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An elevated level of homocysteine, a thiol amino acid, is asso-
ciated with various complex disorders. The cellular effects of
homocysteine and its precursors S-adenosylhomocysteine
(AdoHcy) and S-adenosylmethionine (AdoMet) are, however,
poorly understood. We used Saccharomyces cerevisiae as a
model to understand the basis of pathogenicity induced by homo-
cysteine and its precursors. Both homocysteine and AdoHcy
but not AdoMet inhibited the growth of the str4� strain (which
lacks the enzyme that converts homocysteine to cystathionine-
mimicking vascular cells). Addition of AdoMet abrogated the
inhibitory effect of AdoHcy but not that of homocysteine indi-
cating that an increase in theAdoMet/AdoHcy ratio is sufficient
to overcome theAdoHcy-mediated growthdefect but not that of
homocysteine. Also, the transcriptomic profile of AdoHcy and
homocysteine showed gross dissimilarity based on gene enrich-
ment analysis. Furthermore, compared with homocysteine,
AdoHcy treatment caused ahigher level of oxidative stress in the
cells. However, unlike a previously reported response in wild
type (Kumar, A., John, L., Alam, M. M., Gupta, A., Sharma, G.,
Pillai, B., and Sengupta, S. (2006) Biochem. J. 396, 61–69), the
str4� strain did not exhibit an endoplasmic reticulum stress
response. This suggests that homocysteine induces varied
response depending on the flux of homocysteine metabolism.
We also observed altered expression of mitochondrial genes,
defective membrane potential, and fragmentation of the mito-
chondrial network togetherwith the increased expression of fis-
sion genes indicating that the imbalance in homocysteine
metabolism has a major effect onmitochondrial functions. Fur-
thermore, treatment of cells with homocysteine or AdoHcy
resulted in apoptosis as revealed by annexin V staining and
TUNEL assay. Cumulatively, our results suggest that elevated
levels of homocysteine lead to mitochondrial dysfunction,
which could potentially initiate pro-apoptotic pathways, and
this could be one of the mechanisms underlying homocysteine-
induced pathogenicity.

Homocysteine, a thiol-containing amino acid, occupies a piv-
otal position in the methionine metabolism. This cycle appears

to be present in all normalmammalian cells and is necessary for
the synthesis of several important metabolites, including S-ad-
enosylmethionine (AdoMet),3 folic acid, polyamines, cysteine,
and its derivatives. In human, methionine from dietary sources
is first converted to AdoMet by the enzyme AdoMet synthase.
AdoMet acts as a methyl donor for over 100 known transmeth-
ylation reactions, including methylation of macromolecules
like DNA, RNA, and proteins. During these reactions AdoMet
is converted by variousmethyltransferases to AdoHcy, which is
then hydrolyzed to homocysteine and adenosine by S-adeno-
sylhomocysteine hydrolase (Fig. 1). Homocysteine thus formed
is immediately converted tomethioninewith the help ofmethi-
onine synthase (remethylation process) or is metabolized into
cystathionine and subsequently to cysteine and glutathione via
the transulfuration process. In healthy well nourished individ-
uals, the concentration of homocysteine is well regulated.How-
ever, inborn genetic defects, including single nucleotide poly-
morphism(s) in genes that are involved in homocysteine
metabolism (1), deficiency of micronutrients like folate, B12,
B6, or drugs that interfere with the methionine folate pathway,
elevate the levels of homocysteine (2). An elevated level of homo-
cysteine has been associated with various complex disorders
like schizophrenia, Alzheimer disease, neural tube defect, dia-
betes, etc. (3–5) and has also been implicated as an independent
risk factor for cardiovascular diseases (2, 6, 7).
Although homocysteine has been associatedwith several dis-

eases, the exact mechanism of homocysteine-induced patho-
genesis is not yet clearly understood. Several hypotheses have
been put forward to explain the deleterious effects of homocys-
teine. Prominent among these are the stress hypothesis (oxida-
tive and endoplasmic reticulum stress) (8–10), molecular tar-
geting hypothesis (ability of homocysteine to bind to free
cysteine residues or break critical cysteine disulfide bonds
thereby altering the structure and function of the protein) (11–
14), and ability of homocysteine to alter the methylation status
of DNA, RNA, proteins, and other metabolites (15).We believe
that although these hypotheses have been proven beyond doubt
under the conditions for which it has been tested, any one of
these mechanisms cannot account for the toxicity of this thiol
compound under all conditions. For instance, several studies
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homocysteine-related pathogenicity (16–18), although others
have shown little or no oxidative stress in the presence of homo-
cysteine under their experimental conditions (19–21). We had
also shown previously that addition of homocysteine and
cysteine to the wild type yeast Saccharomyces cerevisiae results
in growth defects that are probably mediated via endoplasmic
reticulum stress and not oxidative stress (22). This may be due
to the fact that although homocysteine is almost equallymetab-
olized to methionine via the remethylation pathway and cysta-
thionine via the trans-sulfuration process (23), under circum-
stances where the levels of homocysteine are elevated, the flux
of homocysteine will be tiltedmore toward one of the pathways
depending on why the homocysteine levels are elevated. For
instance, deficiency of vitamin B12 or a variation in the methyl
tetrahydrofolate reductase (MTHFR) gene (C677T) will reduce
the conversion of homocysteine to methionine and hence
would increase the flux of homocysteine toward the trans-sul-
furation process, whereas mutations in cystathionine �-syn-
thase (CBS) or in tissues that lack active CBS, like vascular tis-
sues (24), the flux will be toward the remethylation process.
Because the expression of the enzymes that are directly
involved in the metabolism of homocysteine varies across tis-
sues, it can be perceived that the physiological processes mod-
ulated by homocysteine will be tissue-dependent.
Apart from homocysteine, its metabolic precursor AdoHcy

has been found to cause apoptosis in cultured pulmonary artery
endothelial cells (25). Accumulation of AdoHcy has also been
found to be cytotoxic in cultured T- and B-lymphocytes (26).
Furthermore, Lin et al. (27) demonstrated that addition of Ado-
Hcy in combination with homocysteine leads to synergistic
DNA damage in BV2 cells. To better understand the effects of

homocysteine and its precursors, we used the yeast S. cerevisiae
as a model system, which is a good system for modeling human
disease conditions and has unraveled complexmechanisms and
pathways underlying many other human diseases like cancer,
neurological diseases, etc. (28–31) and has proven to be a
remarkably versatile model system for studies in molecular
medicine. Most importantly, the yeast methionine cycle is sim-
ilar to the human cycle with some minor variations, and dele-
tion strains are readily available. In the post-genomics era, yeast
has been used as a valuable tool in every aspect of high through-
put biological research, from gene expression profiling to pro-
tein-protein interaction mapping (32–35). In this study using a
strain (str4�) that lacks the expression of cystathionine �-syn-
thase, we show that both homocysteine andAdoHcy inhibit the
growth of yeast, but unlike in the wild type, endoplasmic retic-
ulum stress may not play a role in the toxicity of homocysteine
and/or its precursor AdoHcy.

EXPERIMENTAL PROCEDURES

Materials—DL-Homocysteine (Sigma H4628), S-(5�-adeno-
syl)-L-methionine chloride (Sigma A7007), S-(5�-adenosyl)-L-
homocysteine (Sigma A9384), and mono-bromobimane were
purchased from Sigma. The constituents of yeast media,
including yeast extract, peptone, dextrose, and the amino acids,
were purchased fromHiMedia (India). All other chemicals used
were of analytical grade.
Yeast Strain and Growth Conditions—The S. cerevisiae

strains used in this study are as follows: BY4742 (MAT� his3�1
leu2�0 lys2�0 ura3�0) and str4� (BY4742; Mat � his3�1
leu2�0 lys2�0 ura3�0 Str4::KanMX4); str4� Om45-GFP
(BY4742; Mat � his3�1 leu2�0 lys2�0 ura3�0 str4�::Hygro
OM45-GFP::His3MX6); str4� Pcup1-GPX1 (BY4742; Mat �
his3�1 leu2�0 lys2�0 ura3�0 str4�::Hygro Pcup1-HA-
GPX1::natNT2); str4� PGPD1-GPX1 (BY4742; Mat � his3�1
leu2�0 lys2�0 ura3�0 str4�::Hygro PGPD1-HA-GPX1::
natNT2); str4� Pcup1-TSA1 (BY4742; Mat � his3�1 leu2�0
lys2�0 ura3�0 str4�::Hygro Pcup1-HA-TSA1::natNT2); str4�
PGPD1-TSA1 (BY4742; Mat � his3�1 leu2�0 lys2�0 ura3�0
str4�::Hygro PGPD1-HA-TSA1::natNT2). str4� and BY4742
strains were procured from the EUROSCARF (European S.
cerevisiae archive for functional analysis) deletion collection
(EUROSCARF, Institute of Microbiology, Johann Wolfgang
Goethe-University Frankfurt, Frankfurt, Germany), and Om45
GFP or promoter strain were prepared as described elsewhere
(36). Pre-cultures of wild type and str4� were prepared by
growing a 5-ml yeast culture in YPD medium for 12–14 h.
These cultures grown overnight were washed three times with
sterile water and then resuspended in 10 ml of synthetic mini-
mal media supplemented with amino acids (except methionine
and serine) to an OD (600 nm) of 0.1. To study the effect of
exogenously added homocysteine and its derivatives on yeast
growth, homocysteine (5 mM), AdoHcy (600 �m), or AdoMet
(600�m), either singly or in combination, was added from freshly
prepared stock solutions, and cells were grown on a rotary shaker
at room temperature at 130 rpm. Yeast growth was monitored at
600 nm using a spectrophotometer (Eppendorf, BioPhotometer).
500�Mglutathionewasadded to satisfy thecysteineauxotrophyof

FIGURE 1. Homocysteine metabolism in yeast. The following abbreviations
are used: STR4, cystathionine �-synthase homolog in yeast; SAH1, S-adenosyl-
L-homocysteine hydrolase; MET6, methionine synthase; CDC21, thymidylate
synthase; MET13, methylenetetrahydrofolate reductase; SHM2, serine
hydroxymethyltransferase; dUMP, deoxyuridine 5-monophosphate; dTMP,
deoxythymidine 5�-monophosphate; SAM1, SAM2, S-adenosylmethionine
synthetase; MHT1, S-methylmethionine-homocysteine methyltransferase;
THF, tetrahydrofolate; SAM, AdoMet; SAH, AdoHcy.
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the str4� strain. Intracellular homocysteine levels were deter-
mined by HPLC-FDmethod as described elsewhere (22).
RNA Isolation and Northern Blot Analysis—Total RNA from

S. cerevisiae was isolated using glass bead lysis followed by the
hot phenol method (37). For Northern blot analyses, the
method of Ausubel et al. (37) was followed. Briefly, RNA was
electrophoresed on 1.2% (w/v) denaturing formaldehyde gel,
blotted on to nylon membrane (Hybond-N�; Amersham
Biosciences), and immobilized by UV cross-linking. Gene-
specific primers probes were designed and synthesized (Cen-
ter for Genomic Applications, New Delhi, India). For gene
expression analysis, specific probe primers were designed
and synthesized by the Center for Genomic Applications.
The amplified products were gel-purified using a Qiagen kit
(Qiagen, Germany) according to the manufacturer’s proto-
col. Radioactive [�-32P]dCTP was incorporated into a probe
product by random primed labeling method using NEBLOT
kit (New England Biolabs) according to the manufacturer’s
instructions. Prehybridization and hybridization were per-
formed at 65 °C in rapid Hyb buffer (GE Healthcare). Signals
were obtained using phosphorimager and quantification was
done using ImageQuant software.

Microarray Experiment

Labeling, Hybridization, Data Analysis, and Bioinformatics—
For microarray experiments, 10 �g of RNA was used to make
double-stranded cDNA using a microarray cDNA synthesis kit
(Roche Applied Science). The double-stranded cDNA was
purified using a microarray target purification kit (Roche
Applied Science) according to the manufacturer’s protocol.
Purified cDNA was concentrated using a SpeedVac and dis-
solved in 4 �l of 18megohms of RNase-free water (Sigma). The
purified cDNA was then used to prepare Cy-3/Cy-5 (Amer-
sham Biosciences)-labeled cRNAs using microarray RNA tar-
get synthesis kit T7 (Roche Applied Science). Hybridization
solution was prepared by mixing hybridization buffer (DIG
Easy Hyb; Roche Applied Science), salmon testis DNA, and
yeast tRNA (both fromSigma). The labeled cRNAs (control and
treated) were pooled together, denatured at 65 °C, and applied
onto cDNA microarray slides (yeast 6.4k) procured from the
Microarray Center, Clinical Genomics Center, University
Health Network (Toronto, Ontario, Canada). To exclude dye-
specific bias, a dye-swap design was performed for each condi-
tion. The slides were scanned at a resolution of 10 �m using
70–100% laser power using a GenePix 4000Amicroarray scan-
ner (Molecular Devices), and data were acquired using photo-
multiplier (PMT) settings in the range of 450–550. Image anal-
ysis for each array was done using the GenePix Pro 6.0 software
(Molecular Devices), which produces fluorescence intensity
pairs (cy3 and cy5) for each gene. After image acquisition, indi-
vidual data spots on eachmicroarraywere visually inspected for
size, signal-to-noise ratio, background level, and uniformity.
Data for each spot were corrected for background, and the data
from treated and reference samples were normalized to the
total intensity. The genes showing 1.8-fold or more change in
expression in dye-swap replicate microarrays were considered
differentially expressed. Hierarchical clustering was performed
using TIGR multiexperiment viewer software (MeV version

4.0). MIPS classification tool was used to understand the basic
function and process of genes, and iPATHwas used for analysis
of metabolic pathways. DAVID (david.abcc.ncifcrf.gov) was
used for identifying enriched biological processes in differen-
tially expressed genes after Bonferroni correction for multiple
hypotheses testing.
Intracellular Reactive Oxygen Species (ROS) Detection—The

generation of intracellular reactive oxygen species in yeast in
the presence of homocysteine and its derivatives was quantified
by determining the incorporation of the fluorescent dye dihy-
droethidium (DHE, Invitrogen) using a flow cytometer (Guava
EasyCyte, Millipore). Control and treated cells were harvested
by centrifugation, washed, resuspended in milliQ water, and
incubated in the dark with 10�MDHE at room temperature for
1 h. This dye is normally cell-permeant and nonfluorescent, but
upon oxidation it is converted to the fluorescent derivative
ethidium and becomes impermeant (38, 39). Hydrogen perox-
ide, a known generator of ROS, was used as a positive control.
Cells were treated with 1 mM hydrogen peroxide for 1 h and
then incubated with DHE. The fluorescence intensity of�5000
cells was acquired for each sample by flow cytometry with an
excitation at 488 nm and emission at 520 nm. Background fluo-
rescence intensity was set based on a control sample, and
higher fluorescence-containing cells were counted as DHE-
positive cells. Fluorescence images of cells were also acquired
using inverted epifluorescence microscope (TE200-U, Nikon).
Unfolded Protein Response Reporter Assay—To check for

unfolded protein response, which is a hallmark of endoplasmic
reticulum stress, a UPR reporter assay was performed. For this,
the cells were transformed with pJC005 (kindly provided by Dr.
PeterWalter), a 2-�mplasmid carrying the lacZ gene under the
control of the UPRE from the KAR2 promoter (a chaperon that
is overexpressed during endoplasmic reticulum stress). To
compare lacZ expression in WT yeast versus str4mutant yeast
under quiescent or ER stress conditions, the �-galactosidase
activity was measured from lysates using �-galactosidase assay
kit (Promega). Alternatively, yeast cells treated with homocys-
teine and its derivatives were harvested and permeabilized by a
drop of chloroform and 0.01% SDS. �-Galactosidase activity
wasmeasured from lysates using 2-nitrophenyl-�-D-galactopy-
ranoside as a substrate and detected as an increase in absorb-
ance at 420 nm.
Assessment of Mitochondrial Function and Integrity—The

charged cationic green dye rhodamine 123 (Invitrogen) was
used to assess mitochondrial membrane potential as described
previously (40). Rh123 dye has been extensively used to detect
the changes in ��m in mammalian and yeast cells (40). Rh123
stains mitochondria directly, without passage through endocy-
totic vesicles and lysosomes, and distributes electrophoretically
into themitochondrial matrix depending upon change inmito-
chondrial membrane potential. Briefly, cells were harvested by
centrifugation, and 1 ml of the cell suspension was loaded with
2�MRh123 (Molecular Probes) for 30min. Fluorescence inten-
sity was measured by flow cytometry, (Guava EasyCyte, Milli-
pore) with excitation at 480 nm and emission at 530 nm. Cells
displaying a defined threshold difference of green fluorescence
intensity were considered having compromised mitochondrial
or functional integrity. For visualization of the mitochondrial
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network, yeast cells were transformed with mitochondrially
localized GFP marker plasmid Pvt100U (provided generously
byWestermann andNeupert, 41) and visualized using inverted
epifluorescence microscope (TE200-U, Nikon).

Apoptosis Assays

Detection of Chromatin Fragmentation—Yeast cells were
collected and resuspended in 70% (v/v) ethanol for brief fixa-
tion and permeabilization. The cells were then incubated with
DAPI (1 mg/ml; Sigma) for 15 min in the dark, washed twice
with water, and examined under a fluorescence microscope.
Cell images were recorded from an inverted epifluorescence
microscope (TE200-U, Nikon) under 100� objectives.
Annexin V Staining—Phosphatidylserine exposure at the

membrane surface was detected by a FITC-coupled annexin V
assay kit using ApoAlert kit (Clontech) as described previously
(42). Briefly, yeast cells were washed in sorbitol buffer (1.2 M

sorbitol, 0.5 mM MgCl2, 35 mM potassium phosphate, pH 6.8),
digestedwith 5.5% glusulase (PerkinElmer Life Sciences) and 15
units/ml lyticase (Sigma) for 2 h at 28 °C. Cells were then har-
vested, washed in binding buffer (10 mMHepes/NaOH, pH 7.4,
140 mMNaCl, 2.5 mM CaCl2; Clontech) containing 1.2 M sorbi-
tol buffer. Protoplasts were stained with annexin V-FITC and
propidium iodide for 20 min at room temperature. The cells
were harvested, suspended in binding buffer containing sorbi-
tol, applied to a microscopic slide, and observed under a fluo-
rescence microscope.
Terminal Deoxynucleotidyltransferase dUTP Nick End

Labeling (TUNEL) Assay—TUNEL analysis was performed as
described previously (42). DNA strand breaks were demon-
strated by TUNEL using the in situ cell death detection kit
(Roche Applied Science). In brief, yeast cells were fixed with
3.7% (v/v) formaldehyde for 30 min at room temperature and
washed three times with phosphate-buffered saline (PBS), and
cell walls were digested with 5.5% glusulase (PerkinElmer Life
Sciences) and 15 units/ml lyticase (Sigma) for 2 h at 28 °C. Cells
were incubated in permeabilization solution (0.1% (v/v) Triton
X-100 and 0.1% (w/w) sodium citrate) for 2 min on ice and
rinsed twice with PBS. Cells were subsequently incubated with
20 �l of TUNEL reaction mixture, containing terminal deoxy-

nucleotidyltransferase and FITC dUTP, for 90 min at 37 °C.
Finally cells were washed twice with PBS containing 1.2 M sor-
bitol buffer. Cells were then placed under a coverslip onmicro-
scopic slide and observed under a fluorescence microscope.

RESULTS

Effect of Homocysteine and Its Derivative on Yeast Growth—
Theobjective of this studywas to ascertain the cellular effects of
homocysteine and its precursors on the yeast str4� deletion
strain that lacks the enzyme necessary to catalyze the conver-
sion of homocysteine to cystathionine in the trans-sulfuration
process. For this, the str4� strain was grown in synthetic min-
imal media in the presence of homocysteine, AdoHcy, and
AdoMet individually or in combination. Aliquots were with-
drawn at indicated time points, and growth was monitored by
measuring the absorbance at 600 nm. Addition of homocys-
teine resulted in a dose-dependent inhibition of yeast saturat-
ing around 5mM homocysteine (data not shown). In a previous
study, Christopher et al. (43) reported growth inhibition of
str4� strain in the presence of 600 �M AdoHcy. Thus, we used
these concentrations of homocysteine and AdoHcy for all fur-
ther experiments.We found that addition of homocysteine and
AdoHcy inhibited the growth of str4� strain, although addition
of AdoMet had no effect on the growth (Fig. 2). We also found
that when homocysteine and AdoHcy were added in combina-
tion, there was a synergistic effect on growth inhibition. Addi-
tion of AdoMet in combination with AdoHcy abrogated the
inhibitory effect of AdoHcy, which is in agreement with the
observation of Christopher et al. (43). However, AdoMet could
not rescue the inhibitory effect of homocysteine. In fact, addi-
tion of AdoMet with homocysteine resulted in a slightly higher
growth inhibition (at 20 and 24 h) as compared with homocys-
teine alone.
To examine if the growth inhibition of str4� strain caused by

homocysteine and AdoHcy was due to accumulation of homo-
cysteine in the cells, the intracellular concentration of homo-
cysteine was measured using HPLC after 16 h of incubation as
the growth inhibitionwasmaximal at this time point.We found
that treating the cells with AdoHcy and AdoMet individually
and/or in combination resulted in the increase in homocysteine

FIGURE 2. Effect of AdoMet (SAM), AdoHcy (SAH), and homocysteine on yeast growth. Overnight grown cultures of the yeast strains str4� were diluted to
an OD (600 nm) of 0.1 in synthetic minimal media supplemented with all amino acids except methionine and serine (see under “Experimental Procedures”).
Yeast cells were grown in the presence or absence of 600 �M AdoHcy, 600 �M AdoMet, or 5 mM homocysteine. Aliquots of yeast cells were taken, and the growth
was monitored at indicated time points at 600 nm. The data represent the means � S.D. (n � 3).
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levels as compared with controls to a similar extent (Table 1).
Addition of AdoMet, AdoHcy, and AdoMet � AdoHcy
increased the concentration of homocysteine from 1.46 pmol/
107 cells in controls to 6.6, 6.4, and 7.1 pmol/107 cells, respec-
tively. This suggests that AdoHcy-induced inhibition of str4�
may not be due to an increase in intracellular homocysteine
levels because its increase in the presence of AdoHcy is similar
to that observed in the case of AdoMet or AdoMet � AdoHcy
where growth inhibition was not observed. As expected, the
intracellular homocysteine levels increased more than 18-fold
(26.6 pmol/107 cells as compared with 1.46 pmol/107 cells in
controls) after 16 h of homocysteine treatment (Table 1). Inter-
estingly, addition ofAdoMet and homocysteine in combination
actually had a synergistic effect, and the level of intracellular
homocysteine in this casewas increased to about 39.7 pmol/107
cells.
GlobalGeneExpressionChanges in str4�Cells in the Presence

ofHomocysteine and ItsDerivatives—Tounderstand the poten-
tial mechanism underlying yeast growth inhibition by homo-
cysteine and its derivatives, we generated microarray gene
expression profiles of yeast treated with these compounds
alone or in combination. Because deletion of str4 might itself
induce changes in the expression of certain genes, we also com-
pared the gene expression profile of str4� with the wild type
strain in an attempt to identify the genes and or the pathways
that might be inherently affected due to deletion of str4. We
found that a total of 386 genes were differentially expressed
of which 191 were up-regulated and 195 down-regulated
(supplemental Table 1). Functional annotation using Data-
base for Annotation, Visualization, and Integrated Discovery
(DAVID) revealed that the up-regulated genes were signifi-
cantly over-represented in starch and sucrose metabolism
(p 	 9.07E-04) pathway, although amino acid metabolism,
sulfur metabolism, and MAPK signaling pathway were sig-
nificantly down-regulated.
Treatment of str4� strain with homocysteine and its deriva-

tives singly or in combination resulted in the differential
expression of 522, 824, 551, 427, and 519 genes in the presence
of AdoMet, AdoHcy, AdoMet and AdoHcy, homocysteine, and
homocysteine and AdoMet, respectively. The list of all the dif-
ferentially transcribed genes is shown in supplemental Table 2.

Because both homocysteine and AdoHcy lead to growth
inhibition of yeast, it is important to assess if the gene expres-
sion changes induced by homocysteine and AdoHcy are
directly due to the addition of themetabolites or are an indirect

result of the effects of cell growth. To address this, we looked at
the cell cycle-regulated gene set from the Cycle database (44).
This is a collection of cell cycle genes reported in literature.We
compared this with the genes that were differentially expressed
in the presence of homocysteine and AdoHcy in our study, and
we found that the genes in the two sets were mostly dissimilar
indicating that the majority (�90%) of genes that are differen-
tially expressed in our study are independent of cell growth and
therefore directly linked to homocysteine or AdoHcy stress
(data not shown).
We then classified all the differentially expressed genes

under all the conditions using MIPS classification. When com-
pared with the yeast proteome, we found that the up-regulated
genes were significantly over-represented in functional catego-
ries of metabolism (p 	 3.07E-16), energy (p 	 2.06E-19), cel-
lular transport (p 	 0.045), and cell rescue and defense (p 	
1.88E-07), although the down-regulated geneswere enriched in
metabolism (p 	 1.51E-10) and protein synthesis (p 	 2.91E-
15) (Fig. 3A). Using component-based classification, we found
that the differentially expressed genes were enriched in various
organelles like mitochondria, endoplasmic reticulum, nucleus,
etc. (Fig. 3B). We also classified (functional and component-
based) the differentially expressed genes obtained under each
condition and found that the up-regulated genes were enriched
in metabolism and energy under all conditions, whereas in the
presence of AdoMet, AdoHcy, and AdoMet � AdoHcy, the
down-regulated genes were also enriched in the functional cat-
egory metabolism (supplemental Fig. 1). Interestingly, in the
presence of AdoMet, AdoHcy, and AdoMet � AdoHcy, genes
in the category of cell rescue and defense were up-regulated,
although in the presence of homocysteine and Hcy �AdoMet
genes in this categorywere down-regulated. This trendwas also
observed when the differentially expressed genes were segre-
gated using hierarchical clustering (Fig. 4A). Some of the genes
that were up-regulated in the presence of homocysteine were
found to be down-regulated in the presence ofAdoHcy and vice
versa (Fig. 4A).
We also mapped the differentially expressed genes on the

yeast globalmetabolic network to visualize the globalmetabolic
changes (Fig. 4B). A significantly different metabolic map was ob-
served when the cells were grown in the presence of AdoMet �
AdoHcy (where there was no inhibition) compared with cells
grown in the presence of AdoHcy and homocysteine. For
instance, lipidmetabolismandnucleotidemetabolismwere dif-
ferent between AdoMet � AdoHcy and AdoHcy. The differen-
tial expression of genes likeMET6 andCDC21 that are involved
in nucleotide and one carbon metabolism were also checked
using Northern experiments (Fig. 4C).We observed up-regula-
tion of MET6 in the presence of AdoHcy and homocysteine.
MET6 gene encodes for methionine synthase, an enzyme that
converts homocysteine to methionine. Overexpression of this
enzyme increases the conversion of homocysteine to methio-
nine, and thismight help cells to reduce its homocysteine levels.
One of the key genes that regulate nucleotide synthesis is
thymidylate synthase (CDC21), which is required for de novo
biosynthesis of pyrimidine deoxyribonucleotides (Fig. 1). We
found that thymidylate synthase expression is up-regulated
only in the presence of AdoMet and AdoMet � AdoHcy,

TABLE 1
Intracellular concentrations of homocysteine and methionine in str4�
Intracellular concentrations of homocysteine and methionine were measured at
16 h after exogenous addition of the homocysteine, AdoMet, AdoHcy, AdoMet �
AdoHcy, Hcy � AdoMet, and methionine to yeast cells using HPLC-FD. The data
represent the means of three experiments.

Conditions
Homocysteine
(pmol/107 cells)

Methionine
(pmol/107 cells)

Control 1.460 5.162
AdoMet 6.672 9.347
AdoHcy 6.470 10.173
AdoMet � AdoHcy 7.105 8.711
Homocysteine 26.672 7.3551
Hcy � AdoMet 39.739 16.279
Methionine 7.3402 40.220
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although it is down-regulated when the cells were treated with
homocysteine and Hcy � AdoMet, where yeast growth inhibi-
tion was observed.
Downstream analysis also revealed enrichment for various

biological processes in the differentially expressed genes under
each of the five treatment conditions (supplemental Fig. 2). Of
the various processes that were enriched, oxidation and reduc-
tion were found to be particularly striking because many pro-
cesses in living organisms are driven by these reactions. A bal-
ance between pro- and anti-oxidant reagents that drive
oxidation reduction reactions need to be maintained in living
organisms.An excess of pro-oxidants, ROS, for example, causes
oxidative stress that is considered to underlie development of
several diseases, including cancer and cardiovascular and neu-
rodegenerative disorders. The gene expression profiling thus
provided a lead that ROS generationmay underlie the pathoge-
nicity of homocysteine and its derivatives in yeast. Further-
more, we used a web-based tool YEAS TRACT (45, 46) to as-
certain if differentially expressed genes were enriched for
particular transcription factors. This tool allows users to group
a given gene list according to the transcription factors that are
their potential regulators. We observed that the maximum
numbers of differentially expressed genes were regulated under
YAP1p (37.2%), a basic leucine zipper transcription factor
required for oxidative stress tolerance. A hallmark of oxidative
stress is the increased expression of antioxidant genes. From

our transcriptomic data, we found that the expression of anti-
oxidant genes like cytoplasmic glutathione peroxidase (GPX1),
thioredoxin (TRX1), and catalase (CTT1) were up-regulated in
presence of AdoMet, AdoHcy, and AdoMet � AdoHcy,
although the expression of catalase was found to be up-regu-
lated in the presence of homocysteine (Fig. 5A). However, most
of the other antioxidant genes were not up-regulated in pres-
ence of homocysteine and Hcy � AdoMet. Cumulatively, the
above results suggested that these metabolites might induce
oxidative stress in yeast.
Induction of Oxidative Stress—To ascertain if addition of

AdoMet, AdoHcy, and homocysteine actually resulted in the
generation of ROS,we determined intracellular reactive oxygen
species using the fluorescent dye DHE. For this, cells were
exposed to AdoMet, AdoHcy, homocysteine, AdoMet � Ado-
Hcy, andHcy�AdoMet up to 16 h, washed, and incubatedwith
DHE for 1 h, and the fluorescence was measured using a flow
cytometer. Cells treated with 1 �M hydrogen peroxide were
considered as positive control. The percentage of DHE-positive
cells, which is an indication of intracellular ROS, was found to
be higher compared with control under all conditions. The
highest percentage of DHE-positive cells (43.9%) was found in
the presence of AdoHcy, which was considerably higher than
the controls where 7–8% of the cells were found to be DHE-
positive (Fig. 5B). Addition of AdoMet in combination with
AdoHcy reduced the levels of DHE-positive cells to 18.6%,

FIGURE 3. Functional classification of differentially transcribed genes. Genes showing 2-fold or greater increase (up-regulated) or decrease (down-
regulated) in response to homocysteine and its precursors were grouped in functional categories (A) and cellular compartments (B) according to the MIPS
database. Categories and compartments that are significantly enriched (p value 	 0.01) relative to the yeast proteome are marked with an asterisk.
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which was also similar to that obtained in presence of AdoMet
alone. About 18% DHE-positive cells were found in the pres-
ence of homocysteine alone (Fig. 5B). However, addition of
AdoMet in combination with homocysteine increased the per-
centage of DHE-positive cells (40%) thereby suggesting that
AdoMet and homocysteine when added together lead to an
increase in the generation of ROS. We also determined the
levels of DHE-positive cells at different time points (12, 20, and
24 h) and observed similar results (data not shown). Similar
results were obtained when the cells treated with DHE were

visualized under a fluorescence microscope (Fig. 5C). We also
checked if overexpression of antioxidant genes could rescue the
growth defects of yeast. For this, we constructed the str4�
strain with regulatable and constitutive overexpression of two
important antioxidant genes, glutathione peroxidase (GPX1)
and thiol-specific antioxidant (TSA1). The endogenous pro-
moter of GPX1 and TSA1 genes were replaced by CUP1 and
GPD promoters with HA epitope tag attached at the N termi-
nus of genes (Fig. 6A) (47). The overexpression of enzyme was
confirmed byWestern blotting for HA epitope tag attached on

FIGURE 4. Comparison of differentially expressed genes in str4� cells in presence of homocysteine and its precursors. A, heat map of the expression
profiles of differentially expressed genes in the presence of AdoHcy (SAH), AdoMet (SAM), AdoMet � AdoHcy (SAM � SAH), homocysteine, Hcy � AdoMet
(Hcy � SAM) were compared and analyzed by hierarchical clustering using TIGR Multiexperiment Viewer software (MeV version 4.0). The cluster of groups with
similar expression profiles are shown at top and left. B, metabolic map of differentially expressed genes in the presence of AdoMet � AdoHcy, homocysteine,
and AdoHcy. The differentially expressed genes were mapped on yeast metabolic network using the web-based tool iPATH. The subset of nucleotide
metabolism gene is highlighted in green, lipid metabolism in light blue, amino acid metabolism in purple, and the rest in red. C, expression of Met6 and CDC21
genes was determined by Northern blotting. The cells were grown in the presence and absence of homocysteine and its precursors, and RNA was isolated from
these cells. The lower panels in each blot represent gel loading of total RNA. Images were acquired using PhosphorImager and quantified by ImageQuant
software.
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endogenous proteins using anti-HA antibody. Both GPX1 and
TSA1 genes were found to be overexpressed upon induction
with copper sulfate within 4 h. The GPD promoter was also

found to be strongly constitutively overexpressed (supplemen-
tal Fig. 3). However, when these overexpressed strains were
grown in the presence of homocysteine and AdoHcy, they con-

FIGURE 5. Oxidative stress in str4� in the presence of homocysteine and its precursors. A, heat map of up-regulated oxidative stress response genes in the
presence of homocysteine and its precursors was generated using Multiexperiment viewer software (MeV version 4.0b). B, flow cytometry measurement of
ROS-positive cells. Yeast cells exposed to various conditions for 16 h or hydrogen peroxide for 1 h were harvested and incubated with DHE for 1 h and analyzed
by Guava EasyCyte Flow cytometer. Error bars are representative of means � S.D. (n � 3). C, fluorescence microscopy images were acquired using inverted
Nikon epifluorescence microscope in similar experimental conditions. SAM, AdoMet; SAH, AdoHcy; CON, control.
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tinued to show growth inhibition similar to that observed in
str4� strains (supplemental Fig. 3). These results suggest that
overexpression of at least these two antioxidant enzymes does
not help to rescue yeast growth.
AdoHcy- and Homocysteine-mediated Growth Inhibition Is

Not Due to ER Stress in str4� Cells—We had earlier shown
using wild type yeast strain (BY4742) that homocysteine
induced the expression of the KAR2 gene and cleaved hac1,
which are characteristic hallmarks of ER stress (22). To ascer-
tain if homocysteine orAdoHcy induced ER stress in str4� also,
we assessed the induction of unfolded protein response, which
is activated under ER stress. For this, we used a reporter plasmid
PJC005 construct (a generous gift from the laboratory of Dr.
PeterWalter) (48, 49) having lacZ gene fused to the UPRE. The
UPRE element was originally identified from the promoter of
KAR2, an ER chaperone protein that is up-regulatedwhenHac1
transcription factor binds to the UPRE. Thus, induction of lacZ
was used as an index for the assessment of ER stress. Dithio-
threitol (DTT), a known inducer of ER stress, was used as a
positive control, and as expected, we observed significantly
higher induction of lacZ in the presence ofDTT (Fig. 6A). How-
ever, none of the three conditions where growth inhibition was
observed (homocysteine, AdoHcy, or Hcy � AdoMet) resulted
in the activation of lacZ (Fig. 6A). We also checked the expres-
sion of the ER stress-responsive geneKAR2 byNorthern exper-
iments. Consistent with the previous results, we did not find
any induction ofKAR2 gene expression in the presence of homo-
cysteine, AdoHcy, or AdoMet � Hcy (Fig. 6B). These results
indicate that ER stress might not be relevant under these con-

ditions. Alternatively, it is also possible that deletion of STR4
gene by itself increases the cell’s resistance to UPR activation,
which could be a reason for our not detecting UPR in the pres-
ence of homocysteine or its derivatives. To check if the deletion
of the str4 gene per se increases its resistance to UPR, we looked
at the induction of lacZ in bothwild type and str4� strain under
quiescent and ER stress conditions (in the presence of DTT).
We found that the induction of lacZ was similar in both the
strains under quiescent or ER stress conditions (supplemental
Fig. 4A).We also looked at theKAR2 gene expression using real
time PCR in both wild type and str4� strains that were treated
with DTT for 3 h. In both the strains, there was a similar induc-
tion of KAR2 gene expression (supplemental Fig. 4B). Further-
more, from the microarray analysis of wild type and the dele-
tion strain, we compared the basal expression of the genes like
IRE1,HAC1, and KAR2 that are involved in the ER stress path-
way and found that the expression of these three genes in wild
type were not significantly different from those in the str4�
strains (supplemental Fig. 4C). These three facts clearly point to
the fact that deletion of str4 does not have any impact on the
ability of the cells to induce unfolded protein response.
AdoHcy and Homocysteine Leads to Mitochondrial Stress in

str4�Cells—Our transcriptional profiling analysis showed that
a significant proportion (p 	 3.37E-05) of the total number of
genes whose expression was modulated in the presence of the
metabolites was mitochondrial genes. Out of 281 total mito-
chondrial genes, 22 genes representing oxidative phosphoryla-
tion and ATP synthesis-coupled electron transport were found
to be affected (Fig. 7A). Most of these genes were found to be

FIGURE 6. ER stress response in str4� in the presence of homocysteine and its precursors. A, unfolded protein response in str4� cells. Cells were
transformed with a plasmid (pJC005), a 2-�m plasmid carrying the lacZ gene under the control of the UPRE from the KAR2 promoter. Transformed cells were
grown in respective conditions; cells were harvested at 16 h, and �-galactosidase activity was measured using 2-nitrophenyl-�-D-galactopyranoside as a
substrate and detected as an increase in absorbance at 420 nm. B, expression of KAR2 gene determined by Northern blotting. The cells were grown in the
presence and absence of homocysteine and its precursors for 16 h, and RNA was isolated from these cells. 20 �g of RNA was loaded per lane for Northern blot
analysis. The lower panels in each blot represent gel loading of total RNA. Image was acquired using PhosphorImager and quantified by ImageQuant software.
SAM, AdoMet; SAH, AdoHcy.
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FIGURE 7. Mitochondrial oxidative stress and transcriptomic response in the presence of AdoHcy and homocysteine. A, comparison of expression profiles
of mitochondrial genes in str4� strain. Heat map of up-regulated mitochondrial genes in the presence of AdoMet (SAM), AdoHcy (SAH), AdoMet � AdoHcy, Hcy, and
Hcy � AdoMet was generated using Multiexperiment viewer software (MeV version 4.0b). B, up-regulation of CCP1 and PRX1 genes in the presence of homocysteine
and AdoHcy. The cells were grown in the presence and absence of these metabolites for 16 h, and RNA was isolated from these cells. 20 �g of RNA was loaded per lane
for Northern blot analysis. The lower panels in each blot represent gel loading of ribosomal RNA. Image was acquired using PhosphorImager and quantified by
ImageQuant software. C, effect of homocysteine and AdoHcy on mitochondrial gene expression. The expression profiles of up-regulated genes in the presence of
AdoHcy, AdoMet, AdoMet�AdoHcy, Hcy, and Hcy�AdoMet were compared and analyzed by hierarchical clustering by using TIGR Multiexperiment Viewer software
(MeV version 4.0). The portion of genes clustered with similar expression profiles are shown on the right. a, comparison of genes up-regulated in the presence of
homocysteine and Hcy � AdoMet and with others. b, comparison of genes down-regulated in the presence of homocysteine and Hcy � AdoMet with others.

Mitochondrial Stress by AdoHcy and Homocysteine

21788 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 24 • JUNE 17, 2011



up-regulated in the presence of AdoHcy. Genes like ATP1,
ATP2, and ATP3 were up-regulated both in the presence of
AdoHcy and homocysteine, whereasNDI1, QCR6, QCR9, RIP1,
CYB2,CYC1,CYC7,MCR1, INM1, and STF2were up-regulated
only in the presence of AdoHcy. Furthermore, we found 30
genes involved inmitochondrial organization and biogenesis to
be affected among the total mitochondrial genes (Fig. 7A).
Among these, we validated the up-regulation of two genes,
mitochondrial cytochrome c peroxidase (CCP1) and peroxire-
doxin (PRX1), by Northern blotting. Up-regulation of these
genes in presence of AdoHcy and homocysteine suggests the
induction of mitochondrial oxidative stress response under
these conditions (Fig. 7B).
We also found that the gene expression profiles of the mito-

chondrial metabolism genes in the presence of AdoHcy and
homocysteine were grossly different as many genes that were
up-regulated in the presence of homocysteine were down-reg-
ulated in the presence of AdoHcy and vice versa (Fig. 7C). How-
ever, our gene expression profiling data suggested that homo-
cysteine and AdoHcy might have a pronounced effect on
mitochondrial genes. Thus, to explore the phenotypic effect of
these changes on mitochondria, we checked mitochondrial
membrane potential in the presence of homocysteine andAdo-
Hcy. Changes in mitochondrial membrane potential play an
important role in mitochondrial protein import, ATP genera-
tion, and lipid biogenesis. Mitochondrial transmembrane
potential (��m) in str4� strain was evaluated using Rh123.
Cells were analyzed using a flow cytometer. Sodium azide
(NaN3; 20 mM), an electron transport inhibitor that decreases
the mitochondrial membrane potential (��m) was used as a

control. As expected, NaN3 treatment lead to hypopolarization
of mitochondrial membrane potential (Fig. 8A). AdoHcy and
homocysteine-treated cells also altered mitochondrial mem-
brane potential as shown in Fig. 8B. However, no significant
differences in mitochondrial membrane potential were
observed in cells treated with AdoMet�AdoHcy (Fig. 8C).We
observed a decrease in the fluorescence intensity in AdoHcy-
and homocysteine-treated cells. We also checked the integrity
of mitochondria in the presence of AdoHcy and homocysteine.
For this, mitochondria were visualized by expressing mito-
chondrialmatrix-localized fluorescent protein (subunit 9 of the
F0-ATPase fused asmitochondrial presequence attached to the
GFP protein) from plasmid Pvt100U (provided generously by
the Westermann laboratory) (41). The str4� strain was trans-
formed with plasmid Pvt100U, and cells were incubated in
presence of AdoHcy and homocysteine for 12 h. Mitochondria
were then visualized under a fluorescencemicroscope. In yeast,
mitochondria are visualized as tubular networks as shown in
the case of control cells (Fig. 8D). However, in the presence of
bothAdoHcy and homocysteine, we observed fragmentation of
themitochondrial network (Fig. 8D). In yeast, dynamic equilib-
rium of quality mitochondrial pool is maintained by the fusion
and fission process to adjust its volume in accordance with
cellular energy requirements, as mitochondrial autophagy
(mitophagy) contributes both to selectively eliminate damaged
mitochondria and reduce the amount of mitochondria.
To see if treatment of homocysteine facilitates mitophagy,

we used the Om45-GFP processing assay as described else-
where (50) to monitor mitophagy. The Om45 protein localizes
on the mitochondrial outer membrane, and following the

FIGURE 8. AdoHcy and homocysteine induce mitochondrial membrane potential changes and mitochondrial fragmentation. Evaluation of mitochon-
drial membrane potential was in str4� cells. Yeast cells were grown for 16 h in minimal media containing AdoHcy (SAH) (600 �M), AdoMet (SAM) (600 �M), and
homocysteine (5 mM) and after washing were incubated with Rh123 for 20 min and analyzed by flow cytometry. Overlay of fluorescence histograms was after
staining with Rh123 dye. A, red histogram is for control, and blue is for sodium azide-treated yeast cells. B, red histogram is for control cells; green is for
AdoHcy-treated cells, and blue is for homocysteine-treated cells. C, control cell is shown in red and AdoMet � AdoHcy is shown in blue. D, fragmentation of the
mitochondrial network. Mitochondria were visualized using a mitochondria localized GFP protein. Mito-GFP protein-cloned plasmid (Pvt100U) constructs were
transformed into str4� cells. Yeast cells expressing Mito-GFP were grown in the presence of AdoHcy and homocysteine for 12 h and observed under a
fluorescence microscope. Panel a, control; panel b, AdoHcy; panel c, Homocysteine.
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uptake of mitochondria into the vacuole during mitophagy,
Om45-GFP is degraded. However, the GFP is relatively stable
within the vacuole and is often released as intact protein. The
processed GFP then can be detected by immunoblotting as
semiquantitative evidence for mitophagy. Similarly, the GFP
fluorescence in vacuole can be observed in live cells using a
fluorescence microscope. The OM45 protein was tagged with
GFP as C-terminal tag in str4� strain and analyzed byWestern
blotting and fluorescence microscopy. In both AdoHcy- and
homocysteine-treated cells, weak mitophagy response were
observed as seen by some partial co-localization of FM4-64 vac-
uole staining with OM45, which was absent in WT type cells
(Fig. 9A). Similarly,Western analysis shows the presence of free
GFP that was found to be high after AdoHcy treatment as com-
pared with homocysteine-treated cells (Fig. 9B). To check the
mitochondrial dynamic equilibrium, we looked at the expres-
sion of mitochondrial fission genes. The mitochondrial fission
process in yeast is regulated by two key proteins, Dynamin-
related GTPase, Dnm1p, and mitochondrial FISsion protein 1,
Fis1p. Dnm1p required formitochondrial fission andmorphol-

ogymaintenance, assembles predominantly on the cytoplasmic
face of mitochondrial tubules at sites at which division will
occur, and associateswith Fis1p. Yeast cells lackingDNM1 con-
tain highly interconnected mitochondrial nets that are formed
by ongoing fusion in the absence of fission activity although
overexpression of DRP1 (mammalian homolog) in cells results
in mitochondrial fragmentation (51, 52). We observed up-reg-
ulation of FIS1 and DNM1 in AdoHcy- and homocysteine-
treated cells, which suggest that there is an increase in mito-
chondrial fission process in these cells (Fig. 9C). This also
supports the earlier microscopic observation of more frag-
mented mitochondrial network in these conditions.
AdoHcy- and Homocysteine-induced Yeast Death Displays

Characteristic Markers of Apoptosis—Mitochondria have been
shown to play a key role in apoptosis, and mitochondrial frag-
mentation has been reported to activate the progression of apo-
ptosis (53, 54). To check if addition of AdoHcy and homocys-
teine induce apoptosis in the str4� strain, we looked at
morphological and biochemical features of apoptosis in str4�
strain in the presence of homocysteine and its precursors. Ado-

FIGURE 9. Monitoring mitophagy response in str4� strain. A, co-localization of mtGFP and vacuoles. str4� strain containing OM45 protein tagged with GFP
as the C-terminal tag was grown in the presence and absence of 5 mM homocysteine and 600 �M AdoHcy for 12 h. To stain the vacuole, FM4-64 (at a final
concentration of 40 �M) was added for 2 h. Live cells were examined under a fluorescence microscope in their respective media to check proper vacuolar
staining and Om45-GFP in live cells. Images were acquired with epifluorescence microscope and analyze by ImageJ software. B, detection of free GFP by
immune blotting. Cells were collected at 12 h, lysed, and subjected to Western blot analysis with anti-GFP antibody or Nap1p antibody (loading control). The
positions of full-length Om45-GFP and free GFP are indicated. C, mitochondrial fission gene expression. Cells were grown in the presence and absence of
homocysteine and AdoHcy (SAH) for 16 h. RNA was isolated from these cells and subjected to real time PCR analysis using the gene-specific primers. IPP1
(inorganic pyrophosphatase) gene was used as the internal control (CON) gene for normalization. Error bars are representative of means � S.D. (n � 2).
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Hcy- and homocysteine-treated cells showed a fragmented
nucleus when stained with DAPI in contrast to the untreated
cells where the nuclei appeared as single round spots (data not
shown). Inmammalian and S. cerevisiae cells, exposure of phos-
phatidylserine at the outer leaflet of the plasmamembrane is an
early marker for apoptosis (42, 55). Hence, we examined the
extent of phosphatidylserine externalization in str4� strain
using the annexin-V-FITC assay. For this, yeast str4� cells were
grown in the presence of AdoMet, AdoHcy, and homocysteine
singly or in combination for 12 h to see early apoptotic cells, and
spheroplasts of the cells were incubated with FITC-labeled
annexin V antibody. In cells treated with homocysteine, Ado-
Hcy, and Hcy � AdoMet, a significant proportion of the cells
stained positive with annexin V indicating that homocysteine
and AdoHcy can induce yeast apoptosis (Fig. 10, A and B). In
contrast, few cells with FITC fluorescence were observed in
untreated and cells treated with AdoMet � AdoHcy. To verify
that binding of annexin V was not due to permeabilization of
the plasma membrane during spheroplast preparation, cells
were co stained with propidium iodide (PI).
To further validate our results, we performed TUNEL assay

for which cells were grown, fixed with formaldehyde, and sub-
sequently digested with zymolyase to remove the cell wall. The
cells were then stained with TUNEL reagent. Here, we also
found that AdoHcy-, homocysteine-, and Hcy � AdoMet-
treated cells were TUNEL-positive (Fig. 10C). In agreement
with the annexin assay, even in TUNEL assay apoptotic cells
were less (TUNEL-positive) after treatment with AdoMet �
AdoHcy as compared with AdoHcy and homocysteine.

DISCUSSION

It is intriguing that a small amino acid like homocysteine is
associated with a multitude of diseases. A single amino acid’s
associationwith somany disease conditions warrants its capac-
ity to alter several basic cellular processes/pathways. Although
several hypotheses have been proposed to explain the poten-
tially harmful effects of homocysteine, a plausible mechanism
that could explain how homocysteine could exert such a wide-
spread effect remains unclear. We had earlier shown that
growth inhibition of wild type yeast in the presence of homo-
cysteine is not due to the generation of reactive oxygen species
but is probably due to endoplasmic reticulum-associated stress
(22).
Here, we studied the effects of homocysteine and its precur-

sors on the yeast deletion strain str4�. We found that both
homocysteine andAdoHcy inhibited the growth of str4� strain.
In an earlier study, Christopher et al. (43) reported that addi-
tion of AdoHcy resulted in the inhibition of yeast growth, and
AdoMet could abrogate the inhibitory effect of AdoHcy. They
also proposed that the ratio of the concentrations of AdoMet to
AdoHcy was important, and if the ratio exceeded a threshold
value, there was no growth inhibitory effect. In agreement with
their observations, we also found that the inhibitory effect of
AdoHcy was abrogated in the presence of AdoMet. However,
AdoMet failed to rescue the homocysteine-induced growth
defect. In fact, addition of AdoMet marginally increased the
growth inhibitory effect of homocysteine. Thus, although an
increase in the AdoMet/AdoHcy ratio might be sufficient to

overcome the inhibitory effect of AdoHcy, it is not sufficient to
rescue the inhibitory effect of homocysteine. One of the poten-
tial reasons for this might be the ability of AdoMet to react
directly with homocysteine forming methionine and AdoHcy.
It has been shown by Vinci and Clarke (56) that the enzymes
Sam4 and Mht1p are both capable of using (RS)-AdoMet as a
methyl donor to convert homocysteine tomethionine andAdo-
Hcy. Thus, in effect, addition of AdoMet along with homocys-
teinemight lead to an increase in the concentration of AdoHcy,
reflecting a situation similar to addition of homocysteine,
AdoMet, and AdoHcy in combination. Our growth curve stud-
ies also support this hypothesis. Furthermore, the concentra-
tion of methionine was found to be considerably higher in the
presence ofHcy�AdoMet, indicating that addition ofAdoMet
with homocysteine results in the formation of methionine, in
agreement with the observations of Vinci and Clarke (56). Fur-
thermore, because the levels of homocysteine increased to a
similar extent in the presence of AdoMet and AdoHcy, and
AdoMet did not inhibit the growth of yeast, we believe that the
inhibitory effect ofAdoHcymaynot be due to the accumulation
of homocysteine. These results suggest that the mechanism by
which AdoHcy and homocysteine mediate toxicity in yeast
might be distinct. This observation was further supported by
global gene expression profiling as transcriptional response of
str4� strain showed differential transcriptomic response in the
presence of homocysteine and its precursors.
Functional classification of the genes that were differentially

expressed under each condition revealed that there were some
key metabolic differences among the conditions studied. For
instance, one of the key differences was observed in nucleotide
metabolism genes. The gene thymidylate synthase (CDC21),
which is required for de novo biosynthesis of pyrimidine deoxy-
ribonucleotides, was up-regulated only in the presence of
AdoMet andAdoMet�AdoHcywhere growth inhibitionwere
not present. However, this gene was down-regulated in the
presence of homocysteine or Hcy �AdoMet. This gene cata-
lyzes the conversion of deoxyuridine 5-monophosphate to
deoxythymidine 5�-monophosphate and is essential for DNA
synthesis. Down-regulation of TYMS genes could potentially
lead to accumulation of UMP resulting in misincorporation of
uracil in DNA, whichmay lead to replication defects. It has also
been reported that disruption ofmethionine synthase in Schizo-
saccharomycespombe leads to theaccumulationofhomocysteine,
which is closely correlated with defective purine biosynthesis
(57). Our results also points out that homocysteine and its
derivative could disturb nucleotide metabolic processes in S.
cerevisiae, which might play a role in their pathological mech-
anisms. We also observed changes in lipid metabolism, which
could lead to imbalance of triglyceride and phospholipid syn-
thesis and play an important role in disease conditions. A recent
report by Malanovic et al. (58) also suggests that S-adenosyl-L-
homocysteine hydrolase (Sah1) activity regulates AdoMet-de-
pendent phosphatidylethanolamine methyltransferase reac-
tions and thus has amajor impact on cellular lipid homeostasis.
Our gene expression data revealed that several genes that

weremodulated in the presence of themetabolites are targets of
YAP1p. Consistent with the gene expression profile, we found
that there was accumulation of intracellular reactive oxygen
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FIGURE 10. AdoHcy- and homocysteine-treated cells exhibit the typical markers of yeast apoptosis, DNA fragmentation, and annexin V staining.
A, exposition of phosphatidylserine at the membrane surface. str4� cells were grown in minimal media containing AdoHcy (600 �M), AdoMet (600 �M), and
homocysteine (5 mM), and cells were harvested after 12 h of incubation and stained with FITC-labeled annexin V for detection of exposed phosphatidylserine
and propidium iodide for detection of damaged cells. Fluorescence and differential interference contrast micrographs showing normal annexin (
), PI (
)
protoplasts, apoptotic cells as annexin (�) PI (
), and dead cells as annexin (�) PI (�). Panel a, control cells; panel b, AdoHcy; panel c, AdoMet � AdoHcy; panel
d, homocysteine; panel e, Hcy � AdoMet. The results reported are for three independent experiments. B, quantitation of apoptotic cells; % of annexin V-positive
cells were counted from �100 cells from different field views. C, DNA strand breakage visualized by TUNEL staining in str4� strain. str4� cells were grown in
minimal media containing the following: AdoHcy (SAH) (600 �M), AdoMet (SAM) (600 �M), homocysteine (5 mM); cells were harvested after 12 h of incubation
and stained for DNA strand breaks with TUNEL reaction containing fluorescently tagged dUTP. Quantitation of apoptotic cells; % positive cells were counted
from �120 cells. Error bars are representative of means � S.D. (n � 3). Left panel, phase contrast microscopy; right panel, fluorescence microscopy of the same
cells. Panel i, control (Con) cells; panel ii, AdoHcy; panel iii, AdoMet � AdoHcy; panel iv, homocysteine; panel v, Hcy � AdoMet.
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species in cells under all conditions. However, there were
prominent differences in the magnitude of ROS generated.
AdoHcywas found to accumulatemore reactive oxygen species
compared with homocysteine-treated cells. In agreement with
the growth studies, AdoMet reduced the burden of ROS in
AdoHcy-treated cells. However, ROS accumulation in homo-
cysteine-treated cells was found to increase in the presence of
AdoMet, and this is probably due to the formation of AdoHcy
in the presence of AdoMet and homocysteine as discussed
above. However, overexpression ofGPX1 or TSA1 did not help
to rescue the growth defect. This suggests that probably the
growth inhibition depends upon additional factors as oxidative
stress alone could not account for cellular growth inhibition.
It has been suggested that altered mitochondrial membrane

potential directly drives the formation of ROS (59–61). We
observed altered mitochondrial membrane potential in Ado-
Hcy- and homocysteine-treated cells as compared with control
cells. Addition of AdoMet along with AdoHcy abrogated the
impairment of mitochondrial membrane potential. Further-
more, we observed fragmentation of the mitochondrial net-
work in the presence of AdoHcy and homocysteine, which indi-
cates mitochondrial dysfunction under these conditions. Our
gene expression profiling data suggest that a significant propor-
tion of mitochondrial genes were differentially expressed in the
presence of AdoHcy and homocysteine, but the gene expres-
sion data per se could not provide specific mitochondrial func-
tion or signaling pathways leading to mitochondrial dysfunc-
tion. However, using real time PCR, we observed up-regulation
of FIS1 andDNM1 genes and weakmitophagy response in cells
treated with AdoHcy and homocysteine, which suggest that
the cells probably try to adjust the dynamicmitochondrialmass
under these conditions. Earlier studies have shown that FIS1
overexpression promotes mitochondrial fragmentation,
whereas FIS1 depletion produces interconnected mitochon-
drial nets (62, 63). Furthermore, overexpression of F1S1 has
been reported to cause autophagy (64). Similarly DNM1 was
identified in search of genes required for mitophagy as the
dnm1� strain has been found to inhibit mitophagy (65, 66).
Changes in the mitochondrial fission process and the presence
ofmitophagy inAdoHcy- and homocysteine-treated cells point
to the fact that cells try to overcome mitochondrial stress pos-
sibly by adjusting mitochondrial mass and eliminating dam-
agedmitochondria. However, further experiments are required
to identify the events that trigger and control mitochondrial
dynamics in the presence of AdoHcy and homocysteine.
Mitochondria play an important role in the apoptotic cas-

cade (67). In fact, the fragmentation of the mitochondrial net-
work is considered to be an early step in mammalian apoptosis,
although its actual function, if any, remains unclear (68, 69).We
indeed found the presence of apoptotic cells under the condi-
tions of exogenous AdoHcy and homocysteine. Interestingly,
AdoMet in combination with AdoHcy (AdoMet � AdoHcy)
abrogated the AdoHcy-mediated apoptosis as evidenced by the
dramatic reduction of apoptotic cells in the presence of
AdoMet � AdoHcy. However, AdoMet along with homocys-
teine (Hcy � AdoMet) increased the presence of apoptotic
cells. The increased apoptotic cells in the presence of Hcy �

AdoMet support the presence of higher reactive oxygen species
seen in earlier experiments.
Homocysteine has been shown to induce ER stress in various

studies, including our previous work using wild type yeast
strain (22, 70–72). ER stress induces adaptive cell signaling
known as unfolded protein response, as a result of which ER-
localized chaperones and proteins implicated in the ER-associ-
ated degradation pathway are induced. However, if the ER
stress cannot be alleviated, it culminates into apoptosis (73, 74).
In this study, we found that although both wild type and str4
deletion strains have similar basal unfolded protein responses
in normal and under ER stress conditions, induction of un-
folded protein response was not observed in the presence of
AdoHcy and homocysteine in the deletion mutant, suggesting
that apoptosis under these conditions might not be mediated
through ER stress. Interestingly, we found unfolded protein
responsewhen thecellswere treatedwithAdoMetandAdoMet�
AdoHcy, the two conditions where there was no growth inhi-
bition, again pointing to the fact that in the str4 mutant UPR
may not be associated with yeast growth. However, the reason
for induction of UPR in the presence of AdoMet is not clear.
BecauseAdoMet is a universalmethyl donor, the increase in the
concentration of intracellular AdoMet might result in imbal-
ances in methylation or post-translational modification of pro-
teins in the ER. It has also been reported that AdoMet inhibits
lipopolysaccharide-induced gene expression via modulation of
histone methylation (75). Because AdoMet is involved in mul-
tiple pathways, it is possible that under these experimental con-
ditions AdoMet induces ER stress via pathways that are inde-
pendent of homocysteine. However, further experiments are
needed to understand how AdoMet levels are linked to ER
stress in the yeast str4 mutant strain.
In this study we have shown that addition of homocysteine

and AdoHcy leads to growth inhibition in the yeast deletion
strain that lack the enzyme str4. Although both homocysteine
and AdoHcy inhibit the growth of yeast, addition of AdoMet
abrogates the effects of AdoHcy but does not reverse the inhib-
itory effect of homocysteine. The results obtained with the
str4� strain are also different from the wild type strain studied
earlier wherein oxidative stress was not observed, although ER
stress inductionwas observed in contrast to this study using the
mutant strain where we did not find any induction of ER stress
in the presence of homocysteine. These results indicate that
homocysteine might exert different effects depending on the
cell type, thereby affecting different stress signaling pathways.
Our studies using wild type (22) and the str4� strain point to
the fact that homocysteine could induce a varied response
depending on the flux of homocysteine metabolism. Thus, the
results obtained in this study may be valid only in tissues
where the expression of str4, a homolog of human cystathionine
�-synthase, is reduced or absent, e.g. vascular tissues.
Our study also indicates that the imbalance in homocysteine

metabolism has a major effect on mitochondrial functions and
results in the overexpression of the fission genes FIS1 and
DNM1, which could lead to an increase in autophagy. Recently,
in cell culture studies mitochondrial dysfunction has been
shown to play a significant role in a complex disorder like neu-
rological and cardiovascular diseases (76–80). The loss of
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mitochondrial functions leads to release of pro-apoptotic mol-
ecules that activate caspases and other cell death effectors (81).
Although both AdoHcy and homocysteine were found to
induce mitochondrial dysfunction, oxidative stress, and induc-
tion of apoptosis in cells, it was not clear how the AdoHcy-
induced effect could be abrogated by addition of AdoMet. Fur-
ther investigation is needed to understand how AdoMet,
AdoHcy, and homocysteine regulate pro- and anti-apoptotic
pathways in molecular terms. Also, studies using mammalian
cells are necessary to confirm these findings.
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53. Kissová, I., Plamondon, L. T., Brisson, L., Priault,M., Renouf, V., Schaeffer,

J., Camougrand,N., andManon, S. (2006) J. Biol. Chem.281, 36187–36197
54. Pozniakovsky, A. I., Knorre, D. A., Markova, O. V., Hyman, A. A., Sku-

lachev, V. P., and Severin, F. F. (2005) J. Cell Biol. 168, 257–269
55. Rimon, G., Bazenet, C. E., Philpott, K. L., and Rubin, L. L. (1997) J. Neuro-

sci. Res. 48, 563–570
56. Vinci, C. R., and Clarke, S. G. (2007) J. Biol. Chem. 282, 8604–8612
57. Fujita, Y., Ukena, E., Iefuji, H., Giga-Hama, Y., and Takegawa, K. (2006)

Microbiology 152, 397–404
58. Malanovic, N., Streith, I., Wolinski, H., Rechberger, G., Kohlwein, S. D.,

and Tehlivets, O. (2008) J. Biol. Chem. 283, 23989–23999
59. Skulachev, V. P. (1996) Q. Rev. Biophys. 29, 169–202
60. Korshunov, S. S., Skulachev, V. P., and Starkov, A. A. (1997) FEBS Lett.

416, 15–18
61. Ricci, J. E., Gottlieb, R. A., and Green, D. R. (2003) J. Cell Biol. 160, 65–75
62. Yoon, Y., Krueger, E. W., Oswald, B. J., and McNiven, M. A. (2003) Mol.

Cell. Biol. 23, 5409–5420
63. James, D. I., Parone, P. A., Mattenberger, Y., and Martinou, J. C. (2003)

J. Biol. Chem. 278, 36373–36379
64. Gomes, L. C., and Scorrano, L. (2008) Biochim. Biophys. Acta 1777,

860–866

65. Kanki, T.,Wang, K., Baba, M., Bartholomew, C. R., Lynch-Day, M. A., Du,
Z., Geng, J., Mao, K., Yang, Z., Yen, W. L., and Klionsky, D. J. (2009)Mol.
Biol. Cell 20, 4730–4738

66. Nowikovsky, K., Reipert, S., Devenish, R. J., and Schweyen, R. J. (2007)Cell
Death Differ. 14, 1647–1656

67. Cheng, W. C., Leach, K. M., and Hardwick, J. M. (2008) Biochim. Biophys.
Acta 1783, 1272–1279

68. Youle, R. J., and Karbowski, M. (2005)Nat. Rev. Mol. Cell Biol. 6, 657–663
69. Pereira, C., Silva, R. D., Saraiva, L., Johansson, B., Sousa, M. J., and Côrte-

Real, M. (2008) Biochim. Biophys. Acta 1783, 1286–1302
70. Outinen, P. A., Sood, S. K., Pfeifer, S. I., Pamidi, S., Podor, T. J., Li, J.,Weitz,

J. I., and Austin, R. C. (1999) Blood 94, 959–967
71. Werstuck,G.H., Lentz, S. R., Dayal, S., Hossain,G. S., Sood, S. K., Shi, Y. Y.,

Zhou, J.,Maeda,N., Krisans, S. K.,Malinow,M. R., andAustin, R. C. (2001)
J. Clin. Invest. 107, 1263–1273

72. Dickhout, J. G., Sood, S. K., and Austin, R. C. (2007) Antioxid. Redox.
Signal. 9, 1863–1873

73. Rasheva, V. I., and Domingos, P. M. (2009) Apoptosis 14, 996–1007
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