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SUMMARY

Cellular versatility depends on accurate trafficking of diverse proteins to their organellar destinations. For the
secretory pathway (followed by approximately 30% of all proteins), the physical nature of the vessel con-
ducting the first portage (endoplasmic reticulum [ER] to Golgi apparatus) is unclear. We provide a dynamic
3D view of early secretory compartments in mammalian cells with isotropic resolution and precise protein
localization using whole-cell, focused ion beam scanning electron microscopy with cryo-structured illumina-
tion microscopy and live-cell synchronized cargo release approaches. Rather than vesicles alone, the ER
spawns an elaborate, interwoven tubular network of contiguous lipid bilayers (ER exit site) for protein export.
This receptacle is capable of extending microns along microtubules while still connected to the ER by a thin
neck. COPIl localizes to this neck region and dynamically regulates cargo entry from the ER, while COPI acts
more distally, escorting the detached, accelerating tubular entity on its way to joining the Golgi apparatus

through microtubule-directed movement.

INTRODUCTION

The secretory pathway is a foundational system used by all
eukaryotic cells to distribute membrane and secretory proteins
(Barlowe and Helenius, 2016). The first portage of this
pathway—protein sorting at endoplasmic reticulum (ER) exit
sites (ERESs) and transit to the Golgi apparatus—is orches-
trated primarily by two evolutionarily conserved protein coat
complexes, COPIl and COPI, which each polymerize into flex-
ible curved scaffolds to support membrane deformation and
protein sorting (Aridor et al., 1995; Gomez-Navarro and Miller,
2016; Hanna et al., 2018; Rout and Field, 2017). COPII concen-
trates and sorts cargos into ERESs (Faini et al., 2013; Kuehn
et al., 1998; Miller et al., 2003; Zanetti et al., 2013), which pur-
portedly bud off vesicles that fuse with nearby vesicular-tubular
clusters (Bannykh et al., 1996; Peotter et al., 2019; Zanetti
et al., 2011; Zeuschner et al., 2006). COPI and its regulators
are proposed to further differentiate the vesicular-tubular clus-
ters into pre-Golgi intermediates enriched in p58 (Appenzeller
et al.,, 1999; Schweizer et al., 1988) that subsequently sort
and deliver proteins to the Golgi (Altan-Bonnet et al., 2004; Ari-
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dor et al., 1995; Béthune and Wieland, 2018; Stephens
et al., 2000).

Various aspects of this trafficking model remain unclear. Con-
flicting data support the formation of the vesicular tubular clus-
ters alternatively by homotypic fusion of COPII vesicles derived
from the ER (Bannykh et al., 1996; Horstmann et al., 2002; Ladin-
sky et al., 1999) or by en bloc extrusion of the ER (Mironov et al.,
2003) through tubules or tunnels (McCaughey et al., 2019; Raote
and Malhotra, 2019) when cargo is synchronously released from
ER. Another unknown is how COPI supports protein recycling
to—and protein export from—the ER (Gomez-Navarro and
Miller, 2016; Orci et al., 1997; Shima et al., 1999). Furthermore,
the ability of pre-Golgi intermediates to bud vesicles targeted
to the Golgi continues to be uncertain, as several live-cell imag-
ing studies have shown that these compartments themselves
move as transport carriers to the Golgi (Mironov et al., 2003;
Presley et al., 1997; Scales et al., 1997; Stephens et al., 2000).

Many of these concerns remain unresolved in mammalian
cells due to the absence of data on the 3D ultrastructural organi-
zation of ERESs and their derived transport intermediates in
intact cells at isotropic, nanoscale resolution. Prior serial
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thin-section transmission electron microscopy (TEM) and tomo-
graphic approaches (Bannykh et al., 1996; Horstmann et al.,
2002; Mironov et al., 2003; Zeuschner et al., 2006) have been
limited by large section thickness, small sampling volume, and
potential artifacts from chemical fixation. These deficiencies
have made it difficult to fully reconstruct ERESs and transport in-
termediates and, thus, to understand how they function in secre-
tory trafficking.

To overcome these difficulties, we applied whole-cell focused
ion beam scanning electron microscopy (FIB-SEM) (Xu et al.,
2017, 2020) combined with cryogenic-structured illumination
microscopy (cryo-SIM) (Hoffman et al., 2020) to re-examine the
ultrastructural features of ERESs and transport intermediates
at isotropic, nanoscale resolution throughout an entire cell. To
understand the functional significance of these compartments,
we used Airyscan microscopy and fast confocal imaging, syn-
chronized cargo release (Boncompain et al., 2012), and point
localization analysis to dynamically define the localization of
COPII, COPI, and cargos in relation to ERESs and transport
intermediates.

Our results build on and transform previous thinking in this field
(Bannykh et al., 1996; Gomez-Navarro and Miller, 2016; Mironov
et al., 2003; Peotter et al., 2019; Shomron et al., 2019; Stephens
et al., 2000). We show that ERESs consist of an intricate, tangled
network of tubules connected by a neck to the ER. COPII and
COPI facilitate separate steps within this receptacle, respec-
tively acting to regulate secretory protein entrance into and de-
parture from it. The overall size of the ERES increased in
response to sudden cargo influx from ER, while its basic config-
uration remained unchanged. Extending off the ERESs alongside
microtubules were tubular vessels with pearling shapes for pro-
tein transport to the Golgi. These vessels themselves advance
toward the Golgi with no stable pre-Golgi compartments
observed. Dynamic nano-anatomy reveals the ERES as an in-
ter-organelle transport apparatus that actively modulates its
shape and size while directing diverse cargo types to the Golgi.

RESULTS

Cryo-SIM/FIB-SEM characterization of ERESs

We applied cryo-SIM/FIB-SEM (Hoffman et al., 2020) to get a
finer look at the 3D nano-anatomy of ERESs in mammalian cells.
First, cells overexpressing fluorescent protein-tagged Sec23, a
COPII coat protein known to localize at ERESs (Gomez-Navarro
and Miller, 2016; Peotter et al., 2019), were high-pressure frozen
to preserve their near-native states avoiding artifacts from chem-
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ical fixation. Next, cryo-SIM images were taken to obtain Sec23
features, followed by freeze-substitution, resin-embedding, and
whole-cell FIB-SEM imaging. Cryo-SIM images of Sec23 (Fig-
ures 1Ai and 1Aii) were aligned to the FIB-SEM images (Figures
1Aiii-1Av) enabling objective identification and analysis of ERES
ultrastructure with an isotropic resolution at 4-8 nm. We found
that each ERES seen by FIB-SEM, identified by a single
Sec23-positive punctum in cryo-SIM images, was composed
of a cluster of vesicular-tubular membranes devoid of ribosomes
near the ER (Figure 1Aiii), consistent with previous EM studies
(Bannykh et al., 1996; Horstmann et al., 2002; Ladinsky
et al., 1999).

Using this specific morphological identifier, hundreds of
discrete ERESs in non-transfected cells were also identified to
avoid potential artifacts of Sec23 overexpression (Figure 1B).
Segmentation through serial FIB-SEM slices and 3D rendering
provided a detailed isotropic view with 4-nm resolution of single
ERESs. Each individual ERES comprised a highly intertwined tu-
bule network, continuous with the ER by a constricted neck (Fig-
ure 1B, right panels, and 1C; Video S1). While some ERESs had
only a single constricted neck attaching it to the ER, others had
two or more. These features of ERESs were common in COS7,
U20S, and Hela cells. The overall diameter of the tubule
network was 350-390 nm (n = 207; 7 cells), while individual
tubules in the tangled network had a diameter of 40-60 nm
(n = 811; 7 cells) (Figures 1D and 1E). The neck region of the
ERES was slightly constricted compared to the diameter of
tubules in the tangled network, while nearby ER tubules were
substantially wider (Figure 1F). Altogether, these results revealed
that ERESs consist of an elaborate interwoven tubule network
still attached to the ER. This distinct ERES anatomy would likely
have been missed in earlier serial section TEM studies (Bannykh
etal., 1996; Horstmann et al., 2002), as they used ~10 times less
z resolution.

ERESs exchange contents with ER and can differentiate
into a cholesterol-enriched environment

ERES continuity with the ER through a narrow neck raised the
question of whether some membrane proteins could circulate
between the ER and ERESs at steady state. We tested this in
living cells using the retention using selective hooks (RUSH) sys-
tem (Boncompain et al., 2012). This approach is based on
reversible ER trapping of reporter cargos appended to streptavi-
din-binding peptide (SBP) via interaction with ER-localized
streptavidin-fused “hook” proteins. Biotin addition competes
the binding of streptavidin with SBP, leading to a synchronized

Figure 1. ERESs in intact mammalian cells revealed by cryo-SIM/FIB-SEM

(A) Identification of ERESs in FIB-SEM slices by cryo-SIM imaging of Halo-Sec23 (magenta) in HeLa cells. The whole-cell (i) and zoomed-in regions in white (jii-v)
are shown with the Sec23 fluorescence alone (ji), FIB-SEM only (iii), and overlay of fluorescence and FIB-SEM in the YZ (iv) and XZ (v) views.

(B) Segmentation and 3D rendering of 3 peripheral ERESs from a HelLa cell without Sec23 overexpression.

(C) A diagram of an ERES from 3D rendering in (B) depicting different regions.

(D-F) Diameters of ERES (D), tubules (E), and connecting ER and neck (F) as described in (C). Raw data, means + SD, and minimum-maximum range are

indicated.

(G) Fluorescence recovery after photobleaching (FRAP) of Halo-TNF-a.-RUSH in an ERES labeled by mEmerald-Sec23 from a HelLa cell monitored by confocal

microscopy.

(H) FRAP analysis of TNF-a-RUSH as described in (G). Mean (blue line) from 21 regions (gray lines) in 3 experiments and SD (shaded blue) are indicated.
(I) Co-localization of TopFluor-Cholesterol and Halo-TNF-a-RUSH at ERESs in HelLa cells monitored by confocal microscopy.

See also Figure S1 and Table S1.
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reporter cargo release into secretory compartments. We used a
transmembrane secretory protein tumor necrosis factor o (TNF-
o) as a RUSH reporter (TNF-a-RUSH) because, before biotin
addition, TNF-a-RUSH displayed an ER distribution as well as
being enriched at ERESs labeled by Sec23 or Sec31 (Figures
1G, S1A, and S1B) (Fourriere et al., 2016). Photobleaching of
TNF-2-RUSH in a single ERES in cells with no biotin addition re-
vealed that, after photobleaching, the intensity of TNF-o-RUSH
fluorescence quickly returned within the ERES, reaching near-
complete recovery in tens of seconds (Figures 1G, 1H, S1C,
and S1D). This indicated that TNF-o-RUSH underwent rapid
exchange between the ER and ERESs, consistent with the con-
tinuity of the ER and ERES membrane revealed by FIB-SEM.

Previous work has shown a requirement for cholesterol in ER-
to-Golgi trafficking (Ridsdale et al., 2006). Supporting this
requirement, we found that ERESs labeled with TNF-a-RUSH
cargo had higher cholesterol levels compared to levels in the
ER based on TopFluor-cholesterol imaging (Figure 1l). The
cholesterol enrichment at ERESs could help sort certain cargo
proteins at these sites, as cholesterol can partition lipids and
proteins into subdomains within a continuous bilayer (Lingwood
and Simons, 2010; Simunovic et al., 2019). It remains to be deter-
mined, however, whether ERESs are always cholesterol-en-
riched environments or only after they have accumulated spe-
cific secretory cargo types.

Enlargement of ERESs during RUSH cargo release
We next explored whether cargo accumulation changes the or-
ganization of ERESs. We examined ERESs by cryo-SIM/FIB-
SEM during synchronized TNF-a-RUSH cargo release. First,
the chronological events of TNF-o-RUSH release were charac-
terized to determine the optimal time for cyro-fixation. Approxi-
mately 2-3 min after the addition of biotin, cells entered a syn-
chronized release phase for 10-15 min, in which TNF-a-RUSH
in the ER and ERESs underwent anterograde movement. As
TNF-a-RUSH left ERESs via mobile, elongated transport
intermediates (Figure S2A; Video S2), a sudden decrease in the
intensity of TNF-a-RUSH at ERESs was observed (Figure S2B).
After 12-18 min of biotin addition, TNF-a-RUSH could be seen
accumulating in the Golgi (Figure S2C). Thus, we high-pres-
sure-froze cells after 8 min of biotin addition to ensure that signif-
icant TNF-«-RUSH would still be at ERESs.
Cryo-SIM/FIB-SEM imaging revealed TNF-o-RUSH fluores-
cence localized to an intertwined tubule network connected
by a neck to the ER (Figures 2A-2Av; Video S3), suggesting
that these structures are the functional unit of protein exit
from the ER. In addition, we saw no enrichment of vesicles
near the TNF-a-RUSH-positive ERESs relative to random vol-
umes in the cytoplasm (Figure S2D), suggesting that vesicles
were not the primary transport vessels. Notably, segmentation
and 3D rendering showed that the general organization of ERES
during TNF-a-RUSH release remained similar to that in resting
cells (Figures 2A and 2B). This suggested that sudden cargo
accumulation did not fundamentally alter the organization of
ERESs. However, the diameter of the entire ERES during
TNF-0-RUSH release increased over 2-fold (Figures 2B and
2C). This coincided with enlargement of tubules within the
network and connecting neck (Figures 2B and 2C). The diame-
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ters of the nearby ER, by contrast, remained unchanged (Fig-
ure 2C). Altogether, these results indicated that the size of the
ERES and its associated tubules undergo dynamic regulation
to accommodate a large quantity of membrane proteins into
the secretory pathway, with no fundamental change in ERES
organization.

Cargo entrance into ERESs and departure from ERESs
are independent events

To better understand how such a distinctive organization of
ERESs contributes to protein trafficking, we examined the ki-
netics of cargo entrance into and departure from ERESs using
different RUSH cargos. We focused first on TNF-a-RUSH.
Despite its pre-localization to ERESs, TNF-a-RUSH remained
stationary at ERESs for 2-3 min after biotin addition without
any anterograde movement and then moved robustly toward
the Golgi, as indicated in the temporal projection map (Figure 2D;
Video S2). This suggested that the ERES entrance and departure
of TNF-a-RUSH are differentially regulated.

We next examined other RUSH cargos, including glycosyl-
phosphatidylinositol (GPI)-anchored RUSH (GPI-RUSH), trans-
ferrin receptor (TfR)-RUSH (transmembrane cargo), and
Gp135-RUSH (transmembrane cargo). Unlike TNF-a-RUSH,
these RUSH cargos localized primarily in the ER before biotin
addition (Figures 2E and S2E). After 2-3 min of biotin incubation,
GPI-RUSH accumulated at ERESs, as reflected by anincrease in
intensity (Figures 2E and 2F). Each cargo type entered and accu-
mulated at ERESs at distinct rates (Figure 2G). This suggested a
specific gating mechanism for cargo entrance into ERESs,
which may involve the differential affinity of cargo for COPII,
cargo receptors, and/or the ERES’s potentially cholesterol-rich
membranes.

Once within an ERES, GPI-RUSH, TfR-RUSH, and Gp135-
RUSH all displayed another stationary phase, ranging from
45 s to a few minutes, depending on cargo type (Figure 2H),
before their movement toward the Golgi. This suggested that
cargo departure is also differentially controlled, but through a
different mechanism than that for cargo entry into ERESs. Alto-
gether, these results suggest the ERES is a distinct early secre-
tory compartment, with different gatekeeping mechanisms for
regulating protein entry and departure.

COPII’s role in cargo entry into ERESs

To explore COPII’s potential gating function at ERESs, we
focused on Sar1, a small GTPase responsible for assembling
the COPII coat on membranes (Peotter et al., 2019). We used
H89, a kinase inhibitor known to inhibit Sar1 recruitment to the
ER (Aridor and Balch, 2000; Lee and Linstedt, 2000), to disrupt
COPII assembly. Adding H89 to cells caused a rapid and sus-
tained decrease in the intensity of Sec23 puncta, especially at
the cell periphery, without noticeable changes in the ER and
Golgi structure over the time period of imaging (Figures S3A
and S3B). H89 treatment also led to a substantial reduction of
TNF-a-RUSH intensity at ERESs (Figures 3A and 3B), suggesting
that COPIl assembly by Sar1-GTP is necessary for TNF-
o-RUSH’s entrance into ERESs. In addition, the presence of
H89 prevented GPI-RUSH from entering and accumulating at
ERESs after biotin addition (Figures S3C and S3D), supporting
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Figure 2. Dynamic regulation of ERESs during RUSH cargo release

(A) Segmentation and 3D rendering of an ERES from FIB-SEM slices in cells overexpressing mApple-TNF-a-RUSH cryo-frozen after 8 min of biotin addition. A
quadrant of the whole cell (i) and zoomed in region boxed in black (jii-v) are indicated.

(B) 3D renderings of representative ERESs in control cell or in cell described in (A). Boxed regions are 1.2 pm X 1.2 um x 0.9 pm.

(C) Relative changes in the diameter of ERESs, tubules, nearby ER, and neck in cells overexpressing RUSH cargos during biotin release. Mean + SD are indicated.
(D) Temporal projections of a Halo-TNF-a-RUSH-overexpressing HelLa cell during biotin release monitored by confocal microscopy.

(E) Halo-GPI-RUSH enters ERESs labeled by mEmerald-Sec23 after biotin addition in a HeLa cell monitored by confocal microscopy. Yellow arrowheads indicate
GPI-RUSH colocalized with Sec23.

(F) Relative intensity of GPI-RUSH at ERESs after 3 min of biotin addition. Mean + SD are indicated (16 cells from 3 experiments).

(G) Time for RUSH cargo entry into ERESs after biotin addition. Raw data, mean + SD, and minimum-maximum range are indicated (14-16 cells from 3
experiments).

(H) Retention time of RUSH cargo in ERESs before moving away from ERESs. Raw data, mean + SD, and minimum-maximum range are shown (14-17 cells from
3 experiments).

See also Figure S2 and Table S1.
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Figure 3. Dynamic assembly of COPII coats gates cargo into ERESs

(A and B) Decrease in intensity of mEmerald-Sec23 and Halo-TNF-a-RUSH at ERESs after 50 M H89 treatment in HeLa cells monitored by confocal microscopy
(A). Relative intensity (B) of Sec23 and TNF-a-RUSH are shown in mean + SEM (17-18 cells from 2 experiments).

(C and D) Segmentation and 3D rendering of an ERES labeled by mEmerald-Sec23 from FIB-SEM slices in cells cryo-frozen 9 min after H89 treatment. The whole
cell (C) and representative rendering of a zoomed-in region (D) are indicated.

(E) 3D rendering of representative ERESs in control cell or in cell described in (C). Boxed regions are 0.6 um X 0.6 um x 0.6 um.

(F) Fold change of ERES, tubule, and connecting neck diameters after H89 treatment relative to non-treated cells. Mean + SD are indicated.

(G) Fraction of cells with RUSH cargo retained in ER/ERESS or released into the secretory pathway for Golgi delivery based on confocal imaging of RUSH cargo
after 10 min of biotin treatment in control or H89-treated HelLa cells. Mean + SD are indicated (3-4 independent experiments).

(H) Fraction of cells with RUSH cargo retained in ER/ERESSs or released into the secretory pathway in HeLa cells overexpressing Sar1 or Sar1-H79G after 10 min of
biotin treatment. Mean + SD are indicated (2-3 independent experiments).

(legend continued on next page)
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the idea that cargo entry into ERESs requires COPIl assembly
(Peotter et al., 2019).

Because H89 treatment caused a substantial decrease, but
not complete disappearance, of Sec23 puncta, we could iden-
tify Sec23 fluorescence in cryo-SIM to analyze their architecture
by FIB-SEM under this condition (Figure 3C). Examining 200
Sec23-containing punctain HelLa cells frozen at 9 min of H89 in-
cubation, we found that 42% still had identifiable ERES archi-
tectures (Figures 3D and S3F). However, the overall size of
these ERESs was significantly smaller with fewer tubule ele-
ments; additionally, the necks connecting these ERESs to ER
were wider than that seen in control cells (Figures 3D-3F). Inter-
estingly, the other 58% of Sec23 remnants under H89 treatment
lacked any ERES architecture and instead displayed Sec23
within lysosome-like structures (Figures S3E and S3F). This
suggested that ERESs are targeted to lysosomes when COPII
assembly is perturbed by H89. We further found that RUSH car-
gos were retained in the ER without the presence of cargo
movement to Golgi over 10 min of biotin release in nearly all
H89-treated cells (Figures 3G and S3G). Together, these find-
ings support a significant role for COPII activity in the formation
and function of ERESs.

We used a GTP-locked Sar1 mutant, Sar1-H79G, to further
examine the role of COPIlI in RUSH cargo release. Previous
studies using fluorescence recovery after photobleaching
(FRAP) have shown that Sec23 can no longer exchange on
and off membranes in cells expressing Sar1-H79G, with the
mutation effectively locking COPIl on membranes (Forster
et al.,, 2006; Ward et al., 2001). We found fewer yet larger
Sec23 puncta in cells expressing Sar1-H79G (Figures S3H
and S3l). Importantly, these structures no longer functioned
as proper ERESs: GPI-RUSH cargo failed to efficiently enter
these ERESs after biotin addition (Figure S3J), and no cell
with Sar1-H79G overexpression was capable of releasing
TNF-a- and GPI-RUSH into the secretory pathway for Golgi de-
livery (Figure 3H). While TNF-a-RUSH remained pre-localized to
these sites in resting Sar1-H79G-expressing cells, the protein
could no longer circulate between the ER and ERESs based
on FRAP analysis (Figures 3l and 3J). These results suggest
that the Sar1-dependent cycle of assembly/disassembly of CO-
PIl subunits is required for ER-ERES continuity and cargo sort-
ing in ERESs.

We simultaneously imaged COPII and RUSH cargo during
biotin release to examine their distribution relative to each other.
Notably, both the inner Sec23 cargo adaptor subunit and outer
Sec31 subunit of the COPIlI coat remained stationary, while
transport intermediates carrying TNF-a-RUSH departed from
ERESs (Figures 3K and S3K). Temporal projections of COPII
and cargo at ERESs show that, after biotin addition, the RUSH
cargos, including TNF-a, GPI, Gp135, vesicular stomatitis virus
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G protein (VSVG), and TfR, all exhibited directed motion from pe-
ripheral ERESs to the perinuclear Golgi region (Figures 3L and
S3L). By contrast, Sec23 or Sec31 remained localized at ERESs
and exhibited little movement over this period. This led us to
conclude that COPII’s primary role is to gate protein entry into
ERESs, a function crucial to both the formation and maintenance
of these structures.

Spatial arrangement of COPI at ERESs

Previous work has shown that COPI associates with ERESs and
participates in protein departure from these sites (Scales et al.,
1997; Stephens and Pepperkok, 2002). With these studies in
mind, we investigated COPI’s localization with respect to ERESs
with Airyscan microscopy, providing a 1.4-fold increase in lateral
resolution over conventional confocal imaging (Huff, 2015). Anti-
bodies to the endogenous COPI subunit, BCOP, revealed COPI
localized both to the Golgi and at peripheral ERESs labeled
with Sec23 (Figure 4A). In the LdIF-CHO (Chinese hamster ovary)
cell line stably expressing eCOP-YFP (¢COP-CHO) (Presley
et al., 2002), eCOP-YFP also co-localized with peripheral ERESs
labeled by Sec23 or Sec31 (Figures 4B and S4A), with approxi-
mately 70% of the peripheral ERESs decorated with COPI (Fig-
ure 4C). This percentage was slightly upregulated in cells incu-
bated at 15°C for 2 h to buildup secretory cargo at ERESs
(Saraste and Kuismanen, 1984) and during GPI-RUSH and
TNF-a-RUSH release (Figures 4C, 4D, and S4B). This suggested
that, when cargo accumulates in ERESs, more COPI associates
with these sites.

After centroid fitting of COPII and COPI on ERESs, we found
that they were separated by 140 + 40 nm, with COPII closer to
the ER and COPI further away based on ER labeling by Sec61
(Figures 4E and 4G). During RUSH cargo release, GPI-RUSH
or TNF-a-RUSH appeared to occupy the space between
Sec23 and BCOP at ERESs (Figures S4C and S4D) with similar
ER-COPII-COPI orientation (Figures 4F and 4G). The results
thus suggested that, while COPII localizes to ERES zones prox-
imal to ER, COPI distributes to zones distal to ER, with secretory
cargo enriched between the two.

We examined whether Sar1-dependent COPII activity is
required for COPI’s recruitment to ERESs using H89. We
observed that colocalization of COPIl and COPI was substan-
tially abolished after H89 treatment in eCOP-CHO cells (Fig-
ure 4H), with both Sec23 and ¢COP puncta diminishing and their
localizations becoming dispersed within the cytoplasm. We
further found that Sar1-H79G overexpression led to the dissoci-
ation of BCOP and ¢COP from ERESs (Figures 41, 4J, and S4E).
The results thus suggest that COPI localization at ERESs occurs
downstream of Sar1-GTPase activity, raising the possibility that
COPII and COPI function sequentially at ERESs to support pro-
tein trafficking.

(I) FRAP of Halo-TNF-a-RUSH in a mEmerald-Sec23-labeled ERES from a Hel a cell co-transfected with Sar1-H79G-mApple monitored by confocal microscopy.
(J) FRAP analysis of TNF-a-RUSH as described in (l) and from the FRAP experiment performed in cells co-transfected with Sec23 and Sar1. Means (solid lines)

from 26-28 regions from 3 experiments and SD (shadings) are shown.

(K) Halo-TNF-a-RUSH leaves an ERES labeled by mEmerald-Sec23 during biotin incubation monitored by continuous confocal imaging. Trajectories of individual

Sec23 and TNF-a-RUSH puncta are indicated.

(L) Temporal projections of various RUSH cargos and mEmerald-Sec23 during biotin release monitored by continuous confocal imaging.

See also Figure S3 and Table S1.
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Figure 4. Spatial orientation of COPI and COPII at ERESs

(A) Colocalization of Halo-Sec23 and immunostained BCOP in fixed Hela cells monitored by Airyscan microscopy. Inset shows white boxed area.

(B) Colocalization of Halo-Sec23 and eCOP-YFP in fixed eCOP-CHO cells monitored by Airyscan microscopy. Inset shows white boxed area.

(legend continued on next page)
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COPI travels with transport intermediates containing
RUSH cargos

Previous work has revealed that COPI accompanies tempera-
ture-sensitive VSVG-containing transport intermediates moving
from the ER to Golgi (Shima et al., 1999; Stephens et al.,
2000). To examine COPI’s behavior during the departure of other
cargos from ERESs, we monitored ¢COP dynamics during syn-
chronized release of different RUSH cargos. Examining TNF-
a-RUSH first, we found that eCOP traveled with TNF-o-RUSH-
containing transport intermediates as they moved away from
ERESs upon biotin addition to cells (Figure 5A; Video S4). In
whole-cell temporal projection traces, ¢COP labeled RUSH
cargo transport intermediates of TNF-a, GPIl, Gp135, VSVG,
and TfR, as they moved long distances, anterograde toward
the Golgi (Figure 5B). Comparable eCOP trajectories could also
be seen in eCOP-CHO cells without overexpression of RUSH
cargo, suggesting that endogenous transport intermediates are
labeled with eCOP (Figure S5A). Thus, COPI associates with
diversely labeled anterograde transport intermediates from
ERESs as they translocate toward the Golgi.

ERES function and ultrastructure when COPI is
dissociated with BFA

To gaininsight into the effect of COPI on ERESs and their derived
transport intermediates, we examined ERESs in cells treated
with BFA, a drug that inactivates Arf1 GTPase and thereby inter-
feres with COPI membrane association and activities (Jackson
and Casanova, 2000; Klausner et al., 1992). BFA treatment did
not alter Sec23 localization at ERESs, despite causing: release
of ¢COP from these sites (Figure S5B); ER retention of both
endogenous cargos (Klausner et al.,, 1992; Ward et al., 2001)
and RUSH cargos after biotin incubation (Figure S5C); and the
loss of ER-to-Golgi transport intermediates (Altan-Bonnet
et al., 2004). Nonetheless, TNF-a-RUSH still circulated between
the ER and ERESs in BFA-treated cells, as evidenced by its rapid
recovery after photobleaching in ERESs (Figures 5C and 5D).
ERESs thus persist during BFA treatment, but they are unable
to generate transport intermediates targeted to the Golgi.

To analyze the ultrastructure of ERESs in a BFA-treated cell,
we applied whole-cell cryo-SIM/FIB-SEM to mEmerald-Sec23-
expressing cells frozen 6 min after BFA treatment. This time
period was sufficient for BFA to dissemble COPI and early
enough to avoid indirect structural changes of ERESs due to pro-
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longed BFA treatment. Sec23-positive ERESs were identified
throughout the 3D volume of the cell (Figure 5E; Video S5). Seg-
mentation and volumetric rendering of these Sec23-positive
ERESs revealed an interwoven tubule network connected to
the ER (Figure 5F), similar to the general organization of ERESs
in control cells. However, the overall diameter of the BFA-
exposed ERESs was larger than in control cells, and the sizes
of tubules in its tubule network were substantially enlarged while
the neck was more constricted (Figures 5G and 5H).

Together, these results suggested that ERESs can still form
and concentrate some cargos (i.e., TNF-a-RUSH) after BFA
treatment, but these structures cannot sufficiently mature to
bud off anterograde transport intermediates. Given that COPI
normally localizes to ERESs and travels with transport intermedi-
ates to the Golgi, the results implicated COPI and other Arf1 ef-
fectors in the differentiation of transport intermediates derived
from ERESs.

Ultrastructure of transport intermediates derived

from ERESs

We next examined the ultrastructure of transport intermediates
using cryo-SIM/FIB-SEM in TNF-a-RUSH-expressing cells
frozen at 8 min of biotin release. Positive with TNF-o-RUSH fluo-
rescence, the tubular transport intermediates extended many
microns through the cytoplasm (Figure 6A). Remarkably, the
tubules exhibited a pearled membrane shape, with repeated var-
icosities (Figures 6B and S6B; Video S6). TNF-a-RUSH fluores-
cence could be seen filling these varicosities (Figures 6B and
S6C). The pearled tubule vessels were often immediately adja-
cent, or still connected, to an ERES (Figures 6Bc and 6Bd,
green), and microtubules regularly ran parallel to them (Fig-
ure 6Bd, gray).

As can be seen from the showcased volume renderings in Fig-
ures 6C, S6B, and S6C, the TNF-a-RUSH-positive tubule trans-
port intermediates displayed variations in length (2.4 + 0.8 pm,
n = 10) and shape, as well as in diameter (50 + 20 nm; n = 89
pearls), periodicity (200 + 10 nm; n = 89 pearls), and number of
varicosities/pearls (9 = 5; n = 10) (Figures 6D-6H; Video S6).
Furthermore, these intermediates were not an artifact of
RUSH-cargo overexpression, as they could also be found in
non-transfected cells (Figure 6l), displaying the same character-
istics as their RUSH-cargo bearing counterpart, including close
proximity to an ERES, a pearled-membrane shape, and close

(C) Percentage of ERESs labeled by Sec23 or Sec31 colocalized with BCOP (in HeLa cells) or eCOP (in eCOP-CHO cells). 15°C block indicates incubating cells at
15°C for 2 h before fixation. RUSH cargos + biotin indicate RUSH cargo-expressing cells fixed after 10 min of biotin incubation. Raw data, mean + SD, and
minimum-maximum range are shown.

(D) Colocalization of Halo-Sec23, mApple-GPI-RUSH, and immunostained BCOP in HelLa cells fixed at 10 min after biotin addition monitored by Airyscan
microscopy.

(E) Orientation of Halo-Sec23 and eCOP-YFP with respect to the ER labeled with mCherry-Sec61 in fixed eCOP-CHO cells monitored by Airyscan microscopy.
Relative intensity profile (right) is indicated.

(F) Orientation of Halo-Sec23, mApple-GPI-RUSH and immunostained BCOP as described in (D). Relative intensity profile (right) is indicated.

(G) Offsets between COPII (Sec23 or Sec31) and COPI (BCOP or eCOP) in steady state or during RUSH cargo release. Raw data, mean + SD, and minimum-
maximum range are indicated.

(H) Disappearance of mCherry-Sec23 and eCOP-YFP puncta after H89 treatment in eCOP-CHO cells monitored by confocal microscopy.

(l) Distribution of Halo-Sec23 and immunostained BCOP in fixed HelLa cells overexpressing Sar1-mApple and Sar1-H79G-mApple monitored by Airyscan
microscopy.

(J) Percentage of ERESs labeled by Sec23 colocalized with BCOP as described in (I). Raw data, mean + SD, and minimum-maximum range are indicated.
See also Figure S4 and Table S1.
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Figure 5. COPI travels coincidently with transport intermediates containing RUSH

(A) eCOP-YFP and Halo-TNF-a-RUSH leave ERESs in eCOP-CHO cells during biotin incubation monitored by continuous confocal imaging. Trajectories of in-
dividual TNF-a-RUSH and eCOP puncta are indicated.

(B) Temporal projections of RUSH cargos and eCOP in eCOP-CHO cells during biotin release monitored by continuous confocal imaging.

(C) FRAP of Halo-TNF-o-RUSH in a mEmerald-Sec23-labeled ERES from a Hela cell during BFA treatment monitored by confocal microscopy.

(D) FRAP analysis of experiment described in (C). Mean (blue line) from 24 regions in 3 experiments (gray lines) and standard deviation (shaded blue) are indicated.
(E and F) Segmentation and 3D rendering of an ERES labeled with mEmerald-Sec23 from FIB-SEM slices in cells cryo-frozen 6 min after BFA treatment. The
whole cell (E) and representative rendering of a zoomed-in region boxed in white (F) are indicated.

(G) 3D rendering of a representative ERES in control cells or in cells described in (E). Boxed regions are 1.2 um x 1.2 um x 0.9 um.

(H) Fold change in ERES, tubule, and neck diameters after BFA treatment relative to non-treated cells. Mean + SD are indicated.

See also Figure S5 and Table S1.
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association with microtubules. These results suggested that the
pearled transport intermediates may be a common, but not
exclusive, vessel for delivery of secretory proteins to the Golgi.

The pearled membrane morphology of these transport inter-
mediates is a characteristic of tubules under tension in model
membrane systems (Bar-Ziv and Moses, 1994). This tension
may be generated by microtubule-associated motors pulling
on these transport intermediates. In fact, the dynactin motor
complex has been shown to associate with ERESs through its in-
teractions with COPII (Watson et al., 2005) and to mediate plus-
to-minus end movement of transport intermediates containing
temperature-sensitive VSVG along microtubules (Presley et al.,
1997). Consistent with these previous studies, we found that
endogenous p150%'“®d, a subunit of the dynactin motor complex
visualized by immunostaining, displayed recurrent association
with elongated transport intermediates containing TNF-a-,
GPI-, Gp135-, TfR-, or VSVG-RUSH cargos (Figures 6J and
S6D). These observations support the idea that the pearled
transport intermediate is under tension created by the dynactin
motor complex.

ERES-derived transport intermediates are mobile
structures with punctate COPI domains

Previous work has suggested the existence of an ER-Golgi inter-
mediate compartment enriched in p58 that buds off vesicles for
protein delivery to the Golgi (Peotter et al., 2019; Schweizer et al.,
1988). To clarify the relationship between this purported interme-
diate compartment and the tubule transport carriers described
earlier, we turned to live-cell imaging of RUSH-cargo, COPI,
and p58 to obtain a dynamic picture of the system.

We found that fluorescent-protein-tagged p58 was concen-
trated at ERESs and in elongated tubular structures often linked
to ERESs, coinciding with moderate ER and Golgi localization
in resting cells (Figure S7A). In addition, an offset of 60 +
30 nm (n = 25, 2 cells) between p58 and Sec23 in the same
ERES was observed using Airyscan microscopy (Figures S7B
and S7C). This offset is similar to the distance of secretory car-
gos to Sec23 (Figures S4D and S4E), suggesting that p58 local-
izes with these cargos in the mid-region of ERESs.

Significantly, time-lapse imaging revealed that p58-positive
tubules were dynamic rather than stationary structures (Video
S7). In addition, p150%'“¢ was often associated with p58-posi-
tive tubules (Figure S7D), reminiscent of transport intermediates
for RUSH cargos. Indeed, p58 decorated and moved concur-
rently with transport intermediates containing RUSH cargos dur-
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ing biotin release (Figures 7A and 7B). Moreover, in the presence
of TNF-a-RUSH, the transport intermediates differentiated into
cholesterol-rich compartments (Figure 7C). These results sug-
gested that, rather than being a stable compartment between
ER and Golgi, p58-positive structures are motile transport inter-
mediates, delivering cargo from ERESs to the Golgi. Consistent
with this idea, overexpression of Sar1-H79G, which blocks the
departure of RUSH cargo from the ER during biotin release,
led to ER retention of p58 with no presence in mobile tubules
(Figure 7D). This also coincided with ER retention of Golgi en-
zymes (Figures S7E and S7F).

We next examined the distribution of COPI coats on transport
intermediates containing RUSH cargos and p58. Significantly,
¢COP was localized to discrete foci on these transport interme-
diates (Figures 7E, 7F, and S7G). The number of eCOP microdo-
mains appeared to be positively correlated with the length of the
tubule transport vessel (Figure 7G). While eCOP mostly deco-
rated the tips of these vessels (Figures 7E and S7G), longer
transport intermediates often displayed additional eCOP puncta
in their middle regions (Figure 7F). Similar distributions of COPI
on transport intermediates were observed by BCOP immuno-
staining in cells fixed during RUSH cargo release (Figure S7H).
This discrete distribution of COPI was not an artifact of RUSH
cargo overexpression, as ¢COP and BCOP foci were also
observed on p58-positive tubes in non-RUSH-cargo-trans-
fected cells (Figures 7H and S7H). Moreover, eCOP moved
simultaneously with p58 tubules (Figures 7H and 71), likely car-
rying endogenous protein cargos from the ER to Golgi. The
BCOP microdomains on RUSH-cargo-containing or p58-posi-
tive transport intermediates did not colocalize with p150%'e?
foci, although they were occasionally nearby (Figure S7H), sug-
gesting that COPI components are not directly involved in
coupling transport intermediates to microtubules.

DISCUSSION

A key issue in understanding the early secretory pathway and its
remarkable adaptability to different cellular states has been how
to bridge structural insights from in vitro reconstitution (Faini
et al., 2013; Kuehn et al., 1998; Miller et al., 2003; Zanetti et al.,
2013) with live-cell images capturing this pathway in operation
(Bannykh et al., 1996; Presley et al., 1997; Scales et al., 1997).
Our re-examination of the architecture and dynamics of the early
secretory pathway using whole-cell FIB-SEM technology (Hoff-
man et al., 2020; Xu et al., 2017, 2020) in combination with

Figure 6. Transport intermediates often display pearled membrane morphology and associate with microtubules
(A) Segmentation and 3D rendering of transport intermediates carrying mApple-TNF-2-RUSH in a Hela cell cryo-frozen after 8 min of biotin addition.
(B) FIB-SEM (a) with mApple-TNF-a-RUSH cryo-SIM (b), segmentation (c), and 3D volume rendering (d) are indicated for inset (i) in (A). Volume rendering indicates

ERES (green), transport intermediate (blue), and adjacent microtubules (gray).

(C) Volume rendering (top panels) of inset (ii-iv) from (A) and their colocalization with mApple-TNF-o-RUSH cryo-SIM (bottom panels).
(D) A diagram of a transport intermediate from 3D rendering in (B) depicting pearl diameters, periods, and total length.
(E-H) Quantification of transport intermediates diameters (E), periods (F), number of pearls (G), and total length (H), as described in (D). Raw data distribution,

mean = SD, and minimum-maximum range are shown.

(I) Segmentation and 3D rendering of a transport intermediate in a non-transfected HelLa cell. Volume rendering indicates ERES (green), transport intermediate

(blue), and adjacent microtubules (gray).

(J) Colocalization of Halo-TNF-2-RUSH transport intermediates and a dynein motor protein component p150%“*? immunostained) in a fixed HelLa cell monitored

by Airyscan microscopy.
See also Figure S6 and Table S1.
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multi-modality light microscopy enhances this understanding
and, at the same time, significantly transforms it. We showed
that, rather than being composed of vesicle-like clusters budded
out from nearby ER membranes, as previously suggested (Ari-
dor, 2018; Bannykh et al., 1996; Horstmann et al., 2002), ERESs
are intertwined tubules still in continuity with the ER by a narrow
neck (Figure 7J). This entangled, tubular structure has a diameter
of ~350-390 nm, with COPII distributed closer to the neck and
COPI nearer to its rims. When secretory cargo was released
into ERESs as a bolus, tubules within the meshwork increased
in diameter, and the overall ERES size enlarged. Transport inter-
mediates originating at ERESs were associated with microtu-
bules and appeared as long pearled tubules carrying COPI, but
not COPII, on their surface (Figure 7J). The earlier serial section
TEM approaches, with 10 times less z resolution and a small
sampling volume, may have mis-interpreted intertwined tubules
as vesicles and missed elongated tubule transport intermediates
extending many microns through the cytoplasm.

We envision that, rather than budding off small COPII vesicles,
as occurs in in vitro systems, the flexible COPII coat remains
associated at the neck region of ERESs through a continuous as-
sembly/disassembly cycle controlled by Sar1-GTPase (Long
et al., 2010) (see speculative model in Figure 7J). This cycle
would create high membrane curvature for stabilization of a nar-
row neck (Hanna et al., 2016; Hariri et al., 2014; Loftus et al.,
2012). Steric hindrance by large proteins such as Tango1L (Saito
et al., 2009), which assembles into ring structures at the base of
budding ER membranes (Raote et al., 2018), could further stabi-
lize the neck by preventing scission (Raote and Malhotra, 2021).
Membrane proteins recruited by COPII could then move into and
through this neck, producing a bulging, budding domain that de-
velops into an entangled tubule network (Bacia et al., 2011). Sup-
porting this, when COPII was dissociated from ERESs under H89
treatment, cargo proteins at ERESs quickly returned to ER. Air-
yscan localization analysis further revealed COPII to be more
closely positioned to the ER, shown also in previous EM studies
(Bannykh et al., 1996; Mironov et al., 2003).

How could newly synthesized cargo proteins sort and concen-
trate at ERESs if these structures are still connected to the ER by
a neck? An important implication of ERESs being a cholesterol-
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rich environment is that it would create a membrane domain that
can dynamically retain membrane proteins and lipids by a parti-
tioning mechanism (Baumgart et al., 2007; Sengupta et al., 2019;
Simons and Vaz, 2004), thereby helping to sort and concentrate
cargos into ERESs. Whether cargo receptors, such as Surf4 (Mi-
trovic et al., 2008), contribute to cargo entrance and enrichment
of cholesterol at ERESs requires further investigation. This may
provide insights into how this continuous membrane system
can be tailored for different cargos.

Our data, in agreement with others, showed that COPII re-
mains on ERESs and does not move forward with Golgi-bound
transport intermediates (Shomron et al., 2019; Stephens et al.,
2000; Westrate et al., 2020), suggesting that COPIlI does not
directly control cargo exit from ERESs. We envision this role to
be played by COPI and other Arf1 effectors (Garcia et al.,
2011; Monetta et al., 2007; Niu et al., 2005; Pind et al., 1994).
This could be achieved if COPI and other Arf1 effectors on
ERESs serve to differentiate these sites through recruitment,
retention, and recycling of various proteins (Altan-Bonnet et al.,
2004; Aridor et al., 1995; Lee et al., 2004; Monetta et al., 2007;
Orci et al., 1997; Presley et al., 2002; Shima et al., 1999). This ac-
tivity would likely take place in the middle to peripheral zones of
ERESs, where COPI, cargos, and p58 were all localized. The
COPI puncta observed at the tips or mid-sections of the tubule
carriers could represent domains for further protein cargo sorting
or retrieval back to the ER.

In summary, the ultrastructural and dynamic details of ERESs
that we observed supports a model for protein trafficking fidelity
at ERESs achieved by sequential actions of COPIl and COPI
within a continuous membrane system. This model of ERES
functioning allows secretory transport to be tailored for cargos
with various sizes, different cargo loads, or nonselective bulk
flow of luminal proteins. This framework may also explain how
large cargo such as procollagen exits the ER, as supported by
a recent study demonstrating that procollagen travels coinci-
dently with p58 (Omari et al., 2020). The different rates of cargo
entry into and exit from ERESs that we observed could be ex-
plained by differential affinity of cargo for COPII or cargo recep-
tors and/or the attraction of cargo to the ERES’s apparent
cholesterol-rich, lipid environment. Previous work has shown

Figure 7. Transport intermediates are mobile pre-Golgi compartments

(A) GFP-p58 colocalized with transport intermediates containing Halo-TNF-a-RUSH during biotin incubation monitored by continuous confocal imaging. Tra-

jectories of individual GFP-p58 and TN-Fa-RUSH tubes are indicated.

(B) Temporal projections over 48 s of RUSH cargos and GFP-p58 during biotin release monitored by continuous confocal imaging.

(C) Co-localization of TopFluor-cholesterol and Halo-TNF-a-RUSH transport intermediates in HeLa cells during biotin release monitored by confocal microscopy.
Maximal intensity projections (MIPs) of 400 continuously imaged frames (fr) are indicated.

(D) Distribution of GFP-p58 in HelLa cells co-transfected with Sar1-mApple or Sar1-H79G-mApple monitored by confocal microscopy. Green arrowheads

indicate mobile p58 tubes.

(E and F) Punctate distribution of eCOP-YFP (green arrowheads) on transport intermediates containing Halo-TNF-o-RUSH (E) and GPI-RUSH (F) during biotin

release in eCOP-CHO cells.

(G) Transport intermediate length categorized by associated eCOP puncta in eCOP-CHO cells overexpressing RUSH cargos during biotin incubation. Mean + SD

are indicated.

(H) eCOP-YFP foci (green arrowheads) travel on a mobile Halo-p58 tubes (magenta arrow heads) in eCOP-CHO cells. Trajectory of individual eCOP and

p58 shown.

(I) Temporal projections over 48 s of Halo-p58 and eCOP-YFP in eCOP-CHO cells monitored by continuous confocal imaging.
(J) Model summarizing our results revealing the distributions of COPII (pink) and COPI (blue) in an ERES (green) and its associated transport carrier (dark green).
Inset provides a speculative view for Sar1-dependent COPII activity at the ER-ERES neck, which gates cargo entry into the protruding tubule elements of

the ERES.
See also Figure S7 and Table S1.

Cell 184, 2412-2429, April 29, 2021 2425




¢? CellPress

that spatial segregation of proteins and lipids can occur in
continuous bilayer systems from membrane curvature and lipid
partitioning effects (King et al., 2020; Sengupta et al., 2019;
Seo et al., 2017; Simunovic et al., 2019; Toulmay and Prinz,
2013; Zhu et al., 2012). Our data fit well with this process taking
place at ERESs in mammalian cells. Whether a similar mecha-
nism is used in yeast and plants, where COPI| vesicles seem to
be the primary vessels for protein trafficking (Donohoe et al.,
2013; Gomez-Navarro et al., 2020), remains to be explored. If
correct, our model would help explain the adaptability of secre-
tory trafficking in healthy and diseased states, including the
ERESs’ dynamic control over multiple functions involved in the
quality control of protein sorting (Ge et al., 2017; Graef et al.,
2013; Omari et al., 2018; Satpute-Krishnan et al., 2014; Subra-
manian et al., 2019; van Leeuwen et al., 2018).

Limitations of the study

The proposed model is primarily based on our FIB-SEM and light
microscopy data in model cell lines with overexpressing coat
proteins and/or cargos, so additional work using secretory com-
ponents at their endogenous and physiological levels will be
needed to verify its conclusions and predictions. Other work
needed to extend the conclusions of this study includes exam-
ining ERESs and transport intermediates by FIB-SEM technol-
ogy within cells in tissues rather than in dishes. This will allow
assessment of the model in diverse cell types that exhibit large
differences in cargo identities, abundances, and sizes. Other
open questions that this study has not fully addressed and that
remain to be investigated are: the mechanism(s) behind the for-
mation of ERESs and transport intermediates; how receptor-
cargo complexes shuttle through COPIl and COPI gates to
depart from ERESs; and how ERESs adapt their size to accom-
modate large cargos, such as collagens and lipoproteins.
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10.25378/janelia.13469901
10.25378/janelia. 13469814
10.25378/janelia.13469964
10.25378/janelia. 13469970
10.25378/janelia. 13123415
10.25378/janelia. 13114211
10.25378/janelia. 13114244

Experimental models: cell lines

Hela cells
u20s
COSs-7
eCOP-CHO

ATCC
ATCC
ATCC
Generated previously

ATCC CCL-2

ATCC HTB-96
ATCC CRL-1651
(Presley et al., 2002)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

mApple ASbfl F This paper See Table S2
mApple ASbfl R This paper See Table S2
mApple into RUSH F This paper See Table S2
mApple into RUSH R This paper See Table S2
P58 backbone F This paper See Table S2
P58 backbone R This paper See Table S2
Halo into P58 F This paper See Table S2
Halo into P58 R This paper See Table S2
Sar1-N39T F This paper See Table S2
Sar1-N39T R This paper See Table S2
Sar1-H79G F This paper See Table S2
Sar1-H79G R This paper See Table S2
Recombinant DNA

Halo-Sec23 Generated here This manuscript

mEmerald-Sec23

mCherry-Sec23

Halo-Sec31

mEmerald-Sec31

mCherry-Sec61

GFP-p58

Halo-p58

Sialyl Transferase-EGFP (SiT-EGFP)
Galactosyltransferase-EGFP (GalT-EGFP)
SiT-FusionRed

Sar1b-YFP

Sar1b-H79G-YFP

Sar1b-mApple

Sar1b-H79G-mApple

Str-KDEL_TNFa-SBP-Halo (Halo-TNFa-RUSH)
Str-KDEL_TNFa-SBP-mApple (mApple-TNFa-RUSH)
Str-KDEL_SBP-Halo-GPI (Halo-GPI-RUSH)
Str-KDEL_SBP-mApple-GPI (mApple-GPI-RUSH)
Str-KDEL_TfR-SBP-Halo (Halo-TfR-RUSH)
Str-KDEL_TfR-SBP-mApple (mApple-TfR-RUSH)
Str-li_VSVG-SBP-Halo (Halo-VSVG-RUSH)
Str-KDEL_SBP-mCherry-Gp135 (mCherry-Gp135-RUSH)

Generated here
Generated here
Generated here
Generated here
Previously published
Previously published
Generated here
Previously published
Previously published
Previously published
Generated here
Generated here
Generated here
Generated here
Generated here
Generated here
Generated here
Generated here
Generated here
Generated here
Generated here
Previously published

This manuscript
This manuscript
This manuscript
This manuscript

Provided by Janelia

(Ward et al., 2001)
This manuscript

(Patterson et al., 2008)

(Cole et al., 1996)

(Shemiakina et al., 2012)

This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript

(Fourriere et al., 2019)

Software and algorithms

ImagedJ (Fiji)
Amira

OriginPro
Nikon Elements

ZEN Zeiss

Graphpad Prism

NIH
ThermoFisher

OriginLab
Nikon instruments

Zeiss

Graphpad

https://imagej.nih.gov/ij/

https://www.thermofisher.com/us/en/home/
industrial/electron-microscopy/electron-
microscopy-instruments-workflow-solutions/
3d-visualization-analysis-software/
amira-life-sciences-biomedical.html

https://www.originlab.com/

https://www.microscope.healthcare.nikon.

com/products/software

https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html

https://www.graphpad.com/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Eagle’s minimal essential medium (EMEM) ATCC ATCC 30-2003
Dulbecco’s Modified Eagle Medium (DMEM) ThermoFisher Cat# 1965092
Fetal bovine serum (FBS) Corning Cat# 35-011-CV
Dulbecco’s PBS ThermoFisher Cat# 14190250
Fibronectin EMD Millipore Cat# FC010
Penicillin-streptomycin solution Corning Cat# 30-002-CI
L-Glutamine Corning Cat# 25-005-Cl
Trypsin-EDTA (0.25%) ThermoFisher Cat# 25200056
Lab-Tek Il chambered #1.5 coverglass ThermoFisher Cat# 155409
MatTek dishes with #1.5 coverslip MatTek Cat# P35G-1.5-10-C

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jennifer
Lippincott-Schwartz (lippincottschwartzj@hhmi.org).

Materials availability
Plasmids generated in this study have been deposited to Addgene.

Data and code availability
FIB-SEM dataset generated in this study have been uploaded to https://openorganelle.janelia.org. See below for details.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

HelLa, U20S, and COS-7 cells were purchased from American Type Culture Collection (ATCC). HeLa cells were maintained in EMEM
medium supplemented with 10% FBS and 1X penicillin-streptomycin solution. U20S, COS-7, and eCOP-CHO cells were cultured in
DMEM medium with 10% FBS 1 mM glutamine, and 1X penicillin-streptomycin solution. TransIT-LT1 reagent was used for transfect-
ing Hela cells, Lipofectamine 3000 for U20S and COS-7 cells, and Lipofectomine 2000 for eCOP-CHO cells. Transfections
were performed according to manufacturers’ instructions for 16-20 hours with the following amount of DNA plasmids (per 0.7-
1 cm? culture area): 30 ng for SiT-fluorescence protein (FP) and GalT-FP; 50 ng for FP-Sec61p, Sar1-FP, Sar1-H79G-FP, and FP-
p58; 75-100 ng for FP-Sec23 and FP-Sec31; 150-200 ng for RUSH plasmids.

DNA plasmids

mCherry-Sec61p were provided by Molecular Biology Core at Janelia Research Campus. mEmerald-Sec23A, mCherry-Sec23A,
and Halo-Sec23A were generated by replacing the YFP portion of YFP-Sec23A (Addgene 66611) (Stephens et al., 2000) with
mEmerald, mCherry, and Halo, respectively, using Agel and BsrGl restriction sites. Halo-Sec31 and mEmerald-Sec31 were gener-
ated by replacing the CFP portion of CFP-Sec31A (Addgene 66612) (Stephens et al., 2000) with Halo and mEmerlad, respectively,
using Nhel and BsrGl sites. Sar1b-YFP was generated by changing the 39" amino acid to T in Sar1b-T39N-YFP (Addgene 128155)
via site-directed mutagenesis. Sar1-H79G-YFP was then created by mutating H at the 79" amino acid to T in Sar1b-YFP via site-
directed mutagenesis. mApple-tagged Sar1 constructs were generated by replacing the YFP portion of Sar1 constructs with
mApple using Agel and BsrGl sites. Halo-P58 was generated via InFusion cloning kit with a Halo PCR fragment and a P58 back-
bone PCR fragment. To generated mApple-tagged RUSH constructs, we first created mApple-ASbfl-C1 vector to mutate the in-
ternal Sbfl site in mApple-C1 via site-directed mutagenesis. mApple-RUSH constructs (GPI, TfR, and TNFa) were generated
by replacing the EGFP portion of EGFP-GPI-RUSH, EGFP-TfR-RUSH, and EGFP-TNFa-RUSH with a PCR fragment containing
mApple-ASbfl linked with 5 Sbfl site and 3’ Fsel site. Halo-GPI-RUSH, Halo-TfR-RUSH, Halo-VSVG-RUSH, and Halo-
TNFa-RUSH were generated the same way using a PCR fragment containing Halo linked with 5’ Sbfl site and 3’ Fsel site. All
oligonucleotides used are listed in Table S2.
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METHOD DETAILS

Fluorescence microscopy imaging

All cells were grown and transfected on Lab-Tek Il chambered #1.5 coverglasses or MatTek dishes with #1.5 coverslip. Confocal
microscopy was performed on a custom-built Nikon Eclipse Ti microscope with a YOKOGAWA CSU-X1 Spinning Disk Confocal
unit using SR Apo TIRF 100x/1.49 or Plan Apo % 60x/1.40 objectives. Airyscan imaging were performed using Plan Apo 63x/1.4 objec-
tive on ZEISS LSM 880 with Airyscan. Live-cell confocal experiments were conducted with cells incubated in phenol red-free medium
at 37°C with 5% CO, and humidified air. Photobleaching experiments were performed on the custom-built Nikon microscope equip-
ped with Bruker photoactivation module. HelLa cells co-expressing mEmerald-Sec23 and Halo-TNFa-RUSH stained with JF640
Halo-ligand were subjected to 640 nm laser pulse at maximal intensity in 3.14-um? circular areas to photobleach TNFo-RUSH at
ERESs and imaged at 488 nm and 640 nm to monitor the fluorescence recovery. For synchronized cargo release experiments,
HeLa or eCOP-CHO cells transfected with RUSH cargo were incubated with biotin at a final concentration of 80 uM.

Cell fixation and immunostaining

All procedures were performed at room temperature and all washing steps were done by DPBS for 5 min unless otherwise indicated.
For BCOP immunostaining, cells were rinsed with DPBS and fixed with 4% paraformaldehyde and 0.1% glutaraldehyde in DPBS for
20 min. Fixed cells were quenched with 100 mM glycine in DPBS, washed twice, and permeabilized by 0.3% Triton X-100 in DPBS for
20 min. For p150%"¢ immunostaining and p150%'“®9 co-immunostaining with BCOP, cells were fixed with methanol (pre-chilled to
—20°C) at —20°C for 5 min. Fixed cells were then washed with DPBS followed by 20 uM digitonin permeabilization in DPBS for
20 min. Permeabilized cells, either by Triton X-100 or digitonin, were then blocked with 5% normal donkey or goat serum in
DPBS for 1 h followed by incubation with primary antibody (anti-BCOP antibody, 1:200 dilution; anti-p150%'“®? antibody, 1:500 dilu-
tion) in DPBS with 1% BSA at 4°C overnight. After three washes, the samples were incubated with fluorescent secondary antibody
(1: 2,000 in dilution) for 1 h. The stained samples were washed for three times and imaged with confocal or Airyscan microscopy at
room temperature.

TopFluor-cholesterol labeling

TopFluor-cholesterol was mixed with methyl-B-cyclodextrin (MBCD) as previously described (Jansen et al., 2011). In brief, TopFluor-
cholesterol was dissolved in choloroform:methanol 1:1 (v:v) at a concentration of 1 mg/ml in a glass tube. The solution was then dried
under a stream of argon gas followed by the addition of 370 mM MBCD in PBS in a 100:1 molar ratio to TopFluor-cholesterol. This
mixture was then vortexed, sonicated in water bath for 1-3 min, and incubated at 37°C avoiding light for overnight on a rocker. Un-
dissolved TopFluor-cholesterol was removed by centrifugation at 16,000 x g for 15 min. The supernatant containing TopFluor-choles-
terol/MBCD mix was aliquoted and stored at —30°C. To monitor subcellular distribution of cholesterol, transfected Hela cells were
incubated with TopFluor-cholesterol/MBCD mix in 1:2,000 dilution for 5 min. Cells were then incubated in label-free media for 30 min
to 1 h allowing TopFluor-cholesterol at the PM to be internalized and to reach cholesterol-rich membranes/organelles prior to imaging
experiments.

Cryo-SIM/FIB-SEM and analysis

Cryo-SIM, EM sample preparation, and FIB-SEM imaging was performed as previously described (Hoffman et al., 2020; Xu et al.,
2017, 2020). In short, the cells plated on sapphire coverslips were high-pressure frozen and then optically imaged in the custom op-
tical cryostat. SIM images were processed as described (Gustafsson et al., 2008). Following optical imaging, samples were freeze-
substituted and resin-embedded. Regions of interested were identified using an XRadia 510 Versa micro X-Ray system (Carl Zeiss
X-ray Microscopy Inc.) and then trimmed to expose small (~100 pm X 100 um X 60 um) tabs. FIB-SEM datasets were generated
using a Zeiss Capella FIB column fitted onto a Zeiss Merlin SEM for 8 nm isotropic voxels and a Zeiss Gemini500 SEM for 4nm
isotropic voxels. The final datasets were registered using a SIFT-based algorithm (Lowe, 2004). To register the FIB-SEM to cryo-
SIM we used the software package BigWarp (Bogovic et al., 2016) and morphological ER landmarks as described (Hoffman
etal., 2020). All segmentation was performed using semi-manual thresholding and manual painting tools within Amira (Thermo Fisher
Scientific). 3D rendered images and movies were created within Amira. Below is a brief description for each sample including cell
type, general sample preparation details, and original publication (where applicable).

jrc_hela-21
Sample: Interphase Hela cell overexpressing mApple-TNFa-RUSH, frozen 8 min post 50 pM biotin addition.
Protocol: High pressure freezing, freeze-substitution resin embedding with 1% Os04 0.1% UA 3% H20 in acetone; resin embed-
ding in Eponate 12.
Contributions: Sample provided by Aubrey Weigel (HHMI/Janelia), prepared for imaging by Gleb Shtengel (HHMI/Janelia), with
imaging and post-processing by C. Shan Xu (HHMI/Janelia).
Voxel size: 8 nm x 8 nm X 8 nm
Dimensions: 50 um x 10 um x 15.58 pum
Acquisition date: 2017-04-12
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OpenOrganelle link: https://openorganelle.janelia.org/datasets/jrc_hela-21
https://doi.org/10.25378/janelia. 13469550

jrc_hela-22
Sample: Interphase Hela cell overexpressing mApple-TNFa-RUSH, frozen 8 min post 50 uM biotin addition.
Protocol: High pressure freezing, freeze-substitution resin embedding with 1% OsO4 0.1% UA 3% H20 in acetone; resin embed-
ding in Eponate 12.
Contributions: Sample provided by Aubrey Weigel (HHMI/Janelia), prepared for imaging by Gleb Shtengel (HHMI/Janelia), with
imaging and post-processing by C. Shan Xu (HHMI/Janelia).
Voxel size: 8 nm x 8 nm X 8 nm
Dimensions (um): 8 3.36 pm x 8.46 um x 33 um
Acquisition date: 2017-04-12
OpenOrganelle link: https://openorganelle.janelia.org/datasets/jrc_hela-22
https://doi.org/10.25378/janelia.13469901

jrc_hela-bfa
Sample: Interphase Hela cell overexpressing mEmerald-Sec23 frozen 6 min post 10 uM BFA addition.
Protocol: High pressure freezing, freeze-substitution resin embedding with 1% OsO4 0.1% UA 3% H20O in acetone; resin embed-
ding in Eponate 12.
Contributions: Sample provided by Aubrey Weigel and Chi-Lun Chang (HHMI/Janelia), prepared for imaging by Gleb Shtengel
(HHMI/Janelia) and Melanie Freeman (UC Berkeley), with imaging and post-processing by C. Shan Xu (HHMI/Janelia).
Voxel size: 8 nm x 8 nm X 8 nm
Dimensions: 65 um x 4.8 um x 51.6 um
Acquisition date: 2019-10-15
OpenOrganelle link: https://openorganelle.janelia.org/datasets/jrc_hela-bfa
https://doi.org/10.25378/janelia. 13469814

jrc_hela-h89-1
Sample: Interphase Hela cell overexpressing mEmerald-Sec23 frozen 9 min post 50 uM H89 addition.
Protocol: High pressure freezing, freeze-substitution resin embedding with 1% OsO4 0.1% UA 3% H20 in acetone; resin embed-
ding in Eponate 12.
Contributions: Sample provided by Aubrey Weigel and Chi-Lun Chang (HHMI/Janelia), prepared for imaging by Gleb Shtengel
(HHMI/Janelia), with imaging and post-processing by C. Shan Xu (HHMI/Janelia).
Voxel size: 8 nm x 8 nm X 8 nm
Dimensions: 80 um x 6 pm x 101.82 um
Acquisition date: 2020-10-09
OpenOrganelle link: https://openorganelle.janelia.org/datasets/jrc_hela-h89-1

jrc_hela-h89-2
Sample: Interphase Hela cell overexpressing mEmerald-Sec23 frozen 9 min post 50 pM H89 addition.
Protocol: High pressure freezing, freeze-substitution resin embedding with 1% Os04 0.1% UA 3% H20 in acetone; resin embed-
ding in Eponate 12.
Contributions: Sample provided by Aubrey Weigel and Chi-Lun Chang (HHMI/Janelia), prepared for imaging by Gleb Shtengel
(HHMI/Janelia), with imaging and post-processing by C. Shan Xu (HHMI/Janelia).
Voxel size: 8 nm x 8 nm X 8 nm
Dimensions: 50 x 8 x 98.86 (X, Y, 2)
Acquisition date: 2020-10-15
OpenOrganelle link: https://openorganelle.janelia.org/datasets/jrc_hela-h89-2
https://doi.org/10.25378/janelia.13469964

jrc_hela-1
Sample: Wild-type, interphase HelLa cell (ATCC CCL-2).
Protocol: High pressure freezing, freeze-substitution resin embedding with 2% Os04 0.1% UA 3% H20 in acetone; resin embed-
ding in Eponate 12.
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Contributions: Sample provided by Aubrey Weigel (HHMI/Janelia), prepared for imaging by Gleb Shtengel (HHMI/Janelia), with
imaging and post-processing by C. Shan Xu (HHMI/Janelia).

Voxel size: 8 nm x 8 nm X 8 nm

Dimensions: 75 um x 8 um x 60 pm

Acquisition date: 2017-04-05

OpenOrganelle link: https://www.openorganelle.com/datasets/jrc_hela-1

https://doi.org/10.25378/janelia. 13123415

jrc_hela-2
Sample: Wild-type, interphase HelLa cell (ATCC CCL-2).
Protocol: High pressure freezing, freeze-substitution resin embedding with 2% Os04 0.1% UA 3% H20 in acetone; resin embed-
ding in Eponate 12.
Contributions: Sample provided by Aubrey Weigel (HHMI/Janelia), prepared for imaging by Gleb Shtengel (HHMI/Janelia), with
imaging and post-processing by C. Shan Xu (HHMI/Janelia).
Voxel size: 4 nm X 4 nm X 5.24 nm
Dimensions: 48 um x 6 um x 33 um
Acquisition date: 2017-06-21
OpenOrganelle link: https://www.openorganelle.com/datasets/jrc_hela-2
https://doi.org/10.25378/janelia.13114211
Publication: (Xu et al., 2020)

jrc_hela-3
Sample: Wild-type, interphase Hela cell (ATCC CCL-2).
Protocol: High pressure freezing, freeze-substitution resin embedding with 2% Os04 0.1% UA 3% H20 in acetone; resin embed-
ding in Eponate 12.
Contributions: Sample provided by Aubrey Weigel (HHMI/Janelia), prepared for imaging by Gleb Shtengel (HHMI/Janelia), with
imaging and post-processing by C. Shan Xu (HHMI/Janelia).
Voxel size: 4 nm X 4 nm X 5.24 nm
Dimensions: 50 um x 4 um x 39 um
Acquisition date: 2017-08-9
OpenOrganelle link: https://www.openorganelle.com/datasets/jrc_hela-3
https://doi.org/10.25378/janelia. 13114244
Publication: (Xu et al., 2020)

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

Allimage analyses were performed using ImageJ (National Institutes of Health) unless otherwise indicated. All intensity analyses were
subjected to background subtraction. To obtain relative intensity profiles, the intensity values from different conditions were normal-
ized to that at the first time point or in control groups. Diameters of ERES, comprising tubules, ER, ER-ERES necks, and transport
intermediates were measured by finding the peak-to-peak distance of line-profile cross-sections from FIB-SEM slices. Distribution of
COPI with respect to ERES was quantified by measuring the percentage pixels occupied by both COPI and COPII fluorescence after
thresholding. For separation analysis, intensity profiles of corresponding fluorescence puncta were fit to a Gaussian curve to deter-
mine its center position. Separation distances are reported relative to the center distance of COPII puncta. Temporal projection maps
were generated by Temporal-Color Code from stacks of time-lapse images in Imaged. COPII, COPI, and RUSH cargo tracking was
manually done using Tracking Plugin in ImagedJ. To evaluate the % volume occupied by vesicles near and away from ERES, vesicles
and cytosol in one cubic micron ROIs were manually segmented. The reported numbers are the ratio of the volume occupied by ves-
icles versus the total available cytosolic volume.

Statistical analysis

Data were statistically analyzed by two-tailed t test or one-way ANOVA with Tukey’s multiple comparisons using GraphPad Prism
(GraphPad Software; La Jolla, CA). Data distribution assumed to be normal but not formally tested. *, p < 0.05; ** p < 0.01;
** p < 0.001; n.s., not significant. Graphs were generated using OriginPro (OriginLab; Northampton, MA) and GraphPad Prism.
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Figure S1. Distribution of TNF-o-RUSH and TopFluor-cholesterol in steady-state HeLa cells, related to Figure 1
(A and B) Steady-state distribution of TNFz-RUSH at ERESs labeled by mEmerald-Sec23 (A) or by mEmerald-Sec31 (B) without biotin addition in HelLa cells

monitored by confocal microscopy. Representative images are shown.
(C) Fluorescence recovery after photobleaching (FRAP) of Halo-TNFa-RUSH in a ERES labeled with mEmerald-Sec31 without biotin addition in a HeLa cell

monitored by confocal microscopy. Representative images are shown.
(D) FRAP analysis of experiment described in (C). Mean (blue line) from 20 regions in three independent experiments (gray lines) and standard deviation (shaded

blue) are shown.
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Figure S2. Dynamic distribution of RUSH cargos, related to Figure 2

(A) Halo-TNFa-RUSH transport intermediates leave from mEmerald-Sec23-labeled ERESs after the addition of biotin in HeLa cells monitored by confocal mi-
croscopy. Red arrowheads point to examples where ERESs with TNFa«-RUSH cargo undergo departure from these sites, with cyan arrows showing the departure
path. Representative images are shown.

(B) Quantification of TNFa-RUSH intensity within a single ERESs before and during cargo departure from the ERES from the experiment described in A. Time of
TNFa-RUSH leaving ERESs is offset to t = 0. Mean + SEM (14 ERESs) are shown.

(C) Halo-TNFa-RUSH begins colocalizing with the Golgi labeled by SiT-FusionRed within 12 min of biotin treatment. Representative images are shown.

(D) Quantification of vesicle volume near and away from an ERES analyzed from our FIB-SEM dataset. The volume occupied by vesicles within a cubic micron of
available cytosol is reported. Raw data distribution and mean + standard deviation and min-max range are shown. Results detailed in Table S1.

(E) Distribution of mApple-TfR-RUSH (left panel) and mCherry-Gp135-RUSH (right panel) before biotin addition in HeLa cells transfected with mEmerald-Sec23
monitored by confocal microscopy. Representative images are shown.
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Figure S3. The effects of dynamic assembly of Sar1 on ERESs and RUSH cargo release, related to Figure 3

(A and B) 50 pM H89 treatment has minimal effect on ER labeled by mCherry-Sec61 (A) and the Golgi labeled by SiT-FusionRed (B) in HelLa cells monitored by
confocal microscopy. Representative images are shown.

(C) GPI-RUSH remains in the ER after biotin addition when Hela cells are treated with 50 uM H89 treatment for 3 min. HelLa cells were co-transfected with
mEmerald-Sec23 and Halo-GPI-RUSH and monitored by confocal microscopy. Representative images are shown.

(D) Relative intensity of GPI-RUSH at ERES during H89 treatment, as described in C. Mean + SD are shown (20 cells from three independent experiments). See
also Table S1.

(E) mEmerald-Sec23 remnants with lysosome-like morphology after 9-min of H89 treatment. Representative FIB-SEM slices containing Sec23-positive lyso-
somal structure are shown.

(F) Fraction of Sec23 puncta with ERES or lysosome morphology as revealed by FIB-SEM in HeLa cells frozen at 9-min of H89 treatment. 200 Sec23 puncta from 2
Hela cells were examined.

(G) RUSH cargo distribution during biotin incubation in control or H89-treated HelLa cells monitored by confocal microscopy. Representative images are shown.
(H) Distribution of mEmerald-Sec23 in fixed HelLa cells co-transfected with wild-type Sar1-mApple or Sar1-H79G-mApple monitored by Airyscan microscopy.
Representative images are shown.

(I) Quantification of the number and size of Sec23 puncta as described in (H). Mean + SD are shown. See also Table S1. *p > 0.01; ***p > 0.001.

(legend continued on next page)
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(J) Relative intensity of GPI-RUSH at ERESs 3 min after biotin addition in HelLa cells overexpressing Sar1 or Sar1-H79G. Mean + SD are shown (19-23 cells from
three independent experiments). See also Table S1.

(K) TNFa-RUSH cargo leaving ERES labeled by Halo-Sec31 during biotin incubation monitored by continuous confocal imaging. Trajectory of individual Sec31
puncta (green) and TNFa-RUSH (pink) is shown for clarity, revealing that Sec31 remains at ERES while TNFa-RUSH moves away from this site. Representative
images are shown.

(L) Temporal projections over 48 s of RUSH cargos (top) and ERESs labeled by Sec31 (bottom) during biotin release monitored by continuous confocal imaging.
Representative images are shown.
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Figure S4. Distribution of COPII, COPI, or RUSH cargos in steady-state, in biotin release, or under Sar1 subtype overexpression, related to
Figure 4

(A) Colocalization of Halo-Sec31 and eCOP-YFP in fixed eCOP-CHO monitored by Airyscan microscopy. Representative images are shown.

(B) Colocalization of mCherry-Sec23, Halo-TNFa-RUSH and immunostained BCOP in Hela cells fixed at 5-min of biotin addition monitored by Airyscan
microscopy. Representative images are shown.

(C and D) Separation between Sec23, GPI-RUSH (C) and TNFa-RUSH (D), and BCOP during cargo release. Raw data and mean + standard deviation and min-
max range are shown. Results detailed in Table S1.

(E) Distribution of eCOP-YFP in eCOP-CHO cells co-transfected with Sar1-mApple or Sar1-H79G-mApple monitored by confocal microscopy. Representative
images are shown.
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Figure S5. Dynamic distribution of eCOP-YFP and the effects of BFA on ERESs and RUSH cargo release, related to Figure 5.

(A) Temporal projection over 40 s of eCOP in eCOP-CHO cells monitored by continuous confocal imaging.

(B) Halo-Sec23 remains at ERESs while eCOP redistributes into cytosol after BFA treatment in eCOP-CHO cells monitored by confocal microscopy. Repre-
sentative images are shown.

(C) Fraction of cells with RUSH cargo released or retained after 10-min of biotin treatment. Mean + SD are shown (4 independent experiments). See also Table S1.
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Figure S6. Profile of transport intermediates containing TNF-o-RUSH and colocalization of GPI-RUSH transport intermediate and p150%'¥ed,

related to Figure 6

(A) Segmentation and 3D rendering of 10 transport intermediates shown in Figure 6.

(B-C) 3D volume rendering of transport intermediates either with (C) and without (B) TNFa-RUSH cryo-SIM are shown for each inset marked by a roman numeral
in (A).

(D) Colocalization of transport intermediates and dynein microtubule motors in fixed HeLa cells overexpressing RUSH cargos and immunostained with p150¢'e9,
monitored by Airyscan microscopy. Representative images are shown.
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Figure S7. Distribution of p58 relative to Sec23, the effects of Sar1 subtypes on the Golgi, and COPI foci on transport intermediate, related to
Figure 7

(A and B) Colocalization of Halo-Sec23 and GFP-p58 in HelLa cells monitored by confocal (A) and Airyscan (B) microscopy. Representative images and relative
intensity profile (right) are shown.

(C) Separation between Sec23 and p58 at ERESs in Hela cells as described in (B). Raw data and mean + standard deviation and min-max range are shown.
Results detailed in Table S1.

(D) Colocalization Halo-p58-positive tubes and p150¢®? in fixed Hela cells monitored by Airyscan microscopy. Representative images are shown.

(E and F) Sar1-H79G overexpression redistributes Golgi markers, SiT-FusionRed (E) and GalT-EGFP (F), to the ER in HeLa cells monitored by confocal mi-
croscopy. Representative images are shown.

(G) Punctate distribution of eCOP-YFP on mobile transport intermediates containing TfR-RUSH during biotin release in eCOP-CHO cells. Green arrow heads
indicate eCOP-YFP foci on transport intermediates. Representative confocal images are shown.

(H) Endogenous BCOP and p1 50%"ed foci on transport intermediates containing Halo-TNF«-RUSH or Halo-GPI-RUSH and Halo-p58-positive tubes in HelLa cells
monitored by Airyscan microscopy. Representative confocal images are shown.
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