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Deacylation on the matrix side of the 
mitochondrial inner membrane regulates 
cardiolipin remodeling
Matthew G. Baile, Kevin Whited, and Steven M. Claypool
Department of Physiology, Johns Hopkins School of Medicine, Baltimore, MD 21205-2185

ABSTRACT The mitochondrial-specific lipid cardiolipin (CL) is required for numerous pro-
cesses therein. After its synthesis on the matrix-facing leaflet of the inner membrane (IM), CL 
undergoes acyl chain remodeling to achieve its final form. In yeast, this process is completed 
by the transacylase tafazzin, which associates with intermembrane space (IMS)-facing mem-
brane leaflets. Mutations in TAZ1 result in the X-linked cardiomyopathy Barth syndrome. 
Amazingly, despite this clear pathophysiological association, the physiological importance of 
CL remodeling is unresolved. In this paper, we show that the lipase initiating CL remodeling, 
Cld1p, is associated with the matrix-facing leaflet of the mitochondrial IM. Thus monolyso-
cardiolipin generated by Cld1p must be transported to IMS-facing membrane leaflets to gain 
access to tafazzin, identifying a previously unknown step required for CL remodeling. Addi-
tionally, we show that Cld1p is the major site of regulation in CL remodeling; and that, like CL 
biosynthesis, CL remodeling is augmented in growth conditions requiring mitochondrially 
produced energy. However, unlike CL biosynthesis, dissipation of the mitochondrial mem-
brane potential stimulates CL remodeling, identifying a novel feedback mechanism linking CL 
remodeling to oxidative phosphorylation capacity.

INTRODUCTION
Cardiolipin (CL) is a phospholipid unique to mitochondria that con-
sists of two phosphatidyl head groups bridged by a glycerol, and 
four total fatty acyl chains (Schlame et al., 2000). CL is important for 
numerous mitochondrial processes (Claypool and Koehler, 2012). It 
physically associates with, and enhances the function of, all major 
components of oxidative phosphorylation (OXPHOS; Fry and Green, 
1980, 1981; Eble et al., 1990; Gomez and Robinson, 1999; Sedlak 
and Robinson, 1999; Schwall et al., 2012); promotes the stability of 
respiratory supercomplexes (Zhang et al., 2002; Pfeiffer et al., 2003; 
Brandner et al., 2005; Zhang et al., 2005; Claypool et al., 2008b; 

Acehan et al., 2011); is required for the optimal function of the mito-
chondrial fission and fusion machinery (DeVay et al., 2009; Ban et al., 
2010; Montessuit et al., 2010); is involved in protein import (Jiang 
et al., 2000; van der Laan et al., 2007; Gebert et al., 2009; Marom 
et al., 2009); and is implicated in apoptosis (Ostrander et al., 2001; 
Gonzalvez et al., 2008). While CL is required in mammals for life 
(Zhang et al., 2011), it is nonessential in yeast (Jiang et al., 1997; 
Tuller et al., 1998). Nonetheless, yeast lacking CL display numerous 
defects, especially when grown in suboptimal conditions (Jiang 
et al., 2000; Koshkin and Greenberg, 2000; Zhong et al., 2004).

Eukaryotic CL biogenesis is evolutionarily conserved and only 
occurs within mitochondrial membranes (Schlame and Haldar, 1993). 
Despite the presence of CL on both leaflets of the inner membrane 
(IM) as well as on the outer membrane (OM; Petit et al., 1994; Gebert 
et al., 2009; Connerth et al., 2013), newly synthesized CL is pro-
duced within the matrix-facing leaflet of the IM (Schlame and 
Haldar, 1993; Dzugasova et al., 1998; Osman et al., 2010). Thus the 
final distribution of CL within mitochondrial membranes must in-
volve trafficking steps; however, the players and mechanisms re-
sponsible for these processes are presently unknown.

Furthermore, newly synthesized, immature CL, characterized by 
saturated acyl chains of variable length and asymmetry about the 
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(Beranek et al., 2009), in an effort to define the trafficking steps re-
quired for tafazzin-mediated CL remodeling and gain insight into 
the regulation of this process. We show that endogenous Cld1p is 
embedded in the matrix-facing leaflet of the IM, the opposite side 
of the IM as Taz1p. The nonintegral nature of Cld1p’s membrane 
association indicates that Cld1p-mediated deacylation of CL to 
MLCL is not directly coupled to the flipping of MLCL to the IMS-
facing leaflet of the IM. This in turn suggests the existence of an as 
yet unidentified protein(s) capable of redistributing MLCL, and pos-
sibly CL, between leaflets of the IM. Finally, we investigated the 
regulation of CL remodeling and demonstrate that Cld1p is the key 
step that controls the tafazzin-mediated CL remodeling pathway. 
Interestingly, disruption of the electrochemical gradient across the 
IM increases Cld1p function suggesting a novel mechanism by 
which mitochondria are able to respond to insufficient energy pro-
duction by generating a form of CL that promotes and/or preserves 
OXPHOS capacity.

RESULTS
Cld1p resides in the mitochondrial IM
Analysis of mitochondrial phospholipids indicates that Cld1p func-
tions upstream of Taz1p in CL remodeling; however, the growth 
phenotypes of Δtaz1, Δcld1, and Δtaz1Δcld1 on respiratory media 
suggest that Cld1p may also participate in a separate pathway 
(Beranek et al., 2009). Thus the subcellular localization of endoge-
nous Cld1p was analyzed. Consistent with the localization of Cld1p–
green fluorescent protein (Beranek et al., 2009), endogenous Cld1p 
cofractionated entirely with the mitochondrial marker, Qcr6p (Figure 
1A) and is therefore exclusively localized to mitochondria.

Because CL remodeling is topologically complex (Claypool and 
Koehler, 2012), the submitochondrial localization of Cld1p was ex-
amined. First, we took advantage of the fact that varying concentra-
tions of digitonin are able to selectively solubilize different mito-
chondrial compartments (Glick et al., 1992; Tamura et al., 2012). At 
very low concentrations of digitonin, the OM is permeabilized, re-
leasing soluble IMS proteins (Figure 1, B and C). As the digitonin 
concentration increases, the IM becomes permeabilized, releasing 
soluble matrix proteins; this is followed by the solubilization and re-
lease of membrane-associated OM proteins and, finally, IM proteins. 
The fractionation profile of Cld1p is similar to that of the IM marker 
proteins, indicating that Cld1p localizes to the IM.

To determine the side of the IM on which Cld1p is located, we 
examined the protease accessibility of Cld1p in intact mitochondria, 
mitoplasts generated by osmotically rupturing the OM, and deoxy-
cholate-solubilized mitochondrial extracts. Cld1p was protected 
from the protease, unless the IM was solubilized, similar to the ma-
trix protein Kgd1p, and unlike Tom70p, which faces the cytosol, or 
Taz1p and Dld1p, which face the IMS (Figure 1D). This supports the 
IM localization of Cld1p and additionally indicates that it either faces 
the matrix or, if it is a membrane-spanning protein, contains an IMS-
facing, protease-resistant domain.

Cld1p is associated with the matrix-facing leaflet of the IM
Protein topology prediction programs vary in their assessment of 
Cld1p, predicting no, one, or two transmembrane domains (Supple-
mental Table S1). Therefore the submitochondrial localization of 
each terminus of Cld1p was assessed by protease protection. Cld1p 
with a 10xHis + protein C epitope tags (CNAP tag; Claypool et al., 
2008b) on either the predicted mature N-terminus (after aa 41) or 
the C-terminus were transformed into Δcld1Δtaz1 yeast to test their 
physiological relevance. In Δtaz1 yeast, MLCL accumulates at the 
expense of CL, whereas in Δcld1 and Δcld1Δtaz1 yeast, CL levels are 

central carbon of the bridging glycerol (Schlame et al., 2005; 
Schlame and Ren, 2006), undergoes substantial acyl chain remodel-
ing. CL remodeling is initiated by a phospholipase that removes an 
acyl chain forming monolysocardiolipin (MLCL); MLCL is then reacy-
lated by an acyltransferase or a transacylase to form mature CL, 
characterized by unsaturated acyl chains and a high degree of mole-
cular symmetry (Schlame et al., 2005; Claypool and Koehler, 2012).

At least three distinct CL remodeling pathways may exist in 
mammals. Interestingly, all three implicated CL remodeling enzymes 
are located in separate compartments. MLCL acyltransferase 1 
resides on the inner leaflet of the IM (Taylor and Hatch, 2009), and 
acyl-CoA:lysocardiolipin acyltransferase 1 is located in the mito-
chondria-associated membrane compartment of the endoplasmic 
reticulum (ER; Li et al., 2010). Tafazzin (Taz1p in yeast), the only CL 
remodeling enzyme identified in yeast (Claypool and Koehler, 2012), 
is an MLCL transacylase that removes an acyl chain from another 
phospholipid (preferentially phosphatidylcholine or phosphatidyle-
thanolamine) and adds it to MLCL, thus regenerating CL (Xu et al., 
2003, 2006). It is an interfacial membrane protein that resides in the 
intermembrane space (IMS)-facing leaflet of both the IM and OM 
(Claypool et al., 2006). Therefore CL remodeling must involve not 
only the transbilayer movement of CL and/or its derivatives but, ad-
ditionally, trafficking between the IM and OM and the mitochon-
drion and the ER. Nothing is currently known about any of these 
processes.

Mutations in TAZ1 cause the X-linked disease, Barth syndrome, 
which is clinically characterized by cardiomyopathy, skeletal myopa-
thy, growth retardation, and cyclical neutropenia (Barth et al., 1983; 
Bione et al., 1996; Schlame and Ren, 2006). Mitochondria from 
Barth syndrome patients exhibit abnormal ultrastructure accompa-
nied by variable respiratory chain defects (Barth et al., 1983; Acehan 
et al., 2007, 2009). In Barth syndrome, CL levels are decreased with 
a concurrent increase in MLCL, and the acyl chain composition of 
CL is abnormal (Schlame et al., 2003; Valianpour et al., 2005). Com-
bined, these observations suggest that CL remodeling is required 
for optimal mitochondrial function (Schlame et al., 2005; Cheng 
et al., 2008; Claypool and Koehler, 2012).

One approach toward delineating the trafficking steps required 
for the biosynthesis of phospholipids is to define the subcellular lo-
calization and membrane topology of every participating enzyme. 
As one example, the localization of Cho1p/Pss1p to the ER and the 
mitochondrial Psd1p to the mitochondrial IM demonstrated that 
phosphatidylserine produced in the ER must traffic from the ER to 
the OM and finally to the IM to be decarboxylated to phosphati-
dylethanolamine (Kuge and Nishijima, 2003; Voelker, 2005; Horvath 
et al., 2012; Tamura et al., 2012). Thus basic cell biological informa-
tion outlined the steps required for the mitochondrial production of 
phosphatidylethanolamine. Importantly, such information also pro-
vided insight into the regulation of mitochondrial phosphatidyletha-
nolamine production (Kuge and Nishijima, 2003).

The pathophysiological importance of the tafazzin-mediated CL 
remodeling pathway is firmly established (Bione et al., 1996; 
Schlame and Ren, 2006). In contrast, the contribution of CL remod-
eling to physiology is perhaps surprisingly unresolved. In large part, 
this reflects the absence of any information concerning whether and 
how the tafazzin-mediated CL remodeling pathway is regulated. A 
major obstacle preventing a detailed investigation into the regula-
tion of the tafazzin-mediated CL remodeling pathway is the absence 
of any basic cell biological information about the lipase that func-
tions upstream of tafazzin and initiates the CL remodeling process. 
As such, we sought here to characterize CL-specific deacylase 1 
(Cld1p), the phospholipase that initiates CL remodeling in yeast 
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The membrane association of Cld1p was further analyzed by 
sonication (Figure 3C). Mitoplasts were incubated with various con-
centrations of KCl. After removal of the IMS proteins, mitoplasts 
were resuspended in buffer containing the same concentrations of 
KCl and subjected to sonication. Membrane-bound proteins were 
then separated from released proteins by ultracentrifugation. As ex-
pected, the soluble IMS protein Cyb2p was released from mito-
plasts, regardless of the KCl concentration (Figure 3D). Cyc1p on 
the other hand, which is peripherally attached to the IMS-facing 
leaflet of the IM, remained bound to mitoplasts when no KCl was 
added but was released as the KCl concentration increased. The 
integral membrane proteins Rip1p and Aac2p remained associated 
with the membrane pellet after sonication, whereas the soluble ma-
trix protein Aco1p was released after sonication. Upon sonication, in 
the absence of KCl, Cld1p remained completely membrane bound 
but was released in a salt-titratable manner. Therefore electrostatic 
interactions at least partially define Cld1p membrane association. 
However, that a small amount of Cld1p remained membrane bound 
even at very high salt concentrations indicates that electrostatic 
interactions are not the only determinant of its membrane associa-
tion. Importantly, Cld1p was never detected in the IMS fractions, 

normal (Beranek et al., 2009). Thus, if Δcld1Δtaz1 yeast are rescued 
with a functional Cld1p, MLCL will accumulate. Both tagged forms 
of Cld1p were expressed (Figure 2A) and resulted in the accumula-
tion of MLCL (Figure 2B), indicating that the addition of the CNAP 
tag to either terminus did not preclude function.

The CNAP tag was only degraded by the protease after the ad-
dition of detergent, regardless of its location on the mature N- or 
C-terminus (Figure 2, C and D). Thus both termini face the matrix, 
consistent with Cld1p containing no or an even number of trans-
membrane domains.

To experimentally determine whether Cld1p is a peripheral or in-
tegral membrane protein, mitochondria were incubated in 0.1 M car-
bonate at increasing pH. After ultracentrifugation, the integral mem-
brane protein Pic1p remained associated with the membrane pellet, 
while the peripheral membrane protein Cyc1p was released into the 
supernatant at every tested pH (Figure 3, A and B). Cld1p was par-
tially released from the membrane at pH 10.5, and was further ex-
tracted as the pH increased. This extraction profile, intermediate to 
either integral membrane proteins or peripheral proteins, suggests 
that Cld1p is an interfacial membrane protein, containing segments 
that extend into, but not completely through, the membrane.

FIGURE 1: Cld1p resides in the mitochondrial IM. (A) Yeast subcellular fractions were prepared by differential 
centrifugation. Fifty micrograms (for Cld1p) or 25 μg (for all other proteins) of each fraction was separated by SDS–
PAGE and immunoblotted as indicated. (B and C) Mitochondria isolated from wild-type yeast were solubilized with the 
indicated concentration of digitonin. (B) Equal volumes of extracted (S) and nonextracted (P) protein for each digitonin 
concentration were separated by SDS–PAGE and immunoblotted. (C) The band intensities for two markers per 
compartment were combined and plotted as the percent of signal in the supernatant (mean ± SEM; n = 3). (D) Intact 
mitochondria, mitoplasts, or deoxycholate-solubilized mitochondria from wild-type yeast were incubated with the 
indicated concentrations of proteinase k (PK), and 50 μg of each sample was separated by SDS–PAGE and 
immunoblotted as indicated. *, nonspecific cross-reaction of the Cld1p antiserum.
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expected to be critical for lipase or acyl-
transferase activity, and the HX4D motif, a 
conserved structural motif in acyltransferases 
(Figure 4A). However, the requirement for 
either of these motifs has not been formally 
tested. Sequence analysis of Cld1p predicts 
that the C-terminus contains an α/β-
hydrolase fold (Beranek et al., 2009), a fam-
ily of enzymes with diverse substrate speci-
ficity but that invariably contain a catalytic 
triad consisting of a nucleophile, an acidic 
residue, and a histidine (Holmquist, 2000).

For identification of the catalytic resi-
dues, a homology model of the α/β-
hydrolase domain was generated (Figure 
4B) using the α/β-hydrolase domain–
containing CumD as a template (Fushinobu 
et al., 2002). The predicted nucleophile, 
Ser-230, of the AXSXG motif and residues 
within the HX4D motif were individually 
mutated, as well as additional potential 
catalytic residues identified by their loca-
tion within the homology model (Figure 4, 
A and B). Each Cld1p mutant was expressed 
after being transformed into Δcld1Δtaz1 
yeast, and its function was analyzed by 
measuring the accumulation of MLCL 
(Figure 4, C and D). Mutating Ser-230 or 
His-424 to alanine inactivated Cld1p. His-
424 is predicted to be adjacent to the cata-
lytic serine residue, consistent with its par-
ticipation in catalysis. In contrast, mutating 
Asp-429 within the HX4D motif did not 
ablate Cld1p function, indicating this motif 

may not be a bona fide transacylase motif. Instead, mutating Asp-
392, one of four additional aspartic acid residues adjacent to the 
catalytic pocket identified in the homology model, to asparagine 
abolished Cld1p activity. Importantly, mutating Ser-230, His-424, 
or Asp-429 did not affect Cld1p assembly (Figure 5A), suggesting 
that the lack of Cld1p activity is not due to overall protein misfold-
ing. Thus Ser-230, His-424, and Asp-392 compose the catalytic 
triad of Cld1p.

Cld1p functions as a monomer
The α/β-hydrolase fold family of proteins contains enzymes that 
exist as monomers or higher oligomers (Kim et al., 1997; Carr and 
Ollis, 2009; Thoms et al., 2011). Analysis by two-dimensional blue 
native/SDS–PAGE reveals that the majority of Cld1p migrates be-
tween 80 and 120 kDa, but higher-molecular-weight complexes 
are also present (Figure 5A), suggesting dimerization or higher oli-
gomerization. We sought to determine whether this potential oli-
gomerization is required for Cld1p activity by testing whether a 
Cld1p catalytic mutant functions as a dominant negative. When 
expressed in a Δtaz1 strain (which contains endogenous Cld1p), a 
dominant negative allele should inhibit the function of endoge-
nous Cld1p, resulting in decreased MLCL and increased CL com-
pared with Δtaz1. Wild-type or the H424A Cld1p mutant were ex-
pressed from low- (centromeric, ↑) or high- (2 μm, ↑↑) copy 
plasmids in a Δtaz1 strain (Figure 5B). However, phospholipid anal-
ysis showed no difference in the levels of CL and MLCL compared 
with Δtaz1 rescued with empty vector (EV; Figure 5C). Therefore, 
despite Cld1p’s participation in higher-order assemblies (either 

regardless of the inclusion of KCl. Thus the ability of salt to release 
Cld1p from the IM only after sonication confirms that Cld1p associ-
ates with the matrix-facing leaflet of the IM. Together with the local-
ization of the N- and C-termini of Cld1p, these results indicate that 
Cld1p associates with membranes but lacks canonical membrane-
spanning segments.

The membrane association of Cld1p is enhanced 
by its substrate
The role of CL in the membrane association of Cld1p was next 
tested in mitochondria lacking CL synthase (Δcrd1), and thus CL. 
After sonication, Cld1p remained mostly membrane bound in the 
absence of KCl, even in Δcrd1 mitochondria (Figure 3, E and F). 
However, at both 100 and 250 mM KCl, Cld1p was extracted more 
readily from mitochondria lacking CL, suggesting that CL facilitates 
Cld1p’s membrane association. However, when analyzed by carbon-
ate extraction, the extraction profile of Cld1p was similar in both 
wild-type and Δcrd1 mitochondria, except at pH 10.5, at which 
Cld1p was slightly more extractable in the absence of CL (Figure 3, 
A and B). Thus Cld1p still acts as an interfacial membrane protein, 
even in the absence of CL. Taken together, these data indicate that 
Cld1p bound to the IM via residues that extend into, but not through, 
the membrane independent of CL, but that CL contributes to the 
electrostatic interaction of Cld1p with the IM (Figure 3G).

The catalytic triad of Cld1p
Two motifs were predicted to be involved in Cld1p function (Beranek 
et al., 2009): the AXSXG motif, of which the serine residue is 

FIGURE 2: Both termini of Cld1p face the matrix. (A) Whole-cell extracts were separated by 
SDS–PAGE and immunoblotted as indicated. *, a nonspecific cross-reaction of the Cld1p 
antiserum. (B) Mitochondrial phospholipids from the indicated strains were labeled with 32Pi and 
separated by thin-layer chromatography (TLC). (C and D) Intact mitochondria, mitoplasts, or 
deoxycholate-solubilized mitochondria from Δcld1 yeast transformed with (C) CNAP-CLD1 or 
(D) CLD1-CNAP were incubated with the indicated concentrations of PK, and 50 μg of each 
sample were separated by SDS–PAGE and immunoblotted as indicated.
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Cld1p is up-regulated during respiratory conditions
The regulation of CL remodeling has not been documented. To this 
end, the steady-state expression of Cld1p and Taz1p, and CL and 

with itself, other proteins, or phospholipids), oligomerization is not 
required for Cld1p function, indicating that the functional unit is 
likely a monomer.

FIGURE 3: Cld1p is associated with the matrix-facing leaflet of the IM. (A) Wild-type or Δcrd1 mitochondria were 
incubated in 0.1 M carbonate of the indicated pH. Membrane-bound proteins (P) were separated from released proteins 
(S) by ultracentrifugation, and equal volumes of each fraction were resolved by SDS–PAGE and immunoblotted as 
indicated. (B) Band intensities of the P and S fractions were quantified and plotted as the percentage of total protein 
released into the supernatant for each pH (mean ± SEM; n = 4). Solid and dashed lines indicate wild-type and Δcrd1 
mitochondria, respectively. (C) Outline of the sonication experiment in (D). (D) Wild-type mitoplasts were incubated with 
the indicated concentration of KCl, and pelleted by centrifugation. Released proteins (IMS) in the supernatant were 
removed and TCA-precipitated. Mitoplasts were resuspended in buffer maintaining the indicated KCl concentration and 
sonicated. Membranes (P) were separated from released proteins (S) by ultracentrifugation. Equal amounts of each 
sample were resolved by SDS–PAGE and immunoblotted as indicated. (E) Intact wild-type or Δcrd1 mitochondria were 
sonicated in the presence of the indicated KCl concentrations as in (D). (F) Band intensities of the P and S fractions were 
quantified and plotted as the percentage of total protein released into the supernatant for each KCl concentration 
(mean ± SEM; n = 4). (G) Cld1p is embedded in the IM facing the mitochondrial matrix. (B and F) *, a statistically 
significant difference (p < 0.05) as determined by t test.
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For further examination of how Cld1p expression levels affect its 
function, Cld1p was overexpressed in Δtaz1 yeast. Expression of 
CLD1 from a centromeric plasmid resulted in similar increases in 
Cld1p steady-state expression compared with endogenous Cld1p in 
each media type (2.6-fold higher in both dextrose and raffinose; 2.9-
fold higher in lactate; Figure 7, A and B). Overexpression of Cld1p 
did not alter the total amount of CL + MLCL (Figure 7, C and D), al-
though CL was significantly decreased in lactate-containing media 
(Figure S3A), and MLCL was significantly increased in raffinose-con-
taining media (Figure S3B). In all media types, the MLCL:CL ratio 
was slightly but significantly increased when Cld1p was overex-
pressed (Figure 7E), although to a lesser extent than expected based 
on the degree of overexpression (compare Δtaz1 [EV] in rich lactate 
and Δtaz1 [CLD1] in raffinose), which suggests that factors other than 
simply steady-state abundance regulate Cld1p function.

Cld1p function is enhanced after dissipation of the 
mitochondrial membrane potential
To gain further insight into the regulation of CL remodeling, we ex-
amined the CL and MLCL levels in yeast treated with mitochondrial 
ionophores. CL biosynthesis has been shown to decrease when the 
mitochondrial pH gradient is dissipated with carbonyl cyanide m-
chlorophenyl hydrazone (CCCP), but not when the membrane po-
tential is ablated with valinomycin (Gohil et al., 2004); however, the 
role of the electrochemical gradient in regulating CL remodeling has 
never been tested. CCCP (20 μM) and valinomycin (1 μM) inhibited 
growth in lactate-containing media, but had no effect on cell growth 
in media containing raffinose as the carbon source (Figure S4, A 
and B). Steady-state levels of mitochondrial phospholipids were 

MLCL levels, in yeast grown in various carbon sources were exam-
ined. In dextrose, which represses proteins involved in mitochondrial-
mediated metabolism (Ohlmeier et al., 2004), Cld1p was barely 
detectable, whereas in raffinose, a fermentable carbon source that 
does not result in glucose repression, Cld1p was expressed at higher 
levels. Cld1p and Taz1p expression was highest when yeast were 
grown in the nonfermentable carbon source, lactate (Figure 6, A and 
B). Importantly, no differences in expression were observed between 
wild-type, Δcld1, and Δtaz1 yeast grown in the same media (Supple-
mental Figure S1), indicating that the presence of a functional remod-
eling pathway does not regulate the expression of Cld1p or Taz1p.

Analysis of mitochondrial phospholipids revealed that the sum of 
CL + MLCL, a gauge of CL biosynthesis that is equivalent for wild-
type, Δcld1, and Δtaz1 mutants, is reduced in yeast grown in dex-
trose compared with raffinose or rich lactate (Figures 6, C and D, 
and S2), consistent with previous studies of CL biosynthesis (Shen 
and Dowhan, 1998; Gu et al., 2004; Su and Dowhan, 2006; Chen 
et al., 2008; Claypool et al., 2008a). Similar to the steady-state ex-
pression, no differences are observed in CL + MLCL levels between 
wild-type, Δcld1, or Δtaz1 yeast grown in the same media (Figure 
6D), demonstrating that CL biosynthesis is not affected by defects in 
the CL remodeling pathway.

In Δtaz1 yeast, the ratio of the accumulated MLCL to CL provides 
a means to determine the function of Cld1p. In the absence of 
Taz1p, MLCL generated by Cld1p cannot be reacylated and thus 
accumulates. The MLCL:CL ratio in Δtaz1 yeast, and therefore the 
function of Cld1p, is lowest in the presence of dextrose and highest 
in the presence of lactate (Figure 6E), correlating with the steady-
state expression levels of Cld1p (Figure 6B).

FIGURE 4: The catalytic triad of Cld1p. (A) Schematic of Cld1p, containing a predicted mitochondrial targeting 
sequence (MTS) and α/β-hydrolase domain. Amino acid residues mutated in the predicted lipase motif (residues 
228–232) and acyltransferase structural motif (residues 424–429) are shown in blue with additional mutated residues in 
green. (B) The α/β-hydrolase domain of Cld1p was modeled with SWISS-MODEL. Residues constituting the predicted 
catalytic pocket of Cld1p are shown and colored as in (A). (C) Mitochondrial phospholipids from the indicated strains 
were labeled with 32Pi and separated by TLC (top panel). Whole-cell extracts were immunoblotted as indicated (bottom 
panels). (D) Quantification of the MLCL:CL ratio (mean ± SEM; n = 6). Significant differences compared with 
Δcld1Δtaz1[EV] were determined by one-way ANOVA. *, nonspecific bands.
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matrix-facing leaflet of the IM gain access to 
tafazzin on the IMS-facing leaflets of the in-
ner and outer membranes to complete CL 
remodeling? To begin to answer this ques-
tion, we determined the submitochondrial 
localization and membrane association of 
Cld1p, the lipase that initiates CL remodel-
ing. In this study, we have shown that Cld1p 
is embedded in the IM but does not span 
through it to the IMS. Because Cld1p in 
Δcrd1 mitochondria remained membrane 
bound in the absence of added salt after 
sonication, and its carbonate extraction pro-
file did not change at a higher pH compared 
with wild-type, it is unlikely that Cld1p is 
simply tethered to the membrane by CL. 
Rather, that Cld1p is more readily extracted 
by salt in the absence of CL suggests that its 
electrostatic interaction with the membrane 
is, at least partially, via the negatively 
charged head group of its substrate, CL.

The nature of Cld1p’s membrane associ-
ation is consistent with its function as a CL 
deacylase. Similar to the interfacial mem-
brane protein Taz1p (Claypool et al., 2006), 
Cld1p must catalyze a reaction within the 
membrane bilayer, at the interface between 
the hydrophilic head groups and hydropho-
bic fatty-acyl chains. This is in contrast to an 
enzyme that catalyzes a reaction on the 
head group of a phospholipid, such as 
Gep4p, which dephosphorylates phosphati-
dylglycerolphosphate to phosphatidylglyc-
erol and is only peripherally attached to the 
IM (Osman et al., 2010).

The enzymatic activity of Crd1p (Schlame 
and Haldar, 1993) also occurs on the matrix-
facing leaflet of the IM, suggesting that, af-
ter synthesis, CL is deacylated by Cld1p 

forming MLCL, and that MLCL is the phospholipid that must be 
transported across the IM to Taz1p-containing membranes to com-
plete CL remodeling (Figure 3G). Because Cld1p does not span the 
IM, its enzymatic activity is not coupled to the flipping of MLCL to 
the IMS-facing leaflet of the IM. The generation of mature CL re-
quires multiple rounds of deacylation and reacylation. Consequently, 
after MLCL is translocated to Taz1p-containing leaflets for reacyla-
tion, newly reacylated CL may need to traffic back to the matrix-
facing leaflet of the IM to become available for Cld1p to remove 
another acyl chain—a cycle that would repeat until mature CL is 
generated. However, Taz1p-mediated transacylation requires only a 
phospholipid and a lysophospholipid (Malhotra et al., 2009) in the 
context of a curved membrane (Schlame et al., 2012). It is therefore 
possible that the lysophospholipid generated after the first reacyla-
tion of CL is used as an acyl chain acceptor for Taz1p to subse-
quently rederive MLCL from CL. Thus, after Cld1p initiates CL re-
modeling by generating MLCL on the matrix-facing leaflet of the IM, 
the subsequent acylation/deacylation reactions would be mediated 
solely by Taz1p via transacylation and occur within the same leaflet. 
In either scenario, after Cld1p initiates CL remodeling by generating 
MLCL, an as yet unidentified protein(s) must mediate the redistribu-
tion of MLCL to the IMS-facing leaflets of the inner and outer 
membranes.

analyzed after treatment for 24 h in raffinose-containing media 
(Figure 8, A and B). The levels of CL + MLCL in wild-type yeast were 
not significantly affected by treatment with either CCCP or valino-
mycin, demonstrating that CL biosynthesis is not affected by chronic 
disruption of the mitochondrial membrane potential or pH gradient. 
Treatment with CCCP or valinomycin did not affect the total levels of 
CL + MLCL in either mutant, indicating that defects in the remodel-
ing pathway compounded with sustained dissipation of the electro-
chemical gradient do not affect CL biosynthesis. The MLCL:CL ratio 
in Δtaz1 yeast increased after treatment with either CCCP or valino-
mycin (Figure 8C), signifying that Cld1p function is enhanced in the 
absence of a membrane potential. This increase in function is not 
due to an increase in Cld1p expression (Figure 8, D and E), suggest-
ing that the increased MLCL:CL ratio is due to increased Cld1p ac-
tivity. Of note, Taz1p expression did increase after treatment with 
the ionophores (Figure S4C), indicating that regulation of its expres-
sion is independent of Cld1p expression.

DISCUSSION
A new step required for CL remodeling
While much is known about the enzymatic reactions involved in the 
biosynthesis and remodeling of CL, relatively little is known about 
CL trafficking. Namely, how does immature CL synthesized on the 

FIGURE 5: Cld1p functions as a monomer. (A) Mitochondria (150 μg) isolated from the indicated 
strains were solubilized with 1.5% (wt/vol) digitonin, separated by two-dimensional blue native/
SDS–PAGE, and immunoblotted for Cld1p. *, a nonspecific cross-reaction of the Cld1p 
antiserum. (B) Mitochondrial phospholipids from the indicated strains were labeled with 32Pi and 
separated by TLC (top panel). Whole-cell extracts from the indicated strains were resolved by 
SDS–PAGE and immunoblotted for Cld1p and the loading control Pic1p (bottom panels). ↑, a 
low copy (centromeric) plasmid; ↑↑, a high copy (2 μm) plasmid. (C) Quantification of CL and 
MLCL (mean ± SEM; n = 6).
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plasma membrane, ER, Golgi, and endosomes (van Meer et al., 
2008), little is known about phospholipid trafficking in the mitochon-
drion. CL redistribution between IM leaflets has been demonstrated 

Is there any attractive candidate(s) for this novel activity? The 
simple answer is no. While proteins mediating phospholipid redistri-
bution between membrane leaflets have been identified for the 

FIGURE 7: Cld1p overexpression does not cause a proportional increase in function. (A) Whole-cell extracts from Δtaz1 
yeast transformed with an EV or CLD1 grown in YP-dextrose (D), YP-raffinose (R), or rich lactate (RL) were separated by 
SDS–PAGE and immunoblotted as indicated. *, nonspecific cross-reactions of the Cld1p antiserum. (B) Cld1p band 
intensities were quantified and plotted as the % protein relative to Δtaz1[EV] grown in raffinose (mean ± SEM; n = 8). 
(C) Mitochondrial phospholipids from yeast grown in the indicated media were labeled with 32Pi and separated by TLC. 
(D) The sum of CL + MLCL from the indicated strains (mean ± SEM; n = 6). n.s., differences not significant. (E) The ratio 
of MLCL:CL from Δtaz1 (mean ± SEM; n = 6). Significant differences determined by t test.

FIGURE 6: Cld1p expression and function is modulated by the available carbon source. (A) Whole-cell extracts from 
wild-type yeast grown in YP-dextrose (Dextrose), YP-raffinose (Raffinose), or rich lactate were resolved by SDS–PAGE 
and immunoblotted as indicated. *, nonspecific cross-reactions of the Cld1p antiserum. (B) Band intensities from 
wild-type yeast were quantified and expressed as the % protein relative to raffinose (mean ± SEM; n = 17). 
(C) Mitochondrial phospholipids from yeast grown in the indicated media were labeled with 32Pi and separated by TLC. 
(D) The sum of CL + MLCL from the indicated strains (mean ± SEM; n = 6). n.s., differences not significant. (E) The ratio 
of MLCL:CL from Δtaz1 (mean ± SEM; n = 6). Significant differences determined by one-way ANOVA.
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Cld1p and Taz1p expression is increased approximately twofold 
in lactate compared with raffinose, despite no difference in CL + 
MLCL levels. Cld1p, but not Taz1p, expression is repressed in dex-
trose, consistent with the reduced steady-state levels of CL + MLCL. 
These observations indicate that Cld1p expression is not exclusively 
coordinated by CL steady-state levels. More importantly, they indi-
cate that the abundance of CL remodeling enzymes is regulated by 
the available carbon source.

The MLCL:CL ratio in Δtaz1 yeast, a measure of Cld1p function, 
is decreased in dextrose and increased in lactate, correlating with 
the steady-state expression level of Cld1p. By itself, these data sug-
gest that Cld1p function is regulated by the steady-state abundance 
of the Cld1p polypeptide. However, overexpression of Cld1p did 
not result in a proportional increase in the MLCL:CL ratio, suggest-
ing additional modes of Cld1p regulation.

While the presence of various carbon sources and the treatment 
with ionophores modulates CL remodeling, neither alteration re-
sulted in the accumulation of MLCL in wild-type compared with 
Δcld1. Thus, the activity of both Taz1p and the unidentified MLCL 
trafficking protein(s) was not limiting. Of note, Taz1p expression in-
creased after treatment with valinomycin (Figure S4C), suggesting 
that its expression is modulated to match the rate of CL remodeling. 
Further, Taz1p expression is not increased due to an increase in its 

(Gallet et al., 1997, 1999); however, the player(s) responsible have 
not been identified.

A novel link between CL remodeling and OXPHOS
CL biosynthesis is known to be modulated in yeast by the available 
carbon source; CL levels are decreased in dextrose and increased in 
nonfermentable carbon sources (Figure 6D; Shen and Dowhan, 
1998; Gu et al., 2004; Su and Dowhan, 2006; Chen et al., 2008; 
Claypool et al., 2008a). Additionally, decreasing the matrix pH re-
duces Crd1p function, in turn decreasing the steady-state levels of 
CL (Gohil et al., 2004). In this study, we show that the sum of CL + 
MLCL, an indicator of CL biosynthesis, is decreased in dextrose 
compared with raffinose and lactate. Importantly, no difference in 
CL + MLCL levels is observed between wild-type, Δcld1, and Δtaz1 
yeast, indicating that the differences observed between the various 
carbon sources are the result of regulation at the level of CL biosyn-
thesis, not remodeling.

In contrast, nothing is known about the regulation of CL remod-
eling. To investigate this important issue, we addressed three spe-
cific questions: 1) Is the CL remodeling pathway regulated? 2) If yes, 
is there a particular step in the pathway that serves as the master 
regulator? 3) Is CL remodeling regulated in a manner similar to or 
distinct from CL biosynthesis?

FIGURE 8: Dissipation of the mitochondrial membrane potential promotes Cld1p function. (A) Mitochondrial 
phospholipids from yeast grown in YP-raffinose spiked with 32Pi in the presence of 20 μM CCCP (C), 1 μM valinomycin 
(V), or vehicle only (−) for 24 h were separated by TLC. (B) The sum of CL + MLCL from the indicated strains (mean ± 
SEM; n = 6). n.s., differences not significant as determined by one-way ANOVA. (C) The ratio of MLCL:CL from Δtaz1 
(mean ± SEM; n = 6). Significant differences determined by one-way ANOVA. (D) Whole-cell extracts from the indicated 
strains grown in the presence of CCCP, valinomycin, or vehicle alone for 24 h were resolved by SDS–PAGE and 
immunoblotted as indicated. *, nonspecific cross-reactions of the Cld1p antiserum. (E) Cld1p band intensities were 
quantified and plotted as the % Cld1p relative to wild-type grown in the absence of either ionophore (mean ± SEM; 
n = 5). n.s., differences not significant as determined by t test.
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regulated by changes in the mitochondrial 
membrane potential, representing a regula-
tory mechanism distinct from that of Crd1p 
(Gohil et al., 2004) and suggesting that a 
cell can individually fine-tune both the total 
levels of CL and the molecular form of CL.

There are at least two non–mutually ex-
clusive benefits of having flux through the 
CL remodeling pathway regulated by the 
strength of the membrane potential across 
the IM (Figure 9). First, physiologically, de-
creases in the mitochondrial membrane po-
tential indicate greater energetic demand 
(Huttemann et al., 2008). Essentially, this is a 
simple way for the cell to coordinate energy 
production with energy demand. For in-
stance, when cytosolic ATP is depleted, the 
relative concentration of ADP increases; 
condensation of ADP and Pi by the ATP syn-
thase is coupled to the downhill flow of pro-
tons across the IM through the Fo section, 
which dissipates the membrane potential 
(the process of respiratory control; Chance 
and Williams, 1955). CL remodeling has 
been proposed to generate a form of CL 
that functions more optimally than newly 
synthesized CL (Schlame et al., 2005; Cheng 
et al., 2008; Claypool and Koehler, 2012). If 
true, then augmenting Cld1p activity upon 
dissipation of the membrane potential 
would increase the relative abundance of 
remodeled CL, in turn promoting the en-
hanced activity of the OXPHOS machinery. 
This novel potential feedback mechanism 
would therefore link energetic demand with 

the capacity to produce energy by altering the acyl chain composi-
tion of CL.

Second, mitochondria are the major producers of cellular reac-
tive oxygen species (ROS). CL is intimately associated with all of the 
main players involved in OXPHOS and is susceptible to oxidation 
(Kim et al., 2011). Further, peroxidized CL inactivates complex IV 
(Musatov, 2006). Defects in the respiratory chain, either from muta-
tion or through pharmacological insult, have been shown to increase 
ROS production and decrease the membrane potential (Grivennik-
ova and Vinogradov, 2006; Minners et al., 2007; Quinlan et al., 2011; 
Baile and Claypool, 2013). Therefore CL remodeling could be acti-
vated as part of a mitochondrial ripple-response cascade (Vafai and 
Mootha, 2012), maintaining OXPHOS capacity by repairing dam-
aged CL molecules. The dissipation of the membrane potential 
would act as a signal to activate CL remodeling, removing oxida-
tively damaged acyl chains from CL by Cld1p and replacing them 
with unadulterated acyl chains by tafazzin-mediated transacylation. 
In this scenario, OXPHOS capacity would be maintained but not 
necessarily enhanced by fixing damaged CL molecules, providing a 
mechanism whereby the membrane potential is reestablished. This 
in turn would prevent more drastic downstream consequences as-
sociated with severe reductions in the membrane potential, includ-
ing mitophagy or apoptosis (Clayton et al., 2005; Frezza et al., 2006; 
Twig et al., 2008; Jin et al., 2010). Consistent with this model, oxida-
tive damage is increased in the absence of tafazzin in yeast (Chen 
et al., 2008) and humans (Gonzalvez et al., 2013), implicating CL 
remodeling in reducing ROS formation.

substrate MLCL, because similar increases in Taz1p expression occur 
in both wild-type and Δcld1 after treatment with valinomycin. In 
sum, these results indicate that removal of an acyl chain from CL by 
Cld1p represents the major site of regulation for the CL remodeling 
pathway.

CCCP, a H+ ionophore, dissipates the mitochondrial membrane 
potential and decreases the matrix pH, whereas valinomycin, a K+ 
ionophore, decreases the membrane potential while maintaining 
the matrix pH (Gohil et al., 2004). Treatment of yeast for 24 h with a 
nonlethal concentration of either ionophore did not result in a sig-
nificant alteration of CL + MLCL levels (Figure 8B; the observed de-
crease was not statistically significant). This is in contrast to another 
study that reported a decrease in CL synthesis after treatment with 
CCCP (Gohil et al., 2004), although phospholipids were pulse-
labeled and yeast was treated with ionophores for a shorter time 
period in these experiments. In Δtaz1 yeast, the MLCL:CL ratio in-
creased after treatment with either CCCP or valinomycin, despite 
unchanged expression of Cld1p. Both ionophores decrease the 
membrane potential, but only CCCP affects the matrix pH; thus 
Cld1p function increases as the membrane potential decreases.

Taken together, these data indicate that CL remodeling can be 
regulated by two different mechanisms. First, Cld1p expression (and 
thus overall function) is regulated by the available carbon source, in 
a manner similar to the regulation of CL biosynthesis (Shen and 
Dowhan, 1998; Gu et al., 2004; Su and Dowhan, 2006; Chen et al., 
2008; Claypool et al., 2008a), which may allow CL biosynthesis 
and remodeling rates to be coordinated. Second, Cld1p function is 

FIGURE 9: A feedback loop between OXPHOS and CL remodeling. CL remodeling is enhanced 
upon dissipation of the mitochondrial membrane potential (Δψ). Two potential underlying causes 
for a drop in the mitochondrial membrane potential include: 1) A decreased energy charge 
(yellow boxes) or 2) impairment of the electron transport chain (ETC), either through mutation or 
pharmacological insult (blue boxes). A reduced mitochondrial membrane potential will increase 
the rate of CL remodeling. The resultant additional mature CL may increase the efficiency of 
OXPHOS and thus reestablish the Δψ (yellow boxes). Alternatively, the increased production of 
ROS that occurs when proton pumping by the electron transport chain is reduced/impaired may 
oxidize CL. The increased rate of CL remodeling stimulated by the associated reduction in Δψ 
may therefore replace oxidized acyl chains in CL with new acyl chains, thus preserving OXPHOS 
function (blue boxes).
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being incubated on ice for 15 min. Released proteins (IMS fraction) 
were separated from mitoplasts by centrifugation at 21,000 × g for 
10 min at 4°C and TCA-precipitated. Mitoplast pellets were resus-
pended to 10 mg/ml in sonication buffer (0.6 M sucrose, 3 mM MgCl2, 
20 mM HEPES, pH 7.4) containing 0–1 M KCl, and sonicated 3 × 10 s 
with 30-s intervals using a Sonic Dismembrator 500 (Fisher Scientific, 
Lafayette, CO) at amplitude 15%. After removal of unbroken mito-
plasts by centrifugation, the supernatant was separated from the 
membrane pellet by centrifugation at 100,000 × g for 30 min at 4°C 
(TLA120.1 rotor), and the supernatant was TCA-precipitated. Equal 
volumes of each fraction were resolved by SDS–PAGE and immunob-
lotted. When the IMS fraction was not analyzed, 500 μg of mitochon-
dria was collected by centrifugation, resuspended to 10 mg/ml in 
sonication buffer, and treated as described above.

Antibodies
Most antibodies used in this study were generated in the Schatz 
(J. Schatz, Univeristy of Basel, Basel, Switzerland) or Koehler 
(C. Koehler, University of California, Los Angeles, Los Angeles, CA) 
laboratories and have been described previously (Daum et al., 1982; 
Riezman et al., 1983; Claypool et al., 2006, 2008a, 2011; Hwang et al., 
2007; Whited et al., 2012). Antibodies against Cld1p, Cox4p, Rip1p, 
and Qcr6p were raised in rabbits using purified recombinant proteins 
as antigens. The specificity of each antibody is provided in Figure S5. 
Recombinant proteins were generated essentially as previously de-
scribed (Claypool et al., 2006, 2011) by cloning the entire open read-
ing frame into the pET28a vector (Novagen, Darmstadt, Germany) 
downstream of the 6xHis tag; induced in BL21-CodonPlus(DE3)-RIL 
Escherichia coli; and purified using Ni2+ agarose (Qiagen, Valencia, 
CA). Other antibodies used were mouse anti-Sec62p (a gift from D. 
Meyers, University of California, Los Angeles, Los Angeles, CA), 
mouse anti-Aac2p clone 6H8 (Panneels et al., 2003), mouse anti–
protein C (Roche, Indianapolis, IN), and horseradish peroxidase–con-
jugated (Thermo Fisher Scientific, Lafayette, CO) or fluorescence-
conjugated (Pierce, Rockford, IL) secondary antibodies.

Miscellaneous
Isolation of mitochondria, subcellular fractionation, preparation of 
yeast cell extracts, two-dimensional blue native/SDS–PAGE, phos-
pholipid analyses, and immunoblotting were performed as previ-
ously described (Claypool et al., 2006, 2008a). Carbonate extrac-
tion was performed as previously described (Claypool et al., 
2006), except that the pellet and supernatant fractions were sepa-
rated by centrifugation at 175,000 × g for 15 min at 4°C using a 
TLA120.1 rotor. The proteinase K (PK) accessibility assay was per-
formed as previously described (Claypool et al., 2006), except 
that 0.5% (wt/vol) deoxycholate was used to solubilize the IM. 
Phosphate quantification was performed as previously described 
(Rouser et al., 1970). The homology model of the α/β-hydrolase 
domain of Cld1p was generated using the SWISS-MODEL Work-
space (Guex and Peitsch, 1997; Schwede et al., 2003; Arnold 
et al., 2006). The predicted mature N-terminus of Cld1p was de-
termined using MitoProt II v1.101 (Claros and Vincens, 1996). 
Statistical comparisons were performed by t test or one-way anal-
ysis of variance (ANOVA) with Holm-Sidak pairwise comparison 
using SigmaPlot 11 software (Systat Software, San Jose, CA).

MATERIALS AND METHODS
Yeast strains and growth conditions
All strains were derived from the wild-type parental Saccharomyces 
cerevisiae strain GA74-1A (MATa, his3-11,15, leu2, ura3, trp1, ade8, 
rho+, mit+). Δcrd1 (MATa, his3-11,15, leu2, ura3, ade8, Δcrd1::TRP1) 
has been described previously (Claypool et al., 2008b). Δcld1 (MATa, 
leu2, ura3, trp1, ade8, Δcld1::HIS3MX6), Δtaz1 (MATa, his3-11,15, 
leu2, trp1, ade8, Δtaz1::URA3MX), and Δcld1Δtaz1 (MATa, leu2, 
trp1, ade8, Δcld1::HIS3MX6, Δtaz1::URA3MX) were generated by 
replacing the entire open reading frame of the gene using PCR-
mediated gene replacement (Wach et al., 1994).

Yeast were grown in YP media (1% yeast extract, 2% peptone) 
supplemented with either 2% dextrose or 2% raffinose in Figures 6 
and 8; synthetic dropout media (0.17% yeast nitrogen base, 0.5% 
ammonium sulfate, 0.2% dropout mix synthetic –leu) supplemented 
with 2% dextrose or 2% raffinose in Figure 7; synthetic rich lactate 
–leu (0.17% yeast nitrogen base minus amino acids and ammonium 
sulfate, 0.5% ammonium sulfate, 0.2% dropout mix synthetic –leu, 
0.05% dextrose, 2% lactic acid, 3.4 mM CaCl2–2H2O, 8.5 mM NaCl, 
2.95 mM MgCl2–6H2O, 7.35 mM KH2PO4, 18.7 mM NH4Cl, pH 5.5) 
in Figures 2, 4, 5, and 7; and rich lactate media (1% yeast extract, 2% 
tryptone, 0.05% dextrose, 2% lactic acid, 3.4 mM CaCl2–2H2O, 
8.5 mM NaCl, 2.95 mM MgCl2–6H2O, 7.35 mM KH2PO4, 18.7 mM 
NH4Cl, pH 5.5) in all other experiments.

For treatment with ionophores, overnight cultures grown in YP-
raffinose or rich lactate were diluted to 0.4 OD600/ml in YP-raffinose 
or rich lactate containing 20 μM CCCP, 1 μM valinomycin, or an 
equal volume of vehicle (ethanol for CCCP; dimethyl sulfoxide for 
valinomycin). For growth analysis, the OD600 was measured at 0, 2, 
4, 6, 8, and 24 h. Phospholipid steady-state levels and protein ex-
pression were analyzed after 24 h of treatment.

Molecular biology
CLD1 was amplified from genomic DNA isolated from GA74-1A yeast 
using primers that hybridized ∼450 base pairs 5′ of the predicted start 
codon and ∼100 base pairs 3′ of the predicted stop codon and sub-
cloned into pRS315. CLD1 point mutations and both the mature N- 
and C-terminal CNAP-tagged CLD1 were generated by overlap 
extension (Ho et al., 1989) using pRS315CLD1 as a template.

Digitonin-based submitochondrial localization
Digitonin-based submitochondrial localization was performed as 
described previously (Glick et al., 1992; Tamura et al., 2012). Briefly, 
250 μg of mitochondria was resuspended in SEHK buffer (250 mM 
sucrose, 5 mM EDTA, 10 mM HEPES-KOH, pH7.4, 50 mM KCl, 
200 μM PMSF) supplemented with 0–0.5% (wt/vol) digitonin and 
solubilized for 60 s. Cold SEHK buffer (8.5 volumes) was added to 
stop solubilization. Released proteins were separated from the 
membrane pellet by centrifugation at 100,000 × g (TLA120.1 rotor) 
for 10 min at 4°C. The supernatant fraction was trichloroacetic acid 
(TCA)-precipitated, and both supernatant and membrane pellet 
fractions were resuspended in equal volumes of sample buffer. After 
separation by SDS–PAGE and immunoblotting as indicated, band 
intensities were captured with the FluorChem Q (Cell Biosciences, 
Santa Clara, CA) quantitative digital imaging system and quantified 
using affiliated AlphaView SA.

Sonication
Mitochondria (500 μg) were osmotically shocked by being resus-
pended in mitoplasting buffer (30 mM sorbitol, 20 mM HEPES, pH 7.4) 
and incubated on ice for 30 min. IMS proteins were released by add-
ing KCl in mitoplasting buffer to a final concentration of 0–1 M and 
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