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Endoplasmic reticulum (ER)-associated degradation (ERAD)
is a quality control system for newly synthesized proteins in the
ER; nonfunctional proteins, which fail to form their correct fold-
ing state, are then degraded. The cytoplasmic peptide:N-gly-
canase is a deglycosylating enzyme that is involved in the ERAD
and releases N-glycans from misfolded glycoproteins/glycopep-
tides. We have previously identified a mutant plant toxin pro-
tein, RTA (ricin A-chain nontoxic mutant), as the first in vivo
Pngl (the cytoplasmic peptide:N-glycanase in Saccharomyces
cerevisiae)-dependent ERAD substrate. Here, we report a new
genetic device to assay the Pngl-dependent ERAD pathway
using the new model protein designated RTL (RTA-transmem-
brane-Leu2). Our extensive studies using different yeast
mutants identified various factors involved in RTL degradation.
The degradation of RTA/RTL was independent of functional
Sec61 but was dependent on Derl. Interestingly, ER-mannosi-
dase Mnsl was not involved in RTA degradation, but it was
dependent on Htm1 (ERAD-related a-mannosidase in yeast)
and Yos9 (a putative degradation lectin), indicating that man-
nose trimming by Mnsl is not essential for efficient ERAD of
RTA/RTL. The newly established RTL assay will allow us to gain
further insight into the mechanisms involved in the Pngl-de-
pendent ERAD-L pathway.

In eukaryotes, the folding and assembly of nascent polypep-
tide chains in the endoplasmic reticulum (ER)? are closely mon-
itored by an ER quality control system, which ensures that only
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correctly folded/assembled proteins are delivered to their
respective destinations (1). Terminally misfolded proteins are
destroyed by a process called ER-associated degradation
(ERAD) (2, 3). ERAD involves the extraction of proteins from
the ER to the cytosol followed by proteasome-mediated degra-
dation. Depending on the position of the misfolded region, the
recognition step can occur on the luminal side (ERAD-L), the
cytosolic side (ERAD-C), or in the ER membrane itself
(ERAD-M) (4). Several key components of the ER quality con-
trol and ERAD systems have been identified to date, but the
mechanisms by which the substrates are selectively recognized
remain elusive.

The cytoplasmic peptide:N-glycanase (PNGase; Pngl in
yeast) is a deglycosylating enzyme involved in the ERAD proc-
ess (5). Many ERAD substrates are presumed to be deglycosy-
lated by PNGase during the degradation process (6, 7), and the
involvement of PNGase activity in the antigen presentation
process has been suggested in mammalian cells (8). However,
most of the tested ERAD substrates considered susceptible for
deglycosylation were efficiently degraded, even when PNGase
activity was inhibited (9), making it difficult to assess the bio-
logical significance of this enzyme in the ERAD process. Nev-
ertheless, our finding that the ricin A-chain nontoxic mutant
(RTA), an ERAD-L substrate, is degraded in a Pngl-dependent
fashion in Saccharomyces cerevisiae (10) prompted us to further
characterize the mechanisms involved in the PNGase-depen-
dent ERAD pathway.

To gain further insight into the Pngl-dependent ERAD, a
new genetic device was developed using the new model protein
designated RTL. RTL is a membrane protein that consists of a
luminal RTA, a type I transmembrane domain, and a cytoplas-
mic Leu2 protein. Using this system, we can assay the efficiency
of RTL degradation by measuring the growth of cells in syn-
thetic media containing limited amounts of leucine, i.e. only
when the degradation of RTL is compromised, as cells con-
tain sufficient quantities of Leu2 protein to support growth
in media with low leucine concentrations. In our assay, RTL
was, as with RTA, degraded in a Pngl-dependent fashion,
indicating that RTL is a good model substrate to study the
PNGase-dependent ERAD pathway. Moreover, RTL lacking
the first glycosylation site (RTL(N10Q)) did not require
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TABLE 1
Yeast strains used in this study
Strain Harboring plasmid Genotype Source

BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Laboratory stock
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Laboratory stock
W303-1a MATa leu2-3,112 his3-11 ade2-1 ura3-1 trp1-1 canl-100 Laboratory stock
W303-1b MATa leu2-3,112 his3-11 ade2-1 ura3-1 trpI-1 canl-100 Laboratory stock
KA31-1a MATo ura3 leu2 trpl his3 Dr. Yoshifumi Jigami
Sec61 pDQI1-TRP MATa sec61::HIS3 leu2-3,112 his3-11 ade2-1 ura3-1 trpI-1 canl-100 This study
sec61-41 psec61-41-TRP MATa sec61::HIS3 leu2-3,112 his3-11 ade2-1 ura3-1 trpl-1 canl-100 This study
CMY765 MATa cim5-1 ura3-52 leu2A1 his3A200 80
cim5-1 pnglA MATa cim5-1 pngl::URA3 ura3-52 leu2A1 his3A200 FOAR 81
pnglA pngl:KanMX4 BY4741 16
rad23A rad23:NatMX BY4741 This study
dsk2A dsk2:NatMX BY4741 This study
cuelA cuel:KanMX6 BY4741 Open Biosystems
derlA derl::KanMX6 BY4742 Open Biosystems
derlA derl:KanR W303-1a 81
doalOA doal0:KanMX6 BY4741 Open Biosystems
hrd1A hrdl:KanMX6 BY4741 Open Biosystems
hrd3A hrd3:KanMX6 BY4741 Open Biosystems
htmlA htm1:KanMX6 BY4741 Open Biosystems
ubx2A ubx2:KanMX6 BY4741 Open Biosystems
ufd2A ufd2::KanMX6 BY4741 Open Biosystems
usalA usal:KanMX6 BY4741 Open Biosystems
yos9A y0s9:KanMX6 BY4741 Open Biosystems
mnslA mnsl:KanMX6 BY4741 Open Biosystems
secl8-1 Sec18-1 KA31-1a Dr. Yoshifumi Jigami

Pngl for its efficient degradation, indicating that the effect of
Pngl was N-glycan-dependent.

EXPERIMENTAL PROCEDURES

Yeast Strains and Media—The yeast strains used in this study
are listed in Table 1. The deletion of the RAD23 and DSK2 genes
using the NAT® gene was carried out with pAG25, as described
previously (11). pAG25 was kindly provided by Dr. Claude A.
Jakob (ETH, Zurich, Switzerland). Standard yeast media and
genetic techniques were used (12, 13). The sec18-1 strains and
isogenic wild-type cells were kindly provided by Dr. Yoshifumi
Jigami (AIST, Japan).

Plasmids—To generate pDQ1-TRP and psec61-41-TRP, the
SEC61 and sec61-41 regions of pDQ1 and psec61-41 (14) were
cloned into pRS314 as follows. pDQ1 and psec61-41 were
kindly provided by Dr. Randy W. Schekman (University of Cal-
ifornia, Berkeley). The SEC61 and sec61-41 regions of pDQ1
and psec61-41 were cut out by HindIII/EcoRI digestion and
were cloned into the equivalent site of pBluescript. These plas-
mids thus obtained were digested with Sall/EcoRI, and frag-
ments were cloned into the equivalent sites of pRS314 vector.

To generate pRS316-,; ,RTL, the CPY* region of pRS316-
caraCTL* (15) was replaced by the RTA as follows. pRS316-
caraCTL* was a kind gift from by Dr. Dieter H. Wolf (Univer-
sity of Stuttgart). The RTA fragment was amplified from
pRS315-ppKar2-RTA (7) using the following primers: RTL-
forward, 5'-TTTCAGCTTCATCTCCAGATTGTGTCTAC-
GTAATGCACGCCATCATTTTAAGAGAGGACAGAGAA-
GCAAGCCTCCTGAAAGATGTTTTTCAACAGACTAAG-
3’; and RTL-reverse, 5'-GAATTGACATTAGCTAAGTAAT-
CATTGGTTGTAGATATTTGACAGAAACTACAGGTGT-
CAGTGGCATTTTCATCCTCGAGATGATGATGATGAT-
GATGAAA-3'. This PCR product was cotransformed in yeast
with the linearized pRS316-5,;,CTL* and digested by Bglll and
Bsu36], and the transformants were grown on an SC-Ura plate to
select the yeast strain. Colonies with the correct homologous
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recombination were selected with the colony PCR, and the plas-
mids isolated from the colonies were sequenced. DNA sequencing
was carried out using PCR-based dideoxy termination methods
using BigDye version 3.1 and the 3100 DNA sequencer (ABI).
pPRS316-5 A ,RTL(N10Q),  pRS316-5,; ,RTL(N10Q/N236Q),
pRS315-4ppRTA(N10Q), pRS315-5ppRTA(N236Q), pRS315-
cppRTA(N10Q/N236QQ), and pRS315-,, FLAG-RTA were gen-
erated using site-directed mutagenesis (QuikChange, Stratagene)
according to the manufacturer’s instructions.

To generate pRS313-,,5:Pngl, PNGI allele, including its
promoter, was cut out from pRS316-PNG1 by Xhol/NotI diges-
tion (16) and was cloned into the equivalent site of pRS313. To
generate pRS313-4,, ,Pngl, the PNGI allele, including GALI
promoter region, was cut out from pRD53-PNG1 (17) with
Xhol/NotI digestion and was cloned into the equivalent site of
pRS313.

To generate pRS316-,,r1-sRTL, the MET25 promoter and
CYC1 terminator derived from pGFP-C-FUS (18) and RTL
derived from pRS316-,; ,RTL were cloned into pRS316 as fol-
lows. The MET25 promoter region of pGFP-C-FUS was iso-
lated by Sacl/HindIII digestion, and the fragment was cloned
into the equivalent site of pRS316, yielding pRS316-MET25
promoter. The CYCI terminator in pGFP-C-FUS was then iso-
lated by Sall/Kpnl digestion and was cloned into the equivalent
site of pRS316-MET25 promoter, yielding pRS316-,1,5. The
RTL fragment was amplified from pRS316-5,;,RTL using the
following primers: Hind-KAR2-N-forward, 5'-GTTTAAGCT-
TATGTTTTTCAACAGACTAAGCGCTGGCAAG-3'; Sal-
LEU2-C-reverse, 5'-GTTTGTCGACTTAAGCAAGGATTT-
TCTTAACTTCTTCGGC-3'. This PCR product was digested
with Sall and HindIII and was cloned into the equivalent site of
PRS316-y,p125 to generate pRS316-,,p15sRTL.

To generate pRS313-Htm1, HTM]1, including the promoter
region, was amplified from yeast wild-type genome using the
following primers: Htm1(—776/—747), 5'-GTGGTGTATCT-
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ATTGTTATACTTAGTCGAC-3'; Htm1-C-Bglll, 5'-AGAT-
CTTCATACAATAAATAAGTTGATGATGGGCG-3'. The
PCR product was digested with Sacl/BglII and was cloned into
the equivalent site of pRS313. pRS313-Htm1(E222Q) was gen-
erated from pRS313-Html using site-directed mutagenesis
(QuikChange, Stratagene) according to the manufacturer’s
instructions.

Spotting Assay—Strains harboring the RTL expression plas-
mid were grown in SC—uracil liquid medium containing 2%
raffinose. 4-Fold serial dilutions of each strain harboring the
RTL plasmid were spotted onto SC—uracil medium (complete
media in this assay) or SC—uracil—leucine medium containing
galactose, and cells were incubated at 30 °C for the indicated
times. To improve cell growth, the plates were supplemented
with additional histidine (20 mg/liter). Photographs of the gels
were taken using FUJIFILM LAS-3000mini (Fujifiim Co.,
Tokyo, Japan).

Cycloheximide Decay Assay—Strains harboring the RTA
expression plasmid were grown in SC—leucine liquid medium.
Then cycloheximide was added to the cultures (final concen-
tration, 250 pg/ml), and the cultures were collected at the indi-
cated times.

Cell Extracts and Western Blotting—Unless noted, all exper-
iments were carried out at either 4 °C or on ice. Protein extrac-
tion was carried out essentially as described previously (19). In
brief, about 10® yeast cells were harvested, and the pellets were
suspended in 0.1 M NaOH and incubated at room temperature
for 10 min. After the cells were collected by centrifugation at
3000 X g for 1 min, the pellet was resuspended in 100 ul of SDS
sample buffer (62.5 mm Tris-HCl (pH 6.8), 5% -mercaptoeth-
anol, 2% SDS, 5% sucrose, 0.04% bromphenol blue) and boiled
at 95 °C for 5 min. Cell debris was then removed by centrifuga-
tion at 10,000 X g for 3 min. Equal amounts of each sample were
analyzed by 10% SDS-polyacrylamide gel and then transferred
to Biotrace™™ polyvinylidene difluoride membranes (PALL
Co.). To detect RTA, the membranes were incubated with an
anti-ricin monoclonal antibody (CP75 or CP37) (Abcam)
diluted 1:5000 in 2% skimmed milk in TBS-T (25 mm Tri-HCI
(pH 8.0), 137 mm NacCl, 0.05% Tween 20), washed, and then
incubated with horseradish peroxidase-conjugated anti-mouse
secondary antibody diluted 1:5000 in 2% skimmed milk in
TBS-T. The secondary antibodies were detected with the
Immobilon™ Western blot chemiluminescent horseradish
peroxidase substrate system in accordance with the manufac-
turer’s instructions (Millipore).

N-Glycan Structure Analysis on RTA—Strains harboring the
FLAG-RTA expression plasmid pRS315-5,,FLAG-RTA were
grown in SC—leucine liquid medium. Cultured cells (4 g) were
washed twice with TNE buffer (50 mm Tris-HCI (pH 7.5), 150
mMm NaCl, 5 mm EDTA, and protease inhibitor mixture), resus-
pended with 4 ml of TNE buffer, and were lysed with glass
beads. The lysate was centrifuged for 5 min at 300 X gto remove
cell debris. Triton X-100 was added to the supernatant to the
final 1% concentration to solubilize the membrane fraction, and
the solution was incubated at 4 °C for 1 h. The unsolubilized
membranes were removed by centrifugation at 15,000 X g,4 °C,
for 15 min. 20 pl of anti-FLAG M2 affinity resin (Sigma) was
added to the supernatant, and the sample was incubated at 4 °C
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for 1 h with a rocking movement. The resin were then washed
four times with TNE buffer, 1% Triton X-100, and the bound
RTA was eluted with 200 ul of 0.1 m glycine-HCI buffer (pH
3.5). 40 ul of 0.5 M sodium acetate buffer (pH 5.5) and 20 milli-
units of endo-B-N-acetylglucosaminidase H (Seikagaku Kogyo
Co., Tokyo, Japan) was added to the eluted solution. Incubation
was carried out at 37 °C overnight. 5 milliunits of endo-3-N-
acetylglucosaminidase H was added to the sample, and it was
incubated for another 4 h to complete deglycosylation. To stop
the enzyme reaction, 1.5 volumes of ethanol were added to the
reaction mixture, and the oligosaccharide released was recov-
ered by centrifugation at 15,000 X g, 4 °C for 5 min. Supernatant
thus obtained was dried up, resuspended with 1 ml of distilled
H,O, and purified using InertSep GC column (150 mg/3 ml;
GL-Science, Tokyo, Japan) as described previously (20). Label-
ing of oligosaccharides with the pyridylamino group and size
fractionation of pyridylamino-labeled glycans were performed
as described previously (20). Separation and structural identifi-
cation of the oligosaccharides were carried out using reversed-
phase high pressure liquid chromatography according to the
method reported previously (21).

Free Oligosaccharide Analysis—Isolation and structural anal-
ysis of free oligosaccharides from mnsIA cells were carried out
as described previously (20).

RESULTS

RTL Spotting Assay—RTA (ricin A-chain nontoxic mutant)
was previously identified as a Pngl-dependent ERAD substrate
in yeast (7, 10). Interestingly, some of the N-glycosylated sub-
strates did not require Pngl for efficient degradation (10), and
the detailed mechanism of Pngl-dependent degradation
remains unknown. Because RTA has a very short half-life in
most strains, we found that it can be difficult to identify subtle
differences in RTA stability by pulse-chase or cycloheximide
decay experiments (7, 10). Therefore, we developed a new
genetic device using the new substrate designated RTL. RTL
was composed of luminal RTA, a transmembrane domain of
Pdr5 and the cytoplasmic Leu2, and was constructed by remod-
eling CTL* (22). The main advantage of this assay system, as
with the CTL* assay (22), is its simplicity and reproducibility,
because this method uses cell growth, one of the most sensitive
indicators of alterations in cell physiology, to assess the protein
stability. The logic behind this screening is that strains with
leu2 auxotrophy are unable to grow in media lacking leucine,
whereas mutants with defective RTL degradation can support
cell growth under such conditions because such yeast cells con-
tain sufficient Leu2 proteins on RTL. Therefore, we can assess
the efficiency of RTL degradation in various ERAD-related
strains by examining the growth of cells incubated in media
with limited or no leucine. Schematic views of RTL and the
plasmids expressing this protein are shown in Fig. 14.

RTL is expressed under the control of the weak galactose-
inducible GAL4 promoter. Thus, the expression of RTL is mod-
erately induced in galactose-containing medium (but not
enough to support its growth in media without leucine content)
and is suppressed in glucose-containing medium.

To examine whether the newly developed method can differ-
entiate the stability of RTL between wild-type and isogenic
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FIGURE 1. Characterization of the RTL assay. A, schematic view of the RTL
expression vector and topology of RTL. SS(KAR2), signal peptide from Kar2;
His, Hisg epitope; TM, transmembrane domain of Pdr5; CEN, centromere in S.
cerevisiae. B, png1A cells with stabilized RTL. BY4741 WT and png1A cells were
plated on SC glucose or SC galactose medium with or without leucine. The
plates were incubated for 3 days at 30 °C. The leucine auxotrophic WT strain
expressing RTL cannot grow in media without leucine. The leucine deficiency
is complemented by RTL in the RTA degradation-defective png1A cells (bot-
tom row). C, expression of Png1 rescued the defective RTL degradation in
png1A cells. WT and png 1A cells carrying the plasmids expressing Png1 and
RTL were plated on SC galactose medium with or without leucine. The plates
were incubated for 3 days at 30 °C. D, Ufd2 was not required for RTL degrada-
tion. BY4741 WT and ufd2A cells carrying the plasmids expressing RTL were
plated on SC galactose medium with or without leucine. The plates were
incubated for 3 days at 30 °C.

pnglA cells, a spotting assay was performed. As shown in Fig.
1B, pnglA cells, but not wild-type cells, can only grow when the
cells were transfected with the RTL plasmid, and galactose was
used as the only carbon source (i.e. the expression of the RTL
protein was induced) (Fig. 1B, compare the top panel and the
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bottom panel, bottom row). These results indicate the following:
(@) RTL expression cannot support growth in media lacking
leucine unless the stability of RTL was compromised, and (b)
there are clear differences in the stability of RTL between wild-
type cells and pngIA cells; this faithfully reproduces the results
obtained using RTA (10). Furthermore, the growth of pngiA
cells expressing RTL was suppressed by PNG1 expression (Fig.
1C, compare the 3rd and 4th row), indicating the growth
observed was not an indirect effect.

Ufd2, a ubiquitin elongation factor, was previously shown to
bind to Rad23 and was involved in the degradation of ubiquitin
fusion degradation substrates (23). This protein, however,
was not involved in RTA degradation (10). Because Rad23-
Ufd2 was found to form a distinct complex with Pngl-Rad23
(10), it was hypothesized that these two complexes are
involved in distinct ERAD pathways (10). Therefore, we
tested the effect of Ufd2-deletion (ufd2A) on the degradation of
RTL. Consistent with the results with RTA, RTL was also
degraded in ufd2A cells (Fig. 1D). Taking all of the results
together, this newly established RTL assay was found to be
a good system to examine the molecular mechanism of the
PNGI-dependent ERAD pathway.

N-Glycosylation at Asn-10 Is Critical for the Pngl-dependent
ERAD Pathway—Next, we examined the role of N-glycan in the
degradation of RTA and RTL. It was previously shown that the
cytosolic version of RTA was degraded through a Pngl-inde-
pendent pathway (10). However, the N-glycan dependence of
RTA degradation has not been rigorously tested. Although
RTA has two potential glycosylation sites, Asn-10 and Asn-236
(24), we mainly find the g1 form, RTA with one N-glycan (7, 10).
To identify which of the glycosylation sites were involved, gly-
cosylation site mutants of RTA were generated, namely
RTA(N10Q), RTA(N236Q), and RTA(N10Q/N236Q). These
mutant proteins were then expressed in cim5-1 pnglA cells,
and the presence of N-glycans on these mutants was analyzed.
As shown in Fig. 24, almost all RTA(N10Q) and RTA(N10Q/
N236Q) were found to be in the g0 form. On the other hand,
RTA(N236Q) remained in the gl form, indicating that the pri-
mary glycosylation site for the g1 form is Asn-10. We then car-
ried out the RTL assay for RTL(N10Q) mutants. As shown in
Fig. 2B, Endo-H digestion revealed that RTL was also N-glyco-
sylated. Consistent with the RTA assay (data not shown),
RTL(N10Q) was also efficiently degraded in pngIA cells (Fig.
2C), which strongly suggests that N-glycosylation at Asn-10 in
RTL(N10Q) was required for Pngl-dependent degradation of
RTL. These results clearly demonstrate the N-glycan depend-
ence on RTL degradation and further validate the effectiveness
of the RTL assay.

Role of the Pngl-Rad23 Complex on RTL Degradation—
Rad23 is thought to be important for ERAD because it has the
ability to bind to ubiquitinated substrates (through the UBA
domain) (25) and to the 26 S proteasome (through the UBL
domain) (26). Therefore, Rad23 links the substrate destined for
degradation with the proteasome, the protein-destruction
machinery. Rad23 was previously identified as a cytoplasmic
PNGase-binding protein (17, 27). RTA degradation was also
shown to only be moderately affected in rad23A cells (10). It
was also found that the Rad23 mutant, which fails to bind to

JOURNAL OF BIOLOGICAL CHEMISTRY 24327



Novel Glycoprotein ERAD Pathway Revealed by New Assay Method

A cim5-1 cim5-1 png1A
N10Q
RTA - WT  WT N10Q N236Q N236Q
91__, P
g0~ ' — - B
B cim5-1 png1A

Endo-H - +
glycosylated RTL ___ -

deglycosylated RTL ™

C RTL (N10Q)
SC(Gal)-Ura

SC(Gal)-Ura-Leu
WT
pngi1A

FIGURE 2. N-Glycan-dependent degradation of RTA/RTL. A, Western blot-
ting analysis of RTA and its glycosylation mutants. RTA, RTA(N10Q),
RTA(N236Q), and RTA(N10Q/N236Q) were expressed in cim5-1 or cim5-1
pngTA cells. Extracts from these cells were resolved by SDS-PAGE, and RTA
was visualized by immunoblotting using anti-ricin antibody. The arrows indi-
cate RTA modified with one (g1) or no (g0) glycan. B, RTL was N-glycosylated.
RTL was expressed using pRS316-y,c1,5sRTL in cim5-1 png1A cells. Cell extracts
were mock-treated (—) or digested (+) with Endo-H and resolved by SDS-
PAGE, and RTL was visualized by immunoblotting using anti-ricin antibody.
G, RTL lacking the first glycosylation site was degraded in a Png1-independ-
ent manner. BY4741 WT and pngT1A cells carrying the plasmids expressing
RTL(N10Q) were plated on SC galactose medium with or without leucine. The
plates were incubated for 3 days at 30 °C.

Pngl, also delayed the degradation of RTA, suggesting that the
Pngl-Rad23 complex is required for efficient degradation of
RTA. Therefore, we examined whether the same is true for RTL
substrates. As shown in Fig. 34, RTL was also significantly sta-
bilized in rad23A cells (Fig. 3A), suggesting that Rad23 is also
required for efficient RTL degradation. Therefore, we next
examined whether the expression of Pngl suppresses the RTL
degradation defect in rad23A cells. As shown in Fig. 3B, the
RTL degradation defect in rad23A cells was significantly sup-
pressed, but not completely, by the expression of Png1 (Fig. 3B).
The enhanced expression of Pngl (GAL promoter-driven com-
pared with the endogenous promoter) increased the suppres-
sion of the defect (Fig. 3B, compare 2nd, 5th, and 8th rows),
further supporting the idea that defects in the rad23A cells are
largely dependent on the function of Pngl. The fact that there
was no complete recovery after Pngl overexpression indicated
that, although the role of Rad23 in RTL degradation was
dependent on PNGase enzyme activity, Rad23 acts as a scaffold
protein and supports the full functionality of Pngl in this proc-
ess. Consistent with this observation, the defects in rad23A
cells also exhibited N-glycan dependence because RTL(N10Q)
(Fig. 3C) and RTA(N10Q) (data not shown) did not require
Rad23 for efficient degradation. Moreover, Dsk2, another UBL-
UBA protein, was not involved in the degradation of RTA and
RTL (data not shown). This result contrasts with that for CTL*
(22), a Leu2 fusion protein derivative of CPY*, which indicates
that Rad23 and Dsk2 are both required for optimal degradation.
This result further supports the hypothesis that the importance
of Rad23 is its ability to bind to Pngl, rather than its activity as
a UBL-UBA protein.
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FIGURE 3. Png1 overexpression suppressed the degradation defect of
RTLin png1A and rad23A cells. A, Rad23 was required for RTL degradation.
BY4741 WT and rad23A cells carrying the plasmids expressing RTL were
plated on SC galactose medium with or without leucine. The plates were
incubated for 3 days at 30 °C. B, effects of Png1 expression on RTL degrada-
tion in png1A and rad23A cells. WT, rad23A, and png1A cells carrying the
plasmids expressing RTL and Ppyg;,-PNGT or Pg, ,-PNGT were plated on SC
galactose medium with or without leucine. The plates were incubated for 3
days at 30 °C. C, absence of Rad23 dependence on degradation of nonglyco-
sylated RTL. BY4741 WT and rad23A cells carrying the plasmids expressing
RTL(N10Q) were plated on SC galactose medium with or without leucine. The
plates were incubated for 3 days at 30 °C.

Taking all of these results together, it appears that the effect
of rad23A is largely dependent on PNGase function. This result
was consistent with previous studies of RTA (10), indicating
that RTA and RTL appear to have similar requirements for
ERAD components.

Derl1 but Not Sec61 Is Required for RTL and RTA Degradation—
Having established RTL as a new ERAD substrate, various
mutants bearing defects in the ERAD pathway were exam-
ined to characterize the RTL degradation pathway. It was
previously reported that functional Sec61, a component of
the protein translocation channel on the ER membrane, was
required for efficient degradation of RTA(E177D), a less
toxic RTA mutant (28). Therefore, we assessed RTL degra-
dation in sec61-41 cells, an allele reported to show defective
RTA(E177D) degradation (28). It is important to note that,
compared with nonessential genes, one must take precau-
tions when applying the RTL assay to essential genes because
the stability of the ERAD substrate was assessed by the
growth of cells. Therefore, the overall growth effects should
be assessed as a combination of their intrinsic growth defect
as well as the RTL-stabilizing effect, and unless one can iden-
tify the conditions under which significant growth can be
observed for such mutants, it is difficult to draw conclusions
regarding the involvement of such essential proteins with
the RTL assay. Using sec61-41, an obvious degradation
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defect was not detected at several temperature conditions
tested (Fig. 4A) (data not shown), raising the possibility that
Sec61 might, compared with RTA(E177D), be dispensable
for RTA degradation. To further confirm this observation,
the stability of RTA in sec61-41 cells was also examined. To
impair the degradation of RTA, the cells were treated at
24 °C for 1 h, conditions that reveal the defects in the ER
export of Agpaf (14). As shown in Fig. 4, B and C, no defects
in RTA degradation were observed, even at 24 °C for 1 h in
which a clear defect in RTA(E177D) degradation was
observed (28). On the other hand, Derl, another putative
component of the retrotranslocation channel in the ERAD
process (29, 30), was found to be important in RTL degrada-
tion (Fig. 4D). Consistent with this result, delayed degrada-
tion in Der1 cells was also observed for RTA (Fig. 4, E and F).
These data suggest that Derl but not Sec61 is required for
degradation of RTA.

Other Components Involved in RTL Degradation—Next, we
performed a comprehensive analysis of the various mutants
reported to be involved in ERAD (31) using the RTL and CTL*
assays (22). As shown in Fig. 54 and Table 2, RTL stabilization
was observed for various mutants involved in ERAD. Most of
these proteins were identified as a component required for deg-
radation of ERAD-L substrates, with mutations in the luminal
regions (4). For example, Hrd1 is an E3 ligase for the ERAD-L
substrate (32—36), and Hrd3 is an Hrd1-interacting protein (32,
37). Both Hrd1 and Hrd3 are reported to be required for the
degradation of RTA (10). On the other hand, Doal0, an E3
ligase required for ERAD-C substrates, carries a mutation on
the cytosolic side of the membrane proteins (38, 39) and was
not required for RTL degradation. Consistent with the results
for RTA, Ufd2 was not required for RTL degradation (Fig. 1D
and Table 2). These results indicate that RTL, as expected, can
be classified as an ERAD-L substrate, and the component
requirements are similar to the original RTA (10).

RTL stabilization was also observed in stm 1A and yos9A cells
(Fig. 54, right). Htm1 is an ER degradation-enhancing a-man-
nosidase-like protein homolog containing an a-mannosidase-
like domain and was reported to be involved in N-glycan-de-
pendent ERAD (40-43). Yos9, on the other hand, is an OS-9
homolog containing a mannose 6-phosphate receptor homol-
ogy domain (44), which might serve as a glycan-recognition
protein (15, 45—47). Indeed, EDEMs and Htm1 were recently
found to possess a-mannosidase activity (48 -50), whereas
0S-9 and Yos9 were shown to be lectins involved in the recog-
nition of the N-glycosylated substrate (51, 52). We found that
the effects of Yos9, Htm1, and Pngl were N-glycan-dependent
because they were not involved in the degradation of nonglyco-
sylated RTL (RTL(N10Q/N236Q); Fig. 54, right).

Interestingly, RTL stabilization was not observed in mnsIA
cells (Fig. 54). Mins1 is an a1,2-mannosidase localized in the ER
and is required for CPY* and CTL* degradation as Htm1 and
Yos9 (22, 42, 53, 54). Consistent with these observations, we
also observed Mnsl dependence for CTL* degradation (Fig.
5B), suggesting that the lack of an effect of Mns1 was specific for
RTL. It was also confirmed that Mns1 was dispensable for the
degradation of RTA (Fig. 5, C and D).
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FIGURE 4. Der1 but not Sec61 is required for degradation of RTL/RTA.
A, RTLassay for sec61-41 and its isogenic WT.SEC61 and sec61-41 cells carrying
the plasmids expressing RTL were plated on SC galactose medium with 100 or
20% leucine (low leucine media, optimal leucine concentration for RTL assay
using this strain background). The plates were incubated for 3 days at 30 °C. B,
cycloheximide decay assay for RTA in sec61-41 and SEC61 WT. Experiments
were performed at 24°C, at which clear inhibition of RTA(E177D) was
observed (28). Cycloheximide was added at t = 0 min, and the samples were
collected at the indicated time points and subjected to SDS-PAGE, followed
by immunoblotting using anti-ricin antibody. C, quantitation of data in B
(g1 + g0 RTA). D, RTL assay for der7A and its isogenic WT. W303-1a WT and
der1A cells carrying the plasmids expressing RTL were plated on SC galactose
medium with 100 or 20% leucine (low leucine media, optimal leucine concen-
tration for RTL assay using this strain background). The plates were incubated for
3 daysat 30 °C. £, cycloheximide decay assay for RTA in der1A and its isogenic WT.
The cycloheximide decay assays were performed in WT (BY4742) and der1A cells
at 30 °C. Cycloheximide was added at t = 0 min, and the samples were collected
atthe indicated times and subjected to SDS-PAGE, followed by immunoblotting
using anti-ricin antibody. F, quantitation of cycloheximide decay assay for RTA in
der1A and its isogenic WT. The graph represents the mean of three independent
experiments including one shown in E.
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A RTL
SC(Gal)-Ura-Leu

RTL(N10Q/N236Q)
SC(Gal)-Ura-Leu

WT
png1A
htm1A
y0S9A

mns1A
hrd1A

B CTL*
SC(Gal)-Ura-Leu

TABLE 2
Comparison of the components involved in each ERAD substrate
Function RTA/RTL CPY*
Pngl” Peptide:N-glycanase + - (16)"
Dsk2 UBL-UBA protein - + (22)
Sec61 Translocon - + (82)
Mns1 a-Mannosidase - + (53)
Rad23 UBL-UBA protein + +(22)
Hrdl E3 ubiquitin ligase + +(33)
Doal0 E3 ubiquitin ligase - — (38)
Ufd2 E4 ubiquitin ligase - —(83)
Cuel Ubc7-binding protein + + (56)
Ubc7 E2 ubiquitin-conjugating enzyme + + (55)
Ubx2 UBX protein + + (61)
Hrd3 Component of Hrd1 complex + + (34)
Usal Component of Hrd1 complex + +(39)
Derl Candidate for translocon + +(29)
Html a-Mannosidase + + (40)
Yos9 ER lectin + + (15)

“ Proteins in boldface indicate the ones exhibiting a different requirement between
degradation of RTA/RTL and CPY*.

’ Delay in degradation of CPY* was observed while the deglycosylated form of intact
CPY* was not detected (16).

To get more insight into the glycan-processing event, FLAG-
tagged RTA protein was isolated from wild-type cells as well as
mnslA cells, and glycan structures on this protein were com-
pared. FLAG-RTA was successfully isolated by immunopre-
cipitation. FLAG-RTA was obtained as the major band as
judged by SDS-PAGE, and the glycan was released from the
purified sample by endo-B-N-acetylglucosaminidase H diges-
tion. We did not use PNGase F to release N-glycans to avoid
contamination of those from anti-FLAG antibody. The glycan
released was labeled with pyridylamino group and initially sep-
arated with a size fractionation column. We did not detect any
N-glycans from the immunoisolated samples without FLAG-
RTA expression, strongly indicating that the glycans obtained
are released from FLAG-RTA (data not shown).

As shown in Table 3, the sizes of the glycans from FLAG-
RTA were sifted to one hexose unit between wild-type and
mnslA cells, suggesting that almost all glycans on RTA were
modified by Mns1 in wild-type cells. Next, we tried to deter-
mine the isomeric structure of these glycans. For this purpose,
we utilized reversed-phase high pressure liquid chromatogra-
phy (21) to separate isomers of various high mannose-type gly-
cans with Gnl1 glycans, which bear only a single GIcNAc residue
at their reducing termini. Unfortunately, we could not deter-
mine the precise structures for all structural isomers, probably
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FIGURE 5. RTL assay for mutants involved in ERAD. A, RTL (left) and
RTL(N10Q/N236Q) (right) assay for various mutants known to be required for
N-glycan-specific ERAD machinery. Wild-type and various ERAD-related
mutants cells carrying the plasmids expressing RTL or RTL(N10Q/N236Q)
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were subjected to the spotting assay on SC galactose medium without
leucine. The plates were incubated for 3 days at 30 °C. B, CTL* assay for various
mutants known to be required for N-glycan-specific ERAD machinery. Wild-
type and various ERAD-related mutant cells carrying the plasmids expressing
CTL* were subjected to spotting assay on SC galactose medium without
leucine. The plates were incubated for 2 days at 30 °C. C, cycloheximide decay
assay for RTA in mnsTA and isogenic MNS1 (WT) cells as shown Fig. 4E.
D, quantitation of data in C. E, effects of a-mannosidase activity of Htm1 on
RTL degradation. htm1A cells carrying the plasmids expressing RTL and Htm1
or Htm1(E222Q) were plated on SC galactose medium without leucine. The
plates were incubated for 3 days at 30 °C. No growth difference was observed
for these three strain on SC galactose medium with leucine. F, schematic
representation of the N-glycan processing for distinct ERAD substrates. Top
panel, N-glycan processing in wild-type cells. Both CPY*/CTL* and RTA/RTL
undergo successive processing by Mns1 and Htm1, followed by the recogni-
tion by Yos9 (50, 51). Middle panel, N-glycan processing of CPY*/CTL* in
mns1A cells. As Htm1 requires prior Mns1 action, the degradation of these
proteins is impaired (50, 51). Bottom panel, N-glycan processing of RTA/RTL in
mns1A cells. As Htm1 can act on N-glycans in an Mns1-independent fashion,
proteins are degraded as efficiently as in wild-type cells.
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TABLE 3

Composition of N-glycans on FLAG-RTA isolated from WT and
isogenic mns1A cells

WT mnsIA
% %
Hex,“GlcNAc, 17.8 ND?
Hex,GlcNAc, 68.1 11.2
Hex,GlcNAc, 14.1 69.9
Hex,,GlcNAc, ND 18.9

“ Number represents that of hexose (Glc/Man) residues, based on the size frac-
tionation high performance liquid chromatography analysis (20).
? ND means not detected.

because of the presence of unusual Ochl-modified glycans
(20). We therefore focused on the occurrence of M8C gly-
cans, which is most likely formed by the action of Htm1 in
the absence of Mns1 (50). As expected, there are no M8C
glycans observed on RTA isolated from wild-type cells. On
the other hand, M8C glycans were observed on RTA from
mnslA cells, suggesting that, at least on RTA, Htm1 is capa-
ble of acting on N-glycans in the absence of Mns1. Moreover,
structure analysis of free oligosaccharides (derived from
misfolded glycoproteins (20)) revealed that the content of
M8C was much higher in mnsIA cells (39%), when compared
with that of wild-type cells (0.5%) (20). Therefore, low con-
tent of HexgGlcNAc, glycans on RTA is most likely due to
the fact that Htm1 action is a rate-limiting step for subse-
quent proteolysis. Taken the results together, we could safely
conclude that Htm1 can act on N-glycans on RTA/RTL to
generate M8C structure in the absence of Mnsl1.

We also tested the possibility that Htm1, for RTA/RTL deg-
radation, may also function in an enzyme-independent fashion,
i.e. lectin-like molecule as one possibility. To validate this
hypothesis, we generated the enzyme-inactive Htm1 mutant,
Htm1(E222Q). It was previously shown that this mutant did not
support efficient degradation of CPY* (50). To examine the
effect of this mutation on RTL degradation, this mutant, or
wild-type Htm1, was expressed in htmIA cells, and RTL assay
was carried out. As shown in Fig. 5E, the defect of RTL degra-
dation in AtmIA cells was only suppressed by wild-type Htm1
but not by Htm1(E222Q) (Fig. 5E). Because this mutant was
previously shown to express well in yeast (50), this result sug-
gested that a-mannosidase activity of Htm1 appears essential
for RTA/RTL degradation. Taking these results together, it can
be concluded that Mnsl1 is not required for RTA/RTL degrada-
tion, clearly suggesting that essentiality of Mns1 on ERAD is
substrate-specific (Fig. 5F).

The other proteins found to be required for RTL degradation
were Ubc7/Cuel (55-59) and Ubx2 (60-62). These proteins
were reported to be involved in both ERAD-L and ERAD-C.
Usal is a component of the Hrdl complex, is involved in
ERAD-L (39), and was shown to be required for RTL degrada-
tion. Quite recently, this protein was found to be required for
the degradation of RTA (63).

A sec18-1 mutant was previously shown to exhibit com-
promised degradation of soluble ERAD-L substrates (58,
64—-67). This suggests the involvement of the ER-Golgi
transport system in the ERAD machinery. Sec18 is a homo-
log of the mammalian N-ethylmaleimide-sensitive fusion
protein (68). Because seci8-1 cells show severe growth
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FIGURE 6. Degradation of RTL/RTA requires Sec18. A, cycloheximide decay
assay for RTA in sec18-1 and its isogenic WT. Cycloheximide decay experi-
ments were performed in WT and sec18-1 cells grown at 25 °C and sifted at
37 °Cfor 30 min. Cycloheximide was added at t = 0 min, and the samples were
collected at the indicated times and subjected to SDS-PAGE, followed by
immunoblotting. The immunoblots were analyzed with the anti-ricin anti-
body. B, quantitation of data in A.

defects when incubated in galactose-containing media, even
at the permissive temperature (25 °C), we examined RTA
degradation in this mutant. As shown in Fig. 6, A and B, RTA
stabilization was also observed in sec18-1 cells. This result
indicates that RT A degradation also requires functional ER-
Golgi transport.

DISCUSSION

The process of the ERAD pathway has been extensively stud-
ied for at least 1 decade, and many components involved in this
pathway have now been identified. However, our knowledge is
still limited because most of the studies were carried out using
“model” ERAD substrates. This is particularly true for Pngl-de-
pendent degradation; a Pngl-dependent model ERAD sub-
strate was not available until our recent identification of RTA
(7, 10). This prevented us from gaining more insight into the
Pngl-dependent ERAD pathway and its relationship with the
pathways already characterized. At present, the structural fea-
ture of RTA/RTL that renders their degradation Pnglp-depen-
dent remains to be determined.

In this study, we have established a new genetic device, the
RTL assay, to characterize the Pngl-dependent ERAD path-
way in yeast. Our results indicate that RTL, as is the case with
RTA, is a typical ERAD-L substrate. From our study, it is
evident that the effect of Pngl is N-glycan-specific, because
RTL/RTA lacking the first N-glycosylation site lost the Pngl
dependence.

Rad23 is implicated in various ERAD pathways, and Ufd2, an
E4 enzyme (ubiquitin-polymerization factor), was shown to
bind with this protein (23). Interestingly, Ufd2 was not involved
in the degradation of RTA, whereas Degl-Sec62, a Ufd2-depen-
dent ERAD substrate, did not require Pngl for efficient degra-
dation (10), indicating that the protein complex involving
Rad23 has marked substrate specificity. Consistent with this
observation, we showed that the Rad23-Ufd2 complex is a dis-
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FIGURE 7. Schematic representation of components required for degra-
dation of RTL. Components reported to be required for CPY* degradation
were shown. The shaded components are required for degradation of RTL,
although the other components are not required.

tinct complex from Rad23-Pngl (10). We have previously
shown that Rad23 is also involved in the degradation of RTA,
but the effect was mild compared with that in pngIA cells (10).
Our current results indicate that the effects of rad23A on RTL
degradation were largely dependent on PNGase function but
not with its activity as a UBL-UBA protein, because of the fol-
lowing: (a) Pngl overexpression can suppress the defects in
Rad23, and (b) the requirement for Rad23 in RTL degradation is
N-glycan-dependent. We have previously shown that Rad23 is
not involved in the stability of PNGase (10), and consistent with
these results, rad23A did not decrease the PNGase activity in
the cell extract in the in vitro enzyme assay (17). However, the
reduced efficiency of RTA/RTL in terms of Pngl-dependent
degradation implies that, to optimize the activity of PNGase,
PNGase must form a complex with Rad23. Nevertheless, the
mechanism by which Rad23 regulates PNGase activity in vivo
remains unclear.

With respect to the requirement for other ERAD-related
components, the RTA/RTL degradation exhibited a similar-
ity with other ERAD-L substrates, such as CPY*, which is
the most studied example (Fig. 7). There are, however, some
differences, other than the Pngl dependence, between the
degradation of RTA/RTL and CPY*/CTL*, including the de-
pendence for another UBL-UBA protein, Dsk2 (Table 2).
Dsk2 does not contain the XPCB domain required for Pngl
binding and was not required for RTA/RTL degradation
(Table 2) (10).

Htm1, an EDEM ortholog in yeast, was recently shown to be
an a-mannosidase that is required for glycoprotein ERAD (50).
This protein and Yos9, a putative degradation lectin that rec-
ognizes the product of Htm1 (50, 51), was also found to be
required for degradation of RTL but not for nonglycosylated
mutant of RTL(N10Q/N236Q) (Fig. 5A). These results clearly
suggest that the RTL also utilizes Htm1/Yos9-dependent gly-
coprotein ERAD machinery. Most surprising finding, however,
was the independency of Mns1 for RTA/RTL degradation (Fig.
5). To our knowledge, this was the first example of Htm1-de-
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pendent yet Mnsl-independent ERAD substrate. It was pre-
viously suggested that demannosylation by Mnsl may be
critical for subsequent Htm1 action (50), but our results
clearly suggest the function of Htm1 does not always depend
onpriorMnslaction.HowHtm1distinguishesbetweenMns1-
dependent substrates and Mnsl-independent substrates
remains unknown.

It is also noteworthy that significant and reproducible CTL*
stabilization was observed in pngIA cells (Fig. 5B). Accumula-
tion of CPY* in pnglA cells has been reported, whereas the
deglycosylated form of intact CPY* was not detected (16). One
plausible explanation for these observations is that PNGase
might be critical for the efficient degradation of proteolytic deg-
radation intermediates, which could not be detected by pulse-
chase analysis, possibly because of inefficient immuno-isola-
tion of CPY*.

Itis interesting to note that a cytosolic chaperone Hsc70, a
member of Hsp70 family, interacts with the wild-type RTA
in vitro and the implicated cytosolic co-chaperone activity
determines the fate of the dislocated RTA (69). Therefore,
dislocated RTA might be recognized by the Ssa family
(Hsp70) of chaperones in yeast, although the Ssa family of
chaperones is not required for CPY* degradation (70). This
could represent another difference between the degradation
of CPY* and RTA.

One puzzling observation in this study was that the degrada-
tion of RTA and RTL was not dependent on functional Sec61.
Instead, we found a clear dependence of RTA and RTL degra-
dation on Derl, a putative component of the retro-transloca-
tion channel. These results contrast markedly with the previous
observations, which suggest that the retro-translocation of the
ricin A-chain (or its less toxic mutant) was dependent on Sec61
but not on Der] in yeast and in mammalian cells (28, 71). The
simplest explanation for this apparent discrepancy is that we
used nontoxic RTA and its derivatives, although other re-
searchers used a toxic ricin protein. The export of toxins from
the ER to the cytosol had unique characteristics compared with
the ERAD substrates (72, 73); therefore, the loss of toxicity
might have caused a change in the export mechanism, includ-
ing Der1 dependence.

The dependence of RTL on Derl1 also appears to be distinct
from that of CTG*, a green fluorescent protein-fused trans-
membrane protein version of CPY*, because the degradation of
CTG* was not Derl-dependent (70), although for RTA, the
transmembrane protein derivative (RTL) was still Der1-depen-
dent. It should be noted that recent studies revealed that the
degradation of a model transmembrane protein or an ERAD-C
transmembrane protein substrate could be dependent on Derl
or its mammalian ortholog Derlin-1 (64, 74—79).

In summary, we have successfully developed a new ERAD
assay, the RTL assay, to gain further insight into the Pngl-de-
pendent ERAD pathway. We have provided evidence that RTL
is an ERAD-L substrate. We also found some notable differ-
ences between the degradation of RTL/RTA and that of CPY*.
We also showed some novel findings, including the Mns1-in-
dependent and Derl-dependent degradation of RTL. This
study shows a novel Mns1-independent ERAD for a subset of
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glycoprotein ERAD substrates. Further studies will clarify the
details of this ERAD pathway.
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