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In eukaryotic cells, N-glycosylation has been recognized as
one of the most common and functionally important co- or post-
translational modifications of proteins. “Free” forms of N-gly-
cans accumulate in the cytosol of mammalian cells, but the pre-
cise mechanism for their formation and degradation remains
unknown. Here, we report a method for the isolation of yeast
free oligosaccharides (fOSs) using endo-f3-1,6-glucanase diges-
tion. fOSs were undetectable in cells lacking PNG1, coding the
cytoplasmic peptide:N-glycanase gene, suggesting that almost
all fOSs were formed from misfolded glycoproteins by Pnglp.
Structural studies revealed that the most abundant fOS was
MS8B, which is not recognized well by the endoplasmic reticu-
lum-associated degradation (ERAD)-related lectin, Yos9p. In
addition, we provide evidence that some of the ERAD substrates
reached the Golgi apparatus prior to retrotranslocation to the
cytosol. N-Glycan structures on misfolded glycoproteins in cells
lacking the cytosol/vacuole a-mannosidase, Amslp, was still
quite diverse, indicating that processing of N-glycans on mis-
folded glycoproteins was more complex than currently envis-
aged. Under ER stress, an increase in fOSs was observed,
whereas levels of M7C, a key glycan structure recognized by
Yos9p, were unchanged. Our method can thus provide valuable
information on the molecular mechanism of glycoprotein
ERAD in Saccharomyces cerevisiae.

In eukaryotic cells, N-glycosylation takes place in the endo-
plasmic reticulum (ER).> N-Linked glycans are transferred to
Asn-X-Ser/Thr (where X can represent any amino acid except
proline) of nascent polypeptide chains by oligosaccharyl trans-
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ferase using, in most cases, dolicholpyrophosphate-linked
Glc;MangGleNAc, as a donor substrate (1, 2). N-Glycans con-
tribute to the physicochemical properties of core proteins, such
as solubility and heat stability, as well as their physiological
properties, such as the bioactivity or intra- and intercellular
distribution (3). In addition, recent studies have shown that
N-glycans play a pivotal role in the correct folding or degrada-
tion of proteins. The former process is called ER quality control,
whereas the latter is called ER-associated degradation (ERAD)
(4).

In ER quality control, the Glc;ManyGIcNAc, form of the
donor glycan, linked covalently to nascent proteins, is rapidly
trimmed by enzymes glucosidases I and II and, in some cases,
ER a-mannosidase [, converting it to G1M8 —9GN2. Lectin-like
molecular chaperones, calnexin/calreticulin, are known to
interact with the monoglucosylated glycans and promote the
correct folding of nascent glycoproteins (5-8). In higher
eukaryotes, calnexin/calreticulin and UDP-glucose:glycopro-
tein glucosyltransferase assist folding of N-glycoproteins (4, 9).
Removal of the remaining glucose by glucosidase II frees the
native folded glycoprotein from the lectins. On the other hand,
in the ERAD system, N-glycans on misfolded glycoproteins are
further trimmed of «-1,2-linked terminal mannose residues by
ER a-mannosidase I as well as EDEMs (ER-degradation
enhancing a-mannosidase-like proteins; Mnslp and Htm1/
Mnllp in yeast, respectively), to generate the M7C form of the
glycan (10-12) (see Table 3 for the detailed structure). It is
known that the M7C glycan was then recognized by a degrada-
tion sensor lectin, Yos9p, and that this interaction facilitates its
ERAD-dependent degradation (13—17). The retrotranslocated
misfolded glycoproteins are deglycosylated by a cytosolic
peptide:N-glycanase (PNGase) (18, 19). Deglycosylation by
PNGase is known to increase the degradation efficiency of cer-
tain ERAD substrates (20, 21), and the activity of PNGase has
been suggested to play a role in the antigen presentation proc-
ess in mammalian cells (22-25). It is therefore well established
that cells dictate subtle structural differences in the N-glycans
on nascent glycoproteins to facilitate their folding or degrada-
tion. However, the fate of released N-glycans from misfolded
glycoproteins, called free oligosaccharides (fOSs), are poorly
understood.

It has been reported that fOSs can be released not only from
misfolded glycoproteins but also from dolicholpyrophosphate-
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FIGURE 1. Two generation and processing pathways for fOSs in mamma-
lian cells. A, PNGase-dependent fOS generation and processing pathway.
B, fOSs derived from Dol-PP-OS-processing pathways. These fOSs are further
processed by cytosol-localized hydorolases, endo-3-N-acetylglucosamini-
dase, and a-mannosidase. P and MP, protein and misfolded protein, respec-
tively. Regions circled by a dotted line indicate processing reactions occurring
in the cytosol.

linked oligosaccharides (Dol-PP-OSs), as depicted in Fig. 1, A
and B, respectively (18, 19, 26, 27). Free oligosaccharides gen-
erated from Dol-PP-OSs by an unclarified mechanism in the ER
lumen are exported from the ER to the cytosol in an ATP-de-
pendent manner (28, 29). In vertebrates, fOSs in the cytosol are
further trimmed by two enzymes, endo-B-N-acetylglu-
cosaminidase and a-mannosidase (30-32). Consequently,
these organisms contain a great variety of GN2 (bearing di-N-
acetylchitobiose at their reducing termini) and GN1 (bearing a
single GIcNAc at their reducing termini) forms of fOSs in the
cytosol (33—-35), which are then transported to the lysosomes by
a putative transporter on the lysosomal membranes (36, 37).
The presence of fOSs, as well as glycan processing enzymes, has
also been shown in Caenorhabditis elegans (38 —40), but the
detailed molecular mechanism of fOS formation/degradation
remains unknown. In yeast, previous studies reported the
occurrence of fOSs in Saccharomyces cerevisiae (41, 42) that
were degraded mainly by a cytosol/vacuole a-mannosidase,
Amslp (42). However, detailed structural determination of
fOSs still remains to be determined.

To identify the precise structures of fOSs from yeast, we used
a method previously applied to analyze them in other organ-
isms (33, 38), i.e. pyridylamination (PA) of oligosaccharides fol-
lowed by HPLC analysis. However, we found that most of the
PA-labeled oligosaccharides were not derived from fOSs but
from 3-1,6-glucans. We therefore treated the PA-oligosaccha-
ride fractions with purified endo-1,6-B-glucanase to success-
fully isolate the fOSs. By HPLC analysis of the PA-labeled fOSs,
we found that yeast cells have a great variety of the GN2 form of
fOSs, ranging from Hex, to Hex,,HexNAc,, with various iso-
meric structures. To our surprise, almost all fOSs in yeast cells
were found to be generated from misfolded glycoproteins by
Pnglp because we did not detect any fOSs in pngIA cells under
our experimental conditions. If Amslp was deleted, fOSs
smaller than Man,GIlcNAc, disappeared, suggesting that
Amslp is the sole enzyme demannosylating the fOSs in the
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TABLE 1
Yeast strains used in this study
Strain Genotype Source”

BY4741 MATa his3A1 leu2A0 met1SA0 ura3A0 ATCC
pnglA MATa pnglA:kanMX6 BY4741 SDP
amsIA MATa amsIA:kanMX6 BY4741 SDP
atgl9A MATa atgl 9A:kanMX6 SDP
YME2028 MATa AMSI:AMSI1-3xHA-His3MX6 BY4741  This study

“ ATCC, American Type Culture Collection; SDP, Saccharomyces Deletion Project-
(available at the Stanford Web site).

cytosol. A mutant having a defect of Cvt (cytosol-to-vacuole
targeting), a pathway required for Ams1p to target to the vacu-
ole, resulted in more pronounced demannosylation of fOSs,
clearly indicating that Ams1p can act on fOSs in the cytosol. We
further showed that the M8B structure and several N-glycan
structures were modified by Golgi-resident mannosyltrans-
ferases, and the amount of these Golgi-modified glycans was
significantly increased upon DTT-mediated ER stress. In sharp
contrast, however, the amount of M7C, presumably a key struc-
ture for glycoprotein ERAD substrates to be recognized by
Yos9p, did not change. This newly established method to iden-
tify fOSs in yeast will be invaluable to provide deeper insight
into the mechanism of the glycoprotein ERAD pathway.

EXPERIMENTAL PROCEDURES

Strains, Growth Conditions, and Gene Disruption—We used
a BL21(DE3) strain of Escherichia coli (Novagen, Madison, W1)
to produce Hiss-tagged endo-1,6-B-glucanase (Hiss-Negl).
The yeast strains used in this study are listed in Table 1. Inte-
gration of a DNA fragment encoding 3X HA epitope at the
3’-end of the chromosomal AMSI locus was performed by the
one-step PCR method (43). Yeast cells were grown in YPD
medium (1% yeast extract, 2% polypeptone, 2% glucose).

Construction of Hisgs-Negl Expression Vector—The mature
negl coding region from Neurospora crassa, excluding the
secretory signal sequence, was PCR-amplified using genomic
DNA of N. crassa strain 74-OR23-1A as a template, primers
Nhel-Nc-mnegl-fwd (5'-AAAAGCTAGCGCGATCCAACC-
CCAAGCCTATG-3') and XholI-Nc-negl-rvs (5'-AAAACT-
CGAGTTACGCCCCTGCAGCCGGCAAAAC-3’'), and Phu-
sion Hot Start DNA polymerase (FINNZYMES Inc., Epoo,
Finland). The underlined bases in the primer sequences indi-
cate Nhel and Xhol sites, respectively. The amplified 1412-base
pair fragment, which excluded the signal sequence (44), was
digested with Nhel and Xhol and then purified. The purified
fragment was ligated into the equivalent site of the vector pET-
28a (+) (Novagen) to generate pHI-NCNEG1 (His,-Negl
expression vector).

Endo-1,6-B-glucanase (Negl) Expression in E.coli and
Purification—E. coli BL21(DE3) cells harboring the His,-
tagged Negl expression plasmid were grown at 30 °C in 1 liter
of LB broth containing kanamycin (50 pg/ml) until the A,
reached 0.4. After the addition of isopropyl-1-thio-B-p-galac-
toside to a final concentration of 0.05 mwm, the culture was incu-
bated with agitation (160 rpm) at 20 °C for 14 h.

The cells were harvested and lysed using 30 ml of BugBuster®
(Novagen) containing Complete™ protease inhibitor mixture
(Roche Applied Science) at 25 °C for 20 min. The cell lysate was
centrifuged at 100,000 X g for 20 min at 4 °C to remove the
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insoluble fraction, and then the supernatant was applied to 5 ml
of nickel-Sepharose resin (GE Healthcare) prewashed with
equilibration buffer (20 mm Tris-HCI (pH 8.0), 300 mm NacCl).
The column was washed with 25 ml of equilibration buffer, 25
ml of washing buffer 1 (equilibration buffer containing 25 mm
imidazole), and 25 ml of washing buffer 2 (equilibration buffer
containing 50 mm imidazole). Finally, elution of His,-Negl was
carried out with equilibration buffer containing 500 mm imid-
azole. The eluted fraction was dialyzed with 20 mm Tris-HCl
(pH 8.0) and then concentrated to 1.3 mg/ml using Amicon
Ultra-15 (30,000 molecular weight cut-off; Millipore, Billerica,
MA). Protein concentrations were measured by the BCA
method (Thermo Scientific, Waltham, MA), according to the
manufacturer’s instructions, using bovine serum albumin as a
standard.

Endo-1,6-B-glucanase Assay—An in vitro assay for endo-1,6-
B-glucanase was performed as follows. The reaction mixture
contained 100 mm sodium acetate buffer (pH 5.0), 30 pmol of
PA-gentiohexaose, and His,-Negl in a total volume of 20 ul.
The mixtures were incubated at 30 °C for 15 min, and the reac-
tion was terminated by adding 100 ul of 100% ethanol. Protein
precipitate was removed by centrifugation at room tempera-
ture at 20,000 X g for 5 min. Supernatant was dried up, resus-
pended in water, and analyzed by HPLC. One unit was defined
as the amount of enzyme that catalyzes hydrolysis of 1 nmol of
PA-gentiohexaose/min.

Preparation of PA-oligosaccharide Standards—The follow-
ing standards of PA-oligosaccharides and PA-monosaccha-
rides were purchased from TaKaRa (Kyoto, Japan): PA-Glc,
PA-ManNAc, PA-GIcNAc, PA-Man, PA-M5A, PA-M6B,
PA-M7A, PA-M7C, PA-M8A, PA-M8B, PA-MS8C, PA-M9A,
and PA-glucose oligomer. PA-GIM9A was prepared as
described previously (45). GIM7-PA and G1M5-PA were pre-
pared by the digestion of G1IM9-PA with Aspergillus saitoi
a-1,2-mannosidase and jack bean a-mannosidase, respectively
(Seikagaku Corp., Tokyo, Japan). PA-gentiohexaose was pre-
pared by PA labeling of gentiohexaose (Seikagaku Corp.). The
structures of these standards were confirmed by matrix-as-
sisted laser desorption ionization time-of-flight (MALDI-TOF)
MS.

PA-labeled yeast specific N-glycans, modified by Ochlp,
were synthesized by enzymatic reactions using purified recom-
binant Ochlp protein expressed by the methylotrophic yeast
Pichia pastoris as a secreted protein (46). The reaction mixtures
contained 50 mm Tris-HCI (pH 7.5), 10 mm MnCl,, 1 mm GDP-
mannose, 2 uM pyridylaminated oligosaccharide acceptors
(PA-M7A, PA-M7C, PA-M7D, PA-M8A, PA-M8B and PA-
MB8C), and 60 ng of Och1p in a total volume of 20 ul. Incubation
was carried out at 30 °C for 5 min, terminated by boiling for 5
min, and the reaction products were fractionated by size frac-
tionation HPLC.

Extraction of Cytosolic Free Oligosaccharides from Yeast Cells—
Yeast cells were inoculated into 5 ml of YPD medium and
grown at 30 °C overnight. Saturated cultures were further inoc-
ulated into 50 ml of YPD medium and grown at early to mid-
logarithm growth phase. Then, 100 A4, units of yeast cells were
washed twice (all centrifugation steps in this protocol were car-
ried out at 4 °C); resuspended in 500 ul of fOSs extraction buffer

12392 JOURNAL OF BIOLOGICAL CHEMISTRY

containing mannosidase inhibitors (20 mm Tris-HCI (pH 7.5),
10 mm EDTA, 1 mMm 1-deoxymannojirimycin (Calbiochem,
Darmstadt, Germany), 0.5 mm swainsonine (Calbiochem), and
protease inhibitor mixture (Roche Applied Science)); and dis-
rupted with glass beads using Multi-beads Shocker® (Yasui
Kikai, Osaka, Japan), according to the manufacturer’s protocol.
Mannosidase inhibitors were added to prevent degradation of
fOSs during sample preparation. After removing cell debris by
brief centrifugation, the supernatant was further centrifuged at
100,000 X g for 20 min to obtain the cytosolic fraction. 750 ul of
100% ethanol was then added to the supernatant (final concen-
tration, 60%), and the sample was further centrifuged at
20,000 X g for 5 min to precipitate proteins. The supernatants,
representing the fOSs fraction, were evaporated to dryness, dis-
solved in water, and applied onto AG1-X2 (resin volume, 500
wul; 200 —400 mesh; acetate form) and AG50-X8 (resin volume,
500 wl; 200400 mesh; H" form) (Bio-Rad) columns. Neutral
material, including the fOSs (flow-through fractions for both
columns), was loaded onto an InertSep GC column (150 mg/3
ml; GL-Science, Tokyo, Japan). The fOS fraction was adsorbed
to the column, which was rinsed with 3 ml of water and fOSs
were eluted with 2.5 ml of 25% acetonitrile. Finally, the desalted
fOS fraction was lyophilized.

Preparation of PA-labeled Oligosaccharides—The prepara-
tion of PA-labeled oligosaccharides was carried out as de-
scribed previously (47) with some modifications. The desalted
fOS fractions were pyridylaminated with 20 ul of 2-amino pyr-
idine reagent at 80 °C for 1 h, followed by reduction at 80 °C for
1 h with 20 ul of borane-dimethylamine reagent. After adding
460 pl of acetonitrile into the reaction mixture, excess free PA
was removed using a monolithic silica spin column (MonoFas®
(GL-Science)). The spin column was initially washed with water
and then activated with 600 ul of 100% acetonitrile. The sample
solution was loaded onto the spin column. After washing the
column three times with 400 ul of 95% acetonitrile, PA-oligo-
saccharides were eluted from the column with 100 ul of water.

High Performance Liquid Chromatography Analysis—Size
fractionation HPLC was carried out using a Shodex NH2P-50
4E column (4.6 X 250 mm; Shodex, Tokyo, Japan) as reported
previously (48), with some modifications. The elution was per-
formed using two solvent gradients as follows: eluent A, 93%
acetonitrile in 0.3% acetate (pH adjusted to 7.0 with ammonia);
eluent B, 20% acetonitrile in 0.3% acetate (pH adjusted to 7.0
with ammonia). The gradient program was set at a flow rate of
0.8 ml/min (expressed as the percentage of solvent B): 0—5 min,
isocratic 3%; 5—8 min, 3-33%; 8 —40 min, 33-71%. PA-oligo-
saccharides were detected by measuring fluorescence (excita-
tion wavelength, 310 nm; emission wavelength, 380 nm).

Reversed-phase HPLC was performed using a TSK-gel ODS-
80TM column (4.6 X 150 mm; TOSOH, Tokyo, Japan) as
described previously (47), with some modifications. The elu-
tion conditions were as follows: eluent C, 20 mm ammonium
acetate buffer, pH 4.0; eluent D, 20 mM ammonium acetate
buffer, pH 4.0, containing 0.5% 1-butanol. The column was
equilibrated with eluent C/eluent D (95:5) at a flow rate of 1.0
ml/min. After injecting a sample, the concentration of eluent D
was increased linearly from 5 to 75% over 55 min. PA-oligosac-
charides were detected by measuring fluorescence (excitation
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wavelength, 320 nm; emission wavelength, 400 nm). The glu-
cose unit (GU) of each PA-labeled oligosaccharide was deter-
mined as described previously (45).

For PA-monosaccharide analysis, HPLC was performed as
described previously (49). Briefly, a flow rate of 0.3 ml/min was
used on a TSK-gel Sugar-AXI column (4.6 X 150 mm; TOSOH)
with isocratic elution with borate solution (700 mm H;BO,-
KOH, 10% acetonitrile (pH 9.0)) for 120 min at 65 °C. PA-oli-
gosaccharides were detected by measuring fluorescence (exci-
tation wavelength, 310 nm; emission wavelength, 380 nm).

MALDI-TOF MS Analysis—MALDI-TOF MS analysis of
PA-oligosaccharides was performed by AXIMA-CFR (Shi-
madzu, Kyoto, Japan) using 2,5-dihydroxybenzoic acid (Shi-
madzu) as a matrix as described previously (31). For desalting of
PA-oligosaccharide-containing fractions, we used C18+ car-
bon NuTip (Hypercrb, Glygen, Columbia, MD) as described
previously (31).

Reducing End Analysis of PA-oligosaccharides—Reducing
end analysis of PA-oligosaccharides was performed as de-
scribed previously (49), with some modifications. PA-oligosac-
charide was hydrolyzed with 20 ul of 4 M trifluoroacetic acid at
100 °C for 3 h. For re-N-acetylation, the lyophilized hydroly-
sates were resuspended in 4 ul of pyridine, 36 wl of 90% meth-
anol, and 10 pl of acetic anhydride, followed by incubation at
25 °C for 30 min, and the reaction mixtures were evaporated.
The PA-monosaccharides obtained were separated by HPLC
using a TSK-gel Sugar-AXI column (TOSOH).

Glycosidase Digestions—The digestion of PA-fOSs with jack
bean a-mannosidase (40 milliunits) (Seikagaku Corp.) was per-
formed (to cleave «l,2-, a1,3-, and al,6-linked mannoses in
fOSs) by incubation in 20 ul of 10 mm sodium citrate buffer (pH
4.0) for 12 h at 37 °C. A. saitoi «-1,2-mannosidase (0.5 milli-
units) (Seikagaku Corp.) digestion was performed in 20 ul of
100 mm sodium acetate (pH 5.0) for 12 h at 37 °C. The digestion
of PA-fOSs with a-1,6-mannosidase (10 milliunits) or a-1,2,3-
mannosidase (60 units), cloned from Xanthomonas manihotis
and expressed in Escherichia coli (New England Biolabs, Bev-
erly, MA), was performed in 20-ul reactions with a buffer sup-
plied by the manufacturer at 37 °C for 12 h.

Reverse Transcription-PCR of HACI mRNA—The splicing of
HACI was assayed using reverse transcription-PCR as
described previously (50). Briefly, amsIA cells were grown to
mid-log phase in YPD medium and treated with/without 2 mm
DTT or 2 pg/ml tunicamycin for 90 min. The cells were col-
lected, and total RNA was extracted using the RNeasy minikit
(Qiagen, Valencia, CA) according to the manufacturer’s
instructions. cDNA was generated from 2 ug of total mRNA
using the Primescript first strand cDNA synthesis kit (TaKaRa).
Uninduced HACI (HACI"), induced HACI (HACI'), and
ACTI cDNA were amplified by PCR using 50 ng of template
c¢DNA and the primers HAC1-fwd (5'-TACAGGGATTT-
CCAGAGCACG-3'), HAC1-rvs (5'-TCATGAAGTGATGA-
AGAAATC-3"), ACT1-fwd (5'-TTTGGATTCCGGTGATG-
GTG-3'), and ACT1-rvs (5'-TTGTGGTGAACGATAGAT-
GGA-3’). Amplicons were analyzed by electrophoresis on 2%
agarose gels.

Protein Extraction and Immunoblot Analysis—Yeast cells
were grown to mid-log or stationary phase in YPD medium.
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Ten A, units of cells were then harvested, washed twice with
water, resuspended in 100 ul of TEG buffer (50 mm Tris-HCl
(pH 7.5), 100 mm NaCl, 1 mm EDTA, and Complete™ protease
inhibitor mixture (Roche Applied Science)), and disrupted with
glass beads using a Multi-beads Shocker® (Yasui Kikai). After
removal of the cell debris by centrifugation, cell lysates were
denatured with sample buffer (125 mm Tris-HCI (pH 6.8), 4%
SDS, 20% glycerol, and 3.1% DTT) for 5 min at 98 °C. Samples
were separated by SDS-PAGE using 7.5% gels. Proteins were
transferred to polyvinylidene difluoride membranes and
blocked in TTBS (25 mm Tris-HCI (pH 7.4), 150 mm NaCl, and
0.1% (v/v) Tween 20) containing 0.5% (w/v) skim milk. Blots
were incubated with anti-HA mouse monoclonal antibody F-7
(1:1000; Santa Cruz Biotechnology, Inc., (Santa Cruz, CA)), fol-
lowed by horseradish peroxidase-conjugated sheep anti-mouse
IgG antibody (1:4000; GE Healthcare), both in TTBS plus 0.5%
skim milk. For the protein-loading control, Pgklp was detected
with anti-Pgklp mouse monoclonal antibody 22C5 (1:10,000;
Invitrogen), followed by horseradish peroxidase-conjugated
sheep anti-mouse IgG antibody (1:10,000). Immunoreactive
bands were visualized using LAS3000-mini (Fujifilm Co.,
Tokyo, Japan) with Immobilon Western reagents (Millipore).

RESULTS

Use of Endo-1,6-B-glucanase to Establish the Method for Iso-
lation of Yeast fOSs—Several reports have shown that higher
eukaryotic organisms generate fOSs, and extensive studies have
revealed that these organisms generate a diverse range of fOS
structures, including fOS-GN2 (M6-8GN2) and fOS-GN1
(M2-9GN1 and G1IM9GN1), in the cytosol (28, 33-35, 40, 51).
It was also reported that S. cerevisiae cells generate fOSs and
that the predominant structure of fOS is MangGlcNAc, (52).
On the other hand, recent studies showed that the M7C form
generated by Htm1p was key for the recognition of misfolded
glycoprotein substrates for ERAD (11, 14), raising a question
about the source of fOSs in yeast. How fOSs are generated,
processed, and degraded in yeast remains to be elucidated
because of the lack of an established method for the isolation of
fOSs. Previous studies of fOSs in yeast relied on metabolic
radiolabeling of glycans (41, 52).

We first tried to identify the cytosolic yeast fOSs using the
method reported for the isolation of fOSs in higher eukaryotes
(i.e. the deproteinated, neutral oligosaccharide fraction from
the cytosol of wild-type cells was labeled with PA and analyzed
by size fractionation HPLC). As shown in Fig. 24, various peaks
were observed at the elution position relating to around 3-15
GUs. However, most of these peaks were not susceptible to
treatment with jack bean (JB) «-mannosidase (supple-
mental Fig. S1A, open arrows). Because yeast cells only have
high mannose type N-glycans (53—55), the mannosidase-resis-
tant peaks are not likely to be derived from N-glycans. Consis-
tent with this idea, reducing end sugar analysis of PA-labeled
fOSs in Fraction A (supplemental Fig. S1A) revealed that most
of the labeled glycans in fraction A had glucose in their reducing
termini (supplemental Fig. S1B).

In yeast cells, 8-1,3- and 3-1,6-glucans are the major glycans
bearing reducing glucose residues (56). For this reason, we pro-
posed that these a-mannosidase resistance peaks are derived
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FIGURE 2. Endo-$-1,6-glucanase treatment of PA-oligosaccharides prepared from wild-type cells. A, size fractionation HPLC profile of glycosidase-
treated PA-oligosaccharides isolated from yeast cytosol. Profiles of non-treated control oligosaccharides (top), oligosaccharides treated with endo-g3-1,6-
glucanase (middle), and oligosaccharides treated with both endo-B-1,6-glucanase and JB mannosidase (bottom) are shown. B, magnification of the middle and
lower charts in A. Peaks a-findicate N-glycan-derived fOSs. The arrowheads indicate the elution position of PA-isomaltooligosaccharides (glucose oligomer) for

the elution standard.

from B-glucans. To validate this possibility, we first tried to
digest these mannosidase resistance peaks with laminarinase
(endo-1,3(4)-B-glucanase) or Zymolyase-100T (B-1,3-glucan
laminaripentaohydrolase), but they were resistant to these
treatments (data not shown). These results suggested that PA-
fOSs were not derived from p-1,3-glucans. Enzymes acting on
B-1,6-glucans are not commercially available; therefore, we
expressed His,-tagged Neurospora crassa endo-1,6-B-glu-
canase (Hiss-Negl) in E. coli (supplemental Fig. S24) and puri-
fied it on a nickle affinity column. The enzyme was successfully
purified (supplemental Fig. S2B), and the specific activity was
increased 44-fold with a yield of 11% (supplemental Table S1).
We then examined the effect of endo-1,6-8-glucanase treat-
ment on PA-fOSs. It was found that endo-1,6-B-glucanase
could remove most of the mannosidase-resistant peaks at the
elution position relating to 4-15 GUs (Fig. 2A). The peaks at
the elution position relating to 3—4 GUs were not digested with
endo-1,6-B3-glucanase, possibly due to the weak activity of
endo-1,6-B-glucanase against length B-glucans (57). It should
be noted that the remaining peaks, at positions relating to 6 —15
GUs, were sensitive to JB mannosidase after treatment with
endo-1,6-B-glucanase (Fig. 2B, peaks a—h). This strongly sug-
gested that these peaks were derived from N-glycans.

Yeast Cells Generate Diverse Forms of GN2 Type fOSs—Hav-
ing established a method for the isolation of mannosidase-sen-
sitive fOSs from yeast cells, we next tried to identify the
oligosaccharide structures responsible for the mannosidase-
sensitive peaks (Fig. 2B, peaks a—h). For this purpose, the
molecular weights of the collected peaks a—h were analyzed by
MALDI-TOF MS. It was revealed that the molecular weights of
the oligosaccharides responsible for peaks a—h are consistent
with the theoretical molecular weight of Hex(5—-12)HexNAc2-
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TABLE 2
MALDI-TOF MS analysis of size-fractionated PA-glycans
Peak

Observed mass (m/z)  Ion formation Composition

a 1351.8 [M +K]* Hex.HexNAc,-PA
b 1497.7 [M+Na]*  Hex HexNAc,-PA
c 1659.9 [M + Na]* Hex,HexNAc,-PA
d 1821.9 [M + Na]* HexgHexNAc,-PA
e 1984.1 [M + Na]* Hex,HexNAc,-PA
f 2145.2 [M + Na]* Hex,,HexNAc,-PA
g 2307.0 [M + Na]* Hex,;HexNAc,-PA
h 2469.9 [M+Na]*  Hex,,HexNAc,-PA
i 1497.7 [M + Na]* Hex,HexNAc,-PA

PA, respectively (Table 2). After JB mannosidase digestion, a
remaining peak was observed (Fig. 2B, bottom, peak i), and the
molecular weight of this peak was consistent with the theoret-
ical molecular weight of Hex,HexNAc,-PA by MALDI-TOF
MS analysis. Through mapping analysis with authentic PA-la-
beled samples, the structure was determined to be GIM5 that
was converted from monoglucosylated forms of fOSs. Taken
together, these results revealed that the remaining peaks, relat-
ing to around 6 —15 GUs after endo-1,6-3-glucanase treatment,
were derived from diverse fOS structures.

All N-Glycan-derived fOSs Are Generated from Misfolded
Glycoproteins by the Action of the Cytosolic PNGase, Pnglp—As
shown in Fig. 1, fOSs are generated by two distinct pathways in
mammalian cells. One pathway generates fOSs from misfolded
glycoproteins in the cytosol by the action of PNGase, and the
other pathway generates fOSs from Dol-PP-OS in the lumen of
the ER (27). Using metabolic radiolabeling experiments in yeast
cells, it was estimated that generation of fOSs by cells lacking
Pnglp was reduced by 20 -30% compared with that of wild-type
cells (52). Thus, we next investigated the structure of fOSs in
pnglA cells to determine the structure of Pnglp-independent
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lack of a standard sample, but it was
predicted based on various glycosi-
dase digestions and the fact that this
glycan should be derived from larger
fOSs already isolated (Table 3; glyco-
sidase digestion data are shown in
supplemental Fig. S3). We were also
unable to identify the structures
relating to peaks g and h, correspond-
ing to the Hex;;HexNAc, and
Hex,,HexNAc, forms of fOSs, due to
its small amount of material and the
lack of suitable authentic samples.
Because these glycans were not iden-
g tical to Glc,MangGlcNAc,-PA and
Glc;MangGlcNAc,-PA  (data  not
shown), these fOSs were most likely
_\_%?é?év derived from glycans that are fur-
Rl ther mannosylated by Golgi-resident
e mannosyltransferases (see below).

A Part of Misfolded Glycoproteins
May Be Recycled between the ER and
Golgi, as Evidenced by the Oc-
currence of Ochlp-modified fOSs—
As described above, the structures
for 5 of 19 major peaks detected
could not be determined by HPLC-
mapping analysis. Interestingly, all
five peaks were converted to
Man,GIcNAc, by a-1,2-mannosi-
dase  treatment, instead of
Man;GlcNAc, as would be expected

wild-type

for normal high mannose type gly-
cans in mammalian cells (Fig. 4, B

0 10 20 30

Retention Time (min)

FIGURE 3. The deletion of PNG1 causes complete reduction of fOSs generation. Size fractionation HPLC
profile of fOSs derived from wild-type cells (upper chart) and png1A cells (lower chart) that were digested with
endo-1,6-B-glucanase as described in the legend to Fig. 2. *, nonspecific peak, which is resistant to JB manno-

sidase treatment.

fOSs. Unexpectedly, fOSs were virtually undetectable in pngIA
cells under our experimental conditions (Fig. 3). We therefore
concluded that N-glycan-derived fOSs in yeast detected by our
method were all formed from misfolded proteins by the action
of Pnglp (see “Discussion”).

Yeast Can Create Various Structural Isomers of fOSs—We
next asked if the size-fractionated peaks a—h, relating to
Hex HexNAc,-Hex,,HexNAc,, contain diverse structural iso-
mers. To further elucidate the structure of these oligosaccharides,
the collected peaks a—h were further separated by reversed-phase
HPLC, and their elution positions were compared with those of
authentic PA-sugars. Deduced structures based on HPLC map-
ping were further confirmed by various glycosidase digestions.
From this analysis, we successfully identified structures for 14 of 19
major peaks, containing two glycans that have ManNAc in their
reducing termini (see Table 3, Footnote e). With respect to peak
b1, the structure could not be unequivocally identified due to the
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40 and C). It is known that yeast N-gly-
can often contains a mannan type
polymannose outer chain (Fig. 44)
(53-55). The initiation of this outer
chain elongation is mediated by a
cis-Golgi-resident a-1,6-mannosyl-
transferase, Ochlp (Fig. 44) (58—
60). We therefore proposed that these glycans bear a-1,6-
linked mannose residues modified by Ochlp. To confirm this
hypothesis, we tried further digestion of the «-1,2-mannosi-
dase-digested product with Xanthomonas manihotis o-1,6-
mannosidase that is capable of acting on non-branched a-1,6-
linked mannose polymers. As expected, the double digestion
with a-1,2-mannosidase and a-1,6-mannosidase resulted in a
shift in the peaks from M6 to M5 (Fig. 4, B-E, size fractionation
HPLC charts). These results strongly suggested that these peaks
(c3,d2, el, and f1) have a yeast-specific, Och1p-modified man-
nose residue.

We next sought to determine the precise structures of
Ochlp-modified glycans. First, to obtain authentic Ochlp-
modified glycans, M7A, M7C, M7D, M8B, M8A, M8C, and
MO9A glycans were reacted with purified Ochlp in vitro, and the
reaction products were designated as M8H, M8I, M8J, M9H,
MO9I, M9J, and M10H, respectively. The elution positions of
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TABLE 3
Free oligosaccharide structures in wild-type and ams1A cells

Amount (pmol/10 mg pro’ceins)b’C

WT amsiA

Peak Abbreviations GU? Structure

Manai1-2Manais
gManoﬂ
Mano17

1 M10G 4.79 §Manp1-4GIcNAcBt-4GIcNAc 2.6 7.7

Mano1-2Mano1
Mana1-2Mano1-2Mano1

Mano1=2Manals
gManoﬂ
Manod-2Manod~ \

f2 M10H 5.79 8ManB1-4GIcNAcB1-4GIcNAc 0.4 0.6

Mano
Mano1-2Mana1-2Mana

Mana1=-2Mano1y
3Manal

f3 G1M9A 6.71 Mano1-2Mano1/

Glool_smanod-2Manals /gManB1-4GIcNAc[31-4GIcNAc 5.0 3.1

Mano —2Manoc1\6
M

3 anoi
Mana1/ \
et M9H 5.31 8ManB1-4GIcNAcB1-4GIcNAc  31.0 66.6

Mano
6
Mano1-2Mana1-2Manai

Mana1-2Mano1y
Mano1

e2 M9A 5.80 Mana1-2Mano1/ 8Manp1-4GIcNAcB1-4GIcNAc ~ O.1 4.5
Mano1-2Mano1-2Mano1 Z

Mana1=-2Mano1y
SMano1

e3 G1M8B 6.16 Mano17> \gManB1—4GIcNACB1—4GIcNAC 20.2 45.5

Glca1-8Mana1-2Manoi-2Mano1

Mano1g
Mano

e4 G1M8C 7.95 Manao.1-2Mano1” 8ManB1-4GIcNAcB1-4GIcNAc 0.7 N. D.
Glco1=-3Mana1 =2Mano1-2Manao1Z

Mano1-2Manol

e 3Man(x1\
di M8B 5.32 Manod 2manoc]’2M 1/gManB1—4GIcNAcB1—4GIcNAc 198.0 278.0
anol = anol = anou
Manon\6
Manai
Manoﬂ’3 ane \
d2 M8l 6.05 Manad §ManB1-4GIcNACB1-4GIcNAC 95 7 51.1
Y

Mano1-2Mano1=-2Mana

Mano1
Manot
d3 M8C 6.67 mana]-gmana]’ZM 1/gManB1—4GIcNAoB1—4GIcNAc 0.9 N. D.
anol =, anol =, anou
Mano1
3Manoc1\
d4 G1M7C 7.22 Manao1/ 8Manp1-4GIcNAcB1-4GIcNAc 6.4 N. D.

Glca1-8Mana1-2Mano1-2Mana1

these authentic Ochlp-modified glycans were compared with  tions, we identified the precise structures of ¢3, d2, el and f2 as
the peaks, ¢3,d2, el, and f2, by reversed-phase HPLC. From this  Ochlp-modified glycans (Table 3). With respect to f1, desig-
analysis, together with analysis by various mannosidase diges- nated M10G, we could not determine the precise structure
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TABLE 3—continued
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Peak Abbreviations GU?

Structure

Amount (pmol/10 mg proteins)b’c
WT amsiA

Mana1=2Mano1

Mano

cl M7A 5.70

Mano1/

Mano1-2Manaol

Manaog

c2 M7C? 6.04

Mana 1/

Mano1-2Mano1=-2Mano1

Manaiy

Mano 1/

c3 M7H 6.41

Manol

3Man0c1 N

6.7 N. D.

/8ManB1—4GIcNAcB1—4GIcNAc

93.9 140.0

/gManB1-4GIcNAcB1-4GIcNAc

6Manoﬂ\

8ManB1-4GIcNAcB1-4GIcNAc 3.4

Mano1-2Manao

b1 M6 5.99

Mano1

Mano1-2Mano1-2Manoi

Manaig

Manod

5.5 N. D.

/gManﬁ1-4GIcNAcB1—4GIcNAc

gManon .

Mano1

b2 M6B 6.33

Mana1-2Mano1”

Manaly

8.0

8ManB1-4GIcNACB1-4GIcNAC

Manal

al M5A 7.10

Mano1/

1.7

/gManB1—4GIcNAcB1—4GIcNAc
(04

Mano

“ Glucose unit of each PA-labeled oligosaccharide was determined as described under “Experimental Procedures.”

? Each fOS amount was based on the peak area of each peak with PA-Glc, in the PA-glucose oligomer (TaKaRa; 2 pmol/ul) as a reference.

¢ Protein concentration of cell lysates was measured by a BCA assay as described under “Experimental Procedures.” N.D., not detected.

 Predicted structures of M10G and M6, based on MALDI-TOF MS and various glycosidase digestion analysis.

¢ Amount of M8B/M7C was expressed as a combined sum of M8B/M7C glycans that have GIcNAc or ManNAc in their reducing termini. ManNAc residues were generated by
epimerization of the N-acetyl group of reducing end GlcNAc during reductive amination in the PA-labeling process as reported previously (45).

because the authentic sample was unavailable; however, based
on the results of various glycosidase digestions as well as struc-
ture information of other fOSs determined, the structure was
predicted as shown in Table 3. This unusual structure (i.e.
a-1,2-mannose attached to Ochlp-modified mannose) has
been reported previously (53). The fact that these glycans are
modified by Golgi-resident enzymes clearly indicated that at
least a part of the misfolded glycoproteins had been recycled
between the ER and the Golgi before being exported out of the
lumen for degradation.

fOSs Are Processed by Cytosol/Vacuole a-Mannosidase,
Amslp, in the Cytosol—The sole catabolic a-mannosidase in
yeast, Ams1p, and an amino peptidase I, Lap4p, are synthesized
in the cytosol and transported to the vacuole via the autophagic
pathway and/or the cytoplasm to vacuole targeting pathway
(Cvt pathway) (61-64). Lap4p was shown to be active only in
the vacuole because it requires vacuolar proteolytic processing
(65— 67); however, it remains to be determined whether Ams1p
requires similar processing to be enzymatically active. Previ-
ously, Amslp was shown to be involved in catabolism of fOSs
(52), however, the subcellular site of Amslp action remains to
be determined.

APRIL 16, 2010+VOLUME 285-NUMBER 16

We first examined the expression level of Amslp in both
mid-log and stationary phase using a strain in which the chro-
mosomal AMSI locus had been replaced with an HA-tagged
AMSI gene (YME2028). As shown in Fig. 54, high level expres-
sion of Ams1-HA was observed when the cells reached station-
ary phase. This result was consistent with previous reports (61,
63). We next examined the relative amount of fOSs in these
cells at mid-log or stationary phase by size fractionation HPLC.
In stationary phase cells, an increase of Hex(5-7)HexNAc2
fOSs was observed compared with mid-log phase cells (Fig. 5, B
and C, upper panels). On the other hand, formation of
Hex;HexNAc, and Hex,;HexNAc, was completely abolished in
both mid-log and stationary phase cultures of amsIA cells (Fig.
5B, middle), clearly indicating that Ams1p is the sole enzyme
responsible for demannosylation of structures smaller than
Man,GlcNAc, in yeast. In addition, an apparent increase in the
amount of fOSs was observed in stationary phase cultures of
amsI1A cells (Fig. 5, B and C, middle). Taken together, these
results clearly show that Ams1p is involved in the processing of
fOSs, especially at stationary phase.

Having confirmed the critical role of Amslp in the catabo-
lism of fOSs, we next asked whether Ams1p is capable of proc-
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FIGURE 4. Several fOSs are further modified by Golgi-resident mannosyltransferase, Och1p. A, the structure of the N-linked glycan chain in S. cerevisiae.
The mannose residue added by Och1p is marked by an asterisk. B-E, unassigned peaks (c3, d2, e1, and f1) were digested with a-1,2-mannosidase alone or with
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essing fOSs in the cytosol. In these experiments, fOSs were
analyzed in atgl9A cells. Atg19p is a receptor specific for the
Cvt pathway, and disruption of Atg19p function results in accu-
mulation of Lap4p and Ams1p in the cytosol (68, 69). As shown
in Fig. 5C (bottom), the occurrence of more processed Hex(3—
4)HexNAc2 glycans and a significant increase in Hex(5-
6)HexNAc2 glycans were evident at stationary phase. This
result clearly indicated that Amslp can be enzymatically active
in the cytosol, where it can efficiently degrade fOSs.

The Structures of fOSs in ams1A Cells Reflect Those of N-Gly-
cans on Misfolded Glycoproteins Destined for Degradation by
ERAD—Given the fact that Ams1p might be the only cytosolic
glycosidase that acts on fOSs and that all fOSs are formed by
Pnglp under our system, It is strongly suggested that fOSs in
ams1A cells reflect the N-glycan structures on misfolded glyco-
proteins subjected to degradation by ERAD. Thus, we further
examined whether the amount and structure of f{OSs are altered
when amsiA cells are exposed to ER stress conditions, induced
by treatment with DTT or tunicamycin (Tm) (Fig. 64). It is
known that Haclp encodes a transcriptional factor involved in
unfolded stress response (unfolded protein response (UPR))
and that HACI mRNA is constitutively transcribed but is not
translated (HACI"), due to the presence of an inhibitory intron
(70, 71). When yeast cells are exposed to ER stress conditions,
activated ER stress sensor, Irelp, removes the intron from
HACI", and tRNA ligase connects the two exons to generate
HACI'. HACI' is then efficiently translated and facilitates tran-
scription of UPR target genes (72-74). We therefore confirmed
induction of UPR by formation of the HACI' splicing form
(Fig. 6B). As shown in Fig. 6C, when UPR was activated by
DTT, an increased total amount of Hex(8-12)HexNAc2
was observed. On the other hand, the total amount of
Hex,HexNAc, was unaltered (Fig. 6, C (top and middle charts)
and D). It should be noted that the total amount of fOSs in
Tm-treated amsIA cells was reduced compared with control
cells (Fig. 6, C (top and bottom charts) and D). This result is
consistent with the fact that Tm can inhibit the biosynthesis of
donor substrate (Dol-PP-OS) for N-glycosylation (75, 76). To
analyze fOS structure under ER stress conditions in more
detail, isomeric structures of fOSs were further determined
by reversed phase HPLC. As shown in Fig. 6, an increase of
M8B, M9H, M9A, and M10G was observed by DTT treat-
ment. In sharp contrast, the total amount of M7C was
unchanged. This result indicated that the Htm1p/Yos9p-de-
pendent pathway, which requires M7C glycans as a key
structure for recognition, may not play a major role under ER
stress conditions.

DISCUSSION

N-Glycosylation is now recognized as one of the most impor-
tant modification reactions in eukaryotic cells. Explosive pro-

gress in glycobiology during the past decade has unveiled most,
if not all, of the biosynthetic pathways for N-glycans. However,
the mechanisms by which N-glycans are catabolized in cells are
relatively unknown (77). This is especially the case for the
metabolism of fOSs. Although the presence of fOSs in various
eukaryotes has been detected, the molecular mechanisms
behind their formation/degradation have remained largely
unknown.

In yeast cells, how fOSs are generated, processed, and
degraded remained unclear because of the lack of an established
method for the isolation of fOSs. In the current study, we suc-
cessfully established a method for the isolation of fOSs from the
cytosol of yeast cells by eliminating 3-1,6-glucans, using puri-
fied endo-1,6-B-glucanase (Fig. 2). It remains unclear whether
extracellular 3-1,6-glucans are made in the secretory pathway
or at the cell surface (78). Our results clearly indicated that at
least some of the B-1,6-glucan pools can be observed in the
cytosol, and this result may help to elucidate the molecular
mechanisms of the biosynthetic pathway for B-1,6-glucans.
Alternatively, these cytosolic pools of B-1,6-glucan may repre-
sent degradation intermediates, although such a degradation
process has not, to the best of our knowledge, been described to
date.

In higher eukaryotes, it has been reported that there are two
types of fOSs: one from misfolded glycoproteins and the other
from Dol-PP-OSs (Fig. 1, A and B) (18, 19, 26, 27). Our data
clearly showed that formation of fOSs pooled in the cytosol
were exclusively dependent on the activity of Pnglp, suggesting
that, at least under our experimental conditions, fOSs released
from Dol-PP-OSs are not active in yeast. This result was further
supported by the observation that no fOS was detected in either
mid-log or stationary phase of amsIA pnglA cells (data not
shown). The lack of Pnglp-independent fOS release was con-
trasted by the findings of Chantret et al. (52), which indicated
the occurrence of Pnglp-independent fOSs. This seeming dis-
crepancy most likely comes from the difference in fOS isolation
methods. Chantret et al. (52) isolated fOSs from whole cell
extracts, whereas we isolated fOSs from the cytosolic fraction.
The absence of Pnglp-independent glycans in the cytosol is
consistent with the fact that they are most likely formed in the
lumen of the ER (28). How these Pnglp-independent fOSs are
catabolized remains unclear.

Through our newly established method, we observed that
yeast cells generate quite diverse forms of fOSs even in the
absence of Amslp, suggesting that misfolded glycoproteins
undergo various types of glycan processing in the lumen prior
to retrotranslocation. However, yeast cells do not appear to
generate the GN1 form of fOSs, in contrast to higher eukaryotes
in which the GN1 form is the major fOS structure (33—35,40). The
lack of the GN1 form of fOSs in yeast cells is consistent with the

FIGURE 5. Ams1pisinvolved in fOSs processing in the cytosol. A, expression of Ams1p was significantly elevated at stationary phase. Wild-type (BY4741) and
YME2028 (AMS1::AMS1-HA strain) cells were grown to mid-log or stationary phase. Equal cell numbers were lysed, and total protein extracts were analyzed by
immunoblotting using an anti-HA antibody. The immunoblot was subsequently probed with anti-Pgk1p antibody as a protein loading control. B, size
fractionation HPLC profile of fOSs derived from wild-type, ams1A, and atg19A cells. Hex3-Hex12, Hex;HexNAc,-Hex,,HexNAc,, respectively. The mass was
determined by MALDI-TOF MS analysis. *, nonspecific peak, which is resistant to JB mannosidase treatment. C, quantitation of PA-labeled fOSs by size
fractionation HPLC. Each peak was quantitated with PA-Glcg, using a PA-glucose oligomer (TaKaRa; 2 pmol/pul) as a reference. Error bars, mean = S.D.from three

independent experiments.
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FIGURE 7. Predicted scheme for overall N-glycan processing on misfolded glycoproteins subjected to ERAD. A, a current model for N-glycan processing
in glycoprotein ERAD (14). N-Glycans on misfolded glycoproteins are further trimmed by glucosidases (Gls1p and Gls2p) and mannosidases (Mns1p and
Htm1p), which can generate M7C glycan. Yos9p, a lectin-like ERAD component, recognizes the a-1,6-terminal mannose residue of M7C. Several misfolded
glycoproteins may traffic between ER and Golgi before their degradation, as depicted by downward arrows. B, hypothetical scheme of N-glycan processing on
misfolded glycoproteins, based on our fOS analysis. The numbers (pmol/10 mg protein) on N-glycans are based on fOSs analysis in ams1A cells. C, when UPR is
induced by DTT, yeast cells facilitate the generation of M8B glycans on misfolded proteins and transport misfolded glycoproteins to the Golgi. Thick arrows
indicate pathways up-regulated by UPR.

N-glycans on misfolded glycoproteins, may act as a recognition
signal for Htm1p/Yos9p-dependent degradation (Fig. 7B). This

fact that the orthologue of endo--N-acetylglucosaminidase can-
not be found in the yeast genome (32). It is interesting to note that

the most abundant fOSs in amsIA yeast cells is M8B. Recently, a
couple of studies have elegantly shown that at least some of the
glycoprotein ERAD substrates depend on the activity of Htm1p
(EDEM orthologue acting as a-mannosidase)/Yos9p (lectin recog-
nizing a-1,6-mannose exposed by Htm1p action) for their efficient
retrotranslocation/degradation by the ERAD pathway (Fig. 7A)
(11, 14,79). However, at least from the glycan profile of fOSs, it can
be assumed that the glycans processed by Htmlp (to form M7C
glycan) are relatively minor. One plausible explanation for this
observation is that only a specific glycan, among the multiple

hypothesis is supported by the fact that a specific N-glycan on
multiple glycosylated misfolded model proteins, CPY* and PrA*,
functions as a tag for targeting to the ERAD pathway (17, 80). An
alternative possibility is that there may be many N-glycosylated
substrates that are degraded by the ERAD pathway in an
Htmlp-independent manner, as suggested by previous
reports (81, 82).

We also found that several forms of f{OSs were subjected to
yeast-specific glycan modification (Table 3). This modification
was found to be mediated by a Golgi-resident a-1,6-mannosyl-

FIGURE 6. fOSs structures in ams7A cells reflect N-glycan structures on misfolded glycoproteins. A, scheme of ER stress induction. ams71A cells were
inoculated and grown to mid-log phase at 30 °C. Then 2 mm DTT or 2 ug/ml Tm was added to the medium as described previously (86), and cells were further
incubated at 30 °C for 90 min. Samples were then collected, and fOSs were analyzed. B, reverse transcription-PCR analysis of HACT mRNA splicing. HAC7“ and
HACT1" are uninduced and induced HACT by the UPR, respectively. C, size fractionation HPLC profile of fOSs derived from ams1A cells treated with or without
UPR-induced reagents. D, quantitation of fOSs observed in C. Hex7-Hex12, Hex,HexNAc,-Hex,,HexNAc,, respectively. Error bars, mean * S.D. from three
independent experiments. E, quantitation of fOSs separated by reversed phase HPLC. Error bars, mean = S.D. from three independent experiments.
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transferase, Ochlp, and this Ochlp-dependent fOS modifica-
tion was abolished in ochIA cells.? It should be noted that all
Ochlp-modified fOSs, so far detected, did not accept further
elongation of a-1,6-linked mannose on Ochlp-modified man-
nose. Because the poly-a-1,6-mannose structure can be found
quite commonly in yeast cell surface N-glycoproteins, our
result might indicate the presence of an uncharacterized quality
control system for misfolded glycoproteins in the Golgi. Such a
mechanism might prevent misfolded proteins from proceeding
further in the secretory pathway and thereby receiving poly-a-
1,6-mannose chains and instead help them to be retrieved to
the ER and the ERAD pathway. It has been reported that C. el-
egans also generates fOSs, possibly modified in the Golgi (40),
although it remains to be determined whether these Golgi-
modified fOSs were from misfolded glycoproteins or, alterna-
tively, from Dol-PP-OS. In sharp contrast, our results clearly
demonstrated that Golgi-modified glycans are formed by
Pnglp and therefore derived from misfolded glycoproteins,
which might have traveled from the ER to the Golgi (Fig. 7).
This notion is supported by reports that the ER-to-Golgi traf-
ficking of several model misfolded glycoproteins, including
CPY*, KHN, and Gas1*, is important for their efficient degra-
dation by the ERAD pathway (82— 85). At this time, the ques-
tion of whether there is any physiological significance of the
modification of misfolded glycoproteins by Ochlp remains
elusive.

Elevated expression of Amslp at stationary phase (Fig. 54)
was consistent with the observation that the processing of fOSs
by Amslp was more pronounced at stationary phase (Fig. 5B,
top). The biological significance of Ams1p up-regulation at sta-
tionary phase remains to be determined.

In amsIA cells, the generation of M5 and M6 forms of fOSs
was abolished completely. This result suggested that processing
beyond Man.GIcNAc, glycans was generated solely by Ams1p
in yeast. Furthermore, the small amount of fOSs observed in
wild-type cells, including M8C, G1M8C, and M7H, was not
observed in amsIA cells (Table 3). Thus, these fOSs also seem
to be produced by Amslp. We also showed that atgl9A cells,
possessing a defect in Ams1p transport from the cytosol to the
vacuole, can process fOSs more efficiently than wild-type cells.
This is the first report to unequivocally demonstrate that
Amslp has enzyme activity even without being targeted to the
vacuole.

Itis noteworthy that under DTT stress, the overall amount of
fOSs was increased (i.e. indication of the aggravation of overall
glycoprotein ERAD), but no change in the amount of M7C was
observed (Fig. 6C). Further studies will be required to clarify the
detailed mechanism by which DTT affects glycoprotein ERAD
in yeast. One potential explanation for this observation is that,
upon UPR activation (e.g. DTT treatment), most of the sub-
strates that undergo ERAD follow the Htmlp/Yos9p-inde-
pendent pathway (Fig. 7C). This hypothesis is consistent with
the observation that under the UPR, no up-regulation of Htm1p
was observed (86), in sharp contrast to that seen in mammalian
cells (87). The possibility remains that a yet uncovered, Yos9p-

3 H. Hirayama and T. Suzuki, unpublished observation.
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independent glycan recognition pathway could be activated by
the UPR, although there is no experimental evidence to support
this hypothesis. Alternatively, under harsh conditions, up-reg-
ulation of the N-glycan structure-independent ERAD as well as
vesicular transport may occur for otherwise Htm1p/Yos9p-de-
pendent substrates to sequester accumulated misfolded (glyco)-
proteins. Such interplay between ERAD and vesicular transport
has been well documented (88 —91). This result might also indi-
cate that the Htm1p/Yos9p-dependent ERAD pathway is easily
saturable.

In summary, we have established a method for the quantita-
tive analysis of yeast fOSs and determined its structures using
PA labeling followed by HPLC analysis. We also show that fOS
analysis in an amsIA background provides valuable informa-
tion regarding N-glycan processing of misfolded glycoproteins
subjected to ERAD. In the future, analysis of fOSs in amsIA
cells, in conjunction with the deletion of various glycoprotein
ERAD-related genes (e.g. MNS1, HTM1, YOS9, etc.), will clarify
the detailed mechanism and physiological significance of gly-
can processing of misfolded glycoproteins during the ERAD
process.
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