FLAWED PHOSPHOLIPIDFORMATION OR FAULTY FATTY ACID OXIDATION :
DETERMINING THE CAUE OF MITOCHONDRIAL DYSFUNCTION IN HEARTSLACKING
ACSL1

Trisha J. Grevengoed

A dissertation submitted to the faculty at the University of North Carolina at Chapel Hilttial p
fulfillment of the requirements for the degree of Doctor of Philosophy in the Departmidatritfon
(Biochemistry) in the School of Public Health

Chapel Hill
2015

Approved by:
Rosalind A. Coleman
Stephen D. Hursting
Liza Makowski

Leslie V. Paise

Steven H. Zeisel



© 2015
Trisha J. Grevengoed
ALL RIGHTS RESERVED



ABSTRACT
Trisha J. Grevengoed: Fatty acid activation in cardiac mitochondria: The role of ACSL1 in phospholipid
formation and remodeling, substrate switchimgg autophagic flux
(Under the direction of Rosalind A. Coleman

Cardiovascular disease is the number one cause of death worldwide. In the heart, mitochondria
provide up to 95% of energy, with most of this energy coming from metabolism of fatty acid$s@A
must be converted to aeloAsbyaclCo A synt het ases (ACS) before entr
oxidation or glycerolipid synthesis. ACSL1 contributes more than 90% of total cardiac ACSL activity,
and mice with an inducible knockout of ACSLAcEIT") have impaired cardiac FA oxidation. The

effects of loss of ACSL1 on mitochondrial respiratory function, phospholipid formation, or autophagic

flux have not yet been studied.

AcslT™ hearts contained-®ld more mitochondria with abnormal structure aligplayed lower
respiratory function. Because ACSL1 exhibited a strong substrate preference for linoleate (18:2), we
investigated the composition of mitochondrial phospholipiiss|T hearts contained 83% less
tetralinoleoytcardiolipin (CL), the mppr form present in control hearts. Modulating ACSL1 expression
in cell lines confirmed that ACSL1 is necessary for linoleate incorporation into CL. To determine
whether increasing content of linoleate in CL would improve mitochondrial respiratoryoiunodintrol
andAcslI™ mice were fed a high linoleate diet, which normalized amount of tetralineGigyut did

not improve respiratory function.

The metabolic switch from FA use to high glucose use activates mechanistic target of rapamycin
complexl (mTORC1), which initiates growth by increasing protein and RNA synthesis and FA
metabolism while decreasing autophagy. Stemh mTORCL1 inhibition normalized mitochondrial

structure, number, and maximal respiration rat&dslI™ hearts but not ADRtimulated oxygen



consumption, which was likely caused by lower ATP synthase activity present in both-vahitle
rapamycintreatedAcslT™ hearts. The autophagic rate was 88% lowexdslI™ hearts. mTORC1

inhibition increased autophagy to a rttat was 3.4old higher than in controls, allowing clearance of
damaged mitochondria. ACSL1 deficiency in heart activated mTORCL, thereby inhibiting autophagy and

increasing the number of damaged mitochondria with impaired respiratory capacity.

ACSL1 is required for the normal composition of phospholipid species and maintenance of FA
oxidation to prevent low autophagic rate. Loss of ACSL1 causes impaired mitochondrial respiratory

function, which can be partially improved by clearing damaged mitocteohdtinot by normalizing CL.
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CHAPTER 1: BACK GROUND

Partitioning of fatty acids and thiermationof fatty acytCoAs

Long-chain FAs derived from eithele novasynthesis, dietary sources, or from the turnover
of triacylglycerol, phospholipids, and cholesterol esters have multiple metabolic fatese fates
include the entry of FAs into pathways of degradation, incorporation or reincorporation into complex
lipids, esterification to proteins, and the synthesis of eicosanoids.-dhaiig FAs have additional
roles in activating transcription factofanctioning as intracellular signals, and allosterically
modulating enzyme reactionSi¢. 1.1). Each of these outcomes except for some of those related to
signaling and eicosanoid formation require the formation of adtiain acyiCoA by one of least3
acylCoA synthetases (ACS) that use lesigain and veryong-chain FAs (ACSL, ACSVL, ACSBQ).
The 13 ACS isoforms are part of the@@mber ACS family, all of which contain related nucleotide
(AMP/ATP) and FA binding motifs, and most of which includgaasmembrane domain anchor at
the Niterminus.

The longchain ACS isoforms activate FA of &2 carbong2,3) in an energetically costly
two-step reaction that uses the equivalent of two-kigdrgy bonds:

Fatty acid + ATPA acyFAMP + PPi
Acyl-AMP + CoASHA acylCoA + AMP

I n addi ti on -okidatioh dne glycerolipmisesgnthéshiq. b.2), acyl-CoAs are
critical signaling molecules as allosteric inhibitors of adenosine nucleotide translocase(4&\T)
liver glucokinas€6), acetytCoA carboxylase (ACC()7,8), HMG-CoA reductas¢9),
phosphofructokiasel (10), and hormone sensitive lipase (HSLY). Acyl-CoAs can also stimulate

the release of transport vesic{@4,12). Longchain acyiCoAs are excellent detergents that form



micelles in agueous solutions with the CoA groups exposed to the watel(pB)asehe measured
critical micellar concentrations (CMC) for the most common {ohgin acylCoAs, 18:1CoA and
16:0-CoA are about 32 and 42 uM, respectivdly,15). However, within cells, acyCoAs are
probablybound to proteins and membranes so that the concentration -@a@&glwould be too low
to selfaggregate. Because of their amphipathic nature;@as can interfere with membrane
integrity by acting as detergents; when high concentrations cfCadysare present, the permeability
of membranes to small molecules like sucrose and citrate is all€edVyristoylation or
palmitoylation of proteins requires aegbAs, but to our knowledge, no changes in protein acylation
have been found in mice or celléth a deficiency oin ACS.

Because most mammalian celentain several different loaghain ACS isoformsf has
beenhypothesized that each isoform may partition or channel itsdbam FA substrates into
specific downstream pathways. In additieaveral of the isoforms have twifferent start sites, one
of which lacks an Nerminal transmembrane anchor, or have alternative internal exons that result
from differential splicing17). Hypothesized differences in cell function include the use of the
activated FA for pathways @l synthesize glycerolipids and cholesterol esters, for pathways of FA
elongation or desaturation, for degradative pathways in the mitochondria, ER, and peroxisomes, for

protein acylation, and for transcriptional regulation.

Fatty acid use by ac\oA synthetases

FAs are carboxylic acids with lorghain hydrocarbon side groups. In animals, the
predominant longhain FAs are those of 16 and 18 carbons with varying degrees of saturation. FAs
of 20 carbons, like 20:4%¥6 and c@a@ntidanBnal$,lout m a s me
are precursors for multiple subfamilies of eicosanoids. The question of how FAs are transported into
cells remains controversial, but whether FAs enter via transport proteinsfwligcross the plasma
membrane, their thioestication to coenzyme A almost certainly prevents their ettihas been

variously speculated that entry might occur via junctions between the plasma membrane and the ER.



Alternatively, entry might be mediated by fatty acid binding protein (FABP) isaf(it8), or

facilitated by the FA transport proteins (FATRY) that are themselves ae@bA synthetases.

Sever al groups, however, have shown that the rafg
by intracellular metabolia of the FA(18,20,21).

Understanding the process tlthannels FAs into specific metabolic pathways requires
consideration of the physical chemistry of hydrophobic FAs which must move in an aqueous
environment. Further, in order to minimize futile cycles, synthetic and degradative pathways must be
separatd from one another both spatially and temporally. Cells overcome the problem of
hydrophobicity by converting the FA to an amphipathic molecule by the thioesterification of
Coenzyme A to the carboxyl group. The ability of the cell to vectorially chaattgldcylCoAs
towards or away from a metabolic pathway forms the basis of partitioning, and is likely to vary with

cell type, intracellular location of carriers and enzymes, cellular energy status, and hormonal signals.

Acyl-CoA binding protein and fattacid binding proteins

Selective partitioning of acyCoAs within cells requires methods of overcoming hydrophobicity,
because the amphipathic fatty aGdAs can move freely both in the aqueous cytosol and in
membrane monolayers. Two proté&milies,FABPs and acyCoA binding protein (ACBP), aid in
FA and acylCoA movement within cells and are believed to protect cell membranes from the
detergent effects of the ae@loAs. FABPs are isoforms of a 10 member intracellular-lgpidiing
protein family whch reversibly binds hydrophobic ligands and, in theory, traffics them throughout
the cytosol to various organellg®?). A recent comprehensive review of FABP isoforms identifies
metabolic alterations in knockout models, but definitive functions have not been estaf@®hed
FABP isoforms are ubiquitously expressed, but differ in stoichiometry, affinity and specificity toward
related ligands that include FAs, a€bAs, eicosanoids, and peraxige proliferatofactivated
receptor | igands. The amount of an FABPR isoforr

metabolizing capacity. For example, in hepatocytes, adipocytes and cardiomyocytes, which



specialize in lipid metabolism, FABPsake up 15% of all cytosolic protein@24). Evidence for the
importance of FABPs in lipid metabolism comes from{o&function studies in mice. FABP1,

which is strongly expressed in liver and intestine, is the only isoform that binds both FA and fatty
acyCoA; the other FABP forms bind only FA24,25). Two independerfiabpl”™ mouse models
have been generated but, despite theonmamce of lipid metabolism in liver and intestine, neither
model has an overt phenoty{®6,27). When mice are fed low fat chofwabpI” liver appears

normal histologically, and serum TAG and total free FA levels are unchanged, although alterations in
specific FAs are observé#8). In one of th&abpI models, the hepatic content of phospholipid,
cholesterol, and cholesterol ester is greater than in the cof@8plsAlthough the loss dfabpl

reduces hepatic FA binding capacity, total liver lipid content, including TAG and free FA, is
unchanged. Only under extreme fasting conditions (48 hours) does the reducedif@\dzipdcity

in the knockout mice cause a reduction in hepatic FA uptake, FA oxidation, and TAQ25Yels
Although differences were observed in the effects of knockouts of the FABP1 and the intestinal
FABP isoform, information related to aegloAswas not provide@29). The adiposdaype FABP4

(also known as aP2) is the major isoform in white and brown adipose tissue and macr(jizdes
Because disruption of tHeabp4gene in mice increases the cytosolic content of free FA, FABP4 is
geneally thought to facilitate FA transport between intracellular compartments for storage or export
(32,33), however this model provides no evidence for mistargeted intracellular FA. Théyipeart
FABP3, which is most abundantly expredsn heart, skeletal muscle, and brain, is induced by acute
cold exposure in rat brown adipose tissue (B&3#)35), by a 5day cold exposure, or bybs-
adrenergic receptor agonist in mouse (8Bubcutaneol
Physiologically, th&abp3~ model is the one knockout that most strongly supports a specific
function for FABP in FA partitioningi-abp3deficient mice have defective FA oxidatiomdaare

more reliant on glucose as a substrate for energy production in both cardiomyocytes and muscle

(37,39). In addition,Fabp3" mice are extremely cold intoleraf®9).



ACBPs bindmediunt and longchain acyiCoAs with high affinity, but does not bind free
FA, acykcarnitine, or cholestergé0). The affinity for &yl-CoAs is so much higher for ACBP than
for liver-type FABP1 that it was suggested that ACBP is the major carrier eCagyin all cells
including hepatocyte@l). ACBP expression and concentration are highest in liver, but ACBP is
also present in high levels in the adrenal cortex, testis and epithelial cells. Because these tissues and
cells specialize in secretion, they have high energy needs and mag A&QBP to shuttle fatty acyl
CoAs towards energy producing oxidative pathw@. Disruption of the ACBP homologue in
yeast (ACB1), does not affect phospholipid synthesis or turnover, indicating that ACBP is not
required for glycerolipid synthesis in yeast. However, yeast deficient in ACB1 have disordered
plasma meirane structures as a result of aberrant and reduced sphingolipid sy@Besis
Highlighting the importance of ACBP in vivometabolism are studies from tweparateAcbp
deficient mouse models. In the first model, the authors concluded that ACBP is an essential protein
required for embryonic development because an implantation defect results in embryonic lethality
(44). The second knockout was viable, but did not indicate a role for ACBP in traffickinGagg,
although liver acylCoA levels were ~40% lower than in controls; instead, the main effect of the
knockaut was an impaired skin barrier and the development of alofsidn addition to their skin
phenotypeAcbp” mice undergo a crisis around the weaninggak exhibiting weakness and poor
weight gain(46). At this time point, SREBP maturation is impaired and SREBP target genes
involved in cholesterol biogenesisanot appropriately upregulated. It is unclear why two separately
generatedicbpknockout models express these two disparate phenotypes, but these models indicate

that ACBP and the acyToAs they bind are essential for normal growth and development.

Comgdex lipid synthesis and degradation

Exogenous FAs and those synthesidedovgorimarily enter pathways of complex lipid
synthesis to produce stored energy depots and phospholipid membranes or they enter degradative

pathways; degradation includes mitocdoni-a kx i éat i o n, -opreokidation(47pané | b



E R -oxidation(48,49). Evolutionarily, the cell has developed organelles that perform each of these
processes, evidence of an additional level of fatty-&o/ partitionng. Further evidence for this

type of partitioning lies in the organelle localization of synthetic and oxidative enzymes. However,
although one generally thinks of each organelle as specializing in a single function, in fact, both

glycerolipid synthesis ndo xxi dati on occur i n the EoRdatiohot h

take place in per oxi s o nogidation @aecudin niitochohdridc Rissoy nt he s i

known how FA and acyCoAs are independently directed into these separate pathwa

Glycerolipid Synthesis

The initial and committed step for the novosynthesis of TAG and all glycerophospholipids
is the acylation o$nglycerol3-phosphate with a fatty ac@loA to form tacylsnglycerol3-
phosphate (lysophosphatidic acid) cgtald by glyceroB-phosphate acyltransferase (GPAS)).
GPAT isoforms are present in the outer mitochondrial membrane (GPAT-2)aaxd in the
endoplasmic reticulum (GPAT3 andl) (51). Overexpression of GH1 in either isolated primary
rat hepatocytes on vivoin rats causes steatosis, confirming the important role of GPAT in initiating
hepatic TAG synthesi&2,53). Mouse knockout models of the GPAT isoforms have provided clues
as to the partitioning of acy@oAs towards synthetic or oxidative pathways. In studies comparing
Gpat1” andGpat4" mice, for example, GPAT1, but not GPAT4, is required to incorpoi@teovo
synthesized FA into TAG and to divert FA away from oxidatief). The ERGPATS are likely to
channel exogenously derived a€tbAs towards TAGr phospholipidsynthesis. It is possible that
the location of GPAT1 at the outer mitochondrial membrane serves to di#veadvosynthesized
fatty acyFCoAs away from carnitine palmigtiransferasel (CPT1)}mediated entrance into the
mitochondria where they would be oxidized. This hypothesis makes sense from a cellular
homeostatic standpoint in that newly synthesized FA would not be oxidized but, instead, stored for

later use when engy stores are low. This example of aBdA partitioning at the level of the

mi tochondria is at | east partly controlled by

t
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status. With low cellular energy, activated AMEtivated kinase inhitstGPAT1 and favors
mi t o ¢ h oaxidation,avhereés dietary carbohydrate and insulin upregulate GPAT1 and promote
TAG synthesig54,55).

After lysophosphatidiacidis synthesizedt is used in synthesis of TAG for storage or
phospholipids for membrane synthe$tgy( 1.3. In the next stem@n acylCoA:1-acylglycerot3-
phosphate acyltransferase (AGPAT) will aaldecond acyCoA to form phosphatidic acidPA). At
this point, the PA can either bgdrolyzed by PA phosphatasgiih) to form diacylglycerol (DAG)
or becombined with cytithe triphosphate (CTP) to foroytidine diphosphate DAG (CDBAG).
CDP-DAG is then combined with aimositol by phosphatidylinositol synthase (PIS)form
phosphatidylinosito(Pl) at the ER. In the mitochondria, CEIPAG is converted by
phosphatidylglycerophosphate synthase (PGPS) to phosphatidylglycerophosphate, which is then
conwerted tophosphatidylglycerolRG) by phosphatidylglycerophosphate phosphatase (PGBP).
form cardiolipin (CL), PG is combined with the phosphatidyl group of GD®G by CL synthasén
the mitochondribmatrix.

In the other branch of the synthesis pathvi24G can be used bgiacylglycerol
acyltransfease(DGAT) to form TAG DAG is alsousedto form phosphatidylserine (PS),
phosphatidylcholine (PC), or phosphatidylethanolamine (P&jnakePC, the most abundant
mammaliarphospholipid CDP-choline is comhied with DAGby diacylglycerol
choline/ethanolamine phosphotransferas&RT) on the ER PCcanalsobesynthesizedrom PEby
phosphatidylethanolamine-MethyltransferasdPEMT) at the mitochondriassociated membrane
PE is synthesized from DAG and Cathanolamine by CEPTRS is made from P& PCby
exchange of the headgroups by phosphatidylserine synthase 1 and 2 (PSS1 ard BfeS2)
mitochondria, PS can be converted tol®tlecarboxylation by phosphatidylserine decarboxylase
(PSD)(56). Understanding where these synthesis reactions takes place helps us see how lipid

metabolism is compartmentalized within the c&hifle 1.7).



CL is highly remodeled after synthesigpically to contain polyunsaturated fatty ac{egy.
1.4). In heart, the predominant fatty acid is linoleate (18B8cause CL synthase lacks a preference
for phosphatidylglycerol or CDRiacylglycerol species that contain linoleéd&,58), the acylchains
of the nascent CL are more highly saturated than those of mature cardiac CL. CL is remodeled by
successive removal of aeghains by a phospholipgaghe identity of which is currently unknown
followed by replacement via transacylation from donor phospholipigsh as PC and P&, by
acyltransferasenediated esterificatioof an acydCoA. Mutations in tafazzin cause Barth syndrome,
an X-linked disordercharacterized by skeletal muscle weakraass heart failure in childhoaahd
low tetralinoleoytCL and high MLCL(59). In mammalian cells, two additional enzymes,
lysocardiolipin acyltransferase 1 (ALCAT1) and MLCL acyltransferase 1 (MLCELATcan use
acytCoAs to esterify MLCL(60). ALCAT1, however, is located on the ER, which would prevent its
interaction with most CI(61), but MLCL AT-1 is found in mitochondrig62). Although
overexpressing MLCL ATl in tafazzindeficientlymphoblasts increases both linoleate incorporation
into CL and total CL conter{62), the importance of MLCL A7l for normal CL remodeling in heart

cells remais unclear.

Acyl-CoA degradation

The regul at i on-oadatiomdeperds dm oetiuthir eneagly stabus. When ATP
levels are low, acyCoAs are transported into the mitochondria by carnitine palmitoyltransftrase
(CPT1) . Mi-okidatioh af fatty ady@oAs idthe majoroute of FA degradation, but
very-long-chain FAs and branchezhain FAs are poorly oxidized in mitochondria, and, instead, are
degraded i n p exidation capaliity of peroxiJomes tefminates at medthiain
acytCoAs and produces chagthorened acylCoAs and acetyland propionyiCoAs, which are
transported out of the peroxisome as sttortnediumchain acylcarnitines to be completely

oxidized in the mitochondrigs3). Depending on its chain length, the aCylA is converted to the



corresponding carnitine ester by one of two peroxisomal enzymes, carnitine acetyltransferase or
carnitine octanoyltransferase (CRAT and CR(59).
Despite the higlenergy cost of acyCoA synthesis, numerous agybA thioesterases
(ACOT) reverse this reaction. Because several /
conditions that promote ac@loA synthesis and oxidation, their physiologiaaidtion remains
unclear. The requirement for free CoASH within mitochondria is very high, reflecting the importance
of CoOASH in bot h t-oxdation, o itis mossible thal ACOT apérages @ andureb
free CoASH sufficient to maintain tmal mitochondrial function.
Two distinct types of ACOT proteins (type | and Il) have arisen by convergent evolution
(65). Type | ACOTs (ACOTs116) contain Nt e r misandwich&d &€ er mi nal U/ b hydro
domains. Type Il ACOTs (ACOTS4 13) use Nterminal hotdogfold thioesterase domaiii§6). The
organelle distribution is distinct for each type. Of the type | ACOTs, ACOT1 is located in the
cytosol, ACO2 in mitochondria, and ACOT8 in peroxisomes. Of the type Il ACOTs, ACOTS8 is
located in peroxisomes, ACOTs-11,-12 and-13 are in the cytosol, and ACOTA0, and-13 are
mitochondrial(66). Each of the ACOT isoforms has an aclghin length preference; recombinant
ACOTS3 prefers longhain acyiCoAs (12- 18 carbons), whereas ACOTY5 prefers mediirain
acytCoAs (C10CoA) (67). ACOTS8 uses acyCoA substrates ranging from 2 to 20 carbons, both
saturated rad unsaturate(63,68), and is strongly inhibited by CoAS{88). This broad substrate
specificityand CoASH inhibition suggest that ACOT8 may sense CoASH content and regulate intra
peroxisomalacyCo A | evel s in order t o ens-oxidaionsystern.mal f | 1
Because few knockout models have been reported, it is difficult ®rstadd the specific roles of the
ACOTs. However, ACOT13 (Them?2) deficient mice fed a high fat diet are protected from weight
gain, hepatic steatosis and glucose int-ol erance,
oxidation and gluconeogene$&®). Additionally, ACOT13 deficient mice are better able to adapt to
acute cold exposure, suggesting that ACOT13 in brown adipose (BAT) may diminish FA channeling
into heat production or UCP1 activati@9). The studies involving both ACOT8 and ACOT13
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suggest that ACOTs modulate a€bA flux through oxidative pathways. Thukere may be a
reciprocal relationship between the ACSLs and ACOTSs to regulate the metabolic fatesGd/asyl
via either mitochodrial or peroxisomal oxidation.
In hepatocyted h ehydwoxylation of medium and lonachain saturated FAs, mediated by
thefamily of Cyp450 4A fatty acid omega hydroxylases, represents an important secondary pathway
for FA metabolism in liver under conditions in which hepatocellular fatty acid flux rates exceed the
capacities of the normally dominant esterification and maoehd r -ox@ldtion fpathway$49). This
alternative pathway, which synthesizes dicarboxylic fatty acids, diminishe€agyflux through
both the mit ocho n-dxidatieelpathavayd, pgshaps prevénsng migodhondrial
dysfunction. he-oxi dati on of 20:4¥6 initiates the synth

moleculeg70).

Acyl-CoA synthetases and fatty acid transport proteins

The 26 enzymes that comprise the ACS family have significant sequence homology with
highly canserved domains that correspond to an ATP/AMP binding site and a FA bindi(®).site
Crystallization studies of bacterial and yeast #0gA synthetasef’1-73) suggest that the enzyme
binds ATRBwhi ch i nduces a conformational ch@hge t hat
Once bound, the FA is converted to a-RRIP intermediate. Coenzyme A (CoA) is then bound to
the FAAMP, and AMP is removed. Finally, the aggbA and AMP are released, and the engym
reverts to its original form.

Acyl-CoA synthetases are named foe FA chain length of the preferred substrate. Short
chain acyiCoA synthetases (ACSS) activate acetate, propionate, and butyrate. Mbditmnacy
CoA synthetases (ACSM) prefer FAs 618 carbons, but can also activate loagjeain FAsS. Long
chain agl-CoA synthetases (ACSL) activate FAs of2@ carbons. Verong-chain acyiCoA
synthetases (ACSVL) can activate FAs longer than 20 carbons, but prefer 16 and 18 carbon FAs.

ACSBg activate both lon@nd verylong chain fatty acidé74). Overlap in FA preference between
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the groups is common, and within each subfamily, individual isoforms have preferences for a specific
chain length or saturation. The FA satima and chain length preference of each ACS enzyme has
been hypothesized to relate to the size and shape of thinBifg site(71). Sitedirected

mutagenesis of ACSL4 confiled the FAbinding site and showed that specific amino acids in this

site help to determine FA preferen@®). In addition to FAS, certain ACSVL isoforms casewther
molecules as substrates. ACSVL6 (FATP5) activates bile &iis7), and ACSVL1 (FATP2)

acti vat e strihgdibxy-5 Bchojestah@atérs).

Although it has been hypothesizixht the subcellular location of each aG@A synthetase
determines acyCoA patrtitioning, several of the ACS isoforms have been found on multiple
membranes. For example, ACSL1 has been identified on the plasma membrane, ER, nucleus,
mitochondria, perogiomes, GLUT4 vesicles, and lipid dropl€t8-84). Several explanations are
possible for the abundance of putative subcellular locations. The location of ACSL1 may actually
differ in different cell types, perhaps related to splice varigis Alternatively, the localization
studies may not have examined purified organelles. With overexpression studies, the protein may
have been mislocated. Finally, the ACS may move from one location to another under different
physiological coditions. For example, FATP1 may translocate from ER to the plasma membrane
after insulin stimulatior{85).

Supportingthe relationship between location and function, the endogenous ACSL1 in liver
has been found on ER and mitochondria, corresponding to its effects on neutral lipid synthesis and
FA oxidation(86), and cardiac ACSL1 has been identified on mitochondria, consistent with its large
effect on FA oxidatior{87). If one assumes thatalidentified location is accurate, one might suggest
that ACSL3, which has been found on lipid droplets and ER, participates in FA uptake and
glycerolipid biosynthesié38,89). In liver, FATP4 is located on the EBO), ACSL4 is located on the
ER, mitochondrial associated membrane, and peroxis(88&9), and ACSL5 has been found on the

mitochondria(82,91). Specific functions related to thestesihave not been investigated.
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Because changing the expression level of intracellular ACSLs or FATPs alters cellular FA
retention, FA uptake may be an exception to the idea that location dictadésri(18,90,92). In
3T3-L1 cells, overexpression 6ATP1 or FATP4 on the ER or ACSL1 on the mitochondria
increases FA uptake and retention by 49%). This result may be due to changing the concentration
gradient & intracellular FAs are converted to aBdAs or trapping of FAs in the cell with the
addition of the CoA.

A mechanism by which substrates are sequentially channeled through a pathway is via multi
enzyme complexe®3). Thus, the location of ACSL1 may dictate where fatty-&yhs are next
directed by allowing the ACSL to interact with proteins involved in downstream processing of fatty
acylCoAs. For example, ACSL1 dmmuroprecipitates with CPT1a and voltagependent anionic
channel (VDAC) on the outer mitochondrial membré®®. CPT1a catalyzes the conversion of
acylCoA to an aclycarnitine, which is required for transport into the mitochondrial matrix for
oxidation(95). This complex of ACSL1, CPT1a, and VDAC could facilitate the transfer of the acyl
CoA product to VDAC and then to B which would convert it to an aeghrnitine. Similar protein
interactions could exist between ACSL1 or other ACS isoforms and acyltransferases on the ER. An
alternative to a direct proteto-protein transfer might be an Ad8ediated increase in thedal
concentration of its acyCoA product, thereby effecting a localized increase in the amount of

substrate available for the downstream pathway.

Requlation of lonechain ACS isoforms

ACSL expression is highly regulated by both nutrient status ofethared by the
developmental stage of the animAICSL activity in rat liver increasesfdld from birth to adulthood
(96), suggesting a marked increase in fatty acid metabolism after birtiver, Acsl1 andAcsl4are
upregulated with fasting and dowegulated with refeeding of a high sucrose dies|5shows the
opposite pattern with higher expression during fasting and lower expression with re{8&ying

indicating the potential for different functions or preference for endogenous or exogenous FA of the
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different isoforms. A high fat diet increases the expression ofAgskl(97,98). In liver, a 48hour
fast decreases the amount of ACSL1 on microsowlesreas a fastingefeeding regimen increases
microsomal ACSLX82). A fasting sucrose refeeding protocol increagesISmRNA in liver, but
not in intesting99). In hamster liverAcsl3expression decreases with high fructose fee¢ing and
increases with high fat, high cholesterol di1).

ACSL actvity in adipose is decreased by exercise and noradrenaline, stimuli which increase
lipolysis (102103. Fasting, a time of diminigd TAG synthesis, decreases adipose ACSL activity
52%(97). PPARO a g Aasliegptession imadipoeyté£04). PPARO is necess
adipocyte differentiation, a time of high lipid accumulation, indicating that ACSL1 may play a role in
early lipid accumulation in adipocyteslowever, loss of ACSL1 does not prev@ccumulation of
TAG in adipocyteg105), indicating that the majority of TAG synthesis is hot dependent on ACSL1.
Acsllgene transcription in adipocytes igieased by overeating, insulin, triiodothyronine (T3), and
PPARU and PP@R4186 0Nni st s

In the heart, peroxisome proliferatarc t i vat ed receptor U (PPARU) i
of Acsl1(107). Incubation with either insulin or oleate also increaseslandAcsl3expression in
rat cardiomyocyte§l07). The predominant ACSL isoform in the heart changes midkuration. In
the embryonic day 16 mouse hedtsI3mRNA predominateshut decreases 36ld by adulthood.
ConverselyAcslImRNA expression is low in the embryonic heart, but increasefoiswith
maturation Acsl4, Acsl5andAcslI6mRNA abundanceemain steady throughout development.

During heart maturation, phospholipid acyl chains shift to a more unsaturated profile with 18:2 and
22:6 increasing by 5% and 23%, respectively, of total acyl chains, and 16:0 and 18:1 decreasing by
9% and 5%, respdetly (108). Phospholipid acyl chain saturation and length are likely coupled to
the fatty acid preference of the predominant ACSL isoform preBenig this ime period, the

heart switches from primarily glucose to FA as the preferred substrate for energy production,

consistent with ACSLAnediated activation of FAs destined for oxidat{8i). Acsl3expression
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decreases more tharf@d between embryonic day 16 and poatal day 7, indicating a potential
importance in heart developmea08).

AcsI3mRNA is upregulated under disparate conditions, including induction by poliovirus
protein 2A infection of HelLa cells; the requirement of ACSL3 for viral proliferation appears to be
related to the incorporation of activated FAs iptmsphatidylcholin€109). ER stress via activated
GSK-3b induces the expressionAs|3in the hepatocarcinoma cell line HaHand in mouse liver,
and kiocking downAcslI3 but notAcsll, with shRNA, blocks ER stregslated lipid accumulation
(110.

Norepinephrine or glucagon treatment rapidly decreases AQitym adipocytes, and
insulin quenches the effect of norepinephrine on ACSL activity within mirfli@s. This rapid
change in ACSL activity suggests that ptranhslational modifications occur to modulate ACSL
activity in response to nutritional status and other stimuli. Using mass spectrometry, 25
phosphorylation and 15 acetylation sites were identified on ACSL1 in liver and brown adipocytes.
When seven of these sites were mutated to mimic phosphorylatametytation, the activity of
ACSL1 decreased, confirming the importance of {@stslational modifications in regulating
ACSL1 activity(111). The phosphorylation of ACSL1 and ACSL4 is also altered by fasting and
ob/obgenotype in the livefl12), but how these changes in phosphorylation affect activity has not

been studied.

Channeling.

Evidence that acyCoAs are channeled or partitioned into different pathways was first
obtained inSaccharomyces celisiae,which expresses three wsludied longchain ACS isoforms
(termed FaaBp). Analyses of null alleles showed that the ability to use exogenous FA required
Faalp, that Faa2p and Faa3p activate only endogenous FA, and that none of these Faa proteins
channel F-Axidationfla3. dReplading yeast Faa null mutants with rodent ACSL or FATP

isoforms showed that corgmentation varies for FA uptake and incorporafib4,115). Similarly,
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in ACS-deficientEscherichia colcomplementation studies showibét each of the 5 rat ACSL

isoforms differs in its ability-otidatiorgliG.nn el FA
The differential effects of inhibiting FA incorpation into triacylglycerol and phospholipid in

cultured rat hepatocytes and human fibroblasts also suggested the possibility of channeling in

mammalian cells. Thus, the FA acid analog triacsin C decreas®&]¢leic acid incorporatioimto

TAG relativeto phospholipid and oxidation produ¢isl 7,118). Because triacsin C is a competitive

inhibitor of ACSL1, AC%3, and ACSL4(119120), inhibition studies could not identify specific

roles for the individual ACSL isofms.

Knockout and knockdown of ACSL1

One way to learn about function is to observe the effect on animal or cell physiology and
biochemistry in the absence of a particular gene. Knockouts have been made for several of the genes
that encode proteins a&blo activate longhain fatty acids. Multiple caveats impede firm conclusions
based on knockout models. Problems include the fact that many of the ACSL isoforms have splice
variants or different start sites, that the expression or activity of other A0&Irms may increase to
compensate for the absent enzyme, that thetiemg absence of a particular enzyme may induce
changes in the cell or animal that modify or distort the effect of the missing protein, and that an
ACSL isoform may not only be locaten several subcellular membranes, but its location and
function may differ in different tissues. Thus, the interpretation of function derived frorkdatoc
animals remains tentative.

ACSL1, the most extensively studied isoform, is highly expressedan heart, white and
brown adipose, and skeletal mus(87). Multi-tissue and tissugpecific knockouts indicate that
ACSL1 has different functions in differetssuegqTable 1.2. In liver, the knockout causes a 50%
decrease in total ACSL activity and a25% decrease in hepatic a€bA content and a 20%
decrease in the incorporation &f¢Joleate into TAG86). Although incorporation of oleate into

phospholipids appeared to be unaffected, analysis of phospholipid species suggested that ACSL1
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contributes specifically to the incorporation of 2&6A (86). Longchain acylcarnitines are 50%

lower than controls, suggesting that trafficking of aCglAs into both TAG and oxidation pathways

is impaired by the knockout. These datald be interpreted as consistent with an enzyme that either
does not target its ac@oA product into a specific pathway or that, because of its dual location on
both the mitochondria and the ER, ACSL1 patrtitions its product into bothetimand degraative
pathways.

In contrast, tissuspecific knockouts of ACSL1 in highly oxidative tissues like héaf} or
white or brown adiposgl05 st r ongl y suggest tokidattonispmnmanynle!l i ng t o\
these tissues, the knockout causes a@(B® decrease in total ACSL activity and profound decreases
in the oxidation of longchain fatty acids, without altering the incorporation‘¢€Joleate into TAG
or phospholipid. IfAcsIT" heart, the uptake of the FA analog[BiC]palmitate is lower than
controls, whereas uptake ofi2oxy[“C]glucose increasesf8ld. In ACSLLdeficient brown
adipose, the defect in FA oxidation impairs thdity of the mice to maintain a normal body
temperature when placed at 4 °C. In both heart and brown adipose, altosi8/IhRNA is
upregulated, this isoform is apparently ineffective in supplying-@oy for oxidation and
thermogenesis. Similarly, inhite adipose, the loss of ACSL1 activity causes a 50% decrease in
[*%C]18:1 oxidation, but no alteration in FA incorporation into TAG or phospholipid; in fact,
compared to controls, white adipose depots are 40% Igi§8r: Interestingly, an shRNAnediated
knockdown of ACSL1 in 3T1 adipocytes supported a role in FAagterification, suggesting that
the function of ACSL1 in these cells may differ from thratiouse adipose tiss(E21).

In macrophages from diabetic mice and humans, ACSL1 is upregulated; it increases the
metabol i sm of 2 Ofladdmation amachadheresoldrogi®d). Brdike tha deficiency in
liver, adipose, and heart, ACSL1 deficiency in macrophages did not impair either FA oxidation or the
accumulation of neutral lipifiL22). Surprisingly, the deficiency caused a reduction in the levels of
2 0 : LwoAcand prevented the increased production of PGE2 that is usually observed in mice with
type-1 diabetes. It was speculatibat this finding was the result either of limited uptake and
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activation of 20:4 and depletion of the membrane phospholipid pool available as a substrate for
phospholipase AR123) or caused by lack of ACSL-Inediated activation of 18:2 as a substrate for
the elongation and desaturation enzymes that conveHCI8A20 20:4CoA (124). In addition,

when macrophages are activated by a variety of inflammatory sigwal§ MRNA and protein
increase markedly, and the absence of ACSL1 reduced lipopolysaccharides{ipRBted increase

in 16:0, 18:1, and 20:4CoA levels, diminished multiple acydnd alkytPC species, and reduced the
turnover of 20:4 in several phospholipids, but did not affect thedtiP&ilated increase in ceramide
specieg125. Similarly, the absence of ACSL1 in endothelial cells resulted in a >50% decrease in
ACSL total activity, but no change in 16:0 oxidatid26). These data show cleatlyat the function

of ACSL1 in macrophages differs fundamentally from its function in oxidative tissues and liver.

Overexpression of ACSL1

When a protein has been ovexpressed, the interpretation of its function is problematic. The
transfected proteimay be located in a membrane or organelle with which it is not normally
associated. If adenovirusediated oveexpression is used, virus toxicity may cause cells to function
abnormally and, ultimately, even to lyse. With transgenic-expression, thgene can insert into
the DNA at a position that interrupts an unrelated function. The situations most likely to present
problems in interpretation are those in which an -@x@ressed enzyme synthesizes large amounts of
a product for which the downstrearallular machinery is unprepared to handle. Thus, the synthesis
of a large amount of acfoA may overwhelm downstream pathways that can neither use the acyl
CoAs for synthetic purposes nor degrade them quids). The detergent properties of a€bAs
may then damage cell membranes and alter the functions of meralsisoeated receptors, enzymes
and transporters. One example of such-&oA toxicity occurs viaen ACSL1 is oveexpressed in
heart(127,128. As might be expected, the resulting lipotoxic cardiomyopattayrieliorated by

cardiac oveexpression of diacylglycerol acyltransferase, a downstream enzyme that can use the
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accumulating acyCoAs to synthesize triacylglycerol and sequester the exces€adgl in
cytoprotective lipid droplet6l29).

In other studies in which ACSL and FATP/ACSVL isoforms are @wgressed in cultured
cells, a common result has been to increase the incorporation of FA into glycerolipidsovErus
expression of FATP1 causes an increase in FA incorporation into TAG in in HEK29@L8€)land
skeletal musclél31) and the overexpression of ACSL1 increases FA incorporation into TAG. These
overexpression studies led to a radically different interpretation of furtttam subsequent studies,
which showed that the absence of either FATP1 or ACSL1 impairs FA oxidation. For a

comprehensive review of ACSL ovekpression studies, s€E32).

Role of acWCoAs in disease

Cancer

A hallmark of tumorigenesis is the upregulation of genes that encode enzymes that synthesize
FAs and complex lipid6133134). Although lipids are required for enhanced membrane biosynthesis
in rapidly proliferating cells, a role beyond that of simple cellular growth is suggested by the
upregulation of isoforms that are specific for lipids with specialized pregerior example,
upregulatedicsl4is particularly associated with hepatocellular carcinoma and aggressive cancers in
breast, prostate, and col@i85138). ACSL4pr ef er s t o (436 aind prentotes tutnbr: 4 ¥ 6
cell survival by two separate mechanisms. In colon cancer, ACSL4 overexpression may prevent
apoptosis by depleting piapoptoticu n e st e r i f14044l). @ BepatogeBular carcinoma,
ACSL4 over expr es s-CoAnthagnaghmamaté celsprotfedatioh ané growth by
regulating signaling molecules like atypical protein kinase C (aPKC) or by binding a transcription
factor like hepatic nuclear factdr U (-4 MJhtagonizingts activity, and enhancing tumor growth
(47,142143). In addition, chemical inhibition of ACS activity byacsin C, which inhibits ACSL1,
ACSL3, and ACSL4, but not ACSL5 or ACSLS6, induces apoptosis in lung, colon and brain cancer

cells(144). Although it appears tht 2 @oAdisyimaportant for tumorigenesis, cell growth, and
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proliferation, more studies wild.l be-Coreeded to

enhances growth.

Obesity and type 2 diabetes mellitus
Obesity and type 2 diabetes mellitus are asdedidisorders that share the underlying features of
insulin resistance and dyslipidemia. The dyslipidemia is characterized by hypertriglyceridemia, low
HDL, and elevated free FA. Although the pathogenesis of the insulin resistance syndrome is
controvers a |l three factors are held i n c o-celtsp2h: 1)
increases in intrabdominal adiposity, with high circulating levels of free FA; and 3) insulin
resistance in skeletal muscle. All three of these factors aveiatesl with disordered FA metabolism
and, secondarily, with disordered a€SdA metabolism.

In an attempt to mechanistically link the three commonly held factors, Prentki and Corkey
hypothesized that elevated cytosolic lerigin acyiCoAs cause the indalresistance syndrome.
This hypothesis is based on the work of McGarry and Foster wheeshibat malonylCoA, the
fisi gnal of plenty, 0 i nhGdA ttsr &rPsTplg r tt hierrted yt Hd
oxidation(145146). Prentki and Corkey hypothesize that with nutrient surfeit, glucose metabolism
i ncr eases -dis, liper, ant mesae, dawsingbcytosolic male@ylA levels to rise, which
t hen i nhi bit s -oxidateon ahacHCoAshabowidgracyE@dAs tb accumulatéla?).

The accumulation of cytosolic lordhain acylCoAsi n-cells can modify the acylation state
of key regulatory proteins involved in the regulation of ion channels and exocytosis of {hd8)in
I ndeed, i n -deleandrodent pancueatie idletshadding exogenous FA and glucose
increases longhain acylCoA content concomitantly with increased insulin secretion, basal
hyperinsulinemia, and reduced prandial insulin reléb48-151). It is unclear whether the resultant
hyperinsulinemia results from insulin resistance or is the driver of insulin resi¢i&i®e

Insulin resistane in liver and muscle has been attributed to {omgin acylCoA activation of

protein kinase Cd, which phosphoryl at els(R&he i
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1) and reduces t he c el(lb3 ®espitb anlagsdciptivet study tinkisgp o n d
elevated hepatic loaghainacy-CoA content and plasma insulin levél$4), two knockout mouse
models have not confirmed a direct link between elevated hepati€agytontent and hepatic

insulin resistance. In mice with livepecific deficiency ofAcsll,a 2535% decrease in hepatic acyl
CoA content does not protect the mice from developingidéztced insulin resistan¢86), and in
Gpatldeficient liver, which has a nearlyf@ld increase in acyCoA content, the mice are protected
from dietinduced insulin resistan¢&55. Thus, at least in liver, acBoA accumulation does not
necessarily result in insulin resistance.

Evidence for muscle ac@@oA accumulation as a cause of insulin resistance is better
supported by studs in both rats and humans, in which high fat feeding or direct lipid infusion
increases intramuscular aggbA levels and diminishes muscle uptake of glucose in response to
insulin (154,156). Conversely, when morbidly obese subjects lose weight, insulin sensitivity
improves together with a reduction in intramuscular-&myA levels(157). This indirect evidence
associates the accumulation of cytosolic lohgin acylCoAs in muscle with the delopment of
insulin resistance.

These studies do not support a direct role fordomgin acyi\CoA acumulation in the
development insulin resistance. While it is appealing to identify a single molecule as a unifying cause
for the development of insulin resistance, it is more likely that-trajn acyiCoAs are merely a

marker for metabolically dysfuriohal tissues.

Cardiovascular Disease

The normal heart obtains ®0% of its @ergy from fatty acid§158), but excess aciyCoA
formation causebpid accumulation that cacauseheart failure(159), implying that the balance
between energy production and sige is critical Several disease statalier the ratio of fatty acid
use to glucose use3ucose use increases with heart failure and pathologic hypertrophy caused by

pressure overloal60-163). The diabetic heart uses high amounts of fatty acid because glucose
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uptake is low(164,165). Diabetic cardiomyopathig defined agontractiledysfunctionthat cannot be
accounted foexclusivelyby arterial hypertensioor coronary artery diseaseindividuals with
diabeteg166). Diabetic cardiomyopathy is also associated with impaired insulin signaling and
mitochondrial dysfunctioil66). In heart, mitochondria produce up to 95% oftittal ATP (167). In
addition to energy production, mitochoradare a sit®f phospholipid synthesi®6), calcium uptake
(168), and induction of apoptos{468). Therefore, lhese organelles are critical to heart health.

Mitochondria are the site of both the TCA cycle and the electron transport chain. Whereas
glycolysis can produce 2 net ATP frarglucose molecule, oxidative phosphorylation can produce
up to 36 ATP molecules, showing the importance of mitochondria to energy produitigoinigh
efficiency of ATP production from glucose or fatty acids is especially important in the heart, which is
constantlybeating and thuis demand otontinuousATP. When one acetyCoA, the end product of
both glycolysis (after conversion of pyruvategyruvate dehydrogenageDH)) and fatty acid
breakdown, is used in the TCA cycle, 3 NAD#hd 1 FADH molecuks are formed, which can be
used by the electron transport chaihe electron transport chaBTC) consists of five complexes-(l
V) on the inner mitochondrial membrane. These complexes form a proton gradient by transferring
electrons to acceptors, suchaxygen, and coupling this gradient to ATP production in the complex
V, which is also known as ATP synthg§eg. 1.4).

Impairments to any part of tH€l' C can be catastrophfor energy productionComplex |
receives 2 electrons from NADH, which are themsferred through iresulfur clusters to form
ubiquinol andransport hydrogen ions across the inner mitochondrial membi@iiee
mitochondrial matrixDeficiency of complex | is the most common childhawntset mitochondrial
disease and typicallyesults in death in childhoqd69). The disease can present with lactic acidosis,
mitochondrial encephalomyopathy, hypertrophic cardiomyopathy, or an optic neur(i@ghy
Complex Il formsubiquinolusing energyrom conversion of FADEto FAD*. Complex Il
deficiency is very rare, accounting for 2%hafmanrespiratory chain deficiencies and has been
associated with cardiomyopathy, leukoencephalopathy, and neurological digb7d@ir€omplex Il
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oxidizes ubiginol to pump 4 hydrogen ions across theer mitochondriamembrane. Deficiency of
complex Il can cause hearing losgidosis, liver disease, encephalopathy, death(171). Complex

IV transfers electrons to oxygewhich then combines with two hydrogen ions on the inside of the
membrando form water Four hydrogn ions are pumped across the membrane, further contributing
to the proton gradientComplex IV deficiencys thesecondmost common respiratory chain

deficiency andtan present with severe myopathy, cardiomyopathy, liver failure, and encephalopathy
(172. Complex V uses the proton gradient formed to produce ATP. Deficiency of complex V is
foundin aboutl% of mitochondrial disorders, and this deficiency i®aisged with neuropathy,

ataxia, and early death73. Deficiency of any mitochondrial complex has the potential to decrease

ATP synthesis and increase reactive oxygen species fornfatdn

Cardiolipin in Mitochondrial Function

In the inner mitochondrial membrane, CL closely associates with the ETC complexes, and a
small number of CL molecules are tighibound to the complex€d75176) (Fig. 1.4. Complexes
Il and IV are found in Ckrich portions of the inner mitochondrial membrane, andHigis amount
of CL is necesary for their normal fustion (175177,178). Providing CL to the ischemiat heart
using liposomesan improve compleKl activity (179. CL is necessary farristae membrane
curvature dimerization of complex Yand normal ATP syhtaise activity180181). Mitochondrial
complexes also aggregate in the membrane to form supercomplexes, anme€essary for tlire
stability (182183). In addition to ETC complexesdenine nucleotide transload 84), carnitine
palmitoyltransferasé (185, mitochondrial phosphate carrigh86), andcarnitine acyltransferase
(187 interact with CL and display increased activity when these enzymes aredontidining
membranesompared to Cldeficient liposomes or mdmanes

The acyichain composition of CL, which is primarily linoleate (1812)nmammalian heart
increass membrane fluidity potentially improving ETC functio(iL88. These unsaturated acyl

chainsact as acceptord electrons from reactive oxygen species formed b€, forming lipid
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peroxidesor have oxygen added via action of lipoxygenases or peroxifiE&@simpaired HC
function, blocking electron flow, can incredsemation ofreactive oxygen species aoxidize CL
(179. The peroxidation of Cimaycauseapoptosig€190) andexcess formation of MLCL if not
counteraad by remodeling191). CL is especiallyprone to oxidative damage if linoleate acyl chains
are replaced with arachidonate or DHA, such as occurshwitt failure and agin@.89. Thus, the
acyl chain composition marnitochomdrii. mportant in CLOS
CL content and acyl chain compositiarealtered in several heart diseases. Total CL content
decreases during regional ischelfii?. Linoleate content of CL is diminished with pressure
overload in mice and in spontaneously hypesive rat§193194). Due to thehigh amount of
linoleate inCL and its loss in disease states, it has been hypothesized that a speedi@acyl
compositionis necessary fonormalmitochondrial function. However, recent studies in
Saccharomyces cerevisisewhich CL isnot remodeled nor converted to MLCL, cantacyl chains
with a mixture of lengths and degrees of unsaturation and retain normal mitochondrial function
(195196). These studies suggest that the respiratory defé&tdarevisiagvascaused byhe
accumulation of MLCL and/or the decrease in the mitochondrial content,dfu€bhot to changes in

thesaturation of th€L acyl chains.

Mitochondrial quality cortrol

Cardiomyocytes are at high risk of damdigeause otheir high metabolicateand long
lifespan Mitochondria are the source of the majority of reactive oxygen speciésiue to this
proximity can be greatly damagekherefore, the cell must remotieese damagemitochondria by
either general autophagy or specific mitophdmpaired removal of damaged mitochondria can
exacerbate damage after ische(i@7) or myocardial infarctiorf198) and cause heart failure
(199200. Generalized autophagy is highly regulated to prevent degradation of key cellular
componentsAutophagy can be triggered by inflammation, reactive oxygen species, hypoxia, ER

stress, andutrient deprivatior(201). Under normal conditions, mechanistic target of rapamycin
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complex (MTORC1) binds urgl-like protein (ULK1), preventing formation of the autophagosome
(202 (Fig. 1.6. When mTORC1 is inactivated by AMPK or low nutrient status, ULK1 is
dephosphorylated and activated, allowing it to actieatephagyproteins(Atg) for autophagosome
formation.LC3 is a protein involved in the formation of the autophagosoriéracargo recognition
LC3-1is inactive and must be cleaved and lipidated by the addition of a phosphatidylethanolamine
(PE)to form LC31I. The ratio of active to inactive LC3 is a commonly used measure of autophagic
rate. Once the autophagosome isyfitirmed,the autophagosomtises with lysosomes, forming the
autophagolysosome, in whiegmzymatic degradation of proteins, nucleic adig#ds, and
carbohydrates occu(201).

When mitochondria are subjected to str€istranslocates to the outetitochondrial
membrane and actsa signal for mitophagyr fission(203204). Mitochondrialfusion and fission
allow the damaged portions to be combined and sequestered into one small mitochondria with a low
membrane potential to be degraded by mitophagy. CL contributes to this process because it can
strongly bind proteins necessary for these processes. For mitoighdisdion, CL on the outer
mitochondrial membrane anchors dynawretated protein 1 (DRP1), a fission protein normally found
in the cytosol205. Once on theuter mitochondrial membrane, DRP1 can be activated and initiate
mitochondrial fissionCL also binds LC3(203), and thisCL-LC3 conjugation acts as a signal for
degradation of the mitochondrfa03. Under more extreme stress, oxidation of CL by Cytochrome ¢
can induce the formation of a pore in the mitochondrial membtara®w the release of
Cytochrome ¢ anthduces apoptosi®06).

The PinktParkin pathway is another way to specifically degrade damaged mitochondria. In
healtly mitochondria, Pink1 is imported into the mitochondria and proteolytically degraded. In
damaged mitochondria with low membrane potential, Pink1l accumulates at the outer mitochondrial
membrane, where it can recruit Parkarkin therubiquitinateamitochandrial proteins such as
mitofusn 1/2 (Mfn 1/2, voltagedependent anion channel (VDAC), and translocase of the outer
mitochondrial membrane (TOM). The ubigoation of these proteins prevents their normal function
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and allows binding of the cytosolic apttagy adaptor p62 (sequestome 1, SQS)T Mhichcan then

bind LC3 to recruit the autophagosome for degradation of the damaged mitocli@@drialaving

two pathways for specifically targeting mitochondria for degradation allows the cell to clear out
damayed mitochondria without removing healthy mitochondria, which could compromise the-energy
producing capabilities of the cell.

In summary, acyCoA trafficking is necessary to maintaining cellular viability through
providing substrate for both ATP prodiact and glycerolipid synthesis. It has been hypothesized that
each ACS isoform is able to target the aCglA to a specific fate, potentially based on its subcellular
location or fatty acid preference. By altering the amount of ACS isoforms in cellssandsj we
have begun to understand the function of these enzymes. The expression and activity of different
ACS isoforms are altered in different disease states, prompting us to question the importance of ACS
enzymes in the development of these diseasés digsertation work focuses on how loss of ACSL1,
the major ACSL isoform in the heart, impacts heart health with an emphasis on mitochondrial

respiratory function.
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Figure 1.1 Metabolic fates of longchain fatty acids.Long-chain fatty acids from exogenous or
endogenous sources are activated to-asghzyme As (CoAs) by one of 13 a&bA synthetase
isoforms. The free fatty acids are ligands for nuclear trgsteamifactors, and 20arbon fatty acids
can be converteb a variety of signaling eicosanoids. The aCglAs are transcriptional ligands and
s ub st r aa redoxidatmm, anfl can be incorporated into complex lipids or used to modify
proteins. Abbreviations: ACS, aefloA synthetase; CoA, coenzyme A; EE&poxyeicosatrienoic
acids; ER, endoplasmic reticulum; FA, fatty acid; HETEs, hydroxyeicosatetraenoic acids; HNF4,

hepatic nuclear factet; PPAR, peroxisome proliferatactivated receptoPublished in(1).
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Figure 1.2 AcyFCoA metabolism.The major initial enzymatic steps in the metabolism of {ohnain

acytCoAs include 13 independent thioesterases to hydrolyzeCays, fatty acyiCoA reductase,

which converts the acyToA to a fatty alcohol that will be incorporated into ether lipids, and ATSs,

which incorporate fatty acids into complex lipids and acylated proteins. In the major degradative

pathways, CPT1 convergeyltC 0 A s

t o

acyl carnitines -axitaton,

enter

whereas verjong-chain acyiCoAs begin to be oxidized in peroxisomes, releasing aCatjls, until

they are chaishortened to eight carbons, which complete their oxidation in iteemondria.

Abbreviations: ACSLs, longhain acyCoA synthetases; AMP, adenosine monophosphate; ATP,

adenosine triphosphate; ATs, aGoA acyltransferases; CoA, coenzyme A; CPT1, carnitine

palmitoyltransferasé; ER, endoplasmic reticulum; FA, fatty dcNADP, nicotinamide adenine

dinucleotide phosphate; NADPH, reduced NAPRBblished in(1).
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Figure 1.3 Glycerolipid synthesisAbbreviations AGPAT - acyFCoA:1-acylglycerot3-phosphate
acyltransferase; CDBAG - cytidine diphosphat®AG; CEPT- diacylglycerol
choline/ethanolamine phosphotransferasej €hardiolipin; DAGT diacylglycerol; DGATI
diacylglycerolacyltransferaseMAM - mitochondriaassociated membran@Ai phosphatidic acid;
PG phosphatidylcholine; PE phosphatidylethanolamine; PEMPhosphatidylethanolamine-N
methyltransferase; PGphosphatidylglycerol; PGPRphosphatidylglycerophosphate phbafase;
PGPS- phosphatidylglycerophosphate synthase; phosphatidylinositol; PIS phosphatidylinositol
synthase; P& phosphatidylserine; PSDphosphatidylserine decarboxylase; RSS
phosphatidylserine synthase; TA®@iacylglycerol Adapted fron(56).
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Table 1.1 Site of phospholipid synthesis

Site of
Phospholipid Enzyme Precursor Synthesis

CEPT CDP-choline+ DAG ER

PC PEMT PE ER

(MAM)

CEPT CDP-ethanolamine ER

PE DAG
PSD PS Mito
PSS PC+ serine ER

PS PSS PE+ serine ER

PG PGPP PGP Mito
CL synthase PG+ CDP-DAG Mito

cL Tafazzin; MLCL AT1; ALCAT1 | MLCL Mito

Pl PIS CDP-DAG + inositol ER
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PC, PE PC, PE OH

0 0 0 Q Tafazzin
Lipase > HO
Acyl-CoA CoA-SH
Nascent CL MLCL > Remodeled CL
(Random acyl MLCLAT1 (4x 18:2)
ALCAT1

chains)

Figure 1.4. Cardiolipin remodeling in mammalian @lls. After synthesis, CL contains shorter, more
saturated fatty acids than are found in mature CL. To remodel CL, a lipase cleaves an acyl chain to
form MLCL. Tafazzin can then tnsacylate CL using a different phospholipid as an-alsgin

donor. An acyiCoA can be directly added to MLCL by MLCL AT or ALCAT1. After several

cycles, cardiac CL contains four linoleates (18&hbreviations:CL- cardiolipin; MLCL- monolyse
cardiolign; PG phosphatidylcholine; PEphosphatidylethanolamine; MLCL ATMLCL

acyltransferase 1; ALCAT1ysocardiolipin acyltransferase Adapted fron(208).
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Table 1.2. Evidence for partitioning from loss of function studiesPublished in(1).

Gene Tissue FA partitioning information Phenotype Ref.
Acsll KO | Liver-specific Decreased FA incorporation into | none (86)
TAG & oxidation
Adiposespecific Decreased FA oxidation Increased adipose mass; (105
defective thermogenesis
Multi-tissue heart Decreased FA oxidation none (87)
Heartspecific Decreased FA oxidation none (87)
Macrophage Altered 20:4 metabolism and B3 | Protects macrophages again| (122
specific diabetesnediated
inflammation
Endothelial ceH No information none (126)
specific
Acsl3 KD | Rat hepatocytes Glycerolipid synthesis on lipid . (209
droplets?
Regulation of transcription factors
Acsl4 KD | Cultured cells, Altered eicosanoidnetabolism Human Xlinked mental (210,
various retardation 217)
Acsl5 KD | Primary hepatocyteg Deaeased FA incorporation into | Decreased lipid droplet (212
glycerolipids and cholesterol este| formation
Total KO
Acsl5 KO No information none (213
Acslé KD | Neuroblastomacell§ 22 : 6 ¥3 met ab ol i| Inhibited neurite outgrowth | (214
Fatpl/ Skeletal muscle, Decreased FA oxidation Defective thermogenesis (219
Acsvl4 KO | BAT, L6E9 cells
Accelerated retinal ageing
Retina ? Decreased FA oxidation (216
Fap2/Acsv | Total KO ? Decreased oxidation of 24:0 none (217
11 KO
Fatp3/Acsv| Glioma No information Decreased anchorage (218
13 KD dependent growth
Fatp4/Acsvl Human nutation Decreased type Il diester wax in | Ichthyosis prematurity (219
5 KO the sebum syndrome
Keratinocytes
Decreased longhain ceramides | Postnatal restrictive skin (220
Fatp5/Acsvl Gall bladder bile Decreased conjugated bile acids | Low weight gain on a high fa| (76)
6 KO diet
Fatp6/Acsv| --- No information
12
AcsBgl Neuro2a cells De c r e @ddatn b (223
KD
Various tissues Increased amounts of some leng | none (222,
KO chain fatty acids 223
AcsBg2 No informaion
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Figure 1.5 Cardiolipin in ETC function . Cardiolipin is necessary for normal curvature of the cristae
of the inner mitochondrial membrane. The complexes of the ETC are fo@tdrinh areas of the

inner mitochondrial membrane, and CL binding is necessary for normal function of complexes llI,
IV, and V. CL also stabilizes supercomplexes, which are important for normal mitochondrial
respiration AbbreviationsIMM - inner mitochondal membrane; CLcardiolipin Adapted from
(189224).

32



Rapamycin Glucose-6-phosphate o=

AMPK Amino Acids m p 4 Deeradati
Starvation Insulin = '\ egradation
Cell growth and
mTORC1

proliferation
T —{protein synthesis
_I_ Ribosome biogenesis
Metabolism

Autophaglysoosome

ULK1

ATG

Cytoplasmi'ontents,
I ER, lipids, mito

Parkin

\ p62 —» LC3-I <_J LC3-1
Plnk:l Parkin Mfn

.

Pink1
Mit
Damage

Mito
Damage

VDAC

Intense

Mito/Cell
Damage

Figure 1.6. Mitochondrial quality control through fission and fusion, autophagy, or apoptosis.
Damagednitochondria are cleared by general autophagy, controlled by mTORCL1 or by mitophagy
controlled by the Pink/Parkin pathway or by CL externalizatidipbreviationsmTORCZ:

mechanistic target of rapamycin complex 1:-Cardiolipin; oxCL: oxidized CL; PE
phosphatidylethanolamine; AF@utophagosome proteinddapted from(204,207)
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Specific Aims

Mitochondria produce up to 95 of ATP made in cardiomyocytasnaking these critical
organelles to heart hida. Loss of nitochondrialrespiratory functionis seen in many cardiac
diseases, such as heart faillBarth syndrome, and agir§25226), which could render these hearts
less able to respond to stressors such as low energy availability or exemigstanding the causes
and consequences of cardiac mitochondrial dysfunction can have a large impagtrmahalisease
is treated.

Long chain acylCoA synthetases (ACSLs) catalyze the addition of coenzyme A (CoA) to
long chain fatty acids, the predominant dietary fatty acids, thereby activating and enabling them to
enter into pathways of either oxidationincorporation into complex lipids. ACSL1 is the major
ACSL isoform in heartgontributing90% of total ACSL activity. Loss of ACSL1 has profound
effects on cardiac metabolism. In heart, loss of ACSL1 causes@dP80oss of fatty acid oxidi@n
and a 8fold increase in glucose ugk05227,228. With loss of @% of ACSL activity, which is
required for glycerolipids synthesis, hearts lacking ACSL1 may also have altered phospholipid and
TAG synthesisAlterations in saturation and chain length of fatty acids incorporated into membrane
lipids can change membrangnamics, movement of substrates and solutes across memianahes,
lipid raft composition229-231) . Loss of ACSL1 also causes activation of mT&Rwhich can
increasegrowth and inhibit autophadgy7). These changes to substrate use, membrane composition,
cell growth, and autophagy can all affect mitochondrial functio

Preliminary experiments usingahsmission electron microscopy of hearts from riidgsue
Acsl1 knockoutsAcsl1™) showed many swollen and vacuolated mitochondria with disrupted cristae.
Compared to floxed littermate controls, the oxygen consampésponse okcslT heart
mitochondria to ADPstimulation was diminished (460% lower respiratory control ratio (RCR)
with pyruvate/malate and 56% lower with palmitagrnitine), indcating that loss of ACSL1 caused
an impaired ability to respdrtoa stimulus of low energyhcslT™” heart mitochondria also took up

34% less calcium than controls before the permeability transition, potentakyngncreased
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susceptibility to apoptosis. Therefore, loss of ACSL1 causes mitochondrial dysfundtioim cauld

predisposé\cslT™ hearts to failure if stressed.

Overall aim: Determine why loss of ACSL1 in heart causes mitochondrial dysfunction.

Aim 1. Determine if loss of ACSL1 alters cardiac phospholipids.

la. Determine whethé&CSL1 determines at-chain composition of membrane
phospholipids, specifically focusing on mitochondrial cardiolipin.

1b. Determine whetheaiterations to mitochondrial phospholipids alters
mitochondrial function.

Aim 2. Determine if activation of mTOR iics|Theartsmpairs mitochondrial function.

2a. Determinavhetheractivation of mMTORCL1 icsIT™ hearts prevents clearance
of damaged mitochondria through inhibition of autophagy.
2b. Determine whethenTORC1 activation ifAcsIT™ hearts impairs mitochondrial

function.
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CHAPTER 2: ACYL -COA SYNTHETASE 1 DEFICIENCY ALTERS CARDI OLIPIN
SPECIES AND IMPAIRS MITOCHONDRIAL FUNCTI ON

Trisha J. Grevengoed, Sarah A. Martin?, Lalage Katunge, Daniel E. Coopet, Ethan J.

Andersor?, Robert C. Murphy?, Rosalind A. Coleman

Summary
Long-chain acylCoA synthetase 1 (ACSL1) contributes more than 90% of total cardiac ACSL

activity, but its role in phospholipid synthesis has not been determined. Mice with an inducible
knockout of ACSL1 AcslT”) have impaired cardiac faticid oxidation and rely on glucose for ATP
production. InAcslT™ mice, cardiac mitochondria were dysfunctional. Because ACSL1 exhibited a
strong substrate preference for linoleate, we investigated the composition of heart phospholipids.
AcslT™ heats contained 83% less tetralinole@@rdiolipin (CL), the major form present in control
hearts. A stable knockdown of ACSL1 in H9c2 rat cardiomyocytes resulted in low incorporation of
linoleate into CL, as well as diminished incorporation of palmitatea@eate into other phospholipids.
Overexpression of ACSL1 in both H9¢c2 and HE83 cells increased incorporation of linoleate into

CL and other phospholipids. To determine whether increasing the content of linoleate in CL would
improve mitochondrial mpiratory function, control andcsl1™ mice were fed a high linoleate diet;

this normalized the amount of tetralinole@l, but did not improve respiratory function. Thus,
ACSLL1 is required for the normal composition of several phospholipid speckesaih Although
ACSL1 determines the acghain composition of heart CL, a high tetralinole@ content may not

be required for normal function.

! Department of Nutrition, University of North Carolina at Chapel Hill, NC 27599
2 Department of Pharmacology, University of Colorado, Anschutz Medical Campus, Aurora, CO 80045
3 Department of Phamacology and Toxicology, East Carolina University, Greenville, NC 27858
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Introduction

In order to metabolize longh ai n f at t y a c-oxidationionthepythdsiay s o f

complex lipids, they must first be activated to a€g@lAs by longchain acyiCoA synthetases (ACSL).

Five mammalian ACSL isoforms have been identified, each with a specific substrate preference,
subcellular location, and tissue distributi@32). In the heart, the ACSL1 isoform predominates, such
that with deficiency, total ACSL specific agty and fatty acid oxidation decrease by more than 90%
(87). Because ACSL activity is required for the incorporation of fatty acids into phospholipids, we
asked whether the ACSL1 isoform is also required for the synthesis and remodeling of cardiac
phospholipids, particularly cardiolipin (CL).

The mitochondrial phospholipid CL contributes to many aspects of mitochondrial function,
including energy production throbigpxidative phosphorylatio(233234), mitochondrial fission and
fusion(235236), and cellular apoptos{237). TetralholeoytCL is the predominant CL species in the
mammalian heart238), but the mechanism by which this species is formed is unclearauBe the
enzymes of CL synthesis lack a@fain specificity, nascent CL contains a mixture of acyl chain
lengths and degrees of unsaturatj6f). To obtainmature CL, most remaodeling occurs within the
mitochondria by sequentially removing each acyl chain to form monays¢MLCL) and then
replacing the missing fatty acid with linoleate (18:2), added by the transacylation from a donor
phospholipid239 or by direct incorporation of a linoleo@oA (62,240).

Tafazzin is the enzyme believed to be responsible for the transacylase pathway of cardiolipin
remodeling. Mutations in tafazzin cause Barth syndrome,-ink€d cardiomyopathy characterized
by skeletal muscle weakness and heart failure intebdd(59). Hearts with tafazzin lossf-function
mutations contain low levels of tetralinolegylL and have a high ratio of MLCL to CL. Because
tafazzin does not have a substrate preference for linoleate, it has been proposed that the linoleate
enrichment must beaused byeither an alteration in thehgsical shape of CL or by the action of an

additional enzymé¢239).
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Here we show that ACSL1, which has a distinct preference for linoleate, significantly
contributes to CL remodeling.eBause fatty acids must be converted to-&oAs, both to be available
for the initial steps in the synthesis of phospholipids, as well as to enter the mitochondrial matrix where
CL remodeling occurs, we asked whether ACSL1 might be responsible fotiagtiirzoleate destined
to be incorporated into CL. We found that hearts lacking ACSL1 are deficient in tetralinGledylit
that normalizing the CL species cannot ameliorate the mitochondrial dysfunction in these hearts. These
findings call into questn the idea that the acghains of CL are important for cardiac and

mitochondrial respiratory function.

Methods

Animal care and diets:All protocols were approved by the Institutional Animal Care and Use
Committee at University of North Carolina at Ceaplill. Mice were housed under a 12 h light/dark
cycle with free access to food and water. Unless otherwise specified, mice were fed a purifed low
diet (Research Diets, DB12451B). A mulssue knockout of ACSL1 was achieved by mating mice
with loxP sequences flanking exon one of lusllgene to animals expressing a tamoxiiiesucible
Cre driven by a ubiquitous promoter enhar(&3). Between six and ght weeks of ageicslT™ and
littermate controlAcsIT™"* (control) mice were injected intraperitoneally on four consecutive days
with 20 mg/mL (75 e©€g/ g body weight) tamoxifen di
weeks after tamoin was injected, unless otherwise specified. Cardiac echocardiography was
performed (blinded to mouse type) on conscious mice using a VisualSonics Vevo 770 or Vevo 2100
ultrasound biomicroscopy system (VisualSonics, Inc.). A model 707B (30 MHz) or iM&I850D
(22-55 MHz) scan head was used on the Vevo 770 and Vevo 2100, respectively, as previously described
(241). Two-dimensional guided Mnode echocardiography wasrformed in the parasternal loagis
view at the level of the papillary muscle on loosely restrained conscious mice. Wall thickness was then

determined by measurements of epicardial to endocardial leading edges. For the diet study, mice were
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fed a hidn-linoleate safflower oil diet (Research Diets, D02062104, 45% kcal fat (75% linoleate)) for
4 weeks.

ACSL activity assay: ACSL specific activity was measured in heart membranes and cell
homogenate@7). Briefly, homogenized tissues were centrifuged at 100,@0r1 h at 4°C to isolate
total membrane fractions. Between 1 and 6 ug of protein was incubated with 50(Bf§itty acid
(unless otherwise indicated 10 mM ATP, 250 €M CoA, 5,imM5 dithio
mM Tri s, pH 7.4 at RTA for 10 min. The enzyme
(heptane:isopropanol:1M-8Q; 80:20:1; v/v). Two mL of heptane and 0.5 ml of water vwaatded
to separate phases. Radioactivity of the-&wyAs in the aqueous phase was measured using a liquid
scintillation counter.

Mitochondrial function studies: Mitochondrial function was measured in permeabilized
myofibers and in isolated mitochondrieepared from portions of the left ventricle and septum. After
dissection, muscle samples were placed ircald (4 C) Buffer X containing (in mM): 7.23 }£GTA,

2.77 CakEGTA, 20 imidazole, 20 taurine, 5.7 ATP, 14.3 phosphaocreatine, 6.56:MkD and 50

MES (pH 7.1, 295 mOsm). Fibers were delicately separated-itoldeBuffer X using fine forceps
under a dissecting scope. Cardiac fibers were then permeabilized in Buffer X with 50 pg/mL saponin
for 30 min, then washed in igmld wash buffer Z (110 mM-MES, 35 mM KCI, 1 mM EGTA, 5 mM
KoHPQy, 3 mM MgCh-6H,O, 5 mg/ml bovine serum albumin, pH 7.1, 28®sm) to remove
endogenous substrates. To prevert (Ddependent contraction of the permeabilized fibersyid0
blebbistatin was added to Buffer Z dugiwash and experiments. All mitochondrial @nsumption

(JO2) measurements were performed at 30°C using the Oroboek©OQygraph system (Oroboros
Instruments). The ¥D, and C&" uptake measurements were performed in a spectrofluorometer
(Photon Technalgy Instruments or Horiba Jobin Yvon), equipped with a thgauoketed cuvette
chamber. All mitochondrial experiments were performed in Buffer Z plus 5 mg/mL bovine serum

albumin. Q consumption was measured with either 5 mM pyruvate plus 2 mM malda@25quM
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palmitoylcarnitine plus 2 mM malate. State 3 respiration was induced by adding ADP as indicated in
the Figure Legends.

The rate of ATP production within the permeabilized myofibers was continuously recorded
alongside the @consumption in realmne, by monitoring the increasing fluorescence in the respiration
chamber coming from NADPH (340ex/460em) with a spectrofluorometer, as des¢@d@d To
maintain this reaction, 2.5 U/mL of gluce6ehosphate dehydrogenase (Roche), 2.5 U/mL yeast
hexokinase (Roche), 5 mM nicotinamide adenine dinucleotide phosphate (NfEgmaAldrich),
and 5 mM Dglucose (Sigmaldrich) were added to thessay media. P1,FABi(adenosine
56) pent aphos ph aAldich)(wap bicddulled in $he gaes@ration medium to inhibit
adenylate kinase and to ensure that ATP production was solely due to mitochondrial oxidative
phosphorylation. An absolute amountdfP generated across a given time frame was then calculated
using a standard curve of fixed concentrations of ATP added to the saturating amounts of hexokinase,
glucose, G6PDH, and NADP Mitochondrial HO, emission was detected using Amplex UltraRed
reagnt (Invitrogen) in the presence of 1 U/mL horseradish peroxidase and 25 U/mL superoxide
dismutase. The rate o8, produced from the mitochondrial electron transport system supported by
125 uM palmitoytL-carnitine, 5 mM glutamate, and 5 mM succinatédation was determined in
permeabilized fibers with 100 uM ADP, 5 mM glucose, and 1 U/mL hexokinase present to maintain
the mitochondria in a permanent, submaximal phosphorylating state.

To isolate mitochondria, hearts were minced in 0.125 mg/mL trypsionmogenization buffer
(0.25 M sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.4). Soybean trypsin inhibitor (0.65 mg/mL) was
added, and tissues were homogenized and centrifuged at §36r»5 min to remove nuclei and
unbroken cells. Mitochondria were isolatgddentrifuging at 10,000 g for 15 min and washed twice
with homogenization buffer. Calcium uptake was measured in Buffer Z, using 1 pM Calcium Green
5-N with 1 uM thapsigargin (SigmaAldrich) added to inhibit SERCA, a calcium transport ATPase.

In sepaate experiments, the function of isolated mitochondria was assessed using a Seahorse XF24
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Analyzer. Mitochondria (15 pg protein) were stimulated sequentially with 100 uM ADP, 1.26 uM
oligomycin, 4 uM FCCP, and 4 pm antimycin A (Sigrddrich).

Phosphat quantification: Lipids were extracted from approximately 15 mg of ventricular
myocardium, and phospholipids were separated bylalyigr chromatography on LK5D silica gel 150
A plates (Whatman) in chloroform:ethanol:water:triethylamine (30:35:7:35; with authentic
standard$243. Phosphate was quantified in the scraped silica regions for each phospholipid. The
reaction was initiated by adding 30 yL 10%g(NOs): in ethanol to each sample and heating over an
open flamg244). After adding 300 pL 0.5 N HCI, samples were boiled for 15 min. Then, 700 pL of
a solution of 1.43% ascorbic acid and 0.36% amomnholybdate in 0.86 N sulfuric acid was added,
and the mixture was incubated at 45°C for 20 min. The absorbance of samples and a standard curve of
sodium phosphate was measured at 605 nm.

Sample preparation for mass spectrometrySamples of left ventriel were homogenized on
ice using a Dounce homogenizer in 50 mM phosphate buffer pH 7.2, 0.1 M NaCl, 2 mM EDTA, 1 mM
dithiothreitol, and protease inhibitors (Roche). Protein was determined by the bicinchoninic acid
method (Pierce Biotechnology). Prepamsicof heart mitochondria (180 ug protein) or total left
ventricle (300 pg protein) were diluted with 50 mM PBS to a total volume of 200 ul. An internal
standard mixture was made in 100% methanol containkdgidécanoyR-tridecanoyisn-glycero3-
phosphat (PA12:0/13:0), 1dodecanoyP-tridecanoyisnglycero3-phosphocholine (PQ2:0/13:0),
1-dodecanoyR-tridecanoyisnglycero-3-phosphoethanolamine  (PR:0/13:0), 1dodecanoyk-
tridecanoylsn-glycera3-phosphoglycerol (P€@2:0/13:0), idodecanoyR-tridecanoyisn-glycerc3-
phosphoinositol  (R12:0/13:0), 3idodecanoyk-tridecanoyisnglycerc3-phosphoserine (RS
12: 0/ 13: 0)),2di-(92-tetchdeckndytsnglycero3-p h o s p hi @{9Z-tetr&écenoyl), 2
(10Z-pentadecenoysnglycero3-phosphojsnglycero (CL- (14:1) x3/15:1). Then 750 pl of
methanol:chloroform (2:1; v/v) and an internal standard mixture (for mitochondrial preparations and
left ventricles on lowfat diet, 50 ng of each phospholipid class and 100 ng of CL; for left ventricles on
safflower oil diet, 25 ng of each phospholipid class and 100 ng of CL) was added, and products were

41



extracted245. The samples were dried under a stream of nitrogen and were then resuspended in 100
pl of 75% solvent A (isopropanol:hexands3; v/v) and 25% solvent B (isopropanol:hexanes:water;
4:3:0.7; viv, containing 5 mM£1;0:NH,4). Samples were analyzed by liquid chromatography coupled

to tandem mass spectrometry (LC/MS/MS) as described below.

Liquid chromatography/mass spectrometry: For normal phase separation, samples were
injected onto an AscentiSi HPLC column (150 x 2.1 mm, 5 um; Supelco) at a flow rate of 0.2 ml/min
with 25% solvent B and 75% solvent A. Solvent B was maintained at 25% for 5 min, increased to 60%
over 10 min, andhen to 95% over 5 min. The system was held at 95% Solvent B for 20 min before
re-equilibration at 25% for 14 min. Phospholipids were measured using an AP13200 triple quadrupole
mass spectrometer (AB Sciex). Positive ion mode was used to detect pidysgiaine (PC) and
phosphatidylethanolamine (PE) lipids with quadrupole 1 scannimgrange from 250 to 1100 in 0.1
Da increments over 2 sec. Negative ion mode was used to detect CL, phosphatidic acid,
phosphatidylinositol (PI), phosphatidylglycerahd phosphatidylserine with quadrupole 1 scanning an
m/zrange from 150 to 1600 in 0.1 Da increments over 4 sec. Quantitation was performed using AB
Sciex MultiQuant software and using the internal standards for each phospholipid analyzed. Quantified
data were corrected for isotope abundance. Fragmentation of endogenous Iipid818.5, 842.6,

844.6, 846.5, 864.5, and 890.5 (PC), 742.5, 738.5, 790.5, 762.5 (PE), 885.5 (PI), and 1448.0 (CL) was
performed as described above, except for the followatgils. In the MS/MS experiment, the parent

ions listed above were selected in quadrupole 1, subjected to calligiered decomposition using N

gas, and quadrupole 2 was allowed to scan the product ionsiviztaenge from 150 to 9001{/z818.5,

8426, 844.6, 846.5, 864.5, 890.5, 742.5, 738.5, 790.5, 762.5, 885.5) or 150 to1Z5048.0). After

each of these specific phospholipid molecular species was identified, the number of acyl carbons and
double bonds present in the set of fragment moleaals confirmed. From these data, the other
phospholipids were converted from massharge to number of acyl carbons and double bonds.

Preparation and Analysis of Tissue for Matrix Assisted Laser Desorption
lonization/Imaging Mass Spectrometry (MALDI-IMS): A modified optimal cutting medium
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(mOCT) was made by heating a 10% solution of MowidI86in MilliQ H>O. Once in solution, 8%
Poly (propylene glycol) average MW 2000 was added until mixed thoroughly. A heart from a control
animal and arcsll™ animal was placed in the mOCT mixture and stored overnigt®04€C. Hearts
were sectionedal 7 AC at 20 &m, pl aced o0R0°GUndlsised. DHAR er s | i
(2' 5-dihydroxyacetophenone) matrix (150 mg) was sublimated onto the.tisduief detail, an AB
Sciex gTOF XL wusing a solid state |l aser (355 nm)
negative ion mode was used to capture the MALDI/IMS data. The laser was moved in a horizontal
pattern with a resolution of approximatel 50 e m. At each point, fthe neg:
1700 m/z was captured. The data set was analyzed using TissueView softwgei¢AB

Generation of stable ACSL1knockdown H9c2 cells Acsllrat sShRNA orscramblectcontrol
shRNA constructs in pEP-C-shLenti vector (Origene) were tmnsfected with pHEEMV-gp8 . 2 and
pPCMB-VSV-G vectors in HEK293T cells to generate lentivirus. H9c2 cells (rat cardiomyocytes;
ATCC) were incubated with media containing lentivirusAcsl1shRNA orscrambledshRNA fa 24
h. Cells were treated with 1 uM puromycin for 7 d to select cells that contained the shRNA.
Knockdown of ACSL1 was confirmed by mRNA, protein, and ACSL enzyme activity.

Cellular phospholipid incorporation: H9c2 cells were cultured to confluence 26 mM
glucose DMEM with 10% fetal bovine serum. Cells were differentiated for 4 d in 5 mM glucose
DMEM with 1% horse serum. For overexpression experiments, cells were infected with adenovirus
containing eitheGFP or Acsl:FLAG (multiplicity of infection of 150) for 24 h. Cells were incubated
with 0.5 pCi [1:**C]palmitate [1-'“C]oleate, or [1C]linoleate for 6 h and then washed twice with 1%
bovine serum albumirfzor etomoxir studies, cells were preincubated with 40 uM etomoxir for 1 h
before incubanhg with 40 uM etomoxir and [£“C]linoleate for 6 h HEK-293 cells were grown to
50% confluence in 25 mM glucose DMEM with 10% fetal bovine serum and then infected with
adenovirus containing eith&FP or Acsl:FLAG (multiplicity of infection of 2.5) for24 h. Cells were
then incubated with a mixture of 30 pM oleate, 15 pM palmitate, and 5 pM linoleate with 0.5-uCi [1
1C]palmitate, [“C]oleate, or [1*C]linoleate for an additional 24 h. For oxidation measurements,
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0.4 mL media was collected in a tubontaining 20 uL 15% bovine serum albumin and then incubated
with 100 pL 20% perchloric acid overnight at 4°C. The acidified media was centrifuged at 20,000 rpm
for 5 min, and radioactivity in the supernatant was counted to determine acid solublelitastabo
(ASM). For pulsechase experiments, H9c2 cells were incubated with 0.5 p&C]linoleate for 2 h
and then either collected (pulse) or washed and incubated with 10 pM unlabeled linoleate (chase).
Cellular lipids were extracted and phospholipisre separated by thin layer chromatography as
described above.

Microscopy: H9c2 cells grown on glass coverslips were incubated with MitoTracker CMXRos
(Life Technologies; 200 nM) for 30 min, fixed with 3.7% paraformaldehyde, and permeabilized with
0.2% Triton X-100. Cells were incubated with primary antibody (FLAG (Sigma) and/or Grp78 (Novus
Biologicals)) for 2 h, then secondary antibody (Alexafluor 488 or 568; Life Technologies) for 1 h. Cells
were then incubated with DAPI (Life Technologies) for 5 rmmounted on glass slides with Prolong
Gold (Life Technologies), and then visualized with a Zeiss 710 confocal microscope.

Statistics: Data are presented as the mean + SE for each group. Differences between genotypes
wer e eval uat etest. boyexg@imerdsewith routtiplettreatments or diets, differences
between groups were evaluated by tway ANOVA with Tukey multiplecomparison posttests.

Differences between means with p < 0.05 were considered statistically significant.

Results:

ACSL1 waslocated on cardiac mitochondria and preferred to activate linoleate Cardiac
ACSL1 protein and ACSL specific activity were enriched in the mitochondrial fraction, compared to
whole tissue Kig. 2.1A, B). Purified recombinant ACSL1 from rat liver showdmad fatty acid
substrate preference with varying chain lengths and degrees of unsat(#4fonTo determine the
fatty acid substrate preference immse heart, longhain acylCoA synthetase (ACSL) activity was
assayed with different fatty acid substrates in total membrane preparations from contkosHd

hearts. Control hearts exhibited the highest ACSL activity with linoleate (Fg2P(1C). This clear
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substrate preference was losfics|T hearts, which lack more than 90% of total ACSL activity with
all fatty acids Fig. 2.1D), indicating that the preferential activation of linoleate was dueG8L1
activity.

Loss of ACSL1 causednitochondrial dysfunction. AcslT™ and littermate contrahice were
injected with tamoxifen at-8 week to produce ACSL1 deficiency. Ten weeks after tamoxifen
injection, AcsI1T” hearts were enlarged but had normal systolic fun¢8@h To determine whether
function worsened with timeschocardiography was performed 20 weeks after initiating the ACSL1
knockout. AcslT™ hearts remained hypertrophied with impairment in contractile functiorFig.
2.2A, B, C). To determine whether loss of ACSL1 caused mitochondrial dysfuncti@orSumption
in saponinpermeabilized cardiac muscle fibers was measured using pahtéimitine and malate
(Fig. 2.2D) or pyuvate and malatd={g. 2.2E) with increasing concentrations of ADP or succinate.
Basal O, consumption rate was normal #csIT™” mitochondria, but compared to controls, the
mitochondrial response to ADP stimulation was 56% lower. In addition to indpaD®-stimulated
oxygen consumptionAcslT™ mitochondria produced less ATP for each @olecule consumed,
indicative of inefficient energy productiof¥iy. 2.2F). Many models of mitochondrial dysfunction
produce increased amounts ofQ4, but AcsIT” mitochondria did not, possibly due to their lower
metabolic rateRig. 2.2G). IsolatedAcslI™ mitochondria took up less calcium than controls before
reaching the permeability transitioRig. 2.2H), suggesting thacs|1™” mitochondria may be more
susceptible to stress and apoptosis. Calcium uptake into mitochondria increases oxygen consumption
and NADH production, but once calcium uptake exceeds the permeability transition, mitochondria are
more likely to become disrupted, release cytochrome dlmt@ytosol, and undergo apopto&dd?).
Despite severely impaired respiratory functidosIT- hearts do not develop failure under unstressed
conditions

Loss of ACSL1 altered the acychain composition of mitochondrial cardiolipin and
phospholipids Cardiolipin associates closely with complexes of the electron transport chain and is
highly important for mitochondrial functio(233234). Cardiac cardiolipin normally contains a high
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amount of linoleatg238. Because ACSL1 has a distinct preference for linoleate, we questioned
whether the loss of ACSL1 would affect the composition of cardiolipin and other phospholipids in
cardiac mitochondria.The content of individual phospholipid species in cardiac ventricles did not
differ between genotyped=ig. 2.3A); however, mass spectrometry analysis revealed that loss of
ACSL1 caused large changes in the atin composition of the major phospholigjgecies. As has

been reported previous(238), the major cardiolipin (CL) species in control mouse hearts contained
four linoleate aclchains (tetralinoleoyCL; 72:8CL) (Fig. 2.3B). In the AcsIT”" mitochondria,
however, this species was 83% lower and compared to controls, the CL species containing 2 linoleate
and 2 arachidonate acyl chains (76Q12) was 80% lowerKig. 2.3B). Acsll™" heart mitochondria
contained larger amounts of CL species containing stearate (18:0) and oleate (18:1), indicating either
impaired remodeling of the Chr decreased availability of linoleate.

To determine whether the loss of ACSL1 impaired linoleatrporation into other
phospholipids, several species were fragmented to identify the acyl chains present. Linoleate
containing species of PC and PE (3BG, 36:2PC, and 36:PE) were approximately-20 4-fold
higher inAcslT™ hearts than in cordls (Fig. 2.3C, D, E;Table 2.1). Excess linoleate in these species
suggests that ACSL1, which is primarily located on the mitochondrial outer membrane, normally plays
a role in the initial synthetic reactions which occur on the endoplasmic reticultithabits absence
alters the availability of acyCoA species at this site. Furthermore, the excess linoleate could indicate
impaired transacylation between CL and donor phospholipids, such as PC and PE. Compared to
controls, the expression of the tranglase tafazzin was 31% lowerAgs|T™ hearts Fig. 2.3F). Loss
of tafazzin impairs tetralinolecy@L formation @7). Thyroxine treatment lowetsifazzinexpression
(248), but increases total CL without favoring tetralingle@L formation (249. Heart failure
diminishes bothtafazzin expressia (250) and tetralinoleoylCL content (251), demonstrating a
physiological relationship betweésfazzinexpression and CL species. The excess linoleate in PC and
PE together with the decrease in tafazzin suggests that impaired remodeling of CL through tafazzin
mediated transacylation may have resulted in diminished tetralingltoyl
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Loss of ACSL1 dkred other mitochondrial phosphatidylinositol (PI), PC, and PE sp&aies (
2.3C, D, B, but no differences were seen in phosphatidylglycerol or phosphatidylserine (data not
shown). In control mitochondria the most abundant mitochondrial Pl was 18€RR0This species
was 64% lower in thécslT”~ hearts, and was compensated for by higher content of multiple minor P
species, so that the total content of Pl was unchanged in the two genotypes. For PC, the major species
in control hearts containetbcosahexaenoic acid (DHA; 22:6) together with either palmitate-(38)6
or stearate (40:8C). These species were 53% and 48% lower, respectivelgsiii” hearts. PC
species that contained DHA were replaced with oleate iA¢s8H™ mitochondra so that 16:418:1-
PC (34:1PC) was Zold higher and 18:18:1-PC (36:1PC) was Jold higher than in control hearts.
The major PE species in control hearts also contained DHA and stearatePE30&hd was
approximately 30% lower in thacslT™” heat s . | mpai r elmolenatetdiievoaldss s n o f
ACSL1 at the peroxisomal membrane may result in decreased uptake into peroxisomes where DHA
synthesis occur@252). The compositions of PC and PE in isolated mitochondria from control and
AcslT™ ventricles were similato those in total membranes (data not shown), suggesting that ACSL1
influences phospholipid synthesis in the endoplasmic reticulum where these phospholipids are
synthesized and remodel&b3).

Knockdown of Acsllin H9c2 cardiomyocytes impaired both the oxidation of fatty acid
and its incorporation into complex lipids. To further investigate how loss of ACSL1 affects
phospholipid formation, we made a stable knockdowAasilin H9c2 cells, a rat cardiomyocyte cell
line. The knockdown caused a 67% los®\o§I1mRNA, a 55% reduction of ACSL1 gtein, and a
26% decrease in total ACSL activitlig. 2.4A, B, C). To avoid high concentrations of fatty acid
which drive triacylglycerol synthesis, cells were incubated with trace amounts of indiviel¢@]ftty
acids (palmitate, oleate, or linolepte measure their incorporation into phospholipids. As measured
by acid soluble metabolites (ASM) in the media, the oxidation of these fatty acids was 80% lower in

the Acsllknockdown cells than in controlBiy. 2.4D), consistent with the requirement faCSL1 in
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channelinglong hai n f atty aci dogidafion(87p Ddcieased p@ILhaleacausedf b
approximately 40% lower incorporation of fatty acids into total glycerolifitts 2.4E).

ACSL1 knockdown greatly diminished incorporation of fatty acids into neutral lipids and PC
(Fig. 2.4F, H). The incorporation of linoleate into CL was 32% loweAgsl1lknockdown cellsKig
2.4G), which is consistent with the low contenttefralinoleoytCL in theAcsIT” hearts. Compared
to control cells, the incorporation of palmitate into PC, PE, PS, and CL was lower by 43%, 34%, 17%,
and 46%, respectivelyF{g. 2.4H). In contrast to highly oxidative cardiomyocytesvivo, cultured
cells rely minimally on fatty acid oxidation for energy. Thus, in cultured cells, ACSL1 may activate
more palmitate destined for esterification into phospholipids, unlike heart, in which palmitate is more
readily oxidized. Other than PC in which 37% le$sate was incorporated, no differences in the
incorporation of oleate into phospholipids were observed between contratakidnockdown cells.
Therefore, in cultured cardiomyocytes, as in l{&8), loss of ACSL1 impaired activation of fatty acids
for both neutral and phospholipid synthesis, with the largest effects found with palmitate and linoleate.

Overexpressed ACSL1 increased linoleate metabolism. To conirm that ACSL1
preferentially activates linoleate that is incorporated into CL, ACSL1 was overexpressed in H9c2
cardiomyocytesKig. 25A). As in heart, ACSLFLAG localized primarily to mitochondria{g.
25B), and Ad-Acsll infection increased ACSL spific activity 3.3-fold (Fig. 25C). After a 6 h
incubation with trace amounts of each of thé“Q]fatty acids, overexpressed ACSL1 increased the
oxidation of linoleate by 28%, but not palmitate or olekitg.2.5D). ACSL1 overexpression increased
both palmitate and linoleate incorporation into total lipids by 17% and 26%, respectgly 6GE).
ACSL1 overexpression increased linoleate incorporation into neutral lipid by 48%, cardiolipin by 28%,
PC by 28%, and phosphatidylserine by 228tg(25F, G, H). Palmitate incorporation was less
influenced by overexpressed ACSL1; its incorporation into PC, PI, and phosphatidylserine increased
17-18%, similar to the increase seen in total lipid incorporation of Fi§cZ.5F). In heart and skeletal
muscle viich both contain high proportions of tetralinole®@fl (86,87), the predominance of the
ACSL1 isoform may underlitheir enrichment in tetralinolecyCL.
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To determine whether the source of the linoleate in CL occurred via esterification-Giosiy!
or from transacylation from donor phospholipids, we conducted a -phése experiment.
Overexpressed ACSL1 did nalter total labeled linoleate incorporation or incorporation into neutral
lipids during the 2 h pulsd-{g. 2.6A, B). After a 4 h chase with unlabeled linoleate, labeled linoleate
in CL in control cellsincreased 4old, suggesting that the majority ofethinoleate incorporated into
CL came from lipids already present within the cElf( 2.60. In the ACSL1 overexpressing cells,
in comparison14% less labeled linoleate was incorporated into CL during the 4 h chase. This finding,
coupled with the higlinoleate incorporation during the 6 h labelirkid. 2.5G), suggests that more
new unlabeled linoleate was being activated to form ar@go) which was then esterified to CLo
determine if entry of linoleoyCoA into mitochondria was necessary for AdShediated increases in
CL incorporation, H9c2 cells were incubated with etomoxir, an inhibitor of carnitine
palmitoyltransferasd& (CPT1) As anticipated, etomoxir treatment decreased linoleate oxidation to
ASM by more than 80% in both control and ACShderexpressing cell§{g. 2.6E). The diminished
entry of linoleoy}CoA into the mitochondria also resulted in equivalent linoleate incorporation into CL
in ACSL1-overexpressing cells and contrdisg. 2.6H). However, overexpression of ACSL1 did not
increase the amount of linoleate incorporated in other phospholipigls2.@). Without an increase
[*C]linoleate incorporation into phospholipids that donate acyl chains to CL, no conclusion about the
source of linoleate in CL can be made from this expamim

ACSL1 overexpression increased linoleate incorporation into CL in HEK293 cells. To
determine whether the ability of ACSL1 to increase linoleate incorporation into CL was specific to
cardiomyocytes, we overexpressed ACSL1 in HE cells, which nanally contain little
tetralinoleoylCL (254). Twentyfour h after theAd-Acsllinfection, ACSL1 protein was present, and
total ACSL specific activit increased 9old (Fig. 2.7A, B). At this time, cells were incubated for an
additional 24 h with a mixture of fatty acids to mimic the percentages in a physiological mixture of
monounsaturated, saturated, and polyunsaturated fatty acids (30 uM oled¢epabnitate, and 5 uM
linoleate plus the addition of 0.5 pCi-fi4C]-labelled oleate, palmitate, or linoleate). ACSL1
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overexpression increased palmitate incorporation into total lipids by 43%, oleate incorporation by 49%,
and linoleate incorporation 6% ig. 2.7C). TheAd-Acsllinfection did not alter the esterification

of these fatty acids into neutral lipid§ig. 2.7D), showing that the differences in total lipid
incorporation were due to integration into phospholipids. ACSL1 overexpressittedesull1% and

94% higher incorporation of palmitate and linoleate into CL, respectively, but no difference was seen
in oleate incorporatiorHjg. 2.7E). ACSLL1 increased the incorporation of each of the fatty acids into
PC, PE, and PI/P$ig. 2.7F), phaspholipids that are synthesized at the endoplasmic reticulum. The
high incorporation of labeled fatty acids into these phospholipids is likely due to increased fatty acid
uptake and elevated ae§bA concentrations in the cytosol. ACSL1 specifically éased linoleate
incorporation into CL, which is remodeled within mitochondria, suggesting that the synthesis of
linoleoyl-CoA is sufficient for preferential incorporation of linoleate into CL, even in-non
cardiomyocytes.

Dietary linoleate enrichmentnormalized tetralinoleoyl-CL content but did not improve
mitochondrial function in Acsl1™ hearts. The relevance of CL acyhain composition to normal
oxidative phosphorylation is controversidl95255). In order to determine whether thmpaired
respiratory function of mitochondria fromcslI™ hearts resulted from the presence of linoleate
deficient mitochondsl CL, we fed control anécslT™ mice a high safflower oil diet, in which 75%
of fatty acids are linoleate, for 4 weeks. In spontaneous hypertensive rats, safflower oil feeding
normalizes CL species and improves mitochondrial fun¢286). In our study, safflower oil feeding
markedly increased the total amount of linoleate in CL in both controlAastl™ hearts and
specifically increased the amounttefralinoleoytCL in AcslT™ heartsA-fold compared to the loviat
diet. Importantly, the tetralinolectL content of hearts fromicsIT”- mice fed safflower oil diet was
equal to that of hearts fromontrol mice fed the low fat dietHig. 2.8A). The normalization of
tetralinoleoylCL content was not due to increadafhzzinexpression, as this gene remained 25%
lower in the safflower oifed AcsIT™ hearts compared to controRig. 2.8B). Tafazzinexpression was
not altered by diet. To determitige effect of normalized tetralinolee@L content, we measured the
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function of the electron transport chain in isolated mitochondria using pyruvate and malate as
substrates. Basal.@onsumption did not differ between groupsg( 2.8C). Similar to thedata from
permeabilized cardiac fiberdcslT™ hearts contained functionally defective mitochondria, as shown
by impaired responses to ADP and FCER)(2.8D). In control mitochondria, safflower feeding
increased respiration after oligomycin treattbeuat did not change the response to ADP or FCCP.
Despite the normalization of tetralinoleeL content, safflower oil feeding did not improve the
respiratory function of mitochondria fromcsIT™” hearts, and responses to both ADP and the
mitochondrialuncoupler FCCP remained-3@% lower than controld-{g. 2.8D). Thus, normalizing

the content of CL species icsl1™ hearts was not sufficient to improve mitochondrial respiratory

function.

Discussion

CL is synthesized and remodeled within the ntitoaria, but its precursors, phosphatidic acid
and CDPRdiacylglycerol, are formed primarily dhe endoplasmic reticulum aage imported into the
mitochondria where phosphatidylglycerol is synthesized. CL synthase then combines
phosphatidylglycerol wittthe phosphatidyl group from a second Gdi&cylglycerol(60). Because
CL synthase lacks a preference for phosghbglycerol or CDRdiacylglycerol species that contain
linoleate (57,58), the acylchains of the nasoé CL are more highly saturated than those of mature
cardiac CL. CL is remodeled by successive removal of@wins by a phospholipase, followed by
replacement via tafazzimediated transacylation from donor phospholipids or by acyltransferase
mediatedesterification using an acyloA.

Cardiac CL is highly remodeled after synthesis, but the functional significance of the
remodeling is, as yet, unknown. $accharomyces cerevisileking tafazzin, the additional deletion
of the CL:-specific phospholipge, Cld1, prevents the accumulation of MLCL, inhibits CL remodeling,
and rescues the mitochondrial respiratory defect, strongly suggesting that the respiratory defect was

due to the accumulation of MLCL and/or the decrease in the mitochondrial contelnt(®9%. In
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mammalian cells, two additional enzymes, lysocardiolipin acyltransferase 1 (ALCAT1) and MLCL
acyltransferase 1 (MLCL AT), can use acyCoAs to estafy MLCL (60). ALCATL1, however,s
located on the ER, which would prevent its interaction with mogted), but MLCL AT-1 is found in
mitochondrig(62). Although overexpressing MUCAT -1 in tafazzindeficient lymphoblasts increases
both linoleate incorporation into CL and total CL conté8), the importance of MLCL ATl for
normal CL renadeling in heart cells remains unclear.

With its preference for linoleate, ACSL1 appears to be critical in maintaining the abundance of
the tetralinoleoylCL species in the heart. ACSlderived linoleoylCoA could be incorporated into
donor phospholipisland then transacylated into CL or directly incorporated by an acyltrasesiato
MLCL. Mitochondrial ACSL1 could increase the concentration of linoleGglA to be imported into
mi t o c h o n ebxidateon dr €l renfodeling. Alternatively, because ACSoverexpression
increased linoleate incorporation into PC, PE, and phosphatidylserine, its enhancement of CL species
that contain linoleate could occur via transacylation from these phospholipids to CL or MLCL. Thus,
it seems surprising that higher lieate was also present in PC and PBdsl1™ hearts. We believe
that when ACSL1 is absent, linoleate increases within the cell and becomes available for activation by
other ACSL isoforms present on the endoplasmic reticulum where the resultingylifota® would
be used during the synthesis of PC and PE. Because ACSL1 deficiency also results in a reduced
expression of tafazzin mRNA, transacylation may be impaired and result in the diminished
tetralinoleoy}CL observed in thécslT” hearts. The dstrate preference of mitochondtacated
ACSL1 for linoleate is therefore important for both the transacylase and the acyltransferase pathways
of CL remodelingFig.2.9).

Because the composition of the major CL species varies in different tissudikelyithat the
CL species formed depends on the fatty acid preference of the ACSL isoforms present.-The ER
localized ACSL isoforms would dictate which a€yAs are incorporated into PC and PE, and the
ACSL isoforms present on the outer mitochondrial ftoeme may determine if the aggbA is
incorporated directly into CLFor instance, ACSL1 accounts for more than 90% of ACSL activity in
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both hear{87) and skeletamuscle(257) in which more than 75% of CL is tetralinoleggL (238). In
contrast, tetralinoleoyCL is ~50% of the total CL species in liy@38), a tissue in which ACSL1 is
responsible for only about 50% of the total ACSL acti®p). Similarly, ACSL1 is mininally
expressed in braif258 in which the major CL acythains are oleate and arachidon@®&9. An
analysis of the fatty acid preferences of other ACSL isn$omay explain tissue differences in CL
composition.

In contrast to tafazzideficient mice AcsIT™ hearts do not contain a low total CL content or
excess MLCL. Thus thacslT™” model allowed us to study CL remodeling in the presence of a normal
CL content, as well as the impact of impaired tetralinokélylformation on heart and mitochondrial
function. InAcslT” hearts, normalizing the amount of linoleate present in CL did not improve
respiratory dysfunction. Similarly i8. cerevisiaeCL remodeling was inhibited without impairing
basal or ADPstimulated mitochondrial £consumption(195255. Thus,in both yeast andcsIT™
hearts, when total CL content is normal, mitochondrial function is independent of a specific CL species.
In contrast, tafazzhdeficient mice and human hearts contain both an increased content of MLCL and
a reduction in total C (260261). These CL changes are associated with a dilated cardiomyopathy,
cardiac respiratory dysfunctioand heart failur¢262). TheAcslI™ mice do not develop heart failure,
suggesting that when total CL abundance is normal, the absence of a high content af¢etybGh
does not cause heart failure. Similarly, normalizing tetralinol€bylin AcslT”~ hearts was not
sufficient to improve mitochondrial respiratory function. Our data, together with the published yeast
studieg195255), suggest that the underlying difficulty in Barth syndrome and tafaeficient mice

is a deficiency in CL content and/or the accumatatf MLCL.

53



Figures

A B 1
Homogenate Mitochondria E 121 O Control T
= T
ACSLL §.§1o. m Acsl1
(75kDa) S o 8-
<a
17> TR —— A o8]
(31kDa) ok .
<3
GAPDH e € 2
(36kDa) S
. " = -
Homogenate Mitochondria
c 45 -
=& 16: 0 --18:1 =0-18:2 -8-20: Z
40- 16:0 =A—18:0 18:1 18:2 20:4 45
T 351 ﬁjr 4 = 40 ~ l
g Substrate Apparent E 35 4 o Control
£ £ 30+ Km (uM) =
S '5 16:0 | 4.8 04 E’% 30 A
T 0 251 18:0 | 9.1 * 1.8 2 2 25. =
<o, | 131 | 48 03 <5
—={ | o 20 * 20 3
w e 182 | 51 *02 2o
Q = 157 204 [13.6 1.3 O£ 15-
E 10 2 10
£ c ’ Ij
5 = 54
0 T T T T T 0-
0 20 40 60 80 100 16:0 18:0 18:1 18:2 20:4

HM Fatty Acid
Figure 2.1. ACSL1 is located on cardiac mitochondria and activates linoleate preferentiallyA)

ACSLL1 protein from cotrol heart homogenates and isolated mitochond)aACSL activity of
heart homogenates and mitochondria measured with 50 uM palmitate @F8LSL activity in
total membrane fractions from control hearts measured with 2 pg protein and varying amfiounts
[*“C]-labeled fatty acids (n=3)D) ACSL activity in total membrane fractions from control and
AcslT™ mouse hearts measured with 2 pg protein and 50 uM©J-[abeled fatty acids (n=3), p-

val ueO0.05 be®sl#en control and
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Figure 2.2. Loss of ACSL1 caused mitochondrial dysfunctionA) Left ventricle (LV) mass
normalized to body weight (n=4Fjection fraction(B) and fractional shortenin@) as measured by
echocardiography on conscious mice (n=@).consumption was measured in sapepénmeabilized
cardiac muscle fibers with eith@d) palmitoyl-carnitine + malate (PC/M) ¢E) pyruvate +malate
(Pyr/Mal) = ADP and succinate (succRéspiratory control ratio: RCR)); ratio of ADRstimulated
O, consumption to basal (n=8). G) Ratioof ATP produced for each ®nolecule consumed (n=4
5). E) Hydrogen peroxide (¥D,) production (n=6).H) Calcium uptake in isolated cardiac
mitochondria before the permeability transition (n=3).
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Figure 2.3. Loss of ACSL1 alters acylchain composition of mitochondrial phospholipids A)
Quantification of phosphate in ventricular phospholipids separated by thin layer chromatography
(n=5). B-E) LC/MS/MS analysis of phospholipid species in isolated mitochondria (n=5).
Phospholipid species are@vn as relative amounts normalized to an internal standard for each
phospholipid. Species that were fragmented are indicated with arrows and identifiebzacyl

Other species were detected but were omitted from graph if the isotope correctedsdtiover than

2 and no difference between genotypes was foendentricular tafazzin gene expression (n=3).

Selected phospholipid species analyzed by MALDS (n=1).
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Table 2.1. Phospholipid Species iAcsIT™ hearts.

Carbons: Percent
PL m/z double Number of each fatty acid per PL molecule
change
bonds
16:0 18:0 18:1 18:2 20:3 20:4 22:6
1448 72:8 -83.4 4
CL
1496 76:12 -79.8 2 2
819 34:1 106.4 1 1
1 1
843 36:3 131.0
1 1
2
PC 845 36:2 127.2
1 1
847 36:1 272.2 1 1
865 38:6 -53.3 1 1
891 40:6 -48.1 1 1
Pl 886 38:4 -64.1 1 1
739 36:4 3375 1 1
1 1
743 36:2 284.6
PE 2
763 38:6 -35.0 1 1
791 40:6 -24.8 1 1
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Figure 2.4. Knockdown of ACSL1 impairs fatty acid oxidation and incorporation into lipids.

H9c2 cells were infected with lentivirus to stably express shRNA for estnambledcontrol Scr) or
Acsllknockdown (KD). A) mRNA abundance dkcslisoforms Acsl6was not detected)B) ACSL1

protein. C) ACSL activity measured with 50 uM palmitat®) Cells were incubated with trace-[1

YClfatty acid (0.5 uCi) for 6 h. Fatty acid oxidation was measured as acid soluble metabolites (ASM,
a measure of incomplete fatty acid oxidation) in the meljaRadioactivity in total cellular lipid

extract. F-H) Lipids were separated by thin layer chromatography, and radioactivity was quantified.
(n=3 independent experiments, each performed in triplicate-y*apl u e OO0 . SerandAcslt we e n
KD.
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