
Volume 23  November 15, 2012	 4373 

MBoC  |  ARTICLE

Mitochondrial release of the NADH 
dehydrogenase Ndi1 induces apoptosis in yeast
Yixian Cui, Shanke Zhao, Zhihao Wu, Pinghua Dai, and Bing Zhou
State Key Laboratory of Biomembrane and Membrane Biotechnology, School of Life Sciences, Tsinghua University, 
Beijing 100084, China

ABSTRACT  Saccharomyces cerevisiae NDI1 codes for the internal mitochondrial ubiquinone 
oxidoreductase, which transfers electrons from NADH to ubiquinone in the respiratory chain. 
Previously we found that Ndi1 is a yeast homologue of the protein apoptosis-inducing factor–
homologous mitochondrion-associated inducer of death and displays potent proapoptotic 
activity. Here we show that S. cerevisiae NDI1 is involved in apoptosis induced by various 
stimuli tested, including H2O2, Mn, and acetate acid, independent of Z-VAD-fmk (a caspase 
inhibitor) inhibition. Although Ndi1 also participates in respiration, its proapoptotic property 
is separable from the ubiquinone oxidoreductase activity. During apoptosis, the N-terminal 
of Ndi1 is cleaved off in the mitochondria, and this activated form then escapes out to exe-
cute its apoptotic function. The N-terminal cleavage appears to be essential for the manifes-
tation of the full apoptotic activity, as the uncleaved form of Ndi1 exhibits much less growth-
inhibitory activity. Our results thus indicate an important role of Ndi1 in the switch of life and 
death fates in yeast: during normal growth, Ndi1 assimilates electrons to the electron trans-
port chain and initiates the respiration process to make ATP, whereas under stresses, it cleaves 
the toxicity-sequestering N-terminal cap, is released from the mitochondria, and becomes a 
cell killer.

INTRODUCTION
Apoptosis is an essential bioprocess for removing unwanted or 
damaged cells. It is a genetically controlled and highly conserved 
process shared not only by metazoan organisms, but also by uni-
cellular organisms such as the budding yeast Saccharomyces 
cerevisiae. As a unicellular organism and an excellent model of 
genetics, yeast is useful for apoptosis studies (Greenwood and 
Ludovico, 2010). Although much is known about the apoptosis 
program in multicellular organisms, relatively less is characterized 
in budding yeast. Nevertheless, apoptosis in yeast has been 

found to resemble that in metazoans in both morphological and 
molecular aspects (Madeo et al., 1997, 1999; Carmona-Gutierrez 
et  al., 2010). In particular, when yeast is under stress, typical 
markers of apoptosis such as DNA fragmentation, phosphatidyl-
serine externalization, and chromatin condensation are observed. 
Apoptotic yeast also exhibit prominent Z-VAD-fmk–binding activ-
ity. In addition, yeast has a caspase homologue, Yca1. Although 
whether Yca1 possesses canonical caspase activities as in meta-
zoans is in dispute, the fact that it is an important player in yeast 
apoptosis is unquestioned (Madeo et  al., 2002; Watanabe and 
Lam, 2005).

Mitochondria are crucial organelles for both energy production 
and apoptosis mediation (Green and Reed, 1998; Kroemer et al., 
2007; Abdelwahid et  al., 2011). In metazoans, two mitochondrial 
proteins, apoptosis-inducing factor (AIF) and AIF-homologous mito-
chondrion-associated inducer of death (AMID), are involved in the 
caspase-independent apoptotic pathway (Susin et  al., 1999; Wu 
et al., 2002). Just like several other key players of apoptosis, AIF and 
AMID homologues have also been found in budding yeast (Wissing 
et al., 2004; Li et al., 2006). Yeast Ndi1, a ubiquinone oxidoreductase, 
which assimilates electron from NADH to ubiquinone in the respira-
tory chain, displays the most sequence homology (28% identity 
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Proapoptotic activity of Ndi1 is separable from its 
ubiquinone oxidoreductase activity and independent 
of electron transport chain
The mitochondrial electron transport chain (ETC) assimilates elec-
trons from substrates such as NADH and polarizes the mitochon-
drial membrane potential for the ATP formation while serving as 
the major source of reactive oxygen species (ROS) production. 
In S. cerevisiae, Ndi1, together with Nde1—both mitochondrial 
ubiquinone oxidoreductases (internal or matrix side, and external 
or cytosolic side, respectively; Luttik et al., 1998; Small and McAlis-
ter-Henn, 1998)—acts as the major entry point of electrons into the 
respiratory chain. Previously we showed that when NDI1, but not 
NDE1, is overexpressed, yeast growth is strongly inhibited and 
apoptotic cell death is induced (Li et al., 2006). Conversely, ndi1-
mutant cells have reduced ETC activity and are very resistant to 
oxidative stress. To determine whether the proapoptotic activity of 
Ndi1 is dependent on its ubiquinone oxidoreductase function, we 
made a series of point-mutated variants of Ndi1 (Figure 2A), which 
may have disrupted NADH dehydrogenase activity, based on struc-
tural and functional information (Feng et al., 2013), and tested the 
proapoptotic activities of these mutant forms. These Ndi1 variants 
were cloned into an ADH promoter-driven vector, transformed into 
an ndi1-deletion mutant, and analyzed for the loss of respiration 
activity. Some of these mutants indeed had lost the ubiquinone 
oxidoreductase function, as attested by their drastically reduced 
ability to grow on media with glycerol as the sole carbon source 
(Figure 2A). Spotting assays for several of these mutants, including 
Ndi1S83W, Ndi1Q253A,D254A, Ndi1Q253A,D254A,R479A, and Ndi1L217D,F510D, 
which had undetectable ubiquinone oxidoreductase function, and 
Ndi1L217D,F258D, which retained most ubiquinone oxidoreductase 
function, were further carried out to test their proapoptotic activity. 
All these mutants retained almost the same growth-inhibitory activ-
ity as the wild-type Ndi1 (Figure 2A). Several representative mu-
tants were analyzed further for their protein expression and local-
ization. All were shown to be expressed at roughly comparable 
levels and free in the cytosol, indicating that they are neither un-
stable nor mistargeted (Figure 2B).

Having shown Ndi1-mediated apoptosis is independent of its 
NADH dehydrogenase function, we next explored whether it is in-
dependent of ETC activity in general. To determine whether a 
change of ETC would affect NDI1-mediated apoptosis, we tested 
the survival rates of wild-type, ndi1- and nde1-deletion mutant, and 
petite strains treated by H2O2. NDE1 is important for optimal cel-
lular growth with a number of nonfermentable carbon sources, in 
particular ethanol, whereas petite yeast strain is defective in mito-
chondrial DNA and respiration. The nde1 and petite yeast strains 
almost had the same viability rates as the wild-type control. How-
ever, only ndi1-disrupted cells survived better, indicating that the 
Ndi1 proapoptotic property is not acting through ETC (Figure 2C). 
Furthermore, various ETC mutations in critical respiration genes 
such as cor1, qcr7, and cox17 did not abrogate the growth defi-
ciency caused by NDI1 overexpression, again supporting the no-
tion that Ndi1-mediated apoptosis is independent of ETC (Figure 
2D). We previously reported that a majority but not a small minority 
of ETC mutants could affect NDI1-induced toxicity (Li et al., 2006). 
This discrepancy appears to arise from the instability of some of 
these mutant strains during strain storage and propagation. Aided 
by freshly generated mutants, we confirmed that the growth defi-
ciency caused by NDI1 overexpression is independent of all ETC 
mutants tested. We therefore finally conclude that the proapoptotic 
activity of Ndi1 is distinguishable from its ubiquinone oxidoreductase 
function and is independent of mitochondrial ETC activity.

overall) to AMID and slightly less to AIF. It is known that under stress 
AIF protein is cleaved and moves out of the mitochondrion to the 
nucleus to initiate apoptosis (Otera et al., 2005). Compared to AIF, 
AIMD is a less well characterized protein. In previous work, we found 
that NDI1 also displays apoptotic activity (Li et al., 2006). Here we 
further characterize the molecular mechanism of Ndi1 in promoting 
apoptosis.

RESULTS
Ndi1 mediates apoptosis induced by various stresses 
and is functionally independent of yeast Z-VAD-fmk–binding 
activity
We previously showed that Ndi1 overexpression induces yeast 
apoptosis and is involved in aging-related apoptosis. To deter-
mine whether NDI1 is involved in apoptosis induced by other ex-
ternal stress factors, NDI1-overexpressing or deletion strains were 
subjected to H2O2 (Madeo et al., 1999) and Mn (Liang and Zhou, 
2007). Low doses of H2O2 and Mn are excellent yeast apoptosis 
inducers. The viability test results showed that the strain overex-
pressing NDI1 survived worse than the corresponding vector con-
trol (Figure 1, A and D). In contrast, the deletion mutant of NDI1 
was resistant to Mn- and H2O2-induced apoptosis compared with 
wild-type yeast (Figure 1, B and C). In addition, we found that Ndi1 
is involved in apoptosis induced by acetic acid (Ludovico et al., 
2001), another commonly used apoptosis inducer (unpublished 
data).

To determine whether the yeast cells undergoing NDI1-medi-
ated apoptosis display increased endogenous metacaspase activity, 
we assayed the VAD-binding activity (an assay for potential meta-
caspase activity) in the NDI1-overexpressing and deletion mutant 
strains. After treatment by various stresses, yeast cells were incu-
bated with a fluorescein isothiocyanate (FITC)–conjugated caspase 
inhibitor (FITC-VAD-fmk) probe, which can bind and abrogate acti-
vated metazoan caspases irreversibly, and then analyzed by flow 
cytometry. Of interest, strains overexpressing NDI1 accumulated 
more FITC-VAD-fmk (Figure 1, A and D), whereas ndi1 mutants were 
labeled less (Figure 1, B and C).

As a homologue of AMID, which is known to participate in 
apoptosis in a caspase-independent manner, it is very important to 
establish whether the Ndi1-mediated apoptosis is caspase depen-
dent, in other words, whether the increased VAD-binding signal 
associated with Ndi1-induced apoptosis is functional. To address 
this question, we analyzed the survival rates of the NDI1-overex-
pressing strain with or without preincubation with the pan-caspase 
inhibitor Z-VAD-fmk. The addition of Z-VAD-fmk did not suppress 
the apoptotic phenotype due to Ndi1 overexpression (Figure 1E). 
As a control to show that Z-VAD-fmk is working, we stressed wild-
type yeast with Mn with or without Z-VAD-fmk. Mn-induced apop-
tosis was previously shown to be partially dependent on Yca1 and 
associated with increased VAD-binding signal (Liang and Zhou, 
2007). Very clearly, Z-VAD-fmk could significantly abrogate cell 
death caused by Mn (Figure 1E).

Because Yca1 is the only known yeast metacaspase, to demon-
strate genetically that Ndi1 functions independently of Yca1, we 
overexpressed NDI1 in yca1 mutant background. Consistently, 
NDI1 overexpression exacerbated cell death in the absence of Yca1 
(Figure 1, F and G).

The results show that Ndi1 plays an important role in Mn- and 
H2O2-induced apoptosis. Although accompanied by increase in 
VAD-binding signal, Ndi1-induced apoptosis appears to be 
functionally independent of the potential yeast metacaspase 
activity.
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Ndi1-induced apoptosis is at least partially mediated by ROS 
production (Li et al., 2006). We next examined whether apoptotic 
cell death associated with Ndi1 mutants lacking oxidoreductase 
function is regulated by ROS. Using dihydrorhodamine 123 
(DHR123) as an indicator, we showed that the overexpression of 
these Ndi1 mutants was still associated with ROS production 
(Figure 2E). To assess whether the ROS is functional to Ndi1-in-
duced apoptosis, we transformed these mutant NDI1 into a sod2-
mutant strain. Whereas normal-sized colonies were observed for 
the control vector, no colonies appeared on Ndi1 and Ndi1S83W 
plates 3 d after transformation, and only several small colonies ap-
peared on plates transformed with Ndi1Q253A,D254A,R479A. This result 
indicates that ROS plays an important role both in the apoptotic 
cell death associated with Ndi1 and Ndi1 mutants lacking oxi-
doreductase function.

Mitochondrial Ndi1 translocates to the cytoplasm 
during apoptosis
In apoptosis, the mitochondria, cytoplasm, and nucleus closely in-
teract with each other. The past 20 years of research has found that 
upon induction of apoptosis some mitochondrial factors escape. 
AIF, for example, translocates from the mitochondria into the nu-
cleus. Conversely, some proteins translocate from the nucleus into 
the mitochondria or cytoplasm. Human Rad21 is cleaved and moves 
from the nucleus to the cytoplasm and acts as a nuclear signal for 
apoptosis (Chen et al., 2002; Pati et al., 2002), and Mcd1 is cleaved 
and translocated from the nucleus to the mitochondria to promote 
apoptosis (Yang et al., 2008).

Considering the translocating behaviors of AIF during apoptosis, 
we examined Ndi1 localizations in the process of apoptosis. To de-
termine whether the subcellular localization of Ndi1 may change 
when undergoing apoptosis, we used confocal microscopy to track 
the localization of Ndi1 in the cells. An NDI1-RFP fusion gene was 
constructed. By spotting assay, this red fluorescent protein (RFP)-
tagged Ndi1 was shown to be properly functional; the ndi1-mutant 
strain overexpressing NDI1-RFP exhibited almost the same growth 

FIGURE 1:  NDI1 participates in apoptosis induced by various stimuli. 
(A, B) NDI1 is involved in Mn-induced apoptosis. NDI1 overexpression 
and deletion resulted respectively in reduced and increased viabilities 
under Mn stress, accompanied by changes of caspase-like activity. 
Yeast cells were grown on SGR-URA medium to a low cell density and 
treated for 12 h with 5 or 8 mM Mn. For each culture, a fraction was 
quantified for survival; another fraction was labeled for active caspase 
with FITC-VAD-fmk and analyzed by flow cytometry. (C) NDI1 is also 
involved in H2O2-induced apoptosis. Survival rates and active caspase 
signals of wild-type and ndi1 mutant treated with classic apoptosis 
inducer H2O2 at concentrations of 1.5 and 3 mM for 100 min. 
(D) NDI1 overexpression by itself results in apoptosis when grown in 
respiration-restricted media (glucose), also associated with an increase 
of caspase-like activity. (E) The increased caspase-like activity plays an 
insignificant role in the apoptosis resulting from Ndi1 overexpression. 
Left, survival rates of Ndi1 and vector-transformed yeast cells with or 
without preincubation of 400 μM Z-VAD-fmk for 30 min (before being 
cultured in SD-URA for 48 h). Dimethyl sulfoxide (DMSO) serves as the 
blank control. Right, the positive control to indicate that Z-VAD 
(100 μM) is functional, as it can increase cell viability when insulted by 
Mn. (F, G) NDI1-mediated apoptosis is independent of YCA1. NDI1 
overexpression in yca1-deletion mutant similarly aggravated 
apoptosis, as shown by survival test and spotting assay. Survival data 
are presented as the mean ±SEM of three independent experiments.
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cytoplasmic face of the outer membrane) 
was fused with green fluorescent protein 
(GFP) to mark the mitochondria. The RFP 
and GFP signals can therefore be used to 
locate Ndi1 and mitochondria, respectively, 
when yeast is insulted by different apoptosis 
triggers. We used Mn as the apoptosis 
inducer. When treated with Mn, Ndi1-RFP 
relocalized from the mitochondria to the 
cytoplasm, whereas under no Mn stress 
Ndi1-RFP and Om45-GFP were perfectly 
colocalized (Figure 3B). This suggests that 
Ndi1 translocates from the mitochondria to 
the cytoplasm when stressed by apoptotic 
inducers.

A concern here is whether the big RFP 
tag or the Ndi1 overexpression might affect 
Ndi1’s behavior or subcellular localization—
for example, whether these might alter 
the mitochondrial inner membrane resi-
dence of Ndi1. Because our homemade 
Ndi1 antibody does not react well with the 
N-truncated Ndi1, we tried a tandem affin-
ity purification (TAP)–tagged, endogenously 
expressed NDI1-TAP strain in which Ndi1 is 
C-terminal fused to a TAP in its original 
chromosomal state (under endogenous 
promoter control). The fusion protein Ndi1-
TAP is expressed in the mitochondria, as 
shown by both immunolocalization and 
Western blot (Figure 3, C and D). Although 
none of these experiments can pinpoint the 
inner membrane localization of Ndi1-TAP 
(like the normal Ndi1), its ability to grow on 
yeast extract/peptone/glycerol suggests 
that it is indeed correctly located (Figure 
3E). This is because Ndi1 and Nde1 cata-
lyze the internal and external NADH dehy-
drogenation, respectively. Loss of Ndi1 
function results in poor growth in glycerol 
media, although growth is fine in ethanol 
media. The ability to use glycerol well indi-
cates that Ndi1-TAP resides in the matrix 
side instead of the outer membrane. In ad-
dition, the ability to induce apoptosis is not 
affected by this TAP tagging (Figure 3F). All 
these demonstrate that Ndi1-TAP is func-
tionally equivalent to native Ndi1. Using 
this NDI1-TAP strain, we also saw an obvi-
ous release of the protein to the cytoplasm 
(see Figure 4B)

Ndi1 is N-terminal cleaved before its 
translocation out of the mitochondria
In the huge machinery network of apopto-
sis, many components are cleaved to be 

activated. A prominent case is the caspase family. Another cru-
cial family is the B-cell lymphoma-2 family (Taylor et al., 2008). In 
both yeast and mammalian cells, some mitochondrial proteins 
involved in apoptosis were cleaved and then released from mito-
chondria. For example, during the process of apoptosis, AIF 
undergoes N-terminal proteolysis at the intermembrane space 

inhibition as that of the ndi1-mutant strain overexpressing wild-type 
NDI1, suggesting that NDI1-RFP retained its apoptotic activity 
(Figure 3A).

The NDI1-RFP construct was then transformed into an Om45-
GFP (BY4742) strain in which the mitochondrial Om45 (a major 
constituent of the mitochondrial outer membrane, located on the 

FIGURE 2:  Proapoptotic activity of Ndi1 is independent of its ubiquinone oxidoreductase 
activity. (A) Loss of ubiquinone oxidoreductase activity is not associated with change of Ndi1 
apoptotic activity. Shown here are spotting assays of ndi1-mutant strain transformed with the 
vector, Ndi1, Ndi1S83W, Ndi1Q253A,D254A, Ndi1Q253A,D254A,R479A, Ndi1L217D,F258D, and Ndi1L217D,F510D on 
SD-URA (respiration restricted), SGlycerol-URA (nonfermentable), and SGR-URA plates. Ndi1 
overexpression inhibits cell growth in respiration-restricted media (glucose) but not glycerol or 
galactose/raffinose media. (B) Expression levels of several representative Ndi1 mutants are 
comparable to that of wild-type Ndi1, and these Ndi1 mutants are also associated with the 
mitochondrial membrane. (C, D) Ndi1 apoptotic activity is not dependent on ETC activity. 
(C) Viability testing of WT, ndi1, nde1, and petite yeast strains treated with 1 mM H2O2 indicates 
that loss of the ETC activity does not affect Ndi1-mediated apoptosis. (D) Various ETC mutants 
were tested for their effects on growth inhibition by Ndi1 overexpression. (E) Overexpression of 
Ndi1 mutants lacking oxidoreductase function also induced ROS when cultured in SD-URA, as 
shown by DHR123 staining with flow cytometry. Survival data are presented as the mean ±SEM 
of three independent experiments.
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than apoptosis. It appears that the cleavage 
of Ndi1 was specific in apoptosis.

Taken together, these data suggested 
that Ndi1 in its full length might be a target 
of some proteases that are activated during 
apoptosis induced by Mn, consequently 
generating a shorter fragment of Ndi1 to be 
released to the cytoplasm. Because the TAP 
signal is at the C-terminal of Ndi1, it is rea-
sonable to consider that the smaller band 
observed in the Western analysis is Ndi1 
with the very N-terminal removed.

The mitochondrial release of apoptotic 
proteins so far reported is normally from the 
intermembrane space. Considering the inner 
membrane location of Ndi1, it is not known 
how this translocation could occur. YBH3 was 
recently reported to be involved in mito-
chondrial outer membrane permeabilization 
(Büttner et  al., 2011). We therefore tested 
whether mitochondrial release of Ndi1 and 
its apoptotic action would be affected in 
ybh3-deficient background. Neither Ndi1’s 
apoptotic function nor its release is obviously 
dependent on Ybh3 (Figure 4, G and H).

N-terminal cleavage is essential for Ndi1’s apoptotic action
Is N-terminal removal functionally necessary for the proapoptotic 
activity of Ndi1? To address this question, we tested different forms 
of Ndi1 for their apoptotic activities. First, the mature full-length 
Ndi1 form without the mitochondrial signal peptide (cytosol-Ndi1 or 
Ndi1ΔN1-27) was expressed in the cytosol. Cytosol-Ndi1 showed 
much better growth than the yeast with the normal mitochondrial 
form of Ndi1. In other words, when the full-length mature form of 
Ndi1 was expressed in the cytosol, a much-reduced toxicity was ob-
served than with the expression of its native mitochondrial form 
(Figure 5A). To exclude the possibility that this phenotype was 
caused by attenuated protein expression, we analyzed the protein 
level by Western blotting using a homemade murine Ndi1 antibody. 
No decrease of protein expression was observed (Figure 5B). It ap-
pears therefore that the cytoplasmic full-length Ndi1 would not be 
nearly as active in terms of executing Ndi1-mediated apoptosis.

Next we constructed a few N- and C-terminal–truncated Ndi1 
variants (Figure 5E) and tested their apoptogenic activity. The trun-
cated variants were designed according to potential protease cleav-
age sites, as well as functional and structural predictions. Several 
N-terminal–truncated Ndi1 variants were expressed in the cyto-
plasm to reproduce the growth-inhibitory activity of the native mito-
chondrial Ndi1. These variants include Ndi1ΔN1-37, Ndi1ΔN1-42, 
Ndi1ΔN1-47, Ndi1ΔN1-72, and Ndi1ΔN1-191. In particular, 
Ndi1ΔN1-72, which lacks the first 72 amino acids (or the potential 
mitochondrial localization sequence plus 45 amino acids in the N-
terminal of the mature Ndi1), displayed almost the same inhibiting 
phenotype as the wild-type Ndi1 (Figure 5C). This form, which is 
predicted to be 4.6-kDa smaller than the wild-type mature Ndi1, 
closely matches the in vivo molecular weight of the shortened pro-
tein product detected by Western blotting during apoptosis. In con-
trast, removal of a few C-terminal residues reduced the cell growth–
inhibition activity (Figure 5D). The proapoptotic activities of various 
Ndi1 forms are summarized in Figure 5E.

These data suggest that the N-terminal–cleaved Ndi1 is the acti-
vated form for apoptosis induction, and this cleavage involves about 

to form an apoptogenic fragment that can translocate into the 
nucleus (Otera et al., 2005). Considering that Ndi1 is a protein 
loosely bound to the mitochondrial inner membrane, we sus-
pected that Ndi1 might also undergo some conformational or 
other kind of change to facilitate the translocation from mito-
chondria into cytoplasm.

To facilitate the detection of the potential degradation or cleav-
age of Ndi1, we used the NDI1-TAP strain. Indeed, besides the full-
length Ndi1-TAP band, an additional, smaller band was also de-
tected from the protein extract of yeast cells undergoing Mn-induced 
apoptosis, whereas under the normal growth condition this shorter 
band was not detectable (Figure 4A).

To check whether this cleavage occurs before or after the release 
from mitochondria, we used density gradient centrifugation to frac-
tionate cell extracts into the mitochondrial and the cytoplasmic frac-
tions, confirmed by respective antibodies against their endogenous 
marker proteins. It is obvious that during apoptosis, Ndi1 is cleaved 
before it moves out of the mitochondria, as evidenced by the obser-
vation that the postmitochondrial fraction only contained the shorter 
form of Ndi1 and the mitochondrial fraction contained both the full-
length and shorter ones (Figure 4B). Another question is whether or 
not Ndi1 release from the matrix side is specific. It is possible that 
the entire inner membrane is permeabilized during Ndi1 release. As 
a control, we monitored the release of the tricarboxylic acid enzyme 
mitochondrial NAD(+)-dependent isocitrate dehydrogenase Idh1 
during Ndi1 release (Cupp and McAlister-Henn, 1992). No Idh1 es-
caping to the cytoplasm was detected. Obvious truncation of Idh1 
was not observed either (Figure 4B). Thus it appeared that the mito-
chondrial release of Ndi1 from the matrix side is at least relatively 
specific.

Further experiments showed that Ndi1 cleavage induced by Mn 
occurred in a time- and concentration-dependent manner (Figure 4, 
C and D). At very high levels of Mn (12 or 16 mM), an even greater 
percentage of yeast cells died (Figure 4, E and F), but less Ndi1 pro-
tein was converted into the shorter form, consistent with our previous 
finding that at high Mn levels yeast undergoes mostly necrosis rather 

FIGURE 3:  Ndi1 translocates from mitochondria to cytoplasm during apoptosis. Ndi1-RFP is 
overexpressed, whereas Ndi1-TAP is under the endogenous regulation. (A) Ndi1-RFP maintains 
the proapoptotic function of Ndi1. (B) Ndi1-RFP is localized in the mitochondria under normal 
growth conditions but moves out during apoptosis. Om45-GFP is used to indicate mitochondria. 
Mn is used for apoptosis induction. (C, D) Ndi1-TAP colocalizes with mitochondrial inner 
membrane protein CoxIV, as detected by immunofluorescence and Western blot. 
(E) NDI1-TAP exhibited normal NADH dehydrogenase function like wild-type NDI1. It can use 
glycerol well. (F) Ndi1-TAP also shows similar apoptotic activity to the wild-type Ndi1. Bar, 1 μm.
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mediated apoptosis is not mediated by metacaspase, and the 
apoptogenic activity of Ndi1 is independent of its ubiquinone 
oxidoreductase function. When under stress, Ndi1 is cleaved at 
its N-terminal to be activated within mitochondria, and the trun-
cated Ndi1 translocates to the cytoplasm to provoke apoptosis. 
To help visualization, Figure 6 is an illustration summarizing these 
processes: Ndi1 stops electron transferring when under stress, 

the first 40–50 amino acids of the N-terminal of the mature mito-
chondrial Ndi1.

DISCUSSION
To summarize briefly, besides displaying proapoptotic activity in 
respiration-repressed media and the aging process, yeast Ndi1 
also participates in Mn- and H2O2-induced apoptosis. Ndi1-

FIGURE 4:  Ndi1 is cleaved in mitochondria during apoptosis. (A) Ndi1 is cleaved when treated with Mn. NDI1-TAP yeast 
was treated or not treated with 8 mM Mn for 12 h, and the extracts were immunoblotted and probed with a TAP 
antibody. (B) Ndi1 cleavage occurs in the mitochondria. Both the full-length mature form of Ndi1 and the truncated 
Ndi1 were observed in the mitochondrial fraction, whereas only the truncated Ndi1 was found in the postmitochondrial 
fraction. Pgk1 served as the cytoplasm loading control, CoxIV as the mitochondrial loading control, and Idh1 as the 
matrix protein control. (C, D) The cleavage patterns of Ndi1 vs. treatment time and Mn concentration. (E, F) The survival 
rates of stressed NDI1-TAP yeast in C and D. (G, H) Ybh3 does not affect the apoptotic activity or release of Ndi1. 
(G) The proapoptotic activity of Ndi1 in the ybh3-deletion mutant tested by spotting assay. (H) The release of Ndi1 in 
NDI1-TAP,ybh3Δ background. Representative blots from at least three independent experiments are presented.
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tion; instead, the respiratory function is replaced by a sophisticated 
NADH dehydrogenase complex (complex I).

Because yeast Ndi1 shares the same oxidoreductase function as 
the higher eukaryotic multisubunit respiratory complex I (Marres 
et al., 1991; Velazquez and Pardo, 2001; Reinders et al., 2007), it is 
also called alternative complex I. More intriguingly, mammalian mi-
tochondrial complex I protein was also found to play an important 
role in apoptosis. Complex I protein NDUFS3 is cleaved by gran-
zyme A to initiate caspase-independent cell death (Martinvalet 
et al., 2008). It seems therefore that mammalian complex I and yeast 
Ndi1 share a similar function besides their roles in respiration. This 
makes sense from a biological point of view because when cells are 
under normal physiological conditions these proteins assimilate 
electrons to the ETC for ATP production. During apoptosis this res-
piration process is halted, and the proteins at the front of the respi-
ration chains are converted to apoptotic proteins.

The protective role of the N-terminal
Ndi1 conversion from its role in respiration to its apoptotic role in-
volves cleavage of its N-terminal. Therefore the N-terminal can be 
considered as an important switch and normally locks up the apop-
totic activity and protects the cell from damage. This explains why 
the expression of Ndi1 with N-terminal in the cytosol has diminished 
cytotoxic activity, whereas the truncated form fully reproduces the 
native apoptotic effect.

N-terminal cleavage in mitochondria is triggered by stresses. 
The protease(s) involved in this process are not known. They might 

is cleaved, and moves out of the mitochondria to promote 
apoptosis.

A conserved and general yeast apoptotic factor
Ndi1 exhibits reasonable homology to mammalian AMID and AIF 
proteins, two players involved in apoptosis in mammalian cells. We 
found that yeast Ndi1 participates in a variety of stress-induced 
apoptosis, including that induced by aging, Mn, H2O2, and acetic 
acid. Therefore Ndi1 appears to be a proapoptotic factor broadly 
involved in yeast apoptosis. It has also been reported that AIF is in-
volved in various cell death pathways, including lethal responses to 
N-methyl-d-aspartate and glutamate, DNA-damaging agents, oxi-
dative stress, ceramide, hypoxia–ischemia, and growth factor depri-
vation (Joza et  al., 2009), but the role of AMID has been less 
studied.

One protein with two separable functions
It had been reported that the oxidoreductase activity of AIF can be 
distinguished from its apoptotic function (Miramar et  al., 2001). 
Here, we provided direct evidence that the proapoptotic activity of 
Ndi1 is independent of its original function in respiration. Therefore 
Ndi1 is a bifunctional molecule with redox and proapoptotic activi-
ties that are clearly distinct from each other. This observation is simi-
lar to those obtained from research on cytochrome c, which showed 
that its proapoptotic activity is independent of its redox status (Kluck 
et al., 1997, 2000). It is interesting to note that the Ndi1 homologue 
AMID in higher organisms appears to have lost the respiratory func-

FIGURE 5:  The N-terminal likely serves normally a protective role. (A) Cytosol-NDI1 (Ndi1ΔN1-27) displays much 
reduced toxicity as compared with normal NDI1. (B) A Western blotting control showing that cytosol-NDI1 was 
expressed similarly. (C) The N-terminal 40 or so amino acids of the mature Ndi1 are protective for Ndi1 toxicity. Without 
the first 45 (28–72) amino acids, Ndi1 (Ndi1ΔN1-72) becomes fully toxic when expressed in the cytoplasm. (D) The 
C-terminal of Ndi1 is required for Ndi1 toxicity. (E) A summary of the proapoptotic activities of various Ndi1 mutants. 
MLS, mitochondria localization signal; TMD, transmembrane domain; +, level of proapoptotic activity; –, no proapoptotic 
activity. Representative blot and spotting assay results from at least three independent experiments are presented.
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both immunoblotting and fluorescent confocal microscopy. However, 
the exact mechanistic role of Ndi1 after activation and translocation 
remains unclear, and further studies are needed to elucidate the cas-
cade following the release of Ndi1 from the mitochondria.

The multiple and even redundant pathways to death
Our study also provides a glimpse into the connections among 
different components or pathways of yeast apoptosis. Ndi1 has an 
intimate connection with caspase-like activity induction, because in 
ndi1 mutants little caspase-like activity is observed even under vari-
ous stresses. Two possibilities exist: either Ndi1 is required for the 
optimal induction of apoptosis-like activity directly, or caspase-like 
activity as observed is secondary to the initiation of apoptosis. In 
either case, although caspase activity helps the process of cell death, 
it is not absolutely required for it, indicating the existence of other, 
parallel participants downstream. Thus a likely cell death scenario is 
that when a normal yeast cell experiences a stress such as Mn, it 
turns on a program involving Yca1, Ndi1, caspase-like (Z-VAD bind-
ing) proteins, and some other players. All or at least some of them 
communicate with each other to work together to carry out cell 
death. Our current understanding indicates that both Ndi1 and Yca1 
are connected with the so-far-unidentified caspase-like (Z-VAD bind-
ing) protein(s). Besides this caspase-like protein(s), other down-
stream players may work redundantly to ensure cell death. It there-
fore seems that when yeast, a relatively simple organism, decides to 
die, it activates multiple connected killers in a process that is not 
simple at all.

MATERIALS AND METHODS
Growth media and conditions, strains, and plasmids
Standard yeast media and growth conditions were used, except for 
those otherwise noted (Sherman, 1991). Experiments were usually 

be of mitochondrial origin, as in the case of HtrA2. HtrA2 is synthe-
sized as an inactive precursor and undergoes autoprocessing to be-
come activated within the mitochondria when insulted by apoptotic 
stress (Martins et al., 2002). Chao et al. (2008) found that Hax1-me-
diated processing of HtrA2 by Parl (also a mitochondrial protease, 
presenilin associated and rhomboid-like) allows survival of lympho-
cytes and neurons. Alternatively, the responsible protease(s) can 
translocate into the mitochondria from other parts of the cell, as in 
the case of granzyme A, which translocates to the mitochondrial 
matrix to cleave the complex I protein NDUFS3 to initiate caspase-
independent cell death (Martinvalet et al., 2008).

Translocation of Ndi1 during apoptosis
Protein relocalization during the execution of a specific assignment is 
not a novel phenomenon. Several kinds of molecules, such as cyto-
chrome c (Liu et al., 1996; Eisenberg et al., 2007), EndoG (Li et al., 
2001; Büttner et al., 2007), Smac/Diablo (Du et al., 2000), HtrA2/Omi 
(Suzuki et al., 2001; Fahrenkrog et al., 2004), and AIF, are released 
from the mitochondria at the beginning of apoptosis. As a protein 
located in the mitochondrial intermembrane space, cytochrome c es-
capes from the mitochondria and then facilitates the formation of the 
apoptosome, consisting of an adaptor (Apaf-1) and an initiator 
caspase (caspase-9), as well as ATP or 2′-deoxy ATP. EndoG is an 
apoptotic DNase-inducing nucleosomal fragmentation of DNA after 
release from the mitochondria. Smac is an inhibitor of X chromosome–
linked inhibitor of apoptosis (XIAP), which releases from the mito-
chondria after the cells receive apoptotic stimuli. HtrA2 is a serine 
protease also released from the mitochondria and inhibits the func-
tion of XIAP by direct binding to it in a similar way to Smac. Finally, 
AIF is a flavoprotein that is normally confined to the mitochondria but 
translocates to the nucleus when apoptosis is induced. The transloca-
tion of Ndi1 from the mitochondria to the cytoplasm is confirmed by 

FIGURE 6:  Model for the molecular mechanism of Ndi1’s dual actions. Ndi1 normally initiates electron transport from 
NADH to the electron transport chain. During stress, its normal function changes, and its N-terminal is cleaved. The 
cleaved Ndi1 then translocates from the mitochondria to the cytoplasm to provoke apoptosis.
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performed in the background of BY4742 (MATα his3Δ1 leu2Δ0 
lys2Δ0 ura3Δ0), except that NDI1-TAP was in the background of 
S288C (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0; Open Biosystems, 
Huntsville, AL). The ndi1Δ (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
ndi1::kanMX4) was obtained from Invitrogen (Carlsbad, CA). NDI1 
variants were made by using NDI1 as the template and primers 
flanked by appropriate restriction sites. The PCR products were 
cloned into a yeast overexpression vector pADH-YES2, which is de-
rived from pYES2 (Invitrogen) in which the GAL promoter was re-
placed by an ADH promoter. Yeast transformation was carried out 
by the standard lithium acetate method (Gietz and Schiestl, 1991). 
Empty vectors were also transformed in parallel to serve as negative 
controls. Single colonies of each transformed yeast strain were 
picked out and grown on uracil (URA)-dropout media (SD [2% 
glucose]-URA, SG [1% galactose]-R [1% raffinose]-URA, or SGlycerol 
[2%]-URA).

Spotting assays and viability tests
For spotting assays, yeast strains recovered from −80°C vials were 
shaken in SGR-URA liquid medium overnight for revitalization. Then 
they were adjusted to the identical OD600 of ∼0.5 and serially di-
luted to 10−1, 10−2, and 10−3. A 3-μl amount of each diluted yeast 
culture was spotted on SD-URA or other plates. SGR-URA plates 
served as the spotting control. Generally, pictures were taken after 
2 or 3 d, depending on the growth.

For survival tests, yeast cells were shaken in test tubes and grown 
until they reached the exponential phase, and then different apop-
totic inducers were added to induce apoptosis. After the cells were 
treated by Mn for 12 h or H2O2 for 100 min, the number of surviving 
colonies was determined by plating a small aliquot of the treated 
cultures on yeast extract/peptone/dextrose plates or selective plates 
(SD or SGR dropout plates).

In vivo staining of active metacaspase by flow 
cytometric analysis
A total of 5 × 106 cells were collected, washed with 1 ml of phos-
phate-buffered saline (PBS), resuspended in 200 μl PBS, and then 
incubated with FITC-VAD-fmk (Promega, Madison, WI) with a final 
concentration of 10 μM. For flow cytometric analysis, fluorescence-
positive cells were counted using a flow cytometer (FACSVantag-
eSE/DiVa; BD Biosciences, San Diego, CA) and EXP032 analysis 
software with excitation and emission wavelengths of 488 and 
525 nm, respectively.

ROS detection by DHR123 staining
For the detection of accumulated ROS, DHR123 was incubated with 
yeast cells for 30 min and then analyzed by flow cytometry.

Membrane and postmembrane fractionation
We used a modified protocol as described by Yamashita et  al. 
(2007). In brief, yeast cells were broken by three passages through 
a French pressure cell. Unbroken cells were removed by centrifu-
gation at 4300 × g for 10 min. The supernatants were centrifuged 
at 250,000 × g for 60 min twice to spin down the membrane on 
one hand and to remove membrane contamination from the post-
membrane fraction completely on the other. The membrane frac-
tion was washed with PBS twice and dissolved in lysis buffer by 
sonication.

Immunoblotting
Immunoblotting experiments were performed mainly as described 
previously (Madeo et  al., 2002). Samples were probed with the 
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