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Abstract Mitochondrial fatty acid synthesis (FASII) and iron sulfur cluster (FeS) biogenesis are

both vital biosynthetic processes within mitochondria. In this study, we demonstrate that the

mitochondrial acyl carrier protein (ACP), which has a well-known role in FASII, plays an unexpected

and evolutionarily conserved role in FeS biogenesis. ACP is a stable and essential subunit of the

eukaryotic FeS biogenesis complex. In the absence of ACP, the complex is destabilized resulting in

a profound depletion of FeS throughout the cell. This role of ACP depends upon its covalently

bound 4’-phosphopantetheine (4-PP)-conjugated acyl chain to support maximal cysteine

desulfurase activity. Thus, it is likely that ACP is not simply an obligate subunit but also exploits the

4-PP-conjugated acyl chain to coordinate mitochondrial fatty acid and FeS biogenesis.

DOI: 10.7554/eLife.17828.001

Introduction
The mitochondrial acyl carrier protein (ACP; Figure 1—figure supplement 1) plays a critical role in

the evolutionarily conserved type II fatty acid biosynthesis pathway (FASII; Figure 1—figure supple-

ment 2A). Unlike the cytosolic fatty acid biosynthesis pathway (FASI), the mitochondrial FASII sys-

tem, which is homologous to the prokaryotic fatty acid biosynthesis pathway, utilizes a set of

monofunctional enzymes that interact transiently with ACP to catalyze the initiation and elongation

of nascent acyl chains (Hiltunen et al., 2010). To facilitate FASII, ACP utilizes a 4’-phosphopante-

theine prosthetic group (4-PP), which is covalently bound to an invariant Ser residue (Majerus et al.,

1965; Stuible et al., 1998). As such, ACP serves as a soluble scaffold for acyl intermediates during

the stepwise process of de novo fatty acid synthesis. Currently, it is thought that the primary product

of ACP-dependent FASII is octanoate, which is cleaved from ACP and further processed to generate

lipoic acid. Lipoic acid is an obligate cofactor of the pyruvate dehydrogenase and a-ketoglutarate

dehydrogenase complexes as well as the branched chain a-keto acid dehydrogenase and glycine

cleavage complex (Hiltunen et al., 2010; Brody et al., 1997). In addition, a FASII-derived acyl chain

other than lipoic acid is required for RNase P function in tRNA maturation (Schonauer et al., 2008).

Biochemical analyses of mammalian FASII enzymes demonstrate that this pathway is capable of

generating ACP-bound acyl chains as long as fourteen carbons (Zhang et al., 2005). Since lipoic

acid biosynthesis requires an acyl chain of just eight carbons, it is likely that these extended FASII-

synthesized fatty acids serve an alternative function in mitochondria (Brody et al., 1997). Indeed,
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proteomic and structural studies have demonstrated that ACP is a stable accessory subunit of mito-

chondrial respiratory Complex I (CI) (Sackmann et al., 1991; Angerer et al., 2014). Furthermore,

the pool of ACP associated with CI contains a 4-PP-conjugated 3-hydroxymyristic acid, however, the

functional importance of this 14-carbon acyl chain has never been investigated in the context of CI

activity or assembly (Carroll et al., 2003).

In Saccharomyces cerevisiae, ACP1, the gene encoding ACP, is essential for cell viability in multi-

ple strain backgrounds, while the genes required for lipoic acid biosynthesis and ligation are not

(Figure 1A, Figure 1—figure supplement 2B,C) (Schonauer et al., 2008; Brody et al., 1997). This

is consistent with reports demonstrating that ACP is essential for viability in Yarrowia lipolytica

(Dobrynin et al., 2010) and in mammalian cells (Yi and Maeda, 2005; Feng et al., 2009). Moreover,

S. cerevisiae mitochondria do not have CI or any structurally similar analog of it. Since neither known

function explains the essentiality of ACP1, we reasoned that ACP must perform a distinct, unknown,

and essential mitochondrial function.

Results and conclusions
To begin to define the essential function of Acp1, we purified endogenously expressed and fully

functional Acp1-HA (Figure 1A) from purified mitochondria to discover interacting proteins that

might explain the acp1D phenotype. We were particularly intrigued by the co-purification of three

subunits of the ISU complex—Nfs1, Isd11, and Isu1—each of which is required for FeS biogenesis

and essential for viability. The cysteine desulfurase (Nfs1) and Isd11 form the core of the ISU com-

plex and catalyze the conversion of cysteine to alanine thereby generating a persulfide intermediate,

which is the source of sulfide ions that combine with ferrous iron on the Isu1 scaffold protein to form

[2Fe-2S] clusters (Garland et al., 1999; Mühlenhoff et al., 2004; Adam et al., 2006;

Wiedemann et al., 2006). To confirm these interactions, we immunoprecipitated Acp1-HA from iso-

lated mitochondria and analyzed the eluates by immunoblot. Indeed, Nfs1, Isd11, and Isu1 all specif-

ically co-immunoprecipitate with Acp1, although Isu1 appears to interact less avidly than Nfs1 or

Isd11 (Figure 1B). In addition to SDS-PAGE, the resultant eluates were also resolved by blue native

(BN)-PAGE, which demonstrated that Acp1 co-purifies with the intact core Nfs1-Isd11 complex

(Figure 1B). Finally, Nfs1-V5 and Isd11-V5 were each immunoprecipitated from isolated

eLife digest Like animals and plants, yeast cells contain structures called mitochondria. These

structures are commonly referred to as the powerhouses of the cell because they provide much of

the energy that cells need to survive. All mitochondria contain a protein called acyl carrier protein

(ACP), which cells need in order to live. The ACP protein has a number of known roles including

manufacturing the molecules that make up certain fats and helping to organise other proteins that

are important for energy production. However, neither of these roles explain why yeast cells require

ACP because the other proteins required for these processes are not required for survival.

Mitochondria are also the sites where iron and sulfur atoms are joined together to make the iron

sulfur clusters that many proteins need in order to carry out their roles. Van Vranken, Jeong et al.

now show that the ACP protein associates with a molecular machine that makes iron sulfur clusters

in the mitochondria of budding yeast cells. The experiments show that this interaction is needed to

produce iron sulfur clusters, and without it the other proteins involved in the process are not able to

work together. Since iron sulfur clusters are essential for life, this could explain why cells cannot

survive without ACP. Van Vranken et al. also showed that ACP is only able to efficiently produce iron

sulfur clusters when a chemical called a “4-PP-conjugated acyl chain” is attached to it.

It is possible to separate the activity of ACP in making iron sulfur clusters from its previously

known roles. Van Vranken et al. suggest that the addition of the 4-PP-conjugated acyl chain to ACP

may help to balance the use of ACP between its different activities. Moving forward, Van Vranken

et al. hope to determine the structure of ACP in more detail to understand how it contributes to

iron sulfur cluster formation, and why this single protein has evolved to perform so many distinct

roles.

DOI: 10.7554/eLife.17828.002
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mitochondria. As expected, Acp1-HA was detected in the eluates of each immunoprecipitation (Fig-

ure 1—figure supplement 3). These results are further supported by proteomics-based interaction

studies, which identify human ACP, NFS1, and ISD11 as mutually interacting proteins in mammalian

cells (Huttlin et al., 2015). Taken together these data demonstrate that Acp1 is a stable and evolu-

tionarily conserved subunit of the ISU complex with Nfs1, Isd11, and Isu1.

FeS biogenesis is an essential function of mitochondria and is absolutely dependent on the ISU

complex with which Acp1 stably interacts (Lill et al., 1999). Thus, we hypothesized that the essential

function of Acp1 might relate to FeS biogenesis. We engineered inducible ACP1 knockdown strains

(Acp1KD) using two distinct strategies and strain backgrounds—TetO7-ACP1 in the BY4741 back-

ground and Gal-ACP1 in the DY150 background, in which ACP1 expression is suppressed by doxy-

cycline and galactose withdrawal, respectively. As expected, Acp1KD cells from each background

displayed attenuated growth upon ACP1 shutdown, which is particularly evident on respiration-

requiring glycerol medium (Figure 2—figure supplement 1A–C). Importantly, viability could be

restored in each of these strains by episomal expression of the Acp1-HA at endogenous levels. In

addition to the expected loss of lipoic acid-containing subunits of pyruvate dehydrogenase and a-

ketoglutarate dehydrogenase in the Acp1KD cells, we also observed a specific destabilization of the

FeS-containing subunits of Complex II (Sdh2) and Complex III (Rip1) and loss of those assembled

respiratory complexes (Figure 2A and Figure 2—figure supplement 2A). A similar destabilization

of these complexes occurs in cells depleted for Nfs1 and Isu1 (Adam et al., 2006;

Wiedemann et al., 2006). Importantly, Complex III biogenesis stalls in Acp1KD cells at the final stage

of assembly – incorporation of the Rieske FeS protein (Rip1) (Figure 2A; IB: Rip1)–resulting in the

accumulation of a stable assembly intermediate of Complex III lacking Rip1 (Figure 2A; III2*; IB:

Figure 1. Acp1 is a stable subunit of the ISU complex. (A) acp1D heterozygous diploids were dissected with and

without a plasmid expressing Acp1-HA (BY4741) and spores were grown on YPAD medium for 2 days. Sporulation

of the heterozygous deletion strain failed to generate haploid ACP1 deletion strains unless a vector borne ACP1

gene was present. (B) Purified mitochondria from cells either expressing Acp1-HA or not were solubilized by

digitonin (input) and then subjected to anti-HA immunoprecipitation. The resulting eluates and input samples

were subjected to SDS-PAGE and BN-PAGE and immunoblot.

DOI: 10.7554/eLife.17828.003

The following figure supplements are available for figure 1:

Figure supplement 1. Protein sequence alignment of ACP from eukaryotes.

DOI: 10.7554/eLife.17828.004

Figure supplement 2. Eukarotic mitochondrial fatty acid biosynthesis (FASII) pathway.

DOI: 10.7554/eLife.17828.005

Figure supplement 3. Acp1 is a stable subunit of the ISU complex.

DOI: 10.7554/eLife.17828.006
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Qcr7). The presence of the late stage intermediate III2* indicates that mitochondrial translation of

the Cob cytochrome b subunit is normal in Acp1KD cells (Atkinson et al., 2011; Cui et al., 2012).

Likewise, translation of the mitochondrial subunits of ATP synthase is normal as seen by the assem-

bled F1F0 complex (Figure 2A). We also observed a loss of activity of aconitase, a mitochondrial

enzyme with an obligate FeS cofactor (Figure 2B and Figure 2—figure supplement 2B).

Figure 2. Acp1 is required for FeS biogenesis. (A) Isolated mitochondria from the indicated strains were resolved by SDS-PAGE (upper panel) or

solubilized in 1% digitonin and resolved by BN-PAGE (lower panel). The time course indicates the time following addition of 10 mg/mL doxycycline to

the cultures, which suppresses expression from the TetO7-ACP1 allele. The indicated proteins and protein complexes were assessed by immunoblot.

LA indicates lipoic acid-conjugated Lat1 (PDH complex subunit; upper band) and Kgd2 (a-ketoglutarate dehydrogenase complex subunit; lower band).

(B) Aconitase activity was measured in whole cell lysates from the indicated strains containing the indicated plasmids 18 hr post-addition of 10 mg/mL

doxycycline (± SEM; N = 3 biological replicates. ***p<0.0005, ****p<0.00005). (C) qPCR was used to measure the expression of ACP1, FIT2, and FIT3 in

the indicated strains. The Gal-ACP1 strain was harvested at 28 hr post-transfer to raffinose medium to suppress ACP1 expression. The mrs3/4D strain

lacks both Mrs3 and Mrs4 mitochondrial iron transporters. BPS (80 mM) is a Fe(II) chelator that causes depletion of bioavailable iron. FIT2 and FIT3 are

components of the iron regulon that is induced upon loss of cytosolic FeS (± SEM; N = 3 biological replicates. *p<0.05, **p<0.005, ***p<0.0005).

DOI: 10.7554/eLife.17828.007

The following source data and figure supplements are available for figure 2:

Source data 1. Source data for Figure 2.

DOI: 10.7554/eLife.17828.008

Figure supplement 1. ACP1 expression is required for cell proliferation.

DOI: 10.7554/eLife.17828.009

Figure supplement 2. Acp1 is essential for FeS biogenesis.

DOI: 10.7554/eLife.17828.010
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The mitochondrial ISU complex is essential for the production of FeS that act in the cytosol as

well as ribosome assembly (Kispal et al., 2005). In addition, mitochondrial FeS synthesis is important

to attenuate the transcriptional activity of two partially redundant iron-responsive factors Aft1 and

Aft2. In Acp1KD cells the expression of Aft1-target genes FIT2 and FIT3 was elevated consistent with

impaired mitochondrial FeS synthesis (Figure 2C) (Chen et al., 2004; Rutherford et al., 2005).

Figure 3. ACP promotes FeS biogenesis by maintaining the stability of the ISU (Nfs1-Isd11) complex. (A) Purified mitochondria from the indicated

strains were either resolved by SDS-PAGE (lower panels) or solubilized in 1% digitonin and resolved by BN-PAGE (upper panels). Cells were grown for

18 hr in the presence of 10 mg/mL doxycycline. The indicated proteins and protein complexes were assessed by immunoblot. (B) Mitochondria purified

from the indicated strains 18 hr post-addition of 10 mg/mL doxycycline were solubilized with 1% Triton X-100. Soluble (S) and pellet (P) fractions were

separated by centrifugation at 100,000 g. The fractions, along with the total input (T) were resolved by SDS-PAGE and assessed by immunoblot. (C)

C2C12 mouse myoblasts were transfected with a pool of siRNA targeting NDUFAB1 (ACP) or a scrambled control. Isolated mitochondria was resolved

by SDS-PAGE and assessed by immunoblot. (D) Isolated mitochondria from the WT and Gal-ACP1 strains expressing the indicated gene via a 2 m

plasmid at 28 hr post-transfer to raffinose-containing medium were either resolved by SDS-PAGE (lower panels) or solubilized in 1% digitonin and

resolved by BN-PAGE (upper panels). The indicated proteins and protein complexes were assessed by immunoblot.

DOI: 10.7554/eLife.17828.011

The following source data and figure supplement are available for figure 3:

Source data 1. Source data for Figure 3.

DOI: 10.7554/eLife.17828.012

Figure supplement 1. ACP promotes FeS biogenesis by maintaining the stability of the ISU (Nfs1-Isd11) complex.

DOI: 10.7554/eLife.17828.013
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Figure 4. Acp1 requires a 4-PP-conjugated acyl chain to fully stabilize the ISU complex. (A) Isolated mitochondria from the indicated strains expressing

the indicated genes by plasmid were either resolved by SDS-PAGE (upper panels) or solubilized in 1% digitonin and resolved by BN-PAGE (lower

panels). The indicated proteins and protein complexes were assessed by immunoblot. Cells were grown for 18 hr in the presence of 10 mg/mL

doxycycline. (B) Aconitase activity was measured in whole cell lysates from the indicated strains grown for 18 hr in the presence of 10 mg/mL doxycycline

(± SEM; N = 3 biological replicates. *p<0.05, **p<0.005, ***p<0.0005). (C) Isolated mitochondria from the indicated strains were either resolved by SDS-

PAGE (upper panels) or solubilized in 1% digitonin and resolved by BN-PAGE (lower panels). The indicated proteins and protein complexes were

assessed by immunoblot. (D) Aconitase activity was measured in whole cell lysates from the indicated strains (± SEM; N = 3 biological replicates.

***p<0.0005). (E) Sulfite reductase activity was measured in whole cell lysates from the indicated strains (± SEM; N = 3 biological replicates. **p<0.005).

DOI: 10.7554/eLife.17828.014

The following source data and figure supplement are available for figure 4:

Source data 1. Source data for Figure 4.

DOI: 10.7554/eLife.17828.015

Figure supplement 1. Acp1 requires a 4-PP-conjugated acyl chain to fully stabilize the ISU complex.

DOI: 10.7554/eLife.17828.016
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These Aft1 target genes are also induced in cells lacking the two mitochondrial iron transporters

Mrs3 and Mrs4 (Figure 2C). To further assess the perturbation of cytosolic FeS function, we quanti-

fied the activity of the cytosolic FeS-containing enzyme sulfite reductase and observed a diminution

in Acp1KD cells (Figure 2—figure supplement 2C). Combined with the essential nature of ACP1,

these data demonstrate that Acp1 is essential for FeS biogenesis.

We next sought to define the mechanism underlying the observed necessity of Acp1 for FeS bio-

genesis, focusing specifically on the ISU complex. Acp1KD cells exhibited a marked diminution of the

assembled Nfs1-Isd11 complex, similar to depletion of the other ISU complex subunits (Figure 3A,

Figure 3—figure supplement 1A,B). Importantly, the Nfs1 and Isd11 protein that remain in these

cells is found only in insoluble aggregates in contrast to WT cells where Nfs1 and Isd11 are soluble

(Figure 3B). Thus, in the absence of Acp1, the Nfs1-Isd11 complex is destabilized, most likely caus-

ing a loss of cysteine desulfurase activity. To determine if mammalian ACP is also necessary for main-

taining steady state levels of the FeS biogenesis complex in mammalian cells, C2C12 mouse

myoblasts were transfected with a pool of siRNAs targeting NDUFAB1 (the gene encoding mamma-

lian ACP) or a control siRNA. While our methods were unable to detect the mammalian Nfs1-Isd11

complex by BN-PAGE, depletion of ACP in these cells was accompanied by a clear destabilization of

the subunits of the mammalian FeS biogenesis machinery, NFS1, ISD11, and ISCU2, which is the

mammalian version of Isu1 (Figure 3C). Thus, ACP plays an evolutionarily conserved role in stabiliz-

ing the ISU complex thereby enabling FeS biogenesis.

Interestingly, overexpression of the MRS3 iron transporter resulted in robust stabilization of the

Nfs1-Isd11 complex in Acp1KD cells, while not restoring lipoic acid biosynthesis (Figure 3D). Ele-

vated Mrs3 expression also restored Sdh2 and Rip1 protein abundance and complex assembly as

well as aconitase activity in Acp1KD cells (Figure 3D and Figure 3—figure supplement 1C). We

tested whether overexpression of other components of the ISU complex stabilized the Nfs1-Isd11

complex in cells depleted of Acp1. Elevated levels of Isu1 yielded a modest stabilization and

restored aconitase activity (Figure 3D and Figure 3—figure supplement 1C), while overexpression

of Yfh1, the yeast frataxin homologue, had no effect (Figure 3—figure supplement 1D). We specu-

late that elevated Mrs3 may increase the Fe(II) occupancy of Isu1, which enables it to more effec-

tively stabilize the ISU complex.

Acp1 requires a 4-PP prosthetic group to support mitochondrial fatty acid synthesis. The gene

encoding 4-PP transferase, PPT2, is not essential, but the haploid deletion strain exhibits no growth

in respiration-requiring medium and impaired growth on glucose, which does not require respiration

(Figure 1—figure supplement 2C and Figure 4—figure supplement 1A). The growth impairment

on glucose is not explained by any known function of ACP and therefore may relate to defects in

FeS biogenesis.

To directly test the role of the 4-PP prosthetic group and the acyl chain that is conjugated to it,

we investigated the ability of apo-Acp1 lacking 4-PP to support FeS biogenesis. Apo-Acp1 can be

generated in vivo by mutating the invariant Ser (S82) to which 4-PP is conjugated (Stuible et al.,

1998). While re-expression of WT Acp1 could fully restore the steady state abundance of the Nfs1-

Isd11 complex in Acp1KD cells, expression of Acp1S82A had only modest effects (Figure 4A). These

modest effects were sufficient to enable the Acp1KD cells expressing Acp1S82A to retain viability,

albeit with impaired grow rate, and to exhibit a modest recovery of aconitase activity compared to

Acp1KD cells (Figure 4B, Figure 4—figure supplement 1B). Thus, the apparent absence of the

Nfs1-Isd11 complex on BN gels is likely the result of a severely destabilized complex that is not

capable of surviving the stringent detergent conditions of BN-PAGE and not the complete loss of

the complex in vivo.

To further investigate the role of the 4-PP-conjugated acyl chain in FeS biogenesis we interro-

gated the effects of PPT2 deletion on the function of Acp1 in FeS biogenesis. Like Acp1KD cells

expressing Acp1S82A, the Nfs1-Isd11 complex was severely depleted in ppt2D cells (Figure 4C). Fur-

thermore, these cells exhibit a clear diminution in activity of FeS-containing enzymes in both the

mitochondria and cytosol as represented by aconitase and sulfite reductase activity, respectively

(Figure 4D,E). We also interrogated the ability of Acp1 to interact with Nfs1 in WT and ppt2D cells.

While the steady state levels of Acp1 are not affected in ppt2D cells (Figure 4C), we observed a

clear defect in the ability of Acp1 to interact with Nfs1 in this strain (Figure 4—figure supplement

1C). Therefore, the Acp1-conjugated 4-PP plays an important role in the interaction of Acp1 with

the core Nfs1-Isd11 complex and in FeS biogenesis. Importantly, lip5D cells, which cannot synthesize
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lipoic acid but remain competent for Acp1-dependent fatty acid synthesis (Hiltunen et al., 2010),

maintain normal abundance of the Nfs1-Isd11 complex and aconitase and sulfide reductase activity

(Figure 4C–E). Thus, the defects in FeS biogenesis observed in cells expressing apo-Acp1 are a

result of the inability to generate an acyl-conjugated Acp1 species and not a defect in lipoic acid

biosynthesis.

The data presented herein define a new and unexpected role of ACP in FeS biogenesis. ACP

functions as a stable subunit of the ISU complex where it acts to stabilize the complex in part by

exploiting a 4-PP-conjugated acyl chain. Unlike ACP, however, the acyl chain is not absolutely

required for FeS biogenesis and viability, which raises the intriguing possibility that ACP is not simply

an obligate subunit, but may exploit this unique interaction modality to provide additional structural

or regulatory functions on FeS biogenesis. It is particularly intriguing to speculate that ACP may

serve to coordinate mitochondrial fatty acid synthesis and FeS biogenesis, which represent two criti-

cal biosynthetic processes performed by mitochondria.

Materials and methods

Yeast strains and growth conditions
Saccharomyces cerevisiae BY4741 (MATa, his3 leu2 met15 ura3), Saccharomyces cerevisiae R1158

(BY4741 derivative; MATa, URA3::CMV-tTA, his3 leu2 met15), Saccharomyces cerevisiae W303a

(MATa, his3 leu2 met15 trp1 ura3), and Saccharomyces cerevisiae DY150 (MATa ade2-1 his3-11

leu2-3,112 trp1-1 ura3-52 can1-100(oc)) were used as the wild-type strains where indicated. Each

mutant was generated using a standard PCR-based homologous recombination method. The geno-

types of all strains used in this study are listed in Supplementary file 1. Yeast transformation was

performed by the standard TE/LiAc method and transformed cells were recovered and grown in syn-

thetic complete glucose (SD) medium lacking the appropriate amino acid(s) for selection purposes.

Medium used in this study includes YPA and synthetic minimal medium supplemented with 2% glu-

cose, 2% raffinose, or 2% glycerol.

Growth assays were performed using synthetic minimal media supplemented with the appropri-

ate amino acids and indicated carbon source. For plate-based growth assays, overnight cultures

were back-diluted to equivalent ODs and spotted as 10-fold serial dilutions. For liquid culture

growth assays, overnight cultures were back-diluted to equivalent ODs and grown at 30˚C. Growth

was monitored by absorbance at 600 nm.

To shut down expression of ACP1 in TetO7-ACP1, over-night cultures were used to inoculate syn-

thetic media containing either 2% glucose or 2% raffinose and 10 mg/mL DOX to an approximate

OD600 of 0.05 and incubated for 16–24 hr as indicated. To shut down the expression in Gal-ACP1,

Gal-NFS1, Gal-ISD11, Gal-ISU1, and Met3-YFH1, over-night cultured cells were used to inoculate in

synthetic media containing 2% raffinose to an approximate OD600 of 0.05 and incubated from 24 to

32 hr as indicated. For YFH1 shut down 2.5 mM methionine was added in the media.

Isolation of yeast mitochondria
Cell pellet was washed once with ddH2O and incubated in TD buffer (100 mM Tris-SO4, pH 9.4 and

100 mM DTT) for 15 min at 30˚C. Spheroplasts were obtained by incubating cells in SP buffer (1.2 M

Sorbitol and 20 mM potassium phosphate, pH 7.4) supplemented with 0.3 mg/mL lyticase for 1 hr at

30˚C to remove the cell wall. Spheroplasts were gently washed once and homogenized in ice-cold

SEH buffer (0.6 M sorbitol, 20 mM HEPES-KOH, pH 7.4, 2 mM MgCl2, 1 mM EGTA) using a dounce

homogenizer applied with 30–40 strokes. Crude mitochondria were then isolated by differential

centrifugation.

Immunoprecipitation
Crude mitochondria were isolated and resuspended to a concentration of 5 mg/mL. Mitochondria

was solubilized in 0.7% digitonin for 30 min. Followed by centrifugation at 20,000 �g for 20 min.

Cleared mitochondrial lysates were incubated with anti-HA antibody conjugated agarose (Sigma) for

2 hr. at 4˚C. The agarose was washed 3–5 times and eluted in Laemmli buffer (65˚C, 10 min). Elutions

were resolved by SDS-PAGE and assessed by immunoblot.
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Steady-state protein analysis
Yeast mitochondria were solubilized in Laemmli buffer. Samples were resolved by SDS-PAGE and

assessed by immunoblot.

Blue native polyacrylamide gel electrophoresis (BN-PAGE)
BN-PAGE was performed as described previously (Wittig et al., 2006). Mitochondria were resus-

pended in lysis buffer (Invitrogen) and solubilized with 1% digitonin. Lysates were resolved on a 4%–

16% gradient native gel (Invitrogen).

Protein aggregation assays
Mitochondria were solubilized in Triton-X100 lysis buffer (0.5% Triton-X100, 20 mM HEPES-KOH, pH

7.4, 150 mM KCl). The samples were incubated on ice for 30 min. and centrifuged at 30,000 �g for

10 min.

Aconitase activity assays
Yeast cells were grown in SD medium to early log phase, resuspended in lysis buffer (50 mM Tris-

HCl, 50 mM KCl, 2 mM sodium citrate dihydrate, 10% glycerol, 1 mM PMSF, and 7 mM b-mercap-

toethanol), and stored at –80˚C overnight. After thawing on ice, cells were homogenized by vortex-

ing with glass beads and cleared lysate was collected by centrifugation. Aconitase activity was

measured by coupling with NADP+- dependent isocitrate dehydrogenase activity. 30 ml of crude

lysate was mixed with 150 ml of reaction mixture (1 M Tris-Cl pH 8.0, 10 mM MgCl2, 10 mM NADP+,

0.32 units of NADP+- dependent Isocitrate Dehydrogenase), and 10 ml of 50 mM citrate. The reac-

tion mixture was recorded at 340 nm for 2 min (15 s intervals). Aconitase activity was normalized to

total protein concentration.

Sulfite reductase assays
To measure cytosolic iron, cells (50 ml cultures) were grown in SC –Met (To avoid repression of the

enzyme expression by methionine) medium containing 2% glucose or raffinose as a carbon source

till 1 of OD600 nm. Total cell lysate preparation and the enzyme assay was performed as described in

(Rutherford et al., 2005) with modifications. Briefly, cell pellets were resuspended in buffer A

(0.1 M Tris-Cl pH7.4, 10% glycerol, 1 mM EDTA pH 8.0, 1 mM phenylmethlysulfony fluoride (PMSF))

with lyticase and incubated 30˚C for 45 min. After disruption using glass beads, 50 ml of cell lysates

were mixed with 400 ml of assay mix with or without sulfite. After incubation at 37˚C for 20 min,

100 ml of N,N-diethyl-p-phenylenediamine sulfate (DPD) and 100 ml of ferric chloride were added to

the reaction mix to stop the reaction and incubated in the dark to develop the color for 20 min. The

production of methylene blue was measured at 669 nm.

qPCR analysis
To quantify the expression of Fe regulon genes, total RNAs were extracted from yeast spheroplasts

using RNeasy mini kit (QIAGEN). cDNA were synthesized from 1 mg of total RNA using High-Capac-

ity cDNA Reverse Transcription Kit (Applied Biosystems). 2 ml of 10X diluted cDNA reaction mix

were mixed with SYBR Green real-time PCR master mix (Thermo Fisher) with primers and the PCR

reaction were performed using the Mastercycler ep realplex (Eppendorf). Expression of genes of

interesting was normalized to actin and fold changes was analyzed using the 2�DDCt method.

Primers used (Primers were designed to have 60˚C of Tm using Primer3Plus online program)

ACT1_For ATTATATGTTTAGAGGTTGCTGCTTTGG

ACT1_Rev CAATTCGTTGTAGAAGGTATGATGCC

FIT2_For ACAAAGGTTGTCACCGAAGG

FIT2_Rev GATGATTCGACGGCTTGAGT

FIT3_For TCCGCTTTGGTTCTATCTGC

FIT3_Rev AGTGCTGCTGGCGTAAGAGT

ACP1_For ACTCTCCCAACATTGCCAAC

ACP1_Rev CAGCCACTTTGTCAGGGATT
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Statistics
PRISM software was used to graph all quantitative data and perform statistical analyses. p values for

pairwise comparisons were determined using a Student’s t test.
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Angerer H, Radermacher M, Mańkowska M, Steger M, Zwicker K, Heide H, Wittig I, Brandt U, Zickermann V.
2014. The LYR protein subunit NB4M/NDUFA6 of mitochondrial complex I anchors an acyl carrier protein and
is essential for catalytic activity. PNAS 111:5207–5212. doi: 10.1073/pnas.1322438111, PMID: 24706851

Atkinson A, Smith P, Fox JL, Cui TZ, Khalimonchuk O, Winge DR. 2011. The LYR protein Mzm1 functions in the
insertion of the Rieske Fe/S protein in yeast mitochondria. Molecular and Cellular Biology 31:3988–3996.
doi: 10.1128/MCB.05673-11, PMID: 21807901

Brody S, Oh C, Hoja U, Schweizer E. 1997. Mitochondrial acyl carrier protein is involved in lipoic acid synthesis in
Saccharomyces cerevisiae. FEBS Letters 408:217–220. doi: 10.1016/S0014-5793(97)00428-6, PMID: 9187370

Van Vranken et al. eLife 2016;5:e17828. DOI: 10.7554/eLife.17828 10 of 11

Short report Biochemistry

http://orcid.org/0000-0002-8931-852X
http://orcid.org/0000-0003-1160-1189
http://orcid.org/0000-0002-2710-9765
http://dx.doi.org/10.7554/eLife.17828.017
http://dx.doi.org/10.1038/sj.emboj.7600905
http://www.ncbi.nlm.nih.gov/pubmed/16341090
http://dx.doi.org/10.1073/pnas.1322438111
http://www.ncbi.nlm.nih.gov/pubmed/24706851
http://dx.doi.org/10.1128/MCB.05673-11
http://www.ncbi.nlm.nih.gov/pubmed/21807901
http://dx.doi.org/10.1016/S0014-5793(97)00428-6
http://www.ncbi.nlm.nih.gov/pubmed/9187370
http://dx.doi.org/10.7554/eLife.17828


Carroll J, Fearnley IM, Shannon RJ, Hirst J, Walker JE. 2003. Analysis of the subunit composition of complex I
from bovine heart mitochondria. Molecular & Cellular Proteomics 2:117–126. doi: 10.1074/mcp.M300014-
MCP200, PMID: 12644575

Chen OS, Crisp RJ, Valachovic M, Bard M, Winge DR, Kaplan J. 2004. Transcription of the yeast iron regulon
does not respond directly to iron but rather to iron-sulfur cluster biosynthesis. Journal of Biological Chemistry
279:29513–29518. doi: 10.1074/jbc.M403209200, PMID: 15123701

Cui TZ, Smith PM, Fox JL, Khalimonchuk O, Winge DR. 2012. Late-stage maturation of the Rieske Fe/S protein:
Mzm1 stabilizes Rip1 but does not facilitate its translocation by the AAA ATPase Bcs1. Molecular and Cellular
Biology 32:4400–4409. doi: 10.1128/MCB.00441-12, PMID: 22927643

Dobrynin K, Abdrakhmanova A, Richers S, Hunte C, Kerscher S, Brandt U. 2010. Characterization of two
different acyl carrier proteins in complex I from Yarrowia lipolytica. Biochimica Et Biophysica Acta 1797:152–
159. doi: 10.1016/j.bbabio.2009.09.007, PMID: 19766092

Feng D, Witkowski A, Smith S. 2009. Down-regulation of mitochondrial acyl carrier protein in mammalian cells
compromises protein lipoylation and respiratory complex I and results in cell death. Journal of Biological
Chemistry 284:11436–11445. doi: 10.1074/jbc.M806991200, PMID: 19221180

Garland SA, Hoff K, Vickery LE, Culotta VC. 1999. Saccharomyces cerevisiae ISU1 and ISU2: members of a well-
conserved gene family for iron-sulfur cluster assembly. Journal of Molecular Biology 294:897–907. doi: 10.
1006/jmbi.1999.3294, PMID: 10588895

Hiltunen JK, Autio KJ, Schonauer MS, Kursu VA, Dieckmann CL, Kastaniotis AJ. 2010. Mitochondrial fatty acid
synthesis and respiration. Biochimica Et Biophysica Acta 1797:1195–1202. doi: 10.1016/j.bbabio.2010.03.006,
PMID: 20226757

Huttlin EL, Ting L, Bruckner RJ, Gebreab F, Gygi MP, Szpyt J, Tam S, Zarraga G, Colby G, Baltier K, Dong R,
Guarani V, Vaites LP, Ordureau A, Rad R, Erickson BK, Wühr M, Chick J, Zhai B, Kolippakkam D, et al. 2015.
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