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Abstract

Although it is well established that the coat protein complex Il (COPII) mediates the transport of proteins and lipids from the
endoplasmic reticulum (ER) to the Golgi apparatus, the regulation of the vesicular transport event and the mechanisms that
act to counterbalance the vesicle flow between the ER and Golgi are poorly understood. In this study, we present data
indicating that the penta-EF-hand Ca?*-binding protein Peflp directly interacts with the COPII coat subunit Sec31p and
regulates COPII assembly in Saccharomyces cerevisiae. ALG-2, a mammalian homolog of Pef1p, has been shown to interact
with Sec31A in a Ca**-dependent manner and to have a role in stabilizing the association of the Sec13/31 complex with the
membrane. However, Pef1p displayed reversed Ca®* dependence for Sec13/31p association; only the Ca**-free form of
Pef1p bound to the Sec13/31p complex. In addition, the influence on COPII coat assembly also appeared to be reversed;
Pef1p binding acted as a kinetic inhibitor to delay Sec13/31p recruitment. Our results provide further evidence for a linkage
between Ca?*-dependent signaling and ER-to-Golgi trafficking, but its mechanism of action in yeast seems to be different
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from the mechanism reported for its mammalian homolog ALG-2.
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Introduction

Membrane trafficking is a fundamental mechanism for com-
munication between distinct membrane-bound organelles within a
cell. Transport vesicles are used for the delivery of a variety of
molecules from one compartment to another. In addition to
delivery of protein molecules, these transport vesicles allow
exchange of membrane lipids between organelles. Thus, size of
the secretory organelle might largely rely on the regulatory
mechanisms of vesicular transport that ensure a proper balance of
membrane input and output at each organelle. The endoplasmic
reticulum (ER)-to-cis-Golgi transport step is mediated by coat
protein complex II (COPII)-coated vesicles in the anterograde
direction, and by COPI-coated vesicles in the retrograde direction
[1], [2]. Therefore, the net flux of membrane into and out of the
ER, for example, would be determined by the rate of vesicular
transport from the ¢is-Golgi, which contributes to input of vesicles,
and the rate of vesicular transport out of the ER, which drives
vesicle export.

Assembly of the COPII coat is initiated by GDP-GTP exchange
on Sarlp catalyzed by the ER-localized transmembrane guanine
nucleotide exchange factor (GEF) Secl2p [3]. GTP binding
induces a conformational change in Sarlp, which then inserts into
the ER membrane [4], [5]. Membrane-bound Sar1p-GTP recruits
the Sec23/24p complex by binding to the Sec23p portion, and
Sec24p captures the cytoplasmically exposed ER export signal of
the transmembrane cargo [6], [7] to form a prebudding complex
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[8]. The Sec23p subunit is the GTPase-activating protein (GAP)
for Sarlp [9], and therefore stimulates Sarlp GTP hydrolysis
upon binding to Sarlp, leading to disassembly of the prebudding
complex [10]. However, even in the presence of ongoing GTP
hydrolysis, binding of Sec23/24p to membranes is stabilized
through interactions with transmembrane cargo proteins and
continual Secl12p-dependent GTP loading on Sarlp [11], [12].
Subsequently, the outer layer of the COPII coat consisting of
Secl3/31p is recruited onto the prebudding complex, which cross-
links adjacent prebudding complexes to drive membrane defor-
mation [13], and eventually, COPII vesicles are produced at the
specific subdomains of the ER known as ER exit sites (ERES) [14],
[15], [16]. The rate of GTP hydrolysis by Sarlp is further
accelerated through the binding of Sec13/31p to the prebudding
complex, which enhances the Sec23p-mediated GAP activity by
an order of magnitude. This activity has been shown to trigger
rapid disassembly of the fully assembled coat in a minimal system
[10]. Additional factors are thought to regulate the Sarlp-GTPase
activity to prevent premature coat disassembly.

While we now know much about the molecular mechanisms of
COPII coat assembly and cargo selection, the physiological and
mechanistic features of regulation of ER-to-Golgi transport is a
relatively unexplored area. Since organelle compartment size and
number have been shown to reflect physiological changes,
including cell growth, differentiation, and response to stress [17],
[18], [19], such compartment homeostasis must be flexible enough
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to allow rapid and reversible changes. Although signaling and
transcriptional events and other higher order processes are
certainly involved, it is not surprising that additional factors
function through direct regulation of COPII assembly to impact
the efliciency of ER export. One such mechanism may be
provided by the penta-EF-hand (PEF) Ca?*-binding protein
apoptosis-linked gene 2 (ALG-2) [20]. Mammalian ALG-2 has
been previously implicated in the modulation of COPII-mediated
trafficking in a Ca**-dependent manner by binding to the COPII
outer shell protein Sec31A at the ERES [21]. Moreover, a recent
study showed that ALG-2 plays an inhibitory role in homotypic
COPII vesicle fusion by stabilizing Sec31A on the vesicles i vitro
[22]. These results may provide a link between Ca®* signaling and
COPII vesicle biogenesis, but its regulatory mechanisms remain
unclear. The Saccharomyces cerevisiae genome encodes a single PEF
family member, Peflp, the function of which has not yet been
properly defined. Since the fundamental components required for
COPII-dependent export from the ER are conserved in yeasts and
mammals, the issue arises whether the yeast homolog of ALG-2
(ie., Peflp) binds Sec31p and contributes to Ca**-dependent
control of COPII-mediated ER-to-Golgi transport in yeast cells.
This study reports data demonstrating the direct involvement of
Peflp in the Ca2+-dependent regulation of COPII subunit
assembly, but in a manner different from that previously observed
with its mammalian homolog ALG-2.

Results

Ca**-free form of Pef1p binds to the Sec13/31p complex

To examine the Ca**-regulated binding of Pef 1p to Sec31p, we
expressed the N-terminally GST-fused Peflp (GST-Peflp) in E.
coli. Afhinity-purified GST-Peflp and control GST immobilized on
glutathione-conjugated beads were incubated with purified Sec13/
31p in the presence of Ca®™ or EGTA. After the beads were
washed, the proteins on the beads were immunoblotted with anti-
Sec31p antibody. As shown in Fig. 1B, GST-Peflp indeed pulled
down the Secl3/31p complex, whereas GST did not. However,
surprisingly, the Ca”" requirement of Peflp for Sec13/31p binding
was found to be completely reversed compared to that observed
with mammalian ALG-2 [21]. The binding occurred specifically in
the presence of EGTA, indicating that the Ca**-free form of Peflp
preferentially binds to the Sec13/31p.

To further confirm the Ca®* requirement for the interaction of
Secl3/31p and Peflp, we determined the ability of Sec13/31p to
bind to a Ca**-binding defective Peflp mutant. Mammalian ALG-
2 loses its Ca®*-binding ability as well as its Sec31A-binding ability
when critical calcium-interacting glutamic acid residues in the first
and third EF-hand motifs were mutated [21], [22]. The
corresponding residues are conserved in the EF1 and EF3 motifs
of yeast Peflp (Fig. 1A). We mutated these residues to alanine
(Peflp-E180/181/248A), and the binding capacity of GST-Peflp-
E180/181/248A to Sec13/31p was measured by pull-down assays
(Fig. 1B). As expected, the GST-Peflp-E180/181/248A mutant
efficiently pulled down Sec13/31p in the presence of EGTA as
well as in the presence of Ca®*, thus confirming that the Ca**-free
form of Peflp specifically recognizes and binds to the Sec13/31p
complex.

Sec31p mediates the binding of Pef1p via its proline-rich
region

The Sec31p protein can be roughly divided into two distinct
domains: the N-terminal WD40 repeat domain essential for

binding to Sec13p and the C-terminal proline-rich region required
for binding to the Sarlp-Sec23p complex (Fig. 2A) [23]. In a
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previous study, mammalian ALG-2 has been shown to interact
with a proline-rich region of mammalian Sec31A [21]. To map
the yeast Sec31p region that is involved in the interaction with
Peflp, we generated deletion mutants of Sec31p as maltose-
binding protein (MBP) fusion proteins (Fig. 2A) and investigated
their interactions with GST-Peflp by GST pull-down assays. The
three fragments, MBP-Sec31(1-490), MBP-Sec31(1-769), and
MBP-Sec31(879-1114) were stably expressed and purified. These
fragments were then mixed with glutathione beads coated with
either GST or GST-Peflp. After extensive washing, the proteins
retained on the beads were subjected to immunoblotting with anti-
MBP antibodies. As shown in Fig. 2B, only the MBP-Sec31(879—
1114) fragment, which corresponds to the proline-rich region, was
able to interact with Peflp. These data demonstrate that the
proline-rich region of the Sec31p subunit plays a key role in the
interaction of the yeast Secl3/31p complex with Peflp, as has
been observed with mammalian ALG-2.

Pef1p slows down Sec13/31p recruitment to the
membrane

To directly determine the functional consequences of the Peflp-
Sec13/31p interaction, we next tested whether the presence of
Peflp affects the recruitment of Secl3/31p to the membrane.
Because the proline-rich region of Sec31 is involved in the
interaction with the Sarl/Sec23 complex [24], it is possible that
the association of Peflp with this region hinders Secl3/31p
recruitment to the membrane. The real-time assembly of
individual COPII coat subunits on chemically defined liposomes
can be monitored and analyzed by light scattering [10]. Binding
and dissociation of the COPII coat components onto liposomes
lead to changes in mass and are detectable by scattered light
intensity. The sequential addition of Sec23/24p and Sec13/31p to
liposomes preloaded with Sarlp-GMP-PNP induced an instanta-
neous increase in the light scattering signal, which corresponds to
the rapid recruitment of each COPII component as previously
reported (Fig. 3). Addition of Sec23/24p in the presence of Peflp
with EGTA also yielded a rapid increase in the light scattering
signal that was almost identical to that observed in the absence of
Peflp, indicating that Peflp has no significant effect on Sec23/24p
recruitment. In contrast, the rate of Secl13/31p recruitment to
Sec23/24p-loaded liposomes was significantly reduced when an
equimolar amount of Peflp to Sec13/31p was present with EGTA
(Fig. 3A). Higher molar ratios of Peflp did not further influence
the rate of Sec13/31p binding (data not shown). It should be noted
that the final plateau yield of the binding signal was similar to that
obtained in the absence of Peflp. These results suggest that the
Ca?"-free form of Peflp binds to the proline-rich region of the
Sec31p subunit in the Sec13/31p complex and slows down, but
does not completely abrogate, Secl13/31p recruitment to the
membrane. Similar results were obtained with the Ca®*-binding
deficient mutant Peflp-E180/181/248A in the absence of EGTA
(Fig. 3B), confirming the Ca?" specificity of this response.

To further evaluate the influence of Peflp binding to the Secl3/
31p complex, we investigated whether the presence of Peflp
affects Sec31p-mediated stimulation of the GAP activity of Sec23p
during COPII assembly. We tested Sarlp GTPase activity in the
presence of Peflp by using a real-time tryptophan fluorescence
assay that monitors the GDP/GTP state of Sarlp (Fig. 4). As
expected, Peflp with EGTA markedly diminished, but did not
completely abolish the Secl3/31p-stimulated GTPase activity of
Sarlp (Fig. 4A), although the presence of Ca** did not significantly
influence the activity (IFig. 4B). These results correlate well with the
data from the light scattering measurements (Fig. 3), which showed
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Figure 1. Ca®"-free form of Pef1p binds to the Sec13/31p complex. (A) Sequence alignment of the penta-EF-hand motifs of S. cerevisiae Pef1p
(residues 155-195 and 227-265) and mouse ALG-2 (residues 24-61 and 93-127) obtained by the CLUSTALW program. Highlighted residues (white
letters on black) indicate amino acids that are identical to those of ALG-2, and grey residues indicate conservation. Arrows indicate the critical calcium
interacting residues E180, E181, and E248. (B) Sec13/31p (80 nM) was incubated with 40 nM of GST, GST-Pef1p, or GST-Pef1p-E180/181/248A in the
presence of EGTA (5 mM) or CaCl, (1 mM) as indicated. The reactions were mixed with glutathione-Sepharose beads. After extensive washing, bound
proteins were eluted and analyzed by SDS-PAGE and immunoblotting with anti-Sec31p antibody.

doi:10.1371/journal.pone.0040765.9001

that Peflp binding does not completely block Secl3/31p
recruitment but serves to significantly slow the process.

Overexpression of Pef1p causes a growth defect, which is
not due to anterograde transport inhibition

To explore the function of Peflp in regulating anterograde
transport i vivo, we placed PEFI or PEFI-E180/181/2484 under
control of the inducible GAL! promoter and determined the effect
of overexpression. A strain carrying a chromosomal deletion of
PEFI was previously found to have no growth defect [25].
Consistent with these data, pefIA cells exhibited a growth rate
comparable to that of the isogenic wild-type strain (Fig. 5A, left
panel). In the case of Peflp or Peflp-E180/181/248A overex-
pression, we observed that increases in galactose concentration
significantly reduced growth rates compared with the wild-type
cells (Fig. 5A, right panel). To determine if the cause of this toxicity
1s related to defective intracellular transport, we monitored
transport of the vacuolar protease carboxypeptidase Y (CPY) as
a marker for early events in the secretory pathway. As shown in
Fig. 5B, overexpression of Peflp or Peflp-E180/181/248A did
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not show accumulation of the ER form of CPY (pl form)
indistinguishable from that of wild-type cells. For comparison, the
delayed trafficking of CPY in cells lacking ZRV29, which encodes a
sorting receptor for CPY export from the ER [26], showed the
accumulation of the pl form of CPY. These findings suggest that
the overexpression of Peflp or Peflp-E180/181/248A does not
block anterograde ER-to-Golgi trafficking, and thus, the growth
defect induced by overexpression of Peflp or Peflp-E180/181/
248A is not simply due to ineffective transport from the ER to the
Golgi apparatus.

Cellular localization of Pef1p in S. cerevisiae cells
Mammalian ALG-2 has been reported to be localized both in
the cytosol and at the ERES via a calcium-dependent association
with Sec31A [21]. To assess the cellular localization of Peflp in
yeast cells, we expressed GFP-tagged Peflp in pefTA cells under the
control of its own promoter on a single-copy plasmid. Plasmid-
borne GFP-Peflp complemented the SDS sensitivity of the pef/A
strain [25], suggesting that this tagged version is functional (data
not shown). We examined the localization of GFP-Peflp by co-
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Figure 2. The proline-rich region of the Sec31p subunit is
involved in the interaction of the Sec13/31p complex with
Pef1p. (A) Schematic representation of the domain structure of Sec31p
and the MBP-Sec31p constructs used to identify the region in Sec31p
required for Peflp binding. Numbers indicate amino acid positions
defining each deletion construct. (B) The truncated MBP-Sec31p
constructs were incubated with GST or GST-Pef1p as indicated. The
reactions were mixed with glutathione-Sepharose beads. After exten-
sive washing, bound proteins were eluted and analyzed by SDS-PAGE
and immunoblotting with anti-MBP antibody. Asterisks denote the
positions of the MBP-Sec31p constructs.
doi:10.1371/journal.pone.0040765.9002

labeling with its binding partner Secl3p-mCherry, which also
marks the ERES [27], [28], [29]. GFP-Peflp was diffusely
localized throughout the cytosol and did not overlap with the
Sec13p-mCherry signal (Fig. 6A). We also observed the localiza-
tion of the GFP-Pefl1p-E180/181/248A mutant in pefIA cells; the
majority of the GFP signal was found in the cytosol, but was not
significantly concentrated at the ERES (Fig. 6B). Together, these
results indicate that the ER exit site is not the major localization
site of Peflp in yeast cells.

Discussion

Our results indeed illustrate that the yeast homolog of ALG-2,
1.e., Peflp, also binds to Sec3lp and modulates COPII coat
assembly. Mammalian ALG-2 has also been shown to interact
with proline-rich regions of Alix/AIP1 [30], [31], annexins VII
and XI [32], and tumor susceptibility gene 101 [33] in a Ca®*-
dependent manner. We demonstrated that Peflp specifically binds
to the proline-rich region of Sec31p (Fig. 2). Thus, the mechanism
of the interaction between Peflp and Sec31p would be similar to
that of other PEF proteins. Nevertheless, the Ca®* dependency for
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Figure 3. Assembly of the COPII coat onto liposomes in the
presence of Peflp. The reaction initially contained liposomes
(100 ug/mL), Sar1p (950 nM), and GMP-PNP (0.1 mM) in the presence
(closed circles) or absence (open circles) of GST-Pef1p (520 nM) (A) or
GST-Pef1p-E180/180/248A (520 nM) (B). EGTA (5 mM) was included in
(A). After preincubation, Sec23/24p (160 nM) and Sec13/31p (260 nM)
were added at the indicated time points, and the light scattering of the
suspension was monitored.

doi:10.1371/journal.pone.0040765.9003

the Sec3lp interaction with Peflp appears to be reversed
compared to that previously reported for the ALG-2/Sec31A
interaction. The results of our pull-down experiments clearly
demonstrated the preferential affinity of Sec31p for Peflp in the
absence of Ca®* (Fig. 1), while ALG-2 has been shown to bind
Sec31A in a calcium-dependent manner. However, the effect on
COPII also seems to be reversed: ALG-2 binding stabilizes the
membrane association of Sec31A, whereas Peflp binding prevents
the membrane recruitment of Secl3/31p. Although sequence
alignment of the C-terminal calcium binding domains of Peflp
shows a high conservation with that of ALG-2, Peflp has a
relatively long N-terminal extension [25], which might potentially
contribute to the difference in their behavior. From these data, we
postulated that the differing Ca®* dependency could be explained
by a different ER-to-Golgi trafficking route between yeasts and
mammals.

In mammalian cells, COPII vesicles that bud from the ER do
not directly fuse to the Golgi apparatus; instead, they are thought
to tether to each other to form pre-Golgi intermediates, also
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Figure 4. GAP stimulation activity of Sec31p in the presence of
Pef1p. The reaction initially contained liposomes (50 ug/mL), Sar1p
(500 nM), GTP (0.1 mM), and either EGTA (5 mM) (A) or CaCl, (1 mM) (B)
in the presence of Sec13/31p (50 nM) (open squares) or both Peflp
(70 nM) and Sec13/31p (50 nM) (closed circles). After preincubation,
Sec23/24p (160 nM) was added at the indicated time point. Transition
of Sar1p from the GTP-bound to the GDP-bound state was monitored
by tryptophan fluorescence of Sar1p at 340 nm.
doi:10.1371/journal.pone.0040765.9g004

termed vesicular tubular clusters (VI'Cs) or ER-Golgi intermediate
compartment (ERGIC). The lumen of the ER and Golgi contain a
high concentration of free Ca?* due to Ca**-ATPase pump
activity [34], [35], and the cytoplasmic Ca®" concentration
immediately adjacent to the membranes of these organelles is
reported to be relatively high, possibly because of nonspecific basal
leakage of luminal Ca®* [36], [37]. However, since Ca®*-ATPases
are not incorporated into COPII vesicles, pre-Golgi intermediates
exhibit lower Ca®" signatures [38]. With these features, ALG-2
may stabilize the Secl3/31p coat at ER exit sites via a Ca”*-
dependent interaction to promote COPII coat assembly, while
simultaneously encouraging coat disassembly before vesicle fusion
with the Ca**-poor pre-Golgi intermediates.

In contrast, COPII vesicles in yeasts are thought to tether and
directly fuse with the c¢is-Golgi. From this picture, if Peflp in S.
cerevisiae had the same Ca”" dependence as ALG-2 and behaved as
it does in mammalian cells, then Peflp would inhibit the
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Figure 5. Pef1lp overexpression causes defects in yeast cell
growth, but does not affect anterograde transport. (A) Isogenic
wild-type (BY4741) or peflA cells transformed with GALT-PEF1
constructs or vector (pYES2) as indicated were grown to saturation at
30°C, adjusted to an ODgqgo of 0.5, and 5 uL of a 10-fold dilution series
was spotted onto selective plates containing 2% glucose (left panel) or
2% galactose (right panel). (B) Wild-type and peflA cells transformed
with the same plasmids as in (A) were grown at 30°C to log phase in
selective media supplemented with 2% glucose (left panel) or 2%
galactose (right panel) to induce overexpression of the indicated Pef1p
forms. Equal amounts of whole cell extracts were subjected to
immunoblotting with anti-CPY antibody. The erv29A strain was used
as a control. The ER (p1) and mature (m) forms of CPY are indicated.
doi:10.1371/journal.pone.0040765.9g005
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Figure 6. Cellular localization of Peflp. Log-phase cultures of
pefl A mutant cells co-expressing Sec13p-mCherry and either GFP-Pef1p
(A) or GFP-Peflp-E180/181/248A (B) were visualized by confocal
microscopy. The panels on the right show merged fluorescence images.
Scale bars, 5 um.

doi:10.1371/journal.pone.0040765.g006
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dissociation of the outer Secl3/31p coat from COPII vesicles at
the surface of ¢is-Golgi membranes. However, our i vitro binding
experiments showed that Peflp requires low calcium levels for
Sec31p binding, and thus, Peflp in yeast may not act at the
membrane surface of these Ca?*-rich organelles. Instead, the low
concentration of calcium in the cytosol area could promote Peflp
binding to Sec13/31p. Consistent with this hypothesis, we found
that GFP-Peflp exclusively localizes to the cytosol (Fig. 6). Recent
work suggests that the inner COPII coat, i.e., the Sec23/24p
complex, directly participates in tethering COPII vesicles to the
Golgi membranes by binding directly to a component of the
tethering complex TRAPP, and therefore, it would be released
only after delivery of vesicles to the Golgi compartment [39]. In
contrast to the inner layer coat, disassembly of the outer COPII
coat Secl3/31p does not necessarily occur after vesicle tethering.
Therefore, it is possible that Peflp binding to Sec13/31p in the
cytosol would tend to discourage back-recruitment of Sec13/31p
that had been released from the COPII vesicles, although the
timing of Sec13/31p disassembly and i vivo triggers for uncoating
still remain unknown. Given these assumptions, perhaps the
failure to exhibit severe ER-to-Golgi transport defects in the
presence of excess Peflp is not surprising (see below).

We observed that overexpression of either wild-type Peflp or
the Peflp-E180/181/248A mutant from the GALI! promoter
resulted in growth inhibition, but had no effect on ER-to-Golgi
transport (Fig. 5). These findings suggest that excessive levels of
Peflp may influence steps other than ER-to-Golgi transport.
Penta-EF-hand proteins have been shown to participate in a
variety of calcium-dependent processes in vertebrates [20]. Peflp
is the only PEF family protein found in the budding yeast S.
cerevisiae, and is likely to play multiple roles in the control of cellular
physiology, such as polar bud growth and cell wall abscission [25].
Therefore, we reasoned that the mechanism of the overexpression
phenotype of Peflp might be that the proper balance of
components required for these cellular processes was changed,
which limits our ability to further examine the contribution of
Peflp to intracellular transport i vivo. Although we have shown
here that the Ca**-free Peflp-E180/181/248A mutant constitu-
tively binds to the Secl13/31p complex, overexpression of this
mutant did not prevent i vivo ER-to-Golgi transport. This result is
quite plausible because our light-scattering assays demonstrated
that the Peflp-E180/181/248A mutant delays, rather than blocks,
the recruitment of Sec13/31p (Fig. 3), and this mutant is likely to
act as a kinetic inhibitor in this reaction. These data are consistent
with our results that, unlike ALG-2, GFP-Peflp-E180/181/248A
did not colocalize with Secl3p-mCherry at the ERES (Fig. 6).

Definition of the precise function of Peflp in yeast cells will
clearly require further experimentation, but Peflp is the first coat-
binding protein that negatively regulates coat assembly. The
kinetic inhibition of Sec13/31p recruitment may represent a novel
regulatory mechanism controlling the rate of ER-to-Golgi
transport. Comprehending these refinements and additional levels
of control is crucial to our understanding of the molecular basis of
ER export in the context of the entire secretory pathway.

Materials and Methods

Yeast strains and plasmids

S. cerevisiae strains used in this study were BY4741 (MATa his3A1
leu2 A0 metl5AO wra3A0) and BY4741 pefl::KanMX6 (Research
Genetics). Unless otherwise noted, cultures were grown at 30°C in
YPD medium (1% Bacto-yeast extract (Difco Laboratories, Inc.),
2% polypeptone (Nihon Seiyaku), and 2% dextrose)) MVD
medium (0.67% yeast nitrogen base without amino acids (Difco
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Laboratories, Inc.), and 2% dextrose), or MCD medium, which is
MVD containing 0.5% casamino acids, supplemented appropri-
ately. The coding sequence of Peflp was generated by PCR from
S. cerevisiae genomic DNA and inserted into the Sa/l-Notl sites of the
Escherichia coli expression vector pGEX-4T-1 (GE Healthcare),
yielding pMY3 (GST-Peflp). The triple mutations to alanine at
positions 180/181/248 (E180/181/248A) were introduced into
the gene of GST-Peflp in plasmid pMY3 by using primer-directed
mutagenesis, yielding pMY14. The coding sequences of truncated
Sec31p (residues 1-490, residues 879-1114, or residues 1-769)
were amplified by PCR from genomic DNA and inserted into the
BamHI-HindIIl sites of the E. coli expression vector pMAL-c2x
(New England BioLabs), yielding pMY11 (MBP-Sec31(1-490)),
pMY12 (MBP-Sec31(879-1114)), and pMY13 (MBP-Sec31(1-
769)), respectively. The coding sequence of the PEFI gene,
together with 400 bp upstream and downstream, was amplified
from genomic DNA by PCR and inserted into the Sal site of
pRS316, yielding pMYy10. The E180/181/248A mutations were
introduced into the PEFI gene in the pMYyl0 plasmid by using
primer-directed mutagenesis, yielding pMYyl3. A Sphl site was
created just before the start codon in pMYy10 and pMYy13, and
the fragment encoding AcGFP, which was PCR-amplified from
pAcGFPI1 (Clonetech), was inserted into these Sphl sites to yield
pMYyl3 (GFP-Peflp) and pMYyl4 (GFP-Peflp-E180/181/
248A). The coding sequences of PEFI and PEFI-E180/181/
2484 were amplified by PCR from pMYyl0 and pMYyl3,
respectively, and inserted into the HindllI-Nod sites of pYES2
(Invitrogen) downstream of the GALI promoter, yielding pMYy19
and pMYy20, respectively. The coding sequence of the SECI3
gene, together with upstream and downstream sequences, was
amplified from genomic DNA by PCR and inserted into the Sacl-
Xhol sites of pRS315. A BamHI site was created just before the stop
codon, and the fragment encoding mCherry, which was PCR-
amplified from pmCherry (Clontech), was inserted into this BamHI
site to yield pSEC13-5G-mCherry.

Protein expression and purification

Sarlp, Sec23/24p, and Sec13/31p were prepared as previously
described [11]. GST-Peflp and GST-Peflp-E180/181/248A
were purified from E. coli JM109 cells carrying the pMY3 and
pMY14 plasmids, respectively. The cells were cultured at 25°C
and induced with isopropyl-1-thio-B-D-glucopyranoside (IPTG; 1
mM) overnight. The cells were collected and washed with buffer A
(20 mM HEPES-KOH, pH 8.0, 160 mM potassium acetate). The
total cell lysate was prepared by sonication in lysis buffer (20 mM
HEPES-KOH, pH 8.0, 160 mM potassium acetate, 0.2% (w/v)
Triton X-100, 1 mM MgCly) supplemented with a protease
inhibitor cocktail (Roche Complete, EDTA-free). After removal of
msoluble materials by centrifugation, the supernatant was
incubated with glutathione-Sepharose beads (GE Healthcare) at
4°C for 1 h. The beads were washed with buffer A, and then
GST-Peflp or GST-Peflp-E180/181/248A were eluted with
10 mM glutathione in buffer A. MBP-fused truncated Sec31p
proteins were purified from E. coli C41(DE3) cells carrying the
pMY11, pMY12, or pMY13 plasmids. After a 4-h induction with
IPTG (1 mM) at 30°C, the total cell lysate was prepared using the
above method, except that buffer B (20 mM HEPES-KOH,
pH 8.0, 160 mM potassium acetate, > mM EDTA) was used
mstead of buffer A. The cleared lysate was mixed with amylose
resin (New England BioLabs), washed with buffer B, and then
MBP-Sec31p fragments were eluted with buffer A containing
30 mM maltose.
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Preparation of liposomes

Major-minor mix liposomes [40] were prepared as previously
described [41]. Briefly, phospholipids were mixed with octylgluco-
side, and liposomes were formed by detergent dialysis, followed by
flotation in a Nycodenz density gradient.

Pull-down assays

GST-Peflp or GST-Peflp-E180/181/248A (40 nM) was mixed
with Sec13/31p (80 nM) or MBP-Sec31p fragment (80 nM) in
400 uL. of binding buffer C (20 mM HEPES-KOH, pH 8.0,
160 mM potassium acetate, 0.1% (w/v) Triton X-100) in the
presence of either CaCly (1 mM) or EGTA (5 mM) and incubated
with glutathione-Sepharose beads at 4°C for 2 h. The beads were
washed three times with the same buffer, and the bound material
was eluted with 10 mM glutathione in buffer C in the presence of
either CaCly (I mM) or EGTA (5 mM). Samples were analyzed
by SDS-PAGE and immunoblotting.

Tryptophan fluorescence and light scattering
measurements

Tryptophan fluorescence (excitation, 298 nm; emission,
340 nm) and light scattering (A =350 nm) were measured in a
quartz cuvette (total volume, 200 uL) with a Hitachi fluorescence
spectrophotometer (F-2500) equipped with a thermostatically
controlled cell holder and magnetic stirrer [42]. Reactions were
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performed in buffer containing 20 mM HEPES-KOH, pH 6.8,
160 mM potassium acetate, and 1 mM MgCl,. All experiments
were performed at 25°C.

Microscopy

Yeast cells expressing AcGFP- or mCherry-fused proteins were
grown to the mid-log phase. Fluorescence microscopy observation
was carried out using an Olympus IX71 microscope equipped
with a GSU10 spinning-disk confocal scanner (Yokogawa Electric
Corporation) and an electron multiplying charge coupled device
camera (iXon, DU897, Andor Technology). The acquired images
were analyzed by Andor iQ) (Andor Technology). In this setting, a
473 nm solid-state laser (Showa Optronics, JO50BS) was used to
excite AcGFP and mCherry at 561 nm (Jive, Cobolt).
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