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Abstract. 

 

The ER/Golgi soluble NSF attachment pro-
tein receptor (SNARE) membrin, rsec22b, and rbet1 

 

are enriched in 

 

z

 

1-

 

m

 

m cytoplasmic structures that lie 
very close to the ER. These appear to be ER exit sites 
since secretory cargo concentrates in and exits from 
these structures. rsec22b and rbet1 fused to fluorescent 
proteins are enriched at 

 

z

 

1-

 

m

 

m ER exit sites that re-
mained more or less stationary, but periodically emitted 
streaks of fluorescence that traveled generally in the
direction of the Golgi complex. These exit sites were
reused and subsequent tubules or streams of vesicles 
followed similar trajectories. Fluorescent membrin-
enriched 

 

z

 

1-

 

m

 

m peripheral structures were more mo-
bile and appeared to translocate through the cytoplasm 
back and forth, between the periphery and the Golgi 

area. These mobile structures could serve to collect 
secretory cargo by fusing with ER-derived vesicles
and ferrying the cargo to the Golgi. The post-Golgi 
SNAREs, syntaxin 6 and syntaxin 13, when fused to flu-
orescent proteins each displayed characteristic patterns 
of movement. However, syntaxin 13 was the only 
SNARE whose life cycle appeared to involve interac-
tions with the plasma membrane. These studies reveal 
the in vivo spatiotemporal dynamics of SNARE pro-
teins and provide new insight into their roles in mem-
brane trafficking.

Key words: vesicle trafficking • fluorescent proteins
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ticulum

 

1. 

 

Abbreviations used in this paper:

 

 B,C,G,Y FP, blue, cyan, green, yellow
fluorescent protein; IC, intermediate compartment; NRK, normal rat kid-

 

ney; NSF, 

 

N

 

-ethylmaleimide-sensitive factor; SNAP-25, synaptosome-
associated protein of 25 kD; SNAP, soluble NSF attachment protein;
SNARE, soluble NSF attachment protein receptor; VAMP, vesicle-asso-
ciated membrane protein; ts-G-GFP, temperature sensitive vesicular
stomatitis virus-associated membrane protein; VTC, vesicular tubular
cluster.

 

D

 

ISTINCT

 

 membrane compartments of the secretory
pathway are maintained despite the continuous
anterograde and retrograde flow of proteins and

lipids throughout the cell. This is accomplished by an intri-
cate series of membrane trafficking decisions including the
concentration and packaging of cargo and the organized
fusion of specific membranes. Understanding the molecu-
lar mechanisms underlying membrane trafficking deci-
sions will greatly further our appreciation of cellular regu-
latory mechanisms.

One particularly interesting aspect of membrane traf-
ficking is the specificity and mechanism of the membrane
fusion process. Studies in yeast (Alto et al., 1993; Brenn-
wald et al., 1994) and the mammalian nerve terminal have
defined a set of proteins critical for membrane fusion
(Bennett and Scheller, 1993). Vesicle-associated mem-

brane protein (VAMP),

 

1

 

 syntaxin, and synaptosome-asso-
ciated protein of 25 kD (SNAP-25), collectively referred

 

to as soluble NSF attachment protein receptors (SNAREs)
(Söllner et al., 1993a), are the prototypes of a class of inte-
gral membrane (VAMP and syntaxin) or lipid modified
(SNAP-25) proteins of the vesicle and plasma membrane.

 

The binding of vesicle- and target-SNAREs (v- and t-SNAREs,

 

respectively) from opposite membranes (Nichols et al., 1997)
is critical in the fusion process because formation of this
complex brings the bilayer in close proximity and possibly
even drives the fusion process itself (Hanson et al., 1997;
Lin and Scheller, 1997).

The v- and t-SNARE complex referred to as the core
complex dissociates in a two-step process. First, two solu-

 

ble factors, 

 

a

 

SNAP and 

 

N

 

-ethylmaleimide-sensitive fac-
tor, bind the core complex, resulting in a 20S particle.
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Upon ATP hydrolysis by 

 

N

 

-ethylmaleimide-sensitive fac-
tor, the v-SNARE dissociates from the complex (Söllner
et al., 1993b), allowing the SNAREs to participate in an-
other round of membrane fusion (Mayer et al., 1996). Re-
cent studies have uncovered a large number of VAMP and
syntaxin homologues and these proteins are specifically lo-
calized to many different compartments within the cell
(Wang et al., 1997; Advani et al., 1998). The possibility
that the specific pairing of v- and t-SNAREs may be a crit-
ical determinant of the specificity of membrane fusion has
been widely discussed (Rothman and Warren, 1994) but
remains a largely untested hypothesis.

Although many other proteins, thought to function up-
stream of core complex formation, are critical in the vesi-
cle trafficking process their specific roles are less well
understood. For example, members of the Rab family of
GTPases are specifically localized on many different
membranes and have been demonstrated to be critical in
the trafficking process (Pfeffer, 1996; Novick and Zerial,
1997). In addition, the sec1 family of syntaxin binding pro-
teins is required for membrane fusion. While the sec1 fam-
ily appears to be smaller than the syntaxin family, clear
specificity in the associations between members of these
protein families has been demonstrated (Pevsner et al.,
1994). Also synaptotagmin and CAPS have been proposed
to represent sensors for Ca

 

2

 

1

 

 that regulates the final step
of exocytosis (Südhof, 1995; Loyet et al., 1998). Further
studies of these molecules promises to illuminate the bio-
chemical mechanisms of membrane trafficking and exocy-
tosis.

While genetic, biochemical, and immunohistochemical
techniques provide important mechanistic insight into
membrane trafficking, they provide little information on
the dynamics of organelles in living cells. Several studies
have investigated the dynamics of membrane trafficking in
living cells using fluorescent dyes. Some of these dyes spe-
cifically stain particular domains of the secretory pathway.
For example, NBD-ceramide, a vital stain of the TGN, has
been used to reveal dynamic tubulovesicular processes
that emerge from the TGN extending along microtubules
where they contact adjacent Golgi elements (Cooper et
al., 1990). More recently, green fluorescent protein (GFP)
has been fused to proteins that travel through the secre-
tory pathway in order to observe their trafficking path-
ways. A particularly useful marker for following traffick-
ing pathways has been the temperature-sensitive mutant
viral glycoprotein VSVGtsO45 (Bergmann, 1989) fused to
GFP (ts-G-GFP). At the nonpermissive temperature this
construct is misfolded and retained in the ER, whereas
at the permissive temperature the ts-G-GFP is correctly
routed through the Golgi complex to the plasma mem-
brane (Presley et al., 1998). Imaging of ts-G-GFP uncov-
ered an extensive network of tubulovesicular membranes
interposed between the ER and the Golgi complex. These
studies also revealed large 

 

z

 

1-

 

m

 

m structures called vesicu-
lar tubular clusters (VTCs) that move from the periphery
to the Golgi region (Balch et al., 1994; Presley et al., 1997;
Sciaky et al., 1997; Cole et al., 1998). Similar techniques
have also been used to demonstrate sequential roles of
COPII and COPI coats in ER to Golgi trafficking (Scales
et al., 1997).

In this study we use a variety of antibodies and GFP fu-

 

sion proteins to study the dynamics of SNARE proteins
and the trafficking pathways they mediate within the
secretory pathway (see Fig. 1). We had generated previ-
ously a useful set of mAbs and pAbs to the cytoplasmic
domains of several SNARE proteins (Hay et al., 1998). As
additional markers to identify the ER, we used antibodies
that recognized calnexin and Bip. We tracked the flow
of cargo using ts-G-GFP. The dynamics of individual
SNARE proteins was investigated in vivo using either
blue, cyan, green, or yellow fluorescent proteins (BFP,
CFP, GFP, YFP, respectively) fused to the lumenal or cy-
toplasmic domains of the SNAREs. We reveal rsec22b-
and rbet1-enriched ER exit sites from which vesicles and/
or tubules emanate. Movement of these vesicles/tubules is
generally directed towards the Golgi complex. Other pre-
Golgi SNAREs displayed different behaviors. Membrin is
concentrated in dynamic 1-

 

m

 

m structures, whereas GOS-28
appears restricted to the Golgi and remains relatively
static. Post-Golgi SNAREs show distinct and extremely
dynamic trafficking pathways. By using cyan and yellow
fluorescent fusion proteins transfected into the same cell
the intersection of the distinct trafficking pathways is ob-
served. The unique dynamics of each SNARE-FP–labeled
organelle likely requires specific coupling to motors and
cytoskeletal tracks. Consequently, this process plays an
important role in determining the specificity of protein
trafficking and membrane fusion.

 

Materials and Methods

 

Immunofluorescence Microscopy of Fixed Normal Rat 
Kidney (NRK) Cells

 

NRK cells were maintained in DME containing 5 g glucose per liter, 10%
FCS, and antibiotics in a humidified 5% CO

 

2

 

 incubator. For transfection
with ts-G-GFP (slight modification of Scales et al., 1997) all of the follow-
ing occurred: one barely confluent 10-cm dish of NRK cells, 

 

z

 

10

 

7

 

 cells,
was removed from the plate with trypsin-EDTA, washed once with PBS,
resuspended in 0.6 ml of PBS, and incubated for 10 min on ice with 10 

 

m

 

g
of plasmid DNA in a 0.4-cm gap electroporation cell (Bio-Rad Laborato-
ries). The cells were electroporated using 960 

 

m

 

F and 0.25 kV in an elec-
troporator (Bio-Rad Laboratories) with capacitance extender, and plated
on 2.2-cm

 

2

 

 glass coverslips. After 5 h at 37

 

8

 

C, sodium butyrate was added
to 5 mM and the cells were shifted to 40

 

8

 

C for 12 h. For microscopy, cover-
slips (from control nontransfected cells at 37

 

8

 

C or transfected cells at
40

 

8

 

C) were either dropped directly into a well containing 4% paraformal-
dehyde, 0.1 M sodium phosphate, pH 7.0, or dropped into wells of me-
dium preequilibrated at 32

 

8

 

C, and incubated for various lengths of time
before fixation. After 30 min of fixation, coverslips were moved to wells
containing 0.1 M glycine in PBS for 

 

.

 

10 min, and equilibrated in perme-
abilization buffer (PBS containing 0.4% saponin, 1% BSA, and 2% nor-
mal goat serum). Staining was carried out at room temperature for 1 h in a
permeabilization solution containing combinations of a calnexin poly-
clonal antiserum (Hammond and Helenius, 1994), a commercial rabbit
polyclonal antibody to Bip (Stressgen), the affinity-purified rabbit anti–rat
membrin 2-125 (Hay et al., 1998) or rbet1 mAb 16G6 (Hay et al., 1998).
Coverslips were washed three times for 15 min each in permeabilization
buffer and incubated for 30 min with anti–rabbit or anti–mouse secondary
antibodies conjugated to FITC or Texas red. For staining with one of
these antisera relative to GFP-G protein, Texas red secondary was used
for staining so that it could be detected relative to the inherent green
fluorescence of the GFP-G protein. After washing with permeabilization
solution as above, coverslips were mounted in mounting medium (Vec-
tashield; Vector Laboratories) and viewed using a fluorescence micro-
scope (Olympus IX70; Olympus Optical Co.) with a 100

 

3

 

 oil immersion
lens, an image acquisition system (DeltaVision; Applied Precision), and a
computer (model O2; Silicon Graphics). Images were captured to disk us-
ing filter sets appropriate for FITC (for FITC or GFP fluorescence) or
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Texas red (for Texas red fluorescence). Images were cropped, adjusted,
and arranged using Adobe Photoshop and printed on a photodigital
printer (Fujix Pictography; Fuji Photo Film Co.). Colocalization was quan-
titated blindly by placing puncta into three categories: SNARE alone, ts-
G-VSV alone, or SNARE and ts-G-VSV. From each time point at least 50
puncta were categorized.

 

Immunogold Labeling of Ultrathin Cryosections

 

HepG2 cells were fixed in a mixture of 2% formaldehyde and 0.2% glu-
taraldehyde in 0.1 M phosphate buffer, pH 7.4, and prepared for cryosec-
tioning and double-immunogold labeling according to the protein A gold
method as described (Slot et al., 1991; Liou et al., 1996; Hay et al., 1998).

 

Construction of Fluorescent Protein Fusions

 

Coding regions of SNAREs were amplified using PCR and cloned in
frame into pEGFP-N3 or pEGFP-C1 (CLONTECH Laboratories, Inc.).
EYFP, ECFP, and EBFP (CLONTECH Laboratories, Inc.) coding
regions were amplified using PCR and cloned into pEGFP-N3 and
pEGFP-C1 lacking GFP to produce pEYFP-N3, pEYFP-C1, pECFP-N3,
pECFP-C1, pEBFP-N3, and pEBFP-C1 mammalian expression vectors
(collectively called pEFP). Coding regions from each SNARE were cut
from pEGFP-N3-SNARE and pEGFP-C1-SNARE and ligated into vari-
ous pEFP vectors. All PCR-amplified inserts were sequenced to ensure no
mutations were introduced. VSV-G-ts045 coding region was cut from
VSV-G-ts-045-GFP (Scales et al., 1997) and ligated into various pEFP-N3
constructs.

 

Time-Lapse Imaging

 

NRK cells were electroporated with 7 

 

m

 

g plasmid DNA for single-trans-
fected or 5 

 

m

 

g of each plasmid for double-transfected cells and plated onto

Figure 1. Schematic of reagents used in this study. mAbs and
pAbs against the cytoplasmic domains of several SNARE pro-
teins were characterized previously. Antibodies against Bip and
calnexin were used to identify the ER. The temperature-sensitive
form of VSV-G coupled to fluorescent proteins serves as a secre-
tory pathway cargo visible in living cells. B, C, G, and YFP were
fused to a variety of SNARE proteins. Coupling to the NH2-ter-
minal of the SNARE results in a fluorescent protein exposed to
the cytoplasm, whereas fusion to the COOH-terminal end places
the fluorescent protein within the lumen.

Figure 2. Peripheral structures
containing both rbet1 and mem-
brin are closely associated with,
yet distinct from, ER tubules in
fixed NRK cells. (Top row)
Wild-type NRK cells grown at
378C were fixed and stained for
rbet1 (left) and membrin (mid-
dle) as described in Materials
and Methods. Arrows represent
peripheral structures positive
for both proteins. Arrowheads
represent peripheral structures
positive for one, but not the
other protein. (Middle row)
Wild-type NRK cells grown at
378C were fixed and stained for
calnexin (left) and rbet1 (mid-
dle). (Bottom row) Wild-type
NRK cells grown at 378C were
fixed and stained for Bip (left)
and rbet1 (middle). Arrows in
the middle and bottom rows
point out peripheral rbet1- or
membrin-positive structures
very near, but distinct from, ER
tubules. For Figs. 2, 4, and 5,
the third column represents the
merging of the first and second
images. Bars, 10 mm (relative to
objects in the first and second
columns) and 4.3 mm (relative to
insets). Insets show a higher
magnification image from a sim-
ilar cell.
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glass coverslips one day before imaging as previously described. Cover-
slips with transfected cells were transferred to an imaging chamber
(Warner Instruments) containing DME without phenol red supplemented
with 25 mM Hepes, pH 7.4, 10% FCS, 1

 

3

 

 penicillin/streptomycin. Cells
were visualized with an inverted microscope (Olympus IX70; Olympus
America Inc.) and a 60

 

3

 

 or 100

 

3

 

 oil immersion objective. The entire mi-
croscope was enclosed in a plastic chamber and prewarmed to either 32

 

8

 

C
for VSV-FP movies, or 37

 

8

 

C for movies not involving VSV. Images were
acquired using a CCD camera and DeltaVision software every 1.5–4 s
with 0.3–1.0-s exposure times for up to 100 exposures for single- and 200
exposures for double-transfected cells. An FITC filter set was used for
GFP movies and a custom made CFP/YFP excitation/emission filter set
and polychroic was used for two-color CFP and YFP movies (Chroma
Technologies Corp.). Resulting movies were analyzed on a computer (oc-
tane; Silicon Graphics) and DeltaVision image analysis software.

 

Results

 

Punctuate Structures Containing rbet1 and Membrin 
Are ER Exit Sites

 

Previous immunofluorescence studies (Hay et al., 1998)
localized SNAREs (syntaxin 5, membrin, rsec22b, and
rbet1) to the ER, Golgi, and numerous punctate structures
throughout the cytoplasm. Immuno-EM established the
identity of the punctate structures as VTCs of the periph-
eral and Golgi-adjacent ER–Golgi intermediate compart-
ment (IC). To further characterize these elements and in-
vestigate their role as intermediates in secretory cargo
transport, we employed double-label immunofluorescence
microscopy experiments using ts-G-GFP and antibodies
that specifically recognize SNAREs (Fig. 1).

First, we examined the relative distributions of endoge-

 

nous rbet1 and membrin in fixed NRK cells. As shown in
Fig. 2 (top), both proteins heavily labeled the juxtanuclear
Golgi area as well as small punctate structures throughout
the cytoplasm. These steady-state, 37

 

8

 

C structures are sim-
ilar to those that were observed to contain rbet1, rsec22b,
and membrin after incubations at 15

 

8

 

C. The difference is
that at 15

 

8

 

C, these peripheral structures become markedly
more intense relative to juxtanuclear staining and their
size increases (not shown). As documented previously
(Hay et al., 1998), rbet1 and rsec22b are present at higher
levels in the ER than membrin. Although many bright
cytoplasmic structures containing rbet1 also contained
membrin (Fig. 2, top, arrows), VTCs were also visible that
contained one but not the other of the two, suggesting
some differentiation in their functions (see arrowheads).

Next we investigated whether the VTCs containing
rbet1 and membrin were closely associated with ER ele-
ments by costaining with antibodies against resident ER
proteins. We focused on peripheral VTCs because the
density of membranes in the central Golgi area of the cell
is too high to observe distinct VTCs. As shown in Fig. 2
(middle) many rbet1-containing elements were closely as-
sociated with ER tubules marked with calnexin, an in-
tegral membrane ER chaperone. Some of the rbet1 foci
actually exclude or were de-enriched for calnexin (see ar-
rows). Despite their apparent distinctness, the exclusive
rbet1 elements and ER tubules appeared conspicuously
associated, since the rbet1 spots were usually arranged in
very close proximity to ER tubules. This is consistent with
at least a portion of the rbet1-containing spots represent-

Figure 3. COPII and rsec22b immunogold labeling of peripheral ER exit sites. Ultrathin cryosections of HepG2 cells double-immu-
nogold–labeled for COPII (10 nm gold) and rsec22b (15 nm gold). (A) ER exit sites (arrowheads) with similar morphology are present
near the nucleus, N, and close to the plasma membrane, P. (B) A higher magnification of a peripheral ER exit site showing the charac-
teristic tubulovesicular morphology. M, mitochondrion. Bars, 200 nm.
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Figure 4. Secretory cargo retained in the ER has
access to a subset of peripheral structures con-
taining rbet1 and membrin. (Top row) ts-G-GFP–
transfected NRK cells grown at 408C were fixed
and the subcellular distribution of ts-G-GFP pro-
tein (left) was compared to the calnexin staining
pattern (middle). (Middle row) ts-G-GFP–trans-
fected NRK cells grown at 408C were fixed and
the subcellular distribution of ts-G-GFP (left)
was compared to the rbet1 staining pattern (mid-
dle). (Bottom row) ts-G-GFP–transfected NRK
cells grown at 408C were fixed and the subcellu-
lar distribution of ts-G-GFP (left) was compared
to the membrin staining pattern (middle). Right
column represents an overlay of the previous
two images in the row. Arrows point out periph-
eral rbet1- or membrin-containing structures
that did not contain a significant amount of ts-
G-GFP protein, although they were adjacent to
ER tubules. The arrowheads demonstrate that
some of the exclusive structures were not imme-
diately adjacent to ER tubules, perhaps repre-
senting mobile VTCs en route to the Golgi com-
plex. Bars: (frames) 10 mm; (inset) 4.3 mm.

Figure 5. GFP-labeled secretory cargo rapidly
enters and accumulates in punctate rbet1- and
membrin-containing structures when released
from the ER. (Top row) ts-G-GFP–transfected
NRK cells grown at 408C and incubated for 5
min at 328C were fixed and the subcellular distri-
bution of ts-G-GFP (left) was compared to the
calnexin staining pattern (middle). (Middle row)
ts-G-GFP–transfected NRK cells grown at 408C
and incubated for 10 min at 328C were fixed, and
the subcellular distribution of ts-G-GFP (left) was
compared to the rbet1 staining pattern (middle).
(Bottom row) ts-G-GFP–transfected NRK cells
grown at 408C and incubated for 10 min at 328C
were fixed and the subcellular distribution of ts-
G-GFP (left) was compared to the membrin
staining pattern (middle). Right column respre-
sents an overlay of the previous two images in
the row. Arrows and arrowheads point out pe-
ripheral rbet1-containing structures that do not
appear to overlap ER tubules, yet clearly contain
the ts-G-GFP cargo. The arrowheads in the inset
point to a structure enriched for both SNAREs
and cargo that is clearly distinct from the ER,
perhaps representing a mobile VTC en route to
the Golgi complex. Bars: (frames) 10 mm; (in-
sets) 4.3 mm.
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ing structures situated downstream of the sorting of secre-
tory cargo away from ER resident proteins. These VTCs
may originate adjacent to the ER by local fusion of ER-
derived vesicles. We occasionally observed rbet1 spots
that were not immediately adjacent to ER tubules (see
Fig. 4, middle), perhaps representing more mature VTCs
en route to the Golgi area. Another ER marker, Bip, dis-
played a similar overall staining pattern as calnexin; it also
shared only limited overlap with rbet1 in the peripheral
VTCs (Fig. 2, bottom, arrows).

The organization of these SNARE-enriched foci was in-
vestigated at higher resolution using immuno-EM and ex-
amples are shown of the labeling observed with rsec22b
and COPII antibodies (Fig. 3). COPII coat proteins are
present on anterograde-directed transport vesicles that
bud from the ER. Several conclusions are drawn from
these micrographs. First, no difference is observed in the
organization of these sites when they are labeled with anti-
bodies that recognize rbet1, rsec22b, or membrin, consis-
tent with the colocalization of the spotty immunoreactivity
at the light level. Second, sites close to the nucleus and
those located close to the plasma membrane have the
same general organization. Third, the structures are com-
prised of an intricate network of vesicles and/or tubules,
and many are immunoreactive for both the SNAREs and
COPII. It is not possible to discern whether long tubules
emanate from the ER traveling in and out of the plane of
section, or, alternatively, if the observed elements repre-
sent a myriad of individual vesicles. Finally, as is noted at
the light level, these structures are adjacent to clearly rec-
ognizable ER cisternae.

To help clarify the relationship of the SNARE-contain-
ing structures to secretory cargo, we used a GFP-tagged
version of VSV-G-ts045 (ts-G-GFP) as a model ER-to-
Golgi cargo protein (Fig. 1). The temperature-sensitive
nature of ts045 allows abrupt release of the cargo G pro-
tein from the ER, enabling morphological characterization
of sequential transport intermediates (Plutner et al., 1992).
NRK cells were transfected with a ts-G-GFP protein con-
struct (Scales et al., 1997) and held at 40

 

8

 

C to accumulate
the cargo in the ER. At 40

 

8

 

C, ts-G-GFP was found to
largely colocalize with calnexin in the ER (Fig. 4, top). It
often appeared that calnexin was enriched in different sec-
tions of ER tubules, whereas the ts-G-GFP was more ho-
mogeneously distributed. However, both of these proteins
clearly resided in contiguous regions of the same ER tu-
bules. As expected, rbet1 peripheral structures only par-
tially overlapped with the ER-retained cargo. Fig. 4 (mid-
dle) demonstrates that although many rbet1 spots fall
along ER tubules and contain the green cargo, many also
lie just adjacent to (see arrows) or even some distance (ar-
rowheads) from the ER structures and lack ts-G-GFP.
Hence, it appears that cargo in the ER does not have ac-
cess to a portion of the rbet1-containing structures, indi-
cating that sorting and/or vesicle transport is required to
move from the ER into these structures. A similar rela-
tionship is observed between VSV-G and membrin under
these conditions (Fig. 4, bottom, arrows). Before releasing
ts-G-VSV from the ER 18% of the rbet1 puncta and 4%
of the membrin puncta colocalize with ts-G-VSV.

When released from the ER by shifting to 32

 

8

 

C, the ts-
G-GFP cargo quickly began entering peripheral structures

 

distinct from the ER. As seen in Fig. 5 (top), after 5 min at
the permissive temperature, the cargo was still very appar-
ent in the ER, but was also present in calnexin-negative
puncta (see arrows). This is similar to those that contained
the ER/Golgi SNAREs. 5 min after release of cargo from
the ER, 57% of rbet1 and 27% of membrin puncta colo-
calized with ts-G-GFP. The cargo became more concen-
trated in these puncta as transport continued. By 10 min
after release from the ER, the ER staining was weak and
the peripheral puncta and Golgi area staining was intense.
At this time 42% of rbet1 and 52% of membrin puncta
colocalized with ts-G-GFP (Fig. 5, rbet1, middle; mem-
brin, bottom), The data indicate that these SNARE-con-
taining structures represent bona fide intermediates in
cargo transport and are suggestive of a sequential localiza-
tion, first in rbet1 and later in membrin puncta. Concen-
trated cargo colocalized with SNAREs both in foci in close
proximity to and some distance away from ER tubules.

By 60 min after release from the ER, cargo was visible
predominantly in the Golgi and plasma membrane, with
little ER or peripheral IC staining (not shown). Overall
the data suggest that the cargo moves from broadly dis-
persed locations within the ER into the SNARE-contain-
ing peripheral sites where it exits these domains and trav-
els to the Golgi apparatus.

 

SNARE-containing Organelles Revealed by Fluorescent 
Protein Fusions

 

To better understand the dynamics of transport intermedi-
ates containing SNARE proteins we transfected cells with
various fluorescent proteins (FPs) fused to either the NH

 

2

 

-
or COOH-terminal ends of the SNAREs (Fig. 1). Either
stable or transient expression in NRK cells was used to ob-
serve the localization of the SNARE-FP fusion proteins.
Consistent with our previous experience, the transfected
SNARE-FPs localized in very similar, if not identical, pat-
terns to those of the endogenous proteins (Fig. 6).

In transient expression experiments we examined the
SNARE-FP localization in cells expressing widely varying
levels of the transfected product based on the fluorescence
intensity. At all intermediate levels of expression the pat-
tern matched closely with that of the endogenous protein.
To further investigate the dynamics of the GFP-tagged
SNAREs compared to the native protein we treated trans-
fected cells with Brefeldin A (BFA) or lowered the tem-
perature to 15

 

8

 

C. Again the GFP-tagged SNARE proteins
behaved as the wild-type proteins (Fig. 6). For example,
GOS-28 is little effected at 15

 

8

 

C, while membrin, rbet1,
and Sec22 become dispersed within the cytoplasm into
a punctate distribution. Treatment of syntaxin 13–trans-
fected cells with BFA resulted in redistribution into a
compact spot whereas the Golgi region staining of sec22b
and the other IC SNAREs dispersed into a punctate flu-
orescence pattern. These data support the notion that
the trafficking pathways of the transfected GFP-tagged
SNAREs are very similar if not identical to the endoge-
nous proteins.

To see if SNARE-FP incorporates into complexes we
used antibodies against syntaxin 5 to immunoprecipitate
solubilized membranes from cells transfected with ER/
Golgi SNARE-FPs. SNARE-FPs were found to be pres-
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ent in complexes with endogenous proteins. For example,
immunoprecipitation of endogenous syntaxin 5 resulted in
coimmunoprecipitation of membrin-GFP (not shown).
Also, GFP mAbs (CLONTECH Laboratories) were able

to precipitate endogenous syntaxin 5 in membrin-GFP–
transfected cells but not GFP-transfected cells. Finally, the
presence of GFP-tagged proteins did alter the localization
of other endogenous SNAREs (data not shown). Taken
together, these data support the hypothesis that the trans-
fected SNARE-FPs have many, if not all, of the properties
of the endogenous molecules.

To directly test the hypothesis that cargo moves into
rsec22b/rbet1 peripheral sites and exits these sites, we per-
formed time-lapse imaging of cells transfected with spec-
trally distinct fluorescent proteins (Fig. 1). We used var-
ious fluorescent protein combinations and found that
although GFP and BFP are spectrally distinct, photodam-
age of BFP led to rapid diminution of the signal making
this combination impossible for imaging studies. YFP and
CFP are spectrally distinct and also photostable, allowing
imaging of both proteins in a single cell. We did not ob-
serve any bleedthrough into the CFP channel in YFP-
transfected cells and vice versa. Thus, the CFP-YFP com-
bination of fluorescent proteins is ideal for double-labeled
imaging studies. After release of ts-G-YFP from the tem-

Figure 6. GFP-tagged SNAREs display a localization, sensitivity
to BFA, and 158C behavior similar to that of the endogenous pro-
teins. Seven SNAREs were fused to GFP and images were cap-
tured at 378C, in the presence of BFA for 1 h, or after 1 h at 158C.
The width of each panel is 56 mm.

Figure 7. rsec22b sites concentrate cargo that travel to the Golgi
complex. (A) rsec22b-CFP labels peripheral sites. Time in min-
utes:seconds for A and B is indicated. (B) ts-G-YFP is localized
in the ER and, upon release from the temperature block, be-
comes concentrated at preexisting rsec22b-CFP sites. (C)
rsec22b-CFP labeling of peripheral sites. Time in minutes:sec-
onds for C and D is indicated. (D) 5 min after release from the
temperature block ts-G-GFP is depleted from rsec22b sites.
Panel width is 6.2 mm.
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perature block we observed accumulation of the cargo
protein in a preexisting rsec22b-CFP–labeled site (Fig. 7,
A and B). Subsequently, the colabeled sites lose the ts-
G-YFP, leaving behind the rsec22b-CFP (Fig. 7, C and D).
The ts-G-YFP dynamics observed are similar to those pre-
viously described (Presley et al., 1997; Scales et al., 1997).
These data confirm our hypothesis suggesting that the pe-
ripheral rsec22b/rbet1-enriched sites are indeed ER exit
sites. We interpret our data as the direct observation of the
filling and exit of cargo from ER exit sites which remain
behind at a fixed position within the cell.

 

The Dynamics of SNARE-FP–labeled Organelles in 
Living Cells

 

Many types of organelle movements were observed in the
video images of living cells transfected with FP-tagged
SNAREs. A summary of movements observed at 3-s inter-
vals with a 1-s exposure time is shown in Fig. 8. Each type
of event is depicted by a particular combination of sym-
bols so that summaries of organelle movements can be
presented in later figures. The first type of movement in-
volves a fluorescent organelle moving in the field without
significant morphological changes (Fig. 8 A). Between 0
and 4 s the organelle has moved 3.9 

 

m

 

m and between 4 and
8 s the organelle has moved in the same general direction
another 2.4 

 

m

 

m. This movement is summarized by a closed
circle with an arrow pointing in the direction that the or-
ganelle is moving. Since the organelle is observed in the
second frame it is again depicted by a circle followed by
another arrow that ends at the position of the organelle in
the third frame. We interpret this movement to be a mem-
brane element or cluster of elements maintaining its struc-
ture and simply moving from one position to the next. The
rate of this type of movement is 

 

z

 

0.75–1.0 

 

m

 

m/s.
A similar movement is observed in Fig. 8 B; however,

this time a streak of fluorescence is observed emanating
from an organelle in frame one and ending at an organelle
that appears in frame three. Since the two types of move-
ments (Fig. 8, A and B) may be mechanistically different
we illustrate them slightly differently; in the latter case an
open circle is connected to a closed circle by an arrow
pointing in the direction of the movement. A streak of flu-
orescence may originate from either a structure moving
while the shutter is open, in effect blurring across the CCD
array, or from an elongated, tubular organelle. Here we fa-
vor the former case since the structure in the original posi-
tion is not present in the final image and the streak is the
same width as the original organelle.

We also observe streaks emanating from round, 

 

z

 

0.75-

 

m

 

m organelles. However, in this case the streaks either
loose their fluorescence or are lost from our field of view
in some other fashion (Fig. 8 C). These events are illus-
trated by a closed circle at the base of an arrow. In many
cases we are able to follow the fluorescent streaks emanat-
ing from a sphere through several frames (Fig. 8 D; left
frame is a lower magnification image of the region shown
in Fig. 8 C, middle frame). We depict these events by a
closed circle with an arrow emanating in the direction of
the streak, as in Fig. 8 C. The subsequent fluorescent
streaks are illustrated as arrows (without a circle at the
base or the end) pointing in the direction of the movement
and proportional to the length of the streak (Fig. 8 D).
Rates of movements seen with this type of event are 1.3 

 

6

 

0.7 

 

m

 

m/s. These dynamics we interpret as extending tu-
bules or vesicle streams because the streaks are thinner
than the organelle from which they originate and at least a
fraction of the original organelle remains behind at the ini-
tial position. In addition, in images collected with 0.5-s ex-
posure times with no dark time between exposures we see
partial overlap in different exposures along the length of
the tubule (not shown). In other words, the end of a tubule
in one exposure may have moved to the midpoint of the
tubule in the next image.

Figure 8. SNARE-GFP fusions undergo a variety of distinct
movements. 1-s exposures are taken with 3 s between exposures.
Symbols at the far right are used to represent the class of event.
(A) Syntaxin 6-GFP; (B) rsec22b-GFP; (C) rsec22b-GFP; (D)
lower magnification of C; (E) rsec22b-GFP; (F) rsec22b-GFP;
(G) syntaxin 13-GFP; (H) syntaxin 13-GFP; and (I) rbet1-GFP.
The width of a panel is 7.9 microns, except in panel D where the
length is 22.2 mm.
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Another type of movement observed is a streak that
ends in a spherical organelle, depicted by an arrow with a
closed circle only at the arrow head (Fig. 8 E). Fluorescent
spheres are also observed to emit a streak that appears to
consume the fluorescence of the sphere. This is depicted
by an arrow pointing in the direction of the streak with an
open circle at the origin (Fig. 8 F). These movements
could either be tubules emanating from the sphere or the
sphere itself moving while losing fluorescence. Lengths of
the arrows are proportional to the distance of the migra-
tion during the time interval or the length of the fluores-
cent streak.

Post-Golgi SNARE proteins exhibited additional events
as illustrated in Fig. 8, G and H. Organelles are observed
approaching the plasma membrane followed by an in-
crease in the fluorescence along the membrane, suggesting
an exocytotic membrane fusion event. Conversely, we ob-
serve bright fluorescent regions of the membrane followed
by the appearance of an intracellular organelle, which sug-
gests an endocytic event. These events are depicted by a
line along the plasma membrane followed by an arrow
pointing either toward (exocytosis), or away (endocytosis)
from the plasma membrane. At this level of resolution we
cannot rule out the possibility that the organelles are only
in close proximity to the membrane and that we are not
observing actual exo- or endocytic events. Finally, using
several labeled SNAREs we have observed two organelles
that appear to become connected by a tubule, suggesting
the transfer of contents between the structures. To illus-
trate these events we connected two circles with a line
(Fig. 8 I).

 

ER and Golgi SNARE Dynamics

 

To follow the dynamics of individual organelles and/or
transport intermediates labeled with SNARE-FP we im-
aged cells and plotted the movements according to the key
outlined in Fig. 8. Movements of SNARE-GFP organelles
are shown in Fig. 9, where each color represents the path-
way of a separate element plotted at up to nine positions.

rsec22b-GFP and rbet1-GFP are observed at peripheral
sites, consistent with our previous observations of a signifi-
cant contingent of these SNAREs in the ER (Fig. 9, A and
B). Peripheral fluorescent sites are most easily observed
with rsec22b-GFP and are largely stationary with the ex-
ception of some small movements that might be due to
Brownian motion. Far fewer back and forth movements
are observed with rsec22b than with membrin (see below).
Importantly, these relatively stationary structures are the
points of origin of streaks of fluorescence that often travel
across the cytoplasm toward the Golgi region (note the
solid line with red, green, and blue traces emanating from
a single structure in Fig. 9 A). 29% of the movements ob-
served were of this type (C in Fig. 8) and 40% of the
movements were migrating fluorescent streaks (D in Fig.
8). We hypothesize that these streaks represent tubules or
closely aligned rows of vesicles carrying cargo from ER
exit sites to the Golgi area. Since distinct streaks emanat-
ing from a particular site at different times follow a similar
pathway, the organelles are likely traveling on the same or
parallel microtubule tracks. Other types of rsec22b-GFP
movements were as follows: 16% (Fig. 8 A), 10% (Fig. 8

 

F), and 4% (Fig. 8 I). Relatively little motion is seen in the
retrograde direction, suggesting that the recycling of
rsec22b occurs via a process that is rare or difficult for us
to observe. In the example of a retrograde movement in
Fig. 9 A (dashed white and purple arrows pointing away
from the Golgi region), the site is consumed. While quite
similar motions are recorded for rsec22b-GFP and rbet1-
GFP, it was more difficult to follow the rbet1-GFP parti-
cles for long distances, perhaps because the fluorescence
intensity is fainter. We observed a few rbet1-GFP sites
near the Golgi region that appear to connect to each other
via tubules (Fig. 9 B).

Syntaxin 5-GFP displays less frequent movement events
in our recordings. The events observed are similar in char-
acter to the other ER and Golgi SNAREs although fewer
long distance movements from peripheral sites were re-
corded (Fig. 9 C). The cell in Fig. 9 D expresses the trans-
fected membrin-GFP fusion protein at a moderate to low
level. Hence, the fainter more peripheral spotty structures
distal to the intermediate compartment are not readily ob-
served. Interestingly, 100% of the observed membrin-FP–
labeled organelles transit away from and back to the Golgi
region (Fig. 8 A). The most intricate of these is illustrated
in yellow where a membrin-FP particle originates in a re-
gion that may be within the Golgi complex, transits out
and away from the Golgi complex, wanders, and then re-
turns to the Golgi region. Other organelles (blue, violet,
pink) display similar patterns, moving back and forth be-
tween the Golgi region and more peripheral sites. The av-
erage rate of movement is 0.7 

 

6

 

 0.3 

 

m

 

m/s. Organelles can
be observed to intersect and form a pair, or to dissociate
from a previously existing pair.

We speculate that these movements are antero- and ret-
rograde movements of vesicles, clusters of vesicles, or
small tubules between the ER, IC, and the Golgi appa-
ratus. Interestingly, as a cell enters mitosis the mem-
brin-GFP becomes fragmented, appearing more evenly
dispersed about the cell (data not shown). Furthermore,
organelle movements cease or are dramatically reduced,
which is consistent with the previously described change in
secretory events associated with mitotic cells (Warren et al.,
1995). GOS28-GFP shows few if any detectable events on
the time scale we recorded from the transfected cells (data
not shown). This behavior of GOS28 is consistent with
our previous observations that the protein changes little
upon a temperature shift to 15

 

8

 

C and that GOS28 appears
to be in distinct complexes from the other ER to Golgi
SNAREs (Hay et al., 1998).

We also studied the dynamics of two post-TGN SNARE
proteins, syntaxin 6-GFP and syntaxin 13-GFP (Fig. 9, E
and F). The movements recorded for syntaxin 6-GFP are
very unique as they are all of the type illustrated in Fig. 8
A, that is, spherical organelles migrating within the cell. A
single organelle was traced through 11 frames illustrating
movements towards, away from, and parallel to the TGN
(Fig. 9 E, pink solid line). Syntaxin 6-GFP–labeled or-
ganelles can also be seen to reverse direction abruptly. In
contrast to syntaxin 6-GFP, syntaxin 13-GFP–labeled or-
ganelles exhibit a wider variety of movements. Movements
of spherical organelles as well as tubules are documented
in Fig. 9 F. In addition, we observe syntaxin 13-GFP or-
ganelles that approach the plasma membrane, possibly
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fusing, and events that have the appearance of endocytosis
(Fig. 8, G and H). Directions of the syntaxin 6 and 13-GFP
movements are much more random in orientation than
those of rsec22b-GFP and membrin-GFP.

To follow the movements of multiple SNAREs in a sin-
gle cell we again used the YFP, CFP combination of fluores-
cent proteins. rsec22b-CFP coexpressed with membrin-YFP
exhibits a higher degree of colocalization when compared

 

to rsec22b-CFP coexpressed with syntaxin 13-YFP. How-
ever in the rsec22b-CFP/membrin-YFP cotransfected cells,
the ratios of the two SNARE-FPs are not always equal be-
cause some organelles appear to contain more of one
SNARE while other organelles contain more of the other
(Fig. 10, A–C). This observation is consistent with the dif-
ferent overall dynamics observed for the two SNAREs.
With this technique we are further able to observe the fol-

Figure 9. SNARE dynamics.
(A) Sec22b-GFP–transfected
cell with the pathways of in-
dividual organelles illus-
trated by different colors ac-
cording to the key in Fig. 8.
1-s exposures were taken ev-
ery 3 s. (B) rbet1-GFP. (C)
syn5-GFP. (D) Membrin-GFP.
An asterisk illustrates two
structures that appear to as-
sociate with each other,
whereas an open triangle
marks two structures that ap-
pear to dissociate from each
other. (E) Syntaxin 6-GFP is
shown with 0.5-s exposures
followed by 2.5 s of dark
time. (F) Syntaxin 13-GFP.
0.5-s exposures followed by
1.5 s of dark time. Bars, 5 mm.
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lowing: some membrin and rsec22b movements are dis-
tinct, and in some cases the colabeled rsec22b and mem-
brin sites move synchronously.

 

Discussion

 

We have studied the organization of the secretory path-
way by fusing fluorescent proteins to VSV-G, a widely uti-
lized cargo protein, and SNAREs, molecules important
for membrane fusion. By following the dynamic move-
ments of organelles labeled with these reagents we are
able to better understand the mechanisms whereby pro-
teins are translocated through the secretory pathway.
Since SNARE proteins are critical determinants of an or-
ganelle’s identity, these proteins serve as specific labels of
functional compartments. Beginning at the ER, several in-
teresting observations emerged from this work. At 40

 

8

 

C
the ts-G-GFP is retained in the ER where the staining is
similar to both calnexin and Bip. Many of the SNARE-
labeled structures are closely juxtaposed to the ER, as if
they lie alongside the tubules of the organelle. When the
temperature of the transfected cells is lowered, allowing
the VSV-G to flow through the secretory pathway, the
protein accumulates in the 0.75–1-

 

mm structures that pre-

cisely overlap with SNAREs at sites we believe to be the
position of exit from the ER.

Double labeling with SNAREs and cargo reveals that
rsec22b precedes cargo at these ER sites. The theory that
these structures are ER exit sites is further confirmed by
the dynamics of fluorescent SNARE proteins, particularly
rsec22b-GFP. We observe streaks of fluorescence emanat-
ing from these sites that we interpret to be tubules or rows
of closely spaced vesicles. Multiple streaks are commonly
observed to emanate sequentially from a single exit site
that suggests the ER exit sites are used multiple times.
Their direction of transport is most often toward the Golgi
region (suggesting anterograde trafficking) and sequential
streaks follow similar paths along what are likely to be the
same or closely aligned microtubules. This picture is some-
what different than that observed for the real-time dynam-
ics of cargo, where the peripheral structures were noted to
move toward the Golgi complex (Presley et al., 1997).

In contrast, our data support the view of a fixed ER exit
site that serves to load transport organelles (vesicles or
emerging tubules) with cargo while sorting ER proteins in
a retrograde fashion back to the ER. When the transport
vesicles or nascent tubules have matured, we propose that
they translocate to the Golgi apparatus along microtu-
bules and a new round of cargo loading and protein sort-
ing initiates at the same site. Nevertheless, the regulation
of membrane dynamics at these ER exit sites needs to be
further investigated. For example, it would be important
to learn what accounts for the apparently sporadic nature
of the fluorescent streaks; perhaps they signify cargo ex-
port. In addition, it is of interest to know whether there is
a functional difference between the SNARE-labeled sites
that appear to colocalize with ER markers (perhaps in seg-
ments of ER tubules) and those puncta that exclude ER
markers and lie directly alongside or some distance from
ER tubules. Also, it is not yet known how SNAREs con-
centrate at certain sites while excluding resident ER pro-
teins.

Interestingly, membrin, a SNARE proposed to function
in concert with rsec22b through the formation of com-
plexes (Hay et al., 1998) and whose still-life localization
significantly overlaps that of rsec22b, appears to display
significantly different dynamics than rsec22b. Membrin
appears to reside on mobile z1-mm organelles that them-
selves move between the cis-Golgi region and more peri-
pheral sites. On the other hand, while rsec22b is more ap-
parent on stationary, peripheral, z1-mm structures from
which steaks of fluorescence emanate, generally toward
the Golgi region. One possibility is that rsec22b and rbet1
are more enriched in small transport vesicles/tubules that
stream outward from larger foci. This would be consistent
with the EM study that found a larger percentage of
rsec22b and rbet1 vesicles also contained COPII when
compared to syntaxin 5– or membrin-containing vesicles
(Hay et al., 1998). The mobile 1-mm structures containing
membrin may contain rsec22b and rbet1 as well, but these
SNAREs may be more vigorously sorted away when these
structures are translocated. This hypothesis might explain
why the movements shown in Fig. 8 A appear rarer than
those shown in Fig. 8 F, which are more common in the
movies of rsec22b- and rbet1-FPs. What is the function of
the mobile 1-mm structures? Perhaps they function as an-

Figure 10. Overlapping and
distinct SNARE trafficking
pathways. Cotransfection of
(A) rsec22b-CFP and (B)
membrin-YFP reveals colo-
calizing structures (double
arrow) and structures con-
taining mostly membrin (ar-
rowhead) or rsec22b (arrow).
(C) A and B merged image.
Moving structures that con-
tain rsec22b and membrin
appear as a double (yellow
and cyan) spot because of
the 1.25-s time difference
between the exposures. Bars,
5 mm.  on A
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terograde and/or retrograde transport organelles in con-
junction with small ER-derived vesicles. The small vesi-
cles/tubules may serve to fill the membrin-enriched larger
structures which then act as carriers in and out of the
Golgi area. These organelles could then be thought of as
mobile extensions of the cis-Golgi network.

Since the fluorescence of syntaxin 5–transfected cells
was not as bright as rsec22b, we may not have detected
particular classes of movements. Given this caveat, syn-
taxin 5 dynamics were generally the same types as the
other mobile ER and Golgi SNAREs; however, move-
ments were less frequent, perhaps reflecting a less dy-
namic nature of this SNARE. The tubular extensions ob-
served between organelles (see Fig. 8 I) may be conduits
for the transfer of cargo between organelles. Alterna-
tively, these structures may represent transport tubules
that fuse with the acceptor compartment before fission
from the donor compartment.

The dynamics of the two post-Golgi SNAREs, syntaxin
6 and syntaxin 13, were very different from the ER-to-
Golgi proteins. Syntaxin 6 localizes largely to the TGN,
and less so to endosomes. Syntaxin 6-FP appears on or-
ganelles that meander through the cytoplasm, some of
which travel away from the Golgi region, reverse direc-
tion, and travel back toward this site again, perhaps re-
flecting cycling between the TGN and endosomes. The
precise nature of any cargo contained in these organelles
remains unknown. However, the localization and dynam-
ics are consistent with a role in TGN to endosome traffick-
ing. Syntaxin 13 is proposed to represent a SNARE in the
plasma membrane/recycling endosome pathway (Prekeris
et al., 1998; Tang et al., 1998). Consistent with this pro-
posal, syntaxin 13-FP labels were the only organelles we
were able to observe in potential plasma membrane fusion
and recycling events. In addition, the dynamics appear to
reveal tubules that extend from a central organelle. Per-
haps these tubules, formed as proteins, are sorted within
the early endosome.

The most remarkable feature of cellular dynamics rein-
forced by these studies is the specificity of the multitude of
trafficking events. The direction and mode of movements,
the size and shape of the organelles, and the destinations
of the organelles are all precisely regulated. These events
are likely to be the critical determinants of the specificity
of vesicle trafficking and the membrane organization of
cells. Clearly when an organelle arrives at its appropriate
destination within the cell an adequate machinery, likely
comprised of SNAREs, must catalyze the membrane fu-
sion events. But how cargo and SNAREs are specifically
coupled to the organelle translocation machinery, likely
comprised of motors and cytoskeletal tracks, remains un-
clear. Recent reports of motor proteins binding specific
Rab proteins may be part of the solution to the molecular
recognition issues that underlie this problem. Perhaps pu-
rification of the SNARE-FP–tagged organelles will help
lead to a solution to this problem.
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