synthesized Pmal-7
is stabilized in vpsl (Figure 5A), and localized to the cell
surface by 1 h of chase, coincident with the plasma mem-
brane marker Gasl on Renografin density gradients (Figure
5B). At the same time, HA-Pma1l-7 induced for 2 h at 37°C is
ubiquitinated in vps1 (Figure 5D), as in ggal gga? cells (Fig-
ure 4B). Because newly synthesized Pmal-7 is stabilized in
both ggal gga? and vps1 cells, it was of interest to determine
the localization of ubiquitinated Pmal-7 detected in these
cells. Previous indirect immunofluorescence data using
pMET-HA-pmal-7 showed after induction in opsl cells,
newly synthesized HA-Pmal-7 is localized in Golgi-like
structures as well as the plasma membrane; after chase (by
shutting off further synthesis), HA-Pmal-7 was largely
found at the plasma membrane (Luo and Chang, 2000). To
examine whether ubiquitination in vps1 cells is dependent
on HA-Pmal-7 localization, HA-Pmal-7 synthesis was first
induced and then its synthesis was shut off for 2h at 37°C.
Western blot analysis of cell lysate shows that HA-Pma1-7 is
stabilized after chase in vps1 cells (compare “on” and “off”),
although induction is less than that in VPSI* cells (Figure
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Figure 5. Ubiquitination of cell surface Pmal-7. Cells bearing pMET-
HA-pmal-7 were induced to express HA-Pmal-7. (A) Newly synthesized
Pmal-7 is stabilized in vpsl. After induction for 1 h at 25°C, cells were
shifted to 37°C and pulse labeled with Expre3*S®S and chased for various
times. HA-Pmal-7 was immunoprecipitated and analyzed by SDS-PAGE
and fluorography. (B) Pmal-7 is routed to the plasma membrane in vps1.
After pulse-labeling and chase for 1 h, cells were lysed and fractionated on
Renografin density gradients. The distribution of HA-Pma1-7 on the gra-
dient was determined by immunoprecipitation, whereas Gasl and alka-
line phosphatase were detected by Western blot. (C) Pmal-7 synthesis and
degradation in VPSI and wvpsl. HA-Pmal-7 level was determined by
anti-HA Western blot before induction (“0”) and after 2-h induction at
37°C (“on”). Methionine (2 mM) was then added to terminate further
synthesis of HA-Pmal-7 and incubation continued for another 2 h at 37°C
(“off”). (D) Ubiquitination of HA-Pmal-7 in ups] disappears after chase.
ups1 (ACX58-3C), vps1 sec4 (MPY 39), sec4 (MPY35), and wild-type (L3852)
cells were induced to express HA-Pmal-7 for 2 h at 37°C (on) and chased
for another 2 h. HA-Pmal-7 was immunoprecipitated with anti-HA and
analyzed by Western blot with anti-ubiquitin followed by anti-HA. Lane
1, Pmal-7 from isolated plasma membranes is not ubiquitinated. After
induction of HA-Pmal-7 synthesis for 2 h followed by chase for another
2hat 37°C, cell lysate was fractionated on Renografin density gradients in
the presence of 5 mM NEM. Fractions 9 and 10 (arrow) containing peak
distribution of HA-Pmal-7 (confirmed by Western blot with anti-HA,
bottom) were collected for immunoprecipitation with anti-HA and ana-
lyzed by anti-ubiquitin Western blot.
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5C). Ubiquitination was then examined by immunoprecipi-
tating HA-Pmal-7 and analysis by Western blot with an-
ti-HA and anti-ubiquitin. After chase, HA-Pmal-7 ubiquiti-
nation disappears in vps1 as well as VPS1* cells (Figure 5D,
top). These results suggest that Pmal-7 undergoes ubiquiti-
nation before delivery to the endosomal pathway, and after
chase in vpsl cells, ubiquitin is removed upon delivery of
HA-Pmal-7 to the cell surface.

Ubiquitination of Pmal-7 was further analyzed in wvpsl
sec4 cells in which protein diverted from entry into the
endosomal pathway should accumulate in post-Golgi secre-
tory vesicles (Nothwehr et al., 1995). In sec4 cells, in the
absence of vps]1 mutation, accumulation of post-Golgi secre-
tory vesicles should have no effect on vacuolar delivery of
Pmal-7. Ubiquitination of Pmal-7 was examined after in-
duction and chase in vpsl sec4 and sec4 cells at 37°C. As
expected, upon induction, HA-Pmal-7 is ubiquitinated in
sec4 cells, and after chase, ubiquitination disappears as HA-
Pmal-7 is degraded (Figure 5D, lanes 6 and 7). In ups1 sec4
cells, ubiquitination of Pmal-7 was seen upon induction
(lane 8). Strikingly, after chase in vpsl sec4 cells, Pmal-7
ubiquitination does not disappear but seems even somewhat
increased (Figure 5D, top, lanes 8 and 9). These observations
support the idea that ubiquitination occurs before entry into
the endosomal pathway but disappears upon cell surface
arrival when Pmal-7 is routed to the plasma membrane
(Figure 5D, compare lanes 5 and 9).

Further evidence in support of deubiquitination of
Pmal-7 at the plasma membrane comes from isolating
plasma membranes after fractionation of cell lysate on
Renografin gradients. NEM was included to prevent deubi-
quitination occurring during cell fractionation. Figure 5D,
bottom, shows the fractionation pattern of HA-Pmal-7 after
2-h induction followed by 2-h chase in vps1 cells at 37°C.
HA-Pmal-7 is predominantly present in dense fractions con-
taining plasma membrane (coincident with the plasma
membrane marker Gasl (Figure 5D, bottom). HA-Pmal-7
was immunoprecipitated from plasma membrane collected
from fractions 9 and 10; the ubiquitination status of HA-
Pmal-7 was assessed by anti-ubiquitin Western blot (lane 1,
arrow). In agreement with the “pulse-chase” experiment in
lanes 4 and 5, ubiquitination of plasma membrane HA-
Pmal-7 was not detectable (Figure 5D, top, lane 1). These
data suggest deubiquitination of Pmal-7 occurring upon
arrival at the plasma membrane.

DISCUSSION

Ubiquitination is a mechanism used to target proteins for
internalization into multivesicular bodies before vacuolar
degradation (Katzmann et al., 2002). Because Pmal-7 under-
goes vacuolar degradation (Chang and Fink, 1995), it is
likely that ubiquitination signals its internalization into mul-
tivesicular bodies. However, our evidence suggests ubiquiti-
nation of Pmal-7 occurs before its entry into the endosomal
pathway. Ubiquitination was analyzed by inducing synthe-
sis of HA-Pmal-7 for 2 h at 37°C. On induction in vps] and
ggal gga2 mutants in which protein transport from Golgi to
endosome is blocked, ubiquitination of HA-Pmal-7 was ob-
served even though Pmal-7 is prevented from endosomal
entry (Figures 4B and 5B). In sec18 cells blocked in ER exit,
no Pmal-7 ubiquitination was detected (Figure 4B), suggest-
ing ubiquitination occurs after ER export.

The Pmal-7 ubiquitination pattern is consistent with mod-
ification by one to four ubiquitin molecules (Figure 1). It is
unknown which of 48 lysines, all predicted to reside in the
cytoplasmic domains of Pmal, are recognized for ubiquiti-
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Figure 6. Model for ubiquitination and intracellular transport of
Pmal-7. Pmal-7 acquires ubiquitination (in grey) after ER export
and before entry into the endosomal pathway. In mutants blocked
in various steps of the endosomal pathway (vps8, vps45, pepl2)
before deubiquitination at the vacuole, Pmal-7 ubiquitination is
increased. In the absence of ubiquitination in rsp5-1 and bull bul2,
Pmal-7 (in black) is delivered to the plasma membrane. In vps1 and
ggal gga2 cells, ubiquitinated Pmal-7 is diverted to the plasma
membrane where it undergoes deubiquitination (in black).

nation. Analysis of Pmal-7 in mutants blocked in various
steps along the endosomal pathway revealed an increase in
number of ubiquitinated Pmal-7 molecules as well as an
increase in the extent of ubiquitination in vps8, pep12, vps45
cells (Figure 1B). Pmal-7 ubiquitination also seems in-
creased in vps4 cells (Figure 1B), impaired in formation of
multivesicular bodies (Katzmann et al., 2002). Increased
ubiquitination may reflect Pmal-7 accumulating before de-
ubiquitination in the vacuole. Similarly, ubiquitination of
the vacuolar hydrolase carboxypeptidase S (which under-
goes internalization into multivesicular bodies) is increased
in mutants blocked in endosomal transport (Katzmann et al.,
2001; Shih et al., 2002). By contrast, Pmal-7 ubiquitination
does not seem substantially increased when vacuolar deg-
radation is prevented in pep4 cells (our unpublished data),
presumably because deubiquitination is unimpaired in these
cells. The idea that Pmal-7 may undergo ubiquitination
before and then again after entry into the endosomal path-
way is also consistent with increased Pmal-7 ubiquitination
when the endosomal transport pathway is blocked is (see
below).

Pmal-7 ubiquitination is dependent on Rsp5 and its asso-
ciated proteins Bull and Bul2 (Figure 1B). In the absence of
ubiquitination, Pmal-7 is stabilized in rps5-1 cells, as re-
vealed by pulse-chase analysis; it is prevented from entering
the endosomal pathway and is routed instead to the cell
surface in bull bul2 cells, as revealed by cell fractionation
(Figure 2). Thus, we propose that Pmal-7 ubiquitination
mediates its delivery into the endosomal pathway (see
model in Figure 6).

There are several similarities between Pmal-7 delivery for
degradation and nutrient-dependent regulation of plasma
membrane transporters by targeting to the endosomal/vac-
uolar pathway. Like Pmal-7, the tryptophan permease Tat2,
the general amino acid permease Gap1, and the metal trans-
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porters Smfl and Smf2 are sorted at the Golgi or early
endosome (Beck ef al., 1999; Liu and Culotta, 1999; Helliwell
et al., 2001; Umebayashi and Nakano, 2003). Tat2 and Gap1
sorting depend on ubiquitination via the Rsp5-Bull-Bul2
ubiquitin ligase complex. Tat2 and Gapl are inversely reg-
ulated in response to nitrogen source: when cells are starved
for nitrogen Gapl is sorted to the plasma membrane,
whereas Tat2 is sent for vacuolar degradation; moreover, the
TOR signaling pathway regulates Tat2 sorting (but not
Gapl) so that rapamycin treatment to inactivate TOR in-
duces endosomal sorting of Tat2. By contrast, Pmal-7 deliv-
ery to the endosomal pathway seems constitutive. In addi-
tion to regulating protein sorting at the Golgi complex, Rsp5
is reported to play roles in down-regulation of plasma mem-
brane proteins (Rotin ef al., 2000), mitochondrial inheritance
(Fisk and Yaffe, 1999), and proteolytic processing and acti-
vation of ER membrane-bound transcription factors (Hoppe
et al., 2000). Clearly, critical issues are how Rsp5 recognizes
substrates in multiple cellular compartments and how this
recognition is regulated. The WW domains of Rsp5 mediate
interactions with some substrates (Rotin et al., 2000). It has
also been suggested that the C2 domain of the mammalian
Rsp5 homolog, Nedd4, regulates its membrane and lipid raft
association, and in this way perhaps also its substrate selec-
tion (Gormley et al., 2003).

We suggest the possibility that Rsp5 modification of
Pmal-7 is a response to activation of a quality control mech-
anism which detects Pmal-7 as a misfolded protein. Pmal-7
is more sensitive than wild-type Pmal to limited trypsinoly-
sis (Chang, unpublished data), suggesting conformational
differences. It remains an unresolved question whether in-
teraction of the Rsp5-Bull-Bul2 complex with Pmal-7 is
direct or whether Pmal-7 recognition is indirect and medi-
ated by other factors; for instance, ubiquitination of some
substrates is promoted by phosphorylation (Hicke, 1999).

The relationship was examined between Pmal ubiquiti-
nation, sorting, and association with lipid rafts because it
has been proposed that Pmal targeting requires lipid raft
association (Bagnat et al., 2001). Wild-type Pmal and the
GPI-anchored Gasl are DIG-associated (Bagnat et al., 2000),
but Pmal-7 is not present in a Triton-insoluble glycolipid-
enriched complex (DIG) (Figure 3; Bagnat et al., 2001). In the
absence of ubiquitination, Pmal-7 remains excluded from
DIGs, even though it is stabilized and delivered to the
plasma membrane in rsp5 and bull bul2 cells (Figure 2). Rafts
are not perturbed in rsp5 cells as Gasl is DIG-associated in
these cells (Figure 2). Thus, ubiquitination is not the cause of
Pmal-7 exclusion from DIGs.

As in rsp5 cells, DIG association of Pmal-7 remains im-
paired in vps] cells, even though Pmal-7 is stabilized and
routed to the plasma membrane (Bagnat et al., 2001), sug-
gesting that cell surface delivery and stabilization are not
sufficient to induce lipid raft association. Although we have
suggested that perturbation of lipid raft integrity may pro-
mote instability of wild-type Pmal at the plasma membrane
(Wang and Chang, 2002), it is clearly not the only determi-
nant of Pmal stability. Analogous with Pmal-7, Tat2 is a raft
associated protein, and inhibition of Tat2 ubiquitination in
bull cells has been reported to lead to cell surface delivery
without causing recovery of DIG association (Umebayashi
and Nakano, 2003).

Although failure of Pmal-7 to associate with lipid rafts
may act as a signal for ubiquitination and endosomal deliv-
ery, we cannot at present exclude the possibility that im-
paired raft association is simply one of several phenotypes
that reflects its conformational defect. In this regard, it is
relevant that when Tat2 association with rafts is perturbed in
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erg6 cells, Tat2 undergoes Rsp5-Bull-Bul2-mediated ubiq-
uitination and delivery to the endosomal/vacuolar pathway
even under nutritional conditions that signal plasma mem-
brane targeting (Umebayashi and Nakano, 2003). Under
these circumstances, Tat2 ubiquitination occurs on anoma-
lous sites distinct from those modified in response to nutri-
tional signals (Umebayashi and Nakano, 2003). According to
the quality control model we have suggested for Pmal-7, it
is possible that Tat2 is misfolded as a result of impaired raft
association and recognition of the conformational defect
leads to endosomal targeting.

Ubiquitination is a reversible modification and the activity
of deubiquitinating enzymes represents one means of regu-
lation. In yeast, the family of deubiquitinating enzymes is
large but less well-characterized by comparison with en-
zymes involved in ubiquitin attachment (Hochstrasser,
1996). Of the 17 yeast deubiquitinating enzymes, Doa4 is
perhaps the best characterized, playing a general role in
deubiquitination of membrane proteins at the vacuole, re-
covery of ubiquitin, and maintenance of cellular free ubiq-
uitin levels (Katzmann et al., 2002). Accordingly, ubiquitina-
tion of newly synthesized Pmal-7 is markedly reduced in
doa4 cells (Pizzirusso, unpublished data). Evidence suggest-
ing deubiquitination of Pmal-7 at the plasma membrane
comes from analysis of vps] cells (Figure 5D). After induc-
tion and chase in vps1 cells, HA-Pmal-7 is prevented from
endosomal entry and routed instead to the cell surface (Luo
and Chang, 2000; Figure 5). Under these conditions, Pmal-7
ubiquitination disappears (Figure 5D), suggesting ubiquiti-
nation is removed at the plasma membrane. Indeed, in vps1
sec4 cells in which HA-Pmal-7 is barred from endosomal
entry as well as plasma membrane arrival, ubiquitination
seemed increased (Figure 5D). Consistently, Pmal-7 ubiq-
uitination was not detectable in plasma membrane isolated
after fractionation on Renografin density gradients (Figure
5D). Together, these observations support the hypothesis
that Pmal-7 becomes deubiquitinated at the plasma mem-
brane. Deubiquitination of Pmal-7 is consistent with its
stabilization at the cell surface in vps1 (Figure 5A), as well as
in multiple suppressor strains that cause Pmal-7 routing to
the plasma membrane (Luo and Chang, 1997). By contrast
with Pmal-7, ubiquitination of a number of plasma mem-
brane proteins induces their rapid turnover (Rotin et al.,
2000), and fusion of ubiquitin or ubiquitination motifs to
wild-type Pmal has been shown to destabilize and cause
rapid cell surface internalization of the chimera (Kolling and
Losko, 1997; Roth et al., 1998; Shih et al., 2000). Although the
mechanism by which plasma membrane proteins are deu-
biquitinated will require further investigation, it is clear that
multiple mechanisms regulating ubiquitination can control
protein fate in the secretory pathway.
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