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ABSTRACT

Programmed cell death (PCD) is essential for norrdalelopment and reproduction which is also indubgd
various biotic or abiotic stresses including alunmim (Al) stress. Little is known about mechanismB@D induced
by Al stress. In the present study, biochemical gtmgsiological features of Cryptococcus humicolaenexamined
under Al stress. Reactive oxygen species (ROS)madation and activation of caspase-3-like proteasere
observed in cells treated by Al stresses. DAPIngtgi showed a nucleus aggregation in the cell edngelear
chromatin condensation displaying a crescent-shagisttibution around the nucleus. Mitochondrial niEane
potential ¢¥m) and mitochondrial cytochrome c¢ (cyt ¢) contemrevdecreased after Al stress. Cyt ¢ gene
expression profiles analysis showed that the geae wp-regulated by Al stress. In summary, the plygical and
molecular analysis revealed that the cyt ¢ and aaep3-like protease involved in the yeast apoptpsixess
triggered by Al stress. These results help undedstdne physiological mechanisms of Al stress-indue€D
process in yeast.
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INTRODUCTION

Programmed cell death (PCD), which is an activeeieally regulated physiological process, is esaéfdar normal
development and reproduction. PCD is also inducgdidrious biotic or abiotic stresses such as hyreitive
response during pathogen att&tkheat®®, UV-C irradiation!®, salt stress-inductioff or upon HO, induction!”.
PCD shares many morphological and biochemical featwith apoptosis, such as nuclear DNA fragmetati
chromatin condensation, production of reactive @xygpecies (ROS), decrease in mitochondrion merabran
potential A¥m), release of cytochrome c (cyt ¢) from mitochaadan activity increase of caspase-like enzymes.
Mitochondria not only are the center of energy picithn but also play important roles in regulatmfnapoptosis.
The increase of mitochondrial outer membrane pebitization is considered to be an initial step le fprocess of
apoptosis ®!. Disruption of the outer mitochondrial membranesutes in some apoptosis related protein
redistributions from the mitochondria to the cyfosAmong these proteins, cyt ¢ was a componenthef t
mitochondrial respiratory chain. Studies showed tya c release from mitochondria to the cytoplatuming PCD
proces$’. The release of cyt ¢ constitute positive feedbmgulation mechanism which lead to electron tremsf
chain disruptions, the rise of intracellular RO&d of membrane potential and the mitochondrial Afdduction
function.

In our previous studyC. humicolawas found to undergo a PCD process trigged bytrks'®. The aim of the

present investigation was to evaluate how Al tremtihaffect cell survival by assessing several glpapoptosis
features and whether cyt ¢ participate in cell Rxiiced by Al stress.
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EXPERIMENTAL SECTION

Microorganisms and growth conditions
BSLL1-1 is an Al-resistan€. humicolastrain that was isolated from a tea field in then¥an provincé™. Cells

were cultured at 2& in GM (glucose, 1.0 %; peptone, 0.05 %:; yeastaexti0.02 %) mediuti? at pH 3.5.

Cell cultures and collections

The C. humicolastrain BSLL1-1was pre-incubated on a solid GM ggate for 36h, then one single colony was
selected to culture in GM liquid culture medium ought. The 1% inoculation amount was transfereétésh GM
liquid medium and incubated at 28 for 16h while shaking at 200 rpm. After harvebg tells were collected by
centrifugation, washed three times in phosphatéebed saline (PBS, pH 7.4) for further experiments.

Al stress treatments

The equal amount of yeast cells were treated withio) 100, 150 or 200 mM Alglor 60 min at 28°C or treated
with 50 mM AICkfor 0, 30, 60 or 90min at 28C. The cells were collected, washed in PBS (pH &) then used
for the extraction of mitochondria.

Isolation of mitochondria
Isolation of mitochondria was done according tortrethod of Jin et dt°.,

DAPI (4', 6-diamidino-2-phenylindole) staining

The cells were stained using the KeyGEN Cell apsipt®API detection kit according to the manufaatigre
instructions (KeyGen, Nanjing, China). In briefetbells were treated with 200 mM Al@br O, 1, or 4 h. After
harvest, the cells were fixed in 1 % paraformaldeatroom temperature (RT) for 15 min and then weashed for

5 min with ddHO. Fixed cells were stained with Qug/ml DAPI at 37 °C for 15 min in the dark. The cells were
washed with PBS for 5 min and resuspended in BufferThen cells were viewed and photographed in a
fluorescence microscope (Leitz Dialux 20, Wetz@ermany) with a digital camera (Canon PowerShot Takjo,
Japan).

50 cells were analyzed per concentration and tiaietpEach experiment was performed three timeastad using
independent cell cultures.

Measurement of caspase-3-like activity

Yeast cells were treated with 0, 20, 50, 100, 15200 mM AICkfor 6 h at 28°C while shaking at 100 rpm. Cells
were harvested, washed in PBS (pH 7.4) and theleatetl by centrifugation. The activity of caspaskka
enzymes was assayed using the ‘Kerogen caspade+s8raric assay kit' (KeyGen, Nanjing, China) aoding to
the manufacturer’s instruction&c-DEVD-pNA, a substrate for the colorimetric detémation of caspase 3 activity,
was added to the cell extracts of control and ¢&atlls. The reaction mixtures were incubated2fdr at 37C.
Caspase 3-like activity was determined by specwtgphetric quantification of the free pNA=405 nm). The
ratios of the caspase-3-like activity of treatetlsceersus control cells were calculated and awstafjom three
independent experiments.

Detection of ROS production

The equal amount of cells was treated with 0, 10208 mM AICkfor 6 h at 28°C. The control and treated cells
were stained with 100M 2’, 7’-dichlorofluorescin diacetate GBCFDA) (Invitrogen, Eugene, USA) for 30 min at
room temperature. /CFDA is a cell permeable non-fluorescent dye.dh ®de intracellularly de-esterified and
changed into highly fluorescent 2’, 7’-dichlorofhescin (DCF) upon oxidation by intracellular hydeagperoxide
and other peroxides. Cells were observed in arlugpédscence microscope (LEICA DMR) using an exidtat
wavelength of 480 nm.

Measurement of mitochondrial membrane potential A¥m)

Measurement oA¥m referenced the method described in the literattlréviitochondrial protein concentration was
adjusted to 1mg/ml. 10 mitochondria was taken and mixed with 1 ml lig@idD-Mannitol 220 mmol/l, Sucrose
70 mmol/l, HEPES 2 mmol/l and,KPQ, 2 mmol/l, pH7.0), then incubated at 37  for SmAfter centrifugation

for 5min at 12000rpm (€), the supernatant was used to measure the outechundrial Rhodamine 123
concentration [%,] at the wavelength of 500nm. Set the mitochondmltrix volume was 1 I/ u g protein,
concentration of mitochondria Rhodamine 123;,]P{(3-3.1%[X,.J)*x10000/Protein concentratiomMA¥m was
calculated according to Nemst equatia’m=59.5 Ig[X,)/[X ..d- Three independent experiments, each with three
replicates, were performed.
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Assays of mitochondrial cyt c/a

Mitochondrial cyt c/a was measured as describedtiquely *°. Isolated mitochondria were suspended in 0.2%
(W/V) BSA and adjusted the mitochondrial proteimcentration to about 0.5 mg/mL. Absorbance was oredsat
550 nm and 630 nm using UV spectrophotometer (Stzmalapan). Ratio of the two absorption valueyis/ a.
The assay repeated three times.

Measurement of mitochondrial cyt ¢ content

The mitochondrial suspension was used to damageitoehondrial membrane with a sonicator. The nhitowrial
cyt ¢ content was determined as described by zﬁﬁgng.z, 0.4, 0.6, 0.8, 1.0 mL of 0.1 mmol / L cydtandard was
added the test tube, then 1.3, 1.1, 0.9, 0.7, @.9fadH,O was add, respectively, in each tube to get vadfirh5
mL. 10 mg of sodium dithionite was added in theuwol Optical density value was assayed at 520 nmtlaed
standard curve was drawn. The concentration waslleddd based on the optical density values os#mple. cyt ¢
content=3.71x0OBxdilutionsxFinal volume. Three independent experitag each with three replicates, were
performed.

RT-PCR analysis

The equal yeast cells treated with 0, 20, 50, X006 mM AICkfor 6 h and 50 mM AIGlfor 0, 2, 4, 6 or 8 h were
harvested, and total RNA was extracted using thieolfreagent (Invitrogen, USA). Genomic DNA was mred
using DNase I. First-strand cDNA was synthesizeanfthe total RNA (bg) using M-MLV reverse transcriptase
(Promega, USA) according to the manufactsrénstructions. The size of the predicted PCR prtsiwas
approximately 327 bp. The primer pairs are as ¥ato~orward:

5'-GAATTCATGTCCTACGCTGCCGGTGACGTCG-3,
Reverse:
5'-GCGGCCGCTTACTTGGTCTCCTTCTCGAGGAAG-3..

The PCR reaction mixtures (30) contained 16.1ul of sterile water, 2ul of 10xTaqg reaction buffer, 0.QP of
primers (100 iM), 0.2 ul of NTPs (10uM each), 1 U of Tag DNA polymerase (Tiangen, Bgjji€hina) and {2

of cDNA (200 ngjl). Yeast 18s rRNA was used as the internal coniteé PCR products were examined by
electrophoresis on a 1% agarose/EtBr gel in 1xTA#eh Quantification of PCR products was estimaisihg the
Volume Rect Tool of Quantity one 1-D analysis safite:

RESULTS AND DISCUSSION

Al stress induced yeast cell apoptosis

Chromatin condensation, a PCD hallmark, was andlyieough analysis of nuclear morphology and plasma
membrane integrity by co-staining cells with DARkesults of DAPI stain showed that the nuclear moligdy of
control cells (cells without Al treatment) was rauand dyeing uniformity. The nucleus of cells tesaby Al
appeared features of apoptosis: the nucleus inglhedge aggregation, nuclear chromatin condessatiowed the
crescent-shaped distribution inside the nucleusaatieinse stain. With the increase of treatment, tiieefeatures of
apoptosis became more obviously. Part of yeast balle began to enter the early stages of apoptbsis the cells
treated by 200 mM Al for 1 h. More cells undergmpiosis with time of Al treatment. Most of the sedintered
stage of late apoptosis after 4 h treatment (Fig 1)

Figl. DAPI staining of yeast cells exposed to 200MnAl in different time. Oh (a), 1h (b), 4h (c)
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Activation of caspase-3-like protease
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Fig.2 Caspase-3-like activity in control cells (Gand cells treated by 20, 50, 100, 150, 200mM Al
Data are means +SD of three independent replica@edls were treated by different concentrationglofor 6 h. * indicates that the value is
significantly different from the control (P< 0.05)

=]

i=3

[
<n

—

=
(2]

Caspase-3-like activity

=

200

Caspases are key enzymes in the apoptotic pathiédygber eukaryotes. Two distinct pathways for ioeld
apoptosis were proposed. One was carried out thrtheg caspase-independent pathway. The other vggerted
through the mitochondrial caspase-dependent pathvidgh involves the mitochondrial release of cygnthancing
caspase-9 activit}” *®. The activated caspase-9 can activate caspaseCaspase-3 has been considered to be
critical in the course of apoptosis, which killeetisells by cleaving a wide range of protein subssrE%?2.
Caspase-3 spectrophotometric assay kit providesnples and convenient means for assaying the agtioft
caspases. The assay is based on spectrophotordetaction of the chromophore p-nitroaniline (p-Nafter
cleavage from the labeled substrate DEVD-pNA. Th&lAp light emission can be quantified using a
spectrophotometer at 405 nm. Caspase-3-like activdis measured i6. humicolacells. Cleavage of the caspase 3
synthetic substrate DEVD-p-nitroaniline (DEVD-pNM&as observed in cell extracts of Al-treated celiter 6 h
treatment of Al, the activity of caspase-3-like yme increased significantly when compared to cdsit(Big. 2).
We observed 48.9% increase in caspase-3-like gctivitreated cells after 6 h treatment of 50 mM Attivity of
this enzyme in cells treated by 200 mM Al increated32.4% of the control level. These resultsdatid that Al
stress activated the caspase-3-like activity artvadion of caspase-3-like enzyme was a pivotalngve the
apoptosis induced by Al stress. Darehshouri Btusled the ‘Caspase-3 DEVD-R110 Fluorometric & Cofetric
Assay Kit' for measuring the activity of caspaséka enzymes of green alddicrasteriasin H,O,treated cells, the
activity of caspase-3-like enzymes was increaséit;twis consistent with our results in this work.

Al stress lead to ROS accumulation

Fig.3 Intracellular reactive oxygen species (ROS)rpduction of yeast cells exposed to different Al e@entration OmM (a), 100mM (b),
200mM (c)

Our previous data showed that Al stress causesgstridative damage to celt§.. To determine whether Al stress
induced the production of ROS @ humicolacells, 2’, 7’-dichlorofluorescin diacetate {BICFDA) was used to
stain samples from control and treated cells. Asaghin Fig. 3, fluorescence microscopy revealedgaificant
ROS production in Al-treated cells when comparethhe controls. Moreover, the higher the Al corication, the
more yeast cells accumulated ROS. This result wasistency with that reported by P Ludovico &tl
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Al stress decreased mitochondrial membrane potentigA¥m)
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Fig.4 Mitochondrial membrane potential A¥m) of yeast cells treated with 0, 50, 100, 150 0d@ mM Al for 60 min (A) or treated with 50
mM Al for 0, 30, 60 or 90min (B)
Data are means of three replicates +SE. * indicdtest the value is significantly different from tbentrol (P< 0.05)

A¥m is an important parameter for mitochondrial fimret Studies on mammalian apoptosis reported aease in
A¥m after a lethal stimulus, with ¥m decreasing later in the death prod&sé®. By spectrophotometry methods,
we found than? m was decreased when the yeast cells were underelsA¥m of cells 60 min after treatment
with 50 mM Al decreased 14.1% andPm of cells 60 min after treatment with 200 mM Atueed 34.1% when
compared to the controls (Fig.4A). Similar resultere observed when cells were treated with 50 mMfohl
different time. TheA¥m of cells treated by Al for 30 min and for 90 miwere decreased 10.6% and 17.6%
compared to the control level, respectively. Thegkr of the treatment time, the lower of th&m (Fig.4B). P
Ludovico et al™ using the flow cytometric analysis found a decegamitochondriah¥m. However, although
with a lower A¥m, cells maintained the specific mitochondria stajnindicating that mitochondria membrane
integrity is still preserved (Data not shown). Was@me that mitochondrial permeability transitionep@PTP),
which is a high conductance channel of the innembrane whose opening leads to an increase of péiiihgo
solutes, open gradually when the yeast cells weessed by Al, then led to a decreagedm and destroyed
mitochondrial membrane integrity.

Decrease of mitochondrial cyt c/a after Al stress
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Fig.5 Mitochondrial cyt c/a of yeast cells treateavith 0, 50, 100, 150 or 200 mM Al for 60 min (A) aeh treated with 50 mM Al for 0, 30, 60
or 90min (B)
Data are means of three replicates +SE. *indicdtest the value is significantly different from ttentrol (P< 0.05)

Cyt c is loosely bound to the phospholipids outsifiénner mitochondrial membrane, not freely pdssugh the
outer mitochondrial membrane, while cyt A is tightbmbined with the inner mitochondrial membrang.ota can
reflect the content change of mitochondrial memereyt c. The value of mitochondrial cyt c/a deceghas Al

concentration increasing. Mitochondrial cyt c/acofitrols was 2.47, while the value was 1.72, 11434 and 1.25
when the cells were treated with 50, 100, 150 @& @201 Al for 60 min, respectively (Fig.5A). Similaesults were
observed when cells were treated with 50 mM Al306r 60, 90 min. The cyt c/a also showed a downwiaiad

(Fig.5B).
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Effect of Al stress on mitochondrial cyt ¢
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Fig.6 Mitochondrial cyt ¢ content of yeast cells gated with 0, 50, 100, 150 or 200 mM Al for 60 mi¢A) and Mitochondrial cyt ¢ content
of yeast cells treated with 50 mM Al for 0, 30, 66r 90min (B)
Data are means of three replicates +SE. *indicdtest the value is significantly different from ttentrol (P< 0.05)

With increasing concentration of Al or treatmemhéi, the content of mitochondrial cyt ¢ decreasegdiftantly.
The content of mitochondrial cyt ¢ decreased 21atfh 71.1% after 60 min treatment of 50 mM and 200 Al
when compared with the control, respectively (FAg.@imilar results were obtained after treatmeithys0 mM Al

for different time. The content decreased 15.8%3h@% after 30 min and 90 min treatment, respeltifFig.6B).
These results suggested that the mitochondriat ayay release to the cytoplasm after the Al sti@gsvestern-blot
and cyt ¢ spectra analysis, P Ludovico ef#ishowed that cyt c released from mitochondria tmsxyl and the
amount of cyt ¢ in mitochondria was decrease@.igerevisiaecells undergoing acetic acid-induced PCD. The
western-blot analysis of mitochondrial cyt ¢ rekess cytosol irC. humicolawill be done in the future

Al stress up-regulated cyt ¢ gene

Al treatment time (h)

A Al concentration (mM) B
0 20 50 100 200 0 2 4 6 8
Cytc EEEE————g— Citc  g———1a
185 rRNA I LA e a— c———
= 22 = L
a g 3| 2 1
@ @
:-c. 1.8 | :nc- 1.
@ 16 a 1.
S 14} £
= =
S L2f s -
T o
0 20 =0 100 200 li] 2 4 ] 8

Al concentration (mM) Time(h)

Fig.7 RT-PCR analysis of the expression profiles ahthe relative expression of the cyt ¢ genes in tekxposed to Al stresses
(A) Expression of cyt c in cells induced by diffé@ncentrations of Al. (B) Expression of cyt cétls induced by 50 mM Al in different time
point. (a) Relative expression of cyt ¢ gene itséatiuced different concentrations of Al. (b) Riekexpression of cyt ¢ gene in cells induced by
50 mM Al in different time point

RT-PCR analysis showed that the expression of cgewme was up-regulated by Al stress. During the levho
Al-exposure period, expression levels of cyt ¢ diged a obvious increasing trend as compared \lilr initial
levels (Fig.7A, B). After 6 h treatment with 20,,500 or 200 mM Al, expression levels of cyt ¢ gased 30%,
75%, 108% and 112% when compared to the contretpectively (Fig.7a). Similar results were obtaingten
cells were treated with 50 mM Al for 2, 4, 6 or 8dfiwhich the expression levels of cyt ¢ increasgth, 42%, 52%
and 57 % when compared to the controls, respeg(iigl.7b). The cyt ¢ gene expression profiles wamalyzed,
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the expression was up-regulated by Al stress.
CONCLUSION

In summary, we found ROS accumulation and activatibcaspase-3-like protease in cells treated bgtAdsses.
PCD cells showed a nucleus aggregation in the edtie, nuclear chromatin condensation displaying a
crescent-shaped distribution around the nucleugodWlondrial A¥Ym and mitochondrial cyt ¢ content were
decreased after Al stress. Cyt ¢ gene expressianuparegulated by Al stress. These findings suggeshat
caspase-3-like protease and mitochondrial cyt olied in Al-induced PCD process.
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