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ABSTRACT 

Protein folding in the endoplasmic reticulum is a complex process whose 

malfunction is implicated in disease and aging. Using the cell’s endogenous sensor (the 

unfolded protein response), we identified several hundred yeast genes with roles in 

endoplasmic reticulum folding and systematically characterized their functional inter-

dependencies by measuring unfolded protein response levels in double mutants. This 

strategy revealed multiple conserved factors critical for endoplasmic reticulum folding 

including an intimate dependence on the later secretory pathway, a previously 

uncharacterized six-protein transmembrane complex, and a co-chaperone complex that 

delivers tail-anchored proteins to their membrane insertion machinery. The use of a 

quantitative reporter in a comprehensive screen followed by systematic analysis of 

genetic dependencies should be broadly applicable to functional dissection of complex 

cellular processes from yeast to man. 
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INTRODUCTION TO PROTEIN FOLDING IN THE ENDOPLASMIC 

RETICULUM 

 

Overview 

Proteins perform most of the functions of life. Crucial to their activity is their 

accurate folding from an initial linear chain of amino acids into a specific 3-dimensional 

shape. However, folding is a challenging process, with countless possible conformations 

to search and frequent local energy minima in incorrect conformations. Additionally, 

proteins which are physically unable to reach the native state can result from mutations or 

errors in transcription or translation. Faced with such challenges over billions of years of 

evolution, cells have developed sophisticated quality control mechanisms which 

maximize the proper folding of proteins and eliminate terminally misfolded proteins 

(Hebert and Molinari, 2007).  

Our focus in the Weissman and Walter labs is on the biogenesis of secreted and 

transmembrane proteins, which comprise approximately a third of the proteins encoded 

by the human genome (Kanapin et al., 2003). Eukaryotic cells fold most of their secreted 

and transmembrane proteins in the ER before they are trafficked to their final destination. 

The ER contains a range of machineries whose job it is to help proteins mature and 

ensure that incorrectly folded proteins are not allowed to exit. Proteins folding in the ER 

undergo a variety of special modifications, including the addition of sugar structures and 

lipid anchors, as well as the formation of disulfide bonds between specific cysteines. In 

addition to protein folding, the other major function of the ER is to serve as the primary 

production site for most of the cell’s lipids. 
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Signal recognition and targeting to the ER 

Secreted and transmembrane proteins are produced by ribosomes residing in the 

cytosol. Importantly, most secretory proteins are inserted into the ER membrane at the 

same time as they are being translated. Such co-translational translocation into the ER 

solves the challenge of getting secreted proteins across the membrane (unfolded 

polypeptides are more easily moved through a pore than larger and oddly shaped folded 

proteins), and also minimizes the presence of hydrophobic transmembrane domains in the 

cytosol where they could cause aggregation. 

The cellular machinery is informed that any particular ribosome is beginning 

translation of a secretory protein by the appearance of a short stretch of hydrophobic 

amino acids called a signal peptide, at the NH2-terminus of the nascent protein (Blobel 

and Sabatini, 1971; Sabatini, 2005; Sabatini et al., 1971). This sequence is recognized by 

the Signal Recognition Particle (SRP) (Halic and Beckmann, 2005; Walter and Blobel, 

1980; Walter and Blobel, 1981a; Walter and Blobel, 1981b; Walter et al., 1981) which in 

yeast is composed of six protein subunits Srp14, Srp21, Srp68, Srp72, Sec65 and Srp54, 

and a 7S RNA molecule encoded by SCR1. Interaction of the SRP with the ribosome 

slows translation and allows the ribosome to reach the ER-bound Signal Receptor which 

brings the ribosome-SRP complex to a pore through the membrane called the translocon 

(Rapoport, 2007). 
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Translocation 

After being brought to a translocon, the ribosome resumes translation and the 

nascent protein is threaded across the membrane. The translocon not only allows the 

nascent protein to access the lumen but also enables transmembrane domains (TMDs) to 

partition sideways into the membrane. The details of the translocation process and 

partition of TMDs into membranes are currently poorly understood. The smallest unit of 

a translocon is a heterotrimer composed of Sec61α, Sec61β and Sec61γ in mammals and 

Sec61, Sbh1, Sss1 in yeast, and an X-ray structure of the archaeal homolog of this 

complex exists (Rapoport, 2007). Importantly, it is not clear whether the active 

translocating complex contains just one or multiple translocon heterotrimers. 

A second translocon exists in yeast, composed of Ssh1, Sbh2 and Sss1, which is 

thought to be used exclusively in co-translational translocation (Finke et al., 1996). Yeast 

are also capable of post-translational translocation, and this requires association of the 

Sec61 heterotrimer with the additional components Sec62, Sec63, Sec71, Sec72 and the 

ER luminal chaperone Kar2 (Panzner et al., 1995). 

 

Signal peptide Cleavage 

The signal peptide on most secreted and transmembrane proteins is cleaved by a 

complex composed of Spc1, Spc2, Spc3 and Sec11 (Antonin et al., 2000). 

 

N-linked Glycosylation 

Most secretory proteins are modified co-translocationally by the addition of sugar 

structures called N-linked glycans at the asparagine residue of the tripeptide sequence 
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Asn-X-Ser or Asn-X-Thr (Helenius and Aebi, 2004). N-linked glycans are thought to aid 

in folding by two mechanisms: 1) biophysically by constraining the conformational space 

it can search and increasing its solubility; and 2) by serving as a tag which the cell can 

modify to keep track of the folding status of the protein. 

N-linked glycans are transferred onto nascent proteins as a pre-assembled 

structure composed of 14 sugars: 2 N-acetylglucosamines, 9 mannoses, and 3 glucoses. 

Before it is transferred onto the protein, this structure is built up on a dolichol anchor by a 

series of enzymes, each of which adds just one or two sugars. The enzyme in this 

biosynthesis pathway are: Alg7, Alg1, Alg2, Alg11, Alg3, Alg9, Alg12, Alg9, Alg6, 

Alg8, Alg10 (listed in order of action). The first few enzymes through Alg11 act on the 

sugar structure while it is facing the cytosol, then the structure is flipped by Rft1 and the 

remaining sugars are added on the luminal side. Additionally important for the pathway 

are Dpm1 and Alg5, which load dolichol with mannose and glucose respectively on the 

cytosolic side for transport to the luminal side and subsequent use in the biogenesis of the 

N-linked glycan (Helenius and Aebi, 2004). 

The complete N-linked glycan is then transferred onto the nascent protein by the 

Oligosaccharyl Transferase complex (OST) which is composed in yeast of nine subunits: 

Ost1 through Ost6, Stt3, Swp1, and Wbp1. 

Once on the protein, the N-linked glycan is trimmed over time. The glucoses are 

trimmed by Glucosidase I (Cwh41 in yeast) and Glucosidase II (composed in yeast of a 

heterodimer of Rot2 and Gtb1) (Helenius and Aebi, 2004). Several of the mannoses are 

trimmed by ER Mannosidase I Mns1 (Jelinek-Kelly and Herscovics, 1988) and the 

mannosidase Mnl1/Htm1 (Helenius and Aebi, 2004). This trimming process allows the 
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cell to keep track of how long a protein has been folding in the ER (Helenius and Aebi, 

2004). This “timer hypothesis” provides a simple means by which the cell can 

differentiate between newly-made proteins in the process of folding; and terminally 

misfolded proteins, which might be difficult to distinguish by other means. Proteins 

which have not properly folded by the time their glycans have been trimmed are targeted 

for degradation (see the ERAD section below). 

 

Interactions with chaperones 

Chaperones help proteins fold by three general strategies: 1) They reduce 

interactions with other proteins by binding to the nascent protein, thus decreasing the 

chances that the nascent protein will aggregate. 2) They can provide energy input into the 

folding process, and thus overcome the energy barrier to escaping an incorrect fold. 3) 

They can guide folding by physically constraining the conformation space that a nascent 

polypeptide can search. 

Central to folding in the ER is the Hsp70 chaperone Kar2 (BiP in mammals) 

(Buck et al., 2007). Like other Hsp70s, Kar2 goes through an ATP-driven cycle of 

substrate binding and release. When bound by ATP it has low affinity to substrates, and 

when bound by ADP it has high affinity to substrates. It intrinsically cycles slowly 

between these states, and in the cell additional factors regulate both nucleotide exchange 

and its ATPase activity. Hsp40-class chaperones Sec63 (Scidmore et al., 1993), Scj1 

(Schlenstedt et al., 1995) and Jem1 (Brizzio et al., 1999) enhance Kar2’s ATPase activity, 

and Sil1 is likely a nucleotide exchange factor which promotes exchange of ADP for 

ATP (Chung et al., 2002; Kabani et al., 2000). 
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The yeast ER contains a second Hsp70, Lhs1, which appears to assist Kar2 in its 

functions (Steel et al., 2004). Lhs1 is able to promote nucleotide exchange on Kar2, and 

reciprocally Kar2 activates the ATPase activity of Lhs1 (Steel et al., 2004). 

The yeast ER also contains Calnexin (Cne1), a chaperone which binds most 

tightly to proteins containing glycans with a single glucose (Helenius and Aebi, 2004). 

The mammalian homolog of Cne1, Calnexin is known to have a binding cycle which is 

regulated by glucosidases and transferases. Glucosidase II releases proteins from 

Calnexin by trimming the last glucose from the glycan. If the protein is not properly 

folded, UDP-Glucose Glycosyl Transferase (UGGT) re-glycosylates the glycan and 

Calnexin can bind again (Helenius and Aebi, 2004). Mammals also have a soluble 

paralog of Calnexin, Calreticulin which undergoes the same cycle. The equivalent cycle 

has not been demonstrated in budding yeast. 

Finally, a number of substrate-specific chaperones have been identified which 

help the maturation of specific proteins (Ellgaard et al., 1999). These include Shr3, Gsf2, 

Pho86 and Chs7 which are respectively required for the ER export of the Gap1 amino 

acid permease (Kota et al., 2007), the Gal2 hexose transporter (Sherwood and Carlson, 

1999), the Pho84 phosphate transporter (Lau et al., 2000), and the chitin synthase Chs3 

(Trilla et al., 1999). 

 

Disulfide formation 

The endoplasmic reticulum environment differs from the cytosol because it is 

more oxidizing (Hwang et al., 1992). This allows the formation of specific disulfide 
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bonds within and between polypeptide chains, which can increase the resistance of 

secreted proteins to denaturation under harsh conditions outside of the cell. 

The Protein Disulfide Isomerase Pdi1 oxidizes cysteines on proteins and yields 

disulfide bonds. Pdi1 is in turn oxidized by the membrane-bound Ero1, which transfers 

the electrons to molecular oxygen (Gross et al., 2006; Tu and Weissman, 2004). Loss of 

Pdi1 is lethal but can be rescued by overexpression of any of its four paralogs: Eug1 

(Tachibana and Stevens, 1992), Mpd1 (Tachikawa et al., 1995), Mpd2 (Tachikawa et al., 

1997), and Eps1 (Wang and Chang, 1999). 

Similarly, loss of Ero1 is lethal but overexpression of the sulfhydryl oxidase Erv2 

is able to compensate for its loss (Sevier et al., 2001). 

 

Peptide bond isomerization 

Cis-trans isomerization of proline bonds is a rate-limiting step in protein folding 

(Kiefhaber et al., 1990). The peptidyl-prolyl isomerase Cpr5 is thought to catalyze this 

isomerization in the yeast ER (Frigerio and Pelham, 1993). 

 

Common lipid modifications 

A large number of proteins destined for the plasma membrane are modified in the 

ER by the replacement of a special sequence at their C-terminus with a 

glycosylphosphatidylinositol (GPI) anchor which anchors them initially to the lumenal 

leaflet of the ER and later to the outer leaflet of the plasma membrane (Pittet and 

Conzelmann, 2007). The GPI anchor has a conserved core structure: the protein is 

attached through a phosphoethanolamine linkage to a core composed of 3 mannoses, 
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glucosamine, myo-inositol and a lipid anchor (Paulick and Bertozzi, 2008). This core can 

be modified in multiple ways depending on the protein and organism. In Saccharomyces, 

the lipid anchor is either diacylglycerol or ceramide (Pittet and Conzelmann, 2007). 

Additionally, GPI anchors in Saccharomyces contain an acyl chain on their myo-inositol 

which is removed shortly after transfer of the GPI anchor to the protein. 

In yeast, the biosynthesis of the GPI anchor requires the genes Gpi1, Gpi2, Gpi3, 

Gpi15, Eri1, Gpi19, Gpi12, Gwt1, Gpi14, Pbn1, Gpi18, Mcd4, Gpi10, Smp3, Gpi13, 

Gpi11 and Gpi7, which are thought to act sequentially approximately in the order listed, 

similarly to the biogenesis of the N-linked glycans (Pittet and Conzelmann, 2007). 

Replacement of the GPI anchor signal sequence with a GPI anchor is performed by the 

GPI transamidase complex composed of Gab1, Gaa1, Gpi17, Gpi16, and Gpi8 (Pittet and 

Conzelmann, 2007). The acyl chain of the GPI anchor is removed by Bst1. 

Another common lipid modification is S-palmitoylation whereby a thioester 

linkage is created between a cysteine residue and palmitate, a C16 saturated fatty acid 

(Greaves and Chamberlain, 2007). S-palmitoylation tethers otherwise soluble proteins to 

the membrane and can affect ER exit of transmembrane proteins, sorting in the later 

secretory pathway and segregation into plasma membrane lipid domains (Greaves and 

Chamberlain, 2007). S-palmitoylation is performed by a palmitoyltransferase complex 

composed of Erf4 and Erf2 in the ER (Zhao et al., 2002), and by the palmitoyltransferase 

Akr1 in the Golgi (Roth et al., 2002)  
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Tail-anchored protein biogenesis 

Tail-anchored (TA) proteins are a special class of membrane proteins. They have 

a single transmembrane domain at their very C-terminus. This unique topology prevents 

them from using the canonical SRP-dependent co-translational translocation pathway; as 

their only hydrophobic domain exits the ribosomal tunnel only after translation has 

terminated (Borgese et al., 2003). Therefore, TA proteins are thought to be released into 

the cytosol and only subsequently brought to the ER for membrane insertion. For many 

years the putative machinery for TA protein insertion into membranes remained elusive. 

However, just two years ago, several of its components were identified: in yeast, Get3 is 

an ATPase which binds TA proteins in the cytosol and brings them to a heterodimer 

receptor on the ER membrane made of Get1 and Get2 (Mateja et al., 2009; Schuldiner et 

al., 2008; Stefanovic and Hegde, 2007). 

During my graduate studies, we identified 3 additional components of this 

pathway, Yor164c/Get4, Mdy2/Get5 and Sgt2. At the time of writing, our model is that 

Get4 and Get5, which form a physical complex, bind TA proteins even in the absence of 

Get3, and are required for binding of Get3 to some TA proteins. Moreover we know that 

Get3, Get4 and Get5 form a physical complex. Sgt2 likely aids the function of Mdy2 and 

Yor164c as 1) a physical interaction between Sgt2 and Mdy2 has been reported (Liou et 

al., 2007); 2) our genetic interaction data shows clustering of Δsgt2 with components of 

the TA insertion machinery and alleviating interactions with Δget3; 4) Δsgt2 cells show a 

defect in insertion of tail-anchored protein GFP-Sed5 (Battle et al.). 
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ER-Associated Degradation 

As mentioned above, a fraction of the proteins that enter the ER will terminally 

misfold. Rather than allowing such misfolded proteins out of the ER where they might 

have dangerous consequences, the cell contains sophisticated ER-Associated Degradation 

(ERAD) machinery which identifies misfolded proteins, retrotranslocates them across the 

membrane, ubiquitinates them and degrades them using the cytosolic proteasome 

(Romisch, 2005; Vembar and Brodsky, 2008). 

Proteins can misfold in many ways and it is thought that the ERAD machinery has 

a branched organization, with specialized ERAD components recognizing specific classes 

of misfolded proteins and handing them to more general ERAD components used for all 

classes of misfolded proteins. In yeast it has been proposed that the cell has three 

branches of ERAD, each of which specializes in identifying a different class of lesions: 

ERAD-L degrades proteins with lesions in domains located in the ER lumen, ERAD-M 

degrades proteins with lesions in transmembrane domains, and ERAD-C degrades 

transmembrane proteins with lesions in cytosolic domains (Nakatsukasa and Brodsky, 

2008). It is important to note that this model is based on data from a small number of 

substrates and as the genetic requirements for degradation are defined for more 

substrates, we will see if reality is so simple. 

Many of the known ERAD components can be found in two transmembrane 

complexes organized around the two core ubiquitin ligases, Hrd1 and Doa10 (Carvalho et 

al., 2006; Denic et al., 2006). These complexes both contain the cytosolic AAA ATPase 

Cdc48, its membrane anchor Ubx2 and accessory factors Ufd1 and Npl4 (Carvalho et al., 

2006), which are thought to help extract misfolded proteins from the ER, and feed them 
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to the cytosolic proteasome after removal of glycans by peptide N-glycanase Png1 

(Romisch, 2005). 

One of the complexes additionally contains the 14-transmembrane-segment E3 

ubiquitin ligase Doa10/Ssm4, and this complex is thought to be exclusively responsible 

for the degradation of proteins with lesions in cytosolic domains (ERAD-C) (Carvalho et 

al., 2006). Doa10 ubiquitinates ERAD-C substrates using ubiquitin from one of two E2 

ubiquitin conjugating enzymes: either Ubc6 or Ubc7 (which is anchored to the membrane 

by Cue1) (Romisch, 2005). 

The second ERAD complex is organized around the E3 ubiquitin ligase Hrd1 and 

is thought to be responsible for the degradation of both proteins with misfolded luminal 

domains (ERAD-L) and proteins with misfolded transmembrane domains (ERAD-M) 

(Carvalho et al., 2006). In addition to the aforementioned Hrd1, Cdc48, Ubx2, Ufd1 and 

Npl4, it contains the lectin (glycan-binding protein) Yos9, the latter’s membrane anchor 

Hrd3, and the proteins Usa1 and Der1. The function of this complex is best understood 

with regards to the degradation of the model misfolded soluble luminal glycosylated 

protein, CPY* (a mutant form of a vacuolar proteinase). Hrd3 binds CPY* with 

misfolded luminal domains independent of the presence of glycans on it (Denic et al., 

2006). However, this interaction is not sufficient for degradation of CPY*. A second 

signal is required to target CPY* for degradation by the complex: its glycans must have 

been trimmed down to expose an α-1,6 mannose which is detected by Yos9 (Quan et al., 

2008). As such trimming takes time, it is thought that the α-1,6 mannose requirement 

prevents degradation of young proteins on the path to proper folding (which likely 

present similar structural features to terminally misfolded proteins, e.g. hydrophobic 
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patches). Der1 and Usa1 are dispensable for degradation of substrates with misfolded 

transmembrane domains (Carvalho et al., 2006). Hrd1 ubiquitinates misfolded proteins 

with ubiquitin from either Ubc1 or the Ubc7-Cue1 complex. 

One of the current puzzles in the ERAD field is the mechanism of extraction of 

luminal proteins back to the cytosol, or “retrotranslocation.” Multiple candidates for this 

function exist, notably the Sec61 translocon itself which might be co-opted to operate in 

reverse (Romisch, 2005), however there are competing models and each has its 

challenges. For example, if Sec61 is the translocon one would expect it to co-IP with the 

Hrd1 complex, which contains both components acting before retrotranslocation (e.g. 

Yos9 queries the glycans on proteins early in the lumen) and components acting after 

retrotranslocation (e.g. Cdc48 which is thought to pull on substrates from the cytosol 

(Romisch, 2005)). One competing model is that the retrotranslocon is instead formed by 

the components of the Hrd1 complex which collectively contains over a dozen 

transmembrane domains (Vembar and Brodsky, 2008). 

 

Trafficking 

Newly made proteins with final destinations outside of the ER are first trafficked 

to the Golgi compartment for sorting before going on to their final destinations. In 

addition to the Golgi itself, final destinations generally include the cell exterior, cell 

surface, peroxisomes, endosomes and lysosomes. 

The trafficking of proteins between compartments of the secretory pathway is 

performed by vesicles. In general, vesicles bud off of a membrane with the help of coat 

proteins which form basket-like structures whose oligomerization drives membrane 
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curvature and budding. The three best-characterized types of vesicle are defined by their 

coats: COPII, COPI and Clathrin. Clathrin coats are used by vesicles budding from the 

plasma membrane and will not be discussed further here. 

Proteins destined for budding off of the ER are enclosed in COPII vesicles 

(Hughes and Stephens, 2008). COPII vesicles are nucleated by Sar1, whose inactive 

GDP-bound form is cytosolic (Barlowe, 1995). Upon exchange of GDP for GTP by the 

GTP Exchange Factor Sec12, Sar1 becomes membrane-bound and recruits the COPII 

inner coat proteins Sec23 and Sec24, which bind to ER export signals present on the 

cytosolic side of cargo proteins (Hughes and Stephens, 2008). Some proteins do not bind 

directly to the coat machinery and their binding is mediated by special cargo receptors, 

examples of which include Erv29 (Bickford et al., 2004) and Erv26 (Bue et al., 2006). 

The COPII outer coat proteins Sec13 and Sec31 then assemble onto Sec23 and Sec24, 

and the vesicle buds off of the membrane. 

One of the greatest challenges of trafficking is to ensure that each vesicle 

accurately fuses only with its desired destination membrane, in spite of the large number 

of other membranes available to fuse with (starting with the membrane on which the 

vesicle originated). To increase the specificity of vesicle targeting, cells have developed 

tethering complexes which sit on target compartments and help regulate fusion of 

vesicles. COPII vesicles are captured at the cis-Golgi by the Transport Protein Particle I 

(TRAPP I) tethering complex (Cai et al., 2007), composed of seven subunits: Bet3, Bet5, 

Trs20, Trs23, Trs31, Trs33 and Trs85 (Sacher et al., 2008). According to current models, 

this TRAPP I - COPII interaction promotes release of the COPII coat and exposes the 

fusion machinery on the vesicle (Cai et al., 2007). 
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Membrane fusion is achieved by transmembrane proteins which bind and 

physically pull the membranes together with a force sufficiently high to overcome the 

energy barrier to fusion. The cell fuses vesicles to membranes using specialized proteins 

called Soluble N-ethylmaleimide sensitive factor attachment protein receptors (SNAREs) 

(Sudhof and Rothman, 2009). SNARES generally have a large cytosolic domain, a single 

transmembrane segment and a very short luminal tail (incidentally, most SNAREs in 

yeast are tail-anchored proteins (Burri and Lithgow, 2004)). Four types of SNARES 

exist, Qa-, Qb-, Qc- and R-SNARE (Jahn et al., 2003); and when four SNAREs, one from 

each class, come together, they zipper up into a very tight heterotetramer in the form of a 

four-alpha-helix bundle called a SNAREpin. The cell harnesses the energy released from 

SNAREpin formation to drive membrane fusion by placing one or two SNAREs in the 

vesicle, and the remaining SNAREs in the target membrane. When the vesicle nears the 

membrane, the SNAREs in the vesicle bind to the SNAREs on the membrane and begin 

to zip up into a SNAREpin. The zipping up of the SNAREpin exerts a substantial force 

pulling the membranes together which is sufficient to drive fusion (Sudhof and Rothman, 

2009). After fusion, the SNAREpin is disassembled by an ATPase (which injects energy 

into the cycle) and the components are recycled. 

In addition to providing the energy to drive membrane fusion, SNAREs contribute 

to the specificity of vesicle targeting, as only specific tetramers of SNAREs can interact 

(Sudhof and Rothman, 2009). Fusion of ER-derived vesicles to the cis-Golgi can be 

mediated by either the Sec22 SNARE or the Ykt6 SNARE in the vesicle, which binds 

with a trimer of SNAREs in the cis-Golgi composed of Bet1, Bos1, and Sed5 (Burri and 

Lithgow, 2004; Weinberger et al., 2005). ATP hydrolysis from the NSF protein Sec18 
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and its accessory protein Sec17 drives the disassembly of the SNARE bundle (Pelham, 

1999). 

An additional level of regulation and specificity throughout the secretory pathway 

is provided by the large family of Rab GTPases. GTP-bound Rab proteins bind to 

vesicles and aid in the recruitment of trafficking, tethering and fusion components. GTP 

hydrolysis causes the dissociation of Rab from the membrane and ends its recruitment of 

effectors. ER-to-Golgi traffic is regulated by the Rab protein Ypt1 (Stenmark, 2009), 

whose nucleotide exchange is enhanced by the TRAPP I complex (Cai et al., 2007). 

In addition to the anterograde ER-to-Golgi trafficking pathway, the cell contains a 

retrograde, Golgi-to-ER pathway. The main functions of this pathway are thought to be to 

retrieve trafficking proteins and membrane which must go to the Golgi to fill their roles 

in the anterograde pathway, as well as ER-resident proteins which have accidentally been 

exported (Lewis et al., 1990). These proteins often contain tags which aid their retrieval. 

The most common known retrieval tag is the HDEL tetrapeptide (KDEL in animals) 

which is found at the C-terminus of many ER-luminal resident proteins including Kar2. 

Proteins carrying this tetrapeptide are retrieved from the Golgi by the transmembrane 

receptor Erd2 (Lewis et al., 1990).  Additionally, transmembrane ER-resident proteins are 

efficiently retrieved if they carry a cytosolic C-terminus with the KKxx motif (containing 

lysines at the 3rd and 4th positions from the end of the protein)(Vincent et al., 1998). 

Vesicles budding from the cis-Golgi destined for the ER are coated with a COPI 

coat, which consists of Cop1, Ret2, Ret3, Sec21, Sec26, Sec27, Sec28, and a small Ras-

like GTPase Arf1 or Arf2 (Kraynack et al., 2005). When these vesicles reach the ER, 

they interact with a tethering complex composed of Dsl1, Dsl3 and Tip20, and this 
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interaction may promote their uncoating (Zink et al., 2009). Fusion is then mediated by 

the Sec22 SNARE in the vesicles, and the Ufe1, Slt1/Use1 and Sec20 SNARES in the ER 

membrane (Kraynack et al., 2005; Pelham, 1999). 

 

Unfolded Protein Response 

The unfolded protein response (UPR) is a sophisticated homeostatic pathway 

which measures the abundance of misfolded proteins in the ER and regulates the 

expression of hundreds of genes to help the cell adapt to various challenges in its 

secretory pathway (Ron and Walter, 2007). In Saccharomyces the UPR is relatively 

simple, primarily composed of the ER transmembrane sensor Ire1 which regulates the 

abundance of the transcription factor Hac1 in proportion to misfolded proteins in the ER 

lumen. Ire1’s primary mode of regulation of Hac1 is very unusual: in proportion to the 

abundance of misfolded proteins, Ire1 promotes the splicing of HAC1 mRNA (Cox and 

Walter, 1996) to produce a significantly more translationally-competent form (Chapman 

and Walter, 1997; Kawahara et al., 1997). 

Ire1 appears to be activated by oligomerization in a two-step process (Kimata et 

al., 2007). According to a recent model, under conditions of low stress, Kar2 binds to Ire1 

and prevents oligomerization. Under higher levels of misfolded proteins, Kar2 is titrated 

off of Ire1 and binds misfolded proteins. Ire1 then forms oligomers which are visible by 

fluorescence microscopy (Kimata et al., 2007). However, oligomerization alone is not 

sufficient for signaling and a second step appears to be required, likely involving direct 

physical binding of misfolded proteins to Ire1 (Kimata et al., 2007). Indeed, the crystal 

structure of Ire1 revealed that Ire1 dimerizes to form a deep groove reminiscent of the 
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groove found in the major histocompatibility complex which presents protein fragments 

to the immune system (Credle et al., 2005), and it is tempting to think that misfolded 

proteins might bind in this groove of Ire1. Direct physical binding of misfolded proteins 

by Ire1 is supported by the ability of the Ire1 luminal domain to inhibit aggregation of 

denatured proteins in vitro (Kimata et al., 2007). Upon satisfaction of this second step, 

Ire1 activates itself by trans-autophosphorylation of its kinase domain (Ron and Walter, 

2007). 

Upon activation, Ire1 recruits the translationally-repressed unspliced HAC1 

mRNA to its foci (Aragon et al., 2009). The HAC1 mRNA is then cleaved by Ire1’s 

ribonuclease activity in two sites, and the outer fragments are ligated by the tRNA ligase 

Trl1. Spliced HAC1 mRNA is translated into active Hac1 which enters the nucleus and 

upregulates several hundred genes by binding to sequences in their promoters called UPR 

Elements (UPREs) with characteristic sequences (Patil et al., 2004). The targets of the 

UPR include a variety of genes which help the cell reduce levels of misfolded proteins, 

notably most of the components of ERAD (Travers et al., 2000). The UPR also 

upregulates genes with roles in other compartments, e.g. mitochondria, and one 

rationalization for this is that the UPR may be preparing the entire cell for dealing with 

the consequences of a stressed ER. 

The UPR is conserved across eukaryotes. The mammalian UPR contains two 

additional branches beyond the Ire1 pathway (which in mammals is similar to yeast): 

PERK and ATF6 (Ron and Walter, 2007). PERK has a similar luminal domain to Ire1 

and likely uses a similar mechanism to sense misfolded proteins. PERK also contains a 

kinase domain which trans-autophosphorylates upon activation, however unlike Ire1 
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where the kinase domain likely tunes the response, in PERK the kinase domain is the 

primary effector. Active PERK phosphorylates the initiation factor eIF2, resulting in 

reduced translation initiation, which is thought to help alleviate the folding load in the 

ER. 

ATF6 is thought to use a very different mechanism from PERK and Ire1. It 

contains a transcription factor which is kept inactive by tethering to the ER through a 

transmembrane protein. In unstressed cells, ATF6 does not traffic to the Golgi because it 

is retained in the ER by an interaction with BiP (the mammalian homolog of Kar2). 

However, under ER stress, ATF6 is released and traffics to the Golgi where its 

transcription factor portion is cleaved from the transmembrane segment. The resulting 

transcription factor then goes into the nucleus to activate its target genes. 

 

More components have yet to be discovered and characterized 

While worlds of knowledge have been gained since the seminal initial discovery 

of the endoplasmic reticulum by Porter et al in 1944 (Porter et al., 1945), our 

understanding of this organelle is far from complete. Entirely novel complexes with 

important functions, like the ERMES which connects the mitochondria to the 

endoplasmic reticulum (ER) (Kornmann et al., 2009), continue to be discovered. Even 

proteins whose functions have been studied in molecular detail for over a decade like Ire1 

continue to reveal exciting features (Korennykh et al., 2009). 

When I started graduate school, my mentors and I hypothesized that additional 

genes and functions might be required for proper maturation of secretory proteins, 

beyond those already known. The core goal of my thesis project was to use cutting-edge 
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tools to define a comprehensive list of genes important for protein folding in the ER, and 

to use a novel functional genomics approach to predict functions for the poorly 

characterized genes we found. 
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COMPREHENSIVE CHARACTERIZATION OF GENES REQUIRED FOR 

PROTEIN FOLDING IN THE ENDOPLASMIC RETICULUM 

 

The endoplasmic reticulum (ER) is responsible for the folding and maturation of 

secreted and membrane proteins. External stress or mutations can compromise ER 

folding, contributing to diseases such as diabetes and neurodegeneration (Lin et al., 2008; 

Scheuner and Kaufman, 2008). The specialized milieu of the ER is comprised of a large 

number of proteins that aid the structural maturation of itinerant proteins (Hebert and 

Molinari, 2007; Trombetta and Parodi, 2003). While many of these ER folding factors 

have been extensively studied, the full range of proteins contributing to this process is 

unknown, and how they function together is poorly understood. 

 

Systematic identification of genes contributing to ER folding. 

We exploited the cell’s endogenous sensor of ER protein folding status, Ire1p, to 

identify genes in Saccharomyces cerevisiae that contribute to structural maturation of 

secretory proteins. In response to misfolded proteins in the ER, the transmembrane sensor 

Ire1p activates the transcription factor Hac1p (Ron and Walter, 2007), which in turn 

transcriptionally up-regulates a distinct set of genes (Casagrande et al., 2000; Travers et 

al., 2000) in a process called the unfolded protein response (UPR). We used a reporter 

system in which a Hac1p-responsive promoter drives Green Fluorescent Protein (GFP) 

expression (Pollard et al., 1998) (Fig. 1A).  To correct for nonspecific expression 

changes, we co-expressed a red fluorescent protein (RFP) from a constitutive TEF2 

promoter and used the ratio of GFP/RFP as our reporter of UPR signaling. A titration of 
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the ER-stress inducing reducing agent dithiothreitol (DTT) demonstrated that this 

reporter quantitatively responds to misfolding of ER proteins (Fig. 1B). 

 

 

 

 

Fig. 1. Quantitative screen for gene deletions that perturb UPR signaling. (A) Strategy for 
quantifying UPR levels in deletion strains. (B) GFP/RFP reporter levels as a function of 
concentration of DTT, a reducing agent that causes protein misfolding in the ER. (C) 
UPR reporter levels of up-regulator hits by functional category.  
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Using Synthetic Genetic Array methodology (Tong et al., 2001), the reporter was 

introduced into ~4500 strains from the S. cerevisiae deletion library (Giaever et al., 

2002), and the median single-cell fluorescence of each strain was measured using high-

throughput flow cytometry (Newman et al., 2006) (Fig. S1, Table S1). The UPR showed 

significant basal induction, which allowed us to identify genes whose deletion caused 

either up-regulation (399 hits with p<0.01, explicitly modeling our experimental error) or 

down-regulation (334 hits with p<0.01) of the reporter. We found limited overlap 

between the genes whose deletion induces the UPR and the genes that were previously 

shown by microarray analysis to be transcriptionally upregulated by the UPR (Travers et 

al., 2000) (Fig. S2 and Table S2, see also (Giaever et al., 2002; Winzeler et al., 1999)). 

Thus although defining the UPR targets was fundamental to our understanding of how 

cells respond to ER stress it provides a limited view of the processes constitutively 

required for folding in the ER. 

 

Overview of gene deletions affecting the UPR. 

Proteins whose deletion caused up-regulation of the reporter were highly enriched 

for localization throughout the secretory pathway (Fig. S3 and Table S3) (Huh et al., 

2003), including the ER as well as the Golgi, vacuole and endosome. As expected, 

chaperones (Bukau et al., 2006) and genes in the N-linked glycosylation (Helenius and 

Aebi, 2004) and ER-Associated Degradation (ERAD) (Nakatsukasa and Brodsky, 2008) 

pathways featured among the top hits (Fig. 1C). However, deletion of genes involved in 

many other processes, including O-mannosylation, glycophosphatidylinositol anchor 

synthesis, lipid biosynthesis, multiple steps of vesicular trafficking and ion homeostasis, 
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caused similarly high reporter inductions (Table S1). Moreover, the UPR up-regulators 

included several dozen poorly characterized genes, some whose deletion caused reporter 

induction rivaling the strongest hits. 

The diversity of functions contributing to ER integrity presented a major obstacle 

in our efforts to understand how these unexpected factors function together to support 

protein folding in the ER. To overcome this, we explored their functional dependencies 

by systematically quantifying how the phenotype caused by loss of one gene was 

modulated by the absence of a second. Systematic analysis of genetic interactions, using 

growth rate as a phenotype, has been used extensively to determine gene function 

(Decourty et al., 2008; Girgis et al., 2007; Pan et al., 2006; Schuldiner et al., 2005; Segre 

et al., 2005; St Onge et al., 2007; Tong et al., 2001). We sought to generalize this strategy 

using ER stress as a quantitative phenotype. Accordingly, we quantified UPRE-GFP 

reporter levels in over 60,000 strains containing pair-wise deletions among 340 of our 

hits . 

 

Genetic interactions illuminate functional relationships. 

Three examples illustrate the utility of the double mutant analysis. First, 

comparison of the UPRE-GFP levels in the presence and absence of IRE1/HAC1 

differentiated between the subset of upregulators whose deletion affected protein folding 

in the ER (i.e. UPRE-GFP induction was dependent on the Ire1p/Hac1p pathway) from 

those, like chromatin architecture genes, that were directly affecting expression of the 

reporter (Fig. 2A, Table S4).  
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 Fig. 2. Double mutant analysis provides 
information on functional dependencies 
between genes. (A) “Double mutant” 
(DM) plot of Δhac1. Each point represents 
a gene. X-coordinate represents the 
reporter level of a strain deleted for that 
gene in a WT background. Y-coordinate 
represents the reporter level in a double 
mutant lacking the same gene and 
additionally deleted for a second gene (in 
this case HAC1). The horizontal blue line 
indicates the reporter level in the Δhac1 
single mutant. Circled in red are up-
regulators whose reporter induction is 
HAC1-independent, which are highly 
enriched for chromatin architecture 
factors. (B) (Top) Schematic of the 
lumenal steps of the N-linked glycan 
synthesis pathway. (Bottom) DM plot for 
Δdie2/alg10. (C) DM plot depicting 
genetic interactions between deletion 
mutants and over-expression (OE) of the 
ERAD substrate KWS. 
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In a second example, UPR levels of pair-wise deletions with Δdie2/alg10, the 

enzyme that performs the last step in the synthesis pathway for N-linked glycans, 

illustrated our ability to define genes acting in a linear pathway (Fig. 2B). Most double 

mutants showed a typical increase in fluorescence which was dictated solely by the 

reporter levels of the single mutants. Strikingly, a specific subset of the double mutants 

had the same reporter level as the single mutant demonstrating “fully masking” epistatic 

interactions in which the function of one gene is completely dependent on the presence of 

a second one. Indeed, the genes that we find to be epistatic to DIE2 include the full set of 

factors that act immediately upstream of Die2p in the synthesis of N-linked sugars 

(Helenius and Aebi, 2004). 

The utility of aggravating genetic interactions, in which pairs of deletions lead to 

exaggerated folding defects, was illustrated in a third example in which we over-

expressed the constitutively misfolded and rapidly degraded membrane protein KWS 

(Vashist and Ng, 2004) in deletion strains that were hits in our screen (Fig. 2C). KWS 

degradation is mediated by a well-defined subset of the ERAD machinery, including the 

E3 ubiquitin ligase Ssm4p/Doa10p, and the E2 ubiquitin-conjugating complex Ubc7p and 

Cue1p (Vashist and Ng, 2004). The role of these factors in mitigating the stress caused by 

over-expression of KWS is revealed in our data by the strongly aggravating interaction 

between their deletions and KWS over-expression. In contrast, other ERAD components, 

which do not act on KWS, including the Hrd1p/Hrd3p E3 ligase complex (Vashist and 

Ng, 2004), show typical reporter levels. 
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Phenotypic interaction score (π-score) quantifies functional relationships. 

Strongly aggravating and fully masking interactions as described above are only a 

subset of the broader range of possible genetic interactions in which pairs of 

perturbations lead to a continuum of exacerbated (aggravating) or attenuated folding 

defects. We sought to quantify these systematically by developing a phenotypic 

interaction score or “π-score” which describes the degree to which a double mutant UPR 

reporter level differs from that expected from the two single mutant levels. A simple 

empirical multiplicative model accurately predicted the typical double mutant reporter 

levels when we accounted for saturation of the reporter (Fig. 3A, see appendix). The π-

score for each double mutant was given by the difference between the typical levels 

expected from the reporter levels of the two single mutants and the measured UPR 

reporter levels in the double mutant. Thus negative π-scores (exaggerated inductions) 

represent aggravating interactions and positive π-scores (unusually low inductions) 

represent alleviating interactions with the fully masking/epistatic interactions being a 

subset of the positive π-scores. 

 

Systematic identification of functional groups through phenotypic interaction maps. 

In growth-based studies, the pattern of genetic interactions of a mutation provides 

a signature that can be used to group genes by function (Pan et al., 2006; Schuldiner et 

al., 2005; Tong et al., 2004). Analogous hierarchical clustering on the double mutant π-

scores yielded a map with a high density of precise functional clusters (Fig. 3B, S4). This 

analysis accurately grouped over 100 of the previously well-characterized genes into 22  
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Fig. 3. Systematic identification of genetic interactions. (A) Generalized DM plot 
illustrating the distribution of reporter levels in double mutants Δxxx Δyfg plotted against 
reporter levels in single mutants Δxxx. A red curve traces the typical double mutant 
reporter level as a function of the single mutant reporter level. The interaction value (π-
score) is determined by the difference between the expected and measured UPR levels in 

a double mutant. Double mutants with 
unusually high fluorescence (blue dots), 
typical fluorescence (black dots), or unusually 
low fluorescence (yellow dots) represent 
aggravating, no, or alleviating genetic 
interactions, respectively. Fully masking 
interactions are found either on the horizontal 
blue line (Δyfg fully masks Δxxx) or on the 
diagonal blue line (Δxxx fully masks Δyfg). (B) 
Hierarchical clustering of a genetic interaction 
map based on systematic π-score analysis. To 
the right of the map, functional clusters are 
labeled (Table S5). Clusters referred to in the 
text are highlighted in red; those containing 
novel components are marked in italics.  
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functions spanning a wide range of processes (Table S5). Among genes whose deletions 

directly affected the ER folding environment (i.e. caused Ire1p/Hac1p-dependent reporter 

induction) our map grouped not only the ERAD and glycosylation machinery discussed 

above, but also many other processes including those in the distal secretory pathway (Fig. 

3B). Our map also accurately clustered multiple functions that act downstream of HAC1 

including the Chromatin Assembly Complex, core histones and histone chaperones. 

 

Genetic interactions identify functional hierarchies. 

Within the functional groups defined above, the specific double mutant 

phenotypes revealed the extent to which the activities of individual components depended 

on each other. For example, all of the known components of the “ERAD-L” machinery 

needed for disposal of misfolded lumenal proteins (Nakatsukasa and Brodsky, 2008) 

formed a tight cluster. The double mutant phenotypes of Δhrd3 revealed the expected full 

dependence of YOS9, DER1, and USA1 on HRD3 (Fig. 4A) (Nakatsukasa and Brodsky, 

2008). In contrast, only partial epistasis was seen with the E2 Ubc7p and its membrane 

anchor Cue1p, consistent with their known roles in other branches of ERAD and the 

ability of another E2, Ubc1p, to partially substitute in their absence (Friedlander et al., 

2000). In addition, the clustering analysis suggested that YLR104W is a novel component 

of ERAD that acts upstream of HRD3 and USA1 (perhaps by delivering a subset of 

ERAD targets to the Hrd1p ligase) (Table S6). Our complete list of genetic interactions, 

which includes over 500 full masking relationships among 213 genes, should provide a 

resource of functional predictions for the community (Table S6). For example, our data 

suggest that YDR161W is closely functionally related to the Nascent polypeptide- 
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Fig. 4. Genetic interactions identify functional dependencies of uncharacterized proteins. 
(A) DM plot of Δhrd3. (Inset) Enlargement of a region of Fig. 3B, showing genetic 
interactions of the ERAD cluster. (B) Selected genetic interactions of the ER Membrane 
Complex (EMC). (C) SDS PAGE analysis of immunoprecipitation of Emc3p -FLAG and 
associated proteins; protein identities were determined by mass spectrometry. *The 
specificity of the Por1p interaction has not been evaluated. 
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Associated Complex; and that PEP7 has similar function to IPK1 and VIP1, possibly in 

inositol heptakisphosphate (IP7) signaling. We also provide a MATLAB script to display 

double mutant plots for any gene in our dataset . Finally, we are developing more 

sophisticated probabilistic methods to automatically extract likely pathways from these 

data (Collaboration with A. Battle and D. Koller). 

 

Analysis of phenotypic interactions reveals novel pathways important for ER 

protein folding. 

Using this systematic approach we have discovered a pathway involving a 

conserved (Table S9) multi-protein transmembrane complex. The poorly characterized 

genes YCL045C, YJR088C, YKL207W, YGL231C, KRE27 and YLL014W all clustered 

together and showed strongly alleviating interactions among themselves (Fig. 4B), a 

signature of factors that cooperate to carry out a single function (Schuldiner et al., 2005). 

Immunoprecipitation of FLAG-tagged Ykl207wp revealed that proteins encoded by these 

genes form an apparently stoichiometric complex (Fig. 4C). Accordingly we termed this 

the ER Membrane protein Complex (EMC) and named the genes from this cluster EMC1 

through EMC6. While the precise biochemical roles of the EMC will have to wait for 

future studies, our data suggests that loss of the EMC leads to accumulation of misfolded 

membrane proteins: the pattern of genetic interactions of strains deleted for EMC 

members most closely resembled that seen in a strain over-expressing the misfolded 

transmembrane protein Sec61-2p (a mutated form of the Sec61 translocon) (Sommer and 

Jentsch, 1993) and is similar to the pattern of a strain over-expressing the misfolded 

transmembrane protein KWS (Vashist and Ng, 2004). This shared pattern includes strong 
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aggravating interactions with Δubc7 and Δcue1, whose gene products are known to be 

involved in elimination of misfolded membrane proteins (Nakatsukasa and Brodsky, 

2008), but minimal interactions with other ERAD components. 

A second cluster containing two conserved yet uncharacterized proteins 

(Yer140wp and Slp1p), show robust alleviating interactions with EMC components (Fig. 

4B) as well as with each other. In support of a functional link between Yer140wp and 

Slp1p, these two proteins are suggested to be in a physical complex (Collins et al., 2007). 

The finding of two conserved protein complexes that are functionally dependent on each 

other underscores the value of this genetic data in identifying uncharacterized pathways 

required for ER folding. 

 

Genetic interactions identify components of the tail-anchored protein biogenesis 

machinery. 

As a final example, we focused on Yor164cp/Get4p and Mdy2p/Tma24p/Get5p, 

as our analysis implicated them in tail-anchored (TA) protein biogenesis. TA proteins are 

an important class of transmembrane proteins, which includes SNARE trafficking factors 

(Borgese et al., 2003; Burri and Lithgow, 2004). TA proteins have a single C terminal 

transmembrane domain, which is inserted into the ER membrane through the action of 

the recently discovered GET pathway: the Get3p/Arr4p ATPase (and its mammalian 

homolog Asna1/TRC40) binds newly synthesized TA proteins and brings them to the ER 

via the ER membrane receptor complex formed by Get1p/Mdm39p and 

Get2p/Hur2p/Rmd7p (Favaloro et al., 2008; Schuldiner et al., 2008; Stefanovic and 

Hegde, 2007). Our double mutant analysis pointed to a role of Yor164c/Get4p and its 
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physical interaction partner Mdy2p/Get5p (Fleischer et al., 2006) in the GET pathway as 

Δget4 and Δmdy2/get5 tightly clustered with Δget3 (Fig. S5). Additionally, loss of GET3 

fully masked the effect of Δget4 and Δmdy2/get5 (Fig. 5A). Moreover, these deletions 

partially suppressed the UPR induction of Δget1 and Δget2, a phenomenon previously 

seen with other phenotypes for Δget3 (Schuldiner et al., 2008).  

 

Fig. 5. YOR164C/GET4 and MDY2/GET5 function in the pathway of tail-anchored 
protein insertion. (A) DM plot depicting the functional dependencies of MDY2/GET5. (B) 
In-vitro translocation assay. Sec22p was translated in cytosol from wild-type (WT) or 
Δmdy2/get5 strains. Error bars represent +/- SEM, N=3 (C) GFP-Sed5p localization 
defect in Δget3, Δget4 and Δmdy2/get5 strains. The images of at least 20 cells per strain 
with similar average fluorescence were quantified to determine the distribution of each 
strain’s total fluorescence across pixels of different intensities. (D) Silver stain of 
immunoprecipitation of Get3-FLAGp from ER microsomes and cytosol; protein 
identities were determined by mass spectrometry. 
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Several observations support a role for GET4 and MDY2/GET5 in TA protein 

biogenesis. First, cytosolic extracts from strains lacking Mdy2p/Get5p had a defect in 

insertion of the model TA substrate Sec22p into ER microsomes (Fig. 5B). Second, 

several of the in vivo phenotypes characteristic of loss of GET members are also 

observed in Δget4 and Δmdy2/get5 strains. These include a highly significant (p<10-30, 

Mann-Whitney U) re-localization of the TA protein GFP-Sed5p from punctate Golgi 

structures to a more diffuse pattern (Fig. 5C, S7)  as well as mis-localization of the 

peroxisomal TA protein GFP-Pex15p to mitochondria (Fig. S8) (Schuldiner et al., 2008). 

Consistent with a defect in Sed5 biogenesis, loss of Get4p or Mdy2p/Get5p led to 

secretion of HDEL proteins, a phenotype that is seen in other GET deletion strains (Fig. 

S9). Third, immunoprecipitation revealed that Get4p and Mdy2p/Get5p bind Get3p in the 

cytosol (Fig. 5D). Mdy2p/Get5p also co-localized with Get3p and TA proteins to 

punctate protein aggregates that form in ∆get1 strains (Schuldiner et al., 2008) (Fig. S10, 

S11). Localization of Get3 to these puncta is dependent on Get4p and Mdy2p/Get5p but 

not vice versa (Fig. S10-12), suggesting that Get4p and Mdy2p/Get5p help deliver TA 

proteins to Get3p in the cytosol for trafficking to the ER membrane. Interestingly, Get4p 

and Mdy2p/Get5p have been suggested to be peripherally associated with ribosomes 

(Fleischer et al., 2006) where they could potentially capture nascent TA proteins. Thus, 

while Get4p and Mdy2p/Get5p are localized outside of the secretory pathway and 

initially may have appeared to be false positives, our double mutant analysis revealed 

how they impact ER protein folding. 
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Perspective. 

Our work reveals the range of processes that make the ER a robust folding 

compartment yielding both a list of components and a blueprint for their functional 

interdependence. These factors include a wide range of activities such as chaperones, 

glycosylation enzymes, and ERAD components as well as trafficking pathways, 

transcriptional regulatory networks, modulators of lipid and ion composition, and 

vacuolar function. The diversity of activities found supports and extends the recent view 

in which ER protein folding homeostasis (proteostasis) emerges from the dynamic 

interplay between folding, degradation and export processes (Balch et al., 2008; Mu et 

al., 2008). From a practical perspective, our studies provide a rational starting point for 

efforts to modulate the ER folding capacity to intervene in disease (Mu et al., 2008).  

More broadly, dissecting complex cellular processes represents a major challenge 

in cell biology. Deletion libraries and RNAi approaches now make it possible to identify 

important factors rapidly (Boutros and Ahringer, 2008). But this in turn creates a 

bottleneck in their functional characterization, which classically required specialized 

gene-by-gene follow-up studies. Our approach in effect allows hundreds of different 

secondary screens to be carried out in parallel to explore systematically the functional 

interdependencies of hits, thus providing a foundation for focused mechanistic 

investigations. Given the large number of potential ways of creating proximal reporters 

for different aspects of biology, our strategy for generalizing systematic quantitative 

genetic analysis should be broadly applicable to other processes and organisms including 

mammals through the use of double RNAi treatments. 
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A VISION FOR THE FUTURE 

 

Science enables engineering 

In my opinion, the primary benefit of science to society is that the knowledge we 

gain through it can be used to harness and control the world around us. Cars, jets, laptops, 

cell phones, light bulbs, drugs and corn as we know it are all here because of the 

knowledge we have gained about Nature. 

As aerospace engineering changed the world in the last century, so will the 

engineering of biology change the world in this century. Many opportunities lie ahead: 

nearly all human health challenges can be addressed with biology. infectious diseases, 

parasites, genetic defects, and the diseases of aging will all be overcome as our 

understanding of biology grows. 

In my opinion, a greater challenge lies ahead. The human population has now 

reached 6.8 billion people (US_Census_Bureau_website), and our activities are visibly 

affecting our planet. A quick estimate considering the Earth’s 150 million km2 of land 

area shows that at present our average population density is 45 people per km2, or one 

person for every area of 150m by 150m. Given our population density alone, the human 

impact on the environment cannot be negligible. Indeed, 12% of the Earth’s total land is 

used to grow crops (CIA_World_Factbook_Arable_Land), 10% of the world’s renewable 

freshwater supply is withdrawn by humans (Oki and Kanae, 2006), and the dramatic 

148% and 35% rise of atmospheric methane and CO2 concentration in the last two 

centuries is thought to be primarily due to human activity 

(IPCC_Climate_Change_Report_2007). We are clearly entering uncharted territory and 
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are perturbing our planet in ways that it has never seen before. The risks of such 

perturbation are unknown, and range from the widespread extinctions which are presently 

observed to possibilities of dramatic climate change with unforeseen consequences 

including mass food and water shortages (IPCC_Climate_Change_Report_2007). 

Clearly, one of the greatest challenges in this century will be to find ways of 

supporting a growing world population with increasing per-capita consumption, while 

minimizing the environmental impact of our species. This task is particularly difficult 

because most choices in our world are made based on economic factors, and reduction of 

environmental impact usually comes at a cost with little benefit to the implementer. One 

promising means to overcome this barrier is the generation of economic incentives by 

governments (Patrinos and Bradley, 2009). 

I believe that the engineering of biology can contribute to reducing human 

environmental impact. Biology has an unparalleled ability to perform complex chemistry 

on a massive scale and very inexpensively. In a most impressive feat, biological 

photosynthesis is thought to have generated the entirety of the Earth’s atmospheric 

Oxygen (Dole, 1965). Photosynthesis continues to perform incredible feats, absorbing 

approximately 100 terawatts of energy globally (Nealson and Conrad, 1999) and fixing 

100,000,000,000 tonnes of atmospheric carbon into biomass per year (Field et al., 1998). 

Given these examples of the capacity of nature for performing chemistry, as well as the 

ability of organisms to replicate themselves inexpensively, it is my hope that we will be 

able to harness biology’s unique properties to reduce our environmental impact while 

remaining within the realms of economic sustainability. Some of the obvious challenges 

to be addressed are reducing emissions of greenhouse gasses and waste, as well as 



 48

providing potable water, food and construction materials to our growing population while 

minimizing environmental impact. 

Our ability to engineer nature will rely critically on our knowledge of the 

organisms we want to modify. Although our understanding of the bacterium E. coli and 

the budding yeast S. cerevisiae has reached levels where engineering is possible (Ro et 

al., 2006), this is not the case for many organisms which we will want to modify in the 

future to meet our goals in human health and environmental impact. One notable example 

is our poor understanding of the process of photosynthesis. A recent study pointed out 

that the functions of 60% of genes highly conserved exclusively amongst photosynthetic 

eukaryotic organisms are completely uncharacterized (Merchant et al., 2007). 

Engineering of organisms will therefore require novel tools to enable rapid 

characterization of both the organism and the process of interest. 

 

Functional genomics is a first step to automated science 

The genomes of a thousand organisms of medical and biotechnological interest 

have been sequenced (Koonin and Wolf, 2008), and we will sequence thousands more in 

the coming decade. In these organisms combined, there are clearly far more fascinating 

genes and functions to characterize than there will ever be graduate students. I believe 

that this challenge will be overcome by new technologies which increasingly automate 

the process of science. I would not be surprised if someday we will sit back while 

machines tirelessly hypothesize and pipet away, and write clearly illustrated textbooks for 

us to read about how an organism works. 
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While the researcher may not be taken out of the loop for a long time, I believe 

that the tools of functional genomics are a first step in this direction. Large-scale studies 

of yeast protein localization (Huh et al., 2003), and physical (Krogan et al., 2006) and 

genetic (Collins et al., 2007) interactions in yeast are examples of an on-going revolution 

in how science is done. Traditional science is hypothesis-driven: we make a prediction 

and test it with experiments. In contrast, functional genomics is data-driven. Instead of 

hypothesizing, we do the experiment, look at the data, and the data tells us a biological 

story. Of course, at present functional genomics data acts more like a launch-pad for 

traditional hypothesis-driven research (i.e. the data alone is frequently not sufficient for a 

complete story, and more targeted experiments must be done). However, as the number 

and quality of functional genomics datasets grows, it will become increasingly possible to 

generate and evaluate hypotheses simply by looking at high-throughput data. 

Will there come a day when all of the possible experiments have been done and 

researchers only look at data without having to generate any? Given the incredible 

complexity of living organisms and the combinatorial nature of possible experiments, I 

doubt this. However, I would not be surprised if in a few decades functional genomics 

will have yielded resources where we can look up a random gene in an obscure organism 

and reliably know its function, mechanism of action and modes of regulation, without a 

human having looked at that gene ever before. Thus, functional genomics data will be a 

powerful resource for future cellular engineers, and will no doubt contribute to the 

resolution of many health and environmental challenges. 
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PLASMIDS 

 

pMJ012: Primers oMJ019 and oMJ020 were used to amplify MET15 flanked by 

SacII restriction sites from pCgMET15. This product and pMJ002 were each digested 

with SacII and ligated together resulting in pMJ012 carrying mCherry driven from a 

TEF2 promoter with an ADH1 terminator followed by the MET15 marker. 

pMJ013, pMJ014, pMJ015, pMJ017: The open reading frames of the ERAD 

substrates KWW-HA, KHN-HA, KWS-HA, sec61-2-HA, respectively, were amplified 

by PCR with a 5’ primer containing a SpeI restriction site, and a 3’ primer containing a 

XhoI restriction site as described in Table S10. pMJ002 was digested with SpeI and XhoI 

to remove the mCherry insert. The PCR products were digested with the same restriction 

enzymes and ligated into the pMJ002 backbone. 

pMJ049: pRS313 was linearized with SacI. 500bp of the MDY2 promoter 

including the START ATG were amplified in a PCR reaction from genomic DNA using 

primers oMJ312 and oMJ313. 500bp immediately following the MDY2 START ATG 

were amplified in a PCR reaction from genomic DNA using primers oMJ316 and 

oMJ317. GFP S65T was amplified from pKT007 with primers oMJ314 and oMJ315. The 

linearized pRS313 and three PCR products were transformed into yeast and underwent 

homologous recombination cloning (Ma et al., 1987). The resulting plasmid was isolated 

and sequenced. 
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STRAINS 

 

UPRE-GFP, TEF2pr-RFP reporter strain yMJ003 

Strain Y8091 was sporulated to generate strain yMJ001. 

Primers oMJ007 and oMJ014 were used to amplify from pKT007 a PCR product 

containing 4xUPRE repeats driving eGFP followed by the URA3 marker, flanked by 

sequences homologous to the URA3 locus of yMJ001. yMJ002 was generated by 

transforming yMJ001 with this PCR product, and integration at the URA3 locus was 

verified by check PCR with primers oMJ002 and oMJ012. 

Primers oMJ098 and oMJ103 were used to amplify from pMJ012 a PCR product 

containing MET15-marked TEF2pr-mCherry flanked by sequences targeting it to the 

region of yMJ002 between the UPRE-GFP and URA3. yMJ003 was generated by 

transforming this PCR product into yMJ002, and integration at the correct locus was 

verified by check PCR with primers oMJ104 and oMJ021. 

 

Strains for in-vitro translation, microscopy and immunoprecipitations 

Strains in Figures 5B and 5C were made in BY4741 and the indicated gene was 

deleted with either KanR or NATR cassettes using standard PCR-based replacement 

methods (Longtine et al., 1998). Plasmid pMS113 was transformed into these strains for 

Fig. 5C. 

yMJ033, containing HIS3-marked N-terminally GFP-tagged MDY2 under its 

endogenous promoter, was made by transforming BY4741 with a PCR fragment obtained 

from pMJ049 using primers oMJ318 and oMJ319. yMJ045 was made by inserting a 



 54

NATR marker in the LEU2 locus of yMJ033. yMJ046 was made by deleting GET1 with a 

NATR marker in yMJ033. yMJ054 and yMJ055 were made by mating yMJ044 (Δget3) to 

yMJ045 (GFP-MDY2) and yMJ046 (GFP-MDY2 Δget1), respectively, sporulating and 

selecting for haploids on -HIS, -LEU, Kan, NAT, S-AEC, and canavanine. yMJ064 

(GFP-MDY2 GET3-RFP) and yMJ065 (GFP-MDY2 GET3-RFP Δget1) were made by 

mating yMJ063 to yMJ045 (GFP-MDY2) and yMJ046 (GFP-MDY2 Δget1), respectively, 

sporulating and selecting for haploids on -HIS, -LEU, Kan, NAT, S-AEC, and 

canavanine. 

yMJ052 and yMJ053 were made by deleting MDY2 with a NATR cassette in 

Get3-GFP-HIS3 and yMS106, respectively. 

For Fig. S12 Get3 was genomically GFP-tagged at its C-terminus in BY4741, 

Y00223 or Y02420 using standard PCR-based tagging technique yielding yJM2E8, 

yJM2I7 and yJM4D5 (Sheff and Thorn, 2004). yJM4G4 was made by deleting YOR164c 

with a NATR cassette (Goldstein and McCusker, 1999) in yJM4D5. 

For immunoprecipitations, EMC3/YKL207W and GET3 were genomically tagged 

at the c-terminus with FLAGx3::KanR that was constructed by a PCR-based strategy 

described previously (Denic and Weissman, 2007). 

 

Insertion of reporter into deletion library 

Using the Synthetic Genetic Array strategy (SGA) (Tong et al., 2001) the yMJ003 

reporter strain was mated in duplicate to each of approximately 4800 strains each 

containing a specific gene deleted with KanR, from the MATa systematic deletion 
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collection (Giaever et al., 2002). The protocol used was similar to that described in 

(Schuldiner et al., 2005), with the following notable differences. 

Following sporulation MATα haploids were selcted to allow for subsequent 

mating of the resulting strains to MATa query strains (see below). Thus, after haploid 

selection, strains were passaged twice on SD(MSG) –LEU –ARG –LYS +can +S-AEC 

+G418 –URA plates to select for MATα strains carrying the UPRE-GFP reporter and 

Kan-marked deletions. 

 

Generation of double mutant strains carrying the reporter 

Double mutant strains carrying the UPRE-GFP, TEF2pr-mCherry reporter were 

generated by using the SGA strategy to mate an array of 380 MATα strains carrying the 

reporter, KanR-marked deletions and the SGA markers (generated as discussed above in 

“Insertion of Reporter into Deletion Library”) to 210 lawns of MATa strains carrying 

NATR-marked deletions (created as detailed below in “Query strain construction”). 

 

Array strain choice 

Array strains for genetic interaction measurements were chosen primarily because 

they showed the highest UPR reporter levels in the above screen of the deletion library. 

We also included a number of strains that caused down-regulation of the UPR reporter 

and several non-hit strains of specific interest, as well as four replicates of strains 

containing KanR at the already deleted Δhis3 locus to allow measurement of single 

mutant array strain reporter levels. These strains were arrayed onto one 384-well plate. 

The genetic interaction measurements included in this paper were collected over the span 
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of two years, in four distinct batches. In general there was excellent agreement between 

data taken at different times allowing them to be merged. Guided by results from 

previous batches and other experiments, each new batch contained several new array 

strains which replaced array strains which failed our quality control checks (i.e. gave 

multiple fluorescence peaks, or did not show correct genetic linkage, or their patterns of 

genetic interactions did not match those from high confidence previous measurements or 

the interactions of the corresponding query strain). The ORFs deleted in array strains 

used in the different batches are listed in the Table S7. 

 

Query strain construction 

Query strains for genetic interaction measurements were primarily selected from 

the highest- and lowest- induction hits, as we presumed these would have the most 

genetic interactions and thus be most useful for clustering interaction patterns. We also 

included several non-hit strains of interest (e.g. Δsop4 and Δysy6) and gave preference to 

poorly characterized genes. Δleu2::NATR query strains were generated and crossed 12 

times over the course of the project to serve as quality control and to estimate single 

mutant reporter levels (LEU2 is already deleted in the parent strain of the library, 

BY4741). Query strains carrying NATR-marked deletions were generated in the BY4741 

background. They were obtained either by the replacement of a gene’s ORF with a 

NATR-marked PCR product, or by the conversion of library strains from KanR to NATR 

using the “marker-switcher” plasmid p4339, resulting in the genotype: S288C MATa 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 LYS+ Δyyy::NATR. Query strains used in our study are 

listed in Table S8. 
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Construction of query strains overexpressing ERAD substrates 

Strains yMJ056, yMJ057, yMJ058 and yMJ059 were constructed as follows. 

Fragments containing the NATR marker and an ERAD substrate were PCR amplified 

from pMJ013, pMJ014, pMJ015, pMJ016 respectively, using the primers oMJ045 and 

oMJ047. The PCR fragments were integrated at the HIS3 locus of BY4741. 

 

Mating and haploid selection 

Array and query strains were mated and sporulated as described above. Haploids 

were passaged on DM medium (SD[MSG]-HIS-URA-ARG-LYS+can+S-

AEC+G418+NAT). The final double mutants containing the reporter had the following 

genotype: S288C MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 LYS+ Δcan1::STE2pr-spHIS5 

Δlyp1::STE3pr-LEU2 Δura3::UPRE-GFP-TEF2pr-RFP-MET15-URA3 Δxxx::KanR 

Δyyy::NATR.  
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MEASUREMENT OF REPORTER LEVELS 

 

Reporter levels were measured by flow cytometry as follows. Strains were 

inoculated from 768-colony agar format on DM medium to 2x 384-well liquid cultures of 

25ul/well YEPD+200ug/ml G418 using a Virtek CPAS colony arraying robot and a 

pinner head with 0.5mm diameter pins (the larger standard pins were found to transfer 

too many cells resulting in variable final OD). These cultures were allowed to reach 

saturation overnight and were back-diluted using a BioMek FX (Beckman Coulter, Inc., 

Fullerton, CA, USA) liquid handling robot to OD≈0.05 in a final volume of 70ul in 384-

well plates. The strains were grown for 4.5 hours at 30ºC without shaking but with 

periodic aeration and humidification in a HiGro incubator (Genomic Solutions [formerly 

GeneMachines], Ann Arbor, MI, USA). 

Plates were then transferred to a Becton Dickinson (BD, Franklin Lakes, NJ USA) 

High Throughput Sampler (HTS). The HTS injected cells directly from the wells they 

were grown in, to a LSRII flow cytometer (BD). One 384-well plate was acquired 

approximately every 65 minutes, with approximately 2 seconds of usable data sampled 

from each well. Typical samples contained approximately 4,000 cells. FACSDiVA 5.0 

(BD) and previously described custom software (Newman et al., 2006) were used with 

slight modifications to record the data into “.fcs” files. GFP was excited at 488nm and 

fluorescence was collected through a 505nm long-pass filter and a HQ515/20 band-pass 

filter (Chroma Technology). mCherry was excited at 532nm and fluorescence was 

collected through a 600nm long-pass filter and a 610/20 band-pass filter (Chroma 

Technology). Each plate of double mutants was measured with one well containing 
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fluorescent particles (RCP-30-5A, Spherotech) to allow for compensation for variation of 

flow cytometer laser intensity on the timescale of months, and to allow use of two LSRII 

flow cytometers in parallel. 
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DATA ANALYSIS 

 

Extraction of median reporter levels from data 

Each cell’s pulse height in the GFP and RFP channels was used as raw data for 

further processing. To adjust for non-reporter-specific perturbation of single-cell GFP 

abundance (e.g. due to altered speed of progression through different phases of the cell 

cycle), the GFP fluorescence of each cell was normalized by the levels of RFP driven 

from a constitutive TEF2 promoter. The median of the log2 GFP/RFP ratio across all 

cells in a sample was used as that sample’s reporter levels in the data analysis and 

throughout the manuscript.  

 

Screen Data Analysis 

MATLAB (The Mathworks, Natick, MA) scripts were written to analyze the data. 

Samples with low cell counts (<350/well) were thrown out. The reporter levels of each 

sample were normalized by the median of reporter levels of all samples on the same 

plate. A slight systematic increase in reporter level with well number (presumably due to 

the time of measurement) was compensated for. Library strains that failed quality control 

were removed (See “Double Mutant Data Analysis” below). 

P-values for measurements were estimated as follows. The distribution of 

measurement errors was modeled as the sum of two Gaussian distributions with different 

standard deviations and mean zero. The standard deviations were obtained using an 

iterative fit of the predicted to actual distribution of the difference between replicate 

measurements of reporter levels in the deletion library. The error distribution was used to 
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generate the expected distribution of measured values for a strain with wild-type reporter 

levels. Using this distribution, a p-value lookup table was generated containing, for each 

reporter level (L) and number of measurements (N), an estimate of the probability of 

obtaining a reporter level equal to or more extreme than L upon the averaging of N 

independent measurements of a wild-type strain. Hits were defined as strains with 

GFP/RFP ratio p-value <0.01 and GFP p-value <0.01. 

 

Double Mutant Data Analysis 

 

Quality control 

Samples with low cell counts (<500 cells/well) were removed. Suspicious strains 

(based on colony size, marker-swapped replicates and iterative genetic interaction 

analysis) were removed. Plate-to-plate variation was compensated for using the 

fluorescent particles present in each plate. Samples with bimodal distributions, or 

variation in the time-domain of the sample were identified and removed. A slight 

systematic increase in GFP/RFP ratio with well number (presumably due to the time of 

measurement) was compensated for. Replicate measurements of each strain were 

averaged. Query strains with less than 50% data were removed. All data was normalized 

by the wild-type reporter level. 

 

Single mutant reporter level estimation 

As expected, the measurement of genetic interactions depended critically on the 

accurate determination of single mutant reporter levels, thus special care was taken to 
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obtain accurate single mutant measurements. Single mutant reporter levels were first 

estimated by averaging reporter levels in up to four double mutants with Δhis3::KanR 

(KanR-marked wild-type) for queries and up to 12 double mutants with Δleu2::NATR for 

array strains. We found the reporter levels in Δleu2::NATR (NATR-marked wild-type) 

were systematically lower than in Δhis3 by ~0.1 log2 units. We do not understand this 

phenomenon but one possible explanation is that the NAT marker’s presence in the LEU2 

locus causing a very slight reduction in reporter levels compared to wild-type. To 

overcome systematic genetic interaction errors that would be caused by this bias and 

errors in measurement of the double mutants with Δhis3::KanR, we adjusted single 

mutant levels as follows. Query strains with estimated single mutant reporter levels near 

zero were used as proxies for “wild-type”. Array single-mutant reporter levels were 

adjusted 2/3 of the way from their previous values towards the values measured when 

these strains were crossed to the “wild-type” proxies. The same was done for query 

single-mutant reporter levels. The process was repeated for a total of 10 times, at which 

point the single mutant values had converged to values similar to their original estimates, 

but which seemed to remove small systematic artifacts from the genetic interaction data. 

 

Derivation of formula for predicting typical double mutant reporter levels 

Reporter levels in double mutants and in response to different concentrations of 

DTT suggested that our reporter system exhibits saturation at high reporter levels. We 

tried several approaches to predict typical double mutant reporter levels while accounting 

for this phenomenon. For our analysis we chose a simple model which allowed the 

prediction of typical double mutant reporter levels given any two single mutant reporter 
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levels. Importantly, our model requires only one parameter to be fit to the data: the 

reporter level at saturation. The assumptions for our model are as follows. 

 

1) Each deletion causes a certain quantity of protein misfolding [M]. 

2) In a strain with two mutations in unrelated pathways (the typical case, which 

should exhibit no genetic interaction), the quantity of protein misfolding [Mab] is 

the product of protein misfolding [Ma] and [Mb] in each of the two single mutants 

a and b: 

][*][][ baab MMM =  

3) The reporter level in any strain r is given by the transformation of the protein 

misfolding [M] by a saturating Hill function whose general form is given by : 
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In this equation, rmax is the maximum reporter level achievable by the system, n is 

the Hill coefficient and K is the dissociation constant. We will show later that 

both n and K cancel out from the final equation. 

 

Given the above assumptions, we can obtain a formula for calculating expected 

no-interaction double mutant reporter levels given any pair of single mutant reporter 

levels. The derivation is as follows: 

1) Calculate the amount of protein misfolding given an observed reporter level 
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2) Calculate the reporter level expected given a pair of single mutant reporter levels 

ra and rb: 
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3) Double mutants generated by crossing wild-type to any single mutant will have 

the same levels of protein misfolding as the single mutant. For our model to be 
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consistent with this, the wild-type must have a level of misfolding [Mw]=1. This 

allows us to solve for Kn in terms of rmax/rw, where rw is the reporter level in the 

wild-type strain. 
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It is important to note that double mutants with two specific classes of genes are 

not fit well by our model, possibly because the latter act on the reporter system 

downstream of the Hac1p/Ire1p sensor. Double mutants with HAC1/IRE1-independent 

upregulators (12/16 of which have been implicated in chromatin remodeling, Table S4), 

show a typical interaction which is markedly different from our model’s prediction. 

Additionally, double mutants with many down-regulators are not fit well by our model. A 

substantial fraction of these down-regulators have functions in transcription and 

translation, and it is plausible that their deletions perturb the reporter system downstream 

of Hac1p. Thus, one possible explanation for the poor fit of our model to double mutants 

involving these chromatin remodeling or transcription/translation factor genes is that their 

deletion may alter the UPRE-GFP reporter’s responsiveness to Hac1p levels. 
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Calculation of epistasis scores 

The above model and formulas were used to calculate a predicted no-interaction 

double mutant value for every pair of single mutants in the dataset. The epistasis score ε 

was then calculated for every double mutant as follows: 

ε = rno interaction – robserved 

In the above equation, rno interaction is the no-interaction double mutant reporter 

level predicted from the reporter levels of the single mutants and robserved is the measured 

double mutant reporter level. Thus, for double mutants resulting from the mating of 

single mutants whose reporter levels were each upregulators, a positive ε represents an 

alleviating interaction, and a negative ε represents an aggravating interaction. For double 

mutants resulting from the mating of a downregulator and an upregulator, the 

interpretation of ε is ambiguous, as fully masking interactions can fall either above or 

below the predicted no-interaction interaction value. For double mutants resulting from 

the mating of two downregulators, a positive ε represents an aggravating interaction, and 

a negative ε represents an alleviating interaction. 

 

Squaring of phenotypic interaction matrix 

We sought to average marker-swapped data points (rab and rba) to improve data 

quality. To this end, we generated a square, symmetric matrix with one row for each 

mutation we measured (either as a query or array strain). Data was averaged in cases 

where marker-swapped replicates existed. Double mutants with unusually poor marker-

swapped reproducibility (abs[rab-rba] > 0.5) were eliminated from the data. 
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Re-rectangularization after squaring 

Strains measured as queries typically had ~330 double mutant measurements 

whereas strains measured on the array typically had ~150 measurements. To summarize 

the data and to reduce clustering artifacts due to the different number of genetic 

interaction measurements available for different strains, the data was returned to a 

rectangular matrix before clustering. First, rows with less than 50% data were removed. 

Then, columns with less than 50% data were removed. This resulted in a rectangular 

matrix where broadly speaking one axis contained the mutations measured as query 

strains and the other axis contained mutations measured either as query or as array 

strains. In addition to including in the long dimension mutations that were only measured 

as queries (and thus were not present in the long dimension of the original rectangular 

matrix), the new rectangularized matrix should have increased accuracy because of the 

averaging mentioned above. 

 

Clustering of phenotypic interaction data 

Double mutants where the query is the same mutation as the array strain cannot be 

generated because both Kanr and NATr markers cannot end up in the same locus by 

homologous recombination. Thus, the corresponding measurements in the matrix were 

empty. To aid in clustering, ε for these double mutants was set to a complete masking 

interaction as follows: 

ε = rno interaction – rsingle mutant 
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In this equation, rno interaction is the predicted reporter level in a double mutant 

generated by mating two single mutants each of whose reporter levels equals the 

mutation’s single mutant reporter level, rsingle mutant. This strategy aided clustering as other 

genes in the same pathway are expected to have alleviating interactions of similar 

magnitude with that gene. 

The ε matrix was clustered using Cluster 3.0 (Eisen et al., 1998) with the 

following settings: Hierarchical uncentered average linkage on both “gene” and “array” 

axes. Nodes were flipped to put clusters containing HAC1-independent genes near the top 

of the tree. The data was visualized using Java Treeview (Saldanha, 2004). 

 

Error estimation 

Based on replicate measurements of marker-swapped strains (i.e. comparison of 

Δxxx::KanR Δyyy::NATR with Δyyy::KanR Δxxx::NATR), any single measurement of 

double mutant reporter level was incorrect in <1% of cases. 

 

DMscatter: a MATLAB script to display the double mutant data 

A MATLAB script called “DMscatter” was written to allow visualization of 

phenotypic interaction data. The script allows the display of double mutant plots and 

predicted no-interaction curves for any query strain of interest, and allows highlighting of 

any array strains of interest. The script (requires MATLAB), and a stand-alone version of 

it (does not require MATLAB) containing all the data from this study are included in the 

supplementary materials. Please note that the stand-alone software currently only runs on 
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Windows PC’s and requires 1GB of space and up to 30 unattended minutes to install the 

MATLAB Compiler Runtime software. We are working on reducing this requirement. 

 

Availability of the processed double mutant data 

The processed double mutant data (with query and array data merged into a 

square matrix; i.e. the data before the “re-rectangularization” step above) is available in 

MATLAB-readable format in the file “080930a_DM_data.mat”. This file is read directly 

by the DMscatter script and contains the following: 

 

anames_out Names of the array strains for which there is data available 

aindex_out The second column of this matrix contains the single mutant 

reporter levels of the corresponding array strains 

qnames_out Names of the query strains for which there is data available 

(identical to anames in this case because the query and array data 

has been averaged) 

aindex_out The second column of this matrix contains the single mutant 

reporter levels of the corresponding query strains 

DM_array_merged This matrix contains the measured double mutant GFP/RFP 

reporter levels 

DM_Hill_merged This matrix contains the predicted double mutant reporter levels 

based on our model. 

Num_measurements This matrix contains the number of measurements that were 

averaged to give each reported value in the above matrices 
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DM_corr This matrix contains the cosine correlation coefficients between 

each row and column of the ε matrix: [DM_Hill_merged-

DM_array_merged] 

 

Generation of phenotypic interaction figures 

For Δhac1 and Δget5/mdy2 query strains, where data from multiple replicate 

crosses was available, only double mutants with two or more replicate measurements 

were displayed in the manuscript figures. For Δdie2, KWS and Δhrd3 query strains, 

where data from only one cross was available, all double mutants were displayed in the 

manuscript figures. 
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MOLECULAR/CELL BIOLOGY METHODS 

 

DTT titrations 

Strain yMJ003 was grown to saturation for 12h in 5ml YEPD at 30ºC. It was then 

back-diluted to multiple 5ml tubes at OD=0.01 in YEPD and grown for 5 hours. 20ul 

DTT in water was added to each tube to give the indicated final concentrations, and 1ml 

of the resulting strains were resuspended in 200ul TE (pH 7.5). 100,000 cells from each 

sample were measured by flow cytometry. The resulting data was analyzed using 

MATLAB to generate histograms of individual cells’ GFP/RFP ratios. 

 

Immunoprecipitations 

Purification of EMC3p-FLAG and Get3p-FLAG was performed essentially as 

described (Denic and Weissman, 2007). The following modifications were made for 

Get3p-FLAG. Upon removal of cell debris, lysates were spun at 100,000xg for 45 

minutes. The supernatant fraction was collected and supplemented with 0.1% NP-40 

before adding anti-FLAG resin. The membrane pellet was solubilized in HEPES IP 

buffer (HIB) containing 2% digitonin with agitation at 4ºC for 1.5 hours and the 

solubilized material was spun at 100,000xg for 45 minutes. The supernatant fraction was 

collected and mixed with anti-FLAG resin. After incubation with agitation at 4ºC for 1.5 

hours, the immunoprecipitates were washed with HIB containing 0.1% digitonin or 0.1% 

NP-40, as appropriate. The bound material was eluted with 3xFLAG peptide and 

analyzed by SDS-PAGE, followed by silver staining, or coomassie staining and mass 

spectrometry. 
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Microscopy 

Yeast strains for microscopy were grown to exponential phase at 30ºC in 5ml 

cultures in a rotating roller drum unless indicated otherwise. Strains for Fig. 5C,S8 were 

grown in SD-LEU. Strains for Fig. S12 were grown in YPAD. Strains for Fig. S10 and 

S11A were grown in YEPD. Strains for Fig. S8 were grown to saturation in YEPD (S8A) 

or SD-URA (S8B), back-diluted into 10ml YEP+raffinose (S8A) or SD-URA+raffinose 

(S8B) at OD=0.015 and grown for 3 hours. 1ml 20% galactose was added, and the strains 

were grown for 3 hours before microscopy. Strains for Fig. S11B were grown in SD-

URA. 

Yeast in Fig. 5C, S7, S8, S10, S11 were imaged live at room temperature in the 

UCSF Nikon Imaging Center with a Yokogawa CSU-22 spinning disk confocal on a 

Nikon TE2000 microscope. GFP was excited with a 488nm Ar-ion laser and Cherry with 

a 568 nm Ar-Kr laser. Images were recorded with a 100x / 1.4 NA Plan Apo objective on 

a Cascade II EMCCD. The sample magnification at the camera was 60nm/pixel. The 

microscope was controlled with Micro-Manager (http://www.micro-manager.org) and 

ImageJ v1.34s (Wayne Rasband, National Institutes of Health, USA). For Fig. 5C, S7, 

S8, S11 individual z slices were shown to allow for assessment of cytosolic fluorescence. 

For Figure S10, z-stacks of images were combined using Micro-Manager’s “ZProjection” 

function, using the Max Intensity Projection Type, to allow for visualization of puncta 

present at different Z coordinates. 

Yeast in Fig. S12 were imaged live in the FLS Bioimaging Facility at room 

temperature under a Delta Vision RT (Applied Precision) restoration microscope 
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equipped with a 100×/0.35-1.5 Uplan Apo objective and a GFP filter set (Chroma 

86006). The images were collected with a Coolsnap HQ camera (Photometrics); the Z 

optical spacing was 0.2 µm. Images were acquired using the Softworx software 

Image contrast was adjusted linearly using the “Levels” function in Adobe 

Photoshop. The same contrast adjustment was performed for all images in each channel 

in each figure. 

 

Quantitative analysis of GFP-Sed5 microscopy 

At least 10 microscopy z-stacks (26 slices with 0.2um step size) of each of WT, 

Δget4/yor164c, Δmdy2/get5, and Δget3 strains were analyzed using MATLAB. All 

images were first smoothed using a 5-pixel square kernel. The intensity of several fields 

containing no cells was used to obtain a background intensity map of the experimental 

set-up, and this background was subtracted from all images. 

Cells were identified automatically using the difference between top and bottom 

slices of the bright-field image (pixels representing cells showed high differences 

between top and bottom slices; any pixel above a certain difference threshold was 

considered to belong to a cell). Occasional ‘holes’ that appeared in cells as a result of this 

procedure were filled using the MATLAB imfill function. Individual cells were isolated. 

A histogram of the intensity of all of the pixels that made up each cell was obtained, and 

intensity bins were scaled by the intensity they represent to give the fraction of total 

fluorescence in each bin. To reduce the effects of cell-to-cell variation in GFP-Sed5 

expression, cells were binned by average pixel intensity and histograms of pixel intensity 
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were summed across all cells in a given bin. The histogram for one bin, containing at a 

minimum 20 cells per strain, is shown in Figure 5C of the main text. 

P-values were calculated as follows. Each cell was assigned a “puncta score”, 

representing the ratio of the 90th percentile most fluorescent pixel intensity to the 10th 

percentile most fluorescent pixel intensity. Thus, cells with dim cytosolic staining and 

bright puncta would have a high puncta score, and cells with brighter cytosolic staining 

and dim puncta would have a low puncta score. The distributions of puncta scores in the 

strains were compared using the Mann-Whitney U-test to obtain p-values. 

 

In-vitro transcription, translation and translocation 

In-vitro transcription, translation and translocation were performed as described 

(Schuldiner et al., 2008). We note that Mdy2p was present in standard microsome preps 

from wild-type yeast, presumably because Mdy2p pellets during the high-speed spin 

(Fleischer et al., 2006) (this does not necessarily imply membrane association). The 

presence of Mdy2p in standard microsome preps rescued the translocation defect of 

Δmdy2 cytosol. To eliminate Mdy2p from the microsomes, we modified the microsome 

prep protocol with nuclease treatment and EDTA wash as follows. 

The crude membrane pellet was resuspended in Buffer 88 (B88) without MgOAc. 

Micrococcal nuclease (M0247S from New England Biolabs) was added to 0.25U/μl and 

CaCl2 was added to 1mM. Reactions were incubated for 15min at RT, and stopped with 

2mM final concentration EGTA, incubated for 5min. Membranes were gradually 

resuspended in a 10-fold volume of B88 without MgOAc. An equivalent volume of B88 

without MgOAc but with 50mM EDTA and 1mM DTT was added and the reaction was 
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incubated for 15min ice. They were then spun in an ultracentrifuge as before and the 

pellet was resuspended in B88. 

The intensity of each translocation band was quantified using ImageJ v1.34s 

(Wayne Rasband, National Institutes of Health, USA). Image intensity from a rectangle 

just above the glycosylated band was used to determine a background value for each lane 

which was subtracted from the intensity of bands in that lane. The value plotted in Fig. 

5B represents the fraction of the background-subtracted intensity of the top band divided 

by the sum of background-subtracted intensities of top and bottom bands. Bars represent 

the standard error of the mean of three replicate experiments. 

The EndoH assay (Figure S6) was performed as follows. After translation and 

translocation, extracts were diluted 1:2 in 2X SDS PAGE loading buffer (10mM Tris-

HCl pH 6.8, 4% SDS, 0.2% BPB, 20% glycerol, 2M βMe) and boiled for 10 minutes. 

They were then diluted 1:4 in 1.33X EndoH buffer (0.13M sodium citrate + citric acid to 

pH 5.0). 2ul EndoH or H2O was added per 40ul extracts and the reaction was incubated 

1hr at 37deg C, followed by further dilution 1:2 in 2X loading buffer, heating at 65deg 

for 10min and loading onto a SDS PAGE gel. 

 

PDI secretion assay 

 Pdi1p secretion was assayed as previously described for Kar2p secretion 

(Schuldiner et al., 2008), except that an anti-Pdi1p antibody was used at 1:5000 instead of 

the anti-Kar2p antibody. 
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SUPPLEMENTARY FIGURES 

 

 

 

 

Fig. S1: Reproducibility of screen data. Reporter levels of deletion strains from two 

independent replicates of the same screen were plotted against each other. Several genes 

of interest are highlighted in red. 
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Fig. S2: Venn diagram representing the overlap between genes upregulated by the UPR 

(Travers et al., 2000) and genes whose deletion leads to UPR induction (identified in this 

study). 
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Fig. S3: Localization enrichments in up-regulator hits. For each category, bars represent 

the fraction of all screened genes annotated to this category (Huh et al., 2003) which were 

up-regulator hits in our screen. 
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Fig. S5: Genetic interactions of the GET4/YOR164C, GET5/MDY2 and GET3. Shown are 

a subset of the most striking interactions of these genes. In parentheses next to each gene 

name is that gene deletion’s single mutant reporter level. 
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Fig. S6: Endoglycosidase H assay confirms glycosylation of Sec22p is responsible for its 

shift in gel migration. 
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Fig. S7: Δget4/yor164c and Δget5/mdy2 cause a defect in GFP-Sed5p localization. 

Individual confocal microscopy z-sections are shown to allow assessment of cytosolic 

staining.  
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Fig. S8: Δget5/mdy2 increases GFP-Pex15p mis-localization to mitochondria in Δpex19. 

GFP-Pex15 is inserted into both the ER and mitochondrial membranes in wild-type cells. 

Δget3 is known to dramatically reduce GFP-Pex15p insertion into ER membranes and 

increase its localization to mitochondria (Schuldiner et al., 2008). The Δpex19 prevents 

the trafficking of GFP-Pex15p from the ER to the peroxisome, allowing for assessment of 

insertion into the ER. (A) Field of cells showing the indicated mutants. (B) 

Colocalization with a mitochondrial marker, mCherry-Tom22p.
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Fig. S9: Secretion of Pdi1p in Δget4/yor164c and Δget5/mdy2. Secreted proteins were 

precipitated from the growth medium and the abundance of Pdi1p was quantified by 

Western blot. 
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Fig. S10: GFP-Mdy2p localization in Δget1, Δget3, Δget1Δget3 strains. A field with a 

large number of cells is shown to allow assessment of the variability of puncta formation. 

Note that in the wild-type, GFP-Mdy2p is entirely cytosolic (i.e. puncta of GFP-Mdy2p 

are extremely rare in the presence of the GET1,GET2 receptor). 
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Fig. S11: GFP-Mdy2p co-localizes with Get3p-RFP and mCherry-Sbh2p when the latter 

form puncta. (A) MDY2 and GET3 were genomically tagged with GFP and RFP, 

respectively, and imaged in GET1 and Δget1 strains. (B) mCherry-Sbh2p was expressed 

from a CEN/ARS plasmid in a strain with MDY2 genomically tagged with GFP and 

imaged in the indicated deletions. 
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Fig. S12: Localization of Get3p-GFP in the absence of GET2 and/or GET4. 
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SUPPLEMENTARY TABLES 

 
Table S10: Oligonucleotides used in this study 
 
Name Sequence Purpose 

oMJ002 CATGTGTCGTCGCACACATA 
REV check PCR of 4xUPRE-GFP 
integration at URA3 locus 

oMJ007 

AGTTTTGACCATCAAAGAAGGTTAAT
GTGGCTGTGGTTTCTGCCACCTGACG
TCTAAGAA 

FOR PCR-based homologous 
recombination of 4xUPRE-GFP construct 

oMJ012 CTACTGCGCCAATTGATGAC 
FOR check PCR of 4xUPRE-GFP 
integration at URA3 locus 

oMJ014 

AGCTTTTTCTTTCCAATTTTTTTTTTTT
CGTCATTATAGAAATCATTACGACCG
AGATTC 

REV PCR-based homologous 
recombination of 4xUPRE-GFP construct 

oMJ019 
CCGCGGCCGCGGCACAGGAAACAGC
TATGACC 

FOR PCR of Candida glabrata MET15 from 
plasmid, inserts a SACII site near the end 

oMJ020 
CCGCGGCCGCGGGTTGTAAAACGAC
GGCCAGT 

REV PCR of Candida glabrata MET15 from 
plasmid, inserts a SACII site near the end 

oMJ021 CGACAGCAGTATAGCGACCA 

REV check PCR of mCherry-MET15 
integration 3' of 4xUPRE-GFP construct in 
the genome 

oMJ028 
GCGGGCCTCGAGGCCTCAATCAGCTT
CGTCTGGATTGACC 

REV PCR of KWW-HA from pSM101, 
contains restriction site XhoI 

oMJ029 
GCGGGCCTCGAGGCCTTAGCACTGA
GCAGCGTAATCTGGA 

REV PCR of KHN-HA from pSM72 with 
restriction site XhoI 

oMJ030 
CGCACACTAGTACCATGTTTTTCAAC
AGACTAAGCGCTG 

FOR PCR of KWW-HA, KWS-HA and 
KHN-HA from pSM101, pSM118 and 
pSM72, respectively, contains restriction 
site SpeI 

oMJ031 
GCGGGCCTCGAGGCCTTATTCACTAT
GCGTTATAACCATT 

REV PCR of KWS-HA from pSM118, 
contains restriction site XhoI 

oMJ032 
CGCACACTAGTACCATGTCCTCCAAC
CGTGTTCTAGACT 

FOR PCR of Sec61-2pHA from pDN1002, 
contains restriction site SpeI 

oMJ033 

GCGGGCCTCGAGGCCTCACATCAAA
TCAGAAAATCCTGGAACGAGGTTCTT
AGTA 

REV PCR of Sec61-2pHA from pDN1002, 
contains restriction site XhoI 

oMJ045 

AATGTGATTTCTTCGAAGAATATACT
AAAAAATGAGCAGGCAAGATAAACG
AAGGCAAAGGCGCCAGATCTGTTTA
GCTT 

FOR PCR-based homologous 
recombination of ERAD substrates at HIS3 
locus 

oMJ047 

GGTATACATATATACACATGTATATA
TATCGTATGCTGCAGCTTTAAATAAT
CGGTGTCAACTATAGGGAGACCGGC
AGA 

REV PCR-based homologous 
recombination of ERAD substrates at HIS3 
locus 

oMJ031 
GCGGGCCTCGAGGCCTTATTCACTAT
GCGTTATAACCATT 

REV PCR of KWS-HA from pSM118, 
contains restriction site XhoI 

oMJ032 
CGCACACTAGTACCATGTCCTCCAAC
CGTGTTCTAGACT 

FOR PCR of Sec61-2pHA from pDN1002, 
contains restriction site SpeI 

oMJ033 

GCGGGCCTCGAGGCCTCACATCAAA
TCAGAAAATCCTGGAACGAGGTTCTT
AGTA 

REV PCR of Sec61-2pHA from pDN1002, 
contains restriction site XhoI 
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oMJ098 

ATTGCCCTTCTTGGGAGGATCTTGTA
GAACCGCCATTAGAATTTGAGGCAT
GCACCATTCTGGTCGCTATACTGCTG
TCG 

FOR PCR-based homologous 
recombination of mCherry-MET15 right 
after UPRE-GFP and right before URA3 

oMJ103 

ATAAGTGCGGCGACGATAGTCATGC
CCCGCGCCCACCGGAACTATAGGGA
GACCGGCAGA 

REV PCR-based homologous 
recombination of mCherry-MET15 right 
after UPRE-GFP and right before URA3 

oMJ104 GTCCACACAATCTGCCCTTT 

FOR check PCR of mCherry-MET15 
integration 3' of 4xUPRE-GFP construct in 
the genome 

oMJ312 

TGAATTGTAATACGACTCACTATAGG
GCGAATTGGAGCTCTCGTACCACCCG
GGTCACCT 

FOR PCR of GET5/MDY2 promoter with 
tail homologous to pRS313 

oMJ313 

GGACAACTCCAGTGAAAAGTTCTTCT
CCTTTGGATCCGGTCATGATTAATTT
TGTATAAA 

REV PCR of GET5/MDY2 promoter with 
tail homologous to GFP coding region 

oMJ314 

AACTAGCGAAGAATAATAACTTTAT
ACAAAATTAATCATGACCGGATCCA
AAGGAGAAGA 

FOR PCR of first 500bp of GET5/MDY2 
with tail homologous to GFP coding region 

oMJ315 

TACTAACGAACTCGTGTTCTGGACCG
CTGGCGGATGTGCTTCCAGAACCTGA
TCCAGAACCTTTGTATAGTTCATCCA
TGC 

REV PCR of first 500bp of GET5/MDY2 
with tail homologous to pRS313 

oMJ316 

CATGGATGAACTATACAAAGGTTCTG
GATCAGGTTCTGGAAGCACATCCGCC
AGCGGTCC 

FOR PCR of GFP with tail homologous to 
GET5/MDY2 promoter 

oMJ317 

ATCCACTAGTTCTAGAGCGGCCGCCA
CCGCGGTGGAGCTCAGCAGGGGAGT
TAGTGGATT 

REV PCR of GFP with tail homologous to 
GET5/MDY2 ORF 

oMJ318 

GATAAACTAGCGAAGAATAATAACT
TTATACAAAATTAATCGGTGATGACG
GTGAAAACCT 

FOR PCR of pMJ049 for N-terminally 
GFP-tagging Mdy2 under its endogenous 
promoter 

oMJ319 TAGTGGATTTCTCGGCTTCG 

REV PCR of pMJ049 for N-terminally 
GFP-tagging Mdy2 under its endogenous 
promoter 

Get3C-
tagF 

CTATTACTGATGGCAAAGTCATTTAT
GAGTTAGAAGATAAGGAAGGTGACG
GTGCTGGTTTA 

FOR PCR of pKT128 for C-terminally 
GFP-tagging Get3 under its endogenous 
promoter 

Get3C-
tagR 

GTTATATGTCGTATGTATCTATTTAT
GGTATTCAGGGGCTTCTATCGATGAA
TTCGAGCTCG 

REV PCR of pKT128 for C-terminally 
GFP-tagging Get3 under its endogenous 
promoter 

Get2KOF 

ATGAGCTCTTCCATGTTTGTAGCATC
AGCAACGTAGCTCTAGGCACATACG
ATTTAGGTGACAC 

FOR PCR of pAG25 to create chimeric 
fragment for replacing GET2 ORF by 
NATR marker via homologous 
recombination 

Get2KOR 

CGGGTTATGAGAACAATGTATTATAT
TACTGAACTATCTAGAAAATACGACT
CACTATAGGGAG 

REV PCR of pAG25 to create chimeric 
fragment for replacing GET2 ORF by 
NATR marker via homologous 
recombination 
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Table S11: Plasmids used in this study (all plasmids used were CEN/ARS) 
 

Name Description Yeast 
mark
er 

Reference 

pKT007 4xUPRE-GFP-URA3 URA3 Pollard et al, 1998 
(Pollard et al., 1998) 

pSM72 Contains KHN-HA ERAD substrate LEU2 Vashist et al, 2001 
(Vashist et al., 2001) 

pSM101 Contains KWW-HA ERAD substrate URA3 Vashist and Ng, 2004 
(Vashist and Ng, 2004) 

pSM118 Contains KWS-HA ERAD substrate URA3 Vashist and Ng, 2004 
(Vashist and Ng, 2004) 

pDN1002 Contains Sec61-2-HA ERAD substrate URA3 Vashist et al, 2001 
(Vashist et al., 2001) 

p4339 KanR-to-NATR “Marker Switcher” NATR Tong and Boone, 2006 
(Tong and Boone, 
2006) 

pRS313 CEN/ARS HIS3-marked HIS3 Sikorski and Hieter, 
1989 (Sikorski and 
Hieter, 1989) 

pMS113 pRS315-GFP-SED5 LEU2 Weinberger et al, 2005 
(Weinberger et al., 
2005) 

pMS124 mCherry-SBH2 URA3 Schuldiner et al, 2008 
(Schuldiner et al., 2008) 

pCGMET15 Contains C. glabrata MET15 MET15 Kitada et al, 1995 
(Kitada et al., 1995) 

pMJ002 NAT-TEF2pr-mCherry-
ADH1terminator 

NATR Kind gift from David 
Breslow 

pKT128 Used for C-terminally GFP-tagging 
GET3 under its endogenous promoter 

HIS3 Sheff and Thorn, 2004 
(Sheff and Thorn, 2004) 

pAG25 Template for PCR to create chimeric 
fragment for replacing GET2 ORF by 
NATR marker via homologous 
recombination 

NATR Goldstein and 
McCusker, 1999 
(Goldstein and 
McCusker, 1999) 

pMJ012 NAT-TEF2pr-mCherry-
ADH1terminator-MET15. Parent: 
pMJ002 

NATR This study 

pMJ013 NAT-TEF2pr-KWW-HA-
ADH1terminator. Parent: pMJ002 

NATR This study 

pMJ014 NAT-TEF2pr-KHN-HA-
ADH1terminator. Parent: pMJ002 

NATR This study 

pMJ015 NAT-TEF2pr-KWS-HA-
ADH1terminator. Parent: pMJ002 

NATR This study 

pMJ017 NAT-TEF2pr-Sec61-2-HA-
ADH1terminator. Parent: pMJ002 

NATR This study 

pMJ049 Used for N-terminally GFP-tagging 
GET5/MDY2 under its endogenous 
promoter 

HIS3 This study 
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Table S12: Strains used in this study (all in S288C background) 
 
 

Strain Genotype Parent Reference

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 S288C Brachmann 
et al, 1998 
(Brachmann 
et al., 1998) 

Y8091 his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2+/LYS2+ 
MET15+/met15Δ0 ura3Δ0/ura3Δ0 
Δcan1::STE2pr-spHIS5/CAN1+ Δlyp1::STE3pr-
LEU2/LYP1+ cyh2/CYH2+ 

S288C Kind gift 
from 
Charles 
Boone 

GET3-
GFP-
HIS3 

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Get3-GFP-
HIS3 

BY4741 Huh et al, 
2003 (Huh 
et al., 2003) 

yMS106 GET3-GFP-HIS Δget1::LEU2 GET3-
GFP-
HIS3 

Schuldiner 
et al, 2008 
(Schuldiner 
et al., 2008) 

yMS686 KanR-GALpr-GFP-PEX15 Δpex19::pCGURA BY4741 Schuldiner 
et al. 2008 
(Schuldiner 
et al., 2008) 

yMS688 KanR-GALpr-GFP-PEX15 Δpex19::pCGURA 
Δget3::NATR 

yMS686 Schuldiner 
et al. 2008 
(Schuldiner 
et al., 2008) 

Y00223 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
Δyer083c::KanR 

BY4741 Winzeler et 
al., 1999 
(Winzeler et 
al., 1999) 

Y02420 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
Δyor164c::KanR 

BY4741 Winzeler et 
al., 1999 
(Winzeler et 
al., 1999) 

yJM2E8 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Get3-GFP-
HIS3 

BY4741 This study 

yJM2I7 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
Δget2c::KanR Get3-GFP-HIS3 

Y00223 This study 

yJM4D5 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
Δyor164c::KanR Get3-GFP-HIS3 

Y02420 This study 

yJM4G4 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
Δyor164c::KanR Δget2::NATR Get3-GFP-HIS3 

yJM4D5 This study 

yMJ001 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 LYS+ 
Δcan1::STE2pr-spHIS5 Δlyp1::STE3pr-LEU2 cyh2 

Y8091 This study 

yMJ002 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 LYS+ 
Δcan1::STE2pr-spHIS5 Δlyp1::STE3pr-LEU2 cyh2 
Δura3::UPRE-GFP-URA3 

yMJ001 This study 

yMJ003 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 LYS+ 
Δcan1::STE2pr-spHIS5 Δlyp1::STE3pr-LEU2 cyh2 
Δura3::UPRE-GFP-TEF2pr-RFP-MET15-URA3 

yMJ002 This study 

yMJ033 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 HIS3-
MDY2pr-GFP-MDY2 

BY4741 This study 

yMJ044 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 LYS+ yMJ001 This study 
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Δcan1::STE2pr-spHIS5 Δlyp1::STE3pr-LEU2 cyh2 
Δget3::KanR 

yMJ045 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 HIS3-
MDY2pr-GFP-MDY2 Δleu2::KanR 

yMJ033 This study 

yMJ046 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 HIS3-
MDY2pr-GFP-MDY2 Δget1::KanR 

yMJ033 This study 

yMJ049 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 LYS+ 
Δcan1::STE2pr-spHIS5 Δlyp1::STE3pr-LEU2 cyh2 
Δmdy2::NATR 

yMJ001 This study 

yMJ050 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 LYS+ 
Δcan1::STE2pr-spHIS5 Δlyp1::STE3pr-LEU2 cyh2 
Δyor164c::NATR 

yMJ001 This study 

yMJ052 Get3-GFP-HIS Δmdy2::NATR Get3-
GFP-
HIS3 

This study 

yMJ053 Get3-GFP-HIS Δget1::LEU2 Δmdy2::NATR yMS106 This study 

yMJ054 
MATα HIS3-MDY2pr-GFP-MDY2 Δleu2::NAT 
Δget3::KanR 

yMJ044, 
yMJ045 This study 

yMJ055 
MATα HIS3-MDY2pr-GFP-MDY2 Δget1::NAT 
Δget3::KanR 

yMJ044, 
yMJ046 This study 

yMJ056 Δhis3::NATR-TEF2pr-KWW-HA-ADH1terminator BY4741 This study 
yMJ057 Δhis3::NATR-TEF2pr-KHN-HA-ADH1terminator BY4741 This study 
yMJ058 Δhis3::NATR-TEF2pr-KWS-HA-ADH1terminator BY4741 This study 
yMJ059 Δhis3::NATR-TEF2pr-Sec61-2-HA-

ADH1terminator 
BY4741 

This study 
yMJ060 EMC3-FLAG-NATR BY4741 This study 
yMJ061 GET3-FLAG-KanR BY4741 This study 
yMJ062 KanR-GALpr-GFP-PEX15 Δpex19::pCGURA 

Δmdy2::NATR 
yMS686 This study 

yMJ063 GET3-RFP-KanR yMJ001 This study 
yMJ064 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 HIS3-

MDY2pr-GFP-MDY2 Δleu2::KanR GET3-RFP-KanR 
yMJ063, 
yMJ045 

This study 

yMJ065 MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 HIS3-
MDY2pr-GFP-MDY2 Δget1::KanR GET3-RFP-KanR 

yMJ063, 
yMJ046 

This study 
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