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Abstract Following our previous finding that the

sulfhydryl-oxidising chemical diamide induced a

marked elevation of cellular Al3? (Wu et al., Int J

Mol Sci, 12:8119–8132, 2011), a further investigation

into the underlying molecular mechanism was carried

out, using the eukaryotic model organism Saccharo-

myces cerevisiae. The effects of non-toxic dose of

diamide (0.8 mM) and a mild dose of aluminium

sulphate (Al3?) (0.4 mM) were determined prior to the

screening of gene deletion mutants. A total of 81

deletion mutants were selected for this study accord-

ing to the available screening data against Al3? only

(Kakimoto et al., BioMetals, 18: 467–474, 2005) and

diamide only (Thorpe et al., Proc Natl Acad Sci USA,

101: 6564–6569, 2004). On the basis of our screening

data and the cluster analysis, a cluster containing the

gene deletions (rpe1D, sec72D, pdr5D and ric1D) was

found to be specifically sensitive to the mixture of

diamide and Al3?. However gnp1D, mch5D and ccc1D
mutants were resistant. Dithiothreitol (DTT) and

ascorbate markedly reversed the diamide-induced

Al3? toxicity. Inductively-coupled plasma optical

emission spectrometry demonstrated that DTT

reduced the intracellular Al3? content in diamide/

Al3?-treated yeast cells six-fold compared to the non-

DTT controls. These data together revealed that the

pleiotropic drug resistance transporter (Pdr5p) and

vacuolar/vesicular transport-related proteins (Ric1p

and Sec72p) are the targets of diamide. A dysfunc-

tional membrane-bound Pdr5p terminates the detox-

ification pathway for Al3? at the final step, leading to

intracellular Al3? accumulation and hence toxicity. As

Al3? toxicity has been a problem in agriculture and

human health, this study has provided a significant

step forward in understanding Al3? toxicity.
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Introduction

Cysteine is arguably the most important residue for the

structure and function of many cellular proteins

(Nagahara 2011). Two cysteines may be oxidized to

form an intra- or inter-protein disulfide. Exposure to

oxidants may lead to the formation of exotic disulfide

bonds within or between proteins of living organisms,

resulting in a specific stress condition termed disulfide

stress (Leichert et al. 2003). Diamide [diazene-dicar-

boxylic acid bis(N,N-dimethylamide)], a diazene

derivative, is a membrane permeable and widely-used

thiol-specific oxidant in oxidative research (Kosower

and Kosower, 1995). Its reaction mechanism involves

two steps. Firstly, the free thiol group in a protein is

oxidised by diamide to form sulfenylhydrazine, and

then this reacts with another free thiol group to form a

disulfide bridge and a hydrazine derivative. En route to

the cytoplasma, diamide crosses the plasma membrane

and attacks membrane-bound proteins such as human

erythrocyte spectrin (Becker et al. 1986). Once inside

the cell, it is antagonized rapidly and specifically by

the defensive antioxidant molecules such as glutathi-

one. But any residual diamide can then target and

oxidize proteins encountered along the way. Overall, a

myriad of responses may occur in experimentally

treated or naturally affected cells from gene expres-

sion to changes in the ionomic dynamics (Gasch et al.

2000; Thorpe et al. 2004; Wu et al. 2011).

Out of our ionomic profiling data (Wu et al. 2011), a

specific association between diamide-induced disul-

fide stress and aluminium ion (Al3?) accumulation

was uncovered. At an arresting but non-lethal con-

centration to cell growth, diamide induced an elevated

level of the intracellular Al3?. This unprecedented

linkage between the two toxicants may be relevant to

some pathological conditions in humans. For instance

in the case of Alzheimer’s disease (AD), Al3? has long

been associated with the pathogenesis of AD (Yumoto

et al. 2001; Exley 2006; Walton 2006), albeit contro-

versially. This relationship has been one of the reasons

we have pursued the genes involved in the diamide-

induced Al3? accumulation and studied the underlying

molecular mechanisms responsible.

Currently, one set of data, obtained by deletion

mutant phenotypic screening (Thorpe et al. 2004), is

available to interpret genome-wide responses of

Saccharomyces cerevisiae to diamide. Forty-eight

gene deletion mutants were identified to be sensitive

to diamide treatment, and these mutants are immedi-

ately relevant to this study in regard to whether a mild

concentration of diamide could enhance their Al3?

sensitivity. A genome-wide screening of Al3? toler-

ance in yeast has also been described (Kakimoto et al.

2005), in which 37 Al3? tolerance genes were

unraveled. So far, neither deletion mutant screening

nor transcriptomic profiling has been carried out with

combined treatments of diamide and Al3?. However,

the gene lists identified in these two datasets offer

valuable clues for our study. Instead of going through

the laborious and expensive screening of thousands of

deletion yeast mutants, we selected 81 target gene

deletions, including the 48 diamide sensitive and

majority of the Al3? sensitive mutants (Supplemen-

tary information 1), for screening under mild concen-

trations of diamide and Al3?. The specific genes

associated with the diamide-induced Al3? uptake were

then identified and the reversibility of the diamide-

induced process was also demonstrated with the

reducing agent dithiothreitol (DTT) and antioxidant

ascorbate.

Materials and methods

Yeast strains and culture media

The S. cerevisiae strain BY4743 (MATa/a; his3D1/

his3D1; leu2D0/leu2D0; met15D0/MET15; lys2D0/

LYS2; ura3D0/ura3D0) and the deletion mutants used

in this study were obtained from EUROSCARF

(Frankfurt, Germany) (Brachmann et al. 1998).

BY4743 was streaked from a frozen glycerol stock

to the YEPD agar plate containing 1 % yeast extract,

2 % peptone, 2 % D-glucose and 2 % agar, and grown

at 30 �C for 48 h. Yeast culture was initiated by

inoculation of a single colony from the agar plate into

the minimal medium containing 2 % D-glucose,

0.17 % yeast nitrogen base with neither ammonium

sulphate nor amino acids, 0.5 % ammonium sulphate,

and supplemented with 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
L-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 mg

L-1
L-threonine, 50 mg L-1

L-tryptophan, 50 mg L-1

L-tyrosine, 140 mg L-1
L-valine and 20 mg L-1 uracil.

The pH of the media was adjusted to 3.4 with 0.1 M
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HCl. The culture was shaken at 150 rpm at 30 �C.

Yeast growth was monitored by measuring the optical

density at 600 nm (OD600).

Determination of the concentrations of diamide

and Al3? for screening deletion mutants

The concentration of diamide and Al3?, either in

combination or individually, was titrated for diamide

(0–5 mM) and Al3? (0–3.2 mM) in 96-well plate

configurations. The plates were incubated at 30 �C

incubator with shaking at 750 rpm. Yeast growth was

monitored by OD600 measurement every 2 h for 24 h

using a microplate reader (Multiskan EX, Thermo

Electron, USA).

Screening deletion mutants under dual stressors

of diamide and Al3?

According to the findings of the previous experiment,

the combined treatment of 0.8 mM diamide with

0.4 mM Al3? was carried out with the 81 selected

yeast deletion mutants. Three controls were performed

in parallel, including 0.8 mM diamide only, 0.8 mM

Al3? only, and the medium with neither diamide nor

Al3?. The stock 96-well plates for deletion S. cerevi-

siae mutants as well as BY4743 were first prepared by

culturing each genotype in two replicate wells. These

genotypes were then transferred into each of the three

treatment and the control plates by the means of a

96-pin replicator. The starting yeast OD600 was then

read using a microplate reader (Multiskan EX, Thermo

Electron, USA). The yeast growth for each mutant was

again measured at the end of 24 h incubation. The

growth phenotype of each mutant and the wild

BY4743 was measured by the fold change of the final

OD600 over the initial reading. The yeast growth was

further confirmed by transferring the suspension

cultures from the 96-well plates to YEPD agar plates

using a 96-pin replicator. The yeast spots were

observed and photographed after 24 h incubation at

30 �C. The control of 0.8 mM diamide only was

carried out because the major aim of this study was to

investigate the effect of a mild dose of disulfide stress-

inducing diamide on Al3? toxicity. The underlying

reason for using the control of 0.8 mM Al3? rather

than 0.4 mM Al3? was that at this concentration yeast

cells showed a degree of sensitivity whilst the growth

was almost normal at 0.4 mM Al3?.

Confocal fluorescence microscopic observation

of deletion mutants under dual stressors of diamide

and Al3?

Yeast cells at OD600 of 1.0 were treated with 0.8 mM

diamide plus 0.4 mM Al3? for 1 h. The cells were then

washed three times with 2 mM EDTA, three times

with H2O, and once with 0.1 M acetate buffer

(pH 5.2). Cells were stained with 10 lM lumogallion

[3-(2,4 dihydroxyphenylazo)-2-hydroxy-5-chloroben-

zene sulfonic acid] or morin in 0.1 M acetate buffer

for 1 h at 50 �C. The cells were washed three times

with the acetate buffer prior to the confocal micro-

scope examination. Still confocal fluorescence images

were acquired using an inverted Leica True Confocal

Scanner-Spectro-Photometer 5 (TCS-SP) fitted with a

63X (1.4NA) water immersion objective. An argon ion

laser set to 20 % was used to view the lumogallion

samples with the 488 nm pathway open at 5 % and

emission was detected between 500 and 540 nm. For

samples stained with morin a diode 405 nm laser set to

40 % was used and the spectra between 490 and

530 nm was used for detection.

Effect of DTT and ascorbate on diamide-induced

Al3? toxicity

To demonstrate whether DTT or ascorbic acid was

able to reverse or reduce the effect of disulfide stress

on Al3? toxicity in S. cerevisiae, three sets of the yeast

mutants were cultured in a microtitre plate in medium

containing 0.8 mM diamide and 0.4 mM Al3?. Either

0.4 mM DTT, 3.2 mM ascorbate or straight medium

was added to each set of culture. The concentrations of

0.4 mM DTT and 3.2 mM ascorbate were pre-deter-

mined for their non-toxicity to normal yeast growth.

After 24 h incubation, 5 lL of each well of the

cultures were transferred onto YPD agar plates using

96-well multipin replicator. The cells were allowed to

grow at 30 �C for 48 h prior to analysis.

Effect of DTT on diamide-induced Al3?

accumulation

Yeast cells were treated with 0.8 mM diamide only,

0.8 mM diamide and 0.4 mM Al3?, 0.8 mM diamide

and 0.4 mM Al3? and 0.8 mM DTT. The yeast growth

for each treatment was monitored by reading at OD600.

Samples (2 9 25 mL) were taken at 0, 5, 10, 15 and
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20 h. ICP-OES analysis was carried out after the

samples were processed as described below.

Inductively-coupled plasma optical emission

spectrometry (ICP-OES) analysis

The yeast culture samples were centrifuged 4,000 9 g

for 10 min at 15 �C. Medium supernatant was aspi-

rated using a vacuum. Yeast pellets were then washed

twice with 30 mL of 2 lM EDTA, and twice with

30 mL of deionized water. On completion, yeast

pellets were re-suspended in 1 mL of MilliQ water and

transferred to pre-weighed Eppendorf tubes. The

Eppendorf tubes were centrifuged at 10,000 9 g for

5 min. Supernatants were discarded and the biomass

of each sample was measured gravimetrically after

drying the pellets in a 70 �C oven for 5 h. The average

biomass of each yeast sample was calculated against

the two replicates.

Yeast samples were digested prior to analysis by

ICP-OES (Varian 720-ES series). Each sample was

digested in 1 mL 65 % nitric acid (Suprapur Merck)

for 24 h at 25 �C. The samples were vortexed and

centrifuged for 10 min at 13,000 rpm. Each sample

(100 lL) was diluted 100-fold to a total volume of

10 mL with MilliQ water. The Varian 720-ES con-

sisted of an axial torch configuration and sample

introduction system equipped with a Seaspray nebul-

iser and Twister cyclonic baffled spray chamber. The

sample introduction system was fitted with a Y-piece

which incorporated on-line dilution of samples and

standards with an Yttrium internal standard solution.

Data analysis was completed with ICP Expert II

software. ICP standard element solutions for Al3? at 0,

0.05, 0.2, 0.5, 1.0 ppm were prepared via appropriate

dilutions of standard solutions in ultrapure water and

nitric acid at the final concentration of 6.5 %(v/v).

Bioinformatic analysis of the deletion mutant data

The fold changes for each mutant in the four treatments

were calculated as the ratio of OD600 at 24 h over

OD600 at the start. This data file was then analysed by

using MeV version 4.5 hierarchical clustering program

(Saeed et al. 2006). Gene functionality in each cluster

was identified using the Functional Specification

Resource, FunSpec (http://www.funspec.med.utor

onto.ca) or Saccharomyces Genome Database (http://

www.sgd.org). These programs use a hypergeometric

distribution to quantitatively assess functionally enri-

ched gene ontology categories after input of a cluster of

genes with a cut-off p value of 0.01.

Results and discussion

The appropriate concentrations of diamide and Al3?

were firstly determined for the combined screening.

As shown in Fig. 1, yeast cells in 0.8 mM diamide

alone exhibited initial mild growth toxicity but

recovered completely after 16 h and even increased

approximately 5 % at 24 h. Cells adapted to 0.4 mM

Al3? after 16 h, showing 4 % less growth at the end of

incubation compared to the non- Al3? control, while

0.8 mM Al3? resulted in about 13 % growth inhibi-

tion, and 1.6 mM Al3? 67 % inhibition. Thus, 0.4 mM

Al3? was a critical point; concentrations higher than

this imparting pronounced toxicity to yeast cells and

rising thereafter at an exponential rate. Under com-

bined treatment of 0.8 mM diamide with 0.4 mM

Al3?, there was a 52 % reduction of growth. Thus,

0.8 mM diamide with 0.4 mM Al3? is basically an

IC50 (half maximal inhibitory concentration) com-

monly used in bioassays (Widestrand et al. 2003).

Additionally, 0.8 mM diamide with 0.2 mM Al3?,

that is, dropping the Al3? level by half, resulted in

19 % inhibition. Based on these results, 0.8 mM

diamide and 0.4 mM Al3? was considered to be an

appropriate combination for picking up synergistic

effects during mutant screening, linking Al3? accu-

mulation to specific gene(s) functionality.

In fact, what was observed was that the toxicity of

Al3? to yeast cells was markedly elevated by the

simultaneous addition of a non-toxic dose of diamide.

This almost certainly was considered to be due to the

increased Al3? uptake. This result indeed points to a

marked synergistic effect of diamide and Al3? on

toxicity to yeast growth. To elucidate the underlining

molecular mechanism, gene deletion mutants

(n = 81) were screened in four conditions including

diamide alone (0.8 mM), Al3? alone (0.8 mM),

diamide (0.8 mM) plus Al3? (0.4 mM), and the

control with neither of them.

The phenotypic growth data of the mutants mea-

sured by the fold change of the final OD600 over the

initial reading are within the range of 1.0–10.0. A fold

change of 1.0 means there was no growth at all for the

mutant. The data analysis using hierarchical clustering
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program revealed seven distinct gene clusters (A–G)

corresponding to the three specific treatments and the

control (Fig. 2). The deletion mutants in Cluster A are

sensitive to all three treatments. The deletion opi3D
and to a lesser degree arv1D and vps9D did not grow

well in the control, suggesting they are essential even

in the non-stressed condition. Because both OPI3 and

ARV1 encode proteins involving in phosphatidylcho-

line biosynthesis and ergosterol transport, respectively

(McGraw and Henry 1989; Tinkelenberg et al. 2000),

deletion of the genes would most likely lead to altered

plasma membrane in yeast cells, hence resulting in

reduced growth and high sensitivity to external

stressors like diamide and Al3?. Cluster C also

consists of sensitive deletions in the same annotated

categories as for Cluster A except all mutants grew

well in the control. Among these 24 genes in clusters A

and C, 15 were involved in vacuolar and vesicular

transport, protein targeting/sorting and translocation

(PEP7, PEP3, VPS1, VPS9, VPS33, VPS45, VPS51,

VPS52, VPS65, LUV1, SEC66, BST1, DID4, VMA4,

VMA13). This indicates that a smooth transportation

network by vacuoles and vesicles is a common defense

or survival mechanism against detrimental stressors

such as diamide and Al3?. Along this reasoning, genes

in Clusters B, D and E pointed to a cellular mechanism

against Al3? alone. Nineteen deletions were sensitive

to Al3? alone and diamide plus Al3?. Their resistance

to diamide alone suggests that they are solely related

to Al3? sensitivity. Similarly, most of the deletions in

(h)

Y
ea

st
 g

ro
w

th
 O

D
60

0n
m

Y
ea

st
 g

ro
w

th
 O

D
60

0n
m

0.8mM diamide+0mM Al3+

0.8mM diamide+0.05mM Al3+

0.8mM diamide+0.1mM Al3+

0.8mM diamide+0.2mM Al3+

0.8mM diamide+0.4mM Al3+
0.8mM diamide+0.8mM Al3+

0.8mM diamide+1.6mM Al3+

0.8mM diamide+3.2mM Al3+

0mM Al3+

0.05mM Al3+

0.1mM Al3+

0.2mM Al3+

0.4mM Al3+

0.8mM Al3+

1.6mM Al3+

3.2mM Al3+

0mM diamide
0.4mM diamide
0.8mM diamide
1.6mM diamide
3.2mM diamide

(h) (h)

(a) (b)

(c)

Fig. 1 Yeast growth curves for Al3?, diamide and in combi-

nation. The effects of Al3? and diamide on yeast growth. a Cell

growth curves under a series of Al2(SO4)3 concentrations

(0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 mM). b Cell growth under

diamide treatment of 0, 0.4, 0.8, 1.6 and 3.2 mM. c Cell growth

under the combined treatment of 0.8 mM diamide plus

Al2(SO4)3 of 0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6 or 3.2 mM. The

data represent the means of six replicates for each time point

with standard deviation too small to be shown

Biometals (2012) 25:553–561 557

123



Cluster E are also Al3?-related, except bck1D, cax4D,

slt2D, vps8D and ccr4D, whose deletion affected

normal cell growth as shown by opi3D and arv1D.

To delineate the molecular mechanism for diamide-

induced Al3? toxicity, the key clues can be derived

from the gene deletions which are not affected by

either diamide or Al3? alone but by their combination,

as demonstrated by Cluster F (rpe1D, sec72D, pdr5D
and ric1D). This is the only cluster of deletion mutants

sensitive to the treatment of dual stressors, implying

these genes are responsible for the tolerance to

diamide-induced Al toxicity because deletion of these

genes resulted in sensitivity.

The sensitivity of RPE1D mutant to diamide-

induced Al toxicity indicates the critical role of

RPE1 in the disulfide stress response. This role is

most likely related to the generation of nicotinamide

adenine dinucleotide phosphate (NADPH), a major

cofactor requirement for redox reactions directed

against ROS. RPE1 encodes for a D-ribulose-5-

phosphate 3-epimerase in the pentose phosphate

pathway (Gorsich et al. 2006), which is the key source

of NADPH. PDR5 is a pleiotropic drug resistance

gene, encoding a 160 kDa multidrug transporter Pdr5p

which belongs to the ATP-binding cassette (ABC)

family (Balzi et al. 1994, Decottignies and Goffeau

1997). Pdr5p has unusual flexibility toward its

substrate cargo and can efflux structurally diverse

xenobiotic compounds and confer broad-spectrum

resistance (Sauna et al. 2008). Pdr5p protein consists

of 1,511 amino acids. Among them are 28 cysteine

residues. Its bulkiness and multiple cysteine residues

make it a ready target for diamide. This point of view

is supported by the published data that diamide

treatment caused secretion defects and eventual cell

wall damage due to improper disulfide bond formation

in proteins (Gasch et al. 2000). Metal export is a

common detoxification strategy in prokaryotes and a

large number of transport proteins catalysing metal

A

F

G

E

D

C

B

folds0.00 4.87 7.64

Fig. 2 Cluster analysis of the phenotypic screening data.

Cluster analysis of the phenotypic screening data. Four

individual treatments (control, 0.8 mM diamide, 0.8 mM

Al2(SO4)3, 0.8 mM diamide plus 0.4 mM Al2(SO4)3) were

applied to 81 gene deletion mutants of yeast. The resultant fold

change in growth for each mutant in a given treatment was

calculated as a ratio of OD600 at the end of the treatment over the

initial reading. The cluster analysis was carried out using MeV

version 4.5 hierarchical clustering program. Seven distinctive

clusters (A–G) were obtained. The fold change data were

obtained as the means of two replicates for each mutant

b
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export have been characterized (Silver 1998; Rosen

1999; Nies 2003). The result here clearly suggests that

Pdr5p plays a role in Al3? detoxification. Further, we

reason that the loss of function for PDR5 homologue

such as MDR1 in mammalian cells (Balzi et al. 1994)

could also trigger Al3? accumulation. SEC72 and

RIC1 genes are related to protein synthesis and

secretion. Their deletion could well disrupt the

synthesis and secretion of Rpe1p and Pdr5p, leading

to sensitivity to diamide-induced Al3? toxicity. To

explore the effect of these gene deletions (rpe1D,

sec72D, pdr5D and ric1D) on vacuole/vesicle and

diamide-induced Al3? accumulation, we attempted

fluorescent staining for Al3? and confocal micros-

copy. However, Al3? was found evenly present in the

cytoplasma with no discrimination of particular Al3?-

accentuated organelles (data not shown).

The yeast mutants in cluster G (Fig. 2) (gnp1D,

mch5D and ccc1D, vid28D and fes1D) were resistant to

Al3? alone, diamide alone, and their combination,

suggesting these genes are potential Al3? transporters

since their deletion mitigated diamide-induced Al3?

toxicity. Interestingly three of them are transporter

genes (GNP1, MCH5 and CCC1) albeit no literature

has identified them as Al3? transporters. The other two

(VID28 and FES1) are involved in protein trafficking.

The CCC1 gene was shown to be an iron or manganese

transporter in the vacuoles (Li et al. 2001). Its loss

might interrupt Al3?uptake rendering the mutant yeast

resistance to diamide and Al3?. GNP1 is a high-

affinity glutamine permease, also transporting Leu,

Ser, Thr, Cys, Met and Asn (Zhu et al. 1996). Its

potential role in Al3? uptake needs to be investigated.

The yeast deletion mutants in cluster F (Fig. 2)

(rpe1D, sec72D, pfr5D and ric1D) were further tested

with 0.8 mM diamide plus 0.4 mM Al3? and 0.8 mM

diamide plus 0.4 mM Al3? in the presence of 0.4 mM

DTT. As shown in Fig. 3a, the growth of these mutants

in DTT media had increased 4- to 6-fold compared to

the pre-treatment OD600 readings. The same experi-

ment was also performed with 3.2 mM ascorbic acid.

Ascorbic acid completely reversed the toxicity of

0.8 mM diamide on 0.4 mM Al3? (data not shown). In

contrast, gnp1D, mch5D, ccc1D and fes1D were

resistant to diamide plus Al3? and DTT had little

effect on their growth (Fig. 3b). This further confirmed

the deletion mutant screening data as shown in Fig. 2.

Further ICP-OES analysis using RPE1 mutant

demonstrated that the reversal of diamide-induced

Al3? toxicity by DTT was associated with the

reduction of intracellular Al3? (Fig. 4). RPE1 mutant

at OD600 of 0.288 was treated with 0.1 mM Al,

0.8 mM diamide, 0.8 mM diamide plus 0.1 mM Al3?,

and 0.8 mM diamide plus 0.1 mM Al3? as well as

0.4 mM DTT, respectively. As shown in Fig. 4a, yeast

cells treated with diamide and Al3? had little growth in

the 20 h duration in comparison with diamide alone

and Al3? alone controls. Addition of 0.4 mM DTT

reversed the toxicity by increasing the growth approx-

imately seven times. ICP-OES analysis demonstrated

that DTT reduced the cellular Al3? content approxi-

mately about sixfold compared to the diamide plus

Al3? treated cells (Fig. 4b). The data reinforce the

diamide-mediated Al3? toxicity discovery and that the

RPE1-associated NADPH-generating pentose phos-

phate pathway, which is important for adaptation to
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Fig. 3 The effect of DTT on diamide-induced Al3? toxicity.

The effect of DTT on diamide-induced Al3? toxicity. a The

reversal of diamide-induced Al3? toxicity by DTT in liquid

culture. The yeast mutants of Clusters F and G were treated with

diamide plus Al3?, with and without 0.4 mM DTT, in 96-well

microtitre plates. The data represent the means of two replicates

for each mutant with standard deviation shown. b The reversal

of diamide-induced Al3? toxicity by DTT in YPD agar plates.

The same mutants as in a were analyzed in the same way as in

a but using agar plate to visualize yeast growth. ‘-’ denotes

without 0.4 mM DTT and ‘?’ with 0.4 mM DTT
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hydrogen peroxide (Ng et al. 2008), is also a factor in

protection against disulfide stress.

The clear clusters of gene deletion mutants were

obtained from the screening data after Al3? or diamide

treatment of yeast or treatment with combinations of

both. The distinct clustering reflects the unique

molecular mechanism the cells use to counter

diamide-induced Al3? toxicity. That is, the disruption

of Pdr5p, Ric1p and Sec72p mediated detoxification

pathway results in Al3? accumulation which in turn

leads to the diamide/Al3? sensitive phenotype

(Fig. 5). This study has also shown that yeast is adept

at balancing redox capacity to avoid the effects of ROS

like diamide and the effects of Al such as the

involvement of the RPE1-related pentose phosphate

pathway. Clearly the effects of the stressors can be

offset by exogenous addition of reducing agents such

as DTT and ascorbate. This immediately brings to

mind the stresses that can arise in industrial fermen-

tations––such as in breweries and distilleries, and the

application of the findings in this study to the industry.

At the other end of the spectrum of usefulness, this

study is relevant to medical field. The recent break-

through on AD using the yeast model (Treusch et al.

2011) reinforced the relevance of yeast model. We

believe that these data have deepened our understand-

ing of disulfide stress in eukaryotic organisms and

could particularly benefit investigations into Al3?-

associated human health problems such as AD.
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