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Abstract Cardiolipin is a class of mitochondrial specific
phospholipid, which is intricately involved in mitochondrial
functionality. Differences in cardiolipin species exist in a
variety of tissues and diseases. It has been demonstrated
that the cardiolipin profile is a key modulator of the func-
tions of many mitochondrial proteins. However, the chemi-
cal mechanism(s) leading to normal and/or pathological
distribution of cardiolipin species remain elusive. Herein,
we describe a novel approach for investigating the molecu-
lar mechanism of cardiolipin remodeling through a dynamic
simulation. This approach applied data from shotgun lipi-
domic analyses of the heart, liver, brain, and lung mitochon-
drial lipidomes to model cardiolipin remodeling, including
relative content, regiospecificity, and isomeric composition
of cardiolipin species. Generated cardiolipin profiles were
nearly identical to those determined by shotgun lipidomics.
Importantly, the simulated isomeric compositions of cardio-
lipin species were further substantiated through product
ion analysis. Finally, unique enzymatic activities involved in
cardiolipin remodeling were assessed from the parameters
used in the dynamic simulation of cardiolipin profiles. Col-
lectively, we described, verified, and demonstrated a novel
approach by integrating both lipidomic analysis and dynamic
simulation to study cardiolipin biology.lll We believe this
study provides a foundation to investigate cardiolipin metab-
olism and bioenergetic homeostasis in normal and disease
states.—Kiebish, M. A., R. Bell, K. Yang, T. Phan, Z. Zhao, W.
Ames, T. N. Seyfried, R. W. Gross, ]. H. Chuang, and X. Han.
Dynamic simulation of cardiolipin remodeling: greasing the
wheels for an interpretative approach to lipidomics. J. Lipid
Res. 2010. 51: 2153-2170.
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Lipids are critical for the regulation and control of
cellular function, membrane dynamics, and signal trans-
duction. The systematic identification and analysis of
all cellular lipids in a biological sample is embodied by
the rapidly developing field of lipidomics, which has been
enabled by recent advances in mass spectrometry (1-3).
A multidimensional MS-based shotgun lipidomics (MDMS-
SL) approach for analysis of cellular lipidomes has been
demonstrated as one of the most systematic and quantita-
tive high-throughput platforms for global lipidomics ca-
pable of analyzing thousands of lipid molecular species
directly from the lipid extracts of biological tissues (4, 5).
Analysis of lipidomic data requires extensive use of bioin-
formatics and computational algorithms for the accurate
identification and quantification of lipid molecular spe-
cies and classes (5h—9). However, most advances in bioin-
formatics in lipidomics have largely focused on lipid
identification rather than interpretation of alterations in
biological function resulting in adaptive or pathologic
changes in lipid metabolism (10). Thus, development
of bioinformatic and systems biology approaches for the
interpretation of lipidomic networks would significantly
advance the understanding of the roles of lipids in biolog-
ical systems (3).

Cardiolipin is a complex polyglycerophospholipid
found almost exclusively in mitochondrial membranes of
eukaryotic organisms (11). Cardiolipin is intricately involved
in the efficient production of ATP through utilizing the
proton gradient as well as maintaining mitochondrial
functionality (12-14). The diversity of cardiolipin molecu-
lar species varies markedly between tissues as well as among
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disease states (12, 13, 15-19). This diversity is regulated by
differences in cardiolipin biosynthesis and catabolism,
remodeling acyl selectivities, and transacylase as well
as acyltransferase activities (20, 21). Cardiolipin is de novo
synthesized in the mitochondrial membrane by the conden-
sation of phosphatidylglycerol (PG) and cytidine diphos-
phate-diacylglcyerol (CDP-DAG) (Fig. 1). The newly formed
polyglycerophospholipid is referred to as immature cardio-
lipin, which is then deacylated and extensively remodeled
using acyltransferase(s) and/or transacylase(s) (21, 22).
Cardiolipin remodeling utilizes acyl CoA and acyl chains
from the sn-2 position of choline glycerophospholipids
(PC) and ethanolamine glycerophospholipids (PE) ac-
cordingly as acyl donors (20, 23, 24). The balance of acyl-
transferase and transacylase activities as well as acyl chain
selectivities is reflected in the acyl chain pool, which sculpts
nascent cardiolipins into mature cardiolipin molecular
species.

Based on known biological pathways and MDMS-SL-
derived data, we developed a dynamic simulation approach
that recapitulates the temporal reconstruction of imma-
ture cardiolipins into mature cardiolipins by remodeling
from available donor acyl chains. The sequential remodel-
ing events can be visualized graphically for intuitive com-
parison of the dynamic aspects of cardiolipin remodeling.
The biological parameters in these simulations can be
modified to compare cardiolipin profiles obtained from
MDMS-SL. Moreover, the algorithmic approach utilized in
this simulation not only demonstrates the presence and
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Fig. 1. The schematic cardiolipin biosynthesis and remodeling
pathway. CDP-DAG is used in the mitochondria to form the metabolic
intermediate PG phosphate for the synthesis of PG through a dephos-
phorylation activity. Newly synthesized cardiolipin (immature cardio-
lipin) is formed by the condensation of PG and CDP-DAG. Immature
cardiolipin is then deacylated to form monolysocardiolipin and then
reacylated using acyl chains from acyl CoA or the sn-2 acyl chain of
phosphatidylcholine and phosphatidylethanolamine. This remodel-
ing process yields mature cardiolipin.
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concentration of isomeric cardiolipin species, which
have been identified by MDMS-SL, but also predicts the
existence of a variety of very low abundance cardiolipin
molecular species, many of which cannot be accurately
determined using currently available technologies. Fur-
thermore, experimentally measured profiles of cardio-
lipin molecular species can be recapitulated with this
simulation utilizing specific distributions of acyl chains
reflecting the coordinated activities of phospholipases,
acyltransferase(s), and/or transacylase(s). Collectively,
we demonstrated that the cardiolipin dynamic simula-
tion combined with MDMS-SL analyses of PG, phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), and
acyl CoA is a powerful new approach for determining
the presence of isomeric cardiolipin molecular species
and assessing the enzymatic activities that meditate the
extent of cardiolipin remodeling. We contend that this
dynamic simulation will provide novel insight into the
mechanisms regulating the complex tissue-specific car-
diolipin molecular species distributions and that new
insight into the molecular mechanisms underlying al-
terations in acyl chain selectivity in health and disease
can be accrued.

MATERIALS AND METHODS

Mitochondrial isolation

C57BL/6] wild-type male mice (4 months of age) were pur-
chased from the National Institute on Aging (Bethesda, MD). All
animal procedures were performed in accordance with the Guide
for the Care and Use of Laboratory Animals and were approved
by the Animal Studies Committee at Washington University. Mice
were euthanized by asphyxiation with carbon dioxide. Mouse or-
gans were perfused with phosphate-buffered saline plus heparin
to remove possible plasma contamination before dissection.
Brain cortex, heart, liver, and lung of mice were harvested im-
mediately after perfusion.

Nonsynaptic brain mitochondria were isolated as previously
described in detail using discontinuous Ficoll and sucrose gradi-
ents (25, 26). Myocardial, hepatic, and lung mitochondria were
isolated as previously described (27). All experiments were per-
formed on ice in a 4°C cold room. Briefly, the heart, liver, or
lung was diced using a razor blade and homogenized in homog-
enization buffer [HM; 0.21 M mannitol, 70 mM sucrose, 0.1 mM
EDTA-K, 0.5% BSA, 10 mM Tris-HCI, 1x protease inhibitor cock-
tail (complete®, Roche, Germany) pH 7.4] in a ratiometric vol-
ume of HM buffer to tissue of 8:1. The homogenate was then
centrifuged at 700 g for 5 min. The supernatant was collected
and the pellet was homogenized and recentrifuged. The super-
natant was collected, and the pooled supernatants were centri-
fuged at 900 g for 5 min. The pellet was discarded, and the
supernatant was collected and centrifuged at 10,000 gfor 10 min.
The pellet was resuspended in HM buffer and layered on a 1.6,
1.2, 1.0, and 0.8 M discontinuous sucrose gradient and spun for
50,000 gfor 2 h in a SW 28 rotor. The highly enriched mitochon-
drial fraction was collected at the 1.6/1.2 M sucrose interface
and recentrifuged at 18,000 g for 15 min. The pellet was resus-
pended in HM buffer without BSA and recentrifuged at 8,000 g
for 10 min. The pellet was resuspended in HM buffer without
BSA, and the protein concentration of the resuspended mito-
chondrial fractions was determined using the BCA protein assay
(Thermo Scientific, Rockford, IL).
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Instrumentation and MS

A triple-quadrupole mass spectrometer (Thermo Scientific
TSQ Quantum Ultra Plus, San Jose, CA) equipped with a Nano-
mate device (Advion Biosciences Ltd, Ithaca, NY) and Xcalibur
system software was utilized for MDMS-SL analysis as previously
described (28, 29). Lipid molecular species were identified,
quantified, and acyl chain designation determined using a
MDMS-SL approach as previously described (1, 5, 30, 31). Prod-
uct-ion analyses of cardiolipin molecular species by using a high
mass accuracy/high resolution mass spectrometer [i.e., Orbitrap-
LTQ mass spectrometer (Thermo Scientific San Jose, CA)] were
also preformed as previously described (32) to verify the pres-
ence of very low abundance cardiolipin isomers.

MDMS-SL analysis of mitochondrial lipids

The murine mitochondrial lipidome from brain, liver, lung,
and heart was determined using MDMS-SL. as previously de-
scribed (26). Briefly, a 1 mg aliquot of mitochondrial protein was
transferred to a disposable borosilicate glass tube (16 x 100 mm).
Internal standards were added based on protein concentration
(in nmol/mg protein) and included 16:1-16:1 PE [38 (liver or
heart), 19 (lung), and 50 (brain)], 14:1-14:1 PC [30 (liver
or heart), 15 (lung), and 22.5 (brain)], 15:0-15:0 PG [4 (liver or
heart), 2 (lung), and 6 (brain)], and T14:0 cardiolipin [8 (liver
or heart), 4 (lung), and 3 (brain)]. A modified Bligh and Dyer
procedure was used to extract lipids from each mitochondrial
preparation as previously described (33). Each lipid extract was
reconstituted with a volume of 200 pl/mg mitochondrial protein
in chloroform/methanol (1:1, v/v). The lipid extracts were
flushed with nitrogen, capped, and stored at —20°C for ESI/MS
analysis. Each lipid solution was diluted 25- to 100-fold depend-
ing on experimental conditions.

Acyl CoA extraction and analysis

Extraction and analysis of acyl CoA was performed as previ-
ously described (34) with modification. Briefly, 4-month-old
C57BL/6] male mice were sacrificed, and tissue samples were im-
mediately harvested and clamp frozen in liquid nitrogen. The
rapid rate of tissue harvest (~15-30 s) is critical for accurate as-
sessment of acyl CoA levels and distribution. Tissue samples were
then pulverized in liquid nitrogen, and 50-80 mg of tissue pow-
der was weighed and homogenized in chloroform/methanol
(1:2, v/v) in an ice/ethyl alcohol bath to immediately denature
enzymes. An internal standard was added (17:0 CoA) at a con-
centration of 50, 90, 50, and 60 pmol/mg protein for the liver,
heart, lung, and cortex, respectively. This internal standard was
selected, because the endogenous mass of this species was mini-
mal, as demonstrated by MALDI-time of flight (TOF)/MS lipid
analysis (supplementary Fig. I). Chloroform and deionized water
were added, yielding a ratio of chloroform/methanol/deionized
water of 2:2:1 (v/v/v) and a volume of at least 10 wl/mg of tissue
powder. The samples were then homogenized in an ice/ethyl al-
cohol bath for 2 min and then incubated on the ice/ethyl alco-
hol bath for 30 min, vortexing occasionally. The homogenate was
then centrifuged at 23,000 g for 10 min in a 4°C cold room. The
methanol and deionized water layer (upper phase) was collected.
Remaining tissue residue was reextracted using the same proce-
dure. The combined aqueous phases were dried under nitrogen
and reconstituted in 50 pl of deionized water. A mixture of 5 pl
of acyl CoA extract and 5 pl of 9-aminoacridine solution [10 mg
of 9-AA/ml in acetone/methanol (98:2, v/v)] was spotted on a
MALDI plate and analyzed using a MALDI-TOF mass spectrom-
eter (34). Quantitative analyses of acyl CoA species by MALDI-
TOF-MS with 9-aminoacridine as matrix were similarly assessed
as previously described (35, 36) after 1“/}C—deisotoping (1). A re-

producibility of 90% and a dynamic range of 100-fold were
achieved by using this method.

Mathematical computational strategy for simulating
cardiolipin remodeling

Generation of immature cardiolipin molecular species. Cardi-
olipin is de novo synthesized by the condensation of PG and
CDP-DAG. CDP-DAG is utilized for the synthesis of PG in the
mitochondria (Fig. 1) and thus should contain similar molecular
species to PG profiles, which has been previously demonstrated
(37). Due to difficulties in analyzing mitochondrial CDP-DAG,
only PG molecular species were utilized to generate immature
cardiolipin molecular species. PG molecular species were quanti-
fied, and the sn-1 and sn-2 acyl chain composition was determined
by MDMS-SL analysis (5). Based on the composition of PG spe-
cies, newly synthesized cardiolipin molecular species were gener-
ated using a customized PERL script. The sn-1, sn-2, sn-1’, and
sn-2” positions of immature cardiolipin species were formed
based on the sn-1 and sn-2 position and concentrations of PG
molecular species (Fig. 2) (1). The generated distribution
provided both the initial condition for the dynamic simulation as
well as the distribution of immature cardiolipin that would be
incorporated in the system at a constant rate.

Modeling the rate, catabolism, and sn-1 and sn-2 selective
remodeling of cardiolipin molecular species. To quantitatively
describe the cardiolipin remodeling process, we developed soft-
ware that simulates the dynamics of transferring acyl chains into
cardiolipin. The simulation is based on incorporation of deter-
mined fatty acids from sn-2 positions of PC and PE or acyl CoA at
designated concentrations into cardiolipin molecular species un-
der mass action kinetics, with all four cardiolipin acyl chain posi-
tions treated equivalently. We first describe the rate of change of
a given cardiolipin species with the chains o030, at the sn-1,
sn-2, sn-1’, and sn-2’ positions, respectively. The process of chain
substitution from PC, PE, and acyl CoA into cardiolipin corre-
sponds to a dynamic equation:

dlo0501500 ]
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+ (analogous PE terms) + (analogous acyl CoA terms).

Here k“"” is the reaction rate constant between PC and one of
the sn-1 positions of cardiolipin, and ki'? is the reaction rate
constant between PC and one of the sn? positions. Thus, the
model can accommodate differential kinetic flux present at the
sn-1 and sn-1" positions versus sn-2 and sn-2’ positions in cardio-
lipin that mimic the phospholipase activities that contribute to
the generation of monolysocardiolipin and cardiolipin remodel-
ing. For the analogous PE terms, the PE-specific values kj'" and
kr® replace the corresponding PC rate parameters and likewise
for the acyl CoA terms. For simplicity, our model assumes that
the relative reactivity of the sn-1 and sn-2 positions is a property of
the cardiolipin molecule, i.e., k(”“) / k {snl) ’"z )/ k(‘"1 and likewise
for the acyl CoA parameters.
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Fig. 2. The strategy employed for cardiolipin dynamic simulation. 1: PG molecular species including
regiospecificity were identified and quantified. Predicted immature cardiolipin was generated based on the
concentration of PG species. 2: Immature cardiolipin was then deacylated with all chains being equally
selected or with sn-1 or sn-2 selectivity followed by the reacylation with acyl chains 3: originating from phos-
phatidylcholine and phosphatidylethanolamine sn-2 positions (a) or acyl CoA (b) (with acyl selectivity in-
ferred) representing transacylase and acyltransferase activities, respectively. Additionally, at this point, a
portion of the cardiolipin molecular species can be nonselectively catabolized and immature cardiolipin
species can be constantly added to represent a proportion of cardiolipin biosynthesis. 4: Cardiolipin remod-
eling will reach an equilibrium state in which the distribution of cardiolipin molecular species will not dra-
matically change relative to the distribution of acyl chains used for remodeling.

To account for the steady synthesis of immature cardiolipin
from PG, which will replace the proportion of cardiolipin that
is catabolized, we added two additional terms to the simula-
tion. One term corresponds to the constant catabolism of a
small fraction of the cardiolipin, described by an exponential
decay parameter vy. This catabolism is assumed to be nonspe-
cific, i.e., all cardiolipin species are catabolized at the same
rate. The second term corresponds to a constant injection of
immature cardiolipin that keeps the total quantity of cardio-
lipin in the system constant. Inclusion of these terms allows
for the simulation of the relative importance of rates of cardio-
lipin turnover (catabolism and de novo synthesis) versus rates
of acyl chain substitution. Overall, the equation describing the
kinetics is given by:

% = chain swapping —y[o, 0,050, ],

+ incorporation rate of immature cardiolipin,

where the chain exchange terms are described in the equation
above.

This equation is integrated numerically with time step A¢, a
parameter that determines the amount of cardiolipin that will be
remodeled in a single iteration using designated acyl chains from
PC and PE sn-2 positions, as well as acyl CoA. In practice, the
numerical integration is performed using dimensionless vari-
ables, with a timestep small enough that only a small fraction of
the cardiolipin is remodeled in any given iteration to maintain
realistic behavior. In these dimensionless variables, this condi-
tion is typically satisfied as long as At < 1 (with some dependence
on the distribution of species concentrations of each of the acyl
chain sources), and as a conservative criterion in most simula-
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tions we use a timestep of Atz ~0.05-0.15. Whenever practical, a
larger value of At is used to reduce the simulation computa-
tion time.

The dynamic simulation can determine the cardiolipin
concentrations at each time point in three output formats: 1)
the concentrations of all molecular species as specified by
the acyl chains in each of the four acyl positions (full chain
output), 2) the aggregate concentrations of all molecular spe-
cies at each designated number of carbons and double bonds,
a format that can be easily compared with experimental mass
spectrometry measurements (mass spectrometry output),
or 3) a hybrid format in which the cardiolipin species are
sorted by the numbers of carbons and double bonds, which
allows for simplified analysis of the isomeric species that corre-
spond to each ion of cardiolipin species determined at a
certain m/z by MS.

Acyl chain distributions used for cardiolipin remodeling. The
acyl chains utilized for the formation of mature cardiolipin mo-
lecular species could originate from a transacylation reaction
from PC or PE or via an acyltransferase reaction from acyl CoA
(38-40). To model these selective aspects of the remodeling ma-
chinery, we devised an approach that allows for the input of PC
and PE sn-2 positional acyl chain composition as well as acyl CoA
chain data utilizing designated acyl chain selectivity (Fig. 2) (3).
Alternatively, it is possible to manually select the acyl chains from
PC and PE as well as from acyl CoA to be contributed to cardio-
lipin remodeling. This aspect of the remodeling program allows
for the capability of defining the possible ratios of acyltransferase
versus transacylase activities based on the fatty acids that are pres-
ent in discrete cardiolipin molecular species, in addition to the
interpretation of acyl selectivity.
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Visualization and dynamic simulation output for cardiolipin re-
modeling. To view the sequential remodeling of cardiolipin mo-
lecular species, a graphical viewer was written in JAVA for enhanced
portability across operating systems. This viewer displays the per-
centage distribution of cardiolipin species as organized by the
carbon:double bond composition (an output of mass spectrometric
format). Sequential remodeling of cardiolipin species can be viewed
on a frame-by-frame basis or as an animated movie. All software is
available at http://bioinformatics.bc.edu/~jchuang/dynamic.html.

RESULTS

Analysis of cardiolipin molecular species and their acyl
chain regioisomers in myocardial, hepatic, lung, and brain
mitochondria revealed a diverse distribution that provided
insight into the biochemical processes that mediated the
distinct distributions of cardiolipins in these tissues (supple-
mentary Tables I and VII). Based on the premise that the
diversity of cardiolipin molecular species in various organs
was dependent on the availability of different acyl chains in
PC and PE as well as the acyl CoA composition and the acyl
selectivities of the involved acyltransferases and transacylases,
a dynamic model was constructed to identify the critical reac-
tions necessary for the generation of mature cardiolipins.

Using the MDMS-SL. measured concentrations of indi-
vidual cardiolipin species as well as those of the donor acyl
chains from PC, PE, and acyl CoA, we computed the rela-
tive contributions from each of the donor substrates to the
observed cardiolipin distribution. A distribution of acyl
chains was generated from PC, PE, and acyl CoA that re-
sembled the acyl composition of myocardial, hepatic, lung,
or brain cardiolipin, and this distribution was used for the
chain substitution process (see “Materials and Methods”).
Based on the analysis of predicted immature cardiolipin
from PG molecular species, the proportional amount of
newly synthesized cardiolipin was inferred to contribute to
the observed cardiolipin distribution in each tissue. Gen-
erally, the amount as well as ratio of saturated acyl chains
found in PG molecular species served as reliable indica-
tors of the relative content of immature cardiolipin mo-
lecular species being represented in the mature pattern of
remodeled cardiolipin. This assumption seems reasonably
justified, because the content of saturated acyl chains in
mature cardiolipins are quite low and these are likely de-
rived from either de novo cardiolipin biosynthesis or from
saturated acyl chains derived from acyl CoA during remod-
eling. Because the sn-2 positions of PC and PE contain al-
most solely unsaturated acyl chain species, it is unlikely
that the saturated acyl chains in mature cardiolipin transa-
cylated from either the PC or PE pools. Using this ap-
proach, we examined the dynamic time course of altered
cardiolipin acyl chain distributions of four bioenerget-
ically diverse organs: the heart, liver, and brain (see next
sections), as well as lung (see supplementary materials).

Dynamic simulation of myocardial cardiolipin molecular
species

Examination of the predicted immature cardiolipin
molecular species generated by the condensation of myo-

cardial mitochondrial PG (supplementary Table II)
revealed that there is only a minimal contribution of car-
diolipin molecular species originating from de novo bio-
synthesis in the mature remodeled myocardial cardiolipin
distributions identified by MDMS-SL (Fig. 3A). Thus, the
amount of decay and replacement estimated in the
dynamic simulation for myocardial cardiolipin was mini-
mal due to the lack of immature cardiolipin species in the
mature cardiolipin distribution. We determined by MDMS-
SL as well as experimentation a distribution of acyl chains
as 16:0 (0.27%), 16:1 (0.6%), 16:2 (0.03%), 18:0 (0.13%),
18:1 (9.92%), 18:2 (67.79%), 18:3 (0.19%), 20:1 (0.09%),
20:2 (1.98%), 20:3 (2.1%), 20:4 (0.84%), 22:5 (1.43%),
and 22:6 (14.36%) and used this distribution to simulate
myocardial cardiolipin remodeling that generated a car-
diolipin profile best representing the profile obtained by
MDMS-SL.. A Atvalue (see “Materials and Methods”) of 0.1
was used in the simulation. Figure 3 demonstrates the
sequential remodeling of cardiolipin from the predicted
immature cardiolipin distribution after 0, 50, 100, and 250
iterations (Fig. 3A-D, respectively). Simulation data can
be found in supplementary materials and viewed by down-
loading the customized cardiolipin remodeling viewer.
During the progression of remodeling steps, the stepwise
iterations demonstrate the structural remodeling of cardio-
lipin molecular species at different stages of the remodeling
process. The process of cardiolipin remodeling from pre-
dicted immature state to a mature state involves catabolism of
the majority of species in immature cardiolipin (Fig. 3A),
which then progress into a broad distribution of cardiolipin
molecular species (Fig. 3B). For example, a similar broad dis-
tribution of cardiolipin molecular species was observed be-
tween day 5 and 15 for normal mouse cardiac development
(data not shown) as well as in mature mouse brain (16, 26).
Itis interesting that this broad distribution of cardiolipin mo-
lecular species is also observed in various disease states, cul-
ture conditions, and transgenic models of enzymes that
catalyze cardiolipin remodeling (23, 41-45). This suggests a
common remodeling event or role of various acyltransferases,
transacylases, or phospholipases involved in this stage of the
remodeling process. After 100 iterations of in silico remodel-
ing, the mature myocardial cardiolipin distribution becomes
more evident (Fig. 3C) and reaches an equilibrium state af-
ter 250 iterations (Fig. 3D). This molecular species distribu-
tion corresponds closely to the distribution of cardiolipin
molecular species obtained from MDMS-SL in mouse myo-
cardial mitochondria (Fig. 3E, Table 1). Similarities in desig-
nated molecular species can also be viewed in the hybrid
output of the dynamic simulation for the heart (supplemen-
tary materials), which demonstrates the accuracy in identifi-
cation of the molecular species obtained by MDMS-SL and
the dynamic simulation approach. In all, the dynamic simula-
tion output demonstrates that the level of detection of car-
diolipin molecular species by current technologies is around
the threshold of 0.1% of total cardiolipin from myocardial
mitochondrial extracts. The dynamic simulation suggests
other extremely low abundance species that likely exist in the
cardiolipin distribution but are below the detection limit of
MDMS-SL under the experimental conditions (Table 1).
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Fig. 3. Dynamic simulation of myocardial cardiolipin molecular species. A: Predicted myocardial imma-
ture cardiolipin molecular species were generated representing time point 0. Generated distributions of
cardiolipin molecular species were represented at iteration 50 (B), 100 (C), and 250 (D). E: A representative
mouse myocardial cardiolipin distribution as determined by MDMS-SL.. The asterisks indicate the individual
ion peaks of mouse myocardial cardiolipin (15). The mouse myocardial cardiolipin molecular species de-
tected and quantified by MDMS-SL as well as determined by the dynamic simulation were tabulated in Table 1.
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TABLE 1. Mouse myocardial cardiolipin molecular species distribution analyzed by MDMS-SL. and dynamic simulation
Carbon: Mean Mass Mean Distribution Distribution Generated by
Double Bond Major Species [CL-2H]* Content of Species (%) Dynamic Simulation (%)
68:6 0.01
68:5 0.01
68:4 0.01
70:8 0.04
70:7 18:2-18:2-18:2-16:1 710.97 0.40 0.76 0.79
18:2-18:2-18:1-16:1
70:6 18:2-18:2-18:2-16:0 711.98 0.35 0.66 0.75
18:2-18:1-18:1-16:1
70:5 18:2-18:2-18:1-16:0 712.99 0.20 0.39 0.24
70:4 18:2-18:1-18:1-16:0 713.99 0.11 0.21 0.03
72:9 18:2-18:2-18:2-18:3 722.97 0.37 0.70 0.28
72:8 18:2-18:2-18:2-18:2 723.98 11.18 21.29 21.42
72:7 18:2-18:2-18:2-18:1 724.99 7.11 13.54 12.65
72:6 18:2-18:2-18:1-18:1 725.99 2.31 4.41 3.01
72:5 18:2-18:1-18:1-18:1 727.00 0.16 0.31 0.37
72:4 0.02
74:12 0.03
74:11 18:2-18:2-16:1-22:6 734.97 0.25 0.49 0.51
18:2-18:2-18:2-20:4
18:2-18:1-16:1-22:6
74:10 18:2-18:2-16:0-22:6 735.98 0.74 1.40 1.53
18:2-18:2-18:2-20:3
74:9 18:1-18:2-18:2-20:4 736.99 2.14 4.08 3.26
18:2-18:2-18:2-20:2
74:8 18:1-18:2-18:2-20:3 737.99 2.20 4.19 3.75
74:7 18:1-18:2-18:2-20:2 739.00 1.09 2.08 1.41
18:1-18:2-18:2-20:1
74:6 18:1-18:1-18:2-20:2 740.01 0.25 0.48 0.24
74:5 0.02
76:14 0.17
76:12 18:2-18:2-18:2-92:6 747.98 9.69 18.45 18.10
18:2-18:2-18:2-22:5
76:11 18:1-18:2-18:2-22:6 748.99 4.85 9.23 9.91
18:2-18:2-18:1-22:5
76:10 18:2-18:1-18:1-22:6 749.99 0.85 1.63 2.35
76:9 18:1-18:1-20:3-20:4 751.00 0.14 0.27 0.53
76:8 20:4-20:1-18:2-18:1 752.01 0.09 0.16 0.21
76:7 0.05
78:15 18:2-18:3-20:4-22:6 758.97 0.06 0.12 0.11
18:2-18:2-20:4-22:6
78:14 18:2-20:4-20:4-20:4 759.98 0.27 0.51 0.77
78:13 18:2-18:2-20:3-22:6 760.99 1.02 1.95 1.97
18:1-18:2-20:3-22:6
78:12 18:2-18:2-20:2-22:6 761.99 1.32 2.51 2.29
18:1-18:2-20:2-22:6
78:11 18:2-18:2-20:1-22:6 763.00 0.35 0.66 0.80
78:10 0.13
78:9 0.02
80:17 0.03
80:16 18:2-18:2-22:6-22:6 771.98 3.33 6.34 5.74
80:15 18:2-18:1-22:6-22:6 772.99 0.93 1.78 2.87
80:14 18:2-18:0-22:6-22:6 773.99 0.30 0.58 0.65
80:13 0.17
80:12 0.08
80:11 0.02
82:18 0.15
82:17 18:2-20:3-22:6-22:6 784.99 0.05 0.10 0.41
82:16 18:2-20:2-22:6-22:6 785.99 0.07 0.14 0.46
82:15 0.15
82:14 0.02
20:4-20:4-22:6-22:6
84:20 18:2-22:6-22:6-22:6 795.98 0.28 0.54 0.81
20:4-20:4-22:6-22:5
84:19 18:2-22:6-22:6-22:5 796.99 0.04 0.07 0.36
84:18 0.07
84.17 0.02
86:22 0.01
86:21 0.03
86:20 0.03
88:24 0.04
88:23 0.02

Mouse myocardial mitochondrial lipids were extracted by a modified Bligh and Dyer procedure as described in the section of “Materials and
Methods.” The cardiolipin molecular species in the lipid extracts were identified and quantified as previously described (15). The mass content and
distribution of cardiolipin species represent the mean of four separately prepared mitochondria from different animals. The distribution of cardiolipin
molecular species determined by the dynamic simulation represents the one frame output 0.1a 250 iterations for heart cardiolipin. This data was

obtained using the MS output function. Values < 0.01 percent are not displayed but can be found in supplementary tables. CL, cardiolipin.
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The equilibrium reached in the simulation is dynamic,
in which remodeling maintains the cardiolipin distribu-
tion, and acyl chains are proportionally represented in
both the mature cardiolipin profile and the available pool
of acyl chains. This is likely because the organs generally
maintain their cardiolipin pattern after development,
although cardiolipin remodeling continues during aging
with only subtle changes to the acyl chain composition or
distribution (16, 46-48).

Dynamic simulation of hepatic cardiolipin molecular
species

Visualization of the distribution of predicted immature
cardiolipin molecular species generated by the distribu-
tion of hepatic mitochondrial PG molecular species
revealed a more diversified profile of species compared
with those of myocardial immature cardiolipin species
(Fig. 4A). Additionally, because molecular species from
immature cardiolipin are minimally represented in the
mature cardiolipin, only a minimal decay rate was used
(between 0.00001 and 0.00005) for the dynamic simula-
tion representing a fraction of de novo cardiolipin biosyn-
thesis. The selection of these decay rates, however, do not
address specific kinetic flux of the enzymes involved in
synthesis and are only designed to reflect the relative rep-
resentation of de novo cardiolipin synthesis in the cardio-
lipin distribution. The acyl chain distribution of hepatic
cardiolipin contained more linoleic acyl chains compared
with that of myocardial cardiolipin. The seeded acyl chain
distribution used for hepatic cardiolipin dynamic simu-
lation consisted of: 16:0 (0.35%), 16:1 (2.56%), 18:0
(0.12%), 18:1 (10.65%), 18:2 (81.32%), 18:3 (0.05%),
20:1 (0.06%),20:2 (1.78%). 20:3 (2.07%), 20:4 (0.29%),
22:5 (0.08%), and 22:6 (0.56%), and a At value of 0.1 was
selected for the rate of remodeling. This acyl chain distri-
bution generated the best-fit equilibrium cardiolipin pro-
file compared with that determined by MDMS-SL. As
demonstrated by Fig. 4B, a broad distribution of cardio-
lipin species is rapidly formed from these determined acyl
chains. Due to the abundance of linoleic and to a much
lesser extent oleic acyl chains relative to the abundance of
the rest of the acyl chains, the peaks at carbon:double
bond 72:8 and 72:7 become predominant at 100 iterations,
majorly representing the species 18:2-18:2-18:2-18:2 (72:8)
and 18:1-18:2-18:2-18:2 (72:7) (Fig. 4C). The simulation
achieved an equilibrium around 250 iterations (Fig. 4D).
This equilibrium state resembles the exact distribution for
hepatic cardiolipin obtained from MDMS-SL analysis of
the hepatic mitochondrial lipidome (Fig. 4E). The major
and minor molecular species identified by MDMS-SL also
match the species generated by the dynamic simulation
(Table 2 and supplementary materials). Moreover, the
level of detection of hepatic cardiolipin molecular species
demonstrated by the dynamic simulation is similar to that
of the heart (i.e., between 0.1% and 0.2%). Thus, the sim-
ulation strategically facilitates detection of low to very low
abundance isomers of cardiolipin species, the levels of
which are below the detection limitation of MDMS-SL
analysis at its current stage.

2160 Journal of Lipid Research Volume 51, 2010

Dynamic simulation of brain cardiolipin molecular
species

The analysis of the distribution of brain cardiolipin
molecular species is more complicated than that of myo-
cardial or hepatic cardiolipin. This is due to the broad
distribution, the complex acyl chain composition, and the
presence of numerous isomeric molecular species com-
pared with the cardiolipin species present in the other or-
gans. Additionally, immature cardiolipin molecular species
formed from PG could account for a portion, small but
significant, relative to the mature cardiolipin distribution
(Fig. 5). Thus, the residual portion of cardiolipin biosyn-
thesis being represented in the overall pattern would com-
plicate the analysis of predicted species being generated in
the overall distribution, depending on the rate and stage
of remodeling.

To incorporate the proportion of immature cardiolipin
species from de novo cardiolipin biosynthesis into the car-
diolipin remodeling simulation, a decay rate of 0.01 was
used with an initial acyl chain distribution of 16:0 (3.76%),
16:1 (5.08%), 16:2 (1.2%), 18:0 (0.59%), 18:1 (46.64%),
18:2 (7.25%), 18:3 (2.47%), 20:1 (1.12%), 20:2 (1.71%),
20:3 (2.21%), 20:4 (13.18%), 22:2 (0.23%), 22:3 (0.12%),
22:4 (0.6%), 22:5 (0.3%), and 22:6 (13.46%). This distribu-
tion generated the bestfit cardiolipin distribution com-
pared with that obtained by MDMS-SL. A A¢of 0.1 was used
in the simulation. The sequential remodeling of brain car-
diolipin using these designated acyl chains led to a greater
abundance of species that contain longer chains and
greater unsaturation (Fig. 5B, C) compared with the distri-
bution of heart and liver cardiolipin. Experimental at-
tempts to simulate brain cardiolipin molecular species with
a lower decay rate than 0.01 resulted in less diversity of mo-
lecular species and an increase in the percentage distribu-
tion of the major molecular species (data not shown) that
did not accordingly fit the actual mature cardiolipin distri-
bution determined by MDMS-SL. (Fig. 5D, E). Again, the
profile generated by the dynamic simulation resembled
the percentage distribution determined by MDMS-SL
(Table 3) and maintained an approximate threshold of de-
tection around 0.15% of total brain cardiolipin.

Validation of isomeric cardiolipin species determined by
the dynamic simulation

To substantiate the accuracy of our dynamic simulation
approach, we performed product ion analysis of ions con-
taining very low abundance cardiolipin isomers by using a
high mass accuracy/resolution mass spectrometer, which
could not be detected by MDMS-SL at its current stage but
were determined by our simulation. Owing to the low
background noise, high sensitivity, and high mass accu-
racy/resolution, the presence of very low abundance
isomers of an ion can be identified through high mass ac-
curacy/resolution mass spectrometry as demonstrated
previously (32).

For example, selection and collision-induced dissocia-
tion of the cardiolipin species at m/z 723.48 present in
mouse myocardial cardiolipins demonstrated an abun-
dant fragment at m/z 279.23 in the fatty acyl fragment
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Fig. 4. Dynamic simulation of hepatic cardiolipin molecular species. A: Predicted hepatic immature car-
diolipin molecular species were generated representing time point 0. Generated distributions of cardiolipin
molecular species were represented at iteration 50 (B), 100 (C), and 250 (D). E: A representative mouse
hepatic cardiolipin distribution as determined by MDMS-SL. The asterisks indicate the individual ion peaks
of mouse hepatic cardiolipin. The mouse hepatic cardiolipin molecular species detected and quantified by
MDMS-SL as well as determined by the dynamic simulation were tabulated in Table 2.

region corresponding to 18:2 carboxylate, along with a
fragment at m/z 415.22 corresponding to the deproto-
nated 18:2 lysophosphatidic acid, and a product ion at
m/z 592.36 corresponding to the loss of a 18:2 ketene
(Fig. 6A). These fragment ions identified the ion as a

tetra-18:2 cardiolipin. In addition, we also observed sev-
eral very low abundance fragments at m/z 253.21, 255.23,
277.21, 281.25, 303.23, and 305.25, corresponding to
16:1, 16:0, 18:3, 18:1, 20:4, and 20:3 carboxylates, respec-
tively (Fig. 6A, inset a). This observation indicates the
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TABLE 2. Mouse hepatic cardiolipin molecular species distribution analyzed by
MDMS-SL and dynamic simulation

Carbon: Double Mean Mass Mean Distribution Distribution Generated by
Bond Major Species [CL-2H]* Content of Species (%) Dynamic Simulation (%)
68:6 0.26
68:5 0.15
68:4 0.03
70:8 0.01
70:7 18:2-18:2-18:2-16:1 710.97 1.49 5.99 5.52
70:6 18:2-18:2-18:1-16:1 711.98 0.65 2.60 3.04
18:2-18:2-18:2-16:0
70:5 18:2-18:1-18:1-16:1 712.99 0.15 0.62 0.66
18:2-18:2-18:1-16:0
70:4 18:2-18:1-18:1-16:0 713.99 0.19 0.78 0.07
72:9 0.17
72:8 18:2-18:2-18:2-18:2 723.98 11.26 45.30 44.16
72:7 18:2-18:2-18:2-18:1 724.99 5.57 22.39 23.48
72:6 18:2-18:2-18:1-18:1 725.99 1.41 5.68 4.99
72:5 18:2-18:2-18:1-18:0 727.00 0.06 0.26 0.54
18:2-18:1-18:1-18:1
72:4 0.03
74:11 18:2-18:2-16:1-22:6 734.97 0.03 0.10 0.12
74:10 18:2-18:2-18:2-20:4 735.98 0.22 0.88 0.71
18:2-18:1-16:1-22:6
18:2-18:2-16:0-22:6
74:9 18:2-18:2-18:2-20:3 736.99 1.34 5.39 4.74
74:8 18:2-18:2-18:2-20:2 737.99 1.42 5.70 5.66
74:7 18:1-18:2-18:2-20:2 739.00 0.47 1.87 1.91
74:6 18:1-18:2-18:2-20:1 740.01 0.11 0.43 0.29
18:1-18:1-18:2-20:2
74:5 0.02
76:12 18:2-18:2-18:2-22:6 747.98 0.32 1.29 1.25
76:11 18:2-18:2-18:2-22:5 748.99 0.17 0.70 0.73
18:1-18:2-18:2-22:6
76:10 0.38
76:9 0.37
76:8 0.22
76:7 0.05
78:14 0.01
78:13 0.10
78:12 0.12
78:11 0.05
78:10 0.02
80:16 0.01

Mouse hepatic mitochondrial lipids were extracted by a modified Bligh and Dyer procedure as described in the
section of “Materials and Methods.” The cardiolipin molecular species in the lipid extracts were identified and
quantified as previously described (15). The mass content and distribution of cardiolipin species represent the mean
of four separately prepared mitochondria from different animals. The distribution of cardiolipin molecular species
determined by the dynamic simulation represents the one frame output 0.1a 250 iterations for liver cardiolipin. This
data was obtained using the MS output function. Values < 0.01 percent are not displayed but can be found in

supplementary tables. CL, cardiolipin.

presence of other very low abundance cardiolipin spe-
cies corresponding to the ion at m/z 723.48 including
16:1-18:2-18:2-20:3, 16:0-18:2-18:2-20:4, and 18:1-18:2-
18:2-18:3 cardiolipin isomers. This identification using
product ion analysis is consistent with the results from
the dynamic simulation (Fig. 6A, inset b).

By using this approach, we also validated the presence
of very low abundance cardiolipin isomers as predicted
by dynamic simulation residing at much lower abundance
ions compared with the dominant ion at m/z 723.48. For
example, product ion analysis of the cardiolipin ion at
m/z 736.51 demonstrated abundant fatty acyl fragments
at m/z 279.23 and 305.25 corresponding to 18:2 and 20:3
carboxylates in an approximate peak intensity ratio of 3:1
(Fig. 6B), identifying the presence of 18:2-18:2-18:2-20:3
cardiolipin. Expansion of this acyl fragment region shows
the presence of multiple very low abundance fatty acyl

2162 Journal of Lipid Research Volume 51, 2010

carboxylates, including 16:0 (m/z 255.23), 18:1 (m/z
281.25), 20:4 (m/z 303.23), 22:6 (m/z 327.23), and 22:5
(m/z329.25) (Fig. 6B, inset ¢). The presence of these acyl
chains validated the presence of 18:1-18:2-18:2-20:4, 16:0-
18:1-18:2-22:6, and 16:0-18:2-18:2-22:5 cardiolipin iso-
mers at m/z 736.51 as determined by the dynamic
simulation (Fig. 6B, inset d). Furthermore, the ratio of
peak intensities of 20:3 and 20:4 anions (5.4:1) matched
the determined fractions of these two major isomers from
the dynamic simulation [18:2-18:2-18:2-20:3/18:1-18:2-
18:2-20:4 (5.6:1)] (Fig. 6B, inset d). Therefore, product
ion analysis using an Orbitrap-LTQ mass spectrometer
validated the accuracy of the dynamic simulation results
that indicate the value of this approach for the predictive
analysis of very low abundance cardiolipin isomeric spe-
cies that may not be readily detectable by the current
stage of MS.
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Fig. 5. Dynamic simulation of brain cardiolipin molecular species. A: Predicted brain immature cardio-
lipin molecular species were generated representing at time point 0. Generated distributions of cardiolipin
molecular species were represented at iteration 50 (B), 100 (C), and 250 (D). E: A representative mouse
brain cardiolipin distribution as determined by MDMS-SL. The asterisks indicate the individual ion peaks of
mouse brain cardiolipin. The mouse brain cardiolipin molecular species detected and quantified by
MDMS-SL as well as determined by the dynamic simulation were tabulated in Table 3.

Prediction of acyltransferase and transacylase activities
as well as acyl selectivities in cardiolipin remodeling from
different organs

Analysis of the mitochondrial lipidome from the heart,
liver, and brain allowed for the opportunity to character-
ize possible substrates used for cardiolipin remodeling. It

is commonly believed that acyl CoA as well as PC and PE
contribute to the pool of acyl chains used for cardiolipin
remodeling in mitochondria (20, 21, 23, 24, 38, 43). In
addition, Lands cycle remodeling utilizes the sn-2 posi-
tions of glycerophospholipids for remodeling (49, 50).
MDMS-SL enables us to identify and quantify acyl chains
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TABLE 3. Mouse brain cardiolipin molecular species distribution analyzed by MDMS-SL. and dynamic simulation
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Carbon: Mean Mass Mean Distribution Distribution Generated by
Double Bond Major Species [CL-2H]* Content of Species (%) Dynamic Simulation (%)
66:6 0.01
66:5 0.03
66:4 0.07
66:3 0.10
66:2 0.08
66:1 0.03
68:8 0.01
68:7 0.05
68:6 0.16
68:5 0.41
68:4 18:1-18:1-16:1-16:1 699.98 0.34 0.49 0.75
18:1-18:1-16:0-16:1
18:2-18:1-16:0-16:0
68:3 18:2-18:0-16:1-16:0 700.99 0.54 0.79 0.85
18:1-18:1-16:0-16:0
18:2-18:0-16:0-16:0
68:2 18:1-18:0-16:0-16:1 701.99 0.38 0.54 0.56
70:10 0.01
70:9 0.06
70:8 20:4-18:2-16:1-16:1 709.96 0.42 0.60 0.23
20:4-18:1-16:1-16:1
70:7 20:4-18:2-16:1-16:0 710.97 0.50 0.72 0.63
20:4-18:1-16:1-16:0
70:6 18:2-18:2-18:1-16:1 711.98 0.60 0.87 1.28
18:2-18:1-18:1-16:1
18:1-18:1-18:1-16:2
18:2-18:1-18:0-16:2
70:5 18:2-18:2-18:0-16:1 712.99 0.86 1.24 2.20
18:1-18:1-18:1-16:1
70:4 18:2-18:1-18:1-16:0 713.99 1.54 2.24 3.10
18:1-18:1-18:1-16:0
70:3 18:0-18:1-18:1-16:1 715.00 0.74 1.07 2.10
18:0-18:1-18:1-16:0
70:2 18:0-18:0-18:1-16:1 716.01 0.26 0.37 0.07
70:1 0.06
72:10 20:4-20:4-16:1-16:1 721.96 0.43 0.63 0.29
20:4-20:4-16:1-16:0
72:9 20:4-18:2-18:2-16:1 722.97 0.58 0.84 0.85
72:8 20:4-18:2-18:1-16:1 723.98 1.23 1.78 1.88
20:4-18:2-18:1-16:0
72:7 20:4-18:1-18:1-16:1 724.99 2.28 3.30 3.24
20:4-18:1-18:1-16:0
20:3-18:1-18:1-16:1
72:6 20:3-18:1-18:1-16:1 725.99 2.12 3.07 3.85
72:5 18:2-18:1-18:1-18:1 727.00 2.45 3.54 3.55
72:4 18:1-18:1-18:1-18:1 728.01 4.00 5.79 5.17
72:3 18:1-18:1-18:1-18:0 729.02 0.29 0.43 0.18
74:13 0.04
74:12 22:6-20:4-16:1-16:1 733.96 0.30 0.44 0.23
74:11 20:4-20:4-18:2-16:1 734.97 0.77 1.12 0.80
74:10 20:4-20:4-18:1-16:1 735.98 1.58 2.28 2.17
20:4-20:4-18:1-16:0
22:6-18:1-18:1-16:1
74:9 22:6-18:2-18:1-16:0 736.99 2.54 3.67 4.33
20:4-18:2-18:1-18:1
74:8 22:6-18:1-18:1-16:0 737.99 2.86 4.14 4.68
74:7 20:4-18:1-18:1-18:1 739.00 3.32 4.80 6.34
20:4-18:1-18:1-18:0
74:6 20:3-18:1-18:1-18:1 740.01 1.18 1.71 1.55
20:4-18:1-18:0-18:0
74:5 20:3-18:1-18:1-18:0 741.02 0.34 0.50 0.98
74:4 0.49
74:3 0.01
76:15 0.03
76:14 0.16
76:13 22:6-18:3-18:2-18:2 746.97 1.51 2.19 0.65
20:4-20:4-18:2-18:2
20:4-20:4-20:4-16:0
22:6-20:4-18:1-16:1
22:6-22:6-16:0-16:0
76:12 22:6-18:2-18:2-18:2 747.98 2.13 3.08 1.93
76:11 20:4-20:4-18:2-18:1 748.99 2.35 3.40 3.20
76:10 20:4-20:4-18:1-18:1 749.99 3.74 5.41 5.50
22:6-18:1-18:1-18:1
76:9 20:4-20:3-18:1-18:1 751.00 3.50 5.06 6.81
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TABLE 3. Continued.
Carbon: N Mean Mass Mean Distribution Distribution Generated by
Double Bond Major Species [CL-2H]™ Content of Species (%) Dynamic Simulation (%)
76:8 22:6-18:1-18:1-18:0 752.01 0.68 0.98 1.20
20:4-20:2-18:1-18:0
76:7 20:4-20:1-18:1-18:1 753.02 0.25 0.37 0.83
76:6 20:4-20:1-18:1-18:0 754.03 0.33 0.47 0.22
76:5 20:4-20:1-18:0-18:0 755.03 0.29 0.43 0.15
76:4 0.02
78:16 0.09
22:6-20:4-20:4-16:1
78:15 22:6-22:6-18:2-16:1 758.97 0.62 0.89 0.47
22:6-20:4-18:2-18:2
22:6-20:4-20:4-16:0
78:14 22:6-22:6-18:1-16:1 759.98 1.15 1.67 1.45
78:13 22:6-20:4-18:2-18:1 760.99 1.93 2.79 2.53
78:12 22:6-20:4-18:1-18:1 761.99 3.67 5.31 5.30
22:6-20:4-18:1-18:0
78:11 22:6-20:3-18:1-18:1 763.00 1.48 2.14 1.50
22:4-20:4-18:1-18:1
78:10 22:6-20:3-18:1-18:0 764.01 0.42 0.61 1.18
78:9 22:4-20:4-18:1-18:0 765.02 0.41 0.59 0.60
78:8 0.17
78:7 0.06
78:6 0.02
80:18 0.04
80:17 22:6-20:4-20:4-18:3 770.97 0.41 0.60 0.26
22:6-22:6-20:4-16:0
20:4-20:4-20:4-20:4
22:6-20:4-20:4-18:2
80:16 22:6-22:6-18:2-18:2 771.98 0.64 0.93 0.70
80:15 22:6-20:4-20:4-18:1 772.99 2.02 2.92 2.16
22:6-22:6-18:1-18:1
80:14 22:6-20:4-20:3-18:1 773.99 2.83 4.10 2.96
16:0-20:3-22:5-22:5
18:2-20:3-20:3-22:5
18:0-18:1-22:6-22:6
80:13 18:0-20:3-20:4-22:6 775.00 0.60 0.87 0.70
80:12 18:0-18:0-22:6-22:6 776.01 0.35 0.51 0.58
80:11 18:0-18:0-22:5-22:6 777.02 0.22 0.32 0.19
80:10 0.14
80:9 0.03
80:8 0.01
82:20 0.01
82:19 0.12
82:18 22:6-22:6-20:4-18:2 783.98 0.59 0.85 0.37
82:17 22:6-22:6-20:4-18:1 784.99 1.47 2.13 1.42
22:6-22:6-20:4-18:0
82:16 22:6-22:6-20:3-18:1 785.99 0.91 1.31 0.40
82:15 0.38
82:14 0.20
82:13 0.09
82:12 0.03
82:11 0.01
84:21 0.02
84:20 20:4-20:4-22:6-22:6 795.98 0.59 0.85 0.25
22:6-22:6-22:6-18:1
84:19 22:6-22:6-20:4-20:3 796.99 1.22 1.76 0.51
20:4-20:3-22:6-22:5
22:6-22:6-22:6-18:0
84:18 22:6-22:6-22:5-18:1 797.99 0.34 0.49 0.11
84:17 0.11
84:16 0.04
84:15 0.04
86:22 0.12
86:21 0.03
86:20 0.03
86:19 0.02
86:18 0.01
88:24 0.03

Mouse brain mitochondrial lipids were extracted by a modified Bligh and Dyer procedure as described in the section of “Materials

and Methods.” The cardiolipin molecular species in the lipid extracts were identified and quantified as previously described (15). The mass content

and distribution of cardiolipin species represent the mean of four separately prepared mitochondria from different animals. The distribution
of cardiolipin molecular species determined by the dynamic simulation represents the one frame output 0.1a 250 iterations for brain cardiolipin.
This data was obtained using the MS output function. Values < 0.01 percent are not displayed but can be found in supplementary tables.

CL, cardiolipin.
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Fig. 6. Validation of very low abundance cardiolipin isomeric species by product ion analysis using an
Orbitrap-LTQ mass spectrometer. Product ion mass spectra of representative myocardial cardiolipin species
were acquired using a high mass accuracy/resolution instrument as described under “Materials and Meth-
ods.” A: A product ion mass spectrum of cardiolipin species at m/z 723.48 demonstrates the presence of
several very low abundance fragments (inset a) corresponding to fatty acyl carboxylates in addition to the
abundant 18:2 carboxylate (m/z279.23). B: A product ion mass spectrum of cardiolipin species at m/z736.51
demonstrates the presence of several very low abundance fragments (inset ¢) corresponding to fatty acyl
carboxylates in addition to the abundant 18:2 and 20:3 carboxylates (m/z 279.23 and 305.25, respectively).
Insets b and d list the cardiolipin isomeric species and their composition determined by the dynamic

simulation.

in molecular species at the sn-1 and sn-2 positions, allow-
ing us to infer Lands cycle remodeling based on acyl chain
identification. Determination of the original sources (i.e.,
acyl CoA, PC sn-2, and PE sn-2 acyl chains, and PG molecu-
lar species) of the acyl pool of cardiolipin would facilitate
the assessment of the enzymatic activities involved in car-
diolipin biosynthesis and remodeling. In addition, model-
ing the molecular mechanism in which acyl chains are
transferred into the sn-1, sn-1’ or sn-2, sn-2” positions of
cardiolipin either equally or with designated selection
identifies the potential components relegating the remod-
eling machinery. Furthermore, through rebuilding the
acyl chain distribution that serves as the acyl pool in the
remodeling process by proper selection of acyl chains
from different sources, the dynamic simulation allows us
to assess these activities. Specifically, the decay rate of the
synthesized immature cardiolipin species calculates the de
novo synthesis activity, the amounts of acyl chains contrib-
uted from PC and PE sn-2 fatty acyl pools indicate the
transacylase activities, the amounts of acyl CoA used in the
remodeling determine the acyltransferase activities, and
the differential utilization of the different acyl chains from
the PC, PE, or acyl CoA pool represents the selectivities of

2166 Journal of Lipid Research Volume 51, 2010

these enzymatic activities to the individual pools. It should
be emphasized that there exist multiple acyltransferases
and transacylases that have demonstrated cardiolipin re-
modeling activity, and indeed a variety of isoforms have
been detected of these enzymes (20, 38, 51-53). The cur-
rent dynamic simulation approach is unable to differenti-
ate these isoform activities yet proposes the relative
selectivity of the combined action of various acyltrans-
ferases or transacylases. Additionally, we do not infer any
selection toward remodeling specific de novo synthesized
molecular species; instead, we infer that all immature car-
diolipin species are remodeled equally and that partially
and mature remodeled cardiolipin molecular species are
treated with equal affinity.

To rebuild the acyl chain distribution of cardiolipin, the
overall distribution of acyl chains from the PC and PE sn-2
positions was calculated assuming no acyl selectivity origi-
nating from a transacylation reaction. This approach was
followed determining the contribution of acyl CoA fatty
acids with designated acyl selectivity for particular fatty ac-
ids. There are multiple reasons for taking this approach.
First, we were attempting to determine if there was com-
mon acyl selectivity for acyl CoA between organs with dif-

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

A N N\

.

Y Vs % "%

ASBMB

-

JOURNAL OF LIPID RESEARCH

I

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2010/04/21/jir. M004796.DC1
_html

Acyltransferase dependence with Acyl CoA selectivity

A H
eart
' 400 |
4 |
\ ‘ 200
P
, Liver 2 400
(5]
@
S 200
: B
©
400 J
Brain ‘
: 200 -
uPG ‘
HPC (sn-2) 0 ‘ i — -
~ BPE (sn-2) ODNONI BN B b O 6
—= " Acyl CoA COY OGP PP TN
Transacylase dependence with PC and PE sn-2 selectivity
B Heart 300
150 -
0 = ll.__ S
2
. S 300
Liver £
Q
=]
« 150 | I
©
°
[T
D S —
300
Brain
PG 150
®PC (sn-2)
#PE (sn-2) o —H M
“Acyl CoA R A R NS g

Fig. 7. The contribution and selectivity of acyl chains for cardiolipin remodeling from different fatty acyl
donor pools determined by dynamic simulation. Based on the acyl chains used to generate mature myocar-
dial, hepatic, and brain cardiolipin, inference was used to determine the possible contribution from acyl-
transferase, transacylase, or cardiolipin biosynthesis activities. The possible proportion of acyl chains from
PG, PC sn-2 positions, PE sn-2 positions, and acyl CoA as determined by MDMS-SL are represented in the
chart that would match the acyl chain distribution used in the dynamic simulation. Selectivity of specific acyl
chains for acyltransferase dependence (acyl CoA) (A) or transacylase dependence (PC or PE sn-2 acyl chains)
(B) was inferred in the heart, liver, and brain. This inferences approach allows the comparison of different
acyl selectivities for both acyltransferase and transacylase activities.

ferent acyl CoA compositions as well as cardiolipin
distributions. If similarities existed in acyl selectivity, then
it would suggest a common enzyme or isoform of an en-
zyme likely involved in the remodeling process among tis-
sues.Indeed,itisnotunlikelythatnumerousacyltransferases
exist and that the relative selectivity reflects the coordi-
nated activities of these acyltransferases; however, infer-

ring common selectivity between tissues will allow for the
identification of the function of acyltransferase(s) in vari-
ous tissues. Second, PC and PE are mainly comprised of
20:4 and 22:6 acyl chains at the sn-2 positions as demon-
strated by the abundant species of 16:0-20:4, 16:0-22:6, and
18:0-22:6 PC as well as 16:0-20:4, 16:0-22:6, 18:0-20:4, and
18:0-22:6 PE (supplementary Tables III and IV).
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Alternatively, we attempted to fit the acyl chain pool
used for cardiolipin remodeling with a proportion of
acyl chains from sn-2 positions of PC and PE as well as acyl
CoA inferring some acyl chain selectivity. This approach
allowed us to increase the percentage contribution of se-
lected acyl chains as well as cardiolipin species from pre-
dicted immature cardiolipin if these species were visualized
in the mature cardiolipin profile. The distribution of acyl
chains used for the myocardial cardiolipin simulation
could be formed by contributing 4% and 3% each from
PC and PE sn-2 positions, respectively, without acyl selec-
tivity. The remaining 93% of the acyl chains would be do-
nated from acyl CoA with the designated acyl specificity
(Fig. 7A). This specificity was most evident in 18:2, 20:3,
and 22:6 acyl chains and less selective for 18:1, 20:2, and
22:5 acyl chains.

Due to the lower amount of 20:4 and 22:6 containing
acyl chains in hepatic cardiolipin, the level of transacyla-
tion from PC and PE appeared to be lower in the hepatic
than in the myocardial cardiolipin. This was represented
by 1% each for both glycerophospholipid classes without
acyl selectivity. The remaining 98% of the acyl chains were
contributed by acyl CoA with selectivity assigned to 18:2
and 20:3. Less selectivity was designated to 16:1, 18:1, 20:2,
and 22:6 (Fig. 7A).

The composition of acyl chains in brain cardiolipin was
more complex than that found in myocardial and hepatic
cardiolipin. The most abundant acyl chains in brain car-
diolipin are 18:1, 20:4, and 22:6, with lesser amounts of
18:2. These aforementioned acyl chains are abundant in
the sn-2 position of PC and PE. This suggests that transac-
ylation activity is greater for brain cardiolipin than for myo-
cardial or hepatic cardiolipin. In addition, the proportion
of saturated acyl chains was greater in brain cardiolipin
than hepatic and myocardial cardiolipin, suggesting that
immature cardiolipin contributes significantly to the spe-
cies composition of mature cardiolipin in brain than it
does for hepatic and myocardial cardiolipin. Based on
these criteria, it was determined that 10% of the acyl chains
of brain cardiolipin molecular species likely originated
from predicted immature cardiolipin, 22% and 14% of
the acyl chains nonselectively originated from the sn-2 po-
sition of PC and PE, respectively, and the remaining 64%
of the acyl chains originated from acyl CoA with acyl selec-
tivity. The acyl chains that displayed the greatest selectivity
were 18:2, 22:6, 16:1, and to a lesser extent 22:5 and 18:1
(Fig. 7A).

Analysis of the designated acyl selectivity in diverse acyl
CoA distributions revealed an unexpected finding when
comparing all three organs (Fig. 7). Aligning the deter-
mined acyl selectivities for acyl CoA revealed the possibil-
ity that there are consistent selectivities among tissues as
well as some differences. The relative proportional selec-
tivity for 18:1 CoA and 18:2 CoA appeared to be consistent
among all tissues. This was even more surprising for brain
cardiolipin, which contains more 18:1 CoA and less 18:2
CoA content than that in other tissues. The proportional
selectivity for acyl CoA in 22:5 and 22:6 acyl chains was evi-
dent in myocardial and brain cardiolipin, but not hepatic

2168 Journal of Lipid Research Volume 51, 2010

cardiolipin. In contrast, the proportional selectivity for
20:2 and 20:3 was only found in myocardial and hepatic
cardiolipin and not brain cardiolipin. Additionally, there
appeared to be selectivity for 16:1 acyl chains in acyl CoA
for hepatic cardiolipin and to even a greater extent for
brain cardiolipin; however, no selectivity for 16:1 could be
concluded for myocardial cardiolipin. The similarities and
differences in acyl selectivity between tissues may result
from tissue-specific splicing variants or post-translation
modifications of various known acyltransferases (20, 38,
41, 45, 52, 54). Recently, the acyltransferase MLCL AT
demonstrated a relative selectivity of 18:2 > 18:1 > 16:1
(40), which is consistent with the acyl CoA selectivity in the
examined heart and liver tissue and also in the examined
brain tissue except for 16:1 CoA selectivity.

We also modeled the acyl selectivity of transacylase ac-
tivity (Fig. 7B). This approach demonstrated variability
in the selectivity for 16:1, 18:1, 18:2, 20:2, and 20:3 acyl
chains between different organs with no distinct pattern.
Because it is likely that cardiolipin remodeling might be
relegated by the coordinated activities of both acyltrans-
ferases and transacylases, the acyl selectivity from both
activities might generate the acyl chain pool used for car-
diolipin remodeling. In order to not infer any intrinsic
bias in this analysis, we attempted to highlight the rela-
tive selectivities of acyl chains in solely acyltransferase or
transacylase dependence in the current study. In all like-
lihood, the combination of the two mechanisms occur in
synchrony to facilitate the highly specific acyl chain dis-
tributions present in different tissues. Additional experi-
mentation might also reveal the relative proportion of
acyltransferase versus transacylase activities contributing
to the various cardiolipin distributions.

DISCUSSION

Recent advances in lipidomic analysis now allow for the
accurate quantification of hundreds to thousands of lipid
molecular species. However, development of bioinformat-
ics and algorithmic approaches to integrate lipidomic data
into a systems biology interpretation will be required to
transition lipidomics from a descriptive to a mechanistic
paradigm. In this study, we utilized the MDMS-SL platform
to structurally identify and quantify the lipid molecular
species of heart, liver, brain, and lung mitochondria and
then used this information to interpret the biological
mechanisms governing cardiolipin remodeling. This in-
volved the computational inferences of known biological
parameters important in lipid remodeling. In addition, we
developed a series of software tools that can be used to
compare and visualize data obtained from MDMS-SL anal-
ysis as well as extend the range and detection of lipidomic
analysis. This composite experimental and bioinformatic
approach represents a major advance in interpreting the
complex heterogeneity of the cellular lipidome.

Cardiolipin is intricately involved in maintaining bioen-
ergetic efficiency and homeostasis of cellular metabolism
(11, 13). The complex biophysical properties as well as the
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diverse molecular species of cardiolipin have stimulated
the investigation of numerous analytical and mathemati-
cal approaches to determine the importance of cardiolipin
in biological function. Coarse-grained molecular dynam-
ics, thermodynamics and thermal response, atomic force
microscopy, and atomic-scale simulations have all been
used to characterize structural orientation and interaction
of cardiolipin in membrane dynamics (55-60). More re-
cently, mathematical models using linear algebraic repre-
sentation have been used to explain the acyl selectivity of
cardiolipin remodeling based on free energies (61). Al-
though that approach demonstrated novel insight into po-
tential mechanisms governing acyl selectivity, it did not
directly address the importance of kinetics in the genera-
tion of cardiolipin acyl chain distributions. In addition,
that approach only addressed distributions that are rele-
gated by tetralinoleic abundance of cardiolipin; however,
brain cardiolipin does not conform to that model (16, 26).
Moreover, alterations in free energies are complex func-
tions of enthalpy and entropy driven by altering molecular
membrane symmetry and the order/disorder at the mem-
brane interface.

A critical point addressed by the cardiolipin dynamic
simulation in the current study was imposing the option
for sn-1 or sn-2 selectivity in cardiolipin acyl chain remod-
eling. This option allowed for the inference of the rate as
well as pattern distribution of cardiolipin molecular spe-
cies if acyl chain selectivity was employed or if all four
chains were remodeled equally to reach the equilibrium
distribution. Our findings indicate that treating all four
chains equally for remodeling generated a cardiolipin dis-
tribution mostrepresentative of that obtained by MDMS-SL.
This assumption supports the findings of Malhotra et al.
(62), who demonstrated that sn-1 and sn-2 positions of car-
diolipin are remodeled equally using purified recombi-
nant Drosophila tafazzin.

The use of a dynamic simulation approach for identify-
ing and modeling the biological parameters regulating
cardiolipin synthesis and remodeling represents an impor-
tant advance in integrating lipidomic data with the bio-
chemical mechanisms of cardiolipin remodeling. This
approach exploits differences in cardiolipin composition
and metabolism between tissues (63) to gain mechanistic
insight into cardiolipin remodeling pathways and kinetics.
Similar approaches using algorithmic inference and in
silico kinetic modeling to describe the enzymatic parame-
ters governing the molecular species distribution found in
other lipid classes are also possible through this approach.
The integration of a flux-based approach for lipidomics
has been utilized in describing eicosanoid metabolism;
however, the number of parameters used to ascertain the
flux of biological pathways can result in overfitting the ex-
perimental data, depending on the model (64).

The dynamic simulation provides a formidable tool for
analyzing the complex organization of cardiolipin molec-
ular species as controlled by biosynthesis and remodeling.
The strategy that we presented allows for the inference of
acyltransferase and transacylase activities as well as acyl
chain selectivities that would be needed to generate the

acyl chains used during the remodeling process. Further-
more, it provides precise predictions as to the relative
composition of isomeric molecular species, which can
clarify the identification of low abundance molecular spe-
cies of cardiolipin, which may not be detectable by current
analytical technologies. This approach offers a systematic
method of analyzing similarities between cardiolipin re-
modeling among different tissues, a key step toward dis-
secting the functions of the enzymes involved in lipid
regulation il

REFERENCES

1. Han, X., and R. W. Gross. 2005. Shotgun lipidomics: electrospray
ionization mass spectrometric analysis and quantitation of cellular
lipidomes directly from crude extracts of biological samples. Mass
Spectrom. Rev. 24: 367-412.

2. Dennis, E. A. 2009. Lipidomics joins the omics evolution. Proc. Natl.
Acad. Sci. USA. 106: 2089-2090.

3. Niemela, P. S., S. Castillo, M. Sysi-Aho, and M. Oresic. 2009.
Bioinformatics and computational methods for lipidomics. J.
Chromatogr. B Analyt. Technol. Biomed. Life Sci. 877: 2855-2862.

4. Han, X, and R. W. Gross. 2005. Shotgun lipidomics: multidimensional
MS analysis of cellular lipidomes. Expert Rev. Proteomics. 2: 253—264.

5. Yang, K., H. Cheng, R. W. Gross, and X. Han. 2009. Automated lipid
identification and quantification by multidimensional mass spec-
trometry-based shotgun lipidomics. Anal. Chem. 81: 4356-4368.

6. Seppanen-Laakso, T., and M. Oresic. 2009. How to study lipidomes.
J- Mol. Endocrinol. 42: 185-190.

7. Fahy, E., D. Cotter, R. Byrnes, M. Sud, A. Maer, J. Li, D. Nadeau,
Y. Zhau, and S. Subramaniam. 2007. Bioinformatics for lipidomics.
Methods Enzymol. 432: 247-273.

8. Wheelock, C. E., S. Goto, L. Yetukuri, F. L. D’Alexandri, C. Klukas,
F. Schreiber, and M. Oresic. 2009. Bioinformatics strategies for the
analysis of lipids. Methods Mol. Biol. 580: 339-368.

9. Song, H., J. Ladenson, and J. Turk. 2009. Algorithms for automatic
processing of data from mass spectrometric analyses of lipids.
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 877: 2847-2854.

10. Forrester, J. S., S. B. Milne, P. T. Ivanova, and H. A. Brown. 2004.
Computational lipidomics: a multiplexed analysis of dynamic
changes in membrane lipid composition during signal transduc-
tion. Mol. Pharmacol. 65: 813-821.

11. Hoch, F. L.. 1992. Cardiolipins and biomembrane function. Biochim.
Biophys. Acta. 1113: 71-133.

12. Kiebish, M. A., X. Han, H. Cheng, J. H. Chuang, and T. N. Seyfried.
2008. Cardiolipin and electron transport chain abnormalities in
mouse brain tumor mitochondria: lipidomic evidence supporting
the Warburg theory of cancer. J. Lipid Res. 49: 2545-2556.

13. Chicco, A. J., and G. C. Sparagna. 2007. Role of cardiolipin altera-
tions in mitochondrial dysfunction and disease. Am. J. Physiol. Cell
Physiol. 292: C33-C44.

14. Jiang, F., M. T. Ryan, M. Schlame, M. Zhao, Z. Gu, M. Klingenberg,
N. Pfanner, and M. L. Greenberg. 2000. Absence of cardiolipin
in the crdl null mutant results in decreased mitochondrial mem-
brane potential and reduced mitochondrial function. J. Biol. Chem.
275: 22387-22394.

15. Han, X,, K. Yang, J. Yang, H. Cheng, and R. W. Gross. 2006. Shotgun
lipidomics of cardiolipin molecular species in lipid extracts of bio-
logical samples. J. Lipid Res. 47: 864-879.

16. Cheng, H., D. J. Mancuso, X. Jiang, S. Guan, J. Yang, K. Yang, G.
Sun, R. W. Gross, and X. Han. 2008. Shotgun lipidomics reveals
the temporally dependent, highly diversified cardiolipin profile in
the mammalian brain: temporally coordinated postnatal diversifi-
cation of cardiolipin molecular species with neuronal remodeling.
Biochemistry. 47: 5869-5880.

17. Han, X., J. Yang, K. Yang, Z. Zhao, D. R. Abendschein, and R. W.
Gross. 2007. Alterations in myocardial cardiolipin content and
composition occur at the very earliest stages of diabetes: a shotgun
lipidomics study. Biochemistry. 46: 6417-6428.

18. Kiebish, M. A., X. Han, H. Cheng, and T. N. Seyfried. 2009. In vitro
growth environment produces lipidomic and electron transport
chain abnormalities in mitochondria from non-tumorigenic astro-
cytes and brain tumours. ASN Neuro. 1: e00011.

Dynamic simulation of cardiolipin remodeling 2169

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

19.
20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

2170

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2010/04/21/jir. M004796.DC1

Schlame, M., and M. Ren. 2006. Barth syndrome, a human disorder
of cardiolipin metabolism. FEBS Lett. 580: 5450-5455.

Hautff, K. D., and G. M. Hatch. 2006. Cardiolipin metabolism and
Barth Syndrome. Prog. Lipid Res. 45: 91-101.

Li, G., S. Chen, M. N. Thompson, and M. L. Greenberg. 2007. New
insights into the regulation of cardiolipin biosynthesis in yeast: impli-
cations for Barth syndrome. Biochim. Biophys. Acta. 1771: 432—441.
Houtkooper, R. H., and F. M. Vaz. 2008. Cardiolipin, the heart of
mitochondrial metabolism. Cell. Mol. Life Sci. 65: 2493-2506.

Xu, Y., A. Malhotra, M. Ren, and M. Schlame. 2006. The enzymatic
function of tafazzin. J. Biol. Chem. 281: 39217-39224.

Xu, Y., R. 1. Kelley, T. J. Blanck, and M. Schlame. 2003. Remodeling
of cardiolipin by phospholipid transacylation. J. Biol. Chem. 278:
51380-51385.

Kiebish, M. A, X. Han, H. Cheng, J. H. Chuang, and T. N. Seyfried.
2008. Brain mitochondrial lipid abnormalities in mice susceptible
to spontaneous gliomas. Lipids. 43: 951-959.

Kiebish, M. A., X. Han, H. Cheng, A. Lunceford, C. F. Clarke, H.
Moon, J. H. Chuang, and T. N. Seyfried. 2008. Lipidomic analysis
and electron transport chain activities in C57BL/6] mouse brain
mitochondria. /. Neurochem. 106: 299-312.

Pon, L. A, and E. A. Schon, editors. 2001. Mitochondria. San
Diego, CA, Academic Press.

Han, X, J. Yang, H. Cheng, H. Ye, and R. W. Gross. 2004. Toward
fingerprinting cellular lipidomes directly from biological samples
by two-dimensional electrospray ionization mass spectrometry.
Anal. Biochem. 330: 317-331.

Han, X,, K. Yang, and R. W. Gross. 2008. Microfluidics-based elec-
trospray ionization enhances the intrasource separation of lipid
classes and extends identification of individual molecular species
through multi-dimensional mass spectrometry: development of
an automated high-throughput platform for shotgun lipidomics.
Rapid Commun. Mass Spectrom. 22: 2115-2124.

Yang, K., Z. Zhao, R. W. Gross, and X. Han. 2009. Systematic analy-
sis of choline-containing phospholipids using multi-dimensional
mass spectrometry-based shotgun lipidomics. J. Chromatogr. B
Analyt. Technol. Biomed. Life Sci. 877: 2924—2936.

Han, X.,and R. W. Gross. 2003. Global analyses of cellular lipidomes
directly from crude extracts of biological samples by ESI mass spec-
trometry: a bridge to lipidomics. J. Lipid Res. 44: 1071-1079.

Yang, K., Z. Zhao, R. W. Gross, and X. Han. 2007. Shotgun lipi-
domics identifies a paired rule for the presence of isomeric ether
phospholipid molecular species. PLoS ONE. 2: e1368.

Cheng, H., X. Jiang, and X. Han. 2007. Alterations in lipid homeo-
stasis of mouse dorsal root ganglia induced by apolipoprotein E
deficiency: a shotgun lipidomics study. J. Neurochem. 101: 57-76.
Sun, G., K. Yang, Z. Zhao, S. Guan, X. Han, and R. W. Gross. 2007.
Shotgun metabolomics approach for the analysis of negatively
charged water-soluble cellular metabolites from mouse heart tis-
sue. Anal. Chem. 79: 6629-6640.

Sun, G., K. Yang, Z. Zhao, S. Guan, X. Han, and R. W. Gross. 2008.
Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometric analysis of cellular glycerophospholipids enabled by
multiplexed solvent dependent analyte-matrix interactions. Anal.
Chem. 80: 7576-7585.

Cheng, H., G. Sun, K. Yang, R. W. Gross, and X. Han. 2010. Selective
desorption/ionization of sulfatides by MALDI-MS facilitated using
9-aminoacridine as matrix. J. Lipid Res. 51: 1599-1609.

Rustow, B., M. Schlame, H. Rabe, G. Reichmann, and D. Kunze.
1989. Species pattern of phosphatidic acid, diacylglycerol, CDP-
diacylglycerol and phosphatidylglycerol synthesized de novo in rat
liver mitochondria. Biochim. Biophys. Acta. 1002: 261-263.
Houtkooper, R. H., M. Turkenburg, B. T. Poll-The, D. Karall, C.
Perez-Cerda, A. Morrone, S. Malvagia, R. J. Wanders, W. Kulik, and
F. M. Vaz. 2009. The enigmatic role of tafazzin in cardiolipin me-
tabolism. Biochim. Biophys. Acta. 1788: 2003-2014.

Schlame, M. 2008. Cardiolipin synthesis for the assembly of bacte-
rial and mitochondrial membranes. J. Lipid Res. 49: 1607-1620.
Taylor, W. A., and G. M. Hatch. 2009. Identification of the human
mitochondrial linoleoyl-coenzyme A monolysocardiolipin acyl-
transferase (MLCL AT-1). J. Biol. Chem. 284: 30360-30371.
Acehan, D., Z. Khuchua, R. H. Houtkooper, A. Malhotra, J.
Kaufman, F. M. Vaz, M. Ren, H. A. Rockman, D. L. Stokes, and M.
Schlame. 2009. Distinct effects of tafazzin deletion in differentiated
and undifferentiated mitochondria. Mitochondrion. 9: 86-95.

Gu, Z., F. Valianpour, S. Chen, F. M. Vaz, G. A. Hakkaart, R. J.
Wanders, and M. L. Greenberg. 2004. Aberrant cardiolipin metab-

Journal of Lipid Research Volume 51, 2010

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

olism in the yeast tazl mutant: a model for Barth syndrome. Mol.
Microbiol. 51: 149-158.

Malhotra, A., I. Edelman-Novemsky, Y. Xu, H. Plesken, J. Ma, M.
Schlame, and M. Ren. 2009. Role of calcium-independent phos-
pholipase A2 in the pathogenesis of Barth syndrome. Proc. Natl.
Acad. Sci. USA. 106: 2337-2341.

Valianpour, F., V. Mitsakos, D. Schlemmer, J. A. Towbin, ]J. M. Taylor,
P. G. Ekert, D. R. Thorburn, A. Munnich, R. J. Wanders, P. G. Barth,
etal. 2005. Monolysocardiolipins accumulate in Barth syndrome but
do not lead to enhanced apoptosis. J. Lipid Res. 46: 1182-1195.

Vaz, F. M., R. H. Houtkooper, F. Valianpour, P. G. Barth, and
R. J. Wanders. 2003. Only one splice variant of the human TAZ
gene encodes a functional protein with a role in cardiolipin me-
tabolism. J. Biol. Chem. 278: 43089-43094.

Schlame, M., M. Ren, Y. Xu, M. L. Greenberg, and I. Haller. 2005.
Molecular symmetry in mitochondrial cardiolipins. Chem. Phys.
Lipids. 138: 38—49.

Lewin, M. B., and P. S. Timiras. 1984. Lipid changes with aging in
cardiac mitochondrial membranes. Mech. Ageing Dev. 24: 343-351.
Moghaddas, S., M. S. Stoll, P. E. Minkler, R. G. Salomon, C. L.
Hoppel, and E. J. Lesnefsky. 2002. Preservation of cardiolipin
content during aging in rat heart interfibrillar mitochondria. J.
Gerontol. A Biol. Sci. Med. Sci. 57: B22-B28.

Lands, W. E. 1960. Metabolism of glycerolipids. 2. The enzymatic
acylation of lysolecithin. J. Biol. Chem. 235: 2233-2237.

Lands, W. E. 2000. Stories about acyl chains. Biochim. Biophys. Acta.
1483: 1-14.

Xu, Y., S. Zhang, A. Malhotra, I. Edelman-Novemsky, J. Ma, A.
Kruppa, C. Cernicica, S. Blais, T. A. Neubert, M. Ren, et al. 2009.
Characterization of tafazzin splice variants from humans and fruit
flies. J. Biol. Chem. 284: 29230-29239.

Cao, J., Y. Liu, J. Lockwood, P. Burn, and Y. Shi. 2004. A novel
cardiolipin-remodeling pathway revealed by a gene encoding an
endoplasmic reticulum-associated acyl-CoA:lysocardiolipin acyl-
transferase (ALCAT1) in mouse. J. Biol. Chem. 279: 31727-31734.
Cao, J., W. Shen, Z. Chang, and Y. Shi. 2009. ALCATT1 is a polyglycero-
phospholipid acyltransferase potently regulated by adenine nucleotide
and thyroid status. Am. J. Physiol. Endocrinol. Metab. 296: E647-E653.
Bione, S., F. Tamanini, E. Maestrini, C. Tribioli, A. Poustka, G.
Torri, S. Rivella, and D. Toniolo. 1993. Transcriptional organiza-
tion of a 450-kb region of the human X chromosome in Xq28. Proc.
Natl. Acad. Sci. USA. 90: 10977-10981.

Dahlberg, M. 2007. Polymorphic phase behavior of cardiolipin
derivatives studied by coarse-grained molecular dynamics. J. Phys.
Chem. B. 111: 7194-7200.

Dahlberg, M., and A. Maliniak. 2008. Molecular dynamics simula-
tions of cardiolipin bilayers. J. Phys. Chem. B. 112: 11655-11663.
Domenech, O., A. Morros, M. E. Cabanas, M. T. Montero, and J.
Hernandez-Borrell. 2007. Thermal response of domains in cardio-
lipin content bilayers. Ultramicroscopy. 107: 943-947.

Domenech, O., L.. Redondo, L. Picas, A. Morros, M. T. Montero,
and J. Hernandez-Borrell. 2007. Atomic force microscopy charac-
terization of supported planar bilayers that mimic the mitochon-
drial inner membrane. J. Mol. Recognit. 20: 546-553.

Domenech, O., F. Sanz, M. T. Montero, and J. Hernandez-Borrell.
2006. Thermodynamic and structural study of the main phospho-
lipid components comprising the mitochondrial inner membrane.
Biochim. Biophys. Acta. 1758: 213-221.

Rog, T., H. Martinez-Seara, N. Munck, M. Oresic, M. Karttunen,
and L. Vattulainen. 2009. Role of cardiolipins in the inner mito-
chondrial membrane: insight gained through atom-scale simula-
tions. J. Phys. Chem. B. 113: 3413-3422.

Schlame, M. 2009. Formation of molecular species of mitochon-
drial cardiolipin 2. A mathematical model of pattern formation by
phospholipid transacylation. Biochim. Biophys. Acta. 1791: 321-325.
Malhotra, A., Y. Xu, M. Ren, and M. Schlame. 2009. Formation of
molecular species of mitochondrial cardiolipin. 1. A novel transacy-
lation mechanism to shuttle fatty acids between sn-1 and sn-2 posi-
tions of multiple phospholipid species. Biochim. Biophys. Acta. 1791:
314-320.

Hulbert, A. J., N. Turner, J. Hinde, P. Else, and H. Guderley. 2006.
How might you compare mitochondria from different tissues and
different species? J. Comp. Physiol. B. 176: 93-105.

Gupta, S., M. R. Maurya, D. L. Stephens, E. A. Dennis, and S.
Subramaniam. 2009. An integrated model of eicosanoid metabo-
lism and signaling based on lipidomics flux analysis. Biophys. J. 96:
4542-4551.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

