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The golgin protein Coy1 functions in intra-Golgi 
retrograde transport and interacts with the COG 
complex and Golgi SNAREs

ABSTRACT  Extended coiled-coil proteins of the golgin family play prominent roles in main-
taining the structure and function of the Golgi complex. Here we further investigate the 
golgin protein Coy1 and document its function in retrograde transport between early Golgi 
compartments. Cells that lack Coy1 displayed a reduced half-life of the Och1 mannosyltrans-
ferase, an established cargo of intra-Golgi retrograde transport. Combining the coy1Δ muta-
tion with deletions in other putative retrograde golgins (sgm1Δ and rud3Δ) caused strong 
glycosylation and growth defects and reduced membrane association of the conserved oligo-
meric Golgi (COG) complex. In contrast, overexpression of COY1 inhibited the growth of 
mutant strains deficient in fusion activity at the Golgi (sed5-1 and sly1-ts). To map Coy1 pro-
tein interactions, coimmunoprecipitation experiments revealed an association with the COG 
complex and with intra-Golgi SNARE proteins. These physical interactions are direct, as Coy1 
was efficiently captured in vitro by Lobe A of the COG complex and the purified SNARE pro-
teins Gos1, Sed5, and Sft1. Thus our genetic, in vivo, and biochemical data indicate a role for 
Coy1 in regulating COG complex-dependent fusion of retrograde-directed COPI vesicles.

INTRODUCTION
Nascent secretory proteins that have been glycosylated and 
folded in the endoplasmic reticulum (ER) are delivered to the cis-
Golgi in a coat protein complex II– (COPII) dependent manner 
(Brandizzi and Barlowe, 2013; Xu and Ng, 2015). As glycosylated 
secretory proteins traverse the Golgi, they are sequentially sub-
jected to a series of glycan trimming, extension, and modification 
reactions. The order of these reactions arises from the compart-
mentalization of the Golgi, wherein each cisterna is enriched in a 
distinct set of resident enzymes, transporters, and chaperones 
(Stanley, 2011). Maintenance of compartmental identity requires 
that resident Golgi proteins are localized to the correct cisterna, 

yet many of these proteins are not statically retained to one cis-
terna (Harris and Waters, 1996; Todorow et al., 2000). Instead, resi-
dent proteins flow forward through the Golgi and are recycled 
back to earlier compartments through a vesicular trafficking path-
way referred to as intra-Golgi retrograde transport (Banfield 2011; 
Fisher and Ungar, 2016).

Early Golgi resident proteins that have flowed to later cisternae 
are first packaged into coat protein complex I (COPI)-coated vesi-
cles in an Arf1- and Vps74-dependent manner (Lanoix et al., 2001; 
Martínez-Menárguez et al., 2001; Tu et al., 2008). These vesicles are 
then directed to specific Golgi compartments by Rab GTPases 
(Mizuno-Yamasaki et al., 2012) and a subset of coiled-coil proteins 
known as golgins (Gillingham and Munro, 2016). Once tethered to 
the appropriate membrane, the vesicular Qc-SNARE Sft1 bundles 
together with the cisternal Qa-, Qb-, and R-SNAREs Sed5, Gos1, 
and Ykt6 to drive fusion between the opposing membranes (Bock 
et al., 2001; Parlati et al., 2002; Xu et al., 2002; Volchuk et al., 2004). 
Both the tethering and fusion steps depend on the conserved oligo-
meric Golgi (COG) complex, a member of the multi-subunit 
CATCHR-family of transport factors (Yu and Hughson, 2010; Climer 
et al., 2015). Although these components have been well character-
ized individually, it remains mechanistically unclear how, when, and 
where they are coordinated with one another to orchestrate vesicle 
capture and fusion.
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Here we report a role for Coy1 in intra-Golgi retrograde trans-
port. Coy1 has been implicated in this transport process based on 
a genetic interaction between COY1 and gos1Δ. Both COY1 and its 
human homologue CASP encode a ∼75-kDa Golgi-localized pro-
tein with a C-terminal transmembrane domain and a cytoplasmic 
N-terminus composed of a series of coiled coils (Gillingham et al., 
2002). CASP has been proposed to function as a tether for retro-
grade-directed Golgi vesicles, as recombinant CASP could specifi-
cally capture vesicles laden with resident Golgi enzymes (Malsam 
et al., 2005). However, CASP was unable to nucleate vesicle tether-
ing events in vivo when targeted to an ectopic site (Wong and 
Murno, 2014). Thus the functions of CASP and Coy1 remain 
enigmatic.

The identification of Coy1 as a COPII vesicle protein led us to 
further investigate its role in the early secretory pathway (Margulis 
et al., 2016). Here we report that Coy1 has no direct effect on ER 
to Golgi transport in a cell-free transport assay. Instead, our live 
cell labeling, genetic, and biochemical studies indicate a role for 
Coy1 in intra-Golgi retrograde transport. Rather than a function in 
tethering as has been established for most other golgins, our ge-
netic and physical interactions implicate Coy1 in organizing the 
cisternal Golgi membrane for fusion with incoming retrograde 
directed vesicles.

RESULTS
Coy1 in ER-Golgi transport
We previously identified Coy1 as an enriched component of COPII 
vesicles in proteomic analyses (Margulis et al. 2016). To validate this 
result, a small-scale COPII budding reaction was conducted 
(Barlowe et al., 1994). Microsomes derived from wild-type (WT) cells 
were incubated with an energy regeneration system and purified 
COPII proteins to drive vesicle budding. Vesicles were separated 
from bulk membranes by centrifugation, and samples of the vesicu-
lar fraction were compared with the reaction input by immunoblot-
ting (Figure 1A) (Belden and Barlowe 1996). The ER vesicle protein 
Erv41 was enriched in the COPII vesicle fraction as previously re-
ported (Otte et al., 2001), as was Coy1. A subunit of the translocon, 
Sec63, was not detectable in the vesicular fraction (Feldheim et al. 
1992). The distributions of Erv41 and Sec63 were unchanged in the 
coy1Δ strain. Thus Coy1 is efficiently packaged into COPII vesicles 
but has no apparent effect on COPII packaging efficiency or 
stringency.

We wondered whether Coy1 served as a vesicular tether that 
initiates contact between COPII vesicles and the cis-Golgi. To test 
this possibility, we monitored anterograde ER-Golgi transport in 
wild-type and coy1Δ strains using a cell-free assay (Cao et  al., 
1998). Overall transport (Figure 1B) and tethering (Figure 1C) effi-
ciency in coy1Δ were indistinguishable from the wild-type reac-
tions. As tethering factors at the Golgi are predicted to exhibit 
some functional redundancy with one another (Munro 2011; Ro-
boti et al. 2015; Gillingham and Munro 2016), we hypothesized 
that a transport defect would become apparent if COY1 was de-
leted in addition to other golgins implicated in ER to Golgi trans-
port. We repeated the transport assay using strains lacking Coy1 
and either of the putative ER to Golgi tethering factors, Rud3 or 
Grh1 (VanRheenen et al., 1999; Behnia et al., 2007). No change in 
transport efficiency was observed in a coy1Δ rud3Δ double mutant 
(data not shown). Strikingly, a tethering defect apparent in grh1Δ 
membranes (Behnia et  al., 2007) was suppressed by combining 
with coy1Δ (Figure 1D), suggesting Coy1 can indirectly affect an-
terograde transport despite being dispensable for this process. 
Consistent with this interpretation, overexpression of COY1 was 

FIGURE 1:  Coy1 is not required for anterograde transport. 
(A) Washed semi-intact cells from wild-type (CBY740) and coy1Δ 
(CBY2660) strains were incubated with or without purified COPII 
proteins to monitor vesicle budding. Ten percent of the total 
membrane input (T) and the vesicular fractions were resolved on 
10.5% SDS–PAGE gels and immunoblotted using antibodies against 
Sec63 (as a negative control), Erv41 (as a positive control), and Coy1. 
(B) In a cell-free ER to Golgi transport assay, membranes were loaded 
with [35S]gpαf, washed, and incubated at 23°C for 1 h with an ATP 
regeneration system and the absence (NA) or presence (Recon) of 
purified COPII, Uso1, and LMA1. The percentage of [35S]gpαf that had 
received α1,6 modification was quantified as a readout of transport 
efficiency. (C) Tethering assays were conducted by incubating WT and 
coy1Δ membranes at 23°C for 30 min with an ATP regeneration 
system and either no addition (NA), purified COPII proteins or 
purified COPII and Uso1. Samples were then centrifuged to separate 
bulk membranes from diffusible vesicles. The percentage of protease 
resistant [35S]gpαf remaining in the vesicular fraction was measured as 
a readout of tethering efficiency. (D) Tethering assays were conducted 
as described in C with membranes prepared from WT (CBY740), 
grh1Δ (CBY3178), or coy1Δ grh1Δ (CBY3258) strains. Tethering 
efficiency was 71% in the WT strain, 12.5% in grh1Δ, and 58% in 
coy1Δ grh1Δ.
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(Malsam et al., 2005). To determine whether Coy1 undergoes Golgi 
to ER retrograde transport or whether it remains Golgi-localized like 
CASP, wild-type and sec12-4 cells were grown to early-log phase at 
a permissive temperature, treated with cycloheximide to purge the 
secretory pathway of newly synthesized proteins, and shifted to a 
restrictive temperature of 38.5°C to induce an ER export block 
(Todorow et al., 2000). Under this condition, cycling proteins should 
be trapped in the ER. Cells were then lysed and differentially centri-
fuged to prepare ER- and Golgi-enriched membrane pellets (Belden 
and Barlowe, 2001). Two proteins known to actively cycle between 
the Golgi and ER, Erv41 and Erv46, exhibited a split distribution 
between these two fractions in wild-type cells (Shibuya et al., 2015) 
and redistributed to the ER fraction in the sec12-4 strain (Figure 2B). 
In contrast, the distribution of Coy1 was unchanged between the 
wild-type and sec12-4 conditions. The apparent molecular weight 
of Coy1 was reduced in the Golgi fractions relative to those in the 
ER, perhaps indicating compartment-specific posttranslational 
modifications, e.g., phosphorylation (Albuquerque et al., 2008; Holt 
et al., 2009; Swaney et al., 2013), but this observation was not pur-
sued further. This result indicates that Coy1, like its mammalian ho-
mologue CASP, is enriched at the Golgi and does not actively traffic 
back to the ER. As Coy1 does not cycle back to the ER from the 
Golgi and is not necessary for anterograde transport, we conclude 
that the enrichment of Coy1 on COPII vesicles likely reflects its 
biosynthetic route for delivery to Golgi membranes.

Most golgins possess a C-terminal motif required for their localiza-
tion at the Golgi (reviewed in Gillingham and Munro, 2016). The C-
terminal transmembrane domain of Coy1 presumably directs this pro-
tein to the Golgi, but it has not been directly tested if this region is 
necessary and sufficient for Golgi localization of Coy1. To address this 
possibility, endogenous COY1 was truncated and the hemagglutinin 
(HA) epitope inserted by gene targeting just prior to the region encod-
ing the transmembrane domain (Longtine et al., 1998), and the local-
ization of the Coy1 protein was then examined by immunofluores-
cence microscopy (Figure 3, A and B). Coy1-HA and Coy1ΔTM-HA 
exhibited a punctate distribution typical of Golgi proteins. The Coy1 
puncta partially overlapped with Och1 in both the HA-tagged strains 
(Figure 3A). Incomplete colocalization of Coy1 with Och1 suggests 
that Coy1 does not exclusively reside on early Golgi compartments. 
No substantial colocalization was observed between Coy1 and the ER 
resident protein Kar2 in either of these strains (Figure 3, A and B). As a 
complementary approach, the subcellular distribution of Coy1 from 
wild-type and Coy1ΔTM-HA cells was investigated by fractionation on 
sucrose gradients. In the wild-type strain, 95% of Coy1 cofractionated 
with Och1, while 5% was detected in the ER, likely reflecting newly 
synthesized Coy1 (Figure 3C). Although Coy1ΔTM-HA cofractionation 
with Och1 was reduced to an average of 70% in a set of replicates, the 
protein remained clearly enriched in the Golgi fractions relative to the 
vacuolar and ER fractions (both of which had ∼15% of total 
Coy1ΔTM-HA). We next examined the functionality of Coy1ΔTM-HA 
through a set of genetic approaches. Overexpression of both Coy1 
and Coy1ΔTM-HA under the control of the GAL promoter was suffi-
cient to induce growth defects in a wild-type background (Supple-
mental Figure 2A). However, a strain that requires Coy1 to survive on 
media containing calcofluor white (described in the following section) 
was unable to grow when supplemented with a plasmid encoding 
Coy1ΔTM-HA (Supplemental Figure 2B), indicating that although 
Coy1 and Coy1ΔTM-HA can both impair growth when highly overex-
pressed, Coy1ΔTM-HA cannot functionally replace the endogenous 
protein. As the transmembrane domain is partially dispensable for 
Golgi localization, we conclude that the transmembrane domain ex-
erts a function beyond simply serving as a membrane anchor for Coy1.

sufficient to induce transport and tethering defects (Supplemental 
Figure 1).

Coy1 distribution and trafficking
To understand how Coy1 could exert such an effect on anterograde 
transport, we sought to characterize the protein more thoroughly, 
beginning with investigating its localization and trafficking pattern. 
Coy1 colocalizes with a cis-Golgi marker via immunofluorescence 
microscopy (Gillingham et al., 2002), but its precise subcellular dis-
tribution is unknown. To address this question, membranes from 
wild-type cell lysates were resolved on sucrose gradients (Figure 2A). 
The hydrolase carboxypeptidase Y (CPY) was present exclusively in 
the vacuolar fractions. Most of the glucosidase Gls1 was present in 
ER fractions, with a secondary peak cofractionating with CPY, consis-
tent with prior reports showing that a low level of Gls1 leaks to later 
secretory pathway compartments (Shibuya et  al., 2015). The ER 
vesicle protein Erv25 exhibited a split distribution between ER frac-
tions and Golgi fractions as previously observed (Belden and Bar-
lowe, 1996, 2001). Only trace amounts of Coy1 were present in the 
ER fractions, with the bulk of this protein cofractionating with Och1, 
the Golgi-resident mannosyltransferase that initiates addition of 
α1,6-mannose residues to the core oligosaccharide of nascent se-
cretory proteins (Nakanishi-Shindo et  al., 1993; Brigance et  al., 
2000). By both fluorescence microscopy and sucrose gradient sedi-
mentation, Coy1 is almost exclusively Golgi localized.

A subset of resident Golgi proteins cycle back to the ER from the 
Golgi (Todorow et al., 2000). Resident Golgi proteins that do not 
actively traffic back to the ER have been proposed to serve as struc-
tural components of the Golgi complex (Seemann et  al., 2000). 
CASP belongs to the latter category of resident Golgi proteins, as 
CASP remains Golgi localized when an ER export block is induced in 
BSC-1 cells by microinjection of a dominant-negative form of Sar1 

FIGURE 2:  Coy1 is localized to Golgi membranes. (A) Cell lysate from 
a WT (CBY740) strain was centrifuged through a 18–60% sucrose 
density gradient. Fractions were collected from the top to the bottom 
of the gradient and resolved on 10.5% SDS–PAGE gels. 
Immunoblotting was conducted with polyclonal antibodies against the 
early Golgi mannosyltransferase Och1, the ER vesicle protein Erv25, 
the ER glucosidase Gls1, the vacuolar hydrolase CPY, and Coy1. 
(B) WT and sec12-4 strains were grown to early log phase at 25°C and 
treated with 50 μg/ml cycloheximide for 20 min to halt translation. 
The cultures were then shifted to 38.5°C for 90 min to induce an ER 
export block in sec12-4 cells. After conversion to spheroplasts, cell 
lysates were centrifuged to generate ER (p13)- and Golgi (p100)-
enriched membrane pellets. The membrane pellets were solubilized 
and separated on 10.5% SDS–PAGE gels. Immunoblotting was 
conducted with antiserum against Coy1, as well as Erv41 and Erv46, 
both of which actively cycle between the Golgi and ER.
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radiolabeled [35S]cysteine/[35S]methionine 
and then chased with an excess of unla-
beled amino acids. Lysates from each time 
point were immunoprecipitated using anti-
serum against Och1 and a control protein, 
Kar2. Kar2 levels remained comparable 
throughout the chase period in both strains 
(Figure 4, bottom panel). By the end of the 
chase, Och1 levels were slightly reduced in 
the wild-type strain, whereas Och1 was rap-
idly depleted in the coy1Δ strain (Figure 4). 
The difference in the half-life of Och1 be-
tween the two strains was statistically sig-
nificant (p < 0.05, unpaired Student’s t test). 
We interpret this to indicate an Och1 reten-
tion defect in coy1Δ, resulting in missorting 
and degradation of Och1.

As Och1 initiates outer-chain mannose 
extension, one might expect a defect in the 
retention of this enzyme to result in hypo-
glycosylation. However, no such glycosyl-
ation defects are apparent in coy1Δ cells, 
and total Och1 protein levels are similar be-
tween wild-type and coy1Δ cells (data not 
shown). We wondered if such a phenotype 
was being buffered against by other redun-
dant transport components. Three mamma-
lian golgins, GMAP-210, TMF, and gol-
gin-84, are sufficient to initiate capture of 
vesicles laden with resident Golgi proteins 
in vivo (Wong and Munro 2014). The former 
two golgins have orthologues in yeast, 
called Rud3 and Sgm1, that have also been 
implicated in retrograde Golgi transport 
(Kim et al., 1999; VanRheenen et al., 1999; 
Siniossoglou and Pelham, 2001; Kim, 2003). 
If Coy1 functions in this process alongside 
Rud3 and Sgm1, cells could exhibit growth 
and glycosylation defects as more of these 
golgins are lost. To test this possibility, serial 
dilution assays were conducted using strains 
lacking one, two, or all three of these gol-
gins (Figure 5A). No apparent phenotype 
was observed in coy1Δ rud3Δ, consistent 
with prior reports (Gillingham et al., 2002), 
while a mild growth defect was apparent in 
coy1Δ sgm1Δ. A more severe phenotype 
was observed in rud3Δ sgm1Δ. The triple 
knockout grew similarly to rud3Δ sgm1Δ at 
lower temperatures but was completely un-

able to grow at the restrictive temperature (Figure 5A). Expression of 
COY1 on a plasmid was sufficient to suppress this phenotype (Sup-
plemental Figure 2C). These results indicate that COY1 is required 
for viability at high temperatures when RUD3 and SGM1 are both 
absent.

A similar pattern of growth was observed when the same strains 
were grown in the presence of calcofluor white, a cell wall stressor 
used to identify glycosylation mutants (Ram et al., 1994). The rud3Δ 
strain exhibited mild sensitivity to calcofluor white (Figure 5B), 
whereas the coy1Δ and sgm1Δ strains were not affected. The coy1Δ 
sgm1Δ mutant exhibited a growth defect on media containing cal-
cofluor white, as did the rud3Δ sgm1Δ strain. The triple knockout 

Coy1 functions in intra-Golgi transport
As Coy1 is dispensable for ER to Golgi anterograde transport in 
vitro and does not actively cycle back to the ER for a role in Golgi 
to ER retrograde transport, we wondered if Coy1 instead functioned 
in intra-Golgi retrograde transport. CASP has been implicated in 
this transport process, as microinjection of soluble, recombinant 
CASP inhibits intra-Golgi retrograde transport of the Golgi enzyme 
GalNAcT2-YFP (Malsam et al., 2005). We tested if Coy1 might con-
tribute to this transport process by examining the retention of an 
established cargo of intra-Golgi retrograde transport, Och1, by 
pulse-chase analysis (Harris and Waters, 1996; Bruinsma et  al., 
2004). Wild-type and coy1Δ cells were pulsed with a mix of 

FIGURE 3:  The transmembrane domain of Coy1 is dispensable for Golgi enrichment. 
(A) Localization of Coy1-HA (CBY2674) and Coy1ΔTM-HA (CBY3484) in cells was examined by 
immunofluorescence microscopy using monoclonal antibodies against the HA epitope and 
polyclonal antibodies against the Golgi mannosyltransferase Och1. Yellow arrowheads point to 
sites of colocalization. Scale bars represent 5 μm. (B) Costaining was performed as in A with 
monoclonal antibodies against the HA epitope and with polyclonal antibodies against the ER 
chaperone Kar2. (C) Spheroplasts from wild-type (CBY740) and Coy1ΔTM-HA (CBY3484) cells 
were separated on a sucrose gradient as in Figure 2A. Samples from each fraction were resolved 
on 10.5% SDS–PAGE gels and immunoblotted using polyclonal antibodies against Gls1, Coy1, 
Och1, and CPY.
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failed to grow at any temperatures beyond the first dilution. Viability 
of the triple knockout on media with calcofluor white was restored 
when COY1 was provided on a plasmid. Notably, a plasmid encod-
ing Coy1ΔTM failed to rescue growth of this strain, indicating that 
the transmembrane domain of Coy1 is functionally important (Sup-
plemental Figure 2B). These results suggested that glycosylation 
defects become exacerbated as more of these golgins are lost. To 
validate this interpretation, the glycoproteins Gas1 and CPY were 
examined in whole-cell lysates derived from each strain (Figure 5C). 
Gas1 exits the ER as a 105-kDa protein and is further glycosylated as 
it traverses the Golgi to a 120-kDa form (Fankhauser and Conzel-
mann, 1991). CPY exits the ER as a 67-kDa proprotein, is glycosyl-
ated in the Golgi to 69 kDa, and is proteolyzed in the vacuole to its 
mature 61-kDa form (Hasilik and Tanner, 1978; Stevens et al., 1982). 
The molecular weight of Gas1 was unchanged relative to the wild-
type strain in each of the single knockouts but was reduced in the 
coy1Δ sgm1Δ and rud3Δ sgm1Δ double mutants. Notably, the 

FIGURE 4:  The half-life of the Golgi mannosyltransferase Och1 is 
reduced in coy1Δ cells. Early log phase cultures of wild-type (CBY740) 
or coy1Δ (CBY2660) cells were pulsed with a radiolabeled cysteine/
methionine mix and then chased with an excess of unlabeled amino 
acids. Samples were taken at the indicated time points and were 
subsequently lysed and then proteins were immunoprecipitated with 
antibodies against Och1 or Kar2. Immunoprecipitates were resolved 
on 10.5% SDS–PAGE gels and visualized by autoradiography. The 
half-life of Och1 was quantified from three independent experiments. 
In the wild-type strain, the half-life of Och1 was 98.5 min with a SD of 
10.1, while the half-life of Och1 in coy1Δ was 40.3 (+/– 27.9, n = 3).

FIGURE 5:  COY1 genetically interacts with tethering factors involved in intra-Golgi retrograde transport. (A) Tenfold 
serial dilutions were set up on YPD plates at the indicated temperatures with the following strains: WT (CBY740), coy1Δ 
(CBY2660), rud3Δ (CBY2678), sgm1Δ (CBY3874), coy1Δ sgm1Δ (CBY4102), coy1Δ rud3Δ (CBY2692), rud3Δ sgm1Δ 
(CBY4101), and coy1Δ rud3Δ sgm1Δ (CBY4103). (B) Serial dilutions were set up as in A on YPD + 5 μg/ml Calcofluor 
White. (C) Lysates derived from midlog phase cultures of the indicated strains were separated on a 10% SDS–PAGE gel 
and immunoblotted for Gas1, CPY, and Yet3. A darker exposure of the CPY blot is also shown to highlight accumulation 
of the p2 precursor. (D) Semi-intact cells were centrifuged at 100,000 × g to resolve cytosolic proteins in the supernatant 
fraction (S) from membrane bound proteins in the pellet (P). Equivalent amounts of each sample were resolved on 11% 
SDS–PAGE gels and immunoblotted for Cog3, Och1, Sec19, and Yet3. (E) Quantification of the percentage of Cog3 and 
Sec19 present in the supernatant fraction as depicted in D (means ± SD, n = 10 independent experiments, *p < 0.05, 
**p < 0.005, one-way ANOVA followed by Tukey’s test). (F) Wild-type (CBY740), coy1Δ (CBY2659), cog3-2 (CBY3881), 
and cog3-2 coy1Δ (CBY4788) strains were diluted onto YPD plates at the indicated temperatures. (G) Cultures from F 
were grown to early-log phase at 30°C and then shifted to 38.5°C for 1 h. Cells were separated from the medium by 
centrifugation, and secreted proteins were concentrated by trichloroacetic acid (TCA) precipitation while cell lysates 
were prepared by bead-beating. Media and cellular proteins were resolved on 10.5% SDS–PAGE gels and 
immunoblotted for CPY and Gas1, with Kar2 and Yet3 serving as loading controls.



Volume 28  October 1, 2017	 Coy1 functions in retrograde transport  |  2691 

Attenuated membrane association of the COG complex in the 
coy1Δ strain suggested an interaction between Coy1 and the COG 
complex. To address the physiological relevance of this potential 
interaction, a haploid strain lacking COY1 and bearing the cog3-2 
point mutation was constructed by mating, and its growth was com-
pared with that of the parent strains (Figure 5D). The cog3-2 strain 
grows poorly at lower temperatures and is inviable at an elevated 
temperature (Wuestehube et al., 1996). Strikingly, deletion of COY1 
suppressed this growth defect, and the double mutant remained 
viable at the restrictive temperature, although its growth was re-
duced relative to the wild-type and coy1Δ strains. Expression of 
COY1 on a plasmid was sufficient to reintroduce a strong growth 
defect in the cog3-2 coy1Δ strain (Supplemental Figure 2D). How-
ever, the glycosylation and transport defects of cog3-2 were not 
corrected, as Gas1 and CPY ran at a reduced molecular weight in 
cell lysates from both the cog3-2 and cog3-2 coy1Δ, stains and an 
accumulation of p2 CPY was apparent in both strains as well. Fur-
thermore, secretion of p2 CPY was elevated an average of 1.46 
(± 0.17 SD, n = 3) and 1.37 (± 0.28)-fold relative to the wild-type 
strain in the coy1Δ and cog3-2 single mutants and was elevated 
2.3-fold (± 0.39) in the double mutant (Figure 5E). These results 
functionally implicate COG complex and Coy1 with one another but 
also indicate that the latter does not simply act as a negative regula-
tor of the former.

The COG complex and Coy1 both affect SNARE function. The 
COG complex physically and functionally interacts with the early 
Golgi syntaxin Sed5 and its cognate SM protein Sly1 (Suvorova 
et al., 2002; Shestakova et al., 2007; Laufman et al., 2009), while 
overexpression of COY1 results in a severe growth defect in a strain 
lacking the retrograde Golgi SNARE Gos1 (Gillingham et al., 2002). 
We wondered whether these SNARE interactions could explain how 
coy1Δ suppresses the growth defect of cog3-2. We observed that 

overexpression of COY1 was toxic in strains 
bearing either the sed5-1 or sly1-ts muta-
tions (Figure 6, A and B). Milder growth de-
fects were also apparent when COY1 was 
overexpressed in the sec18-1 and bet1-1 
strains, while no phenotype was observed 
when COY1 was overexpressed in strains 
bearing mutations in Golgi-associated teth-
ering factors, including grh1Δ, imh1Δ, 
rud3Δ, sgm1Δ, trs33Δ, and ypt1-3 (Supple-
mental Table 1). These genetic interactions 
implicate Coy1 in a functional network with 
the COG complex, Sed5, and Sly1.

Coy1 interacts with intra-Golgi 
retrograde tethering and fusion 
machinery
We next examined whether Coy1 could be 
detected in complex with any of the compo-
nents suggested by genetic interactions. To 
this end, Coy1 was immunoprecipitated from 
digitonin-solubilized spheroplasts derived 
from wild-type cells with anti-Coy1 polyclonal 
antibodies. Coy1 was enriched in the immu-
noprecipitate, and Cog3, Sly1, and Gos1 
were all pulled down with Coy1 antibodies 
(Figure 7A). These interactions were specific, 
as none of the coimmunoprecipitating pro-
teins were detected in control reactions 
in which the preimmune serum was used. 

molecular weight of Gas1 was reduced further still in the triple 
knockout relative to the double mutants. CPY was also underglyco-
sylated in lysates from the coy1Δ sgm1Δ, rud3Δ sgm1Δ, and coy1Δ 
rud3Δ sgm1Δ, with the latter two strains also exhibiting an accumu-
lation of a precursor form of CPY, indicative of a transport defect. 
These results solidify a role for Coy1 in maintaining the fidelity of 
glycosylation, along with Rud3 and Sgm1.

We next sought to identify a mechanistic cause for these additive 
phenotypes. In a yeast two-hybrid assay, every identified mamma-
lian golgin protein interacts with the COG complex (Miller et al., 
2013), an octameric peripheral membrane protein complex that is 
implicated in vesicle tethering and fusion throughout the Golgi 
(Fisher and Ungar, 2016). These interactions led us to test whether 
golgin proteins collectively function to recruit the COG complex to 
the Golgi membrane. We focused our analysis on coy1Δ and sgm1Δ 
because a strain carrying both mutations exhibited a glycosylation 
defect (Figure 5, B and C) and to avoid confounding effects caused 
by disrupted ER to Golgi trafficking that may arise from rud3Δ. 
Semi-intact cells derived from wild type, coy1Δ, sgm1Δ, and coy1Δ 
sgm1Δ cultures were diluted in buffer and centrifuged at 100,000 × 
g for 20 min to separate cytosol from cellular membranes. The inte-
gral membrane proteins Yet3 and Och1 were both solely detected 
in the membrane pellet fraction, while Sec19, a protein that cycles 
between membranes and the cytosol (Garrett et al., 1994), was simi-
larly enriched in the cytosol in each strain (Figure 5, D and E). Cog3 
appeared equally split between the membrane and cytosolic frac-
tions in the wild-type setting. This distribution significantly shifted 
toward the cytosol in the coy1Δ and sgm1Δ strains, and this redistri-
bution was more pronounced in the coy1Δ sgm1Δ strain (Figure 5, 
D and E). Thus the glycosylation defect in the coy1Δ sgm1Δ strain 
can be partially attributed to disrupted COG complex membrane 
association.

FIGURE 6:  COY1 genetically interacts with sed5-1 and sly1-ts. (A) The sed5-1 (CBY263) and 
isogenic wild-type strain (CBY267) were transformed with either an empty vector (pRS426) or a 
2μ COY1 overexpression vector (pRS426-COY1). Two independent isolates per transformations 
were serially diluted on selective media and grown at the indicated temperatures. (B) The sly1-ts 
strain (CBY268) and isogenic wild-type strain (CBY267) were transformed with either an empty 
vector or the COY1 overexpression vector and subjected to growth assays as in A.
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FIGURE 7:  Coy1 interacts with Sly1, Cog3, Gos1, and Sed5.  
(A) Wild-type (CBY740) semi-intact membranes were solubilized with 
digitonin and immunoprecipitated (IP) with magnetic beads that had 
been preincubated with either Coy1 antiserum (αCoy1 IP) or 
preimmune serum from the same animal (Preimmune). 
Immunoprecipitates were washed, eluted in sample buffer, and 
resolved on 10.5% SDS–PAGE gels. Input represents a sample of the 
solubilized membranes prior to incubation with the antibody-bound 
beads. Immunoblotting was performed with polyclonal antiserum 
directed against Coy1, Sly1, Cog3, and Gos1, with the vacuolar 
SNAREs Vam3 and Vam7 and the ER resident protein Yet3 serving as 
negative controls. Positions of the MW ladder are indicated to the 
right of the blots. (B) Immunoprecipitation was conducted as 
described in A with antibodies directed against Cog3 or with 
preimmune serum. Blotting was conducted for Cog3 and Coy1, with 

Yet3 and Gls1 as negative controls. (C) Immunoprecipitation was 
conducted as described in A, using αSed5 preimmune and immune 
serum. Sed5 could not be detected in the immunoprecipitate, and its 
partner SM protein Sly1 served as a positive control instead. (D) 
Immunoprecipitation was conducted as described above with αSly1 
antiserum or preimmune serum. Blotting was conducted against Sly1 
and Coy1, with Yet3 and the vacuolar SNARE Nyv1 serving as negative 
controls. (E) Immunoprecipitates were prepared and processed as 
described above, using antiserum against Gos1. As Gos1 preimmune 
serum was not available, magnetic beads alone served as a negative 
control (-antiserum). Blotting was conducted for Gos1 and Coy1, with 
the golgin Bug1 and the vacuolar SNARE Vam7 functioning as 
negative controls.

Moreover, the ER resident protein Yet3 and the vacuolar SNAREs 
Vam3 and Vam7 were not detected in the immunoprecipitate, further 
supporting specificity. In reciprocal experiments, Coy1 could be co-
immunoprecipitated with antibodies against Cog3 (Figure 7B), Sed5 
(Figure 7C), Sly1 (Figure 7D), and Gos1 (Figure 7E). Thus Coy1 ap-
pears to exist in complex with Cog3, Sed5, Sly1, and Gos1.

We addressed whether Coy1 could directly interact with proteins 
that were recovered in coimmunoprecipitates through a series of in 
vitro binding assays. First, the cytosolic domains of a panel of soluble 
Golgi SNAREs were expressed and purified as glutathione S-transfer-
ase (GST) fusion proteins (Supplemental Figure 3A; Tsui and Banfield, 
2000). Then yeast cells overexpressing Coy1ΔTM-HA were lysed and 
centrifuged at 120,000 × g to generate a Coy1-enriched high-speed 
supernatant fraction. The fusion proteins were then immobilized on 
glutathione agarose resin and incubated with this supernatant frac-
tion. The resin was washed, bound proteins were eluted with sample 
buffer, and Coy1ΔTM-HA was detected by immunoblotting with a 
monoclonal αHA antibody. Coy1 was not appreciably pulled down by 
GST alone or by GST fusions to the ER-to-Golgi Qc-SNARE Bet1 or 
the retrograde Golgi R-SNARE Ykt6. In contrast, nearly 15% of the 
total Coy1ΔTM-HA added to the reaction could be recovered by GST-
Gos1, GST-Sed5, and GST-Sft1 (Figure 8A). These results indicate that 
Coy1 specifically interacts with intra-Golgi retrograde Q-SNAREs.

To test whether Coy1 physically interacts with the COG complex, 
Lobe A of the COG complex, which consists of Cog1, Cog2, Cog3, 
and Cog4, was expressed and purified from bacteria as previously 
described (Supplemental Figure 3B; Lees et  al., 2010). Recombi-
nant, purified COG was then immobilized on NiNTA resin and incu-
bated with the Coy1ΔTM-HA enriched supernatant fraction. This 
fraction was also incubated with untreated NiNTA resin to measure 
background binding of Coy1ΔTM-HA. The resins were washed and 
eluted as described above. Less than 1% of the Coy1ΔTM-HA 
added to the reaction was recovered on the resin alone, whereas 
20% of Coy1ΔTM-HA could be recovered with the COG complex 
bound to the resin (Figure 8B). Thus Coy1 physically interacts with 
the COG complex in vitro.

As the COG complex directly interacts with Sed5 (Suvorova 
et al., 2002), we sought to test whether the interaction between 
Coy1ΔTM-HA and Sed5 was attributable to any residual COG com-
plex in the cytosolic input used as a source of Coy1ΔTM-HA. We 
observed that Coy1 was readily resolved from the COG complex by 
gel filtration chromatography (Figure 8C). Coy1 eluted prior to 
Cog3 and another control protein, Sec13, when detergent-solubilized 
semi-intact wild-type cells were injected onto a Superose 6 column. 
A similar elution pattern was observed when cytosol from the 
Coy1ΔTM-HA (CBY3484) strain was gel filtered, although the Coy1 
peak was shifted one fraction later, perhaps attributable to reduced 
protein abundance of Coy1ΔTM-HA relative to full length Coy1. 
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cally cycle through the Golgi complex and are retrieved to earlier 
compartments by dedicated vesicular transport pathways. How 
these vesicles are targeted to and fused with specific cisterna re-
mains an active area of investigation. In this report, we establish a 
role for the golgin protein Coy1 in intra-Golgi retrograde transport 
based on genetic and biochemical evidence. We find that the half-
life of Och1, a resident Golgi protein known to undergo COPI- and 
COG-dependent retrograde transport (Harris and Waters, 1996; 
Spang and Schekman, 1998; Bruinsma et al., 2004), is reduced in a 
coy1Δ strain (Figure 4), indicating a defect in the retrieval of this 
mannosyltransferase. We expect that this role in intra-Golgi retro-
grade transport is conserved, as microinjection of CASP, the human 
homologue of Coy1, inhibits retrograde transport of GalNAc-T2 
without affecting retrograde transport of ERGIC53 in BSC-1 cells 
(Malsam et al., 2005). Glycosylation defects were not apparent in 
coy1Δ or in cells lacking other golgins (Sgm1 and Rud3) putatively 
involved in tethering retrograde-directed COPI vesicles (Kim et al., 
1999; Kim, 2003; VanRheenen et al., 1999; Fridmann-Sirkis et al., 
2004; Siniossoglou, 2005; Wong and Munro, 2014). However, cells 
lacking SGM1 and either COY1 or RUD3 exhibited glycosylation 
and growth defects, and these phenotypes were further exacer-
bated in the triple knockout (Figure 5, A–C). These glycosylation 
defects are mechanistically attributable in part to disrupted mem-
brane association of the COG complex, as the COG complex redis-
tributes from the membrane to the cytosolic fraction in coy1Δ and 
sgm1Δ cells, and this shift is intensified in coy1Δ sgm1Δ double 
mutant cells (Figure 5, D and E). These results establish Coy1, Rud3, 
and Sgm1 as collectively important for the maintenance of glycosyl-
ation fidelity and reveal a shared role for the golgins in recruiting 
the COG complex to Golgi membranes.

These findings could be interpreted to indicate functional re-
dundancy among Coy1, Rud3, and Sgm1, but several features set 
Coy1 apart from these other golgins. First, golgins are considered 
to share the same general topology: an N-terminus that extends 
into the cytoplasm and a C-terminus that is anchored to the Golgi 
(Witkos and Lowe, 2015; Gillingham and Murno, 2016). Small ac-
tivated GTPases bind to the C-termini of Rud3 and Sgm1 to re-
cruit them to the Golgi (Fridmann-Sirkis et al., 2004; Gillingham 
et al., 2004; Drin et al., 2008). In contrast, the C-terminal trans-
membrane domain of Coy1 was not strictly required for its enrich-
ment at the Golgi (Figure 3), suggesting that these general mod-
els of golgin topology may be oversimplified. The presence of 
Coy1ΔTM at the Golgi also indicates that the cytosolic region of 
Coy1 interacts with other proteins on this organelle. Indeed, we 
identified Coy1 in complex with the t-SNAREs Gos1 and Sed5, the 
early Golgi SM protein Sly1, and Cog3 via coimmunoprecipitation 
(Figure 7). In addition, Coy1ΔTM-3HA was efficiently captured by 
Sed5, Gos1, and Lobe A of the COG complex in vitro (Figure 8). 
The more diffuse sedimentation pattern of Coy1ΔTM-3HA in su-
crose gradients (Figure 3C) can also be explained by these inter-
actions, as many of the proteins Coy1 physically interacts with 
dynamically cycle between the Golgi and ER or the Golgi and en-
dosomal system (Wooding and Pelham, 1998; Tai et  al., 2004). 
The transmembrane domain of Coy1 is not strictly required for 
enrichment of Coy1 at the Golgi, but it is functionally indispens-
able, as growth of coy1Δ rud3Δ sgm1Δ cells on calcofluor white is 
not rescued by a plasmid encoding Coy1ΔTM-3HA (Supplemental 
Figure 2B). Although the precise contribution of Coy1’s transmem-
brane domain remains to be determined, the physical interactions 
Coy1 makes with Gos1, Sed5, and the COG complex suggest a 
role for Coy1 in bridging fusion and tethering machinery. This 
function further distinguishes Coy1 from other golgins, including 

Coy1ΔTM-HA was also resolved from Cog3 when cytosol from 
pGAL-Coy1ΔTM lysate was fractionated on the Superose 6 col-
umn. Coy1ΔTM-HA was efficiently captured by GST-Sed5 when the 
gel-filtered fractions depleted of the COG complex were used as 
the input for this binding reaction (Figure 8D). We conclude that 
the interaction between Coy1 and Sed5 is not mediated by the 
COG complex. 

DISCUSSION
Proper functioning of the Golgi complex requires compartmental-
ization of this organelle, yet many resident Golgi proteins are not 
restricted to one cisterna. Instead, these resident proteins dynami-

FIGURE 8:  Coy1 directly interacts with multiple Golgi SNAREs and 
with lobe A of the COG complex. (A) Lysate from pGAL-Coy1ΔTM-HA 
(CBY3588) was diluted in binding buffer and centrifuged at 120,000 × 
g to generate a supernatant enriched in Coy1ΔTM-HA. This 
supernatant fraction was incubated with GST fusion proteins purified 
from E. coli and immobilized on glutathione-agarose resin. This resin 
was then washed, eluted with sample buffer, and resolved by SDS–
PAGE. Immunoblotting was conducted using a monoclonal αHA 
antibody to monitor Coy1 recovery and with antiserum raised against 
GST-Yet3 to confirm the presence of each GST-tagged SNARE. Less 
than 1% of the total input is brought down by GST, GST-Bet1, or 
GST-Ykt6, while ∼15% of Coy1ΔTM-HA is recovered by GST-Gos1, 
GST-Sed5, and GST-Sft1 (B) Supernatant fractions enriched in 
Coy1ΔTM-HA were prepared as in A and incubated with untreated 
NiNTA resin or purified COG1-4 (purified from E. coli and immobilized 
on NiNTA resin). Samples were incubated, washed, and eluted as in B. 
Immunoblotting was conducted with monoclonal antibodies against 
the HA epitope and with polyclonal antiserum against Cog3 and 
Cog2. Trace amounts of Coy1ΔTM-HA are brought down with the 
untreated resin (≤1%), while 20% of the input is recovered with the 
NiNTA-bound COG complex. (C) Top, Triton X-100 solubilized 
semi-intact cells from WT (CBY740) cultures were injected onto a 
Superose 6 column (GE Healthcare). Fractions were resolved on 10.5% 
SDS–PAGE gels and immunoblotted for Coy1, Cog3, and Sec13. 
Middle, Cytosol from Coy1ΔTM-HA (CBY3484) semi-intact cells diluted 
in binding buffer was injected onto a Superose 6 column and fractions 
were immunoblotted as above. Bottom, Cytosol from pGAL-
Coy1ΔTM-HA cells was centrifuged and fractionated as described 
above. (D) Cytosol from pGAL-Coy1ΔTM-HA cells was resolved on a 
Superose 6 column. Fractions 8 and 9 were pooled and then aliquoted 
into tubes containing immobilized GST-Bet1 or GST-Sed5. Binding 
assays and immunoblotting were conducted as described in A.
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either inefficient or less essential, respectively (Liu et  al., 2015; 
Papanikou et al., 2015). Removing Coy1 from this context would 
dysregulate transport through the Golgi (consistent with elevated 
CPY secretion in cog3-2 coy1Δ) while freeing up Sed5 for use in 
anterograde trafficking. As secretory protein transport and biosyn-
thesis are coordinated with one another (Lipschutz et  al., 2003; 
Toikkanen et al., 2003; Cancino et al., 2014; Luini et al., 2014), we 
speculate that the loss of COY1 restores viability to cog3-2 cells by 
enhancing the delivery of nascent proteins to the Golgi, obviating 
the need for a robust recycling pathway.

The suppression of the growth defects and temperature sensi-
tivity of cog3-2 by coy1Δ appears to parallel the rescue of the 
grh1Δ tethering defect by coy1Δ. Both the COG complex and Grh1 
were initially proposed to function in anterograde transport be-
cause anterograde transport efficiency is diminished when the 
functionality of these proteins is absent (VanRheenen et al., 1998, 
1999; Behnia et al., 2007). The detrimental effect on ER-to-Golgi 
transport for COG mutants has since been explained as an indirect 
consequence of disrupted retrograde Golgi transport (Ballew et al., 
2005). Similarly, a direct role for Grh1 in tethering COPII vesicles 
has been contested based on the absence of an effect on vesicle 
accumulation between the tER and Golgi in a grh1Δ strain of Pichia 
pastoris (Levi et al., 2010). As knockdown of the mammalian homo-
logues of GRH1 or COG3 results in fragmentation of the Golgi, 
disrupted anterograde transport in grh1Δ, cog3-2, and cog2-1 
could arise as an indirect consequence of aberrant Golgi morphol-
ogy rather than a loss of factors directly required for COPII vesicle 
capture (Zolov and Lupashin, 2005; Puthenveedu et al., 2006). As 
our data implicate Coy1 in regulating Golgi SNARE availability and 
function, we speculate that the loss of Coy1 would suppress Golgi 
fragmentation by increasing the promiscuity of vesicle consump-
tion at the Golgi or enhancing the rate of homotypic cisternal fusion 
(Bhave et al., 2014).

Although much remains to be determined on how Coy1 affects 
the function of COG complex and SNAREs, our present work estab-
lishes a role for this golgin at the interface between vesicle tethering 
and fusion. As our understanding of how tethering proceeds to fu-
sion remains limited at present, Coy1 represents an exciting case 
study on how these processes may be coordinated with one an-
other. To this end, it will be essential to determine which regions of 
Coy1 are required to interact with the COG complex and SNARE 
proteins and if Coy1 can interact with COG subunits and one or 
more SNAREs simultaneously. Integrating genetic and phenotypic 
analyses with in vitro reconstitution experiments should further 
elucidate our understanding of Coy1 and its role in intra-Golgi ret-
rograde transport.

MATERIALS AND METHODS
Yeast strains and media
Yeast strains used in this study are listed in Table 1. Unless otherwise 
noted, strains were cultured on YPD (1% bacto-yeast extract, 2% 
bacto-peptone, 2% glucose [Becton, Dickson, and Company, Frank-
lin Lakes, NJ]) or YMD for auxotrophic selection (0.7% yeast nitrogen 
base without amino acids, 2% glucose, and Complete Supplement 
Mixture [MP Biomedicals, Solon, OH]). Strain growth was monitored 
by absorbance at 600 nm (OD600) on a GeneSys 10S UV-Vis spectro-
photometer (Thermo Fisher, Waltham, MA).

Strain and plasmid construction
The lithium acetate method was used for yeast transformation (Ito 
et al., 1983). The pRS426-COY1 plasmid was previously described 
(Gillingham et al., 2002). To generate Coy1-HA (CBY2674), CBY740 

Rud3 and Sgm1, because most golgins are considered to primar-
ily function as vesicle tethers (Kim et al., 1999; VanRheenen et al., 
1999; Siniossoglou, 2005).

CASP was initially thought to function as a tether for retrograde 
directed Golgi vesicles, but this conclusion has come into dispute. 
CASP and golgin-84 were proposed to interact with one another on 
opposing membranes as a means of tethering retrograde directed 
vesicles to the Golgi, as these proteins coimmunoprecipitated with 
one another and golgin-84, but not CASP, was readily incorporated 
into COPI vesicles in an in vitro budding assay. Further support for 
this hypothesis was provided in vitro when CASP was demonstrated 
to capture vesicles laden with resident Golgi proteins, including 
golgin-84 (Malsam et al., 2005). This result stands in contrast to a 
more recent report that demonstrated that mitochondrially an-
chored CASP is unable to redistribute any resident Golgi proteins to 
this ectopic site, including its proposed tethering partner, golgin-84 
(Wong and Munro, 2014). How can these discrepancies be resolved? 
It is notable that CASP could only capture vesicles that had shed 
their COPI coat (Malsam et al., 2005). Although it is not clear when 
the COPI coat is removed during intra-Golgi retrograde transport, 
there is a precedent for coat proteins serving as substrates for teth-
ers (Cai et al., 2007; Angers and Merz, 2009; Ren et al., 2009; Zink 
et al., 2009). Underscoring this possibility, the COG complex and 
the COPI coat copurify with one another, and COPI-coated vesicles 
accumulate in the cytoplasm of HeLa cells upon knockdown of 
COG3 (Suvorova et al., 2002; Zolov and Lupashin, 2005). Therefore 
we propose that retrograde-directed COPI-coated vesicles are first 
captured by other golgins, either alone or in combination with the 
COG complex (Wong and Munro, 2014; Willet et al., 2013). Once 
tethered, removal of the coat could permit transfer of the vesicle to 
CASP. What might CASP bind that is only accessible after uncoat-
ing? The vesicular SNARE GS15 represents a promising candidate, 
as our in vitro binding assays establish a direct interaction between 
Coy1 and Sft1, the yeast homologue of GS15 (Figure 8B). As Coy1 
also physically interacts with Sed5 and Gos1 (Figures 7, A, C, and E, 
and 8B), an exciting implication of these findings is that Coy1 could 
serve to distally connect the v-SNARE to a cognate set of t-SNAREs. 
Our results offer a potential means of reconciling seemingly contra-
dictory results.

These physical interactions also contextualize the genetic inter-
actions exhibited by COY1. Overexpression of COY1 is toxic in 
gos1Δ (Gillingham et al., 2002), sed5-1, and sly1-ts cells (Figure 6), 
while the deletion of COY1 suppresses the growth defect and par-
tially suppresses the temperature sensitivity of cog3-2 without res-
cuing this strain’s glycosylation and transport defects (Figure 5, F 
and G). As Coy1 has no direct role in anterograde transport 
(Figure 1B), we speculate that Coy1 binds Sed5 to reserve this 
syntaxin for use in intra-Golgi retrograde transport, perhaps by en-
hancing interactions between Sed5 and either Gos1 or the COG 
complex (Suvorova et al., 2002; Shestakova et al., 2007). By se-
questering Sed5 for use in retrograde transport, Coy1 would also 
indirectly diminish the incorporation of Sed5 into the anterograde 
SNAREpin (Tsui et al., 2001; Parlati et al., 2002). Consistent with 
this assumption, a mild anterograde transport defect is observed 
in a strain overexpressing COY1 (Supplemental Figure 1), while 
microinjection of soluble CASP into BSC-1 cells also modestly 
slows anterograde transport of VSV-G (Malsam et al., 2005). If ret-
rograde transport is dysfunctional (as in gos1Δ or cog3-2) or if 
components required for both anterograde and retrograde trans-
port pathways at the early Golgi have been compromised (sed5-1 
or sly1-ts), then this proposed function of Coy1 would prove del-
eterious, as Sed5 would be restricted to a transport process that is 
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A strain expressing Coy1ΔTM-HA under the GAL1 promoter was 
constructed by transforming CBY3481 with the pFA6a-3HA-
His3MX6 cassette to truncate COY1 after the region encoding 
amino acid 613 (Longtine et al., 1998). The cog3-2 mutant allele in 
the CBY740 background (CBY3881) was constructed using estab-
lished methods (Tong and Boone, 2006; Wilson and Barlowe, 
2010). First, the cog3-2 ORF plus 179 downstream base pairs was 
amplified using genomic DNA isolated from CBY559 (VanRheenen 
et al., 1999). The nourseothricin resistance gene was then ampli-
fied from pFA6a-natMX6 using primers designed to fuse this 
cassette immediately downstream of the amplified cog3-2 ORF 
(Hentges et al, 2005). These constructs were then transformed into 
CBY740. Isolates were screened for nourseothricin resistance, 
temperature sensitivity, and truncation of the 98-kDa Cog3 protein 
via immunoblotting (Wuestehube et al., 1996; VanRheenen et al., 
1998; Kim et  al., 1999). The SGM1 gene was disrupted in the 
rud3Δ (CBY2678) and coy1Δ (CBY2660) backgrounds using the Hy-
gromycin B resistance gene from the plasmid pFA6a-hphMX6, 

was transformed with PCR product generated from pFA6a-3HA-
His3MX6 that was targeted to fuse in frame after the last codon of 
COY1 (Longtine et al., 1998). The coy1Δ rud3Δ strain (CBY2692) 
was generated by mating CBY2659 (a coy1Δ) and CBY2678 (α 
rud3Δ). Haploids generated from this mating were screened by 
colony PCR to confirm disruption of both genes. The grh1Δ::nat 
strain (CBY3178) was generated by transforming grh1Δ::kan 
(CBY2009) with the nourseothricin-resistance gene from p4339 
and selecting isolates that were resistant to nourseothricin and 
sensitive to geneticin (Tong et al., 2001). The coy1Δ grh1Δ strain 
(CBY3258) was produced by mating CBY2659 (a coy1Δ::kan) with 
CBY3178 (α grh1Δ::nat) and selecting haploids that were resistant 
to both nourseothricin and geneticin. A strain expressing 
Coy1ΔTM-HA (CBY3484) was constructed in CBY740 using pFA6a-
3HA-His3MX6 to generate an in-frame fusion immediately after 
amino acid residue 613 of Coy1. To generate CBY3481, the pFA6a-
kanMX6-pGAL cassette was directed to replace the endogenous 
COY1 promoter with the GAL1 promoter in a wild type (CBY740). 

Strain Genotype Reference

RSY248 MATα his4-619 Kaiser and Schekman (1990)

RSY263 MATα sec12-4 ura3-52 Kaiser and Schekman (1990)

RSY944 MATa ura3-52 lys2-801 bet1-1 Cao et al. (1998)

CBY263 MATα trp1-1 ade2-1 ura3-1 leu2-3,112 can1-100 sed5-1 Cao et al. (1998)

CBY267 MATα trp1-1 ade2-1 ura3-1 leu2-3,112 can1-100 Mizuta and Warner (1994)

CBY268 MATα trp1-1 ade2-1 ura3-1 leu2-3,112 can1-100 sly1-ts Mizuta and Warner (1994)

CBY474 MATα trp1-1 ade2-1 ura3-1 leu2-3,112 can1-100 ypt1-3 Cao et al. (1998)

CBY740 = BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Brachmann et al. (1998)

CBY742 = BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Brachmann et al. (1998)

CBY1702 CBY740 with sec18-1 Heidtman et al. (2003)

CBY2009 CBY740 with grh1Δ::kanMX6 Research Genetics

CBY2030 CBY740 with imh1Δ::kanMX6 Research Genetics

CBY2289 CBY740 with trs33Δ::kanMX6 Research Genetics

CBY2659 CBY742 with coy1Δ::kanMX6 Research Genetics

CBY2660 CBY740 with coy1Δ::kanMX6 Research Genetics

CBY2666 CBY740 with cog6Δ::kanMX6 Research Genetics

CBY2674 CBY740 with COY1::3HA-HIS3MX6 This study

CBY2678 CBY740 with rud3Δ::kanMX6 Research Genetics

CBY2692 CBY2660 with rud3Δ::kanMX6 This study

CBY3178 CBY2009 except grh1Δ::natMX4 Research Genetics

CBY3258 CBY3178 with coy1Δ::kanMX6 This study

CBY3481 CBY740 with pGAL-COY1::kanMX6 This study

CBY3484 CBY3481 with COY1(1-613)::3HA-HIS3MX6 This study

CBY3588 CBY3484 with kanMX6-pGAL::COY1ΔTM-3xHA This study

CBY3874 CBY740 with sgm1Δ::kanMX6 Research Genetics

CBY3881 CBY740 with cog3Δ::cog3-2natMX6 This study

CBY4101 CBY2678 with sgm1Δ::hphMX6 This study

CBY4102 CBY2660 with sgm1Δ::hphMX6 This study

CBY4103 CBY4101 with coy1Δ::natMX6 This study

CBY4788 CBY3881 with coy1Δ::kanMX6 This study

TABLE 1:  Yeast strains used in this study.
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were conducted as described by Powers and Barlowe with minor 
modifications (1998). Spheroplasts were resuspended in 10 mM 
HEPES, pH 7.4, 1 mM EDTA, 12.5% sucrose, and 1 mM phenylmeth-
ylsufonyl fluoride (PMSF) and lysed by 10 strokes of a chilled Potter-
Elvehjem homogenizer. The lysate was centrifuged for 4 min at 3500 
rpm at 4°C in an SS-34 rotor, after which the supernatant was recov-
ered and layered atop a t10-step sucrose gradient (from 54–18% on 
top of a 2-ml 60% sucrose cushion in 10 mM HEPES, pH 7.4, 1 mM 
MgCl2). Gradients were centrifuged in an SW-40 rotor at 36,000 rpm 
for 3 h at 4°C, and 785-μl fractions were collected from the top to 
the bottom of the gradient. Samples from each fraction were diluted 
with an equal volume of sample buffer, boiled at 75°C for 10 min, 
resolved on 10.5% SDS–PAGE gels, and immunoblotted using poly-
clonal antibodies against Coy1, Gls1 (as an ER and vacuolar marker), 
Erv25 (Golgi and ER marker), Och1 (Golgi marker), and CPY (vacuole 
marker).

ER- and Golgi-enriched membrane pellets were prepared fol-
lowing an ER export block as previously described with modifica-
tions (Heidtmann et  al., 2003, Mukherjee and Barlowe, 2016). 
Wild-type (RSY248) and sec12-4 strains (RSY263) were grown over-
night at room temperature, back-diluted to an OD600 of 0.1, and 
grown to mid log phase at 25°C. Cycloheximide was added to 50 
μg/ml to minimize protein translation (Todorow et al., 2000). Cell 
cultures were incubated for 20 min at 25°C and then transferred to 
a 38.5°C water bath for 90 min. Cells were harvested by centrifuga-
tion and converted to spheroplasts. The spheroplasts were resus-
pended in 2.5 ml JR lysis buffer (20 mM HEPES, pH 7.4, 0.1 M 
sorbitol, 50 mM potassium acetate (KOAc), 2 mM EDTA, 1 mM 
PMSF, and 1 mM dithiothreitol [DTT]), homogenized with six 
strokes of a Potter–Elvehjem homogenizer, and centrifuged at in a 
SS-34 rotor at 4000 rpm at 4°C for 5 min to pellet nuclei and unbro-
ken cells. The supernatant was recovered and centrifuged at 
14,000 rpm for 10 min at 4°C (Eppendorf 5417R) to generate the 
ER-enriched p13 pellet. The supernatant from this spin was recov-
ered and centrifuged at 60,000 rpm for 15 min at 4°C in a TLA 
100.3 rotor, yielding a Golgi-enriched p100 pellet. The p13 and 
p100 pellets were resuspended in 100 μl JR lysis buffer, diluted 1:1 
with 5× sample buffer, boiled, and separated on 10.5% SDS–PAGE 
gels. Immunoblotting was conducted with polyclonal antibodies 
against Coy1, Erv41, and Erv46.

For COG membrane association assays, yeast semi-intact cells 
from wild type (CBY740), coy1Δ (CBY2660), sgm1Δ (CBY3874), 
and coy1Δ sgm1Δ (CBY4102) cultures were diluted in 20 mM 
HEPES, pH 6.8, 250 mM sorbitol, 150 mM KOAc, 5 mM Mg(OAc)2 
(B88) + 1 mM PMSF + 5 mM EDTA + 1 mM DTT to a final concen-
tration of 6 A280 units/ml. Samples were centrifuged at 54,000 rpm 
for 20 min in a TLA 100.3 rotor. Samples of the supernatant frac-
tions were diluted in sample buffer and the remaining supernatant 
was aspirated off. After resuspending the pellet in B88, an equiva-
lent volume of the pellet was diluted into sample buffer, and the 
fractions were resolved on 10.5% SDS–PAGE gels. Immunoblot-
ting was conducted with antiserum against Cog3, Sec19, Och1, 
and Yet3. Statistical analyses were performed with GraphPad Prism 
7 software.

In vitro vesicle budding, tethering, and transport assays
Analytical scale COPII budding assays were performed as previously 
described (Barlowe et al., 1994) using washed microsomes derived 
from wild-type cells (Wuestehube and Schekman, 1992). Tethering 
and fusion assays were performed as described by Cao et al. (1998). 
The average of duplicate measurements is shown in Figure 1, B–D, 
with the error bars representing the range.

yielding rud3Δ sgm1Δ (CBY4101) and coy1Δ sgm1Δ (CBY4102). 
COY1 was then disrupted in the rud3Δ sgm1Δ (CBY4101) strain 
with the nourseothricin resistance gene using pFA6a-natMX6 
plasmid (Hentges et al., 2005). The cog3-2 coy1Δ strain (CBY4788) 
was constructed by mating coy1Δ (CBY2659) with cog3-2 
(CBY3881). Spores from this cross were plated on YPD + geneticin 
+ nourseothricin. Antibiotic-resistant haploid cells were screened 
by immunoblotting with anti-Cog3 and anti-Coy1 antibodies to 
confirm the mutant alleles.

The pRS426 Coy1ΔTM plasmid was constructed by amplifying 
the PHO5 promoter region through the first 1842 base pairs of the 
COY1 ORF from the pRS426 COY1 plasmid (Gillingham et  al., 
2002) with a Xhol restriction site encoded on the forward primer 
(GTAATTATAACTCGAGGTCGACGCTCTCCCTT) and a pair of 
stop codons followed by a Sacl restriction site on the reverse 
primer (GAAAATGTTTGAGCTCTTATTACCTTGTCATTTTATTTTG-
TAAAATGACTTTTGCAAAAC). The amplified fragment and the 
pRS426 plasmid were digested with Xhol and Sacl-HF restriction 
enzymes and ligated together. Ligation reactions were transformed 
into DH5α, and the sequence of the plasmid was verified by Sanger 
sequencing. Expression of Coy1ΔTM from this plasmid was verified 
by immunoblotting lysates derived from a coy1Δ (CBY2660) strain 
transformed with this plasmid with the polyclonal Coy1 antibody.

Antibodies and immunoblotting
Polyclonal antibodies have been previously described for CPY (Roth-
blatt et al. 1989), Gas1 (Fankhauser and Conzelmann 1991), Sec63 
(Feldheim et al., 1992), Kar2 (Brodsky and Schekman 1993), Sec13 
(Salama et al., 1993), Erv25 (Belden and Barlowe 1996), Sec19 (Bar-
lowe 1997), Sly1 and Sed5 (Cao et al. 1998), Vam3 (Ungermann et al. 
1998), Och1 and Erv41, Erv46 (Otte et al., 2001), Vam7 (Merz and 
Wickner 2004), Nyv1 (Thorngrenn et  al. 2004), Cog2 and Cog3 
(Ballew et al. 2005), Gos1 (Inadome et al. 2005), Yet3 (Wilson and 
Barlowe 2010), and Gls1 (Shibuya et al. 2015). Monoclonal antibod-
ies against the HA epitope (HA.11) were purchased from BioLegend 
(San Diego, CA). Primary antibodies were used at a 1:1000 dilution. 
Horseradish peroxidase–conjugated donkey anti-rabbit and sheep 
anti-mouse secondary antibodies were utilized for detection of the 
polyclonal and monoclonal antibodies, respectively, at a dilution of 
1:10,000 (GE Healthcare, Chicago, IL). Supersignal West Pico Chemi-
luminescent substrate (Thermo Fisher, Waltham, MA) and a G:BOX 
Chemi XR5 (Syngene, Frederick, MD) were used to detect chemilu-
minescence. Immunoblot signal intensity was quantified by densito-
metric analysis using the Syngene GeneTools analysis software.

Polyclonal anti-Coy1 antiserum was raised against a glutathione 
S-transferase (GST) fusion protein, GST-Coy1, containing amino acid 
residues 1–613 of Coy1. The GST-Coy1 fusion was expressed as a 
100-kDa protein in Escherichia coli BL21 cells and was contained in 
inclusion bodies that fractionated in the 15,000 rpm pellet of cell 
lysates. Inclusion body pellets were washed with Tris-buffered saline 
(TBS) containing 1.0% Triton X-100 and then washed and resus-
pended in TBS. The resuspended pellet was used as antigen in rab-
bits (Covance, Denver, PA).

To generate polyclonal antiserum against Bug1, full-length Bug1 
was purified from E. coli by Intein Mediated Purification using the 
Affinity Chitin-binding Tag system from New England Biolabs 
(Ipswich, MA). Bug1 was cleaved from its affinity tag after purifica-
tion and used as an antigen in rabbits (Covance, Denver, PA).

Membrane preparations and subcellular fractionation
Strains were converted to spheroplasts as previously described 
(Baker et  al., 1988). Sucrose gradient centrifugation experiments 
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to 1 ml, and incubated for 45 min with 1 μl of antibody. Beads were 
washed twice in B88-8 + 0.05% digitonin and set aside until the 
soluble extract had been prepared. Aliquots of wild-type sphero-
plasts (at 7.5 A280 units per aliquot) were thawed, resuspended in 1 
ml B88, and centrifuged once at 10,000 rpm for 2 min at 4°C to 
wash (Eppendorf 5417R). The supernatant was aspirated and the 
pellet was resuspended to 220 μl in B88-8 + 1 mM PMSF + 5 mM 
EDTA. The samples were incubated for 2 min in a 24°C water bath, 
after which 220 μl solubilization buffer was added (B88-8 + 1 mM 
PMSF + 5 mM EDTA + 2% digitonin). Samples were returned to the 
24°C water bath, incubated for 15 min and centrifuged at 10,000 
rpm for 2 min at room temperature (Eppendorf 5424). A sample of 
this supernatant was diluted in sample buffer as a means of moni-
toring the reaction input. The remaining supernatant was trans-
ferred to a fresh, chilled Eppendorf tube and diluted with 700 μl 
B88-8 + 1 mM PMSF + 5 mM EDTA + 0.5% digitonin. Washed, 
antibody-bound magnetic beads were added to the diluted sam-
ples and incubated for 2 h for the αCoy1 IP, or for 16 h for the re-
ciprocal IPs. The reactions were then applied to a magnet, washed 
three times with B88-8 + 0.05% digitonin, and eluted by boiling in 
30 ul sample buffer. Samples were separated on 10.5% polyacryl-
amide gels, and immunoblotting was conducted using polyclonal 
antibodies.

Protein purification, binding assays, and gel filtration 
chromatography
GST fusion proteins were purified as described with some modifica-
tions (Parlati et al., 2000; Tsui and Banfield, 2000; Peng and Gall-
witz, 2002). Each plasmid (including pGEX-2T, pGST-BET1, pGST-
GOS1, pGST-SED5, pGST-SFT1∆11, pGST-YKT6, and pQLinkH 
COG1-4) was transformed into E. coli strain C43 DE3 for expression 
(Tsui and Banfield, 2000; Lees et al., 2010). For the GST fusion pro-
teins, starter cultures were back diluted 1:100 into 1 l lysogeny 
broth (LB) (1% tryptone, 0.5% yeast extract, 0.5% NaCl) with 50 μg/
ml ampicillin. For GST, GST-Bet1, GST-Gos1, GST-Sft1, and GST-
Ykt6, expression was induced with 0.5 mM IPTG at an OD600 of 0.6 
for 4 h. Cells were harvested by centrifugation at 3500 rpm for 15 
min at 4°C in a F10B-6 × 500 rotor. Pellets were washed with 50 ml 
lysis buffer (25 mM HEPES, pH 7.5, 150 mM KOAc, 0.05% Tween-20) 
and resuspended in 40 ml lysis buffer + 5 mM DTT + 1 mM EDTA + 
one Complete protease inhibitor tablet (Roche, Indianapolis, IN). 
The GST-Sed5 culture was grown to an OD600 of 0.6 and then in-
duced with 0.5 mM isopropyl-β-d-thiogalactoside (IPTG) and shifted 
to 16°C for 18 h. GST-Sed5 was washed and lysed in a buffer com-
posed of 25 mM HEPES, pH 7.5, 400 mM KCl, 10% glycerol, 1% 
Triton X-100, 5 mM DTT + 1 mM EDTA + 1 Complete protease in-
hibitor tablet. Cells were lysed by French press, and lysates were 
centrifuged at 14,000 rpm for 15 min at 4°C in a Sorvall SS34 rotor. 
Supernatants were incubated for 2 h at 4°C with 0.1 g preswollen 
glutathione-agarose resin (Sigma-Aldrich, Waldrich, MA). Unbound 
material was discarded and the resin was washed with 50 ml lysis 
buffer. Bound proteins were eluted in 10 ml lysis buffer with 10 mM 
glutathione. Proteins were further purified by anion exchange 
(Mono Q HR 5/5; GE Healthcare, Chicago, IL) and gel filtration (Su-
perose 12 HR 10/30; GE Healthcare). Aliquots were then prepared, 
each corresponding to 50 μg of purified protein.

To purify lobe A of COG (Cog1-4), the same methodologies de-
scribed by Lees et al. (2010) and Ha et al. (2016) were employed, 
with minor modifications. Cultures of E. coli C43(DE3) bearing pQ-
Link COG1-4 were grown overnight at ambient temperature in LB 
and then back diluted 1:100 into 1 l terrific broth (1.2% tryptone, 
2.4% yeast extract, 0.4% glycerol, 17 mM KH2PO4, and 72 mM 

Indirect immunofluorescence microscopy
The localization of Coy1-HA and Coy1ΔTM-HA was monitored by 
immunofluorescence microscopy as described by Powers and Bar-
lowe (1998). Cells were fixed with formaldehyde, converted to sphe-
roplasts, and adhered to slides coated with polylysine. Cells were 
washed, incubated at room temperature in blocking buffer (1% BSA 
and 0.5% Triton X-100 in phosphate-buffered saline [PBS]), and then 
incubated with primary antibodies. The anti-HA monoclonal anti-
body (HA.11) and the anti-Och1 antibody were both used at a dilu-
tion of 1:200, while the Kar2 antibody was used at a dilution of 
1:300. Secondary Alexa Fluor 488 conjugated anti-mouse antibod-
ies and Alexa Fluor 594 conjugated anti-rabbit antibodies were 
used at a dilution of 1:1000 (Thermo Fisher, Waltham, MA). Images 
were obtained at room temperature using a DeltaVision Imaging 
System (GE Healthcare, Chicago, IL), comprising a customized in-
verted wide-field microscope (IX-71; Olympus, Central Valley, PA), 
an UPlanS Apochromat 100×/1.40 NA lens (Olympus) with DeltaVi-
sion immersion oil (n = 1.516; GE Healthcare), a camera (CoolSNAP 
HQ2; Photometrics, Tucson, AZ), and an Insight solid-state illumina-
tion unit. Images were deconvoluted in SoftWoRx (GE Healthcare) 
and prepared with ImageJ (National Institutes of Health, Bethesda, 
MD) and Photoshop (Adobe, San Jose, CA).

In vivo labeling
The pulse-chase experiments were performed as previously de-
scribed (Belden and Barlowe 1996; Bue et  al., 2006). Wild-type 
(CBY740) or coy1Δ (CBY2660) cells were cultured at 30°C in YMD 
with reduced sulfate to an OD of 0.5, harvested, then washed and 
resuspended in YMD without sulfate to an OD600 of 5. Cultures were 
incubated for 5 min in a 30°C water bath and then pulsed with [35S]
Promix (GE Healthcare, Chicago, IL) at a concentration of 8.3 μCi/
OD600 cells for 6 min. The chase was initiated by addition of excess 
unlabeled methionine and cysteine. After 0, 5, 10, 20, and 40 min, 
1-ml samples of cells were taken and diluted into 4 ml ice-cold 20 
mM NaN3. Cells were then harvested by centrifugation, washed, 
and resuspended in 225 μl cold NaN3 and then diluted with 225 μl 
2× lysis buffer (100 mM Tris, pH 7.4, 2% SDS, 10 mM EDTA, 2 mM 
PMSF). Ice-cold glass beads were then added to the resuspended 
cells. Lysis was performed by vortexing the samples for 2 min, incu-
bating at 95°C for 2 min, allowing the samples to cool to room 
temperature, vortexing for 5 min, and boiling again at 95°C for 1 
min. After clearing the lysed samples by centrifugation at 14,000 
rpm (Eppendorf 5415 C) for 1 min, 100-μl samples of lysate were 
diluted with 1 ml IP-SDS buffer (15 mM Tris, pH 7.5, 150 mM NaCl, 
1% Triton X-100) and incubated overnight with 40 μl of a 20% Pro-
tein A sepharose slurry (GE Healthcare) and either 0.5 μl anti-Och1 
or 1 μl anti-Kar2 antiserum. The resin was then washed twice with 1 
ml IP-SDS buffer and eluted by boiling in sample buffer. Immuno-
precipitates were resolved on 10.5% polyacrylamide gels and visu-
alized by autoradiography using a phosphor screen on a Typhoon 
8600 Variable Mode Imager and, later, on film. Half-lives were quan-
tified using the ImageQuant 5.2 software (GE Healthcare).

Immunoprecipitations
Immunoprecipitations were conducted as described by Bue and 
Barlowe (2009) with minor modifications. A 5% digitonin stock was 
prepared by adding 50 mg digitonin (EMD Millipore, Billerica, MA) 
to 1 ml sterile water, which was then boiled at 95°C for 10 min and 
allowed to cool at room temperature. Twenty microliters of Pierce 
Protein A magnetic beads (Thermo Fisher, Waltham, MA) was 
washed twice in B88-8 (20 mM HEPES, pH 8.0, 250 mM sorbitol, 
150 mM KOAc, 5 mM Mg(OAc)2) + 0.05% digitonin, resuspended 
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K2HPO4) with 100 μg/ml ampicillin. This culture was grown at 37°C 
to an OD600 of 0.4, at which point it was shifted to a 22°C incubator 
and grown to an OD of 0.7. Cultures were then induced with 0.5 
mM IPTG and incubated for 18 h. Cells were harvested by centrifu-
gation and then washed and lysed by French press in COG lysis 
buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 20 mM imidazole, 10 mM 
β-mercaptoethanol). Lysates were centrifuged at 45,000 rpm for 30 
min at 4°C in a 60Ti fixed-angle rotor. The clarified supernatant was 
incubated for 90 min with 3ml NiNTA agarose (Qiagen, Hilden, GE) 
that had been equilibrated in COG lysis buffer. The lysate and resin 
was then applied to an Econo-Column (BioRad, Hercules, CA) to 
separate unbound material from the resin. The resin was then 
washed with 100 ml COG lysis buffer, and bound material was 
eluted with 10 ml COG lysis buffer + 500 mM imidazole. The eluate 
was applied to an anion exchange column (MonoQ HR 5/5) that 
had been equilibrated in 25 mM NaCl, 20 mM Tris, pH 8.0, and 10 
mM β-mercaptoethanol and fractionated on a linear gradient rising 
to 1 M NaCl. COG-containing fractions were pooled, concentrated 
on a 30-kDa NMWCO Amicon 15 centrifugal ultrafiltration device 
(EMD Millipore, Billerica, MD), and injected onto a gel filtration col-
umn (Superose 6 HR 10/30, GE Healthcare) equilibrated with 20 
mM Tris, pH 8.0, 150 mM NaCl, and 10 mM β-mercaptoethanol. 
Aliquots corresponding to 15 μg of purified COG were prepared 
and stored at -70°C.

To generate a Coy1-enriched yeast lysate, the GAL1-regulated 
Coy1ΔTM-HA strain (CBY3588) was grown overnight in 50 ml of YP 
+ 1% galactose + 1% glucose. 100 OD600 units from this culture 
were recovered, washed once with YP, and added to 1 l YP + 2% 
galactose + 0.1% glucose. The culture was harvested at late log 
phase (OD600 = 2), washed with B88, and lysed with liquid nitrogen 
in a blender. Aliquots corresponding to 50 mg of the culture wet 
weight were then prepared and stored at -70°C.

For binding assays, aliquots of either the purified GST fusion pro-
teins or of the COG complex were thawed, diluted with binding 
buffer (150 mM KOAC, 25 mM HEPES, pH 7.5, 250 mM sorbitol, 
0.01% Triton X-100), and immobilized on glutathione agarose or 
NiNTA resin. Meanwhile, aliquots of the Coy1ΔTM-HA enriched ly-
sate were thawed, diluted in Coy1 binding buffer + 1 mM PMSF + 1 
mM DTT (and 20 mM imidazole, for the COG binding assay), and 
centrifuged at 55,000 rpm (TLA 100.3). Five hundred microliters of 
the high-speed supernatant (corresponding to ∼ 15 mg culture wet 
weight) was added to each sample of immobilized protein, and re-
actions were incubated together for 3 h at 4°C while undergoing 
gentle rotation. The reactions were centrifuged at 14,000 rpm for 1 
min at 4°C, and the unbound material removed. The beads were 
washed once with 500 μl Coy1 binding buffer, and bound proteins 
were eluted with 45 μl 5× sample buffer. Samples were analyzed on 
9% or 10.5% polyacrylamide gels.

All gel filtration experiments were conducted with a Superose 6 
10/300 column (GE Healthcare) at a flow rate of 0.3 ml/min and 
equilibrated in column buffer (150 mM KOAc, 250 mM sorbitol, 25 
mM HEPES, pH 7.4, 0.1% Triton X-100). To fractionate endoge-
nous Coy1, semi-intact cells from a wild-type strain (CBY740) were 
solubilized in column buffer with 1% Triton X-100 and 1 mM PMSF 
for 20 min on ice. Samples were centrifuged for 20 min at 14,000 
rpm in a F-45-30-11 rotor in a chilled Eppendorf 5417r centrifuge, 
and 500 μl of the soluble extract was injected onto the Superose 6 
column. Fractionation of Coy1ΔTM-HA (CBY3484) was conducted 
as above, except that the semi-intact cells were resuspended in 
column buffer with PMSF and without any additional Triton X-100 
and centrifuged immediately afterward to minimize membrane 
solubilization. Aliquots from the liquid nitrogen lysate of pGAL-
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