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Introduction
The first step of the mammalian secretory pathway is the export of

proteins from the ER (reviewed by Hughes and Stephens, 2008).

The accumulation of secretory cargo, deformation of the membrane

and formation of transport vesicles is mediated by the COPII coat

complex. In the yeast Pichia pastoris and metazoans, COPII

assembly occurs at discrete sites on the ribosome-free ER,

previously termed transitional ER (tER) or ER exit sites (ERES)

(Palade, 1975; Orci et al., 1991; Bannykh et al., 1996; Tang et al.,

2005). ERES is a term variously used in the literature and can best

be defined as encompassing the tER membrane along with any post-

ER structures up to (and according to the definition used by some,

including) the ER-Golgi intermediate compartment (ERGIC)

(Appenzeller-Herzog and Hauri, 2006). The classical distribution

of COPII-coated ERES, as observed by light microscopy and

immunoelectron microscopy, shows them to be distributed

throughout the cell cytoplasm, clustering in the juxtanuclear area

of cell types with a juxtanuclear Golgi (Orci et al., 1991; Bannykh

et al., 1996; Martinez-Menarguez et al., 1999; Hammond and Glick,

2000; Stephens et al., 2000). The juxtanuclear ERES population

accounts for 50-60% of ERES within the cell; intriguingly, some

data exists that even suggests the possibility of membrane

connectivity between ERES and Golgi (Sesso et al., 1992;

Stinchcombe et al., 1995; Ladinsky et al., 1999).

COPII assembly is triggered by GDP-GTP exchange on the small

GTP-binding protein Sar1. This step is catalysed by the Sec12

guanine nucleotide exchange factor, which in humans, localises

throughout the ER membrane (Weissman et al., 2001) (D.J.S.,

unpublished observations). This results in the sequential assembly

of Sec23-Sec24 [which provides the major cargo-binding capacity

of the coat (Miller et al., 2002)] and Sec13-Sec31, which assembles

around the nascent vesicle and acts to trigger high levels of GTPase

activity on Sar1 to complete scission (Bielli et al., 2005; Lee et al.,

2005; Sato and Nakano, 2005; Townley et al., 2008). Our data has

suggested that Sec16 is recruited in a Sar1-dependent manner,

because the expression of a GDP-restricted mutant (albeit at very

high levels) results in delocalisation of Sec16 from ERES (Watson

et al., 2006). Recent data from studying the Drosophila Sec16

protein suggests a different mechanism in which Sec16 acts as a

spatial platform to concentrate Sar1 in its GTP-bound form

following its activation to the GTP-bound state by Sec12 (Ivan et

al., 2008).

The mechanism by which COPII assembly is restricted to

transitional ER in metazoans remains largely unclear. Recent advances

have been made in this area through the identification of orthologues

of Sec16, an essential protein for COPII vesicle formation in the yeast

Saccharomyces cerevisiae (Espenshade et al., 1995). In S. cerevisiae,

COPII complexes form stochastically at sites across the entire ER

membrane, with no apparent spatial organisation of budding. By

contrast, in another yeast, P. pastoris, COPII assembly is organised

in a manner dependent on Sec16 (Connerly et al., 2005). Identification

of metazoan orthologues of Sec16 (Watson et al., 2006; Bhattacharyya

and Glick, 2007; Iinuma et al., 2007; Ivan et al., 2008) has provided

further insight in to the spatial restriction of COPII assembly in cells.

The COPII complex mediates the selective incorporation of

secretory cargo and relevant machinery into budding vesicles

at specialised sites on the endoplasmic reticulum membrane

called transitional ER (tER). Here, we show using confocal

microscopy, immunogold labelling of ultrathin cryosections

and electron tomography that in human cells at steady state,

Sec16 localises to cup-like structures of tER that are spatially

distinct from the localisation of other COPII coat components.

We show that Sec16 defines the tER, whereas Sec23-Sec24 and

Sec13-Sec31 define later structures that precede but are

distinct from the intermediate compartment. Steady-state

localisation of Sec16 is independent of the localisation of

downstream COPII components Sec23-Sec24 and Sec13-Sec31.

Sec16 cycles on and off the membrane at a slower rate than

other COPII components with a greater immobile fraction.

We define the region of Sec16A that dictates its robust

localisation of tER membranes and find that this requires both

a highly charged region as well as a central domain that shows

high sequence identity between species. The central conserved

domain of Sec16 binds to Sec13 linking tER membrane

localisation with COPII vesicle formation. These data are

consistent with a model where Sec16 acts as a platform for

COPII assembly at ERES.
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In humans, there are two genes that encode the Sec16 orthologues

Sec16A and Sec16B. Sec16A can be seen as the primary orthologue

as it is most similar (at ~240 kDa, notably in size) to Sec16 in other

species. In P. pastoris, Sec16 is present at ERES at a concentration

that is an order of magnitude lower than that of COPII subunits; as

a result of this, Sec16 is suggested to be a modulator of COPII function

rather than a stoichiometric subunit of the COPII coat (Connerly et

al., 2005). In addition, COPII vesicle budding can be reconstituted

in vitro in the absence of Sec16 (Matsuoka et al., 1998) consistent

with a role in spatial organisation or regulation of COPII function

rather than budding per se.

When Sec16A is expressed at high levels in HeLa cells, it results

in the loss of other COPII subunits (Sec23-Sec24 and Sec13-Sec31)

from the membrane (Watson et al., 2006). Although Sec16A is

known to cycle on and off the membrane at ERES (Watson et al.,

2006), the rate of recovery of fluorescence (i.e. the rate of recycling

on and off the membrane) has not been accurately determined in

comparison with COPII coat proteins. The human orthologue of

Sec16 has been shown to bind Sec23 (Bhattacharyya and Glick,

2007) and its localisation to tER is dictated by a short, relatively

poorly conserved, region just upstream of a central conserved

domain (CCD). This CCD shows quite a high level of conservation

between species (Bhattacharyya and Glick, 2007). In contrast to

this, the Drosophila orthologue of Sec16 appears to require both

this highly charged region, as well as the CCD for correct targeting

to tER (Ivan et al., 2008). Here, we define the precise subcellular

localisation of mammalian Sec16 relative to other COPII

components. We also identify a region that specifies localisation of

the protein to ERES and also interacts with Sec13.

Results
Localisation of COPII proteins by light microscopy

We sought to determine the spatial distribution of Sec16 and other

components of ERES using light microscopy. Cells expressing a

very low level of GFP-Sec16A were immunolabelled with

antibodies specific to Sec24C, Sec31A, ERGIC-53 and COPI. Fig.

1A (enlarged in Fig. 1B) shows cells expressing GFP-Sec16A

(green) that have been fixed and labelled for Sec24C (red) and

ERGIC-53 (blue), or in Fig. 1C, enlarged in Fig. 1D, Sec31A (red)

and β�-COP (blue). Individual ERES at high magnification are also

shown (Fig. 1C, enlarged in Fig. 1D). Cells were imaged at the

highest spatial resolution allowed by conventional laser-scanning

confocal microscopy, satisfying Nyquist criteria and ensuring that

no pixels were saturated. In these images, the discrete localisation

of each component is clearly seen: with close juxtaposition but clear

spatial separation of Sec16A from Sec24C and Sec31A. By contrast,

Sec24C and Sec31A show almost complete colocalisation under

these conditions (Fig. 1E,F). This offset occurs in >80% of ERES.

Both Sec16A-positive structures and Sec24C- or Sec31A-positive

structures were distinct from those labelled with ERGIC-53, as is

expected (Hughes and Stephens, 2008). Some overlap was evident,

consistent with potential colocalisation and interaction of these

proteins. Indistinguishable results were obtained using GFP-Sec16B

and also endogenous Sec16A using anti-Sec16A (KIAA0310) (data

not shown). The localisation of endogenous Sec16A was then further

defined using immunoelectron microscopy.

Sec16A and COPII outer subunit Sec31A rarely colocalise but

appear in distinct clusters

Immunogold labelling of ultrathin cryosections and electron

microscopy was undertaken to define the spatial arrangement of

these protein clusters at the ultrastructural level. Here we studied

endogenous Sec16A in combination with other proteins using an

antibody previously characterised for this technique (Ronchi et al.,

2008). In most cases Sec16A and Sec31A labelling were observed

at a distance of between 100 nm and 600 nm apart (Fig. 2A,

quantified in Fig. 2B); this is entirely consistent with our light

microscopy data. Sec16A labelling tends to form clusters as judged

by multiple gold particles seen together, whereas Sec31A labelling

is usually observed alone or in small groups (rarely more than four

gold particles); this could reflect the efficiency of labelling which

could be reduced by oligomerisation of Sec31A in to a cage structure

(Stagg et al., 2006). Indistinguishable results were obtained when,

to control the quantification and exclude effects of differential

staining efficiency, gold particle sizes were swapped for secondary

antibodies in a separate experiment and counted the same way (data

not shown). Membrane localisation of Sec16A was seen in 69% of

structures (706 of 1028 gold particles), and in 20% of cases, we

observed clear localisation of Sec16 to cup-like structures (45 of

223 Sec16A-positive structures), such as those shown in the upper

panels of Fig. 2C. In double labelling experiments, 14% of Sec16A-

labelled structures showed colocalisation of Sec16A with Sec31A

(28 of 199 Sec16A-labelled structures). The typical size of an ERES

has been defined as around 400 nm (Bannykh et al., 1996;

Fig. 1. Localization of GFP-Sec16A, COPII subunits and
ERGIC components. (A,B) HeLa cells transfected with GFP-
Sec16A fixed after 22 hours, stained with antibodies to the
COPII subunit Sec24C and the ERGIC marker ERGIC-53.
(C,D) HeLa cells transfected with GFP-Sec16A fixed after 22
hours and stained with antibodies to the COPII subunit
Sec31A and the COPI subunit β�-COP. The images were
taken using high resolution laser-scanning confocal
microscopy, and images underwent iterative deconvolution.
(E,F) HeLa cells fixed and stained with antibodies to Sec23A
and Sec31A, showing complete colocalisation between
COPII proteins. Enlarged images from the panels above are
shown in B,D,F. Scale bars: 5 µm (A,C,E); 100 nm (B,D,F).
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Zeuschner et al., 2006). Thus, it is possible the measurements we

made that show distances separating Sec16 and Sec31 labelling of

>400 nm (and up to 600 nm) in fact represent labelling from two

discrete ERES.

To better define the nature of these cup-shaped structures, we

undertook electron tomography on ~210-nm-thick cryosections that

were immunolabelled with antibodies directed against Sec16A (Fig.

2D-I; supplementary material Movie 1). Fig. 2A shows an example

of gold labelling of Sec16A on four merged orthoslices. Membranes

directly connected to areas of Sec16A labelling were traced and

used to generate a 3D reconstruction of the section (Fig. 2E, traced

membranes are shown in yellow with gold particles in red).

Enlargements of these areas showed that Sec16 associates with both

flat (Fig. 2F) and curved structures (Fig. 2G, further enlarged in

Fig. 2H; Fig. 2I, enlarged in Fig. 2J). Both structures seen in Fig.

2H,J are consistent with concave surfaces contiguous with

underlying ER membrane. We were unable to determine whether

the more spherical membrane structures in Fig. 2H are ER tubules

in section (which is our favoured interpretation) or budding (or even
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free) vesicles; this will require further investigation using multiple

labelled sections and perhaps alternative labelling methodologies.

A key limitation at present is the restriction of label to the surface

of thick sections, which prevents a clear analysis of all COPII

labelling.

Kinetics of association of Sec16A at tER

The kinetics of membrane association of COPII proteins at

individual tER sites have previously been shown to occur on the

scale of a few seconds (Sato and Nakano, 2005; Forster et al.,

2006), in accordance with in vitro data (Antonny et al., 2001). To

accurately determine whether Sec16A has the same cycling rate

as other COPII subunits, and whether a substantial proportion of

Sec16 could remain associated with the membrane to act as a

platform for COPII assembly (Watson et al., 2006; Fromme et al.,

2007; Heinzer et al., 2008; Ivan et al., 2008), fluorescence

recovery after photobleaching (FRAP) experiments were

undertaken and data fitted to a single exponential as described

previously (Forster et al., 2006). Fig. 3 shows FRAP data for both

Fig. 2. Sec16A and Sec31A
immunoelectron microscopy.
(A-C) Localisation of Sec16A and
Sec31A by immunogold labelling of
ultrathin cryosections. Sec16A (6 nm
gold particles) and Sec31A (10 nm
gold particles) were immunolocalised
on cryosections of HeLa cells.
(A) Examples of measurement of
distance between Sec16A and
Sec31A. (B) Quantification of
distance of gold grains from three
independent experiments, taken from
74 images of juxtanuclear areas of
HeLa cells. (C) Colocalisation with
Sec31A, membrane association and
cup-shaped labelling pattern for
Sec16A. Scale bars: 200 nm.
(D-J) Electron tomography of Sec16-
labelled structures. (D) Sec16A
immunolocalisation on a 210 nm
cryosection in electron tomography.
Image shows four merged orthoslices.
(E) Example from the transparency
projection. ER membrane in yellow,
Sec16A label in red. (F) Magnified
image showing association of Sec16A
with membrane structures from a
different tomogram. (G,H) Rotated
magnifications of one Sec16 cluster;
(I,J) Rotated magnifications of a
distinct cluster (both from the data set
in D,E). Scale bar: 200 nm.
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GFP-Sec23A (Fig. 3A-C) and GFP-Sec16A (Fig. 3D-F) including

sample images of ERES used for defining the bleach region of

interest (Fig. 3A,D), example curves obtained from individual

ERES (Fig. 3B,E where the insets show these data fitted to a single

exponential) and averaged data from multiple ERES (Fig. 3C,F,

including insets, where these averaged data have been fitted to a

single exponential). In good agreement with previously published

data (Forster et al., 2006), GFP-Sec23A recycled with an average

half-life of recovery of 4.36±0.40 seconds compared with GFP-

Sec16A, where the average rate of recycling was 5.81±0.36

seconds (Fig. 3G). This difference, although small, was statistically

significant (P=0.0098). The immobile fraction (i.e. the protein that

remains bound to the membrane during post-bleach cycles, thus

not exchanging with a mobile pool), was also different for both

proteins; the average immobile fraction of Sec16A was 43±4.52%,

which was significantly higher (P<0.0001) than that observed for

Sec23A (21.8±1.94%) (Fig. 3H). Thus, a greater proportion of

Sec16A is immobile on the tER membrane compared with

Sec23A. Our FRAP experiments were undertaken on a relatively

short timescale and so it is possible that this immobile fraction is

in fact simply turning over very slowly. Thus, we undertook

fluorescence loss in photobleaching experiments using GFP-

Sec16A to investigate this further. Fig. 3I shows images of cells

which have undergone iterative cycles of high intensity bleaching

within the designated region of interest and low intensity imaging

of ERES. Analysis of the fluorescence intensity of individual

ERES outside of bleach regions in these experiments (Fig. 3J)

showed a slow steady decline in fluorescence intensity. We

conclude that the immobile fraction detected in FRAP experiments

is indeed that, and that it does not exchange with the bulk cytosolic

pool; this remains the case, even on timescales up to 30 minutes

(not shown).

Fig. 3. Fluorescence photobleaching of GFP-Sec16A
and GFP-Sec23A at ERES. (A-C) FRAP using GFP-
Sec23A, (D-F) or GFP-Sec16A. Panels show the
region of interest used for photobleaching (circled)
for GFP-Sec23A (A) and GFP-Sec16A (D). (B,E) An
example plot from a single ERES is shown; the
insets show these data fitted to a single exponential.
For GFP-Sec23A (C) and for GFP-Sec16A (F) data
from ERES were averaged and plotted (error bars
show s.d., n=21 for GFP-Sec16A and n=27 for GFP-
Sec23A); insets show these data fitted to a single
exponential. Individual recovery rates (G) and
immobile fractions (H) were plotted. Data shown
represent the mean of at least 16 independent
experiments (horizontal bar). (I) HeLa cells
expressing GFP-Sec16A were repeatedly bleached
within a region of interest indicated in panel 2 (t=10
seconds), at 37°C followed by imaging the entire
field of view at low laser power. (J) Mean
fluorescence intensities (±s.d.) of nine ERES are
plotted. This example is representative of a data set
of six different cells, and for time courses of both 12
minutes and 30 minutes. After repeated bleaching,
GFP-Sec16A-labelled ERES outside the ROI
showed a slow loss in fluorescence (black circles)
relative to no loss in fluorescence as seen for ERES
of neighbouring cells (grey squares). F, fluorescence
intensity; F(av), average fluorescence intensity, both
in arbitrary units.
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Sec16A is localised at ERES independently of Sec23-Sec24

and Sec13-Sec31

To confirm that Sec16A has a role at ERES upstream of COPII-

subunit association, we wished to define the localisation and

kinetics of Sec16A in the absence of other COPII proteins, Sec23-

Sec24 and Sec13-Sec31. We had previously noted that very high

level overexpression of TBC1D20, a GTP-activating protein for

Rab1 and Rab43 (Haas et al., 2007), removed Sec23-Sec24 and

Sec13-Sec31 from the tER. Furthermore, dominant-negative Rab1

mutants have been shown to inhibit COPII budding in vitro (Moyer

et al., 2001) and to cause a redistribution of Golgi enzymes back

to the ER (Alvarez et al., 2003). However, COPII (Sec13-Sec31)

labelling was unaffected by expression of these mutants (Alvarez

et al., 2003). It is possible that this is due to an incomplete block

of Rab1 function for which overexpression of TBC1D20 provides

a more robust inhibition or reflects functional redundancy with

Rab43. Cells overexpressing TBC1D20 (see Haas et al., 2007) are

characterised by their loss of the Golgi complex, as determined by

GM130 labelling; COPI also becomes dissociated from these

membranes, and COPII (Sec24 or Sec31 labelling) is lost from

juxtanuclear ERES; at the highest levels of expression, Sec23-Sec24

and Sec13-Sec31 are also lost from peripheral ERES. Upon very

high levels of expression of TBC1D20, the Golgi is indeed severely

disrupted (Fig. 4A, GM130 labelling), but although Sec16A

remained localised to puncta throughout the cytoplasm (Fig. 4A),

the localisation of Sec23-Sec24 (Fig. 4B) and Sec13-Sec31 (Fig.

4C) to the tER membrane at peripheral sites was lost. Similarly,

COPI labelling was lost from all peripheral and Golgi membranes

(Fig. 4D). It must be noted that these effects on Sec24 and Sec31

localisation only occur upon high-level expression of TBC1D20.

At lower levels, only the Golgi is affected (Haas et al., 2007) (note

the cell labelled with an arrow in Fig. 4B). A catalytically inactive

mutant of TBC1D20 (R105A) had no effect on Golgi or COPII

localisation even at very high expression levels (data not shown)

(see also Haas et al., 2007). From this, we conclude that human

Sec16 does not require the membrane localisation of Sec23-Sec24

or Sec13-Sec31 for its recruitment or sustained localisation to tER.

Recycling kinetics of Sec16A at ERES are unaffected by loss

of COPII subunits from tER sites

Quantitative FRAP analysis on cells overexpressing TBC1D20 show

no statistically significant difference in half-life of GFP-Sec16A

compared with cells expressing the inactive (R105A) mutant of

TBC1D20 (P=0.7), or indeed with control cells only expressing

GFP-Sec16A (P=0.5) (Fig. 4E). These data suggest that Sec16 can

dynamically associate with tER membranes in the absence of other

COPII components (Sec23-Sec24 and Sec13-Sec31). Fig. 4F shows

that a significant fraction of GFP-Sec16A is immobile even

following expression of TBC1D20, indicating that Sec23-Sec24 and

Sec13-Sec31 are not required to maintain this population. A slight

decrease in the immobile fraction of Sec16 was seen compared with

controls that do not express TBC1D20 (Fig. 4, ~35% versus ~40%)

but this was not statistically significant (P=0.5). We conclude from

this that gross perturbation of Rab function at the ER-Golgi

interface does not affect Sec16A.

Localisation of Sec16 to tER

During the progress of our own work, minimal regions of Sec16A

and Sec16B that are required for tER localisation were described

(Bhattacharyya and Glick, 2007). We found that this region Sec16A

(1098-1405, using our numbering) (Bhattacharyya and Glick,

Journal of Cell Science 122 (16)

2007), did not in fact localise to tER in HeLa cells and nor did the

equivalent construct of Sec16B (data not shown). Although the

minimal region previously identified showed some very weak

affinity for cytoplasmic puncta that were consistent with tER, with

predominant localisation to the nucleus, the localisation was not at

all efficient (not shown). Sec16L described by Glick and colleagues

(Bhattacharyya and Glick, 2007) is shorter by 178 amino acids at

the extreme N-terminus than that we have previously described

(Watson et al., 2006) (Sec16A, which corresponds to the previously

deposited sequence KIAA0310, NCBI accession numbers

NM_014866/NP_055681). We believe that the 2357 amino acid

Fig. 4. Association of Sec23-Sec24 and Sec13-Sec31 with ERES membranes
is not required to maintain the association of Sec16. (A-D) HeLa cells were
transfected with Myc-TBC1D20 and fixed after 22 hours. High expressers
were immediately identified using GM130 staining because TBC1D20
expression results in loss of the Golgi complex (Haas et al., 2007) and by
subsequent immunolabelling with anti-Myc antibodies (asterisks). Arrow
indicates a cell in which the Golgi is completely disrupted with no apparent
effect on juxtanuclear ERES (see Haas et al., 2007). Transfection of the
catalytically inactive Myc-TBC1D20-R105A had no effect on Golgi
organisation or COPII localisation. Cells were co-stained with antibodies to
GM130 and (A) Sec16A, (B) Sec24C, (C) Sec31A and (D) COPI. Scale bar:
20 µm. Cells expressing Sec16A and either wild-type TBC1D20, or a
catalytically inactive R105A point mutant were used for FRAP experiments;
cells were confirmed to express Myc-TBC1D20 by immunofluorescence after
FRAP; 97% of all cells transfected with GFP-Sec16A were also transfected
with Myc-TBC1D20. (E) Plot of the half-life of recovery of fluorescence for
GFP-Sec16A in cells expressing Myc-TBC1D20 or Myc-TBC1D20-R105A.
(F) Plot of immobile population of GFP-Sec16A in the presence of TBC1D20
wild type and mutant expressers. The bar represents the mean with individual
data points shown. Data shown represent the mean of at least nine independent
experiments.
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form of Sec16A represents the full-length version based on sequence

conservation within this extreme N-terminal region with other

orthologues, notably those from Bos taurus, Canis familiaris and

Xenopus laevis. Throughout, we use the HGNC-approved

nomenclature of Sec16A and Sec16B, which is consistent with that

used for all other COPII subunits and numbering according to the

2357 amino acid form.

GFP-Sec16A localises faithfully to tER at low to moderate levels

of expression (Watson et al., 2006) and Fig. 5A. A series of deletion

constructs of Sec16A were then examined for their ability to target

to tER. Localisation was compared at high magnification with GFP-

Sec16A (1-2357) (Fig. 5A), i.e. the full coding sequence fused to

GFP. We found that the C-terminal half of Sec16A (residues 1382-

2357) failed to localise to tER and was seen to be predominantly

cytosolic (Fig. 5B). Residues 1-1254, approximately the N-terminal

half of Sec16A missing the entire CCD and much of the tER

localisation domain predicted by Glick and colleagues

(Bhattacharyya and Glick, 2007), failed to target to tER but showed

a weak ER-like labelling that included clear nuclear envelope

labelling (Fig. 5C) and showed significant overlap with the ER

marker calnexin (data not shown). Deletion of the C-terminal

conserved domain that interacts with Sec23 (Bhattacharyya and

Glick, 2007) did not significantly affect this targeting to peripheral

tER but resulted in a noted loss of labelling of juxtanuclear

structures (1-2056) (Fig. 5D). A shorter construct, including the

entire N-terminus and around half of the CCD (1-1615), resulted

in targeting to some puncta (Fig. 5E) but these did not label with

other COPII proteins (Sec24C, data not shown) and bore little

resemblance to tER labelling in control cells. These data show that

constructs that lack the CCD fail to target to tER.

Further work has shown that a highly charged sequence N-

terminal to the CCD was also required for tER targeting. In

Fig. 5. Requirements for the localisation of GFP-Sec16A in
HeLa cells. The top of the figure shows a schematic of
constructs generated and summary of findings; lettering refers
to both the schematic and micrographs below. Amino acid
numbers are shown relative to the full Sec16A (KIAA0310)
coding sequence, GFP is indicated by the green bar. Lettering
refers to the panels below. (A) Full-length GFP-Sec16A (1-
2357) localises to tER. Constructs incorporating regions of
Sec16A (see schematic summary) were expressed as GFP-
fusion proteins in HeLa cells, fixed and imaged to determine
tER localisation. Constructs generated include the following
amino acids of Sec16A fused to GFP (B) 1382-2357, (C) 1-
1254, (D) 1-2056, (E) 1-1615+, (F) 1009-2357, (G) 1019-
1890, (J) 1019-1433 and (M) 1434-1890. (G-I) GFP-Sec16A
(1019-1890) efficiently targets to exit sites (G) and shows
close apposition to puncta labelled with Sec24C (arrows in the
enlargements in G). High expression of GFP-Sec16A (1019-
1890) leads to loss of endogenous Sec16A (H) as well as
Sec24C (I). (J-L) Sec16A (1019-1433) is not targeted to tER
membranes. Low expression of the fusion protein has no effect
on Sec24C (J); however, high expression leads to a disruption
of Sec16A (K) and Sec24C (L). (M-O) Sec16A (1434-1890) is
not targeted to tER membranes and does not cause significant
disruption of endogenous Sec16A (O) or Sec24C (N) when
highly overexpressed. Scale bars: 20 µm.
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agreement with the work of Ivan and co-workers (Ivan et al., 2008),

we found that an extensive sequence was required here for robust

tER localisation; sequence alignment of orthologues showed that

this charged region extends to residue 1019 [approximately

equivalent to the start of the ‘NC2.3.4-CCD’ construct used by Ivan

and colleagues (Ivan et al., 2008)]. Deletion of the N-terminal 1008

amino acids (leaving 1009-2357) did not significantly affect ERES

targeting of Sec16A (Fig. 5F); the N-terminal 1008 amino acids are

therefore not involved in targeting of Sec16 to tER and we have

yet to be able to ascribe a function to them.

We then mapped the region required for targeting to ERES in

more detail. A construct encoding amino acids 1019-1890 (ending

at the end of the CCD) efficiently targeted to tER when transiently

expressed in HeLa cells (Fig. 5G). Notably, this fusion protein

showed close apposition to other COPII markers as we saw for

Journal of Cell Science 122 (16)

native Sec16A (Fig. 1). At high expression levels GFP-Sec16A

(1019-1890) caused a loss of Sec16A-labelled (Fig. 5H), Sec24C-

labelled (Fig. 5I), and Sec31A-labelled (not shown) puncta from

cells. We subsequently found that the highly charged region

incorporating residues 1019-1433 showed robust localisation to

the nucleus (Fig. 5J) and only at very high levels of overexpression,

at which there is a substantial cytosolic pool, did we observe any

perturbation of Sec16A or Sec24C localisation (Fig. 5K,L). GFP-

Sec16A (1434-1890), which contains the CCD of Sec16A, showed

a strong association with ER membranes (Fig. 5M-O, particularly

evident in the enlargement where one can see clear nuclear

envelope labelling). This region on its own was also insufficient

to disrupt Sec16A or Sec24C localisation (Fig. 5N,O). Thus, we

conclude that both the charged region (1019-1433) and the CCD

(1434-1890) are required for efficient targeting of Sec16 to tER

Fig. 6. Fluorescence recovery after photobleaching of GFP-Sec16A (1019-1890). HeLa cells were transfected with GFP-Sec16A (1019-1890) and FRAP was
performed on single ERES (A-J) and high-expressing cells (non-ERES) (K-N). Single ERES were found to fall into three populations: one showing recovery
(A-D), a second recovering at a slow linear rate (E-G), and a third population showing no recovery (H-J). (A,E,H) Recovery curves of single ERES; insets show
data fitted to a single exponential. (B,F,I) Average recovery curves; insets show data fitted to a single exponential. (C,G,J) For each single ERES, images were
taken before the bleach (t=0 seconds), immediately after the bleach (t=3 seconds) and at the end of the time course (t=25.7 seconds). Scale bar: 10 µm. (D) Half-life
of GFP-Sec16A (1019-1890). Each point represents the half-life of a single ERES, the bar represents the mean. (K-M) Photobleaching of cells highly expressing
GFP-Sec16A (1019-1890). The recovery curve of a single ROI and the resulting curve fit (inset) is shown in K. Images acquired before, immediately after the
bleach and at the end of the time course are shown in M. Scale bar: 10µm. In L, the average recovery curve of 23 experiments as well as the curve fit (inset) is
displayed. (N) Half-life of GFP-Sec16A (1019-1890) in high-expressing cells. Each point represents the half-life of a single ROI, the bar represents the mean. F,
fluorescence intensity; F(av), the mean. Error bars show s.d. See also Table 1.
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(Fig. 5G; compare to Fig. 5J,M) and disruption of COPII

localisation. These data show that the primary site of action of

Sec16 is indeed the tER membrane, consistent with its steady state

localisation and turnover kinetics.

Since the localisation of amino acids 1019-1890 of Sec16A

recapitulates that of the full-length protein, we sought to define

whether the truncated construct showed the same kinetics of cycling

on and off the membrane, a likely correlate of function. The results

of these experiments are shown in Fig. 6 and Table 1. We observed

three distinct classes of kinetics of GFP-Sec16A (1019-1890) in FRAP

experiments: partial recovery of fluorescence into the bleached area

(Fig. 6A-D), linear recovery (Fig. 6E-G), or no recovery of

fluorescence (Fig. 6H-J). Fig. 6 shows data for individual ERES and

averaged data (both including curves fitted to a single exponential

as well as example images from confocal micrographs). Notably (as

shown in Table 1), those sites that showed partial recovery did so

with relatively similar kinetics to full-length GFP-Sec16A (t½=5.24

seconds); a notable distinction to the full-length protein was the

presence of a much greater immobile fraction (79.6%) compared with

full-length Sec16A (43%). As described in Table 1, recovery was

only observed for 17 of 48 ERES examined. Of these 48 sites, 13

showed linear recovery of photobleaching. The absence of a defined

end-point meant that it is not appropriate to fit these data to a single

exponential and so neither the half life or immobile fraction could

be calculated; the linear rate of fluorescence recovery was 0.46%

second–1. The remaining 18 of 48 ERES showed no recovery during

the experimental period. The initial phase suggests some recovery

of fluorescence (at most a few percentage points) but this is on a

time scale that was too rapid (or potentially too insignificant) to fit

to a single exponential. As shown in Fig. 5, localisation of Sec16A

(1019-1890) to ERES is saturable with the overexpressed protein

readily localising to the entire ER membrane in fixed cells. Defining

the kinetics of turnover of the highly overexpressed construct at ERES

versus the ER membrane was precluded by the extensive cytosolic

pool of this fusion protein when overexpressed at these levels (this

pool would be extracted by methanol fixation). Fig. 6K-N shows

FRAP data for this overexpression phenotype, which largely reflects

a combination of cytosolic diffusion and ER membrane diffusion.

The half-life of recovery here was 2.5 seconds, with an immobile

fraction of 54%. This is consistent with the data above and with

saturable localisation of this construct to ERES and on higher

expression of localisation to the ER in general.

Sec16 CCD interacts with Sec13

Previous work has shown that the C-terminal conserved domain of

mammalian Sec16A binds to Sec23 (Bhattacharyya and Glick,

2007); extrapolating from work using the S. cerevisiae orthologue

would predict further binding sites for other COPII subunits on

Sec16A. We therefore undertook both a directed two-hybrid analysis

and complete two-hybrid screen using the central conserved domain

of Sec16A; we used this domain because it efficiently targets to the

ER membrane, suggesting that it might be a likely candidate to

identify any protein directing ER localisation. We screened a human

adult mixed cDNA library (normalised for message abundance) using

the central conserved domain of Sec16A. Sixty clones were isolated

that grew on quadruple dropout selection medium. Following plasmid

isolation and retransformation, 12 failed to grow, one showed strong

interaction both with lamin (a negative control used in all co-

transformations) and the CCD of Sec16A, and 47 showed specific

interaction between bait and prey. DNA sequencing revealed that all

47 of these clones included the full coding sequence of Sec13,

represented by six independent cDNAs. All included at least part of

the 5� and 3� untranslated regions of the mRNA. Notably, five out

of six of these inserts were out of frame, yet showed a strong and

specific interaction with the CCD of Sec16A, and activated all

reporters in the system. This is probably due to frameshifting during

translation in yeast, which has been previously described (Fromont-

Racine et al., 1997; Ivanov and Atkins, 2007). We confirmed this

interaction by re-cloning the coding region of only Sec13. In addition,

we chose to test the ability of the CCD of Sec16 with other COPII

components in a directed two-hybrid analysis. These data (Fig. 7)

showed that the Sec16 CCD interacted only with Sec13 and not with

Sec12, Sar1, Sec23, Sec24 or Sec31. These data also show that the

CCD of Sec16A is not responsible for its oligomerisation. This

interaction of Sec16A with Sec13 strongly supports the concept of

Sec16 as a template or organiser of COPII assembly.

Discussion
The major finding that we present here is that at steady state in

human cells, Sec16A frequently localises to regions of ERES that

are discrete from other (downstream) COPII components, Sec23-

Sec24 and Sec13-Sec31. This is illustrated schematically in Fig. 8;

note that this diagram represents the predominant steady-state

localisation of these components. It is clear that Sec16 binds to

Sec23-Sec24 and also to Sec13-Sec31 (Bhattacharyya and Glick,

2007; Iinuma et al., 2007) (and this study). The localisation of

Sec16A, and indeed the other COPII subunits, is also distinct from

the ERGIC (labelled with ERGIC-53). Thus Sec16A, the other

COPII subunits Sec23, Sec24, Sec13, and Sec31, and ERGIC-53

provide three distinct markers of discrete subcompartments of an

ERES (tER, COPII coated vesicles and the ERGIC). The definition

of steady-state localisations of these proteins provides an opportunity

to fully define the localisation of proteins during exit from the ER

or when they become trapped during export, for example through

mutation of export motifs (Nishimura and Balch, 1997) or inhibition

of oligomerisation (Sato and Nakano, 2003).

The discrete steady-state localisation of Sec23-Sec24 from that

of Sec16 is consistent with work from Klumperman and colleagues,

Table 1. Fluorescence recovery after photobleaching of GFP-Sec16A

Outcome Number t1/2 (seconds) Rate (second–1) Immobile fraction

Recovery 17/48 5.24 n/a 79.6%
Linear 13/48 n/a 0.46 n/a
No recovery 18/48 n/a n/a 94.8%
High expression 23 cells 2.5 n/a 54%

Results shown are from FRAP experiments on single ERES and in high-expressing cells. Single ERES were found to recover in three distinct populations. The
number of ERES per population or the number of high-expressing cells are given as well as the half-life (determined from average of each data set, see Fig.
6B,L) and the immobile fraction. These values differ slightly from those calculated from individual ERES (Fig. 6D,N) because curves are fitted to a single
exponential after averaging. The appropriate recovery curves are shown in Fig. 6. n/a, not applicable.
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which shows that the majority (72%) of Sec23 or Sec31 labelling

in thick EM sections is in fact associated with vesicular and small

tubular structures that are not associated with the ER cisterna

(Zeuschner et al., 2006). Indeed, within an individual ERES, these

authors defined 81% of COPII labelling associated with structures

that are not connected to the ER. The study of Zeuschner and co-

workers (Zeuschner et al., 2006) did reveal COPII labelling

associated with both ER cisterna and budding vesicles that were

continuous with the underlying ER, but even when only considering

the COPII label within ERES, this accounts for only 18% of the

label (Zeuschner et al., 2006). This is entirely consistent with our

findings. Previous work has shown that budding profiles within

ERES include tubular structures extending ~200 nm from the

underlying ER membrane (Bannykh et al., 1996; Bannykh and

Balch, 1997). These data showed that a single ERES was made up

from multiple independent tubules of ER membrane. The images

presented by Bannykh et al. (Bannykh et al., 1996) include some

curved regions of ER, and it is possible that we are observing the

same structures in our study. This leads to the possibility that one

function of Sec16 is to organise these sites, possibly through its

oligomerisation (Bhattacharyya and Glick, 2007).

In agreement with these studies, our results suggest that Sec16A

localises to cup-like regions of the ER membrane that can be defined

as tER, with Sec23-Sec24 (and Sec13-Sec31) showing a primary

steady-state localisation to budded, post-ER membranes. This is

consistent with the properties of the Drosophila orthologue (Ivan

et al., 2008). It remains to be determined whether Sec16 localises

to these regions because they are cup-shaped, or whether it in fact

has a more direct role in generating this curved membrane structure.

Both isoforms of Sec16 in humans have the capacity to oligomerise

with one another (Bhattacharyya and Glick, 2007). We cannot detect

any high order oligomers of Sec16A in cytosol using density

gradient centrifugation (data not shown), which supports the notion

that oligomerisation occurs on the tER membrane (Ivan et al., 2008),
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potentially modulating the properties of Sec16 itself. Evidence from

S. cerevisiae indicates that Sec16 becomes incorporated into budded

vesicles (Espenshade et al., 1995) and similar results in Drosophila

showed that Sec16 localises at steady state to tubulovesicular

membranes that also label with antibodies directed against Sec23

(Ivan et al., 2008). In our EM sections, some labelling for Sec16

is indeed found to be associated with structures that are consistent

with COPII vesicles, and around 14% of structures show

colocalisation of Sec16 and Sec31 (these measurements were made

on groups of particles only, excluding individual gold particles). It

is likely that assembly and budding events are rapid, with perhaps

a longer residency for some subunits (Sec23, Sec24, Sec13 or Sec31)

on budded vesicles, consistent with the notion that the assembled

coat acts as a platform for downstream events such as recruitment

of tethers (Cai et al., 2007) and motors (Watson et al., 2005). The

high rate of recycling of GFP-Sec16A on and off the membrane

remains unclear, but would be consistent with a transient

incorporation into budded vesicles.

This could reflect a key difference in the mode of action of Sec16

between species, but more probably simply reflects different

kinetics of Sec16 assembly and disassembly resulting in different

steady-state populations. Given the conservation of the mechanism

of COPII-dependent export between species (accepting differences

in organisation), this distinction in steady-state localisation indicates

that Sec16 might not stably incorporate into COPII vesicles in the

way that Sec23-Sec24 and Sec13-Sec31 do. There is a wealth of

data implicating Sec16A in COPII-dependent budding from the ER,

and consequently, it is pertinent to reiterate that these are the steady-

state localisations of these subunits.

Our data further elucidate the mechanism by which human

Sec16A is localised to the tER. Using a series of fusion proteins

encompassing different regions of Sec16A, we found that both the

reported tER localisation domain and the CCD (encompassing

amino acids 1019-1890) are required for efficient and robust tER

localisation of Sec16A. Furthermore, we found that the targeting

of GFP-Sec16A (1019-1890) was saturable, which is consistent with

binding to a membrane receptor that is limiting the overexpression

of the GFP-Sec16A fusion. Recently, Ivan and colleagues showed

that the previously reported region (Bhattacharyya and Glick, 2007)

only functions as a tER localisation domain in the presence of the

CCD. As indicated by Rabouille and colleagues (Ivan et al., 2008),

this region upstream of the CCD includes several highly conserved

positively charged residues leading to speculation that membrane

Fig. 7. Interaction of Sec16A CCD and Sec13. (A) Triplicate spots of yeast co-
transformed with pGADT7-T (left) or pGADT7-Sec16A CCD (right) and
COPII subunits as indicated were plated onto quadruple dropout medium and
assayed for growth after 4 days. A positive interaction is seen only between
large T antigen (pGADT7-T) and p53 (positive control) and between Sec16A
CCD and Sec13. All colonies grow on double dropout medium (not shown).

Fig. 8. Schematic of an ERES. At steady state, Sec16 localises to tER (green),
Sec23-Sec24 (and also Sec13-Sec31) predominantly localise to post-ER
structures (red), and ERGIC-53 to the pre-VTC and ERGIC (blue). These data
demonstrate steady-state localisations; functionally considerable overlap will
occur (i.e. Sec16 can bind directly to Sec23-Sec24, and Sec23-Sec24 mediates
the export of cargo from the ER including ERGIC-53).
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association via this region could be mediated through interaction

with polar phospholipids.

Our data also show that the localisation of Sec16A is independent

of the presence of Sec23-Sec24 and/or Sec13-Sec31 on ERES

membranes. This is in agreement with recent findings on Drosophila

Sec16 (Ivan et al., 2008). This demonstrates that despite the clear

difference in intracellular organisation, the individual components of

the COPII machinery are indeed closely related between species. At

first, it would appear that one clear difference does exist between

human and Drosophila Sec16. We previously showed that Sar1-GTP

mediated the recruitment of Sec16A to membranes (Watson et al.,

2006). By contrast, Rabouille and colleagues showed that Sec16 in

fact acts to cluster Sar1-GTP at tER (Ivan et al., 2008). It is possible

that our initial interpretation was wrong and that in fact the loss of

Sec16A we observed upon expression of a GDP-restricted mutant of

Sar1 (Watson et al., 2006) could result from indirect effects of blocking

COPII-dependent transport. However, our interpretation was also

based on the robust assembly of Sec16 into curved structures within

cells upon co-expression of GFP-Sec16 with Sar1-GTP (Watson et

al., 2006). An alternative explanation is that, rather than promoting

its association, Sar1-GTP prevents dissociation of Sec16 from

membranes. Full reconciliation of these findings requires further work

and a full mechanistic understanding of the mechanisms that specify

recruitment of Sec16 to tER membranes.

The accumulated data support the idea that Sec16 acts as a

platform to assemble the COPII coat, notably through its binding

to Sar1 (Ivan et al., 2008), to Sec23 (Bhattacharyya and Glick, 2007)

and to Sec13 (this study). The large immobile population of

Sec16A seen in FRAP experiments (Stephens et al., 2000; Forster

et al., 2006) (and this study) is likely to be significant for its role

as a template for COPII assembly. The interaction of Sec16 with

Sec13 could modulate the recruitment of Sec13 to ERES, provide

an additional binding site to retain Sec13-Sec31 in the vicinity of

budding sites or act directly in the incorporation of Sec13-Sec31

into the COPII vesicle coat. In summary, our data define markers

that discriminate between subcellular structures that could be used

to define the point at which membrane trafficking is arrested in

experimental systems and clinically relevant states.

Materials and Methods
Reagents
All chemical reagents were purchased from Sigma unless stated otherwise. HeLa cells

were grown in DMEM containing 10% fetal calf serum (Invitrogen, Paisley, UK). For

immunofluorescence, cells were grown on 22 mm coverslips, fixed with methanol at

–20°C for 4 minutes and immunolabelled as described (Stephens et al., 2000).

Plasmids and cDNA construction
Myc-TBC1D20 and GFP-Sec16A have been described previously (Haas et al., 2007;

Watson et al., 2006). The reported tER localisation domains of Sec16L (Sec16A) and

Sec16S (Sec16B) were obtained from Ben Glick (University of Chicago, IL) and are

described elsewhere (Bhattacharyya and Glick, 2007). Subregions of Sec16A and

Sec16B were generated according to standard molecular biology protocols and fused

to EGFP using pEGFP-C1 or pEGFP-C2 (Clontech, Mountain View, CA).

Antibody reagents
Antibodies used were as follows: anti-Sec16 (KIAA0310, Bethyl labs), anti-Sec23A

rabbit polyclonal (Affinity Bioreagents, Golden, CO), anti-calnexin (BD Biosciences),

anti-ERGIC-53 (Sigma), anti-Sec31A (BD Biosciences, Cambridge, UK), anti-COP

β� mAD (Sigma), and Sec24C (Townley et al., 2008). Primary antibodies were detected

by using anti-mouse, anti-rabbit or anti-sheep secondary antibodies conjugated to

Alexa Fluor 568 or Alexa Fluor 647 (Invitrogen).

Scanning confocal microscopy, Nyquist sampling and
deconvolution
Cells were imaged using Leica TCS-SP5 AOBS scanning confocal microscope and

processed using Photoshop 6.0 (Adobe, Uxbridge, UK) and montages generated using

Adobe Illustrator (Adobe). To provide the highest degree of accuracy, Nyquist

sampling theorem was applied to ascertain the correct voxel size for sampling the

image. The Nyquist sampling theorem states the optimum pixel size for sampling

the image is at least ½ spatial resolution. This translates to 11.2 samples per µm or

a maximum distance of 89 nm pixel width. To adjust to this criteria, a higher pixel

number (1024�1024) and zoom factor (�5.4) was used. For GFP-Sec16A the

calculated pixel size used was 43�43�130 (x, y, z in nm). Furthermore, to mimic

the maximum spatial bandwidth criterion imposed by Nyquist reconstruction, images

in Fig. 1 underwent iterative deconvolution to fit the data acquired to the required

image resolution.

For GFP-Sec16A the calculated pixel size used was 43�43�130 (x, y, z in nm)

(http://support.svi.nl/wiki/NyquistCalculator). Deconvolution was performed using

Volocity 4.2 (Improvision, Coventry, UK) with an iterative deconvolution algorithm

specifying an iteration limit of 25, and a confidence level of 98%. Point Spread

Functions were calculated using Volocity 4.2.

Immunoelectron microscopy and tomography
Immunoelectron microscopy was performed as described previously (Scheiffele et

al., 1998) with the following modifications. Confluent HeLa cells were fixed with

2% paraformaldehyde and 0.05% glutaraldehyde in phosphate buffer. Cells were

pelleted in 12% gelatin and cryo-protected with 2.3 M sucrose. Immunolabelling was

performed on 70 nm cryosections collected on carbon-coated copper grids. Grids

were incubated for 1 hour with polyclonal rabbit anti-Sec16A (1:15) and monoclonal

mouse anti-Sec31A (BD Biosciences, 1:100) in 0.1% acetylated BSA in PBS. After

rinsing in PBS, grids were incubated for 1 hour with anti-mouse IgG coupled to 10

nm gold particles and anti-rabbit IgG coupled to 6 nm gold particles. Sections were

examined in a Philips CM100 transmission electron microscope. For quantification,

74 images of three independent experiments were taken from the juxtanuclear area.

All gold particles were counted and distances measured. Groups were defined as

more than three colocalising particles. To control the quantification and exclude effects

of differential staining efficiency, gold particle sizes were swapped for secondary

antibodies in a separate experiment and counted the same way (25 images); results

obtained were comparable. For electron tomography, ~210-nm-thick cryosections were

immunolabelled as above. Tilt series from –70° to +70° were acquired on a FEI

Tecnai 20, 200 kV TEM (FEI Company, Eindhoven, The Netherlands) using the FEI

tomography acquisition software (Xplore3D) and a single tilt tomography holder

(Fischione, Export, PA). The tilt series was reconstructed using Inspect3D (FEI

Company) and modeled in ResolveRT (FEI-licensed version of AMIRA, Mercury

Computer Systems, Chelmsford, MA).

TBC1D20 overexpression
HeLa cells were transfected with TBC1D20 (Haas et al., 2007) using Fugene6 (Roche

Biochemicals, Burgess Hill, UK) according to the manufacturer’s instructions. Cells

were imaged using LeicaTCS-SP5 AOBS scanning confocal microscope and images

processed using Photoshop 6.0 (Adobe, Uxbridge, UK) and montages generated using

Adobe Illustrator 10 (Adobe).

Fluorescence recovery after photobleaching and analysis
Cells grown on live cell dishes (MatTek, Ashland, MA) were imaged at 37°C with

the microscope LeicaTCS-SP5 AOBS scanning confocal microscope enclosed in a

heated Perspex box in DMEM without phenol red, supplemented with 30 mM HEPES,

pH 7.4, 0.5 g/l sodium bicarbonate and 10% fetal calf serum. For quantitative FRAP

measurements a 63� 1.4 NA Plan-Apochromat objective was used. Photobleaching

of GFP was performed with a ~500 nm diameter circular region. Pre- and post-bleach

images were collected for 30 seconds using 15% AOTF power, 20% laser intensity.

For GFP-Sec16A and GFP-Sec23A FRAP was performed on HeLa cells using a

pinhole size of 6 Airy units, at 1 frame every 0.215 seconds, and region-of-interest

bleaching with five iterations of the 488 and 514 nm lasers at 100% AOTF power.

For GFP-Sec16A (1019-1890), a pinhole size of 4 Airy units, a scan rate of 1 frame

every 0.38 seconds, twofold line averaging, and region-of-interest bleaching with

five iterations for low expressing cells and ten iterations for highly expressing cells

of the 476, 488 and 496 nm lasers at 100% AOTF power were used. Background

correction was not performed. ERES that moved out of focus or moved over 500 nm

during the photobleaching series could not be analysed. Fluorescence recovery in the

bleached region during the time series was quantified using Leica LAS-AF FRAP

Wizard and exported for analysis to GraphPad Prism 4.02. Recycling kinetics were

obtained by curve fitting to a one phase exponential ƒ(t)=A�(1–e–kt) + B, where, A

is the mobile fraction, B is the fluorescence directly after photobleaching (%), and

k is the rate of fluorescence recovery from which t½ is determined [t½=ln(2)/k].

Statistical significance was determined using standard deviation and the Student’s

unpaired t-test.

Fluorescence loss in photobleaching and analysis
Cells grown on live cell dishes (MatTek) were imaged at 37°C with the microscope

Leica TCS-SP5 AOBS scanning confocal microscope enclosed in a heated Perspex

box in DMEM without phenol red, supplemented with 30 mM HEPES, pH 7.4, 0.5 g/l

sodium bicarbonate and 10% fetal calf serum. For quantitative FLIP measurements

a 63� 1.4 NA Plan-Apochromat objective was used. Photobleaching of GFP was



performed within a region-of-interest that encompassed ~40% of the cell cytoplasm.

Images were collected for 12 minutes using 15% AOTF power, 20% laser intensity,

while bleaching the region-of-interest intermittently with 488 and 514 nm lasers at

100% AOTF power. FLIP was performed on HeLa cells using a pinhole size of 6

Airy units, at 1 frame per second. Background correction was not required.

Fluorescence loss outside of the bleached region during the time series was quantified

using Volocity 4.2 (Improvision, Coventry, UK) tracker and exported for analysis to

Microsoft Excel 2000.

Yeast two-hybrid screen
The yeast two-hybrid screen was performed using the pre-transformed Normalized

Matchmaker human universal cDNA Library containing >1�106 independent clones

(Clontech). The synthesised cDNA has been normalised for abundance before library

construction using the prey vector pGADT7-RecAB. The amino acid sequence of

Sec16A (1434-1890) was cloned into the bait vector pGBKT7 (Clontech) using EcoRI

and BamHI. Following transformation of the bait plasmid into the yeast AH109, the

two hybrid screen was performed by yeast mating with the pretransformed library

strain (Y187) according to the manufacturer’s instructions. 6�106 clones were

screened. The mated yeast were plated on synthetic dropout medium

(–Ade/–His/–Leu/–Trp) containing 2 mM 3-aminotriazole and grown for 10-14 days

at 30°C. After re-plating of the colonies on to fresh SD –Ade/–His/–Leu/–Trp

containing 2 mM 3-AT and 40 µg/ml X-α-Gal, the library plasmids from putative

positive interactors were isolated. These were further verified by co-transformation

of the library plasmid with the bait construct or lamin as negative control. Only clones

showing a positive interaction with the bait, but not with lamin, were identified by

sequencing (Eurofins MWG Operon, Germany).

Directed yeast two-hybrid assays
Interactions were evaluated by co-transformation of bait pGADT7-Sec16A-CCD

(1434-1890) with COPII components cloned into pGBKT7. pGBKT7-lamin +

pGADT7-Sec16A (1434-1890) acted as negative control, and pGBKT7-p53 +

pGADT7-T as positive control. Co-transformations were plated onto synthetic

dropout medium (–Ade/–His/–Leu/–Trp) and positive interactions were identified

using X-α-gal.
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