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Abstract

Aims—We have previously reported alterations in cardiolipin content and inner mitochondrial
membrane (IMM) proteomic make-up specifically in interfibrillar mitochondria (IFM) in the type
1 diabetic heart; however, the mechanism underlying this alteration is unknown. The goal of this
study was to determine how the cardiolipin biosynthetic pathway and cardiolipin-IMM protein
interactions are impacted by type 1 diabetes mellitus.

Main methods—Male FVB mice were made diabetic by multiple low-dose streptozotocin
injections and sacrificed five weeks post-diabetic onset. Messenger RNA was measured and
cardiac mitochondrial subpopulations were isolated. Further mitochondrial functional
experimentation included evaluating the protein expression of the enzymes directly responsible for
cardiolipin biosynthesis, as well as ATP synthase activity. Interactions between cardiolipin and
ATP synthase subunits were also examined.

Key findings—Western blot analysis revealed a significant decrease in cardiolipin synthase
(CRLS) protein content in diabetic IFM, with a concomitant decrease in its activity. ATP synthase
activity was also significantly decreased. We identified two novel direct interactions between two
subunits of the ATP synthase Fy complex (ATP5F1 and ATP5H), both of which were significantly
decreased in diabetic IFM.

Significance—Overall, these results indicate that type 1 diabetes mellitus negatively impacts the
cardiolipin biosynthetic pathway specifically at CRLS, contributing to decreased cardiolipin
content and loss of interactions with key ATP synthase Fy complex constituents in the IFM.
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INTRODUCTION

Cardiovascular complications, including diabetic cardiomyopathy are the primary cause of
morbidity in diabetic patients. Diabetic cardiomyopathy has been associated with
mitochondrial dysfunction (Devereux et al. 2000; Severson 2004; Tomita et al. 1996). The
inner mitochondria membrane (IMM) houses vital processes in a specific lipid environment.
Alteration in the IMM lipid environment has been associated with dysfunction to
mitochondrial processes (Acehan et al. 2011a; Chicco and Sparagna 2007; Han et al. 2005;
Jiang et al. 2000). Proteomic analyses of type 1 diabetic mitochondria indicates that IMM
proteins may be particularly prone to damage and loss (Baseler et al. 2011).

Impaired mitochondrial function, particularly in those processes situated in the IMM, may
be associated with disruption to the phospholipid environment contained within. Most
abundant in the mammalian heart, cardiolipin is a unique phospholipid, primarily located in
the IMM (Schlame et al. 2000) and is thought to play a critical role in mitochondrial
structure and bioenergetics (Acehan et al. 2011a). The biosynthetic pathway (Figure 1)
begins in the outer mitochondrial membrane where phosphatidic acid is converted into
cytidine diphosphate diacylglycerol (CDP-DAG) by cytidine diphosphate diacylglycerol
synthase (CDS) (Houtkooper and Vaz 2008). Phosphatidylglycerol synthase (PGS) then
converts CDP-DAG to phosphatidylglycerol phosphate (PG-P), where the phosphate is
removed by phosphatidylglycerol phosphatase (PGP), resulting in the formation of
phosphatidylglycerol (PG). Cardiolipin synthase (CRLS) then catalyzes the condensation of
CDP-DAG and PG, resulting in a nascent form of cardiolipin (Chicco and Sparagna 2007;
Lu et al. 2006). Because the nascent cardiolipin does not contain the precise fatty acyl side
chains for the specific tissue, a remodeling process takes place, where tafazzin (TAZ) or
monolysocardiolipin acyltransferase, converts the nascent cardiolipin to mature cardiolipin
containing specific fatty acyl side chains (Chicco and Sparagna 2007), which is dependent
upon the tissue and environment. Linoleic acid, the most abundant fatty acid found in
cardiac mitochondria, constitutes approximately 80% of all side chains (Acehan et al.
2011b; Schlame et al. 2000). The properties of cardiolipin allow it to interact with IMM
proteins and facilitate proper mitochondrial function.

Literature suggests an interaction between cardiolipin and the electron transport chain (ETC)
complexes involved in oxidative phosphorylation (Schlame et al. 2000), including
complexes I, I, IV, and ATP synthase (Fry and Green 1981; Sedlak and Robinson 1999).
Cardiolipin plays a critical role in the organization of mammalian mitochondrial ATP
synthase and it has been suggested that the Fy complex of ATP synthase contains high
affinity binding sites for cardiolipin (Acehan et al. 2011a); however, the specific binding
sites remain undefined. Cardiolipin also serves as a proton reservoir for maintenance of
IMM potential thus, contributing to ATP synthesis (Haines and Dencher 2002). Shotgun
lipidomics revealed decreased tetralinoleic cardiolipin content in diabetic hearts suggesting a
possible mechanistic reliance on the interaction between IMM protein activity and
cardiolipin (Han et al. 2005). We have previously reported decreased ETC protein content
and function in IFM following a type 1 diabetic insult (Baseler, #2371;Dabkowski, 2009
#2381;Baseler, 2011 #2371), correlating with decreased tetralinoleic cardiolipin content,
with no effect on subsarcolemmal mitochondria (SSM) situated beneath the plasma
membrane (Dabkowski et al. 2009).

To date, the impact of type 1 diabetes mellitus on the cardiolipin biosynthetic pathway in
mitochondrial subpopulations and on the interactions between cardiolipin and IMM proteins
has not been studied. We hypothesized that the decreased cardiolipin content associated with
type 1 diabetes mellitus results from defective cardiolipin biosynthesis influencing its
association with IMM proteins, with the effects being most pronounced in IFM.
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MATERIALS AND METHODS

Experimental Animals and Induction of Diabetes

The animal experiments in this study conformed to the National Institutes of Health (NIH)
Guidelines for the Care and Use of Laboratory Animals and were approved by the West
Virginia University Animal Care and Use Committee. Male FVB mice were housed in the
West Virginia University Health Sciences Center animal facility on a 12-hr light/dark cycle
in a temperature controlled room. Mice were given unlimited access to a standard rodent diet
and water. Type 1 diabetes mellitus was induced in 6-wk-old mice following the protocol of
the Animal Models of Diabetic Complications Consortium using multiple low-dose
streptozotocin (STZ; Sigma, St. Louis, MO) intraperitoneal injections. The STZ-induced
type 1 diabetic model was chosen because it is the most widely utilized model and the
multiple low dose administration is not associated with many of the deleterious side effects
observed with the single high-dose approach (Wu and Huan 2001). Injections of 50 mg/kg
body weight STZ dissolved in sodium citrate buffer (pH 4.5) were performed daily for 5
consecutive days after 6 hours of fasting. Mice serving as vehicle controls were given the
same volume per body weight of sodium citrate buffer. One week post-injection,
hyperglycemia was confirmed by measuring blood glucose (Contour Blood Glucose test
strips; Bayer, Mishawaka, IN), where >250 mg/dL was considered diabetic. Five weeks after
the onset of hyperglycemia, animals were sacrificed for experimentation. Blood glucose
levels were again tested at this time and all remained >250 mg/dL.

Mitochondrial Subpopulation Isolation

Five weeks post-diabetic onset, FVB mice and their littermate controls were sacrificed and
hearts excised. Hearts were rinsed in phosphate buffered saline (PBS, pH 7.4), then blotted
dry. SSM and IFM were isolated as previously described by Palmer et al. (Palmer et al.
1977) with modifications by our laboratory (Dabkowski et al. 2009; Dabkowski et al. 2008;
Williamson et al. 2010). Mitochondrial pellets were resuspended in either KME buffer (100
mM KCI, 50 mM MOPS, and 0.5 mM EDTA) for Western blot analysis and activity
measurements, or in 1.0% NP-40 wash/binding buffer (10 mM HEPES (pH 7.4), 1.0%
NP-40, 150 mM NacCl) for cardiolipin/protein interactions. Protein content was determined
by the Bradford method using bovine serum albumin as a standard (Bradford 1976).

Cardiolipin Analyses

Isolated mitochondrial subpopulations from control and diabetic hearts were pooled, and
sent off to Avanti Polar Lipids (Alabaster, AL) for cardiolipin analysis. Extraction and
analysis of cardiolipin species was based on the protocols of Sparagna et al. (Sparagna et al.
2005) and Minkler et al. (Minkler and Hoppel 2010). In brief, cardiolipin detection was
performed by liquid chromatography (Dionex U-3000 binary HPLC) / hybrid tandem mass
spectrometry using a quadrapole-linear ion trap (API 4000 Qtrap) operated in the negative
ion mode. Mass spectrometer instrument conditions included a spray voltage of —4.5 kV,
capillary voltage of —150 V, heated capillary temperature of 400°C, and a sheath gas flow
rate of 10 arbitrary units. Mitochondrial cardiolipin and internal standard spectra were
identified by multiple reaction monitoring. All experiments were performed in triplicate.

MRNA Isolation and Analysis

MRNA levels were examined as previously described (Baseler et al. 2011). Briefly, hearts
were rinsed in phosphate buffered saline (PBS, pH 7.4) then snap frozen in liquid nitrogen.
Thirty mg of tissue was excised from control and diabetic hearts from which the mRNA was
extracted using an RNeasy mini Kit, per manufacturer’s instructions (Qiagen, Valencia, CA)
and reverse transcribed. Equal amounts of cDNA from the hearts of control and diabetic
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mice were subjected to real-time PCR. Custom primers were designed for target genes CDS,
PGS, CRLS, and TAZ. SYBR Green | was used for quantification of respective cDNA
replicates (Qiagen, Valencia, CA). Data were normalized by gene expression relative to the
levels of GAPDH.

Western Blot Analyses

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) was run on a 4—
12% gel as previously described (Laemmli 1970; Williamson et al. 2010) with equal
amounts of protein loaded for each study treatment. Relative amounts of subpopulation-
specific CDS, PGS, CRLS, and TAZ, were assessed using the following primary antibodies;
anti-CDS rabbit antibody (product No. ab84019, Abcam, Cambridge, MA), anti-PGS rabbit
antibody (product No. ab104815, Abcam, Cambridge, MA), CRLS rabbit antibody (product
No. 49444 P050, Aviva Systems Biology, San Diego, CA), and anti-TAZ rabbit antibody
(product No. ab84927, Abcam, Cambridge, MA). The secondary antibody used was a goat
anti-rabbit 1gG horseradish peroxidase conjugate (product No. 10004301, Cayman Chemical
Company, Ann Arbor, MI). Detection of signal was performed according to the Pierce ECL
Western Blotting Substrate detection system manufacturer’s directions (Thermo Fisher
Scientific, Rockford, IL). Cytochrome ¢ oxidase (COX V) was used to control for protein
loading (product No. ab16056, Abcam, Cambridge, MA). Quantification of
chemiluminescent signals were assessed using a G:Box Bioimaging System (Syngene,
Frederick, MD), and the data captured using GeneSnap software (Syngene, Frederick, MD).
Densitometry was measured using Image J Software (National Institutes of Health,
Bethesda, MD).

Cardiolipin Synthase (CRLS) Activity

CRLS activity was assessed as previously described (Chen et al. 2006) with minor
modifications. Briefly, a reaction mixture containing 20 uM 14C-oleoyl-CoA (50 mCi/
mmol; American Radiolabeled Chemicals, MO), 2.0 MM LPG [1-oleoyl-2-hydroxy-sn-
glycero-3-[phospho-rac-(1-glycerol)] and 2.0 mM CDP-DAG (Avanti Polar Lipids,
Alabaster, AL) were incubated with 50 ug of lysed mitochondrial protein for 30 min at
37°C. The reactions were terminated by adding chloroform/methanol, followed by a quick
vortex, then chloroform, followed by a quick vortex and finally, 0.1 M KCI to facilitate
phase separation. A brief centrifugation was performed to extract lipids. The organic phase
was collected, dried under an argon stream and separated by high performance thin layer
chromatography (Whatman, GE Healthcare, U.S.A) with chloroform/hexane/methanol/
acetic acid (25:15:5:2.5 by volume) as the developing solvent. The high performance thin
layer chromatography plates are then stained with iodine vapor. The appropriate lipid spots
are scraped off the plate and dissolved in scintillation fluid for scintillation counting.

ATP Synthase Activity

ATP synthase activity was measured in control and diabetic mitochondrial subpopulations as
oligomycin-sensitive ATPase activity using an assay coupled with pyruvate kinase which
converts the ADP to ATP and produces pyruvate from phosphoenolpyruvate as previously
described (Dabkowski et al. 2010). Protein content was assessed as described above
(Bradford 1976) with final values expressed as nanomoles of NADH per minute per
milligram of protein, equal to the nanomoles of NADH oxidized per minute per milligram of
protein.

Lipid-Protein Interaction

Cardiolipin-coated beads (Product No. P-BCLP, Echleon Biosciences Incorporated, Salt
Lake City, UT) were used to determine protein interactions with cardiolipin per the
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manufacturer’s instructions. In brief, 100 ul of cardiolipin-coated beads were incubated with
600 pg of mitochondrial protein diluted in 1.0% NP-40 wash/binding buffer overnight at
4°C. The beads were spun down at 800 x g. The supernatant containing the unbound
proteins was collected and the beads were washed four times with 10X excess of wash/
binding buffer. The proteins bound to the beads were eluted with 4X Laemmli sample buffer
and heated to 95°C. A Western blot was then performed on the eluted protein from the beads
and the unbound protein located in the supernatant using the following specific antibodies:
anti-ATP5F1 mouse antibody (product No. ab117991, Abcam, Cambridge, MA), anti-
ATP5H mouse antibody (product No. ab110275, Abcam, Cambridge, MA), anti-ATPB
mouse antibody (product No. ab14730, Abcam, Cambridge, MA), anti-ATP5A (product No.
ab110273, Abcam, Cambridge, MA), and anti-GRP75 rabbit antibody (product No. 28168,
Cell Signaling Technology, Danvers, MA). The secondary antibodies used were either a
goat anti-rabbit IgG horseradish peroxidase conjugate (product No. 10004301, Cayman
Chemical Company, Ann Arbor, MI) or a goat anti-mouse 1gG horseradish peroxidase
conjugate (product No. 31430, Thermo Scientific, Rockford, IL). Detection of signal was
performed according to the Pierce ECL Western Blotting Substrate detection system
manufacturer’s directions (Thermo Fisher Scientific, Rockford, IL). Quantification of
chemiluminescent signals were assessed using a G:Box Bioimaging System (Syngene,
Frederick, MD), and the data captured using GeneSnap software (Syngene, Frederick, MD)
as above. Densitometry was measured using Image J Software (National Institutes of Health,
Bethesda, MD) as above. The association between cardiolipin and the mitochondrial protein
of interest was determined by using the densitometric ratio of the protein bound to native
cardiolipin/protein bound to native cardiolipin + protein bound to the cardiolipin-coated
beads.

Means and SEMs were calculated for all data sets. Data were analyzed using a Student’s
paired ttest (GraphPad Software Inc., La Jolla, CA). Differences between control and
diabetic groups were considered statistically significant when a P < 0.05 was observed.

Cardiolipin Content in the Diabetic Heart

Previous reports (Han et al. 2005) have indicated an overall decrease in cardiolipin content
in the diabetic heart and our laboratory has previously reported decreased tetralinoleic
cardiolipin content in diabetic IFM (Dabkowski et al. 2009). Because CRLS synthesizes the
nascent form of cardiolipin, total cardiolipin content was measured. The cardiolipin content
in the IFM significantly decreased from 84.46 + 1.93 nmol/mg of protein in the control heart
to 48.75 £ 2.83 nmol/mg of protein in the diabetic heart, with no difference in the SSM
(44.99 £ 1.75 nmol/mg of protein in control heart compared to 37.87 + 0.11 nmol/mg of
protein in diabetic heart). Therefore, we hypothesized that the decrease in cardiolipin may be
caused by an alteration in the cardiolipin biosynthetic pathway during diabetic insult.

MRNA Analyses of Cardiolipin Biosynthesis Pathway Constituents

To gain insight into the impact of diabetes mellitus on transcriptional regulation of the
enzymatic components of the cardiolipin biosynthetic pathway, the mRNA levels of three
constituent enzymes, CDS, PGS, and CRLS, as well as the remodeling enzyme TAZ, were
analyzed. Results indicated no significant differences between control and diabetic heart for
any of the constituents responsible for cardiolipin biosynthesis or remodeling (Table 1).
These results suggest that the observed decreased in IFM cardiolipin content resulting from
type 1 diabetic insult does not occur at the transcriptional level.
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Because cardiolipin is important for IMM structure and function, we assessed the mRNA
levels of other IMM proteins (Table 1). None of the mMRNA levels of proteins involved in
protein import were altered in the diabetic heart. Of the transcripts encoding oxidative
phosphorylation proteins, only electron transfer flavoprotein-ubiquinone oxidoreductase was
significantly decreased in the diabetic heart. This decrease suggests a reduction in the
electron flux through the respiratory chain, which could potentially cause decreased
oxidation phosphorylation. This finding is supported by decreased mitochondrial respiration
in the presence of type 1 diabetes mellitus, previously reported by our laboratory
(Dabkowski et al. 2009).

Protein Analyses of Cardiolipin Biosynthesis Pathway Constituents

To determine the impact of diabetes mellitus on translational regulation of the enzymatic
components of the cardiolipin biosynthetic pathway, the protein levels of three constituent
enzymes, CDS, PGS, and CRLS, as well as the remodeling enzyme TAZ, were analyzed.
Western blot analyses revealed a significant decrease only in CRLS protein content in
diabetic IFM as compared to control, with no impact on CRLS protein content in the SSM
(Figures 2E and 2F). No other significant differences were observed in the protein levels of
the other cardiolipin biosynthetic enzymes assessed, regardless of subpopulation (Figure 2).
It is important to note that CDS-2 is the major isoform in the heart and when the protein
expression was measured, there was no difference between the two treatment groups for
either subpopulation (data not shown). These results indicate that the observed decreased in
IFM cardiolipin content resulting from type 1 diabetic insult is associated with a decrease in
the protein content of CRLS, and the biosynthetic pathway.

Enzymatic Activity Analyses of CRLS

Because CRLS protein content was the only biosynthetic enzymatic change observed
following diabetic insult, we investigated the impact of diabetes mellitus on CRLS
enzymatic activity using an assay that utilizes 14C-oleoyl-coenzyme A as an acyl

donor. 14C-oleoyl-coenzyme A lipid was incubated with additional compounds and
mitochondrial protein then subjected to high performance thin layer chromatography. Our
results revealed a decrease in CRLS activity in diabetic IFM as compared to control (Figure
3B), with no change in the SSM (Figure 3A). During high performance thin layer
chromatography, PG runs below cardiolipin, so as a control to ensure that the assay was only
affecting the radioactivity incorporated into cardiolipin, the amount of radioactivity
incorporated into PG was also measured through scintillation counting. The results indicated
no change in 14C-PG in diabetic mitochondria relative to control for either subpopulation
(Figures 3C and 3D). These results complement the CRLS proteomic data and suggest that
loss of CRLS protein in the IFM results in a decrease in CRLS enzymatic activity.

ATP Synthase Activity Analyses

Literature suggests that cardiolipin interacts with components of the ATP synthase complex
(Acehan et al. 2011a; Eble et al. 1990); however, these interaction sites are unknown.
Further, previous proteomic data from our laboratory indicates that ATP synthase
components are decreased in diabetic IFM (Baseler et al. 2011). As a result, we determined
whether the activity of the ATP synthase complex was impacted in diabetic mitochondria.
Our analyses indicated that ATP synthase activity was significantly decreased in the diabetic
IFM as compared to control (Figure 4B) with no differences observed in the SSM
subpopulation (Figure 4A). These results suggest that the decrease in ATP synthase activity
observed in diabetic IFM is associated with a decrease in cardiolipin content which may be
influencing its functional properties.
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Cardiolipin and ATP Synthase Interaction

To gain insight into which ATP synthase constituent proteins may be interacting with
cardiolipin, we developed an approach in which we incubated cardiolipin-coated beads with
mitochondrial proteins and probed for the interaction. Figure 5A and 5B demonstrate direct
association of cardiolipin with ATP synthase subunit b (ATP5F1) and ATP synthase subunit
d (ATP5H), both of which are subunits of the Fy complex, or proton pore, of the ATP
synthase. To validate that the cardiolipin-coated beads were specifically binding to proteins
that interact with cardiolipin, interactions of proteins not associated with cardiolipin were
examined. First, ATP synthase alpha (ATP5A) and ATP synthase beta (ATPB) were
measured. Results indicated that neither protein was interacting with the cardiolipin-coated
beads (Figures 5C and 5D, respectively). Next, glucose regulated protein 75 (GRP75), a
protein located in the mitochondrial matrix, was examined. Results indicated the absence of
GRP75 bound to the cardiolipin-coated beads in both subpopulations (Figures 5E and 5F,
respectively).

Once the interactions between the aforementioned ATP synthase subunits and cardiolipin
were detected, we quantified the association between the lipid and protein that occurs in the
mitochondrion during diabetic insult. By assessing proteins that are associated with native
cardiolipin which are incapable of binding to the coated beads (native bound) as well as
those proteins that can bind to the beads (bead bound) we were able to determine how
diabetes mellitus impacts cardiolipin association with these two proteins. Figure 6A
represents the protein content of ATP5F1 in the different mitochondrial subpopulations of
control and diabetic, respectively, while Figure 6B represents the protein content of ATP5H.
In order to quantify the associations of ATP synthase subunits and native cardiolipin, the
optical density of the band that resulted from the protein interacting with native cardiolipin
(native bound protein) was divided by the optical density of the bands that resulted from
both the protein bound to native cardiolipin (native bound) and the protein bound to the
cardiolipin-coated beads (bead bound). This ratio was used to quantify the interactions of
cardiolipin with the protein in control and diabetic mitochondrial subpopulations. Results
indicated no difference in the associations between cardiolipin and ATP5F1 or ATP5H in
the diabetic SSM compared to controls (Figures 6C and 6D, respectively). Interestingly, a
significant decrease in the interactions between native cardiolipin and both ATP5F1 and
ATP5H in diabetic IFM, as compared to control, was observed (Figures 6E and 6F,
respectively).

DISCUSSION

Mitochondrial dysfunction is an underlying contributor to diabetic cardiomyopathy
(Devereux et al. 2000; Severson 2004; Tomita et al. 1996). The IMM is an important
submitochondrial locale which houses the machinery required for a number of mitochondrial
functional processes. When the lipid environment of the IMM is altered, the processes
contained within can become impaired (Acehan et al. 2011a; Chicco and Sparagna 2007;
Han et al. 2005; Jiang et al. 2000). Cardiolipin, makes up approximately 20% of the total
IMM phospholipid membrane (Waring et al. 1981) and is required for proper functioning of
a number of mitochondrial processes (Chicco and Sparagna 2007; Fry and Green 1981;
Jiang et al. 2000). In this study, we observed a decrease in total cardiolipin content in the
diabetic IFM. Our laboratory has previously reported significant decreases in tetralinoleic
cardiolipin content of diabetic IFM, as well as loss of a number of proteins that are
constituents for crucial functional processes (Baseler et al. 2011; Dabkowski et al. 2009).
These results are further supported by others who have reported decreased total cardiolipin
content 28 days after the induction of diabetes mellitus (Han et al. 2005), as well as
decreased tetralinoleic cardiolipin in diabetic mouse hearts compared to control days after
the induction of diabetes mellitus (Han et al. 2007). Thus, our hypothesis for the current
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study centered on understanding whether proteomic loss of IMM constituents and
cardiolipin content was the result of dysfunction to the pathway responsible for cardiolipin
synthesis. If our hypothesis were to be supported, it would suggest a mechanism
contributing to mitochondrial dysfunction in the diabetic heart.

The biosynthesis of cardiolipin occurs in the IMM and is a multistep process (Figure 1). To
determine whether alterations in the cardiolipin biosynthetic pathway contribute to loss of
cardiolipin, mRNA and protein levels for a number of key constituents were measured.
Results indicated no difference in mRNA levels between control and diabetic hearts for any
of the enzymes directly responsible for cardiolipin biosynthesis; however, a significant
decrease in CRLS protein content was observed in the diabetic IFM. It is unclear why CRLS
protein content was decreased specifically in the IFM though the observation may be the
result of decreased protein import specifically in the diabetic IFM, which has been reported
previously (Baseler et al. 2011).

Because CRLS was the only enzyme affected by diabetic insult, we determined whether the
response influenced the activity of the CRLS enzyme. Using 14C-oleoyl-coenzyme A as an
acyl donor, we measured incorporation of 14C to assess CRLS activity. One limitation to this
method is that remodeling of cardiolipin is not taken into account and other methods do not
possess this limitation. Nie et al. (Nie et al. 2010) reported that lysophosphatidylglycerol
acyltransferase also acts as a CRLS, converting lyso-PG to PG; therefore, to ensure the
CRLS activity assay was only measuring the incorporation of 14C into cardiolipin, we
measured the incorporation of 14C into PG. Results indicated no change in 14C- PG levels
between diabetic and control samples for either subpopulation, and a significant decrease

in 14C-cardiolipin levels in diabetic IFM compared to control, with no change in the SSM.
These results instill confidence that the methods utilized in our studies are reliable.

Though our data indicated decreased CRLS protein content and activity in the diabetic IFM
relative to control with no change observed in the SSM, the protein content of CRLS was
not different between the SSM and IFM subpopulations; therefore, this eliminated the
possibility that absolute CRLS protein levels underlie the decreased CRLS activity observed
in the IFM. Hatch et al. (Hatch et al. 1995) reported no change in PG or cardiolipin
biosynthesis during a 4 day or 28 day diabetic insult in rats and Taylor et al. (Taylor et al.
2002) suggested that neither cardiolipin content nor CRLS activity was altered during STZ-
induced diabetes. These results were obtained by examining total mitochondria as opposed
to our current study examining mitochondrial subpopulations, which may explain the
different results between studies. In either case, the results support the importance of
examining the two distinct pools of mitochondria.

Previous research has indicated an association between cardiolipin and ETC complexes I, 111
and IV, from which the contact points with cardiolipin have been identified (Fry and Green
1981, Sedlak and Robinson 1999). Literature has also shown an association between
cardiolipin and ATP synthase (Acehan et al. 2011a; Eble et al. 1990). One study
demonstrated that cardiolipin is central for the assembly of ATP synthase dimers, affecting
the organization and ultimately the structure of the IMM (Acehan et al. 2011a). Other
studies have suggested that the interaction between cardiolipin and the ATP synthase
complex occurs on subunits composing the Fo complex of the ATP synthase due to its
location within the IMM (Eble et al. 1990). Although an association between cardiolipin and
ATP synthase has been reported, the direct contact points have not been identified. For this
reason, we used a novel cardiolipin-coated bead assay to separate out the two pools of
specific ATP synthase subunits — those already bound to native cardiolipin and those
available to bind to the cardiolipin-coated beads. The ATP synthase subunits predicted to
interact with cardiolipin were identified using previous proteomic data performed in our
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laboratory (Baseler et al. 2011). Western blot analysis revealed two direct associations
between cardiolipin and ATP synthase.

It is important to note that although the cardiolipin-bead pull-down assay is a quick and
accessible method to gather cardiolipin-protein interaction data, the assay requires a large
amount of protein. This is a limitation when measuring associations within mitochondrial
subpopulations, due to limited yields of mitochondrial subpopulation protein content as
compared to the analysis of total mitochondria. Nevertheless, we are the first to detect direct
associations between cardiolipin and two specific ATP synthase subunits.

To gain insight into whether cardiolipin association with the identified ATP synthase
subunits was compromised in diabetic mitochondria, we performed analyses in control and
diabetic mitochondria. Western blot analysis revealed a lighter band when measuring the
association between specific ATP synthase subunits and native cardiolipin (represented by
the native bound lane) in the diabetic IFM compared to control. This finding suggests that
the association between the native form of cardiolipin and the ATP synthase subunits is less
in the diabetic IFM compared to control. Western blot analysis also revealed a denser band
when measuring the association between the subunit and cardiolipin-coated beads
(represented by the bead bound lane) in the diabetic IFM compared to control. The denser
band suggests that more ATP synthase subunits are not in association with cardiolipin, but
are free to bind to the cardiolipin-coated beads in the diabetic IFM. Taken together, these
results indicates that the decrease in interaction between native cardiolipin and ATP
synthase could be an underlying mechanism causing decreased ATP synthase activity in the
diabetic IFM.

A number of studies have utilized cells lines to examine the physiological role of
cardiolipin. When the structural gene encoding CRLS was disrupted resulting in depletion of
cardiolipin in the mitochondrial membranes of S. cerevisiae cells, ATPase activities,
cytochrome oxidase activities, membrane potential and protein import were all decreased
(Jiang et al. 2000). This study concluded that cardiolipin is required for maintaining
mitochondrial function. Chen et al. (Chen et al. 2006) identified and characterized the cDNA
encoding human CRLS. The human CRLS was expressed in COS-7 cells from which
cardiolipin was not only efficiently synthesized in vitro using CDP-DAG and PG as
substrates, but was also synthesized at an increased rate. Kiebish et al. (Kiebish et al. 2012)
determined that CRLS overexpression in a STZ-induced diabetic model attenuated
mitochondrial dysfunction associated with diabetes mellitus. Although these authors did not
find a difference in total cardiolipin content between diabetic and control hearts, the
overexpression of CRLS increased cardiac cardiolipin remodeling and lipidomic flux, which
in turn, increased tetralinoleic cardiolipin. The novel finding of CRLS-mediated regulatory
control was central in the preservation of mitochondrial function during diabetic insult. This
study further supports the importance of IMM preservation.

Though our data suggest that changes in essential constituents in the cardiolipin biosynthetic
pathway (i.e. CRLS) are associated with a decrease in cardiolpin, it is important to note that
diabetes mellitus is a multifactorial disease that influences a number of processes,
specifically in mitochondria. Increased content of the oxidized form of cardiolipin in the
diabetic IFM has been reported by our laboratory (Dabkowski et al. 2009), thus one must
consider that an oxidative stress pathway may also be contributing to the results reported in
this study. Increased oxidation of cardiolipin would likely predispose the phospholipid to
loss, influencing mitochondrial functionality (Ma et al. 2012). Future studies in which
manipulation of mitochondrial oxidative milieu specifically at the IMM may lend insight
into the contribution of oxidative stress.
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CONCLUSION

In conclusion, our results indicate the importance of preserving the IMM during type 1
diabetes mellitus. We show dysregulation of the cardiolipin biosynthetic pathway during
diabetic insult, as seen by a decrease in CRLS protein content and activity in the diabetic
IFM. These studies are the first to demonstrate a direct association between cardiolipin and
ATP synthase Fy-complex subunit b and d in both mitochondrial subpopulations. CRLS and
IMM conservation represents a potential therapeutic target that may be manipulated for
treatment against development of cardiomyopathy associated with the type 1 diabetic heart.
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Figure 2. Protein content of cardiolipin biosynthetic pathway constituents
Assessment of cardiolipin biosynthetic pathway constituents was performed by Western blot
using specific antibodies. (A) and (B): representative CDS content from SSM and IFM
control (n=7) and diabetic (n=8), respectively; (C) and (D): representative PGS content from
SSM (n=7 for each group) and IFM (n=8 for each group) control and diabetic, respectively;
(E) and (F): representative CRLS content from SSM and IFM control (n=8) and diabetic
(n=7), respectively; (G) and (H): representative TAZ content from SSM and IFM control
(n=7) and diabetic (n=7), respectively. Control for loading was confirmed using COX 1V
probing. Values are expressed as means + SEM; *P<0.05 for control vs. diabetic groups.
Abbreviations: CDS = cytidine diphosphate diacylglycerol synthase; PGS =

phosphatidylglycerol synthase; CRLS = cardiolipin synthase; TAZ = tafazzin; IFM =

interfibrillar mitochondria; SSM = subsarcolemmal mitochondria.
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Figure 3. Cardiolipin synthase (CRLS) activity

CRLS activity was assessed using a 14C-acyl donor. (A): CRLS activity measured in SSM
diabetic and control samples. (B): CRLS activity measured in IFM diabetic samples
compared to control samples. (C): PG radioactive counts/minute/mg of protein measured in
SSM diabetic samples compared to control samples. (D): PG radioactive counts/minute/mg
of protein measured in IFM diabetic samples compared to control samples. Values are
expressed as means+ SEM; n=8 for each group. *#~ < 0.05 for control vs. diabetic groups.
Abbreviations: CDS = cytidine diphosphate diacylglycerol synthase; PG =
phosphatidylglycerol; IFM = interfibrillar mitochondria; SSM = subsarcolemmal
mitochondria.
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Figure4. ATP synthase activity

Spectrophotometric analysis of ATP synthase activities in control and diabetic samples. (A):
ATP synthase activity from SSM control and diabetic groups. (B): ATP synthase activity
from IFM control and diabetic groups. Values are expressed as means + SEM; n=4 for each
group. *P<0.05 for control vs. diabetic groups. Abbreviations: IFM = interfibrillar
mitochondria; SSM = subsarcolemmal mitochondria.
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Figure5. Cardiolipin — ATP synthase association

Mitochondrial protein was incubated with cardiolipin-coated beads. Western blots were
performed to determine associations between cardiolipin and (A): ATP synthase subunit b
(ATP5F1); n=3 for each group and (B): ATP synthase subunit d (ATPH); n=3 for each
group (C): ATP synthase alpha (ATP5A); n=2 for each group and (D): ATP synthase beta
(ATPB); n=2 for each group and (E): Glucose regulated protein (GRP75) in the SSM; n=3
for each group and (F): Glucose regulated protein (GRP75) in the IFM; n=3 for each group
using specific antibodies (Representative blots shown). Abbreviations: IFM = interfibrillar
mitochondria; SSM = subsarcolemmal mitochondria.
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Figure 6. Native cardiolipin — ATP synthase association

The association between cardiolipin and the detected interactions were measured in control
and diabetic mitochondrial subpopulations. (A): Representation of ATP5F1 protein content
in control and diabetic SSM and IFM, respectively. The “Bead bound” column represents
ATP5F1 that was eluted off of the cardiolipin-coated beads, whereas the “Native bound”
column represents ATP5F1 associated with native cardiolipin that was present in the
supernatant. The “Total” band represents the total ATP5F1 protein content in isolated
mitochondria. (B): Representation of ATP5H in the same manner as ATP5F1 (Figure 6A).
Quantification of the association between native cardiolipin and ATP5F1 in control and
diabetic hearts in (C): SSM and (E): IFM. Quantification of the association between native
cardiolipin and ATP5H in control and diabetic hearts in (D): SSM and (F): IFM. Values are
expressed as means = SEM; n=3 for each group. *P<0.05 for control vs. diabetic groups.
Abbreviations: IFM = interfibrillar mitochondria; SSM = subsarcolemmal mitochondria.
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Table 1

MRNA analysis of inner mitochondrial membrane proteins

MRNA was isolated from control and diabetic hearts. The mRNA content levels for inner mitochondrial
membrane proteins; were assessed. Values are expressed as fold change in diabetic heart as compared to

control heart; n=4 for each group

mRNA Diabeticvs. Control | p-value
Cardiolipin biosynthesis

Cytidine diphosphate-diacylglycerol synthase 1 1.18 0.17
Phosphatidylglycerol synthase 1 0.92 0.47
Cardiolipin synthase 0.98 0.91
Tafazzin 0.86 0.24
Protein import

Mitochondrial import inner membrane translocase subunit TIM16 0.98 0.89
Mitochondrial import inner membrane translocase subunit TIM14 0.97 0.98
Oxidative phosphorylation

NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial 0.91 0.20
NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial 1.05 0.60
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 1 0.97 0.84
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2 0.98 0.92
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 3 0.94 0.45
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4 0.95 0.63
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 12 0.92 0.62
Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial 1.02 0.88
Electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial 0.62 0.000049
Cytochrome b-c1 complex subunit 1, mitochondrial 1.06 0.49
Cytochrome b-c1 complex subunit Rieske, mitochondrial 0.96 0.69
Cytochrome c1, heme protein, mitochondrial 0.99 0.98
ATP synthase sub-unit b, mitochondrial 0.97 0.75
Miscellaneous

Prohibitin-2 0.88 0.40
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