
Molecular Biology of the Cell
Vol. 12, 221–238, January 2001

Multiple Roles of Arf1 GTPase in the Yeast Exocytic
and Endocytic Pathways
Natsuko Yahara, Takashi Ueda, Ken Sato, and Akihiko Nakano*

Molecular Membrane Biology Laboratory, RIKEN, 2-1 Wako, Saitama 351-0198, Japan

Submitted May 5, 2000; Revised October 25, 2000; Accepted October 31, 2000
Monitoring Editor: Randy W. Schekman

ADP-ribosylation factors, a family of small GTPases, are believed to be key regulators of intra-
cellular membrane traffic. However, many biochemical in vitro experiments have led to different
models for their involvement in various steps of vesicular transport, and their precise role in living
cells is still unclear. We have taken advantage of the powerful yeast genetic system and screened
for temperature-sensitive (ts) mutants of the ARF1 gene from Saccharomyces cerevisiae. By random
mutagenesis of the whole open reading frame of ARF1 by error-prone PCR, we isolated eight
mutants and examined their phenotypes. arf1 ts mutants showed a variety of transport defects and
morphological alterations in an allele-specific manner. Furthermore, intragenic complementation
was observed between certain pairs of mutant alleles, both for cell growth and intracellular
transport. These results demonstrate that the single Arf1 protein is indeed involved in many
different steps of intracellular transport in vivo and that its multiple roles may be dissected by the
mutant alleles we constructed.

INTRODUCTION

ADP-ribosylation factors (Arfs) constitute a ubiquitous sub-
family of the small GTPases in eukaryotes, which were
originally identified in animal cells as cofactors of the chol-
era toxin-catalyzed ADP ribosylation of Gsa in vitro (Schle-
ifer et al., 1982; Kahn and Gilman, 1984). They are now
recognized as essential components in vesicular trafficking
pathways. A number of studies have led to the model that
Arf regulates the cycle of budding driven by coatomer
(COPI coat protein complex). Orci et al. (1986) proposed a
role of coatomer in the anterograde traffic within the Golgi
complex, and Arf itself was purified as an inhibitory factor
of intra-Golgi transport in the presence of a nonhydrolyz-
able analogue of GTP (Serafini et al., 1991; Taylor et al., 1992).
However, many recent lines of evidence indicate that Arf
proteins can regulate the formation of vesicles involved in a
wide variety of transport steps. Letourneur et al. (1994)
showed that the COPI complex, including Arf, plays an
essential role in the Golgi-to-endoplasmic reticulum (ER)
retrieval pathway by the following two lines of evidence.
First, COPI physically interacts with the dilysine ER re-

trieval motif in vitro (Cosson and Letourneur, 1994). Second,
yeast cells with a mutation in subunits of COPI showed a
defect in the retrieval of dilysine-tagged proteins back to the
ER (Letourneur et al., 1994; Cosson et al., 1996). On the other
hand, evidence also exists supporting a role for Arf in the
ER-to-Golgi anterograde transport. For example, mutants of
mammalian Arf1 restricted to the GDP- or GTP-bound form
inhibit ER-to-Golgi transport in vitro (Rowe et al., 1996).
Bednarek et al. (1995) showed that purified COPI and Arf
can promote vesicle budding from the ER in vitro. Further-
more, some studies have shown that Arf is also involved in
the transport reactions along the endocytic pathway (Len-
hard et al., 1992; D’Souza-Schorey and Stahl, 1995; Gaynor et
al., 1998). There is also evidence that Arf regulates four
adaptin complexes, AP-1 (Stamnes and Rothman, 1993;
Traub et al., 1993), AP-2 (West et al., 1997), AP-3 (Ooi et al.,
1998), and AP-4 (Hirst et al., 1999).

Despite many experiments performed, the understanding
about the role of Arf is still confusing and has often been a
subject of controversy. Does Arf indeed play various roles in
many different steps of intracellular transport in living cells?
Does Arf itself manage all of these reactions? We have to
point out that in vivo information about Arf is very limited
to answer these questions. This is in striking contrast to Sar1
GTPase (Nakano and Muramatsu, 1989), a relative of Arf
proteins, which plays an essential role exclusively in the
ER-to-Golgi anterograde traffic by virtue of the assembly of
another coat protein complex, COPII, on the ER membrane
(Barlowe et al. 1994; Oka and Nakano, 1994). Temperature-
sensitive (ts) mutants of SAR1 have been quite useful for the
analysis of its in vivo roles (Nakano et al., 1994; Yamanushi
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et al., 1996; Saito et al., 1999). In the case of Arf, however, only
one ts mutant allele of ARF1, arf1-3, has been well charac-
terized thus far (Zhang et al., 1998). If Arf1p itself in fact
regulates multiple transport steps, various mutants that are
defective in particular vesicular transport reactions may be
isolated.

In the present study, we have made use of the powerful
yeast genetic system and isolated additional eight ts alleles
of ARF1. In vivo analysis of these mutants has provided
important hints for understanding the multiple functions of
Arf in the cell.

MATERIALS AND METHODS

Strains, Plasmids, and Media
Yeast cells were grown in YPD (1% [wt/vol] Bacto yeast extract
[Difco Laboratories, Detroit, MI], 2% [wt/vol] polypeptone [Nihon
Seiyaku, Tokyo, Japan], and 2% [wt/vol] glucose) or in MVD (0.67%
yeast nitrogen base without amino acids [Difco Laboratories] and
2% glucose) medium supplemented appropriately. MCD medium is
MVD containing 0.5% casamino acids (Difco Laboratories). Yeast
single-copy plasmids, pRS314 and pRS316, and replication plas-
mids, pJJ215 and pASZ10, have been described elsewhere (Sikorski
and Hieter, 1989; Jones and Prakash, 1990; Stotz and Linder, 1990).
pNY16-A1 was generated by cloning the 1.8-kb EcoRI-PstI fragment
of the wild-type ARF1 into pRS316. pNY14-A1S was constructed by
inserting the 1.7-kb NheI-PstI fragment of the wild-type ARF1 into
the multicloning sites of pRS314, and one base substitution adjacent
to the start codon of ARF1 was introduced to produce an EcoRI site
by site-directed mutagenesis. This construct was confirmed for its
ability to complement arf1 null strains. pSKY5RER1-0 is a single-
copy plasmid expressing a green fluorescent protein (GFP)-Rer1p

protein, in which EGFP1 (CLONTECH, Palo Alto, CA) is fused to
the N terminus of Rer1p (Sato et al., 1995), under control of the
TDH3 promoter. Saccharomyces cerevisiae strains used in this study
are listed in Table 1. To examine intragenic complementation, arf1 ts
mutants were crossed as follows. MATa and MATa cells of each
mutant were transformed with pRS314 and pRS316, respectively,
crossed with each other, plated on YPD for 12 h, and then streaked
on MCD (2Ura, 2Trp) plates to select diploids.

PCR Mutagenesis
To screen for ts alleles, the whole open reading frame (ORF) of the
ARF1 gene was randomly mutagenized by the error-prone PCR
method. The fidelity of PCR was reduced by increasing the concen-
tration of MnCl2 in the reaction mixture as previously described
(Cadwell et al., 1992). The region containing the wild-type ARF1
gene in pNY14-A1S was replaced with the mutated fragment by
EcoRI and AflII digestion. To observe the phenotypes of mutant
ARF1 on the plasmid, it was necessary to disrupt both ARF1 and
ARF2 in chromosomes because these genes are functionally redun-
dant. We constructed deletion-insertion mutations in ARF1 and
ARF2, by inserting the 1764-bp BamHI fragment of pJJ215 containing
HIS3 into the XbaI-NcoI sites of ARF1 and the XbaI-XbaI sites of
ARF2, respectively. The obtained Darf1 Darf2 double-null mutant,
whose growth depends on the wild-type ARF1 on a URA3-based
plasmid, was named NYY539. NYY539 strain was transformed with
the obtained library of mutagenized ARF1. The transformants were
plated on the medium containing 5-fluoroorotic acid to get rid of the
wild-type ARF1, checked for temperature sensitivity, and selected.

To stably observe the phenotypes of arf1 ts mutants, each mutant
copy of arf1 was integrated into the chromosomal ADE2 site. The
NheI-SalI fragments of ARF1 and mutant arf1 genes were subcloned
into the EcoRI site of pASZ10. The resulting plasmids were digested
with HpaI and introduced into NYY539. Ade1 transformants were

Table 1. Yeast strains used in this study

Strain Genotype Source

YPH499 MATa ura3 lys2 ade2 trp1 his3 leu2 Sikorski et al., 1989
YPH501 MATa/MATa ura3/ura3 lys2/lys2 ade2/ade2 trp1/trp1 his3/his3 leu2/leu2 Sikorski et al., 1989
NYY539-1 MATa arf1<HIS3 arf2<HIS3 ura3 lys2 ade2 trp1 his3 leu2 [pNY16-A1] This study
NYY539-2 MATa arf1<HIS3 arf2<HIS3 ura3 lys2 ade2 trp1 his3 leu2 [pNY16-A1] This study
NYY0-1 MATa ade2<ARF1<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY0-2 MATa ade2<ARF1<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY11-1 MATa ade2<arf1-11<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY11-2 MATa ade2<arf1-11<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY12-1 MATa ade2<arf1-12<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY12-2 MATa ade2<arf1-12<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY13-1 MATa ade2<arf1-13<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY13-2 MATa ade2<arf1-13<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY14-1 MATa ade2<arf1-14<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY14-2 MATa ade2<arf1-14<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY15-1 MATa ade2<arf1-15<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY15-2 MATa ade2<arf1-15<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY16-1 MATa ade2<arf1-16<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY16-2 MATa ade2<arf1-16<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY17-1 MATa ade2<arf1-17<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY17-2 MATa ade2<arf1-17<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY18-1 MATa ade2<arf1-18<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
NYY18-2 MATa ade2<arf1-18<ADE2 arf1<HIS3 arf2<HIS3 ura3 lys2 trp1 his3 leu2 This study
SEY5016 MATa sec1-1 ura3 leu2 Scott Emr
MBY3-15A MATa sec13-1 ura3 leu2 his3 Nakano et al., 1989
YW10-2B MATa slp1<LEU2 ade2 Wada et al., 1990
KUY166 MATa vps1<HIS3 ura3 lys2 ade2 trp1 his3 leu2 Umebayashi and Nakano, unpublished
SNH23-7D MATa rer2-2 mfa1<ADE2 mfa2<TRP1 bar1<HIS3 ade2 trp1 his3 leu2 ura3 lys2 Sato et al., 1999
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picked up, plated on the medium containing 5-fluoroorotic acid,
and selected. These stains were confirmed for the integration by
genomic Southern blotting with the ECL gene detection systems
(Amersham, Tokyo, Japan).

Antibodies and Immunoblotting
The antibody recognizing Arf1p was raised in a rabbit by using a
C-terminal peptide CATSGEGLYEGLEWL as an antigen as previ-
ously described (Stearns et al., 1990). Rabbit anti-carboxypeptidase Y
(CPY) polyclonal antibody was prepared as described previously
(Stevens et al., 1982). Invertase antisera were kind gifts from Nobu-
hiro Nakamura and Katsuyoshi Mihara of Kyushu University
(Fukuoka, Japan) and from Erin Gaynor and Scott Emr of the
University of California, San Diego. Vacuolar alkaline phosphatase
(ALP) and immunoglobulin heavy-chain–binding protein (BiP) an-
tibodies were gifts from Yoh Wada of Osaka University (Osaka,
Japan) and Masao Tokunaga of Kagoshima University (Kagoshima,
Japan), respectively. Colony immunoblotting to examine the secre-
tion of CPY and BiP was performed as described previously (Rob-
erts et al., 1991).

Cell Labeling and Immunoprecipitation
Metabolic labeling of yeast cells, preparation of cell extracts, and
immunoprecipitation were performed essentially as previously de-
scribed (Rothblatt and Schekman, 1989; Nishikawa and Nakano,
1991; Gaynor and Emr, 1997; Peyroche et al., 1999). Briefly, log-phase
yeast cells were labeled with 25 mCi of Tran35S-label (ICN Biochemi-
cals, Costa Mesa, CA) per 1 3 107 cells and chased for appropriate
times. Objective proteins were recovered from cell lysates by im-
munoprecipitation and resolved on SDS-polyacrylamide gels. The
gels were treated with Amplify (Amersham), dried, and fluoro-
graphed. Radioimages were observed with an image analyzer BAS-
2500 (Fuji Film, Tokyo, Japan). To assay internal and external inver-
tase, cells were converted to spheroplasts with Zymolyase
(Seikagaku Kogyo, Tokyo, Japan; 25 U/ml cell suspension) and
incubated at 30°C for 30 min. After pulse-chase, cell suspensions
were centrifuged and separated into spheroplasts and media as
intracellular and extracellular fractions, respectively. To assay total
proteins secreted to the medium, cells were labeled in media con-
taining 100 mg/ml a2-macroglobulin and 300 mg/ml bovine serum
albumin. Media proteins were precipitated by the addition of tri-
chloroacetic acid (TCA) to the final concentration of 10% (wt/vol),
kept on ice for 20 min, and centrifuged at 16,000 rpm for 5 min. After
the wash, once with cold 5% (wt/vol) TCA and twice with cold
acetone, pellets were solubilized in SDS-PAGE sampling buffer
containing 5% b-mercaptoethanol, boiled, and cleared by centrifu-
gation at 16,000 3 g for 10 min. Proteins equivalent to 2.5 3 106 cells
were analyzed by SDS-PAGE with a 7.5% polyacrylamide gel.

Electron Microscopy
Preparation of thin sections of yeast cells was carried out by the
freeze-substitution fixation method as described by Sun et al. (1992).
After brief centrifugation of cultures, pellets of cells were mounted
on copper meshes to form a thin layer and plunged into liquid
propane. Frozen cells were transferred to 4% OsO4 in anhydrous
acetone that had been precooled in a dry ice/acetone bath and kept
at 280°C for 48 h. Samples were held at 220°C for 2 h, at 4°C for 2 h,
and then at room temperature for 2 h. After a wash with anhydrous
acetone, samples were embedded in Spurr’s resin (Nisshin EM,
Tokyo, Japan). Thin sections were stained with uranyl acetate and
lead citrate and observed under a JEM-2000FXII electron micro-
scope ( JEOL, Tokyo, Japan).

Fluorescence Microscopy and Image Processing
Cell labeling with FM4-64 (Molecular Probes, Eugene, OR) was
performed as described previously (Vida and Emr, 1995; Gaynor et

al., 1998). Cells were grown to a logarithmic phase in YPD medium
at 23°C, and then half of the culture was shifted to 37°C and
incubated for an additional 1 h. Cells were harvested and resus-
pended at ;2 3 108/ml in YPD medium prewarmed to 23 or 37°C
and incubated for 10 min. FM4-64 was added to the final concen-
tration of 50 mM from a stock solution of 2 mM in dimethyl sulfox-
ide, and after incubation for another 10 min, the cells were har-
vested and resuspended in fresh prewarmed medium and the
incubation continued. Images of the cells were acquired with a
fluorescence microscope, BX60 (Olympus, Tokyo, Japan), at ;15–20
min and 1 h after the addition of fresh medium. GFP-RER1-express-
ing cells were grown to a log phase, preincubated at 23 or 37°C for
30 min, and subjected to microscopic observation. When images
were to be obtained at 37°C, the temperature on the stage of the
microscope was carefully controlled with a stage incubator (Tokai
Hit, Shizuoka, Japan). Confocal digital images were acquired using
a CSU10 confocal system (Yokogawa Electric, Tokyo, Japan) con-
trolled and analyzed by IPLab Spectrum software (Scanalytics, Fair-
fax, VA).

RESULTS

Isolation of arf1 ts Mutants
S. cerevisiae has three isotypes of Arf proteins (Arf1p, Arf2p,
and Arf3p). Arf1p and Arf2p are 96% identical in amino acid
sequence and are thought to be redundant in function by the
following two lines of evidence. First, cells disrupted for
either ARF1 or ARF2 are viable, but the deletion of the both
is lethal, indicating that this pair of genes provides essential
function(s) that cannot be carried out by ARF3. Second, the
increase of the ARF2 level was sufficient to complement the
phenotypes of Darf1 (slow growth, cold sensitivity, and flu-
oride supersensitivity). The level of protein produced from
ARF1 is ;10-fold higher than that from ARF2, which ex-
plains why Darf2 displays no growth phenotype (Stearns et
al., 1990). The third Arf protein, Arf3p, is structurally distant
from Arf1p/Arf2p; its deletion by itself or in combination
with Darf1 or Darf2 is viable, and Darf3 cells do not show a
severe defect of protein transport (Lee et al., 1994). Thus, we
decided to focus on Arf1p and examine the effect of muta-
tions in ARF1 with the deletion of ARF2.

To screen for ts alleles, we used the error-prone PCR
method and randomly mutagenized the whole ORF of the
ARF1 gene. The mutated gene was introduced to yeast cells
under the Darf1 Darf2 background. Among 2000 colonies we
screened, 11 gave a ts phenotype reproducibly. Plasmids
were recovered and subjected to determination of the mu-
tation points in DNA and amino acid sequences. Most of the
ts plasmids had more than one mutation in the ARF1 ORF.
To examine which mutation gave the ts phenotype, we
separated the mutations by restriction enzyme digestions
and tested the ts growth again.

As shown in Table 2, six single mutations in ARF1 (arf1-12,
arf1-13, arf1-14, arf1-15, arf1-17, and arf1-18) conferred ts
growth to cells under the Darf1 Darf2 background. In the
cases of arf1-11 and arf1-16, the original double and triple
mutations gave greater temperature sensitivity than the sin-
gle mutations. We selected these alleles as well and analyzed
the total eight ts mutants further. In all experiments hereaf-
ter, we used strains in which ARF1 and ARF2 loci were
disrupted, and one of the eight ts mutant arf1 alleles was
integrated at the ADE2 locus in the chromosome. The wild-
type ARF1 was also integrated at the ADE2 locus in the same
background and was always used as a control to exclude the
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possibility that the disruption of ARF2 had any effect. The
growth of these mutant cells on plates at various tempera-
tures is summarized in Table 2. Although the degree of
temperature sensitivity differs, they all ceased growth al-
most completely at 37°C.

The mutation points of the eight ts mutants are shown in
Table 2. It should be noted that arf1-11 contains the two
point mutations that are present in arf1-12 (K38T) and arf1-13
(L173S) plus E132D. The E132D mutation is not silent be-
cause the triple mutant showed much clearer ts growth than
the K38T L173S double mutant. The D129E mutation in
arf1-16 (E41V D129E) is not silent either because arf1-16 is
much tighter than arf1-17 (E41V alone). Immunoblotting
analysis with the anti-Arf1p antibody indicated that the
products of the mutant arf1 genes were stable up to at least
3 h after a temperature shift to 37°C (Yahara and Nakano,
unpublished data). Cell viabilities of two tight alleles, arf1-11
and arf1-16, decreased quickly at 37°C (;50% at 4 h). Other
alleles remained 40–60% viable at 37°C for 24 h. All of these
arf1 ts alleles were recessive to the wild type, because the
heteroallelic diploids constructed between any arf1 mutant
and wild-type cells grew at 37°C, and a single-copy plasmid
of wild-type ARF1 rescued the ts growth of all arf1 mutants
(Yahara and Nakano, unpublished data).

The mutation points in the amino acid sequence that cause
ts phenotype by a single mutation are mapped in Figure 1
with a comparison of Arf sequences from various organ-
isms. All of them were on well-conserved residues.

Analysis of Protein Transport in arf1 ts Mutants
The first question we wanted to address concerning these
arf1 mutants was whether any of them show a particular
transport defect when the cells were shifted to the restricted
temperature. By looking at various types of marker mole-
cules, we examined protein transport in vacuolar, secretory,
and endocytic pathways as follows.

Intracellular Transport of CPY and ALP
(ER3Golgi3Vacuole). First, we performed pulse-chase
experiments on a vacuolar soluble protein, CPY, to analyze

the anterograde transport from the ER via the Golgi appa-
ratus to the vacuole. The fate of CPY in the biosynthetic
pathway has been very well characterized; the ER form (p1)
with core oligosaccharides is modified to the Golgi form (p2)
by elongation of sugar chains and finally converted to the
mature form in the vacuole by proteolytic processing
(Stevens et al., 1982). Wild-type and mutant cells were pre-
incubated at the permissive (23°C) or restricted (37°C) tem-
perature for 30 min and subjected to 35S-pulse–labeling and
chase at the same temperature. CPY was recovered by im-
munoprecipitation and analyzed by SDS-PAGE and fluorog-
raphy. As shown in Figure 2A, the conversion of CPY from
p1 through p2 to the mature form (m) was completed much
earlier than 60 min in controls (the wild-type cells [WT] and
the integrant of wild-type ARF1 in the Darf1 Darf2 back-
ground [Darf2]). In arf1-13, arf1-14, arf1-16, and arf1-17 al-
leles, the transport of CPY was partially delayed at the
restrictive temperature (37°C), as seen by the residual p1 and
p2 forms at 60 min. The mature form appeared to be under-
glycosylated in these alleles, especially in arf1-16 and arf1-17.
Interestingly, arf1-11 cells showed an almost complete block
in the p1 stage at 37°C. This accumulating p1 CPY was not
immunoprecipitable with the anti-a1,6-mannose antibody
(Yahara and Nakano, unpublished data), strongly suggest-
ing that the transport of CPY was arrested in the ER in the
arf1-11 mutant. In arf1-12, arf1-15, and arf1-18, CPY was
transported to the vacuole with kinetics similar to the wild-
type cells. At the permissive temperature (23°C), the trans-
port of CPY was normal in most of the mutants except for
arf1-11 and arf1-16, which showed some retardation. Certain
aberrations in Golgi functions are known to cause missecre-
tion of CPY to the medium, which is seen in a large number
of vps (vacuolar sorting defective) mutants. To test whether
such a Vps2 phenotype is observed in arf1 ts mutants, we
performed a colony-blotting assay. As shown in Figure 3A,
obvious secretion of immunoreactive CPY was not detected
in most of the arf1 ts mutants except arf1-16. arf1-16 did
secrete CPY to the medium, although the degree of misse-

Table 2. The newly obtained eight arf1 ts mutant alleles: mutation points in the amino acid sequence and growth phenotypes

Mutation points

Growth

15°C 23°C 26.5°C 30°C 35°C 37°C

Wild type 111 111 111 111 111 111
Darf2 111 111 111 111 111 111
arf1-11 K38T E132D L173S 111 111 111 1/2 2 2
arf1-12 K38T 111 111 111 111 111 1/2
arf1-13 L173S 111 111 111 111 111 1/2
arf1-14 F51I 111 111 111 111 1 2
arf1-15 L25P 111 111 111 111 111 1/2
arf1-16 E41V D129E 11 11 11 1/2 2 2
arf1-17 E41V 111 111 111 111 111 2
arf1-18 H80P 111 111 111 111 111 1/2

Growth was examined on YPD plates. 111, wild-type growth; 11, growth slower than wild type; 1, very slow growth (minimal
single-colony formation); 1/2, almost no growth (no single-colony formation); 2, completely no growth.
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cretion was not as remarkable as in vps controls, Dvps1 and
Dslp1 (Dvps33) (Wada et al., 1990; Vater et al., 1992). We
further asked whether an ER-resident protein, BiP, is also
missecreted in arf1 ts mutants. Interestingly, arf1-16 as well
as arf1-17 secreted a large amount of BiP, which is compa-
rable to the BiP secretion defect of an ER localization mutant,
rer2 (Sato et al., 1999) (Figure 3B).

The transport kinetics of another vacuolar protein, ALP,
was also examined. ALP, the product of the PHO8 gene, is
a type II membrane protein that undergoes a PEP4-depen-
dent cleavage when reaching the vacuole (Klionsky and
Emr, 1989). Previous studies have demonstrated that CPY
and ALP traffic to the vacuole by way of two different
routes, namely, the CPY pathway via the prevacuolar late
endosome and the ALP pathway, which bypasses the
endosome (Cowles et al., 1997; Conibear and Stevens,
1998). The arf1 mutant cells showed a variety of defects in
the maturation of ALP, in a similar manner to that of CPY,
i.e., the processing was almost completely blocked in
arf1-11, was partially blocked in arf1-13, arf1-14, and arf1-
16, and went on normally in arf1-12, arf1-15, and arf1-18.
The data of arf1-13 and arf1-14 are shown in Figure 2B.
Here we noticed that the delay of ALP transport was
much more severe in arf1-14 than in arf1-13, whereas such
a difference was not obvious in the kinetics of CPY pro-
cessing.

Intracellular Transport of Invertase (ER3Golgi3
Periplasm). Next, the secretion of invertase was exam-
ined. Because invertase acquires 9 –10 N-linked oligosac-
charide chains, which are heterogeneously modified in the

Golgi apparatus, it becomes highly glycosylated when
secreted and thus gives a high molecular mass smear in
SDS gels. The cells were converted to spheroplasts, incu-
bated at 37°C for 30 min, pulse-labeled and chased at
37°C, and separated into intracellular and extracellular
(periplasmic) fractions from which invertase was immu-
noprecipitated. The results are shown in Figure 4. In the
controls (WT and Darf2), most of invertase was secreted
during a 15-min chase. In arf1-12, arf1-14, arf1-15, and
arf1-18, invertase was secreted with kinetics similar to the
wild-type cells. In arf1-13, ;50% of invertase remained
intracellular even after 30 min. In addition, the secreted
form of invertase seemed to be underglycosylated. In
arf1-11 cells, invertase was mostly retained intracellularly
with the ER form (core), and a small amount of the
ER-form invertase appeared to be secreted. arf1-16 and
arf1-17 cells showed marked defects in glycosylation and
secreted underglycosylated invertase.

General Secretion (ER3Golgi3Medium). We also as-
sayed the general secretion competence of the arf1 mu-
tants by examining the bulk secretion of proteins into the
medium. Whole cells were incubated at 37°C for 30 min,
pulse-labeled, and chased for 30 min. Cells and media
were separated by centrifugation, and proteins in the
media were precipitated with TCA and resolved by SDS-
PAGE. As shown in Figure 5, several bands were apparent
in the medium in the control. Gaynor and Emr (1997)
showed a similar result and revealed that the particularly
abundant protein migrating at ;150 kDa (arrow) is
HSP150. Virtually no proteins were secreted to the me-

Figure 1. The mutation points of
yeast Arf1p, which cause ts pheno-
type as a single mutation, and the
sequence comparison of Arf1p
from various organisms. Dots indi-
cate identity with S. cerevisiae
Arf1p. Consensus GTP-binding
(DVGG, NKQD, and CAT) and hy-
drolysis (GX4GK) sequences are
marked with asterisks. The puta-
tive effector domain is shown by
dashes. The site of Sec7 domain in-
teraction on human ARF1 and the
switch 1 and switch 2 GTPase re-
gions (Mossessova et al., 1998) are
marked with double lines. Sc, S.
cerevisiae; Sp, Schizoaccharomyces
pombe; Hs, Homo sapiens; Bt, Bos tau-
rus; Dm, Drosophila melanogaster;
At, Arabidopsis thaliana; Cr, Chlamy-
domonas reinhardtii. The database
accession numbers from GenBank
are as follows: Sc Arf1, P11076; Sc
Arf2, P19146; Sc Arf3, P40994; Sp
Arf1, AL031534.1; Hs ARF1,
NM 001658.1; Bt ARF2, P16500;
Hs ARF3, NM 001659.1; Hs
ARF4, NM 001660.1; Hs ARF5,
NM 001662.1; Hs ARF6,
NM 001663.1; Dm ARF1, P35676;
At ARF1, P36397; Cr ARF1,
U27120.1.
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dium by either sec23-1 or sec1-1 mutant cells, which have
a defect in the canonical secretory pathway (Gaynor and
Emr, 1997; Figure 5, sec1).

In arf1-11 cells, the secretion of these proteins was also
almost completely blocked, again implying defects of this
mutant in the anterograde transport in the secretory path-
way. arf1-13, arf1-14, arf1-15, arf1-16, and arf1-17 cells
showed various band patterns of secreted proteins, suggest-
ing that in these arf1 mutants some proteins were efficiently
secreted to the medium, whereas others were not. The se-
creted HSP150 was underglycosylated in arf1-14 and arf1-16
cells. arf1-12 and arf1-18 cells looked normal in the secretion
of these proteins.

The observations that arf1-11 cells accumulated ER pre-
cursor forms of CPY and invertase and were defective in
general secretion at 37°C led us to postulate that this mutant
has a lesion in the ER-to-Golgi transport. To confirm this, we
examined the morphological alterations of the mutant cells
by electron microscopy. The wild-type and arf1-11 cells were
incubated at 37°C for 1 h and then processed for freeze-
substitution electron microscopy. As shown in Figure 6,
arf1-11 mutant cells accumulated ER membranes (Figure 6B)
just like the ER-to-Golgi sec mutants and sar1 ts mutants
(Novick et al., 1980; Yamanushi et al., 1996). Incubation at
37°C for 4 h led to further exaggeration of the ER (Figure
6C).

FM4-64 Staining (Plasma Membrane3Endosome3
Vacuole). Arf has also been implicated in endosomal dy-
namics. We examined the behaviors of endocytic organelles
by vital staining with a lipophilic styryl dye, FM4-64 [N-(3-
triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)-
hexa-trienyl)-pyridinium dibromide]. FM4-64 has been
used as an endocytic tracer that travels from the plasma
membrane to the vacuolar membrane via endosomes in
yeast (Vida and Emr, 1995; Gaynor et al., 1998). We ana-
lyzed uptake of FM4-64 by the arf1 mutant cells. The cells
were preincubated at either 23 or 37°C for 1 h, exposed to
50 mM FM4-64 for 10 min, and resuspended in fresh
medium prewarmed to the same temperature. Aliquots
were taken at 0 and 1 h and observed under a confocal
laser scanning microscope. As shown in Figure 7 (top),
small discrete fluorescent dots, which probably represent
early endosomes, appeared in the cytoplasm of wild-type
cells within ;15 min after labeling with the dye (0 h).
After 1 h, FM4-64 stained the vacuolar membrane. In
arf1-12, arf1-14, arf1-15, arf1-16, and arf1-17 cells, the
change of the FM4-64 staining pattern during 1 h was
indistinguishable from that of the wild type at either 23 or
37°C (Yahara and Nakano, unpublished data).

In arf1-11 cells, ring structures were observed at 37°C
(arrows), which were distinct from the larger, more faintly
stained vacuoles. The frequency of the appearance of these

Figure 2. Pulse-chase experiments to follow
the intracellular transport of CPY and ALP. (A)
Wild-type cells (YPH499, WT), integrants of
wild-type ARF1 (NYY0, Darf2), and arf1 ts mu-
tant alleles (arf1-11–arf1-18) were grown to an
early log phase at 23°C, preincubated at 37°C
for 30 min, labeled with Tran35S-label for 4 min,
and chased. Aliquots were withdrawn at the
indicated times, subjected to sampling for im-
munoprecipitation with the anti-CPY anti-
serum, and visualized by SDS-PAGE and fluo-
rography. p1, ER-precursor form; p2, Golgi-
precursor form; m, mature form. Quantitation
of CPY processing at the 60-min chase point is
indicated as the percentage of the total. (B)
Wild-type, arf1-13 and arf1-14 cells were sub-
jected to a similar but more precise pulse-chase
and immunoprecipitation experiment with an-
ti-ALP and anti-CPY antisera. The migration
positions of the precursor (pro) and mature (m)
forms of ALP are also indicated.
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ring structures at 1 h was much higher in arf1-11 cells (;40%
of the cells) than in the wild type (,1%).

arf1-13 cells showed a different type of anomaly in the
staining of FM4-64 at 37°C. The dye appeared to have
reached vacuoles by 1 h, but the morphology of vacuolar
membranes was quite irregular. They were often distorted
and sometimes fragmented. To examine this disorder in
more detail, we made electron microscopic observations of
the arf1-13 mutant (Figure 8). Even at 23°C, arf1-13 cells often
showed discontinuous ring-like structures indicated by ar-
rows (Figure 8A). Similar structures were also seen when the
cells were incubated at 37°C (Figure 8, B and D). When the
cells were incubated at 37°C for 1 h, however, a even more
prominent phenotype was accumulation of membranes,
which appeared to contain internal vesicle-like structures
(Figure 8B). They may correspond to late endosomes or
multivesicular bodies (MVBs) as reported by Odorizzi et al.
(1998). A small portion of cells also revealed morphological
alteration of vacuoles (Figure 8C). Further incubation of
arf1-13 cells at 37°C (4 h) led to clear appearance of electron-
dense vacuoles which exhibited distorted shapes. The vac-
uole membranes showed intricate patterns, which often look
like multilamellar structures (Figure 8E) and were some-
times fragmented (Figure 8F). It should be noted that the
cells showing deformed vacuoles in the FM4-64 experiment
(Figure 7) were incubated at 37°C for 2 h including prein-
cubation. In fact, longer incubation (4 h) at 37°C resulted in
more marked aberration of vacuoles as seen by FM4-64
staining (Yahara and Nakano, unpublished data). Thus, the
arf1-13 cells seem to accumulate MVB-like structures first
and then gradually proceed to vacuole deformation.

arf1-18 showed a most striking phenotype in the staining
with FM4-64 (Figure 7). When the cells were incubated at
37°C, no obvious staining of membrane structures was ob-
served and the dye appeared to be diffused in the cytoplasm.
Because it is very unlikely that FM4-64, which is very li-
pophilic, can stay soluble in the cytosol, this pattern may
indicate that very small vesicular structures which are en-
riched with the dye are scattering in the cytoplasm (see
below).

Localization of GFP-Rer1p
As mentioned in the introduction, the COPI coat complex
whose assembly is regulated by Arf has been shown to play
an important role in the Golgi-to-ER retrograde transport.
To directly monitor this transport reaction in the arf1 ts
mutant cells, we decided to adopt a morphological method
as follows. Ken Sato, one of the authors of this paper, has
been working on Rer1p, a membrane protein in the cis-
Golgi. Rer1p is required for the correct localization of a set of
ER membrane proteins such as Sec12p, Sec63p, and Sec71p
by a retrieval mechanism utilizing COPI vesicles (Nishikawa
and Nakano, 1993; Sato et al., 1995, 1997). To observe the
dynamic behavior of Rer1p in living yeast cells, Sato con-
structed a fusion protein between Rer1p and the green flu-
orescence protein (GFP-Rer1p) and found that its localiza-
tion is determined by the equilibrium of very active
membrane recycling (Sato, Sato, and Nakano, unpublished
data). In wild-type cells, GFP-Rer1p is normally localized to
the Golgi apparatus. If the ER-to-Golgi anterograde trans-
port is blocked by mutations in COPII, recycling of GFP-
Rer1p to the ER continues and eventually the protein is
completely relocated to the ER. If the Golgi-to-ER retrograde
transport is inhibited by mutations in COPI, on the other
hand, GFP-Rer1p is mostly mistransported to vacuoles.

These findings are immediately applicable to arf1 ts mu-
tants. For example, if a particular ts allele of arf1 is defective
in the anterograde ER-to-Golgi transport but not in the
retrograde traffic like COPII mutants, GFP-Rer1p should
relocate to the ER. The GFP-Rer1p plasmid was introduced
into the wild-type and arf1 ts mutant cells, and the transfor-
mants were observed under a confocal laser scanning mi-
croscope after 30 min of preincubation at 23 or 37°C. As
shown in Figure 9, wild-type cells displayed large punctate
structures, a typical pattern of the yeast Golgi apparatus.
Quite interestingly, the arf1-11 mutant, which we concluded
was defective in the ER-to-Golgi anterograde transport, did
not change the localization of GFP-Rer1p to the ER pattern at
the restrictive temperature. The ts phenotype of arf1-11 was
not suppressed by the GFP-Rer1p plasmid (Yahara, Sato,
and Nakano, unpublished data). This observation strongly
argues that arf1-11 has a defect in the Golgi-to-ER retrograde
transport as well. Furthermore, ring-like structures (Figure
9, arrows), which were never seen in wild-type cells, were
observed very frequently (;50% of the cells). Weak staining
of vacuoles was also observed occasionally.

In arf1-13, arf1-14, arf1-15, arf1-16, and arf1-17 cells,
mislocalization of GFP-Rer1p to vacuoles was obvious.
Such behavior of GFP-Rer1p is similar to the case of a
COPI mutant, ret1-1 (Sato, Sato, and Nakano, unpublished
data), suggesting that these alleles are impaired in the
Golgi-to-ER traffic. arf1-14, arf1-16, and arf1-17 cells

Figure 3. Colony-blotting analysis of CPY and BiP missecretion.
Integrants of wild-type ARF1 (NYY0:0) and arf1 ts mutant alleles
(arf1-11, -12, -13, -14, -15, -16, -17, and -18) were grown on YPD for
1.5 d. Prewetted nitrocellulose filters were overlaid onto the streaks
of the cells, incubated at a semipermissive temperature (35°C) for
20 h, and let react with anti-CPY or anti-BiP antisera to reveal
secreted CPY (A) and BiP (B). Dvps1 (KUY165), Dslp1 (YW10–2B),
and rer2 (SNH23-7D) were used as positive controls.
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showed weak staining of vacuoles even at the permissive
temperature. arf1-13 cells exhibited ring-like structures of
GFP-Rer1p at 23°C. Electron microscopic observation of
arf1-13 also revealed the appearance of large ring struc-
tures frequently at 23°C and occasionally at 37°C (Figure
8, A, B, and D, arrows).

arf1-18 cells showed a dispersed pattern of GFP-Rer1p.
Even at the permissive temperature, diffuse staining of
cytoplasm was observed together with a few bright spots.
At the restrictive temperature, the cytoplasmic staining
became clearer and the number of the bright spots de-
creased. This observation reminds us of the FM4-64 stain-
ing of this mutant, which also showed a dispersed pattern
at 37°C. To examine whether such seemingly cytosolic
staining was due to the degradation of GFP-Rer1p, which
would release the soluble GFP moiety into the cytosol, we
examined the wild-type and arf1-18 cells by immunoblot-

ting with an anti-GFP antibody. However, no degradation
was detected (Yahara, Sato, and Nakano, unpublished
data). We further asked whether this mutant accumulates
any abnormal membrane structures in the cells by elec-
tron microscopy. The result is shown in Figure 10. We
observed exaggeration of the ER and Golgi at both 23 and
37°C (Figure 10, A, B, and E). The Golgi apparatus some-
times formed large stacks (Figure 10, A, B, and E, large
arrows). At 37°C, a closer look manifests accumulation of
various kinds of vesicles, such as structures indicated by
arrowheads and the double arrowhead in Figure 10D and
small arrows in Figure 10F. Membranes are not always
visible for the structures marked with arrowheads, but the
exclusion of ribosomes is obvious. The diameter of vesi-
cles indicated by small arrows is as small as 20 –25 nm
(Figure 10F). The origin of these vesicles remains to be
studied.

Figure 4. Pulse-chase experiments of invertase se-
cretion. Wild-type cells (YPH499, WT), integrants of
wild-type ARF1 (NYY0, Darf2), and arf1 ts mutant
alleles (arf1-11–arf1-18) were grown to an early log
phase at 23°C, converted to spheroplasts, induced to
produce invertase, preincubated at 37°C for 30 min,
and labeled with Tran35S-label for 4 min. Aliquots
were withdrawn at the indicated times and then
separated by centrifugation into internal and exter-
nal fractions. Invertase was recovered by immuno-
precipitation and visualized by SDS-PAGE and flu-
orography.

Yahara et al.

Molecular Biology of the Cell228



Intragenic Complementation between arf1 Alleles
As hitherto described, arf1 ts mutants exhibit a variety of
transport phenotypes in an allele-specific manner. If Arf1
indeed executes multiple functions and different ts mu-
tants have different lesions, intragenic complementation
between the alleles could be observed. Such a genetic test
has proved useful for the analysis of multifunctional
genes (e.g., HIS4 and CMD1; Bigelis et al., 1981; Ohya and
Botstein, 1994), because a mutation affecting only one step
may well complement another mutation affecting a differ-
ent step. We prepared MATa and MATa strains from each
arf1 ts allele and crossed all possible combinations except
for leaky alleles, arf1-12, and arf1-15. Heteroallelic dip-
loids were selected together with homoallelic diploids as
controls, and we examined them for their growth at re-
strictive temperatures. The results are summarized in Ta-
ble 3, and one example of plate growth is shown in Figure
11A. From Table 3, it is clear that the six arf1 alleles can be
divided into three groups: 1) arf1-11, arf1-13, and arf1-14;
2) arf1-16 and arf1-17; and 3) arf1-18. Basically, intragenic
complementation indicated by ’1’ was observed between
alleles of different groups but not of the same group. Only
one exception was arf1-13 3 arf1-16, which failed to com-
plement each other. In the case of arf1-11 3 arf1-16, the
heterozygous diploid grew well at 30°C but not at 37°C.
This pair is interesting because the temperature sensitiv-
ity of these two alleles is very tight and both show a defect
in intracellular transport of CPY. We examined whether
the arf1-11 3 arf1-16 heterozygous diploid had comple-
mented the transport defect of each allele at 30°C by a
pulse-chase experiment of CPY (Figure 11B). The homozy-
gous diploids of arf1-11 (11 3 11) and arf1-16 (16 3 16)
both showed retardation of conversion from p1 to p2 and
from p2 to m. The heterozygote (11 3 16), however,

recovered almost normal conversion of these CPY forms,
indicating that arf1-11 and arf1-16 in fact complemented
each other in terms of the intracellular transport of CPY.

Figure 5. General secretion by arf1 ts mutants. Wild-type control
(NYY0, ARF1) and arf1 ts mutant cells (arf1-11–arf1-18) were grown
to an early log phase at 23°C, preincubated at 37°C for 30 min,
labeled with Tran35S-label for 10 min, and then chased for 30 min.
Cells and media were separated by centrifugation, and proteins
secreted into the media were precipitated with TCA and analyzed
by SDS-PAGE and fluorography. The secreted HSP150 is indicated
by an arrow. SEY5016 (sec1) was used as a control in this experi-
ment.

Figure 6. Electron microscopic observation of arf1-11 ts mutant
cells. Wild-type (YPH499, WT) (A) and arf1-11 ts mutant cells (B and
C) were grown to an early log phase at 23°C, incubated at 37°C for
1 h (B) and 4 h (A and C), prepared for electron microscopy by the
freeze-substitution fixation method, and observed under an electron
microscope. Bars, 1.0 mm.
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DISCUSSION

The aim of this study was to examine in vivo whether a single
Arf1 protein can execute multiple functions in a yeast cell. The
answer was clearly yes. The ts mutant alleles of arf1 that we

constructed showed a variety of phenotypes in terms of intracel-
lular protein transport and membrane organizations in an allele-
specific manner. Even more compelling evidence was the intra-
genic complementation between arf1 alleles. A particular type of

Figure 7. FM4-64 staining of endocytic membranes
in arf1 ts mutants. Wild-type (YPH499, WT) and arf1
ts mutant cells (arf1-11, arf1-13, and arf1-18) were
grown to a logarithmic phase in YPD medium at
23°C, and then half of the culture was shifted to 37°C
and incubated for 1 h. Cells were harvested and
resuspended at ;2 3 108/ml in YPD medium pre-
warmed to 23 or 37°C and incubated for 10 min.
FM4-64 was added to the final concentration of 50
mM. After incubation for another 10 min, the cells
were harvested and resuspended in fresh pre-
warmed medium and the incubation continued. Im-
ages of the cells were acquired at ;15–20 min (0 h)
and 1 h after the addition of fresh medium and
visualized by fluorescence confocal (left) and Nomar-
ski (right) microscopy. Bar, 5 mm.
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Figure 8. Electron microscopic observation of the arf1-13 ts mutant. arf1-13 ts mutant cells were grown to an early log phase at 23°C, further
incubated at 23°C (A) or at 37°C for 1 h (B and C) and 4 h (D, E, and F), and then subjected to freeze-fixation electron microscopy. In A, B
and D, ring structures are indicated by arrows. Arrowheads in B indicate MVB-like structures. The vesicle marked with a double arrowhead
harbors a double membrane. Bars, 1.0 mm.
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Figure 9. Localization of GFP-Rer1p in arf1 ts mutants.
Wild-type (YPH499, WT) and the indicated arf1 ts mu-
tant cells were grown to an early log phase at 23°C, and
then half of the culture was shifted to 37°C and incu-
bated for 30 min. Images were visualized by fluores-
cence confocal (left) and Nomarski (right) microscopy.
Bar, 5 mm.
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Figure 10. Electron microscopic observation of the arf1-18 ts mutant. arf1-18 ts mutant cells were grown to an early log phase at 23°C, further
incubated at 23°C (A) or at 37°C for 1 h (B, C, and D) and 2 h (E and F), and then subjected to electron microscopy. In A, B, and E, large arrows
mark Golgi structures. In D and F, various kind of vesicles are indicated by arrowheads, a double arrowhead, and small arrows. Bars: A, C,
and E, 1.0 mm; B, D, and F, 500 nm.
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arf1 mutation could complement another allelic mutation in dip-
loid cells, indicating that these two mutations caused lesions in
different functions of Arf1p.

Classification of arf1 ts Mutants
Among the eight ts alleles of arf1 that we obtained, six have
been divided into three intragenic complementation groups:
1) arf1-11, arf1-13, and arf1-14; 2) arf1-16 and arf1-17; and 3)
arf1-18 (Table 3). In general, two mutant alleles from differ-
ent complementation groups can remedy each other in dip-
loid cells. Such complementation is not only for ts growth.
The ts transport defect of CPY, which is clear in arf1-11 and
arf1-16, is almost completely cured in the arf1-11 3 arf1-16
diploid at 30°C (Figure 11B). These results strongly suggest
that the seemingly similar phenotypes are caused by differ-
ent types of lesions.

Arf1 of different mutant alleles might complement each
other by forming a dimer complex. In fact, mammalian Arf1
crystallizes as a dimer (Amor et al., 1994) and a photo-cross–
linking experiment suggests the presence of Arf ho-
modimers in solution as well (Zhao et al., 1999). Even though
dimerization occurs, however, the distinct phenotypes of

different alleles cannot be explained by the single action of a
single dimer. Pleiotropic phenotypes would be only under-
stood as the consequence of differentiated interaction with
other components.

Phenotypes of arf1 ts Mutants
It is not easy to briefly describe the phenotypes of all mutant
alleles of arf1. Many of them show partial defects in some
transport processes but are not completely blocked. It
should be pointed out, however, that the degree of a trans-
port defect may not necessarily indicate the degree of defi-
ciency in that particular step. For example, missorting of a
subset of cargo receptors may result in secondary defects of
transport, as has been discussed by Gaynor and Emr (1997)
for the pleiotropic defect of the general secretion in sec21, the
mutant of COPI g subunit. Because COPI vesicles can be
used in the Golgi-to-ER retrograde transport and in the
trans-to-cis Golgi intercisternal retrograde transport, imbal-
ance of either the ER-Golgi recycling or the cis-trans recy-
cling in the Golgi could result in mistargeting of sorting
receptors in the ER or in the Golgi. Rer1p, the retrieval
receptor for Sec12p and many other ER membrane proteins,

Table 3. Intragenic complementation between ts arf1 mutants

0a 11a 13a 14a 16a 17a 18a

0a 111 111 111 111 111 111 111

11a 111 2 2 2 111a 1 11
13a 111 2 2 2 2 1 111
14a 111 2 2 2 1 111 111

16a 111 111a 2 1 2 2 111
17a 111 1 1 111 2 2 111

18a 111 11 111 111 111 111 2

MATa and MATa cells of wild-type ARF1 (0) and arf1 ts mutants (arf1-11, arf1-13, arf1-14, arf1-16, arf1-17, and arf1-18) were crossed in all
combinations. Diploids were selected and grown on YPD plates at 37°C for 4 d except for arf1-11 3 arf1-16 (a, 30°C). 111, wild-type growth;
11, growth slower than wild type; 1, very slow growth (minimal single-colony formation); 2, completely no growth.

Figure 11. Intragenic complementation between ts
arf1 mutants. (A) Wild-type (WT), arf1-11 (11), and
arf1-16 (16) cells were crossed with each other. Dip-
loids were selected by complementary auxotrophic
markers in the strains and grown on YPD plates at
the indicated temperatures for 4 d. (B) Intragenic
complementation as for intracellular transport of
CPY between arf1-11 and arf1-16. The diploid cells
were pulse-chased at 30°C as described in the legend
of Figure 2.
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appears to be correctly localized to the cis-Golgi only when
these two recycling reactions balance (Sato, Sato, and Na-
kano, unpublished data). GFP-Rer1p is mistargeted to the
vacuole in several arf1 ts mutants, suggesting that early- or
late-recycling processes may be impaired in those mutants.

Paying attention to these precautions, we will summarize
and discuss the properties of the three class of mutations as
follows.

Group 1 (arf1-11, arf1-13, and arf1-14). arf1-11 is the
only allele among eight that shows a very clear defect in the
ER-to-Golgi transport. It accumulates ER precursors of CPY
and invertase and exaggerates ER membranes at the restric-
tive temperature (Figures 2, 4, and 6). However, it is distinct
from the typical sec mutants that are defective in the ER-to-
Golgi anterograde traffic. GFP-Rer1p, a visible marker of the
yeast cis-Golgi, is in a dynamic equilibrium of ER-Golgi
vesicle recycling and relocates to the ER in early sec mutants
such as sec12, sec13, and sec23 (Sato, Sato, and Nakano,
unpublished data). In the arf1-11 mutant, however, the flu-
orescence of GFP-Rer1p never changes to the ER pattern
(Figure 9). This suggests that arf1-11 has a defect in the
Golgi-to-ER retrograde traffic as well, like the case of ret1
and sec21 mutants of yeast COPI. Some mutants of COPI are
known to cause a tight block of the ER-to-Golgi anterograde
traffic, which is largely explained as the indirect conse-
quence of the impaired recycling of ER-resident proteins
that are required for vesicle budding (Gaynor and Emr,
1997). This reasoning may well apply to arf1-11.

It is also noteworthy that, in the arf1-11 cells, GFP-Rer1p is
not mistargeted to the vacuole either but accumulates in
ring-like structures (Figure 9). arf1-11 cells also show anom-
aly in endocytosis of FM4-64. The uptake of the dye is not
completely blocked but tends to retard in ring-like struc-
tures (Figure 7). These structures resemble the “class E com-
partment,” which is exaggerated in a certain class of vacu-
olar protein-sorting mutants, such as vps4 and vps27, and is
believed to correspond to the late endosomes/prevacuolar
compartment of yeast (Raymond et al., 1992; Vida et al., 1995;
Lewis et al., 2000). These observations suggest that arf1-11
fails to function correctly at least in two steps of membrane
traffic, ER-Golgi recycling and the exit from the prevacuolar
compartment. arf1-11 cells do not show the typical Vps2

phenotype, missecretion of CPY. This could be because CPY
is largely arrested in the ER. However, CPY is not secreted
even at semirestrictive temperatures, 30 and 35°C, at which
the transport of CPY was not completely blocked. The lesion
of arf1-13 in the prevacuolar compartment is apparently
distinct from that of class E vps mutants.

arf1-13 and arf1-14 cells commonly show partial defects in
intracellular transport of CPY, general secretion, and local-
ization of GFP-Rer1p, but they do differ in some behavior. A
remarkable phenotype of arf1-13 is the abnormal shape of
vacuoles. Not only vital staining with FM4-64 but also rapid
freeze-substitution electron microscopy reveal amazing de-
formation of vacuoles in this mutant (Figures 7 and 8). The
anomalous vacuoles sometimes look like intermediate struc-
tures of autophagy. This phenotype, however, becomes ob-
vious only after a long incubation at 37°C. At earlier points,
accumulation of MVB-like structures is more prominent.
The MVB-like structures might be taken up by vacuoles in
the long run at the restrictive temperature. arf1-14 cells are

normal in vacuolar morphology. It is also interesting that
arf1-13 but not arf1-14 shows a defect in invertase secretion,
whereas ALP transport is more defective in arf1-14 than in
arf1-13 (Figures 2B and 4). The involvement of Arf1p in the
post-Golgi transport routes, secretory, and AP-1 and AP-3
pathways (Cowles et al., 1997; Stepp et al., 1997), may be
differentiated and these two mutant alleles would provide
very useful tools to dissect the molecular mechanisms of
route selection.

Group 2 (arf1-16 and arf1-17). In both arf1-16 and arf1-17
alleles, glutamic acid at position 41 is mutated to valine.
Recently, Al-Awar et al. (2000) showed that Q37 of mamma-
lian ARF6, corresponding to E41 of yeast Arf1p, is critical for
its effector function, formation of protrusion, suggesting that
this position represents a site of interaction with effector
molecules. arf1-16 has one additional mutation, D129E,
which is in the consensus GTP-binding domain, NKXD. The
common phenotypes of arf1-16 and arf1-17 are retardation of
ER-to-Golgi transport of CPY, secretion of underglycosy-
lated invertase, and mislocalization of GFP-Rer1p to the
vacuole.

Another interesting feature of this group is the missecre-
tion of BiP, a soluble ER protein that is retained in the ER
and sent back from the Golgi by the HDEL recognition
system (Figure 3). This may suggest that the group 2 mu-
tants have lesions in ER retrieval, not only by COPI- and
Rer1p-dependent systems but also in the HDEL-receptor–
mediated mechanism. arf1-16 shows a weak Vps2 pheno-
type as well.

Group 3 (arf1-18).The arf1-18 mutant looks normal in the
transport of CPY and invertase and in general secretion.
However, the fluorescence of FM4-64 and GFP-Rer1p dis-
plays a quite strange diffuse pattern in the cytoplasm (Fig-
ures 7 and 9). This cannot be due to the cytosolic distribution
of these molecules. FM4-64 is a very hydrophobic dye. Rer1p
is an integral membrane protein with four transmembrane
domains. Release of the soluble GFP by degradation of
GFP-Rer1p is not taking place in the mutant cells. Electron
microscopic observation of arf1-18 cells reveals various
kinds of vesicles, such as numerous small vesicles of 20- to
25-nm scattering in the cytoplasm (Figure 10). Presumably,
these vesicles give rise to the diffuse signals of FM4-64 and
GFP-Rer1p. The origin of these vesicles has yet to be eluci-
dated. Similar diffuse staining with FM4-64 has been ob-
served in sec1 and sec15 cells, which accumulate secretory
vesicles (Vida et al., 1995), and in the mutant cells lacking
Tlg1p, Tlg2p, Pep12p, and Vam3p, members of the t-SNARE
family (Holthuis et al., 1998). arf1-18 might be somehow
affected in the vesicle fusion reaction, although the traffic
remains normal in the vacuolar and secretory pathways.

The arf1-18 cells sometimes build up a large stack of the
Golgi apparatus unlike normal yeast cells (Figure 10). This
phenotype is reminiscent of that of sec7 (Novick et al., 1981;
Rambourg et al., 1993), a mutant of a guanine nucleotide
exchange factor (GEF) of Arf (see below), but its meaning is
unknown.

Regulation of Multiple Functions of Arf1p
As described above, arf1 ts mutants show a variety of dif-
ferent phenotypes, which cannot be explained only by the
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degrees of a defect in a single function. This convinces us to
conclude that Arf1p in fact regulates multiple steps of intra-
cellular protein transport.

Now, a big question remains as to how a single Arf can
fulfill such divergent functions. The three-dimensional
structure of human Arf1 has been solved by x-ray crystallo-
graphic analysis (Amor et al., 1994). We have tried to map
into this three-dimensional structure the mutated residues of
yeast Arf1p, which are all conserved between yeast and
human. The positions of L25, E41, F51, H80, and L173 are
well separated from each other. It is plausible that these
residues may be involved in the interaction with different
regulators of Arf1p.

Many regulators of Arf functions have been determined to
date. As GEFs and GTPase-activating proteins (GAPs),
many proteins have been identified from mammals and
yeast (Jackson and Casanova, 2000; Donaldson, 2000). In S.
cerevisiae, at least four Arf GEFs, Gea1p, Gea2p, Sec7p, and
Syt1p (Peyroche et al., 1996; Sata et al., 1998; Jones et al.,
1999), and six putative Arf GAPs, Gcs1p, Glo3p, Sat1p,
Sat2p, Sps18p, and Gts1p (Ireland et al., 1994; Poon et al.,
1996, 1999; Zhang et al., 1998; Dogic et al., 1999) exist. Mu-
tations of these genes give different phenotypes, suggesting
that these GEFs and GAPs act on Arf1p at different times
and at different places. After we submitted the original
manuscript of this paper, Eugster et al. (2000) showed that
COPI subunits (Sec21p and Sec27p) interact with the Arf-
GAP Glo3p but not Gcs1p, whereas both Glo3p and Gcs1p
have the GAP activity on Arf1p in vitro and interact with the
GTP-stabilized mutant Q71L-Arfp in vivo. Dogic et al. (1999)
showed in the analysis of deletions of the six Arf-GAP genes
that Dglo3 alone results in a defect in the retrieval of KKXX-
proteins from the Golgi. These reports support the view that
different Arf-GAPs (and Arf-GEFs) act on Arf differently.
Differential actions of GEFs and GAPs will explain the dif-
ferent phenotypes of the arf1 ts mutants, and detailed anal-
ysis of genetic interactions between these genes and our
mutants are now underway.

Interaction with so-called effectors may also feed back to
the function of Arf proteins. Attempts to identify Arf effec-
tors have been extensively made in mammalian systems. For
example, Arfaptin1 and Arfaptin2 have been isolated as
putative effectors by a yeast two-hybrid screening of a hu-
man HL60 cDNA library, using dominant active human
Arf3 (Q71L) as bait (Kanoh et al., 1997). Phospholipase D
(Cockcroft et al., 1994; Roth et al., 1999), phosphatidylinositol
4.5-bisphosphate (Terui et al., 1994), and phosphatidylinosi-
tol 4-phosphate 5-kinase (Honda et al., 1999) are also con-
sidered as targets of Arf in mammalian cells. Very recently,
GGAs, Golgi-localizing, g-adaptin ear homology domain,
ARF-binding proteins, have also been identified as novel
effectors of Arf in mammals and yeast (Boman et al., 2000;
Dell’Angelica et al., 2000; Hirst et al., 2000; Takatsu et al.,
2000). The arf1 ts mutants that we constructed may have
different abilities to interact with such a variety of targets
and thus express different downstream activities.

Genetic Approaches to Further Understand the
Multiple Roles of Arf1p
Genetics is again quite powerful in identifying regulators of
Arf1p in its various functions. Chen and Graham (1998)
discovered that Darf1 exhibits synthetic lethality with dele-

tion mutations of DRS2, a gene encoding a P-type ATPase,
and CHC1, the gene for clathrin heavy chain, respectively
(Chen and Graham, 1998; Chen et al., 1999). The mutants of
DRS2 and CHC1 accumulate ring-like structures, which are
similar to those observed in arf1-13. Ddrs2 shows no genetic
interaction with COPI mutants (sec21-1, sec27–1, and ret1-1),
which are synthetic lethal with Darf1 (Gaynor et al., 1998;
Chen et al., 1999), suggesting that Arf1p functions with
Drs2p and COPI independently. Interestingly, some of our
arf1 ts mutants appear to show synthetic lethality with Ddrs2
as well (Yahara and Nakano, unpublished observations).

It is obvious that our collection of new arf1 ts alleles will
enable extensive genetic screening of interacting molecules
in an allele-dependent manner. Now we have started screen-
ing of multicopy suppressers for each arf1 ts mutant and
have already obtained candidate clones that may suppress
the temperature sensitivity of arf1 ts mutants in an allele-
specific manner. Our mutants will be thus extremely useful
to understand how the multiple roles of Arf are executed at
different places in a cell.
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