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ABSTRACT

Valproic acid (VPA) is widely used to treat epilepsy and manic-depressive illness. Although VPA has
been reported to exert a variety of biochemical effects, the exact mechanisms underlying its therapeutic
effects remain elusive. To gain further insights into the molecular mechanisms of VPA action, a genetic
screen for fission yeast mutants that show hypersensitivity to VPA was performed. One of the genes that we
identified was vps45*, which encodes a member of the Secl/Muncl8 family that is implicated in mem-
brane trafficking. Notably, several mutations affecting membrane trafficking also resulted in
hypersensitivity to VPA. These include ypt3* and ryhl*, both encoding a Rab family protein, and apmlI™,
encoding the wl subunit of the adaptor protein complex AP-1. More importantly, VPA caused vacuolar
fragmentation and inhibited the glycosylation and the secretion of acid phosphatase in wild-type cells,
suggesting that VPA affects membrane trafficking. Interestingly, the cell-wall-damaging agents such as
micafungin or the inhibition of calcineurin dramatically enhanced the sensitivity of wild-type cells to VPA.
Consistently, VPA treatment of wild-type cells enhanced their sensitivity to the cell-wall-digesting enzymes.
Altogether, our results suggest that VPA affects membrane trafficking, which leads to the enhanced

sensitivity to cell-wall damage in fission yeast.

ALPROIC acid (VPA) is a short-chain fatty acid

widely used in humans as an anticonvulsant drug
to control certain types of seizures in the treatment of
epilepsy (JOHANNESSEN and JOHANNESSEN 2003). It is
also used to treat various psychiatric illnesses such as bi-
polar disorder (JOHANNESSEN and JOHANNESSEN 2003).
There are several hypotheses to explain the anticon-
vulsant activity of VPA (LoscHER 1999). VPA may act
through more than one target, such as the induction of
histone acetylation, DNA demethylation, and chromatin
decondensation (GOTTLICHER et al. 2001; PHIEL et al.
2001; JoHANNESSEN and JOHANNESSEN 2003; KRAMER
et al. 2003; MARCHION et al. 2005). There have been
reports showing that VPA increases the expression of
genes regulated by the transcription factor, activator
protein-1 (CHEN et al. 1997). VPA also has an anti-
proliferative effect on cells and is known to induce the
differentiation of cell lines derived from myeloid leu-
kemia, teratocarcinoma, glioma, and neuroblastoma
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(GURrvICH el al. 2004; AcHACHI ef al. 2005). Despite the
progress that has been made in elucidating the bio-
logical and biochemical action of VPA, the exact mech-
anisms underlying their therapeutic effects have not
been fully established.

The fission yeast Schizosaccharomyces pombe and the
budding yeast Saccharomyces cerevisiae have become valu-
able tools for the study of basic cellular functions of
eukaryotic cells, including mechanisms of membrane
trafficking and cell cycle control (GouLp et al. 1990;
BABST et al. 2000). Both are excellent organisms for the
identification of molecular targets and for the elucida-
tion of molecular/cellular mechanisms of sensitivity
to various drugs, since major signaling pathways and
processes involved in the cellular response to cytotoxic
agents are conserved between yeasts and mammalian
cells (PEREGO et al. 1998, 2000; SUGIURA et al. 2002).

To better understand the molecular basis for the
mechanisms of action of VPA, we performed in fission
yeast a genetic screen for mutants that show hypersen-
sitivity to VPA. Here, we identified ups45* that encodes
a member of the Secl/Muncl8 protein (ToONEN and
VERHAGE 2003). The budding-yeast homolog of Vps45
plays an essential role in membrane trafficking at the
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step of fusion of Golgi-derived vesicles with the prevacuolar
compartment (COWLES et al. 1994; BRYANT et al. 1998).
Consistently, the vps45 mutants displayed defects in
membrane trafficking.

Notably, in addition to the vps45 mutation, we showed
thata mutation in apmI* encoding the w1 subunit of the
adaptor protein complex AP-1 (Kita et al. 2004), as well
as a mutation in ypt3* encoding Rab GTPase involved in
membrane trafficking from and to the Golgi (CHENG
et al. 2002), affected the sensitivity of cells to VPA, thus
suggesting that a disturbance in the membrane traffick-
ing events resulted in increased sensitivity to VPA. More
importantly, VPA treatment caused vacuolar fragmen-
tation and inhibited the secretion and the glycosylation
of acid phosphatase, suggesting that VPA affects mem-
brane trafficking. We also present evidence that cell-wall
damage, including the treatment with micafungin or
glucanases and the inhibition of calcineurin that en-
codes the Ca** /calmodulin-dependent protein phospha-
tase (RusNAK and MERTZ 2000; SUGIURA et al. 2002),
dramatically enhanced the sensitivity of wild-type cells to
VPA. To our knowledge, this is the first demonstration
that VPA affects membrane trafficking, thereby causing
cell-wall damage.

MATERIALS AND METHODS

Strains, media, and genetic and molecular biology meth-
ods: The complete medium YPD (yeast extract-peptone—
dextrose) and Edinburgh minimal medium (EMM) have been
described previously (Topa et al. 1996). Standard genetic and
recombinant-DNA methods (MORENO et al. 1991) were used
except where noted. FK506 was provided by Fujisawa Pharma-
ceutical (Osaka, Japan).

Isolation of the vasI-1/vps45-v] mutant and cloning of the
vps45* gene: The vasl-1/vps45-v]l mutant was isolated in a
screen of cells that had been mutagenized with nitrosoguani-
dine as described previously (ZHANG et al. 2000). To clone the
vps45+ gene, the vasI-1/vps45-v]l mutant (KP1370) was grown
at 27° and transformed with an S. pombe genomic DNA library
constructed in the vector pDB248 (BeacH et al. 1982) (Table 1).
Leu” transformants were replica plated onto YPD plates
containing VPA at 27° and the plasmid DNA was recovered
from transformants that showed a plasmid-dependent res-
cue. These plasmids complemented the VPA sensitivity of the
vasl-1/vps45-v] mutant. By DNA sequencing, the suppress-
ing plasmids were identified as containing the vps45" gene
(SPAC2G11.03c).

To investigate the relationship between the cloned vps45*
gene and the vasl-1/vps45-v]l mutant, linkage analysis was
performed as follows. The entire yps45" gene was subcloned
into the pUC-derived plasmid containing the S. cerevisiae LEU2
gene and was integrated by homologous recombination into
the genome of the wild-type strain HM123. The integrant was
mated with the vasl-1/vps45-v]l mutant. The resulting diploid
was sporulated, and tetrads were dissected. A total of 30 tetrads
were dissected. In all cases, only parental ditype tetrads were
found, indicating allelism between the vps#5* gene and the
vasl-1/vps45-v1 mutation (data not shown).

Tagging of the vps#5" gene: The vps45* gene was amplified
by PCR with the genomic DNA of wild-type cells as a template.
The sense primer was 5'-GAA GAT CTC ATG GAT TTA GTA
TCA GCT TCC CAA TC-3', and the antisense primer was

TABLE 1

S. pombe strains used in this study

Strain Genotype Reference

HM123 h leul-32 Our stock

KP162 h~ leul-32 ypt3-i5 Our stock

HM528 h* his2 Our stock

KP630 b leul-32 ura4-D18 Our stock
apml:: ura4*

KP928 I his2 leul-32 ura4-D18 Our stock

KP1248 b~ leul-32 ura4-294 Our stock

KP1370 h leul-32 vps45-vl This study

KP1447 h~ leul-32 ryhl-i6 Our stock

KP1747 h~ leul-32 ura4-D18 This study
vps45:: ura4”

KP2035 b leul-32 ura4-294 Our stock
nmtl GIP-syb1:: ura4*

KP2321 h™ lewl-32 wra4-294 nmt81 This study
vps45-GIP:: ura4*

KP2322 h™ lewl-32 vps45:: kanMX This study

KP2589 h™ leul-32 wra4-294 vps45:: This study

kanMX nmtlGFP-syb1:: wra4*

5'-GAA GAT CTG CGG CCG CCT TTT ATT CTG GTT GAC
ATA TAC-3'. The amplified product containing the vps45*
gene was digested with Bglll, and the resulting fragment was
subcloned into BlueScriptSK (+) (Stratagene, La Jolla, CA).

For ectopic expression of proteins, we used the thiamine-
repressible nm¢1 promoter (MAUNDRELL 1993). Expression was
repressed by the addition of 4 pMm thiamine to EMM. To ex-
press Vps4b-green fluorescent protein (GFP), the complete
open reading frame of ups45" was amplified by PCR and li-
gated to the C terminus of the GFP carrying the S65T muta-
tion. The pREP81 vector contained the attenuated version of
the nmtl promoter (Basi et al. 1993). To obtain the chromosome-
borne Vps45-GFP, the fused gene was subcloned into the
vector containing the ura4" marker under the control of the
nmt81 promoter and integrated into the chromosome at
the ura4* gene locus of KP1248 (&~ lewl-32 ura4-294) as de-
scribed (CHENG et al. 2002; KiTA et al. 2004). The resultant
strain (&~ lewl-32 ura4-294 nmt81 vps45-GFP:: ura4") did not
show VPA sensitivity and FK506 sensitivity, and the expression
of pREP81-Vps45-GFP complemented both the VPA sensitivity
and the FK506 sensitivity of the Aups45 cells (data not shown).

Deletion of the yps45" gene: A one-step gene disruption by
homologous recombination was performed (ROTHSTEIN 1983).
The ups45::ura4” disruption was constructed as follows. The
Bglll fragment containing the vps45* gene was subcloned into
the BamHI site of BlueScriptSK (+). Then, a BamHI fragment
containing the ura4" gene was inserted into the BamHI site of
the previous construct. The fragment containing the disrup-
ted vps45* gene was transformed into diploid cells. Stable
integrants were selected on medium lacking uracil. The disrup-
tion of the gene was checked by genomic Southern hybridiza-
tion (data not shown).

Microscopy and miscellaneous methods: Methods in light
microscopy, such as fluorescence microscopy and differential
interference contrast microscopy, were performed as de-
scribed (Kita et al. 2004). FM4-64 labeling and conventional
electron microscopy was performed as described (Kita et al.
2004). Acid phosphatase staining was performed as described
previously (MAEDA et al. 2004). Measurement of the acid
phosphatase secretion was performed as described previously
(KITA et al. 2004).
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Valproic acid studies: VPA (2-propyl-pentanoic acid) was
purchased from Sigma (St. Louis), dissolved in distilled water
at 1 M, and used at the final concentrations. VPA was added to
plates subsequent to autoclaving and cooling of the medium
to 55° or added to the liquid medium subsequently after
autoclaving and cooling of the medium to the temperature
as indicated in the legends of Figures 1, 4, and 6. For the
growth of cells in the presence of VPA, a 20-ml culture of cells
in logarithmic growth phase was treated with VPA at the
concentrations.

Pulse-chase analysis and immunoblot analysis of the
S.pombe Cpyl protein: Pulse-chase analysis and immunopre-
cipitation of the vacuolar carboxypeptidase Y (CPY) were
carried out as previously described (TABUCHI et al. 1997).

RESULTS

Isolation of vasl-1 as a VPA-sensitive mutant: To
identify genes that determine the sensitivity to VPA, we
have developed a genetic screen for mutants that are
hypersensitive to VPA and have identified six comple-
mentation groups (vasI—6 for valproic acid-sensitive).
Here, we will describe vasI-1. As shown in Figure 1A,
vasl-1 mutants grew equally well as compared with the
wild-type cells at 27°. However, vasi-1 mutant cells did
not grow on a YPD plate containing 6 mm VPA at 27°,
whereas wild-type cells grew normally (Figure 1A).

The wvasl-1 is an allele of the vps#5" gene that
encodes a member of the Secl/Muncl8 family: The
vasl” gene was cloned by complementation of the VPA-
sensitive growth defect of the vasI-I mutant (Figure 1A,
YPD at 27°+VPA, +ups45*). Nucleotide sequencing of
the cloned DNA fragment revealed that the vasI* gene
is identical to the ups45* gene (SPAC2G11.03c), which
encodes a protein of 558 amino acids that is highly sim-
ilar to the human hVps45 (42.42% identity) (PEVSNER
et al. 1996) and S. cerevisiae Vps45p (39.08% identity)
(CowLES et al. 1994; PEVSNER et al. 1996) (Figure 1B).
Linkage analysis was performed (see MATERIALS AND
METHODS) and results indicated the allelism between
the vps45* gene and the vasI-1 mutation. We therefore
renamed vasl-1 as vps#5-vl. The vps45 deletion cells
were viable, but the Aups45 cells also showed VPA sensitiv-
ity, similar to that of vps45-v1 cells (Figure 1A, Avps45+
vector).

To identify the mutation site in the vps45-v1 allele, the
genomic DNA from the vps45-v] mutant was isolated,
and the full-length coding region of the vps45-vl gene
was sequenced. The G-to-A nucleotide substitution caused
a highly conserved glycine to be altered to an aspartic
acid residue at the amino acid position 512 that lies in
the domain of unknown function (Figure 1, B and C,
solid arrow).

Vps45 is involved in Golgi-to-vacuole protein trans-
port in fission yeast: In budding yeast, the vacuolar
protein-sorting (VPS) pathway mediates the localization
of proteins from the transGolgi to the vacuole via a
prevacuolar endosome compartment. Mutations in the

Avps45
+ vector

1 512 558
3 )

mutation site

FIGURE 1.—Mutation in the vasl® /ups45* gene causes VPA-
sensitive phenotype. (A) The VPA sensitivities of the vasI-vl/
ups45-vl mutant cells. Cells transformed with the multicopy
vector pDB248 or the vector containing the vps45™ gene were
streaked onto each plate containing YPD or YPD plus 6 mm
VPA and then incubated for 4 days at 27°. (B) Alignment
of partial protein sequences of S. pombe (Sp) Vps45 with re-
lated proteins from human (Hs) and S. cerevisiae (Sc). Se-
quence alignment was performed using the Clustal W
program. Solid background indicates identical amino acids.
Arrow indicates the highly conserved glycine 512, which,
when mutated to aspartic acid, resulted in VPA-sensitive func-
tion in Vps4b5. (C) Linear representation of the structure of
Vps4b and where the vasl-vl mutation resides. Asterisk indi-
cates the mutation site.

ups genes affected the vesicle-mediated Golgi-to-vacuole
protein transport and resulted in the secretion of vac-
uolar proteins (BANKAITIS et al. 1986; RoTHMAN and
STEVENS 1986; ROBINSON et al. 1988). To investigate
whether Vps4b is required for VPS, pulse-chase analysis
of CPY was performed. During a 15-min pulse incuba-
tion of wild-type cells with Express **S-label, an immu-
noreactive band with an apparent molecular mass of 110
kDa (proCPY) was detected. After 30 min of chase, the
molecular mass of this 110-kDa form was converted to
the 32-kDa form (mature form of CPY) in wild-type cells
(Figure 2A, wt). In Aups45 cells, the maturation of CPY
was severely impaired, indicating that Aups45 cells mis-
sort CPY (Figure 2A, Aups45). These results are consistent
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F1GURE 2.—Defects in membrane trafficking in the Avps45
mutant cells. (A) Processing of CPY in vivo. Wild-type strain
and Aups45 mutant cells were pulse labeled with Express-*
S-label for 10 min at 27° and chased. The immunoprecipitates
were separated on an SDS-10% polyacrylamide gel. The auto-
radiograms of the fixed dried gels are shown. proCPY, precur-
sor form of CPY; mCPY, mature form of CPY. (B) Intracellular
localization of GFP-Sybl in Avps45 mutant cells. Wild-type
strain and Aups45 mutant cells expressing chromosome-borne
GFP-Sybl were cultured in YPD medium at 27°. The localiza-
tion of GFP-Sybl was examined by fluorescence microscopy.
Bar, 10 pm. (C) Defective secretion of acid phosphatase in
Avps45 cells. Wild-type strain and Awvps45 cells were grown
to an optical density at 660 nm of 0.3 and assayed for secreted
acid phosphatase activity. The data shown are representative
of multiple experiments. (D) Avps45 mutant cells are defective
in vacuole fusion. Wild-type (wt) strain and Avps45 mutant
cells were grown in YPD medium at 27°. Cells were collected,
labeled with FM 4-64 fluorescent dye (see MATERIALS AND
METHODS), resuspended in water, and examined by fluores-
cence microscope. Photographs were taken after 90 min. Bar,
10 pm. (E) Vps45-GFP is concentrated at the Golgi/endosomal
compartments. Wild-type cells, expressing chromosome-borne
Vps45-GFP cultured in EMM in the absence of thiamine for 12
hr, were incubated with the FM4-64 dye for 5 min to visualize
early endosomes. Arrowheads indicate the dot-like structures
of Vps45-GFP and early endosomes stained with FM4-64,
respectively. Bar, 10 pm.

with the previous reports in budding yeast that the
budding yeast Vps45b is required for trafficking to the
vacuole (PIPER ef al. 1994) and suggest that S. pombe
Vps45 is the functional ortholog of S. cerevisiae Vps45p.

We next monitored the localization of GFP-Sybl, the
synaptobrevin in fission yeast, as a GFP-fusion protein
(EpamMaTsU and TovosHiMA 2003; Kita et al. 2004).
Synaptobrevin is a vesicle-associated membrane protein

and copurifies with secretory vesicles. As a secretory
vesicle SNARE, Syb1 would be expected to cycle between
the cell surface and the endocytic pathway. To assess the
Golgi-to-endosome- or Golgi-to-plasma-membrane traf-
ficking pathway, the localization of GFP-Sybl was mon-
itored. The fluorescence of GFP-Sybl in wild-type cells
was detected as punctate structures in the cytoplasm and
was enriched in the medial region and cell ends (Figure
2B, wt). In clear contrast, in Avps45 cells, GFP-Sybl
failed to localize to the cell surface and the medial
regions. Instead, they were observed as large dots with
bright fluorescence in the cytoplasm at 27° (Figure 2B,
Aups45, arrowheads). Thus, Aups45 cells displayed a de-
fective localization of GFP-Sybl, indicating that Vps45
isinvolved in Golgi-to-endosome membrane trafficking.

The Aups45 cells also showed a defective secretion of
acid phosphatase, a protein that follows the classical
secretory pathway from the endoplasmic reticulum to
the extracellular periplasmic space (see MATERIALS AND
METHODS). The Avps45 cells secreted a lesser amount
of acid phosphatase than the wild-type cells at 27°
(Figure 2C), indicating that Avps45 cells are defective
in secretion.

We also examined the vacuolar fusion induced by
osmotic stress in wild-type strain and Avps45 cells
labeled with FM4-64, a vacuole-specific vital dye (Vipa
and EMR 1995). Hypotonic stress causes a dramatic
fusion of vacuoles in S. pombe (BONE et al. 1998). When
cells were collected, washed, and resuspended in water
for 90 min, the wild-type cells had evidently large vac-
uoles that resulted from vacuole fusion (Figure 2D, wt).
In contrast, vacuoles remained small and numerous in
Aups45 cells suspended in water, indicating that Vps45
is required for vacuole fusion (Figure 2D, Avps45).

Altogether, these phenotypes involved in membrane
trafficking suggest that Vps45 is implicated in Golgi-to-
endosome or Golgi-to-vacuole membrane trafficking, as
well as in the secretory pathway in fission yeast.

Moreover, the chromosome-borne Vps45-GFP local-
ized at the dot-like structures within the cytosol (Figure
2E). So, we examined whether these fluorescent dots
of Vps45-GFP colocalized with the endocytic tracer dye
FM4-64 at an early stage of endocytosis. After 5 min
of dye uptake, most of the FM4-64-positive structures
showed colocalization with Vps45-GFP structures (Fig-
ure 2E), strongly suggesting that the structures showing
the localization of Vps45-GFP represent Golgi/endo-
some compartments, consistent with the role of Vps45
in membrane trafficking.

The Auvps45 cells displayed an accumulation of
abnormal vesicular structures: In general, electron
microscopic analysis has shown that mutants defective
in membrane trafficking accumulate an organelle or a
vesicular intermediate of the secretory compartments
that precede the step in which they first function (Novick
et al. 1981; KAISER and SCHERMAN 1990; CHENG et al. 2002;
Kita et al. 2004). To determine whether Auvps45 cells
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accumulate such structures, cells were examined by elec-
tron microscopy.

In Aups45 mutant cells, Golgi structures were thick
and swollen (Figure 3, B and C) while in wild-type cells
these abnormalities were rarely seen (Figure 3A). An-
other striking feature of the Aups45 cells was the accu-
mulation of large numbers of vesicles. In Aups45 cells, as
shown in Figure 3, B and D, there is an accumulation of
large vesicles (100-150 nm in diameter) and smaller
vesicles (50-80 nm in diameter), suggesting that Vps45
is required for vesicle docking and/or fusion and that
Vps45 participates in multiple steps of membrane traf-
ficking. These vesicles seem to be dispersed throughout
the cytoplasm and are not clustered. The large vesicles
were 100-150 nm in diameter, falling within the range
of post-Golgi secretory vesicles and the smaller vesicles
were 50-80 nm in diameter, suggesting the involvement
of Vps4b in ER-to-Golgi trafficking. In wild-type cells,
however, these structures were negligible (Figure 3A).
Another morphological consequence of depleting Vps45
is a fragmentation of the vacuole (Figure 3B), which is
consistent with the above results obtained by FM4-64
that Aups45 is defective in vacuolar fusion induced by
hypo-osmotic stress (Figure 2D). Collectively, the find-
ings observed in the electron micrographs suggest a
role for Vps45 in the traffic between the Golgi-to-vacuole
transport and/or in the secretory pathway in fission
yeast.

Various membrane trafficking mutants displayed
hypersensitivity to VPA: The identification of vps45*,
which is implicated in membrane trafficking, as a VPA-
sensitive mutant prompted us to examine whether other
membrane trafficking mutants also show VPA hypersen-
sitivity. Intriguingly, our previous genetic screen using
the immunosuppressant drug FK506 has identified
alleles of membrane trafficking genes, including ypt3*/
its5* (CHENG et al. 2002), ryh1"™ (HE et al. 2006) encoding
a Rab small GTPase, and apmlI* (Kita et al. 2004) en-
coding a wl subunit of the AP-1 clathrin adaptor com-
plex, respectively. We then examined the VPA sensitivity
of these trafficking mutants. Notably, the growth of all the
mutants examined was remarkably inhibited by the ad-
dition of 6 mM VPA to the medium, while the wild-type
cells grew normally (Figure 4). In addition, AppbI cells,
the calcineurin deletion in fission yeast, also displayed
a severe growth defect in the presence of 6 mm VPA
(Figure 4).

VPA affects membrane trafficking: The above results
suggested the possibility that the mechanisms of VPA
action might be functionally related to membrane traf-
ficking. To address this hypothesis, we first examined
the effect of VPA on cell morphology by electron micro-
scopic analysis. Notably, the wild-type cells treated with
15 mm VPA displayed highly fragmented vacuoles (Figure
5, A and B), in clear contrast to the large vacuoles ob-
served in wild-type cells cultured in the absence of VPA
(Figure 3A, arrows).

A

"‘u ‘) ‘-‘

Il 200 nm Il 200 nm

F1GURE 3.—Electron microscopic analysis of Aups45 mutant
cells and the effect of VPA treatment on wild-type cells. (A)
The wild-type cells and (B) the Aups45 mutant cells grown
at 27° were analyzed by electron microscopy. Representative
thin sections are shown. Arrows in A indicate vacuoles in
wild-type cells. The boxed regions C and D in B are enlarged.
Bar, 2 pm. (C) The enlargement of Golgi structures of Avps45
mutant cells. Bar, 200 nm. (D) The enlargement of the accu-
mulated vesicle structures in Avps45 mutant cells. Bar, 200 nm.
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FIGURE 4.—The Avups45 mutant cells and various mem-
brane trafficking mutants displayed hypersensitivity to VPA.
Wild-type cells and the various mutant cells were spotted onto
each plate containing YPD or YPD plus 6 mm VPA and then
incubated for 3 days at 27°. Cells were spotted in serial 10-fold
dilutions starting with ODggo = 0.3 of log-phase cells (5 ul).

We next examined the effect of VPA on the intra-
cellular localization of GFP-Sybl in wild-type cells. As
shown in Figure 5B in wild-type cells cultured in the
presence of 10 mmM VPA, the fluorescence of GFP-Sybl
was no longer visible at cell ends (Figure 5C). Instead,
GFP-Sybl was diffusely localized in the cytosol (Figure
5C), indicating that VPA treatment caused defects in
the intracellular localization of GFP-Sybl.

We further examined the effects of VPA on the gly-
cosylation of acid phosphatase (MAEDA et al. 2004). On
native gels, when 3 mm of VPA was added to the me-
dium, acid phosphatase isolated from wild-type cells
showed a band with a significantly lower molecular mass,
and 6 mMm of VPA had a dramatic impact on the mobility
(Figure 5D). Acid phosphatase isolated from Avps45
mutants migrated significantly faster than that from the
wild-type strain even in the absence of VPA (Figure 5D),
suggesting the impairment of protein glycosylation in
Avps45 mutants. VPA treatment also affected the mobil-
ity of acid phosphatase from the Avps45 mutants and the
effect was more marked as compared with that observed
in wild-type cells (Figure 5D). Thus, the glycosylation of
acid phosphatase is impaired upon VPA treatment.

Finally, we investigated the effect of VPA on secretion.
For this, the secretion of acid phosphatase of wild-type
cells was measured with or without the addition of var-
ious concentrations of VPA to the medium. The results
clearly demonstrated that VPA inhibited the secretion
of acid phosphatase in a dose-dependent manner (Fig-
ure HE). The addition of VPA did not interfere with the
activity of acid phosphatase in vitro (data not shown),
indicating that VPA impaired the secretion of acid
phosphatase in vivo. Together, these results suggest that
VPA affects membrane trafficking in fission yeast.

Defects in cell-wall integrity lead to VPA hypersen-
sitivity: Since all the trafficking mutants that we identi-
fied were isolated in a screen for mutants that show
sensitivity to FK506 (CHENG et al. 2002; KiTa et al. 2004;
HE et al. 2006), we then hypothesized that Aups45

mutants might also show FK506 sensitivity. Expectedly,
the growth of Aups45 mutants was significantly inhibited
upon FK506 treatment, similar to that observed in other
membrane trafficking mutants (Figure 6A, +FK506). As
FK506 is a specific inhibitor of calcineurin phospha-
tase in both mammals and fission yeast (L1u et al. 1991;
SUGIURA et al. 1998), it is of interest to examine the VPA
sensitivity of calcineurin deletion. As described above,
Appb1 cells, the calcineurin deletion in fission yeast, also
displayed a severe growth defectin the presence of 6 mm
VPA (Figure 4), thus indicating that loss of calcineurin
function caused the VPA sensitivity in fission yeast. This
further suggests the importance of calcineurin in the
mechanisms of VPA hypersensitivity. As calcineurin reg-
ulates 1,3-B-p-glucan synthesis and FK506 treatment
inhibits the glucan synthesis in budding yeast (ZHAO
et al. 1998), we hypothesized that the inhibition of
calcineurin induced cell-wall integrity defects, which
lead to hypersensitivity to VPA.

Intriguingly, all the membrane trafficking mutants
that we have thus far identified displayed defects in cell-
wall integrity, including the hypersensitivity to micafun-
gin, an inhibitor of 1,3-B-p-glucan synthase (CARVER
2004; DENG et al. 2005). We then examined the effect of
micafungin on the Aups45 cells as compared with other
membrane trafficking mutants. Expectedly, micafungin
markedly inhibited the growth of Aups45 cells as well as
ypt3-i5 cells and Aagpml mutant cells as compared with
those of wild-type cells (Figure 6A, left). Moreover,
Appbl cells also displayed a severe sensitivity to mica-
fungin similar to those of the membrane trafficking
mutants (Figure 6A, left). Also, the septation index of
Avps45 cells is modestly higher (20 = 3%, average +SD
of five independent experiments) than that of wild-type
cells (15 = 2%, average =SD of five independent ex-
periments), and Avps45 cells displayed osmoremedial
temperature sensitivity (Figure 6B), the characteristic
phenotypes associated with cell-wall defective mutants.
Thus, Avps45 cells, like other trafficking mutants, ap-
peared to be defective in cell-wall integrity.

Together, these observations suggest that defects in
cell-wall integrity induced by these membrane traffick-
ing mutants lead to hypersensitivity to VPA and mica-
fungin as well as to FK506.

We next investigated whether the VPA sensitivity is
enhanced upon cell-wall damage. We first tested the ef-
fect of alow concentration of VPA (5 mM) on cell growth
in the presence or absence of micafungin (1 pwg/ml).
Neither drug alone had a significant effect on the cell
growth of wild-type cells, whereas the synergistic effect
of the two drugs was seen when VPA (5 mm) was added
simultaneously with micafungin (1 pg/ml) (Figure 6C).
As shown earlier, calcineurin deletion displayed severe
sensitivity to both VPA and micafungin, and to confirm
this, we examined the effect of calcineurin inhibition
using FK506, a specific inhibitor of calcineurin activity.
Consistently, FK506 treatment enhanced the sensitivity
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Frcure 5.—Effect of VPA on membrane trafficking of wild-type cells. (A) Electron microscopy of wild-type cells treated with 15
mM VPA for 12 hr. The boxed region B in A is enlarged. Bar, 2 pm. (B) The enlargement of the fragmented vacuoles in wild-type
cells treated with VPA. Bar, 200 nm. (C) Effect of VPA on the intracellular localization of GFP-Sybl in wild-type cells. Wild-type
strain expressing the chromosome-borne GFP-Syb1 was cultured in YPD medium and treated with 10 mm VPA for 10 hr at 27°. The
localization of GFP-Sybl was examined by fluorescence microscopy. Bar, 10 pm. (D) VPA-induced defects in glycosylation. Acid
phosphatase glycosylation in the wild-type strain and the Aups45 mutant cells. Effects of the addition of 3 or 6 mm VPA to the
medium on these cellular processes were also examined. Immunoblot analysis and acid phosphatase staining were performed
as described in MATERIALS AND METHODS. (E) VPA treatment caused the defective secretion of acid phosphatase in wild-type cells.
Wild-type strains treated with indicated concentrations of VPA were grown to an optical density at 660 nm of 0.3 and assayed for
the secreted acid phosphatase activity as indicated. The data presented are representative of three independent experiments.

to VPA and micafungin, indicating the synergism be- gin treatment caused Ca** influx (DENG et al. 2006),
tween FK506 treatment and these drugs. thereby resulting in the activation of calcineurin fol-
VPA stimulates calcineurin signaling: We have re- lowed by the nuclear translocation of Przl1, a calcineurin-

cently demonstrated that cell-wall damage by micafun- dependent transcription factor (HIRAYAMA et al. 2003).
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We hypothesized that VPA treatment would have a
similar effect on Przl localization. We then examined
the effects of VPA on the nuclear translocation of GFP-
Przl. Notably, the addition of VPA to the medium
dramatically induced the translocation of GFP-Prz1 from
the cytosol to the nucleus (Figure 7A). Upon treatment
with 5 mMm VPA, the translocation of GFP-Przl to the
nucleus was significantly induced, and >60% of the cells

A
wit
Avps45
ypt3-i5
ryh1-i6
Aapm1
Appb1 Kl
+ micafungin + FK506
1 pg/ml 0.5 pg/mi
B
wt Avps45
YPD at 36°C
'YPD at 36°C
+ 1.2 M Sorbitol
C

+ micafungin
1 pg/ml

+ FK506
0.5 pg/ml

+ VPA
+ FK506

+ micafungin

+ micafungin
+ FK506

displayed nuclear localization of Prz1 upon the addition
of 10 mM VPA to the medium (Figure 7B).

We also examined the effect of glucanase (zymolyase
20T), a cell-wall-digesting enzyme, on the nuclear local-
ization of GFP-Przl. The results clearly showed that 100
pg/ml zymolyase 20T, the concentration used to digest
cell wall, also stimulated the nuclear translocation of
GFP-Prz1 (Figure 7A), although the frequency of nu-
clear accumulation was lower (45%) than that obtained
with 10 mm VPA treatment (Figure 7B). Together, the
nuclear accumulation of GFP-Przl by VPA treatment
suggests the impairment of cell-wall integrity by VPA via
its effect on membrane trafficking. Consistently, in the
trafficking mutants that showed VPA sensitivity, includ-
ing Auyps45and Aapml1, the percentage of GFP-Prz1 located
in the nucleus dramatically increased even without the
addition of these drugs (data not shown).

We next examined whether VPA treatment can alter
the resistance of wild-type cells to the cell-wall damage.
For this, we used the glucanase sensitivity as a direct quan-
titative readout of cell-wall modifications. Wild-type cells
were assayed for zymolyase sensitivity with or without
the addition of VPA. The results clearly showed that
VPA treatment enhanced the sensitivity of wild-type cells
to zymolyase in a dose-dependent manner, suggesting
that VPA treatment resulted in cell-wall alterations
(Figure 7C).

DISCUSSION

Here, we have identified the mutations that exhibit
VPA sensitivity and discovered a novel genetic interac-
tion between VPA sensitivity and genes involved in mem-
brane trafficking in fission yeast.

In our study, first, the vps45 mutants were identified
in a screen to isolate VPA-sensitive mutants and it was
found that the vps45 mutants displayed defects in mem-
brane trafficking. Second, various membrane traffick-
ing mutants and the Avps45 mutants have several shared
phenotypes, including sensitivity to the cell-wall-damaging

Ficure 6.—The synergistic effect of VPA and cell-wall dam-
age in fission yeast. (A) The Aups45 mutant cells and various
membrane trafficking mutants displayed sensitivity to the cell-
wall-damaging agent micafungin and the immunosuppres-
sant FK506. Wild-type cells and the various mutant cells as in-
dicated were spotted onto each plate containing YPD plus 1
g/ ml micafungin or YPD plus 0.5 pg/ml FK506 and then in-
cubated for 3 days at 27°. Cells were spotted in serial 10-fold
dilutions starting with ODggy = 0.3 of log-phase cells (5 pl).
(B) The temperature sensitivities of the wvps45 mutants.
Wild-type cells, vasI-1 cells, or Aups45 cells were streaked onto
each plate containing YPD or YPD plus 1.2 M sorbitol and
then incubated for 3 days at 36°. (C) Synergism between
VPA and cell-wall perturbation. Wild-type cells were spotted
onto the plates with or without 5 mm VPA, 0.5 pg/ml
FK506, or 1.0 wg/ml micafungin, individually or in combina-
tion, and then incubated for 4 days at 27°.
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FIGURE 7.—VPA activates calcineurin signaling. (A) VPA
and glucanase treatment stimulates translocation of GFP-
Prz1 from the cytosol to the nucleus. The cellular localization
of Przl was examined by immunofluorescence microscopy in
wild-type cells carrying the chromosomally tagged GFP-Przl
with or without the addition of 10 mm VPA for 6 hr or with
the addition of 100 pwg/ml of zymolyase 20T for 3 hr. Bar,
10 pm. (B) Quantification of the nuclear accumulation of
GFP-Prz1 in wild-type cells with or without the addition of var-
ious concentrations of VPA for 6 hr or with the addition of 100
png/ml of zymolyase for 3 hr to the medium. Data represent
the average of four experiments. (C) Effect of VPA on cell-wall
digestion by B-glucanase. Wild-type cells exponentially grow-
ing in YPD medium were treated with the indicated con-
centrations of VPA for 8 hr and incubated with 100 wg/ml
of B-glucanase (zymolyase 20T) at 30° with vigorous shaking.
Cell lysis was monitored by measuring optical density at 660 nm
(the value before adding the enzyme was taken as 100%). The
data shown are representative of multiple experiments.

agent micafungin, to the calcineurin inhibitor FK506,
and to VPA. Third, VPA treatment affects membrane
trafficking. Fourth, VPA sensitivity is enhanced upon
cell-wall damage, including treatment with micafungin or
FK506. Finally, similar to the cell-wall-damaging agents,
VPA induced calcineurin activation as evidenced by
the nuclear translocation of GFP-Prz1. Altogether, these
results suggest that VPA primarily affects membrane
trafficking, which leads to the enhanced sensitivity to
cell-wall damage and the hyperactivation of calcineurin
signaling in fission yeast.

It should be noted that among the membrane traf-
ficking mutants, the Aups45 mutants and rykl-i6 mu-
tants displayed similar sensitivities to various cell-wall-
damaging agents examined. Both mutants showed more
severe sensitivity to VPA as compared with that of the
Aapml mutants and ypt3-i5 mutants (Figure 4). In con-
trast, the growth of the Avps45 mutants and ryhl-i6
mutants was relatively weakly inhibited upon FK506
treatment compared with that of the Aapml mutants
and ypt3-i5 mutants (Figure 6A).

These differences in sensitivity to the drugs can be
explained by the roles of these two proteins in mem-
brane trafficking, as both Ryhl and Vps45 are function-
ally closely involved in Golgi-to-endosome transport, and
the defects in secretion in both mutants were relatively
modest compared with those of ypi3-t5 mutants and
Aapml mutants as judged by the severity of the accu-
mulation of the secretory vesicles (Kita et al. 2004).

Unexpectedly, Aups45 mutants, unlike other mem-
brane trafficking mutants, displayed similar sensitivity
to glucanases as compared with that of wild-type cells
(data not shown), although Avps45 mutants showed the
osmoremedial temperature sensitivity, a phenotype char-
acteristic to cell-wall-defective mutants. We also moni-
tored the cell-wall architecture or septum of Aups45 cells
by electron microscopy. However, these structures in
Aups45 cells were not discernible from those of wild-
type cells (data not shown). Therefore, the sensitivity of
Awvps45 mutants to VPA can be interpreted as the con-
sequence of the synergistic inhibition of membrane
trafficking by the vps45 mutation and the drug. Consis-
tently, upon VPA treatment, the inhibition of the glyco-
sylation was more severely manifested in the Avps45
mutants compared with that of wild-type cells (Figure 5D).

In the same line, we demonstrated synergistic in-
hibition of cell growth by VPA and micafungin, FK506
showing that VPA sensitivity is increased by the pres-
ence of cell-wall-damaging agents. We reasoned that
the synergistic effect is most probably the consequence
of inhibition of cell-wall synthesis by micafungin com-
bined with a more general defect produced by secretory
defects induced by VPA and/or calcineurin inhibition.

Alternatively, the cell-wall defects can also be a con-
sequence of calcineurin misregulation in the vps45 mu-
tants, as a relationship between calcium and cell-wall
synthesis has been shown (CARNERO et al. 2000; CORTES
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et al. 2004). Consistent with this hypothesis, the mem-
brane trafficking mutants, including the vps45 mutant,
displayed a higher frequency of the nuclear accumula-
tion of GFP-Przl, indicating that calcineurin activation
is induced in these mutants. This hyperactivation of the
calcineurin signaling in the trafficking mutants may be
due to defects in cell-wall integrity that are caused by
impaired secretion.

Another important feature of our study is the dem-
onstration that VPA affects glycosylation in fission yeast.
It has been described that defects in glycosylation caused
several drug sensitivities, including hygromycin B, an
aminoglycoside (DEaN 1995). It is possible that defects
in glycosylation might cause alteration in the cell-wall
glycoproteins, and as a consequence, a defective cell
wall alters the sensitivity to VPA (CORTES et al. 2004;
BATES et al. 2005). Thus, the sensitivity of the vasI/vps45
mutant to micafungin or FK506 might be an indirect
effect of the secretion and glycosylation defects in the
vasl/vps45 mutant.

Recent progress in glycobiology has highlighted the
importance of glycosylation in many key biological pro-
cesses, such as molecular trafficking, signal transduction,
and cell adhesion, and an increasing number of diseases
of glycosylation are being discovered, including con-
genital disorders (OHTSUBO and MARTH 2006). Thus, if
VPA affects glycosylation in higher eukaryotes as well,
VPA-induced alteration in glycosylation might explain
the various side effects of VPA.

In summary, this study demonstrates for the first time
that VPA affects membrane trafficking, thereby induc-
ing calcineurin hyperactivation and cell-wall damage.
Also, the genetic screen of VPA-sensitive mutants in fis-
sion yeast may contribute to the further identification of
the new components involved in the membrane traf-
ficking pathway, as well as to the understanding of the
molecular basis of VPA action.
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