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Mutation of the Yeast ¢-COP Gene ANU2 Causes Abnormal Nuclear
Morphology and Defects in Intracellular Vesicular Transport
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ABSTRACT. Previously we reported an original method of visualizing the shape of yeast nuclei by the ex-
pression of green fluorescent protein (GFP)-tagged Xenopus nucleoplasmin in Saccharomyces cerevisige. To
identify components that determine nuclear structure, we searched for mutants exhibiting abnormal nuclear
morphology from a collection of temperature-sensitive yeast strains expressing GFP-tagged nucleoplasmin.
Four anu mutant strains (anul-1, 2-1, 3-1 and 4-1; ANU=abnormal nuclear morphology) that exhibited
strikingly different nuclear morphologies at the restrictive temperature as compared to the wild-type were iso-
lated. The nuclei of these mutants were irregularly shaped and often consisted of multiple lobes. ANUI1, 3 and
4 were found to encode known factors Sec2dp, Sec13p and Sec18p, respectively, all of which are involved in the
formation or fusion of intracellular membrane vesicles of protein transport between the endoplasmic reticu-
lum (ER) and the Golgi apparatus. On the other hand, ANU2 was not well characterized. Disruption of ANU2
(Aanu2) was not lethal but conferred temperature-sensitivity for growth. Electron microscopic analysis of
anu2-1 cells revealed not only the abnormal nuclear morphology but also excessive accumulation of ER
membranes. In addition, both aru2-7 and Aanu2 cells were defective in protein transport between the ER and
the Golgi, suggesting that Anu2p has an important role in vesicular transport in the early secretory pathway.
Here we show that AANU2 encodes a 34 kDa polypeptide, which shares a 20% sequence identity with the
mammalian ¢-COP. Qur results suggest that Anu2p is the yeast homologue of mammalian ¢-COP and the
abrupt accumulation of the ER membrane caused by a blockage of the early protein transport pathway
leads to alteration of nuclear morphology of the budding yeast cells.
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n eukaryotic cells, the transport of materials

I between membrane-bound organelles occurs
through the formation and fusion of small trans-

port vesicles. One of the best understood examples of
intracellular transport is the flow of materials between
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the endoplasmic reticulum (ER) and the Golgi appara-
tus in the yeast Saccharomyces cerevisiae. This trans-
port is mediated by two pathways, the ER-to-Golgi
anterograde pathway and the Golgi-to-ER retrograde
pathway. In the anterograde pathway, it is generally ac-
cepted that most, if not all, vesicle formation is pro-
moted by a set of proteins which forms a coat around
vesicles budding from the ER, collectively called COPII
proteins (4, 23). Initially identified in yeast cells, the
COPII proteins are composed of the small GTPase
Sarlp and two complexes, the Secl13p-Sec31p complex
and the Sec23p-Sec24p complex (3, 19, 29, 33, 42, 43).
In addition, two other ER proteins, Secl2p (guanine-
nucleotide-exchange factor for Sarlp) and Seclép are
known to be involved in the formation of COPII-



coated vesicles (2, 10, 21, 32). Fusion of ER-derived
vesicles to the Golgi consists of multiple steps. One of
these steps involves Secl8p (yeast N-ethylmaleimide
sensitive factor (NSF)), a factor which is also involved
in vesicle fusion events in other organelles, and which
acts to prime the fusion machinery (14, 16, 21, 51).
Another factor, Usolp, acts in tethering the vesicles to
the Golgi (5, 31).

On the other hand, formation of transport vesicles
in the Golgi-to-ER retrograde pathway has been pro-
posed to be promoted by a separate set of proteins,
collectively called COPI/coatomer (25, 43). COPIl/
coatomer, which forms coat around vesicles budding
from the Golgi, was originally identified as a major
component of Golgi-derived vesicles in mammalian
cells (28). COPI/coatomer is composed of seven sub-
units; a- (160 kDa), 5- (110 kDa), 5~ (102 kDa), 7- (98
kDa), 4- (61 kDa), ¢- (35kDa) and {-COP (20 kDa)
(52). The structure of coatomer is evolutionally con-
served between yeast and mammals. Coatomer purified
from yeast closely resembles its mammalian counter-
part in its subunit composition, which consists of pep-
tides with molecular mass of 150, 110, 105, 73, 35 and
25 kDa (20). Moreover, the yeast homologues of all
except e&-COP have been identified, viz. Retlp/Coplp,
Sec26p, Sec27p, Sec2lp, Ret2p and Ret3p/Yzclp,
which correspond to a-, -, 8-, r-, - and {-COP, re-
spectively (7, 8, 13, 20, 25, 53). Yeast cells with muta-
tions in various coatomer subunits are defective in their
ability to retrieve certain classes of proteins from the
Golgi to the ER (1, 20, 25, 26, 53).

In one of our previous studies, a fusion protein com-
posed of green fluorescent protein (GFP) and Xenopus
nucleoplasmin was expressed in yeast cells in order to
visualize the yeast nuclei (27). Nucleoplasmin is a nu-
cleoprotein carrying a bipartite nuclear localization
signal (40). This method is more suitable to observe
nuclear shape than nuclei staining by DNA fluoro-
chromes such as 4',6-diamidino-2-phenylindole be-
cause the latter results in high background staining of
mitochondrial DNA and requires cell permeabilization
which often distorts the shape of the nuclei. Using this
method, we previously reported that a mutant of the
NSPI gene (34), which encodes a subunit of the nu-
clear pore complex (NPC), exhibited an abnormal nu-
clear morphology (27). Based on this observation, the
present study examines a collection of temperature-sen-
sitive mutants expressing GFP-tagged nucleoplasmin to
screen for abnormal nuclear morphology, with the aim
to identify factors required for construction of nuclei,
particularly components of the NPC, nuclear mem-
branes or nuclear matrix. Screening a collection of 700
temperature-sensitive yeast strains yielded 4 mutants
that developed abnormal nuclear morphology after in-
cubation at the restrictive temperature, 37°C. We desig-
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nated them as aru (abnormal nuclear morphology) mu-
tants. Unexpectedly, all ANU genes were found to en-
code factors related to the formation or fusion of mem-
brane vesicles involved in transport between the ER and
the Golgi; ANUI, ANU3 and ANU4 are identical with
SEC24, SECI3 and SECI8, respectively. We also de-
scribe the characterization of ANU2, and propose that
Anu2p is the yeast homologue of mammalian ¢-COP.

Materials and Methods

Plasmids

The BamHI and Smal sites of pUC119 were converted to NotI
and Sall sites respectively by insertion of appropriate oligo-
nucleotide linkers. A 4.9-kb long Xbal-HindIIl yeast ge-
nomic fragment containing L ¥S2 was subcloned into the re-
sultant plasmid to generate a veast integrative vector pKNI1.
The HindlIII site of pKN1 was converted to Clal by insertion
of an oligonucleotide linker to generate another yeast integra-
tive vector pKN1-2. Plasmid pKR1 was used for expression of
a fusion protein consisting of a mutant of Aequorea victoria
GFP, with an amino acid substitution of Ser®® — Thr, and
Xenopus nucleoplasmin under the ADHI promoter in yeast
cells. Ser® — Thr GFP is one of the most widely utilized GFP
variants due to its stronger fluorescence and faster matura-
tion rate relative to the wild-type (18). pKR1 was constructed
identically to pAGNI, except that the GFP gene in pKR1 was
derived from pQB1 (24, 27). A 3.0-kb long Xhol-Noil frag-
ment containing the ADHI promoter and the GFP-nucleo-
plasmin fusion gene was excised from pKR1 and subcloned
into pKNI1 to generate pAGN5. A YCp50-based (CEN vec-
tor; URA3) yeast genomic library (41) was used for screening
of genes which complement the temperature-sensitive growth
defects of anu mutants. One of the plasmids obtained in this
screen contained 4 NU2 and was named pKR4. A 2.0-kb long
yeast genomic fragment containing the ANU2 (YILO76w)
open reading framz (ORF), plus 556 bp long 5- and a 329 bp
long 3-flanking sequences, was amplified from pKR4 by
PCR, creating Clal and BamHI sites at the 5" and the 3’ ends,
respectively. This PCR product was subsequently subcloned
into the corresponding sites of pRS316 (CEN vector; URA3;
45) to obtain pYILO076w. To obtain pRS306-ANU2, the 2.0-
kb long DNA fragment described above was subcloned into
pRS306 (a yeast iategrative vector; URA3; 45). 5- and 3-
DNA fragments flanking the ANU2 ORF were each ampli-
fied from pKR4 by PCR, creating appropriate restriction sites
at each end (refer to sequences below). These DNA frag-
ments were subsequently subcloned into pRS305 (a veast
integrative vector; LEU2; 45) to yield plasmid pANU2-DIS,
harboring a sequence as follows: CTCGAGTCCAACTGAT
— (the 840 bp lonz 3“-flanking sequence of the ANU2 ORF
in the reverse direction) — TAGCGTAACACTGCAGTTTG
ACTTTC — (the 1,115 bp long 5-flanking sequence of the
ANU2 ORF in the forward direction) — GTATAGGTGCG
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AGCTC [The cloning sites of pRS305 (X#Aol, Pstl and Sacl)
are in bold.]. A 0.5-kb long DNA fragment containing the
GAL]I promoter sequence was amplified from pYES2 (Invi-
trogen, Carlsbad, CA, USA) by PCR, creating appropriate
restriction sites at its ends; and the PCR product was subse-
quently subcloned into pKN1-2 to obtain pga;,-N, a yeast in-
ducible expression vector, harboring the sequence GTCGAC
CTGCAGATCCACTAGTACGGATT — AAAAAACTAT
aagcttGGTCGAGCGGCCGC [The cloning sites of pKN1-2
(Sall and Notl) are in bold, and the GALI promoter se-
quence is underlined. A unique HindIII site is in small let-
ters.]. DNA fragments encoding amino acids 1-359 (the en-
tire ANU2 ORF) and 64-359 of the ANU2 ORF, respective-
1y, were amplified from pKR4 by PCR, creating HindIII and
Notl sites at the 5" and 3’ ends. Those DNA fragments were
each subcloned into pgaz;,-N to obtain pgazi,-Long and
Pcarip-Short. For bacterial expression of Schistosoma japo-
nicum glutathione S-transferase (GST)-tagged Anu2p, a 1.0-
kb long DNA fragment encoding amino acids 35-359 of the
ANU2 ORF was amplified from pKR4 by PCR, and the PCR
product was subsequently subcloned into pGEX-5X-2 (Amer-
sham Pharmacia Biotech Buckinghamshire, UK) to generate
pGST-ANU2p. Plasmid pFIW was used for expression of a
fusion between invertase and the C-terminal 111 amino acid
residues of Wbplp under the ADHI promoter in yeast cells
(53). Plasmid pFIS is identical to pFIW, except that pFIS en-
codes a fusion of invertase-Wbplp in which the C-terminal
double lysine motif (-K-K-T-N-COOH) was converted to -S-
S-T-N-COOH. Both pFIW and pFIS, generous gifts from K.
Mihara of Kyushu University, are yeast episomal plasmids
containing the URA3 selectable marker.

Yeast strains and culture methods

YP medium contained 1% Bacto-yeast extract and 2% Bacto-
peptone (Difco Laboratories, Detroit, MI, USA); YPD and
YPG media were supplemented with 29 glucose and 2% ga-
lactose, respectively. Minimal media (SD) containing 2% glu-
cose and 0.67% Bacto-yeast nitrogen base w/0 amino acids
(Difco Laboratories) were supplemented with appropriate
amino acids. Solid media were supplemented with 2% Bacto-
agar (Difco Laboratories). Standard genetic manipulations
were performed as described in Kaiser ef al. 1994.

All yeast strains used in this study were derived from FY
strains (generous gifts from F. Winston, Harvard Medical
School, Boston, MA, USA); FY8 (MATa ura3-52 lys2A202),
FY23 (MATa ura3-52 trplA63 leu2Al), FY24 (MATa ura3-
52 trpIA63 leu2Al) and FY78 (MATa his3A200). TKO1
(MATa wura3-52 1lys2A202::pAGN5::LYS2) and TKO2
(MATa his3A200 Iys2A202::pAGN5::LYS2) were used as
wild-type strains expressing GFP-nucleoplasmin., To con-
struct TKO1 and TKO2, pAGN5 was linearized within the
LYS2 sequence by digestion with Bg/II and introduced into
meijotic segregants of a diploid strain (FY8 x FY78). Diploid
strain DFY24 (MATa/MATo wura3-52/ura3-32 leu2Al/
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leu2Al trpIA63/TRP HIS/his3A200 lys2A202/LYS) was con-
structed by crossing various FY strains.

For isolation of temperature-sensitive mutant strains,
TKO1 was mutagenized with ethylmethane suifonate (EMS),
and standard replica techniques were performed. Seven hun-
dred temperature-sensitive strains were collected, and the mu-
tant phenotype was observed according to the following pro-
cedure: each strain was precultured to an ODgy of approxi-
mately 0.5 at 23°C (permissive temperature) in YPD, shifted
to 37°C (restrictive temperature) for 2 h, and observed under
fluorescence microscope. Four anu mutant strains were ob-
tained, and they were crossed two or three times against
TKO2. The resultant strains (TKC3: anul-1, TKE77: anu2-1,
TKD76: anu3-1, TKA33: anu4-1) were of the same genotype
as TKO!1 except for the anu mutations.

Integration of the URA3 marker into the genome adjacent
to ANU2 was performed by transformation of FY24 with
PRS306-ANU2 which had been linearized within the ANU2
sequence by HindIII. The resultant strain was named YKIMI1
(MATwa ura3-52 trplA63 leu2Al ANU2::pRS306::ANU2).
For gene disruption of ANU2, pANU2-DIS was linearized by
Pstl and introduced into DFY24. Tetrad dissection of the re-
sultant transformant yielded YNAR1 (MA Ta ura3-52 leu2Al
Iys2A202 anu2::LEU2). Plasmid pgaz,-Short and pgari,-
Long were linearized within the L YS2 sequence by Bg/II and
introduced into YNARI to generate Ygazz,-Short (MATa
ura3-52 leu2Al lys20202::pgapip-Short:: LYS2 anul2::LEU2)
and Ygarlong (MATa ura3-52 leu2Al lys20202::Dpeariy
Long::LYS2 anu2::LEU2), respectively.

Fluorescence and electron microscopy

Microscopic observation of GFP fluorescence was performed
using Axiophot (Carl Zeiss, Jena, Germany). Preparation of
thin section of yeast cells by the freeze-substituted fixation
method was carried out as described. (48), except that
Reichert KF80 was used to freeze cells and that thin sections
were viewed on a JEOL100CX electron microscope (JEOL,
Tokyo, Japan) at 80 kV.

Production of anti-Anu2p antisera

GST-tagged Anu2p was expressed from pGST-Anu2p in E.
coli XL1-blue and purified by chromatography on immobi-
lized glutathione (Bulk GST Purification Module; Amersham
Pharmacia Biotech). Immunization of rabbits and prepara-
tion of sera were performed as described in Harlow and Lane
(17), using GST-tagged Anu2p.

Detection of Anu2p by Immunoblotting

Yeast cells were cultured to an ODgg of 0.5 at 23°C in 10 ml
of YPD or YPG media. Cells were then harvested, re-sus-
pended in 10 ml of lysis solution (1% NaOH and 1.2% -
mercaptoethanol) and incubated on ice for 10 min. To precip-
itate total protein, 650 ¢l of 602 trichloroacetic acid was



added to the lysates. These precipitates were subjected to
Western blot analysis as described in Harlow and Lane (17),
using anti-Anu2p antisera (1:100 dilution) and the ECL
Western blotting detection kit (Amersham Pharmacia Bio-
tech).

Carboxypeptidase Y (CPY) and invertase-WbpIp
transport assays

To test for intracellular transport of endogenous CPY, pulse
and chase experiments were carried out as described (53) using
anti-CPY antibody (a generous gift from Dr. A. Nakano,
RIKEN, Japan). To assay for Golgi-to-ER retrograde vesicu-
lar transport, yeast cells were transformed with plasmid
pFIW or pFIS, and each transformant was subjected to
pulse and chase experiments as described in (11), using anti-
invertase antibody (a generous gift from Dr. K. Mihara, Kyu-
shu University, Japan).

Results

Isolation of anu mutants

A yeast haploid strain (TKO1) expressing GFP-tagged
nucleoplasmin under the control of the constitutive
ADH]I promoter was subjected to EMS-mutageniza-
tion, and a collection of 700 mutants that exhibit condi-
tional growth phenotype, i.e., no or retarded growth
at the restrictive temperature of 37°C was generated.
These temperature-sensitive strains were analyzed for
abnormal nuclear morphology after 2 h of incubation
at 37°C, by observation of GFP-tagged nucleoplasmin
fluorescence in the nuclei. Four candidates were ob-
tained, and complementation analysis showed that each
mutant was independent and belonged to different
complementation groups. Hence, they were designated
anul-1, anu2-1, anu3-1 and anu4-1. Light microscopic
images of wild-type and enu mutant cells are shown in
Figure 1. In contrast to the wild-type cells, anu cells ex-
hibited irregularly shaped nuclei which often consisted
of multiple lobes when cultured at the restrictive tem-
perature. However, the cell morphology of gnu mu-
tants was normal, except that anu3-1 cells were slightly
smaller in size. We believe that the abnormality in nu-
clear morphology is not due to defects in nuclear divi-
sion in mitosis, as the cell cycle was not arrested at any
specific stage when these cells were cultured at the re-
strictive temperature (data not shown).

Cloning of ANU genes

All ANU genes were cloned by screening a CEN-based
genomic library for genes that complemented the tem-
perature-sensitive growth of enu mutants. All plasmids
complementing the gnu3-1 mutant were found to con-
tain the SECI3 gene. Further subcloning and genetic
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nucleoplasmin

Phase-
contrast

anu2-1

Fig. 1. Mutants exhibiting abnormal nuclear morphology. Wild-
type (WT; TKO1' A and B), anul-1 (TKC3; C and D), anu3-I
(TKD76; E and F), anu4-1 (TKA33; G and H) and anu2-1 (TKE77; I
and J) cells were grown to ODgg of approximately 0.5 at 23°C in
YPD and shifted to 37°C for 2 h. Green fluorescent signals from cells
excited with blue light are shown in panel A, C, E, G and I (Carl Zeiss
filter set 09 was used). Panels B, D, F, H and J are phase-contrast
images of the sam¢ fields of cells as in panels A, C, E, G and I, re-
spectively.

analysis indicated that ANU3 was identical with
SECI3. By the same means ANU4 was found to be
identical with SECI8. Identification of ANUI as SEC24
will be described elsewhere (H. Higashio, Y. Kimata
and K. Kohno, manuscript in preparation.)

We obtained one plasmid, pKR4, that comple-
mented the gniu2-1 mutant. Further DNA restriction
and sequencing revealed a single 2.0-kb ORF that com-
plemented anuZ-1 (Fig. 2A). This ORF corresponds to
the sequence designated as YILO76w in the Saccharo-
myces Genome Database (SGD, Stanford Genomic
Resources, Starford University, Stanford, CA, USA).
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Fig. 2. Temperature-sensitivity of enu2 mutants and complementa-
tion with the ANU2 gene. (A) Wild type (WT; TKO1) and anu2-1
(TKE77) cells containing a vector pRS316 or pYIL076w (a plasmid
containing YILO76w) were replica-plated onto SD plates, and these
plates were incubated at the indicated temperatures for 2 days and
subsequently photographed. (B) Wild-type (TKO1), anu2-1 (TKE77)
and Aanu2 (YNARI) cells were replica-plated onto YPD plates, and
these plates were incubated at the indicated temperatures for 2 days
and subsequently photographed.

YIL0O76w had not been well characterized, and there-
fore we examined the functional properties of this gene.

To confirm that YILO76w is ANU2, and not a sup-
pressor of the gnu2-I mutation, integrative genetic
mapping was done. The URAS3 gene was integrated ad-
jacent to the YILO76w locus in a wild-type strain for
ANU2 via homologous recombination as described in
the Materials and Methods. This strain (YKIM1) was
then mated with an anu2-1 strain, and sporulation and
tetrad dissection was performed (60 tetrads). Tetrads
were analyzed and the meiotic progeny exhibited a 2:2
segregation pattern of thermosensitive: nonthermosen-
sitive and Ura—:Urat indicating that ANU?2 is identi-
cal or closely linked to YILO76W.
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Disruption of the ANU2 gene

One copy of the ANU2 gene was disrupted in a diploid
strain, DFY24, by replacing the entire ORF region with
the LEU2 gene. The resultant strain was sporulated,
and tetrads were dissected. Most of the tetrads (90%)
yielded four viable spores that displayed 2 Leu™ and 2
Leu~ segregation, indicating that ANU2 gene is not es-
sential. A haploid strain (YNARI1) carrying the ANU2
disruption (Agnu2) was obtained and used for charac-
terization below. As shown in Figure 2B, the Aanu2
cells did not grow at 37°C, reminiscent of anu2-1 cells.
Like anu2-1 cells, Aanu2 cells exhibited abnormal nu-
clear morphology when cultured at 37°C, as revealed by
the fluorescence of GFP-tagged nucleoplasmin (data
not shown). This observation suggested that anu2-1
mutation resulted in loss of function.

Electron microscopic analysis of anu2-1 cells

To demonstrate the detailed subcellular organization of
anu2-1 cells, we analyzed ultrathin sections of the cells
obtained by the freeze-substituted fixation method.
This method minimizes artifactual modifications that
can occur during fixation by conventional methods,
When wild-type cells were incubated at 23°C or 37°C,
nuclei appeared round and the ER membrane formed
cisterna that protruded from the nuclear outer mem-
brane (Fig. 3A) or single layer localized at the inner
surface of the plasma membrane. On the other hand, as
indicated in Figure 3B, anu2-I cells incubated at the
restrictive temperature of 37°C for 2h accumulated
membranes, which appeared to be extension of the ER
because of their continuity with the outer nuclear mem-
brane. Furthermore, as shown in Figure 3D, a large
space between the inner and outer nuclear membranes
was created, probably owing to separation of outer and
inner nuclear membranes. A 4 h incubation at 37°C led
to even more obvious aberrant nuclear morphology.
The cells shown in Figures 3C, E and F seem to con-
tain two nuclei surrounded by one outer nuclear mem-
brane (or it may be just a section of one bent nucleus).
This phenotype may reflect the fragmented nuclei ob-
served by fluorescent microscopy of GFP-tagged nu-
cleoplasmin in anu2-1 cells (Fig. 1). Accumulation of
the ER membrane is often seen in mutants of genes
involved in vesicle transport between the ER and the
Golgi, suggesting the involvement of ANU2 in the vesi-
cle transport, similar to other ANU genes.

Anterograde protein transport in anu mutant cells

As described above, ANUI, 3 and 4 encode important
factors in the secretory pathway. One possible explana-
tion of the accumulation of the ER in gnu2-1 cells is
that the transport from the ER is blocked. Hence, we
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Fig. 3. Electron micrographs of wild-type and anu2-1 cells. Wild-type (TKO1; A) and anu2-1 (TKE77; B-F) cells were grown at 23°C to early
logarithmic phase in YPD and then shifted to 37°C for 2h (A, B and D) or 4 h (C, E and F). Samples were subjected to ultrathin sectioning and
subsequent electron microscopic analysis. Nuclei (N) and Nucleoli (Nu) are indicated. Arrows in A—C indicate ER. As indicated by small
arrows (D and E), separation of outer and inner nuclear membranes is found in anu2-1 cells. In E, white arrows and arrowheads indicate intra-
nuclear microtubules (cross-sectioned) and nuclear pores, respectively. A region of the cell in F is enlarged in E. Bars: (A—C, and F) | y/m, (E) 0.1
/m; the same magnification in D and E.
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anu3-1
WT anu2-1 Aanu2 (sec13)
Chase: 0' 30‘ 0 30" 0 30 0 30

Fig. 4. CPY transport assays in anu mutant cells. Wild-type (WT;
TKO1), anu2-1 (TKE77), Aanu2 (YNARI) and anu3-1 (secl3;
TKD76) cells were precultured at 37°C for 2 h and pulse labeled at
37°C with [**S]methionine for 10 min, Next, excess amounts of cold
methionine and cysteine were added, and cells were further incu-
bated at 37°C for 0 or 30 min (chase). After the pulse-chase, cell ly-
sates were prepared and subjected to immunoprecipitation with anti-
CPY antibody. The immunoprecipitates were resolved by SDS-
PAGE (8%). The positions of ER-modified (P1), Golgi-modified (P2)
and mature (M) forms of CPY are indicated.

checked the involvement of Anu2p in protein trans-
port in the secretory pathway by carrying out CPY
transport assay. CPY is known to traverse the secre-
tory pathway, progressing from a core-glycosylated ER
form (P1) to an outer chain-glycosylated medial-Golgi
form (P2) and eventually to a proteolytically processed
mature vacuolar form (M) (47). To examine the trans-
port of newly synthesized CPY in wild-type, anu2-1,
Aanu2 and anu3-1 (secl3) cells, pulse-chase experi-
ments were performed at 37°C (Fig. 4). In the wild-
type cells, the P1- and P2- forms of CPY were rapidly
processed to the M-form, indicating normal vesicular
transport. In contrast, the Pl-form accumulated in
anu2-1 and Aenu2 as well as in anu3-1 (secl3) cells. This
result strongly suggests that ER-to-Golgi vesicular
transport is severely blocked in cells carrying a muta-
tion or disruption of the ANU2 gene.

Anulp is a 34 kD polypeptide with homology to
mammalian ¢-COP

As described above, the ANU2 gene contains a single
ORF designated YILO76w. If this ORF is fully trans-
lated, the product would be a 41 kDa polypeptide con-
sisting of 359 amino acids. We designated this hypo-
thetical polypeptide Long P (Fig. 5). The N-terminal re-
gion (amino acid residues 1-34) of Long P contains a
cluster of hydrophobic amino acid residues that renders
the polypeptide insoluble. Hence, a truncated version
of Long P (amino acids 35-359) was bacterially ex-
pressed, and this soluble product was injected into rab-
bits for production of antisera against Anu2p.

Figure 6 shows Western blot analysis of cell lysates
from wild-type, anu2-1 and Aanu2 cells using this anti-
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Met(1) Met(64) Met(225)  Met(316) Ter(360)

NNNNNCREAIOCTINNNN

Region of homology to e-COP
Hypothetical product (Short P): 296 A.A., 34 kDa

Hypothetical product (Long P): 359 A.A., 41 kDa

Highly hydrophobic region

Fig. 5. Schematic representation of the ANU2 gene and its hypo-
thetical products. All methionine codons (Met) and the termination
codon (Ter) in ORF YILO76w are indicated. Short P and Long P are
hypothetical ANU2 products whose initiation codons are Met(64) and
Met(1), respectively.

Anu2p antiserum. The antiserum detected a polypep-
tide with an apparent molecular mass of 35 kDa in
wild-type cells. We believe that this polypeptide is
Anu2p, as it was not detected from Aanu2 cells. Simi-
larly, Anu2p was not detected from anu2-1 cells, pre-
sumably because the anu2-I mutation is a nonsense
mutation or the resulting protein is very unstable. As
shown in Figure 6, Anu2p was detected as a protein
with an apparent molecular mass of 35 kDa, a size that
is smaller than the deduced size of Long P, 41 kDa. One
possible explanation for this is that Long P is pro-
teolytically processed. Indeed, by PSORT program
([http://psort.nibb.ac.jp/]; 30), the N-terminal hydro-
phobic region of Long P is predicted to act as a cleava-
ble signal sequence for protein translocation through
the ER membrane, and the resulting product is calcu-
lated to be 37 kDa. However, we considered this expla-
nation unlikely because staining cells overexpressing
ANU2 with anti-Anu2p antiserum showed that Anu2p
is localized in the cytoplasm, not in the lumen (data not
shown).

Another possible explanation for the smaller size of
polypeptide is that instead of the first Met, Met(1) of
YILO76W, the actual initiation codon is the next one,
Met(64). If this is true, the ANU2 product is predicted
to be a 34 kDa cytoplasmic polypeptide by the PSORT
program. We therefore designated this second hypo-
thetical ANU2 product as Short P (Fig. 5). To demon-
strate that the actual ANU2 product is not Long P but
Short P, each polypeptide was expressed from the
GALI promoter in Aanu2 cells and further character-
ized (Ygar,-Short: Aanu2 strain containing a fusion of
the GALI promoter and the Short P gene; Ygari,-
Long: Aenu2 strain containing a fusion of the GAL!
promoter and the Long P gene). The transcription from
the GALI promoter is repressed in the presence of glu-
cose, but strongly induced in the presence of solely ga-
lactose.

Yeast cells were cultured in the presence of either glu-
cose or galactose, and their extracts were subjected to
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Fig. 6. Detection of Anu2p by Western blot analysis. Lysates of
wild-type (WT; TKO1), anu2-1 (TKE77) and Aanu2 (YNAR1) cells
were resolved by SDS-PAGE (12.5%) and Western blotted with anti-
Anu2p antiserum.

Western blot analysis with anti-Anu2p antiserum (Fig.
7A). In Ygazi,-Short cells, a 35 kDa polypeptide was
produced from the GALI promoter (Fig. 7A, lanes 3
and 7). On the other hand, a 40 kDa polypeptide was
produced from the GALI promoter in Ygar-Long
cells (Fig. 7A, lanes 4 and 8). A comparison of the
molecular mass of these polypeptides with the authen-
tic ANU2 product (Fig. 7A, lanes 1 and 5) strongly
suggests that the actual ANU2 product is Short P.
In Yguz,-Long cells, the 35 kDa polypeptide, which is
probably Short P, was produced in both glucose and
galactose media. We presumed that this is due to the
presence of ANU2 promoter elements located between
the Long P and Short P translational start sites that ex-
press the Short P product constitutively.

In parallel with the above experiment, we examined
whether expression of Short P and/or Long P rescues
the temperature-sensitivity of Aenu2 cells. As shown in
Figure 7B, Yga7,-Short and Yg.4z;,-Long strains were
inoculated onto agar plates containing glucose (YPD)
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Fig. 7. Expression of hypothetical ANU2 products in Agnu2 cells.
Strains Yg,,-Short (containing a fusion of the GAL1I promoter and
the Short P gene) and Yg,;;,-Long (containing a fusion of the GALJ
promoter and the I.ong P gene) were generated from the Agnu2 strain
(YNARYI) as descrised in Materials and Methods and further charac-
terized alongside with wild-type (WT; TKO1) and Aanu2 (YNARI])
strains. (A) Those cells were cultured at 23°C in media containing
glucose (YPD) or galactose (YPG), and their lysates were resolved by
SDS-PAGE (12.5%) and Western blotted with anti-Anu2p antise-
rum. (B) Cells were replica-plated onto YPD or YPG plates, and these
plates were incubaed at the indicated temperatures for 2 days and
subsequently photcgraphed.

or galactose (YPG) and cultured at 23°C or 37°C.
When cultured at 37°C on YPD, Y, ,,-Short cells,
which express neither Short P nor Long P, did not
grow. On the other hand, cells expressing Short P only
(Youarp-Short on YPG and Y4, jp-Long on YPD) could
grow at 37°C, suggesting that Short P is functional. It
is uncertain whzther Long P is functional, as we could
not obtain cells expressing exclusively Long P, due to
the simultaneous constitutive expression of Short P.

By searching the Genome Net databases
([http://www.genome.ad.jp/]) we found out that
Short P is horaologous to mammalian ¢&-COP (20%
identity). The sequence alignment of Short-P and ham-
ster ¢-COP (15) is shown in Figure 8.
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yeast AnuZp (short P)
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Fig. 8. Sequence alignment of Short-P and hamster ¢-COP. Gene
Works program (Oxford Molecular Group, Campbell, CA, USA)

was used for the alignment. Matched amino acid residues were
shaded.
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Golgi-to-ER retrograde transport in Aanu? cells

A double-lysine motif (KKXX) at the C-terminus of
some type I transmembrane proteins is required for
proper localization within the ER (12, 49). In yeast cells
the ER retention of KKXX-tagged proteins is achieved
by a KKXX signal-mediated Golgi-to-ER retrieval sys-
tem. Yeast strains harboring mutations in genes encod-
ing a-, 8-, y-, - and {-COP were unable to localize
KKXX-tagged proteins within the ER (1, 7, 25, 53). We
therefore examined the ER retention of a KKXX-tag-
ged membrane protein in Aanu2 cells. Wbplp is a type
I ER resident membrane protein which contains the
KKXX motif in its C-terminus. A chimeric protein, inv-
KK, in which a region of Wbplp including the trans-
membrane domain and cytoplasmic tail was fused to
the C-terminus of invertase, was used (53). As a con-
trol, we used a mutated version, inv-SS, in which the
lysine residues of inv-KK (-KKTN-COOH) were
changed to serines (-SSTN-COOH). In the backround
of known COPI mutants, a large portion of inv-KK
fails to be retained within the ER, and like inv-SS, it is
transported to the vacuole, where it is proteolytically
processed to an approximately 56 kDa fragment (53).
Therefore the degree of processing inv-KK is a good
indicator of retrieving efficiency from the Golgi to the
ER.

Wild-type and Aanu2 cells expressing these chimeric
proteins or containing a control vector plasmid
(pRS426) were precultured at the semipermissive tem-
perature of 32°C for 4h and subjected to a 10 min
pulse label with [*S}methionine at 32°C, followed by
a 60 min chase, and immunoprecipitation with an anti-
invertase antibody. The immunoprecipitates were
treated with endoglycosidase H and then subjected to
SDS-PAGE (Fig. 9). Inv-SS was cleaved in both wild-
type and Agnu2 cells, confirming that anterograde
transport was not blocked under this culturing condi-
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Fig. 9. Invertase-Wbplp transport assay in Agrnu2 cells. Wild-type
(TKO1) and Aanu2 (YNARI) cells expressing inv-KK or inv-SS were
precultured at 32°C for 4 h and pulse labeled at 32°C with [**S]meth-
ionine for 10 min. Next, excess amounts of cold methionine and cys-
teine were added, and cells were further incubated at 32°C for 0 or 60
min (chase). After the pulse-chase, cell lysates were prepared and
subjected to immunoprecipitation with anti-invertase antibody. The
immunoprecipitates were treated with endoglycosidase H and re-
solved by SDS-PAGE (8%). The positions of ER-form (F) and prote-
olytically processed form (P) of inv-KK or inv-SS are indicated.

tion. On the other hand, no cleavage of inv-KK was ob-
served, indicating that this protein was efficiently re-
trieved from the Golgi and transported back to the ER
in both wild-type and Aanu2 cells. We could not deter-
mine the deficiency in ER-retrieval in Aanu2 cells cul-
tured at temperatures higher than 32°C, because nei-
ther inv-SS nor inv-KK was cleaved under these cultur-
ing conditions (data not shown).

Discussion

Nuclear morphology of yeast cells are visualized in de-
tailed outline by expression of GFP-tagged nucleoplas-
min. In this study, a collection of temperature-sensi-
tive mutants expressing GFP-tagged nucleoplasmin was
screened for abnormal nuclear morphology. Four can-
didates were obtained and we called then anu for ab-
normal nuclear morphology mutants. Unexpectedly,
the products of ANUI, ANU3 and ANU4 were found
to be involved in the formation or fusion of intracellu-
lar membrane vesicles. ANUI and ANU3 were found to
be identical to SEC24 and SECI3, respectively, both of
which encode components of COPII (19, 44). ANU4 is
identical to SECI8, which encodes the yeast NSF, a
factor essential for various vesicle fusion events (14, 16,
51).

In this study, the function of ANU2 gene was investi-
gated. It was isolated by screening of a yeast genomic
library for complementation of the temperature-sensi-
tivity of the enu2-1 strain and further genetic analysis
confirmed that it corresponds to YILO76W, as desig-
nated in the Saccharomyces Genome Database. Fur-



thermore, we found out that the actual initiation codon
is not Met(1) but Met(64) of YILO76w (Fig. 7). Thus
the ANU2 product is deduced to be a 34 kDa soluble
polypeptide (Fig. 5). Several lines of evidence support
that ANU2 is indeed the ¢-COP gene. First, in the elec-
tron microscopic analysis, anu2-1 cells exhibited accu-
mulation of ER membrane, as did various sec mutants
defective in the vesicular transport between the ER and
the Golgi (Fig. 3). Second, the result from the CPY
transport assay indicated that the early secretory path-
way of anu2 mutant cells was blocked (Fig. 4). Third,
there is no other gene which shares a homology as sig-
nificant as ANU2 with the mammalian ¢-COP gene in
the Saccharomyces Genome Database (Fig. 8). There-
fore, we came to the same conclusion as R. Duden’s
group (see discussion below) that ANU2 is indeed the
yeast &-COP gene.

Disruption of the ANU2 gene confers temperature-
sensitivity growth but is not lethal (Fig. 2B). This is
in contrast to all of the other coatomer genes (a-, §-,
8-, 7-, 8- and {-COP), which are essential for cell via-
bility (1, 7, 25, 26, 53). Furthermore, alignment of se-
quences using the Gene Works program (Oxford Mo-
lecular Group, Campbell, CA, USA) showed that the
sequence identity between mammalian and yeast ¢-
COP is 20%, whereas other yeast coatomer subunits
exhibit a 35-45% identity with their mammalian coun-
terparts. These observations may imply that &-COP
plays a less well-conserved or a supplementary role in
coatomer function.

Two sets of experiments supported a role of
coatomer in Golgi-to-ER retrograde transport. First,
several coatomer subunits were shown to physically
interact in vitro with the double-lysine (KKXX) ER-
retrieval motifs (15). Second, yeast cells with muta-
tions in various coatomer subunits are defective for the
retrieval of certain classes of proteins from the Golgi
to the ER (1, 7, 25, 26, 53). Hence, we tested whether
the retrieval of a KKXX-tagged membrane protein, in-
vertase-Wbplp, to the ER is affected by the anu2 muta-
tion. In the invertase-Wbplp transport assay shown
(Fig. 9), we could not detect the escape of this protein
from the ER-retrieval system in Agrnu2 cells cultured at
the semipermissive temperature 32°C. As ¢-COP is a
component of coatomer, we believe that it is involved in
the ER-retrieval pathway, and its inactivation in Agnu2
cells may cause a block in this pathway when cells are
cultured under a more stringent experimental condi-
tion, such as incubation at restrictive rather than semi-
permissive temperatures. However, the defect in the an-
terograde secretory pathway observed in Aanu2 cells
cultured at temperatures higher than 32°C (Fig. 4)
precludes estimation of defect in the ER-retrieval of in-
vertase-WBP1. Therefore, a new transport assay has to
be developed in order to estimate the defect in Golgi-
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to-ER retrograde transport in Aagnu2 cells.

In contrast to Golgi-to-ER retrograde transport,
where formation of transport vesicles is promoted by
COPI, it is widely believed that in ER-to-Golgi antero-
grade transpcrt this function is managed by COPII.
However, ER-to-Golgi anterograde transport (e.g. of
CPY) is blocked in gnu2 mutants as well as in mutants
of other coatomer genes (8, 20, 53), although COPI is
not likely to act directly in the anterograde secretory
pathway (12). To determine whether the ER membrane
can form COPI-coated vesicles in vivo, the method of
quantitative immunoelectron microscopic studies used
to investigate (Golgi-derived COPI-coated vesicles might
be helpful (39).

While conducting this study, R. Duden’s group inde-
pendently identified YIL076w as yeast ¢-COP gene, and
named it SEC28 (9). They cloned this gene as a high
copy suppressor of temperature-sensitive growth defect
of an a-COP mutant (ret/-3), which produced an un-
stable a-COP at the restrictive temperature 37°C. They
also showed that wild-type a-COP was unstable in the
disruptant mutant (sec28) at a restrictive temperature.
Therefore, they concluded that one of the functions
of ¢-COP is to stabilize «-COP and hence the overall
coatomer complex (9).

Since we isclated gnu2 mutant via abnormal nuclear
morphology phenotype at the restrictive temperature,
we could study the fine subcellular structure of anu2
mutant by electron microscopy. The freeze-substituted
fixation methcod was preferred as it causes less distor-
tion to the saraples, especially to the roundness of the
nucleus as corapared to the standard fixation method
using osmium tetroxide. The abnormal nuclear mor-
phology of anu2-1 revealed by this electron micro-
scopic analysis, was also observed in various mutant
strains bearing defects in vesicular transport between
the ER and the Golgi, such as sec24/anul, sarl, secl2,
secl6, secl8/aaud and usol (31; unpublished observa-
tions by A. Hirata). In addition, accumulation of mis-
folded proteins in the ER, such as a prosequence-de-
leted derivative of an aspartic proteinase, also resulted
in irregularly proliferated ER membranes and aberrant
nuclei (50). In contrast, such a phenotype was not ob-
served in secl, sec7 and secl4 strains which are defec-
tive in the later stage of the secretory pathway (traffic
through the Golgi and subsequently to the cell surface)
(36-38; unpublished observations of A. Hirata). This
difference could be explained as follows. In the euka-
ryotic cells, the outer nuclear membrane forms an ex-
tension to the ER membranes and the inter-nuclear
membrane space is equivalent to the ER lumen. Accu-
mulation of membrane proteins and soluble secretory
proteins in the ER due to defects in the early secretory
pathway triggers propagation of ER membranes and a
change in location of ER components such as BiP (35).
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These abnormally proliferated and exaggerated ER
membranes could perturb the nuclear structure by a yet
unknown mechanism. On the other hand, the blockage
in the later stage of the secretory pathway does not
lead to the accumulation of ER membranes, hence leav-
ing the nuclear structure virtually unaffected. There-
fore, as we have shown here, at least, in yeast cells, the
content and the physical state of the ER are closely
linked to the nuclear structure. In fact, some factors re-
quired for the early secretory pathway may be directly
participating in the construction of nuclei. There is evi-
dence showing that Sec13p existed not only in COPII
but also in a subcomplex of the NPC (46). This sub-
complex is composed of six different proteins including
Nup84p, Nup85p, Nupl20p, Secl3p and a Secl3p hom-
ologue (Sehlp), where disruption of any of the genes
encoding Nup84p, Nup85p or Nup120p causes defects
in the organization of the nuclear membranes and the
NPC. Further studies are necessary to address the exact
role of vesicular transport factors in the construction or
maintenance of nuclear structures.
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