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Profilins bind to monomeric actin and also interact
with ligands such as phosphoinositide 4,5-bisphosphate,
the proline-rich protein VASP and a complex of four
to six polypeptides identified in Acanthamoeba that
includes two actin-related proteins. Here, we report
the identification and characterization of an essential
gene from Schizosaccharomyces pombe, sop2 +, a muta-
tion in which rescues the temperature-sensitive lethality
of a profilin mutation, cdc3-124. The sop2-1 mutant is
defective for cell elongation and septation, suggesting
that it is involved in multiple cortical actin-requiring
processes. Consistent with a role in actin cytoskeletal
function, negative interactions have been identified
between sop2-1 and actl-48, a mutant allele of actin.
Sop2p is a novel 377 amino acid polypeptide with
similarity to proteins of the 3-transducin repeat family.
Sop2p-related proteins have been identified by sequenc-
ing projects in diverse species, and we have isolated a
human cDNA highly related to sop2 +, SOP2 Hs, which
functionally complements the sop2-1 mutation. Sop2p
proteins from all species contain peptide sequences
identical or highly similar to two peptide sequences
from an Acanthamoeba ,B-transducin repeat protein
present in the profilin binding complex. Biochemical
analyses demonstrate that Sop2p is present in a com-
plex which also contains the actin-related protein,
Arp3p. Immunofluorescence studies reveal the presence
of Sop2p in (i) punctate structures distributed through-
out the cell, (ii) cables that extend the length of the
cell, and (iii) a medial band in a small percentage of
septating cells. Collectively these data demonstrate the
interaction of Sop2p with Arp3p, profilin and actin.
Keywords: actin/actin-related protein/cytoskeleton/
profilin/Schizosaccaromyces pombe

Introduction

Profilins are small proteins identified in all eukaryotic cells
in which they have been sought. Over the last 20 years, a
wealth ofbiochemical information has been gathered which
postulates the potential multifunctionality of this protein
in vivo. In vitro, profilins have been found to interact with
at least five ligands: (i) monomeric actin (Markey
et al., 1981); (ii) phosphoinositide 4,5-bisphosphate
(Goldschmidt-Clermont et al., 1991); (iii) poly-L-proline

(Tanaka and Shibata, 1985); (iv) the phosphorylated focal
adhesion protein VASP (Reinhard et al., 1995); and (v) a
cortical complex comprising four to six polypeptides includ-
ing the actin-related proteins Arp2 and Arp3 identified in
Acanthamoeba (Machesky et al., 1994; Kelleher et al.,
1995). From such biochemical studies, profilin has been
proposed to either stimulate actin filament assembly in con-
junction with thymosin-P4 by lowering the critical concen-
tration ofactin or sequester actin monomers when the barbed
ends of actin filaments are capped (Pantaloni and Carlier,
1993). Profilin has also been proposed to stimulate actin
filament assembly by accelerating the rate of exchange of
nucleotide bound to actin (Goldschmidt-Clermont et al.,
1992). Binding of profilin to PIP2, polyproline-containing
proteins and the cortical complex have been proposed to
regulate the activity and/or localization of profilins
(Machesky and Pollard, 1993).
An equally complex array of functions related to the

actin cytoskeleton have been identified for profilins in vivo
in experimental systems amenable to genetic and cyto-
logical manipulation. In Dictyostelium, Tetrahymena and
the fission yeast Schizosaccharomyces pombe, profilins
appear to function in cytokinesis (Edamatsu et al., 1992;
Balasubramanian et al., 1994; Haugwitz et al., 1994). In
Saccharomyces cerevisiae, profilin is essential for growth
at high temperatures, and its absence severely affects cell
morphology at all temperatures (Haarer et al., 1990). In
Physarum, distinct isoforms are expressed in the plas-
modial and amoeboid forms (Binette et al., 1990). In
Drosophila, profilin isoforms and profilin levels affect
various developmental processes such as oogenesis, bristle
morphogenesis, gastrulation and axonal growth (Cooley
et al., 1992; Veyerhen and Cooley, 1994).

In order to understand further the molecular function(s)
of profilin, we chose to perform genetic suppressor analysis
with the conditionally lethal S.pombe profilin mutant,
cdc3-124. We reported earlier that the lesion in the mutant
gene changed a glutamic acid residue present in the second
a-helix (Vinson et al., 1993; Federov et al., 1994) (a
region not thought to influence binding of profilin to
actin, PIP2 or poly-L-proline) to a lysine residue
(Balasubramanian et al., 1994). We used this mutant
to isolate other genetic elements which reversed the
temperature-sensitive lethality of cdc3-124. We report here
the characterization of one extragenic suppressor, sop2-1
(suppressor of profilin). sop2-1 mutants are defective in
cortical actin-dependent processes such as polarized cell
elongation and septation. sop2+ is essential for cell viabil-
ity and encodes a 41 kDa protein weakly related to proteins
with f-transducin repeats. Sop2p is visualized in punctate
structures distributed throughout the cell, cables that run
the length of the cell and in the medial region of the cell
during septation. Sop2p sediments in a multi-protein
complex and is associated with the actin-related protein
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Fig. 1. Rescue of cdc3-124 mutants by sop2-1. Cells of the indicated genotypes were grown at 29°C to log phase and shifted to 33.5°C for 4 h,

fixed and stained with rhodamine-conjugated phalloidin (ACTIN) and DAPI (DNA), or calcofluor for cell wall (CW).

Arp3p. These data demonstrate the interaction of Sop2p
with Arp3p, profilin and actin.

Results

Isolation and characterization of sop2- 1
To identify genetic elements that might interact with the
cdc3-124 mutant profilin and render it functional (i.e. allow
colony formation under restrictive temperature conditions),
we performed a pseudoreversion screen. Although 36°C
was used as the restrictive temperature for cdc3-124 in

previous studies (Nurse et al., 1976; Balasubramanian
et al., 1994), we determined that cdc3-124 cells fail to

form colonies at 32°C or higher. We chose, therefore, to

isolate pseudorevertants at 32°C to enhance our chances

of identifying genetic interactions, under the assumption
that even weaker interactions might be identified. From

2X108 mutagenized cells 1040 pseudorevertant colonies

were isolated. We have studied 140 randomly chosen

mutants in some detail and have determined that 119 of

these suppression events were due to extragenic muta-

tions while the other 21 were intragenic. Twenty of the

119 extragenic suppressors conferred cold-sensitive lethal

phenotypes at 19°C. The characterization of a linkage
group consisting of a single allele, sop2-1 (suppressor of
profilin mutant), is the subject of this study.

Although higher temperatures did not affect growth of
the sop2-1 single mutant, the sop2-1 cdc3-124 double
mutant could not grow at temperatures above 33.5°C.
Distribution of F-actin and cell wall material in sop2-1,
cdc3-124 and cdc3-124 sop2-1 mutants at 33.5°C was

examined by fluorescence microscopy (Figure 1). As
described previously, cdc3-124 mutants arrested at cyto-

kinesis as binucleate or tetranucleate cells with improperly
deposited septum material in the medial region of the cell

(Balasubramanian et al., 1994). F-actin contractile rings
were not detected in these cells, although punctate F-actin

staining was visualized. In contrast, both cdc3-124 sop2-1
and sop2-1 mutants formed contractile rings and septa at

33.5°C. However, some aspects of F-actin localization

were affected in sop2-1 and cdc3-124 sop2-1 mutants.

Whereas wild-type cells in mitosis display a prominent
medial ring and minimal F-actin staining at the ends of

the cells (data not shown), sop2-1 and cdc3-124 sop2-1
mutant cells with F-actin rings also contained copious
punctate F-actin staining at the cell ends.
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Fig. 2. Phenotype of sop2-1 at 19°C. sop2-1 cells were grown at 32°C to mid-log phase and shifted to 19°C for 10 h, fixed and stained with DAPI
(DNA) and rhodamine-conjugated phalloidin (ACTIN) or calcofluor for cell wall (CW).

Approximately 45% of exponentially growing sop2-1
mutant cells contained septa at 32°C. This was in marked
contrast to the 10-12% of septating cells in wild-type cell
cultures. We therefore entertained the possibility that a
general slow down of septation and cell separation was
the reason for rescue of cdc3-124 by sop2-1. If this were
the case, sop2-1 should be capable of rescuing other
mutants defective for actin ring formation/septation. To
test this possibility, double mutants between sop2-1 and
two late septation mutants, cdc8-110 and cdc12-112, and
one early septation mutant, cdcll-123, were constructed
and tested for colony formation at a variety of tempera-
tures. This analysis showed that sop2-1 was not capable
of rescuing cdc8-110, cdc12-112 and cdcll-123 mutants.

Having established that sop2- 1 was specific in its ability
to rescue cdc3-124, we characterized the phenotype of
sop2-1 at its restrictive temperature of 19°C. The sop2-1
mutant was incapable of colony formation at 19°C and
was sensitive to temperatures below 23°C. sop2-1 was
dominant, as determined by the inability of a sop2-1/
sop2+ diploid strain to form colonies at 19°C. The
ability of sop2-1 to suppress cdc3-124 was not dominant,
however, since a cdc3-1241cdc3-124 sop2-1/sop2+ (0-16/
MBY50) diploid could not form colonies at 33.5°C. Upon
shift to 19°C, sop2-1 cells arrested cell division with two
major phenotypes before they eventually lysed. Between
50 and 60% of the cells contained a thick septum. In these
cells F-actin was present in patches on both sides of the
septum and all around the cell (Figure 2). The remainder
of the arrested cells lacked a septum, and F-actin was
present in delocalized patches. Occasionally, cells with
multiple nuclei and multiple septa were identified. Calco-
fluor staining revealed that septum material was present
in the cell ends in many cells that arrested in interphase.
This is not observed in wild-type interphase cells. These
phenotypes suggested that the sop2+ gene product might
be required for multiple processes that depend upon
cortical actin, such as cell elongation and septation.

Fission yeast cells starved for a nitrogen source arrest
in the GI phase of the cell cycle as small rounded cells.
When a nitrogen source is added back to these cells,
however, they re-enter the mitotic cell cycle, resume
polarized growth and assume a cylindrical shape. We used
this system to test specifically if sop2+ was required for
cell elongation. sop2+ and sop2-1 cells were arrested in
the GI phase of the cell cycle by nitrogen starvation at

Fig. 3. sop2+ is required for cell elongation. sop2-1 cells were grown
in minimal medium to mid-log phase at 32°C, washed three times with
medium lacking a nitrogen source, inoculated into medium lacking a

nitrogen source at 2x 106 cells/ml and incubated at 32°C for 23 h
followed by incubation at 19°C for 1 h. Cells were then inoculated
(t = 0) in fresh minimal medium pre-cooled to 19°C at 2x 106
cells/ml, incubated at 19°C for 16 h and then viewed under phase
contrast settings. As a control, wild-type cells (972 h-) were treated in
an identical manner. (a) Wild-type cells t = 0, (b) wild-type cells
t = 16 h, (c) sop2-1 cells t = 0 and (d) sop2-1 cells t = 16 h.

32°C. This resulted in the accumulation of=60% of sop2- 1
cells and >90% of wild-type cells as small rounded
cells (Figure 3a and c). Flow cytometry confirmed the
accumulation of both sop2-1 and wild-type cells in GI
(data not shown). Upon release into growth medium at
19°C, wild-type cells proceeded to elongate, assumed a
cylindrical morphology and began to cycle (Figure 3b).
In contrast, sop2-1 mutants remained round and did not
resume polarized growth (Figure 3d). Any growth that
occurred under these conditions caused the cells only to
swell. This result confirmed the requirement of sop2+ for
polarized cell elongation.

Molecular cloning and characterization
Although sop2-1 was a dominant mutation, we reasoned
that we might be able to clone sop2+ by transformation
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TAAAAAATCTCTAAAAGATATGCAAGAAAATCAAATTTTATTTAATGGAATTTTTTTTAG --203
TCTTAATTGAGTTGTAATATTTACAAACCTTTAAAATGTAAACAAAGGAGTTACCGATAC -143
CATCGATATGCGTTATCGTATATAAAGTACTCTAACGTTTTTTGTTAATGTATCTACTGC -83
TCTCGTCATCACCAATATCGATTCAGCCTTGGATATCGTCTATCATCCGCAAAACAGTAG -23
ACTGCTAGTCCTGTTACTGAAAAATGGCTACCTCTCAAGTTTTACACATTCTTCCTAAAC 37

M A T S Q V L H I L P K 12

MluI
CCTCTTACGAACACGCGTTCAATAGTCAAAGAACAGgtacagtataggacctaaataagt 97
P S Y E H A F N S Q R T 24
agattttaacaaatttgatatagAGTTTGTCACCACAACTGCTACGAACCAAGTTGAACT 157

E F V T T T A T N Q V E L 37
TTACGAGCAAGATGGAAATGGGTGGAAGCATGCCCGAACATTTAGCGATCACGATAAGAT 217

Y E Q D G N G W K H A R T F S D H D K I 57
TGTAACTTGTGTCGATTGGGCTCCGAAATCCAATCGAATCGTAACTTGCTCTCAAGACCG 277
V T C V D W A P K S N R I V T C S Q D R 77

TAATGCCTATGTTTATGAGAAACGTCCTGATGGGACTTGGAAGCAGACCCTCGTCTTACT 337
N A Y V Y E K R P D G T W K Q T L V L L 97

TCGTTTGAATCGTGCCGCTACGTTTGTTCGTTGGTCGCCTAACGAGGACAAGTTTGCTGT 397
R L N R A A T F V R W S P N E D K F A V 117

TGGTAGTGGTGCTCGTGTCATTTCTGTTTGCTACTTTGAACAAGAAAATGACTGGTGGGT 457
G S G A R V I S V C Y F E Q E N D W W V 137

CAGCAAACATCTGAAACGTCCGCTTCGTAGTACCATTTTGTCTTTGGACTGGCATCCTAA 517
S K H L K R P L R S T I L S L D W H P N 157

TAACGTTTTATTAGCTGCCGGCTGTGCAGACCGTAAGGCATACGTTTTATCTGCTTATGT 577
N V L L A A G C A D R K A Y V L S A Y V 177

TCGTGATGTCGATGCCAAACCAGAAGCCAGCGTTTGGGGTTCACGTTTACCTTTCAACAC 637
R D V D A K P E A S V H G S R L P F N T 197

GAT
TGTTTGCGCTGAATACCCATCTGGTGGTTGGGTTCACGCCGTTGGATTTTCACCTTCGGG 697
V C A E Y P S G G W V H A V G F S P S G 217

D

TAATGCCTTAGCGTATGCTGGCCATGATTCTTCTGTTACGATTGCATATCCCAGTGCTCC 757
N A L A Y A G H D S S V T I A Y P S A P 237

CGAGCAACCCCCACGAGCTCTAATTACTGTCAAATTATCTCAATTGCCTTTGCGTTCTCT 817
E Q P P R A L I T V K L S Q L P L R S L 257

TCTTTGGGCGAATGAGAGTGCCATTGTGGCTGCTGGCTATAACTATTCTCCTATTCTTTT 877
L W A N E S A I V A A G Y N Y S P I L L 277

NruI
GCAAGGCAATGAGTCCGGTTGGGCCCATACTCGCGATTTGGATGCCGGAACTTCCAAGAC 937

Q G N E S G W A H T R D L D A G T S K T 297
CTCATTCACTCACACAGGAAATACTGGTGAAGGTAGAGAGGAAGAGGGTCCTGTTTCATT 997

S F T H T G N T G E G R E E E G P V S F 317
TACTGCTCTTCGTAGCACATTCCGTAACATGGATTTGAAGGGCTCCAGCCAGTCTATTTC 1057

T A L R S T F R N M D L K G S S Q S I S 337
GTCTTTACCAACCGTTCATCAAAATATGATTGCAACCCTTCGACCTTACGCTGGGACTCC 1117

S L P T V H Q N M I A T L R P Y A G T P 357
TGGCAATATTACTGCGTTTACCTCCAGCGGTACCGACGGACGTGTTGTTTTGTGGACTCT 1177

G N I T A F T S S G T D G R V V L W T L 377
TTAGAAAAGATATCGGCAAATGAATCTTATCAAATCAATTATCGAATTTCCGTAGATGTT 1237

AATCTCATAGAATAAAAGAATTGAACAAGCTTTAGCTAGATATAGTAACTGTTATTCCGC 1297
AGCTTAATATGATTACTATGTCGTCTTATAAATTTTTGTCAATCATATTCAGTTTTGTGT 1357
ATATATTTTTTCTTAGAGACCCCAAAATTGAGAAGTGCTTTTGCTACGTAAGTTTACTTA 1417
TACCACCACTTGAGACTGAACCACGGGTATGCGTTCTTACGAATAATCATTAGATATAAC 1477
TTAGATTAAAGTGTTTATTAATTGTATAGTTAGTAAAATTAGTAAAGATC 1527

Fig. 4. Nucleotide sequence of sop2+ and predicted amino acid
sequence of Sop2p. The nucleotide sequence has been deposited under
the accession number Y08998. The predicted amino acid sequence is
shown below the nucleotide sequence. Intron sequences are shown in
lower case. The region of the gene between the MluI and NruI sites
was deleted and replaced with the marker gene ura4+ to create the
sop2::ura4 gene disruption allele. The nucleotide mutated in the
sop2-1 allele and the codon 207, which it affects, are shown. The
amino acid change resulting from this mutation is shown below the
wild-type amino acid sequence of Sop2p.

with a high copy plasmid library as elevated expression
of sop2+ would dilute Sop2- Ip and thereby rescue sop2- 1.
A sop2-1 ura4-D18 strain was therefore transformed with
an S.pombe genomic library and two identical plasmids
capable of rescuing sop2-1 were isolated. A DNA probe
derived from the insert of these plasmids hybridized to
cosmid 14C8c in a set of ordered cosmid clones represent-
ing the S.pombe genome (Hoheisel et al., 1993). This
localization placed the cloned gene between the mat3 and
his2 loci. Subsequent genetic crosses revealed tight linkage
between the sop2 and leul loci (<9 cM from his2) and
also between sop2 and mat3 loci, suggesting that the
cloned gene was sop2+ rather than a multicopy suppressor.

The DNA sequence of the 2.3 kb insert in the rescuing
plasmid was determined (Figure 4). Analysis of this
sequence revealed that it had the potential to encode a
377 amino acid polypeptide, from two putative exons
separated by a 47 bp intron. The molecular weight for
this predicted polypeptide is 41 638 Da. The existence
and position of the predicted intron was confirmed by

isolation and sequence determination of sop2' cDNA
clones. Two findings established that this coding region
was responsible for sop2-1 rescue. First, deletion of an
internal segment encoding 271 amino acids abolished the
ability of this plasmid to rescue sop2-1 mutants. Second,
a single mutation which would change amino acid 207
from glycine to aspartic acid was identified when genomic
DNA from the corresponding region in the sop2- 1 mutant
was sequenced (Figure 4).
The most recent protein databases were searched with

Sop2p as the query sequence using the BLASTP program.
These searches revealed that Sop2p was highly related to
a predicted reading frame YBR234c (EMBL accession
number Z36103) from S.cerevisiae and weakly related to
several transducin repeat-containing proteins. The align-
ment of Sop2p and YBR234c indicated that they shared
40% identity, over the entire length of the two proteins, and
60% similarity when conservative amino acid substitutions
were allowed. Subsequently, the DNA databases were
translated in all potential frames and searched with Sop2p
as the query sequence using the program TBLASTN. This
search further identified a Drosophila genomic DNA
sequence (DRO28DC9Z), several human expressed
sequence tag (EST) sequences and a sequence from a
mouse embryonal carcinoma cell line (MUS87F08) that
were highly related (at least 60% identity within a stretch
of 100 amino acids) to Sop2p. We found that the Droso-
phila sop2-like gene contained a potential intron at a
position identical to that found in sop2+. We amplified a
sop2-related human EST by PCR. The amplified sequence
was used to probe a HeLa cell cDNA library and the
nucleotide sequence of the full-length sop2-like gene from
humans (referred to as SOP2 Hs) was determined. Figure
5A shows an alignment between Sop2p, SOP2 Hs and
highly related sequences from Drosophila, mouse and
S.cerevisiae. We have been able to identify five regions
(amino acids 49-82, 114-138, 188-231, 254-282 and
359-377) which weakly resemble transducin repeats in
Sop2p and its relatives.

Given the high degree of sequence similarity between
Sop2p and related sequences from other species, we
addressed if these proteins were functionally homologous.
In other words, we asked if SOP2 Hs would rescue the
sop2-1 mutant. The SOP2 Hs gene was placed downstream
of the thiamine-repressible nmtl promoter (Maundrell,
1989, 1993), introduced into the sop2-1 mutant and
colonies were allowed to form at 32°C. As controls, an
empty plasmid and a plasmid carrying the S.pombe sop2+
gene were also introduced into sop2-1 mutant cells.
Colonies that formed at 32°C were replica plated to 19°C
and scored for their ability to grow under these conditions.
As shown in Figure SB, SOP2 Hs and S.pombe sop2+,
but not the empty vector, rescued the sop2-1 mutant. Thus,
SOP2 Hs is a functional homolog of S. pombe sop2+.

Recently, Machesky et al. (1994) purified a complex of
polypeptides which bound specifically to a profilin-
agarose column and obtained peptide sequences from each
of them. Three oligopeptide sequences from a protein,
p40, were reported. This protein was identified as a
putative P-transducin repeat protein based on one peptide
sequence (amino acid sequence LVWDVASLVK). The
other two peptide sequences from p40 were novel. We
have found regions in Sop2p and Sop2p homologs from
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Fig. 5. (A) Alignment of the predicted amino acid sequences of Sop2p, SOP2 Hs and Sop2p-related sequences from Drosophila, mouse and
S.cerevisiae. Sequences identical between Sop2p and at least one other member of this protein family are shown in bold letters. Gaps have been
introduced to maximize alignment and are marked with periods. The nucleotide sequence of SOP2 Hs has been deposited under the accession
number Y08999. (B) Rescue of sop2-1 by sop2+ and SOP2 Hs. Plate showing the ability of Spombe sop2+ and SOP2 Hs, but not an empty plasmid
(pUR19), to rescue the sop2-1 strain for colony formation at 19°C. (C) Alignment of peptide sequences identical or related to those present in
Acanthamoeba p40, Sop2p, SOP2 Hs and the Sop2p-related gene in S.cerevisiae. Regions between amino acids 91 and 98 and 172 and 178 in Sop2p
are shown. (D) Demonstration of sop2-deletion by genomic Southern blot analysis. DNA was prepared from the indicated strains, digested with
Hindlll and BglII, separated by agarose gel electrophoresis, blotted on to nylon membranes and probed with a 32P-labeled probe encompassing the
1.6 kb BglII-HindIII fragment. The 1.6 kb band represents the sop2+ locus, while the 2.5 kb band represents the sop2::ura4 allele, in which the
internal MluI-NruI fragment has been deleted and replaced with the ura4 gene. The sop2::ura4 band is not as intense as the sop2+ locus due to the
deletion of -800 bp of DNA with homology to the probe.

other species whose sequences are identical or highly
related to the two novel peptide sequences from Acanth-
amoeba p40 (Figure 5C). The regions homologous to
these two peptides are highly conserved among Sop2p
family members and lie outside the ,B-transducin repeats.
These analyses establish that Sop2p belongs to a highly
conserved family of proteins and suggest that Sop2p might
be functionally equivalent to Acanthamoeba p40.

sop2 is essential for cell viability
Since sop2 was identified on the basis of a dominant
lethal mutation, it remained possible that the lethality in
sop2-1 cells was due to a gain-of-function of Sop2-ip. To
study the phenotype of a bona fide sop2 loss-of-function
mutation, a diploid strain with the genotype sop2::ura4/
sop2+ (MBY71) was constructed as described in Materials
and methods. Precise replacement of one of the copies of

sop2+ by sop2::ura4 was confirmed by Southern blot
analysis of genomic DNA prepared from MBY71 (Figure
5D). MBY71 was sporulated and tetrads were dissected.
All dissected tetrads produced two Ura- colonies while
the other two spores lysed after germination. The lethality
of the Ura+ spores was reversed if a plasmid carrying the
sop2+ cDNA was introduced into the heterozygous diploid
prior to sporulation. Thus, sop2+ is essential for cell
viability.

Since sop2::ura4 mutant spores lysed after germination,
we were able to characterize the phenotype of sop2::ura4
mutant cells only by the plasmid loss procedure. To this
end, the sop2+ cDNA under control of the nmtl promoter

was introduced into the heterozygous diploid carrying the
sop2 null allele. The cells were sporulated, and haploid
sop2::ura4 cells rescued by a plasmid-borne sop2 cDNA
were isolated. Rescue was observed even when
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transcription from the nmtl promoter was repressed,
indicating that basal levels of transcription from the nmtl

promoter produced sufficient amounts of Sop2p to rescue

sop2 null mutants. Plasmid-rescued sop2::ura4 cells were
grown in medium containing leucine. Passage through the

mitotic cell cycle allows -10% of cells to lose the

autonomously replicating plasmid. Due to the presence of

leucine in the medium, cells which had lost the plasmid
were capable of metabolic growth and arrested the cell

cycle with phenotypes indicative of the functional execu-
tion point(s) of Sop2p. The phenotype of the sop2 null

mutant was very similar to that of the sop2-1 mutant.
In particular, cells with thick septa and punctate actin

distributed all around the cell were identified, as well as

uninucleate cells with punctate F-actin structures distribu-
ted around the cell (data not shown). Thus, the cold-
sensitive sop2- 1 mutant appears to be a dominant-negative
allele of sop2.

Sop2p is present in a high molecular weight
complex
To characterize the sop2+ gene product, antibodies were

raised against a GST-Sop2p fusion protein expressed in

Escherichia coli and affinity purified. This antiserum
recognized a single band of M, 45 kDa in S.pombe total

cell lysates by immunoblotting (Figure 6A). In total cell

lysates prepared from cells overexpressing the sop2+
cDNA, the band detected by immunoblotting increased in

intensity (Figure 6A). As described earlier, Sop2p contains
sequences related to those present in the 40 kDa WD40/
transducin repeat protein present in the high molecular
weight cortical complex that interacts with profilin in

Acanthamoeba. To determine whether Sop2p behaved
similarly in S.pombe, we asked the following questions.
(i) Is Sop2p present in high molecular weight complexes
in the cell? and (ii) does Sop2p bind Cdc3-profilin?
To assess the native size of Sop2p-containing complexes

in S.pombe cells, cell lysates were prepared in a buffer
known to solubilize components of the actomyosin cyto-
skeleton and loaded on to a 5-20% glycerol gradient.
Fractions were collected after centrifugation and analyzed
by Western blotting using affinity-purified antibodies to

Sop2p and Cdc3p (Figure 6B). Sop2p was detected solely
in a large molecular weight complex which migrated
between myosin heavy chain (200 kDa) and 3-galactosid-
ase tetramers (464 kDa). Cdc3p, however, did not co-

sediment with Sop2p and was detected towards the top of

the gradient, suggesting that it existed predominantly as

a monomer or in a complex with G-actin in vivo. The

profilin binding complex in Acanthamoeba includes two

actin-related proteins, Arp2p and Arp3p (Machesky et al.,
1994). Since S.pombe Arp3p was also detected solely in

a large molecular weight complex (McCollum et al.,
1996), we asked if Sop2p and Arp3p co-migrated under

density gradient centrifugation conditions, by immuno-

blotting fractions with Arp3p antibodies. As shown in

Figure 6B, Arp3p co-migrated with Sop2p, suggesting
that these two proteins may be complexed in cells.

The density gradient sedimentation of Sop2p and Cdc3p
suggested that these two proteins are not stably associated

in vivo. This was not surprising if Sop2p behaved similarly
to Acanthamoeba p40, since profilin did not co-purify
with the profilin binding complex although the profilin

binding complex bound specifically to profilin-Sepharose
and PLP-Sepharose matrices (Machesky et al., 1994). To

address whether Sop2p bound Cdc3p, we asked if Sop2p

could be co-purified with Cdc3p. We took advantage of

the fact that the profilin binding complex co-purified with

profilin following poly-L-proline affinity chromatography
in Acanthamoeba lysates (Machesky et al., 1994). Schizo-
saccharomyces pombe lysates were prepared and fraction-
ated by high speed centrifugation and ion-exchange
chromatography (since we had determined previously that

the majority of profilin and Sop2p were soluble and were

not retained in the DEAE-cellulose matrix). The flow-

through from ion-exchange chromatography was loaded

on a PLP-Sepharose column, washed extensively and

eluted with increasing concentrations of urea. As shown

in Figure 6C, a 13 kDa polypeptide bound tightly to PLP-

Sepharose. A small fraction of this polypeptide eluted in

the 4 M urea washes, while the vast majority eluted in

the 6 M urea washes. Immunoblotting confirmed that this

polypeptide was Cdc3p (marked with an arrow in Figure

6C). In addition, a 19 kDa polypeptide and a 120 kDa

polypeptide bound and eluted when washed with 4 and

6 M urea respectively. The identity of the 19 and 120 kDa

proteins is unknown. We failed to detect polypeptides of

the size predicted for Sop2p among eluates from the

PLP-Sepharose column by either Coomassie staining or

immunoblotting, and Sop2p was detected in the flow-

through from the PLP-Sepharose column (data not shown).
Furthermore, we were unable to detect binding of Sop2p
to a Cdc3p-Sepharose column. Immunoblotting using
antibodies raised against the product of the S.pombe arp3
gene (McCollum et al., 1996) failed to reveal the presence
of Arp3p in eluates of the profilin-Sepharose and PLP-

Sepharose matrices (data not shown).
Although we could not detect binding between Sop2p

and S.pombe Cdc3p, we asked if Sop2p was functionally
related to the Acanthamoeba p40 by a different criterion.

Given that the Acanthamoeba p40 was present in a high
molecular weight complex which included the Acanth-
amoeba homolog of Arp3p, and that Sop2p and Arp3p
co-sedimented by density gradient centrifugation analysis,
we addressed whether Sop2p and Arp3p were contained

within the same complex. Wild-type cells were

metabolically labeled with 35S (Trans label) and immuno-

precipitations were carried out with antibodies against
Sop2p or Arp3p. These primary immunoprecipitates were

boiled in the presence of SDS to release constituents of

the immune complex, and the supernatants were divided

into two parts. One was immunoprecipitated with antibod-

ies against Arp3p and the other was immunoprecipitated
with pre-immune antibodies. As expected, Arp3p was

present in primary immune complexes generated with

antibodies against Arp3p (Figure 6D). Interestingly, Arp3p
was also present in the primary immune complexes gener-
ated with antibodies against Sop2p. It was not feasible to

detect Sop2p in Arp3p immunoprecipitates as Sop2p did

not label well while Arp3p labeled very well, and also

due to the fact that the Sop2p antibodies were inefficient

in precipitating denatured Sop2p. Immunoblotting was

also not practical since Sop2p and Arp3p nearly co-

migrate with the heavy chains of IgG.
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Fig. 6. Biochemical analysis of Sop2p, Cdc3-profilin and Arp3p. (A) Immunoblot of total proteins from wild-type (lane 1) and cells overproducing
Sop2p (lane 2) with affinity-purified anti-Sop2p serum. (B) Density gradient sedimentation analysis of Sop2p, Arp3p and Cdc3p. Cell lysates were

prepared and separated by density gradient centrifugation. Fractions from the gradient were analyzed by immunoblotting with antibodies against
Sop2p, Arp3p and Cdc3p. Molecular size standards which were run in parallel and their positions in the gradient are shown above the immunoblot,
and are as follows ,B-gal = 464 kDa, Myo = 200 kDa, BSA = 69 kDa, Oval = 45 kDa, Lys = 14 kDa. (C) Purification of Cdc3-profilin by PLP-

Sepharose chromatography. Cell lysates were prepared and fractionated by high speed centrifugation and ion-exchange chromatography. The flow-

through from this step was applied to a PLP-Sepharose column, washed and eluted as indicated in Materials and methods. Fractions were separated
on a 4-20% gradient polyacrylamide gel and stained with Coomassie blue. (D) Sop2p and Arp3p are present in a complex in S.pombe cells. Wild-

type cells were metabolically labeled with 35S Trans label. Lysates were prepared from these cells and immunoprecipitated with antibodies against
Arp3p (lanes 1 and 2) or Sop2p (lanes 3 and 4) under non-denaturing conditions to generate primary immune complexes. These primary complexes
were boiled in SDS lysis buffer and immunoprecipitated with antibodies against Arp3p. The first two lanes represent primary complexes generated
with antibodies against Arp3p, denatured and immunoprecipitated with pre-immune (lane 1) or immune Arp3p (lane 2) antibodies. The third and
fourth lanes represent primary complexes generated with antibodies against Sop2p, denatured and immunoprecipitated with pre-immune (lane 3) or

immune Arp3p (lane 4) antibodies.

Intracellular localization of Sop2p
Asynchronously growing wild-type cells were stained
with anti-Sop2p antibodies to visualize the intracellular
distribution of Sop2p (Figure 7). Pre-immune serum pro-

duced only background levels of staining (Figure 7),
whereas cells stained with anti-Sop2p serum displayed
several distinct staining patterns. First, Sop2p was

excluded from the nucleus and localized in the cytoplasm
(Figure 7). Second, Sop2p was localized to patches of
varying sizes distributed throughout the cell and these

patches were not particularly enriched in the growing
end(s) of the cells. Thirdly, Sop2p was present in cables
that ran the length of the cells. DAPI staining of mitochon-
drial DNA suggested that, in many cases, mitochondrial
DNA was placed along these cables. Finally, Sop2p
was detected near the septum in a small fraction of
septating cells.
The detection of Sop2p in cables was intriguing since

cytoplasmic microtubules in S.pombe cells appear as

cables that run the length of interphase cells (Hagan and
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Fig. 7. Immunolocalization of Sop2p. Wild-type cells were fixed with
a mixture of formaldehyde and glutaraldehyde or methanol and stained
with antibodies against Sop2p or a mixture of antibodies against

tubulin (mouse monoclonal, TAT-1) and Sop2p (rabbit polyclonal).
Images generated by staining with Sop2p antibodies. tubulin antibodies
and DAPI have been labeled Sop2p. tubulin and DAPI respectively.

Hyams, 1988). To address if Sop2p co-localized with
cytoplasmic microtubules in wild-type cells, double
labeling was performed with antibodies against tubulin
and Sop2p (Figure 7). In many interphase cells with
distinct cytoplasmic microtubules, Sop2p was visualized

in cables that ran the length of cells. These cables
were not superimposable with cytoplasmic microtubules,
suggesting that Sop2p was not present on cytoplasmic
microtubules. However, since both microtubules and

Sop2p cables run the length of the cylindrically shaped
cells, the conclusion that Sop2p did not co-localize with

microtubules remained ambiguous. Therefore, to establish

clearly that Sop2p was not present on cytoplasmic micro-

tubules, we asked if mitotic cells which are devoid

of detectable cytoplasmic microtubules displayed Sop2p
cable staining. Sop2p cables were visualized in mitotic

Fig. 8. Actin cables in fission yeast. Cells were stained with DAPI for

DNA and with rhodamine-conjugated phalloidin for F-actin. Some

actin cables have been marked with an arrow.

cells displaying only a mitotic spindle and lacking cyto-

plasmic microtubules, establishing that Sop2p did not co-

localize with microtubules.

sop2-1 and actl-48 mutations display strong

negative interactions
In S.pombe, occasionally F-actin has also been visualized
in cables that run the length of the cell (Marks and Hyams,
1985). A protocol that allows more reliable detection of
F-actin cables was developed. Wild-type cells stained
using this protocol showed F-actin in cables in addition
to the patches and contractile ring structures that are

usually visualized (Figure 8). Thus, it appears that F-actin
is also present in cables that run from one end to the other
of S.pombe cells. Given that Sop2p and F-actin were

detected in cables, and that Sop2p did not co-localize with
microtubules, it seemed probable that Sop2p was present

on actin cables. We therefore assessed potential genetic
interactions between sop2-1 and the cold-sensitive actin
mutant act] -48 (D.McCollum and K.L.Gould, unpublished
observations). sop2-1 and actl-48 were mated and tetrads
were dissected. From this cross, colonies were recovered
with the genotypes sop2- 1, act]-48 and sop2+actl + (wild-
type) at 32°C. However, no sop2- 1 actl-48 double mutant

colonies were recovered under conditions permissive for
both single mutants. Microscopic examination revealed
that the presumed double mutants lysed after germination.
Thus sop2-1 and actl-48 mutations display synthetic
lethality.

Discussion

A novel protein, Sop2p, has been identified through
classical genetic suppressor analysis of a mutation in the

S.pomnbe cdc3 gene. The cold-sensitive mutant sop2- 1
rescues cdc3-124 at a lowered restrictive temperature of

33.5°C, but not at 36°C. This suggests that the sop2-1 is
not a by-pass suppressor of cdc3- 124. Rather, sop2- 1
might stimulate residual activity of the Cdc3-124p, or

work by other mechanisms, as discussed below, to reverse

the temperature-sensitive lethality of cdc3-124.
Sop2p is essential for cell viability. sop2-1 and sop2-

null mutants display delocalized actin patches and cell
wall material, suggesting a role for Sop2p in organization
of actin patches and in polarized growth. Consistent with
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this, nitrogen starvation and release experiments have
shown that sop2-1 mutant cells are defective for cell
elongation. Actin ring formation and contraction are not
affected in these mutants. We have observed recently
that a cold-sensitive mutation in the actin-related protein
Arp3p, which is present in a complex with Sop2p, results
in a phenotype similar to that observed for sop2-1 and is
capable of rescuing cdc3-124 mutants (McCollum et al.,
1996). Interestingly, both sop2-1 (this study) and arp3-cl
(McCollum et al., 1996) mutants display strong negative
interactions with an actin mutant, actl-48. Thus, mutants
which are phenocopies of sop2-1 might represent a novel
set of gene functions which modulate cortical actin func-
tions in vivo. Mutants with these phenotypes have not
been characterized previously in fission yeast.
The sop2+ gene encodes a 377 amino acid protein

which is weakly related to proteins of the ,-transducin
repeat family. We have also reported the sequence of a
human homolog of Sop2p, SOP2 Hs, expression of which
rescues the cold-sensitive lethality of a sop2-1 mutant.
Other sequences highly related to Sop2p have been identi-
fied from genome sequencing projects. These studies taken
together suggest that Sop2p is a member of a new family
of proteins related to the ,-transducin repeat family.
Several proteins with a 3-transducin repeat are known to
function in multi-protein complexes and the f-transducin-
repeat motif has been speculated to be involved in protein-
protein interactions (Neer et al., 1994; Neer and Smith,
1996). Consistent with this notion, we have observed that
Sop2p is a part of a large molecular weight complex and
is complexed with the actin-related protein Arp3p in vivo.
In light of the fact that the ,-transducin repeat motif
has been proposed to be involved in protein-protein
interactions, it is also interesting that the mutation identi-
fied in sop2-1 lies within a ,3-transducin repeat (it falls
within the ,3-transducin repeat 188-231, at position 207)
raising the possibility that the Sop2p-containing multi-
protein complex might be functionally compromised in
the mutant.

At present, the molecular function of the Sop2p-
containing complex is not known. The identification of a
profilin binding complex in Acanthamoeba has directed
our studies in this regard (Machesky et al., 1994). This
protein complex, which specifically bound a profilin-
agarose matrix, contained the actin-related proteins Arp2
and Arp3, a 40 kDa protein with P-transducin repeats and
a 35 kDa protein. Several of our results suggest that Sop2p
is a functional homolog of the p40 f-transducin repeat
protein identified in Acanthamoeba. First, Sop2p, SOP2
Hs, SOP2 Dm and S.cerevisiae Sop2p are approximately
the same size as p40 and carry ,B-transducin repeating
units. Second, Sop2p and its relatives from human, mouse,
rat, Drosophila and budding yeast contain sequences
identical or related to peptide sequences present in Acanth-
amoeba p40. Third, Sop2p is present in a complex
containing the actin-related protein Arp3p. Finally, sop2+
interacts genetically with the profilin gene cdc3+, and a
mutation in sop2 was indeed isolated as a suppressor of
the temperature-sensitive lethality of the cdc3-124 mutant.
In contrast to the results of Machesky et al. (1994),
however, we have been unable to detect binding between
the Sop2p/Arp3p complex and Cdc3-profilin. Possible
explanations for our inability to detect binding between

the Sop2p-containing complex and Cdc3p include a weaker
interaction between this complex and Cdc3p in fission
yeast. Alternatively, some factor necessary for binding of
the Sop2p-containing complex in S.pombe is labile under
our purification conditions. Positive confirmation of
whether Sop2p is the homolog of Acanthamoeba p40 will
have to await the availability of the full-length amino acid
sequence of Acanthamoeba p40.

Sop2p localizes in three distinct cellular structures:
patches of varying sizes, cables and a medial band in a
small percentage of septating cells. The pattern of Sop2p
localization is not identical to that of any other known
S.pombe protein. However, there are many similarities
between the observed Sop2p staining and the localization
of F-actin. During interphase, F-actin is present in patches
distributed throughout the cell but concentrated in the
growing end(s) of cells. During cell division, F-actin
is visualized as a contractile ring and also along the
subsequently formed septum. F-actin has also been visual-
ized previously as thin cables that run the length of the
cell (Marks and Hyams, 1985).

Given that Sop2p does not co-localize with microtubules
and the similar patterns of Sop2p and F-actin staining, as
in the case of the Acanthamoeba profilin binding complex
co-localizing with the actin-rich cortex (Machesky et al.,
1994; Kelleher et al., 1995), it is likely that Sop2p localizes
to a subset of actin patches and to actin cables. Arp3p
and Sop2p are present in the same complex in S.pombe
cells and neither are part of the contractile ring. In contrast,
we have not detected Arp3p in actin cables (McCollum
et al., 1996). The reason for this discrepancy is unclear.
It is possible that Sop2p or Arp3p may not be accessible to
antibodies at some locations or that the fixation procedures
might have different effects on each of these antigens.
Alternatively, it is possible that Sop2p and Arp3p do not
co-localize at all times.

It is paradoxical that the sop2-1 mutant, which is not
defective in actin ring formation or contraction, is capable
of rescuing the cdc3-124 mutant, which is defective
specifically for actin ring formation and cytokinesis. One
possible explanation for the ability of sop2-1 to rescue
cdc3-124 is that the Sop2p/Arp3p-containing complex
might mediate a subset of profilin functions which are not
required for profilin-mediated actin ring formation. Rather,
the Sop2p/Arp3p-containing multi-protein complex might
participate in profilin- and actin-requiring functions such
as cell elongation, secretion and septation. Thus, in a
sop2-1 cdc3-124 mutant the Sop2p/Arp3p-containing
multi-protein complex might interact weakly with Cdc3-
124p and allow more of the Cdc3-124p to function in
formation of the contractile ring. This model is supported
by the following of our previous findings: (i) Cdc3-
profilin localizes to the ends in growing cells and localizes
to the medial region in cells undergoing cytokinesis,
suggesting that it functions in both cell elongation and
cytokinesis, and (ii) overproduction of Cdc3-124p rescues
cdc3-124 at 36°C (Balasubramanian et al., 1994). Further-
more, we have isolated four alleles of a second gene,
sopl, which also rescue cdc3-124 mutants. Interestingly,
sop] single mutants themselves are defective for
cytokinesis, raising the possibility that Soplp functions
with Cdc3p specifically in actin ring formation
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Table I. Schizosaccharomyces pombe strains used

Strain Genotype Reference

MBY15 cdc3-124 ade6-M210 ura4-D18 h- this laboratory

MBY34 ade6-M210/ade6-M216 ura4-D18/ura4-D18 leul-321leul-32 h+/h- this laboratory

MBY50 cdc3-124 ade6-M210 ura4-D18 leul-32 h+ this laboratory
MBY62 sop2-1 ade6-M210 ura4-D18 h- this study

MBY71 sop2::ura41sop2+ MBY34 this study

MBY72 sop2-1 h- this study

MBY73 sop2-1 ade6-M210 ura4-D18 leul-32 h- this study

MBY106 cdcll-123 ade6-210 h+ this study

0-16 cdc3-124 sop2-1 ade6-M210 ura4-D18 h- this study
KGY249 ade6-M216 ura4-D18 leul-32 h+ this laboratory

KGY281 meil-102 lysl-131 this laboratory
KGY657 cdc8-110 ura4-D18 leul-32 h+ this laboratory

KGY658 cdci2-112 leul-32 h+ this laboratory

KGYIO11 act]-48 ura4-D18 leul-32 lysl-131 h+ this laboratory

(M.K.Balasubramanian and K.L.Gould, unpublished
observations).

Further biochemical analysis will be required to under-
stand the molecular function(s) of the Sop2p/Arp3p-
containing complex in actin cytoskeletal regulation. The
identification by genetics (McCollum et al., 1996; this
study) and biochemistry (Machesky et al., 1994) of a
multi-protein complex containing actin-related proteins
Arp2p and Arp3p, and a protein with P-transducin repeats,
Sop2p, suggests a fundamental role for this complex in
cytoskeletal regulation. These roles can now be addressed
for Sop2p and its human homolog with the reagents
generated from this work.

Materials and methods

Strains, media and genetic methods
Schizosaccharomyces pombe strains used in this study are listed in Table
I. Media used for vegetative growth (YEA and EMM2) and sporulation
(ME) are described in Moreno et al. (1991). Cultivation of cells and
genetic analysis were performed as described (Moreno et al., 1991).
Transformations were performed by electroporation (Prentice, 1991).

A total of 2x 108 cells of a cdc3-124 ade6-M210 ura4-D18 h- strain
were mutagenized with nitrosoguanidine and plated at the restrictive
temperature of 32°C. This screen yielded 1040 colonies. One hundred
and forty of these were mated individually to a wild-type strain and the
products of meiosis were analyzed by the free spore method. Briefly,
spores were plated at 25°C and allowed to form colonies which

subsequently were replica plated to 36°C. The presence of Cdc- progeny
at 36°C was taken to imply extragenic suppression while the rest were

classified as intragenic mutants. Mutation in one of the loci thus identified
(sop2-1) resulted in cold-sensitive lethality. Dominance/recessivity tests

were carried out using the following strains: sop2-1 ade6-M210 ura4-

D18 hIsop2+ ade6+ ura4+ lysl-131 meil-102 (MBY62/KGY281) and

sop2-1 ade6-M210 ura4-DI8 hlade6-M216 ura4-D18 leul-32 h+

(MBY62/KGY249). The use of a diploid strain without inter-allelic ade6

complementation (ade6-M210/ade6-M216) was necessary due to the

fact that an ade6-M210/ade6-M216 diploid was partially cold-sensitive.

Cloning of sop2+, sop2-1 and SOP2 HS
A sop2-1 ade6-M210 ura4-D18 h- (MBY62) strain was transformed to

uracil prototrophy with an S.pombe genomic library constructed in the

plasmid pUR19 (Barbet et al., 1992). Subsequently, transformants

were scored for colony formation at 19°C. From two independent
transformations- two colonies were identified at 19°C. Plasmids were

recovered from these strains into the Ecoli strain MC1061. Restriction

mapping of the isolated plasmids revealed that they were identical and

that they carried 2.3 kb of S.pombe DNA. The sop2+ gene sequence
was determined by sequencing from ends of subclones with the M13
universal and M13 reverse primers. Regions which were not accessible

from these two primers were sequenced with synthetic oligonucleotide
primers which were placed internally. Sequencing was performed at the

Vanderbilt Cancer Center using an ABI automated sequencer. The sop2- 1
mutant gene was isolated by PCR and sequenced by the dideoxy method.
The sop2+ cDNA was isolated by PCR from an S.pombe cDNA library
constructed in the plasmid vector pDB20 (Fikes et al., 1990). Sequence
comparisons were carried out using the BLAST series of programs. A
fragment of a human cDNA very highly related to Sop2p was identified
as an EST from the EMBL database (Z44484). A DNA fragment internal
to EST Z44484 was amplified by PCR and its sequence verified. The
PCR fragment was then used to screen a HeLa cell cDNA library in the
vector pcD (Okayama and Berg, 1981). The nucleotide sequence of the
human gene was determined using synthetic oligonucleotide primers at
the Vanderbilt Cancer Center DNA sequencing facility.

Deletion of the sop2 gene
Plasmid MB 110 was created by deleting the MluI-NruI fragment of the
sop2 gene, which encodes amino acids 20-288, and replacing it with a

1.8 kb fragment carrying the ura4+ gene. This plasmid was linearized
with XhoI and XbaI and the XhoI-XbaI fragment was transformed into
the diploid strain MBY34. Ura+ transformants were replica plated five
times at 1 day intervals to media containing uracil to allow loss of any
autonomously replicating DNA molecules carrying the ura4+ gene.
Cells subsequently were replica plated to medium lacking uracil, and
putative integrants were identified as clones that were still capable of
colony formation under these conditions. Southern blot and PCR analysis
established that the desired gene replacement event had taken place.

Generation of anti-Sop2p antibodies
The full-length sop2+ cDNA was cloned into the SmaI site of plasmid
GEX2T (Smith and Johnson, 1988) to allow production of a GST-
Sop2p fusion protein. GST-Sop2p was soluble in aqueous solutions and
was purified on a glutathione-agarose column. The soluble protein was

used as an antigen to raise polyclonal antisera in two rabbits, VU32 and
VU33. Antibodies were affinity purified as described in Olmsted (1981).

Density gradient analysis
Cell extracts were prepared in pyrophosphate buffer [150 mM KCl,
12 mM sodium pyrophosphate, 1 mM ATP, 0.1 mM benzamidine, 1 mM

phenylmethylsulfonyl fluoride (PMSF), 30 mM imidazole pH 7.0 and

5 mM dithiothreitol (DTT)] by disruption of cells with glass beads.

After a low speed spin to remove cell debris and glass beads, the lysate
was loaded on to a 5-20% glycerol gradient prepared in pyrophosphate
buffer. The gradients were spun for 19 h in a SW50.1 rotor at 40 000

r.p.m. and fractions collected. A parallel gradient was loaded with

molecular size standards.

Poly-L-proline affinity chromatography
PLP affinity chromatography was performed as described in Haarer et al.

(1990), using buffer conditions devised in Machesky et al. (1994).
Briefly, 200 mg of PLP were dissolved in water by gentle rocking at

4°C and coupled to CNBr-activated Sepharose beads as described by
the manufacturer. Cell lysates were prepared from -60 g of S.pombe
cells by glass bead disruption and spun at 100 000 g for 1 h. This high
speed supernatant was dialyzed into Tris-pyrophosphate buffer (10 mM
Tris pH 8.0, 7.5 mM sodium pyrophosphate, 1 mM DTT and 0.6 mM

PMSF) overnight and loaded on to a DEAE-cellulose matrix which
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previously was equilibrated with Tris-pyrophosphate buffer. The flow-

through from the ion-exchange matrix was loaded onto a PLP-Sepharose
column. After extensive washes, proteins bound to the PLP-Sepharose
column were eluted as described in Results and in the legend to Figure 6C.

Cell labeling and immunoprecipitation
Wild-type cells were metabolically labeled with 1 mCi of a mixture of
35S-labeled methionine and cysteine (Trans label, ICN) for 4 h in
minimal medium. Cells were lysed in pyrophosphate buffer and immuno-

precipitated with antibodies against Sop2 or against Arp3p (McCollum
et al., 1996). The respective pre-immune sera were used as controls.
After 1 h on ice, immune complexes (referred to as primary immune

complexes) were isolated on protein A-Sepharose beads and washed
extensively in pyrophosphate buffer. Immune complexes were re-

suspended in 100 ,ul of SDS lysis buffer (10 mM NaPO4, pH 7.0,
0.5% SDS, 1 mM DTT, 1 mM EDTA, 50 mM NaF, 100 pM Na3VO4,
4 p.g/ml leupeptin) boiled for 2 min at 95°C and diluted with 500 pl of
NP-40 buffer (6 mM Na2HPO4, 4 mM NaH2PO4, 1% NP-40, 150 mM
NaCl, 2 mM EDTA, 50 mM NaF, 4 p.g/ml leupeptin, 100 p.M Na3VO4,
1 mM PMSF, 2 mg/ml aprotinin, 2 mM benzamidine). Immunoprecipit-
ations were carried out on boiled and diluted primary immune complexes
using antibodies to Sop2p or Arp3p as described in the text.

Cytological methods
F-actin staining and cell wall staining were performed as described by
Marks and Hyams (1985). To visualize actin cables, cells from a 2 ml
culture were fixed with 3.5% formaldehyde for 1 min, washed with

phosphate-buffered saline (PBS) and permeablized with PBS containing
1% NP-40. After permeablization, cells were washed twice with PBS
and resuspended in 20-30 p.l of DAPI mounting medium to which 1 p.l
of rhodamine-conjugated phalloidin at 0.1 mg/ml was added. Then
2-3 pl of the cells suspension were mounted for viewing. For cell

stainings with antibodies, cells were fixed with a mixture of formaldehyde
and glutaraldehyde or methanol, protoplasted and stained with anti-

Sop2p serum or a mixture of Sop2p serum and TAT-I antibodies as
described in Moreno et al. (1991). We found that Sop2p immunostaining
in patches and along the septa was particularly sensitive to the duration
of fixation and spheroplasting. In all cases, cells were viewed in a Zeiss

axioscope with the appropriate set of filters. Photographs were taken

using a camera mounted on the microscope and printed on Agfa-Rapitone
PI-3 paper or images captured using a Zeiss ZVS-47DEC image-

capturing system.
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