
Molecular Biology of the Cell • 34:ar112, 1–15, October 1, 2023� 34:ar112, 1  

MBoC  |  ARTICLE

The SNARE-associated protein Sft2 functions 
in Imh1-mediated SNARE recycling transport 
upon ER stress

ABSTRACT  Vesicular trafficking involving SNARE proteins play a crucial role in the delivery 
of cargo to the target membrane. Arf-like protein 1 (Arl1) is an important regulator of the 
endosomal trans-Golgi network (TGN) and secretory trafficking. In yeast, ER stress-enhances 
Arl1 activation and Golgin Imh1 recruitment to the late-Golgi. Although Arl1 and Imh1 are 
critical for GARP-mediated endosomal SNARE-recycling transport in response to ER stress, 
their downstream effectors are unknown. Here, we report that the SNARE-associated protein 
Sft2 acts downstream of the Arl1–Imh1 axis to regulate SNARE recycling upon ER stress. We 
first demonstrated that Sft2 is required for Tlg1/Snc1 SNARE-recycling transport under tunic-
amycin-induced ER stress. Interestingly, we found that Imh1 regulates Tlg2 retrograde trans-
port to the late-Golgi under ER stress, which in turn is required for Sft2 targeting to the 
late-Golgi. We further showed that Sft2 with 40 amino acids deleted from the N-terminus 
exhibits defective mediation of SNARE recycling and decreased association with Tlg1 under 
ER stress. Finally, we demonstrated that Sft2 is required for GARP-dependent endosome-to-
Golgi transport in the absence of Rab protein Ypt6. This study highlights Sft2 as a critical 
downstream effector of the Arl1-Imh1 axis, mediating the endosome-to-Golgi transport of 
SNAREs.
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INTRODUCTION
Vesicular trafficking, a conserved mechanism regulating the proper 
transport of proteins, plays an essential role in maintaining cellular 
homeostasis and signaling (Tsvetanova, 2013; Tu et al., 2020). For 
proper vesicular transport, vesicles are first tethered to a target 
membrane before membrane fusion mediated by soluble NSF 
(N-ethylmaleimide-sensitive factor; SNARE) proteins (Bonifacino 
and Glick, 2004). Vesicle tethering requires tethering factors, includ-
ing long-coiled coil proteins and multisubunit-tethering complexes, 
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ing protein; Sft2, suppressor of sed5 ts 2; SNARE, soluble NSF (N-ethylmaleimide-
sensitive factor); STX16, syntaxin 16; TGN, trans-Golgi network; TM, tunicamycin; 
t-SNARE, target SNARE; UPR, unfolded protein response; Vps, vacuolar protein 
sorting protein.

which not only contribute both specificity and efficiency to the fu-
sion process but also directly mediate the action of SNAREs (Whyte 
and Munro, 2002; Hong and Lev, 2014; Wong et al., 2017).

Golgins, a family of long-coiled coil proteins found in the Golgi, 
work in concert with small GTPases, e.g., Arf-like proteins (Arls), for 
vesicle tethering (Munro, 2011; Witkos and Lowe, 2015; Yu and Lee, 
2017). In yeast, Imh1 is the only GRIP-domain-containing Golgin, 
and it is recruited to the late-Golgi by Arl1 to be a downstream 
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effector (Setty et al., 2003; Yu and Lee, 2017). Mechanistically, Arf-
GEF Syt1 activates Arl1 to form a ternary Arl1-Drs2-Gea2 complex 
that facilitates the Golgi localization of Imh1 (Tsai et  al., 2013). 
Although an increased abundance of Arl1 or golgin Imh1 can re-
store the defects of dysfunctional Ypt6 in endosome-to-Golgi traf-
ficking of SNAREs (Chen et al., 2019), the mechanism remains to be 
elucidated; specifically, how Golgin-mediated tethering coordi-
nates with the fusion machinery through SNAREs is unclear.

The Golgi-associated retrograde protein (GARP) complex, a mul-
tisubunit-tethering complex, is required for retrograde transport 
from endosomes to the late-Golgi (Siniossoglou and Pelham, 2001; 
Bröcker et al., 2010). The GARP complex comprises four subunits, 
Vps51/52/53/54, and is recruited to the late-Golgi via the interac-
tion of Vps52 with Ypt6 (Siniossoglou and Pelham, 2001; Bonifacino 
and Hierro, 2011). The GARP complex interacts with the late-Golgi-
localized SNAREs Tlg1/Tlg2 complex, which is known to mediate 
the fusion of endosome-derived vesicles with the late-Golgi in yeast; 
and similar results were found in mammals (Siniossoglou and 
Pelham, 2001; Pérez-Victoria and Bonifacino, 2009). Thus, the GARP 
complex has been proposed to promote the assembly of the SNARE 
complex and mediate fusion events (Pérez-Victoria and Bonifacino, 
2009; Bonifacino and Hierro, 2011). Interestingly, a similar mecha-
nism of vesicle fusion has been reported in which Ras-associated 
binding protein (Rab) protein Ypt7 recruits the heterohexameric ho-
motypic fusion and vacuole protein sorting (HOPS) tethering com-
plex to the vacuolar membrane, after which HOPS catalyzes the as-
sembly of the vacuolar SNARE complex to form a partially zippered 
complex in the vacuolar fusion process (Song et  al., 2020; Torng 
et al., 2020).

We previously reported that overexpression of Imh1 led to 
GARP complex recruitment to the late-Golgi in the absence of 
Ypt6 and abrogated the dysfunctional-retrograde transport of 
Tlg1/Snc1 SNAREs, suggesting the involvement of Imh1 in GARP-
dependent SNARE recycling (Chen et al., 2019). Our recent study 
demonstrated that when cells were under ER stress, the GARP 
complex was partially dysfunctional and needed the cooperation 
of Imh1 to maintain the proper localization of Tlg1/Snc1 SNAREs 
(Wang et  al., 2022). Given that SNAREs play vital roles in cells 
during ER- and proteostatic stress, we aim to investigate how the 
tethering protein Imh1 regulates SNARE transport under stress 
(Babazadeh et al., 2019; Zhou et al., 2020). Suppressor of sed5 ts 
2 (Sft2) is a predicted tetra-spanning membrane protein in the late-
Golgi, showing genetic interaction with Sed5 (Banfield et  al., 
1995). Arl1 has been observed to colocalize extensively with Sft2, 
but only partially with a late-Golgi marker Sec7, suggesting that 
Arl1 and Sft2 are located in the same Golgi subcompartment (Liu 
et al., 2005; Chen et al., 2012). Notably, the exact function of Sft2 
remains enigmatic. Previous study has shown that removal of both 
Sft2 and a conserved early-Golgi protein Got1 affects v-SNARE 
Snc1 recycling transport to the Golgi, indicating that Sft2 and 
Got1 have partially redundant roles in the fusion of vesicles with 
Golgi membranes (Conchon et  al., 1999). The fact that a single 
sft2Δ or got1Δ mutant does not affect Snc1 recycling transport has 
prompted us to identify a physiological condition under which Sft2 
or Got1 is essential to SNARE recycling transport.

In this study, we found that Sft2 acted as a downstream regulator 
of the Arl1-Imh1 axis to facilitate Tlg1/Snc1 SNARE transport during 
tunicamycin (TM)-induced ER stress. We discovered that Imh1 
needed Tlg2 to recruit Sft2 to the late-Golgi under ER stress. Fur-
thermore, the N-terminus of Sft2 was essential for its function in 
regulating SNARE recycling transport after treatment with TM and 
proved to be important for enhancing the interaction of Tlg1 with 

Snc1. We also demonstrated that Sft2 was required for the Arl1–
Imh1 axis to reverse Ypt6 dysfunction in SNARE recycling. Thus, our 
findings reveal a novel Arl1–Imh1 module that mediates SNARE-re-
cycling transport under ER stress through sequential docking of 
Tlg2-Sft2-Tlg1 on the late-Golgi.

RESULTS
Sft2 is involved in the recycling transport of Tlg1/Snc1 
SNAREs under TM-induced ER stress
To gain more insights into Sft2- and Got1-mediated SNARE recy-
cling, we first examined whether Sft2 or Got1 is required for the 
proper localization of Snc1/Tlg1 SNAREs during ER stress. Consis-
tent with a previous report (Conchon et al., 1999), Snc1 and Tlg1 
displayed proper localization at the plasma membrane (PM) and at 
the Golgi, respectively, in both sft2Δ and got1Δ cells under normal-
growth conditions (Figure 1). However, Snc1/Tlg1 SNAREs exhib-
ited mislocalization in sft2Δ cells under TM-induced stress, which is 
similar to that observed in imh1Δ cells (Figure 1). Interestingly, we 
observed that the recycling transport of Snc1, but not Tlg1, was 
defective in got1Δ cells under ER stress (Figure 1). Because these 
results suggested that Sft2 also participates in the transport of 
Snc1/Tlg1 SNAREs during ER stress, as the results observed in 
arl1Δ and imh1Δ cells in our previous study (Wang et al., 2022), it 
raises a possibility that Sft2 is involved in the Arl1–Imh1 axis during 
ER stress.

Syt1–Arl1–Imh1 signaling regulates the recruitment of Sft2 
to the late-Golgi upon ER stress
Previous studies showed Sft2 to be largely colocalized with Arl1 
and Imh1 (Liu et al., 2005; Chen et al., 2010; Chen et al., 2012; 
Hsu et al., 2016). Consistent with this finding, we observed that 
Sft2 colocalized with Sec7 (late-Golgi marker), Arl1, and Imh1, in-
dicating that Sft2 resided in close proximity to the Arl1–Imh1 axis 
in the late-Golgi (Supplemental Figure S1). We also found that 
under TM-induced stress, Sft2 colocalized with amplified puncta 
formed by Arl1–Imh1 proteins (Supplemental Figure S1; Hsu 
et al., 2016). To determine whether Sft2 is regulated by the Arl1–
Imh1 axis, we first determined the localization of Sft2 in arl1- or 
imh1-deleted cells. We observed that, similar to WT cells, Sft2 
colocalized with the late-Golgi marker Sec7 in arl1Δ and imh1Δ 
cells under normal-growth conditions (Figure 2A). However, un-
der ER stress, Sft2 was mislocalized in arl1Δ and imh1Δ cells 
(Figure 2A), and the expression of Arl1 or Imh1 restored Sft2 
Golgi localization (Figure 2A). The first five amino acids, which are 
conserved, in the N-terminus of Imh1 have been shown to be 
critical for Imh1 function in mediating proper SNARE recycling 
during TM-induced ER stress (Wang et al., 2022). We also found 
that Imh1dN5 (deletion of the first five amino acids) and Imh1F2A 
(mutation of the most conserved second amino acid) failed to re-
store the localization of Sft2 in TM-induced imh1Δ cells, suggest-
ing the importance of the Imh1 N-terminus for regulating Sft2 
during ER stress (Figure 2B).

We previously reported that the UPR induced the phosphoryla-
tion of Arl1-GEF Syt1 at Ser416, which is necessary for the activation 
of Arl1 and the subsequent Golgi recruitment of Imh1 (Hsu et al., 
2016). To confirm whether UPR-triggered activation of the Syt1–
Arl1–Imh1 axis is required for Golgi targeting of Sft2, we examined 
the localization of Sft2 in syt1Δ cells. Our results demonstrate that 
Syt1S416D, but not Syt1S416A, is able to restore the late-Golgi target-
ing of Sft2 in syt1∆ cells under TM-induced stress (Figure 2C), further 
showing that the observed mislocalization of proteins is not entirely 
due to defective glycosylation induced by TM.



Volume 34  October 1, 2023� Sft2 mediates SNARE-recycling transport  |  3 

Imh1 and Sft2 interdependently mediate the proper 
localization of Tlg1/Snc1 SNAREs under ER stress
To characterize the role of Sft2 at the late-Golgi under ER stress, we 
sought to confirm that Sft2 mediates SNARE recycling in a similar 
manner to Imh1 under ER stress. We found that under TM-induced 
ER stress, deletion of SFT2 phenocopied the mislocalization pattern 
of Tlg1/Snc1 SNAREs observed in imh1Δ cells (Figure 1). The intra-
cellular compartments of GFP-Snc1 colocalized with the late-Golgi 
marker Sec7 in sft2Δ cells under ER stress (Figure 1). The accumula-
tion of GFP-Snc1 in the late-Golgi suggested that anterograde-
transport to the PM was defective; thus, we examined whether Sft2 
is required for the anterograde transport of GFP-Snc1 under ER 
stress. To identify the defective phenotype of Snc1 in sft2Δ cells 
under ER stress, we treated the cells with latrunculin B (Lat-B), which 
inhibits endocytosis by preventing actin polymerization, after incu-
bation with TM (Wang et al., 2022). We found that, similar to the 

observations in imh1Δ cells, GFP-Snc1 localized to the PM in TM-
treated sft2Δ and got1Δ cells after Lat-B incubation for 10 min (Sup-
plemental Figure S2, A and B). This data indicates that the antero-
grade transport of Snc1 from the late-Golgi to the PM is perturbed, 
but not blocked, in the absence of Sft2 or Got1 during TM-induced 
ER stress.

To clarify that Sft2 affects SNARE recycling under ER stress, we 
first examined the colocalization of Arl1 and Imh1 in TM-treated 
sft2Δ cells and observed that Arl1 colocalized with Imh1 (Supple-
mental Figure S3A). Moreover, an increased number of Arl1 and 
Imh1 puncta were observed in response to TM treatment, sug-
gesting that the activation of the Arl1–Imh1 axis was not altered in 
sft2Δ cells (Supplemental Figure S3A). Given that Imh1 cooper-
ates with the GARP complex to facilitate SNARE-recycling trans-
port during ER stress (Wang et al., 2022), we wondered whether 
deletion of SFT2 alters the localization of the GARP complex, 

FIGURE 1:  Sft2 is involved in the recycling transport of Tlg1/Snc1 SNAREs under ER stress. GFP-tagged Snc1 or Tlg1 
was cotransformed with the late-Golgi marker Sec7-mRFP in the indicated cells. The yeast cells were cultured to the 
mid-log phase in selection medium and treated with DMSO or 1 µg/ml TM for 2 h before observation of live cells using 
fluorescence microscopy. Cells showing GFP-Snc1 PM signals were quantified (N = 3, n = 100) and analyzed by one-way 
ANOVA. The ratios of colocalization between GFP-Tlg1 and the late-Golgi marker Sec7-mRFP were quantified by using 
Manders’ coefficient (N = 3, n = 100) and analyzed by one-way ANOVA. The analyzed data from three independent 
experiments are presented as the mean ± SD. ***p < 0.001; ns, not significant. Scale bar, 5 μm.
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thereby disrupting the transport of SNAREs under ER stress. We 
observed that the Golgi localization of the GARP complex was 
unaffected in TM-treated sft2∆ cells (Supplemental Figure S3B). 
We next examined the localization of GFP-Snc1 in imh1Δ or sft2Δ 
cells overexpressing Sft2 or Imh1, respectively. We further dem-
onstrated that overexpression of Sft2 could not compensate for 
the loss of Imh1 during ER stress (Supplemental Figure S4). Alto-
gether, our findings suggest that Sft2 functions downstream of 
Imh1, interdependently mediating the recycling of SNAREs upon 
ER stress.

Imh1 requires Tlg2 to mediate the localization and function 
of Sft2 under ER stress
SNAREs assemble into hetero-oligomeric bundles to exert their 
proper function. To clarify the mechanism of SNARE-recycling 
transport involved in the Imh1-Sft2 axis upon ER stress, we next 
sought to investigate the relevance between Sft2 and late-Golgi-
localized SNAREs. Tlg2, a homologue of mammalian syntaxin 16 
(STX16), has been reported to associate with the GARP complex 
and is involved in the assembly of the SNARE complex with Tlg1 
and Vti1 at the late-Golgi (Holthuis et  al., 1998; Paumet et  al., 
2001; Siniossoglou and Pelham, 2001; Gurunathan et  al., 2002; 
Reggiori et al., 2003; Hong and Lev, 2014). We first confirmed the 
defects of Snc1 recycling to the PM in tlg2∆ cells. We then found 
that Snc1 colocalized with the late-Golgi marker Sec7 in tlg2∆ 
cells, and further showed that exocytosis of Snc1 was delayed 
(Supplemental Figures S5 and S6). In addition, consistent with a 
previous report (Holthuis et al., 1998), the late-Golgi localization of 
Tlg1 was altered in tlg2∆ cells (Supplemental Figure S5). These 
results demonstrated that Tlg2 was required for the proper local-
ization of Tlg1/Snc1 SNAREs. Considering this evidence, we spec-
ulated that Tlg2 might be involved in the Imh1–Sft2 axis. We ex-
amined the localization of Tlg2 in imh1Δ and sft2Δ cells and found 
that, during ER stress, GFP-Tlg2 became more diffuse in imh1Δ 
cells, but not in sft2Δ cells, suggesting that Imh1 but not Sft2 is 
needed for the proper localization of Tlg2 in this condition (Figure 
3A). Interestingly, we found that Tlg2, but not Tlg1, was required 
for the late-Golgi localization of Sft2 under ER stress (Figure 3B). 
We previously showed that deletion of the first-five amino acids of 
Imh1 (Imh1dN5) impaired Imh1 regulatory effects on the recycling 
of Tlg1 and its association with Tlg1 under ER stress (Wang et al., 
2022). Similarly, compared with wild-type Imh1, we found that Im-
h1dN5 showed a weakened association with Tlg2 under ER stress 
(Supplemental Figure S7). Altogether, our findings suggest that 
Imh1 regulates the Golgi targeting of these proteins in sequential 
steps under ER stress, as Sft2 requires Tlg2 for its late-Golgi local-
ization to facilitate the recruitment of Tlg1, and Tlg1 in turn facili-
tates Snc1 exocytosis during TM-induced ER stress.

The N-terminus of Sft2 is required for mediating SNARE 
recycling under ER stress
We next sought to determine the functional domain that is neces-
sary for Sft2 to perform its specific role under ER stress. Because 
both the N- and C-terminus of Sft2 are exposed to the cytosol 
(Conchon et al., 1999; Bean et al., 2017), we introduced truncated 
forms of Sft2, including Sft2dN40 (deletion of the first 40 amino acids), 
Sft2dN80 (deletion of the first 80 amino acids), and Sft2dC (deletion of 
the last 22 amino acids), to examine whether these mutants can re-
store the defective transport of Tlg1/Snc1 SNAREs in TM-treated 
sft2∆ cells (Figure 4A). We found that Sft2dC, but neither Sft2dN40 nor 
Sft2dN80, restored the proper localization of Tlg1 and Snc1 in TM-
treated sft2∆ cells (Figure 4B). We also observed that Sft2dN40 and 
Sft2dC colocalized with Imh1 under ER stress (Figure 4C). However, 
Sft2dN80 failed to localize to the late-Golgi under both normal-
growth conditions and TM-induced ER stress (Figure 4C). This data 
demonstrates the importance of the Sft2 N-terminal region for sup-
porting Tlg1/Snc1 recycling transport under ER stress.

The N-terminus of Sft2 is critical for modulating interaction 
with Tlg1 under ER stress
Given that Sft2dN40 localized to the late-Golgi but failed to restore 
the transport of SNAREs under ER stress (Figure 4, B and C), we next 
examined whether Sft2dN40 is defective in the association with pro-
teins in this pathway, namely the GARP complex, Imh1, Tlg2, and 
Tlg1. We performed coimmunoprecipitation (co-IP) assays with TM-
treated cells and found that the association of full-length Sft2 with 
the GARP subunit Vps53, as well as Tlg1, was enhanced after TM 
treatment (Figure 5A). There was no significant difference in the as-
sociation of Sft2 and Sft2dN40 with Vps53 in sft2Δ cells treated with or 
without TM (Figure 5A); however, compared with full-length Sft2, we 
found that Sft2dN40 showed a weaker association with Tlg1 under ER 
stress (Figure 5A). We further found that, compared with full-length 
Sft2, there was no significant difference in the association of Sft2dN40 
with Imh1 in sft2Δ cells treated with or without TM (Figure 5B). In 
addition, similar to full-length Sft2, we found that Sft2dN40 remained 
associated with Tlg2 after TM treatment (Figure 5C). These data sug-
gest that the first 40 amino acids in the N-terminus of Sft2 are critical 
for modulating its association with Tlg1 upon ER stress.

The N-terminus of Sft2 and the transmembrane domain of 
Tlg1 are important for modulating the interaction of Sft2, 
Tlg1, and Snc1
To clarify whether Sft2 is present in complex with Tlg1 SNARE, we 
first tested whether Sft2 can interact with Tlg1 in vitro. We found 
that Sft2 can be pulled down by purified GST-fused Tlg1, and this 
binding does not require the N-terminal 40 residues of Sft2 
(Figure 6). Because Tlg1 is known to interact with v-SNARE Snc1 

FIGURE 2:  The Syt1–Arl1–Imh1 axis is required for the recruitment of Sft2 to the TGN upon ER stress. (A) Arl1–Imh1 
axis is essential for the Golgi localization of Sft2 under TM treatment. The colocalization of GFP-Sft2 with the late-Golgi 
marker Sec7-mRFP was observed in arl1Δ or imh1Δ cells coexpressing Sec7-mRFP with an empty vector, Arl1 or Imh1 
upon TM treatment. (B) The conserved N-terminal region of Imh1 is critical for Imh1 function in the recruitment of Sft2 
under TM-induced conditions. GFP-Sft2 was coexpressed with Sec7-mRFP and different mutant forms of Imh1 in imh1Δ 
cells. (C) ER stress-induced phosphorylation of Syt1 at S416 is required for the proper localization of Sft2 under TM 
treatment. The colocalization of GFP-Sft2 with the late-Golgi marker Sec7-mRFP was observed in syt1Δ cells expressing 
Syt1, Syt1S416A, or Syt1S416D. (A–C) Yeast cells were cultured to mid-log phase in selection medium and treated with 
DMSO or 1 µg/ml TM for 2 h before observation of live cells using fluorescence microscopy. Scale bar, 5 μm. (A–C) The 
ratios of colocalization were determined by using Manders’ coefficient to calculate the overlap of GFP-Sft2 with the 
late-Golgi marker Sec7-mRFP. The data from three independent experiments were analyzed (N = 3, n = 100) by one-way 
ANOVA and are presented as the mean ± SD. ***p < 0.001; ns, not significant.
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(Holthuis et al., 1998), we also examined whether Sft2 can affect the 
interaction of Tlg1 with Snc1. Interestingly, we found that GST-Tlg1 
pulled down more Snc1 in the presence of an abundance of Sft2, 
but not Sft2dN40, suggesting that the N-terminus of Sft2 is involved 
in the interaction between Tlg1 and Snc1. We next examined 
whether the C-terminal transmembrane domain of Tlg1 might be 
required for the interaction with Sft2 and Snc1. We found that the 
binding of Tlg1 to Sft2 or Sft2dN40 and Snc1 was impaired by the 
absence of its transmembrane domain (Figure 6), suggesting that 
the transmembrane domain of Tlg1 is important for the function of 
the interaction region(s) in Tlg1.

Sec18 is the homologue of the mammalian NSF ATPase that 
catalyzes SNARE complex disassembly for the next round of vesicle 

fusion (Mayer et al., 1996). At a nonpermissive temperature of 37°C, 
the ATPase activity of Sec18 is impaired, leading to accumulation of 
the SNARE complex in sec18-1 cells (Holthuis et al., 1998; Bryant 
and James, 2003). To determine whether Sft2 associates with the 
Tlg1 SNARE complex in vivo, we performed co-IP experiments in 
the temperature-sensitive sec18–1 mutant. We found that the as-
sociation of Snc1 with Tlg1 is significantly increased in sec18-1 cells 
at the nonpermissive temperature (Supplemental Figure S8), 
whereas the association of Sft2 with Tlg1 is unchanged (Supplemen-
tal Figure S8), suggesting that Sft2 is not a member of the canonical-
SNARE proteins. Overall, our in vivo and in vitro data suggest that 
under TM-induced ER stress, the N-terminus of Sft2 and the trans-
membrane domain of Tlg1 may contribute to the interaction 

FIGURE 3:  Tlg2 is involved in the recruitment of Sft2 to the late-Golgi through the regulation of Imh1 under ER stress. 
(A) The localization of Tlg2 is altered in imh1Δ cells, but not in sft2Δ cells under ER stress. GFP-Tlg2 was coexpressed 
with the late-Golgi marker Sec7-mRFP in the indicated cells. (B) Sft2 fails to localize to the late-Golgi in tlg2Δ cells but 
not in tlg1-DAmP cells (a TLG1-knockdown strain generated from BY4741) under ER stress. The localization of GFP-Sft2 
was observed in the indicated cells expressing the late-Golgi marker Sec7-mRFP. (A and B) Yeast cells were cultured to 
mid-log phase in selection medium and treated with DMSO or 1 µg/ml TM for 2 h before observation of live cells using 
fluorescence microscopy. Scale bar, 5 μm. (A and B) The ratios of colocalization were determined by using Manders’ 
coefficient to calculate the overlap of GFP-Tlg2 or GFP-Sft2 with the late-Golgi marker Sec7-mRFP. The data from 
three independent experiments were analyzed (N = 3, n = 100) by one-way ANOVA and presented as the mean ± SD. 
***p < 0.001; ns, not significant.
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between Sft2 and Tlg1, which is critical for Tlg1/Snc1 recycling and 
modulating the Tlg1–Snc1 interaction.

Sft2 acts downstream of the Arl1–Imh1 axis to restore 
GARP-dependent endosome-to-Golgi transport in the 
absence of Ypt6
Ypt6, a homologue of mammalian Rab6, is critical for the recruit-
ment of the GARP complex to the late-Golgi, mediating endosome-
to-Golgi transport (Siniossoglou and Pelham, 2001). Our previous 
study demonstrated that the Ypt6 and Arl1-Imh1 axis function re-
dundantly in endosome-to-Golgi trafficking (Chen et  al., 2019). 
Overexpression of Arl1 or Imh1 reestablished the recruitment of the 
GARP complex to the late-Golgi and abrogated the defective trans-

port of Tlg1/Snc1 SNAREs in the absence of Ypt6 (Chen et al., 2019). 
To better understand the role of Sft2 in downstream of Arl1–Imh1 
signaling, we utilized a model in which either Arl1 or Imh1 was over-
expressed in ypt6Δ cells to examine the importance of Sft2 under 
different cellular conditions. We found that similar to the observed 
effects of Arl1 and Imh1 (Benjamin et al., 2011), Sft2 failed to exhibit 
proper Golgi localization in the absence of Ypt6, but this localization 
was restored by overexpressing Arl1 or Imh1 (Figure 7, A and B). 
Interestingly, high-copy amplification of Arl1 or Imh1 failed to re-
store the localization of Snc1 (Figure 7C) or suppress high-tempera-
ture growth defects in ypt6sft2Δ cells (Figure 7D). However, the 
Arl1–Imh1 axis restored the localization of the GARP complex in the 
absence of both Ypt6 and Sft2 (Figure 7C). Our observations 

FIGURE 4:  The N-terminal 40 amino acids of Sft2 are required for Sft2 function in mediating SNARE recycling under ER 
stress. (A) Schematic diagrams of Sft2 constructs with truncated mutants for dissecting the functional region(s). The light 
gray regions indicate the transmembrane domains of Sft2. (B) The N-terminal region of Sft2, but not the C-terminus of 
Sft2, is necessary for mediating SNARE transport under ER stress. GFP-tagged Snc1 or Tlg1 was coexpressed with the 
indicated truncated mutants of Sft2 in sft2Δ cells. Cells exhibiting the PM signals of GFP-Snc1 or the number of 
GFP-Tlg1 puncta were quantified (N = 3, n = 100) and analyzed by one-way ANOVA and unpaired t test, respectively. 
The analyzed data from three independent experiments are represented as the mean ± SD. ***p < 0.001; ns, not 
significant. (C) The N-terminal region of Sft2 is required for its late-Golgi localization. GFP-tagged truncation mutants of 
Sft2 were coexpressed with mCherry-Imh1 in sft2Δ cells. (B and C) Mid-log phase yeast cells were treated with DMSO or 
1 µg/ml TM for 2 h before observation of live cells using fluorescence microscopy. Scale bar, 5 μm.
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indicated that Sft2 is required for the Arl1–Imh1 axis to suppress the 
defects resulting from Ypt6 dysfunction, even though the GARP 
complex exhibited normal distribution. Nevertheless, overexpres-
sion of Sft2, in contrast to Imh1, failed to restore the PM localization 
of Snc1 in ypt6Δ cells (Supplemental Figure S9A). We also observed 
that overexpression of Sft2 failed to reestablish the proper localiza-
tion of Arl1 and Imh1 in ypt6Δ cells (Supplemental Figure S9B). Our 
data demonstrated that Sft2 acts as a downstream regulator of the 
Arl1–Imh1 axis to restore endosome-to-Golgi transport in the ab-
sence of Ypt6. Altogether, this study reveals that Sft2 plays a critical 
role downstream of Arl1–Imh1 signaling.

DISCUSSION
The cooperative actions of golgins and SNAREs ensure the specific-
ity of vesicle trafficking in tethering and fusion in a spatiotemporally 

regulated manner. Previous studies have shown that genes involved 
in the secretory pathway are upregulated under ER stress, providing 
valuable mechanistic insights into the contribution of vesicle traffick-
ing to alleviate ER stress (Travers et al., 2000; Tsvetanova, 2013). In 
this study, we discovered that the SNARE-associated protein Sft2 
functions downstream of golgin Imh1 to regulate SNARE recycling 
transport during ER stress. Our findings expand the molecular 
mechanism underlying the cooperation between the tethering fac-
tor golgin and SNAREs in the secretory pathway upon ER stress.

We have previously shown that ER stress upregulates the activa-
tion of the Arl1–Imh1 axis through Ire1-dependent phosphorylation 
of the Arl1-GEF Syt1 (Hsu et al., 2016). Moreover, under ER stress, 
golgin Imh1 was identified to be phosphorylated by mitogen-acti-
vated protein kinase Slt2/ERK2, which is required for Tlg1/Snc1 
SNAREs recycling transport (Wang et al., 2022). Imh1 is required for 

FIGURE 5:  The N-terminal 40 amino acid-deleted Sft2 decreases its association with Tlg1, but not Vps53, Imh1, or Tlg2 
under ER stress. (A) The N-terminal 40 amino acids of Sft2 are critical for regulating its association with Tlg1 but not 
Vps53 upon TM-induced stress. Vps53-GFP was coexpressed with Sft2FL-HA or Sft2dN40-HA in sft2Δ cells.(B) The first 40 
amino acids at the N-terminus of Sft2 are not required for Sft2 association with Imh1. Yeast cells were cotransformed 
with HA-Imh1 and Sft2FL-myc or Sft2dN40-myc. (C) The first 40 amino acids at the N-terminus of Sft2 are not required for 
its association with Tlg2. Flag-Tlg2 was coexpressed with Sft2FL-HA or Sft2dN40-HA in sft2Δ cells. (A–C) The indicated 
cells were treated with TM for 2 h and further incubated with 3 mM crosslinker DSP for 30 min before the preparation 
of cell lysates and co-IP assays. The bound-protein complexes were analyzed using western blotting. Asterisk indicated 
the nonspecific bands. The intensities of bound proteins were measured by ImageJ Fiji software and the signals were 
normalized to the input and HA-tagged proteins. The analyzed data from three independent experiments are 
represented as the mean ± SD after analysis via one-way ANOVA. *p < 0.05; **p < 0.005; ns, not significant.
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the recycling of early endosome (EE)-derived vesicles carrying Tlg1, 
but not late endosome (LE)-derived vesicles carrying Snc1, to the 
late-Golgi under ER stress (Wang et al., 2022). Deletion of both Sft2 
and Got1 has been previously shown to impair the recycling trans-
port of Snc1 (Conchon et al., 1999). Interestingly, our data show that 
under ER stress, deletion of Sft2 or Got1 alone is sufficient to trap 
Snc1 at the late-Golgi and delay exocytic transport of Snc1 to the 
PM. However, Sft2, but not Got1, is required for the retrograde 
transport of Tlg1 to the late-Golgi upon ER stress (Figure 1). Given 
that Tlg1 is mislocalized in sft2∆ cells under ER stress, Sft2, similar to 
Imh1, engages in the transport of Tlg1 from EEs to the late-Golgi. 
Consistently, Sft2 has been reported to be involved in the retro-

FIGURE 6:  The N-terminus of Sft2 and the transmembrane domain of Tlg1 are important for 
modulating the interaction of Sft2, Tlg1, and Snc1. The N-terminal 40 amino acid-deleted Sft2 
is able to associate with Tlg1 but fails to modulate the interaction of Tlg1 with Snc1. The 
transmembrane region of Tlg1 contributes to its association with Sft2 and Snc1. Cell lysates 
were collected from sft2Δ cells coexpressing Sft2FL-myc or Sft2dN40-myc with HA-Snc1 and 
incubated with purified GST-Tlg1 or GST-Tlg1 lacking the transmembrane region (GST-Tlg1-ΔTM; 
amino acids 1–206) at 4°C for 1 h. The bound proteins were analyzed by western blot using 
indicated antibodies. The intensities of bound Sft2FL-myc, bound Sft2dN40-myc, and bound 
HA-Snc1 were measured by ImageJ Fiji software. The bound signals were normalized to the 
respective input and GST-tagged proteins. The analyzed data from three independent 
experiments are represented as the mean ± SD after analysis via one-way ANOVA. ***p < 0.001; 
ns, not significant.

grade transport of ricin toxin A from EEs to 
the trans-Golgi network (TGN) in a route dif-
ferent from that of retromer and Snx4 
(Becker et al., 2016). These results indicate 
that Sft2 and Got1 mediate different factors 
in the Golgi complex to regulate Snc1 exo-
cytic transport from the late-Golgi to the PM 
under ER stress.

Notably, previous studies have sug-
gested that two late-Golgi t-SNAREs, Tlg1 
and Tlg2, are required for the recycling of 
Snc1 from endosomes to the Golgi (Holthuis 
et al., 1998; Lewis et al., 2000). Moreover, 
the localization of Tlg1 is disrupted in tlg2∆ 
cells (Holthuis et al., 1998). Tlg2 is involved 
in the GARP-dependent assembly of the 
SNARE complex with Tlg1 and Vti1 at the 
late-Golgi (Holthuis et  al., 1998; Paumet 
et al., 2001; Siniossoglou and Pelham, 2001; 
Gurunathan et  al., 2002; Reggiori et  al., 
2003; Hong and Lev, 2014). We recently 
found that in the absence of Tlg1, Snc1 ac-
cumulates at the late-Golgi, which leads to 
delayed exocytosis (Wang et al., 2022). Sim-
ilarly, Snc1 accumulates at the late-Golgi in 
tlg2∆ cells, delaying its exocytosis (Supple-
mental Figures S5 and S6). Interestingly, 
Golgin-97, a homologue of yeast Imh1, has 
been demonstrated to capture STX16-con-
taining vesicles, which is required before 
STX16-mediated fusion (Lu et al., 2004; Shin 
et al., 2020). Similar to these observations, 
we noticed that during ER stress, Imh1 is re-
quired for the late-Golgi localization of Tlg2. 
Moreover, Tlg2 facilitates Golgi targeting of 
Sft2 to mediate the retrograde transport of 
Tlg1 to the late-Golgi under ER stress 
(Figure 4B). Therefore, our findings reveal a 
sequential recruitment event in which Imh1 
directs the localization of Tlg2, Sft2, and 
Tlg1 to the late-Golgi. Studying golgin 
GM130 at the cis-Golgi, Lowe’s group re-
ported that GM130 interacted with syntaxin 
5 to couple-membrane tethering and fu-
sion, allowing the Sed5-containing trans-
SNARE complex assembly in close proxim-
ity (Diao et  al., 2008). Our data reveal a 
similar Imh1 action at the late-Golgi, imply-
ing that Imh1 might mediate TGN-SNARE-
complex assembly to change membrane 

trafficking under ER stress. Further biochemical studies are needed 
to understand how Sft2 precisely functions in SNARE-recycling 
transport.

Previous studies from Glick’s group proposed that Golgi-cisternal 
maturation can be divided into three successive stages: 1) cis-Golgi 
cisternae, 2) medial- and trans-Golgi cisternae, and 3) carrier forma-
tion at the TGN (Day et  al., 2013; Papanikou and Glick, 2014). 
Recently, Nakano’s group suggested that the TGN stage can be fur-
ther divided into two substages: the “early TGN” that receives recy-
cling traffic from endosomes and the “late TGN” that produces car-
riers for transport to the PM (Tojima et  al., 2019). Their studies 
suggest that recycling of proteins from endocytic compartments into 
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the “early TGN” (or trans-Golgi) depends on the Ypt6-dependent 
GARP complex; and then the “early TGN” receives recycling pro-
teins and undergoes cisternal maturation to the “late TGN”, thereby 
producing different transport carriers for exocytosis. Previous studies 
have shown that an early TGN transmembrane protein, Sys1, is re-
quired for Arl3 function in Arl1 recruitment; and Arl1, in turn, recruits 
the golgin Imh1 (Behnia et al., 2004; Setty et al., 2004). Arl1 is also 
involved in recruitment of the late TGN Sec7 (McDonold and 
Fromme, 2014) and mammalian Arl1 was reported to recruit GEF 
BIG1/2, mammalian homologues of Sec7 (Christis and Munro, 
2012). In addition, mammalian homologues of Imh1, such as Golgin 
97, are known to function as a tether that captures endosome-de-
rived vesicles to promote their fusion with the TGN membrane 
(Munro, 2011), implicating a possible function of a Sys1-Arl3-Arl1-
Imh1 signaling cascade in endosome-to-TGN trafficking in yeast 
(Behnia et al., 2004; Setty et al., 2004; Yu and Lee, 2017). The Glick 
lab found that Tlg1 consistently arrived at the TGN before Sec7 and 
departed before Sec7 (Day et al., 2018). A study from Nakano’s lab 
showed that Sys1 and Ypt6 accumulate before Tlg2 and Sec7 (Tojima 
et al., 2019). Their observation that Sys1 appeared before Tlg2 is 
consistent with the idea that the Sys1–Arl3–Arl1–Imh1 axis and Sft2 
are involved in capturing endosome-derived vesicles to target them 
to the early TGN for Tlg2-Tlg1-mediated membrane fusion, which is 
critical for receiving retrograde cargos, such as Snc1, required for 
late TGN function.

The N-terminal cytosolic domain of Sft2 is required for mediating 
the late-Golgi targeting of Tlg1 in TM-treated cells. The enhanced 
association of Tlg1 and Sft2 in TM-induced cells apparently occurs 
in a manner dependent on the state of the N-terminus of Sft2. Inter-
estingly, we also found that the C-terminal transmembrane domain 
of Tlg1 is required for Tlg1-Sft2 interaction in vitro. We speculate 
that TM-induced ER stress may alter the conformation of Tlg1 and/
or the cytosolic N-terminal region of Sft2, leading to enhanced Sft2-
Tlg1 association for the Tlg1-Snc1 interaction and Tlg1/Snc1 recy-
cling. In addition, several residues at the N-terminus of Sft2 have 
been found to be posttranslationally modified (Zielinska et al., 2012; 
Lanz et al., 2021; Zhou et al., 2021). These modifications of the N-
terminus of Sft2 may also contribute to the function of Sft2 in Tlg1/
Snc1 recycling. Further analysis of these modifications is needed to 
better understand how Sft2 is regulated and functions in response 
to TM-induced stress.

The SNARE complex generally comprises three or four SNARE 
proteins that form four helical bundles as a core complex to mediate 
membrane fusion (Yoon and Munson, 2018). After fusion, the 
SNARE complex is disassembled by Sec18 ATPase (Mayer et  al., 
1996). Our data showed that Sft2 associates with SNARE proteins 

but Sec18 may not regulate this association. Previous studies have 
proposed an elegant model for the interaction between the tether 
golgin and the SNARE proteins (Diao et  al., 2008; Ganley et  al., 
2008) that could catalyze SNARE assembly via modulation of the 
Rab protein. Pfeffer’s group found that Rab6 competes for interac-
tion of golgin GCC185 with STX16, which in turn releases SNARE 
proteins from the tether-SNARE complex to drive membrane fusion 
(Ganley et al., 2008). We speculate that Sft2 may be involved in the 
association of Imh1 with Tlg1 and direct the Tlg1-containing SNARE 
complex to the vicinity of Imh1, which modulates SNARE proteins to 
a specific membrane-microdomain, thereby promoting membrane 
fusion. Although our data suggest that Sft2, like Imh1, is involved in 
the efficient packaging of Snc1 into exocytic vesicles under ER 
stress, it is also possible that Snc1 vesicles can tether to the late-
Golgi (early TGN) but cannot fuse efficiently in sft2∆ or imh1∆ cells. 
Functional characterization of the Imh1-Sft2-SNARE interaction will 
be important for further studies.

During ER stress, some misfolded proteins may escape the ER 
and be disposed of in the post-ER secretory pathway for delivery to 
the lysosome/vacuole (Sun and Brodsky, 2019; Schwabl and Teis, 
2022). It has been reported that misfolded glycosylphosphati-
dylinositol-anchored proteins are transported to the Golgi upon ER 
stress, and then transiently reach the cell surface before being 
transported endocytically to lysosomes for degradation (Satpute-
Krishnan et al., 2014). Previous study showed that deletion of both 
Snc1 and Snc2 results in defective post-Golgi transport of secretory 
proteins (Protopopov et al., 1993). Therefore, we propose that it is 
important for the Arl1–Imh1–Sft2 axis to maintain recycling of Snc1 
SNARE during ER stress for exocytosis of proteins, which contrib-
utes to the alleviation of ER stress.

The GARP complex requires Ypt6 to be localized at the Golgi 
and is profoundly involved in Snc1 and Tlg1 recycling to the 
late-Golgi (Siniossoglou and Pelham, 2001; Chen et al., 2019). Our 
previous study showed that overexpression of Arl1 or Imh1 restored 
GARP localization at the late-Golgi in ypt6∆ cells and subsequently 
rescued the retrograde transport of Tlg1/Snc1 SNAREs to the late-
Golgi (Chen et al., 2019). In this study, we found that overexpression 
of Imh1 did not require Sft2 to restore GARP localization in ypt6sft2∆ 
cells but needed it to rescue Snc1 transport to the late-Golgi (Figure 
7C). This result supports the supposition that Sft2 acts downstream 
of the GARP complex to facilitate the recycling transport of Tlg1/
Snc1. Further studies are needed to improve our understanding of 
the mechanism underlying how Sft2 physically engages in the regu-
lation of Imh1-mediated SNARE recycling under ER stress.

Overall, our findings led us to propose the following model for 
expanding the mechanism of SNARE-recycling transport upon ER 

FIGURE 7:  Sft2 is involved in the suppression of the Arl1–Imh1 axis in the absence of Ypt6. (A) Ypt6 and the GARP 
complex are required for Golgi localization of Sft2. The indicated-yeast cells were transformed and expressed with 
fluorescently tagged Sft2 or Sec7. (B) Overexpression of Arl1 or Imh1 restores the localization of Sft2 and Snc1 in ypt6Δ 
cells. Localization of GFP-tagged Sft2 or Snc1 was observed in ypt6Δ cells overexpressing Arl1 or Imh1. (C) The Arl1–
Imh1 axis and Sft2 act interdependently to cooperate with the GARP complex to suppress the Snc1 transport defect 
under conditions of Ypt6 dysfunction. GFP-Snc1 or Vps53-mNG was coexpressed with vector, Ypt6-HA, Arl1, or Imh1 in 
WT, ypt6Δ, or ypt6sft2Δ cells. The cells that exhibited GFP-Snc1 PM signals or the number of Vps53-mNG puncta were 
quantified (N = 3, n = 100) and analyzed by one-way ANOVA. Analyzed data from three independent experiments are 
presented as mean ± SD. ***p < 0.001; ns, not significant. (A–C) The indicated-yeast cells were cultured to mid-log 
phase in selection medium and live cells were observed using fluorescence microscopy. Scale bar, 5 μm. 
(D) Overexpression of the Arl1–Imh1 axis failed to suppress temperature-sensitive growth defects in ypt6sft2Δ cells. 
The indicated strains transformed with vector, Ypt6-HA, Arl1, or Imh1, were serially diluted 10-fold and spotted on 
selection plates lacking URA. The plates were incubated at 30°C or 37°C before imaging.
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stress (Figure 8). Under normal conditions, the Ypt6-mediated GARP 
complex is sufficient to maintain endosome-to-TGN retrograde 
transport, which allows Tlg1/Snc1 SNAREs to reach their proper dis-
tributions. However, when cells encounter ER stress, cooperation 
between the Arl1–Imh1 axis and GARP complex is needed to recruit 
Tlg2 and Sft2 to the late-Golgi (early TGN). Imh1 requires Tlg2 to 
facilitate the recruitment of Sft2, which subsequently mediates the 
recycling of Tlg1-containing vesicles from EEs to the late-Golgi. 
Therefore, Snc1 can be effectively transported to the PM through 
the late-Golgi. The N-terminal deletion of Sft2 weakens the associa-
tion between Sft2 and Tlg1 and, therefore, the proper localization of 
Tlg1/Snc1 SNAREs from EEs cannot be restored, suggesting the 
functional importance of the Sft2 N-terminal region for Tlg1 docking 
or fusion to the late-Golgi (early TGN).

In conclusion, we identified a role for Sft2 downstream of the 
Arl1–Imh1 axis in regulating Tlg1/Snc1 SNAREs recycling trans-
port under ER stress. Our study reveals a possible mechanism of 
endosome-to-Golgi retrograde transport through sequential 
docking of Tlg2-Sft2-Tlg1 upon ER stress, in which Sft2 acts as a 
newly discovered intermediary. How Sft2 contributes to the Imh1-
dependent endosome-to-Golgi retrograde transport pathway un-
der ER stress remains to be investigated. Further analysis of the 
biochemical properties of Sft2 will allow us to better understand 
the detailed mechanism of Sft2-mediated retrograde transport 
under ER stress.

MATERIALS AND METHODS
Yeast strains, plasmids, and antibodies
Supplemental Tables S1 and S2 list detailed information on the 
yeast strains and plasmids used in this study, respectively. The trans-
formation of yeast was achieved via the lithium-acetate method (Ito 
et al., 1983). The plasmids were cloned based on standard protocols 
(Sambrook and Russell, 2001).

FIGURE 8:  Model of the Arl1–Imh1–Tlg2–Sft2–Tlg1 cascade for SNARE-retrograde transport 
under ER stress. During TM-induced ER stress, the UPR triggers the activation of the Arl1–Imh1 
pathway at the late-Golgi (early TGN) to cooperate with the partially defective GARP complex. 
Imh1 requires Tlg2 for the recruitment of Sft2 such that it is in close proximity to coordinate with 
the GARP complex and thus maintain the proper transport of Tlg1/Snc1 SNAREs.

For western blotting, the following 
primary antibodies were used with the 
noted dilutions: anti-GFP (1:3000), anti-
Tlg1 (1:5000), anti-Emp47 (1:5000), anti-
Pgk1 (1:3000), anti-Flag (1:5000), anti-HA 
(1:5000, Covance Inc.), and anti-Myc 
(1:3000, #2276S, Cell-Signaling Technol-
ogy). The secondary antibody was goat 
horseradish peroxidase (HRP)-conjugated 
anti-rabbit/mouse IgG (1:5000, NA934 V/
NA931 V, GE Healthcare). To avoid interfer-
ence from denatured IgG, the VeriBlot for 
IP detection reagent (HRP) (ab131366, Ab-
cam) was used as the secondary antibody 
for the protein-interaction analysis. Anti-
GFP, anti-Tlg1, anti-Emp47, anti-Pgk1, and 
anti-Flag antibodies were generated in our 
laboratory as previously described (Chen 
et al., 2019; Wang et al., 2022). Oryctola-
gus cuniculus (female New Zealand white 
rabbits) were immunized with purified 
Escherichia coli-expressed recombinant 
protein. All animal experiments were ap-
proved by the Institutional Animal Care 
and Use Committee (IACUC) and per-
formed in accordance with the institutional 
guidelines of the IACUC, National Taiwan 
University.

Microscopy and fluorescent image analysis
For the observations of live cells expressing fluorescent-fusion pro-
teins, transformed yeast cells were cultured to the mid-log phase in 
appropriate synthetic medium with 2% (wt/vol) glucose. Mid-log 
phase cells were treated with DMSO (control treatment; D5879, 
Sigma-Aldrich) or 1 µg/ml TM (#654380, Sigma-Aldrich) for 2 h at 
30°C to induce the UPR as described in our previous studies (Wang 
et al., 2022). After DMSO or TM treatment, cells were mounted on 
glass slides immediately for observation at room temperature. 
Treatment with Lat-B (#428020, Sigma-Aldrich) was performed as 
described in our recent study (Wang et al., 2022). Yeast cells coex-
pressing GFP-Snc1 and Sec7-mRFP were cultured to the mid-log 
phase and treated with 1 µg/ml TM for 2 h at 30°C. After treatment 
with TM for 2 h, 100 µM Lat-B was added to block endocytosis of 
Snc1. Yeast cells were harvested at different time points and imme-
diately imaged by microscopy. Images of live cells were captured 
with an Axioplan microscope (Carl Zeiss, Thornwood, NY) equipped 
with a Plan-Apochromat 100×/1.4 objective lens, a Cool Snap FX 
camera, and Axio Vision Rel software. The multichannel images 
were merged using Axio Vision Rel software. All microscopy images 
of each sample within an experiment were captured with identical-
exposure times and image-processing procedures. The ratio of cells 
with PM signals was examined as described in previous studies 
(Hankins et al., 2015; Xu et al., 2017; Chen et al., 2019). The signals 
of fluorescent-fusion proteins were detected with ImageJ Fiji soft-
ware as previously reported (Chen et al., 2019; Wang et al., 2022).

Protein interaction analysis
To analyze the interaction between Sft2 and its associated proteins in 
yeast, sft2∆ cells were cotransformed with appropriately tagged Sft2 
with Vps53-GFP, HA-Imh1, or Flag-Tlg2. The following procedures 
were performed as described in previous studies (Siniossoglou and 
Pelham, 2001; Wang et al., 2022). Yeast cells were cultivated to the 
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mid-log phase in synthetic drop-out medium for 14 h and subse-
quently treated with DMSO or 1 µg/ml TM for 2 h at 30°C. Seventy 
OD600 of cells were harvested and washed with 1 ml of 20 mM NaN3 
and NaF. Spheroplasts were generated as previously described 
(Wang et  al., 2022). Cells were treated with Zymolyase-100T 
(#120493, Ambio) and 1% β-mercaptoethanol in K-Pi buffer (190 mM 
K2HPO4, 310 mM KH2PO4, and 1.2 M sorbitol in ddH2O) on an end-
over-end rotator at 12 rpm at 30°C for 1 h. The spheroplasts were 
washed three times with 1 ml K-Pi buffer and then subjected to 3 mM 
dithiobis (succinimidyl propionate; DSP; #22585, Thermo Fisher 
Scientific) treatment in 1 ml of DSP buffer (pH 7.4, 21 mM K2HPO4, 
4 mM KH2PO4, and 200 mM sorbitol in ddH2O) for 30 min at 30°C. 
The quenching reaction was performed with 50 mM Tris, pH 7.5, with 
incubation for 15 min at 30°C. Cell pellets were then suspended in 
500 ml of lysis buffer (50 mM Tris pH 7.5, 50 mM NaCl, 10 mM MgCl2, 
1 mM EDTA, 5% glycerol, 0.1% Triton X-100, and a protease-inhibitor 
cocktail) and lysed with glass beads for 8 min at 4°C. The remaining 
cell pellets were collected and lysed again in 500 µl of lysis buffer. The 
cell lysates were clarified by centrifuging twice at 3500 × g for 5 min 
at 4°C. The clarified cell lysates were incubated with prewashed anti-
HA magnetic beads (88836, Thermo Fisher Scientific) for 30 min at 
4°C. The bound beads were washed with 1 ml of lysis buffer three 
times using a magnetic-particle concentrator (Dynal Biotech) and re-
suspended in 40 µl of sample buffer. Eluted protein complexes were 
boiled for 10 min at 95°C before SDS–PAGE analysis. Western blot 
analysis was conducted as described in our previous study (Wang 
et al., 2022).

For the GST pull-down assay, E. coli strain BL21 (Novagen, La 
Jolla, CA) was transformed with pGEX-4T-1 plasmids expressing 
GST-tagged full-length Tlg1 or the cytosolic region of Tlg1 (amino 
acids 1–206). Bacterial cultures were grown in LB broth containing 
0.1% ampicillin until an OD595 of 0.5 was achieved. Expression of 
recombinant proteins was induced by addition of 0.5 mM isopropyl 
β-D-1-thiogalactopyranoside for an additional 3 h at 37°C. Cells 
were harvested by centrifugation at 4°C and resuspended in ice-
cold lysis buffer (1X PBS buffer pH 7.4, 1 mM DTT, 0.1% Triton 
X-100, and a protease-inhibitor cocktail). One mg/mL lysozyme 
was added to the lysis buffer and incubated on ice for 30 min. Cells 
were lysed by nitrogen decompression in a pressurized vessel 
(1500 psi) for 15 min at 4°C (Nitrogen Bomb, PARR 4639). The 
lysates were centrifuged at 10,000 × g for 10 min at 4°C. The super-
natant was incubated with Glutathione Sepharose 4B (GE Health-
care, Amersham, Piscataway, NJ) for 2 h at 4°C. After 2 h of incuba-
tion, the bound beads were washed three times with 1 ml of lysis 
buffer and used for the GST pull-down assay. Yeast-cell lysates 
from sft2∆ cells coexpressing Sft2FL-myc or Sft2dN40-myc with HA-
Snc1 were collected in lysis buffer (50 mM Tris pH 7.5, 50 mM NaCl, 
10 mM MgCl2, 1 mM EDTA, 5% glycerol, 0.1% Triton X-100, and a 
protease inhibitor cocktail) as described in the coimmunoprecipita-
tion experiments. Ten µg of purified GST-tagged proteins were in-
cubated in 1 ml of the collected yeast lysates for 1 h at 4°C. The 
bound beads were washed four times with 1 ml of lysis buffer and 
resuspended in 40 µl of sample buffer. The bound proteins were 
boiled at 95°C for 10 min before SDS-PAGE analysis. Western blot 
analysis was performed as described in our previous study (Wang 
et al., 2022).

For coimmunoprecipitation assays in sec18-1 cells, cells were 
transformed with HA-Snc1 or Sft2-myc. The following procedures 
were modified from previous studies (Holthuis et al., 1998; Bryant 
and James, 2003). Seventy OD600 of early log-phase cells were har-
vested and washed with 1 ml of selection medium. Spheroplasts 
were generated as previously described (Wang et  al., 2022). 

Cells were treated with Zymolyase-100T (#120493, Ambio) and 1% 
β-mercaptoethanol in K-Pi buffer (190 mM K2HPO4, 310 mM 
KH2PO4, and 1.2 M sorbitol in ddH2O) on an end-over-end rotator 
at 12 rpm at 24°C for 30 min. The spheroplasts were washed three 
times with 1 ml K-Pi buffer and then incubated with prewarmed me-
dium containing 1 M sorbitol for 1 h at 24°C or 37°C. After 1 h of 
gentle shaking, the spheroplasts were washed with 1 ml K-Pi buffer 
and treated with 3 mM DSP in 1 ml of DSP buffer (pH 7.4, 21 mM 
K2HPO4, 4 mM KH2PO4, and 200 mM sorbitol in ddH2O) for 30 min 
at 24°C. After quenching reaction, spheroplasts were lysed in lysis 
buffer containing glass beads as described in the co-IP experiments. 
An ATP-regenerating system (0.5 mM ATP, 40 mM creatine phos-
phate, and 0.1 mg/ml creatine kinase) was included in the lysis buf-
fer. The clarified-cell lysates were incubated with prewashed anti-HA 
magnetic beads (88836, Thermo Fisher Scientific) for 2 h at 4°C. The 
bound beads were washed four times with 1 ml of lysis buffer using 
a magnetic-particle concentrator (Dynal Biotech) and resuspended 
in 40 µl of sample buffer. The eluted-protein complexes were boiled 
at 95°C for 10 min before SDS-PAGE analysis. Western-blot analysis 
was performed as described in our previous study (Wang et  al., 
2022).

Yeast spotting assay for high-temperature sensitivity
Yeast strains expressing appropriate plasmids were cultured to mid-
log phase in selection medium. Cells were then spotted onto syn-
thetic medium plates at using 10-fold serial dilutions to observe 
growth. The plates were incubated at 30°C or 37°C for 3 d and 
imaged.

Quantification and statistical analysis
The quantification and statistical analyses were performed as previ-
ously described (Chen et al., 2019; Wang et al., 2022). For panels in 
all figures, N refers to the number of biological replicates and n re-
fers to the sample size. In each experiment, at least 100 cells from 
three biological replicates were quantified. PM signals of GFP-Snc1 
and cells containing GFP-Tlg1 or Vps53-mNeongreen (mNG) punc-
tate signals were detected using ImageJ Fiji software.

For quantification in protein-interaction analyses, the association 
between Sft2 and its associated proteins was measured using Im-
ageJ Fiji software. The intensities of target proteins were normalized 
to their respective input and HA-tagged proteins. For quantification 
in the GST pull-down assay, the intensities of Sft2FL-myc, Sft2dN40-
myc, and HA-Snc1 were normalized to their respective input and the 
intensities of their respective GST-tagged proteins. For quantifica-
tion of co-IP assays in sec18-1 cells, the intensities of Tlg1 were 
normalized to their respective inputs and HA-Snc1 or Sft2-HA. Three 
independent experiments were analyzed using one-way ANOVA 
with Dunnett’s post hoc multiple comparison test or unpaired t test. 
The binding intensity of the control in each experiment was used as 
the reference.

To quantify the colocalization of two proteins, the signals of GFP-
Tlg1, GFP-Sft2, or GFP-Tlg2 overlapping with Sec7-mRFP were de-
termined using the Manders’ coefficient (Dunn et al., 2011). Man-
ders’ coefficient was determined using ImageJ Fiji software with the 
Just Another Colocalization Plugin and Otsu automatic-image 
thresholding (Bolte and Cordelières, 2006; Dunn et al., 2011; Pike 
et al., 2017; Date et al., 2022). Each yeast cell within the images was 
selected as a region of interest and the value of Manders’ coefficient 
was determined according to Otsu automatic-image thresholding. 
The statistical analysis was performed by one-way ANOVA with 
Dunnett’s post-hoc multiple-comparison test using the mean values 
of each biological replicate.
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All statistical data in this study were analyzed using GraphPad 
Prism (GraphPad software) and presented as SuperPlots (Lord et al., 
2020). The SuperPlots show individual data points from each bio-
logical replicate within an experiment in small circles with corre-
sponding colors, the mean from each biological replicate in large 
circles, and the mean ± SD of the means from each biological repli-
cate. The same color of dots represents the data points in the same 
biological replicate. SuperPlots was used to account for the vari-
ability and reproducibility of each biological replicate. Statistical 
significance was determined using an unpaired t test or one-way 
ANOVA with Dunnett’s post-hoc multiple-comparison tests. The 
control in each experiment was used as a reference for performing 
a one-way ANOVA with multiple comparisons. One-way ANOVA 
was used when multiple groups were compared, and the unpaired 
t test was used when two groups were compared. The correspond-
ing statistics are listed in the respective figure legends. Significant 
differences (*p < 0.05; **p < 0.005; ***p < 0.001; ns, not significant) 
are indicated.
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