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A positive signal prevents secretory membrane
cargo from recycling between the Golgi and the ER
Matteo Fossati1,†, Sara F Colombo1 & Nica Borgese1,2,*

Abstract

The Golgi complex and ER are dynamically connected by antero-
grade and retrograde trafficking pathways. To what extent and by
what mechanism outward-bound cargo proteins escape retrograde
trafficking has been poorly investigated. Here, we analysed the
behaviour of several membrane proteins at the ER/Golgi interface
in live cells. When Golgi-to-plasma membrane transport was
blocked, vesicular stomatitis virus glycoprotein (VSVG), which bears
an ER export signal, accumulated in the Golgi, whereas an export
signal-deleted version of VSVG attained a steady state determined
by the balance of retrograde and anterograde traffic. A similar
behaviour was displayed by EGF receptor and by a model tail-
anchored protein, whose retrograde traffic was slowed by addition
of VSVG’s export signal. Retrograde trafficking was energy- and
Rab6-dependent, and Rab6 inhibition accelerated signal-deleted
VSVG’s transport to the cell surface. Our results extend the
dynamic bi-directional relationship between the Golgi and ER to
include surface-directed proteins, uncover an unanticipated role
for export signals at the Golgi complex, and identify recycling as a
novel factor that regulates cargo transport out of the early secre-
tory pathway.
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Introduction

The early secretory pathway is composed of subcompartments—ER,

intermediate compartment and Golgi complex—that are dynami-

cally interconnected by vesicle or tubule-mediated transport.

Anterograde transport out of the ER, effected by COPII-coated trans-

port vesicles, is balanced by retrograde transport from the Golgi and

the intermediate compartment back to the ER (Spang, 2013). The

latter process recycles proteins of the export machinery (such as

vSNARE proteins) and retrieves escaped ER resident proteins,

guaranteeing maintenance of the size and identity of each compart-

ment of the early secretory pathway in the face of constant outward-

bound traffic. By retrieving chaperone-bound unfolded cargo

proteins and incompletely assembled oligomeric complexes, retro-

grade transport also participates in the quality control of exported

proteins, allowing completion of cargo folding/assembly in the

efficient folding environment of the ER (Yamamoto et al, 2001;

Spasic et al, 2007; Vavassori et al, 2013).

In addition to its function in retrieval of ER components, retro-

grade traffic between the Golgi and the ER also involves recycling of

the Golgi resident proteins themselves. Recycling of Golgi sugar

transferases was first observed in cells treated with the fungal anti-

biotic brefeldin A (Doms et al, 1989; Lippincott-Schwartz et al,

1989) and later demonstrated under other conditions of inhibition of

ER export, which lead to the accumulation of Golgi proteins in the

ER in the absence of new protein synthesis (Cole et al, 1998; Storrie

et al, 1998).

Two mechanisms of Golgi-to-ER transport have been described.

The best characterized one, which relies on the Arf1 GTPase and

COPI coatomer (Bremser et al, 1999), retrieves retrograde

membrane cargoes that carry COPI recognition motifs (Cosson &

Letourneur, 1994; Cosson et al, 1998); among these, the KDEL

receptor and Rer1p function as receptors to bind and retrieve

escaped ER residents. The second pathway is Arf1-/COPI-

independent and relies instead on the Rab6 GTPase. This pathway

appears to involve tubules rather than vesicles and is responsible

for cycling of glycosylating enzymes between the Golgi and the ER,

as well as for the retrograde transport of Shiga and Shiga-like toxins

(Girod et al, 1999; White et al, 1999).

Poorly investigated so far has been how Golgi/ER backward flux

affects the forward transport of cargo proteins. Do correctly folded/

assembled forward-directed cargo proteins escape from this back-

ward flux, which would otherwise delay their transit through the

Golgi? In particular, given the high surface-to-volume ratio in vesi-

cles and tubules, one might expect that cargo membrane proteins

could easily enter the retrograde carriers. If they do not, by what

mechanism are they excluded?

Here, we have applied live cell imaging to investigate the behav-

iour at the ER/Golgi interface of a number of outward-directed cargo

membrane proteins. We have compared the behaviour of a type I

membrane protein equipped with a known COPII-interacting export
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signal (Vesicular Stomatitis Virus Glycoprotein, VSVG) (Nishimura

et al, 1999; Sevier et al, 2000) with that of membrane proteins with

signal-independent, transmembrane domain (TMD)-dependent,

export. As representatives of the latter category, we analysed the

following: (i) a model tail-anchored (TA) protein, whose export

depends exclusively on the length of its TMD (Pedrazzini et al,

1996; Bulbarelli et al, 2002; Ronchi et al, 2008), and which we refer

to here as Fluorescent Protein (FP)-22, because of its 22-residue

TMD; (ii) an export signal-deleted mutant of VSVG, whose export,

like the one of FP-22, depends on its TMD characteristics

(Dukhovny et al, 2009). In addition, we analysed two membrane

proteins [synaptobrevin 2 (Syb2) and epidermal growth factor

receptor (EGFR)], whose export mechanisms have not been previ-

ously investigated.

Our observations reveal that shuttling of outward-directed

membrane protein between the Golgi and the ER may be a much

more common phenomenon than previously suspected and that

positive, signal-mediated, mechanisms are required to prevent cargo

from engaging this seemingly futile recycling. The results indicate

that, in addition to the efficiency of recruitment into COPII-coated

vesicles, recycling from the Golgi back to the ER is an additional

factor that regulates cargo transport out of the early secretory path-

way, providing an explanation for the vastly different reported rates

of protein transport through the Golgi complex (e.g. Yeo et al, 1985;

Bamberger & Lane, 1988; Mironov et al, 2001; Boncompain et al,

2012).

Results

VSVG and FP-22 display a different steady-state distribution
at 20°C

To investigate whether and how Golgi-to-ER backward flux affects

the transit of transmembrane cargoes through the early secretory

pathway, we first checked that the conditions of live cell imaging

used in our experiments allow normal transport of our constructs.

We used a GFP-tagged form of the temperature-sensitive variant of

VSVG (Supplementary Fig S1A), which at the restrictive temperature

of 39°C is misfolded and retained in the ER (Gallione & Rose, 1985),

and which we refer to as VSVG-EGFP or simply VSVG. In the case of

FP-22 (Supplementary Fig S1A), which at steady state localizes to

the plasma membrane (Bulbarelli et al, 2002; Supplementary Fig

S2C) and which cannot be retained in the ER by high temperature,

we imaged cells at short times (70–75 min) after microinjection of

the corresponding cDNA, so as to catch the newly synthesized

protein exiting the ER (Ronchi et al, 2008). In all experiments, a

protein synthesis inhibitor was added at the beginning of the

imaging, and the Golgi was identified by co-transfection or

co-microinjection of the Golgi marker GalNacT2 tagged with

mCherry, referred to here as GalNAc, or GalNAc-mCherry.

As shown in Supplementary Fig S1B and C, after shifting NRK

cells to the permissive temperature of 32°C, VSVG rapidly cleared

the ER and simultaneously reached the Golgi region, with maximum

accumulation at 12–15 min; at subsequent time points, it progres-

sively localized to the plasma membrane with concomitant empty-

ing of the Golgi complex. FP-22 displayed a somewhat different

behaviour: as soon as it was detectable, it appeared distributed

between the ER and the Golgi region (60 min after cDNA microin-

jection, Supplementary Fig S1D); at later times, the construct

appeared at the plasma membrane, while intracellular fluorescence

slowly decreased during the 2-h observation period (Supplementary

Fig S1D and E, Supplementary Movie S1). Thus, both VSVG and

FP-22 are transported to the cell surface under our conditions;

however, in agreement with our previous observations on CV1 cells

(Ronchi et al, 2008), transport of FP-22 is less well synchronized

than that of VSVG.

To restrict our analysis to transport at the ER/Golgi interface, we

analysed the distribution of FP-22 and VSVG after incubation of the

cells for 2 h at 20°C, a temperature at which export from the trans-

Golgi network (TGN) is strongly slowed (Matlin & Simons, 1983).

As shown in Fig 1A, after incubation at 20°C, VSVG was detected

exclusively in the Golgi apparatus, whereas FP-22 was distributed

between the ER and the Golgi. This distribution did not change with

increasing time of incubation (see Fig 2C), leading us to hypothesize

that either FP-22’s anterograde transport to the Golgi is impaired at

20°C or that, after export from the ER, the protein is included into a

retrograde pathway, resulting in the steady-state distribution visual-

ized in Fig 1A.

FP-22 is transported from the ER to the Golgi complex at 20°C

To investigate transport of FP-22 from the ER to the Golgi at 20°C,

we performed Fluorescence Recovery After Photobleaching (FRAP)

experiments. After bleaching the Golgi complex in GalNAc and

FP-22 co-microinjected cells, we observed a progressive recovery of

FP-22’s fluorescence signal over time (Fig 1B and C, Supplementary

Movie S2). Analysis of FP-22’s recovery revealed the presence of

two phases, a rapid (t1/2 of ~1 min) and a slower (t1/2 of ~20 min)

one (Fig 1C). A bleached area of ER outside of the Golgi area recov-

ered with a time course similar to the rapid phase (Fig 1B and C),

reaching maximum recovery within 10 min, suggesting that this

first phase is due to diffusion of FP-22 from the bulk ER into the

juxtanuclear ER contained in the bleached ROI of our experiments.

The slow recovery phase could instead be correlated with an

increase in Golgi staining (Fig 1B and C, Supplementary Movie S2).

We confirmed that this phase is due to vesicular transport of FP-22

by probing for its energy dependence. As illustrated in Fig 1D,

under conditions of energy depletion, recovery of fluorescence in

the Golgi area was limited to values matching the surrounding ER;

the slow phase, which under normal conditions continues for the

entire period of registration, was strongly reduced in the ATP-

depleted cells (Fig 1C and D, Supplementary Movie S3). Recovery of

a bleached area of the ER was, instead, energy independent, as

expected for a diffusion-mediated process (Fig 1C and E). These

results indicate that vesicular transport of FP-22 from the ER to the

Golgi occurs at 20°C.

FP-22, but not VSVG, is recruited into a Golgi-to-ER retrograde
transport pathway

To explore the possible retrograde transport of FP-22, the entire ER

(identified by the ER resident protein mRFP-KDEL) of microinjected

cells pre-incubated at 20°C was photobleached, and fluorescence

variations in the Golgi (inverted FRAP or iFRAP) and in the ER were

measured over time. After bleaching of the ER, FP-22’s Golgi signal
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progressively diminished while the ER recovered (Fig 2A and C).

FP-22-containing tubular/vesicular elements leaving the Golgi and

dispersing into the mRFP-KDEL positive region were frequently

observed (Supplementary Movie S4, Fig 2A, inset).

Like in the case of the recovery analysis of Fig 1, Golgi emptying

could be described by two phases (Fig 2C), a rapid one, due to FP-22’s

diffusion from the ER of the non-bleached area to the bleached ER, and

a second slower phase determined by energy-dependent retrograde

transport. In this, and subsequent experiments, we calculated an

apparent first-order rate constant for Golgi emptying by fitting the

data points between 20 and 30 min (a time period at which ER

diffusion no longer contributes to fluorescence recovery) to a mono-

exponential decay curve (see Supplementary Methods) and found

that Golgi emptying was reduced by approximately 90% in the

energy-depleted cells (Fig 2B and C, Table 1). In contrast, the rapid

phase of recovery in the ER was not affected by energy depletion, as

expected for a diffusion-mediated process (Fig 2C).

To investigate whether FP-22’s recycling occurs also at physio-

logical temperature, we repeated the same FRAP experiment at

37°C. Similarly to our observations at 20°C, after bleaching the ER,

FP-22’s fluorescence in the Golgi progressively decreased and tubu-

lar elements emerging from the Golgi were observed (Fig 2D and E).

At 37°C, part of the Golgi emptying could be due to anterograde

transport to the plasma membrane; however, the slow acquisition

of plasma membrane fluorescence at 37°C (Supplementary Fig S1)

and the stability of Golgi fluorescence in a neighbouring non-

bleached cell suggest that much of the observed Golgi fluorescence

loss was due to retrograde transport.

As shown in Fig 1, VSVG is hardly detectable in the ER after

incubation at 20°C. Assuming first-order kinetics for both antero-

grade and retrograde transport, the steady-state ratio of Golgi-to-ER

concentration is predicted to be equal to the ratio of first order rate

constants of transport (kER?Golgi/kGolgi?ER). Thus, both accelerated

anterograde and slowed retrograde transport could in principle

contribute to the strong accumulation of VSVG in the Golgi at 20°C.

To investigate possible retrograde transport of VSVG, we performed

photobleaching of the ER at 20°C on NRK cells transfected at the

restrictive temperature. Cells were briefly incubated at 32°C to allow

a partial accumulation of VSVG in the Golgi complex and then

photobleached and imaged at 20°C. As shown in Fig 3A and B,

bleaching of the ER revealed that the first rapid diffusional phase is

similar in VSVG and FP-22-expressing cells; however, the second,

transport-related, phase has a reduced slope in the case of VSVG,

suggesting that this protein is poorly recruited to the retrograde

pathway (Fig 3B).

Since the apparent rate of retrograde transport could be reduced

by ongoing anterograde transport, we adopted an alternative

approach to iFRAP: cells were treated with the PKA inhibitor H89,

which is known to block ER-to-Golgi anterograde transport and to

result in the gradual accumulation of Golgi proteins in the ER (Lee &

Linstedt, 2000). We first checked the effect of H89 on NRK cells at

20°C by analysing the intracellular distribution of the recycling

protein ERGIC-53 (known as p58 in rodents). As shown in Fig 3C,

treatment with H89 for 1 h at 20°C caused a redistribution of

ERGIC-53 from a perinuclear and punctate pattern to a typical ER

localization, consistent with a block in anterograde-, but ongoing

retrograde traffic. We then compared loss of Golgi fluorescence of

VSVG and FP-22 in H89-treated cells. After allowing partial accumu-

lation of each of the two proteins in the Golgi by incubation at

32 or 37°C, cells were imaged at 20°C in the presence of the drug.

Under these conditions, the two proteins displayed a different

behaviour: whereas VSVG’s fluorescence in the Golgi was almost

unchanged during imaging, FP-22’s signal progressively diminished

(Fig 3D–F). These results indicate that VSVG is largely excluded

from the retrograde pathway into which FP-22 is recruited.

Shifting the temperature from the restrictive to the permissive

temperature results in a wave of transport of VSVG to the Golgi

complex, which initiates signalling cascades that affect Golgi func-

tion (Giannotta et al, 2012). We therefore considered the possibility

that VSVG, rather than being itself excluded from Golgi-to-ER trans-

port, might inhibit the retrograde pathway while transiting through

the Golgi. If this were the case, FP-22 expressed alone or co-

expressed with VSVG would display different behaviours at the ER/

Golgi interface. To test this possibility, cells co-microinjected with

the cDNAs coding for the two constructs and kept at 39°C, were

shifted to 20°C for 90 min. As expected, VSVG appeared concen-

trated in the Golgi region under this condition, while FP-22 was

distributed between the ER and the Golgi in the same way as when

it is expressed alone (Fig 4A), suggesting that the retrograde trans-

port pathway is not affected by the synchronous anterograde flux of

VSVG. This was confirmed by direct measurement of FP-22’s retro-

grade transport in the presence of co-expressed VSVG (Fig 4B and C,

Table 1).

We then compared the distribution within the Golgi stack of the

two cargoes with TGN38, a marker of the TGN, and of GalNAc-

mCherry, which has a wider intra-Golgi distribution (Rottger et al,

Figure 1. Characterization of ER-to-Golgi anterograde transport of FP-22 at 20°C.

A NRK cells, co-microinjected with mEGFP-22 and GalNAc-mCherry (upper row), or co-transfected with VSVG-EGFP and GalNAc-mCherry at 39.3°C (lower row), were
incubated for 2 h at 20°C before fixation. Images are maximum intensity projections of z-stacks. Scale bars, 10 lm.

B Representative FRAP experiment of Golgi regions (arrowheads) or of a portion of the ER (asterisk) in co-microinjected cells allowed to express mCerulean-22 and
GalNAc-mCherry, incubated for 60 min at 20°C before imaging. Lower row: magnifications of the boxed area (rotated clockwise by 90°) in the upper row, showing a
Golgi apparatus and a portion of the ER that were bleached (red contours; see Supplementary Movie S2). Scale bars, 20 (upper and middle rows) and 10 (lower row) lm.

C Recovery curves of mCerulean-22 in the Golgi apparatus and in the ER in the presence or absence of energy together with the curves fitted to one-phase (ER, green
and violet traces) and two-phase (Golgi, red and blue traces) exponential functions. Data points represent means � SEM, and the 95% confidence limits of the fitted
curves are indicated by the surrounding lightly coloured areas (n = 17, 7, 8 and 10 cells, for Golgi, ER, Golgi minus ATP, and ER–ATP, respectively; number of
experiments ≥ 5).

D Representative line scans (yellow) crossing the Golgi apparatus and portions of surrounding ER in FRAP experiments performed as described in (B), under control
conditions (upper panel) and in the absence of energy (lower panel), before bleaching (red), immediately after bleaching (blue), and after 60 min of recovery (green)
(related to Supplementary Movie S3). Scale bars, 10 lm.

E FRAP of a portion of the ER (yellow contour) was performed on energy-depleted NRK cells, microinjected and incubated as described in (B). Scale bar, 15 lm.

◀
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1998). As previously reported (Matlin & Simons, 1983), upon incu-

bation at 20°C, VSVG preferentially co-localized with TGN38

(Fig 5B). In contrast, FP-22 was excluded from the TGN (Fig 5A),

confirming the different intra-Golgi trafficking of the two cargoes.

The DxE export signal prevents cargo recruitment into the
Golgi-to-ER retrograde pathway

VSVG is endowed with a tyrosine- and di-acidic (DxE)-based export

signal that, by binding to the Sec24 subunit of COPII, mediates effi-

cient recruitment to ER exit sites (Nishimura & Balch, 1997; Sevier

et al, 2000). In addition to its role in export from the ER, this signal

has also been implicated in mediating VSVG’s exit from the Golgi,

by binding to the d subunit of the clathrin adaptor 3 (AP3) complex

(Nishimura et al, 2002). To evaluate a possible role of the export

signal in exclusion from Golgi-to-ER retrograde traffic, we analysed

an export signal-deficient form of VSVG, in which the export

sequence YTDIE was replaced with YTAIA (VSVGAxA-EGFP,

Supplementary Fig S1A). The mutated protein is poorly concen-

trated in ER exit sites, but nevertheless is still able to reach the cell

surface at reduced rate (Nishimura & Balch, 1997; Nishimura et al,

1999) (Supplementary Fig S2A).

We first analysed the intracellular distribution of VSVGAxA in

cells co-transfected at 39°C with GalNAc-mCherry, followed by an

incubation at 20°C for 90 min. Under this condition, differently

from the signal-bearing form, but similar to FP-22, VSVGAxA was

distributed between the ER and the Golgi, suggesting a steady state

determined by the balance between anterograde and retrograde

transport (Fig 6A). This altered distribution was not due to a fold-

ing problem of VSVG’s lumenal domain, as a conformation-specific

anti-VSVG antibody revealed a staining pattern similar to that of

GFP fluorescence (Supplementary Fig S2B). To directly assess

ongoing retrograde traffic, we photobleached the ER at 20°C and

observed that the fluorescence intensity in the Golgi progressively

decreased concomitantly with partial ER signal recovery (Fig 6B

and C, Supplementary Movie S5). As in the case of FP22, Golgi

emptying of VSVGAxA could be fit by a double exponential func-

tion (Fig 6C); the value of the decay constant of the slow phase

(0.02 min�1, Table 1) was close to the one estimated for FP-22. To

further demonstrate VSVGAxA recycling, fluorescence intensity

variations in the Golgi complex were measured at 20°C in the pres-

ence of H89 (Fig 6D). While in untreated cells at 20°C fluorescence

in the Golgi is stable (see the pre-bleaching data points in Fig 6C),

cells treated with H89 displayed a progressive Golgi emptying in

the investigated time window (Fig 6D and E). Thus, the di-acidic

export signal of VSVG is the feature that prevents Golgi-to-ER

retrograde transport.

To investigate the site within the Golgi stack from which signal-

deleted VSVG is recycled back to the ER, we analysed the time

course of resistance acquisition to N-linked glycan removal by Endo-

glycosidase H (EndoH). As shown in Supplementary Fig S3, at 20°C

VSVGAxA remained sensitive to EndoH even after 4 h of incubation,

indicating that the majority of this cargo has limited access the

medial cisternae of the Golgi (where a-mannosidase II confers

EndoH-resistance to glycoproteins). In contrast, the WT protein

became nearly totally EndoH resistant within 2 h at 20°C, in agree-

ment with its TGN localization assessed by confocal analysis

(Fig 5A).

The experiments of Fig 6A–E indicate that the YTDIE sequence is

required to reduce VSVG’s recruitment into the retrograde pathway.

To investigate whether this signal is also sufficient to prevent

recycling, we transplanted it onto the cytosolic domain of FP-22

(FP22-YTDIE— Supplementary Fig S1A). Like the parent construct,

FP22-YTDIE was expressed at the plasma membrane of transfected

cells (Supplementary Fig S2C). We then determined its rate of retro-

grade transport by iFRAP, which we found to be severely reduced in

comparison to the parent protein FP-22 (Fig 6F and G, Table 1).

The experiments presented here suggest that the YTDIE

sequence in the cytosolic domain of VSVG could be involved in

binding to putative receptor(s) in the Golgi that remove it from the

retrograde pathway. To attempt identification of such receptors,

Figure 2. FP-22 is included in a Golgi-to-ER retrograde transport pathway at 20 and 37°C.

A Loss of Golgi fluorescence after bleaching of the ER in NRK cells co-microinjected with mCerulean-22 and mRFP-KDEL. Cells were incubated for 1 h at 20°C and
imaged alive at 20°C for 30 min, before ER bleaching (red and yellow contours). Enlargements (lower row) of the boxed area (upper row) in the mCerulean-22
channel show Golgi emptying in more detailed temporal resolution. Red arrowhead indicates a thin FP-22-positive tubule emanating from the Golgi apparatus
(see Supplementary Movie S4). Scale bars, 15 (upper and middle rows) and 3 (lower row) lm.

B Inhibition of loss of Golgi fluorescence by energy depletion. Cells were microinjected and incubated as in (A). The mCerulean channel is shown. Bleached ROIs are
indicated by the yellow contours. Scale bars, 20 lm.

C Quantitative analysis of fluorescence loss from the Golgi after ER bleaching in the presence or absence of ATP, and recovery of the ER in the same conditions (n = 12
cells, number of experiments ≥ 5). Data points represent means � SEM. The coloured lines show the fitted two-phase exponential decay and association curves.

D Bleaching of the ER, as described in (A), was performed at 37°C on microinjected cells. The red contour (upper panel) indicates the bleached ER ROI; the red
arrowhead in the enlargement (lower row) of the boxed area highlights an FP-22-positive tubule originating from the Golgi. Scale bars, 10 (upper two rows) and 5
(lower row) lm.

E Time course of fluorescence loss from the Golgi after ER bleaching at 37°C (n = 8 cells). Data points represent means � SEM.

◀

Table 1. Apparent first-order rate constants of Golgi emptying at
20°C determined from inverted FRAP experimentsa

Construct k (min�1) × 102
95% confidence
intervals

mCerulean-22 1.811 1.601–2.021

mCerulean-22 minus energy 0.1522 0.07426–0.2301

mCerulean-22 co-expressed
with VSVG

1.536 1.398–1.675

mCerulean22-YTDIE 0.791 0.724–0.858

VSVGAxA-EGFP 2.029 1.980–2.078

EGFR-EGFP 2.087 1.636–2.538

VSVGAxA-EGFP in HeLa cells 1.287 1.186–1.388

VSVGAxA-EGFP in HeLa
cells + Rab6 T27N

0.5599 0.3986–0.7212

aSee Supplementary Methods for the procedure of determination of the
decay constants.
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Figure 3. VSVG is poorly recruited into Golgi-to-ER retrograde trafficking pathways.

A NRK cells, co-transfected with VSVG-EGFP and mRFP-KDEL at 39.3°C and then incubated 15 min at 32°C, were imaged alive at 20°C before or after bleaching the
ER, as indicated by the red contours. The GFP channel is shown. Scale bar, 10 lm.

B Quantitative analysis of VSVG fluorescence loss from the Golgi after ER bleaching. Data points represent means � SEM, and the 95% confidence limits of the fitted
curves are indicated by the surrounding lightly coloured areas. The green trace shows the fitted two-phase exponential decay curve (n = 16). The corresponding
curve of FP-22 (see Fig 2C) is displayed for comparison.

C–F Effect of H89 treatment on the distribution of FP-22 and VSVG. ERGIC-53 (p58) distribution in NRK cells treated (right) or not (left) with H89 for 60 min at 20�C (C).
NRK cells, transfected at 39.3�C with VSVG-EGFP and GalNAc-mCherry, were incubated for 15 min at 32�C and imaged alive for 60 min at 20�C in the presence of
H89 (D). The same protocol was carried out on NRK cells microinjected with mCerulean-22 and GalNAc-mCherry (E). The inset shows an enlargement of the boxed
area. Time course of Golgi fluorescence loss (F) in the presence of H89 of FP-22 and VSVG-EGFP (FP-22, n = 9; VSVG-EGFP, n = 12). Data points represent means �
SEM. Scale bars: 20 mm (C), 10 mm (D), 10 and 2 mm (E, inset).
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cells transfected or not with VSVG-EGFP were released from the

39°C block, incubated at 20°C and then lysed and subjected to

immunoprecipitation with anti-GFP antibodies. SDS–PAGE analysis

revealed several bands that co-precipitated with VSVG-EGFP and

that were absent in immunoprecipitates from non-transfected cells

or from transfected cells exposed to unrelated antibodies (Supple-

mentary Fig S4A). Among these, a band migrating between the 40

and 50 kDa size markers caught our attention, as clathrin adaptor

l chains are within this molecular mass range. VSVG’s export

sequence has been reported to interact with the adaptin AP3

(Nishimura et al, 2002), and the tyrosine residue within it is

required for targeting to the basolateral surface in polarized cells

(Thomas et al, 1993), a phenomenon mediated by AP1. We

therefore considered the possibility that binding of the cytoplasmic

tail of VSVG to adaptor complexes might keep it from entering

the retrograde pathway. A possible interaction between AP1/AP3

and VSVG was tested by co-immunoprecipitation experiments, as

shown in Supplementary Fig S4B; however, neither AP1 nor AP3

co-precipitated with VSVG-EGFP. We also analysed co-localization

between AP1 and 3 and VSVG-EGFP after incubation of the cells

at 20°C (Supplementary Fig S4C) and found that the distributions

of both AP1 and 3 were distinct from the one of VSVG, with only

some co-localizing puncta.

EGFR and Syb2 behave differently at the ER/Golgi interface

To investigate whether Golgi/ER recycling of transmembrane

cargoes destined to the plasma membrane is a general phenomenon,

we analysed two other proteins, EGFR and Syb2 (Supplementary

Fig S1A), whose export from the ER has not been investigated in

depth. In these experiments, we used an untagged form of Syb2 and

a GFP-tagged form of EGFR that has previously been shown to be

fully functional (Carter & Sorkin, 1998).

After transfection of the cDNAs, both Syb2 and EGFR localized to

the plasma membrane, the latter showing also some intracellular

staining (Fig 7A). A clear difference between the two proteins was

observed when we analysed their intracellular distribution at a short

time after their expression (75 min after cDNA microinjection);

under this condition, EGFR was distributed between the ER and the

Golgi, whereas Syb-2 was predominantly in the Golgi complex

A C

B

Figure 4. FP-22 retrograde transport is not affected by co-expression of VSVG.

A Intracellular distribution of VSVG-EGFP and tdTomato-22 in co-microinjected NRK cells incubated for 90 min at 20°C before fixation. Scale bar, 10 lm.
B NRK cells microinjected with Cerulean-22 and VSVG-Venus cDNAs were incubated 75 min at 39.3°C followed by 60 min at 20°C before live cell imaging at the same

temperature. The ER was bleached in the Cerulean channel (yellow contour), and the loss of Golgi fluorescence was recorded for 60 min after bleaching.
Scale bar, 10 lm.

C Quantitative analysis of the iFRAP illustrated in (B). Data points represent means � SEM. The fitted two-phase exponential decay curve is also shown (n = 10 cells).
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(Fig 7B). This distribution of EGFR was almost unchanged upon a

further incubation at 20°C for 90 min (Fig 7C), favouring the

hypothesis that EGFR, like FP-22 and VSVGAxA, is recycled from

the Golgi back to the ER. This possibility was directly tested by

photobleaching of the ER in microinjected NRK cells at 20°C, which

caused a progressive decrease of Golgi fluorescence during the

investigated time window (Fig 7D), again with a rapid diffusion

phase, and a slow phase (Fig 7E). The rate constant determined for

the slow phase (0.021 min�1) was similar to those of FP-22 and

VSVGAxA (Table 1).

Signal-deficient cargoes are recycled from the Golgi to the ER
through the Rab6-dependent pathway

Two Golgi-to-ER retrograde pathways have been identified: one is

Arf1-/COPI-dependent, and the other Arf1-independent and Rab6-

dependent (Girod et al, 1999; White et al, 1999). To identify which

of these pathways is involved in the recycling of signal-deficient

membrane cargoes, dominant-negative constructs of the two retro-

grade routes, Arf1 Q71L (Tanigawa et al, 1993) and Rab6 T27N

(Storrie et al, 1998; Girod et al, 1999), were co-transfected with

VSVGAxA at the restrictive temperature and the intracellular distri-

bution of the cargo was then analysed after a short incubation at

the permissive temperature. In both situations, the efficacy of inhi-

bition was tested by analysing the localization of two known

substrates of the two pathways: endogenous ERGIC-53 and the

fluorescently tagged B subunit of Shiga toxin (Cy3-STxB) for the

Arf1-dependent and independent pathways, respectively. Since

NRK cells do not express the GB3 (globotriasoylceramide) Shiga

toxin receptor on their cell surface, these experiments were

performed on HeLa cells.

As expected, in Arf1 Q71L-overexpressing cells, ERGIC-53

became more concentrated in the Golgi region with a decrease in

peripheral puncta, compared to both adjacent untransfected cells or

to cells transfected with WT Arf1 (Fig 8A). In HeLa cells, under the

conditions used, concentration of VSVGAxA cargo in the Golgi

region was more difficult to discern than in NRK cells. Importantly,

however, expression of Arf1 Q71L did not increase VSVGAxA’s

concentration in the Golgi region, as it did for ERGIC-53 (Fig 8A and

B); rather, compared to cells expressing WT Arf1 and for reasons

A

B

Figure 5. Distribution of FP-22 and VSVG-EGFP within the Golgi apparatus.

A NRK cells were co-microinjected with mCerulean-22 and GalNAc-mCherry and then incubated for 90 min at 20°C before fixation and immunostaining with anti-
TGN38 mAb. A maximum intensity projection of a representative z-stack is shown. The boxed area is enlarged in the images of the lower row.

B NRK cells were co-transfected with VSVG-EGFP and GalNAc-mCherry plasmids at 39.3°C and then incubated and processed as described in (A).

Data information: In (A) and (B), the graphs on the right report fluorescence intensities for each channel along the yellow arrow drawn in the enlargements.
Scale bars: 15 lm and 5 lm in upper and lower row, respectively.
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that we presently do not understand, mutant Arf1 caused a small

decrease in VSVGAxA Golgi fluorescence.

A different result was obtained when Rab6 T27N was overexpres-

sed. As expected, in these cells, Cy3-STxB was not able to reach the

ER and remained blocked in the Golgi complex (Fig 8C and D). In

cells expressing Rab6 T27N, VSVGAxA was significantly more

enriched in the Golgi complex than in control cells (Fig 8C and D),

suggesting an involvement of the Rab6-dependent pathway in its

recycling. To directly assess the effect of Rab6 inhibition on retro-

grade traffic of VSVGAxA, we measured Golgi emptying of VSVGAxA

at 20°C by photobleaching the ER in control cells or cells co-trans-

fected with Rab6 T27N. Like in NRK cells, after ER bleaching, the

Golgi fluorescence intensity of VSVGAxA progressively diminished

(Fig 8E and Supplementary Fig S5A), demonstrating that the recy-

cling of cargoes that lack the export signal is not restricted to NRK

cells, but is a more general phenomenon. In Rab6 T27N-overexpress-

ing cells, the initial ER diffusion phase of the control and Rab6 T27N-

expressing cells was similar; however, at later time points, the slope

of the curve was strongly reduced in the Rab6 T27N cells (Fig 8E

and Supplementary Fig S5A and B), with a first-order decay constant

reduced by 60% compared to control cells (Table 1).

To assess the weight of Rab6-dependent recycling on the rate of

transport of cargo to the cell surface, we evaluated the surface

expression of VSVG and VSVGAxA in cells co-transfected at 39°C

with WT or dominant-negative Rab6. After returning the cells to the

permissive temperature, surface expression of VSVG was evaluated

in non-permeabilized cells with an antibody against the extracellular

domain. Based on the time course of transport of the two proteins

(Supplementary Fig S1B and C and Fig S2A), the analysis was

carried out after 30 and 120 min of incubation at 32°C in the case of

the WT and the AxA mutant, respectively. As shown in Fig 9, cell

surface expression of WT VSVG, at 30 min after release of the

temperature block, was inhibited by dominant-negative Rab, in

agreement with Rab6’s reported role also in post-Golgi traffic (Storrie

et al, 2012). In striking contrast, VSVGAxA’s surface expression was

modestly, but significantly, increased in the cells transfected with

dominant-negative Rab6. This result both confirms the role of this

GTPase in retrograde transport of signal-deficient cargo and indi-

cates that Golgi-to-ER recycling slows transit of such cargoes

through the secretory pathway.

Discussion

In this study, we analysed the behaviour of cargo membrane

proteins in the early secretory pathway, addressing the problem of

whether and how forward-directed proteins escape from Golgi-to-ER

retrograde trafficking pathways. We found that three unrelated

membrane proteins—a TA protein that we previously used as model

to study TMD-dependent export from the ER (Bulbarelli et al, 2002;

Ronchi et al, 2008); a viral glycoprotein with deleted export signal

(Nishimura et al, 1999); and the native EGFR—all underwent

recycling from the Golgi to the ER at similar rates.

Previous work had raised the possibility that recycling of

outward-bound cargo can occur (Cole et al, 1998; Bannykh et al,

2000); our work directly demonstrates this phenomenon, shows that

recruitment of cargo into the retrograde pathway delays its transport

to the cell surface and suggests that cargo recycling may be a more

common phenomenon than was suspected. Furthermore, we show

that positive signals are required to escape from retrograde Golgi-to-

ER transport and that the Rab6-dependent pathway (Girod et al,

1999; White et al, 1999) underlies this seemingly futile recycling

phenomenon. These results modify current views of cargo transport

along the secretory pathway.

The role of VSVG’s di-acidic export signal

In agreement with previous studies (Cole et al, 1998; Mironov et al,

2001), we found that VSVG is transported unidirectionally through

the secretory pathway, with no or low backward flux after its exit

from the ER. Unexpectedly, however, we observed that substitution

of the two acidic residues, which constitute the core of VSVG’s ER

export signal (Nishimura et al, 1999; Sevier et al, 2000), with

alanines, generated a protein that did engage in recycling, indicating

that positive signals are required to keep cargo proteins out of this

pathway and to help them progress through the Golgi. Furthermore,

introduction of this same YTDIE signal into the cytosolic domain of

FP-22 reduced its rate of retrograde transport. Thus, with our model

cargoes, the same signal that mediates recruitment to ER exit

sites also favours progression through the Golgi. Although less

extensively investigated, our observations suggest that Syb2 behaves

similarly to VSVG; however, we have so far not investigated the

feature that allows it to escape from recycling.

In addition to its role in recruitment to ER exit sites, the tyrosine

within VSVG’s export signal has been implicated in its polarized

sorting to the basolateral surface of epithelial cells (Thomas & Roth,

1994). Our results uncover a third role for this region of VSVG’s tail,

that of restraining its backward flux to the ER. The molecular inter-

actions underlying this third function are presently unclear. We

considered the possibility that the previously reported interaction of

VSVG’s di-acidic motif with adaptin subunits (Nishimura et al,

2002) might be responsible for the observed exclusion from the

retrograde pathway. However, under our conditions, we were

unable to demonstrate an interaction of VSVG with any of the four

adaptin complexes (Supplementary Fig S4 and unpublished results).

Other candidate interactors one might consider are the Sec24A or B

component of the COPII coat, which bind the YTDxE motif (Mancias

& Goldberg, 2008); these proteins could have a second, COPII-

independent, role in the Golgi complex. We consider it more likely,

however, that the di-acidic motif binds other, so far unidentified,

proteins. One might speculate that even low-affinity binding of the

DxE motif to one or more components enriched in Golgi domains

dedicated to processing and export (Patterson et al, 2008) would

result in its preferential partitioning into these domains with conse-

quent rapid progression through the Golgi and exclusion from a

third, recycling domain, suggested by our data to be more repre-

sented in early Golgi cisternae. Such low-affinity interactions would

be consistent with the previously reported diffusional mobility of

VSVG accumulated in the Golgi complex at 20°C (Storrie et al,

1994).

While our work uncovers a novel role for the di-acidic export

sequence, it is likely that diverse signals or features operate to

assist other cargo proteins to progress rapidly through the Golgi.

These may or may not coincide with their COPII recognition

motifs. A number of ER export signals have been identified based

on the ER retention of mutants (e.g. Ma et al, 2001; Farhan et al,
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2004; Wang et al, 2004; D’Angelo et al, 2009; Duvernay et al,

2009; Zhang et al, 2011; Mazzo et al, 2013; Otsu et al, 2013), but

in most cases, the precise site of their activity within the early

secretory pathway has not been determined. It is interesting that

in one well-studied case (D’Angelo et al, 2009), the signal (a

C-terminal valine residue) mediates interaction with the Golgi

proteins GRASP65 and -55, and not with COPII, suggesting that it

promotes transport at the level of the Golgi, perhaps by restraining

backward flux, and not at ER exit sites. Whether in other cases

the ER distribution seen upon mutation of identified signals is

caused by the deletion of recruitment to ER exit sites or, addition-

ally or alternatively, by increased backward transport from the

Golgi remains to be determined. In the light of the results

presented here, it will be important to consider recycling as an

additional important rate-limiting factor for cargo clearance of the

early secretory pathway.

The role of membrane cargo protein cycling in the early
secretory pathway: a futile or a useful phenomenon?

A general view of ER-to-plasma membrane transport that incorpo-

rates the observations of this study is presented in Fig 9C. Accord-

ing to this view, rapid, synchronized, transport of cargo through the

Golgi depends on the summation of two signal-mediated events: a

signal that drives recruitment to ER exit sites and a signal that deter-

mines rapid transit through the Golgi and prevents recruitment into

the retrograde pathway (Fig 9C, left panel). In contrast, in the case

of proteins lacking a Sec24-binding motif, the recruitment to COPII-

coated vesicles is poor, but nonetheless can occur, unless exclusion

mechanisms come into play (Ronchi et al, 2008). Once in the Golgi,

in the absence of a positive signal, these proteins may access differ-

ent Golgi domains by simple partitioning; the consequent inclusion

into retrograde carriers further delays their forward transport

through the Golgi (Fig 9C, right panel). Because of the high surface-

to-volume ratio in tubules, this phenomenon is probably more

important for membrane than for soluble cargo. The fraction of

cargo that partitions into Golgi domains dedicated to export exits to

downstream compartments, and, once out of the Golgi, these mole-

cules will have irreversibly escaped the early secretory pathway.

Thus, we suggest that transport of such signal-deficient cargoes to

the cell surface occurs by a mechanism akin to a Brownian ratchet.

Does this constitutive recycling play any useful role for the cell?

One might speculate that revisiting the ER could be beneficial in

some cases, giving cargo proteins that escape quality control at ER

exit ports more than one chance to reach a mature folding status.

The phenomenon of secondary quality control, involving return to

the ER from the Golgi, is well known, but has been considered up

till now to be signal-mediated (Yamamoto et al, 2001; Spasic et al,

2007; Vavassori et al, 2013). On the basis of the results reported

here, such recycling may be common and not signal-mediated, so

that many membrane proteins would have multiple chances to

achieve correct folding/assembly. It is interesting to note that

constitutive recycling of Golgi enzymes, which has been proposed

to serve a quality control function (Cole et al, 1998; Storrie et al,

1998), proceeds through the Rab6-dependent pathway (Girod et al,

1999), as found here for outward-bound cargo. A further possible

benefit of recycling is that this rate-limiting step in cargo export

could provide an additional target for regulation: for example, post-

translational modification of cargo as a consequence of signalling

transduction pathways could result in alterations in their propensity

to engage in cycling within the early secretory pathway.

Although it is reasonable to hypothesize a useful function for

the recycling phenomenon that we have observed here, we also

suggest that Golgi-to-ER retrograde cargo transport may be neither

beneficial nor harmful, but may simply reflect the absence of selec-

tive pressure on many membrane proteins to evolve efficient export

features. By simple partitioning, proteins that lack specific “transport-

dedicated” features will reach the plasma membrane in any case,

and, if they are stable, their steady-state distribution will be

strongly skewed towards the cell surface. In this view, the presence

of signals that determine efficient export would be restricted to

those proteins that the cell (or an infecting virus) needs to remove

from the ER rapidly. This could be the case, for example, for

proteins that are badly tolerated by the ER, or for viral proteins,

with the consequent optimization of release of new viral particles,

or for proteins that the cell must rapidly ship to the surface in

response to signalling pathways. For many other proteins, wasting

time in the Golgi/ER circuit may be harmless, as long as in the end

they reach their final destination. Future studies will further eluci-

date the relative weight of recycling in the forward transport of

cargoes, as well as the mechanisms of signal-mediated avoidance of

this pathway.

Materials and Methods

Antibodies and plasmids

The plasmids and primary antibodies used in this study are

described in Supplementary Methods and in Table 2, respectively.

Figure 6. Signal-deleted VSVG is recruited into a Golgi-to-ER retrograde transport pathway.

A Localization of VSVGAxA-EGFP in NRK cells co-transfected with GalNAc-mCherry at 39.3°C and incubated for 2 h at 20°C before fixation. Scale bar, 15 lm.
B Loss of VSVGAxA-EGFP Golgi fluorescence after bleaching of the ER. NRK cells, transfected as in (A), were incubated for 60 min at 20°C and then imaged alive at 20°C.

The red contour indicates the bleached area (see Supplementary Movie S5). Scale bar, 15 lm.
C Time course of fluorescence loss in the Golgi and recovery in the ER after ER bleaching (n = 13). The data were fitted to two-phase exponential equations.
D NRK cells, transfected as in (B) and incubated for 60 min at 32°C, were imaged at 20°C in the presence of H89. Scale bar, 10 lm.
E Time course of VSVGAxA-EGFP Golgi fluorescence loss in cells treated with H89 (n = 9). Data points represent means � SEM. The data points were fitted to a mono-

exponential decay function. The trace for VSVG-EGFP, obtained by fitting the data points of Fig 4D to a monoexponential function, is also reported.
F iFRAP of NRK cells microinjected with Cerulean-22 YTDIE and GalNAc-mCherry. Cells were incubated for 1 h at 20°C and then imaged at the same temperature for

30 min before and 60 min after ER bleaching (red contour). The unbleached region corresponding to the Golgi apparatus was chosen based on co-localization with
the Golgi marker, GalNAc-mCherry (inset). Scale bar, 15 lm.

G Quantitative analysis of Golgi fluorescence intensities before and after bleaching as in (F). Data points represent means � SEM. The green line represents the fitted
two-phase exponential decay equation (n = 11 cells). Golgi emptying of the parent construct FP-22 is also shown for comparison (red trace from Fig 2C).

◀
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Anti-rabbit and anti-mouse Alexa 488 and anti-mouse Alexa 633

secondary antibodies were purchased from Life Technologies (Carls-

bad, CA), anti-mouse DyLight 549-IgG from Jackson ImmunoResearch

Laboratories (West Grove, PA). Anti-mouse and anti-rabbit peroxi-

dase-conjugated secondary antibodies were from Thermo Scientific,

Inc. (Rockford, IL) and Sigma-Aldrich, respectively.

A

C

D

E

B

Figure 7. EGFR, but not Syb2, is recruited into a retrograde transport pathway from the Golgi to the ER.

A Steady-state distribution of EGFR-EGFP and Syb2 after transfection at 37°C. Scale bars, 10 lm.
B Intracellular localization of EGFR-EGFP and Syb2 75 min after microinjection of each of the two plasmids together with GalNAc-mCherry. Scale bars, 15 lm.
C NRK cells, co-microinjected with EGFR-EGFP and GalNAc-mCherry, were incubated for 90 min at 20°C and then fixed. Scale bar, 10 lm.
D Loss of EGFR-EGFP fluorescence from the Golgi region after bleaching of the ER. Cells co-microinjected with EGFR-EGFP and GalNAc-mCherry were incubated for

60 min at 20°C and then imaged alive at the same temperature. The red contour indicates the bleached ER region. Scale bar, 15 lm.
E Quantitative analysis of Golgi emptying by EGFR-EGFP after ER bleaching (n = 9 cells). Data points represent means � SEM, and the 95% confidence limits of the

fitted curves are indicated by the surrounding lightly coloured areas. Values were fitted to a two-phase exponential decay function.
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Figure 8. The signal-deficient form of VSVG is recycled from the Golgi to the ER through the Rab6-dependent pathway.

A Intracellular localization of VSVGAxA-EGFP and endogenous ERGIC-53 in HeLa cells co-transfected at 39.3°C with Arf1 (WT or Q71L) and incubated for 3 h at 32°C.
Asterisks indicate transfected cells. Cells transfected with the GTP-locked Arf1 show a redistribution of ERGIC-53. Scale bars, 15 lm.

B Golgi/ER mean fluorescence ratio of VSVGAxA-EGFP in HeLa cells transfected and incubated as described in (A) (n = 29, 25 and 23 cells transfected with empty vector,
WT or Q71L Arf1, respectively). **P = 0.002 determined by one-way ANOVA followed by Dunn’s post-test.

C HeLa cells were co-transfected with VSVGAxA-EGFP and myc-Rab6 (WT or T27N), exposed to Cy3-STxB at 4°C for 20 min, followed by washing and incubation for 5 h
at 32°C to allow toxin internalization and, concomitantly, VSVGAxA export from the ER. Yellow arrowheads indicate two transfected cells where Rab6 T27N inhibits
the arrival of STxB to the ER and causes an increased concentration of VSVGAxA in the Golgi. Maximum intensity projections of z-stacks are shown. Scale bars, 15 lm.

D Golgi/ER fluorescence ratio of Cy3-STxB and VSVGAxA-EGFP in HeLa cells transfected and incubated as described in (C). ***P < 0.0001 determined by one-way ANOVA
followed by Dunn’s post-test (STxB quantitation (left): n = 46, 44 and 28 cells transfected with empty vector, myc-Rab6 WT and myc-Rab6 T27N, respectively;
VSVGAxA quantitation (right): n = 51, 48 and 49 cells transfected with empty vector, myc-Rab6 WT and myc-Rab6 T27N, respectively).

E Analysis of Golgi emptying by VSVGAxA in HeLa cells co-transfected with VSVGAxA-EGFP and either GalNAc-mCherry (CTRL) or Rab6 T27N and incubated as in (C)
before live cell imaging at 20°C. The Rab6 T27N-transfected cells were exposed to Cy3-STxB during the 4°C incubation, to check the efficacy of the dominant-negative
mutant (n = 9 and 7 for CTRL and Rab6 T27N, respectively). Data points represent means � SEM, and the 95% confidence limits of the fitted curves are indicated by
the surrounding lightly coloured areas.
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Transfection, microinjection and temperature blocks

NRK and HeLa cells were either transiently transfected with the jetPEI

system (Polyplus transfection, Illkirch, France), and analysed 24 h

after exposure to the DNA, or microinjected in the nucleus, as previ-

ously described (Ronchi et al, 2008). Microinjected cells were incu-

bated for 60–75 min to allow time for expression of the encoded

protein; they were then either fixed with 4% paraformaldehyde (PFA),

or further incubated at 20°C and then fixed, or imaged alive at the

temperature indicated in the figure legends. For the temperature block

experiments, cells were incubated in a refrigerated circulating water

bath in Hepes-containing DMEM (Sigma-Aldrich). All experiments

were performed in the presence of a protein synthesis inhibitor (50 lg/ml

cycloheximide or 100 lg/ml puromycin, both from Sigma-Aldrich).

Fluorescence microscopy and photobleaching experiments

Imaging was performed with an LSM 510 Meta confocal microscope

(Carl Zeiss, Inc.) equipped with an on-stage thermostated and

humidified CO2 incubator and with autofocus software or an

Axiovert 200M (Carl Zeiss) attached to a spinning disc confocal

unit (UltraVIEW LCI, Perkin Elmer, Waltham, MA). All imaging

was performed with a 63× Plan Apochromat lens (NA = 1.4). Unless

otherwise specified, single confocal sections are shown in the

figures.

PFA-fixed cells were processed for immunofluorescence as

previously described (Bulbarelli et al, 2002). For live cell imaging,

cells were kept in Imaging medium (DMEM without phenol red,

10% foetal bovine serum, 1% penicillin/streptomycin, 2 mM

L-glutamine, 25 mM Hepes) supplemented with 0.3 units/ml

OxyFluor (Oxyrase Inc., Mansfield, Ohio) and 15 mM dl-succinate.

Photobleaching of fluorescent proteins was accomplished by scan-

ning, with the pinhole wide open, 20–25 times, using, for EGFP

the 488 nm line of the Argon laser at 100% power combined with

the Diode 405 nm laser at 60% power, for mCerulean the 458 nm

line of the Argon laser and the Diode 405 nm laser line both

at 100%. Illustrations were prepared with the use of Adobe

Photoshop software.

C

BA

Figure 9. Inhibition of Rab6 function accelerates the transport of VSVGAxA-EGFP, but not of VSVG-EGFP, to the cell surface.

A NRK cells were co-transfected with VSVG-EGFP (upper panel) or VSVGAxA-EGFP (lower panel) and either WT Rab6 or T27N Rab6 at 39°C; 24 h after transfection, the
cells were incubated at 32°C for 30 min or 2 h, in the case of WT or signal-deficient VSVG, respectively, before surface labelling of non-permeabilized cells. Images are
maximum intensity projections of z-stacks. Scale bars, 15 lm.

B Box blots of cell surface expression of VSVG-EGFP or VSVGAxA-EGFP expressed as ratio of antibody-revealed surface fluorescence to total EGFP-VSVG fluorescence
(n = 20 images, for a total number of cells of ~150). ***P < 0.0001 and *P = 0.024 determined by Student’s t-test.

C Working model of transport of signal-bearing or signal-deficient cargoes along the secretory pathway. See text for explanation.
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Energy depletion and H89 treatment

ATP was depleted from microinjected NRK cells by incubation for

10 min at 20°C in Hepes-containing DMEM supplemented with

10 mM NaN3 plus 10 mM 2-Deoxy-D-glucose (Sigma-Aldrich); cells

were then imaged alive at 20°C in Imaging medium supplemented

as above.

For H89 treatment, cell transfected with VSVG-EGFP or

VSVGAxA-EGFP for 24 h at 39°C were pre-incubated at 32°C for 15

and 60 min, respectively, to obtain a partial accumulation of the

proteins in the Golgi, and then imaged at 20°C in Imaging medium

supplemented with 50 lM H89 (Sigma-Aldrich) for 1 h. In the case

of FP-22, microinjected cells were incubated 75 min at 37°C and

then imaged at 20°C in the presence of H89, as above.

Cy3-STxB internalization and VSVG surface labelling

Internalization of Cy3-STxB (a generous gift of L. Johannes, Institut

Curie, Paris, France) was assayed as described in Johannes et al

(1997). Briefly, HeLa cells transfected for 24 h at 39°C with

VSVGAxA-EGFP were incubated for 20 min at 4°C in Hepes-contain-

ing DMEM in the presence of 20 nM Cy3-STxB to allow binding to

the Gb3 receptor, washed three times and then incubated for a

further 5 h at 32°C in DMEM to allow STxB internalization before

fixation or live cell imaging.

To quantitatively assess VSVG surface labelling, NRK cells, trans-

fected for 24 h at 39°C with either the WT or mutant VSVG-EGFP

construct together with either WT or T27N Rab6, were brought to

the permissive temperature, and surface expression of VSVG was

monitored on non-permeabilized cells with an antibody against the

lumenal domain (mAb clone IE9F9). At the time points indicated in

Fig 9, the cells were brought to 0°C, rinsed twice on ice with PBS++

(PBS plus 0.5 mM CaCl2 and 1 mM MgCl2), followed by a 20-min

blocking step in the cold (PBS++ plus 1 mg/ml BSA), and

subsequent incubation for 1 h at 4°C with the antibody. After three

washes with PBS++, cells were fixed with 4% PFA for 10 min at

4°C and further 20 min at room temperature. After fixation,

cells were exposed to secondary antibody according to standard

procedures (Bulbarelli et al, 2002).

EndoH treatment

Transfected cells were lysed in 50 mM Tris–HCl pH 6.8, 2% SDS

supplemented with a protease inhibitor cocktail and incubated for

3 min in a boiling water bath. A total of 10 lg of protein (deter-

mined by the BCA assay, Pierce) were diluted fourfold to obtain

final concentrations of 50 mM Tris–HCl pH 6.8, 0.5% SDS and

40 mM DTT, heated again for 10 min at 100°C and digested with 1

unit of EndoH (New England Biolabs, Ipswich, MA). Samples were

analysed by SDS–PAGE/Western blotting/ECL (Western Lightning

Plus-ECL, Perkin Elmer).

Immunoprecipitation

HeLa cells, transfected with VSVG-EGFP at 39.3°C, were incubated

for 90 min at 20°C in DMEM supplemented with Hepes, scraped on

ice, pelleted and lysed in 150 mM NaCl, 50 mM Tris–HCl, pH 7.4,

1% NP-40 (Sigma-Aldrich) supplemented with protease inhibitors.

After centrifugation at 12,000 g for 10 min, the supernatant was

incubated with 2.4 lg of anti-GFP antibodies for 2 h at 4°C and then

with protein G-conjugated agarose beads (GE Healthcare) for a

further 2 h. Samples were analysed by silver staining of SDS-PA gels

and for adaptin subunits and GFP by Western Blot/ECL.

Supplementary information for this article is available online:

http://emboj.embopress.org
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