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Cell wall integrity is compromised 
under temperature stress 
in Schizosaccharomyces pombe 
expressing a valproic acid‑sensitive 
vas4 mutant
Sen Qiao1,2,4, Xiaofang Luo2, Hui Wang2, Yue Fang3* & Lili Zhang1,2,4*

Valproic acid (VPA) is widely used as a eutherapeutic and safe anticonvulsant drug, but the mechanism 
is not well elucidated. Histone deacetylases (HDACs) were first identified as direct targets of VPA. 
Many loss-of function mutants in S. pombe have been shown to be VPA sensitive but not sensitive 
to other HDAC inhibitors, such as sodium butyrate or trichostatin A (TSA). This difference suggests 
that there are multiple VPA target genes. In the current study, we isolated a VPA-sensitive (vas) 
mutant, vas4-1, and cloned the VPA target gene vas4+/vrg4+ by performing complementation 
experiments. The vas4+/vrg4+ gene encodes a putative Golgi GDP-mannose transporter, Vrg4, which 
is highly homologous with ScVrg4p. Physiological experiments indicated that SpVrg4p is involved 
in maintaining cell wall integrity (CWI) under high- or low-temperature stress. The results of a 
coimmunoprecipitation assay suggested that SpVrg4p may be transferred from the ER to the Golgi 
through SpGot1p loaded COPII vesicles, and both single and double mutations (S263C and A271V) in 
SpVrg4p compromised this transfer. Our results suggested that CWI in S. pombe is compromised under 
temperature stress by the VPA-sensitive vas4 mutant.

Valproic acid (VPA) is a short-chain fatty acid that is widely used as an anticonvulsant for the treatment of various 
types of epilepsy and seizures, such as absence, myoclonic, generalized and partial seizures1–3 and is presumed 
to target GABA transaminase, succinate semialdehyde dehydrogenase, alpha-ketoglutarate dehydrogenase and 
Na+ channels4,5. It has also been proposed to be a therapeutic for certain types of cancer, Alzheimer’s disease, and 
HIV treatment6–9. However, the mechanisms of its therapeutic effect remain to be elucidated.

To gain further insights into the molecular mechanisms of VPA drug action, we developed a genetic screen 
for mutants that show hypersensitivity to VPA in the fission yeast Schizosaccharomyces pombe. The first identi-
fied gene in this screening was vas1+/vps45+, encoding a homologue of human VPS45 and S. cerevisiae VPS4510. 
Vas2-1 is an allele of the aps1+ gene that encodes the σ subunit of the AP-1 complex11, and vas3-1 is an allele of 
the ric1+ gene that encodes a homologue of budding yeast RIC112. A genome-wide screen of 3004 haploid dele-
tion strains confirmed 148 VPA-sensitive deletion strains; these mutants are involved in regulating DNA and 
RNA metabolism, signal transduction, membrane trafficking, chromatin remodelling, ubiquitination, etc.13.

In the current study, we isolated the VPA-sensitive (vas) mutant vas4-1 and cloned the VPA target gene 
vas4+/vrg4+ through complementation experiments. vas4+/vrg4+ encodes a putative transmembrane Golgi GDP-
mannose transporter protein that is highly homologous with ScVrg4p. In budding yeast, Vrg4p is essential for cell 
wall integrity (CWI) and normal Golgi function, such as protein glycosylation and sphingolipid mannosylation, 
and the null mutant is lethal14,15. Here, we found that the vas4+/vrg4+ gene was important for maintaining CWI 
under temperature stress in fission yeast. A biochemical assay suggested that trafficking of Vrg4p from the ER 
to the Golgi might be realized through Got1p-loaded COPII vesicles. Our results suggested that the vas4+/vrg4+ 
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gene is a novel candidate VPA target, and mutations at S263 and A271, which are located in the nucleotide sugar-
binding motif, compromised Vrg4p function and abolished its interaction with Got1p.

Methods and materials
Media and genetic and molecular biology methods.  The complete YPD medium and standard 
genetic and recombinant-DNA methods have been described previously10,16.

Isolation of the vas4‑1 mutant and cloning of the vrg4+ gene.  The vas4-1 mutant was identified 
through a screening of cells that had been mutagenized with nitrosoguanidine as described previously17. To 
clone the vrg4+ gene, the vas4-1 mutant was grown at 27 °C and transformed with an S. pombe genomic DNA 
library constructed in the vector PKB10918. Leu+ transformants were replica plated onto YPD plates containing 
VPA at 27 °C, and the plasmid DNA was recovered from transformants that showed plasmid-dependent rescue. 
These plasmids complemented the VPA sensitivity of the vas4-1 mutant. By DNA sequencing, the suppressing 
plasmids were identified as containing the vrg4+ gene (SPAC144.18). The strains used in this study are listed in 
Table S1.

Tagging the vrg4+ gene.  The upstream (genomic promoter) vrg4+ gene was amplified using primers 
Vrg4G-F (GGA​TCC​CCC​GGG​TTG​CGA​TGA​TGG​TTT​CAG​) and Vrg4G-R (CGG​TAT​CG ATA​AGC​TTT​TAT​
TTG​TAT​AGT​TCA​TCC). The vrg4+ gene and GFP gene were cloned using primers VRG4-F (ATG​GAT​AAT​
CAT​ATG​CTA​A ACC) and UP-R (TAT​GAT​TAT​CCA​TTG​TTG​TTG​GAA​TTT​CGT​G ATGG), GFP-F (ATG​AGT​
AAA​GGA​GAA​GAA​) and GFP-R (TTA​TTT​GTA​TAG​TTC​ATC​CA TG). Primers Down-F (GAA​CTA​TAC​AAA​
TAA​ACC​CTT​TGT​GTT​GGT​TATTA) and Down-R (GGTC GAC​GGT​ATC​GAT​AAG​CTT​ACA​GTT​CAA​GCA​
ACG​AAT​T ACC) were used to amplify the downstream vrg4+ gene. These fragments were then cloned into a 
pBC + plasmid at Sac I and Hind III to generate the pBC-vrg4+-GFP plasmid. Then, the constructed pBC-vrg4+-
GFP was used to transfect or construct site mutant plasmids. For site mutation plasmid construction, the fol-
lowing primers were used: S263C-F: (GGT​GTG​TACG CGT​AAC​TTCTT​GCACA​ACT​TAT​AGT​ATG), S263C-
R (CCAA CCA​TAC​TAT AAG​TTG​TGCAAG​AAG​TTA​CGC​GTAC), A271V-F (CAA​CTT​ATA​GTA​TGGTT 
GGTG​TTCTT​AAC​AAA​CTT​C), A271V-R (CAA​GGG​AAG​TTT​GTT​AAG​AAC ACC​AAC​CAT​ACT​ATAAG), 
263C-271 V-F (GTA​CGC​GTA​ACT​TCTT​GCACAA CTT​ATA​GTA​TGG​TTG​GTG​TTCTT​AAC​AA), and 263C-
271 V-R (GGG​AAG​TTT GTT​AAG​AACAC​CAA​CCA​TAC​TAT​AAG​TTGT​GCAAG​AAG​TTA).

Protein sequence alignment and structure simulation.  The Vrg4 protein sequences of S. cerevisiae 
(KZV11004.1), S. pombe (Q9UTK8) and C. albicans (AAK74075.1) were aligned in CLUSTALW. The protein 
topology structures of WT and mutant SpVrg4p proteins were predicted with the TMHMM Server v. 2.0 (http://​
www.​cbs.​dtu.​dk/​servi​ces/​TMHMM/). The Vrg4 protein structure in S. cerevisiae (PDB 5OGK) was down-
loaded from the PDB protein data bank (http://​www1.​rcsb.​org/) and used as a template to predict the structure 
of mutant SpVrg4p following the alignment mode procedure using Swiss-Model (https://​swiss​model.​expasy.​
org/)19. The WT Vrg4 (PDB 5OGK) and the produced mutant SpVrg4p structures were structurally aligned 
using TM-align (https://​zhang​lab.​ccmb.​med.​umich.​edu/​TM-​align/). All the PDB files were viewed in PyMOL 
v2.4 (https://​pymol.​org/2/), and the mutated residue sites are shown as sticks.

Acid phosphatase assay.  The details of the acid phosphatase assay method are described previously20. 
The cells were grown to mid-log phase at 27 °C in EMM. Then, the cells were collected, washed, resuspended 
in phosphate-free EMM, and incubated for 12 h at 27 °C to induce acid phosphatase. The cells were collected, 
washed once with 62.5 mM Tris–HCl (pH 6.8), and suspended in 240 ml of precooled lysis buffer (62.5 mM 
Tris–HCl, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 0.1 mM dithiothreitol and 10% glycerol, pH 6.8). 
Cell lysates were prepared with 0.5 mM glass beads. The lysates were recovered and centrifuged at 15,000g for 
10 min, and the supernatant was recovered and mixed with 1/3 volume of 0.1% bromophenol blue, 15% glycerol 
and 62.5 mM Tris–HCl (pH 6.8). Samples (10 μg protein) were loaded on 6% native polyacrylamide gel for 
electrophoresis. Electrophoresis and staining of the acid phosphatase activity were performed by the method 
described previously21.

Immunoprecipitation and immunoblot analysis.  Exponentially growing yeast cells (A600 = 1 ~ 3) 
were harvested and converted to spheroplasts as described previously22. The spheroplasts were resuspended 
in 400 ml of ice-cold lysis buffer (150 mM NaCl, 10 mM HEPES–KOH (pH 7.5), 5 mM MgCl2, 1 mM PMSF) 
containing 1% Triton X-100 to solubilize membrane proteins and centrifuged at 15 000 g for 5 min at 4 °C to 
remove debris. The detergent extracts were used in the coimmunoprecipitation assays. The GFP-tagged pro-
teins were immunoprecipitated by incubating 400 ml of the extract with 200 ml of a hybridoma cell culture 
supernatant containing the monoclonal anti-GFP antibody and 25 ml of protein A Sepharose beads (Sangon 
Biotech) at room temperature for 4 h. The protein A Sepharose beads and associated proteins were centrifuged 
and washed three times with the same lysis buffer. After resuspension in sample buffer and solubilization at 45 °C 
for 3 min, the immunoprecipitates were separated by 10% SDS-PAGE, and gels between the markers contain-
ing our protein bands of interest were cut based on our previous experiment, transferred to PVDF membranes 
(Millipore) and immunoblotted with anti-GFP (1:2000) or anti-Got1p (1:2000) rabbit polyclonal antibody. Sec-
ondary rabbit antibodies conjugated to horseradish peroxidase (Sangon Biotech) were used at a 1:5000 dilution 
and detected by chemiluminescence (ECL, Thermo Scientific). All blotting was performed using a Tanon 2500 
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system (Shanghai Tanon Science and Technology Co., Ltd., Shanghai, China). All the unmodified data are shown 
in Supplementary Fig. 5.

Results and discussion
Isolation of vas4‑1 as a VPA‑sensitive mutant.  To identify genes that are involved in conferring sensi-
tivity to VPA in Schizosaccharomyces pombe (S. pombe), we developed a genetic screen for valproic acid-sensitive 
(vas) mutants10. In the current study, we isolated and characterized a complementation group vas4-1 mutant. 
As shown in Fig. 1A, the vas4-1 mutant grew effectively, similar to the wild-type cells at 27 °C on yeast extract-
peptone dextrose (YPD) plates, but the mutant failed to grow on a YPD plate containing 6 mM VPA at 27 °C.

Vas4‑1 is an allele of the vrg4+ gene that encodes a Golgi‑located GDP‑mannose trans‑
porter.  The vas4+ gene was cloned for complementation of the VAP-sensitive phenotype of the vas4-1 mutant 
cells. Sequencing analysis showed that vas4+ was identical to the vrg4+ gene (SPAC144.18), which encodes a 
putative Golgi-located GDP-mannose transmembrane transporter. vas4+/vrg4+ encodes a protein of 345 amino 
acids that is highly similar to Vrg4p in S. cerevisiae (53.12% identity) and effectively complements the VAP-sen-
sitive phenotype of Vas4-1 (Fig. 1B). We next detected glycosylation by acid phosphatase staining of WT, vas4-
1 + vector and vas4-1 + vrg4+ products. The results showed that vas4-1 + vrg4+ had a glycosylation level similar to 
that of WT, while vas4-1 + vector had an obviously lower glycosylation level (Fig. 1C). This result suggested that 
SpVrg4p also plays an important role in the glycosylation of fission yeast. VPA inhibited glycosylation in vas4-
1 + vrg4+ cells (Fig. 1C), and our results are in accordance with a previous report10. Glycosylation was, at least 
partially, recovered when VRG4 was overexpressed in vas4-1 cells (Fig. 1C). This result indicated that VPA might 
target SpVrg4p and change the glycosylation pattern in S. pombe. The sequencing results indicated that vas4-1 
harboured two mutant sites (S263C and A271V) in the eighth transmembrane domain (Figs. 1D,2A). To explore 
whether the mutant sites in SpVrg4p were involved in the VAP-sensitive phenotype, the WT (vrg4+) and mutant 
harbouring the two mutant sites (vrg4+m) were introduced into vas4-1 (Fig. 1E). A phenotype analysis indicated 
that vrg4+ and the two mutant sites were the key factors of VAP sensitivity.

The S263C and A271V mutations had little effect on the overall structure of SpVrg4p.  The 
function of Vrg4p in S. cerevisiae has been widely studied14,15,23–26. To explore the function of Vrg4p in fission 
yeast, we introduced mutations at sites A271V and S263C in SpVrg4p, which were coincidently consistent with 
previously reported ScVrg4p mutants vig4-1 (A286V) and vig4-2 (S278C)23 (Figs. 2A and S2A). vig4-1 and vig4-
2 are expressed as vanadate resistant and immature glycosylation mutants in S. cerevisiae, suggesting that these 
two sites are important for the function of ScVrg4p23. The two mutation sites did not notably contribute to the 
predicted protein topology structure of SpVrg4p (Fig. S1). A protein domain analysis showed that these muta-
tion sites are also located in a nucleotide sugar-binding motif24 (Fig. 2). The structure simulation, for which 
ScVrg4p (PDB: 5OGK) was the template26, indicated that the mutant amino acids had little effect on the overall 
and binding motif structures (Fig. 2B–E).

SpVrg4p was important for maintaining cell wall integrity under temperature stress.  To 
research the molecular function of SpVrg4p, WT and mutant Vrg4p-GFP plasmids were constructed and intro-
duced into vas4-1 mutant (Fig. S2A). We isolated consistent expression lines through Southern blotting, qRT-
PCR and western blotting (Fig. S2B to D) and used them for subsequent research.

Previous studies accompanied by coexpression and interaction networks suggested that SpVrg4p is involved 
in protein glycosylation, cell wall integrity (CWI) and protein trafficking (Fig. S3)14,23,25. To reveal the function of 
Vrg4p in CWI in fission yeast, we first analysed WT, vas4-1 + vector and vas4-1 + vrg4+ cells grown with different 
CWI inhibition agents (Fig. 3A). The vas4-1 + vrg4+ cells exhibited a growth phenotype similar to that of WT 
cells under various agent treatments, while the vas4-1 + vector cells were more sensitive to SDS, NaCl and CFW. 
This result suggested that Vrg4p plays roles in maintaining CWI in fission yeast. To explore the function of the 
mutation sites in Vrg4p in CWI, the cell lines with consistent expression verified above were treated with CWI 
inhibitory agents at different temperatures. Cell viability was not obviously changed under high temperature 
stress, while the cells expressing the double mutant showed a slightly decreased growth rate at 24 °C (Fig. 3B 
column 1). At 27 °C, SDS treatment inhibited the growth of S263C and double mutant colonies, but other CWI 
inhibitory agents had no obvious effect. At 24 °C, SDS and NaCl treatment inhibited the growth of double mutant 
lines, while Congo red (CR) and calcofluor white (CFW) exerted slight effects on the double mutant lines (Fig. 3B 
row 1). Notably, both the single and double mutants exhibited obvious sensitivity to the CWI inhibitory agents 
at 36 °C (Fig. 3B row 3). These results suggested that SpVrg4p plays important roles in maintaining CWI under 
low- and high-temperature stress.

Both single and double SpVrg4p mutants failed to interact with Got1p.  A previous study on 
ScVrg4p suggested that it is located in the Golgi, and the corresponding mutations of S263C and A271V in 
ScVrg4 had no obvious effect on its localization; however, the C-terminal region was determined to be essential 
for ScVrg4p Golgi localization23. Another study indicated that the VRG4 gene is required for the retention of 
BiP in the ER, but it does not have an indirect effect by elevating the levels of misfolded proteins; the vrg4 muta-
tion affects the receptor-mediated retrieval of BiP from early Golgi14. Folded protein in the ER is transported to 
the Golgi through COPII vesicles. We found that Got1p, which is efficiently packaged into COPII vesicles and 
cycles rapidly between the ER and Golgi compartments27, was in the interaction network of SpVrg4p (Fig. S3). 
The coimmunoprecipitation assay indicated that SpVrg4 interacted with Got1p directly or directly (Fig. 4), while 
both the single and double (S263C and A271V) mutants abolished this interaction. These results suggested that 
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SpVrg4p is transported from the ER to the Golgi by Got1p-loaded COPII vesicles and that the S263C and A271V 
mutations compromise this process. We tried to obtain GFP images; however, the results were ambiguous (data 

Figure 1.   Mutation in the vas4+/vrg4+ gene leads to a VPA-sensitive phenotype. (A) vas4-1 was identified as 
a VPA-sensitive mutant. WT and vas4-1 were streaked on plates containing YPD or YPD plus 6 mM VPA and 
then incubated for 4 days at 27 °C. (B) The vas4+/vrg4+ gene can complement the VPA-sensitive phenotype 
of vas4-1. Cells transformed with control or a vector containing the vas4+/vrg4+ gene were streaked on plates 
containing YPD or YPD plus 6 mM VPA and then incubated for 4 days at 27 °C. (C) Acid phosphatase staining 
of cells with WT, vas4-1 + Vector, vas4-1 + Vrg4+, vas4-1 + Vrg4+ + 6 mM VPA or vas4-1 + overexpressed (OE)-
Vrg4+ + 6 mM VPA. (D) Partial protein sequence alignment of ScVrg4p, SpVrg4p and CaVrg4p. (E) S263C 
and A271V in SpVrg4p are the key contributors to VAP sensitivity. WT and vas4-1 cells transformed with the 
control or a vector containing the vas4+/vrg4+ gene were streaked on plates containing YPD or YPD plus 6 mM 
VPA and then incubated for 4 days at 27 °C.
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Figure 2.   The S263C and A271V mutations had little effect on the overall structure of SpVrg4p. (A) Alignment of the Vrg4 
protein sequences. The Vrg4 protein sequences of S. cerevisiae, S. pombe and C. albicans were aligned in CLUSTALW. The red 
orthogon indicates the reported nucleotide sugar-binding motif in ScVrg4p. The green lines represent the transmembrane 
helices in ScVrg4p. The mutation sites 263 and 271 are shown in red. (B)–(E). Golgi lumenal view of Vrg4p structures. WT 
(B), mutant (C), structural alignment (D) and closed views of aligned nucleotide sugar-binding motifs (E) are shown. The 
structure of mutant SpVrg4p was obtained from homologue modelling using Swiss-Model following the Alignment Mode 
procedure and structurally aligned with WT Vrg4p via TM alignment. The nucleotide sugar-binding motif is shown as yellow 
in the WT and magenta in the mutant protein. The mutated residue sites are shown in stick mode.
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not shown). We found that overexpression of the mutant vas4+m expression in isolated transgenic lines can par-
tially recover the vas4-1 VAP-sensitive phenotype (Fig. S4). These results were accordance to those previously 
reported24. Based on this result, the mutant might have little effect on the cellular localization of SpVrg4p. Inter-
estingly, the S263C and A271V mutations had no obvious effect on the putative overall structure of SpVrg4p, 
but the mutants failed to interact with Got1p. SpVrg4p has 53.12% identity to S. cerevisiae Vrg4p, and although 
structure simulation may not present the true condition, it can provide certain information.

Figure 3.   SpVrg4p is important for maintaining cell wall integrity under temperature stress. (A) WT and 
vas4-1 cells transformed with the wild-type vas4+/vrg4+ gene or vector were incubated at 27 °C for 2 days. (B) 
vas4-1 cells transformed with the WT or the mutant vas4+/vrg4+ gene were incubated at 24, 27, or 36 °C for 
2 days. (A,B) Cells were spotted on plates containing YPD or YPD plus 100 μg/ml SDS, 1 M NaCl, 0.1% Congo 
red (CR) or 0.5 mg/ml calcofluor white (CFW), as indicated, in serial tenfold dilutions with the starting point 
indicated by OD660 = 0.3 in log-phase and then incubated for 2 days at the indicated temperature.

Figure 4.   The mutations in SpVrg4p abrogated the interaction with Got1p. GFP and GFP-tagged Vrg4 were 
precipitated by GFP beads, washed extensively, subjected to SDS–PAGE and detected with anti-GFP or anti-
Got1p antibody.
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In summary, we isolated the VPA-sensitive mutant vas4-1 and found that the vas4+/vrg4+ gene can comple-
ment the VPA-sensitive phenotype. The vas4+/vrg4+ gene may be a novel target of VPA. The vas4+/vrg4+ gene 
is important for CWI under temperature stress, and mutations at S263 and A271, which are located in the 
nucleotide sugar-binding motif, compromise Vrg4p function and abolish its interaction with Got1p. These 
results suggested that VPA might regulate physiological processes such as glycosylation and CWI through the 
vas4+/vrg4+ gene.
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