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Plasma Membrane
Compartmentalization in Yeast
by Messenger RNA Transport
and a Septin Diffusion Barrier

Peter A. Takizawa," Joseph L. DeRisi,” James E. Wilhelm,’
Ronald D. Vale’3"

Asymmetric localization of proteins plays a key role in many cellular processes,
including cell polarity and cell fate determination. Using DNA microarray anal-
ysis, we identified a plasma membrane protein-encoding mRNA (IST2) that is
transported to the bud tip by an actomyosin-based process. mRNA localization
created a higher concentration of /ST2 protein in the bud compared with that
of the mother cell, and this asymmetry was maintained by a septin-mediated
membrane diffusion barrier at the mother-bud neck. These results indicate that
yeast creates distinct plasma membrane compartments, as has been described

in neurons and epithelial cells.

An important means of achieving asymmetric
protein distributions is through the cytoskel-
eton-dependent localization of cytoplasmic
mRNAs (/). In Saccharomyces cerevisiae,
the transcription factor Ashlp accumulates in
the daughter cell nucleus, where it represses
mating-type switching (2, 3). The asymmetric
distribution of Ashlp is created through the
transport of ASHI mRNA to the bud tip by an
actomyosin-driven mechanism (4, 5). Local-
ization of ASHI mRNA requires at least three
proteins that are physically associated with
ASH! mRNA: Myodp (Shelp), the myosin
motor that transports ASHI mRNA along ac-
tin filaments to the bud tip; She3p, an adapter
that mediates the association between Myo4p
and ASHI mRNA; and She2p, which is re-
quired for the She3p-Myo4p complex to bind
ASHI mRNA (6-8). Both She3p and Myo4p
localize to the bud tip before ASHI mRNA
expression (9), raising the possibility that
other mRNAs are transported in yeast.

To discover other potential localized
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mRNAs, we identified transcripts that as-
sociate with She2p, She3p, and Myod4p us-
ing a whole-genome analysis (Fig. 1A).
Each of these three proteins was immuno-
precipitated from cell extracts using a Myc-
epitope tag. Associated RNA was eluted
and amplified by reverse transcription fol-
lowed by polymerase chain reaction (RT-
PCR), and the products were fluorescently
labeled. An immunoprecipitate from an un-
tagged strain served as a comparative con-
trol, and the RT-PCR product from this
immunoprecipitate was labeled with a sec-
ond fluorescent dye. The relative amounts
of yeast mRNAs in the She protein versus
control immunoprecipitations were deter-
mined by hybridization to a DNA microar-
ray containing all S. cerevisiae open read-
ing frames. ASHI mRNA was enriched in
all three immunoprecipitates (2.9-, 2.0-, and
2.2-fold compared with control immunopre-
cipitates for She2p, She3p, and Myodp, respec-
tively), validating this approach for identifying
other localized mRNAs. Other transcripts that
showed a similar enrichment to 4SH/ mRNA
(10) were then analyzed by fluorescence in situ
hybridization (5). One of these transcripts, IST2
(increased sodium tolerance) (/1), showed a
localization pattern at the bud tip (Fig. 2A).
However, in contrast to 4SHI1 mRNA, which is
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expressed only in late anaphase, IST72 mRNA
was localized to the bud tip throughout the cell
cycle (Fig. 2A).

To determine whether /ST2 mRNA is lo-
calized using a mechanism similar to that of
ASHI mRNA, we further tested for a physical
association between IST2 mRNA and the She
proteins and examined whether localization is
disrupted in cells deleted of the SHE genes.
Quantitative Northern analysis revealed that
IST2 mRNA, like ASHI mRNA (8), immu-
noprecipitated with She2p, She3p, and
Myodp (Fig. 1B), confirming the DNA mi-
croarray result. Moreover, in she2A, she3A,
she4A, and myo4A cells, IST2 mRNA was
distributed throughout the mother and daugh-
ter cell (Fig. 2B). Deletion of BNII, a gene
encoding an actin regulatory protein (/2),
caused mislocalization of /ST2 mRNA to the
neck, as was observed for ASH/ mRNA (4,
5). Thus, IST2 mRNA localization requires
the same protein components as ASHI
mRNA, suggesting that actomyosin-based
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Fig. 1. The /ST2 mRNA is associated with
She2p, She3p, and Myo4p. (A) Schematic of
the DNA microarray procedure used to iden-
tify RNAs associated with She2p, She3p, and
Myo4p. Tagged strains are SHE2-13xMYC,
SHE3-13xMYC, or MYO4-13xMYC in W303
background and were generated as described
(8). Proteins were immunoprecipitated (8),
RNA fractions were amplified by RT-PCR,
labeled, and analyzed by a DNA microarray
(24). (B) Northern analysis (8) of /ST2 mRNA
confirms that /ST2 mRNA is enriched in im-
munoprecipitates of She2p, She3p, and
Myo4p.
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transport of mRNAs to the distal tip functions
throughout the cell cycle.

Expression of a green fluorescent protein
Ist2p fusion protein (GFP-Ist2p) from the
inducible GAL1 promoter resulted in a fluo-
rescent signal at the plasma membrane (Fig.
3), consistent with sequence predictions indi-
cating the presence of several transmembrane
domains in Ist2p (11). GFP-Ist2p localized to
the mother cell in small-budded cells, but
localized to the bud in medium- and large-
budded cells (Fig. 3A). The localization of
GFP-Ist2p to the bud required the same pro-
teins needed to localize IST2 mRNA. In cells
deleted of SHE2, SHE3, SHE4, or MYO4,
GFP-Ist2 was localized to the mother cell
even in large-budded cells, whereas bnilA
cells contained GFP-Ist2p in both mother cell

A Ist2 mRNA

B wild-type she2A

myo4A bnilA

Fig. 2. Localization of /ST2 mRNA to the distal
tip of buds requires the She proteins. (A) IST2
mRNA was analyzed in wild-type W303 cells by
fluorescence in situ hybridization (5). IST2
mRNA was detected at the distal tip of buds
and at the presumptive bud site in unbudded
cells. Differential interference contrast (DIC)
microscopy reveals the locations of cells and
buds. (B) /ST2 mRNA was analyzed in wild-type
and sheA strains (W303 background) by fluo-
rescence in situ hybridization (5). /ST2 mRNA is
distributed throughout the mother cell and bud
in she2A and myo4A cells; she3A and she4A
cells display a similar /ST2 mRNA distribution as
she2A and myo4A (76). In bnilA cells, IST2
mRNA is localized to the neck region. Quanti-
tative analysis revealed that /ST2 mRNA was
asymmetrically localized to the bud in more
than 95% of wild-type (W303) cells, whereas
in examining over 200 she2A, she3A, myo4A,
or she4A cells, an asymmetric distribution of
IST2 mRNA in the bud was never detected.
Most (75%) of bni1A cells contained /ST2
mRNA at the neck; the remaining 25% of cells
showed no localized /ST2 mRNA.

and bud (Fig. 3B). Thus, the asymmetric
distribution of Ist2p to the bud is mediated by
the localization of IS72 mRNA to the distal
tip of the bud.

Although GFP-Ist2p was distributed uni-
formly throughout the bud, the fluorescence
signal abruptly diminished at the neck be-
tween the mother and daughter cells (Figs. 3
and 4B). Two possible mechanisms could
account for the lack of Ist2p signal beyond
the neck: Ist2p is anchored in the plasma
membrane of the bud, or Ist2p is mobile in
the membrane but is prevented from diffusing
into the mother cell by a barrier at the neck.
To distinguish between these two possibili-
ties, we determined the mobility of GFP-
Ist2p within the plasma membrane by fluo-
rescent recovery after photobleaching
(FRAP). To eliminate recovery due to newly
synthesized protein, GFP-Ist2p was ex-
pressed from the inducible GAL1 promoter.
Expression was turned off by adding dex-
trose. A segment of the plasma membrane of
a large bud was photobleached for 1 s, and

A

GFP-Ist2p

*

Fig. 3. Asymmetric distribution ot GFP-IstZp in
the plasma membrane of buds requires the She
proteins. (A) GPF-/ST2 was expressed from the
galactose promoter in wild-type cells (25). GFP-
Ist2p was observed in the plasma membrane of
the mother cell in unbudded and small-budded
cells but was localized to the bud in medium-
and large-budded cells (indicated by stars). DIC
microscopy reveals the locations of cells and
buds. (B) Expression of GFP-Ist2p in wild-type
and sheA strains reveals that the asymmetric
distribution of Ist2p in large-budded cells re-
quires the She proteins. she3A and she4A cells
show a distribution of GFP-Ist2p similar to that
of she2A and myo4A (16). Quantification of
the fluorescence intensities in the mother cell
and bud revealed that GFP-Ist2p was enriched
3.5-fold in the bud in W303; 2.2-fold in the
mother cell in she2A; 2.6-fold in the mother
cell in she3A; 2.1-fold in the mother cell in
myo4A; 1.6-fold in the mother cell in she4A;
and 1.1-fold in the bud in bni1A (n = 10).
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recovery was monitored every 2 s. The fluo-
rescent signal recovered within 9 s (Fig. 4A),
indicating that GFP-Ist2p can diffuse within
the plasma membrane of the daughter cell
and suggesting that a diffusion barrier at the
neck restricts Ist2p to the bud (/3).

One potential candidate for a diffusion
barrier is the septin-based ring filament that
forms at the neck during bud growth. The
septins are required for cytokinesis, although
their precise biological roles are not well
defined (14). The localization of IST2 mRNA
and protein was examined in cells containing
a temperature-sensitive mutation (cdcl2-6)
in the septin gene, CDCI2 (15). At both

Recovery
A time

=N
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PR
=

24°C—-37°C

cdcl2-6

Fig. 4. The GFP-Ist2p fusion protein can diffuse
within the plasma membrane of the bud and
requires a septin-based diffusion barrier at the
neck to maintain asymmetric localization. (A)
GFP-Ist2p was expressed in wild-type cells, and
the expression was then turned off with dex-
trose. Large-budded cells containing an asym-
metric distribution of GFP-Ist2p were subjected
to a 1-s photobleach of the GFP signal in the
bud (26). Time-lapse images were taken before
the bleach (0 s), and immediately after photo-
bleaching, to assess the recovery of the fluo-
rescence signal in the photobleached area.
Twenty large buds were examined, and all
showed a recovery of fluorescence signal in the
photobleached area similar to that in surround-
ing areas within 15 s (26). (B) Maintenance of
bud-localized GFP-Ist2p requires the septins.
GFP-Ist2p was expressed from the galactose
promoter in wild-type (A364) and cdc72-6 cells
(a temperature-sensitive mutation in one of
the septin genes) at the permissive tempera-
ture (24°C). Protein expression was turned off
by dextrose, and the cultures were then shifted
to the restrictive temperature (37°C). The shift
in temperature had little effect of GFP-Ist2p in
wild-type cells but caused a dramatic decrease
in the asymmetric localization of GFP-Ist2p in
the septin mutant cell line (27).
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permissive (24°C) and restrictive (37°C) tem-
peratures, IST2 mRNA was localized to the
distal tip of the bud in cdc12-6 cells (16). To
determine whether septins affect GFP-Ist2p
localization, GFP-Ist2p was expressed at the
permissive temperature, protein production
was turned off by the addition of dextrose,
and then the culture was shifted to the restric-
tive temperature for 10 min to disassemble
the septins (Fig. 4B). At the permissive tem-
perature, 90% of the large-budded wild-type
cells displayed an asymmetric distribution of
GFP-Ist2p, whereas 52% of the large-budded
cdc12-6 cells contained GFP-Ist2p, predom-
inantly in the bud. Incubation at the restric-
tive temperature had little effect on GFP-
Ist2p localization in wild-type cells (84% of
the large-budded cells showed localization to
the bud). However, after the 10-min shift to
the restrictive temperature, only 12% of the
large-budded cdci2-6 cells contained asym-
metrically localized GFP-Ist2p (/7). The in-
ability of cdc12-6 cells to maintain the asym-
metric distribution of Ist2p at the restrictive
temperature suggests that the septins are re-
quired to form a barrier at the neck, which
prevents Ist2p from diffusing into the mother
cell. On the other hand, treatment with the
actin-depolymerizing agent, latrunculin-A,
did not affect the bud-localized GFP-Ist2p,
indicating that actin is not required to main-
tain GFP-Ist2p in the bud (/7). The reduction
of asymmetrically localized GFP-Ist2p in
cdc12-6 cells at the permissive temperature
may result from an imperfect formation of
this barrier even at lower temperatures.

These results suggest that the asymmetric
localization of Ist2p is achieved through
transport of IS72 mRNA to the bud tip by an
actomyosin-driven process similar to that de-
scribed for ASHI mRNA. Once IST2 mRNA
is transported and docked at the bud tip, local
translation and secretion presumably deliver
Ist2p to the plasma membrane of the bud.
During this time, turnover diminishes the lev-
els of Ist2p in the mother cell. Maintenance of
Ist2p in the bud also requires a septin-medi-
ated diffusion barrier at the neck. It is still
unclear whether the septin neck filaments
form this barrier or whether they are neces-
sary for localizing other proteins to the neck
that act as the diffusion gates.

These findings reveal that yeast has a
specialized cytoskeletal architecture at the
neck that creates separate plasma membrane
compartments in the mother cell and bud that
may be important for polarized growth. Sep-
tins also are required to maintain the asym-
metric distribution of several soluble pro-
teins, such as Myo2p, Sec3p, and Spa2p, that
function in polarized growth in the bud (I8).
If these proteins are associated with trans-
membrane proteins, the septin-mediated bar-
ricade of membrane diffusion may provide a
mechanism for trapping these proteins within

the bud. Diffusion barriers also are vital to the
function of higher eukaryotic cells. In epithe-
lia, the tight junctions act as a protein and
lipid diffusion barrier that maintains cell po-
larity (19, 20). An actin-based diffusion bar-
rier was also described in the initial segment
of axons in neurons (2/, 22), and several
distinct compartments also have been de-
scribed in mammalian sperm (23). Very little
is known, however, about the components
and detailed mechanism of these diffusion
barriers in differentiated cells. Genetic ap-
proaches in S. cerevisiae make this an excel-
lent model system for understanding how the
cytoskeleton can restrict the motion of plas-
ma membrane components and create spe-
cialized compartments.
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Molecular Analysis of FRIGIDA,
a Major Determinant of Natural
Variation in Arabidopsis
Flowering Time
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Vernalization, the acceleration of flowering by a long period of cold temper-
ature, ensures that many plants overwinter vegetatively and flower in spring.
In Arabidopsis, allelic variation at the FRIGIDA (FR/) locus is a major determinant
of natural variation in flowering time. Dominant alleles of FR/ confer late
flowering, which is reversed to earliness by vernalization. We cloned FR/ and
analyzed the molecular basis of the allelic variation. Most of the early-flowering
ecotypes analyzed carry FR/ alleles containing one of two different deletions
that disrupt the open reading frame. Loss-of-function mutations at FR/ have
thus provided the basis for the evolution of many early-flowering ecotypes.

A requirement for vernalization—the accel-
eration of flowering that occurs during a 3- to
8-week period of cold temperature (4°C)—
has been bred in many crops to produce
winter/spring varieties. Vernalization re-
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quirement is also a major factor in determin-
ing flowering time in Arabidopsis thaliana
ecotypes. Despite the large number of genes
known to control flowering time (/), the ver-
nalization requirement segregates as a single
gene trait (2-6) mapping to the FRIGIDA
(FRI) locus (7). This locus was first de-
scribed by Napp-Zinn (8), who analyzed the
progeny of a cross between the late-flowering
ecotype Stockholm and the early-flowering
ecotype Li5. The action of an active FRI
allele depends on an active FLC allele (9, 10).

To analyze the molecular basis of the
allelic variation at FRI, we cloned the gene
using map-based techniques (Fig. 1) (/I).
FRI is a single-copy gene in the Arabidopsis
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genome and encodes a predicted open read-
ing frame (ORF) of 609 amino acids (Gen-
Bank accession numbers: genomic FRI,
AF228499; cDNA, AF228500). The predict-
ed protein shows no significant match to any
protein or protein domain of known function
in available databases. The FRI protein is
predicted to contain coiled-coil domains in
two positions (between amino acids 55 to 100
and 405 to 450, respectively). FRI has been
shown to increase RNA levels of FLC, which
encodes a MADS-box protein likely to act as
a transcriptional repressor (/2, 13). Whether
the predicted coiled coils in the FRI protein
are important for this function remains to be
tested. )

The rapid-cycling ecotypes Columbia
(Col) and Landsberg erecta (Ler) carry reces-
sive FRI alleles. To analyze the basis of the
recessivity, we compared ~3.6 kb of genom-
ic sequence from the dominant H51 [a deriv-
ative of the late-flowering ecotype Stockholm
(8)] FRI allele with the same region from Col
and Ler. Ten polymorphisms were found be-
tween H51 and Col. Two result in amino acid
differences (Gly'4® — Glu and Met'® — Ile,
respectively, the former resulting in loss of a
Bsm FI restriction site); another is a 16—base
pair (bp) deletion at the end of exon 1, which
changes the reading frame and terminates the
ORF immediately at the beginning of exon 2
(Fig. 2).

Three differences were detected between
H51 and Ler FRI alleles: two single-base
changes that do not alter the ORF, and a
376-bp deletion combined with a 31-bp in-
sertion that disrupts the beginning of the
ORF, removing the putative translation start
codon (Fig. 2). The additional 31 bp appear to
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