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Arsenic is omnipresent in soil, air, food and water. Chronic exposure to arsenic is a serious 
problem to human health. In-depth understanding of this metalloid’s toxicity is a fundamental 
step towards development of arsenic-free foods and measures for bioremediation. By 
screening the complete set of gene deletion mutants (4873) of Saccharomyces cerevisiae, this 
study uncovered 75 sensitive and 39 resistant mutants against arsenite [As(III)]. Functional 
analysis of the corresponding genes revealed the molecular details for its uptake, toxicity and 
detoxification. On the basis of the hypersensitivity of yap3∆, the transcription factor, Yap3p, 
is for the first time linked to the cell’s detoxification against As(III). Apart from confirming 
the previously described role of the mitogen-activated protein kinase (MAPK) Hog1 pathway 
in combating arsenic toxicity, the results show that the regulatory subunits (Ckb1p and Ckb2p) 
of protein kinase CK2 are also involved in  the process, suggesting possible crosstalk between 
the two key protein kinases. The sensitivity to As(III) conferred by deletion of the genes 
involved in protein degradation and chromatin remodelling demonstrates protein damage is 
the key mode of toxicity for the metalloid. Furthermore, the resistant phenotype of fps1∆, 
snf3∆ and pho81∆ against As(III) links arsenic uptake with the corresponding plasma 
membrane-bound transporters-aquaglyeroporin (Fps1p), hexose (Snf3p) and phosphate 
transporters. The molecular details obtained in this screen for As(III) uptake, detoxification 
and toxicity provide the basis for future investigations into arsenic-related problems in the 
environment, agriculture and human health. 
 

 

Introduction 

Arsenic is naturally present in ground and drinking water, air 
and foods. Its mining and industrial usage leads to the 
increased contamination of water and crops. Rice, the staple 
food of Asia, often contains an elevated level of arsenic, due 
to pollution and its natural prevalence in ground waters 
originating from the river systems of the Himalayas1,2. The 
metalloid ion exists in multiple oxidation states, but mainly 
trivalent [As(III)] or pentavalent [As(V)]. Both As(III) and 
As(V) are toxic. As(III) is predominantly present as As(OH)3 
in aqueous environments, mimicking the structure of glycerol, 
a common metabolite in microorganisms and mammalian 
cells. Therefore, it can enter the cell via aquaglyceroporin 
transporter (Fps1p)3, which explains the higher toxicity of 
As(III) over As(V) and the other organic arsenic derivatives 
such as mono-, di- and trimethylated arsenicals. 
 

Although it is historically and publically known that a high 
dose of arsenic is lethal, it is the chronic exposure to arsenic 

through drinking water and food, dubbed as “a silent 
assassin”, that is insidious to the health of millions of people 
around the world. Chronic arsenic exposure is associated with 
cancer of the bladder, lungs, skin and prostate, as well as 
neurodegenerative and cardiovascular diseases4,5. As a 
consequence, the application of arsenic in certain medicines, 
which are used in treating acute promyelocytic leukaemia6 
and infectious diseases such as syphilis and trypanosomiasis7, 
unavoidably has adverse side-effects on the health of patients. 
 

The underlying molecular mechanism of arsenic toxicity 
in living organisms is still a subject of active research. Most 
investigations deploy model organisms such as 
Saccharomyces cerevisiae, a highly useful model for basic 
science and toxicology, and a pioneering organism in 
functional genomics and systems biology8. The findings from 
this system are relevant to human beings due to the genomic 
homology between the two organisms. They share thousands 
of orthologous genes, accounting for about one-third of the 
yeast genome9,10, and there exists a high level of conservation 
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between the cellular processes of yeast and those of 
mammalian cells11,12. The publication of the yeast genome 
sequence led to the advent of complete collections of yeast 
gene deletion mutants such as the collection from 
EUROSCARF employed in this study. By observing the 
phenotype of a gene deletion mutant under a given condition, 
the function of that gene is revealed. Numerous genome-wide 
screens have been carried out until the present with a range of 
treatments such as oxidants and metal ions13,14,15, and the 
functionality of many genes has been annotated in the process. 
Most importantly, the functions of ensembles of closely-related 
genes, in response to a particular stressor, can be revealed. 
 

Two genome-wide screens were done with sodium arsenite 
in the past, mainly using the deletion mutant set of haploid 
strain BY474116,17. Both screens primarily skewed towards 
uncovering the sensitive phenotype. Methodologically, both 
studies carried out the screening by spotting the individual 
mutants onto agar plates. The dosage ranges employed were 
conspicuously divergent, with one study using 0, 75, 100 and 
150 µM and the other using 0, 750 and 1000 µM sodium 
arsenite. Despite certain congruent findings, the involvement of 
sulphur metabolism and glutathione biosynthesis in 
counteracting arsenite toxicity was identified in one study 17, 
but not in the other. Therefore, we believe it is still worthwhile 
to explore the As(III) toxicity by another genome-wide mutant 
screening. In this study, we set out to screen a homozygous 
diploid deletion set obtained from the European 
Saccharomyces cerevisiae Archive for Functional Analysis 
(EUROSCARF), using a 96-well plate-based liquid assay. By 
this approach, we previously screened the deletion collection 
with aluminium sulphate14-15 and acquired novel data compared 
to a similar study using agar plates18. We expect that new 
findings can be achieved for further understanding of arsenic 
toxicity in this screen, using the 96-well plate-based liquid 
assay. 
 

By phenotypic screening of the complete collection of 
homozygous deletion mutants of S. cerevisiae, we aim to 
uncover the sensitive and resistant mutants in response to 
As(III), using two predetermined benign and sub-lethal doses 
of sodium arsenite. A sensitive mutant means that deletion of 
the gene impairs the yeast’s response to As(III) and therefore 
the deleted gene plays a role in combatting As(III) toxicity. 
Conversely, a resistant mutant against the metalloid reveals 
that the gene deletion is conducive to the yeast’s survival 
under As(III) treatment and hence the deleted gene is likely 
involved in As(III) uptake or in synergistic actions which 
enhance As(III) toxicity. Here we report the comprehensive 
gene lists associated with the yeast cell’s sensitivity or 
resistance in response to As(III) exposure. A detailed 
molecular mechanism for the metalloid’s uptake, 
detoxification and toxicity is proposed. 
 

Experimental 

Yeast strains and chemicals 

All S. cerevisiae strains used in this study were from 
EUROSCARF (Institute of Molecular Biosciences, 
Frankfurt, Germany), including the wild type BY4743, 
(MATa/MATα his3∆0/his3∆0; leu2∆/leu2∆0; 
met15∆0/MET15; LYS2/lys2∆0; ura3∆0/ura3∆0), and 
the complete set of 4,873 homozygous deletion mutants 
for non-essential genes. All chemicals were from Sigma-
Aldrich. 
 
As(III) toxicity screening  

Deletion mutants as well as the wild type strain 
(BY4743) from EUROSCARF library plates, frozen in 
YEPD (10 g L-1 yeast extract, 20 g L-1 peptone and 20 g 
L-1 D-glucose) and 15% glycerol, were transferred to 
plates containing minimal medium (pH 4.3) (20 g L-1 D-
glucose, 1.7 g L-1 yeast nitrogen base without ammonium 
sulphate, 5 g L-1 ammonium sulphate and 0.79 g L-1 
complete supplement mixture which contained 10 mg L-1 
adenine, 50 mg L-1 L-arginine, 80 mg L-1 L-aspartic acid, 
20 mg L-1 L-histidine HCl, 50 mg L-1 isoleucine, 100 mg 
L-1 L-leucine, 50 mg L-1 L-lysine HCl, 20 mg L-1 L-
methionine, 50 mg L-1 L-phenylalanine, 100 mgL-1 L-
threonine, 50 mg L-1 L-tryptophan, 50 mg L-1 L-tyrosine, 
140 mg L-1 L-valine, 20 mg L-1 uracil) and incubated at 
30 °C for 3½ h to allow growth to reach an optical 
density at 600 nm (OD600) of 0.045 prior to addition of 
sodium arsenite (NaAsO2) for screening.  
 

BY4743 parent wild type and the 4,873 deletion 
mutants were screened under two doses of sodium 
arsenite (NaAsO2) (0.2 and 0.4 mM) and the control (an 
equal volume of sterile Milli Q water). These 
concentrations were chosen based on a prior titration 
with a range of NaAsO2 concentrations (0.5-3.2 mM) 
using BY4743. The dose 0.2 mM was found to be benign 
to the wild type strain BY4743. The lower growth of 
mutants than BY4743 under this dose is regarded as a 
sensitive phenotype. On the other hand, the dose of 0.4 
mM reduced the growth of BY4743 by 50%. Therefore, 
0.4 mM NaAsO2 was used here to uncover resistant 
mutants with growth higher than the wild type. OD600 at 
the time of treatment (T0) was measured using a 96-well 
plate reader (Multiskan EX, Thermo Electron, USA) then 
the cultures were incubated at 30 °C. At 16 h (T16) and 
20 h (T20), cultures were re-suspended and OD600 
measured. Measurement at T16 has been found, in our 
experience, to correlate with the greatest divergence 
between treatment and control. T20 is the time when 
cultures become stationary. In the final data analysis, 
only OD600 at T16 was used for each strain. The fold 
change in growth was calculated as a ratio by dividing 
OD600 at T16 by OD600 at T0. Each strain’s phenotypic 
growth in this screen is expressed in a value calculated 
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by dividing the ratio of the mutant’s growth over that of 
BY4743 in treatment by the ratio of mutant’s growth 
over that of BY4743 in control. The ratio of the mutant 
growth over that of the wild type in treatment establishes 
the effect of arsenite on the growth of that mutant. For 
certain slow growing mutants, using such a ratio alone 
would result in false sensitive mutants. Therefore, the 
ratio in treatment is corrected with the ratio of mutant’s 
growth over that of BY4743 in control. The cut-off value 
of 0.5, denoting 50% growth reduction under treatment, 
was used to select sensitive mutants, which were at the 
value 0.5 or lower. The cut-off value of 2, representing 
200% greater growth than the wild type, was used for 
selecting resistant mutants, which were of 2 or higher.  
 

The sensitive and resistant mutants identified from the 
initial screen were further screened for confirmation. The 
mutants were picked from EUROSCARF stock plates 
and screened against 0.2 mM NaAsO2 for sensitivity and 
against 0.4 and 0.8 mM NaAsO2 for resistance. The data 
was processed in the same manner as the initial screen.    
 
Gene annotation of the screen data 

Functions of the corresponding genes of the As(III) 

sensitive and tolerant mutants were annotated by using 
Saccharomyces Genome Database 
(http://www.yeastgenome.org), MIPS, Gene Ontology, 
BioGRID (http://www.thebiogrid.org) and FunSpec 
(http://funspec.med.utoronto.ca).  
 

Results 

The phenotypic growth of deletion mutants and the wild type 
under As(III) treatment was measured as optical density at 
600 nm over a period of 16 hr, and the complete data set is in 
Electronic Supplementary Information 1.  According to their 
growth profile, 75 mutants were found sensitive to As(III), 
whilst 39 mutants were resistant. The functional categories of 
the genes corresponding to the sensitive and resistant 
phenotypes are shown in Fig. 1. These genes are listed in 
Tables 1 and 2. The functional annotation for each gene is 
described in Electronic Supplementary Information 2 and 3. 
 

The sensitive mutants against As(III) and their 

corresponding genes 

By the means of web-based resources as described earlier and 
manual examination of the available annotation for each gene, 
the 75 genes of the corresponding deletion mutants were 
categorised into 10 groups on the basis of the functions of 
their encoded proteins (Table 1). Highly represented are the 
genes involved in signal transduction, transcriptional 
regulation, protein modification/transport/sorting, membrane-
bound proteins/transporters, metabolism and stress response 
(Fig. 1A). Because deletion of these genes confers sensitivity, 

their presence is therefore necessary for combating arsenic 
toxicity.  
 
Group A (Fig. 1 A) contains five genes related to protein 
translation. CBS1 encodes a protein that regulates the 
translation of the mitochondrial gene COB which encodes 
apocytochrome b, a member of the electron transport chain. 
The sensitive phenotype of cbs1∆ against As(III) indicates the 
significance of CBS1 in response to As(III).  NCL1 is a 
methyltransferase gene. The enzyme can methylate cytosine 
in tRNAs and therefore regulate protein translation. It was 
previously shown to be involved in oxidative stress response 
and mutants lacking Ncl1p are hypersensitive to oxidative 
stress19. The finding here demonstrates NCL1 is also required 
against As(III) toxicity. The other three genes, LHP1, NAB6 
and DEG1, are relevant to RNA binding and modification. 
Their sensitive phenotype against As(III) points to the 
necessity of these genes for survival under As(III) exposure. 
 

Group B (Fig. 1A) contains genes that are involved in 
signal transduction. The presence of HOG1, PBS1, SSK1 and 
SSK2 highlights the prominence of mitogen-activated protein 
kinase (MAPK) signalling pathway. HOG1 was originally 
found to be involved in high osmolarity glycerol (HOG) 
response. It encodes a MAPK. The gene, PBS2, is for the 
MAPK kinase (MAPKK), which phosphorylates and hence 
activates MAPK. The kinase (MAPKKK) further upstream of 
Pbs2p is encoded by SSK2. Ssk2p interacts with Ssk1p, 
leading to autophosphorylation and activation of Ssk2p which 
phosphorylates Pbs2p.  This screening data set shows that the 
deletion mutants of HOG1, PBS2, SSK1 and SSK2 are highly 
sensitive to As(III). The functions of the other genes, PDE2, 
REG1, ARL1, LTE1and SLT1, are diverse and detailed in 
Supplementary Information 2. Their deletion renders the 
mutants sensitive to As(III) toxicity.  
 

The composite of group C (Fig. 1A) reflects the 
essentiality of protein folding (PAC2, PAC10, PFD1, YKE2, 
RBL2 and CIN2), transport (ARL1, LST7, LST4, VPS13, 
SEC22 and VPS71) and degradation (BUL1) in response to 
As(III). This is of no surprise as the ability of As(III) to 
compromise protein folding by coordinating to the cysteine 
residues of unfolded proteins has been shown20.  The 
misfolded proteins, due to the toxic effect of As(III) need to 
be transported to the proteasome for degradation. Interruption 
of this process by gene deletion would be detrimental to cell 
survival. Therefore, the deletion mutants in this group showed 
sensitivity to As(III).  
 

Group D represents genes related to the regulation of 
transcription. ARR1 is required for transcription of the a 
membrane bound exporter of As(III) encoded by ARR3. The 
sensitivity of arr1∆ along with the sensitive phenotype 
associated with YAP1and RPN4 demonstrates their critical 
role in response to As(III). The hypersensitivity of YAP3 
deletion mutant highlights that a third member of the YAP 
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family, together with YAP1 and ARR1 (also known as YAP8), 
is required for regulating As(III) detoxification. Group E 
includes the genes encoding membrane-bound proteins. The 
presence of ARR3 is expected as Arr3p is an As(III) exporter, 
essential for the yeast cell’s defence mechanism against 
As(III). Also within this group are genes related to iron 
homeostasis (FET5, FIT1 and FIT3). Their sensitive 
phenotype demonstrates the significant role of iron 
homeostasis in response to As(III) exposure. This finding is 
reminiscent of the similar discoveries for the importance of 
iron homeostasis in the yeast cell’s resistance to cobalt and 
nickel21,22. The sensitivity of mutants in Group F indicates 
certain metabolic processes are important in response to 
As(III). For instance, TPS1 and TPS2 are involved in 
trehalose biosynthesis. It is known that trehalose plays a role 
in stress response and supressing protein aggregation23. And it 
was demonstrated that these two genes are involved in the 
cell’s resistance to nickel because they were up-regulated in a 
nickel-resistant S. cerevisiae mutant22. This study 
demonstrates that their deletion confers sensitivity to As(III). 
 

The genes related to the maintenance of genomic stability 
in Group G indicate the need for chromatin remodelling in 
response to As(III) insult. Of the genes involved in chromatin 
remodelling (SWC3, RXT3, NGG1, SAS4, ADA2, VPS72, 
RSC1, VPS71), three genes (SWC3, VPS72, VPS71) are part 
of the SWR1 complex which exchanges histone variant 
H2AZ (Htz1p) for chromatin-bound histone H2A, important 
for regulating gene expression24. The sensitive phenotype of 
these mutants indicates these genes are a part of molecular 
mechanisms involved in dealing with arsenic exposure. 
 
The resistant mutants against As(III) and their 

corresponding genes 

The resistant mutants, as listed in Table 2, are those with two-
fold or greater growth than the wild type BY4743 against 0.4 
mM NaAsO2. The detailed annotation of the genes is 
provided in Supplementary Information 3. 
 

The corresponding genes of the resistant mutants are over-
represented by ribosomal genes and genes involved in protein 
translation (Fig. 1B). Their encoded proteins are components 
of translational machinery in the cell. Deletion of these genes 
would slow down protein synthesis and hence cell growth. 
This could allow the cell to adapt and survive the As(III) 
insult and therefore lead to the resistant phenotype. The 
presence of signalling genes (CKB1, CKB2, PHO4, PHO81) 
on the list of deletion mutants resistant to arsenite indicates 
possible signalling pathways regulating the entry of As(III). 
CKB1 and CKB2 encode the regulatory components (Ckb1p 
and Ckb2p) of the tetrameric, pleotropic serine/threonine 
protein kinase CK2. Since it was previously shown that CK2 
does not form tetramers in the absence of either of the 
regulatory subunits25, the resistant phenotype of ckb1∆ and 
ckb2∆ demonstrates the likelihood that the tetrameric 
holoenzyme CK2 is associated with As(III) uptake and 
toxicity. Ckb1p and Ckb2p could also be directly involved in 
regulating the uptake of As(III) by interacting with the other 
signalling proteins such as those in Hog1p MAPK pathway. 
Both PHO4 and PHO81 are related to phosphate transport, 
with the former encoding a transcription factor Pho4p 
required in phosphate limited environments, and the latter 
coding for a protein that regulates phosphate transporters. The 
increased tolerance to As(III) of these two mutants 
demonstrates that phosphate transporters could serve as the 
route of As(III) entry. Similarly, the resistance associated 
with fps1∆ and snf3∆ is linked to their roles as membrane-
bound transporters for glycerol (Fps1p, known as 
aquaglyceroporin) and hexose (Snf3p). Ask10p is a positive 
regulator of Fps1p.  Deletion of ASK10 would abolish the 
positive effect of Ask10p and result in deactivation of 
aquaglyceroporin, and hence the resistance to As(III) shown 
by ask10∆. 
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Fig. 1 Functional categories of the genes corresponding to the sensitive and resistant phenotypes and number of genes associated with each 

category. (A) Functional categories of the genes in 75 sensitive deletion mutants. The functional classifications are based on gene ontology 

and molecular function in SGD, where A represents genes related to protein translation, B for signal transduction, C for protein modification, 

transport and sorting, D for transcriptional regulation, E for membrane-bound proteins/transporters, F for metabolism, G for genomic 

maintenance and stability, H for structural proteins, I for cell cycle and J for uncharacterised or dubious ORFs.  The details for the functional 

groups (A-J) are provided in Table 1. (B) Functional category of the genes in 39 resistant deletion mutants, where A represents genes related 

to protein translation, B for signal transduction, C for membrane bound or associated proteins/ transporters and D for uncharacterised or 

dubious ORFs. The details for the functional groups (A-D) are provided in Table 2.    
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Table I. Functional analysis of the genes deleted in the sensitive mutants 

Functional category No. of genes Genes involved in As(III) tolerance 
Protein translation 5 CBS1, NCL1, DEG1, LHP1, NAB6 
Signal transduction 9 HOG1, PBS2, SSK1, SSK2, SLT2, PDE2, REG1, ARL1, LTE1  
Protein modification, 
transport and sorting 

17 BUL1, PFD1, LST7, LST4, PAC10,  RBL2, CSF1, PAC2, CIN2, SEC22, YKE2, 
TUB3, VPS71, ARL1, VPS72, VPS13, ARL1 

Transcriptional 
regulation 

13 SAS4, YAP1, ARR1, YAP3, RPN4, STP1, ADA2, RSC1, NGG1, MED1, IRA2, 
MNE1, URE2 

Membrane bound 
proteins/transporters 

9 ARR3, TAT1, LAS21, SEC22, FIT3, FET5, FIT2, MAL31, YPK9  

Metabolism 9 TPS1, IDP1, ERG4, GPM2, TPS2, SLC1, CYS3, ELO3, OPI3 
Genomic maintenance 
and stability 

8 HNT3, VPS71, SWC3, VPS72, RXT3, RTT107, ADA2, NGG1 

Structural proteins 3 SEH1, TUB3, JNM1 
Cell cycle 3 JNM1, SHE1, KAR9 
Uncharacterised or 
dubious 

5 BSC1, YDL057W, API2, YOR338W, YDL050C  

 
 
 
Table 2. Functional analysis of the genes deleted in the resistant mutants 

Functional category No. of genes Genes involved in As(III) sensitivity 

Protein translation  23 RPS9B, RPS16A, RPS14A,  RPS18A, RPL29, TMA22, RPS1B, RPS21B, TMA23, 
RPS28B, RPL37A, RPL6B, RPS29A, RPL43A, RPL16B, RPS29B, RPS17B, 
RPL13B, RPL37B, BUD31, RPS22B, RPL36B, URM1 

Signal transduction  4 CKB1, CKB2, PHO4, PHO81 

Membrane associated  3 FPS1, ASK10, SNF3 

Uncharacterised  9 YLL044W,  YIL014C-A, YLR444C, YLR111W, YGL088W, YDR417C, 
YLR402W, YLR184W, YML009C-A 
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Discussion 

This genome-wide screen of the individual deletion mutants 
for 4,873 non-essential genes reveals both sensitive and 
resistant mutants against arsenite. The sensitive mutants 
demonstrate that the deleted genes are essential to combat 
As(III) toxicity. The term “essential gene” here is used to 
describe the requirement of a given gene under As(III) 
exposure, it has no relevance to the other term, “non-essential 
genes” used in yeast genetics to describe the genes whose 
deletion results in cells viable in normal growth conditions. 
As demonstrated by the sensitive mutants, 75 genes are 
required for yeast cell’s survival upon exposure to As(III).  
The number of resistant mutants (39) uncovered in this study 
is striking, compared to the finding of five resistant mutants 
in  another genome-wide screen against As(III)16. 
 

The hypersensitivity shown by arr1∆ and arr3∆ evidently 
demonstrates that arsenic-specific detoxification genes, ARR1 
(also known as ACR1) and ARR3 (ACR3), are at the forefront 
of survival mechanism against As(III). ARR3 encodes a 
plasma membrane-bound As(III) transporter to efflux the 
toxic metalloid from the cytosol to the extracellular 
space26,27,28, whilst ARR1 encodes the transcription factor to 
regulate the expression of Arr3p in response to As(III) 
insult29. The deletion mutant of ARR2, which is the gene for 
As(V) reductase, did not show sensitivity. This is due to the 
As(III) salt used in the screen, therefore As(V) was not the 
dominant arsenic species although some arsenite ions could 
be oxidised to arsenate.  The hypersensitive phenotype of 
yap3∆ uncovered here is novel, suggesting the necessity of 
this transcription activator gene in response to arsenic 
toxicity. The finding is conceivable since the other members 
of the Yap family are heavily involved in regulating 
molecular responses against oxidative stress (Yap1p) and 
cadmium toxicity (Yap2p)30,31,32. In fact, Arr1p also belongs 
to the Yap family, and is referred to as Yap8p33. This 
discovery of Yap3p in regulating arsenic detoxification is 
significant in answering the question of how the cell senses 
the toxic metalloid. As Yap1p possesses two redox centres, 
one for reactive oxygen species and the other for thiol-
reactive chemicals, such as heavy metals32, we think that 
Yap3p, as well as Yap1p, may act as an arsenic sensor and 
regulate the downstream detoxification response. This 
involves upregulating the expression of vacuolar ATPase 
Ypk9p, as deletion of its corresponding gene (YPK9) resulted 
in sensitivity to As(III), in addition to its previously observed 
sensitivity to cadmium, manganese, nickel and selenium34. 
Based on the higher sensitivity of yap3∆ than yap1∆, it is 

likely that Yap3p plays a more direct role in combating 
As(III) toxicity, whilst Yap1p might be more involved in 
regulating the antioxidant response. In this context, it is worth 
bringing up an interesting finding in plant that a tobacco gene, 
Ntcyc07, enhances As(III) tolerance in S. cerevisiae via 
interaction with Arr1p to promote the expression of ARR3 and 
decrease the expression of As(III)-uptake related gene 
FPS1

35,36. However, there is no existing homologue of 
Ntcyc07 in yeast. 
 

The hypersensitive phenotype of MAPK deletion mutant 
hog1∆ under 0.2 mM As(III) is in agreement with the 
previous genome-wide screens 16-17. However, further details 
were revealed in this exercise by the sensitivity of pbs2∆, 
ssk1∆, ssk2∆, ckb1∆ and ckb2∆. PBS2 and SSK2 encode 
MAPKK and MAPKKK respectively, upstream of MAPK for 
its phosphorylation and activation, while the protein encoded 
by SSK1 regulates Ssk2p. Hence, deletion of PBS2, SSK1 and 
SSK2 would disrupt Hog1p activity and its signalling 
pathway, which explains their sensitivity to the metalloid. In 
contrast, deletion of CKB1 or CKB2, the two regulatory 
subunits of protein kinase CK2, results in resistance against 
As(III). In ckb1∆ or ckb2∆ mutants, the tetrameric protein 
kinase CK2 cannot be formed25. That the absence of 
tetrameric holoenzyme CK2 gives rise to resistance to 
arsenite suggests the tetrameric CK2 is involved in As(III) 
uptake. Moreover, the individual subunits in ckb1∆ (Cka1p, 
Cka2p and Ckb2p) and ckb2∆ (Cka1p, Cka2p and Ckb1p) can 
function independently. We therefore reason that it is likely 
Ckb2p in ckb1∆ and Ckb1p in ckb2∆ that account for their 
resistant phenotypes, because neither cka1∆ nor cka2∆ 
displayed a pronounced resistant phenotype. The finding 
again highlights the involvement of protein kinase CK2 in 
metal toxicity, in addition to our previous finding that the 
catalytic subunit Cka2p is closely related to aluminium 
toxicity15. Interestingly, ckb2∆ did show a high level of 
resistance against As(III) in the genome-wide screen 
conducted by Zhou et al.16, but it was not explicitly 
highlighted. Considering that both Hog1 MAPK pathway and 
CK2 are involved in regulating arsenic toxicity, it is possible 
that they may be linked. This means that Ckb1p or Ckb2p 
may regulate MAPK, MAPKK or MAPKKK. Indeed, 
according to the protein-protein interaction database 
(www.thebiogrid.org), CKB1 and PBS2 interact at the genetic 
level. 
 

Protein damage is the key mode of action for As(III) 
toxicity. This is demonstrated by the sensitive phenotype of 
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bul1∆ and the other mutants involved in protein transport and 
sorting. Because BUL1 encodes a ubiquitin-binding protein 
for protein ubiquitination37, it is therefore required by the cell 
to clear the damaged protein. Chemically, trivalent arsenite 
readily reacts with the thiols of cysteine residues in proteins, 
resulting in misfolding and loss of protein activity38. Such 
toxicity can also be extended to free cysteine and glutathione, 
which are the part of sulphur metabolism. In fact, our data 
demonstrate deletion of CYS3 confers sensitivity to As(III). 
Cys3p (cystathionine γ-lyase) catalyses the formation of 
cysteine from cystathionine, hence its deletion interrupts 
sulphur metabolism and in turn affect the level of cysteine 
and glutathione.  
 

Metal toxicity starts with the prerequisite step, cellular 
uptake of metal ions. Disruption of the uptake process should 
lead to resistance. This notion is supported by this study. 
Firstly, as mentioned in the outset of this study, trivalent 
arsenite [As(III)] structurally resembles glycerol, and enters 
the cell via the membrane-bound glycerol channel Fps1p39. 
Our finding that fps1∆ is indeed resistant to arsenite serves as 
a valuable quality control, demonstrating the validity of this 
screen. Furthermore, this screen revealed that ask10∆ is 
highly resistant to As(III) toxicity. ASK10 encodes Ask10p 
(also known as Rgc2p), which is an activator of Fps1p40. 
Because Ask10p is required for the opening of Fps1p, its 
deletion abolishes Fps1p channel activity, therefore leading to 
reduced arsenite uptake and in turn resistance. In conjunction 
with the previously discussed HOG1 pathway, it is 
conceivable that in the wild type yeast cell, upon arsenite 
exposure, Hog1p is activated and inhibits the Fps1p channel 
via inactivating Ask10p. 

Apart from the Fps1p-mediated arsenite uptake, this study 
uncovered two additional entry paths for the metalloid, i.e., 
via glucose transporter (SNF3) and phosphate transporters. 
The underlying reason for these transporters to take up 
arsenic as “mistaken identity” instead of their intended 
cargoes is also due to the chemistry of arsenite. Apart from 
the polyhydroxylated form, As(OH)3, analogous to glycerol, 
polymerisation of three As(OH)3 is predicted to form a six-
membered ring structure which seems to be similar to the six-
membered ring structure of hexose sugars41. Therefore, 
arsenite can gain entry into the cell via glucose transporters. 
This explains the finding here that deletion mutant snf3∆ 
displayed tolerance to arsenite. The fact, that mammalian 
glucose transporter, GLUT1, also facilitates arsenite entry 
into the cell42, demonstrates the commonality between the 
yeast model and mammals. The structural similarity amongst 
arsenate (AsO4) and phosphate (PO4) explains the 
involvement of phosphate transporters in arsenate uptake. The 
entry of arsenate by phosphate transporters is deduced 
according to the resistant phenotype of pho4∆ and pho81∆, 
which encode transcription factor Pho4p and its regulator - 
cyclin-dependent kinase inhibitor Pho81p43. Deletion of both 
genes would lead to lower expression of phosphate 

transporters, therefore the resistant phenotype against arsenite 
exposure. A recent study in Candida albicans indicates that 
Pho4p transcription factor can differentiate among As(III), 
As(V) and phosphate, and therefore trigger presumably 
specific responses44. This may explain the much higher 
tolerance for Candida species against As(III)45. The 
involvement of phosphate transporters implies that some of 
the applied As(III) during the treatment were oxidised to the 
pentavalent form and those As(V) ions could be taken up via 
these transporters, contributing to cytotoxicity.  The 
significance of these uncovered arsenic transporters and their 
regulators such as Fps1p, Snf3p, Pho4p, Pho81p and Ask10p 
is relevant not only to our understanding of arsenic toxicity, 
but they are also potentially useful in bioremediation of the 
arsenic-contaminated environment as demonstrated by Shah 
et al.46. 

Deletion of ribosomal genes and those related to ribosomal 
biogenesis confers arsenite resistance. In yeast, there are 78 
ribosomal proteins encoded by 137 ribosomal genes, with 59 
of these proteins encoded by a pair of paralogous genes47,48. 
Forty-six proteins are in the 60S large subunit and 32 in the 
40S small subunit of the yeast ribosome. Deletion of 
ribosomal genes slows down the protein translation process, 
and in turn cell growth. The resistance against arsenite shown 
by 19 deletion mutants of ribosomal genes, representing 
approximately 14% of 137 ribosomal genes, demonstrates 
that slowed protein synthesis confers resistance to adversary 
arsenite exposure. This notion is further supported by the 
findings of Pan et al.49 and Dilda et al.50. Additionally, the 
ribosomal proteins could serve as the targets of arsenicals in 
wild type strains51. Since such damaged proteins would cause 
cytotoxicity, their deletion is in fact beneficial in an arsenic-
rich environment.  

Although previous studies using yeast deletion mutants 
have led to a significant advance in our understanding of the 
metal uptake, toxicity mechanisms and cellular detoxification, 
the molecular details of these key aspects are still to be 
defined. So scarce is the knowledge of how toxic metals, like 
arsenic, are sensed by the cell and how the sensing is linked 
to specific cellular responses. As the mammalian cell senses 
growth factors via their receptors, the yeast cell has 
transporters/receptors (transceptors) to sense its nutrients (e.g. 
phosphate). Such sophisticated built-in systems are the result 
of lengthy adaptation and evolution. In contrast to nutrients, 
organisms such as yeast do not have such innate transceptors 
per se to sense toxic metals like arsenite. Rather, the cell has 
to organise its defence upon an insult. This study highlights 
the uptake routes for arsenic as “mistaken identity” via 
glycerol channel, hexose transporter and phosphate 
transporters. The phenotype of three YAP transcription factor 
genes (ARR1/YAP8, YAP1, YAP3) demonstrates their critical 
role in organising cellular defences, likely by sensing 
intracellular As(III) and activating specific genes for 
exporting As(III) to the extracellular space and other 
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Fig. 2   The proposed mechanistic response against arsenite in S. cerevisiae. Upon exposure to As(III) (grey spheres), the metalloid enters the 
cell via glycerol transporter Fps1p and hexose transporter Snf3p. Some As(III) might be oxidised to As(V) (black sphere) which then enters 
the cell through phosphate transporters. The sudden increase of intracellular arsenite can attack Yap1p and Yap3p, which initiates 
downstream regulation, including activation of gene expression for ARR3, BUL1 and the other detoxification genes as well as activation of 
Hog1p MAPK pathway which can in turn deactivate Fps1p, and also possibly trigger interaction between regulatory subunits (Ckb1p and 
Ckb2p) of protein kinase CK2 with the components of MAPK pathway. --- dashed line denotes possible interactions.
 

detoxification processes. The Hog1pathway, possibly in 
conjunction with CK2, is essential to shut down uptake 
transporters like Fps1p. This overall mechanistic network is 
illustrated in Fig. 2. 

As stated at the outset, S. cerevisiae is a useful model 
organism and can be related to human beings and the other 
species. This is clearly demonstrated by comparison of our 
findings to the datasets in the other organisms. The role of  
aquaglyceroporin (Fps1p) and glucose transporter (Snf3p) in 
As(III) transport is supported by the findings in mammalian 
cells and zebrafish42, 52,53. The zebrafish study also revealed 
the critical role of iron homeostasis in the organism’s 
response to arsenic by showing that three genes (ferritin like,  

 

zgc:173594, and frh3) associated with iron homeostasis were 
markedly up-regulated53. This is in agreement with what we 
have found in the current study. Intriguingly, the 
supplementary data (Table S3) of Xu et al. contain the 
exciting finding that ck2b gene (protein kinase CK2 β 
subunit) was highly up-regulated upon exposure to arsenic53. 
This is indeed the confirmatory evidence from such a distant 
species for our finding that protein kinase CK2 is involved in 
regulating the cell’s response to arsenic toxicity. Additionally, 
our recent data (unpublished) in mouse neuronal cells further 
support the finding here that CK2 regulates arsenic toxicity. 

In conclusion, the data here provide additional details to 
the existing understanding of arsenic toxicity and cellular 
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detoxification. The fact that yeast cells have specific built-in 
molecules such as ARR1 and ARR3 for As(III) efflux strongly 
suggests such detoxification apparatus has been developed 
along the evolutionary timeline of thousands of years. A 
recent finding demonstrates, similarly, that human 
populations in the arsenic contaminated Andean highlands 
have acquired genetic adaptation by developing a particular 
detoxification mechanism54. Such commonality between these 
two species again reinforces the potential usefulness of this 
study. The uncovered genes relevant to the metalloid’s 
detoxification and uptake provide valuable knowledge for 
dealing with arsenic-related health and environmental 
problems. The proposed regulatory mechanism for the yeast 
cell, in response to arsenic exposure, highlights the key 
findings of this screen, and further demonstrates the value of 
yeast deletion collections as tools in toxicological 
investigation. As demonstrated by the engineered arsenic-
accumulating plant using bacterial detoxification genes 55,  
the yeast genes revealed here such as CKB2 and ASK10 could 
also be targeted in developing arsenic resistant yeast strains or 
plant varieties for bioremediation.   
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