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ABSTRACT  The HRD ubiquitin ligase recognizes and ubiquitylates proteins of the endoplas-
mic reticulum that display structural defects. Here, we apply quantitative proteomics to char-
acterize the substrate spectrum of the HRD complex. Among the identified substrates is 
Erg3p, a glycoprotein involved in sterol synthesis. We characterize Erg3p and demonstrate 
that the elimination of Erg3p requires Htm1p and Yos9p, two proteins that take part in the 
glycan-dependent turnover of aberrant proteins. We further show that the HRD ligase also 
mediates the breakdown of Erg3p and CPY* engineered to lack N-glycans. The degradation 
of these nonglycosylated substrates is enhanced by a mutant variant of Yos9p that has lost its 
affinity for oligosaccharides, indicating that Yos9p has a previously unrecognized role in the 
quality control of nonglycosylated proteins.

INTRODUCTION
The ubiquitin-proteasome system regulates the degradation of nu-
merous proteins that control cellular events ranging from cell-cycle 
progression to apoptosis. Ubiquitin-mediated protein breakdown 
has an additional role in protein quality control, as it eliminates poly-
peptides that deviate from their native fold. If not properly disposed 
of, misfolded proteins likely threaten the cellular homeostasis, pri-
marily by forming toxic aggregates. Accordingly, all cellular com-
partments that support protein synthesis also harbor protein quality 
control systems to degrade unwanted polypeptides (Hirsch et al., 
2006). The quality control system of the endoplasmic reticulum (ER) 
retains nonnative proteins in this organelle and directs polypeptides 
that cannot fold productively to the cytosol for proteasomal degra-
dation. This degradation pathway is referred to as ER-associated 
degradation or ERAD (Hirsch et al., 2009).

Which polypeptides are typically eliminated by ER quality con-
trol? The removal of damaged proteins after stress conditions is of 
vital importance, as cells with defects in protein quality control are 
less likely to survive such insults (Casagrande et al., 2000; 
Friedlander et al., 2000; Travers et al., 2000). Even under normal 
conditions, proteins may deteriorate in the ER due to oxidative 
processes (Chakravarti and Chakravarti, 2007). Another source of 
aberrant polypeptides is protein synthesis itself, because imperfec-
tions in this process yield faulty proteins as unwanted by-products 
(Drummond and Wilke, 2009). Owing to size or intrinsic complica-
tions in the folding pathway, some proteins are more likely to attain 
aberrant conformations. Presumably, a fraction of all newly synthe-
sized proteins fails to fold and is therefore degraded. Complete 
breakdown of a protein species occurs if mutations in the corre-
sponding gene prevent productive folding. Such mutant proteins 
have proven to be valuable tools to investigate protein quality con-
trol. Prominent examples are the G255R derivative of the yeast car-
boxypeptidase Y (termed CPY*) or the ΔF508 variant of the mam-
malian cystic fibrosis conductance regulator (Ward et al., 1995; 
Knop et al., 1996). In addition, truncated proteins and orphan sub-
units of multiprotein complexes are also used as substrates.

The ER protein quality control system screens a highly diverse 
range of clients for irreversible structural defects. This pursuit is com-
plicated by the fact that the ER is populated by nascent polypep-
tides that also deviate from their native fold. These immature pro-
teins must not be degraded, as they will fold in time. Is there a feature 
that distinguishes aberrant proteins from nascent polypeptides? 
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Newly synthesized glycoproteins appear to be protected from deg-
radation by an oligosaccharide structure made of nine mannose and 
two N-acetyl glucosamine residues (Man9GlcNAc2) to allow their 
maturation (Helenius and Aebi, 2001). The slow acting ER mannosi-
dase I voids the protective function of the sugar moiety by trimming 
Man9-oligosaccharides to Man8 on virtually all ER resident glycopro-
teins (Gemmill and Trimble, 1999). Proteins that bear a Man8Gl-
cNAc2 glycan and display features characteristic of misfolded pro-
teins (such as hydrophobic patches) are presumably eliminated by 
the ER quality control system. The first characterized step that 
prompts the disposal of a glycoprotein entails an additional man-
nosidase that processes Man8GlcNAc2 oligosaccharides, yielding 
Man7GlcNAc2 glycans. Although direct evidence is missing, it ap-
pears that Htm1p catalyzes this reaction (Clerc et al., 2009). How 
Htm1p recognizes its substrates is still enigmatic, but the notion that 
Htm1p interacts with Pdi1p suggests that Htm1p may process glyco-
proteins bound by the oxidoreductase.

Proteins that have been flagged with a Man7GlcNAc2 sugar are 
ubiquitylated by the HRD ligase. Five subunits of this complex have 
been identified: Yos9p, Hrd3p, Hrd1p, Usa1p, and Der1p. The lectin 
Yos9p recognizes the Man7GlcNAc2 structure generated by Htm1p 
(Quan et al., 2008; Hosokawa et al., 2009; Satoh et al., 2010). Yos9p 
interacts with Hrd3p and, apparently, both subunits cooperate to 
select misfolded glycoproteins for ubiquitylation (Carvalho et al., 
2006; Denic et al., 2006; Gauss et al., 2006a, 2006b). Current data 
suggest that Hrd3p interacts with misfolded domains on substrate 
proteins and Yos9p scans the bound polypeptide for the appropri-
ate Man7GlcNAc2 structure (Denic et al., 2006; Gauss et al., 2006a; 
Carvalho et al., 2010). Polypeptides that display such a bipartite sig-
nal are ubiquitylated by Hrd1p (Bays et al., 2001; Deak and Wolf, 
2001). Usa1p organizes the structure of the complex and recruits 
Der1p to the ligase (Carvalho et al., 2006; Horn et al., 2009). Der1p 
is required for the breakdown of soluble luminal substrates and few 
membrane proteins, but its function in this process is unknown 
(Knop et al., 1996; Taxis et al., 2003; Vashist and Ng, 2004; Willer 
et al., 2008).

How are aberrant polypeptides that lack N-glycans detected 
by the ER quality control system? The first soluble HRD substrate 
of this type was identified in mammals (Okuda-Shimizu and 
Hendershot, 2007). A nonglycosylated variant of the immuno
globulin (Ig) light chain interacts with the mammalian orthologues 
of Der1p and Usa1p, suggesting that these factors take part in the 
breakdown of this substrate. In yeast, nonglycosylated substrates 
of the HRD ligase are also coming to light. A mutant variant of the 
vacuolar proteinase A (ngPrA*Δ295-331) is degraded via the HRD 
ligase (Kanehara et al., 2010). How the ligase interacts with 
ngPrA*Δ295-331 is currently unknown. More information is avail-
able on the recognition of membrane-anchored proteins with 
structural flaws in the lipid bilayer. Such defects are recognized by 
the intramembrane region of Hrd1p, which queries the lipid bi-
layer for membrane domains with folding defects (Sato et al., 
2009). This recognition mode governs the breakdown of mutant 
proteins such as Pdr5*, Sec61-2p, and the HMG CoA reductase 
Hmg2p (3-hydroxy-3-methyl-glutaryl-CoA reductase).

Polypeptides that were ubiquitylated by the HRD ligase are 
mobilized from the ER membrane with the help of the AAA 
ATPase Cdc48p, which is recruited to the HRD complex by the 
adapter protein Ubx2p (Neuber et al., 2005; Schuberth and 
Buchberger, 2005). After being released from the membrane, the 
aberrant proteins are proteolyzed by the proteasome. A second 
pathway that degrades certain unwanted transmembrane pro-
teins and some cytosolic and nuclear polypeptides involves the 

membrane-embedded ubiquitin ligase Doa10p (Swanson et al., 
2001).

So far, only a small number of endogenous ER quality control 
substrates has been reported. Therefore, ER quality control is mainly 
investigated using proteins that carry engineered folding defects. 
The limited number of substrates restricts the investigation of the 
ERAD pathway, because other clients may follow branches of this 
system that are not yet characterized. To establish additional ERAD 
substrates that may allow the elucidation of novel aspects in this 
pathway, we examined the endogenous protein clientele of the 
HRD complex. To this end, we identified proteins that are stabilized 
in yeast cells that lack Hrd1p. Among the proteins that are more 
abundant in this background is Erg3p, a component of the sterol 
biosynthesis pathway.

The yeast Saccharomyces cerevisiae harnesses more than 20 
genes for the synthesis of ergosterol, the end product of the sterol 
pathway (Daum et al., 1998). Key steps include the initial reaction 
that converts AcetylCoA to HMG-CoA, which is reduced to me-
valonate by the Hmg2p. Because this reaction is irreversible and 
rate limiting, Hmg2p activity is tightly regulated by several mecha-
nisms (Flury et al., 2005). As described earlier in this text, Hmg2p is 
a target of the HRD ligase and belongs to the few characterized 
endogenous ER quality control substrates. Elimination of Hmg2p is 
triggered, however, by a physiological event and not by irreversible 
structural flaws. If sterols are abundantly available, Hmg2p assumes 
a conformation that prompts its degradation via the HRD ligase, 
and mevalonate synthesis subsides (Gardner and Hampton, 1999). 
The next step of the sterol pathway converts mevalonate to isopen-
tenyl-pyrophosphate, the building block of the terpenoids and ste-
roids. To produce sterol, six isoprene units are condensed to form a 
squalene molecule, which is cyclized into sterol. The sterol C5-de-
saturase Erg3p introduces a double bond into the B ring of ergos-
terol. This reaction depends on cytochrome b5 reductase and re-
quires molecular oxygen (Osumi et al., 1979). The catalytically active 
domain of Erg3p is highly conserved. It contains a cytosolically ex-
posed iron-binding motif composed of eight histidines, which are 
required for the activity of the enzyme (Shanklin and Cahoon, 
1998).

RESULTS
Erg3p is an endogenous target of the HRD ligase
With the aim to extend the known client spectrum of the HRD 
ligase, we identified proteins that are stabilized in Δhrd1 cells by 
performing a SILAC analysis (stable isotope labeling by amino 
acids in cell culture; de Godoy et al., 2006). The strains used in 
the assay expressed CPY* as endogenous control and lacked 
Ire1p, the sensor of the unfolded protein response (UPR), to 
exclude the detection of proteins that are induced in response 
to ER stress (Ron and Walter, 2007). To reduce the sample com-
plexity after the isotope labeling, we separated the combined 
cell lysates into a soluble and a membrane-associated fraction 
by centrifugation and subjected both fractions to SDS-gel elec-
trophoresis, tryptic in-gel digestion, and mass spectrometric 
analysis. We queried the identified proteins against the gene-
ontology database and selected only constituents of the secre-
tory pathway for further analysis. In total, we found 85 proteins 
identified by at least two unique peptides that were significantly 
increased in their abundance in the Δhrd1 strain (Supplemental 
Table 1). Among the stabilized proteins was CPY*, confirming 
that the assay was functional. Another protein that displayed en-
hanced levels in the Δhrd1 stain was Erg3p, a constituent of the 
sterol pathway.
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Generation of epitope-tagged Erg3p 
variants
At present, little is known about the proper-
ties of Erg3p. To facilitate the characteriza-
tion of endogenously expressed Erg3p, we 
chromosomally modified ERG3 either with a 
C-terminal myc-tag or an N-terminal HA-
epitope. We verified that the constructs in-
tegrate into the ER membrane like their 
wild-type (wt) counterpart (Nishino et al., 
1981) by performing high-speed centrifuga-
tion of cell lysates, which confirmed that 
both variants reside exclusively in the par-
ticulate fraction (Supplemental Figure 1A). 
To analyze if the tagged Erg3p variants are 
biologically active, we grew the generated 
yeast strains in the presence of caffeine, 
which impairs the growth of cells that lack 
functional Erg3p (Dudley et al., 2005). The 
strain expressing C-terminally myc-tagged 
Erg3p behaved like control cells whereas 
the N-terminal HA-tag resulted in a pheno-
type comparable to the Δerg3 strain (Sup-
plemental Figure 1B). On the basis of these 
results, we conclude that both epitope tags 
allow integration of Erg3p into the ER mem-
brane, whereas only the C-terminally myc-
tagged Erg3p is functional.

Erg3p is a glycoprotein with an ER 
luminal N terminus and a cytosolic 
C terminus
To determine the membrane topology of 
Erg3p, we analyzed the tagged variants in 
protease protection assays (Figure 1A). Ad-
dition of proteinase K to crude cell extracts 
efficiently removed the cytosolic domain of 
the control protein Ubc6p (Figure 1A, lane 
2). Likewise, the myc-tag of Erg3p was also 
proteolyzed in the assay (Figure 1A, lane 
2), demonstrating that the C terminus of 
Erg3p is cytosolic. The luminal control pro-
tein Kar2p remained protease-protected, 
unless detergent was included in the assay 
to solubilize the microsomes (Figure 1A, 
compare lanes 2 and 3). The N-terminal 
HA-tag of Erg3p behaved like Kar2p and 
resides therefore in the ER lumen.

Erg3p has two potential N-glycosylation 
sites at position N45 and N283 (Supple-
mental Figure 1C). To assess whether Erg3p 
is N-glycosylated, we digested immunopre-
cipitated Erg3p-myc with N-glycosidase F. 
This procedure increased the electropho-
retic mobility of Erg3p, demonstrating that 
Erg3p is a glycoprotein (Figure 1B, compare 
lanes 1 and 2). We generated an N45Q vari-
ant of Erg3p-myc, which migrated faster 
than the wt protein. Exposure to N-glycosi-
dase did not further increase the electro-
phoretic mobility of Erg3p-N45Q, indicating 
that Erg3p is monoglycosylated (Figure 1B, 

FIGURE 1:  Membrane topology and posttranslational modifications of Erg3p. (A) A protease 
protection assay was carried out with extracts from yeast cells expressing either N- or 
C-terminally tagged Erg3p. The extracts were either left untreated or incubated with 0.3 mg/ml 
proteinase K. Additionally, detergent was added where indicated. Subsequently, samples were 
separated by SDS–PAGE and subjected to immunoblotting with the indicated antibodies. 
Integrity of the vesicles and activity of the protease were controlled by immunoblotting 
against luminal Kar2p and cytosolically exposed Ubc6p. Protease treatment increased the 
electrophoretic mobility of HA-Erg3p (A, lane 5). Consequently, the C terminus of Erg3p is 
protease accessible. (B) Erg3p-myc was immunoprecipitated from solubilized membranes 
expressing either Erg3p-myc or a variant termed Erg3p-N45Q-myc that carried a mutation in 
the potential glycosylation site. Precipitated Erg3p was treated with N-glycosidase F where 
indicated and analyzed by immunoblotting. (C) Predicted membrane topology of Erg3p. Gray 
boxes illustrate transmembrane segments; black circles indicate the positions of the histidines 
required for Erg3p function.
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compare lanes 3 and 4). Is the glycan required for Erg3p function? In 
the presence of caffeine, cells carrying an N45Q mutation in ERG3 
grew like wt cells, demonstrating that nonglycosylated Erg3p is bio-
logically active (Supplemental Figure 1B). We cannot rule out that the 
N-terminal HA-tag altered the membrane topology of Erg3p, as this 
variant is not functional. Our data on the glycosylation sites of Erg3p 
confirm the predicted membrane topology, however, because N45 is 
near the N terminus, which we regard as luminal, whereas N283 is in 
the vicinity of the cytosolic catalytic center of Erg3p (Shanklin and 
Cahoon, 1998). A hydropathy prediction based on a Kyte-Doolittle 
plot indicated that Erg3p contains three transmembrane segments 
ahead of the first histidine-rich motif and an additional loop between 
the two histidine-rich motifs (Figure 1C).

Erg3p is a substrate of the HRD ligase
Our SILAC analysis revealed that Erg3p is more abundant in cells 
that lack HRD1. To exclude the possibility that transcription of ERG3 
was induced in response to the HRD1 deletion, we analyzed Erg3p 
mRNA levels by real-time quantitative PCR, which were unchanged 
in Δhrd1 cells (Supplemental Figure 2). To confirm that Erg3p is a 
substrate of the HRD ligase, we assessed the stability of Erg3p by 
cycloheximide decay assays in cells that lack either Hrd1p or Doa10p 
and a Δhrd1/Δdoa10 strain (Figure 2A). Because the SILAC analysis 

was performed with IRE1-deficient cells, the 
strains used in this experiment also lacked 
IRE1 to ensure that both experiments were 
carried out in a similar genetic background. 
Consistent with the SILAC data, we ob-
served breakdown of Erg3p-myc in the wt 
strain and in cells carrying a DOA10 dele-
tion, and Erg3p turnover was severely re-
duced in the Δhrd1 strain (Figure 2A). Con-
versely, Δdoa10 cells displayed enhanced 
stability of the Doa10p-dependent substrate 
Ubc6p (Swanson et al., 2001).

To assess whether Erg3p physically inter-
acts with the HRD ligase, we precipitated 
HA-tagged Hrd3p and checked for copuri-
fying Erg3p-myc. Immunoblotting revealed 
a weak interaction between ligase and 
Erg3p (Figure 2B). Because binding of sub-
strates to the HRD complex likely triggers 
their degradation, interactions between li-
gase and client proteins are difficult to de-
tect. To stabilize the complex between li-
gase and Erg3p, we deleted UBC7. In this 
background, substrates of the HRD complex 
are not ubiquitylated and interactions with 
the ligase are stabilized. Indeed, the signal 
of coprecipitated Erg3p-myc increased in 
Δubc7 cells (Figure 2B, compare lanes 6 and 
7). Our observation that Erg3p binds to the 
HRD complex and the notion that this inter-
action is enhanced in Δubc7 cells under-
score the conclusion that Erg3p is an en-
dogenous substrate of the HRD ligase.

Degradation of Erg3p depends 
on Htm1p and Yos9p
The core complex of the HRD ligase con-
sists of Hrd1p and Hrd3p. This configura-
tion suffices to ubiquitylate membrane-

anchored proteins like Hmg2p and Sec61-2p, whereas the 
degradation of soluble or glycosylated substrates entails addi-
tional subunits, such as Der1p or Yos9p (Vashist and Ng, 2004; 
Carvalho et al., 2006). Because Erg3p is an integral membrane 
protein, we tested if Hrd1p directly recognizes this substrate by 
analyzing the stability of Erg3p-myc in Δhrd1 cells carrying plas-
mids that encode Hrd1p mutants that stabilize Hmg2p, Pdr5*, or 
Sec61-2p (Sato et al., 2009). These Hrd1p mutants were proficient 
in the elimination of Erg3p (Supplemental Figure 3A). Therefore 
we investigated whether additional factors partake in Erg3p turn-
over by performing pulse-chase experiments in cells lacking HTM1, 
YOS9, DER1, or HRD1 (Figure 3, A and B). In agreement with the 
notion that breakdown of most membrane proteins occurs inde-
pendently of Der1p, we observed that this factor is also dispens-
able for Erg3p disposal. Deletion of HTM1 or YOS9 impaired 
Erg3p turnover, indicating that Erg3p degradation is glycan 
dependent. Knockout of HTM1, however, did not delay Erg3p 
breakdown to the extent seen in Δyos9 cells. This result was unex-
pected, because Htm1p and Yos9p act in the same pathway. Con-
sequently, each deletion should stabilize Erg3p to the same ex-
tent. Furthermore, the half-life of Erg3p was highest in Δhrd1 
cells. The differential effect of the individual deletions suggests 
that the Man7 signal generated by Htm1p is not obligatory for 

FIGURE 2:  Erg3p is short-lived in the presence of Hrd1p. (A) Cells of the indicated strains 
expressing Erg3p-myc were treated with cycloheximide, and equal aliquots were removed at the 
specified time points. To analyze Erg3p-myc stability, protein extracts were separated by 
SDS–PAGE followed by immunoblotting. Sec61p served as loading control. The asterisk (*) 
indicates background bands that cross-react with the a-Ubc6 antibody. (B) Microsomes were 
isolated from cells expressing HA-Hrd3p and Erg3p-myc as indicated, and solubilized with NP40 
lysis buffer, and HA-Hrd3p was immunoprecipitated. Samples from the total lysates (left panel) 
and the precipitates (right panel) were separated by SDS–PAGE followed by immunoblotting 
using the indicated antibodies. (Δ) denotes deletion of the respective gene. (hc) refers to the 
heavy chain of the a-HA antibody used for precipitation.
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Erg3p breakdown and that the HRD ligase ubiquitylates Erg3p 
even in the absence of Yos9p. We also analyzed the stability of the 
established model substrate CPY* in the same setting (Figure 3C). 
Deletion of either HTM1 or YOS9 stabilized CPY* to the same ex-
tent, indicating that Yos9p-mediated breakdown of CPY* requires 
the glycan signal generated by Htm1p. Deletion of HRD1, how-

ever, stabilized CPY* further, suggesting that the HRD ligase rec-
ognizes CPY* also by an Htm1p/Yos9p- independent mechanism.

HRD-dependent degradation of nonglycosylated Erg3p  
and CPY*
Our results imply that the Htm1p/Yos9p-dependent quality con-
trol is supported by an N-glycan–independent mechanism that 
also delivers Erg3p and CPY* to Hrd1p for ubiquitylation. If this 
were the case, the nonglycosylated variants of Erg3p and CPY* 
should also undergo HRD-dependent degradation. To test this 
hypothesis, we analyzed the stability of Erg3p-N45Q-myc by 
pulse-chase experiments. We observed that a considerable frac-
tion of the expressed Erg3p-N45Q-myc was degraded in control 
cells (wt), whereas breakdown of this substrate was significantly 
delayed in the Δhrd1 strain (Figure 4A). Thus, nonglycosylated 
Erg3p is also a client of the HRD ligase. Because Erg3p-N45Q-
myc is biologically active, we suppose that its structure is not 
markedly distinct from wt Erg3p. This assumption is further sup-
ported by the fact that the Hrd1p mutants, which stabilize 
Sec61p-2, Pdr5*, or Hmg2p, have no effect on the turnover of 
Erg3p-N45Q (Supplemental Figure 3B). As a consequence, the 
glycan-independent pathway that partakes in the turnover of 
glycosylated Erg3-myc should also eliminate Erg3p-N45Q. Does 
the lectin Yos9p have a role in the selection of nonglycosylated 
Erg3p, as implied by our previous findings? We compared the 
stability of Erg3p-N45Q-myc in a Δyos9 strain and cells express-
ing Yos9p-R200A chromosomally from the endogenous YOS9 
promoter. The R200A mutant selectively disables the lectin func-
tion of Yos9p (Bhamidipati et al., 2005; Szathmary et al., 2005; 
Quan et al., 2008). Therefore, glycan-dependent protein quality 
control is disrupted in cells expressing Yos9p-R200A, whereas 
other functions of Yos9p are unaffected. Expression of Yos9p-
R200A had almost no discernible effect on the turnover of Erg3p-
N45Q-myc when compared with control cells. We observed a 
considerable stabilization when YOS9 was deleted, however. 
This finding suggests that Yos9p also takes part in the break-
down of nonglycosylated Erg3p.

To support these results with a different substrate, we ex-
tended our investigations to CPY*0000, a variant of the mutant 
CPY* that lacks all four N-linked glycans found on CPY*. To avoid 
overexpression of the substrate, we chromosomally exchanged 
PRC1, the gene that encodes CPY, for the CPY*0000 variant. Al-
though the most C-terminal glycan of CPY* is required for effi-
cient disposal of this substrate, CPY*0000 was degraded in con-
trol cells as judged from our pulse-chase analysis (Figure 4B). 
Furthermore, we observed a markedly increased half-life of this 
substrate in cells expressing Hrd1p-ΔRING, a catalytically inac-
tive variant of Hrd1p, indicating that CPY*0000 is also a client of 
the HRD ligase. Next we analyzed the stability of CPY*0000 in 
Δyos9 cells, which displayed a phenotype comparable to control 
cells. Although this finding suggested that CPY*0000 breakdown 
is independent of Yos9p, we also tested the stability of CPY*0000 
in cells expressing Yos9p-R200A. Surprisingly, the Yos9p-R200A 
mutant accelerated the turnover of CPY*0000 when compared 
with control cells. Because Yos9p-R200A enhances the degrada-
tion of both Erg3p-N45Q and CPY*0000, we conclude that 
Yos9p participates in the turnover of these nonglycosylated 
proteins.

We also tested whether Yos9p contributes to the interaction 
between the substrates used in this study and the HRD ligase; 
however, the main binding partner for both substrates appears 
to be Hrd3p, as the interaction between substrate and ligase 

FIGURE 3:  Degradation of Erg3p requires Htm1p and Yos9p but not 
Der1p. (A) Exponentially growing cells of the indicated yeast strains 
were pulse-labeled with 35S for 15 min, and equal aliquots were 
removed at the specified time points. Erg3p-myc was 
immunoprecipitated from cell lysates, and samples were subsequently 
separated by SDS–PAGE. A PhosphorImager scan of a typical gel is 
shown. (B) Erg3p-myc degradation was analyzed in the indicated 
yeast strains. Five independent experiments were quantified using a 
PhosphorImager, and the results were averaged. The errors bars 
indicate the SE of the experiments. (C) Stability of CPY* was analyzed 
in the indicated yeast strains. At least four independent experiments 
were quantified for each strain using a PhosphorImager, and the 
results were averaged. The errors bars indicate the SE of the 
experiments.
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persists upon deletion of YOS9 and is most prominent in Δhrd1 
cells (Supplemental Figure 4, A and B). In agreement with this 
observation, we have previously reported that the binding of gly-
cosylated CPY* to the HRD ligase occurs independently of Yos9p 
(Gauss et al., 2006a). Because the interaction of free Man7 oligo-
saccharides with Yos9p is weak and best detected by frontal affin-
ity chromatography (Quan et al., 2008; Hosokawa et al., 2009), 
the influence of Yos9p on the ability of the HRD complex to bind 
substrates is probably not detectable by coimmunoprecipitation.

The HRD ligase interacts with nonglycosylated,  
folding-competent CPY
Presumably, both immature and irreversibly misfolded glycoproteins 
interact with Hrd3p. Proteins that display oligosaccharides other 
than Man7 glycans are thought to return to the ER lumen for further 
refolding. Thus, binding of glycoproteins to the HRD complex does 
not inevitably trigger their destruction. Are immature proteins that 
lack glycans also recruited to the HRD ligase, and, if so, what is their 
fate? To address these questions, we first analyzed whether 
CPY0000, the folding proficient variant of CPY*0000, interacts with 

the HRD ligase (Figure 5A). We included CPY*0000 as control pro-
tein in the experiment, because this substrate strongly binds to 
Hrd3p (Gauss et al., 2006a). We prepared lysates from cells express-
ing CPY0000 or CPY*0000 and immunoprecipitated CPY. When we 
tested the precipitates for the presence of HA-Hrd3p, we observed 
that both CPY*0000 and CPY0000 specifically interact with the HRD 
complex. Does binding of CPY0000 to the HRD ligase trigger 
its degradation? We performed pulse-chase experiments to compare 
the stability of CPY0000 in control cells and a strain that lacks HRD3 
(Figure 5B). In control cells, we observed the classical maturation of 
the ER-luminal proCPY into the active protease that resides in the 
vacuole. Deletion of HRD3 did not increase the amount of CPY0000 
that reached the vacuole, indicating that binding of CPY0000 to the 
HRD complex does not trigger its degradation. Therefore we con-
clude that the HRD ligase ubiquitylates only misfolded proteins, 

FIGURE 5:  Interaction of CPY0000 with the HRD ligase does not 
prompt its disposal. (A) Microsomes from cells expressing HA-Hrd3p 
and either CPY*0000 or CPY0000 as indicated were lysed in NP40 
buffer, and CPY was precipitated. Samples of the total lysates (lanes 
1–3) and the precipitates (lanes 4–6) were separated by SDS–PAGE 
and tested for the presence of CPY or HA-Hrd3 by immunoblotting. 
CPYER denotes the ER form of CPY, whereas the faster migrating 
vacuolar form is labeled CPYVac. (B) Stability of CPY0000 in control and 
Δhrd3 cells. Exponentially growing cells of the indicated yeast strains 
expressing CPY0000 were pulse-labeled with 35S for 10 min, and equal 
aliquots were removed at the specified time points. CPY was 
immunoprecipitated from cell lysates. Precipitates were separated by 
SDS–PAGE, and the gel was scanned using a PhosphorImager.

FIGURE 4:  Elimination of nonglycosylated substrates by the ER 
quality control. (A) Pulse-chase experiments were performed to 
analyze the stability of Erg3p-N45Q-myc in the indicated strain 
backgrounds. Five independent experiments were quantified using a 
PhosphorImager, and the results were averaged. For comparison, a 
degradation curve of glycosylated Erg3p in control cells is included. 
The errors bars indicate the SE of the experiments. (B) Same as in (A), 
but CPY*0000 was used as substrate.
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archical order among the components that facilitate the degrada-
tion of Erg3p. The modest delay resulting from the HTM1 deletion 
implies that the oligosaccharide structure generated by Htm1p is 
not mandatory for Erg3p breakdown, perhaps because Yos9p ad-
mits Erg3p for ubiquitylation even in the absence of a Man7 signal. 
The intermediate phenotype seen in Δyos9 cells demonstrates that 
the HRD complex recognizes Erg3p independently of Yos9p, be-
cause deletion of HRD1 stabilizes Erg3p even further. The pathways 
that operate independent of Htm1p or Yos9p are rather inefficient 
when compared with the glycan-mediated destruction, yet they al-
low the elimination of unwanted polypeptides. Because Erg3p is 
degraded in the absence of factors that mediate glycan-dependent 
quality control, we assumed that nonglycosylated Erg3p is also a 
target of the HRD ligase. Indeed, Erg3p-N45Q is proteolyzed in an 
HRD-dependent manner. Erg3p-N45Q, however, has a half-life of 
140 min, indicating that removal of the N-glycan impairs Erg3p 
breakdown significantly.

To underscore this result with a different substrate, we included 
the nonglycosylated form of CPY* (termed CPY*0000) in our stud-
ies. When we expressed this protein in wt cells, we observed degra-
dation of CPY*0000 with a calculated half-life of 90 min. Turnover of 
this substrate was significantly reduced upon deletion of HRD1, 
demonstrating that CPY*0000 is also a suitable substrate for the 
HRD complex.

Next we analyzed whether we could separate the Yos9p-medi-
ated recognition of nonglycosylated substrates from its lectin 
function. To this end, we included a yeast strain chromosomally 
expressing Yos9p-R200A as the only source of Yos9p in our study. 
Surprisingly, cells that express Yos9p-R200A degraded Erg3p-N45Q 
or CPY*0000 more efficiently than did control cells. Why is the mu-
tant form of Yos9p more efficient than wt protein? We assume that 
Yos9p-R200A interacts with a reduced number of client proteins, 
because the lectin function of Yos9p is disabled. As a result, the 
protein traffic at the HRD ligase may be diminished. With fewer po-
tential substrates competing for binding to the ligase, degradation 
of nonglycosylated proteins is likely to become more efficient. This 
effect may be particularly prominent for substrates like CPY* that 
contact the ligase from the lumen of the ER.

How does Yos9p-R200A assist in the turnover of CPY*0000? A 
structural role seems plausible, assuming that Yos9p maintains the 
HRD ligase in an active conformation. The notion that deletion of 
YOS9 does not affect the elimination of HRD substrates such as 
ngPrA*Δ295-331 and Hmg2p argues against this possibility 
(Kanehara et al., 2010). Importantly, we observe that cells express-
ing Yos9p-R200A degrade CPY*0000 and Erg3-N45Q faster than wt 
cells. Therefore we suggest that Yos9p does not only recognize 
Man7 glycans, but also other structural cues indicative of protein 
misfolding. If Yos9p interacts with nonnative polypeptides indepen-
dent of its lectin function must be investigated in a cell-free setting, 
because the epitope tagged form of Yos9p is unstable in the ab-
sence of Hrd3p (Gauss et al., 2006a).

Unlike glycoproteins, which can be flagged by a Man7 structure 
to indicate that they have exhausted their chances to mature, non
glycosylated proteins are not endowed with such a feature. What 
commits proteins that lack N-glycans for degradation? Perhaps a 
stochastic process selects these substrates. If the HRD complex con-
tinuously engages in transient interactions with putative substrates 
and only small number of these events trigger substrate degrada-
tion, newly synthesized polypeptides have sufficient time to mature. 
Yet, aberrant proteins are eventually degraded because they remain 
confined to the ER. The turnover rate we observe for CPY*0000 and 
Erg3p-N45Q demonstrates that the elimination of nonglycosylated 

even if the glycan signal that informs the HRD complex about the 
folding state of the bound substrate is missing.

DISCUSSION
In this study we identified cellular targets of the HRD ligase. On 
the basis of the rationale that substrates of the HRD complex are 
stabilized in Δhrd1 cells, we performed a SILAC analysis to detect 
proteins that display increased abundance in cells that lack Hrd1p. 
The accumulation of aberrant proteins activates the UPR, which 
induces the synthesis of proteins that maintain the fidelity of the 
ER. To exclude UPR targets from the screen, we also deleted IRE1, 
the gene encoding the stress sensor that triggers the UPR (Ron 
and Walter, 2007). Furthermore, all strains expressed CPY*, which 
is constitutively degraded via the HRD ligase as endogenous con-
trol. Indeed, we identified CPY* in the screen, confirming that the 
approach was functional. In addition, 85 proteins of the secretory 
pathway exhibited protein levels that were increased. The large 
majority of these proteins was increased by 1.5- to 2-fold, implying 
that the folding machinery of the ER may be more efficient than 
anticipated. Alternatively, but not mutually exclusively, Δhrd1 cells 
may degrade aberrant proteins by different mechanisms, such 
as enhanced autophagy. This process is linked to ER stress and 
may represent a less specific alternative to the ERAD pathway 
(Yorimitsu and Klionsky, 2007).

Among the proteins that were more abundant in Δhrd1 cells was 
the C-5 sterol-desaturase Erg3p. This enzyme participates in the 
synthesis of an ergosterol precursor as it introduces a C-5(6) double 
bond into episterol in a reaction that depends on molecular oxygen 
(Osumi et al., 1979). From our characterization, we conclude that 
Erg3p has three transmembrane domains and a membrane-inserted 
loop. Furthermore, the C terminus is cytosolic, whereas the N termi-
nus resides in the ER lumen. Additionally, Erg3p is posttranslation-
ally modified by a single N-glycan that is located near the N termi-
nus at position N45.

Based on a quantification of the pulse-chase experiments shown 
here, Erg3p has a half-life of 80 min, whereas CPY* is degraded with 
a half-life of 20 min. Because Erg3p is not misfolded by default, a 
high turnover rate such as that observed for CPY* and other mutant 
substrates would be unexpected. What causes the turnover of 
Erg3p? Pharmacological or genetic inhibition of the ergosterol bio-
synthesis pathway did not influence the stability of Erg3p (unpub-
lished data), suggesting that the enzyme is not degraded to regu-
late sterol metabolism. Instead, we speculate that the 
oxygen-dependent reaction catalyzed by Erg3p inflicts oxidative 
damage on the enzyme that demands its disposal.

Degradation of Erg3p is promoted by the HRD ligase, but 
Doa10p does not contribute to this process. The initial finding that 
Erg3p is a substrate of the HRD complex is backed by our coimmu-
noprecipitation experiments, which demonstrate that Erg3p en-
gages in a complex with the HRD ligase that is enhanced upon dele-
tion of UBC7 or HRD1. Additionally, a proteomic screen found 
ubiquitylated peptides of Erg3p, lending further support to the con-
clusion that Erg3p is a substrate of the ubiquitin-proteasome path-
way (Peng et al., 2003).

Recognition of Erg3p involves the glycan-specific ERAD factors 
Htm1p and Yos9p. Because Htm1p, Yos9p, and Hrd1p act in the 
same pathway, single deletions of the corresponding genes should 
delay the turnover of Erg3p to the same extent. By contrast, we 
observed three degrees of substrate stabilization: Breakdown of 
Erg3p was least affected by the deletion of HTM1. In Δyos9 cells, we 
observed an intermediate phenotype, whereas Erg3p stabilization 
was most prominent in cells lacking Hrd1p. These data reveal a hier-



2944  |  L. A. Jaenicke et al.	 Molecular Biology of the Cell

PhosphorImager. Cycloheximide decay assays were performed as 
described (Walter et al., 2001).

Protease-protection assay
Yeast cell extracts were prepared and incubated on ice for 
10 min; 0.4% Triton-X100 was added where indicated. Subse-
quently, proteinase K was added to a final concentration of 
0.3 mg/ml, and samples were incubated for 15 min on ice when 
indicated. Addition of phenylmethylsulfonyl fluoride (PMSF) to a 
final concentration of 1 mM stopped the reaction, and samples 
were analyzed by immunoblotting.

Immunoprecipitation and immunoblotting
Precipitation and detection of proteins was performed as described 
(Gauss et al., 2006a).

Glycosidase F digestion
Precipitated proteins were incubated either in the presence or ab-
sence of 0.4 U N-glycosidase F (Roche, Basel, Switzerland) and 1% 
β-mercaptoethanol for 1 h at 37°C and analyzed by immunoblotting.

proteins is indeed a rather slow process, perhaps to allow these 
proteins a maximum amount of time to acquire their native fold. 
Exemplified by CPY0000, a substrate that folds unusually slowly 
(Winther et al., 1991), we demonstrate that the process that se-
lects nonglycosylated proteins for degradation is carefully fine-
tuned to prevent loss of polypeptides that require more time to 
mature.

MATERIALS AND METHODS
Yeast strains and plasmids
Yeast-rich and minimal media were prepared as described. Gene 
deletions and epitope tagging in yeast were generated by homolo-
gous recombination as described (Gauss et al., 2006a). Genomic 
mutations were introduced by exchanging the gene of interest with 
a URA marker. Subsequently, the URA marker was replaced by a 
sequence carrying the desired mutation following selection against 
5-fluoroorotic acid. All sequences were verified by DNA sequenc-
ing. Yeast strains used in this study are listed in Supplemental 
Table 2. Standard genetic methods were used to generate the plas-
mids. The pRS416-ERG3-MYC plasmid was generated by PCR am-
plification of the ERG3 locus from yLJ001. Plasmid mutations were 
introduced by a QuikChange Site Directed Mutagenesis kit (Agilent 
Technologies, Santa Clara, CA), yielding pRS416-ERG3-N45Q-MYC. 
All DNA sequences were confirmed by sequence analysis.

The plasmids used to express CPY* and CPY0000 in the 
coimmunoprecipitation experiment were generous gifts from 
Dieter Wolf (Stuttgart, Germany) and Morten Kielland-Brandt 
(Copenhagen, Denmark).

SILAC analysis
In yeast, Pro3p metabolizes arginine to proline at the convergent 
step of proline synthesis and arginine breakdown. To allow a dou-
ble labeling by isotopic lysine and arginine supplementation, we 
generated Δpro3 strains that are auxotrophic for proline in addi-
tion to lysine and arginine (Δlys2, Δarg4). Based on mass spectro-
metric analysis, this strategy eliminated the Arg-to-Pro–derived 
isotopic peak scattering. The analysis was performed on a 
nanoLC-Electrospray-LTQ-Orbitrap system (Thermo Fisher Scientific, 
Dreieich, Germany) as described (de Godoy et al., 2006). Identifi-
cation and quantification of peptides with the MASCOT and 
MaxQuant software packages resulted in 65,000 unique peptides 
distributed over 3237 protein groups with a false positive rate of 
<1%. To detect significant outlier ratios, the p-values “Significance 
A” were filtered with a threshold of p < 0.05.

Antibodies
Antibodies specific for CPY and PGK were purchased from 
Molecular Probes (Eugene, OR). For detection of the c-myc or HA 
epitopes, monoclonal antibodies 9E10 and 12CA5 were used. 
Maturation of CPY was followed using the antibody ab34636 from 
Abcam (Cambridge, UK). Antibodies against Ubc6 and Sec61 are 
described elsewhere (Biederer et al., 1997; Walter et al., 2001).

Membrane preparation
Established protocols were used to prepare membrane fractions from 
cell extracts (Biederer et al., 1996). Briefly, microsomes were sepa-
rated from the cytosolic fraction by centrifugation (20,000 × g for 
20 min), and the supernatants were considered as cytosolic fractions.

Protein degradation assays
Pulse-chase experiments were performed as described (Biederer 
et al., 1996). Analysis was performed using a Fujifilm FLA-3000 
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