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he Sec34/35 complex was identified as one of the

 

evolutionarily conserved protein complexes that
regulates a cis-Golgi step in intracellular vesicular

 

transport. We have identified three new proteins that associate
with Sec35p and Sec34p in yeast cytosol. Mutations in
these Sec34/35 complex subunits result in defects in basic

 

Golgi functions, including glycosylation of secretory

T

 

proteins, protein sorting, and retention of Golgi resident
proteins. Furthermore, the Sec34/35 complex interacts

 

genetically and physically with the Rab protein Ypt1p,
intra-Golgi SNARE molecules, as well as with Golgi vesicle
coat complex COPI. We propose that the Sec34/35 protein

 

complex acts as a tether that connects cis-Golgi membranes
and COPI-coated, retrogradely targeted intra-Golgi vesicles.

 

Introduction

 

The sorting and targeting of protein transport vesicles to
specific docking and fusion sites is essential for the mainte-
nance of a proper organization of membrane compartments
in the eukaryotic cell. To ensure the appropriate directionality
of membrane flow, target organelles must possess a molecular
machinery allowing for the specific recognition and docking
of incoming vesicles. The docking reaction requires a set of
integral membrane proteins on the vesicle and target mem-
branes, termed v-SNAREs and t-SNAREs (vesicle- and target

 

membrane–soluble 

 

N

 

-ethylmaleimide–sensitive fusion protein
attachment protein receptors, respectively). SNARE proteins

 

are thought to confer specificity of vesicle targeting and
fusion through their pair-wise interactions (Söllner et al.,
1993). However, there is good evidence that SNAREs
cannot be the only targeting components: some SNAREs
can function at several transport steps in vivo (Fischer von
Mollard et al., 1997), SNAREs that faithfully function at
only specific transport steps in vivo can interact quite
promiscuously in vitro, and some SNAREs have been found
in multiple SNARE complexes (Fischer von Mollard et al.,
1997; Lupashin et al., 1997; Nichols and Pelham, 1998). In
a similar fashion, members of the Rab GTPase family were
once thought to be the principle determinants of this targeting

specificity based on the fact that distinct family members
display unique organellar localizations that correlate with
their sites of action (Ferro-Novick and Novick, 1993).
However, it has been demonstrated that a single chimeric
Rab protein can function at two transport steps (Brennwald
and Novick, 1993), indicating also that Rabs cannot be the
sole targeting determinants. Given that neither SNAREs nor
Rabs, although necessary, seem sufficient to be the sole gov-
ernors of targeting specificity, other components are likely to
play important roles. Additional candidate players include
so-called tethering factors, which are proteins that bind
membranes together before SNARE interactions occur
(Pfeffer, 1999; for review see Waters and Pfeffer, 1999).

A genetic screen for yeast secretory mutants identified
temperature-sensitive alleles of two genes, 

 

SEC34

 

 and

 

SEC35

 

. Yeast cells harboring these mutations, when incu-
bated at the restrictive temperature, are defective in ER to
Golgi complex transport and accumulate large numbers of

 

vesicles (Wuestehube et al., 1996). The 

 

sec34

 

 and 

 

sec35

 

mutants can be efficiently suppressed by overexpression of
YPT1, which encodes a Rab-like GTPase required early in
the secretory pathway. Weaker suppression is also evident
upon overexpression of genes encoding the v-SNAREs

 

SEC22

 

, 

 

BET1

 

, or 

 

YKT6

 

, a trait shared with all previously

 

characterized ER-to-Golgi-complex tethering factors (Sap-
perstein et al., 1996; VanRheenen et al., 1998, 1999).
Based on these data, it was hypothesized that 

 

SEC34

 

 and

 

SEC35

 

 might be involved in tethering. Indeed, it could

 

demonstrated that 

 

SEC34

 

 and 

 

SEC35

 

 genes display a genetic
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interaction with genes involved in tethering, and that
Sec35p is required in this process as revealed by an in vitro
assay (VanRheenen et al., 1998, 1999).

The Sec34p has also been described as Grd20p, a protein
that when mutated affects the proper localization of yeast
enzymes in the TGN (Spelbrink and Nothwehr, 1999). Fi-
nally, we have recently shown that Sec34p is evolutionarily
conserved by cloning and characterization of a human
Sec34p homologue, which is localized to cis-Golgi cisternae
and not on the transport vesicles or vesicular–tubular clus-
ters (Suvorova et al., 2001).

It has been shown that the yeast 

 

sec34-2

 

 and 

 

sec35-1

 

 muta-
tions display a synthetic lethal interaction with each other, a
genetic result readily explained by the finding that Sec34p
and Sec35p can interact directly in two-hybrid assays. Frac-
tionation of yeast cytosol indicates that Sec34p and Sec35p
exist together in a high molecular mass protein complex(es)
(Kim et al., 1999; VanRheenen et al., 1999).

To better understand the function of the Sec34/35p com-
plex in vesicle trafficking, we isolated and characterized in-
teracting proteins. In this paper we describe three new sub-
units of the cytosolic Sec34/35 complex, and demonstrate
that mutant cells that are defective in subunits of the Sec34/
35 protein complex are compromised in basic Golgi func-
tions, including protein sorting, secretory protein glycosyla-
tion, and correct localization of resident Golgi proteins. We
also describe the in vivo and in vitro associations of the
Sec34/35p complex with a subset of Golgi SNARE proteins
and with the retrograde vesicle coat protein complex COPI.
The Sec34/35 complex, SNAREs, and COPI may cooperate
to provide a targeting system to recruit retrograde intra-
Golgi vesicles to the appropriate cis-Golgi cisternae, thus
maintaining the proper organization of the Golgi complex.

 

Results

 

Identification of three novel subunits 
of the Sec34/35 protein complex

 

To identify additional subunits of the Sec34/35 protein
complex, we made use of the tandem affinity purification
(TAP)* tagging system (Rigaut et al., 1999) that has been
used to isolate a number of native protein complexes from
yeast (Bouveret et al., 2000; Puig et al., 2001). Homologous
recombination was used to insert the TAP tag (two copies of
the IgG binding domain from protein A and calmodulin
binding domain) at the C terminus of the 

 

SEC35

 

 gene prod-
uct, leading to its stable expression at the endogenous levels
in a protease-deficient yeast strain. The Sec35-TAP protein
was fully functional, as the TAP-tagged strain had a growth
rate indistinguishable from wild-type at all temperatures.
Cytosol was prepared from this Sec35-TAP strain, high mo-
lecular mass protein complexes were concentrated by ammo-
nium sulfate precipitation, and the resulting concentrate was
passed over a human IgG-Sepharose column. The ammo-
nium sulfate step was essential for the Sec34/35 complex pu-
rification, as some (

 

�

 

15%) of Sec35p is present in yeast
cytosol as a monomer (unpublished data) and this form

competes with the complex upon affinity purification.
Bound proteins were cleaved of the IgG-Sepharose by TEV
protease and the TEV eluate was incubated with calmodu-
lin-agarose beads. The bound proteins were then eluted by
EGTA and analyzed by SDS-PAGE. Fig. 1 A shows that
several proteins were isolated from the tagged strain, includ-
ing a band of the expected size for TAP-tagged Sec35p
(Sec35-TAP). The coprecipitating proteins were identified
by subjecting the bands to in-gel tryptic digestion and deter-
mining the masses of the tryptic fragments by mass spec-
trometry. This revealed the presence of Sec35-TAP and
Sec34p as expected, as well as three previously uncharacter-
ized proteins that had coprecipitated with Sec35-TAP. All of
these proteins were absent in identically purified samples
prepared from a control strain (unpublished data). The three
identified polypeptides are encoded by the yeast ORFs
Ygl223c, Ynl041c, and Ypr105c, and their properties were

 

*Abbreviations used in this paper: CPY, carboxypeptidase Y;

 

 

 

TAP, tan-
dem affinity purification; TFI, thirty-five interacting.

Figure 1. Sec35p-TAP complex purified from yeast cytosol. 
(A) Sec35p-TAP is associated with four other proteins. Proteins 
eluted from calmodulin-agarose beads were separated by gel 
electrophoresis and stained with Coomassie blue. The indicated 
bands were identified by mass spectroscopy of tryptic fragments. 
The band labeled with double asterisks represents a proteolytic 
fragment of Tfi3p. No readable spectra were obtained from the 
minor bands labeled with asterisks. (B) GST-tagged TFI1, TFI2, and 
TFI3 interact with both Sec34p and Sec35p. The GST-tagged proteins 
were expressed in cells of appropriate gene deletion strains, in 
which the GST-chimera was the only source of TFI1, TFI2, or TFI3 
protein. Membrane fractions were obtained after centrifugation at 
150,000 g, 1 h, 4�C. Extracted membrane proteins (2 mg) were 
incubated with 50 �l prewashed glutathione–Sepharose beads. The 
eluates were loaded on the 10% SDS-PAGE and then analyzed by 
immunoblot with � Sec34p and � Sec35p (left), or stained with 
Coomassie blue (right).
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not previously described in the literature. The sequence of
Ygl223c predicts a protein of 417 amino acid residues with a
molecular mass of 48.3 kD. The systematic disruption of
the yeast ORFs performed by the European Network for
Functional Analysis (http://www-sequence.stanford.edu/
group/yeast_deletion_project/consortium.html) consortium
revealed that a 

 

ygl223c

 

-null mutation leads to a slow growth
phenotype (Lucau-Danila et al., 2000). Ynl041cp is a nones-
sential ORF (Winzeler et al., 1999) that encodes a hydro-
philic 96.9-kD protein, which harbors heptad repeats capa-
ble of forming a coiled coil in an N-terminal region (amino
acids 158–187, 222–243, and 252–279) as predicted by the
COILS algorithm (with a window size 21 and the MTDIK
matrix) (Lupas et al., 1991). Finally, Ypr105cp is an essen-
tial ORF (Winzeler et al., 1999) encoding a protein of a pre-
dicted molecular mass of a 98.6-kD protein with a putative
short coiled coil structure in its N-terminal region (amino
acids 62–88).

To confirm the mass spectrometric identification of the
proteins, yeast strains were constructed in which a GST tag
was attached to the N terminus of each of the three ORFs,
and the resulting plasmids were then transformed into yeast
strains that harbored a deletion of the corresponding chro-
mosomal gene. Both Sec34p and Sec35p were found to be
present in glutathione–Sepharose precipitations from every
strain, with the exception of the control strain (Fig. 1 B).
This confirmed that the proteins identified by mass spec-
trometry are indeed associated with Sec35p, and indicated
that all three novel proteins are components of the Sec34/
Sec35 protein complex. Because the three novel proteins
were identified through their interaction with Sec35-TAP
hybrid protein, we named them TFI (thirty-five interact-
ing) proteins: Tfi1p (Ygl223cp), Tfi2p (Ynl041c), Tfi3p
(Ypr105c). Interestingly, a recent comprehensive high-
throughput two-hybrid analysis of the yeast protein interac-
tome (Uetz et al., 2000; Ito et al., 2001) revealed direct in-
teractions between Sec35p and Tfi2p, Sec35p and Tfi3p,
and Tfi1p and Tfi2p. Database searches demonstrated that
Tfi2p and Tfi3p have closely related homologues in 

 

Cae-
norhabditis elegans, Drosophila

 

, 

 

Arabidopsis

 

, and humans
(KIAA1134 for Tfi2p and DKFZP586E1519 for Tfi3p),
whereas searches for Tfi1p homologues reveal only one plant
(Sorghum bicolor) cDNA sequence (BG463297) that en-
codes a putatively homologous protein that is 29% identical
and 42% similar to Tfi1p.

 

Tfi3p colocalizes with the Sec34/Sec35 
protein complex

 

To begin the characterization of TFI proteins, a strain ex-
pressing a TAP-tagged version of Tfi3p was generated. Puri-
fication and Western blot analysis of Tfi3p-TAP from cyto-
sol prepared from this strain confirmed the physical
interaction with Sec34p and Sec35p (unpublished data). To
determine what fraction of Tfi3p is associated with Sec34p
and Sec35p, cytosol was prepared from the Tfi3p-TAP–
tagged strain and loaded on a glycerol velocity gradient. Af-
ter this separation step, Sec34p, Sec35p, and Tfi3p-TAP
were visualized by Western blot (Fig. 2 A), revealing that the
major peak of Tfi3p was recovered in fractions 7 and 8 to-
gether with Sec34p and Sec35p. Small amounts of Tfi3p

 

and Sec34p were also found in fractions 1–6, and a minor
peak of Sec35p was observed in fractions 11 and 12. The lat-
ter may represent the Sec35p monomer pool that was previ-
ously observed (VanRheenen et al., 1999). No such mono-
meric Tfi3p was detected in cytosolic fractions. These results
are consistent with all Tfi3p existing in a protein complex
with Sec34p and Sec35p.

A recent whole-genome approach to construct yeast
strains, each with a precise deletion of a single ORF (Win-
zeler et al., 1999), revealed that both 

 

TFI1

 

 and 

 

TFI2

 

 are dis-
pensable for growth, and that deletion of 

 

TFI3

 

 is lethal. We
have previously shown that strains that carry deletions in ei-
ther 

 

SEC34

 

 or 

 

SEC35

 

 display a severe growth defect (Van-
Rheenen et al., 1998, 1999). Here we have reinvestigated
the essential nature of 

 

TFI3

 

 in our strain background. The
heterozygous strain (

 

tfi3

 

�

 

::Gm/TFI3

 

) was sporulated and
dissected, and the resulting tetrads were incubated on rich
media at 28

 

�

 

C. As shown on Fig. 2 B (left), a clear 2 dead:
2 alive segregation pattern was observed, even after 6 d
of growth, confirming the essential nature of 

 

TFI3

 

. The
growth defect of the 

 

tfi3

 

�

 

 strain is complemented by a plas-
mid-bearing 

 

TFI3

 

 gene (Fig. 2 B, center). In each tetrad,
two segregants were URA

 

�

 

 and were able to grow on the
G-418–containing media, indicating the presence of both
deletion and the plasmid bearing 

 

TFI3

 

, respectively.

Figure 2. Properties of Tfi3p. (A) Tfi3 protein comigrates with the 
Sec34/Sec35p complex on a glycerol velocity gradient. Cytosol 
(0.4 ml) from the LY367 yeast strain was fractionated on a 10–30% 
(wt/vol) glycerol gradient. Fractions were collected, loaded on 10% 
SDS-PAGE, and analyzed by immunoblotting using anti-Sec34p and 
anti-Sec35p antibodies. (B) Deletion of TFI3 leads to lethality, 
which can be suppressed by expression of YPT1. Left, the tfi1�/TFI1 
diploid strain was sporulated, tetrads dissected and incubated on 
YPD plates at 25�C for 6 d. Two representative tetrads are shown, 
each of which displayed a 2�:2� segregation. (Center) The growth 
defect of a tfi1� strain is complemented by TFI3, as expected. 
(Right) The growth defect of a tfi1� strain is suppressed by overex-
pression of YPT1. The tfi1�/TFI1 diploid strain containing plasmids 
pTFI3 or pYPT1 was sporulated and subjected to tetrad analysis. 
Tetrads were incubated on YPD plates for 3 d (center) or 6 d (right).
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One of the common features of membrane tethering sys-
tems is their dependence on members of the large family of
structurally and functionally related Rab GTPases. Previous
analysis of the 

 

sec34

 

�

 

 and 

 

sec35

 

�

 

 strains demonstrated that
overexpression of the Rab protein Ypt1p significantly im-
proved the growth of both mutant strains (VanRheenen et
al., 1998, 1999). Therefore, we explored whether Ypt1p
overexpression could also rescue the growth defect in the

 

tfi3

 

�

 

 strain. The 

 

tfi3

 

�

 

/TFI3

 

 diploid strain was transformed
with a multicopy 

 

YPT1

 

 plasmid, and the resulting diploid
was sporulated and subjected to tetrad analysis. Indeed, the
presence of pYPT1 was able to rescue the lethal phenotype
of the 

 

tfi3

 

�

 

 strain (Fig. 2 B, right). This result implies that
the lethality observed for a 

 

tfi3

 

�

 

 strain is directly connected
with the Sec34/35 protein complex function. Because a

 

tfi3

 

�

 

 strain that overexpresses Ypt1p was able to grow, we
used this strain in further experiments.

 

The Sec34/35 complex specifically binds to Ypt1p

 

An in vitro binding assay was used to investigate possible
physical interactions between Ypt1p and the Sec34/35 com-
plex (Fig. 3). The Sec34/35 protein complex that was
purified by the IgG-agarose chromatography from the Tfi3-
TAP–bearing yeast strain, was found to be able to specifi-
cally bind to GTP-loaded GST-Ypt1p. More than 50% of
purified complex bound to the GTP-Ypt1p under the con-
ditions used, as judged by quantitative immunoblot analysis
for both Sec34p and Sec35p. The binding of the complex
was at least five times less efficient with GDP-loaded GST-
Ypt1p, and insignificant with control GST beads (unpub-
lished data). Very low nucleotide-independent binding was
obtained with the control GST-Ypt6p (Fig. 3). This corre-
lates with an inability of overexpressed YPT6 to suppress the
lethality observed for 

 

tfi3

 

�

 

 and 

 

sec34

 

�

 

 strains (unpublished

Figure 3. The Sec34/35 complex is an effector of the Ypt1 protein. 
GST-Ypt1 or GST-Ypt6p (1 �g each), were preloaded with GDP or 
GTP as indicated, and bound to glutathione–Sepharose beads. 
Beads were incubated with 0.2 �g of purified Sec34/35 complex in 
0.2 ml of binding buffer (40 mM Hepes pH 7.0, 150 mM KoAc,
2 mM MgOAc, 5% glycerol, 1 mM DTT) for 3 h at 4�C. Beads were 
washed with binding buffer and proteins were eluted with the 
sample buffer. Eluted proteins and 25% of the unbound material 
were loaded on 10% SDS-PAGE and immunoblotted with affinity-
purified antibodies to GST, Sec34p, and Sec35p.

Figure 4. Sec34/35 protein complex mutants are defective in Golgi 
glycosylation (A and B), CPY sorting (C), and recycling of resident 
cis-Golgi proteins (D). (A and B) Analysis of glycosylated proteins 
secreted by different mutants. (A) Wild-type and mutant cells were 
grown in YPD medium at 25�C for 18 h. The culture medium was
collected and proteins concentrated by TCA precipitation. Equiva-
lents of 100 �l of medium were loaded on 10% SDS-PAGE and West-
ern blotted with either anti-invertase (top) or anti-Hsp150 (bottom) 
antibodies. (B) To analyze HSP150 secretion at the nonpermissive 
temperature, cells grown overnight at 25�C were washed once with 
water, resuspended in fresh prewarmed YPD, and incubated for 3 h at 
37�C. Proteins from the culture medium were concentrated by TCA 
precipitation and analyzed as in A. (C) Intracellular (I) and extracellular 
(E) fractions were prepared from cells grown in YPD medium at 25�C 
for 18 h. An equivalent of 10% cell lysate and 100% of culture 
medium were loaded on 10% SDS-PAGE and immunoblotted with 
either anti-CPY or anti-Kar2 antibodies. Secretion of these proteins 
was quantified using the Scion Image program and the average of 
three independent experiments was calculated. Asterisks indicate 
strains that had been transformed with pYpt1. (D) v-SNAREs are not 
maintained in the cis-Golgi compartment in Sec34/35 complex 
mutants. Sec22-myc–� hybrid protein is processed by the late Golgi 
protease Kex2p in Sec34/35 protein complex defective strains. 
Immunoblot analysis of v-SNARE–myc–� proteins produced in 
Sec34/Sec35 protein complex mutants and RSY255 wild-type cells 
transformed with pWB-Acyc� is shown. Aliquots of cells after an 
overnight incubation at 25�C in selective medium were harvested, and 
proteins were analyzed by immunoblotting with different antibodies 
as indicated. A polyclonal anti-Sec22 serum was used to detect the 
v-SNARE–derived hybrid proteins (uncleaved and cleaved by Kex2p 
protease) and the endogenous Sec22p. Monoclonal anti–c-myc anti-
bodies were used to detect the Sec22-derived hybrid protein. Anti–
�-factor antibody was used to detect only uncleaved hybrid protein.
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data). Taken together, i.e. the novel physical interaction of
the Sec34/35p complex with GTP-Ypt1p as well as the
strong genetic interactions between YPT1 and genes of the
Sec34/35 complex subunits (Fig 4; VanRheenen et al.,
1998, 1999), we propose that the Sec34/35 complex, like
other vesicle tethering factors (Christoforidis et al., 1999;
Allan et al., 2000) may operate as a Rab (Ypt1) effector.

 

Sec34/35 complex mutants are defective 
in Golgi functions

 

It has been reported previously that 

 

sec34-2

 

 and 

 

sec35-1

 

mutant cells accumulate the p1 form of the vacuolar en-
zyme carboxypeptidase Y (CPY) at restrictive temperature
(Wuestehube et al., 1996; VanRheenen et al., 1998, 1999).
At the same time, it was noted that some 

 

sec34

 

 mutants and

 

sec34

 

�

 

 cells secrete both the p2 form of CPY and undergly-
cosylated invertase when incubated at temperatures that
are semipermissive for growth (Spelbrink and Nothwehr,
1999). To understand the primary trafficking defects that
could be observed in Sec34/35 complex mutant cells, we in-
vestigated protein glycosylation and CPY sorting at 25

 

�

 

C, a
permissive temperature for growth of all mutants used (Fig.
4). At this temperature, all mutants secreted invertase and
HSP150 into the culture medium at levels equal to or
greater than wild-type cells (Fig. 4 A). Secreted invertase is
a heavily N-glycosylated enzyme (Huffaker and Robbins,
1983), and HSP150 is a heavily O-glycosylated protein that
is secreted into the culture medium (Lupashin et al., 1992;
Russo et al., 1992). The gel mobility of the invertase and
HSP150 was dramatically affected in tfi1�, tfi3�, sec34�,
and sec34-2 cells, indicating that both N- and O-linked
Golgi glycosylation is greatly reduced. The gel mobility of
secretory proteins was only slightly affected in tfi2� and
sec35-1 cells at 25�C.

We have investigated putative HSP150 glycosylation de-
fect in tfi1� strain further (Fig. 4 B). The gel mobility of
HSP150 secreted by tfi1� strain at 25�C was only slightly
altered as compared with wild-type, whereas at 37�C, the
mobility of HSP150 was significantly increased, a feature
that probably reflects a more severe glycosylation defect in
the tfi1� strain at the elevated temperature. HSP150 expres-
sion was stimulated at the high temperature in both wild-
type and tfi1� cells, but in wild-type cells the gel mobility of
the protein was not effected. No intracellular accumulation
of HSP150 was observed in either of the strains at both 25
and 37�C (unpublished data).

All Sec34/35 complex mutants are defective in the intra-
cellular sorting of CPY and secrete the p2 form of CPY
into the culture medium (Fig. 4 C, top lane). CPY secre-
tion was especially significant in tfi1�, tfi3�, sec34�, and
sec34-2 cells (�13% of total enzyme). Small amounts of
mature CPY were also detected in the culture medium
from tfi3� and sec34� cells. This was most probably a re-
sult of cell lysis, as a comparable leakage of the ER marker
Kar2p (Fig. 4 C, bottom lane) and the cytoplasmic marker
GDI (unpublished data) into the culture medium was also
detected in tfi3� and sec34� cells. As expected, wild-type
cells used as controls correctly localized CPY to the vacuole
(Fig. 4 C).

We also examined the retention/recycling of cis-Golgi
v-SNARE proteins, namely Sec22p and Bos1p. Both

v-SNAREs act in the fusion of ER-derived vesicles with cis-
Golgi membranes, and normally do not travel to the trans-
Golgi compartment (Ballensiefen et al., 1998; Ossipov et al.,
1999). As described previously (Ballensiefen et al., 1998),
�-factor fused to these v-SNAREs through a linker containing
a Kex2 cleavage site is a suitable tool for analyzing the target-
ing of Sec22p and Bos1p. Several Golgi-to-ER recycling
mutants exhibit mislocalization of cis-Golgi v-SNAREs, as
measured by the cleavage of this reporter by the late Golgi
protease Kex2p (Ballensiefen et al., 1998; Ossipov et al.,
1999; Andag et al., 2001). Fig. 4 D shows the steady-state
level of processing of the Sec22-��factor chimera in wild-
type and Sec34/35 mutant strains incubated at 25�C, as as-
sessed by immunoblotting. It is evident that �90% of
Sec22-� proteins was cleaved by Kex2 in tfi1�, tfi2�, and
sec34-2 cells, whereas very little was cleaved by Kex2p in
wild-type and sec35-1 mutant cells. Similar results were ob-
served for the Bos1-� reporter construct (unpublished data).
Based on these experiments, we conclude that several Sec34/
35 complex mutants are defective in the recycling of cis-
Golgi v-SNAREs.

The Sec34/35 complex directly interacts 
with intra-Golgi SNAREs
Previous genetic analysis of the sec34 and sec35 mutations
showed that they display genetic interactions with genes en-
coding SNARE proteins that participate in the docking and
fusion of ER-derived vesicles with cis-Golgi membranes
(VanRheenen et al., 1998, 1999). To explore potential
physical interactions, we tested whether the intact Sec34/35
complex or its individual subunits are capable of interacting
directly with the cis-Golgi SNARE machinery.

To identify yeast SNARE proteins that may interact with
the Sec34/35 complex in vivo, we constructed a yeast strain
that expresses GST-Sec34p as the sole source of Sec34 pro-
tein. Glutathione–Sepharose affinity chromatography was
employed to purify GST-Sec34p and any associated proteins
from a solubilized membrane fraction. As shown in Fig. 5 A,
Sec35p was recovered together with GST-Sec34p, indicating
that our purification conditions were suitable for the efficient
recovery of the intact Sec34/35 complex. We find that Sec34p
interacts with the cis-Golgi t-SNARE Sed5p and several
v-SNAREs that are involved in trafficking to or from the cis-
Golgi: Gos1p, Ykt6p, Sec22p (Fig. 5 A, left column), and
Vti1p (unpublished data). However, we did not observe stable
interactions with two other v-SNAREs, which also act on the
same trafficking step, namely Bet1p and Bos1p. Further, no
interactions were detected with the ER t-SNARE Ufe1p or
the plasma membrane SNAREs Snc1p and Sso2p (Fig. 5 A,
right column), or the endosomal t-SNARE Pep12p (unpub-
lished data), confirming the specificity of these interactions.
About 10% Sec34p, 3% Sec35p, and 0.1% of Golgi SNARE
proteins were specifically recovered on glutathione–Sepharose
beads. The low but specific recovery of SNARE proteins may
indicate the transient nature of interactions between the
Sec34/35 protein complex and the SNARE fusion machinery.

To confirm the interaction of the Sec34/35 complex with
SNAREs in GST-independent experiments, we performed
native immunoprecipitation of protein complexes from sol-
ubilized membrane fractions using affinity-purified antibod-
ies to different components of the cis-Golgi vesicle docking
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machinery. Indeed, antibodies to either Sec34p or Sec35p
coimmunoprecipitated Sed5p (Fig. 6 A), and, in the recipro-
cal experiment, Sec34p was detected in the Sed5p immuno-
precipitate (unpublished data).

To determine whether the in vivo interaction of the
Sec34/Sec35 protein complex with Sed5p was direct, we at-
tempted to reconstitute this interaction with purified pro-
teins (Fig. 6, B and C). Purified GST, GST-Sed5p, or GST-
Sso1p was mixed with purified Sec34/35 complex, and
complexes formed were recovered on glutathione–Sepharose
beads. An efficient interaction between Sed5p and Sec34/
Sec35 protein complex was observed (Fig. 6 B). The interac-
tion was specific, as no Sec34p or Sec35p was recovered with
either GST or GSP-Sso1p loaded beads.

Data from the immunoprecipitation experiments (Fig. 6 A)
indicated that the amount of coprecipitated Sed5p was pro-
portional to the amount of isolated Sec34p, suggesting that
Sed5p and Sec34p may interact directly. To test this hypothe-
sis, His6-tagged Sec34p (His6-Sec34p) was incubated with
GST-Sed5p or GST-Sec35p, and complexes formed were re-
covered on glutathione–Sepharose beads. GST-Sso1p served
as a negative control. His6-Sec34p did not bind to GST-Sso1p

Figure 5. Sec34p interacts with retrograde Golgi SNAREs and 
with COPI. GST-Sec34p was expressed in a �sec34 yeast strain. 
Affinity chromatography on glutathione–Sepharose beads was 
employed to purify GST-Sec34p and associated proteins from a 
P100 fraction (Total) that was solubilized in CHN buffer (20 mM 
Hepes, pH 7.4, 1% CHAPS, 0.15 M NaCl). The beads were eluted 
with 10 mM glutathione (Eluate). As a control, the GST protein was 
expressed and purified from the membrane fraction of sec34/�sec34 
strain. The GST-Sec34p– and Sec34-associated proteins were 
identified by immunoblotting with antibodies to A, SNARE proteins 
and Sec35p; (B) anti-COPI, Sec21p, or Sec13p. (C) Coomassie blue 
staining of the GST and GST-Sec34p eluates.

Figure 6. Sec34p and Sed5p interact genetically and physically. 
(A) Coimmunoprecipitations of putative partners of the Sec34/35 
complex. A P100 membrane fraction (Total) from RSY1157 was 
solubilized in 20 mM Hepes-KOH, pH 7.4, with 0.1 M NaCl and 
1% CHAPS. The extract was incubated with protein A Sepharose 
beads, to which different primary antibodies had been crosslinked. 
Rabbit IgGs were used as a control for unspecific binding. After 
washing of the beads, specifically bound proteins were eluted, run 
on 11%SDS-PAGE, and analyzed by immunoblotting. Two 
representative experiments performed under identical conditions 
are shown. Membranes (3% of total) were loaded on the first lane. 
Approximately 15% of Sec34p and 40% of Sec35p were recovered 
in the corresponding IP. Approximately 0.2% of Sed5p was specifically 
coprecipitated in both Sec34 and Sec35 IP’s. (B) The Sec34/Sec35 
complex interacts with Sed5p in vitro. Purified GST, GST-Sed5p, 
or GST-Sso1p (5 �g each) were mixed with 0.2 �g of purified 
Sec34/35 complex in 0.5 ml binding buffer, incubated for 3 h at 
4�C, and centrifuged at 20,000 g for 10 min. The supernatant (0.45 ml) 
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(Fig. 6 C, right lanes). A physical interaction between Sec34p
and Sec35p was demonstrated previously using the yeast two-
hybrid assay (VanRheenen et al., 1999), and indeed His6-
Sec34p could bind to GST-Sec35p in a concentration-dependent
manner (unpublished data). Most importantly, His6-Sec34p
also bound efficiently (�10% of the input) to GST-Sed5p
(Fig. 6 C, left lanes). This result corroborates the Sec34/35
complex-Sed5p interaction observed in vivo and in vitro and
demonstrates that the Sec34p-Sed5p interaction is direct.

The genetic interactions of SEC34 and SEC35 with genes
encoding v-SNARE proteins involved in the docking stage
of vesicular transport reported earlier (VanRheenen et al.,
1998, 1999) further lead us to examine whether mutations
in the two genes would display synthetic lethal interactions
with a mutation in SED5. To do this, we generated two dip-
loid strains heterozygous for either the sec34-2 and sed5-1 al-
leles or the sec35-1 and sed5-1 alleles and subjected them to
tetrad analysis at 25 and 30�C. Although these temperatures
are permissive for growth for all three mutant haploid
strains, tetrads from the diploid sed5-1/SED5 SEC34/sec34-2
strain yielded numerous inviable colonies at either tempera-
ture (Fig. 6 D, left panel). Examination of the viable seg-
regants in each tetrad for temperature sensitivity revealed a
pattern in which the inviable segregants are predicted to be
the double mutants, combining both the sec34-2 and the
sed5-1 alleles. In contrast, tetrads from the diploid sed5-1/
SED5 SEC35/sec35-1 strain yielded viable spores (Fig. 6 D,
right panel). It is important to note that sec35-1 strain is
more temperature sensitive as compared with the sec34-2
strain (unpublished data). Therefore, the sed5-1 mutation
displays a gene-specific synthetic lethal interaction with the
sec34-2 mutation, but not with the sec35-1 mutation.

To test the idea that the whole Sec34/35 protein complex
may interact with SNARE molecules, we used yeast strains
that expressed a GST-tagged version of Tfi1p, Tfi2p, or
Tfi3p. Indeed, Sed5p (Fig. 7, top lane) was found to be
present in glutathione–Sepharose precipitations from every
strain, with the exception of the control strain.

The Sec34/35 complex interacts with COPI
To obtain additional clues as to the involvement of the
Sec34/35 complex in cis-Golgi retrograde and/or antero-
grade vesicle trafficking, we investigated possible interac-

tions of Sec34/35 protein complex components with vesicle
coat proteins involved in these trafficking steps. First, we
employed glutathione–Sepharose affinity chromatography
to purify GST-Sec34p and associated proteins from solubi-
lized membrane fractions from yeast cells. After washing the
beads to remove nonspecifically bound proteins, antibodies
were used to monitor the binding of two different vesicle
coats to GST-Sec34p. Anti-coatomer and anti-Sec21p
(	-COPI) resulted in a strong signal (Fig. 5 B, right lane),
whereas no signal was obtained with antibodies to the
COPII component Sec13p. The signals were specific for the
Sec34 part of the fusion protein, as no binding was observed
when lysates from cells expressing GST alone were analyzed
(Fig. 5 B, middle lane). Not only GST-Sec34, but the whole
Sec34/35 complex interacts with coatomer, as we were able
to detect COPI in GST-Tfi1p, GST-Tfi2p, and GST-Tfi3p
pulldowns from extracts of detergent-lysed yeast cells (Fig. 7,
bottom).

To verify and extend these findings, we incubated extracts
of detergent-lysed yeast cells with GST-Sec35p fusion protein
purified from Escherichia coli. In line with the results obtained
with GST-Sec34p expressed in yeast, COPI showed a strong
specific binding to GST-Sec35p (unpublished data).

In order to understand the Sec34/35 protein complex in-
teraction in more detail, we used the two-hybrid system to
test for possible direct interactions of coatomer subunits with
Sec34p and Sec35p. Using the sensitive LexA two-hybrid
system (Golemis and Khazak, 1997), we find that yeast
	-COP (Sec21p) interacts specifically with Sec35p (Fig 8).
We have also tried the three new ORFs both as bait or as prey
against the COPI subunits in the LexA two-hybrid system,
but unfortunately, as bait, all three ORFs displayed intrinsic
activation, i.e. unusable background (unpublished data).

Next, we examined whether mutations in the SEC34 or
SEC35 genes might display synthetic lethal interactions with
a mutation in SEC21. To do this, we generated two diploid
strains heterozygous for either both the sec34-2 and sec21-1
alleles or the sec35-1 and sec21-1 alleles, and subjected them
to tetrad analysis. Although all three mutant haploid strains

was incubated for 1 h at 4�C with 20 �l glutathione–Sepharose 
beads in the same buffer. Beads were washed and bound proteins 
were eluted with 10 mM glutathione, separated by 10% SDS-PAGE, 
and immunoblotted with affinity-purified antibodies to Sec34p and 
Sec35p. (C) Physical in vitro interaction of Sec34p with Sed5p. 
Purified proteins (as in B) were bound to glutathione–Sepharose 
beads, mixed with 5 �g of His6-Sec34p in 0.5 ml of binding buffer 
and incubated for 3h at 4�C with rotation. Beads were washed and 
bound proteins were eluted with 10 mM glutathione, separated by 
11% SDS-PAGE and stained with Coomassie blue. Approximately 
10% of His6-Sec34p were recovered with GST-Sed5p bound to 
glutathione–Sepharose beads under conditions used. (D) The sed5–1 
and sec34–2 alleles display a synthetic lethal interaction. Diploid 
strains resulting from the mating of GWY234 (sed5–1) with GWY95 
(sec34–2) (top) or GWY235 (sed5–1) with GWY93 (sec35–1) 
(bottom) were sporulated, tetrad dissected, and incubated on YPD 
plates at 30�C for 3 d. Eight representative tetrads for each dissection 
are shown.

Figure 7. GST-tagged TFI1, TFI2, and TFI3 interact with both 
Sed5p and COPI proteins. GST-tagged proteins were expressed in 
the cells of appropriate gene deletion strains, in which the GST-chi-
mera was the only source of TFI1, TFI2, or TFI3 proteins. A mem-
brane fraction was obtained after centrifugation at 150,000 g for 1 h 
at 4�C. Extracted membrane proteins (2 mg) were incubated with 50 
�l prewashed glutathione–Sepharose beads. Each eluate was 
loaded on the 10% SDS-PAGE and analyzed by immunoblot with 
�-Sed5p and �-coatomer sera. The Coomassie blue staining of the 
samples presents on the left panel of the Fig. 1 B.
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are permissive for growth at 25, 30, and 33�C, tetrads from
both diploid strains yielded numerous colonies that were un-
able to grow at 30�C (unpublished data). Examination of
the segregants in each tetrad for temperature sensitivity re-
vealed a pattern in which the segregants inviable at 30�C are
predicted to be the double mutants. We conclude that sec21-1
displays not a very strong, but a specific synthetic lethal in-
teraction with both the sec34-2 and sec35-1 mutations.

In accordance with the results above, tetrad analysis after
sporulation of the diploid tfi2�/TFI2 SEC21/sec21-1 strain
also yielded numerous inviable colonies (Fig. 9, right). Again,
examination of the viable segregants in each tetrad for tem-
perature sensitivity revealed a pattern in which the inviable
segregants are predicted to be those containing both the tfi2�
and the sec21-1 alleles. Thus, although the parent haploid
strain that carries the tfi2� allele is not temperature sensitive
for growth per se, it displays strong genetic interactions with
mutations in genes encoding other subunits of the Sec34/35
protein complex, as well as with a mutation in the 	-COP
encoding gene, SEC21 (Fig. 9). This result corroborates the
Sec34/35 complex–COPI interaction observed in vivo.

Discussion
In this study, we used tandem affinity chromatography and
subsequent mass spectroscopy analysis of purified proteins
to identify three new proteins, Tfi1p, Tfi2p, and Tfi3p, that
are associated with Sec35p in yeast cytosol. We have shown
that these proteins physically and functionally interact with
both Sec35p and Sec34p, and thus, most likely, are subunits
of the Sec34/35 vesicle tethering complex. Furthermore, we
characterize their interactions with SNAREs, the small GTP-
ase Ypt1p and COP I vesicle coat proteins.

While this paper was in preparation, Whyte and Munro
(2001b) published a report on the purification and charac-
terization of six new proteins that interact with Sec34 and
Sec35. These proteins were found through their association
with the novel Dor1 protein, which was isolated from deter-
gent-solubilized yeast extracts. Three of the Dor1p-associ-

ated proteins are identical to the Tfi proteins identified here,
namely Tfi1p 
 Cod3p, Tfi2p 
 Cod2p, and Tfi3p 

Cod1p. In addition to these three common proteins, Whyte
and Munro (2001b) found three additional polypeptides,
Dor1p, Cod4p, and Cod5p, that were not detectable in the
Sec35p-TAP complex isolated in our experiments (unpub-
lished data). It is possible that through our isolation proce-
dure we have purified only the stable soluble core of Sec34/
35 protein complex that exists in yeast cytosol. The large
eight-subunit complex may be formed on the surface of the
Golgi membrane, in which case it could be purified only
from detergent-lysed membranes. In accordance with such a
model, previous gel filtration analysis of the Sec34/35 com-
plex indicated two different sizes: �480 kD (Kim et al.,
1999) or up to 750 kD (VanRheenen et al., 1999). How-
ever, it also remains possible that there are in fact two or
more classes of Sec34/35 complex present in the yeast cell.

Examination of the properties of one of the novel pro-
teins, Tfi3p, revealed that upon fractionation of yeast cyto-
sol on glycerol velocity gradients, Tfi3p comigrated with
both Sec34p and Sec35p. No pool of monomeric soluble
Tfi3p was detected. In addition, Tfi3p, like Sec34p and
Sec35p, exists in yeast cell in both soluble and membrane-
bound pools (unpublished data). TFI3 is an essential gene,
but the lethality in a TFI3 deletion strain can be partially
rescued by high-level expression of YPT1, an interesting
phenotype that the tfi3� strain shares with the �SEC34 and
�SEC35 strains in which YPT1 overexpression also rescue
the gene deletion (VanRheenen et al., 1998, 1999).

The Sec34/35 complex interacts with Ypt1p not only ge-
netically but also physically. Like other vesicle tethering fac-
tors and complexes described previously (Christoforidis et al.,
1999; Allan et al., 2000; Seals et al., 2000), the Sec34/35p
complex may thus operate as an effector of this Rab-type small
GTPase. We have demonstrated here that the Sec34/35p
complex specifically binds to the activated form of Ypt1p in
an in vitro binding assay. Purified Sec34p or Sec35p alone
were unable to bind Ypt1p in vitro (unpublished data), per-
haps suggesting that one of the novel Sec34/35 complex sub-
units, rather than Sec34p or Sec35p themselves, serves as the
link between the complex and membrane-associated Rab pro-
tein. Further experiments will address this question.

To further define the role of the Sec34/35 complex in
protein trafficking, we investigated possible primary protein

Figure 8. SEC35 interacts directly with �-COP in the two-hybrid 
system. Full-length SEC35 in the prey vector was tested against 
coatomer subunits in the bait vector. An interaction between �-COP 
(bait) and �-COP (prey) served as an internal positive control. 
Results shown are from the growth assay on minimal plates lacking 
leucine in reporter strain EGY48 (see Materials and methods for
details). Note that SEC35 interacts with 	-COP. No interactions with 
coatomer subunits were detected for SEC34 (unpublished data).

Figure 9. The TFI2 gene product is essential in cells that also 
harbor mutations in other subunits of the Sec34/35 complex or in 
the SEC21 gene encoding �-COP. Diploid strains resulting from the 
mating of LY240 (tfi2�) with either GWY95 (sec34–2), GWY93 
(sec35–1), LY241 (tfi1�), or RSY277 (sec21–1) were sporulated, 
tetrads dissected, and incubated on YPD plates at 30�C for 3 d. Five 
representative tetrads for each dissection are shown.
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trafficking defects associated with the loss of Sec34/35 com-
plex function. Three of the complex subunits, Sec34p,
Sec35p, and Tfi3p are essential for normal cell growth, as
deletion of the genes encoding them leads to a phenotype of
extremely slow growth, even at the most permissive temper-
ature (VanRheenen et al., 1998, 1999; Winzeler et al.,
1999). In a contrast, a deletion of TFI1 only leads to minor
defects in growth at 25�C; a �tfi2 strain grows like wild-type
at 25 or 30�C and shows only very subtle growth defects at
elevated temperatures (unpublished data). Analysis of traf-
ficking defects in these mutants when grown at permissive
temperature revealed no defects in secretion—both markers
tested, invertase and HSP150, were secreted from cells at
levels comparable to wild-type cells. Surprisingly, all mutant
strains tested were defective for the efficient delivery of CPY
to the vacuole, which instead mislocalized this vacuolar en-
zyme to the culture medium. In addition, cells mutated for
TFI1, TFI3, or SEC34 were defective in both N- and O-gly-
cosylation reactions associated with the Golgi apparatus. At
restrictive temperatures, both sec34-2 and sec35-1 mutant
cells have been shown to accumulate the p1 precursor form
of CPY lacking Golgi-specific sugar modifications (Wueste-
hube et al., 1996). The aberrant glycosylation of secretory
proteins observed here suggests that there may be a defect
in recycling of vesicles that carry outer-chain glycosyltrans-
ferases back to their proper compartment within the Golgi.
In line with this observation, overexpression of the cis-Golgi
mannosyltransferase Och1p was able to partially rescue
the slow growth phenotype in sec34-2 and sec35-1 mutant
strains (unpublished data). Furthermore, and also consistent
with a general defect in intra-Golgi recycling, the correct lo-
calization (achieved by recycling and/or retention) of the cis-
Golgi resident v-SNARE proteins Sec22p and Bos1p is af-
fected in cells that carry mutations or deletions in Sec34/35
complex components.

Importantly, Golgi-localized Ypt1p was previously shown
to operate on several vesicle trafficking steps. This Rab pro-
tein is required not only for the fusion of ER-derived an-
terograde vesicles with cis-Golgi membranes (Rexach and
Schekman, 1991; Lupashin et al., 1996), but also for the
subsequent step(s) in intra-Golgi trafficking (Jedd et al.,
1995). Moreover, genetic interactions observed between Arf
GEFs and Ypt GTPases suggest the existence of a Ypt-Arf
GTPase regulatory cascade in the secretory pathway (Jones
et al., 1999). Furthermore, overexpression of YPT1 sup-
presses the growth defects of a temperature-sensitive yeast
strain that expresses defective Ypt6 protein (Li and Warner,
1998), another yeast Rab family member involved in the ret-
rograde intra-Golgi trafficking (Bensen et al., 2001), thus
implicating Ypt1p itself in the regulation of the retrograde
trafficking pathway.

A direct involvement of the Sec34/35 protein complex in
intra-Golgi retrograde trafficking is supported by our pro-
tein–protein interaction data. We have shown here that the
Sec34/35 protein complex in vivo interacts with a subset of
yeast SNARE molecules which includes Sed5p, Sec22p,
Ykt6p, Gos1p, and Vti1p. All of these SNAREs are impli-
cated in the retrograde trafficking pathway (Banfield et al.,
1995; Lupashin et al., 1997; von Mollard et al., 1997;
Bensen et al., 2001). We have also demonstrated that

Sec34p and Sed5p can efficiently interact with each other in
vitro, and that mutations in the two genes display a syn-
thetic lethal interaction. Other vesicle tethering factors have
been reported to interact with SNARE proteins on target
membranes: the mammalian exocyst was shown to coprecip-
itate with the plasma membrane t-SNARE syntaxin (Hsu et
al., 1996), and EEA1, an endosomal tether that display sig-
nificant sequence similarity to hSec34p (Suvorova et al.,
2001), interacts directly with syntaxin-6 (Simonsen et al.,
1999).

Although the temperature-sensitive phenotype of the
sec34-2 and sec35-1 mutants can be partially suppressed by
overexpression of the ER-Golgi v-SNARE Bet1p (Van-
Rheenen et al., 1998; VanRheenen et al., 1999), we failed to
detect any protein–protein interaction between this antero-
grade SNARE molecule and the Sec34/35 complex. The
same negative result was obtained with another ER-Golgi
anterograde SNARE, Bos1p. It is important to note that the
in vitro defects of sec34-2 and sec35-1 mutants in the tether-
ing of anterograde ER-derived vesicles were observed only at
a restrictive (29�C) temperature (VanRheenen et al., 1998,
1999), whereas the Golgi-associated protein glycosylation
and sorting defects are strikingly evident even at permissive
temperature. Taken together, these results suggest that the
Sec34/35p complex is primarily involved in the retrograde
intra-Golgi trafficking pathway, and that the effects of mu-
tations in SEC34 and SEC35 on anterograde ER to Golgi
transport may only be indirect consequences of the defects
in intra-Golgi recycling.

Finally, and perhaps most interestingly, we have demon-
strated physical and genetic interactions between the Sec34/
35p complex and the cytosolic precursor of the COPI coat,
coatomer. The COPI vesicle coat was shown to function in
both Golgi-to-ER (Letourneur et al., 1994) and in intra-
Golgi (Lanoix et al., 1999) retrograde transport of Golgi en-
zymes and cargo receptors. It may also be involved in trans-
port of anterograde cargo within the Golgi complex (Orci et
al., 1997; for review see Pelham and Rothman, 2000). We
have demonstrated here that coatomer can be copurified
with GST-tagged subunits of the Sec34/35 complex from
yeast cells and that coatomer can also be recruited from yeast
lysates to recombinant GST-Sec35p purified from E. coli.
Interestingly, Sec35p, but not Sec34p was able to interact
with both the 	-subunit of coatomer and the GTP-form of
ARF1 (unpublished data) in the yeast two-hybrid system,
and therefore may serve as the link between coatomer and
the Sec34/35p complex. Finally, a deletion of TFI2 gene is
shown to be lethal in conjunction with the sec21-1 mutation
affecting 	-COP.

How exactly the Sec34/35p complex contributes to retro-
grade trafficking remains a question for the future, but we wish
to discuss two likely models here. Considering that the Sec34/
35p complex binds coatomer as well as the retrograde Golgi
SNAREs, it is possible to envision that the Sec34/35p complex
is primarily involved in a step between uncoating and docking
of the COPI-coated retrograde intra-Golgi vesicles to cis-Golgi
membranes (Fig. 10, top). It will be important to determine
whether the Sec34/35p complex can bind to both coatomer
and Sed5p at the same time or whether the interaction is se-
quential. Alternatively, the Sec34/35p protein complex could
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be involved not at a vesicle tethering step of trafficking but dur-
ing the COPI vesicle formation step (Fig. 10, bottom). The
cis-Golgi SNARES Sed5p (Wooding and Pelham, 1998) and
Sec22p (Ballensiefen et al., 1998) are known to recycle be-
tween Golgi and ER membranes. Interactions between these
Golgi SNAREs and the Sec34/35p complex may be necessary
for a sorting step in the formation of retrograde vesicles. How-
ever, we favor a function for the Sec34/35 complex in vesicle
tethering, as (a) both sec34-2 and sec35-1 mutant cells accumu-
late numerous undocked 50 nm transport vesicles (Wueste-
hube et al., 1996); (b) structural relationships between Sec34/
35 complex and other yeast tethering complexes have been re-
cently uncovered (Pfeffer, 2001; Whyte and Munro, 2001a);
and (c) like other vesicle tethering factors, the Sec34/35p com-
plex intimately interacts with the activated, GTP-bound form
of the cis-Golgi localized Rab protein Ypt1p.

Materials and methods
Media, plasmids, and strains
YPD, YNB, and sporulation media were prepared as described (Rose et al.,
1990). YPGal and YPGlu-5% media contain 1% yeast extract, 2% Bacto-
peptone, 2% galactose, or 5% glucose, respectively. Transformation of
yeast was performed as described (Elble, 1992); all other standard genetic

techniques were done as indicated (Rose et al., 1990). The E. coli strain
XL10-Gold (Stratagene), which was used for all molecular genetic manipu-
lations, was grown on standard media (Sambrook et al., 1989) and trans-
formed according to Hanahan (1983).

The plasmids used in this study are listed in Table I and were con-
structed as follows. To generate pEMBL-GST-Sec34, BamHI–PstI-digested
pEMBLyex4 (Baldari et al., 1987) was ligated with the BamHI–PstI frag-
ment of the pSV30 (VanRheenen et al., 1999), which encodes the SEC34
ORF. The TFI1 ORF was amplified by PCR using genomic DNA of Saccha-
romyces cerevisiae RSY255 as template. Based on the sequence of
YGL223c, specific primers were designed so to place BamHI site upstream
of the codon for the second amino acid residue of the protein and XhoI site
downstream of the stop codon (5 primer, 5 cag gat cca tgg atg aag tct ta
3; 3 primer, 5 cgc tcg agt tac tgt tgc ctt aa 3). A 1,270-bp PCR product
was cleaved with BamHI and XhoI, and ligated into a pEMBLyex4 digested
by BamHI and SalI, yielding a C-terminal fusion to GST. The construct ex-
pressing the GST-TFI2 was constructed in a similar manner, also placing
BamHI site upstream of the codon for the second amino acid residue of the
TFI2 and a SalI site downstream of the stop codon (5 primer, 5 cgg gat
cca tgg att tcg ttg ta3; 3 primer, 5 cgg tcg act cag tga tca ata cc 3). A
2,536-bp PCR product was cleaved with BamHI and SalI and cloned into
pBluescript digested with BamHI and XhoI. The YNL041c ORF was sub-
cloned into the pEMBLyex4 as BamHI fragment. The S. cerevisiae strains
used in this paper are listed in Table II.

TAP-tagging and Sec34/Sec35p complex purification
SEC35 and TFI3 were tagged at their C termini and integrated into the ge-
nome of protease deficient strain RSY1157 by transformation with PCR
product from the template plasmid pBS1539, encoding calmodulin-bind-

Figure 10. Models for Sec34/35p complex function 
in intra-Golgi protein trafficking. The Sec 34/35 
complex may act either in tethering of COPI-coated, 
retrogradely targeted transport vesicles with Golgi 
membranes (A), or alternatively, it may be involved 
in cargo selection into COPI vesicles during budding 
from Golgi membranes (B). See text for more details.

Table I. Plasmids used in this work

Plasmid Description Source

pYGST-TFI1 PGal-GST-TFI1 in pEMBLyex4 (2 �, URA3) This study
pYGST-TFI2 PGal-GST-TFI2 in pEMBLyex4 (2 �, URA3) This study
pYGST-SEC34 PGal-GST-SEC34 in pEMBLyex4 (2 �, URA3) This study
pYGST-TFI3 Pcup1-GST-TFI3 in pYEX4t-1mod Invitrogen
pNB167 YPT1, 2 �, URA3 S. Ferro-Novicka

pWB-Acyc� PCYC1-SEC22-myc-�, CEN, URA3 H.D. Schmitt
pSV29 GST-SEC35 in pGEX4T M.G. Watersb

pGST-Sed5 GST-SED5(1-324) in pGEX2T M.G. Waters
pGAL10-GST-YPT1 GST-YPT1 in pEMBLyex4 (2 �, URA) N. Segevc

pSV30 His6-SEC34 in pQE30 M.G. Waters

aYale University, New Haven, CT.
bPrinceton University, Princeton, NJ.
cUniversity of Chicago, Chicago, IL.
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ing peptide, a TEV protease cleavage site, the protein A tag, and the URA3
marker (Rigaut et al., 1999). Integration of this product results in fusion to
the SEC35 ORF of a 20.5-kD tag.

For large-scale isolation of Sec35-TAP, 10 liter cultures were grown to
an OD600 of �3.0, harvested, and washed with distilled water. The pellet
was resuspended in an equal volume of ice-cold lysis buffer (LyB, 20 mM
Tris-HCl, pH 8.0, 0.1 M NaCl, 5% glycerol, protease inhibitors cocktail;
Roche). An equal volume of glass beads was added and the mixture vor-
texed three times for 1 min each, with intervals on ice. Unbroken cells
were separated by centrifugation at 2,000 g for 5 min. Cell membranes
were separated by high-speed centrifugation at 150,000 g for 1 h and the
supernatant (S150, 10 mg protein/ml) was used for complex purification.
(NH4)2SO4 was added to 35% saturation, dissolved, and the solution was
stirred for 60 min in the cold room. The (NH4)2SO4 precipitate was col-
lected by centrifugation at 20,000 g for 30 min, resuspended in 10 ml of
LyB with 0.5 mM EDTA and 0.1% NP-40 without protease inhibitors
(LyBN), and the insoluble material was removed by centrifugation
(20,000 g for 30 min). 10 ml of soluble material (�5 mg protein/ml) was
mixed with 0.2 ml of IgG-agarose (Sigma-Aldrich) and incubated for 2 h
(4�C, rotation). Beads were then washed three times with 20 ml LyBN
buffer and transferred to a 5-ml plastic column (Pierce Chemical Co.).
Bound complex was eluted by adding five bead volumes of LyBN con-
taining 100 U of TEV protease (Life Technologies), incubating at 10�C
overnight, and collecting the (TEV) eluate by gravity flow. CaCl2 was
added to 2 mM, and the TEV eluate was mixed with 0.2 ml of the cal-
modulin-agarose beads (Sigma-Aldrich). Beads were incubated for 1 h in
the cold room, washed four times with LyB, and bound material was
eluted with 0.5 ml of 2-mM EGTA in LyB buffer. Proteins were precipi-
tated with DOC/TCA method (Bensadoun and Weinstein, 1976) and sep-
arated on 7.5% SDS-PAGE. Coomassie R-250–stained bands were ex-
cised, digested with trypsin, and subjected to MALDI-TOF spectroscopy
(Shevchenko et al., 1996).

Purification of GST-tagged proteins from the yeast, 
electrophoresis, and immunoblot analysis
To assay for protein–protein interactions in vivo, GST-tagged proteins and
associated proteins were purified from appropriate yeast strains. 5 ml of an
overnight culture grown in selective medium containing 1% glucose was
used to inoculate 100 ml fresh selective medium containing 2% galactose to
induce the expression of the GST fusion proteins. Cells were grown at 30�C
to midlogarithmic phase (OD600 
 1.5) and were washed with ice-cold wa-
ter. 1 vol of glass beads and 1 vol of the buffer (20 mM Hepes, pH 7.4, with

protease inhibitors cocktail; Roche) was added. The material was vortexed
six times for 1 min each, with intervals on ice. Unbroken cells were sepa-
rated by centrifugation at 2,000 g for 5 min. P150 fraction was obtained by
centrifugation of S2 lysate at 150,000 g for 1 h at 4�C in Beckman TLA55 ro-
tor. The pellet was suspended in extraction buffer (20 mM Hepes, pH 7.4,
1% CHAPS, 0.15 M NaCl) and incubated on ice for 20 min. This membrane
extract (1 ml) was cleared by centrifugation at 20,000 g for 10 min at 4�C
and mixed with 50 �l prewashed glutathione–Sepharose beads (Amersham
Pharmacia Biotech). After a 30-min incubation (4�C, rotation), the beads
were washed four times with 20 vol of washing buffer (20 mM Hepes, pH
7.4, 0.1% CHAPS, 0.15 mM NaCl). Bound proteins were eluted using one
bead volume (50 �l) of 20 mM reduced glutathione, pH 7.5. Samples for im-
munoblotting were separated by SDS-PAGE (12% acrylamide, except where
noted), electrotransferred to nitrocellulose, and probed with the appropriate
primary antibodies according to standard protocols (Harlow and Lane,
1988). Monoclonal antibodies against the c-myc epitope (9E10) were used
at a dilution of 1:2,000. Affinity-purified antibodies against Sec34p, Sec35p
(VanRheenen et al., 1999), Sed5p, Sec22p, Ypt1p, GST (Lupashin and Wa-
ters, 1997), Bet1p, and Bos1p (Sapperstein et al., 1996), and sera against
gp400/hsp150 (Lupashin et al., 1992), Gos1p, Ykt6p, CPY, invertase (Lupa-
shin et al., 1997), Kar2p, coatomer (Duden et al., 1994), Sec21p, and
Sec61p, a gift from R. Schekman (University of California at Berkeley, Berke-
ley, CA), �-factor, a gift from H.-D.Schmitt (Max-Planck Institute, Goettin-
gen, Germany), Sso2p, Snc1, a gift from P. Brennwald (Weil Medical Col-
lege, Ithaca, NY), were all used at a dilution of 1:2,000. Horseradish
peroxidase–conjugated goat anti–rabbit or goat anti–mouse secondary anti-
body (Jackson ImmunoResearch Laboratories) was used at a dilution of
1:3,000. Immunoblots were developed with the Chemiluminescence Re-
agent Plus kit (NEN Life Science Products).

In vitro protein–protein interactions
His6-Sec34p (VanRheenen et al., 1999), GST-Sed5p (Lupashin and Waters,
1997), and GST-Sso1p (Nicholson et al., 1998) were expressed in E. coli
XL10-Gold cells and purified as described previously (Lupashin and Wa-
ters, 1997; Lupashin et al., 1997). GST-Ypt1p was expressed in RSY255
yeast cells transformed with pEMBLyex4-YPT1 plasmid. Plasmid pRC701
(Calero and Collins, 2002) was used to integrate GST-YPT6 in the genome
of RSY225 strain. Fusion protein production was induced by overnight in-
cubation on the selective medium containing 2% galactose. GST-Ypt1 and
GST-Ypt6 were purified from digitonin (0.5%) solubilized total cell mem-
branes on the glutathione–Sepharose 4B using manufacturer’s protocol
(Amersham Pharmacia Biotech). Sec34/35 protein complex was partially

Table II. S. cerevisiae strains used in this work

Strain Genotype Source

LY173
MATa pep4-HIS3 prb::HisG prc::HisG ura1-3 leu2-3,-112 trp1-1 ade2-1 can1-100 pEMBLyex4 (2 �, PGAL-
GST, URA3) This study

LY186 MATa pep4-HIS3 prb::HisG prc::HisG leu2-3,-112 trp1-1 ade2-1 can1-100 sec35�::SEC35-TAP This study
LY208 MATa ura3-52 leu2-3,-112 trp1-1 sec34�::LEU2 pYGST-SEC34 (2 �, PGAL-GST-SEC34 URA3) This study
LY236 MATa/� ura3/ura3 leu2/leu2 his3/his3 lys2/LYS2 met15/MET15 tfi2�::Gm/tfi2�::Gm Invitrogen
LY237 MATa/� ura3/ura3 leu2/leu2 his3/his3 lys2/LYS2 met15/MET15 tfi1�::Gm/ tfi1�::Gm Invitrogen
LY238 MATa/� ura3/ura3 leu2/leu2 his3/his3 lys2/LYS2 met15/MET15 tfi3�::Gm/TFI3 Invitrogen
LY241 MATa ura3 leu2 his3 lys2 met15 tfi1�::Gm Invitrogen
LY291 MAT  ura3-52 leu2-3,-112 trp1-1 sec34D::LEU2 pNB167 (2 �, YPT1, URA3) This study
LY293 MAT� ura3 leu2 his3 tfi3D::Gm pYGST-TFI3 (2 �, PCUP-GST-TFI3, URA3) This study
LY297 MAT� ura3 leu2 his3 lys2 met15 (2 �, YPT1, URA3) This study
LY314 MAT� ura3 leu2 his3 tfi3D::Gm pNB167 (2 �, YPT1, URA3) This study
LY330 MATa/� ura3/ura3 leu2/leu2 his3/his3 lys2/LYS2 met15/MET15 tfi1�::Gm/ tfi1�::Gm pYGST-TFI1 (2 �, 

PGAL-GST-TFI1, URA3) 
This study

LY344 MATa/� ura3/ura3 leu2/leu2 his3/his3 lys2/LYS2 met15/MET15 tfi2�::Gm/ tfi2�::Gm pYGST-TFI2 (2 �, 
PGAL-GST-TFI2, URA3) 

This study

LY367 MATa pep4-HIS3 prb::HisG prc::HisG leu2-3,-112 trp1-1 ade2-1 can1-100 tfi3�::TFI3-TAP This study
RSY255 MAT� ura 3-52 leu 2-3, 112 R. Schekman
RSY277 MAT� sec21-1 ura3-52 R. Schekman
RSY1157 MATa pep4-HIS3 prb::HisG prc::HisG ura1-3 leu2-3,-112 trp1-1 ade2-1 can1-100 R. Schekman
GWY93 MAT� sec35-1 ura3-52 leu2-3,-112 M.G. Waters
GWY95 MAT� sec34-2 ura3-52 leu2-3,-112 lys2-801 M.G. Waters
GWY234 MAT� sed5-1 ura3-52 leu2-3,-112 lys2-801 ade2-1 trp1-1 M.G. Waters
EGY48 MAT�, his3, trp1, ura3-52, leu2::pLEU2-LEXAop3 E. Golemisa

GWY235 MAT�, sed5-1, ura3-52, leu2-3, -112, Lys2-801, trp1-1 M.G. Waters

aFox Chase Cancer Center, Philadelphia, PA.
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purified on human IgG-agarose column from the cytosol of TFI3-TAP–
expressing cells (LY335) as described earlier for Sec35-TAP complex puri-
fication. The ammonium sulfate precipitation step was omitted.

Purified GST-Sso1 or GST-Sed5p (5 �g each) was incubated for 1 h at
4�C with 15 �l of glutathione–Sepharose 4B beads equilibrated with buffer
B (20 mM Hepes-KOH, pH 7.0, 0.15 M KOAc, 5% glycerol). The beads
were centrifuged at 1,000 g for 1 min and washed three times with buffer
B. Then beads were mixed with His6-Sec34p (5�g) or purified Sec34/35
complex (0.2 �g) and incubated for 3 h at 4�C. The bound proteins were
eluted with 20 �l of 10 mM reduced glutathione in 50 mM Tris-Cl (pH
7.5), separated by 10% SDS-PAGE, and stained with Coomassie R-250 or
Western blotted with antibodies against Sec34p and Sec35p.

For Ypt-Sec34/35 interaction experiments, GST-Ypt6 or GST-Ypt1p (1
�g each) were incubated with 15 �l of glutathione–Sepharose 4B beads in
0.5 ml of buffer BY (40 mM Hepes-KOH, pH 7.0, 0.1 M KOAc, 1 mM
DTT, 5% glycerol) for 30 min at 4�C. EDTA (2 mM final) and nucleotides
(GDP or GTP, 1 mM final) were added, and incubation was continued for
another 30 min. Mg2�-acetate was added (10 mM final), and incubation
was continued for another 30 min. Beads were pelleted by centrifugation
(600 g, 1 min) and resuspended in buffer BY supplemented with 2 mM
Mg2�-acetate. Purified Sec34/35 complex (0.2 �g) was added and the mix-
ture was incubated for 3 h (4�C, rotation). The beads were washed once
with buffer BY, bound proteins were eluted with 20 �l of sample buffer,
separated by 10% SDS-PAGE, and Western blotted with antibodies against
Sec34p and Sec35p.

Two-hybrid analysis
The LexA two-hybrid System with yeast reporter strain EGY48 and the bait
plasmids pEG202 or pEG203 and the prey plasmids pJG4-5 or pJG4-6 (Es-
tojak et al., 1995; Golemis et al., 1996) were used as previously described
(Eugster et al., 2000). Prey fusions are under the control of the GAL1 pro-
moter. Briefly, fusion constructs were created by ligating PCR products
made using custom primers into vectors above, generating in-frame fusions
with LexA (bait vector) or acid blob B42 (prey vector). For full-length fu-
sions of SEC34 and SEC35, the chimeras started at the first ATG codon of
the ORFs. Plasmids encoding two-hybrid chimeras of coatomer subunits
have been described (Eugster et al., 2000).

Reporter strain EGY48, harboring the LacZ reporter plasmid pSH18-34
(URA3; Golemis et al., 1996), was cotransformed with a bait and a prey fu-
sion construct and transformants selected on –HIS, -TRP, -URA plates. To
assess growth on media lacking leucine, four independent transformants
were streaked onto plates lacking histidine, tryptophane, uracil, and leu-
cine, containing 2% galactose, 1% raffinose, or 2% glucose, and incu-
bated at 30�C for 3 d. Each experiment was repeated three times.

Glycerol velocity centrifugation
Yeast cytosol (S150, 0.4 ml, 20 mg/ml) was layered onto a 12-ml linear
10–30% glycerol (wt/vol) gradient made in 20 mM Hepes KOH buffer, pH
7.4. The gradients were centrifuged, and fractions were collected and ana-
lyzed as previously described (Suvorova et al., 2001).
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