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The Molecular Basis of Recognition and Targeting of Misfolded 
Proteins by Endoplasmic Reticulum-Associated Degradation 

 

Erin Quan Toyama 

 

ABSTRACT 

 

This work focuses on how the endoplasmic reticulum-associated degradation (ERAD) 

quality control machinery is able to distinguish terminally misfolded glycoproteins from 

folding intermediates and target these potentially toxic forms across the ER membrane 

for degradation.  For luminal, glycosylated proteins, this discrimination depends both on 

the protein’s folding status and on its glycosylation state, but much is still unknown about 

the mechanism. 

 My research centers on Yos9p, a recently identified protein that is essential for 

luminal ERAD in Saccharomyces cerevisiae.  I demonstrated that Yos9p’s predicted 

glycan-binding domain is necessary for ERAD and together with data showing that 

Yos9p interacts with ERAD substrates, these results implicated Yos9p as a critical sensor 

of the glycan-based degradation signal on misfolded substrates.  Thus two important 

questions arose: how does Yos9p participate with the rest of the ERAD machinery to 

target substrates for degradation, and what is the glycan destruction signal that Yos9p 

recognizes?  By affinity purifying Yos9p, I found that Yos9p, its binding partner, Hrd3p, 

and the chaperone Kar2p form the luminal components of a multi-protein complex that 

organizes key ERAD factors including the transmembrane ubiquitin ligase Hrd1p and 

cytosolic AAA ATPase Cdc48p.  My characterization of this complex complemented the 
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observation that Yos9p and Hrd3p each form a complex specifically with misfolded 

substrates independently of substrate glycosylation. My studies further suggested that 

Yos9p and Hrd3p act as gatekeepers that ensure that only legitimate substrates are 

degraded.  Together, these findings indicate that Yos9p forms a luminal surveillance 

complex with Hrd3p to recruit misfolded proteins to the core ERAD complex and that 

Yos9p assists in a distinct sugar-dependent step necessary for degradation of correct 

substrates.  

 To characterize Yos9p’s glycan specificity, I developed a protocol to make 

functional Yos9p from E. coli by refolding the protein in vitro. Frontal affinity 

chromatography determined that Yos9p recognizes N-linked glycans containing a 

terminal α1,6-linked mannose. My in vivo studies then showed that this glycan signal is 

necessary for degradation.  I also provide evidence that another ERAD factor, Htm1p, 

generates this specific glycan for recognition by Yos9p, adding another step to potentially 

increase the specificity of the recognition process.   

 

 

 

 

 

 

 

 



 x

CONTRIBUTIONS 

 

Portions of the text and figures presented in this thesis are reproduced with permission 

from material published previously.  Chapter 2 “Exploration of the Topological 

Requirements of ERAD Identifies Yos9p as a Lectin Sensor of Misfolded Glycoproteins 

in the ER Lumen” was published in September 2005 in Molecular Cell, Vol. 19, pp. 741-

751.  This work was initiated by Dr. Arunashree Bhamidipati who performed the 

experiments showing the effects of fusing DHFR to CPY*, identification that Yos9p is an 

important factor for ERAD-L (analyzed by EMQ), and the crosslinking of 

CPY*/CPY*0000 to Yos9p/R200A Yos9p.  Vladimir Denic performed the experiments 

showing that Yos9p and the Yos9p MRH mutants interact with misfolded proteins 

independent of substrate glycosylation. 

  Chapter 3 “A Luminal Surveillance Complex that Selects Misfolded 

Glycoproteins for ER-Associated Degradation” was published in July 26 in Cell, Vol. 

126, pp. 349-359 as a result of a close collaboration with Vladimir Denic.  Vladimir 

Denic performed co-immunoprecitation experiments showing that the Yos9p/Kar2p 

interaction is substrate independent and Usa1p interacts with CPY*0000, confirmation 

that Yos9 R200A complexes with Ubx2p and Yos9p complexes with Hrd1p, and 

characterization of Yos9p/Hrd3p interaction with each other and with 

CPY*/CPYwt/CPY*0000 in various ERAD deletion backgrounds.  Sharleen Zhou, Arnie 

Falick and David King from the HHMI Mass Spectrometry Laboratory carried out the 

mass spectrometry analysis.   



 xi

 Chapter 4, “Defining the Glycan Destruction Signal for Endoplasmic Reticulum-

Associated Degradation” was published in December 2008 in Molecular Cell, Vol. 32, 

pp. 870-877.  Daiki Kamiya and Dr. Yukiko Kamiya performed the CD spectroscopy of 

Yos9p/R200A Yos9p and the frontal affinity chromatography of Yos9p/R200A under the 

supervision of Dr. Koichi Kato. Vladimir Denic provided input in to the writing process, 

and project direction and Jimena Weibezahn provided biochemistry advice. 

 With the exception of those items listed above, the work presented in this thesis 

was performed by its author, Erin Quan Toyama, under the supervision of Dr. Jonathan S. 

Weissman. 

 
 
 

 
 
 

 

 

 

 

 

 

 

 



 

 xii



 

 xiii



 

 

 xiv



 

 xv



 

 xvi



 

 xvii



 

 xviii



 

 xix



 

 xx



 
 
 
 
 
 

 xxi



 xxii

TABLE OF CONTENTS 
 
 
Preface Acknowledgements iv 
 Abstract viii 
 Contributions x 
 Permissions xii 
 Table of Contents xxii 
 List of Tables and Figures xxiii 
   
Chapter 1 Introduction 1 
 
 

  

Chapter 2 Exploration of the Topological Requirements of ERAD 
Indentifies Yos9p as a Lectin Sensor of Misfolded 
Glycoproteins in the ER lumen 

14 

 
 

  

Chapter 3 A Luminal Surveillance Complex that Selects Misfolded 
Glycoproteins for ER-Associated Degradation 

54 

 
 

  

Chapter 4 Defining the Glycan Destruction Signal for Endoplasmic 
Reticulum-Associated Degradation 

99 

 
 

  

Chapter 5 Conclusions 129 
 
 

  

Appendix A Unpublished Data 134 
 
 

  

Appendix B References 144 
 
 
 
 
 
 
 
 
 
 
 

 



 xxiii

LIST OF TABLES AND FIGURES 
 
 
 
CHAPTER 1 
 

  

Figure 1 
 
 

N-linked glycan   

CHAPTER 2 
 

  

Figure 1 
 
 

Presence of a stable C-terminal DHFR domain provides an 
impediment to ER-associated degradation of CPY* 

21 

Figure 2 
 

Yos9p is required for ER-associated degradation of CPY*   
 

25 

Figure 3 
 

Yos9p is required for degradation of proteins containing 
misfolded lumenal but not cytosolic domains 
 

28 

Figure 4 
 

Yos9p contains an intact sugar binding site that is required for 
its ability to support ERAD 
 

30 

Figure 5 
 

Interaction of misfolded ER proteins with Yos9p 
 

33 

Figure 6 
 

Sugar-independent recognition of CPY* by Yos9p 
 

35 

Figure S1 
 

Western blots monitoring the degradation of DHFR-CPY*-
DHFR and CPY*-DHFR-HA  
 

46 

Figure S2 
 

Yos9p sugar-binding mutants show enhanced association with 
CPY*-DHFR 
 

46 

Figure S3 
 

Yos9p interacts with substrate as part of a large protein 
complex 
 

47 

Figure S4 
 
 
 

Yos9p and R200A Yos9p interaction with substrate is 
unaffected in the absence of Htm1p 

47 

CHAPTER 3 
 

  

Figure 1 
 
 

Yos9p associates with the core ERAD machinery at the ER 
membrane 
 
 

62 



 xxiv

Figure 2 
 

The integrity of the Yos9p-core ERAD machinery complex is 
not dependent on Der1p, Htm1p or Yos9p’s sugar binding 
pocket 
 

64 

Figure 3 
 

Dissection of the Hrd3p/Yos9p interaction by domain 
mapping/over-expression and a model of how Yos9p interacts 
with other members of the ERAD machinery 
 

67 

Figure 4 
 

Yos9p interacts with CPY* and CPY*0000 in a HRD3-
independent manner   
 

69 

Figure 5 
 

Hrd3p interacts specifically with CPY* and CPY*0000 but not 
wild type CPY in a YOS9-independent manner 
 

71 

Figure 6 
 

Sugar-independent association of misfolded carboxypeptidase 
Y with Usa1p 
 

73 

Figure 7 
 

Over-expression of Hrd1p in a Δhrd3 background results in 
increased degradation of CPY* and CPY*0000 in a YOS9-
independent manner 
 

75 

Figure S1 
 

Yos9-FLAG genomic is function for ERAD-L 86 

Figure S2 
 

Mass spectrometry statistics 87 

Figure S3 
 

Yos9p associates with Hrd1p 88 

Figure S4 
 

Yos9p/Kar2p association is independent of Hrd3p 89 

Figure S5 
 

Deglycosylated Yos9p interacts with deglycosylated Hrd3p 90 

Figure S6 
 

Yos9p and R200A Yos9p interact with CPY* but not CPY 
wild-type 
 

91 

Figure S7 
 

Hrd31-767-MYC is functional for CPY* degradation 92 

Figure S8 
 
 

Usa1p is in a multiprotein complex containing misfolded 
carboxypepetidase Y prior to cell lysis 

93 

Figure S9 Degradation of CPY* when Hrd1p is overexpressed in a ∆hrd3 
background is suppressed by  ∆cue1 
 
 
 
 

94 



 xxv

CHAPTER 4 
 

  

Figure 1 
 
 

Purification of biochemical amounts of Yos9p from E.coli. 
 

106 

Figure 2 
 

Yos9 recognizes glycans containing a terminal α1,6-linked 
mannose 
 

108 

Figure 3 
 

Production of Man7GlcNAc2 sugars in vivo results in ERAD 
dependent degradation and bypass of HTM1 
 

110 

Figure 4 
 

Model of dual recognition of substrates by ERAD 113 

Figure S1 
 

Native Yos9p forms disulfide-crosslinked aggregates 
 

121 

Figure S2 
 

Refolding process of denatured Yos9p 
 

122 

Figure S3 
 

Production of Man7GlcNAc2 sugars results in degradation of 
CPY* 
 

123 

Figure S4 
 

An exposed α1,6-linked mannose on CPY* or KHN results in 
bypass of HTM1 
 
 

124 

APPENDIX A 
 

  

Figure 1 
 

Hrd3p requires its glycans to function in ERAD 136 

Figure 2 
 

Hrd3p interaction with non-glycosylatable DHFR-CPY* pieces 
 

139 

Figure 3 
 

Bacterial expression of MBP-CPY* variants 
 

140 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

CHAPTER 1 

Introduction 

1



INTRODUCTION 

 

Genetic information is passed from DNA to mRNA, which is then translated into 

polypetides.  In order to perform their cellular functions, these polypeptides must, 

reproducibly fold into the proper three dimensional conformation.  The remarkable 

assembly of linear polypeptides into folded proteins is governed by primary amino acid 

sequence (Anfinsen, 1973), but a complex energy landscape with several off-pathway 

and non-native states, presents a number of challenges for the folding polypeptide (Jahn 

and Radford, 2005; Onuchic and Wolynes, 2004).  Indeed, protein folding in vitro can be 

slow and inefficient.  To ensure the efficient production of functional proteins in vivo, the 

cell has evolved an intricate system of factors to facilitate proper protein folding (Hartl 

and Hayer-Hartl, 2009).  Importantly, because functional proteins are fundamental to life, 

quality control systems exist to limit the number of errors and eliminate terminally 

misfolded proteins (McClellan et al., 2005).   

 Quality control mechanisms exist throughout the cytoplasm and organelles of 

eukaryotic cells, and are functionally tuned to the environment of each compartment.  A 

network of organelles, collectively known as the secretory pathway, handles the 

production of secretory proteins: proteins to be displayed on the cell surface, along the 

secretory pathway or to be secreted out of the cell.  These proteins participate in a variety 

of important functions such as cell-cell communication, signaling and defense and 

account for approximately one third of all eukaryotic proteins.  This number can increase 

to greater than 90% for some specialized cells such plasma cells, hepatocytes and 

pancreatic cells (Kaufman, 2004) making it an important compartment in which to study 
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protein folding, and the associated chaperone and quality control systems. Central to the 

secretory pathways is the entry compartment, the endoplasmic reticulum (ER), which 

serves as the folding center -- an organelle largely dedicated to protein biogenesis of 

secretory proteins.  The ER provides a specialized folding environment for these proteins 

to survive in the extracellular milieu.   Mature proteins then exit the ER, and traffic 

through the Golgi, another organelle along the secretory pathway, and on to their site of 

action (Stevens and Argon, 1999; van Anken and Braakman, 2005).     

 In addition to the intrinsic difficulty of protein folding, the cellular environment 

presents a number of additional challenges.  The large flux of proteins through the ER 

and an estimated 100mg/ml concentration of proteins in the ER lumen, results in a large 

risk of intra- and inter- polypeptide aggregation (Stevens and Argon, 1999).  Additionally, 

secretory proteins often have to go through the slow process of forming correct disulfide 

bonds, or forming oligomeric complexes before being ready for export.  Furthermore, 

transcription and translation errors as well as environmental damage can lead to a defined 

fraction of misfolded proteins (Hebert and Molinari, 2007).  Finally, folding efficiency 

varies by protein.  One example of low protein folding-efficiency is the cystic fibrosis 

transmembrane conductance regulator (CFTR). Only an estimated 25% of newly 

synthesized wild-type CFTR will reach the cell surface (Kopito, 1999; Ward et al., 1995).  

Combined, all these challenges result in an estimated range of a few percent (Vabulas and 

Hartl, 2005) up to 30% (Schubert et al., 2000) of newly synthesized proteins that are 

rapidly degraded.    

 The ER contains a high concentration of chaperones to help proteins fold -- 

namely protein disulfide isomerase (PDI), the ER Hsp70, Kar2p (BiP in mammals), and 
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lectin chaperones.  PDI assists in the formation and/or isomerization of disulfide bonds to 

native linkages critical for the correct structure and stability of many proteins 

(Goldberger et al., 1963).  Kar2p binds to hydrophobic patches to help prevent substrate 

aggregation and assist in the folding process (Flynn et al., 1991; Kabani et al., 2003; 

Nishikawa et al., 2001a; Simons et al., 1995).  As proteins are translocated into the ER 

lumen, many are attached with asparagine-linked glycans.  In most e  As proteins are 

translocated ukaryotes (Saccharomyces cerevisiae being a prime exception), sugar 

binding (lectin) chaperones, calnexin (CNX) and calreticulin (CRT) promote correct 

folding and inhibit aggregation by cyclically binding and releasing glycans on folding 

polypeptides until the proteins achieve their native state.  These N-linked glycans 

themselves can also have a chaperone-like effect, as their hydrophilicity can help to keep 

proteins soluble.  Glycans also have a positive effect on the protein folding process 

perhaps by sterically limiting the number of conformations (Helenius and Aebi, 2001).   

 In addition to helping proteins fold, chaperones perform a quality control function 

of monitoring folding and assembly to guarantee the structural integrity of the protein 

before it progresses through the secretory pathway to its destination.  Chaperones, Kar2p, 

PDI and CNX/CRT retain immature and nonnative proteins to give them an increased 

chance of folding and to prevent these incorrect forms from exiting the ER where they 

could potentially be toxic.  Kar2p retains misfolded proteins for disposal because native 

proteins bury the hydrophobic regions while misfolded proteins continually expose these 

residues (Ellgaard and Helenius, 2003). CNX and CRT polypeptides by binding to 

monoglucosylated glycans (Helenius and Aebi, 2004). After a round of folding attempts 

while bound to CNX/CRT, substrates are released and are deglucosylated by glucosidase 
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II to prevent reassociation with CNX/CRT. The folding sensor, UDP-

glucose:glycoprotein glucosyltranferase (GT) scans proteins and reglucosylates those that 

are non-native (Caramelo and Parodi, 2007) to create a cycle of interaction with 

CNX/CRT where immature proteins re-enter the cycle and folded ones exit (Solda et al., 

2007).    

 Despite the highly specialized ER folding environment, the challenges of 

intracellular folding inevitably result in some fraction of ER proteins becoming 

irreversibly misfolded.  In order not to let potentially toxic proteins accumulate or be sent 

to their site of action, retention of misfolded proteins in the ER is linked to a disposal 

system called ER-associated degradation (ERAD) that is responsible for degrading 

terminally misfolded proteins (Hebert and Molinari, 2007).  The budding yeast, S. 

cerevisiae has served as a critical model organism and enabled the discovery of many key 

ERAD factors and mechanisms.  For the most part the basic conclusions about the ERAD 

pathways seem conserved from yeast to mammals, although in many cases the number of 

components have expanded. On account of this conservation, and the fact that the 

research in the following chapters has been performed using yeast as a model system, the 

remainder of this introduction is written using research in yeast to delineate the 

fundamental points.  

 The ERAD machinery eliminates misfolded proteins in a multi-step process that 

includes recognition of the misfolded substrate, dislocation of the protein into the cytosol 

and ends with ubiquitination and degradation by the 26S proteasome in the cytoplasm 

(Romisch, 2005). Many structurally diverse proteins fold in the ER including soluble 

luminal proteins and integral membrane proteins with varying transmembrane topologies, 
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all of which must be degraded by ERAD (Sayeed and Ng, 2005).  Key genetic screens in 

budding yeast using a membrane protein, Hmg2p (Hampton et al., 1996), and a soluble 

misfolded form of carboxypeptidase Y, CPY* (Knop et al., 1996a), revealed that some of 

the same components were necessary for degradation of these two substrates.  They 

included the E3 ubiquitin ligase Hrd1p and its associated factor Hrd3p (Bays et al., 2001; 

Bordallo et al., 1998; Gardner et al., 2000; Plemper et al., 1999), the E2 Ubc7p which is 

anchored to the membrane by Cue1p (Biederer et al., 1997; Hampton and Bhakta, 1997; 

Hiller et al., 1996) and the 26S proteasome (Hampton and Bhakta, 1997; Hiller et al., 

1996).  These results indicated that membrane and soluble substrates seem to use the 

same core proteins.  Since then, multiple ERAD pathways have been defined in yeast 

based on the location of the misfolded lesion.  Lesions that are cytoplasmic, luminal and 

membrane spanning are monitored and acted upon by the ERAD-C, ERAD-L or ERAD-

M pathway, respectively (Vashist and Ng, 2004).  These pathways require different 

upstream recognition factors but converge on to two ubiquitin ligases: Hrd1p for ERAD-

L and ERAD-M and Doa10p for ERAD-C (Vashist and Ng, 2004; Vembar and Brodsky, 

2008).  Following ubiquitination, substrates are extracted from the membrane by the 

Ubx2p-recruited Cdc48p AAA ATPase (with cofactors Npl4p andUfd1p) (Jarosch et al., 

2002; Neuber et al., 2005; Schuberth and Buchberger, 2005; Ye et al., 2001) and escorted 

by ubiquitin binding proteins to the proteasome (Richly et al., 2005).  Additional 

components Der1p (Derlin1-3 in mammals), an integral membrane protein (Knop et al., 

1996a), and ER resident Htm1p (EDEM1-3 in mammals), a proposed lectin based on its 

homology to class I α1,2-mannosidases (Jakob et al., 2001; Nakatsukasa et al., 2001), 

were found to be necessary only for ERAD-L (Vashist and Ng, 2004).  Thanks in part to 
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the success of genetic screens, there are an increasing array of factors implicated in 

ERAD but in many cases there is minimal information about their molecular function, 

especially for proposed upstream components.  Thus the fundamentally important 

question of how the ERAD machinery specifically recognizes misfolded proteins from 

folding intermediates and targets them for destruction remains unclear.  To answer this 

question, identification what proteins are involved, elucidation of what their functional 

role is, and discovery of how these individual functions are integrated to complete this 

complex task is necessary.  

 The ERAD machinery must achieve a fine balance so that it does not degrade 

functional proteins prematurely but at the same time does not let potentially toxic 

proteins escape detection.  Tipping the balance either way can result in disease.  Cystic 

fibrosis is an example of a disease caused by premature degradation which results in a 

lack of CFTR chloride channels at the cell surface. The most prominent mutation, ∆F508, 

results in delayed folding and thus in recognition and degradation by ERAD even though 

the mutation does not render the chloride channel inactive (Riordan, 2008).  On the other 

hand, loss of function mutations in ERAD components can lead to accumulation of 

misfolded proteins, as in the case of Parkin, a mammalian E3 ligase that, when mutated, 

is associated with Parkinson’s disease (Takahashi and Imai, 2003).  Central to this 

balancing act is substrate recognition.  This is not a simple problem, as many of the 

possible features of ERAD substrates, such as exposed hydrophobic regions or unfolded 

domains, are shared with polypeptidess that are in the process of folding.  

 Studies using glycoproteins have been essential towards making progress to 

understanding ERAD recognition.  Nearly all ER proteins are covalently modified with a 
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pre-assembled, branched Glc3Man9GlcNAc2 moiety at N-X-S/T consensus sites as the 

protein is translocated in to the ER.  Key studies using CPY* in yeast indicated that N-

linked glycans are necessary for ERAD.  CPY* is a model ERAD-L substrate resulting 

from a single point mutation in a vacuolar protease, carboxypeptidase Y, that contains 

four glycosylation sites.  The mutation causes the protein to globally misfold, which 

results in retention in the ER and degradation by ERAD, instead of being trafficked 

through the Golgi to the vacuole (Finger et al., 1993).  If the glycan consensus sites in 

CPY* are mutated, this non-glycosylatable version of CPY* is retained in the ER but not 

degraded (Knop et al., 1996b), indicating that the N-linked glycans are necessary for 

entry into ERAD.    

 The role of glycosylation in ERAD was revealed by studies examining glycan 

trimming.  In S. cerevisiae, the terminal glucoses on the glycan are quickly removed by 

glucosidase I and II (in mammalian cells, the rate of glucose trimming varies, depending 

on the length of time spent in the CNX/CRT cycle) followed by the removal of a single 

mannose in the middle B branch by an α1,2-mannosidase, Mns1p (ER mannosidase I in 

mammals) (Helenius and Aebi, 2004).  Studies indicating that these trimming steps are 

necessary for efficient degradation (Jakob et al., 1998a; Liu et al., 1999) supported the 

“timer hypothesis,” which proposed that the period of time it takes to reach a certain 

glycan structure provides proteins a protected period of time in which to fold without risk 

of being degraded (Helenius, 1994; Jakob et al., 1998b; Wu et al., 2003).  Glycan 

trimming raises the question of what the identity of this signal might be and how such 

signals are specifically generated on misfolded proteins.  Man8GlcNAc2 was proposed to 

be the specific glycan that signals destruction because Mns1p’s removal of the mannose 
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to generate Man8GlcNAc2 was shown to be relatively slow compared to glucosidase I and 

II trimming (Jakob et al., 1998a) in addition to the fact that lack of Mns1p activity delays 

degradation (Jakob et al., 1998a; Su et al., 1993).  However, proteins have different 

folding rates and even correctly folded proteins and ER resident proteins can have their 

glycans trimmed to Man8GlcNAc2 (Byrd et al., 1982), indicating that perhaps recognition 

of an unfolded protein determinant or a unique glycan destruction signal is necessary.  

The discovery that only a single glycan in a non-interchangeable location is necessary for 

CPY* or PrA* (another misfolded vacuolar yeast protease) degradation, reinforced the 

idea that there might be a bipartite signal composed of a glycan and a protein determinant 

(Kostova and Wolf, 2005; Spear and Ng, 2005).  Additionally, in mammalian cells, there 

have been reports of glycan trimming on substrates down to Man5-6GlcNAc2 and it 

thought that is this extended trimming that commits substrates for ERAD (Frenkel et al., 

2003; Hosokawa et al., 2003; Kitzmuller et al., 2003; Lederkremer and Glickman, 2005), 

indicating that perhaps these more processed forms act as a distinctive glycan signal for 

degradation.    

 
9



 The key role for glycosylation not only brought into question the nature of the 

glycan signal recognized by ERAD but also established a need for a glycan binding 

protein, or lectin, to recognize the glycan destruction signal and target the substrate for 

degradation.  One candidate protein for this function was Htm1p, and its mammalian 

homolog, EDEM1.  Deletion of Htm1p causes a defect in ERAD-L substrate degradation 

(Jakob et al., 2001; Nakatsukasa et al., 2001) and over-expression of EDEM1 accelerates 

turnover of a mammalian ERAD substrate (Hosokawa et al., 2001; Molinari et al., 2003) 

thus establishing Htm1p/EDEM1 as ERAD factors.  Htm1p and EDEM1 have homology 

to class I mannosidases, however, neither in vivo (Jakob et al., 2001) nor in vitro 

(Hosokawa et al., 2001) activity was initially reported.  Additionally, they lack conserved 

cysteines thought to be important for mannosidase activity (Nakatsukasa et al., 2001) and 

thus they were proposed to act as lectins.  EDEM1 interacts with misfolded proteins and 

CNX, and when over-expressed, ERAD was accelerated by increased release of substrate 

from CNX, suggesting that EDEM1 extracts terminally misfolded proteins out of the 

CNX cycle for degradation (Molinari et al., 2003; Oda et al., 2003). However, direct 

biochemical evidence for glycan binding by Htm1p or EDEM1 (or EDEM homologs 

EDEM2 and EDEM3) or a definitive mechanism are lacking, leaving the identity of the 

targeting lectin and its mechanism unknown.  

 Because glycans play an important role in ERAD recognition, the discovery and 

characterization of a new proposed lectin in yeast, Yos9p, created an exciting new avenue 

for investigating glycoprotein ERAD recognition (Chapter 2)  Yos9p is a soluble 

glycoprotein with a C-terminal HDEL sequence that acts as an ER retrieval sequence and 

a mannose 6-phosphate receptor homology (MRH) domain (Bhamidipati et al., 2005; 
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Buschhorn et al., 2004; Kim et al., 2005; Munro, 2001; Szathmary et al., 2005).  Deletion 

of Yos9p causes a defect in degradation of luminal misfolded glycoproteins, revealing 

that it is necessary for ERAD-L (Bhamidipati et al., 2005; Buschhorn et al., 2004; Kim et 

al., 2005; Szathmary et al., 2005).  Point mutations of conserved MRH residues that are 

likely to break contact between the sugar-binding pocket and the glycan (Hancock et al., 

2002; Olson et al., 1999) result in a defect in ERAD of CPY* equal to the complete loss 

of Yos9p (Bhamidipati et al., 2005; Szathmary et al., 2005). Therefore, Yos9p’s ability to 

bind glycans is essential for its function in ERAD and suggested that Yos9p may be 

involved in substrate recognition.  This hypothesis was further strengthened when it was 

shown that Yos9p co-immunoprecipitates with CPY* (Bhamidipati et al., 2005; Kim et 

al., 2005; Szathmary et al., 2005).  Surprisingly, Yos9p can also interact with substrate 

independently of its lectin domain or substrate glycosylation, thus suggesting that there 

may be a bipartite interaction between Yos9p and substrate (Bhamidipati et al., 2005).    

 The initial characterization of Yos9p suggests that it is an important player in 

recognizing and targeting misfolded glycoproteins for ERAD, but it also highlights 

important unanswered questions, such as: How does Yos9p function with the rest of the 

ERAD machinery to degrade only misfolded substrates?  Is Yos9p the critical lectin 

involved in recognition, and if so, what glycan signal does it recognize on substrates?  

 As described in Chapter 3, I discovered, using a series of affinity purifications, 

that Yos9p is part of a multi-protein complex that contains many previously identified 

ERAD components.  Remarkably, this complex includes proteins in the ER lumen 

(Yos9p, Kar2), ER membrane (Hrd3p, Hrd1p, Ubx2p, Usa1p) and the cytosol (Cdc48p) 

and therefore showed for the first time that a large complex organizes ERAD proteins 
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involved in the initial substrate recognition steps down through the later steps of 

ubiquitination and extraction from the membrane. My further characterization of the 

organization of the complex revealed that in addition to Yos9p, the large luminal domain 

of Hrd3p was potentially an important factor for identifying substrates in the lumen. 

Surprisingly, Yos9p/Kar2 and Hrd3p each independently interact with misfolded CPY* 

but not wild-type CPY in a manner that does not depend on substrate glycosylation.   

Thus, Yos9p/Kar2p/Hrd3p form a luminal surveillance complex that brings misfolded 

proteins to the ubiquitination and extraction machinery. Since Yos9p’s sugar-binding 

domain and substrate glycosylation are necessary for ERAD dependent substrate 

degradation, Yos9p participates in a distinct sugar-dependent step essential for 

degradation of legitimate substrates.  Previous work had demonstrated that over-

expression of Hrd1p allows for partial degradation in the absence of Hrd3p (Gardner et 

al., 2000; Plemper et al., 1999), and I showed this to be true in the absence of Yos9p as 

well.  However, I found that this bypass of the recognition machinery results in 

promiscuous degradation, suggesting that Yos9p and Hrd3p act as gatekeepers by 

selecting only legitimate substrates for degradation.  

 With an increasingly sophisticated model of the mechanism of glycoprotein 

recognition, it became evident that biochemical proof that Yos9p is a lectin and 

deciphering its glycan specificity were critical advancements for understanding substrate 

recognition.  As described in Chapter 4, to address this question I purified Yos9p under 

denaturing conditions and refolded it under optimized conditions.  In collaboration with 

Dr. Koichi Kato’s lab, frontal affinity chromatography then revealed that Yos9p has a 

specificity for glycans containing a terminal α1,6-linked mannose.  It is interesting to 
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note that Yos9p has little affinity for the final trimming product of the glucosidase I and 

II or the Mns1p-generated Man8GlcNAc2 .  Further trimming from Man8GlcNAc2 would 

have to occur to expose a terminal α1,6-linked mannose.  To show that Yos9’s glycan 

specificity has in vivo relevance, I engineered a yeast strain to directly modify proteins 

with Man7GlcNAc2 glycans and then demonstrated that CPY* displaying Man7GlcNAc2 

glycans is degraded by the canonical ERAD-L pathway.  Strikingly, this degradation is 

not dependent on Htm1p, indicating that Htm1p is involved in processing the 

oligosaccharide to Man7GlcNAc2 to reveal the terminal α1,6-linked mannose for Yos9p 

to recognize. Htm1p’s role in generating terminal α1,6-linked mannose on Man7GlcNAc2 

to form a unique glycan signal adds another of another potential level of specificity to the 

bipartite recognition described above.     

 Please see Appendix A for unpublished results and the Chapter 5 for a brief 

discussion on how our glycoprotein recognition model fits within the present state of the 

field as well as enumeration of some of the important future questions.  
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Summary 

 

ER-associated degradation (ERAD) of glycoproteins depends on dual recognition of 

protein misfolding and remodeling of the substrate’s N-linked glycans. After recognition, 

substrates are retrotranslocated to the cytosol for proteasomal degradation. To explore the 

directionality of this process, we fused a highly stable protein, DHFR, to the N or C 

terminus of the soluble ERAD substrate CPY* in yeast. Degradation of the C-terminal 

CPY*-DHFR fusion is markedly slowed and is accompanied by DHFR release in the ER 

lumen. Thus, folded lumenal domains can impede protein retrotranslocation. The ER 

lumenal protein Yos9p is required for both release of DHFR and degradation of multiple 

ERAD substrates. Yos9p forms a complex with substrates and has a sugar binding pocket 

that is essential for its ERAD function. Nonetheless, substrate recognition persists even 

when the sugar binding site is mutated or CPY* is unglycosylated. These and other 

considerations suggest that Yos9p plays a critical role in the bipartite recognition of 

terminally misfolded glycoproteins. 
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Introduction 

Proteins entering the secretory pathway are first translocated in an unfolded form across 

the ER membrane (Matlack et al., 1998). Once in the ER, they acquire N-linked glycans 

and attempt to fold into their native states with the help of a variety of resident chaperone 

and redox proteins (Helenius and Aebi, 2001) and (Hirsch et al., 2004). The high flux of 

proteins through the ER, together with the fact that many secreted proteins have multiple 

domains and fold slowly, poses a significant recognition problem: how does the ER 

distinguish between bona fide folding intermediates and terminally misfolded proteins? 

The severity of this problem is illustrated by the fact that even in the absence of acute 

lumenal stress, a large fraction of nascent ER proteins fails to fold and is consequently 

targeted for destruction (Casagrande et al., 2000; Friedlander et al., 2000; Jensen et al., 

1995; Travers et al., 2000; Ward et al., 1995). 

 To avoid accumulation of unsalvageable, misfolded polypeptides that would 

otherwise impair ER function, the cell has evolved a series of mechanisms, commonly 

referred to as ER-associated degradation (ERAD), to dispose of such species(Fewell et al., 

2001; Hirsch et al., 2004; Tsai et al., 2002). Over the last ten years, it has emerged that 

degradation comprises the following sequence of events: recognition of the misfolded 

protein, targeting for retrotranslocation across the ER membrane, and finally ubiquitin-

dependent degradation by the cytosolic proteasome. Insight into how the ER 

distinguishes folding intermediates from terminally misfolded proteins has come from 

findings that misfolded glycoproteins undergo slow trimming of their N-glycans by a 

variety of glycosidases in the ER (Liu et al., 1999; Spiro, 2004). This time-dependent 
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remodeling of N-glycans in conjunction with persistent protein misfolding is thought to 

result in a bipartite signal for degradation by the ERAD machinery. This affords folding 

intermediates a protected period of time, before they acquire remodeled N-glycans, to 

reach their native state (Wu et al., 2003). Indeed, complete elimination or specific 

alterations of N-linked glycans leads to severe defects in the degradation of a number of 

substrates (Jakob et al., 1998a; Knop et al., 1996b). Although the requirement for proper 

glycosylation in ERAD is well established, far less is known about how the glycosylation 

state of substrates is monitored by the ERAD machinery. One important clue comes from 

the finding that a conserved ER localized mannosidase-like protein, EDEM/HTM1, plays 

a critical role in ERAD (Hosokawa et al., 2001; Jakob et al., 1998a; Molinari et al., 2003; 

Nakatsukasa et al., 2001; Oda et al., 2003). The presence of a mannosidase-like domain 

lacking a critical catalytic residue and the absence of any in vitro mannosidase activity 

(Jakob et al., 2001) have led to the suggestion that EDEM/HTM1 acts as a lectin in 

ERAD. Nonetheless, it remains to be established whether EDEM/HTM1 binds specific 

N-glycans and if such lectin activity contributes to its role in substrate degradation. 

 Although such studies have yielded a conceptual and molecular framework for 

thinking about the recognition problem, they have, in turn, raised a second question, 

namely, how are misfolded ER proteins transported across the ER membrane to the 

degradation machinery in the cytosol. This separation, while shielding proteolytically 

sensitive folding intermediates from being exposed to the protease machinery, poses a 

potential problem for terminally misfolded multidomain proteins, as these typically will 

have stable folded regions that may inhibit the retrotranslocation process (for review see 

(Romisch, 2005). At the heart of this multidomain problem lies the poorly defined 
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process of retrotranslocation itself (Johnson and Haigh, 2000; Lilley and Ploegh, 2004; 

Ye et al., 2004). To gain insight into this process, we generated a series of reporters 

comprising a highly stable protein, dihydrofolate reductase (DHFR), fused to the N or the 

C terminus of misfolded mutant carboxypeptidase Y (CPY*), the well-characterized 

soluble ERAD substrate. 

 Here, we show that fusing a stable DHFR domain to the C terminus markedly 

slows down degradation and that degradation is accompanied by the release of free 

DHFR into the lumen. These studies establish that the ER possesses a mechanism for 

releasing folded domains from multidomain proteins prior to completion of 

retrotranslocation and led us to perform a genetic screen for components necessary for 

the generation of the DHFR fragments. We further describe the characterization of one 

such component, Yos9p, a lectin required for the recognition of lumenal misfolded 

glycoproteins. 
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Results 

Revealing the Vectorial Nature of Retrotranslocation 

To explore if there is an intrinsic directionality to the process by which lumenal 

misfolded proteins are recognized and retrotranslocated into the cytosol, we investigated 

the effects of fusing a highly stable protein to either the N or C terminus of the well-

characterized ERAD substrate CPY* on degradation kinetics (Hiller et al., 1996) (Figure 

1A). In each case, the fusion protein was expressed in S. cerevisiae from the endogenous 

CPY promoter on a low-copy (CEN/ARS) plasmid, and a C-terminal triple HA epitope 

tag was appended to facilitate detection. Fusion proteins were targeted to the ER by the 

N-terminal signal sequence from KAR2 (Ng et al., 1996). The logic behind this approach 

is that if substrate recognition and retrotranslocation require a flexible end, then the 

addition of a stable domain—in our case, E. coli dihydrofolate reductase protein 

(DHFR)—will provide a physical block to the process. A similar strategy has been used 

to monitor a range of other biological translocation events including protein import into 

mitochondria and threading of proteins into the proteolytic chamber of the proteasome 

(Eilers and Schatz, 1986; Johnston et al., 1995; Matouschek et al., 1997). Such studies 

have typically exploited the high stability of mammalian DHFR when complexed with its 

inhibitor, methotrexate. However, as it was unclear if the charged methotrexate molecule 

could effectively enter the ER lumen, we used the E. coli protein, which is structurally 

similar to the mammalian protein but folds more rapidly and is significantly more stable 

(Lee et al., 2001). 
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Figure 1. Presence of a Stable C-Terminal DHFR Domain Provides an Impediment to ER-Associated 
Degradation of CPY*
(A) A schematic of the fusion constructs used to explore the vectorial nature of retrotranslocation. All constructs were 
expressed from a low-copy (CEN/ARS) plasmid with the CPY (Prc1) promoter, targeted to the ER by an N-terminal 
KAR2 signal sequence and C terminally tagged with three copies of the HA epitope ([HA]3).
(B) The rates of degradation of CPY*-HA (top), DHFR-CPY*-HA (middle), or CPY*-DHFR-HA (lower) were 
assessed by monitoring their disappearance at the indicated time after cycloheximide treatment by using SDS-PAGE 
and Western blot analysis.
(C) Quantitative Analysis of Western blots monitoring the degradation of CPY*-HA (♦), CPY*-DHFR-HA (■), and the 
destabilized mutant CPY*-DHFR(Pro)-HA ( ).
(D) Cells expressing CPY*-DHFR-HA (left) or CPY*-DHFR(Pro)-HA (right) were analyzed 80 min after the addition 
of cycloheximide as in Figure 1A. The migration position of full-length CPY*-DHFR-HA and released DHFR-HA 
fragments is indicated.
(E) Microsomes were prepared from cells expressing the CPY*-DHFR-HA fusion protein after 90 min of 
cycloheximide treatment. After proteinase K treatment in the presence or absence of Triton X-100, as indicated, 
samples were analyzed as in Figure 1B. The migration position of full-length CPY*-DHFR-HA and released 
DHFR-HA fragments is indicated.
(F) Western blots monitoring the degradation of CPY*-DHFR in HRD1 (wt) (top) and isogenic Δhrd1 strain (middle) 
after cycloheximide treatment. The DHFR fragment was visualized after 80 min of cylcoheximide treatment in the 
HRD1 (lower left) or Δhrd1 (lower right) strains.
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 We found that fusion of DHFR to the N terminus did not significantly alter the 

rate or efficiency of degradation of CPY* or of the CPY*-DHFR C-terminal fusion 

(Figure 1B and Figure S1 in the Supplemental Data available with this article online). In 

contrast, addition of DHFR to the C terminus of CPY* led to strong stabilization of the 

fusion protein (Figure 1B). This overall stabilization was a direct consequence of the 

folded structure of the DHFR protein (as opposed to the presence of the ectopic sequence 

per se), as a similar fusion with a mutant form of DHFR [CPY*-DHFR(Pro)] in which 

the stability of the fold had been disrupted by mutating three residues to prolines (Ala-29-

Pro, Trp-30-Pro, and Phe-31-Pro) failed to stabilize CPY* (Figure 1C). Remarkably, 

during degradation of the CPY*-DHFR fusion, we observe fragments (typically a 

doublet) that are recognized by both α-HA antibodies as well as α-DHFR antibodies 

(Figure 1D and data not shown). Moreover, the fragments do not accumulate during 

degradation of the CPY*-DHFR(Pro) mutant. Full-length CPY*-DHFR and the released 

DHFR fragments are associated with the microsome fraction and resist proteolysis by 

proteinase K until the addition of detergent, thus confirming that they remain in the ER 

lumen (Figure 1E and data not shown). 

 We observe that degradation of CPY*-DHFR fusion and generation of the DHFR 

fragments are dependent on two previously identified ERAD components required for 

cytosolic ubiqitination of CPY*: HRD1, a ubiquitin ligase (Bays et al., 2001), and DER1, 

a four-pass transmembrane protein (Hitt and Wolf, 2004a) that plays a central and 

conserved role in ERAD (Hiller et al., 1996; Knop et al., 1996a), possibly even in directly 

facilitating passage across the membrane (Lilley and Ploegh, 2004; Ye et al., 2004) 

(Figure 1F and data not shown). 
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 The above findings provide a number of insights into the mechanism by which 

misfolded proteins are recognized and removed from the ER. First, they demonstrate an 

intrinsic directionality to the process (see Discussion). Second, they show that the 

presence of a stable, folded lumenal domain can strongly inhibit degradation of a partly 

misfolded multidomain protein, implying that retrotranslocation (or possibly recognition) 

of folded regions within a misfolded substrate is at least in some instances disfavored or 

even prohibited. Third, they demonstrate that at least in part, the ERAD machinery 

circumvents the inhibitory effect of stable lumenal domains by releasing them into the 

ER lumen through an uncharacterized clipping process. Finally, they establish that 

liberation of stable folded domains is dependent on the same machinery responsible for 

the normal degradation of ERAD substrates. 

 

Role for Yos9p in the Degradation of Lumenal Misfolded Proteins 

We next reasoned that because generation of the DHFR fragments from the CPY*-DHFR 

fusion depended on known components of the ERAD machinery (e.g., Der1p and Hrd1p), 

we could identify players acting at or upstream of the clipping event by looking for yeast 

mutants that fail to generate the DHFR fragments. To this end, we screened a bank of 

yeast strains, each deleted for one of 400 nonessential genes shown to encode proteins 

localized to the ER or to the early secretory pathway (Huh et al., 2003; Kumar et al., 

2002; Schuldiner et al., 2005). Each strain was transformed with a plasmid carrying 

CPY*-DHFR, and the half-life of the fusion protein as well as the release of fragments 

were monitored by Western blot analysis of cell extracts after inhibition of protein 

synthesis with cycloheximide. For the remainder of the present work, we will focus on a 
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single protein, Yos9p, identified in this screen (Figure 2A). A full analysis of the results 

of the screen will be presented elsewhere. Yos9p, previously named on the basis of 

similarity to a mammalian gene (OS-9) that is amplified in patients with osteosarcoma 

(Su et al., 1996), is a poorly characterized protein with two notable features: a mannose 

6-phosphate receptor homology (MRH) domain (Munro, 2001) and a C-terminal HDEL 

sequence that acts as an ER retrieval signal (Pelham et al., 1988) and also is found in a 

handful of other lumenal ER resident proteins such as Kar2p and PDI.  

 An earlier report had suggested that deletion of YOS9 leads to a modest defect in 

the trafficking of GPI-anchored proteins (Friedmann et al., 2002). However, a more 

recent analysis (Kim et al., 2005; Szathmary et al., 2005) failed to observe such a defect 

in a range of different strain backgrounds including those used in the original report. In 

addition, as this work was being prepared for publication, Wolf and coworkers 

(Buschhorn et al., 2004) reported that Yos9p is required for the ER-associated 

degradation of glycoproteins. Similarly, we see that loss of Yos9p, in addition to 

stabilizing the CPY*-DHFR fusion (Figure 2A), results in a profound defect in CPY* 

degradation, comparable to that caused by the loss of DER1 (Figures 2B and 2C). 

Interestingly, the defect seen in the Δyos9 strain is considerably stronger than that seen in 

a Δmns1 strain (Figures 2B and 2C). Mns1p is the α−1,2 mannosidase that removes one 

mannose residue from the core oligosaccharide, resulting in the conversion of the 

Man9GlcNAc2 form to the Man8GlcNAc2 form. Mns1p acts as a “timer” whose delayed 

action provides a grace period for proteins to fold before they are subjected to 

surveillance by the ERAD machinery (Liu et al., 1999; Spiro, 2004). Additionally, the 

rate of CPY* degradation in the double deletion strain Δmns1Δyos9 is indistinguishable 

24

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSR-4H3YG7V-5&_user=4430&_coverDate=09%2F16%2F2005&_rdoc=1&_fmt=full&_orig=search&_cdi=7053&_sort=d&_docanchor=&view=c&_acct=C000059594&_version=1&_urlVersion=0&_userid=4430&md5=7e93efee84edec27db871ca7085e566f#fig2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSR-4H3YG7V-5&_user=4430&_coverDate=09%2F16%2F2005&_rdoc=1&_fmt=full&_orig=search&_cdi=7053&_sort=d&_docanchor=&view=c&_acct=C000059594&_version=1&_urlVersion=0&_userid=4430&md5=7e93efee84edec27db871ca7085e566f#fig2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSR-4H3YG7V-5&_user=4430&_coverDate=09%2F16%2F2005&_rdoc=1&_fmt=full&_orig=search&_cdi=7053&_sort=d&_docanchor=&view=c&_acct=C000059594&_version=1&_urlVersion=0&_userid=4430&md5=7e93efee84edec27db871ca7085e566f#fig2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSR-4H3YG7V-5&_user=4430&_coverDate=09%2F16%2F2005&_rdoc=1&_fmt=full&_orig=search&_cdi=7053&_sort=d&_docanchor=&view=c&_acct=C000059594&_version=1&_urlVersion=0&_userid=4430&md5=7e93efee84edec27db871ca7085e566f#fig2


Figure 2. Yos9p Is Required for ER-Associated Degradation of CPY*
(A) Western blots monitoring the degradation of CPY*-DHFR-HA (top) and generation of released DHFR 
fragments (bottom) in the wild-type and the isogenic Δyos9 strain.
(B) Western blots monitoring the degradation of CPY*-HA in isogenic wild-type, Δyos9, Δmns1, Δyos9     
Δmns1, and Δder1 backgrounds.
(C) Quantitative analysis of Western blots monitoring the degradation of CPY*-HA in isogenic wild-type   
(♦), Δyos9 (■), Δmns1 (●), Δyos9Δmns1 (*), and Δder1 (▲) backgrounds. The error bars indicate the 
deviation from the mean of at least two independent experiments.
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from that observed in the single Δyos9 strain. Thus, Yos9p is a critical component of the 

ERAD machinery whose action may be enhanced by, but is not fully dependent on, the 

Mns1p mannosidase timer.  

 Earlier studies indicated that there are at least two distinct surveillance 

mechanisms for identifying terminally misfolded ER proteins (Ahner and Brodsky, 2004; 

Huyer et al., 2004): one (designated ERAD-L) that inspects for proteins like CPY*, 

which contain misfolded lumenal (soluble or membrane tethered) domains, and a second 

(termed ERAD-C) that detects misfolded cytosolic domains of transmembrane proteins. 

Although both of these pathways ultimately converge on the ubiquitin proteosome 

degradation system, they depend on different sets of ER-associated components to detect 

misfolded species and to deliver them to the cytosol. 

 To explore the role of Yos9p in these two ERAD pathways, we took advantage of 

three substrates developed by Ng and coworkers (Vashist and Ng, 2004) that contain 

misfolded domains oriented to the lumenal and/or cytosol face. One ERAD-L substrate, 

KHN, consists of a Kar2p signal sequence fused to the simian virus 5 HA-Neuraminidase 

ectodomain and, like CPY*, is a soluble lumenal protein. A second ERAD-L substrate, 

KWW, consists of KHN fused to the transmembrane domain from the Wsc1p protein 

such that KHN is oriented to the lumenal side of the ER. A third substrate, KWS, is 

designed to monitor the ERAD-C process. KWS contains a lumenal KHN domain, the 

transmembrane Wsc1p domain, and a cytosolic domain of the misfolded Ste6-166p 

mutant. For the two ERAD-L substrates (KHN and KWW), loss of Yos9p led to a 

profound defect in degradation comparable to that seen with loss of components of the 

core ERAD-L machinery (e.g., Der1p and Htm1p) and substantially greater than the 
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defect seen in the absence of Mns1p (Figures 3A and 3B). In contrast, the degradation of 

the ERAD-C substrate, KWS, was not affected by loss of Yos9p (Figure 3C). Thus, 

Yos9p plays a critical role in the recognition and/or subsequent retrotranslocation of a 

range of proteins containing misfolded lumenal domains. 

 

Yos9p Is a Lectin Whose Sugar Binding Pocket Is Required for ERAD 

The presence of the MRH domain in Yos9p is particularly intriguing in light of the broad 

and incompletely understood role that substrate glycosylation plays in allowing proteins 

to be recognized by the ERAD machinery. Whereas some MRH domains are genuine 

mannose 6-phosphate lectins, other MRH domains recognize protein substrates in a 

sugar-independent manner (Ghosh et al., 2003). In particular, the cation-independent 

mannose 6-phosphate receptor (CI-MPR) contains 15 MRH repeats, only two of which 

(repeat 3 and 9) are thought to contain high affinity mannose 6-phosphate binding sites. 

Structural analysis of the single MRH domain in the cation-dependent MPR (CD-MPR) 

complexed with mannose 6-phosphate, in conjunction with mutational studies, have 

identified four residues (Gln66, Arg111, Glu133, and Tyr143) that are in direct contact 

with the mannose sugar and are critical for carbohydrate recognition (Hancock et al., 

2002; Olson et al., 1999) (Figures 4A and 4B). These residues provide a strong signature 

diagnostic of sugar binding activity, as they are highly conserved among the MRH 

repeats of the CI-MPR that tightly bind mannose 6-phosphate (repeats 3 and 9) but 

diverge rapidly in the MRH repeats not involved in sugar binding (Ghosh et al., 2003). Of 

these four signature residues, the final three are located at well-defined positions relative 

to conserved cysteines and, thus, their location in Yos9p (Arg200, Glu223, and Tyr229) 
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Figure 3. Yos9p Is Required for Degradation of Proteins Containing Misfolded Lumenal but Not 
Cytosolic Domains
(A) Quantitative analysis of Western blots monitoring the degradation of KHN-HA, a soluble lumenal 
ERAD substrate, in wild-type (♦), Δmns1 (●), Δyos9 (■), and Δhtm1 (▲) backgrounds (Vashist and Ng, 
2004).
(B) Quantitative analysis of Western blots monitoring the degradation of KWW-HA, an integral membrane 
ERAD substrate containing a misfolded lumenal domain, in isogenic wild-type (♦), Δmns1 (●), Δyos9 (■), 
and Δder1 (▲) backgrounds.
(C) Quantitative analysis of Western blots monitoring the degradation of KWS-HA, an integral membrane 
ERAD substrate that also has a cytosolic misfolded domain, was assessed in wild-type (♦), Δmns1 (●),       
Δyos9 (■), Δhrd1 (▲), and Δdoa10 (*).
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and its homologs (Figure 4A) can be unambiguously determined despite the weak overall 

similarity between the various MRH domain-containing proteins. Significantly, we find 

that conservative changes (Glu-to-Asp, Tyr-to-Phe, Arg-to-Ala) to these signature 

residues strongly inhibit or completely abrogate CPY* degradation (Figure 4C). Thus, 

sequence analysis in conjunction with mutational studies strongly support the notion that 

Yos9p is a lectin and that this sugar binding activity is critical to its ability to support 

ERAD. 

 Efficient recognition and degradation of misfolded glycoproteins requires the 

presence of specific oligosaccharide structures on the substrate polypeptide (Jakob et al., 

1998a). Thus, in principle, the degradation defect seen in a strain lacking Yos9p could be 

a secondary consequence of either failure to properly synthesize N-linked core 

oligosaccharides or failure to correctly trim such oligosaccharides. To exclude the 

possibility that Yos9p is required for the synthesis of the core oligosaccharide, we 

examined the glycosylation state of mature wild-type CPY. As noted previously (Jakob et 

al., 1998a), failure to generate full-length high mannose sugars (e.g., caused by deletion 

of the ALG9 or ALG12 genes) leads to reduced efficiency of N-glycosylation of wild-type 

CPY by the oligosaccharyltransferase, resulting in a ladder of hypoglycosylated CPY 

species. In contrast, no such ladder is seen in a Δyos9 strain, indicating that Yos9p is not 

required for the production or transfer of full-length high mannose oligosaccharides to 

nascent polypeptide chains (data not shown). Secondly, as it is known that interfering 

with glucose trimming of N-glycans can lead to stabilization of CPY* (Hitt and Wolf, 

2004b; Jakob et al., 1998a), we wished to exclude such a role for Yos9p. This concern 

was heightened by the finding that glucosidase II, one of the enzymes that catalyzes 
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  Figure 4. Yos9p Contains an Intact Sugar Binding Site that Is Required for Its Ability to Support 
ERAD
(A) Sequence alignment of corresponding C-terminal regions of the MRH domains from S. cerevisiae 
YOS9, human OS-9, human XTP3-B, Drosophila XTP3-B, C. elegans XTP3-B, and MRH domains 3, 6, 9, 
and 11 of the insulin-like growth factor II/cation-independent mannose 6-phosphate receptor (IGFII/MPR). 
The conserved cysteines are shaded in gray. The residues that are required for binding of the mannose sugar 
(R200, E223, and Y229 of Yos9p) are boxed (Hancock et al., 2002). Previously characterized mannose 
binding properties are shown on the right (NA: not assessed).
(B) Structure of the carbohydrate binding pocket of the cation-dependent mannose 6-phosphate receptor 
(CD-MPR) in complex with mannose 6-phosphate. Hydrogen bonds between the CD-MPR and mannose 
backbone are indicated by dotted lines. The four residues that have been shown by mutational analysis to be 
critical for mannose 6-phsophate binding (Hancock et al., 2002) are shown in red. The sequence numbers 
of corresponding residues in S. cerevisiae Yos9p are given in parenthesis.
(C) Quantitative analysis of Western blots monitoring the degradation of CPY*-HA in Δyos9 cells 
harboring an empty vector (■), or expressing wild-type Yos9p (♦) or the R200A (●), E223D (▲), or Y229F 
(*) mutant forms of Yos9p. The error bars indicate the standard deviation obtained from four independent 
experiments.
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trimming of glucose residues, also contains an MRH domain (Munro, 2001). However, in 

contrast to the glucosidase mutants, the ERAD defect caused by loss of Yos9p is not 

suppressed by a mutation in the gene ALG6, which is responsible for the biosynthetic 

glucosylation of the high mannose oligosaccharide (Jakob et al., 1998a) (data not shown). 

Finally, as noted earlier, the ERAD defect in a strain deleted for both YOS9 and MNS1 is 

considerably stronger than the one seen in a strain deleted for MNS1 alone, even though 

MNS1-deleted strains show a complete failure to undergo trimming to convert 

Man9GlcNAc2 forms to Man8GlcNAc2, arguing against the idea that Yos9p is performing 

a function linked solely to Mns1p-dependent mannose trimming (Jakob et al., 2001). 

Taken together, the above studies establish that the lectin activity of Yos9p is required for 

its ability to support substrate degradation but that Yos9p nonetheless acts downstream of 

generation of the proper oligosaccharide structure required for ERAD. 

 

Substrate Recognition by Yos9p 

To address whether Yos9p is involved in directly recognizing substrates, we performed 

immunoprecipitation experiments by using a tagged version of Yos9p. We tagged Yos9p 

with a triple FLAG epitope inserted immediately prior to the C-terminal HDEL signal 

and expressed it on a high-copy (2 μ) plasmid under the control of its natural promoter. 

This construct was able to complement the ERAD defect of a Δyos9 strain (data not 

shown). Additionally, to facilitate detection of what would most likely be a transient 

interaction with a short-lived CPY* substrate, we performed all experiments in a strain 

deleted for downstream ERAD components, either Δhrd1 or Δder1. Under such 

conditions, solubilization of a crude cellular membrane fraction with the mild amphoteric 
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detergent CHAPS revealed that Yos9-FLAG interacts specifically and equally well with 

both CPY* and CPY*-DHFR (Figure 5A). This latter observation suggests that the 

degradation defect caused by fusing DHFR to the C terminus of CPY* does not result 

from an inability to interact with Yos9p and is thus likely to result from interference with 

a downstream step in ERAD such as retrotranslocation. 

 The interaction between CPY* and Yos9p was confirmed with a crosslinking 

strategy (Gardner et al., 2000). Here, we treated intact microsomes with a short (12 Å) 

reversible crosslinker (DSP) and immunoprecipitated CPY* and any covalently 

associated proteins under denaturing conditions. We then reversed the crosslink and 

probed for Yos9-FLAG. As seen in Figure 5B, Yos9-FLAG interacts with CPY* and 

does so in a specific and crosslinker-dependent manner. Interestingly, when these 

experiments were repeated with non-reversible crosslinkers (DSS and DSG), both CPY* 

and Yos9p were found in a large (>200 kDa), discrete complex (Figure S3), suggesting 

that multiple copies of Yos9p or CPY* or other proteins are involved in the recognition 

complex. 

 Because we have shown that Yos9p’s lectin activity is required for its ERAD 

function, we wanted to test if the Yos9p-substrate interaction we see is also abolished by 

sugar binding mutations in the MRH domain. Unexpectedly, the lectin mutants were still 

able to interact with the substrate (Figure 5C and Figures S2 and S4), and this interaction, 

if anything, was more pronounced (relative increase in pull down efficiency of 3.8 ± 0.4 

by native IP, see Experimental Procedures) than the one seen with the wild-type Yos9p 

(see Discussion). We also find that the interaction between CPY* and both wild-type 

Yos9p and the R200A mutant persists in the absence of Htm1p (Figure 5D and Figure 
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Figure 5. Interaction of Misfolded ER Proteins with Yos9p
(A) Native IP: Δhrd1Δyos9 cells were transformed with constructs expressing Yos9-FLAG, CPY*-HA, or 
CPY*-DHFR-HA as indicated. Spheroplasts were prepared from mid-log phase cells, and lysates were 
incubated with protein A/G agarose prebound to α-HA antibodies for IP. Proteins eluted after IP (top and 
middle) or whole-cell lysate were subjected to SDS-PAGE followed by Western blot (W) analysis with the 
indicated antibodies (see Experimental Procedures for details).
(B) Crosslinking followed by denaturing IP. Microsomes prepared from Δder1 cells transformed with the 
indicated plasmid were incubated in the presence or absence of 800 µg/ml of the reversible crosslinker, 
DSP. After denaturation of protein complexes, samples were immunoprecipitated with α-CPY antibodies 
and bound protein was analyzed by SDS-PAGE followed by Western blotting analysis.
(C) Δhrd1Δyos9 cells expressing CPY*-DHFR-HA, Yos9-FLAG, or a Yos9-FLAG variant in which Arg 
200, known to be critical for mannose binding in CD-MPR, has been replaced with alanine (R200A) were 
subjected to native IP as described in 5A. Similar results were obtained with two other YOS9 lectin mutants 
(Figure S2).
(D) Δhrd1Δyos9 (HTM1) or Δhrd1Δyos9Δhtm1 (Δhtm1) cells harboring a plasmid expressing Yos9-FLAG 
and, where indicated, a second plasmid expressing CPY*-DHFR-HA were subjected to native IP analysis 
as described in Figure 5A.
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S4), a putative lectin involved in ERAD. To exclude the possibility that the ability of 

substrate to bind the Yos9p lectin mutants resulted from additional sugar-dependent 

contacts, we subjected the native immunoprecipitates to digestion with endoglycosidase 

H, which cleaves off all but one residue of N-linked core oligosaccharides. This treatment 

quantitatively deglycosylated the substrate but failed to abolish the interaction with the 

wild-type Yos9p (data not shown) as well as with the R200A lectin mutant (Figure 6A). 

It remains a formal possibility that a small fraction of CPY* bound to Yos9p is resistant 

to endoH treatment. We therefore confirmed that the CPY*-Yos9p interaction did not 

depend on sugar recognition by using a mutant of CPY* (CPY*0000) in which the four 

glycosylation sites have been removed. CPY*0000 has a very slow rate of degradation in 

wild-type cells, which is unaffected by the loss of Yos9p (Buschhorn et al., 2004). 

Consistent with the above results, CPY*0000 could be immunoprecipitated with Yos9p, 

and this interaction was more pronounced in the R200A Yos9p lectin mutant (Figure 6B). 

Taken together, these data strongly argue that Yos9p is able to interact with a misfolded 

protein independent of its lectin domain or the presence of any N-glycans on the substrate. 
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Figure 6. Sugar-Independent Recognition of CPY* by Yos9p
(A) The R200A Yos9p-CPY* interaction does not depend on continued substrate glycosylation. After 
immunoprecipitation of the R200A FLAG-CPY*-HA complex, the beads were split and incubated in the 
presence or absence of EndoH. The beads were subsequently pelleted, and equal fractions of the 
supernatant (S) and the washed pellet (P) were analyzed by SDS-PAGE followed by Western blot analysis.
(B) Δhrd1Δyos9 cells expressing either Yos9-FLAG or the MRH mutant of Yos9p, R200A-FLAG, with or 
without the non-glycosylated form of CPY* (CPY*0000-HA) were subjected to crosslinking with the 
cleavable crosslinker DSP followed by denaturing IP as described in Figure 5B. A control IP was 
performed with Δhrd1Δyos9 cells expressing Yos9-FLAG and CPY*-HA. The faint band in lane 2 may be 
due to an interaction between Yos9-FLAG and misfolded endogenous wild-type CPY.
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Discussion 

 

The “signal hypothesis” (Blobel and Dobberstein, 1975), first formulated 30 years ago, 

has served as a conceptual framework for understanding how proteins are targeted for 

translocation across a variety of cellular membranes. By contrast, the reverse process by 

which misfolded ER proteins are targeted back into the cytosol for destruction remains 

poorly understood. This problem seems all the more challenging as it is known that 

lumenal ERAD substrates have their N-terminal signal sequences cleaved and completely 

disengage from the translocon prior to being recognized by the ERAD machinery 

(Plemper et al., 1999). Moreover, the physical properties and exposed epitopes of 

terminally misfolded proteins are likely to resemble those found in productive folding 

intermediates. Thus, two outstanding questions in the field are one of information flow 

(i.e., what are the signals that mark proteins for destruction) and one of mechanics (i.e., 

how do substrates, once recognized, engage the retrotranslocation apparatus and emerge 

on the cytosolic side). 

 The multidomain nature of secreted proteins provides a particular mechanical 

challenge to retrotranslocation, as many misfolded proteins may contain stably folded 

lumenal domains. Thus, retrotranslocation requires either that the cell is capable of 

transporting such native domains intact across the ER membrane or alternatively that 

there are mechanisms to unfold or proteolytically remove such domains prior to or during 

the process of retrotranslocation. Although there is evidence that the former possibility is 

used in some cases (Fiebiger et al., 2002; Tirosh et al., 2003), here we establish that the 

presence of folded lumenal domains can provide a strong impediment to the degradation 
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of misfolded ER proteins. In particular, addition of the highly stable protein, E. coli 

DHFR, to the C terminus of the well-characterized soluble ERAD substrate CPY* (Hiller 

et al., 1996) greatly slows its rate of degradation. This inhibition is due specifically to the 

presence of the structured region and not the DHFR sequence per se, as a destabilized 

mutant of DHFR fails to have an effect on the CPY* degradation kinetics. The block in 

degradation appears to occur after substrate recognition, because the presence of the 

DHFR domain does not inhibit interaction of CPY* with Yos9p, the lumenal lectin we 

show to play a critical role in ERAD (see below). 

 As part of the ERAD process, DHFR can be clipped from the remainder of CPY* 

and the released DHFR fragments remain in the ER lumen. In addition to facilitating 

degradation of proteins with stable lumenal domains, proteolytic release may also be 

important in preventing such substrates from occluding the available retrotranslocons. 

The mechanism by which this clipping occurs remains an interesting open question; for 

example, are there lumenal proteases dedicated to releasing stable domains, or is the 

clipping a result of incomplete proteasomal degradation of a partially retrotranslocated 

substrate? 

 The DHFR fusion strategy also reveals a strong directionality to the recognition 

and retrotranslocation of CPY*, as the C-terminal fusion showed marked inhibition of 

degradation whereas the N-terminal fusion had no effect. The observation that fusing 

DHFR to both termini of CPY* does not completely block degradation (Figure S1) 

indicates that an unfolded domain of a multidomain protein can be recognized even when 

sandwiched between two stable folded regions. These observations suggest that 

retrotranslocation can be initiated internally, even though in the absence of structured 
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regions there may typically be a strong preference for commencing this process at one or 

both of the termini. Extension of the fusion strategy used in the present work should help 

elucidate what types of sequence and structural information (e.g., conformation of the 

misfolded region, N-linked glycans, or ubiqutination sites) lead to such a bias. 

 A search for factors required for generating the DHFR fragments of the CPY*-

DHFR fusion identified the resident ER protein Yos9p, which contains a mannose 6-

phosphate receptor homology (MRH) domain. Consistent with a recent report from the 

Wolf lab (Buschhorn et al., 2004; Kim et al., 2005; Szathmary et al., 2005), Yos9p is 

required for the degradation of a range of different glycoproteins that contain lumenally 

exposed, misfolded domains. Yos9p may contribute directly to the recognition of 

misfolded substrates, as it can be efficiently coimmunoprecipitated with CPY* under 

native conditions and can be crosslinked with CPY* by using the short (12 Å) crosslinker 

DSP. 

 YOS9 was originally identified on the basis of its sequence similarity to 

mammalian OS-9. However, in light of our current findings regarding Yos9p’s critical 

role in ERAD of lumenal misfolded glycoproteins, two earlier studies raise significant 

doubts as to whether OS-9 is a functional homolog of Yos9p. First, in contrast to Yos9p’s 

lumenal disposition (Friedmann et al., 2002), OS-9 has been shown to be peripherally 

associated with the cytosolic face of the ER, where it transiently interacts with meprin β 

to facilitate its trafficking along the early secretory pathway (Litovchick et al., 2002). 

Second, a recent report demonstrated that OS-9 interacts with and promotes the 

degradation of the cytosolically localized protein hypoxia-inducible factor 1α (HIF-1α) 

(Baek et al., 2005). Although these data argue that OS-9 is performing a distinct function 
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from Yos9p, the presence of an MRH domain in OS-9 raises the interesting question of 

what function such a domain, with its sugar binding pocket intact, would be performing 

in the cytosol. Thus, either a fraction of OS-9 is localized to the ER or OS-9 recognizes 

glycoproteins that have escaped from the ER in a role possibly similar to the one 

proposed for the E3 lectin Fbs1 (Yoshida et al., 2002). The human genome contains a 

second protein (XTP3-transactivated protein B [XTP3-B]) with similarity to Yos9p that 

is a more attractive candidate for a true functional homolog of Yos9p. XTP3-B contains 

two MRH domains and shows greater similarity to Yos9p compared to OS-9. The 

localization of XTP3-B proteins is unknown, but close homologs are found throughout 

metazoans including a C. elegans protein (WP:CE34218) with a C-terminal HEDL that 

likely confers residence in the ER lumen. 

 The presence of an MRH domain in Yos9p is particularly intriguing in light of the 

critical role that substrate glycosylation plays in protein degradation. Whereas only a 

subset of MRH domains are competent to bind sugars (Ghosh et al., 2003), our analysis 

of Yos9p and related sequences together with the structure of the MRH domain 

complexed with mannose argues strongly that the sugar binding site is intact and 

conserved in Yos9p. Moreover, this sugar binding pocket is required for Yos9p function, 

as conservative mutations in solvent-exposed residues known to be critical for sugar 

recognition abrogate the ability of Yos9p to degrade CPY*. Despite the critical role of 

the Yos9p lectin activity, interaction between Yos9p and substrate persists even when the 

sugar binding site is mutated or the substrate is deglycosylated, suggesting that Yos9p 

recognizes misfolded polypeptides in a sugar-independent manner. Indeed, MRH 
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domains have been found to be involved in sugar-independent interactions (Ghosh et al., 

2003). 

 What then is the role of the Yos9p lectin in ERAD? Three distinct possibilities 

exist for Yos9p’s role in the bipartite recognition of terminally misfolded proteins 

involving both substrate recognition and read out of the glycosylation status. First, 

binding of ERAD substrates by Yos9p involves both recognition of sugars and direct 

interaction with the substrate, and this latter mode is sufficient to support 

coimmunoprecipitation in the presence of the mild detergent CHAPS. Consistent with the 

notion that sugar binding contributes to Yos9p-substrate interactions, Szathmary et al. 

(2005) find that in the presence of Triton X-100, coimmunoprecipitation of Yos9p and 

CPY* is not observed in yeast strains containing mutations in some of the ALG genes, 

which alter the structure of N-linked glycans. Second, substrate recognition by Yos9p 

predominantly involves direct, lectin-independent recognition of misfolded species. 

Yos9p then queries the sugar status of the substrate to determine whether the N-glycans 

are in a configuration instructive for hand-off to downstream effectors (e.g., they have 

undergone proper time-dependent trimming). Third, carbohydrate binding by Yos9p is 

required for its productive interaction with downstream ERAD components, but is not 

involved in substrate binding. In accordance with this intriguing possibility, we 

consistently find a marked increase in the amount of substrate coimmunoprecipitated 

with Yos9p when its sugar binding site is ablated. Regardless, identification of Yos9p as 

a critical lectin that is required for ERAD and that interacts with substrates provides a key 

tool for understanding the molecular basis of how the ER quality control machinery 

distinguishes right from wrong. 
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Experimental Procedures 

Plasmid Construction 

CPY* and the indicated derivatives of CPY* were expressed from the natural promoter 

based on a CEN/ARS plasmid (see Supplemental Data). 

 Untagged Yos9p and R200A, E223D, and Y229F YOS9 lectin mutants were 

expressed from the YOS9 endogenous promoter on a CEN/ARS plasmid. Flag-tagged 

YOS9 constructs were generated on a high-copy 2 µ plasmid (see Supplemental Data). 

 KHN-HA, KWS-HA, KWW-HA ((Vashist et al., 2001; Vashist and Ng, 2004), 

and non-glycosylated CPY* were a gift from Davis Ng. 

 

Strains 

Δprc1, Δyos9, and Δrpn4Δpdr5 were derived from W303-1A (MATa; leu2-3, -112 his3-

11, -15 trp1-1 ura3-1 ade2-1 can1-100). PRC1 and YOS9 were deleted by using chimeric 

polymerase chain reaction (PCR) (Longtine et al., 1998) with the TRP1 and HIS3 

auxotrophic markers. Δrpn4Δpdr5 was generated by sequentially deleting RPN4 and 

PDR5 with HIS3 and LEU2 auxotrophic markers. 

 Δyos9, Δder1, Δhrd1Δmns1, Δhtm1, Δalg6, Δalg9, and Δalg12 are derivatives of a 

BY4741: S288c background (MATa his3Δ1leu2Δ0 met15Δ0 ura3Δ0) or Y3656 (MATα 

can1Δ::MFA1pr-HIS3-MFα1pr-Leu2 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 lys2Δ0). Deletion 

strains in MATa were generated by the S. cerevisiae deletion consortium (Winzeler et al., 

1999) by using a kanamycin resistance cassette. Deletion strains in MATα were 

generated with a NAT antibiotic resistance cassette (pFA6-NAT-MX3) (Goldstein and 
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McCusker, 1999). Double deletions were generated by crossing opposite mating types, 

using standard yeast manipulation techniques (Guthrie and Fink, 1991). 

 For native immunoprecipitations (IPs), YOS9 was deleted with MET15 in the 

HTM1-TAP::HIS strain (Ghaemmaghami et al., 2003). This strain was then crossed to 

Δhrd1::NAT. The Δhrd1Δyos9 isolate obtained from this was used for native IPs with 

wild-type YOS9 and YOS9 lectin mutants. The Δhtm1Δhrd1Δyos9 triple mutant was 

obtained by crossing Δhrd1Δyos9 with Δhtm1::Kan. 

 

Cycloheximide Chase Degradation Assay 

Cycloheximide chase degradation assays were done as previously described (Gardner et 

al., 2000) with minor modifications (see Supplemental Data). 

 

Protease Protection Assays 

Protease protection experiments were done in a W303-1A Δrpn4Δpdr5 strain, but similar 

results were observed in the wild-type background. Microsomes from cells expressing 

CPY*-DHFR-HA were prepared as described in the Supplemental Data and incubated in 

the presence or absence of 10 µg/ml proteinase K and with or without 1% Triton X-100 

at room temperature (RT) for 10 min. The reaction was terminated by the addition of 

PMSF to a final concentration of 0.05 mM. Samples were analyzed by sodium dodecyl-

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting 

with 12CA5 mouse α-HA and goat α-mouse antibodies. 
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Crosslinking Experiments 

These experiments were done as described before (Gardner et al., 2000) with some 

modifications (see Supplemental Data). 

 

Native Immunoprecipitations 

For native IPs, 25 OD600 units of mid-log phase cells were spheroplasted by using the 

protocol described under Protease Protection Assays. The spheroplasts were washed in 

Lysis buffer containing 0.7 M sorbitol and were lysed in 1.25 ml cold lysis buffer 

containing 50 mM Hepes (pH 6.8), 150 mM KOAc, 2 mM Mg(OAc)2, 1 mM CaCl2, and 

protease inhibitors. The lysate was cleared at 21,000 × g for 10 min at 4°C. The pellet 

was resuspended in 1.25 ml LB containing 0.5% CHAPS. The samples were incubated on 

ice for 10 min and centrifuged at 21,000 × g for 10 min. BSA was added to 0.1% to the 

supernatant, and 1 ml of this was subjected to IP with protein A/G agarose prebound to α-

HA antibodies (combination of Roche 12CA5 and Santa Cruz HA probe Y11) at 4°C for 

2 hr with rotating. IPs were washed four times with 1 ml of LB containing 0.5% CHAPS 

and once with 1 ml of 0.1% DOC/SDS. Each wash lasted 2 min. Immune complexes 

were eluted by boiling the beads in SDS-PAGE sample buffer and were analyzed by 

SDS-PAGE electrophoresis and Western blotting. Protein bands were detected by using 

fluorescent antibodies and the LI-COR Odyssey detection system. 

 For EndoH treatment, 20 µl of 100 mM NaCitrate (pH 5.5) and protease inhibitors 

were added to duplicate IPs after the final wash. The duplicate IPs were pooled and split 

into two. They were incubated with or without 1 µl of EndoH (Roche; 1U [200 μl]) and 

incubated at 37°C for 30 min with occasional mixing. The supernatant was taken out and 
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the beads were washed with LB containing 0.5% CHAPS. Immune complexes were 

eluted as described above. 

 The relative efficiency of interaction of wild-type Yos9p (wt) versus R200A 

lectin mutant was determined with the following formula: 

 

CPY* and total amount of wild-type Yos9p or R200A lectin mutant varied by at most 

20%. IPFLAG is the amount of FLAG-tagged Yos9p or R200A lectin mutant 

immunoprecipitated. IPcpy* is the amount of CPY* pulled down. TotalFLAG is the amount 

of FLAG-tagged Yos9p or R200A present in the reaction prior to the addition of 

antibodies used for immunoprecipitation. 
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Supplemental Data  

Exploration of the Topological Requirements 

of ERAD Identifies Yos9p as a Lectin Sensor 

of Misfolded Glycoproteins in the ER Lumen 

Arunashree Bhamidipati, Vladimir Denic, Erin M. Quan, and Jonathan S. Weissman 

Figure S1. Western Blots Monitoring the Degradation of DHFR-CPY*-DHFR (Top) in 

which DHFR Was Fused to the N Terminus of CPY*-DHFR-HA and CPY*-DHFR-HA 

(Lower)

Figure S2. �hrd1�yos9 Cells Expressing CPY*-DHFR-HA and Yos9-FLAG or a Yos9-

FLAG Variant in which One of the Residues Implicated in Mannose Binding in CD-MPR 

has Been Mutated (E223D, Y229F). 

Transformed cells were subjected to native IP and samples were analyzed by SDS-PAGE 

and Western blotting as described for Figure 5A. 
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Figure S3. Microsomes Derived from �hrd1�yos9 Cells Expressing Yos9-FLAG with or 

without CPY*-HA Were Incubated in the Presence or Absence of Noncleavable 

Crosslinkers DSS (Disuccinimidyl Suberate) or DSG (Disuccinimidyl Gluterate) 

Followed by Denaturing IP as Described in Figure 5B 

Crosslinkers were used at 800 �g/ml for the negative controls and increasing 

concentrations were used (200 �g/ml–800 �g/ml) in the strains expressing CPY*-HA.  A 

crosslinker-specific high molecular weight species (indicated by arrow) can be detected 

by both �-HA and �-FLAG antibodies. In addition, a much larger aggregate that does not 

enter the main body of the gel becomes prominent as the crosslinker concentration is 

increased.  Molecular weight markers (kDa) are shown on the left.  

Figure S4. �hrd1�yos9 (HTM1) or �hrd1�yos9�html (�html) Cells Expressing Either 

Yos9-FLAG or the MRH Mutant of Yos9, R200A-FLAG, with or without CPY*-HA 

Were Subjected to Crosslinking with the Cleavable Crosslinker DSP Followed by 

Denaturing IP as Described in Figure 5B. 
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Supplemental Experimental Procedures 
 

Plasmid Construction 

To facilitate construction of CPY* fusion proteins for retrotranslocation experiments a 

modular system was generated on a low copy CEN/ARS plasmid. Full-length S. 

cerevisiae CPY cDNA encoding wild type CPY (PRC1) along with its endogenous 

promoter (500bp upstream of start codon) and terminator (300bp downstream of stop 

codon) was cloned into Kpn1 and EcoR1 sites of pRS316 (Sikorski and Hieter, 1989). 

Quikchange mutagenesis (Stratagene) was used to make an amino acid substituition 

G255R that transforms wild type CPY to the ERAD substrate CPY*.  PCR based 

mutagenesis techniques were used to introduce an Sph1 restriction site immediately 

upstream of the start codon. Eag1 and Xho1 sites were introduced immediately 

downstream of the CPY signal sequence and HindIII site was introduced immediately 

downstream of the stop codon. A triple HA epitope tag with a stop codon at the 3’ end 

was obtained by PCR and cloned into the HindIII site to generate a C-terminally tagged 

CPY*.  Sal1 and Nhe1 restriction sites were introduced just upstream of the HA tag via 

the forward primer.  

Constructs for directionality experiments were generated in the following manner: 

CPY*-HA was obtained by replacing the endogenous signal sequence flanked by Sph1 

and Eag1 in the modular system with the KAR2 (BIP) signal sequence (Craven et al., 

1996). We replaced the endogenous post-translational CPY signal sequence with the co-

translational KAR2 signal sequence as it allowed for a greater fraction of the fusion 

proteins to enter the ER. The PCR fragment encoding the KAR2 signal sequence was 

PCR amplified from yeast genomic DNA.  E.  coli DHFR was amplified by colony PCR 
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and cloned into Eag1-Xho1 sites of CPY*-HA to generate  DHFR-CPY*-HA or into 

Sal1-Nhe1 sites to generate CPY*-DHFR-HA or into the Eag1-Xho1 and Sal1-Nhe1 sites 

to generated DHFR-CPY*-DHFR-HA. The CPY*-DHFR(Pro)-HA proline mutant was 

obtained by changing A29,  W30  and F31 to prolines by fusion PCR. 

An untagged Yos9p expression construct (pRS315-Yos9) was generated by 

amplifying YOS9 along with its endogenous promoter (500bp upstream of start) and 

terminator (300bp downstream of stop) and cloning it into Xma1-Sac1 sites of the low 

copy CEN/ARS plasmid pRS315. Untagged R200A, E223D, Y229F YOS9 lectin mutants 

were generated by fusion PCR using pRS315-Yos9 as a template.  To construct the 

FLAG tagged YOS9 (pRS425-Yos9-FLAG), the gene was subcloned into Xma1-Sac1 

sites of the high copy 2µ plasmid pRS425. Subsequently, Eag1 and Xho1 sites were 

introduced upstream of the YOS9 HDEL sequence by fusion PCR. Oligos encoding a 

triple FLAG tag were synthesized and cloned into Eag1-Xho1 sites. FLAG tagged 

mutants R200A-FLAG, E223D-FLAG, Y229F-FLAG were generated by cutting out 

BglII–SpeI fragments from the pRS425 Yos9-FLAG construct and replacing them with 

the corresponding fragments from the pRS315 mutant constructs.  

 

Cycloheximide Chase Degradation Assay 

For Figures 1B, C and D Δprc1 strain was used and for Figure 4C Δyos9::HIS3 strain 

was used. Yeast transformed with the indicated constructs were grown to mid-log phase 

in selective media. Cycloheximide  (Sigma) was added to a final concentration of 

100µg/ml – 200µg/ml (time 0) to terminate protein synthesis.  Time points were taken by 

adding TCA to a final concentration of 10% to 0.6-0.8 OD6oo units of cells. TCA 
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precipitates were washed with 100% cold acetone twice, air dried for 20 min, and 

resuspended in 100µl of SDS boiling buffer. Cells were lysed by vortexing with glass 

beads at the maximum setting at 4oC. Lysates were cleared by centrifugation at 21,000g 

and boiled. 12µl of the samples were subjected to SDS-PAGE electrophoresis on 4-15% 

tris-glycine gels and analyzed by Western blotting with 12CA5 mouse α-HA antisera 

(1:1000, Roche) and goat α -mouse (1:3000, Bio-Rad) antibodies.  Nitrocellulose blots 

were incubated in Super Signal West Femto Maximum Sensitivity Chemiluminescent 

Substrate (Pierce) and protein bands were visualized using chemiluminescence and a 

CCD camera (FluorChem 8800) and quantitated.  

For Figures 1F and 2A, 1ml of cells were removed at each time point and the 

cycloheximide chase was terminated by flash-freezing cell pellets in liquid nitrogen. For 

Figure 4C  chase was terminated at indicated times by the addition of 250µl of cold 5x 

YEP and 25µl of 1:1 mix of 1M NaF and NaN3 . Cells were immediately pelleted at 40C 

and flash frozen in liquid nitrogen.  Pelleted cells were thawed and lysed by the addition 

of hot SDS-PAGE sample buffer followed by boiling for 5 min. Bands were visualized 

using fluorescent secondary antibodies (Molecular Probes) and the LI-COR Odyssey 

system.  

 

Protease Protection Assays 

Microsomes for protease protection assays were prepared in the following manner. Cells 

containing CPY*-DHFR-HA were grown to mid-log in SD-Ura medium. Cycloheximide 

was added to 200µg/ml to 30 OD600 units of mid-log cells and incubated at 30o for 90 min. 

NaN3 was added to 10mM and cells were harvested.  Cells were washed with water and 
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pretreated in 1ml of buffer containing 100mM Tris pH 9.4, 10mM DTT at room 

temperature (RT) for 5 min. Cells were pelleted and incubated in 1ml of spheroplasting 

buffer containing 10mM Tris pH7.5, 0.7M sorbitol, 100mM NaCl, 1mM DTT, 10mM 

NaN3 and 100µl lyticase at 300C for 30 min with occasional mixing. Spheroplasts were 

pelleted at 2500g for 3 min and subsequently washed gently in 1ml of buffer containing 

50mM NaP pH 7, 0.7M sorbitol. Spheroplasts were resuspended in 0.5mls of cold lysis 

buffer containing 25mM NaP pH7, 0.2M sorbitol, 10mM NaCl, 1mM EDTA, and 

protease inhibitors and lysed by douncing. Lysate was cleared by centrifugation at 1000g 

for 10 min at 40C twice.  The supernatant was used to obtain a P13 fraction for protease 

protection assays. 

 

Crosslinking Experiments 

Yeast cells transformed with desired constructs were used to make ER-derived 

microsomes as described previously (Brodsky et al., 1993) with a few modifications. 600 

OD600 units of mid-log phase cells grown in selective media were  harvested by 

centrifugation.  Cells were washed in water and pretreated in 16ml of buffer containing 

100mM Tris pH9.4, 10mM DTT at RT for 15 min.  Cells were pelleted and resuspended 

in 8ml of lyticase buffer (50mM Tris pH7.8, 1M sorbitol, 5mM βMe).  2.5ml of lyticase 

was added to the resuspended cells and the cells were incubated at RT until 70% 

spheroplasting efficiency was achieved.  Spheroplasting was checked by the drop in 

OD600 units.  Spheroplasts were pelleted for 4 min at 40C and resuspended in cold 15ml 

of lysis buffer (25mM Hepes pH6.8, 10mM NaCl, 200mM sorbitol, 1mM MgCl2, 1mM 

CaCl2 and protease inhibitors). Resuspended spheroplasts were incubated in ice for about 
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15 min and lysed by douncing on ice. Lysates were cleared at 160g for 8 min at 40C. 

Supernatants were subjected to two rounds of ultracentrifugation at 194,400g (27000rpm, 

Ti 70 rotor) for 24 min at 40C. The final microsome pellets were resuspended in buffer 88 

(20mM Hepes, 150mM KoAc, 250mM sorbitol and 5mM Mg(OAc)2.  150µl aliquots of 

the microsomes were flash frozen in liquid nitrogen and stored at –80.  

150µl of microsomes were used for each crosslinking reaction. Reactions were 

carried out with or without the reversible crosslinker, DSP 

(Dithiobis[succinimidlypropionate],  Pierce),  which was added to a final concentration of 

800µg/ml, and incubated at RT for 30 min. For some experiments non-reversible 

crosslinkers, DSS (Disuccinimidyl suberate, Pierce) and DSG (Disuccinimidyl gluterate, 

Pierce) were at concentrations ranging from 200µg/ml-800µg/ml. Tris pH7.5 was added 

to a final concentration of 40mM to quench the crosslinker.  Microsomes were 

centrifuged at 21,000g for 5 min at 40C and resuspended in 100µl urea boiling buffer 

(50mM Tris pH7.5, 1mM EDTA, 1% SDS, 2M Urea). Microsomes were disrupted by 

vortexing at maximum setting with glass beads at 40C. 900µl of Tween IP buffer (50 mM 

Tris pH7.5, 150mM NaCl, 0.5% Tween-20, 0.1mM EDTA) were added to each reaction 

and rabbit polyclonal α−CPY antisera made using full-length protein (1:100, Covance 

Research Products) was used for immunoprecipitating crosslinked species.  Protein A/G 

beads (Santa Cruz) were used to capture immune complexes.  The beads were boiled with 

SDS-PAGE sample buffer to release immune complexes which were then analyzed by 

SDS-PAGE electrophoresis and Western blotting.  Western blots were probed with 

mouse α-HA 12CA5 antibodies or mouse α-FLAG (M2 Monoclonal antibody, Sigma) 

antibodies. Protein bands were visualized by using chemiluminescence and a CCD 
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camera (FluorChem 8800) or by using fluorescent secondary antibodies and the LI-COR 

Odyssey detection system. 
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Summary 

 

How the ER-associated degradation (ERAD) machinery accurately identifies terminally 

misfolded proteins is poorly understood.  For luminal ERAD substrates, this recognition 

depends on their folding and glycosylation status as well as on the conserved ER lectin 

Yos9p.   Here we show that Yos9p is part of a stable complex that organizes key 

components of ERAD machinery on both sides of the ER membrane including the 

transmembrane ubiquitin ligase Hrd1p.  We further demonstrate that Yos9p, together 

with Kar2p and Hrd3p, forms a luminal surveillance complex that both recruits non-

native proteins to the core ERAD machinery and assists a distinct sugar-dependent step 

necessary to commit substrates for degradation.  When Hrd1p is uncoupled from the 

Yos9p surveillance complex, degradation can occur independently of the requirement for 

glycosylation. Thus, Yos9p/Kar2p/Hrd3p acts as a gatekeeper, ensuring correct 

identification of terminally misfolded proteins by recruiting misfolded forms to the 

ERAD machinery, contributing to the interrogation of substrate sugar status, and 

preventing glycosylation-independent degradation. 
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Introduction 

 

Proteins that traverse the secretory pathway fold in the endoplasmic reticulum (ER).  This 

process is assisted by ER-resident chaperones, addition of N-linked glycans, and 

formation of disulfide bonds (Helenius and Aebi, 2001). The high flux of proteins into 

the ER together with the complicated multi-domain nature of many secreted proteins 

inevitably results in some fraction of proteins becoming terminally misfolded 

(Casagrande et al., 2000; Friedlander et al., 2000; Jensen et al., 1995; Travers et al., 2000; 

Ward et al., 1995). To protect cells from the deleterious effects of such forms, the ER 

employs a series of mechanisms collectively referred to as ER-associated degradation 

(ERAD) to bring about their efficient disposal (Romisch, 2005). In most instances, 

substrates are first specifically identified and then targeted for ubiquitination in 

preparation for their destruction in the cytosol by the proteasome (Meusser et al., 2005; 

Nishikawa et al., 2005; Romisch, 2005; Sayeed and Ng, 2005; Tsai et al., 2002). 

Depending on the position of the misfolded lesion, the recognition step can occur either 

on the luminal side (ERAD-L), the cytosolic side (ERAD-C), or in the context of the ER 

membrane itself (ERAD-M) (Bonifacino et al., 1990; Taxis et al., 2003; Vashist and Ng, 

2004). For luminal targets, Kar2p (the major ER-localized Hsp70), has been shown to 

keep substrates in an ERAD-competent soluble state (Kabani et al., 2003; Nishikawa et 

al., 2001b) and additionally participates in a second less well-defined step of bringing 

them to the retrotranslocation machinery (Kabani et al., 2000), which then delivers 

substrates across the membrane to the cytosolically-located catalytic sites of the ubiquitin 

conjugation machinery. Following ubiquitination by membrane-associated ubiquitin 
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ligases (e.g., Hrd1p and Doa10p in yeast)(Bays et al., 2001; Deak and Wolf, 2001; 

Swanson et al., 2001), substrates are typically extracted from the membrane by the 

Ubx2p-recruited Cdc48p-Npl4p-Ufd1p AAA ATPase (Jarosch et al., 2002; Neuber et al., 

2005; Schuberth and Buchberger, 2005; Ye et al., 2001), which together with other 

ubiquitin-binding proteins escorts substrates to the proteasome (Richly et al., 2005). 

Our understanding of the more downstream events in ERAD is becoming 

increasingly sophisticated. By comparison, detailed information is lacking on how 

proteins are initially selected for degradation and subsequently delivered to the 

ubiquitination/extraction machinery. The significance of understanding how the ER scans 

through the abundance of folding intermediates for terminally misfolded proteins is well 

illustrated by a recent study showing that the most dangerous variants of an 

amyloidogenic protein are those whose mutations are not so destabilizing as to trigger 

detection by the ERAD system (Sekijima et al., 2005). The complexity of the recognition 

problem is further underscored by the risk of over-vigilance, which can lead to the 

degradation of imperfect but potentially functional proteins, as appears to be the case for 

the CFTR chloride channel (Drumm et al., 1991).  

Degradation of ERAD-L substrates depends not just on substrate misfolding but 

also on the presence of substrate sugars (Kostova and Wolf, 2005; Spear and Ng, 2005 ). 

The molecular basis of this dual requirement and how this information is communicated 

to the downstream ERAD machinery is unclear.  Htm1p, a putative ER lectin required for 

ERAD-L, may contribute to sugar recognition (Jakob et al., 2001; Nakatsukasa et al., 

2001). More recently, Yos9p has been identified as a conserved ER lectin with a critical 

role in the recognition of luminal misfolded glycoproteins (Bhamidipati et al., 2005; 
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Buschhorn et al., 2004; Kim et al., 2005; Szathmary et al., 2005). Furthermore, it was 

shown that Yos9p can associate with the prototypical ERAD-L substrate CPY* even 

when its sugar-binding site (critical for its ERAD function) is mutated and the substrate is 

deglycosylated (Bhamidipati et al., 2005). This suggests that Yos9p lies at the core of a 

poorly defined bipartite recognition machinery that specifically targets for 

retrotranslocation only those proteins that are simultaneously misfolded and have the 

correct sugars.  

Following recognition, ERAD-L substrates are delivered to the cytosol, where 

they undergo ubiquitination by Hrd1p (Bays et al., 2001; Deak and Wolf, 2001). This 

membrane-bound ubiquitin ligase is associated stoichiometrically with another key 

component of ERAD-L, Hrd3p, whose presence is required to prevent Hrd1p from 

undergoing self-destruction (Gardner et al., 2000; Plemper et al., 1999).  The highly 

conserved, large (~80 kDa) nature of the Hrd3p luminal region suggests that it may play 

an additional role in early ERAD-L events. Counteracting this view, however, is the 

finding that simply restoring Hrd1p levels by over-expression suppresses the substrate 

degradation defect associated with the loss of Hrd3p (Gardner et al., 2000; Plemper et al., 

1999). 

In the present study we investigate the molecular mechanism by which ERAD-L 

substrates are recognized and targeted for destruction.  Specifically, we demonstrate that 

Yos9p, Hrd3p, and Kar2p, form a luminal surveillance complex that recognizes 

misfolded substrates independent of their glycosylation status and brings them to the 

downstream ubiquitination/extraction machinery.  Degradation, however, requires a 

distinct commitment step that is dependent on substrate sugars and Yos9p’s sugar-
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binding site.  Finally, we show that in addition to its positive role in enhancing 

recruitment of bona fide ERAD-L substrates, the surveillance complex also helps 

eliminate basal, indiscriminate degradation which otherwise leads to cellular toxicity.  
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Results 

 

Yos9p forms a stable complex with the transmembrane and cytosolic ERAD 

machinery 

Previous studies have shown that Yos9p associates with the misfolded, luminal ERAD 

substrate, CPY* (Bhamidipati et al., 2005; Kim et al., 2005; Szathmary et al., 2005).  

This recognition event is likely to occur in the context of a multiprotein assembly as 

Yos9p is membrane-associated but does not itself contain a transmembrane domain 

(Friedmann et al., 2002; Kim et al., 2005).  Furthermore, crosslinking experiments 

suggested that substrate-associated Yos9p was part of a discrete high molecular weight 

complex (Bhamidipati et al., 2005). To gain insight into the composition of this complex, 

we used an affinity purification approach, taking advantage of a yeast strain expressing a 

functional 3xFLAG epitope-tagged version of Yos9p expressed from its endogenous 

locus (Supplementary Figure S1). Specifically bound proteins were isolated from 

detergent-solubilized microsomes and subjected to SDS-PAGE and Coomassie Blue 

staining, thus identifying several abundantly-associated polypeptides. Mass spectrometry 

(Supplementary Figure S2) indicated that the Yos9p-specific bands consisted of the 

following proteins: Cdc48p, Hrd3p, Kar2p, Yos9p/Ubx2p (co-migrating), Hrd1p, and 

Emp47p (Figure 1A). Additionally, this complex contained Usa1p, a new ERAD 

component identified and characterized in the accompanying paper (Carvalho et al., 

2006).  Strikingly, with the exception of Emp47p (the significance of whose association 

with Yos9p will be addressed elsewhere), all the Yos9p-associated proteins are known to 

be required for Yos9p-dependent ER-associated degradation and include luminal (Kar2p), 
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Figure 1.  Yos9p associates with the core ERAD machinery at the ER membrane
Microsomes were prepared from late mid-log phase cells expressing genomic copies of either untagged 
Yos9p (A) or Yos9-FLAG (A-C) in wild type, Δhrd1 or Δhrd3 strain backgrounds as shown. The 
microsomes were solubilized with Triton X-100 and affinity purified using anti-FLAG beads.  
Immunoprecipitates were eluted with 3xFLAG peptide and resolved by SDS-PAGE followed by Coomassie 
blue staining. The identity of bands in (A) was determined by mass spectrometry.  * denotes the position of 
missing bands.  Molecular weights are labeled according to a prestained protein ladder.
(D) As indicated, wild type or kar2-1 cells were transformed with empty vector or pRS425 expressing 
Yos9-FLAG. Prior to harvesting, cells were shifted to the nonpermissive kar2-1 temperature (37ºC) for 1 
hour. Subsequently, total cell lysates were solubilized with 1% Triton X-100, cleared, and 
immunoprecipitated with anti-FLAG resin. Bound proteins were eluted by boiling in SDS loading buffer 
and along with total cell lysates were resolved by SDS-PAGE followed by Western blot analysis with the 
indicated antibodies.  
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transmembrane (Hrd1p, Hrd3p, Ubx2p, Usa1p) and fully cytosolic (Cdc48p) ERAD 

components (Romisch, 2005).  Thus, Yos9p is part of a stable complex that organizes a 

series of key components of ERAD machinery on both sides of the ER membrane. 

We performed further experiments to address two specific issues regarding the 

integrity of the complex.  First, two membrane proteins critical for ERAD-L, Der1p and 

Htm1p, (Jakob et al., 2001; Knop et al., 1996a; Nakatsukasa et al., 2001) were not 

identified in our affinity purification.  To exclude the possibility that these were integral 

components of this membrane complex whose presence was obscured for technical 

reasons, we repeated the purification using strains deleted for der1 or htm1.  These 

deletions had no apparent effect on the molecular composition of the Yos9p complex 

(Figure 2A and 2B).  Second, we wished to explore the role of Yos9p’s sugar-binding 

pocket in complex assembly. This was motivated by our previous finding that point 

mutations specifically ablating this region strongly eliminated Yos9p’s ability to support 

ERAD-L but did not interfere with substrate interaction (Bhamidipati et al., 2005). We 

therefore repeated the purification with a sugar-binding mutant (R200A) but detected no 

changes in the composition of the complex with the apparent exception of a slight 

decrease in Coomassie staining of the Yos9p/Ubx2p region (Figure 2C). However, we 

demonstrated that the Yos9p/Ubx2p association was not affected by directly monitoring 

levels of coimmuniprecipitated Ubx2p using Western blotting (Figure 2D).  These data 

suggest that sugar recognition by Yos9p acts at a step downstream of substrate binding 

and complex assembly. 

 

Yos9p/Kar2p/Hrd3p form a luminal subcomplex 
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Figure 2. The integrity of the Yos9p-core ERAD machinery complex is not dependent on Der1p, 
Htm1p or Yos9p’s sugar binding pocket
Microsomes were made from wild type, Δder1, or Δhtm1 log phase cells expressing genomic Yos9-FLAG 
(A-B), or Yos9-FLAG and R200AYos9-FLAG from a plasmid (C) as indicated.  Microsomes were 
solubilized and Yos9p was immunoprecipitated as described in Figure 1A. Note: Usa1p comigrates with 
Hrd3p.  We did not explicitly test for the presence of Usa1p in the various deletion strains.
(D) Wild type or UBX2-TAP::HISMX6 cells were transformed with either an empty vector, 
pRS425-Yos9-FLAG or pRS425-R200AYos9-FLAG as indicated and subjected to immunoprecipitation as 
described in Figure 1D.  Anti-CBP was used to visualize the TAP fusion protein while anti-Sec61p served 
as a negative control.
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Since Yos9p is a strictly luminal protein, we wished to determine the contribution of 

other members in the complex to Yos9p’s ability to associate with Cdc48p on the 

cytosolic side.  The multi-pass transmembrane protein Hrd1p was a good candidate for 

allowing communication between the complex components on opposing sides of the 

membrane (Deak and Wolf, 2001; Gardner et al., 2000). Indeed, when we repeated the 

purification procedure using a hrd1 deletion strain, we observed a complete loss of 

Yos9p-associated Cdc48p (Figure 1B). In contrast, Hrd3p association remained 

unaffected. Together with IP-Western data confirming the presence of Hrd1p in the 

Yos9p immunoprecipitations (Supplementary Figure S3), this finding demonstrated that 

despite its faint appearance by Coomassie staining, Hrd1p is nonetheless absolutely 

required for Cdc48p’s ability to associate in a complex with Yos9p.  

The fact that Hrd3p has a large (~80 kD) luminal domain and exists in a 1:1 

complex with the Hrd1p ubiquitin ligase (Gardner et al., 2000) suggests that Hrd3p might 

be responsible for anchoring Yos9p to Hrd1p/Cdc48p. In accordance with this idea, we 

observed a total absence of Cdc48p when we purified Yos9p from a Δhrd3 strain (Figure 

1C). Given that Kar2p and Yos9p closely migrate by SDS-PAGE, we confirmed by 

Western blotting that the Kar2p/Yos9p interaction is independent of the presence of 

Hrd3p (Supplementary Figure S4) and Cdc48p (Figure 1C). Additionally, we 

demonstrated that the Kar2p-Yos9p interaction is still observed even when endogenous 

KAR2 has been replaced by the kar2-1 peptide-binding mutant (Figure 1D)(Kabani et al., 

2003).  This suggests that Kar2p’s association with Yos9p is not solely mediated through 

Kar2p’s ability to interact with unfolded proteins. 
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We further explored the Yos9p-Hrd3p interaction using truncations of Hrd3p.  

Hrd3p comprises a luminal region, consisting of domains A (residues 1-390) and B 

(residues 390-767), that is attached to a transmembrane anchor and a cytosolic tail 

(residues 767-833) (Gardner et al., 2000) Figure 3A). To investigate which of these 

regions was responsible for the observed interaction with Yos9p, we generated strains 

expressing from the endogenous locus, C-terminally tagged variants of Hrd3p and tested 

their ability to co-immunoprecipitate Yos9p. As shown in Figure 3B, both full-length and 

A-B (1-767) Hrd3p (but not the A domain alone) were able to pull down Yos9p 

indicating that the B domain is required for Yos9p binding while the transmembrane 

anchor and the cytosolic tail are dispensable.  We further find that strong over-expression 

of either Yos9p or Hrd3p alone results in only a minor enhancement in the amount of 

Hrd3p pulled down with Yos9p (Figure 3C). However, concomitant over-expression of 

both proteins resulted in a synergistic ~20 fold increase in Yos9p/Hrd3p complex 

formation (Figure 3C). Moreover, this interaction persisted even following 

deglycosylation of both proteins by EndoH (Supplementary Figure S5). Thus the 

observed Yos9p interaction with Hrd3p is sugar-independent and unlikely to be bridged 

by other dedicated ERAD components.  

Collectively, these findings lead us to propose the following model for the 

molecular organization of the complex (Figure 3D). Yos9p, Kar2p, and the luminal 

domain of Hrd3p form a complex, which is anchored to the transmembrane Hrd1p 

ubiquitin ligase (Gardner et al., 2000).   In turn, Hrd1p, in a manner that depends on its 

ligase activity, recruits Ubx2p-tethered Cdc48p (Gauss et al., 2006b; Neuber et al., 2005; 

Schuberth and Buchberger, 2005), a cytosolic protein shown to be required for the 
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Figure 3. Dissection of the Hrd3p/Yos9p interaction by domain mapping/over-expression and a model of how 
Yos9p interacts with other members of the ERAD machinery
(A) Schematic of Hrd3p. Domain boundaries are demarcated with their amino acid position in the Hrd3p sequence.  
Tm denotes the transmembrane domain.
(B) A 13MYC tag was inserted at the HRD3 locus following amino acids 390, 767 or 833 in a strain expressing Yos9 
genomic FLAG.  The cells were immunoprecipitated with anti-MYC as described in Figure 1D.  
(C) Strains expressing endogenous or over-expressed (symbolized with ↑ indicating TDH3 promoter driven expres-
sion) tagged versions of Yos9p and Hrd31-767p  were mated as shown, and subjected to immunoprecipitation as 
described in Figure 1D. The numbers in parentheses indicate the levels of each protein relative to the control strain 
expressing endogenous levels of both proteins.
(D) Proposed model of how Yos9p associates with other ERAD components in the ER membrane and cytosol.  Hrd1p 
anchors at least a portion of the Yos9p/Kar2p/Hrd3p surveillance complex to the ER membrane and interacts with 
Ubx2p which recruits Cdc48p to the membrane complex (the dependence of Cdc48p recruitment on Hrd1p’s ubiquitin 
ligase activity is not depicted in the figure).  Der1p and Htm1p may associate but are not important for the integrity of 
the complex.  Ubc7p and its membrane anchor Cue1p are necessary for the ubiquitination of substrates by Hrd1p.  
Usa1p not pictured.
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extraction of substrates from the ER membrane (Jarosch et al., 2002; Ye et al., 2001).  

The transmembrane proteins Der1p and Htm1p are central players in ERAD, but our 

results establish that they are not required for the integrity of the Yos9p complex 

described here. 

 

Yos9p and Hrd3p can recruit misfolded proteins independently of each other 

We next wanted to explore how ERAD-L substrates are recruited to the Hrd1p ubiquitin 

ligase complex. First we tested whether the Yos9p-substrate interaction is dependent on 

Hrd3p.  As previously reported, Yos9p co-immunoprecipitated with the prototypical 

ERAD-L substrate CPY*, and this interaction did not depend on substrate sugars, either 

alone or in combination with the R200A Yos9p lectin mutant (Figure 4A and 4B) but was 

specific for the misfolded form (Bhamidipati et al., 2005; Kim et al., 2005; Szathmary et 

al., 2005) Supplementary Figure S6).  Importantly, these interactions persisted even in 

strains lacking HRD3, suggesting that they were being mediated directly by Yos9p and/or 

Kar2p.  

To investigate the simple model that Hrd3p is acting as a passive scaffold for 

bridging the Yos9p/Kar2p/substrate complex with the downstream ERAD machinery, we 

asked whether Yos9p was required for the ability of substrate to be co-

immunoprecipitated with Hrd3p (Gardner et al., 2001; Gauss et al., 2006b).  We initially 

found that various N- or C- terminally tagged versions of full-length Hrd3p either gave 

very weak Western signals or were non-functional (data not shown). However, as 

demonstrated in the case of  HMG-CoA Reductase 2 degradation (Gardner et al., 2000), 

Hrd31-767-MYC efficiently supported CPY* degradation when tagged at the C-terminus 
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Figure 4. Yos9p interacts with CPY* and CPY*0000 in a HRD3-independent manner  
(A) Δyos9Δder1HRD3 or Δyos9Δder1Δhrd3 cells were transformed with pRS425-Yos9-FLAG, together 
with an empty vector, or one expressing CPY* or CPY*0000 as indicated.  Following spheroplasting and 
lysis by bead beating, crude membranes were solubilized with 1% Triton-X100 and subjected to immuno-
precipitation with anti-HA essentially as described in Figure 1D.
(B) Δyos9Δder1HRD3 or Δyos9Δder1Δhrd3 cells were transformed with pRS425-R200AYos9-FLAG 
together with an empty vector or a vector expressing CPY*0000, as indicated.  Spheroplasting and immu-
noprecipitation were performed as described in Figure 4A. 
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(Supplementary Figure S7) and robustly interacted with Yos9p (Figure 3B, 3C). As 

expected, based on its association with Yos9p, Hrd3p was able to interact with both 

CPY* as well as with an unglycosylated variant of CPY* (CPY*0000) which is not 

subject to ERAD-L (Figure 5A) (Kostova and Wolf, 2005; Spear and Ng, 2005). 

Surprisingly, we still observed co-immunoprecipitation of Hrd3p with CPY* and 

CPY*0000 in a strain deleted for YOS9 (Figure 5A). This interaction is likely to be direct 

because it was observed even in the absence of Der1p, Htm1p, and Hrd1p (which is 

responsible for anchoring the Hrd3p luminal domain) (Figure 5A, 5B). Furthermore, we 

observed that over-expression of Hrd3p leads to a proportional increase in the amount of 

Hrd3p-CPY* complex recovered by immunoprecipitation (Figure 5C).  Several lines of 

evidence argue for the validity and specificity of this interaction.  First, the observed 

association between Hrd3p and substrate is unlikely to be an artifact of inadequate 

membrane disruption as we solubilized lysates using a large excess of Triton X-100, a 

strong non-ionic detergent and we observed no interaction with the abundant ER 

membrane protein Sec61p (Figure 5A, 5B).  Second, this interaction is not due to the 

formation of a large substrate aggregate that non-specifically incorporates other proteins, 

because it remains in the supernatant even after clearing the solubilized lysates at 

100,000xg for 45min.  Finally, the interaction is highly specific for the misfolded form of 

carboxypeptidase Y, since we could vastly increase the amount of native CPY in the ER 

by deleting the gene for its ER export receptor, Erv29p (Belden and Barlowe, 2001), 

without observing a significant interaction with Hrd3p (Figure 5D). We therefore 

conclude that Yos9p/Kar2p and Hrd3p independently recognize misfolded ER luminal 

proteins. 
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Figure 5. Hrd3p interacts specifically with CPY* and CPY*0000 but not wild type CPY in a 
YOS9-independent manner
(A)Δder1YOS9HRD1, Δder1Δyos9HRD1, or Δder1Δyos9Δhrd1 cells expressing Hrd31-767-MYC were 
transformed with an empty vector or a vector expressing CPY* or CPY*0000, as indicated, and subjected 
to immunoprecipitation as in Figure 1D.  
(B) The indicated strains expressing Hrd31-767-MYC were transformed with an empty vector or a vector 
expressing CPY* or CPY*0000 as shown and subjected to immunoprecipitation as in Figure 1D.
(C) Strains expressing endogenous or over-expressing tagged versions of Hrd31-767-MYC were 
transformed with empty vector or a vector expressing CPY* and subjected to immunoprecipitation as in 
Figure 1D.  Upward arrow indicates TDH3 promoter driven expression.
(D) Δder1Δerv29YOS9 or Δder1Δerv29Δyos9 cells expressing Hrd31-767-MYC were transformed with an 
empty vector or a vector expressing CPY* or wild type CPY, as indicated, and subjected to 
immunoprecipitation as described in Figure 1D.
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Substrate engagement with the multi-protein Hrd1p ligase complex is sugar-

independent  

The observation that the Yos9p lectin mutant (R200A) interacted with both substrates 

(Figure 4) and downstream ERAD components (Figure 2D) suggests that recognition and 

commitment to degradation are mechanistically separable events. To test this idea further, 

we made use of a recently identified ERAD-L component (Carvalho et al., 2006) Usa1p. 

As expected based on Usa1p’s association with Yos9p and Hrd3p (Carvalho et al., 2006), 

we show that Usa1p can be co-immunoprecipitated with CPY* in a Hrd3p-dependent 

manner (Figure 6). Notably, despite the fact that CPY*0000 cannot be degraded by the 

ERAD-L system, it nonetheless is part of a multiprotein complex including Usa1p 

(Figure 6, Supplementary Figure S8). These data suggest that substrate recruitment to the 

ERAD core machinery can be mechanistically distinguished from a subsequent 

commitment to degradation.  It is this commitment step in the ERAD process which 

confers dependence on substrate glycosylation and Yos9p’s sugar-binding site. 

  

Hrd1p gating by Yos9p/Hrd3p prevents promiscuous degradation 

Our finding that Hrd3p plays a key role in bringing Yos9p to the ubiquitin degradation 

machinery and independently recognizing substrates seems at odds with previously 

published reports indicating that the strong substrate degradation defect in a Δhrd3 

mutant is bypassed by over-expression of Hrd1p (Gardner et al., 2000; Plemper et al., 

1999). To explore this apparent discrepancy, we first  recapitulated the phenomenon by 

placing Hrd1p under the control of a strong (TDH3) promoter (Gardner et al., 2000) and 
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Figure 6. Sugar-independent association of misfolded carboxypeptidase Y with Usa1p
Wild type or Δhrd3 cells expressing C-terminally tagged Usa1-MYC were transformed with an empty 
vector or a vector expressing CPY* or CPY*0000, as indicated, and subjected to immunoprecipitated as in 
Figure 1D.  
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confirmed that CPY* stabilization in a hrd3 delete is in fact partially alleviated by over-

expression of Hrd1p (Figure 7A). Next, we examined the contribution of Yos9p to 

substrate recognition in the context of Hrd1p over-expression and found that deleting 

YOS9 had no effect on Hrd1p’s ability to stimulate CPY* degradation (Figure 7A). This 

is in marked contrast to the strong CPY* stabilizing effect of deleting YOS9 in strains 

with regulated Hrd1p function (Bhamidipati et al., 2005; Buschhorn et al., 2004; Kim et 

al., 2005; Szathmary et al., 2005) Supplementary Figure S1).   In light of the above 

suggestion that the sugar-binding site of Yos9p acts at a commitment step that is 

downstream of substrate recruitment to the complex, we wanted to reinvestigate the 

requirement for glycosylation in this Hrd1p over-expression bypass regime.  We first 

confirmed that the removal of substrate sugars leads to a dramatic stabilization of CPY*, 

comparable to that observed when HRD3 or YOS9 are deleted. Strikingly, under 

conditions of Hrd1p over-expression in a hrd3 deletion mutant, we saw significant 

degradation of CPY*0000, such that its degradation was now similar to that of CPY* 

(Figure 7B). This promiscuous destruction of an otherwise stable protein could account 

for our observation that over-expression of Hrd1p causes S288C yeast strains to grow at a 

reduced rate (Figure 7C). In order to confirm that this effect was indeed due to 

deregulated ubiquitin ligase activity, we deleted CUE1, the ER membrane anchor for the 

Ubc7p E2 enzyme (Biederer et al., 1997), and observed suppression of both the 

promiscuous degradation (Figure 7D and Supplementary Figure S9) and the growth 

phenotype (Figure 7C). Taken together, these data suggest that uncensored Hrd1p activity 

caused by the disruption of the Hrd3p/Yos9p gating mechanism results in the destruction 
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Figure 7. Over-expression of Hrd1p in a Δhrd3 background results in increased degradation of CPY* 
and CPY*0000 in a YOS9-independent manner
(A) Degradation of CPY* in (♦) wild type (WT), (□) Δhrd3↑HRD1 (upward arrow indicates TDH3 
promoter driven expression), (Δ) Δhrd3Δyos9↑HRD1, and (●) Δhrd3 backgrounds was monitored by the 
cyloheximide chase degradation assay. Equal amounts of cells were removed at the indicated timepoints 
following addition of cycloheximide and subjected to SDS-PAGE followed by Western blotting with 
anti-HA and anti-hexokinase antibodies.  Each timepoint represents the average and standard deviation of 4 
measurements (2 independent experiments done in duplicate) normalized to a loading control.
(B) Degradation of CPY* in (♦) wild type (WT), (□) Δhrd3 ↑HRD1 (upward arrow indicates TDH3 
promoter driven expression) cells, or CPY*0000 in (●) wild type, (Δ) Δhrd3↑HRD1 was monitored as in 
Figure 7A.
(C) Δcue1 and Δhrd3↑HRD1 were crossed and sporulated.  Wild type (WT), Δhrd3, Δhrd3↑HRD1 (upward 
arrow indicates TDH3 promoter driven expression), and Δcue1Δhrd3↑HRD1 cells were grown on minimal 
media lacking tryptophan.
(D) Degradation of CPY* in (♦) wild type (WT), or CPY*0000 in (●) wild type, (□) Δhrd3 ↑HRD1 (upward 
arrow indicates TDH3 promoter driven expression) cells, or (Δ) Δcue1Δhrd3↑HRD1 was monitored as in 
Figure 7A.
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of proteins normally spared by the rules and restrictions of ERAD-L recognition, thus 

leading to impaired cellular viability. 
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Discussion 

 

The ER must specifically identify terminally misfolded proteins in an environment 

dominated by structurally similar on-pathway folding intermediates. Compounding the 

complexity of this substrate selection problem is the fact that surveillance has to be 

enforced on three topological fronts (luminal, membrane, and cytosolic). Accordingly, 

the ER-associated degradation system comprises multiple converging pathways (Romisch, 

2005; Sayeed and Ng, 2005).  At the top of this arborized organization is a multiplicity of 

recognition factors in charge of initiating substrates down increasingly narrow paths that 

culminate in their degradation by the cytosolic proteasome machinery. While there have 

been substantial advances in understanding how in mammalian cells viruses target for 

destruction specific folded endogenous proteins such as class I MHC heavy chains (Lilley 

and Ploegh, 2004; Lilley and Ploegh, 2005; Ye et al., 2005; Ye et al., 2004), it remains 

poorly understood how recognition of terminally misfolded proteins is accomplished and 

coupled to shared downstream ERAD components. 

In the present study we address this substrate selectivity issue for ERAD-L, a 

major conserved pathway responsible for the degradation of luminal misfolded 

glycoproteins (Vashist and Ng, 2004).  In order to focus on a single, coherent branch of 

the ERAD system, we started with a top-down approach centered on Yos9p, a luminal 

lectin thought to act early in the pathway. This led to the identification of a 

Yos9p/Kar2p/Hrd3p surveillance complex that brings ERAD-L substrates into contact 

with the downstream Hrd1p ubiquitin ligase and the accompanying Ubx2p-recruited 

Cdc48p. Remarkably, both Yos9p/Kar2p and Hrd3p can individually recognize the 

77



prototypical ERAD-L substrate CPY* in a manner that depends on the folding status but 

not the glycosylation state of the substrate. The above recruitment step tethers putative 

substrates to the ubiquitination/extraction machinery on the other side of the membrane 

by way of the Hrd3p/Hrd1p interaction. Substrate degradation requires a distinct 

commitment step which is dependent on both the substrate sugars and an intact Yos9p 

sugar-binding site.  The mechanism by which this commitment step allows substrates to 

proceed down the ERAD-L pathway remains unclear. One intriguing possibility is that 

Yos9p, possibly together with Htm1p, queries the sugar status of the substrate and, for 

glycoproteins judged to be legitimate ERAD substrates, allows for the participation of 

Der1p in the subsequent retrotranslocation step.  Interestingly, recent studies suggest 

physical interaction between glycosylated ERAD substrates and Der1p/Derlin (Gauss et 

al., 2006b; Oda et al., 2006) arguing for the possible existence of distinct substrate 

recognition events that are not mediated by the Yos9p/Hrd3p recruitment complex.  It 

remains to be established how this multiplicity of recognition events are coordinated to 

bring about the substrate commitment to degradation. 

Why has such a baroque mechanism evolved for selection of ERAD substrates?  

While the exact structural and kinetic features of misfolded proteins that lead to their 

recognition by the ERAD machinery are not well delineated, it now appears that 

recognition does not simply involve assessment of a protein’s thermodynamic stability 

(Sekijima et al., 2005). The cooperation of two interacting complexes (Hrd3p and 

Yos9p/Kar2p), each of which are individually capable of binding misfolded forms, could 

allow for a more sophisticated probing of the biophysical properties of non-native 

proteins. For example, dual binding would be expected to favor recognition of substrates 
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with extended or multiple non-native epitopes. On a more speculative note, the use of a 

two step process (i.e., recruitment and commitment) could allow for enhanced specificity 

by a kinetic proofreading mechanism especially if the two steps are separated by an 

irreversible process (Hopfield, 1974) such as, for example, sugar trimming (Hirao et al., 

2006b) or ATP hydrolysis by Kar2p. Additionally, there may be proofreading steps 

upstream and/or downstream of the Yos9p/Hrd3p recruitment process studied here. 

More concretely, we demonstrate that the Yos9p/Kar2p/Hrd3p surveillance 

complex promotes specificity by acting as a gatekeeper of the Hrd1p ubiquitin ligase, 

ensuring that only legitimate substrates are degraded.  It acts to enhance the delivery and 

degradation of bona fide ERAD-L substrates, while on the other hand repressing 

indiscriminate degradation of ER proteins. The significance of suppressing the basal 

degradation activity is illustrated by the slow growth phenotype that results when 

upstream recognition is bypassed in a hrd3 deletion mutant over-expressing Hrd1p.  Such 

deleterious effects are elegantly avoided in wild type cells by the fact that Hrd1p has a 

built in auto-destruction mechanism when it is not complexed with Hrd3p (Gardner et al., 

2000; Plemper et al., 1999).  This reduced specificity for retrotranslocation caused by 

Hrd1p over-expression is reminiscent of bacterial translocon mutants that are able to 

promiscuously export polypeptides in a signal sequence-independent manner (Flower et 

al., 1994). 

More practically, manipulating the specificity of the ERAD system could yield an 

attractive therapeutic strategy (e.g. for supporting degradation of a mutant allele).  

However, such efforts are hampered by the broad protective role of the ERAD systems 

and the fact that many ERAD components are shared with other biological processes 
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(Adams, 2002). Because the ERAD-L surveillance complex is dedicated to channeling 

only a subset of ERAD substrates for degradation, a better understanding of this targeting 

step may aid in the development of future pharmacological approaches with enhanced 

selectivity for specific disease processes. 

80



Experimental Procedures 

 

Plasmid and Strain Construction 

See Supplemental Experimental Procedures. 

 

Antibodies  

Sec61p and Kar2p antisera were a gift from Randy Schekman (University of California, 

Berkeley) and Peter Walter (University of California, San Francisco).  HA epitope was 

detected using 12CA5 monoclonal antibody (Roche). In Figure 4B, HA epitope was 

detected using polyclonal Y11 HA-probe (Santa Cruz Biotechnology).  Anti-CBP TEV-N 

Peptide, anti-FLAG M2 monoclonal antibody, anti-hexokinase and anti-CPY mouse 

monoclonal 10A5 were purchased from Bethyl Laboratories Inc, Sigma, US Biologicals, 

and Molecular Probes, Inc, respectively.  MYC tag was detected by 9E10 monoclonal 

antibody(Roche).   Secondary Antibodies labeled with IR800 dye and Alexa Fluor 680 

were purchased from Rockland Immunochemicals and Molecular Probes, Inc, 

respectively. 

 

Native Immunoprecipitations (large scale)  

ER derived microsomes were prepared from late mid-log phase yeast cells (~2800 OD600 

units) grown in YPD (The strains in Figure 2C were grown in selective media) and 

harvested by centrifugation.  The cells were washed with water, resuspended in 50ml of 

100mM Tris-HCL [9.4] buffer containing 10mm DTT and incubated for 5 minutes at 

room temperature. The cells were pelleted and resuspended in 20ml lyticase buffer 
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(50mM Tris-HCL [7.8], 1M sorbitol, 5mM βMe, 100mM NaCl).  3ml of lyticase made 

using a plasmid that was a gift from Randy Schekman (University of California, 

Berkeley) was added and the cells were incubated at 30 degrees until at least 80% 

spheroplasting efficiency was achieved. The spheroplasts were pelleted at 3000g for 4 

minutes at 4°C and washed with lyticase buffer before being resuspended in 25ml of cold 

lysis buffer (25mM HEPES-KOH[6.8], 10mM NaCl, 200mM sorbitol, 1mM MgCl2, 

1mM CaCl2, protease inhibitors).  The cells were then incubated for 15 minutes on ice 

and lysed by douncing.  The lysates were cleared twice at 1000g for 8 minutes and the 

resulting supernatant was subjected to a high speed spin at 50,000g.  The microsome 

pellet was washed once before being solubilized in 5ml HEPES IP buffer (50mM 

HEPES-KOH [6.8], 150mM KOAc, 2mM MgOAc, 1mM CaCl2, protease inhibitors) plus 

1% Triton X-100 for 1hr at 4°C.  The solubilized microsomes were spun for 22 minutes 

at 50,000g.  120-150μl pre-equilibrated anti-FLAG resin (Sigma) was added to the 

supernatant and incubated at 4°C for 3hr.  The immunoprecipates were washed with 

4x5ml of IP buffer plus 1% Triton X-100.  The bound protein was eluted with 60-75ul of 

3X FLAG peptide (Sigma) resuspended in IP buffer plus 1% Triton X-100 to a final 

concentration of 1mg/ml and mixing on ice for 30 minutes.  SDS loading buffer was 

added to half of the eluate and run on 4-12% SDS PAGE gels followed by staining 

overnight with Colloidal Blue stain (Invitrogen), referred to as Coomassie blue in the 

text.   

 For Figure 1A, protein bands were excised from the gel and analyzed by Arnie 

Falick, David King and Sharleen Zhou at the Howard Hughes Medical Institute Mass 

Spectrometry Laboratory, University of California, Berkeley. Gel slices were trypsinized 

82



(Promega) and mass spectra were acquired on a Bruker Reflex III MALDI-TOF mass 

spectrometer.  Proteins were identified by searching NCBInr database using MS-Fit 

program on Protein Prospector (UCSF, http://prospector.ucsf.edu) (Jimenez et al., 1998). 

 

Native Immunoprecipitations (small scale) 

Yeast Cells (40-80 OD600 units depending on experiment) were grown to late mid-log 

phase in selective media. After being washed in water, cells were lysed by bead beating 

in 0.5ml HEPES IP buffer containing 0.1% Triton X-100. The detergent concentration 

was then raised to 1% in a final volume of 1ml. The crude lysate was solubilized for 30 

minutes at 4°C and then spun at 100,000g for 45 minutes (except for Figure 3B which 

was done at 21,000g for 10 minutes). The cleared supernatant was added to 25μL of 

equilibrated affinity resin and incubated at 4°C for 1-3 hours. The immunoprecipitates 

were washed 4x1ml with HEPES IP buffer plus 1% Triton X-100. Bound material was 

eluted by boiling in SDS loading buffer and subjected to SDS-PAGE followed by 

western blotting and detection using the LI-COR Odyssey system. 

 An alternative lysis protocol was used for Figures 4A, 4B, and S6. Here the cells 

were first spheroplasted (Bhamidipati et al, 2005) before being lysed by bead beating in 

HEPES IP buffer containing 0.2M sorbitol (without detergent). The lysate was spun at 

21,000g for 10 minutes and the resulting crude membrane fraction solubilized in 1ml of 

HEPES IP buffer plus 1% Triton X-100 for 30 minutes at 4°C. The resulting solubilized 

membranes were cleared and processed exactly as indicated above. 

 EndoH treatment was performed as described (Bhamidipati et al., 2005). 
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Cycloheximide Chase Degradation Assay 

Cycloheximide chase degradation assays were performed as previously described 

(Bhamidipati et al, 2005).  In brief, log phase cells were treated with 200ug/ml 

cycloheximide to terminate protein synthesis.  Timepoints were aliquoted into cold YEP 

(to facilitate subsequent pelleting) and 10mM NaF/NaN3 followed by pelleting and flash 

freezing in liquid nitrogen.  The cells were then lysed with boiling SDS loading buffer, 

subjected to SDS PAGE and immunoblotted as described above.  Bands were visualized 

using the LI-COR Odyssey system (which allows for two color detection) and 

subsequently quantitated with LI-COR Odyssey software.  Following normalization to 

the hexokinase loading control, the values were plotted as averages ± standard deviation 

of 4 measurements (2 independent experiments done in duplicate) with timepoint 0 set to 

100%. 
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Figure S1. Yos9-FLAG genomic is functional for ERAD-L

Western blots and quantification of CPY* degradation in isogenic (  ) wild-type, (  ) Yos9-FLAG, (  ) 

∆yos9::MET15 (Bhamidipati et al., 2005) backgrounds at the specified timepoints after addition of 

cycloheximide.
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Protein Identified # of Peptides 
Identified 

% Coverage 

Cdc48 35 51 
Hrd3 25 31 
Usa1 19 29 
Kar2 11 

6 
23 
10 

Yos9 9 
7 
17 

21 
16 
30 

Ubx2 5 8 
Hrd1 12 21 

Emp47 7 17 
 

Figure S2. Mass Spectrometry Statistics

Yos9-FLAG associated proteins were separated by SDS-PAGE, excised, trypsinized and mass spectra were 

acquired on a Bruker Reflex III MALDI-TOF mass spectrometer.  Proteins were identified by searching 

NCBInr database using the MS-Fit program on Protein Prospector (Jimenez et. al., 1998).   The multiple 

statistics for Kar2p and Yos9p arise from their presence in multiple, contiguous gel slices.
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+ +
- +

Figure S3. Yos9p associates with Hrd1p

HRD1-TAP::HIS3MX6 cells were transformed with either empty vector, or pRS425-Yos9-FLAG and 

immunoprecipitated with anti-FLAG as described in Figure 1D.
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IP: αFLAG
W: αFLAG

IP: αFLAG
W: αKar2

Yos9-FLAG + + 

HRD3 ∆hrd3

Figure S4. Yos9p/Kar2p association is independent of Hrd3p

Yos9-FLAG cells were immunoprecipitated as in 1A except that the SDS-PAGE gel was followed by 

Western blot analysis with the indicated antibodies.
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Figure S5. Deglycosylated Yos9p interacts with deglycosylated Hrd3p

A strain overexpressing Yos9p-FLAG and Hrd31-767-MYC was subjected to immunoprecipitation with 

anti-FLAG resin as described in Figure 1D. Following IP washes, immune-complexes were split in two. 

One was denatured by boiling in SDS loading buffer before being subjected to deglycosylation by EndoH 

while the other was subjected to native deglycosylation on the resin. Following treatment, the resin was 

spun out and the supernatant removed. The resin was then washed before the immunocomplexes were 

eluted by boiling in SDS loading buffer. The native deglycoslyation samples contain ~4x as many IP 

equivalents as the denatured samples.
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CPY*-HA
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Figure S6. Yos9p and R200A Yos9p interact with CPY* but not CPY wild type

∆der1∆erv29∆yos9 cells were transformed with pRS425-Yos9-FLAG or pRS425-R200AYos9-FLAG, 

together with an empty vector or a vector expressing either CPY* or CPY wildtype, as indicated. 

Spheroplasting and immunoprecipitation with anti-HA were performed as in Figure 4.
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Figure S7.  Hrd31-767-MYC is functional for CPY* degradation

Western blots from a cyloheximide chase degradation assay showing the degradation of CPY* in isogenic 

wild type, Hrd31-767-MYC and ∆hrd3 strains.
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Figure S8. Usa1p is in a multiprotein complex containing misfolded carboxypeptidase Y prior to cell 

lysis

Wild type or Usa1-MYC expressing strains were transformed with empty vector, CPY*, or CPY*0000. 

Prior to lysis the indicated combinations of two populations (I and II) were mixed together. This was 

followed by bead beating and immunoprecipitation with anti-FLAG as described in Figure 1D.
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Figure S9: Degradation of CPY* when Hrd1p is overexpressed in a ∆hrd3 background is 

suppressed by ∆cue1

Degradation of CPY* in (  ) wild type (WT), (  ) ∆hrd3    HRD1 CPY*, (  ) ∆hrd3∆cue1  HRD1 , ( ) 

∆hrd3 CPY* cells was monitored as in Figure 7A. Each timepoint represents the average and standard 

deviation of four measurements (two independent experimetns done in duplicate) normalized to a loading 

control.
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Supplemental Experimental Procedures 

 

Plasmid Construction 

Plasmids pRS425-YOS9-FLAG3, and pRS425-R200AYOS9-FLAG3 were constructed 

as previously described (Bhamidipati et al., 2005) 

The CEN/ARS plasmids expressing CPY* from its native promoter and its 

variants were generated in the following manner:  pRS316-BIPss-CPY*-HA3 was 

constructed as described (Bhamidipati et al., 2005).  pRS316-CPYwt-HA3 was generated 

by PCR amplification of the PRC1 gene plus its endogenous promoter (~500 base pairs 

upstream of the start codon) and terminator (~300 base pairs downstream of the stop 

codon).  The PCR fragment was subcloned into the KpnI and EcoRI sites of pRS316 

(Sikorski and Hieter, 1989).  The HA3 tag was introduced as described previously 

(Bhamidipati et al., 2005). pRS316-CPY*abcd-HA (pES150, (Spear and Ng, 2005) was a 

gift from Davis Ng (National University of Singapore).  The region of pES150 containing 

the glycosylation site mutations was subcloned into pRS316-BIPss-CPY*-HA3 using 

SexAI and AflII to yield pRS316-BIPss-CPY*0000-HA3.  

The 3xFLAG tag variants of CPY* were assembled as follows:  p416-BIPss-

CPY*-FLAG3 was made by first introducing annealed oligos bearing 3xFLAG sequence 

with a stop codon into the XmaI/ClaI sites of p416 MET25 (Mumberg et al., 1994).  Next, 

CPY* was amplified from pRS-BIPss-316CPY*-HA3 with approximately 500 basepairs 

of its promoter and subcloned into the SacI/XmaI sites of p416-MET25-FLAG3 (in the 

process eliminating the MET25 promoter) resulting in an in-frame C-terminal fusion with 

the 3xFLAG tag.  p416-CPY*0000-FLAG3 was constructed by subcloning the SacI/MscI 
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fragment from pES150 into p416-BIPss-CPY*-FLAG3.  p416-CPYwt-FLAG3 was 

generated by PCR amplification of the PRC1 gene and its promoter from pRS316-

CPYwt-HA3 and subcloning it into the SacI/XmaI sites in p416-BIPss-CPY*-FLAG3.   

 

Strains 

The YOS9-FLAG3 genomic strain was generated by first replacing the endogenous copy 

of YOS9 in BY4741 (S288C, MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0), with the 

Kluyveromyces lactis prototrophic marker URA3, using standard PCR-based gene 

replacement methods (Delneri et al., 1999). The resulting strain, Δyos9::URA3, was then 

transformed with the XmaI/SacI fragment from pRS425-YOS9-FLAG3 (Bhamidipati et 

al., 2005).  Following recovery, transformants were selected on 5FOA. To facilitate 

detection of the Yos9-FLAG locus in subsequent crosses, we transformed in a kanamycin 

resistance cassette ~500 basepairs downstream of the YOS9 stop codon using standard 

methods (Longtine et al., 1998) 

The parent strains of Δcue1, Δyos9, Δder1, Δhrd3, and Δhrd1 are BY4741 or 

Y3656 (Mat α can1Δ::MFA1pr-His3-MFalpha1pr-Leu2 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0  

lys2Δ0).  Deletions made in the BY4741 background using the kanamycin resistance 

cassette were generated by the Saccharomyces cerevisae deletion consortium (Winzeler 

et al., 1999). Deletions in the Y3656 background were generated using the pFA6-NAT-

MX3 cassette using standard methods (Goldstein and McCusker, 1999; Schuldiner et al., 

2005).  Δerv29 strains were made by replacing the endogenous copy of ERV29 with the 

Candida glabrata HIS3 prototrophic marker using standard methods in the specified 
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genetic backgrounds (Sakumoto et al., 1999). They were checked by Western blotting 

using anti-CPY for increased levels of the ER form of CPY.   

Figure 1D KAR2 and kar2-1 strains were made in the W303 (MAT a leu2-3,112 

trp1-1 ura3-1 can1-100 ade2-1 his3-11,15) background.  Kar2p was deleted with the 

Candida glabrata HIS3 prototrophic marker while the strain was covered by a KAR2 

plasmid.  The KAR2 plasmid was chased out and replaced by pMR713 KAR2 or pMR713 

kar2-51 (CEN4, LEU2) (Kabani et al., 2003) which were a gift from Jeff Brodsky 

(University of Pittsburgh). 

UBX2-TAP::HIS3 was generated as described (Ghaemmaghami et al., 2003).  The 

HRD3-MYC13 strains were made by tagging the genomic HRD3 with the 13MYC 

cassette from pFA6a-13MYC-HIS3MX6 in the indicated genetic backgrounds after 

amino acid positions 390, 767 or the stop codon (Longtine et al., 1998).  USA1-

MYC13::HIS3 was analogously made by inserting the 13MYC before the stop codon of 

the genomic USA1 

The plasmid overexpressing HRD1 from the TDH3 promoter (pRH808, (Bays et 

al., 2001) was a gift from Randy Hampton (University of California, San Diego).  

pRH808 was cut with HincII and recombined into the HRD1 genomic locus of BY4741, 

Δhrd3::kan and Δhrd3::kanΔyos9::nat strains. TRP1 was first deleted in BY4741 with 

the Candida glabrata HIS3 prototrophic marker using standard methods (Sakumoto et al., 

1999) in order to allow for selection of recombinants on SD-TRP selective media.  

The over-expressing Yos9-FLAG and Hrd31-767-MYC strains were made by using 

PCR-based gene insertion methods to knock in the TDH3 promoter (687 base pairs from -

691 to -4) with a pFA6a-NATMX6/KANMX6-based vector (Longtine et al., 1998) into 
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Yos9-FLAG and Hrd31-767-MYC strains.  The strains were subsequently were mated as 

indicated.  

Strains with multiple deletions or genomically integrated proteins tags were made 

by crossing opposite mating types using standard yeast techniques except where noted 

(Guthrie and Fink, 1991). All strains altered by genomic deletions or protein tags were 

checked by colony PCR.  The primer sequences used for gene deletions/taggings are 

available upon request. 
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Summary 
 

The endoplasmic reticulum (ER) must target potentially toxic misfolded proteins for 

retrotranslocation and proteasomal degradation while avoiding the destruction of 

productive folding intermediates.  For luminal proteins, this discrimination typically 

depends not only on the folding status of a polypeptide, but also on its glycosylation state.  

Two putative sugar binding proteins, Htm1p and Yos9p, are required for degradation of 

misfolded glycoproteins, but the nature of the glycan degradation signal and how such 

signals are generated and decoded remains unclear.  Here we characterize Yos9p’s 

oligosaccharide-binding specificity and find that it recognizes glycans containing 

terminal α1,6-linked mannose residues.  We also provide evidence in vivo that a terminal 

α1,6-linked mannose-containing oligossacharide is required for degradation and that 

Htm1p acts upstream of Yos9p to mediate the generation of such sugars.  This strategy of 

marking potential substrates by Htm1p and decoding the signal by Yos9p is well suited to 

provide a proofreading mechanism that enhances substrate specificity.   
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Introduction 

 

The endoplasmic reticulum (ER) contains sophisticated quality control systems that 

monitor protein folding to ensure that only properly folded and oligomerized forms are 

transported forward through the secretory pathway (Anelli and Sitia, 2008; Fewell, 2001).  

Despite the highly specialized folding environment of the ER, inevitably some fraction of 

newly made polypeptides misfolds (Casagrande et al., 2000; Friedlander et al., 2000; 

Helenius and Aebi, 2001; Jensen et al., 1995; Travers et al., 2000; Ward et al., 1995). 

Such terminally misfolded forms are cleared from the ER through ER-Associated 

Degradation (ERAD) pathways in which they are first recognized and then 

retrotranslocated into the cytosol for destruction by the ubiquitin-proteasome degradation 

system (Nakatsukasa and Brodsky, 2008; Romisch, 2005).  

 The cell must maintain a balance between overly promiscuous destruction of 

inherently slow-folding proteins or potentially functional mutants, while at the same time 

preventing the escape of toxic forms from the ER (Drumm et al., 1991; Sekijima et al., 

2005).  In order to achieve this balance, the ERAD machinery must accurately distinguish 

terminally misfolded proteins from abundant folding intermediates (Hebert and Molinari, 

2007; Helenius and Aebi, 2001).  The ERAD-L pathway, which degrades proteins that 

contain misfolded domains within the ER lumen (Huyer et al., 2004; Vashist and Ng, 

2004), uses a bipartite recognition mechanism that interrogates both the glycosylation and 

the folding state of potential substrates (Denic et al., 2006; Gauss et al., 2006a; Knop et 

al., 1996b; Spear and Ng, 2005).  This process is carried out by a large multi-protein 

complex that includes the E3 ubiquitin ligase Hrd1p (Bays et al., 2001; Deak and Wolf, 
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2001) and several transmembrane and cytosolic factors involved in extraction and 

ubiquitination of substrates (Carvalho et al., 2006; Denic et al., 2006; Gauss et al., 2006b). 

The luminal side of the complex contains a putative lectin, Yos9p, (Bhamidipati et al., 

2005; Buschhorn et al., 2004; Kim et al., 2005; Szathmary et al., 2005) as well as Hrd3p 

(Gardner et al., 2000; Plemper et al., 1999), which recruits substrates based on the 

presence of misfolded domains.  It has been recently shown that the disruption of the 

Yos9p sugar-binding domain or elimination of the sugar modification sites from the 

model ERAD-L substrate CPY* (CPY*0000) results in substrate stabilization (Finger et 

al., 1993; Knop et al., 1996b; Kostova and Wolf, 2005; Spear and Ng, 2005), however, 

CPY*0000 still efficiently interacts with Hrd3p in a manner that is dependent on folding 

status but not the glycosylation state of the substrate (Denic et al., 2006; Gauss et al., 

2006a).  These results suggest that recognition occurs as a multi-step process including 

the recruitment of misfolded proteins to the complex and a distinct commitment step 

where the presence of the glycans conveys information that is critical for substrate 

retrotranslocation and degradation (Denic et al., 2006; Gauss et al., 2006a).  

 Although it is clear that the identification of misfolded forms critically depends on 

the glycosylation status of the misfolded protein, the nature of the glycan species that 

triggers destruction and how it contributes to specificity remains unclear.  Previously, it 

has been shown that that the processing of the pre-assembled Glc3Man9GlcNAc2 

oligosaccharide that is initially transferred to proteins at N-X-S/T sites is involved in 

ERAD recognition. This initial glycan is trimmed through the sequential action of two 

glucosidases and a mannosidase (Mns1p) to yield a Man8GlcNAc2 species (Hebert et al., 

2005; Helenius and Aebi, 2004).  These trimming steps are required for ERAD-L, and it 
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has been suggested that the period of time it takes to reach a certain glycan structure 

provides proteins a period of time to fold without risk of being degraded (Helenius, 1994; 

Hitt and Wolf, 2004b; Jakob et al., 1998a; Knop et al., 1996b; Wu et al., 2003).  However, 

recent studies in yeast suggest that the above trimming steps occur rapidly on the scale of 

synthesis and degradation and thus are not well suited to increase specificity (Szathmary 

et al., 2005).  Here we reveal that Yos9p recognizes trimmed glycans that expose a 

terminal α1,6-linked mannose and provide evidence that suggests that Htm1p, a 

mannosidase-like protein whose critical role in ERAD has been largely uncharacterized 

(Jakob et al., 2001; Nakatsukasa et al., 2001), is required to generate such sugars. Our 

results suggest a model where Htm1p “marks” misfolded glycoproteins by revealing a 

terminal α1,6-linked mannose that is recognized by Yos9p as the signal for degradation.  

This dual checking mechanism could provide increased specificity during ERAD. 

 

104



Results  

 

Yos9p structure and function does not depend on its N-linked glycans 

A hallmark of Yos9p and its mammalian homologues is the presence of a mannose 6-

phosphate receptor homology (MRH) domain (Munro, 2001). Mutations in this domain 

(e.g. R200A) that ablate the putative sugar-binding pocket disrupt Yos9p’s ability to 

support ERAD of glycoproteins suggesting that Yos9p acts as a lectin during substrate 

recognition (Bhamidipati et al., 2005; Szathmary et al., 2005). In order to explore 

Yos9p’s role as a lectin, we sought to produce biochemical amounts of Yos9p and 

directly evaluate its sugar-binding specificity.  

Recombinant production of suitable quantities of Yos9p posed a technical 

challenge as Yos9 is glycosylated and contains many disulfide bonds.  First, we mutated 

all the N-linked glycosylation consensus sites on Yos9p and found that glycosylation of 

Yos9p is not required for function, as the mutant protein fully supported ERAD of CPY* 

in vivo (Figure 1A). Attempts to produce native protein in E. coli yielded soluble 

disulfide cross-linked aggregates (Figure S1). We therefore developed an alternate 

expression strategy in which Yos9p was isolated under denaturing conditions from E.coli 

inclusion bodies, refolded under optimized conditions, and purified to apparent 

homogeneity (Figure 1B, S2).  The refolded material appeared well-ordered by circular 

dichroism spectroscopy (Figure 1D), contained minimal intermolecular disulfide 

crosslinks (Figure 1B) and migrated as a single peak by gel filtration that is consistent 

with it being a trimer (Figure 1C).  Using the same protocol, we also produced the R200A 

Yos9p MRH mutant.  The R200A mutation did not disturb the folding or structure of 
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Figure 1. Purification of biochemical amounts of Yos9p from E.coli. 
(A) Degradation of CPY* in ()wild-type (WT), and () a yos9∆ strain harboring an empty vector, and 
yos9∆ strain covered with a plasmid expressing YOS9-flag  () or a Yos9p variant that is missing 
glycosylation sites () was monitored by cycloheximide chase.  Equal amounts of log phase cells were 
removed at the indicated times following addition of cycloheximide.  Samples were resolved by SDS-
PAGE and detected by Western analysis using anti-HA and anti-hexokinase antibodies.  Each time point 
represents the average and +/- standard error of the mean (SEM) of 4 measurements (two independent 
experiments done in duplicate) and normalized to the hexokinase loading control.  
(B) Refolded recombinantly expressed Yos9p (1) and Yos9p R200A (2) was purified and analyzed by 
SDS-PAGE with sample buffer containing either DTT or N-ethylmaleimide (-DTT) and stained with 
Coomassie.   
(C) Gel Filtration analysis of Yos9p (—), Yos9p R200A (- - -) and molecular size standards (gray). 
(D) Circular Dichroism spectra were acquired of Yos9p (top) and Yos9p R200A (bottom) as described in 
the experimental procedures. 
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Yos9p which is consistent with the proposal that this mutation interferes with ERAD 

function specifically by preventing sugar-binding rather than causing global unfolding 

(Figure 1D) (Bhamidipati et al., 2005; Szathmary et al., 2005). 

 

Yos9p recognizes a terminal α1,6-linked mannose  

We next determined the sugar-binding specificity of our recombinant Yos9p using frontal 

affinity chromatography (FAC), which provides a quantitative way to evaluate lectin-

oligosaccharide interactions in solution.  In this approach, protein is immobilized on a 

matrix and oligosaccharides, which are fluorescently labeled by pyridylamination (PA), 

are applied to the column of immobilized protein.  The degree of retardation of the sugar, 

relative to a control sugar that is not recognized by the immobilized protein, provides a 

quantitative equilibrium measure of the binding affinity, with longer delays 

corresponding to tighter binding constants (See Figure 2 and Experimental Procedures) 

(Hirabayashi et al., 2003). 

 The FAC analysis revealed that Yos9p has a specificity for oligosaccharides 

containing a terminal α1,6-linked mannose which is not present in the initial N-linked 

glycan (see Figure 2A, 2B for schematics of high mannose sugars).  Importantly, Yos9p’s 

sugar specificity is dependent on an intact MRH domain, as the R200A lectin mutant 

shows no affinity for any of the glycans tested (Figure 2D). Yos9p has little affinity for 

the final trimming product of the two glucosidases (M9.1) or for the trimming product of 

Mns1p (M8.1) (Figure 2B)(Helenius and Aebi, 2004).  In contrast, Yos9p recognizes 

species with the final mannose on the C branch removed to reveal a terminal α1,6-linked 

mannose. A comparison between M8.1 and M8.2 highlights the critical role of the α1,6-
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Figure 2.  Yos9 recognizes glycans containing a terminal α1,6-linked mannose 
(A) A schematic representation of the initial Glc3Man9GlcNAc2 N-linked sugar and the legend for each 
sugar moiety represented.  
(B) FAC analysis of Yos9p sugar binding specificity.  Indicated PA-oligasscharides were tested for binding 
to Yos9p by FAC analysis.  Ka values were determined as described in the supplemental experimental 
procedures and are mean + S.D. of three independent experiments.  Each glycan structure is detailed and 
given a code name beneath the chart.   
(C-D) Elution profiles over time of fluorescently labeled (PA)-oligosaccharides applied over immobilized 
histidine tagged Yos9p (C, red) or R200A mutant (D, red) in comparison to a negative control sugar (black).  
PA-glycans are schematically represented next to the corresponding elution profile.  
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linked mannose, as both have eight mannoses arranged into three branches but only M8.2, 

which has the terminal α1,6-linked mannose, interacts with Yos9p.  The α1,6-linked 

mannose seems to be necessary and largely sufficient for recognition by Yos9p because 

sugars containing this signal show significant affinity for Yos9p.  The other residues 

seem to have relatively small effects on Yos9p binding with one prominent exception 

being the M5.1 species which has a higher affinity.  How and if this species is generated 

under physiological conditions is unclear (see discussion). 

 

Terminal α1,6-linked mannose containing N-linked glycans serve as the ERAD-L 

degradation signal 

We next tested the functional significance of the terminal α1,6-linked mannose as an 

ERAD signal in vivo focusing on M7.1 because it is most likely to serve as a degradation 

signal as it requires minimal modification to the Mns1p produced M8.1 sugar 

(Herscovics, 2001).  To test the role of M7.1, we took advantage of the previous 

observation by Aebi and coworkers that the M7.1 sugar could be produced in vivo using 

a series of genetic mutations in the asparagine-linked glycosylation (ALG) biosynthesis 

pathway (Figure 3A top). Specifically, by simultaneously deleting ALG9, which leads to 

accumulation of M6.2 sugars, and then artificially bypassing the next step by over-

expression of the ALG12 mannosyltransferase, similar levels of  M6.2 sugars and M7.1 

sugars which contains a terminal α1,6-linked mannose are transferred to proteins (Figure 

3A bottom) (Burda et al., 1999). 
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Figure 3.  Production of Man7GlcNAc2 sugars in vivo results in ERAD dependent degradation and bypass of 
HTM1 
(A) Schematic representation of a portion of the asparagine linked glycosylation (ALG) pathway.  Shown are the 
glycans produced in the wild-type (top) pathway and an alg9∆ over-expressing ALG12 (upward arrow indicates TDH3 
driven expression) strain (bottom).  Mannose residues are represented as blue circles and N-acetylglucosamine is 
represented by blue squares.   
(B) Degradation of CPY* in a () wild-type (WT), () alg9↑ALG12∆, and () alg9∆ strains in this and the following 
panels were monitored as in Figure 1A except that each time point represents the average and +/- SEM of at least 8 
measurements (4 independent experiments done in duplicate). 
(C) Degradation of CPY* in () wild-type (WT) and () alg9∆↑ALG12 (upward arrow represents TDH3 driven 
expression), or CPY*0000 in () wild-type (WT) and () alg9∆↑ALG12 cells.  CPY* is represented as a * and non-
glycosylatable CPY* is represented as *0000. 
(D) Degradation of CPY* in () wild-type (WT), () alg9∆↑ALG12, ( ) yos9∆ alg9∆ ↑ ALG12 and () yos9∆  cells. 
(E) Degradation of CPY* in () wild-type (WT), () alg9∆↑ALG12, () der1∆ alg9∆ ↑ ALG12 and () der1∆cells. 
(F) Degradation of CPY* in () wild-type (WT), () alg9∆↑ALG12, () htm1∆ alg9∆ ↑ ALG12 and () htm1∆  cells. 
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 Analysis of ERAD-L in the alg9∆ /ALG12 over-expression strain strongly 

supports the proposal that Man7.1 is productively recognized by Yos9p. As seen 

previously, deletion of alg9 which produces M6.2 sugars that lack a terminal α1,6-linked 

mannose, results in stabilization of CPY* (Figure 3B and S3) (Jakob et al., 1998a).  By 

contrast, deletion of alg9 together with over-expression of ALG12 results in degradation 

of approximately fifty percent of CPY* (Figure 3B and S3). This result is consistent with 

the ratio of M6.2 and M7.1 sugars produced in the cell strongly suggesting that proteins 

with M7.1 are being subject to ERAD-L.  Importantly, CPY* degradation in the 

alg9∆/ALG12 over-expression strain is dependent on presence of substrate glycans 

(Figure 3C), Yos9p (Figure 3D), and Der1p, another member of the Hrd1p complex 

(Figure 3E) (Gauss et al., 2006b; Knop et al., 1996a), indicating that degradation in this 

background goes through the classic ERAD-L pathway (Huyer et al., 2004; Kanehara et 

al., 2007; Kostova and Wolf, 2005; Spear and Ng, 2005; Vashist and Ng, 2004).  

Strikingly, in contrast to wild-type cells, we found that in the alg9∆/ALG12 over-

expression background, Htm1p is dispensable for degradation (Figure 3F). An exposed 

α1,6-linked mannose on a second ERAD-L substrate, KHN, (Vashist et al., 2001; Vashist 

and Ng, 2004) also bypasses the need for Htm1p (Figure S4).  Thus the presence of the 

M7.1 signal circumvents the requirement for Htm1p without bypassing the need for later-

acting components like Yos9p and Der1p that are involved in reading out the signal and 

the ensuing steps leading to substrate degradation. 
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Discussion  

 

Here we revealed the sugar-binding specificity of Yos9p, which together with functional 

studies, supports a model in which two key lectins, Htm1p and Yos9p, cooperate to 

enhance the specificity of the ERAD-L degradation system (Figure 4).  This model builds 

on the previous observation that degradation by the Hrd1/Hrd3/Yos9 ubiquitin ligase 

complex requires a bipartite recognition of substrates involving both recognition of 

misfolded domains and glycans (Denic et al., 2006; Gauss et al., 2006a). Specifically, 

Hrd3p recruits potential substrates to the Hrd1p ligase complex based on the presence of 

misfolded domains.  Yos9p then queries the glycans for what we have determined to be 

Yos9p’s preferred oligosaccharide binding specificity, a terminal α1,6-linked mannose, 

through the action of Htm1p.  Upon identification of an appropriate glycan signal, Yos9p 

commits the substrate for degradation.  This model also provides an explanation for the 

previously enigmatic observation that ERAD-L occurs in alg3∆ strains even though 

several ALG mutants with less severe defects in the biosynthesis of N-linked glycans 

abrogate ERAD-L (Jakob et al., 1998a), as the Man5GlcNAc2 sugar produced in an alg3∆ 

strain also contains a terminal α1,6-linked mannose.   Consistent with this, degradation of 

CPY* in the alg3∆ background does not require Htm1p (Clerc et al., 2009)(Figure S4). 

 Although the enzymatic activity of Htm1p has not been directly examined, several 

observations suggest that Htm1p is required for generating the Man7GlcNAc2 signal 

(either as an enzyme or as a cofactor) that is recognized by Yos9p. Jakob and colleagues 

reported that deletion of Htm1p results in reduced CPY*-Yos9p interaction (Szathmary et 

al., 2005).  Htm1p is homologous to α1,2-mannosidases but lacks conserved cysteine 
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Figure 4.  Model of dual recognition of substrates by ERAD. 
Glycan processing from the initial N-linked Glc3Man9GlcNAc2 to Man8GlcNAc2 occurs by Glucosidase I, 
II and Manosidase I, respectively.  Htm1p marks potential substrates by playing a role in the generation of 
Man7GlcNAc2 (upper panel).  Misfolded proteins are recruited to the Hrd1p complex by recognition of 
misfolded domains by Hrd3p.  Yos9p queries the N-linked glycan and substrates are committed for 
degradation after Yos9p has identified the presence of a terminal α1,6-linked mannose.  Note: Whether 
Htm1p is an enzyme or cofactor remains to be determined.   
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residues that potentially contribute to enzymatic activity  (Jakob et al., 2001; Lipari and 

Herscovics, 1996; Nakatsukasa et al., 2001).  However, over-expression of the human 

Htm1p homologues, EDEM 1 and EDEM3, which also do not contain the cysteine 

residues, leads to demannosylation suggesting that they are active mannosidases (Hirao et 

al., 2006a; Olivari et al., 2006). Additionally, Aebi and coworkers (Clerc et al., 2009) 

find that overexpression of Htm1p results in increased production of protein-bound 

Man7GlcNAc2 oligosaccharide. Finally, we show that a yeast strain engineered to 

produce Man7GlcNAc2 glycans as the starting sugar bypasses the requirement for Htm1p 

in Yos9p-mediated degradation of CPY*. 

 How might the requirement for the generation and recognition of a specific 

degradation glycan increase ERAD-L specificity?  One possibility is that Htm1p acts as 

“timer,” which acts independently of folding status of its substrate thereby providing all 

polypeptides with a protected window of time in which they can fold without risk of 

destruction (Helenius, 1994; Jakob et al., 1998a; Wu et al., 2003).  It is also possible that 

Htm1p is more sophisticated and that the presence of specific misfolded structures 

determines whether a substrate is marked by Htm1p. A precedent for such a mechanism 

is provided by the mammalian UDP-Glc:glycoprotein glucosyltransferase, which adds a 

glucose only to glycans proximal to a misfolded domain (Ritter and Helenius, 2000; 

Ritter et al., 2005; Trombetta and Helenius, 2000; Trombetta et al., 1991). Htm1p is also 

in a complex with Pdi1p whose chaperone activity could confer specificity based on 

substrate structure (Collins et al., 2007; Krogan et al., 2006). Either way, this 

modification of sugars adds another level of surveillance to the bipartate recognition of 

misfolded domains and sugar status by Hrd3p/Yos9p (Denic et al., 2006; Gauss et al., 
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2006a).  The use of multiple query steps separated by irreversible steps would allow for a 

kinetic proofreading mechanism (Hopfield, 1974) ensuring enhanced specificity in the 

recruitment of misfolded proteins.  In light of this model, it is intriguing that Yos9p 

shows its highest affinity for a specific Man5GlcNAc2 species that is missing the two A- 

branch mannose residues, as this species has been observed in mammals (Avezov et al., 

2008; Frenkel et al., 2003; Hosokawa et al., 2003; Kitzmuller et al., 2003; Lederkremer 

and Glickman, 2005). While it remains to be seen how or even if this species can be 

generated through additional sugar trimming in yeast, the enhanced affinity of Yos9p for 

the Man5GlcNAc2 (M5.1) sugar species could provide a mechanism for preferentially 

degrading a subset of potential substrates.  

  On a practical note, a more sophisticated understanding of what constitutes a 

good ERAD substrate should enable a range of biochemical and structural studies to 

elucidate substrate recognition.  In light of the multi-step nature of marking and decoding 

of ERAD-L substrates, it is perhaps not surprising that in vitro reconstitution of this 

process has proven so challenging.  The discovery that substrate glycans containing a 

terminal α1,6-linked mannose such as Man7GlcNAc2 are recognized by Yos9p should 

facilitate efforts to create a synthetic substrate with the correct glycan signal attached, 

thus bypassing the complicated upstream trimming steps.  Furthermore, it should now be 

possible to monitor the specific recognition steps of ERAD-L in vitro. Several immediate 

questions emerge: How is Htm1p selecting its substrates? Are Yos9p and Hrd3p querying 

distinct structural features or are they simply double checking Htm1p’s decisions?  What 

is the mechanism of the commitment step once Yos9p confirms that the glycan is correct? 
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Addressing these and related issues will provide a detailed molecular understanding of 

how and when the cell decides to commit ER proteins for destruction. 
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Experimental Procedures 

 

Yeast Strains and Plasmids 

All yeast strains are derivatives of S288c.  Gene deletions, epitope taggings and promoter 

insertions were done using standard PCR based techniques.  Details are available in the 

Supplemental Data section. 

 

Cycloheximide Degradation Assays 

Cycloheximide chase degradation assays were performed as previously described (Denic 

et al., 2006) with the exception that  bands were visualized and quantitated using the LI-

COR Odyssey system using an area of the blot with no specific signal as background.  

Following normalization to the hexokinase loading control, the values were plotted as 

averages ± standard error of the mean (SEM) with timepoint 0 set to 100%. 

 

Yos9p Purification and Refolding 

HIS-tagged Yos9p or Yos9 R200A was purified from Rosetta (DE3) pLysS inclusion 

bodies, solubilized in 8M urea and purified over a Ni-NTA agarose and a Source Q 

column. The protein was then refolded into 100mM Tris-HCL (pH 8.5) 150mM NaCl, 

1mM CaCl2, 0.5M L-arginine, 5mM GSH, and 0.5mM GSSG at 4ºC for 24 hours and 

subsequently purified over a Resource Q column before being buffer exchanged into 

10mM HEPES, 1mM Cacl2, 10% glycerol, and 150mM NaCl (pH 7.4). Further details 

are given in the Supplemental Data.  
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Frontal Affinity Chromatography  

FAC analyses were carried out as previously described (Kamiya et al., 2008; Kamiya et 

al., 2005; Kasai, 1986).  

 Briefly, Yos9p and its R200A mutant were immobilized on a Ni2+-sepharose high 

performance column by their histidine-tag following the manufacturer’s instructions (GE 

healthcare).  After immobilization, the sepharose beads were packed into a stainless steel 

column (4.0 × 10 mm, GL Sciences). 

The PA-oligosaccharide library was constructed as described previously (Kamiya et 

al., 2008).  PA-oligosaccharides were dissolved at a concentration of 10 nM in 10 mM 

HEPES (pH 7.4) containing 150 mM NaCl and 1 mM CaCl2, and applied onto the column 

at a flow rate of 0.25 ml/min at 20 oC.  The elution profile was monitored by the 

fluorescence intensity at 400 nm (excitation at 320 nm).  The retardation compared with 

control oligosaccharide was computed using the difference of each elution volume, Vf.  

The dissociation constant, Kd (=1 / Ka), of the lectins for GlcMan7GlcNAc2-PA (GM7.2) 

was determined by the concentration-dependent analysis using the Equation 1. 

[A]0·(Vf - V0)=BBt - Kd·(Vf - V0)  (Eq. 1) 

where [A]0, V0, and BBt, are initial concentration of the PA-oligosaccharide, the elution 

volume of the control sugar, and the total amount of immobilized lectins in the column, 

respectively.  The elution profile was monitored by UV absorption at 300 nm to avoid 

possible quenching caused by the relatively high concentration of the PA-sugar.  For the 

determination of V0, 50 μM p-nitrophenyl-β-D-galactopyranoside was used.  K  
d was 

calculated based on the retardation Vf-V0 measured at concentrations of 2-16 μM GM7.2. 
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The relative affinity of each oligosaccharide was calculated under conditions where 

[A]0 is negligibly small compared with Kd, using Equation 2. 

Vf - V0=BBt / Kd  (Eq. 2) 

To determine V0, Galβ1-3GalNAcβ1-4(Neu5Acα2-8Neu5Acα2-3)Galβ1-4Glc-PA (PA-

GD1b-hexasaccharide) was used as control sugar for the analyses of Yos9p.  Ka values 

are mean + S.D. of three independent experiments.  

 

Circular Dichroism Spectroscopy 

Circular dichroism (CD) measurements were conducted on a Jasco J-725 

spectropolarimeter (Jasco Inc., Japan) at room temperature using samples containing 0.05 

mg/ml of Yos9p or its R200A mutant in 0.1 M sodium phosphate, at pH 7.4.  Each 

spectrum was recorded as the average of four scans over the range 195 -250 nm with a 

step size of 0.1 nm and a bandwidth of 1.0 nm. 
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Supplemental Data 
 
Defining the Glycan Destruction Signal for Endoplasmic Reticulum-
Associated Degradation 
 
Erin M. Quan, Yukiko Kamiya, Daiki Kamiya, Vladimir Denic, Jimena Weibezahn, 
Koichi Kato and Jonathan S.Weissman 
 
 
 
 
 
 

 
 
 
Figure S1. Native Yos9p forms disulfide-crosslinked aggregates 
(A) Soluble Yos9p purified under non-denaturing conditions from E. coli was analyzed by SDS-PAGE 
with sample buffer containing either DTT or N-ethylmaleimide (-DTT). 
(B) Elution profile for Yos9p purified natively from E. coli (black) and standards (gray) run on a gel 
filtration column in 20mM Tris-HCl (7.9), 150mM NaCl, 10% glycerol, 5mM GSH, and 1mM EDTA.   
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Figures S2.  Refolding process of denatured Yos9p 
Refolding of denatured Yos9p. To block free cysteines, 4-acetamido-4'-maleimidylstilbene-2,2'- disulfonic 
acid (AMS) or N-ethylmaleimide (NEM) were added to protein samples taken over time, resolved by SDS-
PAGE and Coomassie stained.  Note the time dependent shift of the protein.  The protein was further 
purified to remove the higher molecular weight oligomers. 
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Figure S3. Production of Man7GlcNAc2 sugars results in degradation of CPY* 
Degradation of CPY* in the indicated strain backgrounds were monitored and processed as in Figure 3B.  
A representative western blot is shown. Quantitation of the experiment is shown in Figure 3B. 
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Further Evidence that an exposed α1,6-linked mannose allows for Htm1p-
independent ERAD of misfolded glycoproteins. 
We tested a second ERAD-L glycoprotein substrate, KHN, to see if like CPY*, the 
Htm1p dependence could be bypassed by genetic manipulations that produced sugars 
containing an exposed α1,6-linked mannose. Because of the limited dynamic range of the 
alg9∆/ALG12 over-expression system, we used an alg3∆ to produce Man5.2 sugars with 
a terminal α1,6-linked mannose (Figure S4A)(Jakob et al., 1998b). In agreement with 
observations from Aebi and coworkers (personal communication), we find that the loss of 
ALG3 removes the requirement for Htm1p for the degradation of CPY* (Aebi and 
coworkers, personal communication and Figure S4B).  Similarly, we find that deletion of 
ALG3, eliminates the need for Htm1p in the degradation of KHN (Figure S4C). This is 
consistent with the hypothesis that a terminal α1,6-linked mannose is sufficient to allow 
for productive recognition by Yos9p although we have not directly tested Yos9p’s ability 
to bind to M5.2 in vitro. 
 

 
 
Figure S4.  An exposed α1,6-linked mannose on CPY* or KHN results in bypass of HTM1  
(A) A schematic representation of M5.2, a probably non-natural sugar produced by an alg3∆ strain.  
Mannose residues are represented as green circles and N-acetylglucosamine is represented by blue squares. 
(B) Degradation of CPY* (depicted as a *) in () wild-type (WT), () alg3∆, () htm1∆alg3∆ and () 
htm1∆ cells, () yos9∆alg3∆ and () yos9∆ cells was monitored and processed as in Figure 1A.   
(C) Degradation of KHN in () wild-type (WT), () alg3∆, () htm1∆alg3∆ and () htm1∆ cells was 
monitored and processed as in Figure 3B. Representative gel shown (left).  
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Supplemental Experimental Procedures 
 
Plasmids 

Yos9p without glycans (Figure 1A) was expressed from a CEN/ARS plasmid made by 

using QuikChange mutagenesis (Stratagene) to change N to Q in the four  N-X-S/T sites 

in the coding region of a C-terminal 3FLAG-tagged Yos9p expressed from its 

endogenous promoter (Denic et al., 2006).  

 For cycloheximide degradation assays, CEN/ARS CPY* and CPY*0000 plasmids 

were constructed with ~700 base pairs of the endogenous PRC1 promoter, signal 

sequence, and the CPY* or CPY*0000 (made from pES150, a gift from Davis Ng, 

National University of Singapore) gene.  CPY*/CPY*0000  was tagged with 3HA 

between the end of the coding region and the PRC1 terminator as previously described  

(Bhamidipati et al., 2005).  KHN (pSM70) was a gift from Davis Ng, National University 

of Singapore.  For Figure 1A p316-BIPss-CPY*-3HA (Bhamidipati et al., 2005) was 

used. 

 C-terminally HIS tagged Yos9p was expressed in bacteria using pet23b-Yos9-

6HIS (Figure 2B) constructed by amplifying the YOS9 coding sequence without the 

signal sequence and inserting it into the NdeI/XhoI sites in pet23b. pet23b-Yos9 R200A-

6HIS (Figure 2D) was made by subcloning the R200A mutation from pRS315-Yos9 

R200A-FLAG3 (Denic et al., 2006) into pet23b-Yos9-6HIS using NcoI/PacI.  Pet23b-

Yos9-8HIS (Figure 2C) was constructed by replacing the 6HIS with a GGS GGS linker 

and 8HIS tag.   

 All PCR derived inserts were checked by sequencing.  The sequences of the 

plasmids are available upon request. 
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Strains 

yos9∆::MET was constructed as previously described (Bhamidipati et al., 2005).   

yos9∆::MET  and BY4741 (S288C, MATa his3∆1 leu2∆0 met15∆0 ura3∆0) were 

transformed with CPY* and either an empty vector or pRS315-YOS9-FLAG3 (Denic et 

al., 2006) with or without the glycosylation consensus sites to test whether the glycans on 

Yos9p are necessary for function (Figure 1A). 

 Strains for Figure 3 were made by crossing BY4741 with BY4742 (Brachmann et 

al., 1998) and subsequently deleting ALG9 with the Candida glabrata HIS3 prototrophic 

marker (Sakumoto et al., 1999), inserting the TDH3 promoter in front of ALG12 using a 

pFA6a-NATMX4-pTDH3 plasmid (a gift from D. Breslow, based on plasmids from 

(Longtine et al., 1998)) and deleting either YOS9, DER1 or HTM1 with the Candida 

glabrata LEU2 gene using standard PCR-mediated methods at the genomic level.  The 

diploid was then sporulated to obtain haploids that carried the desired combination of 

markers in the background of Mat alpha his3∆1 leu2∆0 ura3∆0 +/-lys2∆0.  Strains for 

Figure S4 were made by taking the wild-type and single ERAD deletions from the above 

sporulation and deleting ALG3 with the Candida glabrata HIS3 prototrophic marker 

(Sakumoto et al., 1999).  All strains altered by genomic insertions or deletions were 

checked by PCR.   

 

Antibodies 

The HA epitope was detected using 12CA5 monoclonal antibody (Roche) or HA.11 

(Covance).  Anti-hexokinase antibody was purchased from US Biologicals.  Secondary 
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antibodies labeled with IR800 dye and Alex Fluor 680 were purchased from Rockland 

Imunochemicals and Molecular Probes, Inc, respectively.  

 

Protein Purification 

Yos9p protein was expressed in Rosetta (DE3) pLysS cells (Novagen) from pet23b-

Yos9-6HIS, Yos9-8HIS, or Yos9 R200A-6HIS.  Expression was checked by Coomassie 

staining and Western analysis using an anti-His antibody (Santa Cruz Biotechnology).  

Cells were harvested, washed in 10mM Tris-HCL (pH 7.9), resuspended in 50mM Tris-

HCL (pH7.9), 1mM EDTA, 150mM NaCl, protease inhibitors and lysed with 100μg/ml 

lysozyme on ice for 30 minutes plus sonication.  Inclusion bodies were pelleted and 

washed twice with 50mM Tris-HCL (pH 7.9), 1mM EDTA, 2% Triton X-100, and 

protease inhibitors, and once with 50mM Tris-HCL (pH 7.9), 0.5mM EDTA, and 

protease inhibitors.  The inclusion bodies were then dissolved in Buffer U (25mM Tris-

HCL, 8mM 2-mercaptoethanol, 8M urea, protease inhibitors (pH 8.1)), incubate for 

1hour and then centrifuged.  The supernatant was filtered and bound in batch to Ni-NTA 

agarose (Qiagen).  Bound protein was washed over a column with Buffer U with 0.8M 

NaCl, followed by a no salt wash and elution with 200mM Immidizole.  Pooled fractions 

containing Yos9p were applied to a Source Q column and eluted using 25mM Tris-HCL, 

10mM DTT, 1mM EDTA, 7M Urea, and a gradient of 0-400mM NaCL at pH 8.1.  

Fractions with protein were pooled, concentrated, and buffer exchanged using a PD-10 

column (GE Healthcare) to remove DTT and EDTA.  The protein was then refolded by 

dilution from 5mg/ml into 100mM Tris-HCL (pH 8.5) 150mM NaCl, 1mM CaCl2, 0.5M 

L-arginine, 5mM GSH, and 0.5mM GSSG at 4ºC over the course of 1.5 hours for a final 
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concentration of 100μg/ml (Lilie et al., 1998; Rudolph and Lilie, 1996).  Refolding was 

monitored by running a SDS-PAGE gel of timepoints treated with 10mM 4-acetamido-

4’-maleimidylstilbene-2,2’- disulfonic acid (AMS) or N-ethylmaleimide (NEM).  After 

24 hours, the protein was concentrated and diluted with 50mM Tris-HCL and 1mM Cacl2 

(pH 8.1) to lower the salt concentration before being applied to a Resource Q column 

(GE Healthcare) and eluted using 10mM HEPES, 1mM Cacl2, 10% glycerol, and a 0-

400mM NaCl gradient at pH 7.4.  Clean fractions were then combined, and buffer 

exchanged into 10mM HEPES, 1mM Cacl2, 10% glycerol, and 150mM NaCl (pH 7.4).  

Final protein was checked for presence of aggregates by gel filtration on a Superdex 200 

10/300 GL column (GE Healthcare) and a non-reducing SDS-PAGE gel. 
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CONCLUSIONS 

 

At the time these studies began, genetic screens and co-immunoprecitation experiments 

had implicated a large number of genes to be involved in ERAD but there was limited 

understanding of what functions each performed and how these activities were 

coordinated.  Furthermore, although progress was being made on the cytosolic ERAD 

events, the mechanism of the upstream steps of recognition and targeting to the 

ubiquitination machinery were poorly understood.  Biochemical experiments with Yos9p 

revealed how ERAD factors involved in many distinct aspects of the pathway are 

assembled into a molecular machine that is capable of carrying out the complicated 

multistep process of ERAD.  These results also shed light on an important role for Hrd3p 

in the recognition step and led to a model where a bipartite substrate interaction with the 

Yos9p/Kar2p/Hrd3p surveillance complex promotes specificity by targeting only 

terminally misfolded proteins to Hrd1p for ubiquitination and degradation.  At this point, 

it became clear that an in vitro approach would be valuable.  Purified Yos9p provided 

further insight into the substrate recognition step by showing that Yos9p recognizes a 

novel class of sugar species that contain a terminal α1,6-linked mannose residue.  In vivo 

experiments then provided evidence for a new role for Htm1p in generating this terminal 

α1,6-linked mannose residue after years of limited progress in understanding Htm1p’s 

role in ERAD.  Collectively, my studies support the following model:  Kar2p-bound 

potential substrates (either terminally misfolded proteins or folding intermediates) are 

brought to the Hrd1p ligase complex presumably through interaction of substrate 

disordered segments with Hrd3p. Yos9p then queries the glycan for the presence of a 
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terminal α1,6-linked mannose residue generated by Htm1p.  If both signals are present, 

then the substrate is degraded. Glycoproteins with the wrong glycan signal are released 

and allowed to continue to fold.  Collectively, my findings have provided key insights 

into Yos9p’s role in ERAD and helped define a more comprehensive, mechanistic model 

for glycoprotein ERAD recognition. 

 Parallel and subsequent studies have supported different aspects of my research.  

The Rapoport laboratory co-published complementary data to my finding that ERAD 

components involved in recognition, ubiquitination and extraction from a core multi-

protein complex when they showed that the Hrd1p and Doa10p E3 ubiquitin ligases 

coordinate distinct complexes that participate in the different ERAD pathways.  

Additionally, they identified and characterized a new ERAD protein, Usa1p, which we 

also found when we immunoprecipitated Yos9p  (Carvalho et al., 2006).   In parallel, 

using co-immunoprecipitation experiments, Sommer and colleagues also found that 

Hrd3p and Yos9p are binding partners that complex with Hrd1p.  They also showed that 

Hrd3p interacts with misfolded substrates independent of substrate sugars.  In fact, Hrd3p 

seems to interact more strongly with a non-glycosylatable version of CPY* than with 

CPY* with its glycans present, which was proposed to be due to the absence of 

carbohydrates rendering the protein more hydrophobic (Gauss et al., 2006a; Gauss et al., 

2006b).  As my findings suggested, Aebi and co-workers find that over-expression of 

Htm1p results in increased production of protein-bound Man7GlcNAc2 indicating that 

Htm1p has mannosidase activity in vivo (Clerc et al., 2009).  These data correlates with 

previous reports that showing that over-expression of EDEM1 and EDEM3 in 

mammalian cells results in demannosylation, indicating that they are active mannosidases 
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despite also lacking the conserved cysteine residues thought to potentially be important 

for enzymatic activity (Hirao et al., 2006b; Olivari et al., 2006).  Furthermore, Htm1p 

was shown to interact with the chaperone PDI (Collins et al., 2007; Krogan et al., 2006), 

which perhaps hints at how Htm1p selects substrates.  Also, it was shown by Ng and 

colleagues that correctly folded CPY is not degraded even when modified with glycans 

that have an exposed terminal α1,6-linked  mannose residues, thus reinforcing the 

requirement for a bipartite signal in ERAD recognition (Xie et al., 2009). 

 My results also raise new questions and set the stage for future work.  How do the 

mammalian Yos9p homologs function?  As with Yos9p, the refolded MRH domain of a 

Yos9p homolog, OS-9, has been shown to have an affinity for glycans with an exposed 

terminal α1,6-linked mannose residue (Hosokawa et al., 2009). Additionally, both OS-9 

and another Yos9p homolog, XTP3, interact with the mammalian Hrd3p homolog, SEL1, 

and ERAD substrates independent of their sugars (Bernasconi et al., 2008; Christianson 

et al., 2008; Hosokawa et al., 2008).  However, these initial studies reveal some 

differences between the yeast and mammalian homologs, suggesting that further studies 

are needed to understand the roles of OS-9 and XTP3 in mammalian ERAD. 

 Other directions for future work include understanding further mechanistic details 

of how Htm1p, Hrd3p, and Yos9p recognize and commit substrates for degradation. First, 

can Htm1p α-mannoisdase activity be shown in vitro?  How does Htm1p recognize its 

substrates?  Is it purely a “timer” or does it act specifically on substrates that are non-

native?   Secondly, how do Yos9p and Hrd3p work with each other?  Do Hrd3p and 

Yos9p have chaperone-like qualities to prevent aggregation? Do they detect different 

determinants than those that are potentially recognized Htm1p?   If non-ERAD substrates 
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are recruited to the complex by Hrd3p and escape degradation because they do not have a 

bipartite signal, is there a specific mechanism for release?  What happens after Yos9p 

recognizes substrates for degradation?  Specifically, is Der1p or another factor recruited 

into the complex or is there a change in oligomerization state? The answer to many of 

these questions may require structural studies of these components as well as probing the 

recognition steps in vitro.  An ideal system of in vitro reconstitution of the degradation of 

an ERAD-L substrate would be a powerful technique to address these questions but has 

so far not been attainable perhaps due to the complexity of the upstream glycan trimming 

steps.  However, with many key components of the ERAD machinery known and 

improved characterization of the basic features of substrate recognition, especially by 

Yos9p, generation of a synthetic substrate with a specific glycan will be an important tool 

for vitro recognition studies and also a good starting point for reconstitution of 

degradation. 
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APPENDIX A 

 

This appendix reports some of the unpublished work done in parallel with Chapter 4.  

Once we worked out the Yos9p/Hrd3p bipartite model of recognition which indicated 

that Hrd3p recruited misfolded proteins to the ERAD complex and Yos9p was needed for 

a second sugar dependent commitment step (Chapter 3), I felt that the next step toward 

understanding this mechanism, necessitated in vitro experiments with better resolution to 

add to the standard co-immunoprecipitation experiments.  Thus, I started a series of 

preliminary experiments to inform us about how to make the pieces to put together an in 

vitro recognition system consisting of Hrd3p, Yos9p, and a peptide substrate.  The Yos9p 

purification and characterization is published and presented in Chapter 4.   

 Similar to Yos9p, producing biochemical amounts of Hrd3p presents a technical 

challenge as Hrd3p has five glycan consensus sites and many disulfide bonds.  First, I 

mutated the N-linked glycosylation sites individually or all together to check for 

functionality by the cycloheximide degradation assay (Figure 1).  Unfortunately, while 

Hrd3p with its transmembrane domain removed and C-terminally tagged (Hrd31-767myc) 

is functional when modified in the genome (Denic et al., 2006), the CEN/ARS plasmid 

expressing Hrd31-767myc is only partially functional (Figure 1A).  The presence of a tag 

on the plasmid does not affect the outcome, as the untagged version shows a similar 

defect (Figure 1A).  Expression from a 2μm plasmid makes the defect worse (data not 

shown).  Since there is still a dynamic range between the wild-type Hrd3p plasmid and a 

deletion of Hrd3p, we decided to analyze the Hrd3p sugar mutants using the plasmid.  No 

single glycosylation mutant affects the function in comparison to the wild-type plasmid 
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Figure 1. Hrd3p requires its glycans to function in ERAD 
(A) Degradation of CPY* in wild-type (WT; ) and hrd3∆  strain () harboring a empty vector, and hrd3∆ covered by 
a plasmid expressing Hrd31-76713myc (▲) or Hrd31-767 (♦) were monitored by cycloheximide chase.  Equal amounts of 
log phase cells were removed at the indicated times following addition of cycloheximide.  Samples were resolved by 
SDS-PAGE and detected by Western analysis using anti-HA and anti-hexokinase antibodies.  Each time point 
represents the average and +/- standard error of the mean (SEM) of 4 measurements (two independent experiments 
done in duplicate) and normalized to the hexokinase loading control. 
(B) Degradation of CPY* in hrd3∆  strain covered by an empty vector () or a plasmid expressing Hrd31-76713myc    
(▲ ) or Hrd3   1-76713myc with the first glycan consensus site mutated (01111; ). “0” represents the mutated glycan 
consensus site and “1” represents the native glycan consensus site. 
(C) Degradation of CPY* in hrd3∆  strain covered by an empty vector () or a plasmid expressing Hrd31-76713myc   
(▲ ) or Hrd3   1-76713myc  with the second glycan consensus site mutated (10111; ) or Hrd31-76713myc  with the third 
glycan consensus site mutated (11011; *). 
(D) Degradation of CPY* in hrd3∆  strain covered by an empty vector () or a plasmid expressing Hrd31-76713myc   
(▲ ) or Hrd3   1-76713myc  with the fifth glycan consensus site mutated (11110; ). 
(E) Degradation of CPY* in hrd3∆  strain covered by an empty vector () or a plasmid expressing Hrd31-76713myc   
(▲ ) or Hrd3   1-76713myc  with the fourth glycan consensus site mutated (11101; ) or all the glycan consensus sites 
mutated (00000;*). 
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(Figure 1), however, mutation of all five consensus sites results in a defect equivalent to 

the absence of  HRD3 (Figure 1E).  It is unclear why having the glycans present are 

necessary for Hrd3p function.   In light of the fact that the non-glycosylatable version of 

Hrd3p results in a decrease in protein levels (data not shown), a likely possibility is that 

the sugars are necessary to help with the folding of the protein and thus losing all five 

makes the protein fold incorrectly, whereas the other four glycans can make up for the 

loss of one.  Another possibility is that the sugars on Hrd3p are playing a signaling role in 

ERAD and that some combination of them is necessary.   Experiments with these mutants 

integrated in the genome should make future experiments to distinguish between these 

options easier.  In any case, these results indicated that it is necessary to make Hrd3p 

from a eukaryotic source.  Initial attempts at expressing and purifying Hrd31-767 with a 

3HA-TEV-8HIS tag from a 2μm plasmid with a galactose inducible promoter in 

Saccharomyces cerevisiae as described previously (Tu et al., 2000) yielded much of the 

Hrd3p in the insoluble fraction. 

 In addition to Yos9p and Hr3p, a substrate is necessary to set up an in vitro 

recognition system.  To determine a minimal substrate determinant that binds to Hrd3p in 

hopes of both trying to classify what Hrd3p is recognizing as well as a to find a small 

peptide for purification, I constructed a soluble domain (DHFR) attached to different 

CPY*0000 pieces.  Because sugars not necessary for interaction, I used pieces of the non-

glycosylatable version of CPY*, with the idea that if I indentified a region containing a 

sugar consensus site, I would revert to the native sequence and assay for the ability of the 

peptide to be degraded or confer degradation.  First, in the absence of YOS9, DER1, and 

HRD1, I assayed the full length CPY* (A), CPY*0000 (B), the N-terminal half of 
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CPY*0000 (C), the C-terminal half of CPY*0000 (D) and the C-terminal quarter of 

CPY*0000 (E).  All these constructs interacted with Hrd31-767myc to differing degrees, 

indicating that there might be more than one interaction epitope (Figure 2A).  We decided 

to focus on the C-terminal quarter of CPY*0000 because the Asn-368-linked glycan, the 

most C-terminal glycan is necessary and sufficient for degradation of CPY* is located in 

that region (Kostova and Wolf, 2005; Spear and Ng, 2005).  Cutting in by approximately 

18 amino acids on both ends of the C-terminal quarter of CPY*0000 yielded 8 constructs 

(F-L) that all interacted with Hrd31-767myc to differing degrees (Figure 2B). Construct 

“E”, “F” and “J” reproducibly interacted more strongly with Hrd31-767myc.  Further work 

is necessary to show whether these pieces are degraded in the presence of the glycan.  

Unexpectedly, the DHFR-CPY*0000 constructs were expressed as doublets.  Previous 

experiments with Kar2 signal sequence attached to DHFR-CPY* (Bhamidipati et al., 

2005) showed that this was sufficient to insert the construct into the ER.  EndoH analysis 

(Figure C) revealed that surprisingly, the constructs seem to be glycosylated as EndoH 

causes the doublet to collapse into a single band for all the constructs containing a 

CPY*0000 piece.  However, sequencing confirms the lack of a consensus glycan 

sequence making this result puzzling. 

 The differential affinity of CPY*0000 piece “J” and “K” with Hrd3p1-767-myc 

made them good candidates to purify from E. coli.  Expression and purification of full 

length and the “J” and “K” CPY*0000 pieces using a N-terminal maltose binding protein 

(MBP) resulted in soluble protein although the smaller pieces are considerably more 

soluble than the full length versions (Figure 3).  Rosetta (DE3) pLysS cells shown in 

Figure 3 yielded more soluble protein than BL21 (DE3) cells.  Like the aforementioned 
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Figure 2. Hrd3p interaction with non-glycosylatable DHFR-CPY* pieces 
(A) der1∆ yos9∆ hrd1∆ cells expressing Hrd31-76713myc were transformed with an empty vector or a vector expressing 
the indicated piece of DHFR-CPY*0000 and subjected to immunoprecipitation.  Total cell lysates were solubilized 
with 1% Triton X-100, cleared and immunoprecipitated with anti-FLAG resin.  Bound proteins were eluted by boiling 
in SDS loading buffer and along with total cell lysates were resolved by SDS-PAGE followed by Western blot analysis. 
(B) der1∆ yos9∆ hrd1∆ cells expressing Hrd31-76713myc were transformed with an empty vector or a vector expressing 
the indicated piece of DHFR-CPY*0000 and subjected to immunoprecipitation as in Figure 2A. * indicates the location 
of Asn368. 
(C) der1∆ yos9∆ hrd1∆ cells expressing Hrd31-76713myc were transformed with an empty vector or a vector expressing 
the indicated piece of DHFR-CPY*0000 was lysed by SDS loading buffer before being subjected to deglycosylation by 
EndoH.  Equal amounts were analyzed by SDS-PAGE followed by Western analysis. 
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Figure 3. Bacterial expression of MBP-CPY* variants 
(A) Maltose binding protein (MBP) expressed in Rosetta pLysS cells (induced) were lysed (total), spun at 
10,000g (supernatant and pellet), and then affinity purified by amylase resin (flow through) and the eluted 
with SDS PAGE loading buffer (elution) and analyzed by SDS-PAGE followed by Coomassie staining. 
(B) MBP-CPY* was analyzed as in Figure 3A. 
(C) MBP-CPY*0000 (non-glycosylatable CPY*) was analyzed as in Figure 3A. 
(D) MBP-CPY*0000404-514 (non-glycosylatable CPY* piece J as indicated in Figure 2B) was analyzed as in 
Figure 3A. 
(E) MBP-CPY*0000404-496 (non-glycosylatable CPY* piece K as indicated in Figure 2B) was analyzed as in 
Figure 3A. 

140



experiments, these results provide a basis for further study but follow-up and 

improvement of these tools is necessary. 
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 Experimental Procedures 

 

Plasmid construction 

Hrd3p with the glycan consensus sites mutated (Figure 1) was made by using 

QuikChange mutagenesis (Stratagene) to change N to Q in the indicated  N-X-S/T sites in 

the coding region of a C-terminal 13MYC-tagged Hrd31-767p expressed from its 

endogenous promoter on a CEN/ARS plasmid.  Hrd3p promoter length dictated by the 3’ 

end of the gene located 5’ of it.  For cycloheximide degradation assays, CEN/ARS 

CPY*-HA was made as described in Chapter 4 (Quan et al., 2008).   The Kar2ss-DHFR-

3xFLAG plasmid was made by inserting the fusion PCR product of the promoter, signal 

sequence and DHFR from the DHFR-CPY*-HA plasmid described in Chapter 2 

(Bhamidipati et al., 2005) with the 3xFLAG and Yos9p terminator from the pRS315-

Yos9-3XFLAG plasmid described in Chapter 3 (Denic et al., 2006) in to a CEN/ARS 

backbone.  DHFR-CPY* pieces (Figure 2) generated by PCR from CPY*/CPY*0000 

plasmids (Denic et al., 2006) were inserted in frame with the DHFR and 3xFLAG in the 

Kar2ss-DHFR-3xFLAG plasmid. The MPB constructs were generated by inserting the 

indicated pieces into a pMal-c2x plasmid (NEB) modified by the Lim lab to include a 

TEV site instead of Factor Xa site. 

 

Strains 

Hrd31-767-13MYC ∆yos9∆der1∆hard1 and ∆hrd3 strains were described in Chapter 3 

(Denic et al., 2006).  MBP constructs were expressed in Rosetta (DE3) pLysS cells or 

BL21 (DE3) cells (Novagen). 
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Cycloheximide Degradation Assay and Native immunoprecipitations - small scale 

Cycloheximide degradation assays and native inmmunoprecipitation assays were 

performed as previously described (Denic et al., 2006). 

 

MBP affinity purification 

Bacterial pellets were resuspended in 20mM HEPES pH 7.4, 200mM NaCl, 1mM EDTA, 

5% glycerol and 1mM PMSF and treated with lysozyme before sonication.  The lysate 

was centrifuged at 10,000g for 20 minutes and amylase resin was added to the 

supernatant for an half an hour at 4 degrees followed by washes with the above buffer. 

Bound protein was eluted from the beads with SDS-PAGE loading buffer and subjected 

to SDS-PAGE followed by Coomassie staining.  Expression and elution was confirmed 

by Western analysis with an anti-MBP antibody (NEB). 
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