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Abstract

The GTPase Rab1b is involved in ER to Golgi transport, with multiple Rab1b effectors

(located at ERES, VTCs and the Golgi complex) being required for its function. In this study,

we performed live-cell dual-expression studies to analyze the dynamics of Rab1b and some

effectors located at the ERES-Golgi interface. Rab1b occupied widely distributed mobile

punctate and tubular structures, displaying a transient overlaps with its effectors and show-

ing that these overlaps occurred at the same time in spatially distinct steps of ER to Golgi

transport. In addition, we assessed Rab1b dynamics during cargo sorting by analyzing the

concentration at ERES of a Golgi protein (SialT2-CFP) during Brefeldin A washout (BFA

WO). Rab1b was associated to most of the ERES structures, but at different times during

BFAWO, and recurrently SialT2-CFP was sorted in the ERES-Rab1b positive structures.

Furthermore, we reveal for first time that Rab1b localization time at ERES depended on

GBF1, a Rab1b effector that acts as the guanine nucleotide exchange factor of Arf1, and

that Rab1b membrane association/dissociation dynamics at ERES was dependent on the

GBF1 membrane association and activity, which strongly suggests that GBF1 activity mod-

ulates Rab1b membrane cycling dynamic.

Introduction

Most of the secretory and plasma membrane proteins and other proteins located in compart-

ments that participate in membrane traffic are synthesized in the ER and selectively concen-

trated in specialized ER domains, known as ER exit sites (ERES), before being exported to their

final destinations. Vesicles loaded with proteins destined to be exported (named cargo pro-

teins) bud from ERES and fuse with each other to form the ER-Golgi intermediate compart-

ment (ERGIC, [1]) that comprise clusters of vesicular and tubular shaped membranes (called

VTCs). VTCs accumulate in the peri-Golgi region and, once there, form a more extensive

array of tubules, sometimes referred to as the cis-Golgi network (CGN). Cargo concentration

at ERES takes place through the action of the COPII coat, which is composed of two multi-

meric protein complexes (Sec23-Sec24 and Sec13-Sec31). Its formation includes activation of

the GTPase Sar1, which recruits the Sec23-Sec24 complex and forms an adaptor layer for the
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Sec13-Sec31 assembly [2]. ERGIC/VTCs represent the target destination of ER export COPII

vesicles and form the intermediate between the endoplasmic reticulum and the Golgi stack,

where proteins can either move forward to the Golgi or backward to the ER. The 53 kDa mem-

brane protein ERGIC-53 is the conventional marker that defines the ERGIC compartment. At

the ERGIC/VTCs level, the COPII coat is exchanged for the COPI coat, with this exchange

being considered a maturation process required for the progress of cargo transport from the

ER to the Golgi. However, it is still under discussion whether COPI directly allows anterograde

cargo transport to the Golgi or if its participation (during the formation of vesicles required for

retrograde transport from the ERGIC back to the ER) is indirect [3]. Recruitment of COPI is

mediated by the GTPase Arf1 [4, 5], with the interchange of GDP for GTP on Arfs being medi-

ated by a family of guanine nucleotide exchange factors (GEF, [6]) localized in different struc-

tures of the exocytic/endocytic pathways. At the ER—Golgi interface, GBF1 (Golgi-specific

brefeldin A resistance factor 1, [7]) is an Arf-GEF that regulates the Arf1-mediated COPI

recruitment required for the maturation of VTCs in the proximity of ERES [8–10].

In addition to the COPII and COPI complexes, a considerable number of proteins are local-

ized at the ER-Golgi interface and participate in ER to Golgi transport. Among these, the two

isoforms of the GTPase Rab1, Rab1a and Rab1b, are involved in ER to Golgi transport [11–13].

Furthermore, some Rab1 interacting proteins, such as the tethering factors p115 [14], GM130

[15, 16], Giantin [17] and Golgin 84 [18], participate at this stage of transport. P115 localizes to

ERES, ERGIC/VTCs and the Golgi, with GM130 localizing to the cis-Golgi cisternae, while

Giantin localizes predominantly to the cisternal rims of themedial-Golgi [19]. Rab1 tethers

COPII vesicles to the cis-Golgi by interacting with p115 and GM130, and through interaction

with p115 and Giantin it mediates the tethering of recycling COPI vesicles to the Golgi [20]. As

well as its participation in tethering events, Rab1b regulates COPII dynamics, and is involved

in cargo sorting and COPI recruitment, due to its direct interaction with GBF1 [21].

Previous articles from several groups have reported Rab1b direct interaction with proteins

localized in ERES, VTCs, and the Golgi complex. However, the extent of Rab1b co-localization

with these structures is unknown. In this work we have quantified, for the first time, the co-

localization of Rab1b with ERES, ERGIC/VTCs, and Golgi markers in different transport con-

ditions (steady state and after complete Golgi redistribution to the ER). The data reveal that the

highest co-localization of Rab1b was with p115 and GM130. Then, also taking into account

that Rab1b in its active form (GTP-bound) interacts with effector proteins that mediate mem-

brane traffic and that the GTP-bound form is membrane associated [22], our data suggest that

most Rab1b activity takes place in p115 and GM130-labeled structures. Furthermore, we report

that Rab1b was concentrated at the ERES during cargo sorting and that the co-localization

time of Rab1b with ERES and its cycle of association/dissociation to them was altered when

GBF1 activity was inhibited, indicating that Rab1b interactions at the ERES-Golgi interface

play mutually supporting roles. Taken together, our results expand the understanding of the

spatial-temporal participation of Rab1 during ER to Golgi transport.

Materials and Methods

DNA constructs and antibodies

The GFP-Rab1b constructs have been previously described [23], and GBF1-E794K-Myc and

GFP-p115 were generously provided by Dr. Elizabeth Sztul (University of Alabama at Birming-

ham, AL). Full-length Sec24 cloned into the pEYFP-C1 vector (Clontech, Mountain View, CA,

USA) have been previously reported [24]. Dr. Hugo Maccioni (Universidad Nacional de Cór-

doba, Argentina) supplied the SialT2-CFP plasmid. For generation of mCherry-Rab1b, the
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GFP-Rab1b construct was subcloned from the pEGFP-C1 vector into the BamHI-XbaI restric-

tion sites of the pmCherry-C1 vector (Clontech, Mountain View, CA, USA).

The following antibodies were used: Rabbit polyclonal antibody to GFP, mouse monoclonal

antibody to GM130, rabbit polyclonal antibody to EEA1 (Abcam, Cambridge, UK) and rabbit

polyclonal antibody to GalNAcT2 (Sigma-Aldrich, St. Louis, MO, USA).

Monoclonal anti-ERGIC53 G1/93 antibody [25] was provided by Dr. Hans-Peter Hauri

(University of Basel, Basel, Switzerland). Rabbit polyclonal anti-Rab1b antibody was purchased

from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA, USA), with

mouse monoclonal antibody to GBF1 and mouse monoclonal anti-Sec31 being obtained from

(BD Biosciences, San Jose, CA, USA).

The secondary antibodies goat anti-rabbit Alexa Fluor 488, goat anti-rabbit Alexa Fluor

594, and goat anti-mouse Alexa Fluor 594, were obtained fromMolecular Probes (Invitrogen,

Carlsbad, CA, USA).

Cell culture and transient transfections

HeLa cells were grown in DMEM high glucose supplemented with 10% fetal bovine serum

(FBS), 100ug/mL penicillin and 100ug/mL Streptomycin. Cells were grown at 37°C in a 5%

CO2 atmosphere incubator. Transfection was performed with 2 μl Lipofectamine 2000 reagent

per μg plasmid, according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).

In some experiments, two plasmids were mixed (1:1 ratio) and then used for transfection. After

24h of transfection, cells were fixed for microscopy images, or processed for in vivo studies.

Immunofluorescence assays and microscopy images

Fixation and staining of cells was performed as previously described [23]. Microscopy images

were obtained using the spectral confocal laser scanning microscope Olympus FluoView™

FV1000 (Olympus Latin America), equipped with a 60x/1.42 NA oil immersion objective.

Alexa Fluor 488 (or GFP) was excited with a 488 nm argon laser, and fluorescence was col-

lected through a bandpass (BP) 505- to 530-nm emission filter. Alexa Fluor 594/555 (or

Cherry) was excited with a 543-nm laser, and fluorescence was collected through a BP 593- to

794-nm or BP 565–615 emission filter, with Alexa Fluor 633 being excited with a 633-nm laser

and emission being collected through a BP 655–710 nm. Stacks of images (z-stacks) were

obtained for two channels with a step-size of 130 nm covering 50 nm per pixel as the lateral res-

olution. Immunofluorescence images display a representative single slice from each z-stack.

The number of slices taken was variable (from 8–15) and based on the fluorescence signal in

the cell of interest. All single slices displayed for each fluorescence channel came from the same

position of a z-stack used to perform the quantitative co-localization analysis. Moreover, we

also checked that the individual Pearson´s correlation coefficient value (PCC, which is

explained in the following section) of the displayed slice was close to the average PCC value

determined for the analyzed condition. Images were acquired and processed with Olympus

FluoView FV10-ASW 3.1 version software, and final image editing carried out using Adobe

Photoshop CS.

Quantitative co-localization analysis

To perform co-localization assays, we used confocal microscopy and acquired z-stacks images

from two channels, with quantitative co-localization of punctate structures being performed

using Pearson´s correlation coefficient. Deconvolution of confocal images was carried out

using Fiji software (http://fiji.sc/Fiji, Biomedical Imaging Group, EPFL). The Point-Spread

Function (PSF) Generator was employed to generate 3D models [26] utilizing the vectorial-
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based model [27]). PSF generation was performed with the following optics parameters

(numerical aperture 1.42, refractive index immersion 1.515, lateral and axial resolution, and

wavelength 488, 594 or 633, according to the plasmid transfected) and output stack parameters

(size NX = 1024/NY = 1024/NZ = variable).

After generating PSF, deconvolution was performed using Deconvolution Lab plugin for

Fiji software. Then, the algorithm Tikhonov-Miller was chosen, specifying the regularization

parameter (0.05) and number of iterations. The overlap between different proteins was quanti-

fied with Fiji software as follows: For each marker protein, the total stacks of the deconvolved

image (32-bit) for each channel were used to define a threshold mask that included all of the

discernible labeled structures. Finally, correlation of the pixel intensity of both proteins was

determined using Coloc 2 plugin of Fiji software, with Pearson’s Correlation Coefficient (PCC)

used to quantify the co-localization. Except where indicated, eight to ten cells were evaluated

for each condition (2–4 independent experiments).

In vivo time-lapse microscopy

For in vivo time-lapse microspcopy studies, fluorescence images, corresponding to mCherry-

Rab1b and YFP-Sec24 expression, were both taken at 4 second intervals for 10 min at 0.05%

laser power (acquisition time between channels was between 0.5 to 1.5 s, according to the fluo-

rescence intensity of the sample). Fluorescence images corresponding to dual expression of

mCherry-Rab1b and GFP-p115 were taken at 6 second intervals for 6 min at 0.05% laser

power. Images from triple transfection (mCherry-Rab1b, YFP-Sec24 and SialT2-CFP), were

obtained at 30 second intervals for 30 min at 0.05% laser power. One optical Z slice was visual-

ized and imaged using a PLAPON 60XO (1.42 NA) on an Olympus IX81 microscope equipped

with a spinning-disk confocal unit (slit mode) DSU (Olympus) and an Orca ER camera

(Hamamatsu) under cellR software control (Olympus Imaging, Center Valley, PA, USA.). Dur-

ing imaging, cells were maintained at 37°C in an incubation chamber (Harvard Instruments).

Quantitative analysis of variance of pixel fluorescence intensity (PFIVar)

Time-lapse images corresponding to triple transfection were taken for at least 10 min, and an

area including stable and single COPII structures was selected employing the ROI (region of

interest) manager of Fiji software. The mean fluorescence intensity of pixel (PFI) and the corre-

sponding standard deviation (SD) of Rab1b and cargo were measured in this area at different

times. PFI variance values were then calculated as previously described [28], and normalized

by dividing all variance values by the initial one (at t = 0). Finally, relative PFI variance was cal-

culated by dividing by the relative mean of the fluorescence intensity of the corresponding

COPII structure, which was used as a reference focal plane.

FRAP analysis

Fluorescence recovery after photobleaching (FRAP) assays were performed in cells co-express-

ing mCherry-Rab1b (wild type) and YFP-Sec24 or expressing mCherry-Rab1b (wild type),

YFP-Sec24 and GBF1-E794K. The GBF1-E794K-myc transfected cells were detected because

they exhibited a distinctive and complete mCherry-Rab1b labeled punctate pattern (see text for

more explanation), with punctate mCherry-Rab1b labeled structures co-localizing with YFP-

Sec24 being selected to perform FRAP. For mCherry-Rab1b FRAP analysis, two prebleach

images were taken at a 0.05% laser intensity. Then, the region of interest (ROI) was bleached

for 15 s at 100% laser intensity, with fluorescence recovery in the bleached area being moni-

tored by scanning at 10% laser intensity in a free run mode (no interval) using a FV1000 Olym-

pus confocal scanning microscope. At the same time periods, the intensity of a reference region
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(RER) was recorded, with the RER being an area selected outside of the ROI. Average fluores-

cence intensities were measured using the Fiji software (http://fiji.sc/Fiji, NIH). At each time

point, the percentage of fluorescence recovered in the ROI was plotted using the following

equation: F(t) = (FROI/FRER)/(FpreROI/FpreRER)×100, where FpreRER is the fluorescence intensity

of the RER before bleaching, FRER is the fluorescence intensity in the RER at time t, FpreROI rep-

resents the ROI intensity before bleaching, and FROI is the ROI intensity at time t. FRAP assays

were performed in cells expressing similar levels of Cherry-constructs. For each quantitation,

the number of cells imaged is indicated by “n”, which refers to individual cells from at least

three independent transfections. Fluorescence intensity within the entire bleached region was

quantified using Fiji software (http://fiji.sc/Fiji). A circular area approximately double to triple

the size of the particle of interest was selected such that the chosen structure did not move out-

side this area during the experiment. Finally, FRAP images were presented graphically using

Microsoft Excel (Microsoft). During imaging, dishes were maintained at 35 ± 2°C (Tritech

DigiTherm temperature controller) in a stage top incubator (INU, Tokai Hit).

BFA and Nocodazole treatments

For immunofluorescence assays, HeLa cells were incubated with a medium containing 5 μg/

mL BFA (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37°C. BFA washout (BFAWO)

was carried out by removing, rinsing, and incubating cells with fresh medium at 37°C. Immu-

nofluorescence assays were carried out at each time point by labeling cells with antibodies. For

in vivo studies, cells were treated with 1 μg/mL of BFA for 2 h at 37°C. In time-lapse assays

with triple transfection, images were taken after 10 min of BFA washout.

To depolymerize microtubules, cells were chilled on ice for 30 min before being warmed in

complete medium containing 2.5 μg/mL nocodazole.

Statistical Analysis

For quantitative co-localization analysis, parametric data are shown as the mean value of

PCC ± standard deviation (SD). The statistical significance between means of different condi-

tions was measured by the Student’s t-test using Graphpad Prism 5.0 version (http://www.

graphpad.com).

For co-localization time analysis, non-parametric data are shown as the median value of the

co-localization time with interquartile ranges (Percentiles 25% and 75%). The statistical signifi-

cance between medians of different conditions was measured by a one-way ANOVA followed

by Dunn’s Multiple Comparison method (Graphpad software). Differences with P< 0.05 were

considered as being statistically significant.

Results

Quantitative co-localization analysis between Rab1b and different
markers at steady state and after BFA treatment

Rab1b participates in ER to Golgi transport and co-localizes with ERES, VTC structures and

the Golgi complex. In addition, Rab1b interacts with some proteins located on these structures

such as Sec23, p115, and GM130, respectively. Rab1b also participates, through its interaction

with GBF1 (the exchange factor of Arf1 at the ER-Golgi interface), in retrograde Golgi to ER

transport mediated by COPI vesicles. However, quantitative information about co-localizations

between Rab1b with ERES or VTCs markers and how they might change under different trans-

port conditions remains unknown. We assume that the proportion of Rab1b associated to

ERES or VTCs at steady state (a situation that implies a balance between anterograde and
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retrograde membrane transport) is modified when the transport balance is perturbed. To test

this hypothesis, we performed quantitative co-localization studies of Rab1b with different

markers, in the presence or absence of Brefeldin A (BFA). BFA blocks anterograde ER-Golgi

transport and induces Golgi redistribution to the ER, and therefore all the cargo proteins accu-

mulate there [29, 30]. We selected BFA to alter transport between the ER and the Golgi over

other treatments (incubation at 15°C for example), because BFA blocks COPI membrane asso-

ciation without affecting COPII recruitment. Thus, Rab1b activity is stopped after its associa-

tion with COPII structures before Arf1 activation, a step required for COPI recruitment.

We performed co-localization analysis using Pearson´s correlation coefficient (PCC, see

Material and Methods), and cells expressing low to medium levels of the GFP variants were

selected for all analysis. For the positive control, the co-localization of two COPII markers

(Sec24 and Sec31) was analyzed in HeLa cells transiently transfected with YFP-Sec24 (Fig 1A),

and anti-Sec31 and anti-GFP antibodies were used to quantify the co-localization between

them. A negative control was performed by analyzing the co-localization between Sec31 and

the endosome marker EEA-1 (Fig 1B). The PCC between Sec24 and Sec31 (0.84±0.03) and

between Sec24 and EEA-1 (0.11 ±0.02) demonstrated high and low degrees of co-localization,

respectively. Moreover, neither PCC value were significantly modified after BFA treatment

(Fig 1E). Cells were incubated with BFA, 5 μg/mL, for 2h to ensure complete BFA response of

the entire cell population. Next, we analyzed co-localization between GFP-Rab1b with the

medial/trans Golgi marker GalNAcT2 and the cis-Golgi marker GM130. As previously

reported, GFP-Rab1b was localized at the juxtanuclear region and at the peripheral punctate

structures (Fig 1C and 1D, [23], while GalNacT2 and GM130 were concentrated mostly at the

juxtanuclear region. The PCC between Rab1b and GalNacT2 and between Rab1b and GM130

corroborated these incomplete overlaps (0.53±0.06 and 0.61±0.07 respectively, Fig 1E). These

PCCs were lower than those showing co-localization between the two COPII markers, but

higher than the one observed for the negative control Sec31 and EEA-1.

After BFA treatment, GalNacT2 displayed a diffuse reticular pattern, thus indicating its

redistribution to the ER in a similar way to that exhibited by the transmembrane Golgi proteins

(ie. ManII). Unlike GalNacT2, after BFA treatment, Rab1b and GM130 relocated to punctate

peripheral structures (Fig 1D). In agreement with this differential phenotype, co-localization

between Rab1b and GalNAcT2 decreased after BFA treatment (from 0.53±0.06, to 0.39±0.08).

The Rab1b punctate pattern after BFA treatment showed a range of responses. For instance,

the GFP-Rab1b signal completely relocated from the juxtanuclear Golgi pattern to the periph-

eral punctate structures after BFA treatment. Furthermore, some cells exhibited peripheral

punctate structures plus a diffuse (ER-like) pattern, or alternatively, it was possible to detect

peripheral punctate structures plus a slight signal at the juxtanuclear region likely to represent

the accumulation of some of the punctate structures in the region. However, we cannot exclude

the possibility that the juxtanuclear signal might represent an incomplete Golgi disassembly in

response to BFA. Interestingly, despite both GM130 and Rab1b being relocated to punctate

structures, their degree of co-localization slightly decreased after BFA treatment (from 0.61

±0.07 to 0.50±0.05) indicating that they partially redistributed to different structures subse-

quent to BFA treatment.

At steady-state Rab1b was distributed at ERES, VTCs and the Golgi complex. BFA induces

Golgi redistribution to the ER, then an amount of Rab1b associated to Golgi should relocate to

VTCs and/or ERES in response to BFA. To test this assumption, we quantitatively analyzed

Rab1b co-localization with ERES and VTCs markers in both, control and BFA-treated cells

(Fig 2). First, we analyzed Rab1b redistribution to VTCs using ERGIC53 [1] as a marker. As

shown in Fig 2A, ERGIC53 and Rab1b had similar immunofluorescence patterns, displaying a

high concentration in the juxtanuclear region and punctate structures. In response to BFA,
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both proteins were fully distributed to punctate structures, with the Rab1b-labeled structures

being more dispersed to the cell periphery than ERGIC53-labeled structures, and also exhibit-

ing a slight reticular pattern. Co-localization between Rab1b and ERGIC53

(PCC = 0.39 ± 0.08) was not significantly modified by the BFA treatment (Fig 2E). Moreover,

Rab1b co-localization with p115, a Rab1b effector localized at the ER-Golgi interface was anal-

ogous in both conditions (-BFA and +BFA). Also, Rab1b/p115 co-localization

(PCC = 0.60 ± 0.06) was higher than Rab1b/ERGIC53 (PCC = 0.39 ± 0.08). These results were

consistent with their cellular distribution, as ERGIC53 is considered a bona fide VTCs marker,

while p115, as well as Rab1b, were localized at the VTCs and cis-Golgi. Next, we analyzed both

p115 and Rab1b redistribution to COPII after BFA treatment. In both cases, the co-localization

with the COPII structures increased. For p115/Sec31, the PCC changed from 0.34 ± 0.07 to

0.50 ± 0.08 after BFA, while for Rab1b and Sec31 co-localization, the PCCs showed a slight but

significant increase (from 0.24 ± 0.06 to 0.32 ± 0.06). It has been reported that, after BFA treat-

ment, ERGIC structures get closer to ERES [31], so we cannot exclude the possibility that the

increased co-localization of p115 with Sec31, after BFA treatment, is because the short distance

separating the structures labelled with these markers is poorly distinguished by our approach.

Fig 1. Quantitative co-localization analysis of different intracellular transport markers in control
(-BFA) and BFA-treated cells (+BFA). A-D) Confocal microscopy images of HeLa cells. Anti-GFP antibody
and antibody against the indicated endogenous marker were used. A) Positive control with COPII markers
Sec31 and YFP-Sec24wt. B) Negative control using an early endosome marker (EEA-1) and the COPII
marker Sec31. C and D) Co-localization of the Golgi markers GalNAcT2 or GM130 with GFP-Rab1b,
respectively. Scale bars represent 10 μm. E) Bar graphs depicting the Pearson correlation coefficient (PCC)
of co-localization between the different markers (8 to 10 cells per condition, from 2–3 independent
experiments). Data are expressed as mean ± SD (** = p<0.001).

doi:10.1371/journal.pone.0160838.g001
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However, despite this drawback, the co-localization of Rab1b with Sec31 is still low after

BFA treatment (PCC~ 0.30), and even lower than the co-localization of P115 with Sec31

(PCC~0.50) in the same condition. The fusion with GFP or mCherry could modify Rab1b

localization, however we consider this option unlikely since endogenous Rab1b showed similar

immunofluorescence patterns to the GFP-Rab1b variant (S1 Fig), and quantitative co-localiza-

tion between endogenous Rab1b and GM130 (our unpublished result) exhibited similar PCC

values to the fluorescent variants in both the control and BFA treated cells. Taken together, the

data suggest that a fraction of Rab1b co-localized with COPII structures, even when all cargo

proteins were accumulated at the ER.

Dual color visualization of Rab1b with COPII (Sec23) or p115 in living
cells

Previous time-lapse microscopy studies performed with GFP-Sec23, GFP-p58 or GFP-p115

showed the dynamic behavior of the COPII, VTCs and p115-labeled structures, respectively.

COPII structures are relatively stable and generally immobile [3, 32], whereas VTCs and

p115-labeled structures are highly mobile, segregate from COPII/ERES and move towards the

Fig 2. Quantitative co-localization analysis of different intracellular transport markers in control
(-BFA) and BFA-treated cells (5 ug/mL for 2h). (A-D) Confocal microscopy images of transfected HeLa
cells (A, C and D). Immunofluorescence assays were performed with anti-GFP antibody (to detect
GFP-Rab1bwt or GFP-p115) and an antibody against the indicated endogenous marker (ERGIC53 or
Sec31). (B) Direct fluorescence detection of the mCherry or GFP indicated fusion proteins. Scale bars
represent 10 μm. (E) Bar graphs depicting the Pearson correlation coefficient (PCC) of co-localization
between the different markers (8 to 10 cells per condition, from 2–3 independent experiments). Data are
expressed as mean ± SD (*** = p<0.0001).

doi:10.1371/journal.pone.0160838.g002
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Golgi. In addition, punctate GFP-Rab1b labeled structures exhibited a combined behavior

between COPII and VTCs structures [33]. Although individual dynamics studies of COPII,

VTCs, p115 or Rab1b have been previously reported, information on dual time-lapse studies in

living cells is rather limited.

Here, we analyzed simultaneously the dynamics of Rab1b with COPII or Rab1b with

p115-labeled structures with the aim of improving the understanding of the spatial-temporal

dynamics of Rab1 overlap with COPII or p115-labeled structures. In vivo time-lapse micros-

copy assays of HeLa cells co-transfected with Cherry-Rab1b and YFP-Sec24 (Fig 3, S1 Movie)

or with mCherry-Rab1b and GFP-p115 (Fig 4, S2 Movie), were carried out for 6 to 10 minutes

using confocal microscopy with a spinning disk, and images were taken every 4 to 6 sec. To

understand better the role of Rab1b at ERES/VTCs, we focused our dynamics analysis on

peripheral punctate structures.

As previously reported [33], Rab1b-labeled punctate structures were relatively mobile with

limited-range movements and exhibited few tubular patterns. In contrast, COPII punctate

structures were mostly immobile and stable. Live-cell dual color imaging indicated that Sec24

and Rab1b co-localization was mostly transient, with some examples of their overlaps being

displayed in Fig 3 and S1 Movie.

After analysis of the time-lapse assays, the key points to emphasize are that, in agreement

with their co-localization degree (Fig 2, PCC: 0.24 ± 0.06), most of the YFP-Sec24 labeled struc-

tures did not associate with mCherry-Rab1b, and only a low fraction of YFP-Sec24 structures

Fig 3. Representative time-lapse imaging of HeLa cells co-transfected with mCherry-Rab1bwt and YFP-Sec24wt (S1 Movie).
(A) Confocal images showing individual Sec24 and Rab1b signals and their overlap (B 1–2) Magnification of different ROIs shown in
A at the indicated time points: 1) Rab1b-labeled structures (arrow) moving between two Sec24-labeled stable structures
(arrowheads). 2) Rab1b—labeled punctate structures moving towards the Golgi complex (arrow) and passing through a stable
Sec24-labeled structure (arrowhead 185 sec). Data represent at least three independent experiments. Scale bars represent 10 μm
(A) and 3 μm (B).

doi:10.1371/journal.pone.0160838.g003

Rab1b Dynamics and Function at the ER-Golgi Interface

PLOS ONE | DOI:10.1371/journal.pone.0160838 August 8, 2016 9 / 24



overlapped transiently with Rab1b. This transient overlap was mostly due to the high mobility

of the Rab1b-labeled structures.

We also performed similar dual expression time-lapse assays in cells transfected with

mCherry-Rab1b and GFP-p115. The p115-labeled punctate structures were found to be highly

mobile and described trajectories from and towards the Golgi complex. It was also possible to

observe long-lived stable p115-labeled punctate structures. Moreover, p115-tubular like struc-

tures exhibiting both long-lived or mobile behaviors were often detected (Fig 4, S2 Movie). The

observation of the multiple movies revealed that most of the Rab1b tubular-like structures co-

localized with similar p115 labeled structures. However, there were p115-tubular structures

without any Rab1b label on them.

Taken together, these dual expression time-lapse assays confirm that the Rab1b/Sec24 and

Rab1b/p115 overlaps were mostly transient and suggest that they might occur at the same time

in spatially distinct steps of ER to Golgi transport.

Spatial-temporal analysis of Rab1b overlap with ERES during
anterograde transport of cargo

The BFA effect is reversible, with its removal by changing the incubation media (washout)

allowing the recovery of anterograde transport and triggering reorganization of the Golgi appa-

ratus. During the early stages of BFA washout (30–45 min), the anterograde cargo transport is

synchronized and Golgi proteins concentrate in ERES in a Rab1b dependent manner [24]. In

Fig 4. Representative time-lapse imaging of HeLa cells co-transfected with mCherry-Rab1bwt and GFP-p115wt (S2 Movie).
(A) Confocal images showing individual p115 and Rab1b signals and their overlap (B 1–2) Magnification of different ROIs shown in
A at the indicated time points: 1) Punctate structures labeled with both Rab1b and p115 (B1, arrows) which remained stable
throughout the recorded time (more than 6 minutes, 392sec). It was also possible to detect p115-labeled structures that did not co-
localize with Rab1b over the same period of time (B1, arrowhead); 2) tubular structure labeled with both p115 and Rab1b originated
from the Golgi and rapidly moving towards the cell periphery until it vanished (B3, arrow). Data represent at least three independent
experiments. Scale bars represent 10 μm (A) and 3 μm (B).

doi:10.1371/journal.pone.0160838.g004
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order to improve the understanding of the spatial and temporal overlap of Rab1b with COPII

structures during anterograde transport of cargo, we performed time-lapse assays during the

early stages of BFA washout (~30–40 min) in HeLa cells co-transfected with mCherry-Rab1b,

YFP-Sec24 and SialT2-CFP. The SialT2 glycosyltransferase is required for the synthesis of gan-

gliosides and is localized at the proximal Golgi, and relocates to the ER after BFA treatment

[34]. We used SialT2-CFP as a marker of a cargo protein in order to follow ER to Golgi trans-

port during early BFA washout times. The SialT2-CFP construct includes the N-terminal

domains of SialT2 (amino acids 1–57) necessary for Golgi localization [35].

Time-lapse assays were performed approximately 10 minutes after BFA washout, capturing

YFP, mCherry, and CFP images for 30 second intervals during 30 minutes. Images were then

analyzed, and YFP-Sec24 labeled structures (50 structures, n = 4 cells from independent experi-

ments) that remained stable for 7 to 15 minutes were selected to describe the mCherry-Rab1b

association to these structures. A representative analysis is shown in Fig 5, where five YFP-Se-

c24-labeled structures that remained stable from the 12th minute onwards (from minute 12 to

24 after washout) are indicated (asterisks 1–5 and green circles, Sec24 panel). As shown in the

Rab1b panel, during these 12 minutes, mCherry-Rab1b associated to all structures but at differ-

ent times. The first moment of Rab1b association to each Sec24 structure is indicated with an

asterisk, with the same asterisk number associated to its respective Sec24 structure. In some

Sec24 structures, Rab1 associated recurrently during the time of the movie.

We also studied Rab1b and COPII overlapping relative to cargo exit by analyzing SialT2-CFP

behavior in the same COPII structures described above (Fig 5C, SialT2-CFP panel). At the start

of BFA washout, SialT2 was located at the ER and displayed a reticular pattern, which later

started to concentrate at the ERES (labeled with Sec24, Fig 5C, arrows in SialT2-CFP and merge

panels). SialT2-CFP concentration also co-localized with Rab1b as shown for the Sec24 struc-

ture labeled as #3 in panel B at times 16.5 and 24 min (Fig 5C, arrows, merge panel). In this

case, the SialT2-CFP concentration was detected in 1 of the 5 COPII structures. It is important

to mention that the SialT2-CFP diffuse but intensive pattern enclosed in the circular area corre-

sponding to the Sec24 structure #1 was not considered a SialT2-CFP concentration according to

the quantification explained below, with this pattern corresponding to SialT2-CFP distributed

to the ER.

To analyze accurately the spatial-temporal correlation of SialT2 sorting relative to the

Rab1b concentration at ERES structures, we quantified the SialT2 and Rab1b concentrations at

different time points for each YFP-Sec24 structure previously mentioned (corresponding to the

50 structures that remained stable from 7 to 15 minutes). The approach used to quantify sort-

ing/concentration was similar to that described to quantify VSV-G sorting at ERES, by which

changes in fluorescence-intensity variance were measured in living cells [28]. Specifically, we

analyzed the time-dependent change in the variance of the pixel fluorescence intensity (PFI-

Var) of mCherry-Rab1b or SialT2-CFP in an area including an identified ERES structure

(labeled with YFP-Sec24) during the initial BFA washout period. All PFIVar values were

expressed relative to both the PFIVar at the initial time and to the relative mean of fluorescence

intensity of the corresponding COPII structure (to avoid changes due to variations on the focal

plane, Material and Methods). Fig 6 shows a representative quantification of Rab1b and SialT2

PFIVar in an YFP-Sec24-labeled structure localized in the cell periphery (Fig 6A), where typi-

cally, during the course of the experiment, the PFIVar for both proteins increased until reach-

ing a maximum value before decreasing (Fig 6B). The SialT2 PFIVar peaks revealed dissimilar

values, which were sometimes shifted in time relative to the Rab1b PFIVar peak. All the 50

YFP-Sec24 labeled structures that we analyzed (n = 4 cells from independent experiments)

showed a Rab1b PFIVar peak at some point of the analysis. However, only 30 of these had at

least one SialT2 PFIVar peak, but revealed 62 SialT2-CFP concentration events. Analyses of
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Fig 5. Representative time-lapse imaging of HeLa cells co-transfected with mCherry-Rab1b, YFP-Sec24 and
SialT2-CFP during BFAwashout. After 24h of transfection, cells were incubated with BFA (1 μg/mL for 2h), then BFA
was removed (washout) and in vivo time-lapse assays were performed. (A) Confocal image showing the overlap of
YFP-Sec24 and mCherry-Rab1b and their individual signals. (B) Magnification of ROIs indicated in A, showing panels of
the individual YFP-Sec24 and mCherry-Rab1b signals and their merge at the indicated times. Asterisks in Sec24 panel
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the time-dependent changes in PFIVar (Fig 6C) for both proteins (mCherry-Rab1b and

SialT2-CFP) for the 62 events indicated that in some of these (~37%) the SialT2 and Rab1b

PFIVar peaks occurred at the same time, while in ~14 and 30% of the events, the SialT2 PFIVar

peaks happened 30 seconds before or after Rab1b PFIVar, respectively. It is important to

indicate five structures (labeled from 1 to 5, at the first indicated time, and with green circles at all time points) that
remained stable at the indicated times. Asterisk in Rab1b panel indicates the first time that Rab1b associated to one of
the Sec24 labeled structures. Arrows in the merge panel indicate structures where Sec24 and Rab1b are associated at
the indicated times. (C) Magnification of same ROIs and times indicated in A and B respectively. Panels show individual
SialT2-CFP signal and the merge including YFP-Sec24, mCherry-Rab1b and SialT2-CFP, and green circles specify the
location of the same YFP-Sec24 structures indicated in B. Arrows in SialT2-CFP panel indicate the SialT2 concentration/
sorting. Asterisk and circle in the merge panel indicate the Sec24 stable structures (#3), where the SialT2-CFP signal is
concentrated at the indicated times (arrows). These arrows also show YFP-Sec24, mCherry-Rab1b and SialT2-CFP co-
localization. Scale bars represent 10 μm (A) and 3 μm (B and C).

doi:10.1371/journal.pone.0160838.g005

Fig 6. Representative time-lapse imaging of HeLa cells co-transfected with mCherry-Rab1b, YFP-Sec24 and SialT2-CFP during
BFAwashout. After 24h of transfection, cells were incubated with BFA (1 μg/mL for 2 h), then the BFA was removed (washout) and the
time-lapse assays were performed. (A) Confocal image showing the individual YFP-Sec24, mCherry-Rab1b and SialT2-CFP signals and
their merge at the indicated time points. Scale bars represent 3 μm. (B) Time-dependent changes in relative PFIVar of Rab1b or SialT2, at
the region of interest depicted in A, calculated as described in Materials and Methods. (C) Bar graph depicting the percentage of the
SialT2-CFP PFIVar peak behaviors (n = 62 events) clustered into three different groups: The first group containing SialT2 peaks coinciding
with high Rab1b levels (named SialT2 coinciding with Rab1b), with this group including the SialT2 PFIVar peaks occurring simultaneously,
30 seconds before or after the Rab1b PFIVar peaks. In the second group were included the SialT2 PFIVar peaks which occurred completely
before a Rab1b peak (named SialT2 before Rab1b), and finally, the third group collected all the SialT2 PFIVar peaks in the absence of Rab1
(named SialT2 without Rab1b).

doi:10.1371/journal.pone.0160838.g006
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remark that in these two circumstances, although the peaks in the PFIVar curves were shifted

in time, there was a significant overlap in the overall curve. Therefore, in all these cases

(~82%), the SialT2 concentration events corresponded to a high Rab1b relative PFIVar. A

small number of events occurred before Rab1b concentration (~6%) or without any Rab1b

intensity modification (~11%).

In conclusion, the SialT2 concentration on COPII structures (defined as change in the vari-

ance of pixel fluorescence intensity) was mostly detected in COPII/Rab1b positive structures,

but not all COPII/Rab1b structures concentrated SialT2 during the analyzed times. Moreover,

SialT2 concentration at ERES was a transient event, and it was typical to observe SialT2 con-

centration points appearing and vanishing at random times at ERES structures.

Analysis of Rab1b overlap with COPII-labeled structures in cells with
impaired GBF1 activity

We next aimed to analyze Rab1b dynamics behavior in punctate structures labeled with both

Rab1b and YFP-Sec24 after blocking COPI recruitment using BFA to inhibit the activity of

GBF1, a Rab1 effector required for COPI recruitment. GBF1 and ARF-GDP interact to form a

complex that is stabilized on ER membranes in BFA-treated cells [36]. Hence, BFA inhibits

GBF1 exchange activity on Arf1 [37], blocks COPI recruitment and induces redistribution of

Golgi to the ER. Although BFA blocks COPI recruitment, COPII and Rab1b are still associated

to ERES after BFA treatment (Fig 2A). At the ERES-Golgi interface, Rab1b regulates COPII

dynamics [24] and recruits GBF1, thus the Rab1b-labeled structures induced after BFA treat-

ment represent the first site of Rab1b action during ER to Golgi transport. GBF1 is a Rab1b

effector, but it is unknown if the dynamic of Rab1b is regulated by GBF1 activity.

Double-label time-lapse assays were performed to analyze the permanence time of Rab1b

on ERES structures. Time-lapse studies of HeLa cells co-transfected with mCherry-Rab1b and

YFP-Sec24 were performed for 6 to 10 minutes using confocal microscopy with spinning disk

and images taken every 4 to 6 seconds. The overlap time between Rab1b and ERES (co-localiza-

tion between mCherry-Rab1b and YFP-Sec24) was measured in both control and in BFA-

treated cells. We randomly selected 50 structures with double label at the first frame (time 0

sec) and analyzed co-localization of mCherry-Rab1b with YFP-Sec24 over the total time. It was

taken into account that even though COPII subunits undergo multiple rounds of binding and

dissociation to membranes, they are relatively immobile structures, whereas Rab1b labeled

structures are highly mobile. Therefore, we measured the intensity of the Rab1b punctate struc-

tures relative to that of their respective COPII co-localizing structures over the period of the

time-lapse assay. Since we analyzed Rab1b structures co-localizing with COPII in the first

frame, and also due to the high mobility and transient behavior of Rab1b structures, it was nec-

essary to establish a criterion to measure co-localization. Thus, we considered that when the

relative Rab1b/Sec24 intensity value was lower than 40% of the initial relative intensity value

(time 0), then the Rab1b intensity had dropped sufficiently to be able to assume that Rab1b

and Sec24 were no longer co-localizing, especially in the case of the Rab1b structures that had

vanished. For Rab1b mobile structures, the Rab1b/Sec24 relative intensity value was even lower

than 40% of the initial value. It is important to mention that we focused the analysis on the

time of the Rab1b/Sec24 co-localization (including partial co-localization), and not on the

degree of overlapping between the Rab1b and Sec24 signals under different conditions. As

shown in Fig 7, the Rab1b/Sec24 co-localization time increased approximately 4 times in BFA

treated cells compared to the control cells (with a median increase of ~150 to 570s). It was nec-

essary to increase the brightness in the merge images (Fig 7, panel A) to clearly exhibit the

punctate structures presented below in Fig 7B. Examples of the representative levels of
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Fig 7. Co-localization time of Rab1b with ERES structures. Dual color time-lapse assays were
performed in cells expressing YFP-Sec24 andmCherry-Rab1bwt (S3 Movie). (A) Representative
images of the time-lapse assays performed in HeLa cells for three different conditions: Control (-BFA), BFA
treated cells (+BFA, 5 μg/mL for 2h), and in cells also co-transfected with GBF1-E794K-myc. (B, panels 1–3)
Magnification of the different ROIs shown in A at the indicated time points of the time-lapse assay. Arrows
indicate the Rab1b- labeled structure analyzed in the example. Asterisks in 1 indicate the times that the
Rab1b-labeled structure is no longer associated to the Sec24-labeled structure. Scale bars represent 10 μm
(A) and 3 μm (B). (C) Scatter plot of the co-localization time for cells at the indicated conditions. Sec24 and
Rab1b-labeled structures were randomly selected for the analysis for each condition (-BFA: 40, +BFA: 45,
GBF-E794K: 51 structures, n = 3 cells per condition).

doi:10.1371/journal.pone.0160838.g007
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expression used for in vivo double-label time-lapse assays are observed in the single channels

exhibited in the supporting, S1 and S2 movies.

GBF1 is not the only BFA target, as BFA can also induce ADP-ribosylation of BARS (brefel-

din A-ADP-ribosylated substrate), a bifunctional protein with a role in the nucleus as a tran-

scription factor and in the cytosol as a regulator of membrane fission during intracellular

trafficking [38, 39]. To investigate if changes in the co-localization time were a specific effect of

BFA on GBF1, a dominant negative GBF mutant, E794K, was expressed in HeLa cells. This

mutant lacks the ability to exchange GDP for GTP on ARF1, since it carries a mutation in the

catalytic glutamate residue and is defective in nucleotide exchange activity. GBF1-E794K

expression induces a BFA-like phenotype with COPI cytosolic redistribution [8], and causes a

complete disassembly of the Golgi. Then, Golgi proteins redistribute to the ER or to the periph-

eral punctate structures that contain GBF1-E794K (like p115 and GM130). Rab1b is also redis-

tributed to punctate structures in GBF1-E794K expressing cells (Fig 7).

Triple transfections were then performed to analyze the effect of GBF1-E794K on the

Rab1b/COPII co-localization time. HeLa cells were co-transfected with GBF1-E794K-myc,

mCherry-Rab1b and YFP-Sec24. First, immunofluorescence assays were performed to confirm

the triple transfection efficiency, by using suitable lasers and filter combinations to detect an

anti-myc mouse antibody labeled with an Alexa anti-mouse (specifically to label GBF1-E794K-

myc) together with mCherry-Rab1b and YFP-Sec24. We established the conditions (DNA

ratio of the constructs) to obtain more than 80% triple transfection, and confirmed that all

GBF1-E794K-myc transfected cells exhibited a distinctive and complete mCherry-Rab1b

labeled punctate pattern (in the absence of a juxtanuclear Golgi mark). In contrast, untrans-

fected cells had a normal juxtanuclear Golgi concentrated pattern mixed with a punctate pat-

tern (data not shown). We performed time-lapse microscopy studies in cells displaying a

complete punctate mCherry-Rab1b pattern in order to identify E794K-myc transfected cells.

Imaging acquisition and co-localization time analysis were carried out as described above for

double transfected cells. As shown in Fig 7A–7C, the Rab1b/Sec24 co-localization time in

E794K expressing cells was at least four time longer than in control cells, and many Rab1b/

COPII labeled structures remained co-localized at the end of the time-lapse assay.

Overall, the findings showing that Rab1b/COPII co-localization time increased in

GBF1-E794K transfected cells (Fig 7), together with published data indicating that Rab1b inter-

acts with GBF1 [33], and that GBF1-E794K was stabilized on the membrane relative to a wild-

type GBF1 [36], suggest that Rab1b interacted with GBF1-E794K. Consequently, Rab1 was also

stabilized in membranes in GBF1-E794K transfected cells. However, if Rab1b was stabilized, its

co-localization with GBF1-E794K or GBF wild type should be different. To test this, we quanti-

fied co-localization between mCherry-Rab1b with GBF1 (endogenous) or GBF1-E794-myc

(Fig 8A). As shown in Fig 8B, the PCC between Rab1b and GBF1-794-myc was slight, but sig-

nificantly higher than the PCC between Rab1b and the GBF1 (0.56 ± 0.06 vs 0.43 ± 0.05).

Rab1b cycles from the cytosol to membranes (bound to GDP or GTP respectively) and its

membrane association/dissociation dynamics on Golgi membranes has been previously ana-

lyzed using FRAP assays by our group [33]. However, Rab1b FRAP assays on punctate struc-

tures were not performed because their high mobility and/or transience would obstruct

measurement of the fluorescence recovery after photobleaching.

To confirm that Rab1b is stabilized on punctate structures in transfected cells, we measured

Rab1b membrane association/dissociation dynamics by performing FRAP assays on Rab1b-

labeled punctate structures that co-localized with ERES in cells co-transfected with GFP-

Rab1b, YFP-Sec24 and GBF1-E794K-myc. As control, FRAP assays were performed on cells

treated only with Nocodazole (NOC), a drug that induces microtubule depolymerization and

reduces mobility of the VTCs [32]. NOC treatment allowed us to measure fluorescence
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recovery of Rab1b-punctate structures without perturbing COPI recruitment or anterograde

transport, as in the case of BFA or GBF1-E794K. FRAP analysis of mCherry-Rab1b on punc-

tate structures co-localizing with YFP-Sec24 was performed (Fig 8C–8E). The kinetics of

mCherry-Rab1b FRAP in the GBF1-E794K expressing cells displayed a slower recovery than

that of the control. Furthermore, there was an important difference in the mobile fractions,

with approximately 93% of Rab1b appearing mobile in control cells, while only around 56%

was mobile in GBF1-E794K expressing cells (compare percentage recovery of Rab1b 100

Fig 8. Rab1b and GBF1 co-localization and dynamic analysis. (A and B) Confocal microscopy and co-localization analysis of
mCherry-Rab1b and GBF1 or mCherry-Rab1b and GBF1-E794K-myc. Data are expressed as mean ± SD (* = p<0.05). (C-E)
Kinetics of mCherry-Rab1b binding to and dissociation from ERES structures in HeLa cells treated with Nocodazole (2,5 μg/mL for
2h at 37°C), BFA (5 μg/mL for 2h) or expressing GBF1-E794K-myc. (C) Representative FRAP experiment in Hela cells, expressing
mCherry-Rab1b and YFP-Sec24 and treated with Nocodazole. (D) Magnification of the ROI indicated in C showing a Rab1b-labeled
structure selected for photobleaching (white circle, Rab1b panel) that localizes with a YFP-Sec24 labeled structure (white circle, Sec
24 panel). (E) Quantification of the mCherry-Rab1b intensity of a punctate structure localizing with an ERES (labeled with
YFP-Sec24) in Nocodazole treated cells (n = 5), cells incubated with BFA (n = 8), or co-transfected with GBF1-E794K (n = 8); error
bars, SD. Scale bars represent 10 μm (A and C) and 3 μm (D).

doi:10.1371/journal.pone.0160838.g008
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seconds after photobleaching). We also performed FRAP assays on Rab1b-labeled punctate

structures in BFA treated cells, and interestingly, the kinetics of the fluorescence recovery was

similar in NOC and BFA treated cells (Fig 8E).

It was puzzling to observe that Rab1b/COPII co-localization time was similar between BFA

treated cells and GBF1-E794K expressing cells, while the FRAP assays revealed that Rab1b had

different association/dissociation dynamics for these two conditions. However it is known that

BFA induces GBF1 redistribution to ER membranes, while GBF1-E794K is distributed in a

punctate pattern that co-localizes with ERES and VTCs [8]. Taking into account that Rab1b

interacts with GBF1, our FRAP analysis strongly suggests that Rab1b interacts with GBF1-

E794K and remains stabilized due to this interaction. The results also indicated that Rab1b

association/dissociation dynamics at ERES was dependent on both GBF1 activity and its mem-

brane localization at the ERES-Golgi interface.

Discussion

In this work, a comprehensive study of Rab1b and its effectors at the ER-Golgi interface was

performed under different transport conditions. We showed co-localization of Rab1b with

ERES, VTCs and Golgi markers at steady state and after complete Golgi redistribution to the

ER induced by BFA treatment (Figs 1 and 2). Although quantitative co-localization informa-

tion obtained with GFP-Rab1b expressing cells is questionable because it may not reflect the

endogenous absolute quantitative values, we emphasize that the most important information

derived from our results is the relative Rab1b distribution in structures involved in ER to Golgi

transport, in both steady state and BFA treated cells. In this study, we used tagged proteins for

two main reasons: First, because it is difficult to find good and compatible antibodies (in terms

of animal species) to perform double-labeled immunofluorescence assays, and second, because

we wanted to perform all the analysis under comparable conditions, and it was necessary to use

tagged proteins to perform the in vivo experiments.

At steady state, the highest co-localization of Rab1b was with p115, GM130 and GalNAcT2

(PCC~0.6, 0,61, and 0,53, respectively), with a lower degree of co-localization with ERGIC and

Sec31 (PCCs~0.40 and 0.24, respectively). These data agree with results showing that Rab1b

interacts with cis-medial Golgi proteins such as p115, GM130, golgin-84, and Giantin [14, 15,

17, 18, 40–42], and with the fact that detection of endogenous Rab1b (using a monoclonal anti-

body) revealed its Golgi localization [12]. However, this antibody also detected some ER distri-

bution. Thus, we quantified Rab1b co-localization with the ER marker calreticulin, and the

PCC was similar to that measured for Sec31 (PCC~0,22, data not shown). We did not detect

Rab1b concentration in the pericentrosomal domain of the intermediate compartment as pre-

viously described in NRK cells [43], probably because in our system (HeLa cells) this pattern

was less evident.

After BFA treatment, Rab1b redistributed to punctate structures in the cytoplasm, and as

previously described, ERGIC, p115, and GM130 also distributed to punctate structures [31].

BFA-induced Rab1b punctate structures maintained a high co-localization with p115, but

showed less with GM130. In contrast, Rab1b and GalNacT2 co-localization decreased after

BFA treatment due to ER relocation of GalNacT2 (PCC changed from 0.53 to 0.39), while the

Rab1b and ERGIC53 co-localization did not change after BFA (PCC = 0.39 in both situations).

This result is in disagreement with data showing that co-localization of the Rab1a isoform with

p58 (the rat homologue of human ERGIC53) increased after BFA treatment [44]. This discrep-

ancy could be due to differential behaviors of the Rab1 isoforms. Moreover, both p115 and

Rab1b co-localization with Sec31 increased after BFA treatment, in agreement with Allan et al.,

who postulated that p115 recruits Rab1 onto COPII vesicles [14]. It is puzzling however, that
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after BFA treatment, Rab1b/p115 co-localization (PCC = 0.60 ± 0.06) was higher than Rab1b/

ERGIC53 (PCC = 0.39 ± 0.08). It is possible that the BFA-remnants may be compositionally

different and therefore some proteins exhibiting punctate structures (after BFA treatment) are

differentially distributed among them. This explanation is supported by previous results show-

ing that not all golgins/GRASPs proteins respond in a similar manner to BFA, and that they

differentially distribute in BFA remnants [9]. Accordingly, ERGIC53 and ERGIC32 (ERGIC

localized protein) did not exhibit a 100% overlap after BFA treatment [10].

The quantitative Rab1b co-localization with ERES and VTCs performed here will be

improved in the future using super resolution microscopy. However, the approach used here

was able to detect a higher localization of Rab1b in p115-labeled structures than ERES. The

data suggest that even when all cargo exit is blocked at the ER and Rab1b participates in cargo

sorting at ERES [24], the bulk of Rab1b activity is required at p115 punctate structures. In

agreement, Rab1b, p115 and GM130 interactions are also fundamental in post-ERES events

[45].

When the dynamics of mCherry-Rab1b with COPII (labeled with YFP-Sec24) and

mCherry-Rab1b with GFP-p115 were visualized simultaneously, the results indicated that

Rab1b exhibited a mixed dynamic behavior, with some Rab1b punctate structures behaving

like COPII structures (being rather immobile and stable), while others behaved like p115-

labeled structures, by describing a trajectory. In agreement with previous analysis performed

with the GFP variant of the Rab1a isoform [46, 47], Rab1b also exhibited a tubular-like pattern

(Figs 3 and 4, S1 and S2 Movies). These tubular structures were proposed to connect the

ERGIC (or intermediate compartment) with the cell periphery or with the endosomal system.

In addition, tubules containing Golgi matrix proteins, including p115, were previously

described as being involved in Golgi to ER retrograde transport in a protein kinase A and phos-

pholipase D dependent manner [48, 49]. The fact that most of Rab1btubular-like structures

localized with p115-labeled tubules agrees with the finding showing that in Golgi, p115 recruits

Rab1b [45]. Moreover, punctate Rab1b structures were able to associate to punctate p115 struc-

tures in a both stable and transient manner. Interestingly, the appearance or vanishing of some

punctate Rab1b, Sec24 and p115-labeled structures occurred independently of each other, sug-

gesting that an association between them was not required to achieve these dynamic behaviors.

Our analysis of Rab1b overlap to long-lived ERES structures during BFA washout (Figs 5

and 6) indicated that all the COPII structures analyzed (50 from 4 cells, from independent

washout experiments) associated with Rab1b at some point during the washout. This suggests

that during the anterograde transport of cargo, Rab1b was able to associate to all COPII stable

structures. The SialT2-CFP sorting/concentration was detected in only 30 of these COPII

structures, and during the analyzed time displayed 62 concentration events, suggesting that

SialT1-CFP was preferentially sorted in the same group of COPII structures. Consistent with

this idea, the ER export of GPI-anchored proteins is restricted to a subpopulation of COPII

structures in a Sec24-isoform-selective manner [50]. However, we cannot exclude the possibil-

ity that SialT2-CFP might have concentrated in all COPII structures at a different time from

the observed period.

Interestingly, an association of SialT2-CFP to COPII structures was mostly detected in Rab1

positive structures, with a spatial-temporal analysis of these SialT2-CFP concentration events

indicating that most (~82%) occurred at the same time, or 30 seconds either before or after the

Rab1b PFIVar peaks (Fig 6). In agreement, our previous data indicate that Rab1b inhibition

delays cargo sorting at ER exit sites [24]. Taken together, the data support the idea that Rab1b

modulates COPII sorting by multiple association-dissociation rounds at the COPII structures.

In this study we have characterized, for first time, the effect of GBF1 activity on Rab1b

dynamics at the ERES-Golgi interface. Dual expression in vivo time-lapse microscopy studies
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revealed that Rab1b/COPII co-localization is mostly transient. Quantification of the time of

association of Rab1b on COPII stable structures indicated that the median co-localization time

was ~150 seconds. Interestingly, inhibition of GBF1 activity (by BFA treatment or expression

of the dominant GBF1 mutant, GBF1-E794K) significantly modified the transiency of the

Rab1b/COPII association, and the co-localization time increased at least 4 times after GBF1

inhibition (Fig 7). At the ERES-Golgi interface, Rab1b recruits GBF1 [33], which is involved in

COPI recruitment through the exchange of GDP for GTP on Arf1 [8, 10]. BFA inhibits GBF1

activity, induces Arf1 dissociation from membranes, and therefore blocks COPI recruitment,

and it has been reported at the VTCs stage that COPII is exchanged for COPI and the transport

of cargo progresses forward. Consequently, without COPI recruitment (due to BFA or GBF1-

E794K expression), the advance of transport to the next step was obstructed and therefore

Rab1b remained positioned at the ERES structures and increased the time of co-localization to

these. Since the degree of Rab1b/Sec24 co-localization was variable, we cannot exclude the pos-

sibility that the partial overlap between signals may represent a close proximity between Rab1b

and Sec24 labeled structures (visually distinct punctate structures should be separated by at

least 200 nm). Furthermore, although GBF1 was inhibited in BFA treated cells, the Rab1b

membrane association/dissociation dynamics to ERES structures was not modified by BFA

with respect to control cells (Fig 8E). Likewise, BFA did not modify the membrane association/

dissociation of the COPII proteins [31]. In contrast, Rab1b association/dissociation kinetics in

control or BFA treated cells was significantly different to the GBF1-E794K expressing cells,

with the Rab1b mobile fraction decreasing from ~90% to ~55% in GBF1-E794K transfected

cells. As Rab1b interacts with GBF1, we also speculate that Rab1b interacts with GBF1-E794K.

In agreement with this, Rab1b and GBF1-E794K co-localize in peripheral punctate structures

(Fig 8A and 8B) and GBF1-E794K membrane turnover is stabilized relative to the GBF1 wild

type [36]. Taken together, these results suggest that, after recruiting GBF1, Rab1b dissociation

from membranes is facilitated by the displacement of GBF1 and a regular GDP/GTP exchange

on ARF1, and consequently, by COPI recruitment. Summing up, BFA increases the co-locali-

zation time of Rab1b to ERES without perturbing the Rab1b membrane association/dissocia-

tion dynamics, and therefore without disturbing either the GEF or the GAP of Rab1b. Possibly

in BFA-treated cells, Rab1b was unable to interact with GBF1, which is stably associated to the

ER, with Rab1b continuing to cycle on and off to ERES membranes, in a state of “waiting” for

GBF1. In contrast, in GBF1-E794K expressing cells, Rab1b and GBF1-E794K form a stable

association. The Rab1b dynamics of fluorescence recovery in this context was similar to that of

the Rab1b-GTP mutant, Rab1b-Q67L [33], suggesting that the Rab1b-GBF1-E794K complex

hampers GTP hydrolysis on Rab1b. However, we cannot exclude the possibility that GBF1-

E794K inhibits TBC1D20 GAP activity on Rab1b [51]. Our data allows us to postulate that

Rab1b coordinates COPII-COPI exchange at the ERES-Golgi interface in a GBF1/COPI regu-

lated manner.

Supporting Information

S1 Fig. Representative immunofluorescence images showing endogenous Rab1b and

GM130. Confocal images of HeLa Cells in control (-BFA) and BFA-treated cells (5 ug/mL for

2h).

(TIF)

S1 Movie. Representative time-lapse microscopy study of mCherry-Rab1 and YFP-Sec24

expressed in HeLa cells. Images in grayscale show single channels and their co-localization is

depicted in the merge channel. Individual images and magnification of the different ROIs and

structures indicated with arrows are shown in Fig 3. Images were acquired every 6 seconds
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over a total time of 7 min (455 sec). The movie was compressed to 10 frames/s.

(MP4)

S2 Movie. Representative time-lapse microscopy study of mCherry-Rab1b and GFP-p115

expressed in HeLa cells. Images in grayscale show single channels and their co-localization is

depicted in the merge channel. Individual images and magnification of the different ROIs and

structures indicated with arrows are shown in Fig 4. Images were acquired every 4 seconds

over a total time of 6 minutes (392 seconds). The movie was compressed to 10 frames/s.

(MP4)

S3 Movie. Representative dual color time-lapse microscopy study of mCherry-Rab1b and

YFP-Sec24 expressed in HeLa cells in three different conditions: Control (-BFA), BFA

treated cells (+BFA, 5 μg/mL for 2 h), and in cells co-transfected also with GBF1-E794K-

myc. Individual images and magnification of the different ROIs and structures indicated with

arrows are shown in Fig 7. Images were acquired every 4–6 seconds over a total time of 300

(-BFA) or 600 seconds (+BFA and GBF1-E794K). The movie was compressed to 10 frames/s.

(MP4)
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