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ER arrival sites associate with ER exit sites to create
bidirectional transport portals
Sudeshna Roy Chowdhury1,2*, Chumki Bhattacharjee1,2*, Jason C. Casler3, Bhawik Kumar Jain1,2, Benjamin S. Glick3, and
Dibyendu Bhattacharyya1,2

COPI vesicles mediate Golgi-to-ER recycling, but COPI vesicle arrival sites at the ER have been poorly defined. We explored
this issue using the yeast Pichia pastoris. ER arrival sites (ERAS) can be visualized by labeling COPI vesicle tethers such as Tip20.
Our results place ERAS at the periphery of COPII-labeled ER export sites (ERES). The dynamics of ERES and ERAS are
indistinguishable, indicating that these structures are tightly coupled. Displacement or degradation of Tip20 does not alter
ERES organization, whereas displacement or degradation of either COPII or COPI components disrupts ERAS organization. We
infer that Golgi compartments form at ERES and then produce COPI vesicles to generate ERAS. As a result, ERES and ERAS are
functionally linked to create bidirectional transport portals at the ER–Golgi interface. COPI vesicles likely become tethered
while they bud, thereby promoting efficient retrograde transport. In mammalian cells, the Tip20 homologue RINT1 associates
with ERES, indicating possible conservation of the link between ERES and ERAS.

Introduction
Coat protein complex I (COPI) plays an established role in re-
cycling components from the Golgi to the ER. Resident ER pro-
teins occasionally escape from the ER and are subsequently
retrieved from the Golgi or the ER-Golgi intermediate com-
partment (ERGIC) in retrograde COPI vesicles (Szul and Sztul,
2011). Some transmembrane ER proteins contain cytosolically
oriented C-terminal KKxx signals, which are recognized by the
COPI for retrieval to the ER (Cosson and Letourneur, 1997). COPI
also retrieves transmembrane ER proteins that contain arginine-
based retrieval signals (Michelsen et al., 2007) as well as
transmembrane ER proteins that associate with the Rer1 re-
cycling factor (Sato et al., 2001). Finally, COPI plays a role in
retrieving the KDEL/HDEL receptor (Orci et al., 1997), which
captures escaped luminal ER proteins.

Much less is known about the sites at which retrograde COPI
vesicles deliver their cargo to the ER. Anterograde COPII vesicles
form at specialized ER domains known as ER exit sites (ERES;
Budnik and Stephens, 2009; Miller and Barlowe, 2010), and by
analogy, it has been proposed that retrograde COPI vesicles are
delivered to specific ER arrival sites (ERAS; Spang, 2009). Sev-
eral studies provide hints that ERES and ERAS may be func-
tionally linked. A live-cell imaging study reported that in
mammalian cells, retrograde Golgi-to-ER tubular traffic is di-
rected to ERES (Mardones et al., 2006). This tubule-based

pathway may or may not be related to COPI-dependent retro-
grade traffic, which likely originates from ERGIC membranes
that are proximal to ERES (Hammond and Glick, 2000). More
recently, evidence for the existence of ERAS was reported for
plant cells (Lerich et al., 2012). That study concluded that plant
ERAS are associated with ERES, but the interpretation was
somewhat complex because in plant cells, Golgi stacks travel
along the ER network and ERES are still incompletely defined
(Langhans et al., 2012).

A different perspective was provided by an analysis of COPI-
driven Golgi-to-ER traffic in the yeast Saccharomyces cerevisiae
(Schröter et al., 2016). That study focused on the Dsl1 complex,
which recognizes the COPI coat during the capture of COPI
vesicles at the ER (Meiringer et al., 2011; Ren et al., 2009;
Tripathi et al., 2009). The Dsl1 complex and associated SNAREs
were found to be distributed throughout the yeast ER by stan-
dard fluorescence microscopy (Meiringer et al., 2011), so as an
alternative, the authors used bimolecular fluorescence comple-
mentation to identify sites at which COPI interacted with the
Dsl1 complex. Their method revealed punctate structures that
were interpreted to be ERAS. The punctate structures were not
consistently associated with ERES, and instead were concen-
trated at sites of polarized growth. However, that experimental
system is challenging because S. cerevisiae contains dozens of
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small ERES as well as nonstacked Golgi cisternae that are scat-
tered throughout the cytoplasm (Rossanese et al., 1999). It seems
possible that the dispersed secretory pathway in S. cerevisiae is
coupled with an unusual arrangement of ERAS.

As a simpler system to study ERAS and their relationship to
ERES, we chose the budding yeast Pichia pastoris. A typical P.
pastoris cell contains three to five ERES, each of which is next to
a Golgi stack (Rossanese et al., 1999). (We previously referred to
ERES in this yeast as transitional ER or tER sites, but are now
adopting the ERES term for consistency with other groups.) P.
pastoris ERES can be labeled by tagging COPII coat subunits with
fluorescent proteins and can be tracked by confocal microscopy
for tens of minutes. This approach provided the first evidence
that ERES are long-lived domains that form de novo and undergo
growth, fusion, and shrinkage (Bevis et al., 2002). In addition, P.
pastoris ERES can be characterized by electron tomography.
Those data indicated that an ERES produces multiple COPII
vesicles, which accumulate in the space between the ER mem-
brane and the adjacent early cisterna of the Golgi (Levi et al.,
2010; Mogelsvang et al., 2003).

Our tomography studies showed that in addition to the COPII
vesicles that can be seen budding from P. pastoris ERES, smaller
vesicles that are presumably COPI vesicles are associated with
the ER in close proximity to ERES (Levi et al., 2010; Mogelsvang
et al., 2003). It therefore seems plausible that ERES and ERAS
form part of an integrated functional unit. To test this idea, we
examined the localization and dynamics of the P. pastoris Dsl1
complex. Our results are strikingly different from those ob-
tained previously with S. cerevisiae. The Dsl1 complex clusters to
form ERAS that often take the form of partial rings around ERES,
and maintenance of ERAS requires intact ERES as well as active
COPI. These data suggest a straightforward mechanistic model
for ERAS formation.

Results
The Dsl1 complex localizes to specific domains of the ER
To investigate whether COPI vesicles arrive at specific regions of
the ER in P. pastoris, we tagged subunits of the Dsl1 complex,
which tethers COPI vesicles. The Dsl1 complex consists of Dsl1,
Dsl3/Sec39, and Tip20 (Kraynack, 2005). This tether works to-
gether with the ER-localized SNARE proteins UfeI, UseI, and
Sec20 to capture and fuse retrograde COPI vesicles that travel
from the Golgi to the ER (Meiringer et al., 2011). If COPI teth-
ering and fusion occur at distinct ERAS, then the Dsl1 complex
should be clustered at domains of the ER.

This prediction was tested by fluorescence microscopy. We
tagged the Tip20 and Dsl3 components of the Dsl1 complex with
GFP or mCherry. The tagged proteins localized to punctate or
ring-like structures (Fig. 1, A and B). When we expressed Tip20-
GFP and Dsl3-mCherry in the same strain, the two proteins
colocalized almost completely (Fig. 1, B and C). These results
suggested that ERAS may indeed exist. To determine whether
the labeled puncta were ER domains, we labeled the ER with
DsRed-HDEL (Bevis et al., 2002). In a strain expressing DsRed-
HDEL and Tip20-GFP, the Tip20 puncta were present on the
nuclear envelope and on peripheral ER membranes (Fig. 1 A).

These results indicate that the Dsl1 tethering complex is con-
centrated at specific ER domains. Based on the further analysis
described below, those domains likely represent ERAS.

COPI is closely associated with the Dsl1 complex and is
adjacent to ERES
The Dsl1 complex interacts with COPI vesicles and is therefore
expected to associate with COPI-labeled structures in vivo. We
tested this possibility by tagging Sec26, the β-COP subunit of the
COPI coat (Duden et al., 1994). Images from P. pastoris strains
that coexpressed Sec26-GFP with a Dsl1 complex subunit, either
Tip20-mCherry (Fig. 2 A) or Dsl3-mCherry (Fig. S1 A), con-
firmed that Sec26 colocalized strongly with the Dsl1 complex.

Like the Dsl1 complex, the COPI subunit Sec26 was often
visible in structures that resembled partial rings. In the case of
COPI, it is plausible that these rings include COPI coats present
at Golgi cisternal rims, which are the sites of COPI vesicle
budding in mammalian cells (Marsh et al., 2001; Tie et al., 2018)
and probably also in P. pastoris (Mogelsvang et al., 2003). We
therefore labeled the Golgi by tagging two proteins that should
be distributed throughout the cisternae: Sec7, a peripheral
membrane protein of the late Golgi, and Vig4/Vrg4, an integral
membrane protein of the early Golgi (Arakawa et al., 2006; Bevis
et al., 2002). Sec26 was adjacent to those Golgi markers and
sometimes formed partial or complete rings around the Golgi
markers (Fig. S1, B and C). This pattern fits with the assumption
that COPI vesicles bud from the rims of Golgi cisternae.

Golgi-derived COPI vesicles become tethered to the ER, and
our previous electron tomography studies suggested that those
tethered COPI vesicles may be at the periphery of ERES that are
producing COPII vesicles (Levi et al., 2010; Mogelsvang et al.,
2003). We therefore used fluorescence microscopy to compare
the distributions of COPI and COPII components. To label COPII,
we tagged the Sec13 coat protein (Bevis et al., 2002). The COPI
subunit Sec26 was adjacent to the tightly punctate ERES marked
by Sec13 and often partially encircled Sec13 (Fig. 2 B). Three-color
imaging of the COPI marker Sec26, the early Golgi marker Vig4,
and the ERES marker Sec13 confirmed that all of these compo-
nents were closely associated, with Sec26 typically in a peripheral
location relative to Vig4 and Sec13 (Fig. 2 D). These data support
the interpretation that in P. pastoris ERES-Golgi units, COPI vesi-
cles bud from the rims of the early Golgi cisternae and then be-
come tethered to the ER at domains that surround the ERES.

ERAS adjoin or encircle ERES and contain ER-localized SNAREs
Because the Dsl1 complex tethers COPI vesicles to the ER, we
propose that the ER domains marked by the Dsl1 complex in P.
pastoris are ERAS. COPI colocalizes with the Dsl1 complex and
COPI is adjacent to ERES, so the logical implication is that ERAS
should also be adjacent to ERES. To document this point, we
constructed P. pastoris strains in which ERAS were labeled by
tagging Tip20 or Dsl3 with GFP while ERES were labeled by
tagging Sec13 with a monomeric DsRed variant (Figs. 2 C and S2
A). As predicted, the ERAS markers were adjacent to ERES and
often partially encircled the ERES.

The next question was whether ER-localized SNAREs that
mediate fusion of retrograde COPI vesicles also localized to
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ERAS. For this purpose, we tagged the Ufe1 or Sec20 SNARE
with GFP in a strain that expressed the DsRed-tagged ERES
marker Sec13. The signals from the GFP-tagged SNAREs in-
cluded background fluorescence that probably reflected locali-
zation to the general ER. However, SNARE puncta were also
visible and were clearly associated with ERES (Fig. S2, B and C).
Moreover, the Sec20 SNARE showed frequent punctate associ-
ation with the ERAS marker Tip20 (Fig. S2 D). We conclude that
ER-localized SNAREs are likely present throughout the ER but
can be concentrated in ERASwhen the Dsl1 complex links a subset
of the ER-localized SNARE molecules to Golgi-associated COPI.

To guide further analysis, we combined the current fluores-
cence microscopy data with our previous electron tomography
data (Levi et al., 2010; Mogelsvang et al., 2003) to generate the
working model shown in Fig. 2 E. Early Golgi cisternae are ∼400
nm in diameter and are tethered to ERES with a gap of ∼100 nm
between the flat surfaces of the ER and Golgi membranes. Ac-
cording to our model, COPI vesicles bud from the rims of early
Golgi cisternae. Hence, by diffraction-limited microscopy, COPI
appears as a ring-like structure when viewed from the correct
orientation. We postulate that the Dsl1 complex binds simulta-
neously to ER-localized SNAREs and to nascent COPI vesicles,
and it remains bound to the COPI vesicles as they undergo
scission followed by transfer to the ER surface. Therefore, the
Dsl1 complex shows close association with COPI and forms ring-
like structures around ERES when viewed from the correct
orientation. The estimated length of the Dsl1 complex in asso-
ciation with SNAREs is ∼70 nm (Travis, S., and F. Hughson,
personal communication), suggesting that a Dsl1–SNARE com-
plex could define ERAS by tethering COPI vesicles throughout
their life cycle.

ERAS exhibit dynamics similar to ERES
Because ERAS are in close proximity to ERES, we predicted that
the dynamics of ERAS would resemble those of ERES. A key
question is whether one compartment forms before the other.
To address this issue, we performed 4D imaging of the strain in

which ERAS were labeled with Tip20-GFP while ERES were
labeled with Sec13-DsRed (Fig. 3 A and Video 1). As previously
reported for ERES (Bevis et al., 2002), ERAS formed de novo and
gradually increased in size. The formation and expansion of
ERAS and ERES structures were tightly linked (Fig. 3 B). Neither
compartment appeared to precede the other. Moreover, when
ERES fused with one another as previously described (Bevis
et al., 2002), the associated ERAS fused as well (Fig. 3 C and
Video 2). Similar results were obtained when the fluorescent
tags were swapped in a strain expressing Tip20-mCherry and
Sec13-GFP (Fig. S3 and Video 3) or when ERAS were marked
with Dsl3-mCherry while ERES were marked with Sec13-GFP
(Fig. S4, Video 4, and Video 5). These results strengthen the
interpretation that ERAS and ERES are tightly linked.

Loss of ERES dramatically affects ERAS
Next, we examined the role of ERES in ERAS formation. An-
choring away the COPII inner layer coat protein Sec23 together
with its homologue Shl23 was previously shown to abolish ERES
(Bharucha et al., 2013). We therefore constructed a strain ex-
pressing FK506 binding protein (FKBP)-tagged ribosomes as
well as Sec23-FKBP-rapamycin binding domain (Sec23-FRB),
Shl23-FRB, and Tip20-GFP. Addition of rapamycin caused the
FRB-tagged proteins to be tethered to ribosomes within
5–10 min (Bharucha et al., 2013). Concomitantly, the ERAS
marker Tip20 showed a pronounced and statistically significant
reduction in punctate labeling (Fig. 4, A and B). The fluorescence
pattern suggests that when ERES are eliminated, ERAS compo-
nents redistribute to the general ER.

To verify the dependence of ERAS on ERES, we employed the
auxin-inducible degron (AID) system (Nishimura et al., 2009;
Nishimura and Kanemaki, 2014). This approach allows for rapid
and reversible degradation of a tagged protein in response to
auxin and enables generation of conditional mutants of essential
yeast proteins. P. pastoriswas engineered to express Oryza sativa
TIR1 (OsTIR1), an auxin-responsive F-box protein that forms a
functional SKP1–CUL1–F-box protein ubiquitin ligase able to

Figure 1. Localization of Dsl1 complex subunits to punctate
ER domains in P. pastoris. (A) Localization of the Dsl1 complex
subunit Tip20. A strain expressed Tip20-GFP together with the
general ER marker DsRed-HDEL. Scale bar, 1 µm. (B) Colocali-
zation of the Dsl1 complex subunits Tip20 and Dsl3. A strain
expressed Tip20-GFP and Dsl3-mCherry. Scale bar, 1 µm.
(C) Quantification of the data from B. Colocalization of Tip20-
GFP and Dsl3-mCherry was measured for each of ∼20 individual
cells. Above the horizontal axis, yellow indicates the percentage
of the red signal that coincided with green pixels, while below
the horizontal axis, yellow indicates the percentage of the green
signal that overlapped with red pixels. Bars represent SEM.
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recognize the AID tag derived from Arabidopsis thaliana IAA17.
OsTIR1 was expressed from the strong constitutive GAP pro-
moter (Sears et al., 1998). The endogenous copy of the COPII
inner layer coat protein Sec23 was tagged with three copies
of the minimal mini-AID degron (Nishimura et al., 2009;
Nishimura and Kanemaki, 2014). As a control, the COPII outer
layer coat protein Sec31 was tagged with GFP in a strain ex-
pressing Sec23-AID. Within 30 min after addition of auxin

(indole-3-acetic acid [IAA]), the punctate Sec31 signal was lost in
most of the cells (Fig. S5, A and B). The experiment was then
performed by tagging the ERAS marker Tip20 with GFP in a
strain expressing Sec23-AID. After adding IAA, Tip20 dispersed
to give a pattern reminiscent of the general ER (Fig. 4, C and D),
indicating that loss of ERES also disrupted ERAS. To confirm that
Tip20 had redistributed to the general ER, the ER translocon
protein Sec63 was tagged with mCherry. After addition of IAA,

Figure 2. Localization of COPI and ERAS relative to ERES. (A) Colocalization of the COPI marker Sec26 with the ERAS marker Tip20. The strain expressed
Sec26-GFP together with Tip20-mCherry. Scale bar, 1 µm. (B) Adjacent localizations of the COPI marker Sec26 and the ERES marker Sec13. The strain ex-
pressed Sec26-GFP together with Sec13-DsRed. The arrowmarks a COPI structure that partly surrounds an ERES. Scale bar, 1 µm. (C) Adjacent localizations of
the ERAS marker Tip20 and the ERES marker Sec13. The strain expressed Tip20-GFP together with Sec13-DsRed. The arrow marks an ERAS structure that
partly surrounds an ERES. Scale bar, 1 µm. (D) Relative localizations of the COPI marker Sec26, the early Golgi marker Vig4, and the ERES marker Sec13. The
strain expressed Sec26-mCherry, GFP-Vig4, and Sec13-HaloTag. Cells were labeled with JF646 before three-color imaging. Scale bars, 1 µm for the regular
images and 0.5 µm for the magnified insets. (E) Schematic diagram showing the inferred distributions of COPI and COPII vesicles in P. pastoris relative to the ER
and early Golgi. On the right is an enlarged and more detailed view of the ER–Golgi interface. According to this proposal, as COPI vesicles bud from the rims of
early Golgi cisternae, they engage with the Dsl1 complex, which is bound to ER-localized SNAREs. The COPI vesicles ultimately fuse with the ER. Meanwhile,
COPII vesicles bud from ERES, each of which lies beneath an early Golgi cisterna. Thus, by fluorescence microscopy, the Dsl1 complex marks ring-like ERAS that
colocalize strongly with COPI and surround ERES.
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there was substantial colocalization of the dispersed Tip20 with
Sec63 (Fig. S5 C). These results indicate that the existence of
punctate ERAS requires the presence of ERES.

Perturbation of COPI function disrupts ERAS
The next question was whether inactivation of COPI affects
ERAS. First, we anchored away the COPI subunit Sec26 in a

strain expressing the ERAS marker Tip20-GFP. There was a
dramatic effect on the localization of Tip20, which redistributed
to the general ER soon after addition of rapamycin (Fig. 5 A).
Second, we degraded Sec26 using the AID system in a strain
expressing Tip20-GFP. By 30 min after addition of IAA, Tip20
had redistributed to the general ER (Fig. 5, B and C). A control
experiment tested whether inactivation of COPI alters ERES.

Figure 3. Coupled dynamics of ERAS and ERES. (A) Parallel de novo formation of ERAS structures marked with Tip20 and ERES structures marked with
Sec13. A strain expressed Tip20-GFP together with Sec13-DsRed. As marked by the arrows, the coupled formation of a new ERAS and the associated ERES
were tracked by 4D confocal microscopy. Shown are frames from Video 1. Scale bar, 1 µm. (B)Quantification of the fluorescence signals from the newly formed
structures marked by the arrows in A. Each plot was normalized by setting the highest value to 1. Compared with the Sec13-containing structures, the Tip20-
containing structures were more variable and dynamic in shape, so the quantification for Tip20 was noisier. (C) Parallel fusion of ERAS and ERES structures.
The procedure was as in A, except that the arrows mark two ERAS-ERES pairs that fused to form a single ERAS-ERES pair. Shown are frames from Video 2.
Scale bar, 1 µm.
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Degradation of Sec26 did not substantially affect the punctate
localization of the ERESmarker Sec31-mCherry (Fig. 5, D and E),
indicating that the disruption of ERAS by COPI inactivation was
not an indirect effect of disrupting ERES. We conclude that COPI
function is needed to maintain ERAS.

Loss of ERES disrupts Golgi organization
The combined results could be explained if ERES generate
Golgi cisternae that bud COPI vesicles to create ERAS. To test
this hypothesis, we labeled the early Golgi with GFP-Vig4 and
then disrupted ERES by anchoring away the COPII subunits
Sec23 and Shl23. After rapamycin addition, the normal pat-
tern of several GFP-Vig4 puncta per cell was converted to a
highly fragmented pattern (Fig. 6 A). Thin-section EM con-
firmed that after ERES were disrupted by rapamycin addition,
the tight stacks of Golgi cisternae typically seen in P. pastoris
cells (Fig. 6 B, -Rapa; Rossanese et al., 1999) were almost
completely absent and were replaced by less-organized

membrane structures (Fig. 6 B, + Rapa). Quantification con-
firmed that the normal stacked organization of the P. pastoris
Golgi was abolished by anchoring away Sec23 and Shl23 (Fig. 6
C). These data support the idea that loss of ERES disrupts
the Golgi compartments that are required for normal ERAS
formation.

Loss of ERAS does not disrupt ERES or Golgi organization
The complementary approach was to disrupt ERAS by in-
activating Tip20 and to examine the effect on ERES and Golgi
structures. First, we used the anchor-away method. To verify
that Tip20 could be displaced by this method, we tagged Tip20
simultaneously with FRB and GFP. After addition of rapamycin,
the normal punctate ERAS pattern of Tip20 localization was lost
(Fig. S6 A). When the experiment was repeated in a strain ex-
pressing Tip20-FRB together with the ERES marker Sec31-GFP,
anchoring away Tip20 for 10 min did not alter the localization of
Sec31 (Fig. 7, A and B). Similar results were seen after 30 min of

Figure 4. Effect on ERAS of disrupting ERES. (A) Distribution of the ERAS marker Tip20 before and after anchor-away of the ERES components Sec23 and
Shl3. A strain expressed Tip20-GFP together with the Rpl17-FKBPx4 ribosomal anchor as well as Sec23-FRB and Shl23-FRB. Images were captured before and
after treatment with rapamycin (Rapa) for 10 min. Scale bar, 1 µm. (B) Quantification of the data from A. The percentage of the total GFP signal that was
present at punctate ERAS was measured for ∼30 individual cells in each sample. Bars indicate SEM. ***, the punctate fluorescence in the treated sample was
significantly lower at P < 0.0001. (C) Distribution of the ERASmarker Tip20 before and after auxin-induced degradation of the ERES component Sec23. A strain
expressed Tip20-GFP together with OsTIR1 and Sec23-AID. Images were captured before and after treatment with IAA for 30 min. Scale bar, 1 µm.
(D) Quantification of the data from C. The procedure was performed as in B. ***, P < 0.0001.
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rapamycin treatment (not depicted). Second, we used the AID
system. As a control, Tip20 was degraded in a strain that ex-
pressed Dsl3-GFP to mark ERAS. Within 30 min after IAA was
added to trigger degradation of Tip20, the punctate Dsl3-GFP
labeling became much weaker in most of the cells (Fig. S6, B
and C). By contrast, when Tip20 was degraded in a strain that
expressed Sec31-GFP to mark ERES, there was no detectable
change in the punctate ERES pattern (Fig. 7, C and D). These
results suggest that loss of ERAS has little or no effect on ERES
organization.

Additional experiments tested the role of ERAS in main-
taining Golgi organization. When ERAS were disrupted by an-
choring away Tip20, the COPI pattern as marked by Sec26-GFP
was not detectably perturbed (Fig. 8, A and B). Similarly, an-
choring away Tip20 did not detectably perturb the early Golgi
pattern as marked by GFP-Vig4 (Fig. 8, C and D). These results

indicate that ERAS do not play a crucial role in maintaining the
structure of ERES-Golgi units in P. pastoris.

Putative ERAS are associated with ERES in mammalian cells
P. pastoris is a good model for understanding ERES in mamma-
lian cells (Bevis et al., 2002; Bhattacharyya and Glick, 2007;
Montegna et al., 2012; Stephens, 2003), so we asked if the same
was true for ERAS. The mammalian counterpart of the Dsl1
complex has been identified (Hirose, 2004; Aoki et al., 2009) and
is termed the NRZ complex for the names of its subunits: NAG
(counterpart to Dsl3), RINT1 (distantly related Tip20 homo-
logue), and ZW10 (distantly related Dsl1 homologue; Civril et al.,
2010; Tagaya et al., 2014). Like the Dsl1 complex, the NRZ
complex plays a role in Golgi-to-ER membrane traffic and in-
teracts with ER SNAREs, in this case Syntaxin18 (Ufe1 homo-
logue), BNIP1 (Sec20 homologue), p31 (Use1 homologue), and

Figure 5. Effect on ERAS and ERES of inactivating COPI.
(A) Distribution of the ERAS marker Tip20 before and after
anchor-away of the COPI component Sec26. A strain expressed
Tip20-GFP together with the Rpl17-FKBPx4 ribosomal anchor as
well as Sec26-FRB. Images were captured before and after
treatment with rapamycin (Rapa) for 10 min. Scale bar, 1 µm.
(B) Distribution of the ERAS marker Tip20 before and after
auxin-induced degradation of the COPI component Sec26. A
strain expressed Tip20-GFP together with OsTIR1 and Sec26-
AID. Images were captured before and after treatment with IAA
for 30 min. Scale bar, 1 µm. (C) Quantification of the data from
B. The percentage of the total GFP signal that was present at
punctate ERAS was measured for ∼20 individual cells in each
sample. Bars indicate SEM. ***, the punctate fluorescence in the
treated sample was significantly lower at P < 0.0001. (D) Dis-
tribution of the ERES marker Sec31 before and after auxin-
induced degradation of the COPI component Sec26. A strain
expressed Sec31-mCherry together with OsTIR1 and Sec26-AID.
Images were captured before and after treatment with IAA for
30 min. Scale bar, 1 µm. (E) Quantification of the data from D.
The percentage of the total Sec31-mCherry signal that was
present at punctate ERES was measured for ∼30 individual cells
in each sample. Bars indicate SEM.

Chowdhury et al. Journal of Cell Biology 7 of 15

ER arrival sites associate with ER exit sites https://doi.org/10.1083/jcb.201902114

https://doi.org/10.1083/jcb.201902114


Sec22b (Sec22 homologue; Hatsuzawa et al., 2000; Hirose, 2004;
Nakajima, 2004; Aoki et al., 2009; Uemura, 2009). We investi-
gated whether the NRZ complex might mark mammalian ERAS
that are associated with ERES. The mammalian ERES marker
was Sec16A (Bhattacharyya and Glick, 2007; Watson et al.,
2006), and the potential mammalian ERAS marker was RINT1.
By immunofluorescence microscopy, RINT1 appeared as punc-
tate structures that consistently showed close association with
Sec16A (Fig. 9 A). We also examined Syntaxin 18, which showed
only occasional overlap with Sec16A (Fig. 9 B), suggesting that
ER-localized SNAREs are not stable components of mammalian
ERAS. An in-depth analysis will be needed for mammalian cells,
but the result with RINT1 suggests that the mammalian NRZ
complex marks ERAS that are associated with ERES.

Discussion
ERES are increasingly well characterized, but the properties and
even the existence of ERAS have been less apparent. ERAS can
be defined in budding yeasts by the presence of COPI vesicles
bound to the Dsl1 complex. However, the S. cerevisiae Dsl1

complex is present throughout the ER, and when interactions
between COPI and the Dsl1 complex were visualized in S. cer-
evisiae, the results were complex: the putative ERAS were only
occasionally associated with ERES and were most often at sites
of polarized growth (Schröter et al., 2016). The origin and
physiological significance of this pattern are unknown. Our data
with P. pastoris are clearer, and they indicate that ERAS are as-
sociated with ERES. This linkage is strong in that most or all
ERES are associated with ERAS and vice versa. Based on the
fluorescence microscopy analysis described here, combined
with our earlier electron tomography data (Levi et al., 2010;
Mogelsvang et al., 2003), we propose that an ERES and its as-
sociated ERAS form a bipartite structure. ERAS as visualized
with the tagged Dsl1 complex often partially or completely en-
circle ERES as visualized with tagged COPII. This result suggests
that the basic arrangement of an ERES-ERAS unit in P. pastoris is
a circular area of COPII vesicle-producing ER membrane sur-
rounded by a ring of COPI vesicle-receiving ER membrane
(Fig. 10).

How is the architecture of a bipartite ERES-ERAS struc-
ture generated? We addressed this question by selectively

Figure 6. Effect on Golgi structure of dis-
rupting ERES. (A) Distribution of the early Golgi
marker Vig4 before and after anchor-away of the
ERES components Sec23 and Shl3. A strain ex-
pressed GFP-Vig4 together with the Rpl17-
FKBPx4 ribosomal anchor as well as Sec23-FRB
and Shl23-FRB. Images were captured before
and after treatment with rapamycin (Rapa) for
10 min. Scale bar, 1 µm. (B) Representative
thin-section electron micrographs of a strain ex-
pressing the Rpl17-FKBPx4 ribosomal anchor as
well as Sec23-FRB and Shl23-FRB, showing the
loss of tightly stacked Golgi structures after ERES
were disrupted by treatment with Rapa for 20
min. Some cells displayed structures that re-
sembled Golgi remnants, and others displayed no
recognizable Golgi structures. Scale bars, 1 µm
(top row) or 200 nm (bottom row). (C) Quanti-
fication of the EM data from B. The average
number of cisternae in tightly stacked Golgi units
was measured for ∼60 individual cell sections in
each sample. Bars indicate SEM. As indicated by
the asterisks, the average cisterna number in
the rapamycin-treated sample was significantly
lower at P < 0.0001.
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inactivating proteins involved in establishing ERES or ERAS.
One method was the anchor-away technique, which rapidly
inactivates a tagged protein by attaching it to ribosomes
(Bharucha et al., 2013; Haruki et al., 2008). A second method
employed an AID to degrade a tagged protein (Nishimura et al.,
2009; Nishimura and Kanemaki, 2014). The two methods yiel-
ded similar results. When ERES were disrupted by inactivating a
COPII subunit, ERAS were also disrupted, whereas when ERAS
were disrupted by inactivating a Dsl1 complex subunit, ERES
were largely unaffected. We infer that ERAS organization relies
on the presence of ERES, whereas ERES can persist in the ab-
sence of ERAS.

ERAS organization also requires COPI. We find that in P.
pastoris, COPI often forms partial or complete rings that encircle
Golgi proteins such as the GDP-mannose transporter Vig4. This
result is reminiscent of evidence that in mammalian cells,
membrane traffic proteins are concentrated at the rims of Golgi
cisternae while glycosylation enzymes are concentrated in the
central portions of the cisternae (Tie et al., 2018). Yet P. pastoris
COPI also shows strong colocalization with the Dsl1 complex,
which is attached to the ER surface. As depicted in Fig. 2 E, we

can reconcile these findings by assuming that the Dsl1 complex
links ER proteins to COPI that is present on nascent Golgi-
derived vesicles. When scission occurs, the resulting COPI
vesicles will already be tethered at ERAS and thus will never
diffuse in the cytosol. This guided handover of COPI vesicles to
the ER may boost the efficiency of Golgi-to-ER recycling.

According to this view, localization of the Dsl1 complex to
discrete ER domains reflects interaction of the Dsl1 complexwith
Golgi-associated COPI. To test this model, we disrupted Golgi
architecture by inactivating ERES. Under those conditions, Golgi
cisternae were fragmented and dispersed, presumably because
tethering of early Golgi cisternae to the ERwas lost (Glick, 2014),
and the Dsl1 complex redistributed to the general ER. Our in-
terpretation is that when Golgi structures became fragmented,
the ER-associated Dsl1 complex could diffuse laterally, either
because the COPI interaction was abolished or because the Dsl1
complex interacted with COPI on Golgi fragments that were no
longer held in place.

What links the Dsl1 complex to the ER? An obvious candidate
is ER-localized SNAREs that mediate the fusion of retrograde
COPI vesicles (Meiringer et al., 2011). We do see some concentration

Figure 7. Effect on ERES of disrupting ERAS.
(A) Distribution of the ERES marker Sec31 before and
after anchor-away of the ERAS component Tip20. A
strain expressed Sec31-GFP together with the Rpl17-
FKBPx4 ribosomal anchor as well as Tip20-FRB. Images
were captured before and after treatment with rapamycin
(Rapa) for 10 min. Scale bar, 1 µm. (B) Quantification of
the data from A. The percentage of the total GFP signal
that was present at punctate ERES was measured for
∼20 individual cells in each sample. Bars indicate SEM.
(C) Distribution of the ERES marker Sec31 before and
after auxin-induced degradation of the ERAS compo-
nent Tip20. A strain expressed Sec31-GFP together with
OsTIR1 and Tip20-AID. Images were captured before
and after treatment with IAA for 30 min. Scale bar,
1 µm. (D) Quantification of the data from C. The pro-
cedure was performed as in B.
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of ER-localized SNAREs in the vicinity of the Dsl1 complex.
However, those signals are relatively weak, suggesting that
ER-localized SNAREs are not primarily responsible for lo-
calizing the Dsl1 complex to ERAS. Instead, the data suggest
that the Dsl1 complex first binds to SNAREs that are diffusing
in the general ER, and then binds to Golgi-associated COPI to
create functional ERAS.

The combined data suggest a simple model that can explain
the formation of ERAS and their relationship to ERES. We pro-
pose that ERES generate early Golgi cisternae in a process that
requires COPII. These early Golgi cisternae recruit COPI at their
rims.Meanwhile, ER-localized SNAREs recruit the Dsl1 complex.
Then the ER-associated Dsl1 complex binds to Golgi-associated
COPI, forming ring-like structures that function as ERAS. The
resulting ERES-ERAS pairs serve as bidirectional portals that
mediate efficient local traffic between the ER and the Golgi.
Validation of this model will require functional evidence that
retrograde COPI vesicles fuse with the ER at the putative ERAS.

The mammalian NRZ complex is analogous to the yeast Dsl1
complex, and we find that RINT1, the Tip20 homologue in the
NRZ complex, is present in punctate structures associated with
ERES. This observation suggests the exciting possibility that
ERAS of the type seen in P. pastoris are broadly conserved. RINT1
was recently shown to be functionally associated with ERES that
are involved in collagen export (Raote et al., 2018). More gen-
erally, the ERAS-ERAS relationship may be elaborated in cells
that export large and complex cargoes from the ER (Peotter
et al., 2019; Raote and Malhotra, 2019). In mammalian cells,
retrograde COPI vesicles bud from ERGIC elements (Appenzeller-
Herzog and Hauri, 2006; Hammond and Glick, 2000), which

likely play a role in ERAS formation analogous to the role played
by early Golgi cisternae in P. pastoris.We suggest that in organisms
ranging from yeast tomammals, the first functional element in the
secretory pathway is a set of linked ERES-ERAS structures that act
as bidirectional portals at the ER–Golgi interface.

Materials and methods
General yeast manipulation and molecular biology methods
All experiments were performed with derivatives of the haploid
P. pastoris strain PPY12 (his4 arg4; Gould et al., 1992; Table S1 and
Table S2). The cells were transformed with linearized integrat-
ing vectors using electroporation. Cultures were grown in rich
glucose medium (yeast extract, peptone, dextrose), synthetic
glucose medium (SD), or nonfluorescent synthetic glucose me-
dium (NSD; Bevis et al., 2002) in baffled flasks at 30°C with
shaking at 200 rpm. P. pastoris gene sequences were obtained
from the NCBI database. Molecular biology procedures were
simulated and recorded using SnapGene software. The plasmids
used in this study are listed in Table S1.

Functional inactivation of proteins with the anchor-away
method
A PPY12 derivative suitable for anchor-away experiments was
constructed as described previously (Bharucha et al., 2013). In
brief, the TOR1 gene was modified to confer rapamycin resis-
tance, the FPR1 gene was deleted, and the ribosomal protein
Rpl17 was C-terminally tagged with FKBPx4. The protein to be
inactivatedwas taggedwith FRB by gene replacement. Yeast cells
grown to midlog phase were treated with 1 µg/ml rapamycin

Figure 8. Effect on COPI and the Golgi of disrupting
ERAS. (A) Distribution of the COPI maker Sec26 before
and after anchor-away of the ERAS component Tip20.
The strain expressed Sec26-GFP together with the
Rpl17-FKBPx4 ribosomal anchor as well as Tip20-FRB.
Images were captured before and after treatment
with rapamycin (Rapa) for 30 min. Scale bar, 1 µm.
(B) Quantification of the data from A. The percentage of
the total GFP signal that was present at punctate
structures was measured for ∼30 individual cells in each
sample. Bars indicate SEM. Asterisks indicate statistical
significance at ***, P < 0.0001. (C) Distribution of the
early Golgi marker Vig4 before and after anchor-away of
the ERAS component Tip20. The strain expressed GFP-
Vig4 together with the Rpl17-FKBPx4 ribosomal anchor
as well as Tip20-FRB. Images were captured before and
after treatment with Rapa for 30 min. Scale bar, 1 µm.
(D) Quantification of the data from C. The procedure
was performed as in B. Asterisks indicate statistical
significance at **, P < 0.005
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added from a 1 mg/ml stock in 90% ethanol/10% Tween 20, and
were imaged after ∼10 min.

Depletion of proteins using an AID
Plasmids containing the 3x-mini-AID cassette (Kubota et al.,
2013) and a yeast codon-optimized version of the plant OsTIR1
gene were provided by the National Bio Resource Project–Yeast
(Kyoto, Japan). The OsTIR1 gene was amplified by PCR from
plasmid BYP7569 using primers 59-GATCGGCATGCTCATAAA
ATCTTGACGAAGTTAGGAGCATC-39 and 59-GATCGGGTACCA
AAATGACTTATTTTCCTGAAGAAGTTGTAGAACAC-39, digested
with KpnI and SphI, and subcloned into the constitutive ex-
pression vector pIB2 (Sears et al., 1998) cut with the same en-
zymes. This construct was linearized with SalI for integration at
the HIS4 locus. The protein to be degraded was then tagged with
3x-mini-AID by gene replacement. Yeast cells grown to midlog
phase were treated with 1 mM IAA and were imaged after
∼30 min.

Construction of strains expressing tagged Tip20
A 39 portion of the P. pastoris TIP20 coding sequence plus a
downstream region were amplified by PCR, and this fragment
was inserted between the EcoRI and PstI sites of pUC19-ARG4
(Rossanese et al., 1999). BamHI and NotI sites were introduced
by site-directed mutagenesis in place of the stop codon. 3xGFP,
3xmCherry, 3x-mini-AID, and FRB cassettes excised with BamHI
and NotI were inserted. The GFP variant used was iGFP (Day

et al., 2018). These plasmids were linearized with BspEI and
integrated at the TIP20 locus. Additional plasmids were gener-
ated to use the constructs in Arg+ strains, as follows. Tip20-3xGFP
was amplified by PCR and subcloned into pAG32 (Goldstein and
McCusker, 1999) between the SacI and SpeI sites. This plasmid
was linearized with EcoRV for integration, followed by selection
with hygromycin B. Tip20-3xmCherry was excised with EcoRI
and SphI and subcloned into pUC19-kanMX (Montegna et al.,
2012) cut with the same enzymes. This plasmid was linearized
with EcoRV for integration, followed by selection with G418.

Construction of strains expressing tagged Dsl3
A 39 portion of the P. pastoris DSL3 coding sequence plus a
downstream region were amplified by PCR, and this fragment
was inserted between the KpnI and SphI sites of pUC19-ARG4.
BamHI and NotI sites were introduced by site-directed muta-
genesis in place of the stop codon. 3xGFP and 3xmCherry cas-
settes excised with BamHI and NotI were inserted. These
plasmids were linearized with XbaI and integrated at the DSL3
locus. Additional plasmids were generated to use the constructs
in Arg+ strains, as follows. Dsl3-3xGFPwas amplified by PCR and
subcloned into pUG6 (Güldener et al., 1996) between the XhoI
and SpeI sites. This plasmid was linearized with EcoRI for in-
tegration, followed by selection with G418. Dsl3-3xmCherry was
excised with KpnI and SphI and subcloned into pUC19-HIS4
(Connerly et al., 2005). This plasmid was transformed into a
dam− Escherichia coli strain and then linearized with BclI for
integration at the HIS4 locus.

Construction of strains expressing tagged Sec23
A 39 portion of the P. pastoris SEC23 coding sequence (Esaki et al.,
2006) plus a downstream region were amplified by PCR, and this
fragment was inserted between the EcoRI and SphI sites of
pUC19-ARG4. BamHI and NotI sites were introduced by site-
directed mutagenesis in place of the stop codon. A 3x-mini-AID
cassette excised with BamHI and NotI was inserted. This plasmid
was linearized with NsiI and integrated at the SEC23 locus.

Construction of strains expressing tagged Sec31
A pAG32 derivative expressing Sec31-msGFP (Bharucha et al.,
2013) was linearized with EcoNI and integrated at the SEC31

Figure 9. Putative ERAS in cultured human U2OS cells. (A) Consistent
close association of the Tip20 homologue RINT1 with the ERES marker
Sec16A. Immunofluorescence microscopy was used to visualize Sec16A to-
gether with RINT1, a subunit of the NRZ complex. The insets are magnified
twofold relative to the original images. Scale bars, 5 µm. (B) Lack of con-
sistent association of the Ufe1 homologue Syntaxin18 with the ERES marker
Sec16A. Immunofluorescence microscopy was used to visualize Sec16A to-
gether with Syntaxin18, an ER-localized SNARE. Scale bar, 5 µm.

Figure 10. Model for the relationship between ERES and ERAS. We
propose that in P. pastoris and likely also in other organisms, each ERES is
surrounded by a ring-like ERAS that depends on the ERES for its integrity.
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locus. To swap the drug resistance marker, the Sec31-GFP
fragment was excised with NdeI and XbaI and subcloned into
pUG6 cut with the same enzymes. This plasmid was linearized
with AccI and integrated at the SEC31 locus.

Construction of strains expressing tagged Sec13
A plasmid for expression of Sec13-EGFP (Rossanese et al., 1999)
was modified by replacing EGFP with msGFP (Fitzgerald and
Glick, 2014). The resulting plasmid was further modified by
replacing msGFP with a yeast codon–optimized HaloTag (Day
et al., 2018) using the NcoI and EagI sites. The Sec13-msGFP
plasmid, and a similar plasmid for expression of Sec13-DsRed
(Connerly et al., 2005), were linearized with MscI and inte-
grated at the SEC13 locus. The Sec13-HaloTag plasmid was line-
arized by PCR amplification and integrated at the SEC13 locus,
and the fused gene was verified by PCR amplification from the
genomic DNA followed by sequencing.

Construction of strains expressing tagged Sec26
A 39 portion of the P. pastoris SEC26 coding sequence plus a
downstream region were amplified by PCR, and this fragment
was inserted between the Ecl136II and PstI sites of pUC19-HIS4
(Connerly et al., 2005). BamHI and NotI sites were introduced
by site-directedmutagenesis in place of the stop codon. Cassettes
encoding msGFP, 3x-mini-AID, FRB, or 3xmCherry were excised
with BamHI and NotI and inserted. These plasmids were line-
arized with KpnI and integrated at the SEC26 locus.

Construction of a DsRed-HDEL strain
pIB2-DsRed-HDEL (Bevis et al., 2002) was linearized with SalI
and integrated at the HIS4 locus.

Construction of a strain expressing tagged Vig4
The full-length P. pastoris VIG4 gene was amplified by PCR. This
fragment was digested with EcoRI and SphI and subcloned into
pIB1 (Sears et al., 1998) cut with the same enzymes. BamHI and
NotI sites were introduced by site-directed mutagenesis imme-
diately after the start codon, and a cassette encoding msGFP was
excisedwith BamHI and NotI and inserted (Jain et al., 2019). This
plasmid was linearized with StuI and integrated at the HIS4 locus.

Construction of a strain expressing tagged Sec7
A pUC19-ARG4 derivative containing a 39 portion of the P. pas-
toris SEC7 coding sequence plus a downstream region (Bevis
et al., 2002) was modified by inserting a 6xDsRed.M1 cassette
in place of the stop codon (Losev et al., 2006). This plasmid was
linearized with XmnI and integrated at the SEC7 locus ((Jain
et al., 2018); Jain et al., 2019).

Construction of a strain expressing tagged Sec20
The full-length P. pastoris SEC20 genewas amplified by PCR. This
fragment was digested with EcoRI and HindIII and subcloned
into pUC19-ARG4 cut with the same enzymes. BamHI and NotI
sites were introduced by site-directed mutagenesis immediately
after the start codon, and a cassette encoding iGFP was excised
with BamHI and NotI and inserted. This plasmid was linearized
with XbaI and integrated at the SEC20 locus.

Construction of a strain expressing tagged Sec63
A 39 portion of the P. pastoris SEC63 coding sequence plus a
downstream region were amplified by PCR, and this fragment
was inserted between the EcoRI and HindIII sites of pUC19-
ARG4. BamHI and NotI sites were introduced by site-directed
mutagenesis in place of the stop codon. A 3xmCherry cassette
excised with BamHI and NotI was inserted. This plasmid was
linearized with EcoNI and integrated at the SEC63 locus.

Fluorescence microscopy of yeast
Confocal imaging of live cells was performed with a Leica SP8
using a 100× 1.4-NA objective. Cells were grown to log phase in
SD or NSD, immobilized on glass-bottom dishes using conca-
navalin A, washed, covered with SD or NSD, and imaged at 30°C
(Day et al., 2016). One- or two-color datasets were obtained
using separate excitation and capture of red and green signals,
with a pinhole of 1.2 a.u. and with a line averaging of 8. We used
a pixel size of 60–70 nm, a frame size of 256 × 128 or 256 × 256
pixels, and a Z-step interval of 0.30 µm. For 4D imaging,
Z-stacks were collected at intervals of 2 s. Three-color imaging
using the JF646 HaloTag dye (Grimm et al., 2015) was performed
as previously described (Casler et al., 2019). The image stacks
were deconvolved using Huygens Professional software and
further processed using ImageJ (National Institutes of Health;
Schneider et al., 2012). Average projected fluorescence micro-
graphs were assembled using Adobe Photoshop. Micrographs
labeled “merged” include transmitted light images of the cells.

Quantification of fluorescence data
For static images, the overlap between two punctate fluores-
cence signals was quantified as previously described (Levi et al.,
2010), and the percentage of a fluorescent signal present in
punctate structures was quantified as previously described
(Bharucha et al., 2013). For 4D videos, quantification of fluo-
rescence signals was performed using custom ImageJ plugins
(Day et al., 2016) as follows. Deconvolved image sequence stacks
were bleach-corrected for each channel and converted into 4D
montage series, which were further converted to 8-bit hyper-
stacks. A plugin was used to calculate the fluorescence over time
for individual punctate structures. All quantification data were
plotted using GraphPad Prism software. The statistical signifi-
cance of differences between pairs of samples was determined
by a paired two-tailed Student’s t test.

Immunofluorescence microscopy of mammalian cells
For immunofluorescence, U2OS cells were seeded on glass cov-
erslips and then imaged as previously described (Bhattacharyya
et al., 2010). The anti-Sec16A antibody was from Bethyl Labo-
ratories (product no. A300-648A), and the anti-RINT1 and anti-
Syntaxin18 antibodies were from Santa Cruz Biotechnology
(product nos. sc-19404 and sc-293067). For double labeling of
Sec16A and RINT1, the secondary antibodies fromThermo Fisher
Scientific were Alexa Fluor 488–conjugated chicken anti-rabbit
IgG (product no. A-21441) and Alexa Fluor 568–conjugated rabbit
anti-goat IgG (product no. A-11079). For double labeling of
Sec16A and Syntaxin18, the secondary antibodies from Thermo
Fisher Scientific were Alexa Fluor 594–conjugated chicken
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anti-rabbit IgG (product no. A-21442) and Alexa Fluor 488–
conjugated donkey anti-mouse IgG (product no. A-21202). Pri-
mary antibodies were diluted 1:100, and secondary antibodies
were diluted 1:200. Mounted samples were imaged as confocal
Z-stacks using a Leica SP8 microscope with a 63× 1.4-NA ob-
jective and a zoom factor of 2.

EM
EM of P. pastoris cells was performed as previously described
(Levi et al., 2010). Briefly, a 50-ml culture of yeast cells was
grown in rich glucose medium to an OD600 of ∼0.5. The culture
was concentrated to a volume of <5 ml with a bottle-top vacuum
filter and was fixed by adding 40 ml of ice-cold 50 mM KPi, pH
6.8, 1 mM MgCl2, and 2% glutaraldehyde and leaving on ice for
1 h. The cells were washed repeatedly and then resuspended in
0.75 ml of 4% KMnO4 and mixed for 1 h at room temperature.
The cells were washed, resuspended in 0.75 ml of 2% uranyl
acetate, and mixed for 1 h at room temperature. Finally, the cells
were washed and dehydrated and embedded in Spurr’s resin.
The resin was polymerized for 2 d at 68°C. Thin sections were
stained with uranyl acetate and lead citrate and were viewed
with a JEOL 100CX II electron microscope.

Online supplemental material
Fig. S1 shows that Dsl1 complex subunits colocalize with COPI
and are closely associated with early and late Golgi markers. Fig.
S2 extends the localization analysis to include the Dsl3 subunit of
the Dsl1 complex as well as ER-localized SNAREs. Figs. S3 and S4
use different ERAS markers to study the de novo formation and
fusion of ERAS in association with ERES. Fig. S5 shows the ef-
fects of Sec23 degradation on ERES and ERAS. Fig. S6 shows
control experiments to document that Tip20 is efficiently in-
activated by either the anchor-away method or auxin-induced
degradation. Video 1 shows coupled de novo formation of ERES
and ERAS. Video 2 shows coupled fusion of ERES and ERAS.
Video 3 shows that the coupled dynamics of ERES and ERAS are
unchanged when the fluorescent tags are swapped. Videos 4
and 5 show that when alternative markers are used, ERES and
ERAS still show coupled de novo formation and fusion, respec-
tively. Table S1 shows plasmid constructs used in this study, and
Table S2 shows P. pastoris strains used in this study.
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Supplemental material

Figure S1. Localization of Dsl1 complex subunits relative to COPI and Golgi markers. (A) Colocalization of the COPI marker Sec26 with the Dsl1 complex
subunit Dsl3. A strain expressed Sec26-GFP together with Dsl3-mCherry. The overlap between Sec26-GFP and Dsl3-mCherry was quantified as in Fig. 1 C.
Scale bar, 1 µm. (B) Localization of the COPI marker Sec26 and the ERAS marker Tip20 relative to the late Golgi marker Sec7. Strains expressed either Sec26-
GFP or Tip20-GFP together with Sec7-DsRed. Scale bar, 1 µm. (C) Localization of the COPI marker Sec26 and the ERAS marker Tip20 relative to the early Golgi
marker Vig4. Strains expressed either Sec26-mCherry or Tip20-mCherry together with GFP-Vig4. Scale bar, 1 µm.
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Figure S2. Visualization of Dsl1 complex subunits and ER-localized SNARES. (A) Localization of the Dsl1 complex subunit Dsl3 relative to the ERESmarker
Sec13. The strain expressed Sec13-DsRed together with Dsl3-GFP. Scale bar, 1 µm. (B) Localization of the ER-localized SNARE Ufe1 relative to the ERES marker
Sec13. The strain expressed Sec13-DsRed together with GFP-Ufe1. Scale bar, 1 µm. (C) Localization of the ER-localized SNARE Sec20 relative to the ERES
marker Sec13. The strain expressed Sec13-DsRed together with GFP-Sec20. Scale bar, 1 µm. (D) Relative localizations of the ER-localized SNAREs Sec20 and
Tip20. The strain expressed GFP-Sec20 together with Tip20-mCherry. Scale bar, 1 µm.
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Figure S3. Coupled dynamics of ERES and ERAS with swapped fluorescent protein tags. (A) Parallel de novo formation of ERES structures marked with
Sec13 and of ERAS structures marked with Tip20. The strain expressed Sec13-GFP together with Tip20-mCherry, using the same marker proteins as in Fig. 3
but swapped fluorescent protein tags. As marked by the arrows, the coupled formation of a new ERES and the associated ERAS were tracked by 4D confocal
microscopy. Shown are frames from Video 3. Scale bar, 1 µm. (B) Quantification of the fluorescence signals from the newly formed structures marked by the
arrows in A. Each plot was normalized by setting the highest value to 1. (C) Parallel fusion of ERES structures marked with Sec13 and of ERAS structures
marked with Tip20. The procedure was as in A, except that the arrows mark two ERES-ERAS pairs that fused to form a single ERES-ERAS pair. Shown are
frames from Video 3. Scale bar, 1 µm.
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Figure S4. Coupled formation of ERES and ERAS tracked using Dsl3. (A) The procedure was as in Fig. S3 A, except that the ERAS marker was Dsl3-
mCherry. Shown are frames from Video 4. Scale bar, 1 µm. (B) Quantification of the fluorescence signals from the newly formed structures marked by the
arrows in A. Each plot was normalized by setting the highest value to 1. (C) Parallel fusion of ERES structures marked with Sec13 and of ERAS structures
marked with Dsl3. The procedure was as in Fig. S3 C, except that the ERAS marker was Dsl3-mCherry. Shown are frames from Video 5. Scale bar, 1 µm.
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Figure S5. Effect on ERES and ERAS of inactivating Sec23. (A) Distribution of the ERES marker Sec31 before and after auxin-induced degradation of the
COPII inner layer subunit Sec23. A strain expressed Sec31-GFP together with OsTIR1 and Sec23-AID. Images were captured before and after treatment with IAA
for 30 min. Scale bar, 1 µm. (B) Quantification of the data from A. The percentage of the total GFP signal that was present at punctate ERES was measured for
∼30 individual cells in each sample. Bars indicate SEM. Asterisks indicate that the punctate fluorescence in the treated sample was significantly lower at P <
0.0001. (C) Distribution of the ERAS marker Tip20 relative to the general ER marker Sec63 before and after auxin-induced degradation of the COPII inner layer
subunit Sec23. A strain expressed Tip20-GFP together with Sec63-mCherry as well as OsTIR1 and Sec23-AID. Images were captured before and after treatment
with IAA for 30 min. Scale bar, 1 µm.
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Video 1. De novo formation of ERES and ERAS. P. pastoris cells expressing Tip20-GFP (ERAS) and Sec13-DsRed (ERES) were imaged by 4D confocal
microscopy. The fluorescence data for each time point were projected and merged with a transmitted light image of the cells. Time is indicated in minute:
second format, and the frame rate is 5 frames per second. Frames from this video are shown in Fig. 3 A.

Video 2. Fusion of ERES and ERAS. P. pastoris cells expressing Tip20-GFP (ERAS) and Sec13-DsRed (ERES) were imaged by 4D confocal microscopy. The
fluorescence data for each time point were projected andmerged with a transmitted light image of the cells. Time is indicated in minute:second format, and the
frame rate is 5 frames per second. Frames from this video are shown in Fig. 3 C.

Video 3. De novo formation and fusion of ERES and ERASwith swapped fluorescence protein tags. The procedure was as in Video 1 and Video 2, except
that the P. pastoris cells expressed Tip20-mCherry (ERAS) and Sec13-GFP (ERES). Frames from this video are shown in Fig. S3, A and C, and the frame rate is 5
frames per second.

Video 4. De novo formation of ERES and ERAS visualized with alternative markers. The procedure was as in Video 1, except that the P. pastoris cells
expressed Sec13-GFP (ERES) and Dsl3-mCherry (ERAS). Frames from this video are shown in Fig. S4 A, and the frame rate is 5 frames per second.

Figure S6. Control experiments to verify inactivation of the ERAS component Tip20. (A) Redistribution of FRB-tagged Tip20 by the anchor-away
procedure. A strain expressed Tip20-GFP-FRB together with the Rpl17-FKBPx4 ribosomal anchor. Images were captured before and after treatment with
rapamycin (Rapa) for 10 min. Scale bar, 1 µm. (B) Distribution of the Dsl1 complex subunit Dsl3 before and after auxin-induced degradation of Tip20. A strain
expressed Dsl3-GFP together with OsTIR1 and Tip20-AID. Images were captured before and after treatment with IAA for 30 min. Scale bar, 1 µm.
(C) Quantification of the data from B. The percentage of the total GFP signal that was present at punctate ERAS was measured for 30 individual cells in each
sample. Bars indicate SEM. Asterisks indicate statistical significance at ***, P < 0.0001.
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Video 5. Fusion of ERES and ERAS visualized with alternative markers. The procedure was as in Video 2, except that the P. pastoris cells expressed Sec13-
GFP (ERES) and Dsl3-mCherry (ERAS). Frames from this video are shown in Fig. S4 C, and the frame rate is 5 frames per second.

Provided online are two tables. Table S1 lists plasmid constructs. Table S2 lists P. pastoris strains.
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