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Cytosolic and peroxisomal enzymes necessary for methanol assimilation are synthesized
when Pichia pastoris is grown in methanol. Upon adaptation from methanol to a glucose
environment, these enzymes are rapidly and selectively sequestered and degraded
within the yeast vacuole. Sequestration begins when the vacuole changes shape and
surrounds the peroxisomes. The opposing membranes then fuse, engulfing the peroxi-
some. In this study, we have characterized a mutant cell line (glucose-induced selective
autophagy), gsa7, which is defective in glucose-induced selective autophagy of peroxi-
somes, and have identified the GSA7 gene. Upon glucose adaptation, gsa7 cells were
unable to degrade peroxisomal alcohol oxidase. We observed that the peroxisomes were
surrounded by the vacuole, but complete uptake into the vacuole did not occur. There-
fore, we propose that GSA7 is not required for initiation of autophagy but is required for
bringing the opposing vacuolar membranes together for homotypic fusion, thereby
completing peroxisome sequestration. By sequencing the genomic DNA fragment that
complemented the gsa7 phenotype, we have found that GSA7 encodes a protein of 71 kDa
(GsaZp) with limited sequence homology to a family of ubiquitin-activating enzymes, E1.
The knockout mutant gsa7A had an identical phenotype to gsa7, and both mutants were
rescued by an epitope-tagged Gsa7p (Gsa7-hemagglutinin [HA]). In addition, a GSA7
homolog, APG?7, a protein required for autophagy in Saccharomyces cerevisiae, was capable
of rescuing gsa7. We have sequenced the human homolog of GSA7 and have shown many
regions of identity between the yeast and human proteins. Two of these regions align to
the putative ATP-binding domain and catalytic site of the family of ubiquitin activating
enzymes, E1 (UBA1, UBA2, and UBA3). When either of these sites was mutated, the
resulting mutants [Gsa7(AATP)-HA and Gsa7(C518S)-HA] were unable to rescue gsa7
cells. We provide evidence to suggest that Gsa7-HA formed a thio-ester linkage with a
25-30 kDa protein. This conjugate was not observed in cells expressing Gsa7(AATP)-HA
or in cells expressing Gsa7(C518S)-HA. Our results suggest that this unique El-like
enzyme is required for homotypic membrane fusion, a late event in the sequestration of
peroxisomes by the vacuole.

INTRODUCTION

Autophagy is a tightly regulated nonselective and
sometimes selective process for the degradation of
cellular proteins and organelles in eukaryotic cells.

* Corresponding author. E-mail address: dunn@anatomy.med.ufl.edu.
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Mammalian cells and yeast are capable of responding
to environment changes and nutrient stress by activat-
ing the degradation of proteins via microautophagy
and macroautophagy (Veenhuis ef al., 1983; Lardeux
and Mortimore, 1987; Mortimore et al., 1989; Kopitz et
al., 1990; Tuttle et al., 1993; Baba et al., 1994; Dunn,
1994; Tuttle and Dunn, 1995; Chiang et al., 1996). Mi-
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croautophagy is the process whereby cellular compo-
nents are surrounded by invaginations of the lysoso-
mal membrane or by finger-like protrusions of the
lysosome or yeast vacuole. The resulting intralysoso-
mal vesicles that contain the sequestered cellular com-
ponents are eventually degraded by the hydrolytic
enzymes (Ahlberg et al., 1985; Mortimore et al., 1988).
Macroautophagy is the process whereby cellular com-
ponents are first sequestered within an autophago-
some that we have shown arises from an invagination
of the rough endoplasmic reticulum (Dunn, 1990a).
The autophagosome then fuses with a lysosome or
vacuole, thereby delivering its contents to the acid
hydrolases (Dunn, 1990b).

In Saccharomyces cerevisiae, autophagy is constitutive
and regulated by nitrogen starvation and glucose ad-
aptation (Takeshige et al., 1992; Egner et al., 1993; Baba
et al., 1994, 1997; Chiang et al., 1996). Precursor ami-
nopeptidase I (API)! is constitutively sequestered into
140- to 160-nm double-membrane—bound vesicles that
then fuse with the vacuole (Baba et al., 1997). Once
inside the vacuole, pro-API is activated to API by a
proteinase digestion (Harding et al., 1995; Scott et al.,
1997). Nitrogen starvation stimulates the nonselective
sequestration of cytosolic proteins into 300- to 900-nm
double-membrane-bound autophagosomes (Baba et
al., 1997; Lang et al., 1998). Upon fusion of the auto-
phagosome with the vacuole, the contents of the au-
tophagosome are completely degraded. Although the
constitutive and regulated autophagic pathways are
morphologically and functionally different, they are
genetically similar. That is, some of the cytosol-to-
vacuole targeting (cvt) (Harding ef al., 1995), autoph-
agy (apg) (Tsukada and Ohsumi, 1993), and autoph-
agy (aut) (Thumm et al., 1994) mutations are allelic
(Harding et al., 1996; Scott et al., 1996). This suggests
that these pathways share common molecular machin-
ery. Indeed, those proteins required for the formation
of the autophagosome would likely be the same re-
gardless of the environmental signal. An alternative
pathway for the glucose-enhanced selective delivery
of cytosolic fructose 1,6-bisphosphatase into the vacu-
ole also exists in S. cerevisiae. Fructose 1,6-bisphos-
phatase is sequestered into 30- to 40-nm single-mem-
brane-bound vesicles that appear to fuse with the
vacuole (Huang and Chiang, 1997). The genetic over-
lap of this pathway with autophagy has yet to be
examined.

We and others have shown that selective autophagy
plays an important role in the adjustment of peroxi-
somal and cytosolic protein levels to meet environ-
ment changes in Hansenula polymorpha and Pichia pas-
toris. When these methylotrophic yeast are grown in

! Abbreviations used: AOX, alcohol oxidase; API, aminopeptidase
I; EST, expressed sequence tag; FDH, formate dehydrogenase;
HA, hemagglutinin.
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methanol, their peroxisomes become very large be-
cause of the increased production of those enzymes
necessary to assimilate methanol. One such enzyme is
alcohol oxidase (AOX), the first enzyme in the meth-
anol assimilation pathway. When the carbon source is
switched from methanol to glucose or ethanol (glu-
cose or ethanol adaptation), the yeast peroxisomes are
degraded rapidly within the vacuole by a process
analogous to autophagy (Veenhuis et al., 1983; Tuttle et
al., 1993; Tuttle and Dunn, 1995). When H. polymorpha
adapt from methanol medium to glucose or ethanol,
the peroxisomes are engulfed within membranes of
unknown origin. The resulting autophagosomes then
fuse with the vacuole, and the peroxisomes are de-
graded (Veenhuis et al., 1983; Tuttle et al., 1993). Dur-
ing adaptation from methanol to glucose in P. pastoris,
peroxisomes are selectively engulfed by the vacuole
(microautophagy) (Tuttle et al., 1993; Tuttle and Dunn,
1995). The ability of these methylotrophic yeasts to
modulate their peroxisome contents in response to
nutritional adaptation makes them an excellent model
by which to investigate the molecular events of per-
oxisome degradation. Titorenko et al. (1995) have iden-
tified two genes (PDD1 and PDD?2) required for selec-
tive macroautophagy of peroxisomes in H. polymorpha.
We have identified eight genes (GSAI-GSAS8) required
for glucose-induced selective autophagy of peroxi-
somes in P. pastoris (our unpublished results). We
have shown previously that GSA1 encodes phospho-
fructokinase I, which is required for the initiation of
glucose-induced autophagy (Yuan et al., 1997).

In this article, we have characterized GSA7 required
for the vacuolar sequestration of peroxisomes during
glucose adaptation. Gsa7p was identified as a unique
protein with limited sequence homology to the family
of ubiquitin-activating enzymes, E1. This protein is
not required for initiation of autophagy but for the
completion of the sequestration event. Furthermore,
we have shown that a putative ATP-binding site and
catalytic site are required for Gsa7p function.

MATERIALS AND METHODS

Yeast Strains and Media

Parental strains, GS115 (his4), GS190 (arg4), and PPF1 (his4, arg4),
were a generous gift of Dr. ]. M. Cregg (Oregon Graduate Institute,
Beaverton, OR) and were routinely cultured at 30°C in YPD (1%
Bacto yeast extract, 2% Bacto peptone, and 2% dextrose). For induc-
tion of peroxisomes the cells were grown in YNM (6.7 g/1 yeast
nitrogen base, 0.4 mg/l biotin, and 0.5% vol/vol methanol). For
degradation of peroxisomes the cells were transferred to YND (6.7
g/1 yeast nitrogen base, 0.4 mg/l biotin, and 2% glucose). The
sporulation and mating medium was composed of 0.5% sodium
acetate, 1% KCl, and 1% glucose. The electroporation medium was
composed of 1 M Sorbitol, 2% glucose, 6.7 g/1 yeast nitrogen base,
and 0.4 mg/I biotin. All media contained 2% agar when made as
plates. Histidine or arginine or both were added at 40 mg/1 when
needed. Nitrogen starvation medium contained 6.7 g/1 yeast nitro-
gen base (without amino acids or NH,SO,) and 2% glucose. Both
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Escherichia coli DH5a and Epicurian coli XL2-blue (Stratagene, La
Jolla, CA) were used to amplify plasmids. Cells were grown at 37°C
in 0.5% Bacto yeast extract, 1% Bacto tryptone, and 1% NaCl and
selected in 0.5% Bacto yeast extract, 1% Bacto tryptone, and 1%
NaCl containing 100 pg/ml ampicillin.

Yeast Transformation

Cells grown overnight in YPD to a density of Ay, = 1.0 were
harvested and treated with 10 mM DTT in YPD containing 25 mM
HEPES, pH 8, for 15 min at 30°C. The cells were washed twice in
ice-cold water and once in 1 M sorbitol resuspended in a small
volume of 1 M sorbitol. Cells (40 ul) were mixed with 0.2-1 ug DNA
and transferred to a 0.25-mM gap Bio-Rad (Bio-Rad, Hercules, CA)
cuvette, and the DNA was introduced by electroporation at 1.5 kV,
25 uF, 400Q (Gene Pulser, Bio-Rad). The cells were placed on
electroporation plates for 3-5 d before colonies appeared.

Isolation and Rescue of gsa7

Mutant strain WDY7 was generated by mutagenizing GS115 cells
with nitrosoguanidine (Tuttle and Dunn, 1995). Mutagenized colo-
nies grown on YPD plates were replica-plated to YNMH (YNM
containing 40 ug/ml histidine) plates, and the colonies were al-
lowed to grow for 4-5 d. The colonies were replica-plated onto
nitrocellulose and placed on YNDH (YND containing 40 ug/ml
histidine) plates for 12-16 h. The putative mutant colonies main-
tained AOX, as identified by the purple reaction product of the
direct colony assay (Tuttle and Dunn, 1995). Those mutant strains
were isolated, and their inability to degrade AOX during glucose
adaptation was verified by liquid AOX assay (Tuttle and Dunn,
1995). Mutant strains were backcrossed to GS190 (arg4) and GS115
(his4) twice each, and complementation analysis placed WDY7 in
complementation group gsa7. WDY7 (his4, gsa7) was then rescued
by transformation with the episomal shuttle vector pYMS8 contain-
ing a genomic library of P. pastoris and the HIS4 gene of S. cerevisiae
(a generous gift of Dr. J. M. Cregg). Putative rescued colonies were
first identified as white colonies in the AOX direct colony assay and
then verified by AOX liquid assay.

Plasmid Isolation and DNA Sequencing

Rescued colonies were grown overnight in YPD before the cells
were pelleted and resuspended in 2% Triton X-100, 1% SDS, 1 mM
EDTA, and 100 mM NaCl in 10 mM Tris/HCI, pH 8.0. An equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added,
and the cells were disrupted by vortexing in the presence of acid-
washed glass beads. After centrifugation, a small aliquot of the
upper phase containing the plasmid was used to transform E. coli
DH5a cells (Ausubel ef al., 1988). The plasmid was then isolated
from the the cultured E. coli by Promega Wizard Plus miniprep
(Promega, Madison, WI), and the genomic DNA insert was se-
quenced at the DNA Sequencing Facility at the University of Florida
(Gainesville, FL). The DNA sequences were assembled, and all six
reading frames were compared with protein sequence databases
using the blastx program of the National Center for Biotechnology
Information.

Isolation of GSA7 Knockout

A 200 bp HindlIII/Bglll fragment of GSA7 gene was replaced with a
3-kb genomic fragment of S. cerevisiae containing ARG4. A 5.1-kb
Apal/Scal fragment containing the ARG4 gene flanked by 400-bp 5’
and 1.2-kbp 3" GSA7 was excised and introduced into PPF1 (his4,
arg4). Colonies growing on electroporation plates with histidine that
were defective in degradation of AOX were detected by direct
colony assay and verified by liquid medium assay (see below).
Genomic DNA was isolated, and the site of ARG4 insertion was
determined by the size of the DNA fragment generated by PCR.
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Measurements of Glucose-induced AOX Degradation

Direct Colony Assay. Cells were plated on YNM plates and allowed
to grow for 4-5 d before replicas on nitrocellulose were placed on
YND plates for 12-16 h. The nitrocellulose blots were then placed on
two sheets of Whatman paper circles saturated with 10 mM DTT, 10
mM EDTA, and 67 mM potassium phosphate buffer, pH 7.5, for 5
min, before transfer to paper saturated with 67 mM potassium
phosphate buffer, pH 7.5, containing 5 U/ml Zymolase 20T (Seika-
gaku Corp., Tokyo, Japan), and incubated at 37°C for 1 h. The blots
were rinsed in 33 mM potassium phosphate buffer, pH 7.5, and
color was developed by incubation on paper saturated with 33 mM
potassium phosphate buffer, pH 7.5, containing 3400 U/ml HRP, 5.6
mg/ml 2,2'-azino-bis(3-ethylbenz-thazoline-6-sulfonic acid), and
0.13% methanol at room temperature.

Liquid Medium Assay. Cells were grown for 40 h on methanol as the
sole carbon source (YNM) before addition of 2% glucose. Cells (8.0
ODyg U) at 0- and 6-h glucose adaptation were resuspended in 1 ml
20 mM Tris, pH 7.5, containing 50 mM NaCl, 1 mM EDTA, 1 mM
PMSF, and 500 ul glass beads and vortexed three times for 1 min
each (Tuttle et al., 1993). Alcohol oxidase was measured by adding
50 wl of extract to 3 ml reaction mixture containing 10 U HRP and
1.6 mg 2,2'-azino-bis(3-ethylbenz-thazoline-6-sulfonic acid) in 33
mM potassium phosphate buffer, pH 7.5 (Tuttle et al., 1993). The
reaction was started by adding 10 ul methanol, stopped by adding
200 ul 4 M HC, and read at 410 nm. Formate dehydrogenase (FDH)
was measured by adding 50 ul of extract to 750 ul of a reaction
mixture containing 3 mM NAD and 240 mM sodium formate in 50
mM potassium phosphate buffer, pH 7.5, and the formation of
NADH was read at 10-s intervals at 340 nm (Kato, 1990).

Measurements of Protein Degradation

The degradation of cellular proteins during nitrogen starvation was
performed as described previously (Tuttle and Dunn, 1995). Cellu-
lar proteins were radiolabeled with 1 uCi/ml *C-valine for 16 h in
6.7 g/1 YND, 2% glucose, 40 ug/1 biotin, and 40 mg/1 histidine (if
needed). The cells were then washed and switched to a YND me-
dium supplemented with 2% glucose and 10 mM valine that either
contained histidine and NH,SO, or lacked histidine and NH,SO,.
The production of trichloroacetic (TCA)-soluble radioactivity was
measured during 2-24 h of chase by the addition of 20% TCA.
Soluble and insoluble radioactivity was separated by centrifugation
and measured by scintillation counting.

Immunoblotting (Western Blotting)

Cells (5-10 ODg U) were pelleted and resuspended into 150 ul of
sample buffer with proteinase inhibitors (67 mM Tris/HCI pH 6.8,
2% SDS, 10% glycerol, 0.01% bromphenol blue, +1.5% DTT, 0.5 mM
PMSF, 1 pg/ml pepstatin A, and 0.5 ug/ml leupeptin). The cells
were broken by vortexing in the presence of 200 ul glass beads and
heated at 100°C for 3-5 min, and the proteins were separated by
SDS-PAGE. The proteins were transferred to 0.45 u Nitropure ni-
trocellulose membranes (Micron Separations, West Borough, MA).
The blots were blocked in 5% nonfat dried milk in PBS for 1 h at
room temperature, incubated at room temperature for 1-2 h with
rabbit anti-HA (Babco, Richmond, CA) or mouse anti-HA (Babco)
antibodies in PBS containing 0.1% Tween 20 (PBS-T), and for 1 h
with HRP-conjugated secondary antibody in PBS-T with 2% dried
milk. After each step the blots were washed four times in PBS-T. The
antibodies were detected by enhanced chemiluminescence (Amer-
sham, Arlington Heights, IL) and Kodak X-Omat LS film (Kodak,
New Haven, CT).

Electron Microscopy

Ultrastructural analysis was performed using potassium perman-
ganate fixation (Veenhuis ef al., 1983). Cells were harvested by
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centrifugation, washed in water, and fixed in 1.5% KMnO, in vero-
nal-acetate buffer (0.3 mM sodium acetate, 0.3 mM sodium barbital,
pH 7.6) for 20 min at room temperature. The specimens were
dehydrated by washing with increasing concentrations of ethanol
followed by two washes with 100% propylene oxide. The cells were
then infiltrated with a 50:50 mix of propylene oxide and the POLY/
BED 812 (Polysciences, Inc., Warrington, PA) for 2 d. The prepara-
tions were dried in vacuum overnight, infiltrated with 100% POLY /
BED with accelerator 2,4,6-Tri(dimethylaminomethyl) phenol
(DMP-30, Polysciences, Inc.) for another 2 d, and then incubated in
an oven overnight at 60°C. The resulting samples were mounted on
blocks, sectioned, and prepared for examination on a JEOL 100CX II
transmission electron microscope.

Preparation of HA-Epitope—-tagged GSA7/APG7 and
Mutagenesis

We constructed a GSA7 gene containing its endogenous promoter, a
peptide epitope (YPYDVPDYA) derived from influenza hemagglu-
tinin (HA) at its C terminus, and a unique 3’ restriction site (Clal).
This was performed by PCR using the plasmid pYWP7-4 containing
the genomic GSA7 and primers synthesized by the DNA Synthesis
Laboratory at the University of Florida. The resulting DNA was
digested with Clal and MstI and inserted into the Clal and EcoRV
sites of pYM4 (pGSA7HA). The C-terminal sequence of the recom-
binant Gsa7-HA was DEDSEWINYPYDVPDYA, with the original C
terminus being DEDSEWIN. Gsa7(AATP), which lacked amino acid
residues 317 through 345, was constructed by inverse PCR using
pGSA7HA as a template and two primers (with Smal sites) that
flanked the deletion. The resulting linear DNA was cut with Smal to
ensure the correct ORF. The vector was then ligated and amplified
in E. coli DH5a cells. Site-directed mutagenesis was performed
using the Stratagene QuikChange Site-Directed Mutagenesis Kit
(Stratagene). Mutated Gsa7-HA was prepared by PCR using
pGSA7HA as a template and two complementary oligonucleotide
primers that contained the desired mutations (C518S and C562S).
The template was eliminated by Dpnl endonuclease digestion, and
the “nicked” plasmid containing the mutated gsa7 was amplified in
Epicurian Coli XL1-Blue cells. The mutations were verified by se-
quencing performed by the DNA Sequencing Facility at the Univer-
sity of Florida.

We constructed an APG7 gene containing its endogenous pro-
moter, the HA peptide at its C terminus, and unique Smal (5') and
Clal (3') restriction sites. This was performed by PCR using genomic
DNA from S. cerevisiae as a template and primers synthesized by the
DNA Synthesis Laboratory at the University of Florida. The result-
ing DNA was digested with Smal and Clal and inserted into the Clal
and EcoRV sites of pYM4 (pAPG7HA).

RESULTS

Microautophagy of Peroxisomes Is Impaired in the
gsa7 Mutant

The P. pastoris parental strain GS115 and the mutant
strain WDY7 (gsa7) were grown on methanol as the
sole carbon source until they reached stationary
growth, and then they were switched to glucose me-
dium. During the following adaptation, >90% of the
peroxisomal AOX and 80% of the cytosolic FDH were
degraded by parental cells, whereas the level of AOX
and FDH in gsa7 remained relatively unchanged (Fig-
ure 1). The impaired glucose-induced autophagy in
gsa7 cells was verified next by electron microscopy.
Cells grown on methanol as the sole carbon source
contain numerous large peroxisomes clustered to-
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Figure 1. Peroxisome degradation during nutrient adaptation and
protein degradation during nitrogen starvation in parental GS115
and gsa7-1 mutant. Cells were grown for 24-36 h in methanol
induction medium. At 0 and 6 h of glucose (2%) adaptation, cell-free
extracts were prepared, and alcohol oxidase (AOX) and formate
dehydrogenase (FDH) activities were assayed as described in MA-
TERIALS AND METHODS. The values represent the mean + SD of
three or more determinations and are presented as a percentage of
the activity measured at 0 h. The degradation of cellular proteins
during nitrogen starvation was measured as described in MATERI-
ALS AND METHODS. Cellular proteins were radiolabeled and then
chased in medium containing histidine and nitrogen (Fed) or lack-
ing amino acids and nitrogen (Starved). The production of TCA-
soluble radioactivity was measured during 2-24 h of chase, and the
rates of degradation were determined by linear regression. The
values are presented as the percentage degraded per hour = SE of
the linear regression.

gether (Figure 2A). At 3-h glucose adaptation, the
vacuoles in virtually all of the gsa7 cells examined
were extended around the peroxisomes (Figure 2B);
however, complete engulfment and hence degrada-
tion of the peroxisomes could not be seen. It therefore
seems that gsa7 is not defective in the initiation of
autophagy, but rather at a later step involving the
completion of the sequestration. This is unlike gsal/
pfk1 cells, which we showed previously to be defective
in the initiation of sequestration leading to a vacuolar
morphology at 3-h glucose adaptation undistinguish-
able from that seen at 0 h (Yuan et al., 1997).

We next examined the ability of gsa7 cells to degrade
proteins during nitrogen starvation. Nitrogen starva-
tion has been shown to stimulate macroautophagy in
S. cerevisiae (Baba et al., 1994). In P. pastoris, protein
degradation was enhanced threefold when cells were
starved for nitrogen (Figure 1). As was reported for S.
cerevisiae, autophagosomes were visualized in GS115
cells starved for nitrogen (Dunn, unpublished data).
This starvation-induced degradation of proteins was
suppressed in gsa7 cells (Figure 1). Our data suggest
that gsa7 cells were defective in both glucose-induced
microautophagy of peroxisomes and starvation-in-
duced macroautophagy of endogenous proteins

Molecular Biology of the Cell
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Identification and Characterization of GSA7

Figure 2. Morphology of gsa7 and gsa7A cells during glucose adaptation. gsa7A cells were grown in methanol (A) and gsa7, gsa7A, and gsa7A
cells transformed with the normal GSA7 gene (gsa7A/GSA7) were grown in methanol induction medium then adapted to glucose for 3 h
(B-D). Cells were harvested, fixed in potassium permanganate, and prepared for electron microscopy as described in MATERIALS AND

METHODS. N, nucleus; V, vacuole; P, peroxisome. Bar, 0.5 um.

GSA7 Encodes a Unique 71-kDa Protein

gsa7 cells were transformed with the episomal shuttle
vector pYMS8 containing a genomic library from P.
pastoris (a generous gift of Dr. J. M. Cregg). The trans-
formed clones were harvested and replated on YNM
plates, and 30,000 colonies were screened for their
ability to degrade AOX by the direct colony assay.
Thirty clones were selected and rescreened by the
liquid medium assay, and out of these, three had the
ability to degrade AOX as efficiently as GS115 cells.
The rescuing plasmids (pYWP7-1, pYWP7-4, and
pYWP?7-5) were isolated and shown by restriction map
analysis to contain overlapping DNA sequences.
pYWP7-1 had a genomic DNA insert of 4.5 kb,
pYWP7-4 of 4 kb, and pYWP7-5 of 10 kb. The 4-kb
insert from pYWP7-4 was sequenced, and all six read-
ing frames were analyzed and compared with the S.
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cerevisine genome database (Figure 3A). The insert en-
coded a protein homologous to YHR171w in S. cerevi-
siae, a 104 amino acid C-terminal fragment homolo-
gous to YGR245¢c and a 340 amino acid N-terminal
fragment homologous to the transcription factor
SWI3. We have shown that the SWI3 fragment did not
rescue gsa/ cells. We next constructed the putative
GSA7 (YHR171w) with an HA epitope tag and accom-
panying 300 bp of upstream promoter into the pYM4
vector. The insertion of the GSA7HA gene into the
GSA7 locus was expedited by cutting pPGSA7HA with
Bgll (within the GSA7 gene) or into the HIS4 locus by
cutting with BamHI (within the HIS4 gene). Those gsa7
cells transformed with pGSA7HA(BgII) (see Figure 7)
or pGSAHA(BamHI) (Figure 4 and see Figure 7) were
able to efficiently degrade AOX during glucose adap-
tation. In addition, the rate of protein degradation
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under nitrogen starvation conditions in those gsa’
cells transformed with pGSA7HA (BamHI) was com-
parable to that observed in GS115 cells (Figure 4).
GSA7 encoded a unique protein of 654 amino acids
(Figure 3B). The amino acid sequence did not reveal
any transmembrane domains but did contain a limited
sequence homologue to the family of ubiquitin-acti-
vating enzymes (see below).

Degradation of Peroxisomes by Microautophagy
Requires GSA7

We next isolated a null mutant of Gsa7p (Figure 5).
This was performed by replacing a 200-bp fragment of
GSA7 with a 3-kb genomic DNA fragment containing
the S. cerevisine ARG4 with its promoter (Figure 5). The
ARG4 insert flanked by 0.4-kb 5" and a 1.2-kb 3’ frag-
ments of GSA7 was excised and introduced into PPF1
(his4, arg4). Histidine auxotrophs defective in AOX
degradation were identified by direct colony assay
and verified by liquid medium assay. A single clone
was isolated, and the insertion of ARG4 into the GSA7
gene was verified by PCR (Figure 5). PCR analysis of
the genomic DNA was performed using primers lo-
cated inside and outside the gsa7::ARG4 insert, and the
sizes of the resulting PCR products were compared by
agarose gel electrophoresis (Figure 5). A PCR frag-
ment of 2.5 kb corresponding to the normal GSA7 with
promoter was observed in GS115 when using primers
a and b; however, the 5-kb PCR fragment obtained
from gsa7A was consistent with the ARG4 gene resid-
ing within the GSA7 locus, thereby disrupting its cod-
ing frame. Further PCR analysis of the genomic DNA
of gsa7A revealed the expected fragments of 3.3 kb
(primers a and d) and 6.1 kb (primers a and c) for the
ARG4 gene being inserted into the GSA7 locus. gsa7A
cells were unable to degrade alcohol oxidase during
glucose adaptation (Figure 4). gsa7A was then trans-
formed with pGSA7HA (BamHI). The resulting trans-
formant was shown to efficiently degrade AOX during
glucose adaptation (Figure 4).

At 3 h of glucose adaptation, gsa7A cells and the
rescued clone gsa7A/GSA7 were processed for elec-
tron microscopy. gsa7A (Figure 2C) cells displayed a
morphology indistinguishable from the gsa7 mutants
(Figure 2B). The vacuole was observed surrounding
the peroxisomes as if autophagy were proceeding nor-
mally, but complete engulfment and degradation of
the peroxisomes could not be detected. In the rescued
gsa7A/GSA7 clone (Figure 2D), only remnants of per-
oxisomes inside the vacuole could be seen. The vacu-
ole being enlarged and with a ruffling border dis-
played a morphology identical to parental GS115
strains undergoing glucose adaptation (Yuan et al.,
1997).

We next examined the ability of gsa7A to degrade
proteins under nitrogen starvation conditions (Figure
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4). In nitrogen-starved GS115 cells, endogenous pro-
tein was degraded at a rate of 0.37% of the total
cellular protein per hour; however, the rates of protein
degradation in starved gsa7 and gsa7A cells were much
slower (0.15%/h). The data are consistent with Gsa7p
being required for both glucose-induced and starva-
tion-induced autophagy in P. pastoris.

GSA7 Homologues in S. cerevisiae and H. sapiens

We originally indicated that Gsa7p had homology to
S. cerevisine YHR171w. YHR171w has recently been
characterized and identified as APG?7, a gene required
for nitrogen-starvation-induced autophagy in S. cer-
evisiae (Tanida, et al., 1999), as well as CVT2, a gene
necessary for constitutive delivery of pro-API from the
cytosol to the vacuole by autophagy in S. cerevisiae
(Kim, et al., 1999). The amino acid sequences of Gsa7p
and Apg7p/Cvt2p were compared in Figure 6. Al-
though the overall homology showed 44% identity
and 66% similarity, the C-terminal half of the protein
(residues 269 to 654) was 58% identical and 74% sim-
ilar. A protein of unknown function with homology to
Gsa7p/Apg7p was also found in Schizosaccharomyces
pombe (GenBank accession number: AL021838)

We next examined the ability of AGP7 to comple-
ment gsa7 to verify that these proteins have similar
functional roles. Genomic DNA from S. cerevisiae was
used as a template for PCR using a 3" primer adding
the HA tag to the protein and an 5 primer 300-bp
upstream of the start codon including the promoter
region. The PCR fragment was put into the nonepiso-
mal vector pYM4, and the plasmid linearized in the P.
pastoris HIS4 gene was used to transform the gsa7 cells.
gsa7 cells were transformed with pGSA7HA (BamHI),
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Figure 3. Nucleotide and pre-
dicted amino acid sequence of
GSA7. gsa7 cells were stably
transformed with pYWP7-1 (con-
taining a 4.5-kb genomic DNA
insert), pYWP7-4 (containing a
41-kb genomic DNA insert),
pGSA7HA (containing a 2.3-kb
ORF of GSA7 with an HA epitope
at its C terminus), and pWP-
SWI3 (containing a 1.5-kb 3’ frag-
ment of the original 4.1-kb
genomic DNA). pGSA7HA(Bg!I)
was linearized within the
GSA7gene with Bgll to promote
insertion into the gsa7 locus.
pGSA7HA (BamHI) was linear-
ized within the HIS4 gene with
BamHI to promote insertion into
the his4 locus. The resulting
transformants were analyzed for
their ability to rescue the mutant
phenotype as described previ-
ously (Yuan et al., 1997). The
GSA7 ORF encodes a protein of
989 amino acids with a molecular
mass of 71 kDa. The GSA7 se-
quence has a GenBank accession
number of AF098976.

pGSA7HA(BgII), or pAPG7HA(BamHI), the expres-
sion of Gsa7-HA and Apg7-HA was verified by West-
ern blotting, and the ability of the transformed cells to
degrade AOX was measured by the liquid medium
assay (Figure 7). Both Gsa7-HA and Apg7-HA mi-
grated as 72-kDa proteins. A gsa7 clone that had been
transformed, but was not expressing Gsa7-HA, was
unable to degrade AOX during glucose adaptation
(Figure 7, lane A). Alternatively, those gsa7 cells trans-
formed with pGSA7HA (BamHI) (Figure 7, lane B) or
pGSA7HA(BgII) (Figure 7, lane C) and expressing
Gsa7-HA efficiently degraded AOX. The expression of
Apg7-HA in P. pastoris behind its S. cerevisiae promoter
was only slightly less than that seen with Gsa7-HA
behind its endogenous promoter. In addition,
Apg7-HA rescued the gsa7 mutant phenotype. That is,
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in gsa7 cells expressing Apg7p-HA (Figure 7, lanes E
and F), only 19-22% of the AOX activity remained
after 6 h of glucose adaptation as compared with 104%
in cells not expressing Apg7-HA (Figure 7, lane D) and
17% in gsa7 cells expressing Gsa7-HA (Figure 7, lanes
B and C). The results indicated that Apg7p is a func-
tional homologue of Gsa7p. In addition, Gsa7p was
able to partially rescue the cvf2 phenotype (Kim et al.,
1999).

We next searched the expressed sequence tagged
(EST) databases. Mouse ESTs from eight-cell embryo
(AU020314), blastocyst (AA399856), and liver (A1099344)
were found to encode proteins homologous to Gsa7p/
Apg7p. Additional homologous proteins were identified
in human ESTs from tissues as diverse as brain (F10693),
heart (AA630317), testis (AA393419), lung (N77821), me-
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Figure 4. Rescue of gsa7 and gsa7A by Gsa7p. gsa7 and gsa7A cells
were stably transformed with pGSA7HA(BamHI). Those colonies
that grew on His™ medium were screened for expression of
Gsa7-HA by Western blotting with an antibody to the HA epitope.
The nontransformed (gsa7 and gsa7A) and transformed (gsa7/GSA7
and gsa7A/GSA7) cells were then grown in methanol induction
medium and adapted to glucose for 6 h. The AOX activities are
presented as a percentage of the activities measured at 0 h and
represent the mean * SD of four or more determinations. The
degradation of cellular proteins during nitrogen starvation was
performed as described previously in MATERIALS AND METH-
ODS. Cellular proteins were radiolabeled and then chased in star-
vation medium lacking histidine and nitrogen. The production of
TCA-soluble radioactivity was measured at 2-24 h of chase.

lanocyte (H99680), olfactory epithelium (H65101), and
placenta (D78810) as well as from kidney (AA975772)
and colon (AA569145) tumors and the HelLa carcinoma
cell line (AA630317). The high homology between the
amino acid sequences encoded by these ESTs and Gsa7p
suggested that a protein with a similar function likely
exists in mammals. Therefore, we sequenced the cDNA
(IMAGE Clone 1D:23293; ATCC #327890) isolated from a
human infant brain ¢cDNA library and compared its
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Figure 5. Preparation and characterization of the GSA7 knockout.
The S. cerevisine ARG4 gene was inserted into HindIII and Bgl/II sites
within the ORF of GSA7. The ARG4 insert included the ORF of
ARG4 (arrow) and 1300 bp of 5" and 500 bp of 3" noncoding regions.
The 5’ noncoding region includes the ARG4 promoter, whereas the
3’ noncoding region presumably lacks a promoter sequence, be-
cause the next gene downstream of ARG4 is 2200 bp away. In
addition, the 3’ noncoding region likely contains a transcription
terminator. The knockout fragment (5.1 kb) was cut out of the
shuttle vector by Apal and Scal digestion and used to transform
PPF1 (his4, arg4). Stable Arg™ transformants were isolated, gsa mu-
tants were identified by direct colony assay, and the recombination
of this construct with the genomic DNA was confirmed by PCR.
Genomic DNA was isolated from GS115 and gsa7A, and the site of
insertion of the ARG4 gene was verified by PCR analysis using the
primers inside (b and d) and outside (a and c) the insert. The
expected fragments of 5.0 kb (a — b), 6.1 kb (a — ), and 3.3 kb (a
— d) were consistent with the ARG4 gene being inserted into the
GSA7 locus of gsa7A cells.

amino acid sequence with Gsa7p and Apg7p (Figure 6).
The human Gsa7p sequence was 38% identical and 55%
similar to Gsa7p and Apg7p. Again, the homology is
very strong in the C-terminal half of the protein, having
almost 50% identity to both Gsa7p and Apg7p. Other
regions of high homology near the N terminus can be
seen in Figure 6.

Gsa7p Displays E1-like Enzyme Properties

The high conservation in the C-terminal region of
Gsa7p between yeast and mammals suggests that this

Molecular Biology of the Cell
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GSA7 MTSMDIPYSQISSFVNSSFFQKVSQLKLNKYRLDDTDKAIVGSVDFKFIGKNQ 53
APG7 msservlsyapafk--ldt----el-r---dvlk--s-cgpltvnl-lhn-p-sa 55
HsGSA7 maaatgdpglsklgfapf--aldvg-whelt-k---e----eap-d-k-yyyngdsaglp 60
GSA7 PTS.LSVDESSFNDNITYTHAQFPVKGILKNLNTVEDFRKVDKNEFLQSQGLVVHKSIQD 112
APG7 dqup-fltnr--ekhnnkrtnev-lg-sif-f-vlde-knl--ql--hqgr...alecwe- 112
HsGSA7 arlt-efsafdmsaptparcc..-ai-t-y-t--l-s-kta--kll-eqgaaneiwe--ks 118
GSA7 RSCLKDLSKLTQFFILSFSDLKGFKFIYWFGFPSLVSRWKVNKLSGLTESQIEPYESKLN 172
APG7 g..i--in-cvs-v-i--a---kyr-y--l-v-.cfg-psstv-hvrp-pslkglf--cq 169
HsGSA7 gta-enpvl-nk-1ll-t-a---kyh-y---cy-a-clpeslpliq-pvgldqrfslkqgie 178
GSA7 EWLNARLPIEQKQAFIIDNLEFKPFEQLSSFSPDDQLNIGFIDTSSILNKCSTQLRNILY 232
APG7 k-fdvnyskwvcildad-eivnydkciirktkvlairdtstmenvpsaltknflsvlqgyd 229
HsGSA7 alec-ydnlc-tegvtalpyflikydenmvlvsllkhysd-fqgqrtkitigvydpcn-a 238
GSA7 MLAYYGFENIKVYNFRFNNTTSFTLDITLAEPLTSEP.....c.c.... ceeessesscees 269
APG7 vpdlid-klliirgnegsfalna-fasidpgsss-—n-dm......cccececececcecse 268
HsGSA7 qypogwplr-fl-laahrwsssfgsvevvcfrdr-mgqgardvahsiifevklpemafspdc 298
GSA7 . KTTGWERTAQGKLGPKLADIGALVDPARLADQSVDLNLKLMKWRVMPELDLDIIKNSKV 328
APG7 .~VS—=-—--nv----a-rvv-1lss-l--lki----—--—--===—-—- il-d-n------t-- 327
HsGSA7 p-av---kngk-gm--rmvnlsecm--k---es-—-—---——--- c--lv-t----kvvsv-p 358
GSA7 LLLGAGTLGSYVSRVLLGYGVRHITFVDNGKVSFSNPVRQPLFNFTDCLEGGAPKAETAA 388
APG7 W —mmm————- c----a-iaw---k-------t--y------a-y--e--...-k----1-- 384
HsSGSA7  -—=-—=—-—- cn-a-t-m-w----------g-j-y--------ye-e---g--k---la-- 418
GSA7 KALKLIFPLITSQGYNLEVPMAGHPV. ...TDEKRQYEDYQRLVTLIKEHDVVFLLMDSR 444
APG7 as--r----mdat-vk-si--i--kl....vn-ea-hk-fd--ra------ ii---v--- 440
HsGSA7 dr-qk---gvnar-f-msi--p----nfssvtleqarr-veq-eq--es--------- t- 478
GSA7 ETRWLPTVLCNVFDKICITAALGFDSYLVMRHGNLFNTEH. .. ..cvvv.. ceeeses.. 484
APG7 -s----sl-s-ien-tv-n----—-———————---- o L Y ¢
HsGSA7 -s----a-iaaskr-lv-n------ tfv----- lkkpkqggagdlcpnhpvasadllgss 538
GSA7 IEAEENSHRLGCYFCNDIIAPKDSTTDRTLDQMCTVTRPGVALLASSLAAELFVSILQHP 544
APG7 ...-gs-kq--—-—--- h-vw--t--1l---—=———————— mm-—-—-- v--mt-1--tk 533
HsGSA7 1f-nipgyk--—-—---- vwW--g---r------g---s---l-vi-ga--v--m--v---- 598
GSA7 LKSHAPASLHDNA. . .. .TVLGCLPQQLRGFLHNFETSKLEANNYEYCSACSIQVLNEYK 599
APG7 ysgset...cieeennn -===di~-h-i--==--- sil---tpa--h-p---pk-ieaft 581
HsGSA7 eggy-i--ss-drmnepp-s--lv-h-i----sr-dnvlpvslafdk-t---sk--dg-e 658
GSA7 SRTWDFVKDALNENN. YLEDLTGLTKVKQESEIAEKKFQEFENGLEFSDEDSEWIN 654
APG7 dlg-e---k--ehpl.---eisg-svi---v-rlgndvf-w-ddesdeia 631
HsGSA7 regfn-lakvf-sshsf-------- 1llh--tga--iwdmsddeti 703

Figure 6. Comparison of GSA7 genes. The amino acid sequence of GSA7 from P. pastoris (see Figure 3B) was aligned to APG7 from S.
cerevisiae, and GSA7 was aligned from H. sapiens (HsGSA?7). The sequence of HsGSA7 has a GenBank accession number of AF094516. Amino
acid identity represented by dashed lines was evident within many regions of the sequence. Gaps represented by dots were inserted to

optimize amino acid alignments.

portion of the protein may have some kind of enzy-
matic activity. A comparison of these protein se-
quences against the nonredundant protein database at
National Center for Biotechnology Information re-
vealed similarity to the family of ubiquitin-activating
enzymes El, particularly Uba2p and Uba3p. Uba2p
and Uba3p have recently been shown to activate the
ubiquitin-like proteins Smt3p/SUMO-1 and Rublp/
NEDD-8, respectively, in an El-like manner (Lammer
et al., 1998; Liakopoulos et al., 1998; Mahajan et al.,
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1998; Matunis et al., 1998; Schwarz et al., 1998). A
highly conserved region of Gsa7p (residues 332 to 337)
aligned with the putative E1 ATP-binding site
GxGxxG (Figure 8A). The GxGxxG motif is found in
many ATP-binding proteins (Koonin, 1993) and in all
El enzymes (Haas and Siepmann, 1997). In addition,
Gsa7p and the E1 enzymes have conserved positively
charged amino acids (K or R) flanking the GxGxxG
motif. We then constructed a Gsa7-HA mutant protein
lacking 29 amino acids (residues 317 to 345) around
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Figure 7. Complementation of gsa7 by APG7. gsa7 cells were stably
transformed with pGSA7HA(BamHI) (lanes A and B), pGSA7HA(BgII)
(lane C), or pAPG7HA(BamHI) (lanes D-F) behind their respective
endogenous promoters. Expression of Gsa7-HA and Apg7-HA was
evaluated by Western blotting with a monoclonal antibody to the HA
epitope. Clones expressing and nonexpressing Gsa7-HA and
Apg7-HA were grown in methanol induction medium and adapted to
glucose for 6 h. Cells were lysed, and the extracts were assayed for
AOX activity (see MATERIALS AND METHODS). The numbers rep-
resent the percentage of AOX activity present at 6 h relative to that
measured at 0 h.

and including the GxGxxG motif Gsa7(AATP)-HA
(Figure 8A). AOX degradation remained impaired in
gsa7 cells expressing this mutant protein (Figure 8B),
suggesting that this domain is important for GsaZp
function, possibly in binding ATP.

A second conserved region of Gsa7p aligns with the
putative active site of E1 (Figure 8A). The catalytic cys-
teine is required for a thio-ester bond between the sulf-
hydryl moiety of cysteine and the carboxyl moiety of the
C-terminal glycine of ubiquitin or a ubiquitin-like pro-
tein. Cysteine 518 in Gsa7p and 509 in Apg7p aligned
with the catalytic sites in Ubalp (C600), Uba2p (C177),
and Uba3p (C168). This site is flanked by prolines and
contained a conserved CTx region with “x” being a
valine, leucine, or isoleucine (Figure 8A). We examined
the functional importance of this cysteine by mutating it
to a serine, Gsa7(C518S). gsa7 cells expressing
Gsa7(C518S)-HA were unable to efficiently degrade
AOX during glucose adaptation (Figure 8B). As a control
we also mutated cysteine 562, which was found in an
area of high homology between Gsa7p, Apg7p, and
HsGsa7p, but which itself was not conserved. gsa7 cells
expressing Gsa7(C562S)-HA efficiently degraded AOX
during glucose adaptation (Figure 8B).

The inability of Gsa7(AATP)-HA and Gsa7(C518S)-HA
to complement gsa7 cells was not due to a lack of protein
expression. Gsa7-HA, Gsa7(AATP)-HA, Gsa7(C518S)-
HA, and Gsa7(C562S)-HA were all expressed at compa-
rable levels (Figure 8C). The ubiquitin-activating enzyme
forms a DTT-sensitive thio-ester linkage with ubiquitin
(Jonnalagadda et al., 1988; Hochstrasser, 1996). This con-
jugation requires ATP (Jonnalagadda et al., 1988; Hoch-
strasser, 1996). Cells expressing Gsa7-HA contained two
predominant HA-tagged proteins at ~72 and 100 kDa
when samples were not treated with DTT. Under re-
duced conditions, the 100-kDa protein was not observed.
Similar findings were observed in cells expressing
Gsa7(C562S)-HA; however, the 100-kDa protein was not
detected in cells expressing Gsa7(AATP)-HA. The pres-
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ence of the 100-kDa protein was coincident with the
ability of these proteins to rescue the gsa7 mutants. The
data suggest that the upper band might represent the
intermediate conjugate of Gsa7p to the protein it is acti-
vating. It has recently been shown that in S. cerevisiae this
protein is the 21-kDa gene product of APG12 (Mi-
zushima et al., 1998). Therefore, we suggest that the
100-kDa protein is a thio-ester conjugate between Gsa7p
and a putative homologue of Apgl2p. Cells expressing
Gsa7(C518S)-HA contained both 72- and 100-kDa pro-
teins, regardless of DTT treatment. The mutation of the
presumed active site cysteine 518 to a serine appears to
yield a stable ester instead of a thio-ester intermediate.
We propose that the stable ester linkage prevents the
transfer of Apgl2p from Gsa7p to the appropriate E2
(i.e, ApglOp). This would ultimately result in an inacti-
vation of the Gsa7p/Apg7p conjugation pathway con-
sistent with the inability of Gsa7(C518S)-HA to rescue
gsa7 cells.

In addition to the loss of the 100-kDa protein, DTT
reduction also caused a small but significant decrease
in the migration of normal and mutant forms of
Gsa7-HA (Figure 8C). This change in migration may
reflect a change in the tertiary structure of Gsa7p
brought about by sulfhydryl reduction.

DISCUSSION

When P. pastoris adapt from methanol to glucose, the
peroxisomes are sequestered within “finger-like” ex-
tensions of the vacuole by a process analogous to
microautophagy (Tuttle and Dunn, 1995). We have
isolated eight glucose-induced selective autophagy
(gsa) mutants (our unpublished data). We have shown
that Gsalp is a phosphofructokinase and required for
the onset of microautophagy (Yuan et al., 1997). We
report here the identification and characterization of
Gsa7p. GSA7 encodes a unique 71-kDa protein with
homologues in S. cerevisine and H. sapiens (Figure 6).
gsa7 and gsa7A cells were unable to degrade peroxiso-
mal AOX and cytosolic FDH during glucose adapta-
tion or cellular proteins during amino acid and nitro-
gen starvation (see Figures 1 and 4). During glucose
adaptation, the peroxisomes of both mutants were
surrounded by “finger-like” extensions of the vacuole
but not sequestered into the vacuole (Figure 2). In
addition, the ability of the cells to degrade peroxi-
somes was coincident with the presence of a thio-
protein conjugate of Gsa7-HA (Figure 8). The data
suggest that Gsa7p is required for a late event in the
microautophagic sequestration of peroxisomes.

In this study we have provided evidence to suggest
that Gsa7p is an enzyme homologous to ubiquitin-
activating enzyme E1 and capable of protein—protein
conjugation, which is vital for microautophagy of per-
oxisomes in P. pastoris. Protein conjugation as a regu-
latory mechanism for degradation of proteins has
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Figure 8. Complementation of
gsa7 by normal and mutant forms
of recombinant Gsa7-HA. (A)
GSA7, APG7, and HsGSA7 pro-
teins were aligned to three ubig-
uitin-activating enzymes (UBAI,
UBA2, and UBA3). The amino acid
alignment around the putative cat-
alytic domain (C518) and ATP-
bindinf region (K327-R342) are in-
dicated. Amino acid identity
represented by dashed lines was
evident within these regions. Gaps
represented by dots were inserted
to optimize amino acid alignments.
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been known for a long time. Ubiquitination as a signal
for recognition and degradation by the proteasome
starts with the activation of ubiquitin by ubiquitin-
activating enzyme E1 (Hochstrasser, 1996). The acti-
vation of ubiquitin by Ubalp proceeds by coupling the
C-terminal glycine of ubiquitin to adenosine mono-
phosphate (Jonnalagadda et al., 1988; Hochstrasser,
1996; Haas and Siepmann, 1997). The “activated”
ubiquitin is then transferred to cysteine 600 and forms
a thio-ester complex. The ubiquitin is subsequently
transferred to a substrate through an E2 enzyme in-
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formed with GSA7-HA, gsa7(AATP),
¢sa7(C5185), and gsu7(C562S). The
cells were then grown in methanol
induction medium then adapted to
glucose for 6 h. Cell extracts were
prepared, and AOX assays were
performed. The resulting values
are presented as a percentage of the
activity measured at 0 h and repre-
sent the mean *+ SD of four or more
determinations. (C) Aliquots of cell
extracts prepared at 3 h of glucose
adaptation were solubilized in 2%
SDS and boiled for 3 min (—DTT)
or solubilized in 2% SDS with 1.5%
DTT and boiled for 5 min (+DTT),
and the proteins were separated by
SDS-PAGE. After transfer to nitro-
cellulose, the epitope-tagged Gsa7
proteins were identified using
polyclonal antibodies that recog-
nized the HA epitope. Gsa7-HA
migrated as a 72-kDa protein (ar-
row). A thio-ester conjugate of
Gsa7-HA was observed at ~100
kDa (arrowhead).

C

>

GSA7 gsa7(AATP) gsa7(C518S) gsa7(C562S)
+ + +

+ DTT

<
.C«

. —

termediate, with or without the aid of an E3 ligase
(Hochstrasser, 1996). Similar scenarios have been pro-
posed for the conjugation of Smt3p/SUMO-1 to Ran
GTPase-activating protein (RanGAP1), which requires
the E1, UBA2, and E2, UBCY, and Rub1lp/NEDD-8 to
CDC53/cullin, which requires the E1, UBA3, and E2,
UBC12 (Matunis et al., 1996; Liakopoulos et al., 1998;
Matunis et al., 1998). Gsa7p bears important homolo-
gies to the putative ATP-binding motif as well as the
catalytic domain of this family of protein-activating E1
enzymes. Interestingly, Ubalp has two ATP-binding
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domains, whereas Uba2p, Uba3p, and Gsa7p/Apg7p
have only one. We have shown here that the ATP-
binding domain and the functional C518, which is
analogous to C507 in Apg7p, were necessary for
Gsa7p function in peroxisome autophagy. Mizushima
et al. (1998) have shown that the Gsa7p homologue
Apg7p catalyzes the conjugation of the C-terminal
glycine of Apgl2p to lysine 149 of Apgbp with the
assistance of ApglOp, which is presumed to be an
E2-like protein. Mutations within the ATP-binding site
(G333A) or cysteine active site (C507A) of Apg7p in-
hibited its ability to interact with Apgl2p (Tanida et
al., 1999). In addition, they have shown that G333 and
C507 were required for autophagy of cytosolic alka-
line phosphatase and APl (Tanida et al., 1999). We
have shown that Gsa7p is required for glucose-in-
duced autophagy of peroxisomes and starvation-in-
duced autophagy of cellular proteins. In addition, our
data suggest that Gsa7p probably forms a thio-ester
linkage with a putative homologue of Apgl2p; how-
ever, the requirements for APG12 and APG) in perox-
isome autophagy have yet to be explored.

It has been known that protein conjugation may
serve purposes other than the signaling of protein
degradation. For example, the ubiquitination of Ste2p
is required for its internalization from the cell surface
during endocytosis (Hicke and Riezman, 1996). In ad-
dition, two ubiquitin-like proteins have been found in
both S. cerevisine and mammals. Smt3p/SUMO-1 is
activated by UBA2, which until recently was thought
to be a nuclear activator of ubiquitin, whereas Rublp/
NEDD-8 is activated by UBA3. Smt3p/SUMO-1 con-
jugation to RanGAP1 is necessary to target RanGAP1
to the nuclear pore complex (Matunis et al., 1996,
1998). It has been suggested that the conjugation of
CDC53/cullin by Rublp/NEDD-8 may modify the
interaction between the SCF ubiquitin ligase and its
substrates (i.e., Siclp and Cln2p) (Liakopoulos et al.,
1998). Gsa7p/Apg7p has been shown to be responsi-
ble for the conjugation of Apgl2p to Apgbp (Mi-
zushima et al., 1998). This protein complex is associ-
ated with membranes. The function of the conjugation
activity of Gsa7p in glucose-induced autophagy re-
mains to be fully elucidated. Gsa7p does not seem to
be involved in regulation of initiation of autophagy or
in the recognition and partial sequestration of the
peroxisomes. It is therefore unlike gsal/pfk1, which we
previously have shown to be involved in initiation of
microautophagy (Yuan et al., 1997). The morphology
of the gsa7 mutant during adaptation from methanol
to glucose suggests instead that Gsa7p is necessary
either to bring the opposing vacuolar membranes to-
gether or to assist in the fusion of the opposing vacu-
olar membranes. Gsa7p function in glucose-induced
peroxisome autophagy is likely mediated through the
formation of the membrane-associated Apgl2p-
Apgbp complex; however, the functional role of
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GSA7-mediated protein conjugation in the fusion
and/or prefusion events has yet to be defined. The
implications of the conjugation of Agpl12p to Apg5p
are still unknown, but conjugation of these two mem-
brane-associated proteins could of course bring two
membranes close together, maybe as a step leading up
to fusion.

Mechanistically, microautophagy and macroauto-
phagy are quite different. Thus, it was surprising to
find a protein that is required for both pathways.
GSA7 is required for sequestering peroxisomes by the
vacuole, whereas APG7 appears to be required for the
formation of cvt vesicles and apg vacuoles (e.g., auto-
phagosomes) (Mizushima et al., 1998; Kim et al., 1999;
Tanida, et al., 1999). We propose that the homotypic
fusion between opposing membranes of the seques-
tering organelles (e.g., vacuole membrane and auto-
phagosome membrane) require at least some of the
same molecular machinery. Without this fusion event
the autophagosome will not be completely formed,
and thus it would be difficult to distinguish morpho-
logically a fusion mutant from those impaired in the
initiation of autophagy. The same would apply if
GSA7/APG7 functions to bring the membranes to-
gether for fusion. Therefore, we propose that gsa7/apg7
mutants would have partially formed autophago-
somes. Indeed, Kim et al. (1999) have shown pro-API
associated with subcellular membranes of cvt2 mu-
tants; however, the pro-API was accessible to protein-
ase K digestion. The data are consistent with pro-API
in cvt vesicles that had failed to close (Kim, ef al.,
1999). We propose that the homotypic fusion events
required for sequestration of peroxisomes into the
vacuole and cytosolic proteins into cvt vesicles or
autophagosomes require the Gsa7p/Apg7p conjuga-
tion pathway.

Several of the proteins described in this protein
conjugation pathway appear to have mammalian
counterparts. We have identified and sequenced a hu-
man homologue of GSA7 from an infant brain cDNA
library, and human homologues of APG5 and APG12
have also been identified and sequenced (Hammond
et al., 1998, Mizushima et al., 1998). These proteins
appear to be present in a number of different tissues,
which underlines their importance in cellular events.
Whether these proteins are required for autophagy in
mammalian cells remains to be seen. It is particularly
interesting that several mouse GSA7 ESTs come from
embryogenic cDNA libraries. This suggests a role for
the APG7/GSA7 conjugation pathway and possibly
autophagy in the cellular remodeling that occurs dur-
ing development. APG5 was identified as a protein
being associated with the onset of apoptosis at a step
downstream of caspase activation (Hammond et al.,
1998). This finding implies that the APG7/GSA7 pro-
tein conjugation pathway may have a role in apoptosis
or that apoptosis is accompanied by or dependent on
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autophagy. Indeed, the cell death induced by anties-
trogens in mammary carcinoma cells and by toxins in
Madin-Darby canine kidney cells can be suppressed
by drugs (e.g., cycloheximide and 3-methyladenine)
that inhibit autophagy (Sandvig and van-Deurs, 1992;
Bursch et al., 1996). Further experiments are necessary
to define the role of APG7/GSA7 and autophagy in
apoptosis.

In summary, we have identified a unique El-like
protein, which we call Gsa7p, that is required for
glucose-induced and starvation-induced autophagy in
P. pastoris. The S. cerevisine homologue (Apg7p) has
been identified and shown to be required for consti-
tutive (cvt pathway) and starvation-induced (apg
pathway) autophagy (Scott et al., 1996, Mizushima et
al., 1998). In addition, we have found the mammalian
homologue in mouse embryonic tissues and various
human organs. We propose that this enzyme is re-
sponsible for a protein—protein conjugation that serves
a dual role in the fusion of the vacuolar membranes
during sequestration of the peroxisomes in P. pastoris
and in the fusion of the autophagosome membranes
during sequestration of cytosolic components in S.
cerevisige. Our studies combined with those reported
by Mizushima et al. (1998), Kim et al. (1999), and
Tanida et al. (1999) suggest that the APG7/GSA7 con-
jugation pathway is necessary for the sequestration of
cytosolic proteins and organelles into the vacuole/
lysosome for degradation.

ACKNOWLEDGMENTS

This work was supported by grants from National Institutes of
Health to W.A.D. (AM-33326) and the Norwegian Cancer Society to
PES. We are greatly indebted to Dr. James M. Cregg for the
generous gifts of yeast strains, genomic DNA library, and the help-
ful conversations.

REFERENCES

Ahlberg, L., Berkenstam, A., Henell, F., and Glaumann, H. (1985).
Degradation of short and long lived proteins in isolated rat liver
lysosomes: effects of pH, temperature, and proteolytic inhibitors.
J. Biol. Chem. 260, 5847-5854.

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Smith, J.A,,
Seidman, J.G., and Struhl, K. (1988). Current Protocols in Molecular
Biology, New York: John Wiley & Sons.

Baba, M., Osumi, M., Scott, S.V., Klionsky, D.J., and Ohsumi, Y.
(1997). Two distinct pathways for targeting proteins from the cyto-
plasm to the vacuole/lysosome. J. Cell Biol. 139, 1687-1695.

Baba, M., Takeshige, K., Baba, H., and Ohsumi, Y. (1994). Ultrastruc-
tural analysis of the autophagic process in yeast: detection of auto-
phagosomes and their characterization. J. Cell Biol. 124, 903-913.

Bursch, W., Ellinger, A., Kienzl, H., Torok, L., Pandey, S., Sikorska,
M., Walker, R., and Hermann, R.S. (1996). Active cell death induced
by the antiestrogens tamoxifen and ICI 164 384 in human mammary
carcinoma cells (MCF-7) in culture: the role of autophagy. Carcino-
genesis 17, 1595-1607.

Chiang, H.L., Schekman, R., and Hamamoto, S. (1996). Selective
uptake of cytosolic, peroxisomal, and plasma membrane proteins

Vol. 10, May 1999

Identification and Characterization of GSA7

into the yeast lysosome for degradation. J. Biol. Chem. 271, 9934—
9941.

Dunn, W.A,, Jr. (1990a). Studies on the mechanisms of autophagy:
formation of the autophagic vacuole. J. Cell Biol. 110, 1923-1933.

Dunn, W.A,, Jr. (1990b). Studies on the mechanisms of autophagy:
maturation of the autophagic vacuole. J. Cell Biol. 110, 1935-1945.

Dunn, W.A,, Jr. (1994). Autophagy and related mechanisms of ly-
sosome-mediated protein degradation. Trends Cell Biol. 4, 139-143.

Egner, R., Thumm, M., Straub, M., Simeon, A., Schuller, H.-J., and
Wolf, D.H. (1993). Tracing intracellular proteolytic pathways: pro-
teolysis of fatty acid synthase and other cytoplasmic proteins in the
yeast Saccharomyces cerevisiae. ]. Biol. Chem. 268, 27269-27276.

Haas, A.L., and Siepmann, T.J. (1997). Pathways of ubiquitin con-
jugation. FASEB J. 11, 1257-1268.

Hammond, E.M., Brunet, C.L., Johnson, G.D., Parkhill, J., Milner,
ALE,, Brady, G., Gregory, C.D., and Grand, RJ. (1998). Homology
between a human apoptosis specific protein and the product of
APG5, a gene involved in autophagy in yeast. FEBS Lett. 425,
391-395.

Harding, T.M., Hefner Gravink, A., Thumm, M., and Klionsky, D.J.
(1996). Genetic and phenotypic overlap between autophagy and the
cytoplasm to vacuole protein targeting pathway. J. Biol. Chem. 271,
17621-17624.

Harding, T.M., Morano, K.A., Scott, S.V., and Klionsky, D.J. (1995).
Isolation and characterization of yeast mutants in the cytoplasm to
vacuole protein targeting pathway. J. Cell Biol. 131, 591-602.

Hicke, L., and Riezman, H. (1996). Ubiquitination of a yeast plasma
membrane receptor signals its ligand-stimulated endocytosis. Cell
84, 277-287.

Hochstrasser, M. (1996). Ubiquitin-dependent protein degradation.
Annu. Rev. Genet. 30, 405-439.

Huang, P.-H., and Chiang, H.-L. (1997). Identification of novel ves-
icles in the cytosol to vacuole protein degradation pathway. J. Cell
Biol. 136, 803-810.

Jonnalagadda, S., Ecker, D.J., Sternberg, E.J., Butt, T.R., and Crooke,
S.T. (1988). Ubiquitin carboxyl-terminal peptides. Substrates for
ubiquitin activating enzyme. J. Biol. Chem. 263, 5016-5019.

Kato, N. (1990). Formaldehyde dehydrogenase from methylotrophic
yeasts. Methods Enzymol. 188, 459—-462.

Kim, J., Dalton, V.M., Eggerton, K.P., Scott, S.V., and Klionsky, D.].
(1999). Apg7p/Cvt2p is required for the cytoplasm-to-vacuole tar-
geting, macroautophagy, and peroxisomal degradation pathways.
Mol. Biol. Cell 10, 1337-1351.

Koonin, E.V. (1993). A superfamily of ATPases with diverse func-
tions containing either classical or deviant ATP-binding motif. J.
Mol. Biol. 229, 1165-1174. (Errata: J. Mol. Biol. 232, 1013.)

Kopitz, J., Kisen, G.O., Gordon, P.B., Bohley, P., and Seglen, P.O.
(1990). Nonselective autophagy of cytosolic enzymes by isolated rat
hepatocytes. J. Cell Biol. 111, 941-953.

Lammer, D., Mathias, N., Laplaza, ].M., Jiang, W., Liu, Y., Callis, J.,
Goebl, M., and Estelle, M. (1998). Modification of yeast Cdc53p by
the ubiquitin-related protein rublp affects function of the SCFCdc4
complex. Genes Dev. 12, 914-926.

Lang, T., Schaeffeler, E., Bernreuther, D., Bredschneider, M., Wolf,
D.H., and Thumm, M. (1998). Aut2p and Aut7p, two novel micro-
tubule associated proteins are essential for delivery of autophagic
vesicles to the vacuole. EMBO ]J. 17, 3597-3607.

Lardeux, B.R., and Mortimore, G.E. (1987). Amino acid and hor-
monal control of macromolecular turnover in perfused rat liver.
Evidence for selective autophagy. J. Biol. Chem. 262, 14514-14519.

1365



W. Yuan et al.

Liakopoulos, D., Doenges, G., Matuschewski, K., and Jentsch, S.
(1998). A novel protein modification pathway related to the ubig-
uitin system. EMBO J. 17, 2208 -2214.

Mabhajan, R., Gerace, L., and Melchior, F. (1998). Molecular charac-
terization of the SUMO-1 modification of RanGAP1 and its role in
nuclear envelope association. J. Cell Biol. 140, 259-270.

Matunis, M.J., Coutavas, E., and Blobel, G. (1996). A novel ubiquitin-
like modification modulates the partitioning of the Ran-GTPase-
activating protein RanGAP1 between the cytosol and the nuclear
pore complex. J. Cell Biol. 135, 1457-1470.

Matunis, M.]., Wu, J., and Blobel, G. (1998). SUMO-1 modification
and its role in targeting the Ran GTPase-activating protein, Ran-
GAP1, to the nuclear pore complex. J. Cell Biol. 140, 499-509.

Mizushima, N., Noda, T., Yoshimori, T., Tanaka, Y., Ishil, T.,
George, M.D., Klionsky, D.J., Ohsumi, M., and Ohsumi, Y. (1998). A
protein conjugation system essential for autophagy. Nature 395,
395-398.

Mortimore, G.E., Lardeux, B.R., and Adams, C.E. (1988). Regulation
of microautophagy and basal protein turnover in rat liver. Effects of
short-term starvation. J. Biol. Chem. 263, 2506-2512.

Mortimore, G.E., Poso, A.R., and Lardeux, B.R. (1989). Mechanism
and regulation of protein degradation in liver. Diabetes Metab. Rev.
5,49-70.

Sandvig, K., and van-Deurs, B. (1992). Toxin-induced cell lysis:
protection by 3-methyladenine and cycloheximide. Exp. Cell. Res.
200, 253-262.

Schwarz, S.E., Matuschewski, K., Liakopoulos, D., Scheffner, M.,
and Jentsch, S. (1998). The ubiquitin-like proteins SMT3 and
SUMO-1 are conjugated by the UBC9 E2 enzyme. Proc. Natl. Acad.
Sci. USA 95, 560-564.

Scott, S.V., Baba, M., Ohsumi, Y., and Klionsky, D.J. (1997). Amino-
peptidase I is targeted to the vacuole by a nonclassical vesicular
mechanism. J. Cell Biol. 138, 37-44.

Scott, S.V., Hefner Gravink, A., Morano, K.A., Noda, T., Ohsumi, Y.,
and Klionsky, D.J. (1996). Cytoplasm-to-vacuole targeting and au-

1366

tophagy employ the same machinery to deliver proteins to the yeast
vacuole. Proc. Natl. Acad. Sci. USA 93, 12304-12308.

Takeshige, K., Baba, M., Tsuboi, S., Noda, T., and Ohsumi, Y. (1992).
Autophagy in yeast demonstrated with proteinase-deficient mu-
tants and conditions for its induction. J. Cell Biol. 119, 301-311.

Tanida, I, Mizushima, N., Kiyooka, M., Ohsumi, M., Veno, T,
Ohsumi, Y., and Kominami, E. (1999). Apg7p/Cvt2p: a novel pro-
tein-activating enzyme essential for autophagy. Mol. Biol. Cell 10,
1367-1379.

Thumm, M., Egner, R., Koch, B., Schlumpberger, M., Straub, M.,
Veenhuis, M., and Wolf, D.H. (1994). Isolation of autophagocytosis
mutants of Saccharomyces cerevisiae. FEBS Lett. 349, 275-280.

Titorenko, V.I., Keizer, 1., Harder, W., and Veenhuis, M. (1995).
Isolation and characterization of mutants impaired in the selective
degradation of peroxisomes in the yeast Hansenula polymorpha. J.
Bacteriol. 177, 357-363.

Tsukada, M., and Ohsumi, Y. (1993). Isolation and characterization
of autophagy-defective mutants of Saccharomyces cerevisiae. FEBS
Lett. 333, 169-174.

Tuttle, D.L., and Dunn, W.A,, Jr. (1995). Divergent modes of auto-
phagy in the methylotrophic yeast Pichia pastoris. ]. Cell Sci. 108,
25-35.

Tuttle, D.L., Lewin, A.S., and Dunn, W.A., Jr. (1993). Selective au-
tophagy of peroxisomes in methylotrophic yeasts. Eur. J. Cell Biol.
60, 283-290.

Veenhuis, M., Douma, A., Harder, W., and Osumi, M. (1983). Deg-
radation and turnover of peroxisomes in the yeast Hansenula poly-
morpha induced by selective inactivation of peroxisomal enzymes.
Arch. Microbiol. 134, 193-203.

Yuan, W., Tuttle, D.L., Shi, Y.J.,, Ralph, G.S., and Dunn, W.A,, Jr.
(1997). Glucose-induced microautophagy in Pichia pastoris requires
the alpha-subunit of phosphofructokinase. J. Cell Sci. 110, 1935-
1945.

Molecular Biology of the Cell



