construction of affordable, portable optical
imaging systems.
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Requirement for a GTPase-Activating Protein in
Vesicle Budding from the Endoplasmic Reticulum

Tohru Yoshihisa, Charles Barlowe, Randy Schekman

The binding and hydrolysis of guanosine triphosphate (GTP) by the small GTP-binding
protein Sar1p is required to form transport vesicles from the en%oplasmic reticulum (ER)
in Saccharomyces cerevisiae. Experiments revealed that an interaction between Sar1p
and the Sec23p subunit of an oligomeric protein is also required for vesicle budding. The
isolated Sec23p subunit and the oligomeric complex stimulated guanosine triphosphatase
(GTPase) activity of Sar1p 10- to 15-fold but did not activate two other small GTP-binding
proteins involved in vesicle traffic (Ypt1p and ARF). Activation of GTPase was inhibited by
an antibody to Sec23p but not by an antibody that inhibits the budding activity of the other
subunit of the Sec23p complex. Also, activation was thermolabile in pure samples of
Sec23p that were isolated from two independent sec23 mutant strains. It appears that
Sec23p represents a new class of GTPase-activating protein because its sequence shows
no similarity to any known member of this family.

Protein transport between membrane-
bound organelles is mediated by cytosolic
and membrane proteins that facilitate the
formation, targeting, and fusion of small
carrier vesicles (I, 2). An interacting set of
SEC genes contribute to vesicle budding
early in the secretory pathway of S. cerevi-
siae (3). Two of these Sec proteins have
been purified by means of an assay that
reproduces the vesicle-budding event in
vitro (4-7). The first protein, Sarlp, is a
small GTP-binding protein that is represen-
tative of a large class of proteins similar to
Ras that are associated with intracellular
membrane trafic (8-10). The second,
Sec23p, is part of a hetero-oligomeric com-
plex, both subunits of which are required
for vesicle budding in vitro (6). A mamma-
lian homolog of Sec23p has been immuno-
localized to the vesicles, cytoplasm, and
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tubular extensions of the ER transitional
zone adjacent to the Golgi apparatus (11).

We isolated two functional forms of
Sec23p by biochemical complementation of
a sec23 mutant lysate in an assay of ER-to-
Golgi transport. Extracts of cells in which
SEC23 is overexpressed yielded an active
monomeric species and the hetero-oligo-
meric Sec23p complex, whereas extracts of
wild-type cells yielded only the complex
(6). In an effort to identify other factors
that interact with Sec23p, we examined the
effect of excess monomer and complex on
transport vesicle formation in a wild-type
lysate. Briefly, the vesicle budding reaction
measures the transfer of a radioactive secre-
tory glycoprotein, yeast a-factor precursor,
from rapidly sedimenting ER membranes to
slowly sedimenting transport vesicles (4).
The amount of Sec23p in a wild-type lysate
was sufficient for vesicle formation. Howev-
er, addition of excess Sec23p monomer

inhibited budding (Fig. 1A) (12) whereas




excess Sec23p complex had virtually no
effect. Hence, Sec23p monomer titrates a
limiting component in this reaction that is
either not recognized by or not available to
the complex.

Addition of pure Sarlp overcame much
of the inhibitory effect of the Sec23p mono-
mer. Although the rate of vesicle budding
in unsupplemented wild-type reactions was
not limited by the amount of Sarlp (Fig.
1B), the rate of budding, which was re-
duced to 29% of the normal rate by Sec23p
monomer (1.2 uM), was restored to 63% of
normal with a supplement of Sarlp (0.62
uM) (Fig. 1B, hatched bars). Another
small GTP-binding protein, Yptlp, which
is required for the targeting of ER-derived
transport vesicles (4, 13), did not compen-
sate for dose-dependent inhibition by the
Sec23p monomer (14). These results sug-
gest an interaction between Sec23p and
Sarlp.

A
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n
o
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Fig. 1. Effects of excess Sec23p and Sar1p on
vesicle formation. (A) Excess Sec23p monomer
inhibits vesicle formation. Vesicle formation
(measured in percent of normal rate) from the
ER in permeabilized yeast spheroplasts (25-ul
reaction volume) was monitored in the pres-
ence of increasing amounts of Sec23p mono-
mer (circles) or Sec23p complex (triangles) for
30 min at 20°C (4). (B) Inhibition by Sec23p
monomer is suppressed by Sar1p. Vesicle for-
mation reactions were conducted with (hatched
bars) or without (closed bars) 2 wg of Sec23p
monomer (final 1.2 pM) in the presence of
increasing amounts of Sar1p.

The sequence of SEC23 gave no indica-
tion of its role in transport vesicle forma-
tion and in particular shows no relation to
any of the many ancillary factors that influ-
ence GTP hydrolysis or nucleotide ex-
change by small GTP-binding proteins that
are related to Ras (14-17). In spite of its
lack of sequence similarity to GTPase acti-
vation proteins (GAPs), Sec23p monomer
stimulated GTP hydrolysis by Sarlp more
than tenfold (Fig. 2A). Stimulation of
Sarlp GTPase was approximately stoichio-
metric with Sec23p, suggesting a single
turnover rate enhancement. The monomer
form of Sec23p had no intrinsic GTPase
activity and did not activate any such ac-
tivity in association with human myristoyl-
ated ARF (18) or yeast Yptlp (19). The
GTPase-activation activity and biochemi-

12|A

GTP hydrolysis (pmoi/hour)

Sarip

Sec23p
alone,

GDP-bound Sar1p (% initial)

0 10 20 30 40 50
Time (min)

Fig. 2. (A) Stimulation by Sec23p of GTPase
activity caused by Sar1p. GTPase activities of
three GTP-binding proteins (10 pmol each of
Sar1p, human myristoylated ARF, and yeast
Yptip) were assayed in the absence (closed
bars) or presence (hatched bars) of Sec23p
(10 pmol) monomer at 30°C (30). Serving as an
additional control, GTP hydrolysis by Sec23p
alone (70 pmol). (B) The guanidine diphos-
phate (GDP)-GTP exchange on Sar1p is not
stimulated by Sec23p. After incubation with
[BHIGDP (2 wM) in 0.5 ml of binding mixture,
Sarip (0.5 wM) was diluted twofold into a
reaction that contained GTP (0.2 mM) with
(closed squares) or without (open circles)
Sec23p monomer (2 wM); time-dependent re-
lease of [*H]GDP was monitored (7). The time
required for dissociation of half of the GTP from
Sar1p was 8.5 min both in the presence and in
the absence of Sec23p.
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cal complementation of sec23, which was
measured by a mutant transport assay, co-
fractionated throughout the purification of
Sec23p (14). The enhancement of GTP
hydrolysis by Sar1p may be attributed to the
activation of a hydrolytic step, such as is
achieved by GAPs, or to accelerated nucle-
otide dissociation, such as is exhibited by
exchange factors (20). However, dissocia-
tion of [*HJGDP (guanosine diphosphate)
bound to Sarlp was not influenced by
Sec23p (Fig. 2B); hence, Sec23p must be a
member of the GAP family.

The GAP activities of the Sec23p
monomer and Sec23p complex were com-
parable (Fig. 3A). The concentrations of
Sec23p required for half-maximal activa-
tion of Sarlp were 0.16 uM for monomer
and 0.08 uM for complex. These values are
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Fig. 3. The Sec23p subunit of the Sec23p-p105
complex exhibits GAP activity. (A) The Sar1p
GTPase activation by Sec23p monomer and
complex. The GAP activity of the Sec23p mono-
mer (open circles) and complex (closed
squares) was assayed in a 20-ul GTPase assay
mixture that contained 0.5 pM Sari1p in the
presence of increasing amounts of Sec23p for
120 min at 30°C. (B) Activation of GTPase in the
presence of Sec23p and p105 antibodies. The
Sec23p monomer or complex (0.5 wM) was
incubated with Sar1ip (0.5 pM) and with or
without various antibodies. Abbreviations: mo,
Sec23p monomer; co, Sec23p complex; 23,
affinity-purified antibody to native Sec23p (10
ng) (6); 105, affinity-purified antibody to p105
(10 wg) (6); and ¢, preimmune immunoglobulin
G (IgG) (15 ng) (6).
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Fig. 4. Activation of GTPase by Sec23p mono-
mer purified from sec23 mutants. (A) The
sec23-1 and sec23-3 mutant alleles were over-
expressed and mutant monomeric forms of
Sec23p were purified. Assays of GTPase were
conducted with Sar1p (0.5 wM) and monomeric
Sec23p (0.5 pM) for 120 min at various temper-
atures. (B) Activity of Sar1p GTPase measured
in the presence of various concentrations of
wild-type or mutant Sec23p for 120 min at 20°C.
Wild-type Sec23p, circles; Sec23-1p, triangles;
and Sec23-3p, squares.

close to the half-maximal concentration of
the Sec23p complex required to restore
transport in a sec23 mutant lysate (0.05
wM), which suggests a quantitative corre-
lation between the GAP and vesicle bud-
ding activities of Sec23p complex. This
correlation is supported by the selective
effect of inhibitory antibodies on the GAP
activity of the Sec23p complex. A poly-
clonal antibody to Sec23p that inhibits
vesicle budding (6) similarly reduced GAP
activity (Fig. 3B), whereas antibody to the
other subunit of the Sec23p complex
(p105), although a potent inhibitor of
budding (6), had no effect on the GAP
activity (Fig. 3B).

A direct connection between the GAP
and vesicle-budding activities of Sec23p
was addressed by purification and assay of
two thermosensitive mutant forms of the
protein. Four independent alleles of sec23
were cloned; determination of their se-
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quences revealed single missense mutations
throughout the gene: S382L (sec23-1),
G158R (sec23-2), R705M (sec23-3), and
P53S (sec23-4) (21). Two cloned mutant
genes (sec23-1 and sec23-3) were intro-
duced under the control of a regulatable
promoter (GALI) to allow overexpression
and purification of mutant monomeric pro-
teins. Both proteins displayed reduced GAP
activity at temperatures greater than 30°C,
which is in contrast to wild-type Sec23p,
which was optimally active at 37°C (Fig.
4A). At 20°C, the concentration of Sec23-
3p that was required for half-maximal acti-
vation (EC;,) of Sarlp GTPase was close to
the value for wild-type monomer, but the
EC,, for Sec23-1p was higher (Fig. 4B).
This result suggests that Sec23-1p may be
impaired in its interaction with Sarlp.

Our results demonstrate that the Sec23p
is a GAP that operates on the Sarlp
GTPase and not on at least two other small
GTP-binding proteins. The Sec23p shows
no sequence similarity to Ras-GAP (22—
24), K-Rev—-GAP (25), or Bcr-Rac—-GAP
(26). This may be a reflection of Sec23p
selectivity. The direct connection between
GAP activity and vesicle budding confirms
and extends our observation that a nonhy-
drolyzable analog of GTP, GTPyS, delays
vesicle budding from the ER (4, 7).

The other subunit (pl05) associated
with Sec23p is required for vesicle budding
(6) and blocks the toxic effect of excess
Sec23p in the budding reaction (Fig. 1),
but it has no impact on the GAP activity of
Sec23p (Fig. 3A). Perhaps pl05 targets
Sec23p to a membrane binding site that
prevents unregulated interaction with
Sarlp. Thus, the Sec23p complex may
become available to Sarlp when its func-
tion in the promotion of GTP hydrolysis is
needed. Without p105 to direct Sec23p to a
membrane docking site, the intrinsic GAP
activity of Sec23p may be unregulated.
Alternatively, the action of Sec23p upon
Sarlp may influence the effect p105 has in
vesicle budding. Excess Sec23p monomer
might compete with the potentially more
productive interaction between Sarlp and
the Sec23p complex, whereas excess
Sec23p complex would merely exchange
with endogenous complex and would still
play the same role in vesicle budding. Re-
construction of the roles of these purified
proteins in the context of a well-defined
vesicle-budding reaction offers the unique
opportunity to explore the mechanism of
GTP-regulated membrane biogenesis.
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