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Dissection of COPII subunit-cargo assembly and 
disassembly kinetics during Sar1p-GTP hydrolysis
Ken Sato1,2 & Akihiko Nakano1,3

COPII coat proteins are required for direct capture of cargo and SNARE proteins into transport vesicles from the endoplasmic 
reticulum (ER). Cargo and SNARE capture occurs during the formation of a ‘prebudding complex’ comprising a cargo, 
Sar1p-GTP and the COPII subunits Sec23/24p. The assembly and disassembly cycle of the prebudding complex on ER membranes 
is coupled to the Sar1p GTPase cycle. Using FRET to monitor a single round of Sec23/24p binding and dissociation from SNAREs 
in reconstituted liposomes, we show that Sec23/24p dissociates from v-SNARE and complexed t-SNARE with kinetics slower 
than Sar1p-GTP hydrolysis. Once Sec23/24p becomes associated with v-SNARE or complexed t-SNARE, the complex remains 
assembled during multiple rounds of Sar1p-GTP hydrolysis mediated by the GDP-GTP exchange factor Sec12p. These data suggest 
a model for the maintenance of kinetically stable prebudding complexes during the Sar1p GTPase cycle that regulates cargo 
sorting into transport vesicles.

In eukaryotic cells, intracellular protein transport between organelles 
of the secretory pathway is mediated by vesicles that are released from 
a donor organelle and fuse with an appropriate acceptor organelle1. 
Membrane targeting is catalyzed by specific pairing of v-SNARE on the 
vesicle membrane with target membrane t-SNARE2. In Saccharomyces 
cerevisiae, v-SNARE Bet1p and the cognate t-SNARE consisting of 
Sed5p, Bos1p and Sec22p are required for transport from the ER to 
the Golgi complex3–6. These ER-Golgi SNAREs and newly synthesized 
secretory proteins are selectively packaged into transport vesicles coated 
with the COPII coat7.

The COPII coat consists of the small GTPase Sar1p8, the Sec23/24p 
complex and the Sec13/31p complex7. To assemble the COPII coat, 
Sar1p-GDP is converted to membrane-bound Sar1p-GTP by the trans-
membrane GDP-GTP exchange factor Sec12p9. Sec12p strictly localizes 
to the ER and thus restricts COPII assembly to the ER10,11. Activated 
Sar1p-GTP recruits the Sec23/24p complex by binding to Sec23p12, 
and the cytoplasmically exposed signal of the transmembrane cargo is 
captured by direct contact with Sec24p13,14 to form the so-called pre-
budding complex15. Formation of the prebudding complex is a cargo 
recognition step before coat polymerization. The prebudding complex 
recruits Sec13/31p onto Sec23/24p, which then polymerizes the pre-
budding complexes to form COPII vesicles16. Conversely, GTP hydrolysis 
by Sar1p triggers coat disassembly and reverses the assembly process17. 
In this mechanism Sec23p is the GTPase-activating protein (GAP) for 
Sar1p18, and this GAP activity is further stimulated by recruitment of 
Sec13/31p17. Therefore, assembly of the complete COPII coat triggers 
disassembly, which compromises the capture of cargo molecules and 
coat polymerization. It remains unclear how the prebudding complexes 

polymerize before Sar1p-GTP hydrolysis and how the cargo proteins are 
concentrated in these processes.

In this study, we monitored prebudding complex assembly and dis-
assembly using fluorescence resonance energy transfer (FRET) (Fig. 1a). 
FRET between liposome-reconstituted CFP-SNARE and YFP-Sec24/23p 
in the presence of activated Sar1p-GTP was monitored in real time, 
allowing observation of a single round of formation and dissociation of 
the Sec23/24p–SNARE complex. In the presence of GDP-GTP exchange 
factor Sec12p in proteoliposomes, we observed multiple rounds of 
Sec23/24p-mediated Sar1p -GTP hydrolysis. On the basis of the results, 
we propose a model for the maintenance of kinetically stable prebudding 
complexes during the Sar1p GTPase cycle that regulates cargo sorting 
into transport vesicles.

RESULTS
CFP-SNARE proteoliposomes support vesicle budding
FRET donor-acceptor pairs CFP and YFP were fused to the N termini 
of Bet1p/Sec22p and Sec24p, respectively. Recombinant CFP-Bet1p or 
CFP-Sec22p was expressed as Strep-tagged protein in Escherichia coli and 
purified in octylglucoside. His6-tagged YFP-Sec24p was overexpressed 
together with Sec23p in yeast and purified as a complex. Fusion with 
SNAREs or Sec24p did not affect the spectral properties of CFP and 
YFP (data not shown). These fusion proteins retained activity in COPII 
vesicle budding, as in vitro vesicle budding reactions using microsomes 
expressing either CFP-Bet1p or CFP-Sec22p supplied with purified 
COPII components including YFP-Sec24/23p (Fig. 1b) show that both 
CFP-Bet1p and CFP-Sec22p were packaged into COPII-coated vesicles 
with YFP-Sec24/23p. In contrast, an ER resident protein, Sec61p, was 
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excluded. These results indicate that the CFP-SNAREs can be packaged 
into COPII vesicles by YFP-Sec24/23p.

CFP-Bet1p and CFP-Sec22p were reconstituted into liposomes 
according to established procedures19. The mean diameter of the result-
ing proteoliposomes was 200 nm, with no vesicles <100 nm. Using a 
protease accessibility assay, we estimated that ∼95% of CFP-Bet1p and 
∼80% of CFP-Sec22p are exposed on the outside of the liposomes (data 
not shown).

To test the functional capacity of these proteoliposomes, we con-
ducted a synthetic budding reaction to detect the capture and concentra-
tion of reconstituted CFP-SNARE into synthetic COPII vesicles (Fig. 2). 
We have shown previously that synthetic COPII vesicles bud from 
proteoliposomes reconstituted with transmembrane cargo Emp47p 
in the presence of COPII proteins and nonhydrolyzable GTP analog. 
Budding resulted in the enrichment of Emp47p within synthetic COPII 
vesicles19. Proteoliposomes containing MBP-Ufe1p as a control of sort-
ing and either CFP-Bet1p or CFP-Sec22p were incubated with purified 
Sec23/24p, Sec13/31p, and Sar1p in the presence of GMP-PNP, and then 
the reaction solution was centrifuged on a linear sucrose-density gradi-
ent to separate the coated vesicles from the parent proteoliposomes. The 
distribution of CFP-SNARE in each fraction was analyzed by immuno-
blotting, and the distribution of lipids was monitored by measuring the 
fluorescence of NBD-phospholipids included in the proteoliposomes 
(Fig. 2a,b). The high-density phospholipid peak (fractions 5–7) cor-
responded to the position of synthetic COPII vesicles. Approximately 
50–70% of CFP-SNAREs were found in the high-density peak along 
with the phospholipid peak when incubated with GMP-PNP, whereas 
almost all of CFP-SNAREs remained at the top of the gradient without 

nucleotide. Next, the enrichment of CFP-SNAREs was compared with 
that of MBP-Ufe1p. Starting proteoliposomes were compared with gra-
dient-purified COPII vesicles by quantitative immunoblotting normal-
ized to the intensity of NBD phospholipid fluorescence (Fig. 2c,d). A 
2- to 2.5-fold enrichment of CFP-SNAREs with ∼1.2-fold enrichment 
of MBP-Ufe1p were detected in several replications of this experiment. 
We conclude that proteoliposomes reconstituted with CFP-Bet1p and 
CFP-Sec22p are functional in COPII vesicle budding.

FRET between CFP-SNAREs and YFP-Sec24/23p
The assembly of the prebudding complex was examined by FRET. CFP-
Bet1p or CFP-Sec22p-reconstituted proteoliposomes with Sar1p-GDP 
were incubated with YFP-Sec24/23p and the presence of FRET was mon-
itored by excitation at 425 nm (Fig. 3a,b). When GMP-PNP was add ed 

Figure 2  COPII vesicle formation from proteoliposomes. 
(a,b) Proteoliposomes reconstituted with CFP-Bet1p/MBP-Ufe1p (0.65 µg 
protein, 9.9 µg lipids) (a) or CFP-Sec22p/MBP-Ufe1p (1.1 µg protein, 
9.9 µg lipids) (b) were incubated with purified Sar1p (8.4 µg), Sec23/24p 
(11 µg), and Sec13/31p (11 µg) in the presence or absence of GMP-
PNP (0.1 mM) at 30 °C for 30 min (total volume 50 µl). The mixture was 
sedimented to equilibrium on a 20–40% sucrose-density gradient. Top 
panels, distribution of lipids on a sucrose density gradient as measured 
by the fluorescence of NBD-phospholipids. Bottom panels, distribution 
of reconstituted proteins as detected by immunoblotting with antibodies 
to Strep. (c,d) Concentrations of CFP-Bet1p (c) and CFP-Sec22p 
(d) into synthetic COPII vesicles. Reconstituted proteins in the donor 
proteoliposomes and the vesicle fraction were analyzed by immunoblotting. 
COPII vesicle fractions 5–8 from a and b were used as a vesicle fraction. 
The amount of fluorescent lipids in the vesicle fraction is the same as in 
proteoliposomes (×1). The loaded amounts of proteoliposomes in different 
lanes are multiplied by the ×1 lane as indicated.

Figure 1  FRET experimental design. 
(a) Schematic depiction of the FRET assay for 
measuring Sec24/23p-SNARE interactions. 
Recruitment of Sar1p-GTP leads to association of 
YFP-Sec24/23p and CFP-SNARE on membranes, 
with an accompanying increase in FRET between 
YFP and CFP. Subsequent GTP hydrolysis 
reverses the assembly process. (b) CFP and 
YFP fusion proteins used for FRET experiments 
are functional. In vitro budding reactions were 
carried out in the presence of purified Sar1p, 
YFP-Sec24/23p, Sec13/31p, and 0.1 mM 

GMP-PNP with salt-washed microsomes expressing either 2HA-CFP-Bet1p or 2HA-CFP-Sec22p. One-tenth of total reactions (T) and budded COPII vesicles 
isolated after incubation with (+) or without (–) COPII proteins were analyzed by SDS-PAGE followed by immunoblotting with an anti-HA or anti-Sec61p 
(ER resident protein).
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to the mixture in the presence of Sar1p-GDP followed by 5 min incu-
bation to allow replacement of GDP with GMP-PNP, the basal FRET 
exhibited an increased emission peak at 530 nm. In the absence of Sar1p, 
GMP-PNP did not induce a change in FRET (data not shown). MBP-
CFP-Ufe1p did not induce FRET between YFP-Sec24/23p in the pres-
ence of Sar1p-GMP-PNP, indicating that FRET signals measured under 
our conditions result from formation of specific prebudding complex 
(Supplementary Fig. 1 online). These results suggest that replacement 
of GDP with GMP-PNP in Sar1p led to binding between YFP-Sec24/23p, 
CFP-SNARE and Sar1p-GMP-PNP. The different FRET efficiencies of 
CFP-Bet1p and CFP-Sec22p may reflect differences in the binding state 
between each SNARE-Sec24/23p pair, because Sec22p has been shown 
to bind at a spatially distinct site from that of Bet1p13,14.

Recent reports identify multiple cargo-binding sites in Sec24p and 
define that the 51-LXXLE-55 (where X is any residue) sequence in 
Bet1p binds to the ‘B site’ of Sec24p13,14. This sequence is the sole 
determinant of Sec23/24p-Bet1p interactions because no Sec23/24p 
binding occurs when this sequence is mutated to LXXAA13. To deter-
mine whether mutations in this sequence in Bet1p interfere with 
prebudding complex assembly, we monitored FRET between CFP-
Bet1p-LXXAA and YFP-Sec24/23p (Fig. 3c). Successful reconstitu-
tion of CFP-Bet1p-LXXAA into liposomes required the coexistence 
of equimolar amounts of MBP-Ufe1p for unknown reasons. Notably, 
a weak but specific FRET was detected between CFP-Bet1p-LXXAA 
and YFP-Sec24/23p in a Sar1p-GMP-PNP-dependent manner. Because 
Sar1p-GMP-PNP binds to both Sec23/24p and the cytoplasmic region 
of Bet1p20, these molecules could form a complex via binding to 
Sar1p without Sec24p-Bet1p interaction. We tested this possibility by 
pull-down experiment (Fig. 3d). Proteoliposomes with Strep-tagged 
wild-type or mutant CFP-Bet1p were incubated with Sar1p and YFP-
Sec24/23p in the presence of GMP-PNP or GDP. Proteins bound 
to Bet1p were recovered from detergent-solubilized membranes on 
affinity beads. As expected, GMP-PNP-dependent binding of YFP-
Sec24/23p and Sar1p to both CFP-Bet1p and CFP-Bet1p-LXXAA was 
detected. In contrast, binding of Sar1p to Bet1p was independent of 
guanine nucleotide type, in agreement with a previous report20. These 
results demonstrate that the CFP-Bet1p-LXXAA mutant can assemble 
into the Sar1p–Sec24/23p–Bet1p complex, although molecular contact 

between Sec24p and Bet1p is absent. We also confirmed that LXXAA 
mutations did not affect Sar1p-Bet1p interactions, and Sar1p-GDP 
can bind to Bet1p before GTP conversion. Taken together, the results 
indicate that FRET signals result from the formation of specific pre-
budding complexes.

Real-time measurement of FRET
Using FRET to detect formation of prebudding complex, we investigated the 
dynamics of Sec23/24p in the presence of GTP. Under the experimental con-
ditions, we observed in real time a single round of coat assembly on SNARE 
followed by disassembly driven by GAP activity of Sec23p on Sar1p-GTP. 
The addition of YFP-Sec24/23p to CFP-Bet1p proteoliposomes preloaded 
with Sar1p-GMP-PNP induced an increase in the FRET signal compared 
with that of basal FRET with Sar1p-GDP, which remained constant over the 
observation period. On Sar1p-GTP-preloaded proteoliposomes, addition of 
YFP-Sec24/23p yielded an initial increase in FRET signal comparable to that 
of GMP-PNP, which then declined over a period of ∼300 s to reach the level 
of Sar1p-GDP-loaded proteoliposomes (Fig. 4a, top). FRET signals were 
absent when reconstituted proteoliposomes contained MBP-CFP-Ufe1p 
(Supplementary Fig. 1 online). Addition of YFP-Sec24/23p to CFP-Bet1p-
LXXAA-reconstituted proteoliposomes also increased the FRET signal, 
but this increase lasted ∼180 s, shorter than for the wild-type CFP-Bet1p 
(Fig. 4b, top). Because the lipid and SNARE concentrations in these reac-
tion mixtures were nearly identical (see Methods), a direct comparison of 
these results indicate that Sar1p GTPase-driven coat release from Bet1p is 
affected by molecular contact between Sec24p and Bet1p. In the absence 
of Sec24p-binding sequences on Bet1p, Sec23/24p dissociates faster than it 
does from wild-type Bet1p.

Because coat dissociation from the cargo molecule is dependent 
on GTP hydrolysis by Sar1p, which is stimulated by Sec24/23p GAP, 
we directly compared the time course of YFP-Sec24/23p release from 
SNARE monitored by FRET to that of Sar1p-GTP hydrolysis under the 
same conditions monitored by tryptophan fluorescence17. GTP-GDP 
conversion by Sar1p on both CFP-Bet1p and CFP-Bet1p-LXXAA pro-
teoliposomes was complete within ∼180 s (Fig. 4a,b, bottom panels). 
Notably, after all Sar1p-GTP in the reaction was converted to Sar1p-
GDP (∼180 s), ∼40% of the FRET signal remained derived from the 
YFP-Sec24/23p-CFP-Bet1p interaction (Fig. 4a). In contrast, conversion 

Figure 3  FRET between reconstituted CFP-SNARE 
and YFP-Sec24/23p. (a–c) Proteoliposomes 
reconstituted with CFP-Bet1p (a), CFP-Sec22p 
(b), or CFP-Bet1p-LXXAA/MBP-Ufe1p (c) were 
mixed with Sar1p-GDP (black). YFP-Sec24/23p 
(blue) and 0.1 mM GMP-PNP (red) were 
sequentially added to the mixture. Samples were 
irradiated at 425 nm and fluorescence emission 
recorded from 450 to 600 nm. These spectra 
were normalized to give a CFP emission peak 
value identical to that of the CFP+YFP spectra 
obtained from the preceding step. (d) CFP-
Bet1p without Sec24p-binding sequences can 
form a Sar1p–CFP-Bet1p–YFP-Sec24/23p 
ternary complex. Proteoliposomes reconstituted 
with CFP-Bet1p or CFP-Bet1p-LXXAA were 
incubated with Sar1p and YFP-Sec24/23p 
in the presence of either GDP or GMP-PNP. 
Subsequently, proteoliposomes were solubilized 
with octylglucoside, followed by pull-down with 
Strep-tagged CFP-Bet1p. YFP-Sec24, Sec23p 
and Sar1p in the complex were detected by 
immunoblotting.
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of Sar1p-GTP to Sar1p-GDP on CFP-Bet1p-LXXAA proteoliposomes 
coincided with FRET decay (∼180 s) (Fig. 4b). These findings suggest 
that the export signal–dependent interaction between Sec24p and Bet1p 
is stabilized for a longer periods after hydrolysis of Sar1p-GTP.

To test whether this phenomenon occurs with Sec22p, the experi-
ments were repeated with proteoliposomes reconstituted with CFP-
Sec22p. Upon addition of YFP-Sec24/23p, the conversion of Sar1p-GTP 
to Sar1p-GDP with concomitant FRET decay resulted in the release of 
YFP-Sec24/23p from CFP-Sec22p (∼190 s) (Fig. 4c), indicating that, 
unlike CFP-Bet1p, YFP-Sec24/23p release from CFP-Sec22p is coupled 
to GTP hydrolysis by Sar1p. A recent report reveals that purified Sec23/
24p binds to the cytoplasmic region of Sec22p more weakly than to that 
of Bet1p and assembled t-SNARE13. We speculated that the inability of 
Sec22p to preserve Sec23/24p association after Sar1p-GTP hydrolysis 
may be due to the absence of its partner SNAREs, Bos1p and Sed5p. 
To investigate whether Sec23/24p release from Sec22p is affected by 
Bos1p and Sed5p in complex with Sec22p, we expressed and purified 
the cytoplasmic domains of Bos1p and Sed5p (Bos1p∆C and Sed5p∆C, 
respectively). The proteins were mixed with detergent-solubilized CFP-
Sec22p and lipids followed by dialysis to produce proteoliposomes. 
Almost stoichiometric complex formation was confirmed by SDS-PAGE 
(Fig. 4d–f) and gel permeation chromatography (data not shown). Using 
these proteoliposomes, we examined the GAP-mediated, Sar1p-GTP 
hydrolysis–dependent release of YFP-Sec23/24p from CFP-SNAREs. 

First the semiassembled states of t-SNARE, CFP-Sec22p/Bos1p∆C and 
CFP-Sec22p/Sed5p∆C were analyzed. In the presence of CFP-Sec22p/
Bos1p∆C on the membrane, the decay of FRET was slow (∼280 s) as 
compared with CFP-Sec22p alone (∼190 s) (Fig. 4d, top). This decay 
was even slower with CFP-Sec22p/Sed5p∆C and was complete at ∼400 s 
(Fig. 4e, top). Under the same conditions, Sar1p-GTP to Sar1p-GDP 
conversions on both CFP-Sec22p/Bos1p∆C and CFP-Sec22p/Sed5p∆C 
proteoliposomes was complete within ∼200 s. We conclude that CFP-
Sec22p, when in complex with either Bos1p∆C or Sed5p∆C, retains 
the ability to stabilize YFP-Sec24/23p on t-SNARE binary complexes 
after Sar1p-GTP hydrolysis. Although these semiassembled t-SNARE 
complexes might be transient and intermediate complexes in vivo, we 
conclude based on our analyses with the t-SNARE binary complexes that 
the combined signals from t-SNAREs increase affinity for Sec23/24p. 
Notably, when CFP-Sec22p was in the fusogenic t-SNARE complex con-
taining both Bos1p∆C and Sed5p∆C, FRET decay was not detected in 
the presence of GTP. Nevertheless, Sar1p continued to hydrolyze GTP, 
and the reaction was complete in ∼200 s. Furthermore, upon addition of 
YFP-Sec24/23p to Sar1p-GDP-loaded proteoliposomes, a slow increase 
in FRET signal was observed (Fig. 4f). An identical result was obtained 
in the absence of Sar1p (data not shown). These results indicate that 
once Sec23/24p is recruited to the ternary t-SNARE complex, this com-
plex remains associated after Sar1p-GTP has been hydrolyzed, and this 
association occurs independently of Sar1p.

Figure 4  Sar1p-GTP hydrolysis and transient assembly of the prebudding complex as monitored by FRET. (a–f) The reaction initially contained 
proteoliposomes reconstituted with CFP-Bet1p (a), CFP-Bet1p-LXXAA/MBP-Ufe1p (b), CFP-Sec22p (c), CFP-Sec22p/Bos1∆C (d), CFP-Sec22p/Sed5∆C 
(e), or CFP-Sec22p/Bos1∆C/Sed5∆C (f) and Sar1p loaded with 0.1 mM of GDP, GTP or GMP-PNP. After a 10-min incubation, YFP-Sec24/23p was added 
and the FRET signal at 530 nm was monitored (top panels). Transition of Sar1p from the GTP-bound to the GDP-bound state was monitored by tryptophan 
fluorescence of Sar1p at 340 nm (bottom panels). Reconstituted proteoliposomes with indicated proteins are also shown.
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It has been shown previously that on liposomes, Sec23/24p binds first 
to Sar1p-GTP bound to the membrane and is then stabilized through 
interaction with anionic phospholipids21. We determined whether 
Sec23/24p dissociation from the membrane without SNAREs coin-
cides with Sar1p-GTP hydrolysis. Binding and dissociation of Sec23/24p 
onto liposomes lead to changes in mass and are detectable by light-
scattering17,19. The time course of YFP-Sec24/23p dissociation from 
liposomes in the presence of Sar1p-GTP monitored by light-scattering 
(red trace, Fig. 5) correlates well with the time course of Sar1p-GTP 
hydrolysis monitored by tryptophan fluorescence. Both reactions were 
complete in ∼300 s, indicating that, unlike the Sec24p-binding sequence 
on Bet1p and assembled t-SNARE, the molecular interaction between 
Sec23/24p and anionic phospholipid on membranes is not sufficient to 
stabilize their association after Sar1p-GTP hydrolysis.

Sec12p allows multiple rounds of GDP-GTP exchange on Sar1p
Sec12p is an ER-localized type II transmembrane protein that catalyzes 
efficient GDP-GTP exchange on Sar1p. The presence of Sec12p in our 
assay should allow multiple rounds of Sar1p-GTP hydrolysis. To recon-
stitute Sec12p, we constructed and purified Sec12p without its lumi-
nal domain, but containing the transmembrane region (Sec12p∆lum) 
for efficient expression, as this domain was dispensable for GDP-GTP 
exchange activity9. The replacement of GDP with GMP-PNP on Sar1p 
in the presence or absence of Sec12p∆lum was compared by measur-
ing the change in tryptophan fluorescence of Sar1p. On liposomes pre-
loaded with Sar1p-GDP, addition of GMP-PNP yielded a slow increase 

in tryptophan fluorescence that plateaued after ∼400 s. This represents 
spontaneous replacement of GDP with GMP-PNP on Sar1p. In contrast, 
when Sec12p∆lum was incorporated in the liposomes, a rapid increase in 
tryptophan fluorescence was observed, reaching a plateau within ∼20 s 
(Fig. 6a). These results confirm that reconstituted Sec12p∆lum mediates 
efficient nucleotide exchange of Sar1p.

Having demonstrated that reconstituted Sec12p∆lum can catalyze 
GDP-GTP exchange on Sar1p, we next investigated assembly and dis-
assembly of prebudding complex under multiple rounds of Sar1p-GTP 
hydrolysis. We conducted FRET assays on proteoliposomes reconstituted 
with SNARE and Sec12p∆lum. Addition of YFP-Sec24/23p to either 
CFP-Bet1p/Sec12p∆lum or CFP-Sec22p/Sec12p∆lum proteoliposomes 
preloaded with Sar1p-GTP induced FRET, which remained constant in 
contrast to the transient signal observed in the absence of Sec12p∆lum 
(Fig. 6b). Similar results were obtained with semiassembled t-SNARE, 
CFP-Sec22p/Bos1p∆C and CFP-Sec22p/Sed5p∆C (data not shown). We 
conclude that, in the presence of Sec12p, Sar1p-GDP in the prebudding 
complex is continuously reactivated to Sar1p-GTP, which maintains 
YFP-Sec24/23p association to SNARE.

Coat exchange on SNAREs during the Sar1p GTPase cycles
The above results raise the question of whether the Sec23/24p bound 
to SNARE remains associated through the Sar1p GTPase cycles, or 
whether continuous Sec23/24p binding to and dissociation from 
SNARE accompanies every GTPase cycle. We used the FRET assay 
with SNARE/Sec12p∆lum proteoliposomes to measure the exchange 
of prebound YFP-Sec24/23p on CFP-SNARE between cytoplasmic 
pools of nonfluorescent Sec23/24p. Reactions initially contained YFP-
Sec24/23p and CFP-SNARE/Sec12p∆lum proteoliposomes preloaded 
with Sar1p-GTP to preserve prebudding complexes. At indicated time 
points, equimolar quantities of nonfluorescent Sec23/24p were added to 
allow exchange with prebound YFP-Sec24/23p. For CFP-Bet1p-LXXAA 
and CFP-Sec22p, the slow decay of the FRET signal was associated with 
exchange between YFP-Sec24/23p and Sec23/24p, whereas no substantial 
decay was observed with GDP (Fig. 7). These results agree well with our 
observations that dissociation of YFP-Sec24/23p from these SNAREs 
is coupled to Sar1p-GTP hydrolysis (Fig. 4b,c). We conclude that con-

Figure 5  Correlation between dissociation of prebudding complex and Sar1p-
GTP hydrolysis on protein-free liposomes. The reaction initially contained 
liposomes, with the same amount of phospholipids as described in Figure 4, 
loaded with Sar1p-GDP, Sar1p-GTP, or Sar1p-GMP-PNP. After a 10-min 
incubation, YFP-Sec24/23p was added and the FRET signals (top) or 
tryptophan fluorescence (bottom) was monitored as in Figure 4.

Figure 6  The presence of Sec12p prevents dissociation of prebudding complex. (a) The reaction initially contained Sar1p-GDP and proteoliposomes 
reconstituted with Sec12∆lum or liposomes. After a 10-min incubation, GMP-PNP (0.1 mM) was added and the transition of Sar1p from the GDP-bound to 
the GTP-bound state was monitored by tryptophan fluorescence of Sar1p at 340 nm. (b) The reaction initially contained proteoliposomes reconstituted with 
CFP-Bet1p/Sec12∆lum (right) or CFP-Sec22p/Sec12∆lum (left) and Sar1p loaded with either GDP, GTP or GMP-PNP. After a 10-min incubation, 
YFP-Sec24/23p was added and the FRET signal monitored as in Figure 4. Reconstituted proteoliposomes with indicated proteins are also shown.
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tinuous Sec23/24p binding and release from these SNAREs, which are 
insufficient to preserve a coat association after Sar1p-GTP hydrolysis, 
occur during the Sar1p GTPase cycles. In contrast, reactions contain-
ing CFP-Bet1p or semiassembled t-SNARE, CFP-Sec22p/Bos1p∆C and 
CFP-Sec22p/Sed5p∆C did not induce any change in FRET, indicating 
that no coat exchange occurred (Fig. 7). These results demonstrate that, 
after Sar1p-GTP hydrolysis, the association between the particular form 
of SNARE and Sec23/24p remains stably bound during the exchange 
reaction of Sar1p catalyzed by Sec12p.

DISCUSSION
We have investigated the interactions between components of the pre-
budding complex that develop before polymerization into COPII coats 
by Sec13/31p. FRET-based fluorescence changes between YFP-Sec24/23p 
and CFP-SNAREs associated with GTP hydrolysis on Sar1p were analyzed. 
Assembled v/t-SNARE complex cannot bind Sec24p13, and in vivo NSF/
Sec18p may keep assembled SNARE complexes at a low concentration in 
the ER. Therefore, we assume that v-SNARE Bet1p exits the ER primar-
ily as a monomer. Time-resolved assays demonstrated that on Sar1p-
GTP-bound proteoliposomes, Bet1p associates with Sec23/24p, which 
then dissociates from membranes with kinetics slower than Sar1p-GTP 
hydrolysis (Fig. 4a). The presence of Sec13/31p, which further stimulates 
GAP activity of Sec23/24p17, also indicated the dissociation of Sec24/23p 
from Bet1p after Sar1p-GTP hydrolysis (data not shown), supporting the 
conclusion that coats dissociate after Sar1p-GTP has been hydrolyzed.

A similar mechanism was involved with Sec23/24p-t-SNARE associa-
tion. The residence time of Sec24/23p on assembled or semiassembled 

t-SNAREs was prolonged after Sar1p-GTP 
hydrolysis (Fig. 4d,e). Notably, the association 
of Sec23/24p with fusogenic Sed5p/Bos1p/
Sec22p t-SNARE complex was very stable after 
GTP hydrolysis and this assembly occurred 
spontaneously without Sar1p (Fig. 4f). These 
data are in agreement with a previous report13 
showing that the fusogenic t-SNARE com-
plex has high affinity for Sec23/24p. Because 
at least three distinct signal binding sites for 
these SNAREs have been mapped on Sec24p14, 
these effects probably result from increased 
affinity of the combined signals from com-
plexed t-SNARE for Sec24p. The GTP hydro-
lysis detected here is the overall reaction of 
activated Sar1p-GTP on the membranes. 
Thus, this might not reflect the GTP hydro-
lysis specifically occurring on the prebud-
ding complex including SNARE, because the 
Sar1p-GTP/Sec23/24p complex also binds to 
lipid membranes17,21 (see below). Regardless, 
our results indicate that the Sar1p-GTP hydro-
lysis precedes Sec23/24p-SNARE dissociation. 
In contrast to the specific Sec23/24p-SNARE 
interaction, Sec23/24p-lipid contact is not suf-
ficient to preserve an association after Sar1p-
GTP hydrolysis (Fig. 5). The rate of Sar1p-GTP 
hydrolysis induced by Sec23/24p on SNARE-
reconstituted proteoliposomes was faster than 
that on liposomes, suggesting that SNAREs 
modulate Sec23/24p GAP activity toward 
Sar1p, as has been observed for Emp47p19. 
Because GTPase acceleration was also observed 
with the Bet1p-LXXAA mutant, this effect is 

probably due to Sar1p-SNARE interactions, perhaps through optimi-
zation of the orientation of Sar1p with respect to Sec23/24p. Further 
studies are required to understand the mechanism and significance of 
GAP-mediated Sar1p GTPase stimulation by cargo.

On Sar1p-GTP-loaded proteoliposomes, the binding and dissociation 
of the COPII coat is limited to a single round17. Because of the constitu-
tive function of Sec12p, it is likely that Sar1p is continuously activated 
on the ER in vivo. When Sec12p was included in the FRET assay, Sar1p-
GTPase-driven coat release was not detected, regardless of the SNARE 
assembly state, perhaps because association between Sec24/23p and 
SNARE was maintained by continuous activation of Sar1p by Sec12p 
(Fig. 6). This mechanism would explain why kinetically stable prebudding 
complexes are maintained during Sar1p GTPase cycles. Furthermore, the 
coat exchange assay demonstrated that once Sec24/23p binds to Bet1p or 
assembled t-SNARE, the complex remains associated during Sar1p GTPase 
cycles, whereas Sec23/24p undergoes continuous exchange on an uncom-
plexed Sec22p and Bet1p mutant that does not bind Sec24p (Fig. 7). Thus, 
although the prebudding complex is maintained by continuous supply of 
Sar1p-GTP by Sec12p, Sec23/24p stability is biased toward the complex, 
including fusogenic forms of SNAREs. Conversely, Sar1p GTPase cycles 
counteract the stable association of Sec23/24p to lipids or unassembled 
t-SNARE. As a consequence, the prebudding complex with fusogenic forms 
of SNAREs is preferentially clustered by Sec13/31p to form COPII vesicles. 
Because ER localization of Sec12p is strictly regulated, the maintenance of 
coat association is restricted on the ER membrane and subsequent Sar1p 
GTP hydrolysis on emerging vesicles or vesicles that are pinched off from 
the ER may lead to uncoating.

Figure 7  Coat exchange on SNAREs during 
the Sar1p GTPase cycle. (a–e) The reaction 
was carried out as in Figure 6b with indicated 
SNARE(s) and Sec12∆lum in the presence of 
GDP (open squares) or GTP (filled squares). 
YFP-Sec24/23p was added to the reaction 
at zero time, and after a 100-s incubation, 
nonfluorescent Sec23/24p was added. All traces 
were normalized to give the same fluorescent 
intensity at zero time.
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Based on these data, we propose that Sar1p GTPase cycles modulate the 
kinetic stability of coat subunits on cargo by the characteristic interactions 
between export signals and Sec24p. We hypothesize that a similar selective 
mechanism might be involved in the assembly-dependent cargo sorting at 
the ER. Many cargo proteins from the ER require multiple signals includ-
ing oligomer formation from different subunits of the protein complex 
for efficient export22–26. We speculate that a single export signal displayed 
on unassembled subunits of protein oligomers is insufficient to preserve 
a stable prebudding complex, whereas combined signals from assembled 
protein complexes generate stable prebudding complexes.

GDP-GTP exchange has been proposed as the initial step of Sar1p 
recruitment to the membrane. However, our data demonstrate that 
Sar1p-GDP binds to Bet1p (Fig. 3d). This finding is consistent with a 
previous report that the cytoplasmic domains of Bet1p and Bos1p bind 
Sar1p independent of the guanine nucleotide type20. These observations 
raise the possibility that SNAREs might serve as scaffolds for Sar1p on 
the ER, and that Sar1p nucleotide exchange occurs on SNAREs.

Our observations that Sar1p GTPase activity is not coupled to coat 
dissociation from the membrane are consistent with previous FRAP 
data on the COPI system, which revealed that release of Arf1 from Golgi 
membranes occurs faster than the release of coatomer27. However, in 
light of our findings, the mechanisms that prevent coat-membrane 
dissociation during coat assembly seem to be different in the COPII 
and COPI systems. Our model proposes that the constitutive activation 
of Sar1p by Sec12p maintains association between the coat cargo and 
membrane. In contrast, it is postulated that GAP activity toward Arf1 
is repressed by cargo proteins and low membrane curvature to preserve 
coatomer association on the membrane until vesicles are formed28,29. 
Nonetheless, despite differences in the GTPase regulation of Sar1p and 
Arf1, the small GTPases are likely to play a key role in the regulation of 
coat dynamics and cargo sorting during vesicle formation.

METHODS
Plasmid constructions. The Bet1p open reading frame was amplified by PCR 
from the S. cerevisiae genomic DNA and inserted into the BamHI site of pASK-
IBA5 (IBA). The coding sequence for ECFP with an N-terminal Strep tag was gen-
erated by PCR from pECFP-1 (Clonetech) and inserted into the EcoRI-BamHI 
sites of the above plasmid to yield pKSY165 (2Strep-CFP-Bet1p). The double 
mutation L54A E55A in 51-LASLE-55 was introduced into Bet1p on pKSY165 
by PCR mutagenesis, which codes for 2Strep-CFP-Bet1p-LXXAA, yielding the 
plasmid pKSE174. The coding sequence of Sec22p with an N-terminal Strep tag 
was generated by PCR from genomic DNA and inserted into the EcoRI-BamHI 
sites of pASK-IBA5 (IBA). The open reading frame of ECFP was amplified by 
PCR from pECFP (Clonetech) and inserted into the EcoRI site of the above 
plasmid to yield pKSY168 (Strep-CFP-Strep-Sec22p). Plasmid pKSE188 codes 
for the cytosolic domain of Bos1p (Bos1∆C) with an N-terminal His6-tag and was 
generated from a PCR product coding for the cytosolic domain of Bos1p (residues 
1–222) and inserted into pQE-30 (Qiagen). The plasmid encoding the cytosolic 
domain of Sed5p (residues 1–316) with a C-terminal His6-tag and MBP-Ufe1p 
(pKSE136) have been described19,26. The coding sequence for ECFP was gener-
ated by PCR from pECFP-1 and inserted into the BamHI site of pKSE136 to yield 
pKSE203 (MBP-CFP-Ufe1p). The N-terminal domain of Sec12p (residues 1–373) 
without luminal domain was amplified by PCR from genomic DNA and cloned 
into pGEX-6P-1, creating pKSE176 (GST-Sec12∆lum). The coding sequences of 
CFP-Bet1p and CFP-Strep-Sec22p were amplified by PCR from pKSE165 and 
pKSE168, respectively, and inserted into the BglII-HindIII sites of pTU1 contain-
ing the TDH3 promoter-CMK1 terminator on a single-copy plasmid, pRS316. 
The NotI-BglII sites of the above plasmids were ligated with oligonucleotides 
encoding for two repeated HA epitopes to yield pKSY197 (2HA-CFP-Bet1p) and 
pKSY198 (2HA-CFP-Strep-Sec22p), respectively. SEC24 and its flanking regions 
were amplified by PCR from genomic DNA and inserted into the NotI-SmaI 
sites of pYO326. A SphI site was created just before the start codon in the above 
plasmid and the fragment encoding the EYFP with an N-terminal His6-tag was 
inserted into this SphI site to yield pKSY193 (His6-YFP-Sec24p).

Protein expression and purification. 2Strep-CFP-Bet1p, 2Strep-CFP-Bet1p-
LXXAA, and Strep-CFP-Strep-Sec22p were purified from E. coli Rosetta(DE3) 
cells containing the respective plasmids. The cells were cultured at 30 °C and 
induced with tetracycline (200 µg l–1). After 4 h, the cells were collected and 
washed once with buffer A (20 mM HEPES-KOH, pH 8.0, 160 mM KOAc). The 
total membrane fraction was prepared by sonication in lysis buffer (20 mM 
HEPES-KOH, pH 8.0, 160 mM KOAc, 1 mM EDTA) supplemented with a pro-
tease inhibitor cocktail (Roche Complete, EDTA-free) and centrifuged at 200,000g 
r.p.m. (Hitachi P45AT rotor). The membrane was solubilized with 2.5% (w/v) 
N-octyl-β-D-glucopyranoside (OG) in lysis buffer containing a protease inhibi-
tor cocktail at 4 °C for 1 h. After removal of insoluble materials by centrifuga-
tion, the supernatant was incubated with Streptactin-Sepharose beads (IBA) at 
4 °C for 1 h. The beads were washed with buffer A containing 1.25% (w/v) OG, 
and then incubated with 10 mM MgCl2 and 2 mM ATP at 30 °C for 15 min 
to remove DnaK. The beads were then washed with the same buffer, and then 
Strep-tagged protein was eluted with buffer B (20 mM HEPES-KOH, pH 6.8, 
160 mM KOAc) containing 1.25% (w/v) OG and 2.5 mM desthiobiotin. MBP-
CFP-Ufe1p was purified as described19. Sec12∆lum was purified from E. coli 
JM109 cells carrying the plasmid pKSE176. After a 4-h induction with IPTG at 
30 °C, the total membrane fraction was solubilized using the above method. The 
solubilized membrane was mixed with glutathione-Sepharose beads, washed with 
buffer A containing 1.25% (w/v) OG, and then GST-Sec12∆lum was eluted with 
the same buffer containing 10 mM glutathione. The resulting GST-Sec12∆lum 
was incubated with PreScission protease (30 U ml–1) at 4 °C for 3.5 h and then 
desalted using a PD10 column (Amersham Bioscience) equilibrated with buffer B 
containing 1.25% (w/v) OG, followed by incubation with glutathione-Sepharose 
(Amersham Bioscience). Purified Sec12∆lum, which is cleaved from the GST 
moiety, was collected from the flow-through of the glutathione-Sepharose col-
umn. Bos1∆C and Sed5∆C were purified from E. coli JM109 and BL21(DE3) cells, 
respectively. After a 6-h induction with IPTG at 30 °C, the cells were disrupted 
by sonication in 20 mM HEPES-KOH, pH 8.0, 0.5 M KOAc, 10 mM imidazole, 
and 0.2% (w/v) TritonX-100 supplemented with a protease inhibitor cocktail, 
and the lysate was cleared by centrifugation. The supernatant was incubated with 
Ni-NTA Sepharose (Qiagen) at 4 °C for 1 h. The beads were washed with buffer 
20 mM HEPES-KOH, pH 8.0, 0.5 M KOAc, 40 mM imidazole, and 1.25% (w/v) 
OG, and then His6-tagged protein was eluted with the same buffer except 400 mM 
imidazole, followed by desalting with a PD10 column equilibrated with buffer B 
containing 1.25% (w/v) OG. Sar1p30, Sec23/24p7, Sec13/31p31, and MBP-Ufe1p19 
were prepared as described. YFP-Sec24p was coexpressed with Sec23p in KUY211 
(ref. 32). YFP-Sec24/23p was purified by Ni-NTA affinity chromatography fol-
lowed by DEAE chromatography as described for wild-type Sec23/24p7.

Preparation of proteoliposomes. Proteoliposomes were prepared essentially 
as described19. Briefly, phospholipids were mixed with protein in the pres-
ence of OG and proteoliposomes were formed by detergent dialysis, followed 
by flotation in a Nycodenz density gradient. The t-SNARE complexes (CFP-
Sec22p/Bos1∆C, CFP-Sec22p/Sed5∆C, and CFP-Sec22p/Bos1∆C/Sed5∆C) 
were formed by mixing Bos1∆C/Sed5∆C and CFP-Sec22p in ∼6:1 molar ratio 
before dialysis. Equimolar amounts of Sec12 were included in some cases. We 
included fluorescent lipids (2% (mol/mol) NBD-PC and 2% (mol/mol) NBD-
PE) in the proteoliposomes to monitor lipid recovery during preparation of 
the samples. The fluorescence of NBD-phospholipids in the proteoliposomes 
was quantified in the presence of 10% (v/v) TCA to eliminate CFP-derived 
fluorescence. Proteoliposomes used in the FRET assays were prepared from 
the phospholipid mixture in which NBD-phospholipids were substituted for 
corresponding phospholipids without NBD. The phospholipid concentrations 
of these proteoliposomes were estimated by comparing the amplitude of the 
GMP-PNP-induced fluorescence change of Sar1p in the presence of known con-
centrations of phospholipids to its value with proteoliposomes. Size distribu-
tion profiles of the resulting proteoliposomes were measured by dynamic light 
scattering using LB-500 (Horiba) as described19. In certain preparations, the 
resulting proteoliposomes exhibited a mean diameter <100 nm. Ca2+-induced 
fusion was carried out to increase the diameter of these proteoliposomes33. 
Fusion was induced by adding 20 mM CaCl2 at room temperature and allowing 
the solution to stand for 30 min. The fused vesicles were collected by flotation 
followed by ultracentrifugation to recover proteoliposomes. These Ca2+-fused 
proteoliposomes were between 200 to 300 nm in diameter.
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Vesicle budding assay. COPII vesicle budding from microsomes that had been 
salt-washed was carried out as described34. Budding of synthetic COPII vesicles 
from proteoliposomes was carried out as described19, except that 1 mM MgCl2 
was used instead of 1 mM MgOAc.

Bet1p pull-down assays. Proteoliposomes (corresponding to 6 µg ml–1 protein) 
were incubated with Sar1p (15 µg ml–1) and YFP-Sec24/23p (20 µg ml–1) in the 
presence of either GDP or GMP-PNP (0.1 mM) in buffer B containing 1 mM 
MgCl2. After 30 min incubation at 25 °C, the reaction mixture was diluted ten-
fold with buffer A containing 1 mM MgCl2 and 0.8% (w/v) OG, followed by 
centrifugation. The resulting supernatant was mixed with Streptactin-Sepharose 
beads and incubated at 4 °C for 1 h. The beads were washed five times with the 
same buffer and the bound material was eluted with the same buffer containing 
2.5 mM desthiobiotin. Samples were analyzed by SDS-PAGE and immunoblot.

FRET and tryptophan fluorescence measurements. FRET (excitation, 425 nm; 
emission, 530 nm), tryptophan fluorescence (excitation, 298 nm; emission, 
340 nm), and light scattering (350 nm) were measured in a quartz cuvette (total 
volume, 200 µl) with a Hitachi fluorescence spectrophotometer (F-2500) equipped 
with a thermostatically controlled cell holder and magnetic stirrer. Final SNARE 
concentrations ranged from ∼60 to 75 nM at a lipid concentration of 40 µg ml–1 in 
buffer B containing 1 mM MgCl2. At the indicated times, YFP-Sec24/23p (160 nM), 
Sec23/24p (160 nM) or GMP-PNP (0.1 mM) were added to proteoliposomes 
loaded with Sar1p (830 nM). All experiments were done at 25 °C.

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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